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I n   M e m o r i a m 

Prof. Teodor Hodişan Ph.D. 
1942 - 2012 

Professor Teodor Hodisan graduated the Faculty of Chemistry of 

"Babeş-Bolyai" University from Cluj-Napoca in 1966 and was assigned as a 

scientific researcher at the Institute of Chemistry of the Romanian Academy 

from Cluj-Napoca. On February 1, 1968, he was appointed by competition as 

an assistant at the Department of Analytical Chemistry, Faculty of Chemistry, 

"Babeş-Bolyai" University in Cluj-Napoca. Afterwards, he ascended through 

all the steps of the university hierarchy: lecturer (1975), associated professor 

(1990) and professor (1997). In 1973, he defended his doctoral thesis under 

the scientific supervision of the renowned emeritus scientist Prof. Docentus 

Candin Liteanu.  
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From the beginning he worked under the guidance of eminent 

professor Candin Liteanu in the field of analytical chemistry, specialization 

chromatographic analysis, a field in full expansion at that time. Thus, the 

research directions approached were focused on the development and 

application of chromatographic methods and he became a follower of the 

illustrious professor, managing to preserve the reputation of the Cluj 

chromatography school along with his colleague Prof. Simion Gocan. 

The research carried out resulted in the elaboration, as author or co-

author, of 8 published books and 2 treatises on chromatographic analysis. 

He elaborated a number of 80 scientific works, published in renowned 

journals from the country and abroad. He was co-author of 3 invention 

patents and 5 innovator certificates. He participated in most of the analytical 

chemistry scientific events organized in the country as well as abroad. 

He participated to the finalization of 10 scientific research contracts 

with various industrial and research units, as grant director or co-participant, 

in the field of liquid chromatography. 

He guided numerous students in the preparation of their doctoral 

theses and contributed to the training of many researchers and teaching staff 

members. 

During the period 2002-2007, he was the head of the Analytical 

Chemistry department. Also, he was a member of the Analytical Chemistry 

Society, and he was the president of this society, Transylvanian subsidiary 

between 1992 and 1994. 

The research carried out by professor Hodisan became a fundamental 

basis for many of us who are currently working in the field of chromatography 

and in the name of all colleagues who had the opportunity to work along with 
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him, I want to address my special thanks for everything he did and for imparting 

inspirations with a positive impact on our scientific careers. 

 

 

22.12.2022 

 

Prof. dr. Claudia Cimpoiu  

"Babeş-Bolyai" University 

Faculty of Chemistry and Chemical Engineering 
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A COST-EFFECTIVE AND RAPID METHOD BASE ON 
HIGH-PERFORMANCE THIN-LAYER CHROMATOGRAPHY 
IN EVALUATING THE ROASTED COFFEE ADULTERATION 

Anamaria HOSUa,b, Claudia CIMPOIUa,b,* 

ABSTRACT. Coffee is rich in phytochemicals that give its fingerprint and 
differentiate it from other plant based food. Due to its widespread use and high 
cost price, it happens that some manufacturers counterfeit it with various 
additions of cheaper products. This study exhibits a new approach in evaluating 
of roasted coffee based on high-performance thin-layer chromatography 
(HPTLC) method. The separation of compounds was performed on silica gel 
60 F254 HPTLC plates using a mixture of chloroform – methanol – acetonitrile, 
6 : 1.5 : 2.5 v/v/v as mobile phase. The images of the plate were statistically 
analysed in order to find the most representative featurings for each samples. 

Keywords: coffee, adulteration, HPTLC, UV-Vis spectrophotometry, chicory, 
soybean, wheat 

INTRODUCTION 

Together with tea, coffee is the most important beverage worldwide, 
with great social and commercial importance. Also, from an economic point 
of view, coffee is the most traded and valuable product worldwide after oil 
[1]. Despite being consumed in large quantities, coffee is still quite expensive 
compared to other food products found in the market. Due to its high price, 
various cheaper substitutes have been added to it over the years, especially 

a Babeş-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos 
str., RO-400028, Cluj-Napoca, Romania 

b Research Center for Advanced Chemical Analysis, Instrumentation and Chemometrics, 
11 Arany Janos, 400028 Cluj-Napoca, Romania 

* Corresponding author: claudia.cimpoiu@ubbcluj.ro

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:isi@chem.ubbcluj.ro
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to the ground coffee. Theoretically, any plant material that contains sufficient 
soluble carbohydrates has the potential to be added to coffee [2]. The main 
materials with which coffee is adulterated are roasted and unroasted coffee 
pods, twigs, barley, soy, wheat, chicory, malt, starch, corn, maltodextrins, 
glucose syrup and caramelized sugar [3]. 

Visually, a difference cannot be made between genuine and counterfeit 
coffee, which is why several analytical methods have been developed in order to 
detect counterfeit coffee. The modern methods of evaluating fakes have 
replaced the old organoleptic and empirical tests and are constantly updated 
because food falsification is carried out constantly and new problems always 
appear. Thus, techniques such as mid-infrared Fourier transform spectroscopy 
(FT-MIR) technique [4], high-performance liquid chromatography (HPLC) [5], 
mass spectroscopy, gas chromatography, capillary electrophoresis [6] are 
used. All these techniques are sensitive and precise, but they need the sample 
preparation that can be take extremely large time and also, they can be 
performed only by trained personnel. That is why we considered that using 
thin-layer chromatography (TLC) can be a quick and simple alternative. 

The objective of this paper is to develop a new cheap and fast method 
for the evaluation of the adulteration of coffee. 

 
 

RESULTS AND DISCUSSION 
 
To see the differences between the coffee samples and the chicory, 

soy and wheat samples, first the UV-Vis spectra of the extracts were 
recorded. These spectra are shown in Figure 1. 
 

 

Figure 1. UV-Vis spectra of extracts. 
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As can be seen from figure 1, in the spectra of coffee extracts there 
are two absorption maxima at 275 nm and 320 nm, of which the one 
corresponding to the wavelength of 275 nm is that of caffeine [7]. It is found 
both in the case of producer 1 and producer 2 that the grounded coffee 
extracts contain less caffeine than those obtained from coffee beans. Also, 
the extracts of coffee from producer 2 contain more caffeine than those from 
producer 1. In the chicory extract there is a single absorption maximum at 
280 nm, which is not caffeine because it is known that chicory does not 
contain this compound. Soy and wheat extracts show a weak absorption in 
UV-Vis. Taking into account the mentioned, it can be concluded that only on 
the basis of UV-Vis spectra it is not possible to estimate if coffee samples is 
or not counterfeit. 

In the second step, the high-performance thin-layer chromatography 
(HPTLC) separation of the compounds from the extracts was attempted and 
also the possibility of finding specific markers. In order to optimize the 
separation of compounds several mobile phase systems presented in Table 1 
were tested. 

 
Table 1. The tested mobile phase systems 

No. Mobile phase solvents Composition 
(v/v/v) 

Reference 

1 chloroform – diclormethane – i-propanol 4 : 2 : 1  
2 i-propanol – methyl-ethyl-cetone – chloroform 1 : 3 : 1  
3 n-hexane – acetone 37 : 13  
4 n-buthyl-acetate – ethyl-acetate –  

methanol – water  
5 : 4 : 1 : 0.1  

5 toluene – ethyl-acetate 9 : 2 [8] 
6 chloroform – methanol 8.5 : 1.5 [9] 
7 n-hexan – ethyl-acetate 7 : 3 [10] 
8 dichlormetane – ethyl-acetate 4 : 1 [11] 
9 chloroform – ethylic ether 2 : 1 [12] 
10 chloroform – methanol 4 : 1 [13] 
11 ethyl-acetate – methanol 9 : 1 [14] 
12 petroleum ether – acetone 9 : 1 [14] 
13 n-hexan – ethylic ether – ethyl-acetate 1 : 1 : 1 [15] 
14 toluen – ethyl-acetate – methanol 40 : 9 : 1 [16] 
15 chloroform – acetonitrile 3 : 2 [17] 
16 ethylic ether – petroleum ether 1 : 9 [18] 
17 chloroform – methanol – acetonitrile 6 : 1.5 : 2.5  
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With the exception of mobile phases 6 and 15, all systems proved 
unsuitable for the separation of the target compounds in order to obtain 
relevant information about the presence of the alleged adulterants. 

Mobile phases 6 and 15 provided satisfactory separation, so a new 
solvent system was tested as a combination of these two mobile phases, 
namely system 17. 

 

   
A B C 

 

Figure 2. The image of the plate in: A - visible light after spraying with vanillin-
H2SO4 solution; B – UV light at 254 nm and 366 nm: 1- Coffee grounded 1;  
2 - Coffee beans 1; 3 - Coffee grounded 2; 4 - Coffee beans 2; 5 – Chicory;  

6 – Soybean; 7 – Wheat 
 
 

The only image in the visible light that provides adequate information 
is that of the plate sprayed with vanillin-H2SO4 solution (Figure 2A). 

The last three purple bands from the upper part of the plate visible in 
the coffee samples are also observed in soy and wheat samples, indicating 
the presence of the same or similar compounds. Also, an intense blue-green 
coloured compound can be observed in the chicory sample, which is less 
visible in the soybean and wheat samples, but also in both coffee samples 
from producer 2. At Rf = 0.31 a violet-coloured compound is observed in both 
coffee and soy samples, at Rf = 0.15 there is a green band in chicory and 
soy samples, and at Rf = 0.1 a characteristic violet band is observed chicory, 
soy and wheat samples. However, this information is not enough for the 
detection of a possible counterfeit, thus the images of the plates obtained in 
UV light must also be analyzed in order to obtain more information. 

By examining the image of the plate without derivatization under UV 
light at 254 nm (Figure 2B), the appearance of additional bands for soy is 
observed. At Rf=0.47, one compound is observed in all four coffee samples 
and in soy, and the compounds that appear in coffee at the bottom of the 
plate are also present in chicory and wheat. On the other hand, the cereal 
compounds supposed to belong to the coffee samples are not visible here 
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and therefore it can be stated that they are different from those present in 
coffee. The image of the plate in UV light at 366 nm confirms the information 
obtained from the other images. 

In order to better highlight the differences between the fingerprints of 
the coffee, chicory, soybean and wheat samples and to reveal their 
significant contribution in samples characterization, the statistical analysis of 
the digitized images was carried out using Principal Component Analysis 
(PCA) with Varimax orthogonal rotation of factor axes. Thus, following this 
analysis, it was found that the Rf domains that explain a maximum amount 
of variance for the analyzed samples are: 0.01-0.07; 0.22-0.29; 0.47-0.49 for 
coffee; 0.07-0.67; 0.71-1.00 for chicory; 0.14-0.17; 0.67-1.00 for soybean 
and 0.00-0.05; 0.07-0.08; 0.80-0.82; 0.88-0.94 for wheat. It is observed that 
there are zones of retention factor that are specific to each sample and that 
can make the difference between coffee samples and possible adulterants.  

 
 

CONCLUSIONS 
 
This work led to the development a new cost-effective and fast method 

for the evaluation of the adulteration of coffee proving that the HPTLC with 
statistics analysis could be used to detect the adulterants in coffee. 

The developed method can be used for quality control both in the 
food industry and the product sales market. 

The development of the method taking into account other common like 
husks, barley and sticks adulterants is advised in order to enlarge the method 
for all adulterants. Also, future research may concentrate on detection more 
than one adulterant as the coffee may be generally counterfeit with. 

 
 

EXPERIMENTAL SECTION 
 
Materials and chemicals 
All reagents and solvents were purchased from Merck (Darmstadt, 

Germany) and were of analytical purity. The coffee, soybeans, whole wheat 
and chicory were purchased from a local store. 

 
Samples preparation 

 First, the soybeans and wheat were roasted to a very dark coffee-like 
color. Then, all materials were grounded and 1g of each was mixed with 10ml 
of ethanol 80%. The samples were macerated for 14 days, filtered and kept 
in the refrigerator until they were analyzed. 
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Spectrophotometric analysis 
 The absorption spectra of each sample were recorded in the 
wavelength range between 190 and 900 nm using a T80+ double beam 
spectrophotometer (PG Instruments Limited). The samples were diluted 400 
times before the UV-Vis spectrophotometric analysis. 
 

Thin-Layer Chromatographic analysis 

 The chromatographic analysis was carried out on HPTLC glass plates, 
with silica gel 60F254, 10x10 cm, using different solvent mixtures as mobile 
phases. The elution of the plates was carried out at room temperature in a 
chromatographic chamber (Camag) presaturated with the mobile phase for 30 
minutes. Aliquotes of 10 µL of each coffee sample, 5 µL of the chicory sample 
and 20 µL each of the soy and wheat samples were applied to the 
chromatographic plate using a semi-automatic applicator (Linomat 5, Camag) 
as bands of 8 mm, at a distance of 15 mm from the base of the plate and 13 
mm from the left edge, with a flow rate of 40 nL/s. After elution the plate was 
heated to 110 oC for 20 minutes and then was immersed for 2 seconds in the 
solution of ethanolic solution of vanillin and sulfuric acid (10%). Visualization 
of the compounds was performed in visible light and in UV light at 254 nm and 
at 366 nm using the Reprostar 3 (Camag) visualization device. 
 

Statistical analysis 
 In order to reveal characteristic zones of retention that differentiate 
coffee samples from adulterants, the Factor Analysis method with Varimax 
rotation algorithm was applied on data matrix from digitized images of the 
chromatographic plate using the Statistics 11.0 software package 
(StatSoftinc., USA). 
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DERIVATIZATION OF ROSUVASTATIN AS METHYL ESTER 
FOR ITS ANALYSIS BY GAS CHROMATOGRAPHY-MASS 

SPECTROMETRY IN PLASMA 
 
 

Cristian Ionuț CIUCANUa,*, Ionel CIUCANUb,*, Sorin OLARIUa 
 
 

ABSTRACT. A new analytical procedure for rapid and selective derivatization 
of rosuvastatin directly in plasma into their corresponding methyl esters was 
developed for gas chromatography-mass spectrometry analysis. This work 
is the first method of selective derivatization of the carboxyl group from 
rosuvastatin to methyl ester. The lipids from plasma were extracted with 
heptane before derivatization. The methyl esters were obtained by reaction with 
methyl iodide in solution of dimethyl sulfoxide and in the presence of anhydrous 
potassium carbonate. The optimal conditions for selective methylation have 
been established. The derivatization was carried out in 2 min. The method 
was validated for the analysis of rosuvastatin in plasma. The methyl ester of 
rosuvastatin was identified by electron ionization mass spectrometry. The 
electron ionization mass spectrometer detector response was linear up to 
300 ng/mL. The limit of detection and limit of quantification values in total ion 
chromatogram method were 0.4 ng/mL and 1.2 ng/mL, respectively.  
 
Keywords: Rosuvastatin, Plasma, Methyl esterification, Gas chromatography-
mass spectrometry analysis. 
 
 

INTRODUCTION  
 
Rosuvastatin is among the most effective anti-atherosclerotic drugs 

with a strong impact on cardiovascular diseases [1].  
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Usually, the analysis of rosuvastatin in biological fluids was performed 
by liquid chromatography with a detector in the ultraviolet range [2], or in 
fluorescence [3] or by mass spectrometry (MS) [4]. Some liquid chromatographic 
(LC) analysis has many drawbacks such as low sensitivity, narrow linearity 
ranges, high sample volume, and expensive automated extraction procedure. 
Gas chromatography (GC) has been less used in the separation of statins, 
due to their high boiling points, which leads to a derivatization reaction to 
increase their volatility. However, the advantages of GC–MS analysis are a high 
sensitivity and selectivity to determine rosuvastatin in plasma. GC analysis of 
statins was performed without derivatization [5] or as silylated derivatives [6,7]. 
Rosuvastatin has not yet been derivatized as methyl ester for GC analysis. 

Quantitative analysis of rosuvastatin from plasma is strongly influence 
by the presence of proteins and plasma lipids. Proteins can retain uncontrolled 
amount of drug and a high content of plasma lipids give unwanted peaks and 
a high background noise. The matrix effects are very evident in plasma 
samples from patients with high lipid levels [8]. Consequently, in both LC and 
GC analysis, sample preparation prior to analysis for protein solubilization 
and lipid elimination are important steps to avoid these disadvantages. 
Liquid-liquid extraction with different organic solvents could be a solution, 
because organic solvents generate precipitation and they extracted  
also plasma lipids. Chloroform, ethyl acetate, n-hexane, dichloromethane,  
n-hexane-dichloromethane- isopropanol (20:10:1, v/v/v) was investigated 
and ethyl acetate was found with no-concentration-dependent extraction 
recovery and acceptable matrix effect [9]. A mixture of chloroform–methanol 
has been widely used to extract lipids from different tissues and biological 
fluids, dichloromethane–methanol and methyl-tert-butyl ether–methanol 
solvent mixtures have also been reported as good solvents for lipid extraction 
that provide equivalent lipid recoveries [10]. However, rosuvastatin is slightly 
soluble in these solvents. 

Solid phase extraction may have a higher selectivity for plasma lipids. 
Both cation and anion exchange resins have been used to retain lipids [8], 
but they will also retain rosuvastatin because it has a carboxylic group. Solid 
phase extraction on hydrophobic-lipophilic balanced copolymer sorbent [11] 
retains non-polar lipids.  

The aim of this work is a selective derivatization of rosuvastatin as 
methyl ester in plasma for GC analysis. The work has a novelty value 
because it is the first method of derivatization of rosuvastatin in its methyl 
ester for GC-MS analysis. The method has the advantage that it requires 
less expensive equipment compared to liquid chromatography coupled with 
mass spectrometry. 
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RESULTS AND DISCUSSION 
 
Rosuvastatin is a synthetic drug administered as calcium salt. 

Rosuvastatin molecules are taken up by albumin, up to the saturation of the 
sites available for this purpose. Rosuvastatin molecules are released more 
easily from albumin when the albumin is solubilized in the reaction solvent. 
Among the dipolar aprotic solvents, dimethyl sulfoxide has the highest 
solubilizing power of albumin [12]. 

The esterification of rosuvastatin with methyl iodide is a nucleophilic 
substitution [13]. The main reactions that occur during the esterification of 
rosuvastatin with methyl iodide (CH3I) and solid K2CO3 are shown in the 
Scheme 1. 

The direct reaction between the calcium salt of rosuvastatin and 
methyl iodide does not lead to methyl esters. For this reason, calcium salt is 
transformed into potassium salt by adding solid potassium carbonate. 

The first step is the dissolution of the solid K2CO3 in dimethyl sulfoxide. 
The solubility of K2CO3 in dimethyl sulfoxide is very low (47 g/L). However, the 
dissolved K2CO3 is consumed in this reactions with rosuvastatin (Eq.1), but is 
continuously replaced by the dissolution of the solid base. Finally, the 
rosuvastatin anion will react with methyl iodide and will generate methyl esters 
(Eq. 2). Anhydrous powder of K2CO3 is hygroscopic was also used in this 
method for the purpose of retaining water from the system. For this reason, 
potassium carbonate was used in molar excess up 40 compared to 
rosuvastatin. The volumetric excess of methyl iodate was up to 10. 

 

 
 

Scheme 1: The main reactions of the esterification process 
 

Studies under certain stress conditions have shown that rosuvastatin 
is stable in the presence of bases and degrades in an acidic environment as 
well as in heat [14]. Therefore, performing the reaction in a weak basic medium 
of K2CO3 and at room temperature avoids possible degradation reactions. 

The injection of methylated products may introduce small amounts of 
plasma lipids into the injector port. Proteins and other polar compounds were 
partially retained on solid K2CO3. In order to avoid this contamination, the 
capillary column must be protected with a guard capillary column. 
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Figure 1 shows the GC–MS total ion chromatogram.  
The chromatographic peaks have a symmetrical shape. 

 
 

 
Figure 1. GC–MS total ion chromatogram of rosuvastatin as methyl ester  

into a plasma sample. Chromatographic and mass spectrometric  
conditions are given in the Experimental section. 

 
 

 Figure 2 shows the electron ionization (EI) mass spectrum of 
rosuvastatin methyl ester. The methyl ester of rosuvastatin was identified 
based on the molecular ion (M+•) at m/z 495 and the characteristic fragment 
ions. The fragment ions at m/z 463 and m/z 459 are generated by the loss of 
one methanol molecule and two water molecules respectively from the 
molecular ion. The fragment ion at m/z 445 may result from the m/z 463 ion 
due to the loss of a water molecule. The ion at m/z 421 may be the McLafferty 
rearrangement ion at the methyl ester group in the hydrocarbon chain. The 
fragment ion at m/z 403 may represent the expulsion of a water molecule 
from m/z 421. The fragment ions at m/z 392, m/z 378, m/z 348, and m/z 322 
may result from the cleavage of the C-C bonds from the hydrocarbon chain 
with the carboxylic methyl ester group. Thus, for example, the ion at m/z 392 
results from the cleavage between C3 and C4. One pathway for the formation 
of the base ion at m/z 258 may be the elimination of a sulphur dioxide 
molecule from the ion at m/z 322. 
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Figure 2. Electron ionization spectrum and chemical structure of 

rosuvastatin methyl ester. 
 
 
Quantitative evaluation in this method was performed by the internal 

standard method [15], using anthracene a standard, which is not affected in 
the derivatization process. The MS detector response was linear up to 300 
ng/mL. The limit of detection (LOD) and limit of quantification (LOQ) values in 
TIC method were 0.4 ng/mL and 1.2 ng/mL, respectively. The accuracy was 
tested by adding 6 ng/μL, 30 ng/mL and 60 ng/mL of rosuvastatin into the 
sample. The average recovery values (n = 5), expressed as mean ± standard 
deviation (SD), were 98.2±1.2; 98.8±0.9; and 99.3±0.5, respectively. 

 
 

CONCLUSIONS 
 
This paper provides a sensitive and selective method for the 

derivatization of rosuvastatin as a methyl ester for GC analysis. The methyl 
ester of rosuvastatin was identified by mass spectrometry based on 
molecular ion and characteristic fragment ions. The proposed method was 
optimized and validated. This work is the first derivatization method of the 
carboxylic group from rosuvastatin to methyl ester. The derivatization was 
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performed in 2 min. The lipids from plasma were extracted three times with 
heptane before derivatization. Dimethyl sulfoxide was used because it proved 
to be the best reaction medium, but also because it is very good for releasing 
rosuvastatin from plasma albumin. The method is simple and fast and can 
have applications in monitoring the concentration of rosuvastatin in plasma 
in patients with atherosclerosis [16] that can affect different organs. 

 
 

EXPERIMENTAL SECTION 
 
Standards and reagents 
Rosuvastatin calcium salt (≥98%) and anthracene (internal standard) 

were from Sigma-Aldrich (MO, USA). Methyl iodide, dimethyl sulfoxide 
(DMSO), chloroform, dichloromethane, potassium carbonate, heptane, and 
molecular sieves were purchased from Merck (Darmstadt, Germany). All 
reagents were analytical grade. The potassium carbonate powder was 
dehydrated by heating at 200°C and then stored in an airtight system to 
prevent the contact of the powder with moisture. 

 
Collection and storage of blood sample 

This study compiled the Declaration of Helsinki regarding the ethical 
principles for medical research and was approved by the Ethics Committee of 
the Scientific Research of the University of Medicine and Pharmacy Timisoara. 
All participants gave written informed consent. The blood sample was taken 
into commercially available anticoagulant-treated tubes by antecubital 
venipuncture after at least 12 h of fasting and was immediately centrifuged at 
1500xg at room temperature for 10 min. The plasma was apportioned into 
single use aliquots, which were then stored at -70 °C until analysis. 

 
Statistical analysis 
Microsoft Excel 2016 (Microsoft Corp. USA) and Statistical Test 

Calculator online version 2018 from Social Science Statistics 
(https://www.socscistatistics.com/tests/) were used for statistical analyses. 

 
Derivatization method of rosuvastatin as methyl ester 
The methylation reactions were carried out in 2 mL glass vials with 

silicone septa lined screw caps. An aliquot of plasma sample (200 µL) was 
introduced with a chromatographic syringe into the glass vial with 0.5-1.0 mL 
of dimethyl sulfoxide. Rosuvastatin was dissolved in dimethyl sulfoxide and 
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was added to the sample. Anhydrous powder of potassium carbonate salt 
(40 mg) was added to the sample solution and was vortexed for 2 min at 
room temperature. After the addition of a volume of 0.5 mL of heptane, the 
mixture was vortexed a few seconds and the heptane layer was removed 
with a syringe. This lipid extraction step was repeated three times. 

Then methyl iodide (10 µL) was added and the glass vial was vortexed 
at room temperature (20°C) for 2 min. Methylation was performed without inert 
gas atmosphere or special drying conditions. Rosuvastatin methyl ester 
was extracted with chloroform (3x0.5 mL). The extraction solvent can be 
evaporated under nitrogen flow and the dried residue containing rosuvastatin 
methyl ester was re-dissolved in dichloromethane for GC injection. 
 

Instrumentation 
All GC–MS analyses were carried out on a gas chromatograph that 

had installed both a FID detector and a mass spectrometer model Varian 450 
GC 240 MS Ion Trap (Agilent, CA, USA). A Varian Workstation software was 
used for data acquisition and processing. The GC was equipped with HP-1 
fused silica capillary column from Hewlett-Packard (SUA) with 30m length, 
0.25mm internal diameter, and 0.25μm polydimethylsiloxane cross-bonded 
film. The capillary column was protected by contaminants with a guard 
capillary column (5 m length and 0.25 mm inner diameter). A split/splitless 
injector was used in split mode with a split ratio of 50:1. Sample injection was 
splitless for 1.0 min. The GC inlet linear had a plug of silylated glass wool for 
improving the vaporization and for the protection of the capillary column. The 
carrier gas was high-purity helium at a flow rate of 1 ml/min. The GC oven 
temperature was started from 120°C and then increased to 270°C with 
30°C/min and kept for 20 min. After that, the temperature was increased at 
50°C rate to 310°C and kept at the final temperature for 5 min. The 
temperature of the injector was set to 300°C. The transfer line temperature 
was 280°C. The temperature of the ion source was set to 220°C. The mass 
spectra were recorded in the positive-ion electron impact ionization mode in 
the scan range m/z 50–600. The energy of the emitted electrons was 70 eV 
and was turned off for the first 3 min of the chromatographic run to avoid 
filament damage during sample analysis. Chromatograms were assessed in 
total ion current mode for both qualitative and quantitative analyses. 
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PRODUCTION OF RECOMBINANT, NON-TAGGED 
PHENYLALANINE AMMONIA-LYASES EMPLOYING TEV 

PROTEASE-REMOVABLE AFFINITY TAGS 
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László POPPEa,b, László Csaba BENCZEa,*

ABSTRACT. Nowadays, protein purification by the aid of affinity tags can 
be carried out with high speed and efficiency. However, in several cases, 
affinity tags can significantly alter the key properties of enzymes, especially 
activity and/or thermostability. 

This study focused on the purification of the non-tagged phenylalanine 
ammonia-lyase from Petroselinum crispum (PcPAL), as well as on the 
purification of the TEV (Tobacco Etch Virus) protease, the molecular scissors 
used to remove the affinity tag from the recombinantly expressed PcPAL. 
Removal of the 6xHis-tag led to a 1.5-fold increase in the specific activity of 
PcPAL, while the absence of the affinity tag did not significantly alter the 
thermostability of the protein. The purity and oligomerization state of the 
proteins of interest were also analyzed by size exclusion chromatography, 
both before and after the removal of the affinity tag, confirming the stability 
of the tetrameric fold of PcPAL. 

Keywords: affinity tags, phenylalanine ammonia-lyase, TEV (Tobacco Etch 
Virus) protease, thermostability, specific enzyme activity, oligomerization 
state. 
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INTRODUCTION 
 
The isolation and purification of recombinant proteins has never been 

easier than after the discovery of the various affinity labels, developed by the 
collaboration of genetic and protein engineering. Tagging the protein of interest 
mainly consists of insertion–at one of the two ends of the corresponding open 
reading frame–of the specific codons encoding the future amino acid label. 
A wide variety of affinity tags has been developed, with different functions/ 
roles and of variable lengths, such as MBP, GST, FLAG or His-tag, with either 
N- or C-terminal positioning [1-5], demonstrating their importance in the field 
of recombinant protein technologies. 

Beyond their high importance in the purification procedures of 
recombinant proteins, tags might serve further goals. For example, artificial 
polypeptide tags have been shown to convey specific influence on solubility 
[2,6,7], stability and thermostability [8-10], expression yields, folding of the 
proteins, enzyme activity [10-12], as well as on protein-protein interactions, 
and protein crystallization processes [11,13,14]. 

Among the multitude of available affinity tags, the most widely known 
and employed one is the polyhistidine affinity tag, consisting of a sequence 
of 5-10 histidines (most often hexa- or deca-histidine (6xHis- or 10xHis-tag, 
respectively)) [10,13,15]. In the purification process, after the cell lysis step, 
the tagged protein is purified by the metal affinity chromatography method 
(IMAC), using a column filled with agarose support, modified with nitrilotriacetic 
acid function at the surface, which allows the formation of coordinative bonds 
with metal ions (Fe2+, Co2+, Ni2+, Cu2+, Zn 2+). The imidazole moieties of the 
histidines in the His-tag further coordinate the immobilized metal ions [15-18]. 
While the binding efficiency is high, especially at neutral pH, the fused proteins 
can be smoothly eluted by imidazole solutions of elevated concentrations 
[18,19]. Besides ensuring a high purification yield, the 6(10)xHis-label also 
excels in its small size (~2.5 kDa), low toxicity, and the ability to function both 
as acid and as base through its nucleophilic imidazole moieties. Furthermore, 
specific anti-His antibodies are available, allowing immunodetection techniques 
[20], flow cytometry (FCM) [21], and tracking the expression and even the 
cellular localization of the His-tagged proteins [22].  

However, several studies revealed disadvantages associated with 
the use of affinity labels. Considering strictly the 6xHis-tag, some key 
properties (activity and thermostability) of the enzyme of interest have been 
altered or even enzyme inactivation occurred [6,10]. As an example, in the 
case of β-lactamase and MtDapB enzymes, the His-tagged proteins have Tm 
values with 2-3 °C higher than those of the corresponding non-tagged 
variants [8]. Furthermore, it was found that besides the presence/absence of 
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the His-tag, the composition of the buffer solution can also influence experiment 
reproducibility and enzyme specific activity, due to conformational changes, 
having importance because in several cases the activity measurements of 
the tagged/non-tagged enzymes have been performed in different buffer 
systems [23-25]. For some corn-derived proteins, the release/detachment of 
the His-tag led to protein aggregation and reduced solubility. In this case, 
attaching the His-tag to a solubilization label (TDX) greatly improved the 
solubility and expression level of the protein in question [26]. 

In the case of proteins of thermophilic origin, the effect of the label is 
even more interesting: while at first sight the difference in Tm (only 1-2 °C) 
between the tagged and non-tagged protein was not noticeable, within the 
enzyme refolding process the label seemed to destabilize protein refolding, 
with practically no observable refolding transition. Not only the reversibility of 
thermal unfolding was drastically affected, but also the specific activity of the 
enzyme, which decreased significantly, by 17-fold [9]. 

His-tags may influence the crystallization of proteins. Although 
successful crystallizations of His-tagged proteins were widely reported [27,28], 
the inducibility of octopine dehydrogenase crystallization changed as a function 
of the length of the His-tag [28]. In other studies, protein crystallization failed in 
the presence of affinity tags [13,14]. In the case of phenylalanine ammonia-
lyases, direct comparison of the enzyme, with and without its His-tag, has not 
been performed until now, although in the last decade most of the different 
PALs have been recombinantly expressed with an affinity tag. Recently, the 
non-tagged PcPAL variants showed increased crystallization ability [29]. 

To obtain non-tagged recombinant proteins–best approaching the native 
protein sequence–the removal of affinity tags through enzymatic cleavage 
involving a TEV (Tobacco Etch Virus) protease is mostly employed [2,30]. 

The TEV protease (EC 3.4.22.44) is an extensively studied enzyme, 
used in the purification process of affinity-tagged proteins [30,31], due to its 
ubiquity, leading to the expansion of its application in the field of biotechnology 
(protease therapeutics, in vitro enzymology tests, spectrometry-based 
proteomics, in vivo targeting etc.) [32-35]. To avoid the drawback of its limited 
solubility, the TEV protease can be co-expressed with an MBP (maltose-binding 
protein) affinity tag [2,36]. This ~ 29 kDa protease (NIa – nuclear-inclusion-a 
endopeptidase) utilizing the His46-Asp81-Cys151 catalytic triad [7,37] has a 
particular selectivity for cleaving at the sequence [ENLYFQ(G/S)], to perform the 
endoproteolytic cleavage between the Q-G or Q-S amino acid residues [7,38]. 
Unfortunately, TEV protease is also difficult to isolate, therefore numerous 
mutations aimed to increase the solubility of the protein and, importantly, to stop 
the autolysis during purification. The best performing variant, in terms of 
autolysis prevention, is mutant S219V [7,37bc, 39]. 
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Within this study, we focused on the use of the TEV protease for 
removing the affinity tag of phenylalanine ammonia-lyase from Petroselinum 
crispum (PcPAL), to obtain the non-tagged, recombinant PcPAL for comparison 
to its His-tagged variants. A further goal was to employ the optimized purification 
protocol of the non-tagged PcPAL for the purification/characterization of several 
mutant PcPAL variants with high biocatalytic usefulness. PcPAL belongs to 
the MIO-dependent aromatic ammonia-lyase enzyme family, which catalyze 
the non-oxidative ammonia elimination from aromatic amino acids to the 
corresponding α,β-unsaturated acids and/or the reverse ammonia addition 
to trans-cinnamic acid derivatives, to form L-phenylalanine analogues [40]. 
Among the most studied PALs, PcPAL is known to accept a wide range of 
substrates, while rational/semi-rational protein engineering further extended 
its substrate scope [27,41]. The engineered PALs provide biotechnologies 
leading to important building blocks for the pharmaceutical industry 
[42,43,44]. Furthermore, the optimized His-tag removal procedure can be 
further applied to the purification of other MIO enzymes, from different 
organisms (AtPAL, RtPAL, AvPAL, KkPAL, RxPAL, TcPAM, PaPAM, PfPAM) 
[19,41], as well as to other enzymes, such as lipases or decarboxylases 
(ScFDC1) [45], subjects of interest within our current research topics. 

 
 

RESULTS AND DISCUSSION 
 
1. Expression and purification of the hexahistidine-tagged, wild-
type and mutant PcPAL variants, followed by His-tag removal 
 
While the purification of recombinant enzymes is highly facilitated by 

the presence of His-tags–generally derived from the expression vector–, 
their attachment often requires an additional linker sequence of 6-12 amino 
acids. Thus, the presence of the His-tag and linker might alter enzyme 
activity/stability or crystallization ability [2,6-12]. 

The genetic construct used for the purification of the recombinant 
PcPAL is represented by the pET15b-PcPAL expression plasmid (Figure 1), 
which, after IPTG-induced expression in corresponding Escherichia coli  
(E. coli) pET15b-PcPAL hosts, provided a 741 amino acid, recombinant 
PcPAL, an N-terminal 6xHis affinity tag (highlighted in green), and the 
[ENLYFQG] TEV-protease recognition site. The N-terminal sequence additional 
to the original ORF (open reading frame) of PcPAL totals 25 amino acid 
residues.  
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MGSSHHHHHHSSGRENLYFQGHMASMENGNGAT
TNGHVNGNGMDFCMKTEDPLYWGIAAEAMTGSHL
DEVKKMVAEYRKPVVKLGGETLTISQVAAISARDGS
GVTVELSEAARAGVKASSDWVMDSMNKGTDSYGV
TTGFGATSHRRTKQGGALQKELIRFLNAGIFGNGSD
NTLPHSATRAAMLVRINTLLQGYSGIRFEILEAITKFL
NQNITPCLPLRGTITASGDLVPLSYIAGLLTGRPNSK
AVGPTGVILSPEEAFKLAGVEGGFFELQPKEGLALV
NGTAVGSGMASMVLFEANILAVLAEVMSAIFAEVM
QGKPEFTDHLTHKLKHHPGQIEAAAIMEHILDGSAY
VKAAQKLHEMDPLQKPKQDRYALRTSPQWLGPQIE
VIRSSTKMIEREINSVNDNPLIDVSRNKAIHGGNFQG
TPIGVSMDNTRLAIAAIGKLMFAQFSELVNDFYNNG
LPSNLSGGRNPSLDYGFKGAEIAMASYCSELQFLA
NPVTNHVQSAEQHNQDVNSLGLISSRKTSEAVEILK
LMSTTFLVGLCQAIDLRHLEENLKSTVKNTVSSVAK
RVLTMGVNGELHPSRFCEKDLLRVVDREYIFAYIDD
PCSATYPLMQKLRQTLVEHALKNGDNERNLSTSIFQ
KIATFEDELKALLPKEVESARAALESGNPAIPNRIEE
CRSYPLYKFVRKELGTEYLTGEKVTSPGEEFEKVFI
AMSKGEIIDPLLESLESWNGAPLPIS 

 
 

Figure 1. a) Plasmid map of the pET15b-PcPAL construct, with the PcPAL encoding 
gene highlighted in green, positioned between restriction sites NdeI and SacI. 
b) The encoded translation/protein sequence, including, besides the original 
sequence (blue), the additional 25 amino acid N-terminal sequence, comprising 
the 6xHis-tag (green), the TEV cleavage site (red) and linker sequences. 

 
 
 
Following our optimized expression and isolation procedure of the 

His-tagged PALs [19,29], the PcPAL containing the removable His-tag was 
successfully obtained (Figure 2), with the highest protein amount eluting from 
the Ni-NTA affinity column with the 200 mM imidazole solution (Figure 2b, 
lane 2). At this imidazole concentration, besides the main target protein, two 
additional proteins of ~15 and 10 kDa were also eluted. Therefore, after a 
4-fold concentration step, an additional purification step has been performed 
by size-exclusion chromatography (SEC), using a Superdex 200 10/300 GL 
column. 

Finally, the solutions containing the affinity tagged PcPAL in high 
purity–the SEC purified fraction, and the fractions eluted with 300 mM and 
400 mM imidazole solutions (Figure 2b, lanes 3, 4)–were dialyzed and further 
subjected to the 6xHis label removal process. 
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Figure 2a. SDS-PAGE analysis of samples 
from the purification steps of the affinity-
tagged PcPAL. 1 – cells before induction, 
2 – cells after induction, 3 – supernatant 
from the cellular lysis step, 4 – flow 
through – Ni-NTA purification step, 5 – first 
washing step with low salt solution, 6 – 
washing step with high salt solution, 7 – 
second washing step with low salt 
solution, 8 – fr. 20 mM imidazole, 9 – 
molecular weight marker. 

 
Figure 2b. SDS-PAGE analysis of 
samples from the optimization of the 
purification steps of affinity-tagged 
PcPAL. 1 – fr. 50 mM imidazole, 2 – 
80 kDa fr. 200 mM imidazole, 3 – fr. 
300 mM imidazole, 4 – fr. 400 mM 
imidazole, 5 – fr. 500 mM imidazole, 
6 – fr. 1 M imidazole, 7 – molecular 
weight marker. 
 
fr.=fraction eluted with 

 
 

2. Expression and purification of the S219V TEV protease 
 
For the expression of the stable S219V TEV protease variant, the 

recombinant pRK793 MBP–TEV S219V plasmid construct has been 
employed (Figure 3) [37c]. The construct encodes for the maltose-binding 
protein (MBP) as fusion protein (shown in black), located at the N-terminal 
part, followed by the TEV-protease cleavage sequence, ENLYFQG, which 
allows the removal of the MBP fusion-tag by self-cleavage, thus providing the 
TEV protease (shown in red) with an N-terminal 6xHis-tag [1,7,38], that enables 
its facile purification by immobilized metal ion affinity chromatography (Ni-
NTA). 

It is important to point out that the mutant S219V TEV protease variant 
is optimized for a much higher self-cleavage stability. While the GHKVFMS 
sequence is considered as a “secondary” recognition site for cleavage, 
replacing the serine (S) residue from position 219 with valine (V) reduces the 
cleavage efficiency at this site [7,9,37bc,39]. 
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MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDK
LEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKA
FQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKT
WEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSI
AEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQ
PSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKD
KPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSA
FWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNN
NLGIEGRGENLYFQGHHHHHHGESLFKGPRDYNPISSTICHL
TNESDGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVF
KVKNTTTLQQHLIDGRDMIIIRMPKDFPPFPQKLKFREPQREE
RICLVTTNFQTKSMSSMVSDTSCTFPSSDGIFWKHWIQTKDG
QCGSPLVSTRDGFIVGIHSASNFTNTNNYFTSVPKNFMELLT
NQEAQQWVSGWRLNADSVLWGGHKVFMVKPEEPFQPVKE
ATQLMNRRRR 

 
Figure 3. a) Plasmid map of the pRK793 MBP–TEV S219V construct. (Addgene 
plasmid # 8827) [37c]. b) The translated sequence encoding the MBP (black)-
fused, 6xHis-tagged (green) TEV protease, which, upon self-cleavage at the 
ENLYFQ (red) site provides the non-fused, 6xHis-tagged S219V TEV protease. 
The amino acids of the His-Asp-Cys catalytic triad (blue) and V219 (brown) 
are also highlighted. 

 
 
 

According to previous reports, the autocleavage occurs between M218 
and S219 of the GHKVFMS secondary recognition sequence, resulting, 
besides the ~ 29 kDa full-length and active TEV protease, an additional, 25 kDa 
inactive, truncated variant [7,37,38]. Furthermore, several studies pointed  
out the difficulty to isolate the TEV-protease in intact and unprecipitated/non-
aggregated form. Finding the optimal salt concentration, pH, and purification 
temperature to prevent aggregation, are crucial and govern the solubility of the 
recombinantly expressed/purified S219V TEV variant. 

Within our expression and isolation protocol, the removal of MBP  
(~42 kDa) was achieved using washing solutions of different imidazole content 
(0-400 mM) (Figure 4), while the targeted TEV protease (molecular weight of 
~29 kDa) has been successfully eluted under higher imidazole concentrations 
(500-1000 mM), with >90% purity (Figure 4b, lanes 5, 6). Fractions 4, 5, and 6 
were combined and dialyzed, obtaining the purified, 6xHis-tagged TEV-protease 
(Figure 4b, lane 9). The reported conditions, related to the optimal protein 
concentration (< 1.7 mg/ml) and storage at - 80 °C, with 50% glycerol [37c], 
were precisely respected to avoid enzyme precipitation and, implicitly, self-
digestion.  
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Figure 4a. Polyacrylamide gel (10%) 
containing samples from the purification 
steps of TEV S219V. 1 – cells before 
induction, 2 – cells after induction, 3 – 
supernatant from the cellular lysis step. 
Ni-NTA purification procedure: 4 – flow 
through, 5 – washing step with low salt 
solution, 6 – washing step with high 
salt solution, 7 – washing step with low 
salt solution, 8 – fr. 20 mM imidazole, 
9 – fr. 400 mM imidazole. 

 

Figure 4b. Polyacrylamide gel (12%) 
containing samples from the purification 
steps of TEV S219V. 1 – fr. 100 mM 
imidazole, 2 – fr. 200 mM imidazole, 3 – 
fr. 300 mM imidazole, 4 – fr. 400 mM 
imidazole, 5 – fr. 500 mM imidazole, 6 – 
fr. 1 M imidazole, 7 – molecular weight 
marker, 8 – the mixture of samples 4, 5 
and 6 before dialysis, 9 – sample 8 after 
dialysis. 
 
fr.= fraction eluted with 

 
3. Removal of the 6xHis affinity tag of PcPALs through digestion 
with S219V-TEV protease 
 

Obtaining a relatively large amount of the desired protein without His-
tag, with high purity and maintained level of activity is challenging. Initially, 
the digestion reaction of the affinity-tagged wild-type PcPAL was optimized 
regarding the cleavage temperature, by comparing the efficiency of the TEV-
protease mediated digestions performed at 4 °C or 25 °C, at pH 8.0. It was 
observed that removal of the 6xHis-tag was achieved almost quantitatively 
at 4 °C, where the majority of the wt-PcPAL (>80%) eluted from the column 
within the flow-through fraction (Figure 5a, lane 5), supporting the loss of the 
affinity tag, while the 6xHis-tagged TEV enzyme and a smaller fraction of the 
non-cleaved, affinity tagged PcPAL remained bound to the Ni-NTA resin, 
being eluted with 200 mM imidazole solution (Figure 5a, lane 6). Performing 
the cleavage at 25 °C was less efficient, the ratio of non-tagged (Figure 5a, 
lane 1) and 6xHis-tagged (Figure 5a, lane 2) PcPAL being of ~1, suggesting 
a ~50% cleavage efficiency. Unfortunately, autolysis of TEV protease, resulting 
in the 25 kDa fragment from the 29 kDa fragment was still observed (Figure 5a, 
lane 3 and 7) after 20 h of reaction time. Therefore, in further optimized steps, 
a shorter digestion (reaction) time of 12 h was employed. 
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During the optimization process, the effect of salt concentration, glycerol 
content of the reaction buffer, the effect of stirring (with or without) and of the 
decreased reaction time (12 h) on the cleavage efficiency were also addressed 
(Table 1). 

The optimization process revealed that the highest TEV cleavage 
efficiency could be obtained by using 50 mM Tris, 300 mM NaCl, supplemented 
with 20% glycerol as reaction buffer and by performing the reaction without 
stirring, at pH 8.0, 4 °C, for 12 h reaction time. In this case, the percentage of 
non-tagged PcPAL eluting within the flow-through fraction was ~65%.  

The optimized protein cleavage protocol was also successfully employed 
to produce several engineered PcPAL variants in their non-tagged forms, such 
as F137A, I460V (Figure 5b) and F137A/I460V, suitable for further protein 
crystallization experiments. 

 
 

  
 

Figure 5a. Polyacrylamide gel (10%) con-
taining samples from the Ni-NTA purifica-
tion steps of the PcPAL cleaved with TEV-
protease. Cleavage at 25 °C: 1 – flow 
through, 2 – fr. 200 mM imidazole, 3 – 
supernatant before Ni-NTA purification step, 
4 – molecular weight marker; cleavage at 
4 °C: 5 – flow through, 6 – fr. 200 mM 
imidazole, 7 – supernatant from the cellular 
lysis step loaded on the Ni-NTA column. 
 
fr.=fraction eluted with 

 
Figure 5b. Polyacrylamide gel (12%) 
representing the digestion steps of the 
I460V-PcPAL enzyme under the condi-
tions specified in Table 1. 1 – TEV 
protease; 2 – cleavage reaction mixture/ 
supernatant (the TEV enzyme and the 
I460V-PcPAL enzyme with or without 
His-tag); 3 – fr. 200 mM imidazole (non-
digested enzyme). 4 – flow-through 
(I460V-PcPAL without His-tag); 5 – mo-
lecular weight marker. 
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Table 1. The different reaction conditions tested during the optimization process of 
the digestion reaction performed by the S219V TEV-protease. 

 

Solutions 1 2 3 4 5 6 7 8 9 
Tris 50 mM 50 mM 50 mM 50 mM 50 mM 50 mM 20 mM 50 mM 50 mM 

NaCl - - - 300 mM 300 mM 300 mM 100 mM 150 mM 150 mM 

Glycerol - 20% - - 20% 20% 20% 10% 10% 

Stirring - - + - - + - + - 

Cleavage 
yield 

30% 30% 5% 50-55% 65% 2-5% 45% 5-10% 5-10% 

 
 

4. Analysis of the oligomerization state and homogeneity of the 
6xHis-tagged and non-tagged recombinant PcPALs  
 
The homogeneity and oligomerization state of all purified enzymes 

obtained in this study were determined by size exclusion chromatography. In 
the case of PcPAL, the signal with the retention volume of 1.49 mL, according 
to the calibration curve (for details see the Experimental section) corresponds to 
the native, tetrameric oligomerization state of PcPAL, of ~310 kDa. At retention 
volume 1.3 mL, generally in the form of a peak of low intensity, most probably 
the aggregation forms of the protein are eluted, which might appear during 
the concentration steps. Another weak intensity signal elutes at 2.0 mL, 
corresponding to a 35-40 kDa-sized protein fraction, according to the calibration 
curve. Based on the areas of the signals, the purity of the protein of interest 
could be estimated as ~ 90%. 

 

 

 

 

Figure 6. Representative SEC-derived chromatograms of the non-tagged PcPALs 
obtained using the Superdex 200 5/150 GL column: A) wt-PcPAL, B) F137A-PcPAL. 
Similar chromatograms have been obtained also for variants I460V-PcPAL and 
I460V/F137A-PcPAL. 

B) A) 
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5. Thermal unfolding of the non-tagged PcPAL variants  
 
The thermal unfolding profiles of wild-type PcPAL and PcPAL mutants 

(F137A, I460V and F137A/I460V), before and after affinity tag removal, are 
shown in Figure 7, and the Tm values are listed in Table 2.  

Generally, after removing the sequence of 25 amino acids from the  
N-terminal end of PcPAL, a slight decrease of the Tm value (~2 °C) was recorded 
in comparison with the Tm of the 6xHis-tagged homologues, with the exception 
of the I460V-PcPAL mutant, where identical temperature unfolding profiles 
(Figure 7) have been obtained for the tagged and non-tagged variants.  

The Tm value reported in the literature [37c,d] for the S219V-TEV 
protease (45 °C) was also confirmed by our results, further supporting the 
high quality of the isolated recombinant S219V TEV-protease variant.  
 

Table 2. Melting temperatures (Tm) of wt-PcPAL and mutant PcPALs,  
before and after removing the 6xHis-tag 

Entry PcPAL  Tm (oC)  Tm (oC) 
1 wild-type 

W
ith

ou
t 

H
is

-ta
g 

73.0±0.2 
W

ith
  

H
is

-ta
g 

75.0±0.2 
2 F137A 74.6±0.5 76.5±0.3 
3 I460V 74.2±0.5 74.1±0.3 
4 F137A/I460V   73.2±0.2 74.7±0.2 
5 TEV   (S219V) 45 °C  (wt) 52.1 

 

 
Figure 7. Thermal unfolding profile of the TEV S219V protease and of the wild-type 
and mutant (F137A, I460V, F137A/I460V) PcPAL variants. The melting temperatures 
of the PcPAL variants without 6xHis-tag ranged between 73–74.6 °C. For S219V-
TEV protease the Tm value was 45 °C. 
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6. Specific enzyme activities of tagged and non-tagged PcPAL 
 
The enzymatic activity of the wild-type PcPAL, with and without the 

6xHis-affinity tag, was determined. The activity tests were performed at 1 mM 
L-phenylalanine concentrations in the presence of 4 µg of PAL, at 30 °C, 
monitoring by UV the production of trans-cinnamic acid at 290 nm (Figure 8). 
The specific activity obtained was 0.340 µmol min-1 mg-1 for the PcPAL with 
the N-terminal 6xHis-tag and 0.523 µmol min-1 mg-1 for the non-tagged 
PcPAL. The specific activity of the non-tagged PcPAL was ~1.5-fold higher 
than that of its N-terminally His-tagged variant. 
 

 
Figure 8. Specific activity of wt-PcPAL variants with and without His-tag in the 
ammonia elimination reaction of 1 mM L-phenylalanine, monitoring by UV absorption 
the production of trans-cinnamic acid at 290 nm.  

 
 

CONCLUSIONS 
 
Several PcPAL variants with removable His-tag and S219V-TEV 

protease were successfully obtained–by expression in E. coli, followed by 
affinity purification–in high concentrations and with high enzymatic activities. 
The melting temperature (Tm= 45 °C) and the digestion efficiency of the 
S219V-TEV protease is in accordance with reported data, supporting its 
successful purification. 

Optimization of the TEV-protease digestion reactions allowed efficient 
removal of the N-terminal His-tags from the isolated PcPALs, providing ~65% 
recovery of the non-tagged form. The oligomerization state and purity of the 
enzymes were not affected by the 6xHis-tag removal, as revealed by the 
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size exclusion chromatography and SDS-PAGE analyses, respectively. 
Furthermore, the change in the Tm value was not significant for the non-
6xHis-tagged enzymes, compared to their 6xHis-tagged form. On the other 
hand, the enzymatic activity of the non-tagged wt-PcPAL was ∼1.5-fold 
higher than of its N-terminally tagged variant, indicating significant negative 
influence of N-terminal tags on the activity of wt-PcPAL. 

 
 

EXPERIMENTAL SECTION  
 
All the materials, supplies and equipment were provided by the 

Enzymology and Applied Biocatalysis Research Center of Babeș-Bolyai 
University, the Bioorganic Chemistry Group of Budapest University of 
Technology and Economics, or the Institute of Enzymology, ELKH. We thank 
Prof. Beáta G. Vértessy (Budapest University of Technology and Economics) 
for the scientific and infrastructural support in the design and molecular 
assembly of the employed plasmid constructs. 

Plasmid pRK793 was a gift from David Waugh (Addgene plasmid  
# 8827; http://n2t.net/addgene:8827; RRID: Addgene_8827). 

 
Expression and purification of the wild-type and mutant PcPAL 
variants with His-tag 
Sterile LB (Luria Bertani) medium (50 mL), supplemented with 50 

µg/mL of carbenicillin and 30 µg/mL of chloramphenicol, was inoculated with 
20 µL of Rosetta (DE3) pLysS E. coli cells, previously transformed with the 
pET15b_PcPAL plasmid (encoding the wt- or mutant PcPALs with the 
removable 6xHis-tag). A portion (10 mL) of the preculture grown overnight 
(37 °C, 200 rpm) was used to inoculate 2 L of LB medium. The cell culture 
was further incubated at 37 °C, 200 rpm until the OD600 reached ~0.6. At this 
point, the expression was induced by adding 0.5 mM IPTG (isopropyl β-D-1-
thiogalactopyranoside). After induction, the cell growth was maintained at 25 °C 
for another 15 h, followed by harvesting the cells by centrifugation (5.000 g 
for 20 min), resulting in 25 g of wet cell mass.  

The isolated cells were resuspended in 60 mL of lysis buffer [50 mM 
Tris, 300 mM NaCl, 0.5 mM EDTA, pH 8.0; supplemented with RNAse 
(0.2 mg), lysozyme (1 mg), a solution of PMSF (10 mg) in EtOH (0.5 mL), 
benzamidine (2.5 mg/1 mL of dH2O), 1 tablet of protease inhibitor cocktail 
from Roche and 0.05 mM TCEP], and the ice-cold cell suspension was lysed 
by sonication, using a Sonics Vibra-Cell instrument for 30 min (1.4 MJ, intensity 
40%, pulse on for 6 seconds, pulse off for 2 seconds, T < 16 °C). 
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The cellular debris was removed by centrifugation (12.000 g, 20 min, 
4 °C) and the supernatant was loaded on a Ni-NTA-agarose column (2 mL 
of Superflow resin from Qiagen) using a peristaltic pump. A series of washing 
solutions of different ionic strengths were used to remove the non-specifically 
bound proteins (Table 3). The enzyme of interest was isolated with a 250 mM 
imidazole solution and dialyzed overnight in 5 L of Tris buffer (Dialysis 
buffer). A 10 kDa cut-off centrifugal filter was used to concentrate the protein 
solution, followed by homogeneity analysis via size exclusion chromatography, 
using a Superdex 200 5/150 GL column. 

The concentration of the protein solution was determined by the BCA 
method, and the enzyme was aliquoted and stored at -20 °C with 20% 
glycerol. Samples from all steps of the expression and purification processes 
were analyzed by SDS-PAGE, using 10-12% polyacrylamide gels. 

 
Expression and purification of the S219V TEV protease 
In the TEV protease expression protocol, several steps differed from 

those applied within the purification protocol of PALs. Inoculation of the 3 L 
LB liquid culture was performed with 4% (v/v) of the overnight preculture 
(grown for 16 h, at 37 °C, 200 rpm). When the culture medium reached an 
OD600 of 0.9 (after growth at 37 °C, 200 rpm), IPTG was added to a final 
concentration of 0.4 mM to induce TEV protein expression. The growth of the 
cellular mass was continued at 200 rpm, 18 °C for another 8 h, followed by 
cell harvesting by centrifugation (5.000 g, 25 min, 4 °C) and storage at - 20 °C. 

For cellular lysis, the cells were resuspended in 60 mL of lysis buffer 
supplemented with 10 mg of lysozyme, 3 mg of RNAse and a solution of 
PMSF (10 mg) in EtOH (0.5 mL), followed by sonication for 50 min (with an 
energy of 1.4 MJ, and pulse on for 4 seconds, pulse off for 8 seconds, at 40% 
amplitude, T < 16 °C). The cell lysate was centrifuged (12.000 g, 15 min, 4 °C) 
and the supernatant was loaded on a Ni-NTA-agarose column, containing 2 mL 
of Ni-NTA Superflow resin, pre-equilibrated with binding buffer (50 mM Tris-HCl, 
300 mM NaCl, 20 mM imidazole, pH 8.0). 

After loading the protein solution, the Ni-NTA column was washed 
thoroughly with a series of buffers to remove non-specifically bound proteins, 
and to remove as much as possible the MBP, as follows: LS solution – 20 mL, 
HS solution – 10 mL, LS solution – 20 mL, followed by washing with different 
concentrations of imidazole (20 mM - 1000 mM). The presence of high protein 
content in the imidazole fractions was detected with the Bradford reagent. The 
imidazole from the eluted protein samples was removed by dialysis at 4 °C 
overnight, followed–after the addition of 20% glycerol–by protein concentration 
determination using the BCA method. The TEV protease can be used directly 
in experiments or stored at -80 °C in a 20% glycerol containing buffer. 
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All the protein isolation/purification steps were performed at 4 °C.  
 

Table 3. The list of solutions used in the purification stages of the two types of 
enzymes and their composition. 

 

Solution name Components of the solution 

Buffer solution for cell lysis,  
pH 8.0 

• 50 mM Tris 
• 0.5 mM EDTA 
• 300 mM NaCl 

• 1.14 mM PMSF 
• 0.015 mM lysozyme 
• 0.003 mM RNAse 

Low salt solution (LS), pH 8.0 • 30 mM KCl 
• 50 mM HEPES 

High salt solution (HS),  
pH 8.0 

• 300 mM KCl 
• 50 mM HEPES 

Imidazole solutions, pH 7.5 
(dissolved in LS) 

• 0.025 M imidazole 
• 0.050 M imidazole 
• 0.075 M imidazole 

• 0.250 M imidazole 
• 0.500 M imidazole 
• 1 M imidazole 

Dialysis buffer, pH 7.5 
• 20 mM Tris 
• 100 mM NaCl 
• 1 mM PMSF 

 
His-tag removal from PcPAL by digestion with TEV S219V 
The S219V TEV-protease and the affinity-tagged PcPAL (wild-type 

or mutant variants) were mixed in a ratio of 2:10. Accordingly, 0.2 mg of TEV-
protease and 2 mg of PcPAL were mixed in a final volume of 2 mL in Tris 
buffer (50 mM Tris and 300 mM NaCl, 20% glycerol, pH 8) and the reaction 
mixture was kept at 4 °C for 12 h under the different conditions indicated in 
Table 1. Further, the mixture was loaded onto a Ni-NTA affinity column (2 mL 
of Ni-NTA Superflow resin) and, after 10 minutes of incubation, the non-tagged 
PcPAL enzyme was recovered within the flow-through fractions and washing 
saline solutions. The TEV-protease and the non-cleaved 6xHis-tagged PcPAL–
remained bound to the resin–have been eluted with 200 mM imidazole 
solution. The obtained solutions of PcPAL were dialyzed in 20 mM Tris and 
100 mM NaCl, pH 8.0, followed by SDS-PAGE analysis for purity assessment. 
Further, size exclusion chromatography (Superdex 200 10/300 GL) was 
used for the assessment of the homogeneity and oligomerization state of the 
isolated non-tagged PcPALs. 
 

Thermal unfolding profiles by NanoDSF measurements 
Thermal unfolding analysis of S219 TEV protease, wt- and  

mutant PcPAL variants was performed using Nanoscale differential scanning 
fluorimetry (NanoDSF), using the Prometheus NT.48 instrument (Figure 9). 
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The determination of thermal stability (Tm) of enzymes is based on the 
intrinsic fluorescence of tyrosine and tryptophan, where Tm is determined as 
the inflection point of the curve representing the ratio of the tryptophan 
fluorescence at 330 and 350 nm in function of the employed temperature 
ramp. The UV Monolith capillaries (NanoTemper Technologies) were loaded 
with 10 μL of the protein solution (1 mg mL-1 in 100 mM Tris, 120 mM NaCl 
buffer, pH 8.8), followed by their placement in the capillary array (rails) of the 
device. The protein unfolding was monitored in a temperature range of 30 °C 
to 95 °C, with an increment of 1 °C min-1. 

 

 

 

Figure 9a. Schematic representation of the protein unfolding, representing the 
general fold of soluble, globular proteins, with their polar surface (green, blue, 
violet) exposed to the solvent and the hydrophobic core region (orange), which 
upon denaturation exposes its hydrophobic residues (among them Trp, Tyr and 
Phe) to the surface. b. The transition state curve of the thermal protein unfolding 
process, with the melting temperature (Tm) positioning at the inflection point of 
the curve, representing the ratio of tryptophan fluorescence measured at 330 
and 350 nm, in function of the employed temperature ramp. 

 
Size-exclusion chromatography 
Size exclusion chromatography was performed using Superdex 

5/150 GL 200 and Superdex 10/300 GL 200 columns attached to an Äkta 
FPLC system (GE Healthcare). The calibration curve for SEC was obtained 
using 8 proteins of known molecular weight: Ribonuclease A (13.7 kDa), 
Carbonic anhydrase (29 kDa), Ovalbumin (43 kDa), BSA (66 kDa), Alcohol 
dehydrogenase (150 kDa), β-amylase (200 kDa), Apoferritin (443 kDa) and 
Thyroglobulin (669 kDa), for which retention volumes on the Superdex 5/150 
GL 200 column have been assessed (Figure 10 and table 4), serving for the 
calibration curve correlating Kav elution parameter as a function of the LogMW. 
Based on the first-order equation obtained below (y = -0.3276x + 1.9719) - 
Figure 11, the molecular weight of the analyzed protein sample was estimated. 
Within the analytical scale SEC, the sample injection volume was 50 μL, the 
elution was performed at a flow-rate of 0.3 mL min-1 and at 25 °C. 
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Figure 10. Chromatograms obtained from the individual injections of the different 
proteins of known molecular weight on the Superdex 200 5/150 GL column, used 
for the calibration curve of the enzymes used for determination. 

 
Table 4. Calibration curve set-up for Superdex 200 5/150 GL using an extended 

Gel Filtration Calibration Kit with proteins of molecular mass in the range  
13700 to 669000 Da. 

 
*Kav=(Ve-Vo)/(Vc-Vo); Vc=3 mL (column volume, Superdex 200 5/150 GL); 
Vo=1.15 mL (column void volume) - determined by injecting Dextran Blue 
2000 (2000 kDa); Vo=elution volume of the analyzed sample/peak.  

 

Figure 11. Plot of the elution volume parameter (Kav) against the logarithm of 
molecular weight of the eight different protein samples used for the calibration. 

Standard protein Molecular 
Weight (Da)

Volume of 
elution (Ve) mL

Kav Log MW

Thyroglobulin 669000 1.22 0.03784 5.8254

Apoferritin 443000 1.42 0.14595 5.6464

β-amylase 200000 1.56 0.22162 5.3010

Alcohol dehydrogenase 150000 1.73 0.31351 5.1761

Bovine Serum Albumin 66000 1.85 0.37838 4.8195

Ovalbumin 43000 1.95 0.43243 4.6335

Carbonic anhydrase 29000 2.12 0.52432 4.4624

Ribonuclease A 13700 2.29 0.61622 4.1367

y = -0.3276x + 1.9719
R² = 0.986
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Enzyme activity measurements  
The specific activity of the non-tagged and 6xHis-tagged wild-type 

PcPAL was determined spectrophotometrically, using Tecan Microplate Reader 
Spark® and a Corning 96-well UV-Transparent plate, monitoring the production 
of trans-cinnamic acid at 290 nm, where the corresponding L-Phe shows 
negligible absorption. The enzyme activity measurements were performed in 
triplicate, in a final volume of 200 µL, using 50 mM Tris-HCl, 100 mM NaCl 
(pH 8.8) as reaction buffer, at 30 °C for 6 min, each sample containing 4 µg 
(2.48 µM) from the corresponding PcPAL. 
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ABSTRACT. Geometry optimization of perpendicular, antiparallel and parallel 
dimers were employed in order to analyze the relative energy values. The 
weakest interactions are seen for the perpendicular structures; among those, 
the strongest are for π, 310, while the DeSantis structure affords no local 
minimum at all. The strongest interactions are seen with parallel structures – 
of which the largest interaction energies are with the DeSantis and the  
π monomers (up to 2.8 and 4.2 kcal/mol per unit of lactic acid, respectively). 
 
Keywords: polylactic acid (PLA), supramolecular, computational  

 
 
 

Polylactic acid (PLA) is a biodegradable, biocompatible and compostable 
aliphatic polyester. It is composed of lactide (LA) repeat units, typically either 
in the form of poly(L-lactic acid) (PLLA) or poly(D-lactic acid) (PDLA). Both 
homopolymers are semicrystalline; the naturally occurring form PLLA is 
about 37% crystalline. When L–isomers and D-isomers are copolymerized in 
equal proportions, a racemic polylactide is formed. Its molecular chains cannot 
easily pack together to crystallize, because the side groups are located on 
both sides of the polymer backbone; consequently, racemic polylactide (PLDLA) 
is entirely amorphous. Non-racemic copolymers are usually mixed from L-
lactide and a racemic (50:50) mixture of L-lactide and D-lactide (PLDLLA).[1,2] 

Experimental characterization of PLA often involves measurements 
of crystallinity, average molecular weight, molecular weight distribution 
(polydispersity), impurities (such as residual monomers, water, and free 
radicals), and glass transition temperature. The thermal, mechanical and 
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biodegradation properties of PLA are largely dependent on the ratio and 
distribution of the two stereoisomers of LA within the polymer chains. Water 
can act as a plasticizer of PLA, which might result in a decrease of Tg even 
below body temperature (37°C).[3–5]  

The thermal properties of PLA can be changed by copolymerization of 
PLA with monomers such as glycolide, some lactone derivatives, trimethylene 
carbonate and also by the addition of cross-linkers and plasticizers. Amorphous 
PLA and low-crystalline PLA are clear materials with high gloss, while highly 
crystalline PLA is an opaque white material. It is brittle at room temperature. The 
amorphous PLA is soluble in most organic solvents such as tetrahydrofuran, 
chlorinated solvents, benzene, acetonitrile, and dioxane. Crystalline PLA is 
soluble in chlorinated solvents and benzene at elevated temperatures. 
Semicrystalline PLA is preferred to amorphous polymer when better 
mechanical properties are desired. The molar mass of the polymer as well 
as the degree of crystallinity has a significant influence on the mechanical 
properties.[6,7,16,8–15] 

The molecular-level organization of PLA in materials such as described 
above is mostly unclear. We have previously considered the possibility that 
the PLA monomer, in light of its structural reminiscence to the aminoacid 
alanine (technically, the amino group of alanine would be replaced by a 
hydroxy group in PLA), would form peptide-type elements of secondary 
structure. Peptide/protein secondary structure elements include repetitive 
structural motifs based mostly on hydrogen bonds within the chain (for helical 
structures) or between chains (for pleated sheet structures). We have previously 
explored in some detail the performance of computational methods in 
describing peptide secondary structural elements for short peptides (e.g., 
decamers).[17–20] To this end, we reported geometry optimization results on 
4 different types of secondary structures in decameric units of PLA – helical 
(α, π, 310) and β-sheet. Based on ab initio calculations, the α, π and 310 
structures were found to have very similar energies, with π slightly favored by 
values within the error limits of the method; in contrast, semiempirical and 
empirical methods predicted other structures as favorites – and with distinctly 
larger energy differences. Three types of weak interactions appear to dictate 
the relative stabilities of secondary structure elements in PLA structures: 
carbonyl-CH, carbonyl-CH3, and carbonyl-ester.[21,22] 

Spectroscopic parameters were also predicted for the putative PLA 
secondary structure elements, in an attempt to aid our on-going efforts in 
synthesis and characterization of polylactic acid variants.[23] The calculated 
chemical shifts of both 13C NMR and 1H NMR are slightly larger than the 
experimental ones. The conclusion was that the secondary structure (if any) 



POLYLACTIC ACID INTER-CHAIN INTERACTIONS 
 
 

 
49 

of poly(lactic acid) cannot be conclusively clarified from the calculated IR 
and NMR spectra, suggesting either a need for using more appropriate 
computational methods or the occurrence of previously unconsidered 
elements of secondary structure, or the total lack thereof.[23] 
 All of the previous computational studies have focused on isolated single 
chains of PLA. Such studies would be relevant for gas-phase experiments such 
as in mass spectrometry, but less so for condensed-phase situations. The 
route towards predicting solid-state PLA structures via quantum mechanical 
calculations is difficult, if at all possible, with current methodology; lower-level 
theory models would be even more problematics as we have previously 
shown.[21] A first step towards such predictions would nevertheless be an 
attempt to model the interaction of at least two chains of PLA. The nature of 
the secondary structure elements in PLA implies distinctly difficult capabilities 
of interchain interactions ranging from two extremes: the α-helix, where the 
exterior of the chain features mostly methyl groups which may significantly 
limit the strength of potential intermolecular interactions, and the β-chains that 
are optimally designed for intermolecular interactions. To this end, reported 
here is a molecular-level investigation of the inter-chain weak interactions 
involving decameric PLA units, as part of an effort ultimately aiming to provide 
useful data for predicting and controlling macroscopic properties of PLA-
based materials. 

 
 

RESULTS AND DISCUSSION 
 
The helical and sheet structures of the decameric units of PLA were 

built only for poly(L-lactic acid) (PLLA). We have previously reported that the 
energies of the PLLA are generally smaller than in the case of poly(DL-lactic 
acid) (PDLLA) copolymers.[21] 

Overall, two types of weak interactions appear to dictate the relative 
stabilities of the dimers. One of the non-covalent interactions involves the 
oxygen atoms of the carbonyl group of one monomeric unit and the hydrogen 
atoms from the main chain of the other monomeric unit. The other type of 
non-covalent interaction implies the oxygen atoms of the carbonyl group of 
one molecule and the hydrogen atom from the methyl group of the second 
molecule. These C=O···H distances are thus found, in certain instances, to 
be shorter than the corresponding sum of van der Waals radii (2.72 Å). Figure 1 
illustrates a typical dimer structure, with atom numbering further used in the 
Tables. 
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The stability of the generated geometries was determined as the 
difference between the energy obtained during the dimer optimization and 2x 
the value of the energy received from the monomer optimization.  

 

 
Figure 1. Graphical representation of α PLA dimers; red represents oxygen,  

gray the carbon and white the hydrogen atoms. 
 
 

Perpendicular dimers 
In the case of the perpendicular dimers, the two decameric chains 

were placed at 90° with respect to each other, intersecting at the middle of 
the chains. Two types of input geometries were built; one is based on monomers 
built in the canonical form and the other is based on the HF 3-21G* pre-
optimized monomers (Tables 1 and 2).  
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Table 1. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the 

perpendicular α-dimers, cf. unrestricted geometry optimizations. 
 

Initial ΔE C=O…H(CH) C=O...H(CH3) Other Distance Representation 

2 8.41  

O42-H119 

 

2.38 

 

H44-O117 2.48 

H73-O117 2.58 

O69-H129 2.37 

3 8.47  

O42-H119 

 

2.36 

 

H44-O117 2.44 

H73-O117 2.59 

O69-H129 2.36 

4 17.58 

O5-H151  

 

2.23 

 

H13-O144 2.36 

 H18-O171 2.44 
O33-H156 2.59 

H40-O117  2.24 

 O42-H119 2.48 
 H71-O94(hyd) 2.53 

 
Table 2. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the 

perpendicular α-dimers (monomers not pre-optimized separately). 
 

Initial  ΔE C=O…H(CH) C=O...H(CH3) Distance Representation 

2 7.53 

O24-H169  2.48 

 

 
O24-H174 2.62 

H26-O162 2.33 

H31-O135  2.33 
 O33-H147 2.61 

3 9.58 

 
O24-H169 2.45 

 

O24-H174 2.52 
H26-O162 2.41 

H31-O135  2.20 
O33-H142 2.44 

 O51-H173 2.65 
H63-O144 2.45 
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The α dimers were constructed by translating the monomer unit by 
values between 2-6 Å. If the two monomers are situated at an initial 2-3 Å, 
the perpendicular direction is preserved and four weak interactions between 
the monomers are established in each of these cases. If the initial structure 
is based on the optimized monomers, only C=O···H(CH3) interactions are 
established. However, if the optimization is started from initial 4-5 Å distances 
between the two optimized monomers, the two units reorient to almost 
parallel and the number of interactions subsequently increases (Table 1). 
The weaker the interactions, the more stabilized are the structures, so that 
the parallel structures are more stable by around 8 kcal/mol as compared to 
those that remained perpendicular. Overall, each intermolecular interaction 
adds around 2 kcal/mol to the stabilization energy. 

For the 6 Å dimers (not shown), the monomers shifted upon geometry 
optimization so that they would interact only via the terminal groups, without 
involving the carboxylic oxygen and hydrogen. The structures resulting from 
the optimization started at 2 or 3 Å were very similar to each other, with only 
C=O···H(CH) and C=O···H(CH3) interactions holding the molecules together, 
with an average of 1.5 kcal/mol per such interaction. 

When the two optimized π monomers were placed at initial distances 
of 2.5-4.5 Å (Tables 3 and 4), the two units remained perpendicular after 
geometry optimizations, with six O---H interactions per dimer, at ~2 kcal/mol 
per interaction (Table 3). If the initial distance between the two monomers 
was set below 2.5 Å, they migrated to a parallel structure (see dedicated 
section below). Only C=O···H(CH) and C=O···H(CH3) intermolecular 
interactions were formed; the carboxylic and hydroxyl oxygen atoms did not 
participate in dimer stabilizations.  

The dimers from the starting structures based on the canonical form 
placed with starting inter-chain distances of 1.5-2.5 Å led to perpendicular 
orientations after geometry optimizations (Table 4). It is again the 
C=O···H(CH) and C=O···H(CH3) interactions that hold together the final 
forms in both optimizations. The intermolecular interaction energy is 3 
kcal/mol. Increasing the starting distance to 3.5 Å increases the energy to 
4.6 kcal/mol, as the hydroxyl and carboxyl groups also participate in the 
stabilization; however, in this case the dimers are no longer perpendicular to 
each other. Placing the monomers at a longer distance (5.5 Å) the relative 
energy value reaches 3.6 kcal/mol, but only one interaction occurs - between 
the first molecule’s hydroxylic hydrogen atom and the second molecule’s 
oxygen atom (structure not shown). 
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Table 3. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the perpendicular π-dimers. 

Initial ΔE C=O…H(CH) C=O...H(CH3) Distance Representation 

2.5 13.61 

 
O25-H149 2.69 

 

H27-O145 2.27 
O43-H157 2.43 

H50-O127  2.29 

 
O52-H129 2.37 

H74-O127 2.42 

4.5 14.14 

 
O25-H147 2.45 

 

H27-O145 2.38 

O43-H152  2.38 

 

O43-H157 2.52 

H47-O145 2.60 

H72-O127 2.42 

 
Table 4. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the 

perpendicular π-dimers (monomers not pre-optimized separately). 
 

Initial  ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

2.5 15.12 

 

O43-H149 

 

2.63 

 

O43-H157 2.56 

H45-O145 2.44 

H50-O127  2.40 

 H82-O127 2.48 

3.5 27.74 

 
 O2(hyd)-

H94(carb) 1.70 

 

O16-H179 

 

2.37 
H23-O172  2.14 

 

O43-H156 2.34 
H45-O154 2.42 

H47-O172 2.51 
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The optimized 310 monomers placed at 1.5-3.5 Å after the dimer 
optimizations remain perpendicular (Table 5). In all two cases seen in Table 5, 
the interactions are established between the same atoms, with similar relative 
energies.  
 

Table 5. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the perpendicular 310-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

3.5 6.69 

O24-H133  

 

2.29 

 

 
O24-H166 2.71 

H53-O162 2.55 

4.5 9.33 

O24-H133  

 

2.18 

 

 

H26-O126 2.45 

O51-H137 2.50 

H53-O135 2.70 

 
The 310 structure with an initial distance of 4.5 Å differs very little from 

the real perpendicular structures, showing one more weak interaction between 
the carbonyl oxygen atom and hydrogen of a methyl group than in the other 
cases - therefore the relative energy is seen to increase to ~10 kcal/mol.  

Starting from structures based on canonical forms, the two units 
maintain the perpendicular directions at 1.5-2.5 Å distances. The geometries, 
relative energies, number and type of interactions are the same. If the distance 
between the initial molecules is longer than 4.5 Å then the monomers are 
shifted during the geometry optimization. The carboxylic oxygen also participates 
in the dimer formation. The interactions are created between the same atoms - 
only the lengths of these are changed by 0.1 Å, and hence the relative energy 
varies as well (Table 6). 
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Table 6. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the 

perpendicular 310-dimers (monomers not pre-optimized separately). 
 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

2.5 8.13 
 

O42-H115 

 

2.22 

 

H44-O108 2.35 

O69-H119 2.42 

H71-O117  2.62 

4.5 16.25  

O69-H121 

 

2.44 

 

O69-H129 2.51 

H71-O117 2.51 

 O92(carb)-H156 2.49 

 
 
Optimization of the β dimers did not retain the initial perpendicular 

arrangement, whether starting from structures based on canonical form or 
previously optimized monomers - with one exception. The optimization of 
pre-optimized monomers laid at 1-2 Å led to structures in which the 
intermolecular interaction energy is around 2.8 kcal/mol (Table 7). The closer 
placement results in a geometry with one more interaction than that placed 
at 2 Å. The 2-Å and 3-Å structures have the same C=O···H(CH) interactions, 
and both have two C=O···H(CH3) interactions; the 3-Å structure seems to be 
more stable, although it differs more from the ideal perpendicular form.  

As shown in Table 8, the resulting structures based on the canonical 
forms of the β structures have more stable geometries than those based on 
the optimized monomers of Table 7. 
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Table 7. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the perpendicular β-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Distance Representation 

2 11.35 

O42-H133 
 

2.10 

 

H49-O126 2.25 

 
O51-H138 2.65 

H63-O117 2.43 

3 22.63 

O42-H133 
 

2.25 

 

H49-O126 2.12 

 
H64-O117 2.44 

O69-H112 2.70 

 
 

Table 8. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the 

perpendicular β-dimers (monomers not pre-optimized separately). 
 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

2 29.08 

 H40(3)-O144 

 

2.35 

 

O42-H151(1)  2.25 

 

H55(3)-O135 2.32 
O60-H130(3) 2.45 
H82(3)-O108 2.69 

 

O87(carb)-
H95(hyd) 2.09 

O94(hyd)-
H93(carb) 1.71 

3 34.35 

O33-H151(1)  

 

2.26 

 

H40(1)-O144 2.10 

 

H55(3)-O135 2.46 
O60-H130(3) 2.48 
H82(3)-O108 2.69 

 O87(carb)-
H95(hyd) 2.08 
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Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

4 12.12 

O33-H160(1)  

 

2.17 

 

H40(1)-O144 2.18 

 O42-H165(3) 2.46 

 
 

Table 9. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the perpendicular DeSantis-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

2 30.88  

 H4-O181(carb) 2.39 

 

O25-H167 

 

2.54 

H45-O136 2.66 

H46-O145 2.38 

H72-O109 2.29 

O97-H103 2.65 

3 24.72 

 

 H23-O181(carb) 2.72  

 
 

H28-O163  2.70 

 

H28-O186(carb) 2.64 

O34-H152 

 

2.26 

H41-O145 2.18 

 

H56-O136 2.43 

O61-H120 2.54 

H83-O109 2.69 

 
 Similarly to the β-dimers, the optimization of the DeSantis dimers did not 
result in any perpendicular geometries (Tables 9 and 10). If in the initial structure 
based on the pre- monomers the two units are at 2 Å, the dimers become 
parallel, and the intermolecular energy is 5.5 kcal/mol. The initial monomers 
located at more than 4 Å led to geometries which are neither parallel nor 
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perpendicular. The minimum value of the intermolecular energy (3.09 kcal/mol) 
is at the 4-Å laid monomers, with 8 individual interchain short contacts. If the 
initial monomers are at 7 Å the two molecules are moving away from each other, 
and only at one end a weak interaction is formed. With the monomers based on 
the canonical form placed at 2-3 Å, optimization leads to parallel structures. Six 
common interactions are seen in the two optimized forms, but the carboxyl-
hydrogen interactions occur at the different end of the chains. The highest 
relative energy value appears at the 3-Å dimer in Table 10. Like in the structures 
based on optimized monomers, the larger distances conduct to dimers in which 
the molecules are neither parallel nor perpendicular (Table 10). 
 

Table 10. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the 
perpendicular DeSantis-dimers (monomers not pre-optimized separately). 

 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representation 

2 32.06 

  H14-
O181(carb) 2.47 

 

 
 

O25-H167 

 

2.34 
O34-H152  2.23 
H41-O145 2.25 

 

H56-O136 2.43 
O61-H131 2.50 
H72-O109 2.28 
O79-H103 2.64 
H83-O99 2.43 

3 34.97 

 

 

O6(carb)-
H94 1.70 

 

 
 

H14-O172 

 

2.45 
O34-H152 2.21 
H41-O145 2.14 

 

H56-O136 2.45 
O61-H131 2.49 
H72-O109 2.46 

H83-O99 2.37 

 
 

Antiparallel dimers 

 For these structures, in most of the cases starting from the canonical 
form the convergence could not be achieved, and therefore only the results 
of the dimers of dimers based on optimized monomers are discussed here. 
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 Upon geometry optimization of the α dimers, regardless of how far 
the dimers are placed (3-5 Å), the same final geometry was obtained – detailed 
in Table 11. The two units are stabilized by six weak interactions; five of them 
are C=O···H(CH3) and one C=O···H(CH). Each intermolecular interaction 
brings around 3 kcal/mol in terms of energy stabilization. 

 
Table 11. Initial distances (“Initial”, Å) between monomers, relative energies  

(ΔE, kcal/mol), weak interactions (Å) and graphical representations  
of the antiparallel α-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Distance Representation 

3 18.14 

 
O24-H165 2.43 

 

H26-O153 2.35 
O51-H133  2.28 

 
H53-O126 2.30 
O78-H111 2.58 
H80-O98 2.34 

 
 For the 310 antiparallel dimers (Table 12), the intermolecular interaction 
energies are about 0.6-0.7 kcal/mol per O---H contact. If the two units are placed 
further than 6 Å, an interaction between a carboxyl and a hydroxyl group 
appears and the intermolecular interaction energy increases to 2.8 kcal/mol.  
 

Table 12. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the antiparallel 310-dimers. 
Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representations 

2.5 4.96 

O15-H160  

 

2.28 

 

H13-O153 2.26 
 H17-O162 2.41 

O42-H124  2.33 
H49-O126 2.23 

 O51-H128 2.42 
O78-H96  2.15 

 H90-O98 2.69 

3.5 3.88 
 

O15-H155 

 

2.39 

 

H17-O153 2.43 

O42-H156 2.47 

O51-H129 2.72 

O78-H96  2.28 
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 The optimizations of the π dimers led to two types of results, cf. Table 13. 
If the initial π monomers are placed at 1 Å, the obtained orientation of the dimers 
is perpendicular; C=O···H(CH) and C=O···H(CH3) weak interactions are key 
in this structure. Carboxyl and hydroxyl groups additionally participate when the 
two monomers are at 2-3 Å initial distances. The preferred relative orientation is 
antiparallel. The intermolecular interaction energy decreases from 3.5 kcal/mol 
to 2.2 kcal/mol, although the number of interactions is the same.  

Table 13. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the antiparallel π-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representations 

2 34.74 

 
 O2(hyd)-H94(carb) 1.66  

 
 

O25-H185  2.46 

 H29-O181(carb) 2.28 
H32-O163 

 

2.23 

 

O34-H165 2.31 
O52-H140 2.49 
H64-O136 2.61 
O79-H111 2.25 
H63-O109 2.55 

H83-O109 2.51 

3 21.57 

 

 O2(hyd)-H183 2.31  

 
 

H4-O181(carb) 2.68 
O6-H185 

 

2.60 
O34-H165 2.45 
H36-O163 2.32 

O52-H116  2.41 
 O52-H140 2.49 

H59-O109  2.24 

 
O79-H111 2.33 
H83-O109 2.41 

 
After the optimization the β dimers remain antiparallel (Table 14). Weak 

interactions are noted between carboxyl and hydroxyl groups of the two 
molecules, varying between 4 and 9, and the interaction energy decreases 
from 4.5 kcal/mol (2 Å) to 3.5 kcal/mol (3 Å) and 3 kcal/mol (4 Å), respectively. 

Two types of geometries are obtained upon optimizing the structure 
described by DeSantis. When the two units are positioned at 2-4 Å, they 
remain antiparallel with interaction energy of ~3.4 kcal/mol per interaction. If 
the two units are placed further than 5 Å, they will be perpendicular, and the 
interactions are formed at the termini of the chains (Table 15). 
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Table 14. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the antiparallel β-dimers. 
Initial ΔE C=O…H(CH) C=O…H(CH3) Other  Distance Representations 

2 17.98  

 O4(hyd)-O185 2.39 

 

H18-O108 

 

2.24 

O60-H129 2.22 

H81-O108 2.35 

3 32.31 

  O1(hyd)-H186(carb) 1.66 

 

H13-O171 

 

2.27 
 O24-H155 2.51 

O33-H151  2.30 
H40-O144 2.23 

 H44-O135 2.42 
O51-H128 2.71 

O60-H124  2.37 
 H81-O108 2.33 

 

H18-O171 

 

2.31 
O33-H156 2.31 
H44-O135 2.49 
O60-H129 2.45 
H81-O108 2.31 

 
Table 15. Initial distances (“Initial”, Å) between monomers, relative energies  

(ΔE, kcal/mol), weak interactions (Å) and graphical representations  
of the antiparallel DeSantis-dimers. 

Distance ΔE C=O…H(CH) C=O….H(CH3) Other Distance Representations 

2 19.01 

 
 O2(hyd)-H174 2.31 

 

O43-H148 
 

2.39 
H59-O127 

 
2.36 

O79-H107 2.25 

 
O88(carb)-H97 2.30 

H92-O99  2.55 

4 14.84 

 

 

O2(hyd)-H174 2.31 

 

O79-H107  2.40 

 
O88(carb)-H97 2.47 

H92-O99  2.40 



IZABELLA IRSAI, SZILÁRD ZOLTÁN PESEK, RADU SILAGHI-DUMITRESCU 
 
 

 
62 

Parallel dimers 
 The parallel structures were obtained by translating a decameric unit 
with 1-6 Å. Starting from the previously optimized α monomers the two 
helices hold their directions at any distance apart (Table 16). If they are 
positioned at 1 - 2 Å, the interaction energy is 3.2 kcal/mol per interaction- 
and slightly larger if the initial distance is 3-5 Å.  
 

Table 16. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations  

of the parallel α-dimers. 

Initial ΔE C=O…H(CH) C=O….H(CH3) Other Distance Representations 

2 25.93 

 
O5-H121  2.52  

 
 

 H7-O94(hyd) 2.38 
O33-H129 

 

2.40 
H40-O117  2.61 

 

O60-H183 2.47 
H72-O144 2.46 

 
O87(carb)-H178 2.12 

H97(carb)-O171 1.67 

3 26.78  

O5-H129  2.41  

 
 

 H7-O94(hyd) 2.38 
O33-H156 

 

2.54 
H45-O117 2.49 
O60-H183 2.50 
H72-O144 2.32 

 
O87(carb)-H178 2.11 

H93(carb)-O171 1.69 
 

The α structures based on the canonical form laid at 1-3 Å maintain 
the parallel orientation upon geometry optimization (Table 17). Increasing the 
distance, the dimers lose their parallel orientations and at 6 Å the two units 
become perpendicular (not shown). Only two interactions keep the 
molecules together, and the interaction energy per interaction is 3.1 kcal/mol. 
 For the dimers based on optimized π monomers, longer initial inter-
chain distances led to smaller numbers of interactions, but the intermolecular 
binding energy per individual non-covalent contact increases from 3.8 
kcal/mol to 5.6 kcal/mol. In no case do the optimized dimers actually feature 
parallel structures (Table 18). Four interactions occur in the optimized 
monomers placed at 3 Å; the relative energy is the same as at 2 Å dimers, 
but the number of interactions is only half compared to the 2-Å structure. 
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Table 17. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  

parallel α-dimers (monomers not pre-optimized separately). 

Initial ΔE C=O…H(CH) C=O….H(CH3) Other Distance Representations 

2 Å 4.12  

O15-H129 
 

2.41 

 

O42-H128 2.33 

 H80-O180(carb) 2.40 

H81-O153  2.68 

3 Å 4.12  

O15-H129 
 

2.42 

 

O42-H128 2.33 

 H80-O180(carb) 2.40 

H81-O153  2.68 

 
Table 18. Initial distances (“Initial”, Å) between monomers,  

relative energies (ΔE, kcal/mol), weak interactions (Å) and graphical 
representations of parallel π-dimers. 

 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representations 

2 27.25  

 H1(carb)-
O181(carb) 1.68 

 

O16-H139 

 

2.44 
H19-O109 2.58 
H28-O127 2.44 
O70-H156 2.51 

 O88(carb)-183 2.32 

3 27.9 

 
 

H1(hyd)-O181 1.67 

 

H4-O99 

 

2.47 

 

H28-O127 2.34 

O88-H183 2.38 
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 The parallel-placed π monomers based on the canonical form do not 
maintain their orientation upon geometry optimization, as they become intertwined 
with each other. Most interactions are of the C=O···H(CH) and C=O···H(CH3) 
types, with no involvement of the carboxyl and hydroxyl groups. A 1.8 kcal/mol 
stabilization energy per interaction is seen in the 2-Å dimer (Table 19). 

 
 

Table 19. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  

parallel π-dimers (monomers not pre-optimized separately). 

Initial ΔE C=O…H(CH) C=O…H(CH3) Distance Representation 

2 25.89 

O16-H107  2.32  

 
 

 O16-H130 2.28 
H20-O99 2.56 

O34-H125  2.33 
O34-H143 2.51 

 
O34-H148 2.53 
H41-O136 2.36 
H46-O118 2.49 

O52-H161  2.37 
 H56-O145 2.27 

H59-O154  2.06 

 
H64-O136 2.35 
O70-H176 2.42 
H92-O172 2.35 

4 28.25 

O16-H107  2.32  

 
 

 H20-O99 2.56 
O34-H125  2.33 

 O34-H148 2.40 
H41-O136  2.43 

 
H46-O118 2.48 
O52-H166 2.55 
H56-O145 2.61 

H59-O154  2.19 

 
H64-O136 2.31 
O70-H176 2.33 
H82-O163 2.56 

 
 
 The dimer based on optimized 310 monomers remains parallel if the two 
units are placed at 1-3 Å, but the monomers are slightly shifted relative to 
each another (Table 20). The dimer is held together by C=O···H(CH) and 
C=O···H(CH3) weak interactions, at ~ 2 kcal/mol each. On the other hand, upon 
increasing the initial distance to 4 Å there are more inter-chain interactions. 
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Table 20. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  

parallel 310-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Distance Representation 

2 12.47 

O42-H151  2.55  

 
 

 

H44-O144 2.40 

H45-O117 2.62 

O69-H175 2.43 

O69-H183 2.55 

H71-O153 2.57 

3 11.95 

 H44-O117 2.37  

 
 

O69-H151 
 

2.16 

H76-O144 2.33 

 
O78-H183 2.45 

H80-O171 2.62 

4 14.9 

 H17-O117 2.41  

 
 

O42-H151  2.47 

 H46-O117 2.70 

H49-O144  2.65 

 H54-O144 2.55 

O69-H151 
 

2.70 
H76-O153 2.29 

 
 

The 310 monomers based on the canonical form placed at 2-4 Å 
maintain the parallel orientation upon geometry optimization (Table 21), but 
the two monomers are shifted with respect to each other. The relative orientation 
of the monomers obtained starting with the monomers at 5 Å is not parallel 
anymore; the connection is formed only at one end of the monomers (not 
shown).  
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Table 21. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  

parallel 310-dimers (monomers not pre-optimized separately). 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representations 

2 5.86 

 O15-H119 

 

2.51 
 

 
 

 H45-O117 2.45 

 H71-O144 2.51 

3 24.11 

 O24-H138 

 

2.45 

 

 
 

O51-H133  2.49 
 O51-H165 2.49 

H58-O126  2.24 

 

H63-O98 2.40 

 

O78-
H186(carb) 1.71 

H80-
O185(carb) 2.56 

H90-O153  2.33 
O51-H133  

 

2.49 
 O51-H165 2.49 

H58-O126  2.24 

 

H63-O98 2.40 

 

O78-
H186(carb) 1.71 

H80-
O185(carb) 2.56 

H90-O153  2.33 
 
 
 Only the optimizations of the β monomers placed at 1 Å did converge. 
If the two monomers are moved away from each other no connections are 
made. In the 1-Å case the structure remains parallel, and seven interactions, 
of 2.9 kcal/mol each, keep the molecules together (Table 22). 

If the initial geometry is based on the canonical form, the two β sheets 
are coiling around each other (Table 23). This entails fifteen intermolecular 
contacts/interactions, at ~ 1 kcal/mol each. If the two monomers are further 
than 1 Å, no connections are formed (as in the case of β dimers based on 
optimized monomers). 
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Table 22. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  

parallel β-dimers. 

Initial ΔE C=O…H(CH) C=O….H(CH3) Other Distance Representation 

1 20.59 

 

 O1(hyd)-H97 2.34 
 

 
 

O15-H111 

 

2.19 

H36-O117 2.40 

O42-H133  2.45 

 O51-H137 2.44 

H58-O153  2.19 

 O78-H174 2.31 

 
Table 23. Initial distances (“Initial”, Å) between monomers, relative energies  

(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  
parallel β-dimers (monomers not pre-optimized separately). 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other  Distance Representation 

1 Å 11.42 

O6-H97  

 

2.58  

 
 

 O6-H112 2.57 
H13-O108  2.43 

 O24-H115 2.25 
H31-O126  2.55 
O42-H133 2.20 

 H46-O126 2.58 
H49-O144 

 
2.72 

O60-H151 2.30 
H67-O162 2.43 

 

H82-O162 2.41 
H71-O171 2.70 
O78-H184 2.71 

 

O87(carb) – 
H173 2.63 

H93(carb) – 
O180 1.82 

 
The parallel structure is maintained in the DeSantis dimers based on 

optimized monomers at 2 Å. Increasing the distance to 3 Å, this orientation 
is lost (Table 24) and the intermolecular interaction energy decreases from 
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5.2 kcal/mol to 3.3 kcal/mol. However, the number of interactions increases, 
and the carboxyl groups evolve more interactions than in the case of dimers 
laid at 2 Å. If the initial monomers are further than 3 Å, no weak interactions 
are noted between them (not shown). 
 
 

Table 24. Initial distances (“Initial”, Å) between monomers, relative energies  
(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  

parallel DeSantis-dimers. 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representations 

2 41.82 

  

H1(carb)-
O181(carb) 1.70  

 
 

O2(hyd)-
H104(hyd) 1.82 

H4-O99 

 

2.35 

 

O25-H131 2.45 
H46-O136 2.42 
O52-H157 2.45 
H73-O163 2.55 

 O79-H94(carb) 1.66 

3 35.98 

 

 H1(carb)-
O181(carb) 1.71  

 
 

O25-H130  2.37 
 H28-O95(hyd) 2.50 

H29-O109 

 

2.36 
O34-H116  2.28 

 

H46-O136 2.24 
O52-H157 2.41 
H73-O163 2.72 

 
O79-H94(carb) 1.64 
H56-O181(carb) 2.63 
O61-H94(carb) 1.68 

 
 
METHODS 

 
Five types of decameric units of polylactic acid were built and 

optimized using the Hyperchem package as previously described.[21,23] 
These are analogous to those seen in protein structure - helical structures 
(α, π, 310), a β-sheet, and the structure proposed by DeSantis.[21] The 
dimers were constructed by translating a decameric unit by various values 
(generally in the range of 2-10 Å), as illustrated in the Tables and text.  
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Parallel, antiparallel as well as perpendicular structures were considered. 
Geometry optimizations were performed with the HF method and 3-21G* basis 
set as implemented in Gaussian, without any constraints on the geometry – 
including the inter-dimer distance or orientation.[24] Larger basis sets and 
either a post-HF or a specialized density functional theory variant would afford 
more accurate results, but they were deemed computationally prohibitive for 
the set of models examined here. 

 
Table 25. Initial distances (“Initial”, Å) between monomers, relative energies  

(ΔE, kcal/mol), weak interactions (Å) and graphical representations of the  
parallel DeSantis-dimers (monomers not pre-optimized separately). 

Initial ΔE C=O…H(CH) C=O…H(CH3) Other Distance Representations 

2 34.80 

  H1(carb)-
O181 1.71 

 

 
 

O25-H140 

 

2.33 
H32-O145  2.27 

 H46-O136 2.57 
O52-H152  2.28 

 

H63-O172 2.54 
H73-O163 2.49 

 O79-
H94(carb) 1.70 

3 35.63 

 
 H1(carb)-

O181 1.71  

 
 

O25-H129 

 

2.42 
O25-H140 2.36 

H32-O145  2.21 

 

O43-H157 2.45 

H46-O136 2.37 

O52-H158 2.72 
H63-O172  2.47 

4 26.27 

 H73-O162  2.56 

 

 
 

  O79-
H94(carb) 1.71 
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CONCLUSIONS 
 
Optimizations of α, π, 310 deca-lactic acid helices placed perpendicularly 

to each other does in several cases retain this geometry. The geometries 
obtained from the optimizations of nearly all 310 helices are perpendicular. 
Optimization of perpendicular β dimers led only once to perpendicular direction. 
In turn, the structure described by DeSantis does not yield perpendicular 
dimers after the optimizations. In the case of α and DeSantis dimers, parallel 
instead of perpendicular structures are obtained upon geometry optimization. 
This is not valid for π, 310 and β dimers: their most stable geometries are 
neither parallel nor perpendicular. 
 Minima for antiparallel and parallel dimer structures were obtained for 
all the five types of secondary structure – though in several cases severe 
distortions were noted (e.g., coiling or disordered structures of the monomers). 

Table 26 shows a summary of the data collected in the present study – 
i.e., inter-chain interaction energies calculated per unit of lactic acid. These 
values are expected to be useful in predicting interaction energies between 
chains of lengths different from the decametric structures examined in the 
present study. The weakest interactions are seen for the perpendicular 
structures; among those, the strongest are for π, 310, while the DeSantis 
structure affords no local minimum at all. The strongest interactions are seen 
with parallel structures – of which the largest interaction energies are with 
the DeSantis and the π monomers (up to 2.8 and 4.2 kcal/mol per unit of 
lactic acid, respectively), and the weakest interactions are seen for the α and 
310 helices. These results are in line with expectations, insofar as these two 
canonical helical forms are more compact and predominantly offer methyl 
groups towards the outside of the helix[21], whereas the DeSantis structure 
mimics partial structural data obtained from crystalline PLA.[23] 
 

Table 26. Relative energies (kcal/mol) of inter-chain interactions  
per unit of lactic acid. 

∆E α π 310 β DeSantis 

Perpendicular  1.0 1.5 0.9-1.6 1.2 - 

Antiparallel  1.8 2.2-3.5 0.4-0.5 1.8-3.2 1.5-1.9 

Parallel  0.4-2.7 2.6-2.8 0.6-2.4 1.1-2.1 2.6-4.2 
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MODELLING OF ACIDS AND BASES REVISITED 
 
 

Lorentz JÄNTSCHIa,b 
 
 

ABSTRACT. Models for dissociation and mixing of acids and bases are the 
main subject of many analytical chemistry textbooks. Preparing the solutions 
for any titration generally involves diluting acids and bases. The mathematics 
behind precise calculation of pH and pOH is treacherous even for monoprotic 
acids and bases, becoming mathematically complex when processes of 
chemical complexation are considered and one should consider any simplifying 
approximation when available.  
 
Keywords: dilution, acids, bases, 3D visualization, simulation software 
 
 
 

INTRODUCTION  
 
Titration is a common laboratory method of quantitative chemical 

analysis to determine the concentration of an identified analyte. 
Titrant (reagent) is generally prepared as a standard solution of known 

concentration. Then the titrant is mixed to react with a solution of analyte 
(titrand) to determine the analyte’s concentration. The volume of titrant that 
reacted (until equivalence point) with the analyte is termed the titration volume. 

There are several textbooks dedicated to the study of the titration 
process, and Hodisan’s is one of them [1]. 

A titration curve is a curve in graph, the x-coordinate representing the 
volume of titrant added since the beginning of the titration, and the y-coordinate 
representing the concentration of the analyte at the corresponding stage of the 
titration. 
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There are different types of titrations with different procedures and 
goals. However, the most common types of qualitative titration are acid–base 
and redox. 

In an acid–base titration, the y-coordinate usually represents the pH 
of the solution, but electrical potential can also be used (p. 92 in [1]). There 
are two reference moments (points) in titration: the initial (before titration starts) 
and the equivalence (the moment when the consumption of the analyte by the 
reagent is identified). However, when an instrumental method of determination 
is involved, the process usually continues after the equivalence point and the 
exact position of it on the x-coordinate is determined later [2]. 

If one reagent is weak (acid or base) and the other is strong (base or 
acid), the titration curve is irregular and the measured (pH for instance) shifts 
less with small additions of titrant near the equivalence point. Titration curves 
for the titration between a weak acid and a strong base are depicted in [3], 
[4], and [5], between a weak base and a strong acid in [6], [7], and [8], between 
a weak acid and a weak base in [9], [2], [10], while some connections with 
buffer solutions are discussed in [11]. 

Measuring the pH of the solution during titration may have as 
alternative or accompanying a visual change in colour of the solution if an 
indicator is used. The next table (Table 1) lists some of those indicators. 

It should be noted that each of those indicators are in fact weak acids 
or bases themselves, so adding them into the reaction flask changes a little 
the equilibrium point. This is the reason for which, when used, they are used 
in very small amounts, and one of their important qualities is that they 
produce the change in colour even if are much diluted. 

Equivalence point in titration between a weak acid and a strong base 
is slightly shifted to the right relative to the pH of neutral water. Thus, for 
instance, when oxalic acid is titrated with sodium hydroxide, the expectation 
is to have the equivalence occurring at a pH between 8 and 10. One should 
notice that Phenolphthalein (entry 19 in Table 1) would be an appropriate 
visual indicator of the equivalence point. Following the same reasoning, a 
weak base and a strong acid equivalence point is slightly shifted to the left 
relative to the pH of neutral water; when ammonia solution is titrated with 
hydrochloric acid, the expectancy is to have the equivalence occurring at a 
pH between 4 and 6. One should notice that Methyl red (entry 11 in Table 1) 
would be an appropriate visual indicator of the equivalence point. Titrations 
between a weak acid and a weak base have titration curves which are 
irregular; because of this, no definite indicator may be appropriate and a pH 
meter is better suited to monitor the reaction. In an acid–base titration, one 
can see the titration curve representing the strength of the corresponding 
acid and base. For a strong acid and a strong base, the curve will be relatively 
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smooth and very steep near the equivalence point. Near the equivalence 
point, a small change in titrant volume produces a large pH change, thus in 
this instance many indicators would be appropriate. 
 
 
Table 1. Colour change based indicators (adapted and corrected from [12], p. 46) 

 
λmax: UV-Vis maximum absorption wavelength(s); Colours: orange, purple, yellow, red, blue 

 
 
The process of titration is a recurrent process - small amounts of 

reagent are consecutively added, and in general can be watched by permanent 
measurement of either a simple property such as pH [13], mass [14], current 
intensity [15], potential [16], volume [17], or a complex property such as 
adsorption [18], heat of reaction [19], which needs a complex evaluation. 

Since the numerical solutions of nonlinear equations associated with 
chemical equilibriums are often stressing the computation capability of the 
numerical processor, as both pH and pOH often are around the value of 7, 
near the machine epsilon of single precision computations, this manuscript 
aims to investigate the numerical stability of some models for dilution of acids 
and bases. 

No. Name pH 
range 

λmax 
[nm] 

Colour 
change 

1 Dihydroxyphthalophenone, Phenolphthalein (-2.0, -1.0) 374,552 o/- 
2 o-Cresolsulfonphthalein, Cresol red (0.5, 2.5) 519 p/y 
3 Trinitrophenol, Picric acid (0.6, 1.3) 465 -/y 
4 Thymolsulfonephthalein, Thymol blue (1.2, 2.8) 594 r/y 
5 m-Cresolsulfonephthalein, Metacresol purple (1.2, 2.8) 434, 578 r/y 
6 Dinitrophenol, α-Dinitrophenol (2.4, 4.0) 360 -/y 
7 Tetrabromofenolsulfonftalein, Bromophenol blue (3.0, 4.6) 437, 592 y/b 
8 Sodium diphenyldiazo-naphthylaminesulfonate, Congo red (3.0, 5.0) 343, 496 b/r 
9 Benzenesulfonic acid, Methyl orange (3.1, 4.4) 464 r/o 
10 Tetrabromo-m-cresolphthalein sulfone, Bromocresol green (3.8, 5.4) 423 y/b 
11 Dimethylaminoazobenzene-2-carboxylic acid, Methyl red (4.4, 6.2) 435, 520 r/y 
12 5,5'-Dibromo-o-cresolsulfonphthalein, Bromocresol purple (5.2, 6.8) 419 y/p 
13 Dibromothymolsulfonphthalein, Bromothymol blue (6.0, 7.6) 431 y/b 
14 o-Cresolsulfonphthalein, Cresol red (6.5, 8.5) 573 y/p 
15 Hydroxyphenylazo-vinylenebenzenesulphonate, Brilliant yellow (6.6, 7.8) 400 y/o 
16 Phenolsulfonphthalein, Phenol red (6.8, 8.2) 415, 560 y/p 
17 m-Cresolsulfonephthalein, Metacresol purple (7.4, 9.0) 434, 578 y/p 
18 Thymolsulfonephthalein, Thymol blue (8.0, 9.6) 376 y/b 
19 Dihydroxyphthalophenone, Phenolphthalein (8.3,10) 374,552 -/p/- 
20 Thymol phenolphthalein, Thymolphthalein (9.3, 10.5) 595 -/b 
21 5-(3-Nitrophenylazo)salicylic acid sodium salt, Alizarin yellow (10.1, 12.0) 375 y/r 
22 C28H19N5Na2O6S4, Clayton yellow (12.2, 13.2) 403 y/r 
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MATHEMATICAL MODELLING 
 
Let us use a, b, c, w, g, h, u and v as variables (Eq. (1), where № 

stands for “number of” moles) expressing corresponding quantities. 
 

a = №(A-), b = №(B+), c = №(AB), w = №(H2O),  
g = №(HO-), h =№(H+), u = №(HA), v = №(BOH) (1) 

 

It should be noted that Eq. (1) are more than simple notations; it is 
also assumed that the variables are common for all equations, which, in 
terms of chemistry is translated that all species may exist, in (a general) 
equilibrium, as a chemical system. 

Let d be the (molar) fraction (mol/mol) of a HA solution (HA + H2O); 
then x moles of HA + H2O contain xd HA and x(1-d) H2O. 

Let e be the (molar) fraction (mol/mol) of BOH solution (BOH + H2O); 
then y moles of BOH + H2O contain ye BOH and y(1-e) H2O. 

Upon mixing these two solutions, Table 2 gives the balance for the 
mixture. 
 
Table 2. HA + BOH + H2O balance without complexation (see Eq. (1) and Eq. (13)) 

Mixture x·dHA + x·(1-d)H2O + y·eBOH + y·(1-e)H2O 
Equilibrium aA- + bB+ + cAB + wH2O + gHO- + hH+ + uHA + vBOH 
Species total z a + b + c + w + g + h + u + v 
Charges balance a + g h + b 
A total xd a + c + u 
B total ye b + c + v 
HO total x(1-d) + ye + y(1-e) w + g + v 
H total xd + x(1-d) + ye +y(1-e) w + h + u 
acidity constant kauz ah 
basicity constant kbvz bg 
salt dissociation constant kdcz ab 
water dissociation constant kwwz gh 

 
If d = 0 (instead of HA, the solution is only water), then the system 

defined in Table 2 simplifies to the one given in Table 3. 
 

Table 3. BOH + H2O balance without complexation (see Eq. (1) and Eq. (13))  
Mixture (d = 0) xH2O + y·eBOH + y·(1-e)H2O 
Equilibrium (a = c = u = 0) bB+ + wH2O + gHO- + hH+ + vBOH 
Species total z b + w + g + h + v 
Charges balance g h + b 
B total ye b + v 
HO total x + y w + g + v 
H total x + y(1-e) w + h 
basicity constant kbvz bg 
water dissociation constant kwwz gh 
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Similarly, if e = 0 (instead of BOH, the solution is only water), then the 
system defined in Table 2 simplifies to the one given in Table 4. 
 

Table 4. HA + H2O balance without complexation (see Eq. (1) and Eq. (13)) 
Mixture (e = 0) x·dHA + x·(1-d)H2O + yH2O 
Equilibrium (b = c = v = 0) aA- + wH2O + gHO- + hH+ + uHA 
Species total z a + w + g + h + u 
Charges balance a + g h 
A total xd a + u 
HO total x(1-d) + y w + g 
H total x + y w + h + u 
acidity constant kauz ah 
water dissociation constant kwwz gh 

 
When complexation is considered (Eq. (14)), by applying the conservation 

of atoms numbers, the following equations are established (Eq. (2)).  
 
aA- + amH2O = a(H2O)mA-, bB+ + bnH2O = a(H2O)nB+, 

gHO- + gpH2O = g(H2O)pHO-, hH+ + hqH2O = h(H2O)qH+ (2) 
 
When complexation is considered (Eq. (14)), part of the water 

molecules (exactly a·m + b·n + g·p + h·q moles) is fixed into the clusters and 
the equilibrium is slightly changed. Thus, for the same x moles of HA + H2O 
solution of d (molar) fraction (mol/mol) mixed with y moles of BOH + H2O 
solution of e (molar) fraction (mol/mol), the new balance for the mixture is 
given in Table 5. 

 
Table 5. HA + BOH + H2O balance with complexation (see Eq. (1) and Eq. (14)) 

Mixture x·dHA + x·(1-d)H2O + y·eBOH + y·(1-e)H2O 
Equilibrium a(H2O)mA- + b(H2O)nB+ + cAB + wH2O +  

g(H2O)pHO- + h(H2O)qH+ + uHA + vBOH 
Species total z a + b + c + w + g + h + u + v 
Charges balance a + g h + b 
A total xd a + c + u 
B total ye b + c + v 
HO total x(1-d) + y w + g + v + am + bn + gp + hq 
H total x + y(1-e) w + h + u + am + bn + gp + hq 
acidity constant kauzwm+q ahzm+q 

basicity constant kbvzwn+p bgzn+p 

salt dissociation constant kdczwn+q abzn+q 

water dissociation constant kwwzwp+q ghzp+q 

 
If d = 0 (instead of HA, the solution is only water), then the system 

defined in Table 5 simplifies to the one given in Table 6. 
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Table 6. BOH + H2O balance with complexation (see Eq. (1) and Eq. (14)) 
Mixture (d = 0) xH2O + y·eBOH + y·(1-e)H2O 
Equilibrium (a = c = u = 0) b(H2O)nB+ + wH2O + g(H2O)pHO- + h(H2O)qH+ + vBOH 
Species total z b + w + g + h + v 
Charges balance g h + b 
B total ye b + v 
HO total x + y w + g + v + bn + gp + hq 
H total x + y(1-e) w + h + bn + gp + hq 
basicity constant kbvzwn+p bgzn+p 
water dissociation constant kwwzwp+q ghzp+q 

 
If e = 0 (instead of BOH, the solution is only water), then the system 

defined in Table 5 simplifies to the one given in Table 7. 
 

Table 7. HA + H2O balance with complexation (see Eq. (1) and Eq. (14)) 
Mixture (e = 0) x·dHA + x·(1-d)H2O + yH2O 
Equilibrium (b = c = v = 0) a(H2O)mA- + wH2O + g(H2O)pHO- + h(H2O)qH+ + uHA 
Species total z a + w + g + h + u 
Charges balance a + g h 
A total xd a + u 
HO total x(1-d) + y w + g + am + gp + hq 
H total x + y w + h + u + am + gp + hq 
acidity constant kauzwm+q ahzm+q 
water dissociation constant kwwzwp+q ghzp+q 

 
 

RESULTS AND DISCUSSION 
 
General considerations about the numerical simulation 

 Table 2 gives the general system of equations, characterizing the 
dissociation in water for the HA + BOH + H2O (neutralization) system, without 
considering the ions complexation processes, while Table 5 gives the general 
system of equations, characterizing the dissociation in water for the HA + 
BOH + H2O (neutralization) system and considering the ions complexation 
processes. However, to solve these equations analytically, no symbolic 
calculation software (including ptc MathCad and Wolfram Mathematica) is 
able to provide calculation formulas (not even for the simpler case, without 
complexation). 
 The formulation of the general problem is of non-negative least 
squares type (for typical uses see for instance [20]). One should notice that 
the simplex method (or algorithm) is not applicable, since the system also 
contains non-linear equations (last four equations in Tables 2 and 5). The 
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solution for the general cases (Table 2 and Table 5) is not simple at all and 
requires a few mathematical tricks (cite [21-25]) which are out of scope in the 
discussion here. 

Two limit cases were considered here: BOH dilution (Table 3 without 
complexation and Table 6 with complexation) and HA dilution (Table 4 
without complexation and Table 7 with complexation). When referring to the 
experimental data regarding the acidity, basicity and dissociation constants, 
it cannot be said for sure that their values were patched to correct for the 
complexation effects so that the definitions of those constants were in 
perfectly valid agreement with their values. Since the complexation processes 
always exist (Eq. (14)), it is possible that their corresponding twins (Eq. (15)) 
are in fact usually determined. Here both scenarios are considered, and 
corresponding plots are given. 

 
BOH + H2O and HA + H2O systems without complexation 

 The system of equations defined in Tables 3 and 4 may be 
conveniently processed to express the variables of interest. In Tables 3 and 
4, one more equation than the number of unknown variables is given, but not 
all equations are independent. No matter how one may approach the system, 
exactly four out of the first five equations are independent. One may say that 
the system defined in Tables 3 and 4 admits only one unique solution (and 
this makes physical sense) but a mathematical solving of the system reveals 
the need to deal with more than one solution (in fact, the polynomial has 
three real roots but only one is positive) from which we need to select the 
solution which have physical sense. Specifically, any solution with non-
positive (“ ≤ 0 “) values for any of the variables makes no physical sense. 
 The equation giving the quantity of H+ (h) from the BOH + H2O system 
(Table 3) is given as Eq. (3), in which the true value of h is the positive (h > 0) 
root of the equation. 
 

f3h3 + f2h2 - f1h - f0 = 0, 
f3 = (1+kb)(1+kw), f2 = kb(1-e+kw)y+ekwy+kb(1+kw)x, 
f1 = (x+y)(e(kb-kw)y+(1+kb)kw(x+y)), f0 = kbkw(x+y)3 

(3) 

 
The equation giving the quantity of HO- (g) from the BOH + H2O 

system (Table 3) is given as Eq. (4), in which the true value of g is the positive 
(g > 0) root of the equation. 

 
f3g3 + f2g2 - f1g - f0 = 0, 

f3 = (kb-kw)(1+kw), f2 = e(kb-kw)(1+2kw)y+kw(1+kw)(x+y), 
f1 = (kb-kw)kw((x+y)2-(ey)2), f0 = (x+y)(kw(x+y-ey)2 

(4) 



LORENTZ JÄNTSCHI 
 
 

 
80 

The equation giving the quantity of H+ (h) from the HA + H2O system 
(Table 4) is given as Eq. (5), in which the true value of h is the positive (h > 0) 
root of the equation. 
 

f3h3 + f2h2 - f1h - f0 = 0, 
f3 = (ka-kw)(1+kw), f2 = d(ka-kw)(1+2kw)x+kw(1+kw)(x+y), 

f1 = (ka-kw)kw((x+y)2-(dx)2), f0 = (x+y)(kw(x+y-dx)2 
(5) 

 
The equation giving the quantity of HO- (g) from the HA + H2O system 

(Table 4) is given as Eq. (6), in which the true value of g is the positive (g > 
0) root of the equation. 
 

f3g3 + f2g2 - f1g - f0 = 0, 
f3 = (1+ka)(1+kw), f2 = ka(1-d+kw)x+dkwx+ka(1+kw)y, 
f1 = (x+y)(d(ka-kw)x+(1+ka)kw(x+y)), f0 = kakw(x+y)3 

(6) 

 
One should notice the symmetry in the equations (by symmetry Eq. 

(3) and (6) are paired; Eq. (4) and (5) are also paired). The presence of the 
symmetry stands as proof that the formulas have no typo errors. 

 

BOH + H2O and HA + H2O systems with complexation 
Moving to seek for solutions to the complexation problem (Tables 6 

and 7), the problem is not simple anymore and also no analytical formula can 
be derived with the current symbolic calculation software. Thus, this case 
falls (again and) already in the numerical optimization. However, since it 
appears in an important theoretical and practical case - dilution of acids and 
bases with important impact into protonated systems [26] - it is further 
discussed and exemplified here. 
 In the case of BOH complexation in water (Table 6) one approach 
leading to a solution is expressing all others as functions of b (quantity of 
(H2O)nB+) and g (quantity of (H2O)pHO-), and Eq. (7) gives the result of this 
approach. 
 

d = a = c = u = 0; v = ye - b - c; h = g + a - b; 
w = x(1-d)+y-g-v-am-bn-gp-hq or x+y(1-e)-h-u-am-bn-gp-hq; 

z = a+b+c+g+h+u+v+w 
0 = kbvzwp+n - bgzp+n 
0 = kwwzwp+q - ghzp+q 

(7) 

 
 The last two equations in Eq. (7) can be solved by constrained 
optimization (b, g, h, v, w, z > 0; b < ye, g < (x+y)/(p+1)). 
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 Similarly, in the case of HA complexation in water (Table 7) one 
approach leading to a solution is to express all others as functions of a 
(quantity of (H2O)mA-) and h (quantity of (H2O)qH+), and Eq. (8) gives the result 
of this approach. 
 

e = b = c = v = 0; u = xd - a - c; g = h + b - a; 
w = x(1-d)+y-g-v-am-bn-gp-hq or x+y(1-e)-h-u-am-bn-gp-hq; 

z = a+b+c+g+h+u+v+w 
0 = kauzwm+q - ahzm+q 
0 = kwwzwp+q - ghzp+q 

(8) 

 
 Once the values of b and g are obtained by solving the last two 
equations of Eq. (7), the value of the rest of the variables are to be found 
from the other equations part of the Eq. (7), and Eq. (8) is addressed in a 
similar manner. The value of the pH and of the pOH are simply expressed by 
Eq. (9). 
 

pH = log10h - log10z, pOH = log10g - log10z (9) 
 
 

Numerical results and discussion 

 The numerical implementation of the models has shown that it is 
difficult to draw definite conclusions about the path followed by the process 
in the case of complexation, and this is a negative result. It seems that there 
exists at least another saddle point which prevents the global optimization to 
reach the global optimum. In the Table 8 such an example is given for the 
case of BOH + H2O. As inspecting the values in Table 8 reveals, Case 1 is a 
typical case of near-total dissociation (the quantity of undissociated BOH is 
about 30000 times smaller than the quantity of B+) while Case 2 is a case of 
partial dissociation (the quantity of undissociated BOH is about 2 times 
smaller than the quantity of B+). Even so, the big difference is actually from 
the dissociation of water. As such, in Case 1 a significant amount of water 
molecules are dissociated when compared to Case 2, and this fact is visible 
through the quantity of hydrogen ions (h in Table R1; about 9·10-4 moles 
in Case 1 vs. 2·10-13 moles in Case 2) and from amount of free and 
undissociated water molecules (w in Table 8; about 1.4·10-2 moles in Case 
1 vs. 2.7·10-2 moles in Case 2). 
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Table 8. b(H2O)nB+ + wH2O + g(H2O)pHO- + h(H2O)qH+ + vBOH equilibrium: 
two numerical solutions to Eq. (7) 

Parameters and Equations Case 1 Case 2 
n = p = q = 4; d = a = c = u = 0; kw = 10-14, kb = 104.747 (dissociation 

constant of a very strong base; hypothetic value); e = 0.1, x = y = 0.02 moles 
b 1.9999·10-3 1.3358·10-3 
g 2.8920·10-3 1.3358·10-3 
h 8.9205·10-4 2.1176·10-13 
v 6.7571·10-8 6.6415·10-4 
w 1.3972·10-2 2.7313·10-2 
z 1.9756·10-2 3.0650·10-2 

a+b+c+g+h+u+v+w-z 1.76·10-8 -1.25·10-6

a+g-h-b 5.00·10-8 -2.12·10-13

b+c+v-ye -3.24·10-8 -5.00·10-8

w+g+v+am+bn+gp+hq-x(1-d)-y -1.32·10-7 -6.50·10-7

w+h+u+am+bn+gp+hq-x-y(1-e) -1.50·10-7 -6.00·10-7

kbvzwp+n-bgzp+n -2.59·10-20 3.52·10-13

kwwzwp+q-ghzp+q -5.99·10-20 -2.18·10-28

total residual (unexplained) error* 3.8·10-7 2.6·10-6

Note: *as sum of absolute values (with the number of digits given in Table 8); with Float 64-
bit precision the total residuals are 2.6·10-18 (Case 1) and 3.5·10-13 (Case 2) respectively. 

The following figures depict the change in pH and in pOH due to 
dilution for one base (NH4OH, with n = 4, p = 4 and q = 4 [27] and kb = 10-4.747). 

(a) Values obtained with Eq. (3) (b) Values obtained with Eq. (7)

Figure 1. pH of y moles of 0.1 mol/mol NH3 + H2O solution diluted with x moles 
H2O - with (a) and without (b) assumption of complexation 
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(a) Values obtained with Eq. (4) (b) Values obtained with Eq. (7) 

 

Figure 2. pOH of y moles of 0.1 mol/mol NH3 + H2O solution diluted with x moles 
H2O - with (a) and without (b) assumption of complexation 

 
 

 For small amounts of added water (x) under the assumption of 
complexation, there is a considerable amount of water required for complexation. 
For each NH4OH dissociated molecule, 8 water molecules are required to 
construct (H2O)4NH4+ and (H2O)4HO- complexes (p = 4 and n = 4 in Eq. (5)). 
Similarly, for each H2O dissociated molecule, another 8 water molecules are 
required to construct (H2O)4H+ and (H2O)4HO- complexes (p = 4 and q = 4 in 
Eq. (5)). This is the most likely explanation for which the solution of Eq. (15) 
model jumps between two local minima like in Table R1 and visible in Fig. 1(b) 
and Fig. 2(b) as vertical surfaces. The relative change in pH and pOH is still 
small (no more than 0.1 log units) and is larger for small amounts of water 
and large amounts of ammonium hydroxide.  

The following figures depict the change in pH and in pOH due to dilution 
for one acid (CH3COOH, with p = 4, q = 4 and m = 6 [28] and ka = 10-4.754). 
 

 

  
(a) Values obtained with Eq. (5) (b) Values obtained with Eq. (8) 

 

Figure 3. pH of x moles of 0.1 mol/mol CH3COOH + H2O solution diluted with  
y moles H2O - with (a) and without (b) assumption of complexation 
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(a) Values obtained with Eq. (6) (b) Values obtained with Eq. (8) 

 

Figure 4. pH of x moles of 0.1 mol/mol CH3COOH + H2O solution diluted with  
y moles H2O - with (a) and without (b) assumption of complexation 

 
Equations as given in Tables 2 and 5 support further generalization. Let’s 

assume that we have the equilibrium constants as function of temperature (for 
instance as in [29] p. 137). In that case, at any arbitrary temperature in the 
applicability domain of the defined functions of temperature, the standard values 
of the constants are simply replaced by the new values, at the new temperature. 

The main difficulty encountered in obtaining the global minima defining 
the equilibrium in the solution for which the complexation phenomena are 
considered into the model were due to the shape of the residual error. 
Considering the case of the acetic acid diluted with water for which pH and 
pOH are represented in Figures 3 and 4 for x and y ranging from 0.02 mol to 
1 mol while Figure 5 represents the residual error (Rezidual-Error(a, g) from 
Figure 5) for initial guess values of a and g ranging from 0.00 to 0.02 mol. 
 

 
 

Rezidual-Error(a, g) = (kauzwm+q - ahzm+q)1/8 + (kwwzwp+q - ghzp+q)1/8 
 

Figure 5. Residual error in finding of the quantities of chemical species for x = 0.2 mol 
of CH3COOH + H2O 0.1 mol/mol diluted with 0.02 mol of H2O: a region containing the 
global minima (near a = 0 and g = 0) and another valley region (near a = 0.02 and g = 0) 
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 Figure 5 reveals that the choice of initial values is determinant in 
finding of the global minima. A good initial guess for the case depicted in 
Figure 5 lies in the upper part of the representation (for instance a = 0.002 
mol, g = 0.0002 mol) - and this choice leads to the global minima being in the 
right side of the ridge (orange spot in Figure 5) while a poor initial guess lies 
in the lower part of the representation (for instance a = 0.016 mol, a = 0.0002 
mol) - and this choice leads to a local minima being in the wrong side of the 
ridge (see Figure 6). 
 

 
Rezidual-Error(a, g) = (kauzwm+q - ahzm+q)1/8 + (kwwzwp+q - ghzp+q)1/8 

 

Figure 6. Residual error for x = 0.2 mol of CH3COOH + H2O 0.1 mol/mol diluted 
with 0.02 mol of H2O when g = 5·10-10 as function of a (in logarithmic scale) 

 
The main trouble in the optimization actually resides in the fact that 

the global minima is located in a steep ravine (see Figure 6) which is not 
visible in a regular grid search (like the one used in Figure 5). For this reason 
a successful optimization must either start from a very good starting point or 
use heuristics capable of identifying the global minima. 

 
 

CONCLUSIONS 
 

 The study aimed to investigate the differences which may appear in 
dissociation by using pH and pOH as indicators of dissociation when 
complexation of the dissociated ions is accounted. The models for acids and 
bases mixing and dilution were derived. Analytic solutions were derived for 
solving without complexation and a numeric approach was used for solving 
with complexation. Stability of the numeric approach was found questionable 
and some local minima may be responsible for the failure of the global 
minimum search. When the models with and without complexation were 
compared, small differences in the values of pH were obtained for solutions 
of CH3COOH and NH4OH. The proposed approach can be applied for 
dilution and mixing of any acid and base as long as the acidity, basicity and 
dissociation constants are known. 
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 Starting from general equilibrium equations (Tables 2 and 5) numerical 
solutions for acid-base titrations can be derived as well. 

 
 

EXPERIMENTAL SECTION 
 
Chemical activity (a in Eq. (10)) measures effective concentration of 

a species (Sp in Eq. (10)) in a mixture, in the sense that the species’ chemical 
potential (μ in Eq. (10)) depends on the activity of a real solution in the same 
way that it would depend on concentration for an ideal solution [30,31] (Eq. (1)).  

 








 −
=

RT
SpSpSpa

o )()(exp)( µµ
 (10) 

 
where R is the constant of gases (R = 8.31446261815324 J/mol·K), T the 
temperature and μ(Sp) and μo(Sp) are the chemical potential and its standard 
value which depends on the choice of the standard state. Activity depends 
on temperature, pressure and composition of the mixture. 

For a solvent in the liquid state (such as for H2O) the standard state 
is that of the pure substance in the liquid or solid phase at the standard 
pressure po (of 105 Pa = 1 bar). For a solute (such as a salt AB) in liquid 
solution it is the (hypothetical) state of solute at the standard molality mo (of 
1 mol/kg) or standard concentration co (of 1 mol/dm3) and exhibiting infinitely 
dilute solution behaviour. 

Equilibrium constants (K) are strictly thermodynamically defined [32] 
in terms of (relative) activities. For a general chemical reaction involving R1, 
R2, …, Rr as reactants, S1, S2, …, Ss as products, and α1, α2, …, αr, β1, β2, …, 
βs as stoichiometric coefficients, the equilibrium constant is defined as in  
(Eq. (11)). 
 

K(α1R1 + … + αrRr  β1S1 + … + βsSs) 

∏∏
==

=
r

j
j

s

i
i

def
ji RaSa

11

.
))(())(( αβ  (11) 

 
The activity for each species is defined in terms of some measurable 

quantity, e.g., a concentration, a partial pressure, a mole fraction, so that the 
activity approaches this quantity as the system approaches a certain limiting 
state. 

Standard free energy change (ΔGo) is related to the equilibrium 
constant (K) via Eq. (12). 
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−RTlnK(ΣiαiRi  ΣjβjSj) = ΔGo(ΣiαiRi  ΣjβjSj) (12) 
  
When relating the dissociation in water with known quantities, the 

definition formulas for acidity constant (Ka), basicity constant (Kb), dissociation 
constant (KD) and ionic product of water (KW) should be used. In Eq. (13), the 
volume of the solution was noted with z for convenience, and ΔGo is the 
standard free enthalpy of the reaction. 

 
K(AB A-+B+) = KD = a(A-)a(B+)/a(AB) 

(13) K(H2O HO-+H+) = KW = a(HO-)a(H+)/a(H2O) 
K(HA A-+H+) = Ka = a(A-)a(H+)/a(HA) 

K(BOH HO-+B+) = Kb = a(HO-)a(B+)/a(BOH) 
  

When one express ionic product of water Kw = a(H+)a(HO-) it actually 
omits the activity of water, a(H2O), which means that the value of Kw differs from 
the value of KW from Eq. (4). Table 2 gives some values for comparison  
(KW = Kw·M(H2O)/ρ(H2O), where M the molar mass [g/mol] and ρ the density 
[g/l]). 
 
Table 9. Constant of dissociation and ionic product of water at some temperatures 

t (°C) KW [l/mol] Kw pKw [33] 

0 2.02·10-17 1.12·10-15 14.95 
25 1.84·10-16 1.02·10-14 13.99 
50 9.89·10-16 5.49·10-14 13.26 
75 3.59·10-15 2.00·10-13 12.70 

100 1.01·10-14 5.62·10-13 12.25 
 

One usually writes a dissociation (in water) process as HA  H+ + A- 
(for acids), BOH  B+ + HO- (for bases), H2O  H+ + HO- (for water) and  
AB  B+ + A- (for salts), but those scholastic equations do not quite describe 
the process accurately, and definitely may lead to errors when involved as they 
are into calculations. When discussing about water alone, H+ is actually 
trapped by a variable number (q) of water molecules (H+ + qH2O  (H2O)qH+), 
and different protonated species actually exist ((H2O)qH+) containing 3 to 12  
(q = 3, 4, …, 12) water molecules, the most likely being: (H2O)4H+ (Eigen 
cation, [29] p. 103). Moving forward to ions dissolved in water (anions, A- and 
cations B+), the number (m, n) of surrounding water molecules (forming 
(H2O)mA- and (H2O)nB+ clusters) varies from 4 to 6 for certain strong anions 
and cations (see [27]). The corresponding equations of the chemical equilibriums 
are then formally expressed by Eq. (14). 
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For AB in H2O: AB + (m+n)H2O  (H2O)mA- + (H2O)nB+ 

(14)      For H2O in H2O: H2O + (p+q)H2O  (H2O)pHO- + (H2O)qH+ 
For HA in H2O: HA + (m+q)H2O  (H2O)mA- + (H2O)qH+ 

       For BOH in H2O: BOH + (p+n)H2O  (H2O)pHO- + (H2O)nB+ 
 

If KDW, KWW, KaW amd KbW are the equilibrium constants for the 
processes from Eq. (14), then their relations with the Eq. (13) constants are 
the ones from Eq. (15), in which the activities of clustered species were 
(formally) considered to be equal with the corresponding free species:  
a(A-) = a((H2O)mA-), a(B+) = a((H2O)nB+), a(HO-) = a((H2O)pHO-), and a(H+) = 
a((H2O)qH+). 
 

 KDW = KD/(a(H2O))m+n 

(15)  KWW = KW/(a(H2O))p+q 
KaW = Ka/(a(H2O))m+q 
KbW = Kb/(a(H2O))p+n 

 
At infinite dilution a(H2O) → 1, and then KDW → KD/[H2O]m+n, KWW → 

KW/[H2O]p+q, KaW → Ka/[H2O]m+q, KWb → Kb/[H2O]p+n (where [·] stands for molar 
concentration). One should notice in Eq. (15) that the constants of Eq. (14) 
do not have the same units as their corresponding standard versions from 
Eq. (13). At 273.15 K, ρ(H2O) ≈ 999.84 g/l and a(H2O) → 55.5 mol/l while at 
298.15 K, ρ(H2O) ≈ 997.05 g/l and a(H2O) → 55.34 mol/l. In any instance, 
the units of the Eq. (13) and Eq. (14) equilibrium constants are scaled by the 
units of the corresponding water molecules (see the dimensional analysis 
from Eq. (16), and for further details see Table 7 at p. 12 in [34]). 

 
  dim KDW = dim KD·(L3/N)m+n = (L3/N)m+n-1 

(16)   dim KWW = dim KW·(L3/N)p+q = (L3/N)p+q-1 
 dim KaW = dim Ka·(L3/N)m+q = (L3/N)m+q-1 
dim KbW = dim Kb·(L3/N)p+n = (L3/N)p+n-1 

 
All activities are, by convention, dimensionless quantities; thus, for 

numeric simulation purposes their quantities will be safely substituted with 
molar fractions and when ionic strength deviates significantly from 1, these 
formulas can be subject to revision. 

In the vapour or gaseous state, water molecules are largely 
independent of one another and occur mostly as monomers ((H2O)k with k = 1). 
Dissociation is expected to appear in gaseous state for the charged species 
as well (Eq. (17)). 
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     (H2O)mA-  mH2O + A- 

(17)      (H2O)nB+  nH2O + B+ 
     (H2O)pHO-  pH2O + HO- 

     (H2O)qH+  qH2O + H+ 
 

Eq. (17) processes can be considered part of the equilibrium in the 
gaseous state and are strongly dependent on the pressure (decreasing of 
the pressure such as in the mass spectrometer favours dissociation, [35]). 
As Eq. (17) reveals, each ionic species from Eq. (13) has a corresponding 
complex ion in Eq. (14).  
 

Some acidity constants 
A list of acidity constants for common inorganic acids has been 

collected from multiple sources and it is given as Table 10, and can be used 
to model the dilution. 

 
Table 10. pKa values at standard ambient conditions  

(25°C, 1 bar, and zero ionic strength) 
Acid pKa Ref 
HF 3.19 [36] 
H2O2 11.62 [37] 
H2S; HS- 7.05; 19 [37] 
HIO3 0.78 [37] 
HClO4 -11.55±0.75 [38] 
HNO2 3.25 [37] 
H3PO4; H2PO4-; HPO42- 2.16±0.02; 7.21; 12.32 [37, 39] 
H2SO4; HSO4- -6.55±2.05; 1.99 [37,38] 
H2SO3; HSO3- 1.81±0.04; 7.2 [37, 40] 
H2O 13.995 [37] 
HSCN -1.28±0.03 [41] 
HCl -7.3±0.04 [42] 
HBr -9.84±0.06 [42] 
HI -10.29±0.08 [42] 
HNO3 -1.370.03 [43] 
H3O+ 0.0 [43] 
NH3 35 [43] 
NH4+ 9.25 [43] 

 
Although  KA  for  HI  is about 107.5 times greater than  KA  for  HNO3 

(pKA(HI) - pKA(HNO3) ≈ 7.51 in Table 2), the reaction of either  HI  or  HNO3  
with water gives an essentially stoichiometric solution of H3O+ and I− or  NO3−. 
A 0.1 M aqueous solution of any strong acid actually contains 0.1 M H3O+, 
regardless of the identity of the strong acid. This phenomenon is called the 
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leveling effect [44]: any species that is a stronger acid than the conjugate 
acid of water (H3O+) is leveled to the strength of H3O+ in aqueous solution 
because H3O+ is the strongest acid that can exist in equilibrium with water (it 
is the manifestation of any species dissolved in water). Consequently, it is 
impossible to distinguish between the strengths of very strong acids such as 
HI and HNO3 in aqueous solution, and usually alternative approaches are 
employed to determine their relative acid strengths. 

Three definitions share the word base: Arrhenius bases, Brønsted 
bases, and Lewis bases. Even though all three definitions agree that bases 
are substances which react with acids to form salts, as originally proposed in 
1754 by Rouelle [45], there are some differences which may cause difficulties 
in blunt application of Eq. (13.4), especially in the vicinity of the equilibrium. 
Thus, in 1886, Arrhenius proposed that a base is a substance which 
dissociates in aqueous solution to form HO− [46]. According to the Brønsted–
Lowry acid–base theory [47, 48], a base is a substance that can accept 
hydrogen cations (H+)—otherwise known as protons. This does include 
aqueous hydroxides since OH− does react with H+ to form water, so that 
Arrhenius bases are a subset of Brønsted bases, but there are also other 
Brønsted bases which accept protons, such as NH3, while the Lewis theory 
generalizes the Brønsted–Lowry model [49]. It should be noted that 
according to the Brønsted–Lowry acid–base theory, the constant of basicity 
defined by Eq. (13.4) should be rewritten as in Eq. (18): 

 
B + H+ → BH+, KB = [BH]/[B][H+]  (18) 

 
Some authors state that basicity constant does not require a separate 

definition, and can be defined through acidity (Eq. (19)). 
 

B + H2O → HB+ + HO-, KB = [HB+][HO-]/[B][H2O]  (19) 
 
 However, notable is the difference between Eq. (19) and Eq. (13.4) 
by the presence in the expression (of the chemical equation and of the 
associated mathematical equation) of the water. One should point out that 
the definitions are equivalent at infinite dilution but are significantly different 
in concentrate solutions and near the equilibrium. 
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ABSTRACT. This research work has two sections. In first section, the equilibrium 
constant for protonation processes of DL-phenylalanine (K1, and K2) were 
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40, 50, 60, 70, and 80 % (v/v) methanol, at T = 298.15 K and constant ionic 
strength (0.1 mol.dm-3NaCl). The obtained data (K1, and K2) were analyzed 
using Kamlet, Abboud, and Taft parameters. In second section, for DL-
phenylalanine in aqueous solution, the values K1, and K2 were determined 
at T = (298.15, 303.15, 308.15, 313.15, and 318.15) K and constant ionic 
strength (0.1 mol.dm-3NaCl). Using these K1, and K2, the thermodynamic 
properties (changes of enthalpy, ΔH, changes of entropy, ΔS, and changes 
of Gibbs free energy, ΔG) were calculated for DL-phenylalanine in aqueous 
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INTRODUCTION 
 
Amino acids are classified as biologically significant organic compounds, 

which are made from amine (-NH2) and carboxylic acid (-COOH) functional 
groups, along with a side chain specific to each amino acid [1-2]. 

The attachment of the amine and the carboxylic acid group together 
to the first  (alpha-) carbon atom is very important in biochemistry of amino 
acids [3]. 

Amino acids exist as zwitterions at the isoelectric point, in which both 
the amino and carboxylic acid groups are almost totally ionized; the physical 
properties of the amino acids are largely governed by the degree of ionization 
at different pHs. The side chain of an amino acid can alter its physical 
properties by modifying: the net charge at a given pH, the relative affinity for 
water, and the pH at which there is no net charge (the isoelectric point). Of 
course, peptides are themselves composed of covalently bonded amino 
acids; their properties will therefore be dominated by the nature of the side 
chains on the constituent amino acids [4]. 

Phenylalanine is an essential α-amino acid with the formula C9H11NO2. 
It can be viewed as a benzyl group substituted for the methyl group of alanine, 
or a phenyl group in place of terminal hydrogen of alanine [5]. 

Phenylalanine exists in two forms: L-phenylalanine and D-phenylalanine. 
They are nearly identical but have slightly different molecular structure. The  
L-form is found in foods and used to produce proteins in human body  while,  
D-form can be synthesized to use in certain medical applications [6]. 

Protonation constant of different species of amino acids and dipeptides 
were studied in different research works [7-8]. The protonation constant is used 
for determining solubility and permeability of solutions in the environmental 
and pharmaceutical fields [9–10]. There are various experimental methods 
to measure acid dissociation constant, such as HPLC, potentiometer, and 
spectrophotometry [11-12]. Solving is the first step to determine the 
physiochemical properties of a substance. Therefore, it is essential to measure 
the solubility of a substance in special solvent at different temperatures and 
various ionic strengths which can describe the thermodynamic system of 
solution, such as enthalpy and entropy changes of dissolving processes. 

In modern food industry, amino acids are important to improve quality 
of food products. Among them D-L Phenylalanine is used as a food additive 
and it is essential to determine their thermodynamic properties and protonation 
constants. 

In the present study, the protonation constants (K1 and K2)  were 
determined for DL- phenylalanine in mixed solvent of water and methanol at 
constant temperature. These data were analyzed using Kamlet, Abboud, and 

https://en.wikipedia.org/wiki/Amino_acid
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Benzyl
https://en.wikipedia.org/wiki/Substituent
https://en.wikipedia.org/wiki/Methyl_group
https://en.wikipedia.org/wiki/Alanine
https://en.wikipedia.org/wiki/Phenyl
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Taft parameters. Also, K1 and K2 were determined in aqueous solution at 
temperatures T = (298.15, 303.15, 308.15, 313.15, and 318.15) K. using 
these data, values of ΔH, ΔS, and, ΔG were calculated for DL-phenylalanine 
in aqueous solution.  

 

 
Scheme 1. Chemical structure of DL-Phenylalanine 

 
 

RESULTS AND DISCUSSION 
 
Determination of protonation constant for D-L- phenylalanine 
The protonation constants of DL-Phenylalanine were determined 

spectrophotometrically based on the relation A = f (pH) [13].  
The computer program Squad was used to calculate the measured 

absorbance, A [(200–400) nm in the interval of 0.5 nm], and pcH from the 
spectrophotometric titration [14, 15]. To fit the data in the computer program, 
the error square sum of the difference in the experimental absorbance and 
the calculated ones were minimized. The protonation constants with different 
stoichiometries can be determined by the program. Each titration had  
an experimental point (absorbance against pcH) above 35 (maximum 50). 
The solutions were used without change during the experiments, and the 
absorbance values remained unchanged. Table 1 shows the results of 
spectrophotometric and potentiometric pH titrations for the acidity constants 
of the proton donors of the DL-Phenylalanine, Eq. 5, in various aqueous 
solutions of methanol and under various temperatures at aqueous solution 
accompanied by the values presented in the literature for comparison [16].  
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HnLn-1 + H+ ⇄ H1+nLn ;        𝐾𝐾1+𝑛𝑛 = [𝐻𝐻1+𝑛𝑛𝐿𝐿𝑛𝑛]
[𝐻𝐻𝑛𝑛𝐿𝐿𝑛𝑛−1][𝐻𝐻+]      (1) 

Where L shows DL-Phenylalanine molecule and n (charge of the ion) 
can be 0, 1, or 2 for the different protonation equilibria of the base. 

Amino acids exist as zwitterions at the isoelectric point, in which both 
the amino and carboxylic acid groups are almost totally ionized; the physical 
properties of the amino acids are largely governed by the degree of ionization 
at different pHs. It is obvious that for a dibasic acid the first ionization constant 
K1 is the sum k1 + k2 and the second ionization constant K2 is (k12 · k21)/(k12 + 
k21), where the subscript 12 denotes loss of proton 2 following loss of proton 
1 and subscript 21 denotes loss of proton 1 following loss of proton 2. The 
chemical interpretation of the changes is not straightforward, even though 
from model compounds the carboxyl proton is predicted to be the most 
acidic. The calculations involving the microscopic constants indicate that the 
first and second K correspond to removal of the carbonyl proton and the 
ammonium proton respectively. It can be determined by NMR spectroscopy 
exactly [17- 20]. 

Depending on the acidity of the medium (solution), hydrogen ions can 
add to DL-Phenylalanine molecule (Scheme 1) in two steps. In first and 
second step of protonation of DL-Phenylalanine, proton is added to carboxyl 
group and amine group, respectively. The second (Eq. 2), and first (Eq. 3) 
steps of protonation of DL-Phenylalanine occur according Eqs. 6 and 7: 

L- + H+ ⇄ HL  (2) 

HL+ H+⇄ H₂L+     (3) 

The protonation constants achieved in this examination are in fine 
agreement with those reported previously [21]. There are a few differences 
due to the various experimental methods that have been employed to determine 
the values. In Figure 1, the equilibrium distribution of various species of DL-
Phenylalanine in water is indicated as a function of pcH.  

Figure 1 helps us find out the values of K,s for DL-Phenylalanine in 
water at various aqueous solutions of methanol and various temperatures. 
In Figure 1, the points a and b are the isoelectric points. In these points, the 
concentrations of the acid and the base are equal to each other. For an acid 
(HA), the below equation shows the relationship between log10K and pH: 

Log10K= pH + log [A-]/[HA] (4)
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In Eq. 4, [A-] and [HA] are the concentrations of acid HA and base A-, 
respectively. At isoelectric points (a and b), [A-] = [HA] and pH = log10Ka. The 
calculations are based on the protonation constant values in various aqueous 
solutions of methanol and various temperatures given in Table 1 and Table 3, 
respectively. 
 

 
Figure 1. Distribution diagram of the different species of DL-Phenylalanine  

in water at 298.15 K and an ionic strength of 0.1 mol·dm−3 (NaCl). 
 
Investigation of solvent effect 
This research work shows that the different steps of protonation of 

DL-Phenylalanine, in water-alcohol mixed solvents, have different behaviors. 
The value of first protonation constant, K1, increase and also the values of 
second protonation constant, K2, decrease with increasing mole fraction of 
alcohol in water-alcohol mixed solvents (Table 1). It is very difficult to interpret 
the variation of the protonation constant values of DL-Phenylalanine regarding 
to the volume percentage of the methanol, in water-methanol solvent, using 
the dielectric constant of the solutions as the only parameter.  

 
Table 1. Protonation constant of DL-Phenylalanine in aqueous solutions of 

methanol at 298.15 K and in NaCl 0.1 M 

Alcohol V % 
H2O+Methanol 

Log10 K2 Log10 K1 Ref. 
0 1.86±0.03 9.15±0.02 21 

10 2.02±0.03 8.96±0.01 This work 
20 2.08±0.02 8.86±0.04 This work 
30 2.12±0.04 8.75±0.03 This work 
40 2.16±0.04 8.61±0.02 This work 
50 2.22±0.03 8.47±0.03 This work 
60 2.29±0.02 8.34±0.01 This work 
70 2.36±0.04 8.226±0.03 This work 
80 2.42±0.01 8.13±0.02 This work 
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In general, the standard Gibbs energy of protonation equilibria includes 
two terms: an electrostatic term, which can be estimated by the Born equation 
[22, 23], and a nonelectrostatic term, which includes specific solute-solvent 
interaction. When the electrostatic effects predominate on nonelectrostatic 
effects, according to the Born equation (Eq. 5), the plot of log10K versus the 
reciprocal of dielectric constant of the media, ε, should be linear diagram as 
the below: 

 
ΔlogK = (121.6n/r)(1/ε ‒ 0.0128)                                                     (5) 
 

where r is the common radius of the ions and n is the square summation of 
the charges involved in the protonation equilibria.  

For example, n = 0, or 2 for the charge types HL + H+ ⇄ H2L+, L- + H+ ⇄ 
HL, respectively. As it can be seen in Fig. 2, the correlation between log10K1, 
and log10K2 with reciprocal of the dielectric constant of the water–methanol 
mixtures are almost linear (with correlation coefficient between 0.91-0.93). It 
indicates that the protonation constants depend not only on the electrostatic 
forces but also strongly depend on the solute-solvent interactions of the 
different species in the mixtures [23]. Therefore, it is necessary to clarify the 
nature of solute-solvent interactions for a better understanding of the solvent 
effects. 

 

 
Figure 2. Plots of the experimental values of log10K1, log10K2 versus the reciprocal 

of the dielectric constant of different mixed solvents (water-methanol)  
at 298.15 K and an ionic strength of 0.1 mol.dm-3 (NaCl). 
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To study on the effect of solute-solvent interaction in the protonation or 
other equilibrium constants, a multi-parametric equation was used. This 
equation is based on the linear solvation energy relationship (LSER) theory 
and was developed by Kamlet, Abboud, and Taft (KAT) [24, 25]. The KAT 
equation contains non-specific as well as specific solute-solvent interactions, 
separately. These interactions can be subdivided into solvent Lewis-acidity 
interactions (hydrogen-bond acceptor, HBA solute, and hydrogen-bond donor, 
HBD solvent) and solvent Lewis-basicity interactions (HBD solute-HBA 
solvent). In general, all of these parameters constitute more comprehensive 
measures of solvent polarity than the dielectric constant or any other single 
physical characteristic, because they reflect more reliably the complete picture 
of all intermolecular forces acting between solute and solvent molecules. This 
approach has been widely and successfully applied in the correlation analysis 
of all kinds of solvent-dependent processes [26]. Using the solvatochromic 
solvent parameters (α, β,and π∗), a multiparametric equation, Eq. 6, has been 
proposed. This equation has been previously introduced [27,28]. 

 
logK = Aₒ + aα + bβ + pπ*                                                               (6) 

 
In Eq. 6, Aₒ represents the regression value and π* is the index of the 

solvent dipolarity/polarizability which is a measure of the ability of a solvent to 
stabilize a charge or a dipole by its own dielectric effects. The coefficient α 
represents the solvent hydrogen-bond donor (HBD) acidity. In a solvent, this 
coefficient (α) describes the ability of a solvent to donate a proton to a solute 
and generate hydrogen bond. The coefficient β is the solvent hydrogen-bond 
acceptor (HBA) basicity. This coefficient (β) describes the ability of a solvent 
to accept a proton, from a solute, and generate hydrogen bond. The regression 
coefficients (a, b, and p) can show the relative susceptibilities of the solvent 
dependence of log10K,s to the solvent parameters. In order to explain the 
log10K values through the KAT solvent parameters, the protonation constants 
were correlated with the solvent properties by means of single, dual, and 
multiple regression analysis by a suitable computer program (Microsoft Excel 
Solver and Linest) [29,30]. We used the Gauss–Newton non-linear least-
squares method, in the computer program, to refine the log10K by minimizing 
the error squares sum from Eq. 7. 

 
U=∑(log10Kexp-log10Kcalc)2                                                                (7) 
 
The procedure that is used in the regression analysis involves a 

rigorous statistical treatment to find out which parameter, in Eq. 6, is the best 
suited for water-methanol mixed solvents. So, a stepwise procedure and least-
squares analysis were applied to select the significant solvent properties to be 
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influenced in the model and to obtain the final expression for the protonation 
constants. Therefore, the KAT equation, Eq. 6, was reduced to single, dual, 
and multiparameters for correlation analysis of log10K in various solvent 
mixtures. The used computer program can calculate the values of Aₒ, a, b, p, 
and some statistical parameters including the r2 regression coefficient, f-test 
(f), the residual sum of squares (rss), standard deviation of any parameter and 
the overall standard error (ose) for log10K. For all water-methanol mixtures that 
were used in this work, the KAT parameters and the dielectric constants values 
were obtained from the plot of each property versus the mole fraction of 
methanol (in various methanol- water solutions). Some other percentages of 
aqueous solutions of methanol are listed in Table 3 [31, 32]. 

 
Table 2. KAT solvatochromic and the dielectric constants of different  

aqueous methanol. 
Methanol % (v/v) αa βa π*a εb 

0 1.17 0.47 1.09 78.60 
10 1.15 0.49 1.04 74.83 
20 1.13 0.51 0.99 70.86 
30 1.11 0.53 0.94 66.67 
40 1.09 0.55 0.89 62.26 
50 1.08 0.57 0.85 57.60 
60 1.06 0.58 0.80 52.70 
70 1.04 0.60 0.75 47.54 
80 1.02 0.62 0.70 42.15 

a: Ref. [31], b: Ref. [32] 
 
Although the solvent polarity is known as the main reason of the 

variation of log10K values in water-methanol mixtures, the single-parameter 
and multiparameter correlations of log10K1, and log10K2 with π∗, α, and β didn’t 
give us good results in all cases. However, the correlation analysis of log10K1, 
and log10K2 values with dual parameter equations show the more significant 
results compared to the single and/or multiparameter models. The obtained 
expressions of the KAT equation for each property, as dual-parameters, are 
shown below: 

 
log10K2= 1.21(0.82)+2.04(0.65)β-0.22(0.44)π*  
r2=0.997 OSE=1.21*10-2 rss=8.9*10-4 F=1373.54      (8) 
 
log10K1= 10.89(0.71)-4.39(0.56)β+0.32(0.38)π*    
r2=0.998 OSE=1.17*10-2 rss=8.2*10-4 F=1735.35      (9) 
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We obtained the KAT equations (eqs. 8 and 9) for DL-Phenylalanine, 
in both equations the correlation analysis of the dual parameter of the KAT 
equation, the value of coefficient β is greater than value of coefficient  
π*(β >π*). It can be seen in Eq. 8, for the first ionization process the value of 
coefficient β parameter has positive value in this system, the hydrogen- bond 
acceptor basicity parameter plays a major role and the polarity parameter of 
the solvent has less significance. Therefore, log10K2 values increase with 
increasing of the hydrogen bond basicity parameter. In Eq. 9 the second 
ionization process the value of coefficient β parameter is negative. This 
indicates the hydrogen- bond acceptor basicity parameter plays a major role. 
So, log10K1 values decrease with an increase in the hydrogen bond basicity 
parameter [38, 39]. 

 
Investigation of temperature effect: thermodynamic analysis 
The changes in Gibbs energy (ΔG), enthalpy (ΔH), and entropy (ΔS) 

are important thermodynamic parameters. The ΔG is the key parameter, 
because its value under a particular set of reactant concentrations dictates 
the direction of biomolecules equilibria in solutions. If its sign is negative, the 
binding reaction or conformational transition will proceed spontaneously to 
an extent governed by the magnitude of ΔG. If its sign is positive, the 
magnitude of ΔG specifies the energy needed to drive the reaction to form a 
product. The free energy is a balance between enthalpy and entropy [38, 39]. 

 
Table 3. protonation constant of DL-Phenylalanine in aqueous solution at 

temperatures 298.15 K to 318.15 K and in NaCl 0.1 M 

 
The change in Gibbs energy in gas or solution phases can be 

calculated from Eq. 10:  
 
ΔG˚ = -RTln Ka ≈ 2.303 RT pKa                                                     (10) 
 
In Eq. 10, R is the universal gas constant (8.314 J. K-1.mol-1), T is the 

temperature (K), and Ka is the equilibrium constant. The values of ΔH and 
ΔS can be determined using the van't Hoff equation and by plotting ln K𝑎𝑎 vs. 
1/T [35]: 

Specie T (K) logK2 logK1 Ref 

 298.15 1.86±0.02 
 9.15±0.02 21-25 

 303.15 1.91±0.03 9.06±0.01 This work 
DL-Phenylalanine 308.15 2.03±0.01 8.95±0.02 This work 

 313.15 2.08±0.03 8.83±0.03 This work 
 318.15 2.13±0.02 8.69±0.04 This work 
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pK𝑎𝑎 = ∆H/2.303RT − ∆S/2.303 R                                             (11) 
 
The signs ΔG, ΔH, and ΔS can show the state of chemical reactions. 

The Chemical reactions can be spontaneous at each temperature when ΔH 
is negative and ΔS have positive values. Other states are observable in the 
references 35 to 39 [35- 39]. The values of temperature can affect the state 
of the chemical reactions when ΔH and ΔS have the same sign. As a result, 
the first and second ionization reactions of DL-Phenylalanine are spontaneous 
at low temperature.   

 

 
Figure 3. Curve - log10 Ka values vs. 1/T for DL-Phenylalanine. 

 
It can be seen in Table 3 that in the protonation process of DL-

Phenylalanine, log10K2 increases with increasing temperature and also, 
log10K1 decreases with increasing temperature.  

Finally, we plotted log10K versus 1/T for DL-Phenylalanine (Fig. 3). 
Using the slope and intercept of Eq. 11, the values of ΔH and ΔS were 
obtained. 

 
Table 4. Thermodynamic properties for DL-Phenylalanine  

solved in water in constant ionic strength. 
Specie DL-

Phenylalanine 
ΔH  

(kJ.mol-1) 
ΔS 

(J.mol-1.K1) 
 

298.15 K 
 

303.15 K 
ΔG (kJ.mol-1) 

308.15 K 
 

313.15 K 
 

318.15 
First ionization 

process 
-26.5 -124.6 10.6 11.2 11.9 12.5 13.1 

Second 
ionization 
process 

42.1 -34.6 52.4 52.6 52.7 52.9 53.1 

y = -1.3836x + 6.4962
R² = 0.9693

y = 2.1963x + 1.8079
R² = 0.9909

0

2

4

6

8

10

3.1 3.15 3.2 3.25 3.3 3.35 3.4

lo
g₁

₀K

1/T(*1000 K -1)
log10k2 log10k1
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In addition, the values of ΔG for the deprotonation processes of DL-
Phenylalanine were calculated using the pKa values (Eq. 10) at each 
temperature. As shown in Table 4, the values of ΔG increase with increasing 
temperature; ΔS and ΔH are negative for the first ionization process and ΔS 
is negative for the second ionization process and ΔH is positive for the 
second ionization process.  It is well known that ΔG = ΔH-TΔS. In this 
research work, the absolute value of TΔS is more than the absolute value of 
ΔH. Therefore, the value of ΔG will be positive (see Table 4). 

 
 

CONCLUSIONS 
 
In this research work, the equilibrium constants of protonation process 

for DL-Phenylalanine were experimentally determined at the various 
temperatures and the different aqueous solutions of methanol. The results 
show that the value of log10K2 increases and the value of log10K1 decreases 
with increasing alcohol content of mixtures. In addition, the same results were 
observed when the temperatures increased in water solvent. The correlations 
of the constants with either a macroscopic parameter, such as dielectric 
constant, or a microscopic parameter, such as the Kamlet, Abboud, and Taft 
(KAT) solvatochromic parameters, were determined. The results showed the 
correlation between log10K2 and log10K1 with reciprocal of the dielectric constant 
of the water–methanol mixtures are almost linear and the KAT dual-parameter 
correlations show important improvements with respect to single- or multi-
parameter models. The obtained results by examination of thermodynamic 
properties show that ΔG increases when the temperatures increase, ΔS, and 
ΔH are negative during the first ionization and ΔH is positive during the second 
ionization whereas ΔS is negative during the second ionization. 
 
 
EXPERIMENTAL SECTION 

 
Chemicals 
DL-Phenylalanine, Scheme 1, was purchased from Sigma-Aldrich 

Company as reagent grade materials. Sodium hydroxide (NaOH) and 
hydrochloric acid (HCl) solutions were prepared from a titrisol solution (Merck 
Company). Sodium chloride (Merck Company) was dried using the vacuum at 
room temperature for at least 72 h before using. All dilute solutions were 
prepared using double-distilled water with a conductance equal to 1.2 ± 0.1 μS. 
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Apparatus 
A Metrohm model 781 pH ion-meter was applied to determine the 

electromotive force (E). A 80-cm3 thermostated double-walled glass vessel 
was used for all titrations. A UV-Vis Shimadzu 2100 spectrophotometer, with 
a Pentium 4 computer, as well as thermostat, matched at 10 mm quartz cells, 
were used for spectrophotometric and potentiometric measurements at the 
same time. To have data and put them in an excel program to calculate 
protonation constants. In addition, a flow type measurement cell was used.  A 
circular thermostat was used to keep the temperature constant at the range 
± 0.1 K. To measure the absorbance and the emf (electromotive force) of the 
solution at the same time, a peristaltic pump was used. This apparatus 
facilitates the circulation of the solution from the potentiometric cell to the 
spectrophotometric cell. To prevent carbon dioxide from staying in the 
system, a flow of purified nitrogen was allowed to pass through a sodium 
hydroxide solution and then it bubbled slowly through the reaction solution. 

Procedure 
In this study, the measurements were achieved at 298.15 K and a 

constant ionic strength of 0.1 mol.dm-3 sodium chloride (NaCl) and with 0.1 
mol.dm-3 sodium hydroxide solution both with the same ionic strength and 
mole fraction of organic solvent [(0–80) % methanol v/v]. Also in this work 
under various temperatures (298.15 K to 318.15 K), the procedure was 
repeated at an ionic strength of 0.1 mol/dm3. The protonation constants were 
evaluated from the measurements of absorbance against emf by titration of 
25 mL of DL-Phenylalanine [(1.0 × 10−5 to 5.0 × 10−5 mol.dm−3)].  

In the first phase, the electrode system calibration was performed by 
Gran’s method [40]. To this aim, a specified amount of an acidic solution 
(0.01 mol.dm−3HCl), at the same temperature, solvent composition and constant 
ionic strength that were going to be used in subsequent experiments, was 
placed in the double-wall thermostated vessel. Next phase was the electrode 
immersion in the solution in the vessel and titration of the acidic solution with 
a strong base (0.1 mol.dm−3NaOH, each addition 50 μL). Following each 
addition of the titrant, the potential effect was allowed to become stable. Next, 
to calculate the cell parameter (E°), and electrode calibration slope, Nernstian 
parameter (k), the reported emf values were used. This method was continued 
to pH ≅1.5.  

Secondly, a sodium hydroxide solution (0.1 mol.dm-3) was used to 
titrate 25 mL of an acidic solution (0.01 mol.dm-3HCl) of DL-Phenylalanine 
(1.0 × 10−5 to 5.0 × 10−5 mol.dm−3) at the same temperature, ionic strength, 
and solvent composition. Then, the emf and the absorbance values (in the 
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range of 200 to 400 nm and interval of 0.5 nm) were determined. The 
procedure was repeated in various compositions of the mixed solvent in ionic 
strength 0.1 mol/l and various temperatures. Following the method explained 
in the literature [41, 42], the reported emf  values were then converted to pcH 
(−log [H+]).  

In a solution, the measured potential of the cell could be expressed 
as Eq. 12: 

Ecell = E c̊ell + klog10[H+] + klog10γH+ + ELJ    (12) 

Where E°cell represents the standard potential of the cell, ELJ denotes 
the liquid junction potential, k = 2.303RT/F in which R, T and F have the 
usual meaning, and γH+ shows the activity coefficient of hydrogen ion. 
Measurement of emf (electromotive force) versus H+ concentration, in 
solution, is very useful because the computing of activity coefficients of 
hydrogen ion, in various aqueous mixtures of organic solvents, is very 
difficult. In this research work, the ionic strength of the solution is kept 
constant therefore the activity coefficient of hydrogen ion is also constant. 
The non-ideality of solutions is then included in E′a (the specific constant of 
the potentiometric cell in the acidic region), therefore: 

Ecell = Eʹa + klog10[H+]        (13) 

Where E′a is E°
cell + klog10γ[H+] + ELJ. In calibration step, the values of 

E′a and k were readily calculated from linear regression between E and log10 
[H+] [43, 44].  

In the acidic region, the concentration of hydrogen ion can be 
expressed as: 

[H+] = (MHClVₒ ‒ MNaOHV1)/(Vₒ + V1)      (14) 

Where, MHCl and MNaOH are the molarities of hydrochloric acid and 
sodium hydroxide, respectively. Vₒ and V1 are the volumes of hydrochloric 
acid and sodium hydroxide, respectively, which were added to solution. 
Finally: 

pcH = (Eʹa – Ecell)/k          (15) 

In equation 4, PcH (or pH) is –log[H+]. 
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INVESTIGATION ON THE POTENTIAL USAGE OF 
LIGNOCELLULOSIC WASTES FOR Cd(II) REMOVAL 

 
 

Andrada MAICANEANUa,b, Cerasella INDOLEANb∗ 
 
 

ABSTRACT. Various lignocellulosic waste materials were assessed for 
their potential usage as biosorbents for Cd(II) removal from wastewaters. 
Sunflower seed shells, carrot peel, bean pods, eggplant peel, and orange peel 
in dry form and different grain sizes were evaluated. Contact time, initial Cd(II) 
concentration, and biosorbent amount were also tested. Eggplant peel was 
the most efficient biosorbent with an experimental biosorption capacity of 9.33 
mg/g, a monolayer capacity (Langmuir) of 18.05 mg/g, and maximum % yield 
removal of 97.33%. Experimental data best fitted the Langmuir isotherm 
model (exception, orange peel) and the pseudo-second-order kinetic model 
(all materials).  
 
Keywords: cadmium(II), biosorption, waste valorisation, circular economy, 
sunflower seed shell, carrot peel, bean pod, eggplant peel, orange peel 

 
 
INTRODUCTION 

 
Pollutants, such as heavy metals, are serious threats to the environment. 

Most of the metals are non-biodegradable, highly toxic and carcinogenic in 
nature [1]. 

Cadmium metal ions are very dangerous pollutants due to their high 
solubility in water, which makes them mobile in soil with a serious tendency to 
bioaccumulate [2]. They occur naturally in soil of volcanic areas but are becoming 
abundant in many territories as a result of uncontrolled industrialization, 
unsustainable urbanization, and intensive agricultural practices [2-4]. 
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Excessive accumulation of cadmium, Cd(II), in vegetables poses a 
serious threat to human health; therefore, it is urgent to screen and cultivate 
vegetables with low, or, if it is possible, non-existent cadmium accumulation in 
the edible parts [4]. 

Cultivation of agricultural crops and harvesting, generate an abundant 
amount of waste (e.g., peels, shells, straw, etc.) that can be used for wastewater 
treatment. It is estimated that approximately 998 million tons of agricultural 
waste is produced annually [5].   

Nowadays, the potential of food and agricultural waste to remove 
heavy metals from contaminated water and soil has been intensively studied 
[6-8]. 

Vegetable wastes are easily available and have no economic use. The 
applicability of vegetable waste as low-cost adsorbent leads to significant 
decrease of waste discharge in the environment [9]. 

Biosorbents are composed of mainly cellulose, hemicelluloses, lignin, 
extractives, and many other compounds such as lipid, starch, hydrocarbons, 
simple proteins, and ash [10]. The biosorption mechanism onto biomass can 
consist of several steps including chemisorption, complexation, physisorption, 
diffusion through pores, and ion exchange [8].  

In the removal of metals from aqueous solution, different types of plant 
parts are used such as stems, stalks, leaves, husk, shells, roots, barks, and 
many others [4]. 

Adsorption/biosorption process is considered to be attractive in terms 
of its performance for heavy metals removal from dilute waste solutions. Heavy 
metals are removed on different rates depending on the adsorbent / biosorbent 
and the metal itself [7].  

In this study, the biosorption potential for cadmium (II) of some 
lignocellulosic wastes materials resulted from domestic use of carrots (Daucus 
carota), sunflower (Helianthus annuus), beans (Phaseolus vulgaris), eggplants 
(Solanum Melongena L), and orange (Citrus sinensis) was explored. 

Sunflower seed shells (SFss), carrot peel (Cp), bean pods (Bp), 
eggplant peel (EPp), and orange peel (Op) were investigated under various 
working parameters. 

 
 

RESULTS AND DISCUSSION 
 
The results obtained for the investigation of Cd(II) removal on 

lignocellulosic waste materials are presented as follows, in terms of biosorption 
capacity and % yield for all the parameters examined. 

https://en.wikipedia.org/wiki/Daucus_carota
https://en.wikipedia.org/wiki/Daucus_carota
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Grain size influence was studied for all materials using the following 
reaction conditions: Ci = 25 mg Cd(II)/L, 1 g biosorbent, 22±2°C, 5.48 pH, 
and 500 rpm for 180 min with <0.4, 0.4-0.6, and 0.6-1.25 mm fractions. Two 
main trends were observed: (a) for SFss and Op a decrease in % yield removal 
(Table 1) and biosorption capacity was observed, suggesting that internal 
diffusion might become rate-determining step; (b) for Cp, Bp (Figure 1), and 
EPp, % yield removal and biosorption capacity, (Table 1), increased indicating 
that the biosorption process takes place mainly on the outer surface of the 
grain (lower porosity or inaccessible pores). 

 

 
Figure 1. Grain size influence over biosorption capacity for Cd(II)  

removal on bean pods; Ci = 25 mg/L, 1 g, 22±2°C, 5.48 pH, 500 rpm. 
 

Biosorbent quantity influence was studied for all materials using the 
following reaction conditions: Ci = 25 mg Cd(II)/L, 0.4-0.6 mm, 22±2°C, 5.48 
pH, and 500 rpm for 180 min with 0.5, 1, and 2 g of lignocellulosic material. 
As the biosorbent quantity increases, the % yield removal increases, while 
biosortion capacity (mg per mass unit) decreases, Table 1, since for the 
same initial concentration, a higher surface/quantity is available, which leads 
to a smaller Cd(II) amount being removed per mass unit. Figure 2 shows as 
an example, the extent of biosorbed Cd(II) amount decrease for SFss. 

Cd(II) concentration influence was studied for all materials using the 
following reaction conditions: 1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, and 500 rpm 
for 180 min with concentrations in 25-115 mg/L range. Time evolution was also 
followed for all the concentrations used. An increase in Cd(II) concentration 
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led to a decrease in removal % yield and an increase in the biosorption 
capacity (Table 1). This results suggest that the optimum initial concentration 
must be correlated with desired % yield removal based on the specific 
conditions (industrial, municipal, leachate). Figure 3 shows the evolution of 
biosorption capacity for EPp as was one of the two (along with Bp) for which 
an increase was observed over the whole range of concentrations. For SFss 
and Cp the biosorption capacity decreased for the maximum concentration 
studied (115 mg/L), Table 1. 

 
 

Table 1. Cd(II) removal % yields (top) and biosorption capacities, in mg/g, (bottom) 
for the considered lignocellulosic wastes under various working conditions. 

 

 Grain size 
(mm) 

Amount 
(g) 

Cd(II) concentration 
(mg/L) 

<0.4 0.4-
0.6 

0.6-
1.25 

0.5 1 2 25 50 75 95 115 

SFss 95.71 92.58 90.61 84.12 92.58 96.41 92.58 87.95 88.76 65.13 40.70 
2.48 2.40 2.35 4.36 2.40 1.25 2.40 4.58 6.79 6.20 4.77 

Cp 88.64 89.90 90.32 88.53 89.80 90.85 89.80 87.46 86.48 77.10 55.80 
2.30 2.33 2.34 4.58 2.33 1.18 2.33 4.55 6.72 7.34 6.54 

Bp 74.97 80.53 84.47 93.40 80.53 83.31 80.53 82.59 81.08 83.73 69.54 
1.94 2.09 1.08 4.84 2.09 1.08 2.09 4.30 6.30 7.97 8.15 

EPp 96.87 95.71 97.10 94.09 95.71 97.33 95.71 95.39 93.18 96.85 76.71 
2.51 2.48 2.52 4.87 2.48 1.26 2.48 4.96 7.35 9.22 9.33 

Op 94.70 92.61 89.11 88.99 92.61 90.88 92.61 - 81.85 - - 
2.38 2.37 2.26 4.51 2.37 1.12 2.37 - 4.06 - - 

 
 

Table 2. Langmuir and Freundlich coefficients for Cd(II) biosorption onto lignocellulosic 
wastes; Ci = 25-115 mg/L, 1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 

 
Langmuir coefficients Freundlich coefficients 

KL 
(L/mg) 

qmax 
(mg/g) R2 n Kf 

(mg(1−1/n) L1/n/g) R2 

SFss 2.05 × 10-2 5.75 0.9052 6.58 1.69 0.5438 
Cp 4.97 × 10-2 7.46 0.9690 3.39 1.51 0.8018 
Bp 3.17 × 10-2 7.04 0.9494 1.41 1.11 0.8169 

EPp 2.00 × 10-2 18.05 0.8941 2.69 0.25 0.5850 
Op 5.38 × 10-2 6.21 0.6403 3.56 1.45 0.9178 
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Figure 2. Biosorbent quantity influence over biosorption capacity for Cd(II) removal 

on sunflower seed shell; Ci = 25 mg/L, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 
 

The evolution of concentration in time shows, for all lignocellulosic 
materials, (Cp presented as an example in Figure 4), a significant drop in 
concentration in the first 10 minutes, with equilibrium reached after about  
120 min for lower range of concentrations (25-75 mg/L) and 180 minutes for 
95 and 115 mg/L. 

Figure 5 presents the biosorption capacity for all lignocellulosic 
materials considered in this study for the same working conditions at 25 mg 
Cd(II)/L. The following sequence was identified, EPp > SFss > Op > Cp > Bp, 
with eggplant peel as the most efficient biosorbent among those analysed 
by us.  

In literature, there are comparable data for Cd(II) biosorption onto 
lignocellulosic rezidues, for example 8.58 mg Cd/g for rice husk [8], 3.24 mg 
Cd/g for Canola biomass [11], 0.96 mg Cd/g and 0.98 mg Cd/g for sugarcane 
bagasse [12] and maize corncob [12], respectively. 

Equilibrium experiments were performed in the concentration range 
of 25-115 mg Cd(II)/L, using 1 g biosorbent of 0.4-0.6 mm particle size, at 
22±2°C, 5.48 pH, and 500 rpm. Langmuir and Freundlich isotherm models 
were used to establish how the biosorption process occurs. Results are 
presented in Table 2.  
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Figure 3. Initial concentration influence over biosorption capacity for Cd(II)  

removal on eggplant peel; 1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 
 
 

 
Figure 4. Cd(II) concentration time evolution for biosorption on carrot peel; 

1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 
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Figure 5. Comparative biosorption capacities for Cd(II) removal on lignocellulosic 

wastes; Ci = 25 mg/L, 1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 
 
 

A closer look at the correlation coefficients indicates that with exception 
of orange peel (most likely due to its distinct cells, which will lead to specific 
surface properties upon drying), all the other lignocellulosic materials 
experimental data best fit on the Langmuir model, suggesting a monolayer 
adsorption, similar with other literature data [13,14]. The highest calculated 
value for the maximum adsorption capacity belongs to the eggplant peel in 
good correlation with the experimental data. Studies on similar systems In 
literature, show that the maximum adsorption capacity was 88.33 mg Pb(II)/g 
for treated eggplant peel [14,15], 140 mg Pb(II)/g for eggplant peels activated 
charcoal [16], and a small Cd(II) removal efficiency for eggplant powder, in 
particular conditions (Y,% =14±4%) [17]. 
 The rate constants, calculated biosorption capacities, and correlation 
coefficients for pseudo-first- and pseudo-second-order kinetic models are 
presented in Table 3 for one of the concentrations used in the kinetic study 
(50 mg Cd(II)/L). Based on these values it can be concluded that the 
biosorption onto the lignocellulosic materials tested best fit on the pseudo-
second-order kinetic model, sugesting that the biosorption step is rate-
determining. Highest rate constant was calculated for EPp in good correlation 
with the experimental results. Figure 6 presents the pseudo-second-order 
plots for SFss and clearly indicates that the increase in concentration does 
not change system’s behavior.  
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Figure 6. Pseudo-second-order plots for Cd(II) removal on sunflower seed shell; 

Ci = 50-95 mg/L, 1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 
 

Table 3. Pseudo-first-order and pseudo-second-order rate constants, calculated 
and experimental qe values for Cd(II) biosorption onto lignocellulosic wastes;  

Ci = 50 mg/L, 1 g, 0.4-0.6 mm, 22±2°C, 5.48 pH, 500 rpm. 

 qe (exp) 
(mg/g) 

Pseudo-first-order Pseudo-second-order 
k1 

(1/min) 
qe (calc) 
(mg/g) R2 k2 

(g/mg⋅min) 
qe 

(calc) 
(mg/g) 

R2 

SFss 4.58 6.58 × 10-2 0.97 0.6057 2.03 × 10-1 4.63 0.9997 
Cp 4.55 1.91 × 10-2 0.53 0.5776 2.30 × 10-1 4.54 0.9999 
Bp 4.30 1.67 × 10-2 0.95 0.6172 2.33 × 10-2 4.29 0.9997 

EPp 4.96 3.31 × 10-2 1.36 0.8957 7.93 × 10-2 5.03 0.9999 
Op 3.22 3.00 × 10-2 2.47 0.8682 3.11 × 10-2 4.20 0.9920 

 
 

CONCLUSIONS 
 
The proposed study on the investigation of the posible usage of 

lignocellulosic wastes for Cd(II) removal from wastewater showed that all  
the considered materials have great biosorption properties even at high 
concentrations (75-95 mg/L). The highest biosorption capacity and the 
concentration they were obtained at are as follows: EPp (9.33 mg/g – 115 mg/L); 
SFss (6.79 – 75 mg/L); Op (4.06 – 75 mg/L); Cp (7.34 mg/g – 95 mg/L); Bp 
(7.97 mg/g – 95 mg/L). Therefore it can be concluded that this type of materials 
could be succesfully used for heavy metal ions removal from wastewater and 
also indicates that the presence of lignocellulosic materials (food waste) in 
solid waste landfills could potentially treat in-situ the generated leachate. 
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EXPERIMENTAL SECTION 
 
Materials  
The lignocellulosic wastes used in this work – sunflower seed shells 

(SFss), carrot peel (Cp), bean pods (Bp), eggplant peel (EPp), and orange peel 
(Op) – were subjected to various treatment steps before usage, as follows: 
washing in distilled water to remove impurities, drying at 105°C, grinding 
(mortar and pestle), and size separation using a set of sieves (0.4, 0.6, and 
1.25 mm). The biosorbents prepared as described above were transferred to 
closed jars and kept for further usage. Figure 7 shows images of some of the 
biosorbents used in this study. 

Cd(NO3)⋅4H2O of analytical purity was used to prepare the stock 
solution and chromatographic purity Cd(II) solution in nitric acid was used to 
calibrate the atomic absorption spectrometer. Distilled water was used 
throughout this work. 
 

Experiments 
Cd(II) biosorption process was conducted in batch conditions, in a 

thermostated batch reactor using a magnetic stirrer (500 rpm), for 180 min 
(preliminary tests showed that adsorption equilibrium will be reached during 
this time). Various parameters that could influence the biosorption process 
were considered. Thus, the experiments were carried out using 100 mL of 
Cd(II) solution of different initial concentrations (25-250 mg/L) prepared from 
the stock solution of 1 g/L, with various amounts of biosorbent (0.5-2 g), and 
several grain sizes (<0.4, 0.4-0.6, and 0.6-1.25 mm). Experiments were 
performed at the initial solution pH of 5.5-6.0.  

Cd(II) concentration in solution was determined using a GBC SensAA 
Series atomic absorption spectrometer (175-900 nm), which was calibrated 
using Cd(II) high purity solution. All the experiments were realized in triplicate, 
the presented values are averaged values 

Biosorption capacity, qe (mg/g), and % yield for Cd(II) removal were 
calculated in order to establish the effectiveness of the tested samples. 

 

𝑞𝑞𝑒𝑒 =
(𝐶𝐶0 − 𝐶𝐶𝑒𝑒) × 𝑉𝑉

𝑚𝑚
 (1) 

%𝑌𝑌 =
(𝐶𝐶0 − 𝐶𝐶𝑒𝑒)

𝐶𝐶𝑒𝑒
× 100 (2) 

 
where: C0, Ce are the initial and equilibrium Cd(II) concentration in solution, 
in mg/L, V is the sample volume, in L, and m is the adsorbent quantity, in g. 
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       (a) 
 

       (b) 
Figure 7. Eggplant peel (a) and bean pods (b) of the three grains size used. 

 
 
Adsorption isotherms and kinetics  
Langmuir and Freundlich isotherm models were used to perform  

the equilibrium analysis of the biosorption process of Cd(II) on the selected 
vegetables and citrus species samples.  

Model’s equations, in the linear form, are as follows:  
- Langmuir model equation [18,19]: 
 

meLme q
1

C
1

Kq
1

q
1

+⋅=  
(3) 

   
-  Freundlich model equation [19, 20]: 

eFe Clog
n
1Klogqlog ⋅+=

 

(4) 

 
where: qm is the monolayer capacity of the adsorbent in mg/g, KL is the 
Langmuir adsorption constant in L/mg, KF is the Freundlich isotherm constant 
in mg(1-1/n)L1/n/g, and n is a constant related to intensity of adsorption 
(Freundlich). 

Pseudo-first- and pseudo-second-order kinetic models were used to 
explain the adsorption mechanism: 
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- pseudo-first-order equation (linear) [21, 22]:  
tkqln)qqln( 1ete −=−  (5) 

 
- pseudo-second-order equation (linear) [23, 24]:        

e
2

e2t q
t

qk
1

q
t

+=  
(6) 

 
where: k1 is the pseudo-first-order rate constant in 1/min, k2 is the pseudo-
second-order rate constant in g/mg⋅min, qt is the amount of Cd(II) adsorbed 
at time t in mg/g, and t is time in min. 
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OPTIMIZATION OF METHYLENE BLUE DYE REMOVAL BY  
PEANUT HUSK USING PLACKETT-BURMAN DESIGN AND  

RESPONSE SURFACE METHODOLOGY 
 
 

Kah-Tong CHANa and Siew-Teng ONGa,b,* 
 
 

ABSTRACT. The ability of peanut husk in removing Methylene Blue (MB) dye 
solution was studied in this project. The influence of various factors such as 
contact time, initial dye concentrations, pH and adsorbent dosage were 
examined in this project in order to study their effects towards the adsorption 
process. The percentage uptake of MB increases with contact time, pH and 
adsorbent dosage while it decreases with increasing initial dye concentrations. 
The functional group on peanut husk was determined using Fourier Transform 
Infrared Spectrophotometer (FTIR) and its surface morphology was characterized 
using Scanning Electron Microscope (SEM) and Atomic Force Microscope 
(AFM) analysis. The experimental data fitted well into the pseudo-second-order 
kinetic model with R2 values close to unity. The experimental data is best fitted 
with Freundlich isotherm model by having R2 of 0.9927. By using Plackett-
Burman design, the factors that can bring significant impact towards the 
adsorption of MB by peanut husks were determined to be contact time, pH 
and adsorbent dosage. The optimum condition for the adsorption process was 
determined by Response Surface Methodology. It was found that the optimum 
condition was reached at 120 minutes of contact time, pH 10 and 0.035 g of 
adsorbent. 
 
Keywords: Adsorption, Methylene Blue, Peanut husk, Plackett-Burman 
Design, Response Surface Methodology 
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INTRODUCTION 
 
Water pollution can bring critical impacts to the environment. Major 

source of this pollution comes from the textile industry due to the presence 
of dyes in the effluents that cannot be completely eliminated before discharge 
into the river or ocean. Other than dyes, large quantity of heavy metals, 
surfactants and dissolved solids were also found in the wastewater from the 
dyeing and finishing processes. The elimination of colours in effluents have 
become a major concern for both the industry as well as the society [1]. There 
is about 10 to 15 % of used dyes that released into the environment from the 
effluent from textile, paper and plastic industries as massive amount of dyes 
are utilized in these industries [2].  

Quite often, appreciable amount of dyes remained in the effluent due 
to the inefficiencies of the conventional wastewater treatment. The treatment 
of wastewater cannot depend solely on biodegradation process because the 
dye itself and its degradation product may be toxic and carcinogenic [3]. The 
photosynthesis process is also affected by the coloured effluents which can 
decrease the penetration of light [4]. 

There are a lot of methods that can be used to eliminate the pollutants 
such as membrane separation process, chemical oxidation, coagulation, 
photocatalysis and electrochemical processes. Nevertheless, these methods 
are not preferred since there are many limitations and disadvantages [5].  
Various studies have concluded that the most efficient technique to eliminate 
a variety of dyes is by the adsorption of dyes onto activated carbons. But due 
to the high generation cost, alternative adsorbents had been investigated to 
replace it [6,7].  

The more realistic and low-cost method to remove various contaminants 
is by adsorption using agricultural by-products such as rice husk, peanut husk, 
palm kernel fibre and palm shell [5]. The conversion of agricultural waste to 
adsorbent is a great way to increase the value of these waste instead of 
disposal to landfill which bring ecological and economical concern [8]. Hydroxyl, 
amino and carboxyl groups present on the surface of agricultural wastes 
provide them great biosorption potential and can be further improved through 
various treatments [9]. 

The world total production of peanut is around 50 million metric tons 
in 2021. The largest manufacturer of peanut was China which contributes 
about 36 % (18 million metric tons) of the total production and followed by 
India [10]. Peanut kernels take up 70 % of the total weight while the rest 30 % 
are from the peanut husks. The major components in peanut husks are 
cellulose, hemicelluloses and lignin [11]. 
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There are two major groups of dye which are anionic dye and cationic 
dye. MB is a cationic dye commonly used to colour textile, paper and wood. It 
is known as a cationic dye because it is able to dissociates into positively 
charged compound [2]. They are bright and high colour intensity dyes, therefore 
even when the concentrations are low, basic dyes are highly visible [12]. 
The elimination of MB has been attracting the interest of researchers because 
among all classes of dyes, cationic dyes are generally more toxic compared to 
others. Furthermore, the removal of dye can be challenging due to their unique 
properties such as stable and resistant to light and aerobic digestion and can 
act as an oxidizing agent [2]. 
 
 
RESULTS AND DISCUSSION 
 
 Characterization of Adsorbent 
 Fourier Transform Infrared Spectroscopy (FTIR) Analysis. The presence 
of functional groups on peanut husks before and after adsorption of MB was 
analysed using FTIR spectrophotometer at the wavenumber range of 4000 – 
400 cm-1. From the spectrum before adsorption (spectrum not shown), a strong 
and broad peak observed at 3411 cm-1 was due to the vibrations of hydroxyl 
groups of alcohols, carboxylic acids and phenols. The medium peak at 2929 
cm-1 represented the sp3 C-H stretch while the peak at 1735 cm-1 was the 
C=O stretching vibrations of esters. The presence of hemicelluloses was 
signified by a medium peak at 1639 cm-1 because it is the characteristic band 
of stretching carbonyl groups of hemicelluloses [13]. The CH2 bending was 
represented by the medium peak at 1429 cm-1. There were two medium peaks 
observed at 1377 and 1319 cm-1 which are the O-H bending of phenols. The 
broad and strong overlapping bands from 1157 - 1035 cm-1 indicated the C-O 
stretching vibrations and these absorptions may have occurred due to the 
phenolic structure [14]. 
 By comparing the spectrum before and after adsorption, there was no 
big difference in the shape and intensity of the peaks. The O-H stretching 
vibrations at 3411 cm-1 shifted to 3421 cm-1. The sp3 C-H stretching band was 
shifted from 2929 to 2933 cm-1. The CH2 bending shifted from wavenumber 
1429 to 1431 cm-1. This could be related to the limitations in the sensitivity the 
instrument. In some of the previously reported works involving the adsorption 
studies by using other agro-based materials, the FTIR spectra before and after 
the adsorption process were also were similar to each other [15-17]. 
 

Scanning Electron Microscopy (SEM) Analysis. Figures 1(a) and 1(b) 
showed the SEM micrographs of peanut husks before and after adsorption of 
MB, respectively. A smoother and more even surface was observed in the 
micrograph of peanut husks before adsorption of dye. The surface of peanut 
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husks after adsorption was uneven and rougher compared to the raw peanut 
husks. This is most probably due to the adhesion and agglomeration of MB 
dye molecules onto the peanut husks, which also shown that peanut husks 
have the ability to remove MB from solution by adsorption. 

 

   
a)                                                          b) 

Figure 1 SEM micrograph of peanut husks with 8000× magnification:  
a) before adsorption b) after adsorption 

 
 Atomic Force Microscopy (AFM) Analysis. The AFM micrographs in 
Figures 2(a) and 2(b) presented the surface topology of peanut husks before 
and after adsorption of MB, respectively. The dark areas were more evident 
on the surface of peanut husks before the adsorption. The distribution of dark 
and light areas was quite average. The surface of peanut husks after 
adsorption was smoother because the pores were saturated with MB dye 
molecules. Besides, it can be observed that a lighter colour surface was in 
dominant indicating that they were almost at the same level. These results 
further confirm the ability of peanut husks to adsorb MB. 
 

   
a) b) 

Figure 2. AFM micrograph of peanut husks a) before adsorption of MB;  
b) after adsorption of MB 
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 Batch Adsorption Studies 
 Effect of contact time and initial dye concentration. Figure 3 showed 
the percentage uptake of three different concentrations of MB: 25, 50 and 
100 mg/L by peanut husks from 0 to 240 minutes. The trend of adsorption was 
similar for all three concentrations of MB. The percentage uptake increases as 
contact time increases and the adsorption rate was high in the first 30 minutes. 
Then, percentage uptake of dye increases gradually until the equilibrium was 
achieved after 180 minutes.  
 

 
Figure 3. Effect of contact time and initial dye concentration on  

percentage uptake of MB 
 
 
The adsorption was rapid in the beginning of the experiment because 

of large number of unoccupied adsorption sites available on adsorbent 
surface and the electrostatic attraction between surface of adsorbent, which 
is peanut husks and adsorbates, MB dye solution. After the first 30 minutes, 
the rate of adsorption decelerates and the percentage uptake reached its 
maximum after 180 minutes because all the adsorption sites were fully occupied 
by dye molecules [18]. As seen from Figure 3, the percentage uptake of MB 
decreases as the concentration of MB increases. When MB concentration is 
high, number of dye molecules available for binding also increases. However, 
the number of vacant binding sites remain the same and binding sites are 
easily saturated with dye molecules. The amount of dye molecules to binding 
sites ratio is large causing dye molecules to have lower chances to interact 
with binding sites. Hence, resulting in the decrease in percentage uptake of 
dye [19,20]. 
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Effect of pH. Figure 4 illustrated the percentage uptake of MB at various 
pH values. The adsorption of dye can be greatly influenced by the surface 
charges of adsorbent and also the dye molecules. MB is a cationic dye which 
will be attracted to the negatively charged surface. So, the percentage uptake 
of MB will be enhanced when the surface of peanut husks is more negatively 
charged.  

 

 
Figure 4. Effect of pH on percentage uptake of MB 

 
 
The range of pH 4 to 10 was the optimum pH for maximum MB uptake. 

At pH 2 which is a highly acidic condition, only 47.36 % of MB has been 
removed. The percentage uptake has increased drastically from 47.36 % to 
92.58 % at pH 4. The pHpzc of peanut husks was determined to be 4.7. At pH 6, 
where pH > pHpzc, the percentage uptake increased to 95.40 % and remained 
almost constant until pH 10 which is 96.60 %, the highest percentage uptake. 
At pH < pHpzc, the functional groups on the adsorbent surface will undergo 
protonation and become positively charged with the addition of protons. 
Therefore, the electrostatic repulsion between positively charged peanut husks 
surface and cationic MB molecules resulted in the decrease in adsorption of 
dye molecules. At pH > pHpzc, the situation reversed where the percentage 
uptake of cationic MB dye increased. The peanut husk will have a negatively 
charged surface when pH > pHpzc because positively charged groups on the 
adsorbent start to deprotonate. This condition favours the adsorption of cationic 
MB dye because of the electrostatic attraction between peanut husks surface 
that is having negative charge and positively charged MB dye molecules [5,21]. 
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Effect of adsorbent dosage. The percentage uptake of MB by using 
different amount of peanut husks was presented in Figure 5. The lowest 
percentage uptake was observed for 0.01 g of peanut husks which was 
86.51 % and the highest percentage uptake of MB dye, 94.82 % was observed 
for 0.06 g of peanut husks. According to Salleh et al. [5], this is due to 
increase in number of adsorption sites available for the attachment of dye 
molecules as adsorbent dosage rises. The amount of dye molecules to binding 
sites ratio is small causing dye molecules to have higher chances to interact 
with the binding sites.  
 

 
Figure 5. Effect of adsorbent dosage on percentage uptake of MB 
 
Nonetheless, a slight decrease of percentage uptake at 0.04 g was 

noticed. Sometimes, an increase in dosage may lead the formation of aggregates 
between adsorbents that blocked the adsorption sites. Aggregation of adsorbents 
may cause the reduction in effective surface area and an increase in diffusional 
path length, which subsequently cause a reduction in the percentage uptake 
[22,23].  
 

 Adsorption Kinetic Studies 
 Pseudo-First-Order Kinetic Model. Pseudo-first-order kinetic model 
assumes that the number of vacant binding sites remained and rate change of 
concentration of surface adsorption sites are directly proportional to each other 
[24]. The linear pseudo-first-order model equation is presented as: 
 

log(qe  −  qt) =  log qe −  k1
2.303

t    (1) 
where 
 

qe = Amount of adsorbate adsorbed at equilibrium (mg/g) 
qt = Amount of adsorbate adsorbed at time t (mg/g) 
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k1 = Pseudo-first-order kinetics rate constant (min-1) 
t = Time in minutes 
 

In many cases, the kinetics of adsorption by biological materials are 
described by pseudo-first order kinetics and therefore the adsorption data was 
analysed using this model. However, in this study, it was found that pseudo-
first-order equation did not fit well for the whole range of concentrations 
studied. Besides, the equilibrium adsorption capacities calculated from this 
model gave higher deviations as compared to those determined based on 
pseudo-second-order kinetics model (Table 1). The low R2 values obtained 
based on this pseudo-first-order equation also suggested that this kinetic 
model was not suitable to depict the adsorption of MB by peanut husks. 

 

Table 1. Pseudo-first and pseudo-second-order kinetics model parameters 
Initial 

concentratio
n of MB 
(mg/L) 

Pseudo-first-order Pseudo-second-order Experimenta
l qe 

(mg/g) qe 
(mg/g) 

k1 
(min-1) 

R2 qe 
(mg/g) 

h 
(mg/g∙ 
min) 

k2 
(g/mg∙ 
min) 

R2 

25 14.0540 0.09719 0.7805 16.5622 10.8578 0.03870 0.9999 16.5725 

50 30.2691 0.10179 0.7289 32.0889 21.2766 0.02071 0.9999 31.7514 

100 67.7018 0.09880 0.7362 60.4014 32.0513 0.00831 0.9998 61.3936 

 

Pseudo-Second-Order Kinetic Model. Pseudo-second-order kinetic 
model assumes that the square of number of unoccupied binding sites remained 
and the rate change of concentration of surface adsorption sites are directly 
proportional to each other. In this kinetic model, the rate-determining step is a 
chemisorption because the electrons exchanging or sharing between adsorbate 
and adsorbent involving valency forces [25]. The linear pseudo-second-order 
model equation is presented as: 

 
t
qt

= 1
h

+ t
qe

     (2) 
h = k2qe2     (3) 

where 
 
qe = Amount of adsorbate adsorbed at equilibrium (mg/g) 
qt = Amount of adsorbate adsorbed at time t (mg/g) 
k2 = Pseudo-second-order kinetics rate constant (g/mg min) 
t = Time in minutes  
h = Initial adsorption rate (mg/g min) 
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Graph of t/qt against t of 25, 50 and 100 mg/L of MB solution was 
plotted and the y-intercept the graph can be used to determine h value 
whereas gradient can be used to calculate qe (Figure not shown). Then, by 
using equation 3, the value of k2 can be calculated. The R2 values for 25, 50 
and 100 mg/L of MB were 0.9999, 0.9999 and 0.9998, respectively (Table 1). 
All R2 values are very close to unity, also, the experimental qe and the calculated 
qe are having similar values. The experimental data fitted well into the pseudo-
second-order kinetic model and this model was said to correlate well with the 
experimental data. This model was appropriate to be used to describe the 
adsorption of MB by peanut husks. Therefore, it is suggested that the adsorption 
process may be involving a chemisorption process. Figure 6 showed that the 
experimental data represented by the symbol agreed well with the theoretically 
generated curves. 

 

 
Figure 6. Comparison between theoretical (line) and experimental (symbol) data 

 
 Adsorption Isotherm Studies 
 Langmuir Isotherm Model. Langmuir isotherm model assumes that each 
adsorption site can be occupied by only one adsorbate molecule and the 
number of adsorption sites are fixed. There are no interactions between the 
adsorbate molecules, the adsorbate molecules are adsorbed onto the binding 
sites chemically. It is a monolayer adsorption that takes place on homogeneous 
surfaces [26]. The Langmuir model equation is written as: 
 

qe = qmKLCe
1+KLCe

      (4) 
 

By rearranging equation 4, the Langmuir model equation in linear 
form is written as: 
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Ce
qe

= Ce
qm

+ 1
KLqm

     (5) 
where  
 
qe = Amount of adsorbate adsorbed at equilibrium (mg/g) 
qm = Maximum adsorption capacity (mg/g) 
KL = Langmuir constant related to energy of adsorbent (L/mg) 
Ce = Concentration of adsorbate at equilibrium (mg/L) 
 

The gradient and y-intercept obtained from the linear plot can be used 
to calculate qm and KL values, respectively and they were found to be 
117.6471 mg/g and 0.1540 L/mg, respectively (Table 2). Based on the qm 
value, it is suggested that peanut husk is an attractive adsorbent with 
considerable high adsorption capacity towards MB as compared to some 
previously reported works [27-29].   

 
 Freundlich Isotherm Model. Freundlich isotherm model made a few 
assumptions that physicochemical sorption takes place on heterogeneous 
surfaces and it is a multilayer adsorption process. The interactions between 
the adsorbate molecules are present [30]. The Freundlich model equation is 
written as: 

qe = KFCe
 1n      (6) 

 
By rearranging equation 6, the Freundlich model equation in linear 

form is written as: 
log qe = logCe

n
+ log KF    (7) 

where 
 
qe = Amount of adsorbate adsorbed at equilibrium (mg/g) 
Ce = Concentration of adsorbate at equilibrium (mg/L) 
n = Freundlich constant for intensity 
KF = Freundlich constant for adsorption capacity 
 

Figure 7 presented the graph of log qe against log Ce for adsorption of 
MB. By using the gradient obtained from the plot, the n value can be calculated. 
Besides, KF value was determined from y-intercept of the plot. Values of n and 
KF were determined to be 1.7343 and 18.3147, respectively. The R2 value was 
0.9927 which was very close to unity (Table 2). This shows that the equilibrium 
adsorption data is best fitted with Freundlich isotherm model and implies that 
the nature of MB adsorption on peanut husks is a multilayer, physicochemical 
sorption that takes place on heterogeneous surfaces.  
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Figure 7. Freundlich isotherms for adsorption of MB 

 
 Brunauer-Emmett-Teller (BET) Isotherm Model. The assumptions made 
in BET isotherm model are the heat of adsorption is the same for all adsorbed 
layers except the first layer and first layer adsorbates will have the strongest 
interaction with the adsorbent compared to subsequent layers. It is a multilayer 
sorption takes place on homogeneous surface and number of adsorption sites 
are fixed [31]. The equation of BET model is written as: 
 

qe = KBCeqm
(Cs−Ce)�1+(KB−1)�CeCS

��
     (8) 

 
By rearranging equation 8, the BET model equation in linear form is 

illustrated as: 
Ce

(Cs−Ce)qe
= �KB−1

KBqm
� �Ce

Cs
� + 1

KBqm
    (9) 

where 
 
Ce = Concentration of adsorbate at equilibrium (mg/L) 
Cs = Saturation concentration of solute (mg/L) 
qe = Amount of adsorbate adsorbed at equilibrium (mg/g) 
qm = Amount of adsorbate in forming a complete monolayer (mg/g) 
KB = BET constant describing the energy of adsorbate-adsorbent 

 interaction 
 

The gradient and y-intercept from the linear plot of Ce/(Cs-Ce)qe 
against Ce/Cs were utilized to determine KB and qm values (Figure not shown). 
The value of KB was 431 while qm value was 116.0093 mg/g. The Cs value 
was determined by calculating the maximum amount of adsorbate which is 
MB that can be dissolved in minimum volume of solvent. The Cs value of MB 
was 2250 mg/L. Table 2 indicated all the R2 values and parameters obtained 
from Langmuir, Freundlich and BET isotherm models. The R2 value for all 
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three isotherm models were very high, however, the Freundlich isotherm 
model showed a slightly better fit to the experimental data compared to 
Langmuir and BET models. This suggests that the binding sites on peanut 
husks are mostly heterogeneous and since peanut husks are biosorbents 
there may have various kind of surface adsorption sites [32].  
 

Table 2. Values obtained from Langmuir, Freundlich and BET isotherm models 

Langmuir isotherm Freundlich isotherm BET isotherm 
qm (mg/g) 117.6471 n 1.7343 qm (mg/g) 116.0093 
KL (L/mg) 0.1540 KF 18.3147 KB 431 

R2 0.9709 R2 0.9927 R2 0.9717 
 
 

Optimization studies 
 Plackett-Burman (PB) Design. The most important factors that can 
give a significant impact to percentage uptake of dyes can be determined using 
PB [33]. Contact time, adsorbent dosage, pH and initial dye concentration 
were examined using PB design to select the significant factors that bring 
strong impact to the adsorption process. Twelve runs with different experimental 
conditions were performed and an ANOVA table was generated based on 
the experimental results. Table 3 presented the ANOVA results of PB. This 
model has p-value of 0.0010 which indicated that it is significant because p-
value < 0.05. Out of the four factors, adsorbent dosage, pH and contact time 
were identified as the significant factors except initial dye concentration with 
p-value of 0.6416 which is larger than 0.05.  
 

Table 3. ANOVA of PB for adsorption of Methylene Blue by peanut husks 

Source Sum of Squares df Mean 
Square F Value p-value 

Model 11560.91 4 2890.23 17.01 0.0010 
A-Contact time 1441.90 1 1441.90 8.48 0.0226 

B-pH 6782.06 1 6782.06 39.91 0.0004 
C-Initial dye 

concentration 40.19 1 40.19 0.24 0.6416 

D-Dosage 3296.77 1 3296.77 19.40 0.0031 
Residual 1189.55 7 169.94   

Lack of Fit 1189.55 6 198.26   
R-Squared 0.9067 Predicted R-Squared 0.7258 
Adjusted R-Squared 0.8534 Adequate Precision 12.6303 
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 Verification of Plackett-Burman Design Models. Validation of this model 
was done by employing function of desirability. The experimental condition 
with highest desirability generated by the software were performed.  

Response Surface Methodology (RSM). The effect of different variables 
on MB uptake were studied using RSM and the variables involved were 
adsorbent dosage, pH and contact time. RSM generated 20 different sets of 
experiment and an ANOVA table was generated based on the experimental 
results. The ANOVA of RSM were presented in Table 4. The relationship 
between the three significant factors and the percentage uptake of MB were 
illustrated in the modified cubic model shown below: 
 

Percentage Uptake 
= 95.65 + 5.13 * A + 24.89 * B + 11.01 * C - 0.63 * AB - 0.43 * AC -  

8.46 * BC - 4.92 * A2 - 23.21 * B2 - 3.95 * C2 
where 
 
A = Contact time 
B = pH 
C = Adsorbent dosage 

 
The p-value of model of experiment is smaller than 0.0001 as seen 

in Table 4 indicated that it was significant. Similarly, the p-value for the three 
significant factors were also less than 0.05. The high R2 value which was 
0.9890 showed that the experimental results agreed well with the expected 
results.  The  adjusted  R2  was  0.9791 while  the  predicted  R2 was  0.8378.  

 
Table 4. ANOVA of RSM for adsorption of Methylene Blue by peanut husks 

Source Sum of Squares df Mean 
Square F Value p-value 

Model 12491.99 9 1388.00 99.94 < 0.0001 
A-Contact time 263.38 1 263.38 18.96 0.0014 

B-pH 6194.90 1 6194.90 446.05 < 0.0001 
C-Dosage 1212.26 1 1212.26 87.29 < 0.0001 

AB 3.16 1 3.16 0.23 0.6439 
AC 1.45 1 1.45 0.10 0.7536 
BC 572.85 1 572.85 41.25 < 0.0001 
A^2 66.60 1 66.60 4.80 0.0534 
B^2 1481.26 1 1481.26 106.65 < 0.0001 
C^2 42.88 1 42.88 3.09 0.1094 

Residual 138.88 10 13.89   
Lack of Fit 138.88 5 27.78   

 R-Squared 0.9890 Predicted R-Squared 0.8378 
 Adjusted R-Squared 0.9791 Adequate Precision 34.0345 
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They agreed with each other reasonably. Coefficient of variance (CV) was 
determined to be 4.68 % which showed that the reliability and precision of 
this model is high. The adequate precision obtained was 34.0345 which indicated 
an adequate signal because it is greater than 4. Ratio of signal to noise can 
be measured by adequate precision.  

Figure 8 presented the 3D surface plot for the correlation between 
percentage uptake of MB, contact time and pH. Maximum dye uptake was 
observed at long contact time and high pH. As contact time increases, only a 
slight change in the percentage removal was observed because the equilibrium 
time has been reached. The maximum adsorption capacity of adsorbent can 
be determined at equilibrium time [33]. The percentage uptake increases as pH 
increases and remained almost constant after pH 6. High pH condition favours 
the adsorption of cationic MB dye because the positively charged groups on 
the adsorbent start to deprotonate and leads to high electrostatic attraction 
between peanut husks surface and cationic MB molecules.  

 

 
 

Figure 8. 3D surface plot for the percentage uptake of MB by peanut husks as a 
function of pH and contact time at 50 mg/L of initial MB concentration 

 
 

Figure 9 illustrated the 3D surface plot for the relationship between 
percentage uptake of MB, adsorbent dosage and contact time. The trend of 
percentage uptake versus contact time is very similar to the one observed in 
Figure 8. As adsorbent dosage increases, the uptake of MB also increases. 
This is because there are more surface area and increasing number of 
vacant binding sites for attachment of dye molecules.  
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Figure 9. 3D surface plot for the percentage uptake of MB by peanut husks as a 
function of adsorbent dosage and contact time at 50 mg/L of initial MB concentration 

 
Figure 10 illustrated the 3D surface plot for the relationship between 

percentage uptake of MB, adsorbent dosage and pH. The percentage uptake 
increases as adsorbent dosage increases and has the same pattern as 
observed in Figure 9. The trend of percentage uptake versus pH is also very 
similar to the one observed in Figure 8 where the percentage uptake 
remained almost constant after pH 6. 

 

 

Figure 10. 3D surface plot for the percentage uptake of MB by peanut husks as a 
function of adsorbent dosage and pH at 50 mg/L of initial MB concentration 
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Verification of Response Surface Methodology Models. The equation 
generated was validated by performing the experiment under conditions with 
highest desirability. Percentage of differences calculated between expected 
and experimental results for each set of experiment was within 0.05 - 5.16 %. 
The percentage differences are considered low and this indicates that the 
generated model equation is valid. 

 
 

CONCLUSIONS 
 
Peanut husks were found to be a potential adsorbent to remove MB 

dye solution in this study. In FTIR analysis, there was no significant shift 
before and after adsorption of dye showing that the functional groups on 
peanut husks remained the same. SEM and AFM analysis further confirmed 
that there is adsorption of MB dye occurred on peanut husks by observing 
the surface morphology after adsorption and compared with peanut husks 
before adsorption. A good fit of experimental data into pseudo-second-order 
kinetic model suggested that chemisorption process was involved in this 
study with R2 close to unity. In the isotherm study, compared to Langmuir 
and BET models, Freundlich model with R2 of 0.9927 showed a slightly better 
fit to the experimental data. PB was performed to determine the significant 
factor in the removal of MB by peanut husks. Adsorbent dosage, pH and 
contact time were determined as the significant factors in this experiment. 
The optimum level of each significant variable to reach the maximum 
percentage uptake of dye was determined using RSM and a modified cubic 
model equation was generated. The percentage of differences calculated for 
each set of experiment was below 6 %. Optimum condition was reached at 
120 minutes of contact time, pH 10 and 0.035 g of adsorbent. 
 
 
EXPERIMENTAL SECTION 
 
 Preparation of adsorbent 
 Peanut husks were chosen as the adsorbent to be studied in this 
project. The peanut husks and kernels were first separated. The husks were 
washed thoroughly with water. Then, the husks were sun-dried for a few days 
and followed by drying in an oven for 24 hours at 65 ℃ to ensure the moisture 
was completely removed. The dry peanut husks were grounded with a 
blender into powder form and screened through a 1 mm sieve. The samples 
were then stored in a glass media bottle with silica gel. 
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 Preparation of Methylene Blue solution 
MB solution was chosen as the adsorbate in this study. The molecular 

weight of MB is 319.85 g/mol and its molecular formula is C16H18ClN3S. The 
stock solution of 1000 mg/L was prepared by using a 1 L volumetric flask. 
Then, it was stored in a dark place to prevent degradation from direct sunlight. 
Dilution technique was then applied for the preparation of working solution. 

 
Characterization of adsorbent 
Fourier Transform Infrared Spectroscopy. The functional groups present 

on peanut husks can be studied using FTIR spectrometer model Spectrum 
RX1. The dried peanut husks were ground with KBr powder to a homogenous 
mixture and vacuum pressed into pellets for analysis. Both peanut husks 
before and after adsorption of dye were analysed at the wavenumber ranging 
from 4000 – 400 cm-1.  

 
Scanning Electron Microscopy. The surface morphology of peanut 

husks before and after adsorption of dye were studied at emissions current 
of 4.0 kV using SEM model JEOL-JSM-6701F. 

 
Atomic Force Microscopy. The surface topology of peanut husks before 

and after adsorption of dye were studied using AFM model Park XE-70 AFM. 
 
Batch experiments 
A 0.03 g of peanut husks was added into a centrifuge tube containing 

20 mL of MB solution. The mixture was agitated for 3 hours with 150 rpm on 
an orbital shaker. A control set without peanut husks was performed 
simultaneously to prove that the dye adsorption is because of the presence 
of peanut husks instead of the centrifuge tube wall. The mixtures were then 
centrifuged at 7000 rpm for phase separation. Dye concentration of 
supernatant was analysed at 664 nm which is the maximum wavelength of 
MB by using a UV-Vis spectrophotometer. All batch experiments were done 
in duplicate and mean results were obtained. Equation below was used to 
calculate the percentage uptake of dye:  

 

Percentage uptake =  
Co − Ct

Co
× 100 % 

where 
 
Co = Initial MB concentration (mg/L) 
Ct = MB concentration at time, t (mg/L) 
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 The effect of initial dye concentration was examined by using 20 mL 
of 25 mg/L of MB solution with 0.03 g of peanut husks. The experiment was 
repeated with 50 and 100 mg/L of MB solution. For each solution, at 
predetermined time intervals which are 5, 10, 15, 20, 25, 30, 45, 60, 120, 180 
and 240 minutes, the absorbance of dye was measured and the dye 
concentration was calculated. 
 HCl or NaOH solution of 0.01, 0.1 and 1 M were added dropwise into 
the solution to adjust it to desired pH. A 50 mg/L of MB solution with pH 
ranging from 2 to 10 was prepared for this study. The solution was then 
placed on the orbital shaker at 150 rpm for 3 hours to reach the equilibrium.  
 Different amount of adsorbent ranging from 0.01 g - 0.06 g was added 
into 50 mg/L MB dye solution, respectively. The mixture was then subjected 
to 3 hours of contact time for the adsorption process to reach equilibrium to 
determine the effect of adsorbent dosage on adsorption process. 
 

Optimization studies 
 Plackett-Burman design was performed to eliminate the insignificant 
factors in the adsorption of dye. Contact time, adsorbent dosage, pH and initial 
dye concentration were studied in this analysis. The interaction between each 
significant factor and their optimum levels can be identified by using Response 
Surface Methodology. The factors involved were pH, contact time and 
adsorbent dosage. All experiments were done in duplicates and the mean 
absorbance were obtained. The Design Expert Version 7.1.3 was used in the 
statistical and experimental design of the adsorption process. 
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TESTING MWCNT-COOH/Fe3O4 NANOCOMPOSITE FOR 
THE REMOVAL OF AMPICILLIN FROM SYNTHETIC 

AQUEOUS SOLUTIONS 
 
 

Ildiko LUNGa, Adina STEGARESCUa, Ocsana OPRIŞa, 
Maria-Loredana SORANa,* 

 
 

ABSTRACT. The aim of this paper consisted of the carbon nanotube 
nanocomposite testing for the removal of ampicillin from aqueous solutions. 
To determine the optimum experimental conditions for ampicillin adsorption 
on nanocomposite, several parameters were selected: the pH, initial 
concentration of pollutant, adsorbent dose and contact time. The high-
performance liquid chromatography was used to determine the residual 
ampicillin concentration from aqueous solutions. The best removal of the 
antibiotic on the tested nanocomposite was obtained with an initial 
concentration of 40 mg L−1 with 1 g L−1, pH 2 in 20 min. 
 
Keywords: ampicillin, adsorption, nanocomposite, carbon nanotubes, water 
decontamination 
 
 
 

INTRODUCTION  
 
The innovation and modern development of the antibiotic industry 

have seen a giant leap since the discovery of penicillin by Sir Alexander 
Fleming in 1928 [1]. Contamination of water with polluting agents with an 
increasingly high degree of toxicity, such as heavy metals, organic substances, 
pesticides or antibiotics, has become a major current issue that requires 
finding effective depollution solutions [2]. An intensively addressed field for 
this purpose is nanotechnology because materials with nanometric dimensions 
have large specific surfaces with good adsorption properties [3]. Thus, 
finding new water treatment technologies is essential for a sustainable 

 
a National Institute for Research and Development of Isotopic and Molecular Technologies, 

67-103 Donat, 400293 Cluj-Napoca, Romania,  
* Corresponding author: loredana.soran@itim-cj.ro 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:loredana.soran@itim-cj.ro


ILDIKO LUNG, ADINA STEGARESCU, OCSANA OPRIŞ, MARIA-LOREDANA SORAN 
 
 

 
142 

environment and for preventing the transfer of dangerous substances in the 
food chain, because aquatic environments serve as “repositories” for antibiotics 
from the pharmaceutical industry, hospitals, animal farms, wastewater from 
treatment plants, municipal waste [4]. 

Several methods have been developed to treat antibiotic-contaminated 
waters, such as oxidation, degradation, electro degradation, reverse osmosis, 
nanofilter membranes, catalytic degradation, and adsorption [5]. Different 
adsorbents were used for this process, including adsorbents based on 
agricultural waste, nanomaterials and layered double hydroxides. The main 
adsorption mechanisms for antibiotic removal are the electrostatic attraction, 
π – π interaction and hydrogen bonding. Adsorption is a widely available 
technique due to its high efficiency, operational simplicity and feasibility. 
However, the efficiency of the adsorption method is greatly affected by the 
properties of the adsorbents used [6, 7]. 

The development of carbon-based nanomaterials such as carbon 
nanotubes (CNTs) is of great interest for use in pollutant removal processes, 
due to meeting the criteria required for good adsorption: high specific surface 
area, large pore volume, physical interactions and strong chemicals with 
pollutants, etc. [8]. 

Ampicillin, one of the most widely used antibiotics degrades most in 
an acidic and basic environment, while UV light and heat have a negligible 
degradation effect. Time has only a slight degradation effect [9]. For this 
reason, it is imperative to develop effective materials for their removal from the 
waters. Previous studies reveal that activated carbon has excellent properties 
as an adsorbent for organic contaminants in water. On the other hand, CNTs 
having a much more porous surface than activated carbon makes them ideal 
candidates for the adsorption of bulky organic compounds such as bisphenol A, 
diclofenac, oseltamivir, sulfamethoxazole and ampicillin. The use of CNTs in 
adsorption, filtration or photocatalytic degradation technologies, in the case of 
contaminated waters, is currently limited to small-scale experiments (laboratory) 
and the development of a pilot system for large-scale (industry) is necessary 
[9, 10]. 

In this article, the efficiency of the MWCNT-COOH/Fe3O4 nanocomposite 
in removing ampicillin from synthetic water samples was investigated. The 
preparation and characterization method of the nanocomposite used for this 
study was published in a previous article [11]. 

 
 

RESULTS AND DISCUSSION 
 
Ampicillin (Figure 1) was the antibiotic selected in this study, because it is 

an drug from the category of broad-spectrum penicillin, with indications in various 
bacterial infections located at the respiratory level and otorhinolaryngological 
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infections (bronchitis, pharyngitis, sinusitis) or infections in the digestive system 
and urogenital. 

 

 

Figure 1. The chemical structure of ampicillin.  
 

To establish the optimal conditions for the ampicillin adsorption process 
on the selected adsorbent, the influence of some physico-chemical parameters 
was followed. 
 

Influence of pH 
An important parameter is pH because it can affects the structure of 

ampicillin. Thus, at pHs between 2.9 and 7.2, ampicillin was positively charged, 
while at pHs above 7.2, ampicillin was negatively charged [12, 13]. 

The experiments were carried out by varying the pH between values 
2 and 10 of an initial ampicillin concentration of 40 mg L-1. The mixtures 
obtained from 5 mg of adsorbent and 5 mL of ampicillin solution were stirred 
at 400 rpm for 20 min at a temperature of 25°C. The results obtained are 
presented in Figure 2. 

 
Figure 2. Influence of pH on the extent of ampicillin removal on  

CNT-COOH/Fe3O4. 
 
The degree of ampicillin adsorption on the tested adsorbent increases 

in both acidic and basic media. For the following experiments, the pH value 
2 was selected. 
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Influence of adsorbent dose 
This study was carried out by mixing 5 mL of ampicillin solution 

(40 mg L-1, at pH 2), with different amounts of adsorbent (between 0.25 -  
2 mg L-1). The mixtures were stirred at 400 rpm at 25°C for 20 min, and the 
resulting solution was filtered and analyzed. 

 
Figure 3. The influence of the adsorbent dose on the degree  

of ampicillin removal on MWCNT-COOH/Fe3O4. 
 

The efficiency of the adsorption process increased with the increase 
of the adsorbent dose (Figure 3). A high degree of removal was obtained 
(87.2%) using an adsorbent dose of 2 g L-1. For economic reasons, the 
subsequent studies were carried out using 1 g L-1 of MWCNT-COOH/Fe3O4. 
 

Influence of ampicillin initial concentration  
5 mL ampicillin solution of different concentrations (40-100 mg L-1) at 

pH 2 were stirred with the amount of adsorbent established in the previous 
study (5 mg). The mixtures were stirred at 400 rpm for 20 min at 25°C. 

 
Figure 4. Influence of the initial concentration on the degree  

of ampicillin removal on MWCNT-COOH/Fe3O4. 
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As can be seen from Figure 4, the extent of ampicillin removal 
decreased with increasing initial concentration. Using MWCNT-COOH/Fe3O4 
as adsorbent, the ampicillin removal degree was below 50%. For the 
following studies, the concentration of 40 mg L-1 was chosen. 

Since the adsorption process takes place at a very acidic pH, in this 
study, the degradation of ampicillin was followed over time both in the initial 
solution and in the solutions in which the adsorption of ampicillin was carried 
out with the selected adsorbent. To follow the degradation process, the 
solutions were chromatographically analyzed for 72 h. The results obtained 
are shown in Figure 5. 
 

 
 

 
Figure 5. Ampicillin degradation over time: a) without adsorbent and 

b) with MWCNT-COOH/Fe3O4. 

a) 

b) 



ILDIKO LUNG, ADINA STEGARESCU, OCSANA OPRIŞ, MARIA-LOREDANA SORAN 
 
 

 
146 

As can be seen (Figure 5), ampicillin degrades over time in a strongly 
acidic environment, but to obtain the best and fastest results, it is preferable 
to use especially the nanocomposite MWCNT-COOH/Fe3O4.  

 

Influence of contact time 
Samples of 5 mg of MWCNT-COOH/Fe3O4 were stirred at 400 rpm 

with 5 mL of ampicillin solution of concentration 40 mg L-1 at 25°C, in a time 
interval of 5-20 min. The solute separated a strong magnet was analyzed, 
and the results obtained are presented in Figure 6. 
 

 
Figure 6. Influence of contact time on the removal degree of ampicillin  

on CNT-COOH/Fe3O4. 
 

As the contact time increases, the degree of ampicillin removal on the 
adsorbent increases, reaching to 43.9%. 

 

The proposed mechanism 
The analysis of the results obtained made possible to propose an 

adsorption mechanism for ampicillin on MWCNT-COOH/Fe3O4 nanocomposite. 
This mechanism is presented in Fig. 7. As can be seen from Fig. 7, the 
interaction between ampicillin and MWCNT-COOH/Fe3O4 nanocomposite 
can be governed by hydrogen bonds, van der Walls interactions or polar 
interactions. It is posibble to occur hydrogen bonding or electrostatic interactions 
between the functionalized carbon nanotubes and the antibiotic because the 
adsorbent capacity is maximum in acidic conditions (pH 2) [14, 15]. 
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Figure 7. Mechanism of ampicillin adsorbtion  
on MWCNT-COOH/Fe3O4 nanocomposite 

 
 

CONCLUSIONS 
 
In this paper, the adsorption performance of MWCNT-COOH/Fe3O4 

nanocomposite for ampicillin removal from aqueous solutions has been 
assessed. To establish the optimal conditions for ampicillin removal several 
parameters were studied. Among the studied parameters were the pH, 
adsorbent dose, contact time and the initial ampicillin concentration. A degree 
of approx. 44% of ampicillin elimination was obtained in the following 
experimental conditions: 40 mg L-1 ampicillin concentration in the aqueous 
solution, pH 2, 20 min of contact time with 1 g L-1 adsorbent dose. 

Considering that the concentration of ampicillin in water is much lower 
than that used in this experiment, as well as the magnetic properties of the 
nanocomposite, this can be suitable for ampicillin removal from real effluents. 

 
 

EXPERIMENTAL SECTION 
 
Materials 
Injectable ampicillin was purchased from a local pharmacy. HCl and 

NaOH used for the pH adjustment of the aqueous solutions were purchased 
from Sigma-Aldrich (Germany) and VWR Chemicals, respectively. The 
ultrapure water obtained by a Direct-Q® 3 UV Water Purification System 
Merck (Germany) was used for synthetic solutions preparation used in 
adsorption experiments. The MWCNT functionalized with COOH groups and 
MWCNT-COOH/Fe3O4 nanocomposites were synthesized in our laboratory 
according with the methods published in our previous paper [11].  
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Adsorption studies 
The adsorption process was carried out under static conditions (“batch 

technique”) consisting of contacting a synthetic aqueous solution of the studied 
pollutant species with the adsorbent in a Berzelius glass. The mixture was 
stirred (400 rpm/min) for a certain time, after which the two phases were 
separated with the help of a magnet, and the solute was analyzed. 

The efficiency of the adsorption process is given by the degree of 
removal of the pollutant, which is calculated with the relation: 
 

η (%) =  
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)

𝐶𝐶0
100  

 
where: ƞ (%) represents the degree of removal/retention of the pollutant,  
C0 and Ct (mg L-1) represent the concentration of the pollutant in the solution 
at the initial moment and at time t (min). 
 

Ampicillin determination 
Analysis of ampicillin was performed using a Shimadzu LC2010 high-

performance liquid chromatograph. The analysis of ampicillin from synthetic 
water samples was carried out on a Nucleodur column (100 × 3 mm, 3 µm) 
thermostated at 30°C. The mobile phase used was ultrapure water with 0.1% 
formic acid (A) and acetonitrile (B). Ampicillin was eluted with the elution 
gradient shown in Table 1 at a flow rate of 0.5 mL min-1. The equilibration time 
of the column was 5 min and the injection volume used was 20 µL. Three 
chromatograms were recorded for each sample. 
 

Table 1. Gradient program used for chromatographic separation of ampicillin. 
Mobile phase: ultrapure water with 0.1% formic acid (A) and acetonitrile (B). 

 

Time (min) A (%) B (%) 
0:00 95 5 
1:00 95 5 
9:00 80 20 

10:00 95 5 
15:00 Stop Stop 
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ABSTRACT. In this study, a comparison of walnut-based carbon materials (CM) 
obtained by hydrothermal carbonization (HTC) and HTC in combination with 
steam gas activation (SGA) was carried out. In order to study the effect of steam 
activation on the functional layer formation, the obtained materials were studied 
by SEM, nitrogen adsorption/desorption by Brunauer-Emmett-Teller (BET) 
method, Raman spectroscopy, X-ray diffraction spectroscopy (XRD), X-ray 
fluorescence elemental analysis (XRF). Functional groups (FG) were evaluated 
qualitatively and quantitatively by Fourier transform infrared spectroscopy (FTIR), 
acetone extract analysis of CM by gas chromatography-mass spectrometry (GC-
MS), and potentiometrically Boehm titration. The described mechanism of the 
influence of the base nature on the surface functionality correlates well with 
the results of the powder addition method. The HTC or HTC+SGA treatment 
provides a wide range of possibilities for further controlled modification of the 
carbon sorbent surface for specific adsorption purposes. 
 
Keywords: hydrothermal carbonization, carbon material, thermal carbonization, 
walnut shell, activated carbon, functional layer. 
 
 
INTRODUCTION  
 
Our days, the pollution of water resources with heavy metals (HM) 

and organic compounds (OC) is a great challenge that must be solved to 
assuring a high-quality lifestyle [1,2]. In this context, carbon materials are 
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promising compounds as adsorbents because of their low cost, high specific 
surface area, chemical inertness, and a great variety of surface functional 
groups [3-5]. Also, a chemical modification of CM has beneficial effects 
and is a widely used method to improve the adsorption properties and 
electrochemical characteristics of CM by increasing the specific surface area 
of the sample and forming a functional layer on the activated carbon surface. 

Usually, chemical modification occurs by CO2, H2Ovapor, NaOH, KOH, 
ZnCl2, FeCl3, K2CO3, H2SO4, H3PO4, and HNO3 treatment [9, 10]), but an 
electrochemical modification [6] could be also performed.  

In function of the applied chemical modification procedure the 
following properties can be modified (i) specific surface area (Sspecific) (e.g., 
see the study of macadamia nutshells, corn cobs, and rice husks activated 
with either CO2 or H2Ovapor [8]), (ii) a decrease of the volume of mesopores, 
the degradation of the carbon skeleton, the narrowing of pores if the 
activation treatment with KOH and NaOH occurs at prolonged high 
temperatures [7], (iii) partial destruction of the carbon structure, breaking of 
carbon-carbon bonds, and addition of oxygen leading to the formation of 
carboxylic, anhydride, carbonyl, lactone, phenolic, ketone, lactone, and ether 
groups on the activated carbon surface after treatment with HNO3 of the 
porous carbon material [11]. It should be noticed, that in these cases, the 
pore size distribution and surface area are determined by the ratio between 
the chemical activator and the carbon raw material [12]. 

Either chemical modification or electrochemical modification of CM 
leads to an increase in selectivity and adsorption capacity of heavy metals 
ions and organic compounds and consequently to their use as sensing 
interfaces for catecholamines [13], glucose [14], dopamine, adrenaline, uric 
acid [15, 16], Cu2+, Ni2+, and Pb2+ [17-19] determination. 

It is worth mentioning that last years, much attention is paid to the 
development of sorbents and enterosorbents based on components of plant 
origin and living organisms. Adsorbents of this type are the following: 
alginates [20], pectins [21], and chitin [22]. However, the technologies for 
obtaining such polysaccharides are relatively high energy- and time-
consuming. In addition, enterosorbents have rather low mechanical strength 
and relatively high cost, which limits their widespread use. Consequently, 
agricultural wastes (walnut shells, grape and apricot seeds, spruce and 
pinecones, etc.) are the most promising raw materials for activated carbon 
materials (ACM) preparation [23].  

This work aims to study the carbon materials (CM) based on walnut 
shells and the effect of vapor-gas activation on the formation of a functional layer 
on the surface of the activated carbon (AC). The morpho-structural features of the 
AC were obtained by BET, SEM, XRD, XRF, Raman spectroscopy investigations. 
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Also, FTIR, Boehm’s titration, GC-MS methods were used to explain the 
mechanism of interaction of aqueous solution components with the surface 
of the AC. 
 
 
RESULTS AND DISCUSSION 

 
Study of the basic physico-chemical characteristics of the  
AC samples 
The use of porous structures with high specific surface area and 

different pore size distribution is of key importance for the high capacity of 
the materials in adsorption and electrochemical processes.   

The results of N2 adsorption-desorption analysis by the BET method 
and the pore distribution are presented in Table 1 and Figures 1. The 
treatment of CM with acute water vapor opens the micropores, which leads 
to an increase of Sspecific, evidenced by the increase in the average size of 
micropores from 1.24 nm to 1.74 nm, and the corresponding decrease of the 
percentage of microporosity from 87.5 and 84.09 %, respectively. 

 
Table 1. Results on the specific surface area and porosity  

of activated carbons based on plant waste 
 

Activated 
carbon  

Sspecific / 
m2·g-1 

 

Vtotal / 
cm3·g-1 

VmN2 / 
cm3·g-1 

% of 
micropores 

Micropore 
volume till 
2 nm from 
N2 / cm3·g-1 

Average 
pore  

width / 
nm 

Adsorption enegy 
(Dubinin-

Radushkyevich 
method) / kJ mol-1 

HTC 464.9 0.24 0.21 87.50 0.20 1.24 20.86 
HTC+SGA 738.0 0.22 0.19 84.09 0.16 1.74 14.92 

 
 
The obtained BET results demonstrate that the ACM samples before 

and after activation retain a microporous structure up to 2 nm (Figures 1 inset). 
It can be concluded that the presence of pores no larger than 4 nm in 

the ACM sample after HTC indicates an activated carbon mesoporous 
structure which allows the hydrated ions to penetrate freely into the structure 
of the material. However, as can be seen from Figure 1, the disappearance 
of the pores greater than 4 nm width and the increase of the intensity of pores 
with 2 nm width after activation is probably due to the release of non-carbon 
components, such as oxygen and nitrogen, during the activation process. 
This leads to the formation of a large distribution of micropores in the sample 
structure.  
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Figure 1. Pore size distributions of CM activated by HTC and HTC+SGA. 

 
The adsorption isotherm for the ACM samples after hydrothermal 

carbonization (Figure 2, red line) is described by the Freundlich isotherm. 
According to this, there are adsorption sites with high and low affinity to the 
adsorbate on the heterogeneous surface. The high-affinity sites are engaged 
first, which explains the sharp increase at low pressure. Another reason is 
probably the lateral repulsion between the adsorbed molecules [24]. 

 

  
Figure 2. Nitrogen adsorption-desorption isotherms of CM activated by HTC  

(red line) and HTC+SGA (blue line). 
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The results of nitrogen adsorption isotherms indicate that steam gas 
activation of carbon increases the number of adsorption sites, which leads to 
the hypothesis of additional layer formation, due to the destruction of non-
carbon components of the matrix and the chemical conversion of water from 
the surface.  

To confirm the hypothesis of an increase in Sspecific due to matrix 
destruction, a micrograph of the sample surface was performed. The 
microphotographs of CM after HTC and HTC+SGA activation are presented 
in Figures 3. The surface of powders is shown as textural rough, with pores 
of different sizes distributed randomly. It can be concluded that steam gas 
activation of AC samples leads to an increase in surface area, due to the 
penetration of water vapor in pores. The formation of porous and defective 
carbon structure can be explained by the release of non-carbon elements 
such as H2, O2, and N2 from the carbonizat’s surface during the pyrolysis 
process, with the formation of a rigid carbon skeleton having a rudimentary 
porous structure. The structure of the samples after SGA is represented by 
flaky and round rod-like structures aggregated into larger particles. 

 

        
Figure 3. Surface morphology of CM samples based on  
walnut shells activated by HTC (A) and HTC+SGA (B) 

 
According to the XRF analysis results (Table 2), ACM based on 

walnut shells contains significant amounts of K and Ca and trace amounts of 
other elements. The accumulation of K and Ca by plants and the subsequent 
formation of complexes and compounds based on covalent bonds leads to 
the finding of residual elements in the structure of the carbon matrix either 
after carbonization or after the activation treatment. It is assumed that after 
activation, the content of elements decreases due to the diffusion of ions into 
the aqueous component of the mixture.  
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Table 2. Results of elemental analysis by XRF of ACM based on plant waste 

 Concentration of elements / % 
Mg Si P S Cl K Mn Fe Cu Zn Ca 

HTC 0.16 0.48 0.11 0.05 0.04 2.32 0.04 4.54 0.03 0.03 7.21 
HTC+SGA 0.00 0.22 0.06 0.03 0.02 1.32 0.01 0.59 0.03 0.02 1.89 

 
The effect of steam-gas activation on the crystal structure formation 

was evaluated by Raman spectroscopy (Figure 4, Table 3) and XRD methods 
(Figure 5).  

The Raman spectrum of the CM sample activated by HTC+SGA 
(Figure 4) is characterized by two characteristic bands which are observed 
in the regions of 1580, and 1600 cm-1 and which correspond to the 
undisturbed graphite lattice where the ideal modes of the vibrations of 
graphite lattice have E2g symmetry. At 1620 cm-1 is the characteristic 
graphite scattering peak and the first order D2 band. 

The spectrum of the sample HTC+SGA shows additional first-order 
bands (D bands or defect bands), which are characteristic of disordered 
graphite. Its intensity increases in comparison with the G band as the degree 
of disorder in the graphite structure increases. The most intense of them is 
the D1 band, which appears at 1360 cm-1 and corresponds to the graphite 
lattice vibration mode with A1g symmetry [7]. 

 

 
Figure 4. Raman spectra of CM based on walnut shells activated by HTC  

(black line), HTC+SGA (red line) 
 

Table 3. IG/ID ratio value and La calculation for activated carbons 
 

ID/IG ratio La / nm 
HTC 0.85 4.98 
HTC + SGA 0.67 6.67 
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It was found that the ID/IG ratio decreased after activation with water 
vapor, which indicates an increase in the crystallinity of the sample (Table 3). 
The phenomenon confirms the combustion of non-carbon components, while 
the carbon skeleton remains. A correlation between the ID/IG ratio and the 
crystallite size (La) is observed. This behavior is a consequence of burning 
out the amorphous structure of carbon. The crystallinity of the samples 
demonstrated by Raman investigation was estimated by peak integration. 
It was equal to 94.19 and 70.81% for HTC and HTC+SGA activation, 
respectively [26].  

The diffractograms of CM activated by HTC and HTC+SGA (Figure 5) 
showed wide peaks at 2ϴ ~ 20 - 28o and 44o, which are characteristic peaks 
of raw material based on the plant. The presence of peaks at 2ϴ ~ 20 - 28o 
is confirmed by the amorphous structure of the obtained CM, which is due to 
the nature of the lattice plane structure (002) of the graphite carbon black. 

 

  
Figure 5. XRD spectra of CM activated by HTC (A) and HTC+SGA (B). 

 
 
Determination of functional groups on the carbon samples 
surface 
 
It is necessary to qualitatively and quantitatively determine the 

hydrophilicity and hydrophobicity of carbon materials which are due to the 
distribution and concentration of surface functional groups to further optimize 
the process of chemical and electrochemical modification by selecting modifiers, 
solution pH, electrolyte composition, electrolyte activity, and electrochemical 
modification methods. 

Qualitative and quantitative determination of functional groups present 
on the carbon materials surface was carried out using infrared spectroscopy, 
GC-MS, and potentiometric Boehm titration methods. 
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By FTIR investigation (Figures 6), it was found that the samples 
based on the walnut shell are characterized by the presence of conjugated  
-C=C-, aromatic ring, and Ph- in the interval ν = 1599-1605 cm-1; Ar-OH- at 
ν = 1359.98; -CH2-CO-, -OH, -CN- at ν = 1398-1401 cm-1; Alk-O-CH3, Ar-O-CH3 
at ν = 2831.85 cm-1; -NH-SO-, -CH2-SOH, -CH2-CO-CH2 at ν = 1701 cm-1; and 
the presence of intermolecular hydrogen bonds between ν = 3404-3408 cm-1. 
However, the intensities of the above bands increase for ACM by HTC + SGA. 
In addition, steam-gas activation of carbon promotes the formation of functional 
groups -OH at ν = 3.745 cm-1, -NH-SO-, -CH2-COH-, -CH2-CO-CH2 at ν = 1701 
cm-1, which indicates the formation of the functional layer on its surface. 

 

  
A)                                                             B) 

Figure 6. FTIR spectrum of the walnut shell sample activated by HTC (A)  
and HTC+SGA (B). 

 
According to a literature review, the following functional groups could 

be formed on the surface of the carbon material activated by steam gas 
activation [27]. Thus, carboxyl surface groups (R-COO-, have characteristic 
acidic hydrolysis in aqueous solutions and can form anhydrides if they are 
close to the basal planes of carbon), single hydroxyl groups (-OH, at the edge 
of the "aromatic" layers will be phenolic in nature), carbonyl groups (C=O, 
obtained by the formation of lactones or simple ester groups from adjacent 
carboxyl and hydroxyl groups) are identified [28]. In our case, the GC-MS 
analysis of the samples extracted in acetone shows the presence of polar 
substances with the previously mentioned functional groups: -C=O, -COOH, 
-OH, -C-O-C-, aryl- and alkyl derivatives, -C(O)-NH-R, etc.  The formation of 
polar functional groups on the functional layer of ACM is probably due (i) to 
the chemical interaction of CM with acute water vapor, or (ii) to the chemical 
adsorption of water molecules on the CM surface. The GC-MS results are in 
correlation with the information obtained from the IR spectra. 
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The qualitative determination of surface FG on carbon material 
is insufficient for further prediction of material behavior under conditions of 
chemical and electrochemical modification. For this reason, the potentiometric 
Boehm titration method was performed. As seen in Table 4, the distribution 
of functional group concentrations of different natures, expressed by mols 
per 1 gram or 1 m2 of the CM surface, was calculated. 

 
Table 4. The concentration of functional groups on the CM surface (HTC + SGA) 

 Ci * 103, mol/g Ci *106, mol/m2 
С-ОН С=О -СООН С-ОН С=О -СООН 

HTC+SGA 1.15 0.87 6.31 1.53 1.15 8.37 
 

According to Boehm’s method the phenolic, lactone, and carboxyl 
functional groups follow a neutralization reaction with 0.1 M solutions of 
bases of different strengths: NaOH, Na2CO3, and NaHCO3, respectively. The 
mechanism of the neutralization reaction between the surface organic FG 
and 0.1 M of different base solutions is described below. 

A differential potentiometric titration curve when adding NaHCO3 is 
presented in Figure 7B. The presence of 2 peaks is due to the acid-base 
interaction of the following proposed mechanism (reaction 1): 
 

R-COOH + NaHCO3 = R-COONa + CO2 + H2O, pH = 4 - 5 
where: R is in the carbon matrix of the sorbent. 

Scheme 1 
 
As known, the weak base NaHCO3 has a good affinity to the carboxyl 

group, allowing the reaction (Scheme1) to occur at the carbon FG group - 
solution interface. It is possible to assume the equality of the concentrations 
of carboxyl groups to the average value of N(NaHCO3) (reaction 2) [29]. 

 

 
Scheme 2 
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However, when 0.1 M NaOH is added to activated carbon (Figure 7A), 
an ionization of almost all FGs from the surface of the carbon matrix occurs, 
which is visible on the differential potentiometric titration curve by a single peak. 

According to the literature review, the pKa values of their conjugated 
acids varied from 6 - 8. They form oxonium ions with strong protonic acids, 
that subsequently are stabilized by resonance structures presented in scheme 
3 [30]: 

 
Scheme 3 

 
Also, when the strong base NaOH is added, hydration of the surface 

aldehyde group occurs due to the high nucleophilicity of the hydroxide ion. 
For this reason, the hydroxide ion quickly attacks the positively charged 
carbon by the following mechanism (Scheme 4) [31]: 

 

 
Scheme 4 

 
As a result, the addition of a strong protonic acid leads to the 

formation of hydroxyl groups, which are neutralized by NaOH (reaction 5). 

 
Scheme 5 

 
Functional groups (having pKa in the range of 4 - 10) as carboxyl, 

lactone, and carbonyl groups are neutralized following the reaction (6), when 
Na2CO3 is added (Figure 7C). In this case, hydroxyl groups are not affected 
due to their high hydration energy. 
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Scheme 6 

 
 

 
 

 

Figure 7. First derivative of the titration curves for direct titration of the functional 
groups of ACM with 0.1 M solutions of NaOH (A), NaHCO3 (B), Na2CO3 (C). 
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Powder addition method 
Using the powder addition method, the pH point of zero charge (pHpzc) 

of CM activated by HTC+SGA in 0.01 M solutions of Na2SO4 and K2SO4 were 
determined. Thus, the pH of the solutions was measured after 24 hours that 
СM powders were mixed with Na2SO4 or K2SO4 (Figure 8). With both used 
solvents, the carbon material exhibits basic surface properties due to the 
presence of surface oxygen-containing groups. A plateau is observed on the 
graph at рНi = 4-5, which indicates that the carboxyl and carbonyl surface 
groups are in molecular form. However, it should be noted that the hydroxyl 
groups are also in the molecular form due to the рКа = 9 - 10. There is a 
correlation between pHf - pHi versus pHi in the pH = 4-5 range, which 
suggests that the pKa values of the carboxyl and carbonyl groups are placed 
between 4-6 [32]. 

 
Figure 8. The pHzpc determination for CM activated by HTC+SGA  
estimated in 0.01 M Na2SO4 (red line), 0.01 M K2SO4 (blue line). 

 
The linear decrease of the values of pHf - pHi difference is observed in 

the pH = 5-9 range and is a consequence of carboxyl groups ionization, and 
carbonyl groups dissociation on CM surface. Consequently, the assumed 
mechanism of groups dissociation and ionization follows the reactions 7: 

 

                                             R-COOH = R-COO- + H+              
                                                 R-C=O + e = R-CO- (7) 

 

The complete dissociation of the -OH groups from the surface, 
following reaction 8, corresponding to pHi = 9 - 9.5, is attributed to quinone 
and phenolic groups on the surface. [33]. 
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                                              R-OH = R-O- + H+                                      (8) 
 

It must be noticed that the difference in pHf - pHi values depend on the 
nature of the cation, being with 0.5 pH units higher in the case of Na+ than for 
K+, respectively. This is probably due to less hydration of the K+ cation which 
promotes either its penetration into the pores of the carbon sorbent or the 
establishment of a rapid equilibrium at the carbon-solution phase boundary 
[34]. A consequence of this assumption is the consideration of the series H+ 
< Li+ < Na+ < K+, where the hydration energy decreases from right to left 
according to the electrostatic theory of solvation. Therefore, the Na+ ion has 
the most pronounced acidic properties compared to the K+ ion [35].  

From the results of the powder addition method, it can be concluded 
that the formation of the oxygen-containing functional layer (OFL) on the 
surface is caused by the degree of oxidation of carbon material and the nature 
of the modifier, and can allow acid-base interactions on the surface of the 
carbon material. It can be assumed that the material surface is partially 
protonated and undissociated at pH < 5, and the carbon matrix removes 
anionic particles from the diffusion region of the electrical double layer. But at 
pH > 5, the surface partially acquires a negative charge due to the dissociation 
of carboxyl and carbonyl groups. It is noticeable that the dissociation of 
hydroxyl groups gives an additional negative charge to the surface, at pH > 9.  

Thus, the formation of acid-base centers on the surface of the activated 
carbon material opens the possibility for different applications like the specific 
adsorption of heavy metals from aqueous solutions [17]. 
 
 
CONCLUSION 

 
Activated carbon materials having sorbents properties, based on 

walnut shells were obtained by hydrothermal carbonization with steam gas 
activation method (i.e., HTC and HTC+SGA), respectively. Steam gas activation 
was carried out to increase the porosity and to form a functional layer on the 
surface on the material. BET results and pore size distribution revealed that 
the activation of the carbon sorbent leads to a 2-fold increase in the surface 
area compared with the walnut shell carbonizate. It indicates the opening of 
micropores and their increase due to carbon oxidation (Sspecific = 464.9 m2/g 
for the CM activated by HTC, Sspecific = 738.0 m2/g for the CM activated 
by HTC+SGA). Oxygen-containing functional groups on the surface were 
qualitatively determined by both FTIR and GC-MS measurements. The 
functional groups -OH, -C=O, and -COOH were quantified by potentiometric 
Boehm titration method. The supposed mechanism of the neutralization of 
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the functional groups depending on the nature of the used base is described. 
The powder addition method for pHpzc determination confirms the presence 
of oxygen-containing FG and the results are in good correlation with those 
obtained by titration, FTIR, and GC-MS.  

Thus, the activated carbon sorbent is characterized by acid-base 
centers, which open the way to possible modifications of the surface for 
specific adsorption of heavy metals and organic substances from aqueous 
solutions with modern applications.  
 
 
EXPERIMENTAL SECTION 

 
Reagents and equipment 
The following reagents were used in this work: KBr, K2SO4, Na2SO4, 

acetone, H2SO4 (from Sigma Aldrich), ethyl alcohol, (99%); ultra-high dispersion 
polyethylene powder (UHPP, from GUR®, USA), argon, (from Sigma Aldrich). 
All chemicals were of chem purity. 

 
Methodology of carbon materials obtaining  
Carbon materials (CM) based on walnut shells were obtained by 

hydrothermal carbonization at T = 240 0C for 24 hours (HTC) in a steel 
autoclave reactor. The ratio of the material to water was 1: 2. In order to 
increase the specific surface of CM and the formation of oxygen-containing 
functional groups on the surface, the material was activated by acute water 
vapor at T = 800-850 0C for 60-70 minutes (HTC+SGA). Further, the sorbent 
was crushed to a fraction of 56 µm on a planetary monomill (model 
PULVERISETTE 6, from Fritsch, Russia) [23, 25]. 

 
Methods of carbon sorbents studying  
The nitrogen adsorption/desorption method was used to evaluate the 

carbon sorbents’ morphological features. Sspecific and adsorption isotherms 
were obtained according to the BET polymolecular adsorption model. The 
total pore volume (Vtot) and micropore volume (Vmicro) were calculated using 
density functional theory (DFT). 

The SEM was used to evaluate the surface morphology of the samples 
using a field emission scanning electron microscope (model FE-SEM, equipped 
with an ultra-high resolution field emission scanning electron microscope, 
type Hitachi SU8020, Japan). The content of carbon sorbents mineral 
impurities was determined by X-ray fluorescence spectroscopy (EDXRF, 
using energy dispersive X-ray fluorescence spectrophotometer, type Epsilon 
3 PANalytical B, from Malvern Panalytical, United Kingdom), X-ray diffraction 
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(XRD, using a X-ray diffractometer, type PANalytical, Philips, from Malvern 
Panalytical, United Kingdom, with Cu, Ka radiation, λ - 1.5418 Å), and Raman 
spectroscopy methods (using inVia™ confocal Raman microscope from 
Renishaw, United Kingdom) were used to characterize different allotropic 
modifications of carbon in the sample structure.  

 
Methods the surface charge and surface functional groups 
determination of the carbon sorbents 
The FTIR measurements using a spectrometer (model FSM-1201, from 

LightMachinery, Canada) were performed to qualitatively evaluate the 
functionality of carbon sorbents in the interval of wave number ν = 4000-500 cm1. 
The mass ratio of KBr:CM was 700:1.  

The CM extract in acetone was prepared to qualitatively determination 
of the polar functional groups. A quantity of 0.5 g ACM was added to 5 ml of 
acetone and was ultrasounded for 60 minutes. Then, the obtained suspension 
was filtered using a 0.5 µm pore size membrane filter. The acetone extract 
was analyzed on a GC-MS (model 7890B GC & 5977A MSD, Agilent, USA). 

The potentiometric Boehm titration method determined the nature 
and the quantitative content of oxygen-containing functional groups (OFG). 
For a better wettability of the ACM with basic solutions, the sample was 
prepared as follows. A quantity of 1.000 ± 0.001 gr of ACM mixed with 25.0 
cm3 of bidistilled water was degassed under ultrasound for 10 minutes; then 
0.1 mol/L of NaOH solution was added to flasks, pumped out with air, and 
left for 3 days. The solutions were filtered, and 5 cm3 of 0.1 mol/L HCl was 
added. The titration was done with a freshly prepared 0.1 mol/L NaOH solution 
and the equivalence point was estimated by potentiometry. Titration was 
carried out with a potentiometric automatic titrator (model ATP-02) equipped 
with a glass electrode.  

The amount of NaOH used to neutralize the functional groups (Ni) 
was calculated according to the literature [36].  

According to the stoichiometry, the neutralization reaction C(-COOH) 
is equal to the average value of N(NaHCO3); C(-C=O) = N(Na2CO3) – 
N(NaHCO3); C(-OH) = N(NaOH) - N(Na2CO3). 

The method of powder addition was used to determine the pH at 
which the surface charge of the activated carbon (ACM) is zero. A 0.01 M 
Na2SO4 and 0.01 M K2SO4 were used as electrolytes. They do not exhibit 
specific adsorption on the ACM. Adjustment of pH between 4 - 10 was 
performed using NaOH, KOH, and H2SO4 solutions without CO2. The initial 
pH of the solution (pHi) was recorded, and a certain amount of ACM (∼5 g/L) 
was added to each test tube and filled with Ar. The final pHf value was 
measured after 24 hours of stirring on a shaker. The рНpzc was calculated as 
the extrapolation to pHf - pHi = 0 from the pHf - pHi = f(pHi) plot. 
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ANALYSIS OF PRODUCTS FROM THE PYROLYSIS OF 
PLASTICS WASTE FROM A PRINTING PLANT: 

A PILOT SCALE STUDY 
 
 

Arnella NECHITA ROTTAa,b, Cristina BOTAa, Balázs BRÉMc, 
Dan Ioan PORUMBc, Emese GÁLc* 

 
 

ABSTRACT. As plastic production increases, new waste management methods 
are required. Chemical recycling, such as pyrolysis, has the potential to raise 
recycling rates taking into account that it can use more waste plastics than 
standard mechanical recycling. Four types of bits of plastic: polyethylene (PE), 
polypropylene (PP), polystyrene (PS), and biaxial-oriented polypropylene (BOPP) 
fractions from the printing plant were collected; the possibility of recycling them by 
batch pyrolysis was investigated. Characterization of the obtained pyrolysis 
oils was carried out by gas chromatography-mass spectrometry (GC-MS), the 
analysis showed a mixture of aliphatic (saturated and unsaturated) compounds, 
in the case of PE and PP, while in the case of PS, aromatics and low quantities 
of other hydrocarbons were detected. In the case of BOPP the distribution of the 
pyrolysis products is not as uniform as in the case of PE, PP, or PS plastic 
samples. The FT-IR results showed clear peaks of aliphatic compounds in two 
liquid oil samples of PE, and PP that further confirmed the GC-MS results. More 
than 60% monomer (styrene) can be recovered from the PS pyrolysis, besides 
other aromatic compounds in low concentration. The pyrolysis oils have a 
reasonable heating value (calorific value) in the range of 36–45 KJ/g, close to 
conventional diesel. Therefore, the pyrolysis oils has the potential to be used 
as an alternative source of energy as fuel, after blending with conventional 
fuel, or heating combustion products. The research results will contribute to the 
development of waste valorization via plastic upcycling from a printing press, 
without using an expensive catalyst or reactor system.  
Keywords: thermochemical process, plastic upcycling, pyrolysis oil, GC/MS 
analysis, hydrocarbons. 
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INTRODUCTION  
 
Plastic waste are one of the most widespread in nature, their production 

and consumption are increasing at an alarming rate, due to, both population 
and economic growth, and lifestyle changes which have the greatest impact. 
The resulted global plastic waste doubled between 2000 and 2019, reaching 
353 million tons. Only 15 % is collected for recycling, just 9 % is successfully 
recycled, another 19 % is incinerated, and 50 % is landfilled. At this rate  
the estimated plastic waste generation will be almost triple by 2060 [1, 2]. 
According to a new report of the Organization for Economic Cooperation and 
Development, in the European countries, the amount of plastic waste generated 
annually per person is around 114 kg [3]. During last years pyrolysis has 
received a lot of attention both in the industrial and scientific communities as 
a promising, versatile procedure in order to convert plastic waste into 
valuable resources [4]. Chemical recycling such as pyrolysis, can significantly 
increase the recycling rates due to the fact that this procedure can convert a 
wide range of waste plastics in contrast to the traditional mechanical recycling 
procedure [5]. Pyrolysis is a common technique used for thermal degradation 
of waste plastics at different temperatures, to convert them into energy, in 
the production of solid, liquid, or gaseous fuels. In comparison to incineration 
and gasification, pyrolysis occurs in the absence of oxygen, resulting lower 
CO2 emissions and lower amount of toxic impurities [6, 7, 8]. A variety of 
catalysts [4, 11], reactor types [9], and temperature intervals [10] are described 
in the literature, but fine-tuning an efficient and selective pyrolysis process to 
narrow the product distribution for commercial production remains difficult. 
During pyrolysis, long-chain organic molecules are broken into smaller 
hydrocarbons, the produced pyrolysis oil can be used as fuel for turbines, 
boilers, furnaces, etc. Depending on the chemical structure, different plastics 
have different degradation temperatures. The thermal degradation temperature 
for common plastics starts at 350 ⁰C, but in the case of PVC the degradation 
temperature starts at 220 ⁰C; furthermore, obtaining the appropriate product 
(oil, gas or char) is heavily influenced by the operating temperature. In the 
case of PE and PP, without using any catalyst and applying a higher pyrolysis 
temperature, at 500 - 600 ⁰C, the resulting products are mainly C20+ 
hydrocarbons, as solid wax at room temperature. In the thermal cracking 
procedure of PE, the resulting product mixture is mainly C1-C4 (gases) and 
C5-C10 non-aromatic hydrocarbons and waxes respectively [13]. A few research 
works have been reported on the pyrolysis of BOPP, however, mixed plastic 
waste of different multilayer plastics with a variety of catalysts, such as ZSM-
5 zeolite, Ni/Al2O3, ZnO, etc., can be found in the literature [20, 21]. 
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A lower temperature range is recommended, 300-500 °C if the desired 
product is liquid/ pyrolysis oil, and this condition is applicable for all plastics 
waste types [12]. Pyrolysis involving a feedstock, without any catalyst, can 
be considered the baseline of the pyrolysis processes, popularly referred to as 
thermal pyrolysis [22]. In non-catalytic pyrolysis, long-chain polymers are broken 
into smaller fractions, carbon-carbon linkage can be broken randomly, no 
rearrangement of the fragments occurs, resulting a wide distribution of products.  

J. Lee and coworkers studied the low-density polyethylene (LDPE) 
waste pyrolysis conditions, both using H-ZSM-11 catalyst and without catalyst. 
The temperature range applied in the pyrolysis test was between 500 - 900 °C. 
Using the H-ZSM-11 catalyst, was observed increased pyrolytic gas and 
propylene yield, which was attributed to propane dehydrogenation promoted 
by the catalyst via monomolecular and protolytic pathways. In the case of 
non-catalytic pyrolysis, it was found that the distribution of the fuel-range 
hydrocarbons in the pyrolytic liquid was dominated by motor oil-range 
hydrocarbons, over 50% of the obtained product quantities [15]. The use of 
acidic H-ZSM-11 catalyst dramatically increased the yield of pyrolytic gas 
[14]. The quantities of pyrolytic gas in non-catalytic experiments did not 
exceed 30% even at high temperatures (900 °C) [15].  

Compared to other solid waste, plastics have some unfavorable 
pyrolytic properties, such as low thermal conductivity, stickiness, low softening 
and melting temperatures; to achieve the most favorable product composition 
and minimize secondary reaction possibilities it is very important to use the 
appropriate pyrolysis reactor. Several reactor configurations have been 
proposed and developed to minimize heat transfer limitations and avoid 
common processing issues in the waste plastics pyrolysis [16, 17, 18].  

The batch reactor producing pyrolysis oil available on the market is 
produced by a Japanese company; in this equipment PS, PP, and PE can 
be pyrolyzed at a relatively low temperature, producing high yields of 
pyrolysis oil [19]. 

The most widely used equipment for pyrolysis oil characterization is 
GC-FID/MS, an analytical method that can provide precise chemical 
compositions, and quantitative content as well. Fourier Transform Infrared 
Spectroscopy (FT-IR) is also used to analyze the pyrolysis oils and the wax/ 
char product. The C-H stretching vibrations of the -CH3, -CH2, and -CH groups 
appeared at 2800–3000 cm-1; the presence of olefins can be identified due to 
the presence of C=C stretching vibration bands, which can be observed at 
approximately 1640–1650 cm-1.  

The factors that influence the oil conversion rate are: the type of 
plastic (PE, PP, PS, BOPP), the quality and quantity of additives and the 
proper temperature range of the pyrolysis process. The main objective of this 
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study was to evaluate the pyrolysis process and the obtained products, using 
a commercially available pyrolysis batch reactor in a non-catalytic process 
for the valorization of plastic waste to fuel-range chemicals.  
 
 

Characterization of plastic waste and pyrolysis product 
 
Product Analysis 

The obtained pyrolysis oil was characterized using different techniques 
such as GC-MS and FT-IR; the physicochemical and thermal characteristics 
of pyrolysis oil were analyzed using ASTM methods. The caloric values of 
pyrolysis oil from different types of plastic waste were measured following 
the standard ASTM D240 [30] method with a Bomb Calorimeter (Parr 6200 
Calorimeter) instrument. The flashpoint was determined using a Cole-Parmer 
Koehler K16000 Pensky-Martens automatic analyzer. The density was measured 
using a DMA 4500 densimeter. Three replicates measurements were performed. 
Aniline point or "aniline point temperature," is the lowest temperature (°F or °C) 
at which equal volumes of aniline (C6H5NH2) and the resulting oil form a single 
phase. The relative aromatic content of the oil is indicated by its aniline point, 
determined with an aniline point apparatus.  

The results of these measurements for each pyrolysis oil are 
summarized in Table 1. The density of obtained pyrolysis oil from PE and 
PP ranged from 0.72-0.76 g/cm3, which is lower than diesel density 
(0.7999g/cm3), but a higher density value was obtained in the case of PS, 
which was 0.92 g/cm3. The flash point of a liquid fuel is defined as the lowest 
temperature at which the vapors above the liquid ignite when an external 
flame is applied. It is considered an important parameter in fuel handling to 
prevent fire hazards during storage. The flash points of the liquid fractions 
start at 21 °C for PE and 37 °C for BOPP, respectively which are comparable 
with light petroleum distillate fuels. The flashpoint values for the obtained 
pyrolysis oils are much smaller than in the case of diesel, which corresponds 
to the data found in the literature [23].  

The aniline point measurement is useful in order to determine the 
presence of aromatic compounds in fuel samples. The aniline point temperature 
in highly aromatic samples is low, 21.7 °C for the pyrolysis oil obtained from 
PS; however, in other liquid products this value is much higher, indicating 
low concentration in aromatic compound fractions. 

The calorific value is one of the most important characteristics used 
to evaluate the quality of fuel for future applications. Calorific values of pyrolysis 
oil obtained from various plastic waste vary from 36.67 KJ/g-45.10 KJ/g, the 
lowest value was obtained in the case of BOPP; these values are found to 
be similar to those reported in the literature [20].  
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Table 1. Physicochemical and thermal properties of the obtained pyrolysis oil. 
 

S. 
No Param. Unit PE 

white SD* 
PE 

with 
ink 

SD* PS SD* PP 
transp. SD* BOPP 

with ink SD* 

1 Density 
(at 20°C) 

g/ 
cm3 0.7596 0.031 0.7648 0.027 0.9252 0.045 0.7631 0.052 0.7251 0.058 

2 Flash 
point °C 22 0.520 21 0.630 30 0.487 22 0.358 37 0.421 

3 
Gross 
Caloric 
Value 

KJ/g 44.78 1.342 42.48 1.536 41.81 0.943 45.10 1.502 36.67 1.605 

4 Aniline 
point °C 72.2 2.557 67.8 1.867 21.7 1.056 67.6 1.842 57.7 2.067 

5 
I.D. 

(diesel 
index) 

 86.83 - 80.65 - 47.57 - 81.09 - 84.65 - 

*SD was calculated from triplicate analysis results 

 
Chemical fingerprinting of pyrolysis oil 
 
The chemical composition of pyrolysis oil was performed through GC-

MS (Shimadzu equipped with an AOC-20i+s injector, and a ZB-Wax MS 
capillary column (30 m × 0.25 mm, 0.25 µm film thickness, Phenomenex). 
The temperature of the injector was set to 285 °C and the MS transfer line 
was set to 220 °C. The oven temperature was held at 40 °C, for 15 min, then 
programmed to rise from 40 °C to 320 °C, at 5 °C/min, and held at this 
temperature for 15 min. The carrier gas was helium (99.99990% from Linde), 
at a constant flow rate of 0.80 mL/min. The injection volume was 1 µL, made 
in split mode (50:1). The detector was set to electron impact mode (EI, 70 
eV) with an acquisition range (m/z) from 35 to 800 in scan mode. NIST (NIST 
27, 147 libraries) mass spectral database was used to compare the mass 
spectra of the unknown organic compounds and the peak percentages were 
assessed for their total ion chromatogram (TIC) peak area.  

The functional groups in pyrolysis oil were confirmed by FT-IR 
measurements, Bruker Vector 22 instrument. The analysis was performed 
using 20 scans with an average of 4 cm-1 IR signals, within the wavenumber 
range 500-4000 cm-1. 

The presence of aliphatic/ aromatic compounds in pyrolysis oil was 
also confirmed by NMR (1H, 13C) measurements in deuterated chloroform 
used as the standard for the chemical shift δ= 7.27 ppm for 1H and δ=77.0 
ppm for 13C, on Bruker Avance 600 MHz spectrometer.  
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RESULTS AND DISCUSSION 
 

Pyrolysis product yield (oil, wax, and gas) was estimated based on 
the weight obtained for the wax and oil at the end of the pyrolysis process, 
which is given in Figure 1.  

 

 
Figure 1. Pyrolysis product yield, using plastic waste in pyrolysis experiments. 

 
 
In the case of thermal pyrolysis (without catalyst) the ratio of the 

obtained products is influenced by the initial plastic waste, and the used ink 
on plastic has little influence on the pyrolysis product amount. The input 
quality of waste plastics determines the quality and quantity of desirable 
products. The yield of the liquid fraction obtained from PP waste PP (~80%) 
is similar to the value described in the literature [24].  

The obtained char from the waste plastics pyrolysis varied in the 
range of 5-45%, depending upon the type of plastic used. The percentage of 
char formation seems to be higher in the case of PE white and printed. The 
amount of char in the case of PP and BOPP is almost identical. The yield 
distribution of three product types (oil, char, and gas) in the case of PS 
pyrolysis is 72.2%, 14.8%, and 13%, respectively, which are comparable with 
data reported in the literature obtained using catalysts [26]; the liquid product 
is the main pyrolysis product in both cases.  

The obtained wax from PE pyrolysis is brownish with high viscosity at 
room temperature, the char from PP pyrolysis is blackish with a non-compact 
structure, and are predominantly composed of alkanes and alkenes 
hydrocarbons, which is also confirmed by FT-IR analysis.  
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Analysis of pyrolysis oil through GC–MS showed significant production 
of a large fraction of unsaturated hydrocarbons including linear alkenes 
(dienes, trienes). Mid-chain b-scission reactions of midchain secondary alkyl 
radicals are generally responsible for the formation of linear alkenes. 

From the pyrolysis of PP, a complex mixture of liquid oil containing 
saturated hydrocarbons and olefins can be obtained. Aromatic compounds 
are obtained when the pyrolysis took place in presence of a catalyst; in our 
case, without using a catalyst, in the GC/MS analysis no aromatic compounds 
were detected. Supriyanto et al. [26] proposed a mechanism in which they 
explained the PP pyrolysis products formation, including the formation of 2,4-
dimethyl-1-heptene (~28%), the main compound found in PP oil (Fig. 2. A). 
The presence of 2,4-dimethylhept-1-ene in high yield can confirm that, during 
the thermal decomposition of polyolefines, the isomerization reaction is widely 
preferred. Taking account that the raw material for BOPP is polypropylene 
(PP), the resulting pyrolysis oil in the same condition, yielded the same 
product, but in higher yield of 2,4-dimethyl-1-heptene 37% (Fig. 2. B). The 
main components of pyrolysis oil from BOPP are largely the same as those 
of PP oil.  

The liquid fuel can be classified into light (C7 – C11), middle (C12 – C20), 
and heavy (C21 – C36) fractions [27]. In the composition of pyrolysis oil obtained 
from PE (white, and with ink) no aromatic compounds could be identified. 
The components of the liquid fuel were mainly 1-alkenes and n-alkanes 
ranging from C8 to C24. In the sample obtained from PE white (Fig. 2. C), the 
most abundant alkanes are C8, C11, C13, and C17; these compounds are 
present in large quantities (<4%). However, the specific component 
proportions of the liquid fuels were different. The most abundant saturated 
hydrocarbon contained in the sample obtained from PE with ink (Fig. 2. D) is 
C15 (<5%), and the middle fraction is in a larger quantity (<50%). Based on 
GC/MS analysis no saturated branched hydrocarbons could be detected in 
any of the PE pyrolysis oil as described by E. Hajekova and coworkers, which 
explained the formation of linear hydrocarbons using the free-radical 
mechanism of thermal degradation [28]. 

The PS pyrolysis oil (Fig. 2. E) contains a major compound, in these 
conditions, more than 68% is the monomer, styrene, and the other resulting 
compounds are also aromatic compounds; toluene and ethyl benzene also 
appear in lower concentrations - between 5-10%.  
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D. 

 
E. 

 

Figure 2 A-E. Distribution of compounds in pyrolysis oil based on GC/MS analysis 
 

According to GC/MS analysis, pyrolysis of PE-type plastic waste led 
to more than 50% saturated hydrocarbons; the presence of printing inks has 
little effect on the quality of the compounds in the oil. In the case of PP and 
BOPP pyrolysis oil, the major components were unsaturated hydrocarbons, 
while most of the PS pyrolysis oil consists in aromatic compounds, with a 
high percent of styrene (Fig. 3).  
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Figure 3. Distribution of hydrocarbon types in pyrolysis oil  

based on GC/MS analysis 
 
 

The chemical composition of pyrolysis oil, by different functional 
groups, was studied using FT-IR. The obtained data corroborated with GC-MS 
measurements revealed the presence of aliphatic functional groups in the PE, 
PP and BOPP pyrolysis oil, and aromatics in PS oil respectively (Fig. 4). 

 

 
Figure 4. Comparison of FT-IR spectra of pyrolysis oil  

obtained from different raw materials 
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The observed peaks at 2853, 2923, and 2956 cm−1 confirmed the 
presence of the CH stretch of alkanes, and 1465 cm-1 CH scissoring from 
saturated hydrocarbons, which was identified in all of the pyrolysis oils from 
PE (Table 2). The aromatic hydrocarbon’s presence was confirmed by the 
observed peak at 3026 cm-1 corresponding to the =C-H stretch, 1493 cm-1 
C=C stretch, 1456 cm-1 C-C stretch from the aromatic ring, and 695 cm-1 for 
C-H also from aromatic compounds (Table 2).  

 
Table 2. FT-IR data of liquid oil obtained from non-catalytic pyrolysis. 

Peaks 
(cm-1) 

PE 
white 

PE with 
ink PP PS BOPP 

with ink Bond Functional group 

695 X  X        C-H “oop” Aromatics 

965       X    C=C bending Alkenes 
(disubstituted, trans) 

1377         X  =C-H bend Alkenes 

1456 X  X        C-C stretch Aromatic (ring) 

1465     X  X  X  C-H scissoring Saturated CH 

1493 X  X  X    X  ring C=C stretch Aromatics 

1640           C=C stretch Alkenes 

2853       X    C-H stretch Alkanes 

2923       X    C-H stretch Alkanes 

2956       X    C-H stretch Alkanes 

3026 X  X  X    X  C-H stretch Unsaturated 

 
The obtained residues (wax) were also analyzed by FT-IR 

measurements, and the identified peaks from 2965, 2921, and 2854 cm-1  
C-H stretch, 1470, and 1465 cm-1 C-H scissoring were attributed to alkanes. 
Peaks from 1381 cm-1 are associated with =C-H bend from unsaturated 
hydrocarbons (Fig. 5). The resulted degradation products were influenced by 
the structure of the original polyolefin. The PP-derived wax is more branched 
as compared with PE-derived wax [28].  

The 1H NMR spectra of PP and BOPP pyrolysis oil showed no 
difference, indicating that their chemical composition is quite similar (Fig. 6. b 
and d spectra). Pyrolysis oil from PP (Fig. 6. b) presents chemical shifts ranging 
from 0.82 to 4.70 ppm for all protons. In the aromatic region of the spectra 
no signals were observed, that could be associated with aromatic protons. 
The doublets from 4.70 ppm are known as the terminal double-bonded protons 
of the methylidene group. 
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Figure 5. Comparison of FT-IR spectra of pyrolysis residue obtained  

from different raw materials 
 

 
Figure 6. a-d Comparison of 1H NMR (CDCl3, 600MHz) spectra of pyrolysis oil 

obtained from different raw materials: a - PS oil; b - transparent PP oil;  
c - white PE oil; d - BOPP with ink oil 
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The multiplet signals at 4.92–5.01 ppm and 5.78–5.85 ppm observable 
in oil samples from PE (Fig. 6. c.) were assigned to protons of the vinyl end 
group. In this region of spectra, other signals from vinylidene and vinylene, 
cannot be observed.  

The 1H NMR spectra sown in Fig. 6. a., displayed typical peaks for a 
monosubstituted aromatic ring (7.44-7.26 ppm) and the vinyl moieties (5.78 
ppm and 5.27 ppm two doublets, and 6.74 ppm doublet of doublets). 

In the 13C NMR spectra (Figure 7) we have observed signals between 
100 and 120 ppm, which corresponds to the alkene sp2 hybridized carbon 
atoms. Signals corresponding to chemical shifts of 109, 111.3, 111.4, and 
145.1 ppm could be assigned to the sp2 hybridization carbon atoms. Also, we 
have concluded that the carbon atoms of the pyrolysis oils with chemical shifts 
from 14.4 to 46.0 ppm could be assigned to paraffinic carbon atoms, these 
signals are present in the PE, PP, and  BOPP  pyrolysis  oils (Fig. 7. b, c, d). 

 

 
Figure 7. a-d Comparison of 13C NMR (CDCl3, 150MHz) spectra of pyrolysis oil 

obtained from different raw materials: a - PS oil; b - transparent PP oil;  
c - white PE oil; d - BOPP with ink oil 
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The aliphatic carbon signals are absent in the PS sample, which is supported 
by previous analyses. In the case of the PS sample, the aromatic region of the 
spectra contains specific signals corresponding to styrene, ranging from 125 to 
137 ppm and an alkene signal at 113 ppm for the sp2 hybridized carbon atom 
(Fig. 7. a). The spectral data obtained show that the pyrolysis products contains 
unsaturated compounds. According to the literature [29], the signals between 
100–150 ppm can be assigned to α-alkenes in the case of paraffinic samples.  
 
 
CONCLUSIONS 
 
 Non-catalytic pyrolysis of various polyolefins (PE white, with ink, PP, PS) 
and multi-layer plastic (BOPP) waste samples were investigated experimentally, 
using plastic oil maker equipment, available on market. The quantities of oil, 
gas and char/ wax obtained from different plastics have been analyzed. Due 
to the waste plastic's inorganic content and the unconverted plastic left behind 
from insufficient pyrolysis, a solid yield was obtained. Pyrolysis oils have been 
physiochemically characterized, the calorific value of oil varies between 36- 45 
KJ/g depending on the plastic quality, similar to conventional diesel. As a result, 
after further treatment and refining, pyrolysis oils have the potential to be used 
in a variety of energy and transportation applications. The flash point values of 
the pyrolysis oils are much lower than the diesel flash point, this property can be 
improved by removing lighter components from the pyrolysis oils. Hydrocarbon 
fingerprinting of pyrolysis oil has been determined using GC–MS, FT-IR, and 
1H 13C NMR respectively, in order to understand the feasibility of using it. The 
analysis of the composition of the oil fraction originating from PE and PP using 
gas chromatography/mass spectrometry (GC-MS) confirmed the formation of 
both linear alkanes and alkenes ranging from C8 to C24. Styrene can be obtained 
in a high yield (68%) from the PS pyrolysis, the obtained monomer after treatment 
can be reused for further polymerization and/ or to obtain other valuable 
chemicals.  

The results of this study will contribute to develop more industrially 
feasible pyrolysis processes for the treatment of plastic waste. 
 
 
EXPERIMENTAL SECTION  

 
Materials and methods 
Plastic waste, PE white, PE with ink, PP transparent, and BOPP with 

ink were collected from label printing equipment used at the Rottaprint 
company, a label printing leader in Romania.  
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Pyrolysis reactor and experimental setup 
Batch pyrolysis experiments were carried out in a plastic oil maker, Be-j, 

equipment (Fig.1), manufactured in Japan, Nagata Shigyo Co., Ltd. 1 kg  
of polyolefin plastic waste was fed into the pyrolizer’s inner chamber, which 
is surrounded by a stainless-steel outer compartment. The temperature 
measurement was performed using a thermocouple in the top and bottom  
of the pyrolizer inner chamber. The temperature range was maintained at 400-
450 °C interval for the thermocatalytic depolymerization of different types of 
plastics. The equipment's processing ability is approximately 0.7- 1.0 kg/ a 
time in absence of oxygen. The cracked hydrocarbon vapors from the inner 
chamber were passed through the gas tube (Fig. 8) and bubbled in water, 
where the pyrolysis oil was collected. The noncondensable exhaust gases 
from the thermal oxidizer were passed on a filter and conducted to a fume 
hood. The pyrolysis experiments were repeated twice; in each case 1 kg of 
plastic waste was weighed, shredded into pieces of 2−5 cm size and was used 
without further treatments in the pyrolysis experiment, except polystyrene in 
which case only a smaller amount was introduced in the reactor due to its large 
volume. The obtained oil was collected from the oil collector tank (Fig. 8), and 
further characterization was carried out to reveal its chemical composition and  
 

 
Figure 8. The used plastic oil maker, Be-j, equipment Components:  

1. Gas tube; 2. Anti-counter current valve; 3. Water tank; 4. Oil taking valve;  
5. Pyrolysis chamber, with stainless steel outer chamber. 

2 

3 

4 5 

1 
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characteristics for other potential applications. The obtained yield of each 
pyrolysis product (oil and wax) in wt % was calculated after the completion of 
each experiment. The produced liquid oil/ wax characterization was carried out 
in order to investigate the effect of feedstock composition on the quality of the 
obtained products. 

Fig. 8 illustrates the pyrolysis equipment used in these experiments. 
The reactor is a 1000 ml bench-scale batch reactor. The waste plastics (non-
printed and printed) were collected from the printing plant, 1 kg was used in 
each experiment, excepting the case of polystyrene, where was used 200 g 
of raw material. The equipment used does not permit to perform the 
experiment into an inert atmosphere. The water tank was filled up to the mark 
with water (2 L). After the raw material was loaded into the reactor, the top 
of the reactor was sealed using screws. The reactor was heated from room 
temperature (20 °C) to the target temperature of 450°C in each experiment. 
Subsequently, the reactor was maintained at the target temperature for 3.5 
h, the condensed pyrolysis oil was drained from the tank. The reactor was 
cooled to 20 °C and the residue was collected and weighed. 

The pyrolysis experiments were repeated twice. Following the 
completion of each experiment, the yield (wt%) of each pyrolysis product 
was calculated, the collected oil and the wax from each experiment were 
analyzed as it was described above. 
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ABSTRACT. The article reports the AMS (accelerator mass spectrometry) 
radiocarbon dating results of the historic Emperor’s Beech (Fagul Împăra-
tului) from Muncel, Baia de Arieş, Romania. Two wood samples were collected 
from the large tree, out of which four segments were extracted and analysed 
by AMS radiocarbon. The oldest dated sample segment had a radiocarbon 
date of 233 ± 18 BP, which corresponds to a calibrated age of 365 ± 5 years. 
This value suggests an age of 420 ± 20 years for the Emperor’s Beech. 
Thus, the historic beech started growing around the year 1600. 
 
Keywords: AMS radiocarbon dating, Fagus sylvatica, dendrochronology, 
age determination, Romania.  
 
 
 
INTRODUCTION 
 
The European beech (Fagus sylvatica L.), which belongs to the genus 

Fagus of the Fagaceae family, subfamily Fagoideae, is one of the most important 
and widespread broadleaved trees in Europe. It is typically 25-40 m tall, reaches 
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up to 1.5 m trunk diameter and has a lifespan of 150-250 years. Its natural range 
extends from southern Scandinavia in the north to Sicily in the south and from 
Spain in the west to northwest Turkey in the east. High summer temperatures, 
drought and moisture availability are limiting factors for the distribution of beech 
in Europe. The European beech requires a humid atmosphere with precipitation 
well distributed throughout the year and a well-drained soil. It tolerates winter 
cold, but it is sensitive to spring frost [1-3]. 
 Covering about 21x106 ha, Fagus sylvatica is the most widespread 
species of deciduous tree from Europe, representing 10% of the forests of 
the continent. Currently, around a third of the European beech forests are located 
in the Carpathian Mountains (6.9x106 ha), out of which over 2.1x106 are found 
in Romania [2,3].  
 Romania also hosts several monumental beech specimens, such as 
the Emperor’s Beech from Muncel, Baia de Arieş (Alba county), the Princess’ 
Beech from a forest near Breaza (Prahova county) and the giant beech of the 
Iezer Mountains, Aninoasa forest management unit (Argeş county). The latter is 
a giant specimen and by far the largest known European beech, with a height of 
46 m, a circumference of 9.36 m and a wood volume over 100 m3 [2]. On the 
other hand, the oldest dated European beech is Michele, a small tree growing 
at an altitude of 1,940 m in Pollino National Park, Italy. It has a height of 12 m, 
a diameter of only 0.62 m, a measured age of 622 yr (ring counting) and an 
incredible estimated age of 725 yr [4]. 

In 2005, we started an extended research project for elucidating several 
controversial problems of the architecture, growth and age of the African baobab 
and other baobab species. The research is based on an original approach which 
is not limited to deceased or fallen trees, but also allows to investigate and date 
live trees. The method consists of AMS radiocarbon dating of tiny wood samples 
extracted from different areas of such trees [5-12]. We extended our research 
by dating trees that belong to other angiosperm tree species, including 
specimens from Romania [13-19].  

Here we present the investigation and AMS radiocarbon dating results 
of the historic Emperor’s Beech of Muncel, Baia de Arieş. 

 
 

RESULTS AND DISCUSSION 
 
The Emperor’s Beech and its area. The large historic beech is 

positioned in the area of Muncel village, which belongs to the Baia de Arieş 
mining town of the Western Carpathians in Alba county, Romania. The Muncel 
village is located on the National Road DN 75 Turda-Ştei, at 65 km west-south-
west from Turda. The Emperor’s Beech can be found next to a forest road, on a 
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hill at the height of around 40 m above the right shore of the Arieş river, near the 
Muncel village. The GPS coordinates are 46º22.327' N, 023º15.499' E and the 
altitude is 526 m. The mean annual rainfall is 1245 mm (Baia de Arieş station). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The Emperor’s Beech, 
with its light brown foliage, can 
be observed on a hill, above the 
Arieş river and the Muncel village. 
The photograph was taken from 
the National Road DN 75, in 
February 2022. 
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 The name of the historic tree comes from Franz Joseph I, the Emperor 
of Austria (1850 – 1918), who visited Transylvania in 1852 and would have even 
seen the beech.  
 The Emperor’s Beech is also famous for its marcescent leaves which, 
although they dry up in the fall and turn brown, remain preserved during the 
winter. The leaves do not fall until the spring, when the new green leaves emerge 
(Figure 2). The cause of the marcescence is not yet sufficiently understood.  
 
 

 
Figure 2. The impressive canopy of the Emperor’s Beech,  

with marcescent leaves, in December 2009. 
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 The Emperor’s Beech was first mentioned in the scientific literature, 
as a monumental tree, in 1924, by the renowned botanist Alexandru Borza 
[20,21]. In 1995, the Emperor’s Beech was declared a Natural Monument.  

In fact, the beech grows at a distance of 3.5 m from the edge of the 
forest road, on a steep slope of over 50° toward the right bank of the Arieş 
river. The highest point of its base can be found at 3.2 m below the road, 
while the lowest point of the base is still 2.3 m below (Figure 3). 
 

 
Figure 3. The Emperor’s Beech grows very close to the forest road between  

Baia de Arieş and Muncel, on a steep slope toward the Arieş river.  
The photograph was taken in February 2022. 
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The Emperor’s Beech has a maximum height h = 23.2 m. Its 
circumference at breast height (cbh; at 1.30 m above mean ground level), 
which was 5.33 m in 2009, decreased to 5.00 m in 2022. The cause of this 
decrease is the breaking of a large low branch around the year 2015, which 
also ruptured small pieces of the trunk. The tree forks at heights between  
6.5 – 8 m into nine branches, out of which seven are still standing, while two 
are broken. The horizontal dimensions of the impressive canopy are 30.5 m 
(NS) x 24,6 m (SE). The current overall wood volume of the beech is 20 m3, 
out of which 16 m3 correspond to the trunk and 4 m3 to the canopy. 

Wood samples. One wood sample, labelled EB-1, with the length of 
0.51 m, was collected from the trunk with an increment borer, at the height 
of 1.70 m above the highest point from the ground (and 2.85 m above the 
mean point). Three pieces/segments, each 10-3 m long (marked a, b and c), 
were extracted from determined positions of sample EB-1.  

Another tiny sample, labelled EB-2, was extracted with a sharp 
instrument from the centre of a branch with a base diametre of 0.54 m, which 
fell to the ground around the year 2015. 

AMS results and calibrated ages. Radiocarbon dates of the four 
sample segments are presented in Table 1. The radiocarbon dates are 
expressed in 14C yr BP (radiocarbon years before present, i.e., before the 
reference year 1950). Radiocarbon dates and errors were rounded to the 
nearest year.  

 
 

Table 1. AMS Radiocarbon dating results and calibrated ages of samples  
collected from the Emperor’s Beech. 

 

Sample 
code 

 

Depth1 

[height2] 

(m) 

Radiocarbon 
date [error] 
(14C yr BP) 

Cal CE range 1σ 
[confidence 

 interval] 

Assigned year 
[error] 

(cal CE) 

Sample age 
[error] 

(cal CE) 
EB-1a 

 
0.05 

[2.85] - - > 1950 > Modern 

EB-1b 0.35 
[2.85] 185 [± 23] 

1666-1683 [14.2%] 
1736-1784 [38.7%] 
1794-1802 [5.5%] 

1936-... [9.9%] 

1760 
[± 24] 

260 
[± 25] 

EB-1c 0.51 
[2.85] 233 [± 18] 1647-1664 [47.8%] 

1785-1794 [20.4%] 
1655 
[± 7] 

365 
[± 5] 

EB-2 - 
[-] 183 [± 18] 

1667-1683 [14.2%] 
1736-1782 [39.5%] 
1796-1802 [4.0%] 
1936-... [10.6%] 

1759 
[± 23] 

255 
[± 25] 

1 Depth in the wood from the sampling point. 
2 Height above ground level. 
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Calibrated (cal) ages, expressed in calendar years CE (CE, i.e., 
common era), are also listed in Table 1. The 1σ probability distribution (68.3%) 
was selected to derive calibrated age ranges. For one segment (EB-1c), the 
1σ distribution is consistent with two ranges of calendar years, while for two 
sample segments (EB-1b, EB-2) it corresponds to four ranges of calendar 
years. In all these cases, the confidence interval of one range is considerably 
greater than that of the other(s); therefore, it was selected as the cal CE 
range of the segment for the purpose of this discussion. 

For obtaining single calendar age values of sample segments, we 
derived a mean calendar age of each sample segment, called assigned year, 
from the selected range (marked in bold). Sample/segment ages represent 
the difference between the current year 2022 CE (for sample segments EB-
1b and EB1-c) or the year 2015 CE, when the investigated low branch fell to 
the ground (for sample EB-2) and the assigned year, with the corresponding 
error. Sample ages and errors were rounded to the nearest 5 yr. We used this 
approach for selecting calibrated age ranges and single values for sample 
ages in our previous articles on AMS radiocarbon dating of large and old 
angiosperm trees [5-19,22-25]. 

 
Dating results of samples (segments). The oldest dated segment 

EB-1c, which represents the deepest sample end with a depth in wood of 
0.51 m, had a radiocarbon date of 233 ± 18 BP, which corresponds to a 
calibrated age of 365 ± 5 calendar yr. The segment EB-1b, with a depth of 
0.35 m, had a radiocarbon date of 185 ± 23 BP, corresponding to a calibrated 
age of 260 ± 25 calendar yr. The negative radiocarbon date and the age of 
segment EB-1a shows that the Emperor’s Beech grew the last 0.05 m in 
radius in less than 72 years. The sample EB-2, extracted from the fallen 
branch, had a radiocarbon date 183 ± 18 BP, which corresponded in the year 
2015 to a calibrated age of 255 ± 25 calendar yr. This value shows that the 
fallen branch did not belong to the first generation of branches. 

 
 Age of the Emperor’s Beech. The oldest sample segment EB-1c 
corresponds to a depth in the wood of 0.51 m from the sampling point, at a 
height of 2.85 m above the mean ground level. At this sampling height, the 
diameter of the tree is 1.42 m, which corresponds to a radius of 0.71 m. 
Taking into account that young beeches grow fast, while old beeches grow 
much slower, we estimate that the Emperor’s Beech grew its first 0.20 m in 
radius in around 50-60 years. Therefore, we consider that the Emperor’s 
Beech is 420 ± 20 yr old and started growing around the year 1600. 
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CONCLUSIONS 
 
Our research presents the AMS radiocarbon investigation results of the 

historic Emperor’s Beech of Muncel, Baia de Arieş. Two wood samples were 
collected from the trunk and from a fallen branch, out of which four segments 
were extracted. The radiocarbon date of the oldest sample segment was  
233 ± 18 BP, which corresponds to a calibrated age of 365 ± 5 years. This 
result, combined with the original position of the dated sample segment in the 
tree, indicates an age of 420 ± 20 years for the Emperor’s Beech. 

 
 

EXPERIMENTAL SECTION  
 

Sample collection. The sample EB-1 was collected with a Haglöf CH 
800 increment borer (0.80 m long, 0.0108 m inner diameter). A number of 
three tiny pieces/segments were extracted from predetermined positions along 
the sample. The small sample EB-2 was extracted with a sharp instrument 
from the centre of a fallen branch. The sample segments were processed 
and investigated by AMS radiocarbon dating.  

Sample preparation. The α-cellulose pretreatment method was used 
for removing soluble and mobile organic components [26]. The resulting 
samples were combusted to CO2, which was next reduced to graphite on iron 
catalyst [27,28]. The resulting graphite samples were analysed by AMS. 

AMS measurements. AMS radiocarbon measurements were 
performed at the NOSAMS Facility of the Woods Hole Oceanographic 
Institution (Woods Hole, MA, U.S.A.) by using the Pelletron ® Tandem 500 
kV AMS system [29]. The obtained fraction modern values, corrected for 
isotope fractionation with the normalized δ13C value of -25 0/00, were 
ultimately converted to a radiocarbon date. 

Calibration. Radiocarbon dates were calibrated and converted into 
calendar ages with the OxCal v4.4 for Windows [30], by using the IntCal20 
atmospheric data set [31]. 
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ICP-OES AND LC-ESI-MS/MS ANALYSES, ENZYME 
INHIBITION AND DNA PROTECTION POTENTIAL OF 

PELARGONIUM QUERCETORUM AGNEW 
 
 

Ebru AKKEMİKa,c,*, Mehmet FİDANb,  
Merve BALABANc, Behcet İNALd, * 

 
 

ABSTRACT. Pelargonium quercetorum Agnew extract affects activities of 
acetylcholinesterase (AChE) and carbonic anhydrase I-II enzymes (hCA I-II) 
was investigated under in vitro conditions. IC50 values of P. quercetorum Agnew 
on hCA I-II and AChE activity were determined as 0.144±0.0720, 0.209±0.0593, 
and 0.062±0.0097 mg/mL, respectively. Rutin and shikimic acid was found to 
be the main phenolic component in P. quercetorum Agnew flower extract from 
the results of LC-ESI-MS/MS analysis. Rutin was found to be the main phenolic 
component in P. quercetorum Agnew leaf extract from the results of LC-ESI-
MS/MS analysis. ICP-OES analysis showed that the leaves of P. quercetorum 
Agnew were rich in potassium. The DNA protective effect on plasmid DNA 
was demonstrated by using extracts obtained from leaf and flower tissues. 
Consequently, based on the findings of the current study, it could be anticipated 
that clinical trials related to P. quercetorum Agnew could be completed and 
the plant could be used pharmacologically. 

 
Keywords: Acetylcholinesterase; Carbonic anhydrase; DNA protection; ICP-
OES; P. quercetorum Agnew 

 
 
INTRODUCTION  

 
P. quercetorum Agnew is a species that belongs to Pelargonium 

genus of the Geraniaceae family in the Geraniales order. This species is 
distributed in Southeastern Anatolia Region of Türkiye [1]. P. quercetorum 
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Agnew (Hakkari geranium), popularly known by the names Tolk or Tolik, is 
used for cooking and medical purposes [2]. There have been very few 
studies on P. quercetorum Agnew in the literature. Such as, chemical content 
of P. quercetorum Agnew was analyzed using GCxGC-TOF/MS, and 23 
different compounds with different proportions were reported [3]. The main 
chemicals were found to be tetracosane, heneicosane, and 2-methyleicosane. 
Similarly, analysis of volatile components in oil extract of P. quercetorum 
Agnew using GC-MS revealed 26 compounds, and alpha pinene, alpha-fenchyl 
acetate, and limonene were found to be the dominant compounds [4]. Besides, 
different extracts of the plant showed antioxidant [5], anti-growth/cytotoxic 
activity on non-small cell lung cancer cells [3], human MCF-7, MDA-MB-231 
breast cancer cells [6] and anthelmintic activity [5]. Despite all these studies, 
the research on P. quercetorum Agnew is limited. The fact that the plant grows 
only in a specific region limits its potential for use. Results obtain from current 
study will have contributed to many researchers recognize plant material and 
evaluate its potential uses in pharmacy, alternative medicine, and cosmetics. 
Therefore, the phenolic content, elemental analysis, DNA protective effect, 
and enzyme inhibitory effect of P. quercetorum Agnew were addressed. 

Almost all mechanisms in the living system are coordinated through 
enzymes [7]. So, interfering with their activity is used in the diagnosis  
and treatment of many diseases [8]. Acetylcholinesterase and carbonic 
anhydrase enzymes used in the present study are some of these enzymes. 
Acetylcholinesterase (AChE, E.C.3.1.1.7) is a carboxylic ester hydrolase that 
catalyzes hydrolysis of choline esters called acetylcholine acetyl hydrolase 
[9]. Acetylcholinesterase inhibitors such as tacrine, donepezil, rivastigmine, 
and galantamine have been reported to be utilized in the treatment of 
Alzheimer’s disease (AD) [10; 11]. The inhibitors of this enzyme were 
mentioned to stop the hydrolysis of acetylcholine, its usual substrate, thereby 
increasing cholinergic transmission [12]. In addition to AD inhibitors of the 
enzyme were reported to be used in myasthenia gravis and glaucoma 
diseases [13; 14]. That’s why inhibition effects of many different plant 
extracts such as Crinum moorei Hook.f, Galanthus ikariae L., Narcissus ‘Sir 
Winston Churchill’, Sarcococca coriacea (Hook.f.) Sweet, Corydalis bulbosa 
DC., Fritillaria imperialis L., marigold [15] on AChE enzyme activity have 
been investigated. Besides, inhibitory effects of secondary metabolites from 
plant extracts on AChE enzyme have also been studied [16]. However, new 
and different inhibitors continue to be investigated because the existing 
inhibitors of the enzyme have a large number of side effects in the treatment of 
specified diseases [16] and cannot provide fully the desired effect. The other 
enzyme used in the present study was carbonic anhydrase, a clinically 
important enzyme similar to acetylcholinesterase. Carbonic anhydrase (CA, 
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E.C.4.2.1.1) is found in different cell types and encoded by different gene 
families. In mammals, this enzyme has 16 isoenzymes containing Zn2+ ion at 
its active site [17; 18]. Although the enzyme is known to catalyze many 
reactions, its major role in metabolism is to catalyze the conversion of CO2 
to HCO3-, thereby creating an important buffering in the living system as well 
as transporting CO2 [7; 18]. Inhibitors and activators of carbonic anhydrase 
enzyme have potentials to be used as drugs. It was reported that the 
inhibitors of the enzyme can be used for the treatment of epilepsy, glaucoma, 
edema, obesity and cancer, while its activators can be used for the treatment 
of Alzheimer’s disease [19; 20; 21]. However, it was also stated that the 
current inhibitors of the enzyme (sulfonamides, acetazolamides, dorzolamides, 
methazolamides and brinzolamide) used in the treatment of above-mentioned 
diseases have numerous side effects [22; 23]. For this reason, investigations 
have been going on to find natural or synthetic new inhibitors of the enzyme.  

Exposure of DNA to hydrogen peroxide (H2O2) causes breakage of 
open-ended DNA and DNA breaks (chromatid and chromosome breaks) 
[24]. In the meantime, genetic disorders may occur as a result of breaks in 
the DNA chain. Irreversible DNA damage can lead to carcinogenesis, aging 
and other degenerative diseases [25]. Therefore, it is extremely important to 
investigate the effects of the active ingredients of plants on DNA protection. Since 
there is no study in the literature on how P. quercetorum Agnew influences 
genetic material, its DNA protective activity has been determined. The aim of 
this study was to determine the phenolic compound content, elemental analysis, 
antienzyme activity, and DNA protective activity of P. quercetorum Agnew to 
determine if it has potential for use in the medical, food, and cosmetic industries. 
Considering the aforementioned causes, in the current study, in vitro effect 
of P. quercetorum Agnew extract on the activities of acetylcholinesterase and 
carbonic anhydrase I-II, which play a critical role in metabolism, was evaluated 
for the first time. Furthermore, P. quercetorum Agnew was examined conducting 
phenolic compound analysis by LC-ESI-MS/MS and elemental analysis by 
ICP-OES. Additionally, the effect on DNA protection of P. quercetorum Agnew 
extract was evaluated by working in different concentrations in both flower 
and leaf tissue. 
 
 
RESULTS AND DISCUSSION 

 
In this study, in vitro effect, P. quercetorum Agnew on human erythrocyte 

carbonic anhydrase I-II and acetylcholinesterase enzymes were investigated 
to determine the being enzyme inhibitory properties. IC50 values calculated 
to determine the inhibition effect of P. quercetorum Agnew on hCA I-II and 
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AChE activities were 0.144±0.0720, 0.209±0.0593 and 0.062±0.0097 mg/mL, 
respectively. Thus, it was revealed that P. quercetorum Agnew has a better 
inhibition effect on AChE enzyme activity. On the other hand, carbonic 
anhydrase appeared to have a relatively similar inhibition effect on both 
isoenzymes, but it was more effective on hCA I enzyme activity (Figure 1, 
Table 1).  

 

 
 

Figure 1. Effect of P. quercetorum Agnew on hCA I, II and AChE enzyme activity 
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Table 1. Anti-enzyme activity of P. quercetorum Agnew 

 hCA I hCA II AChE 

IC50 (mg/mL) 0.144±0.0720 0.209±0.0593 0.062±0.0097 
Ki (mg/mL) 0.0363±0.0053 0.277±0.12880 0.0035±0.002 

 
It was stated that phenolic compounds cause inhibition by forming 

hydrogen bonds with the water molecules around Zn2+ located at the active 
site of carbonic anhydrase enzyme [21; 26; 27; 28]. P. quercetorum Agnew 
appeared to exhibit a similarly powerful inhibition effect on both isoenzymes of 
carbonic anhydrase enzyme. The isoenzyme I and II of the carbonic anhydrase 
enzymes share about 60% similarity [29]. Therefore, although methanol extracts 
of P. quercetorum Agnew exhibit similar effects on activities of hCA I and hCA II 
enzymes, there was about two-fold difference in their IC50 values. Consequently, 
due to similar inhibition effects, it is thought that the phenolic compounds in 
the extract interact with water molecules around Zn2+ in the active region of 
both isoenzymes by hydrogen bonding. A detailed analysis of the narrow 
groove-shaped active site of acetylcholinesterase (AChE), the other enzyme 
investigated in the present study, would reveal that its active region can be 
divided into several subregions: omega lobe (Cys69-Cys96), peripheral 
anionic subunit (Asp74, Tyr124, Ser125, Trp286, Tyr337, Tyr341), anionic 
subunit (Trp86, Tyr133, Glu202, Gly448, Ile451), oxyanion hole (Gly121, 
Gly122, Ala204), catalytic triad (Ser203, His447, Glu334) and acyl bonding 
pocket (Trp236, Phe295, Phe297, Phe338) [29]. Acetylcholinesterase enzyme 
has 14 aromatic amino acids at the active center [30; 31]. In this study, plant 
extract was used and it contained multiple phenolic compounds. Therefore, 
clamp formation by aromatic amino acid at the active center of the enzyme 
and multiple phenolic acids in plant extract of P. quercetorum Agnew through 
non-covalent interactions at different locations in the enzyme molecule at the 
same time, and thus increasing the effect of the inhibitor, is an expected 
situation. As a result, a low concentration of P. quercetorum Agnew had an 
inhibition effect on AChE. 

In the LC-ESI-MS/MS analysis performed to the phenolic compound 
profile of the P. quercetorum Agnew extract was analyzed by using 45 different 
standards in-our-house library (48). Results showed that P. quercetorum 
Agnew leaf extract had 627.4441 ng/mL shikimic acid, 116.9617 ng/mL gallic 
acid, 4.7379 ng/mL hyperoside, 123.1750 ng/mL quercetin-3-glucoside, 
1633.5768 ng/mL rutin, 473.4672 ng/mL hesperidine, 108.6753 ng/mL 
kaemerol-3-glucoside, and 66.7999 ng/mL fisetin while other standards 
could not be detected (Figure 2, Table 2). It was determined first time using 
LC-ESI-MS/MS analysis in the present study that dominant compound of P. 
quercetorum Agnew leaf extract is rutin (Table 2, Figure 2).  
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Figure 2. LC-ESI-MS/MS analysis of P. quercetorum Agnew leaf extract 

 

 
Figure 3. LC-ESI-MS/MS analysis of P. quercetorum Agnew flower extract 

 
P. quercetorum Agnew flower extract had 3364.8076 ng/mL shikimic 

acid, 307.3271 ng/mL gallic acid, 6.2348 ng/mL protocatechuic acid, 
379.4268 ng/mL catechin, 141.4570 ng/mL hyperoside, 252.6943 ng/mL 
quercetin-3-glucoside, 1787.7070 ng/mL rutin, 134.5509 ng/mL rosmarinic 
acid, 656.0438 ng/mL hesperidine, 181.2362 ng/mL kaemerol-3-glucoside, and 
183.4773 ng/mL fisetin while other standards could not be detected (Figure 3, 
Table 2). It was determined first time using LC-ESI-MS/MS analysis in the 
present study that dominant compounds of P. quercetorum Agnew flower 
extract is rutin and shikimic acid (Figure 3, Table 2). Similarly, different extracts 
of Pelargonium endlicherianum, another Pelargonium species, prepared by 
different solvents contained apocynin and gallic acid, but apocynin was found 
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to be dominant. Moreover, it was stated in the same study that all extracts had 
vanillic acid in trace amounts, while only the ethyl acetate extract contained 
a low concentration of caffeic acid [5]. In Pelargonium graveolens, another 
Pelargonium species, flavonoid analysis was performed by library scanning 
using the LC MS device. It was reported that P. graveolens has nine 
flavonoids [32]. 
 
 

Table 2. Analysis of phenolic compounds in P. quercetorum Agnew  
by LC-ESI-MS/MS 

 Compound name RT Flower ng/mL Leaf ng/mL 
1 Shikimic acid 1.155 3364.8 627.444 
2 Gallic acid 1.733 307.33 116.962 
3 Protocatechuic acid 2.736 6.2348 ND 
4 Catechin 4.077 379.43 ND 
5 Hyperoside 11.477 141.46 4.738 
6 Quercetin-3-glucoside 11.706 252.69 123.175 
7 Rutin 11.676 1787.7 1633.58 
8 Rosmarinic acid 12.092 134.55 ND 
9 Hesperidine 11.696 656.04 473.47 

10 Kaempferol-3-glucoside 13.109 181.24 108.67 
11 Fisetin 13.110 183.48 66.80 
 
 
Mineral content of P. quercetorum Agnew was analyzed with ICP-OES. 

The mineral analysis of the leaf sample of P. quercetorum Agnew revealed 
that it is rich in potassium (3.21%), calcium (0.77%), phosphorus (0.23%) 
and magnesium (0.22%). Moreover, P. quercetorum Agnew was also found 
to contain 18 different minerals at low rates (Table 3). It was found that P. 
quercetorum Agnew contained alkaline metal, alkaline earth metals, 3A, 4A 
and 5A group and transition metals. In a related study examining mineral 
contents in different parts of P. quercetorum Agnew, a relative of P. graveolens, 
different parts of the plant were found to contain calcium (2.47 mg/100g), 
magnesium (0.35 mg/100g), sodium (1.34 mg/100 g), potassium (1.46 
mg/100 g), phosphorus (0.18 mg/100g), nitrogen (1.06 mg/100g), chlorides 
(1.34 mg/100g) and sulphur (0.081 mg/100 g) based on analyses using flame 
photometer. Although both varieties seem to have similar minerals, it could 
be stated that P. quercetorum Agnew has a richer mineral content in terms 
of both quantity and variety of the minerals.   
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Table 3. Elemental analysis of P. quercetorum Agnew 

Element AVG (mg/kg)±SD % 
Al 193.7750±1.2468  0.0194 
As 0.0000±0.0000 0 
B 48.8165 ± 0.4232  0.0049 

Ba 1.0374 ±0.0117  0.0001 
Bi 0.0000±0.0000 0 
Ca 7707.1867 ± 45.3395  0.77 
Cd 0.0995 ± 0.0130  0.000001 
Co 0.0640 ± 0.0377  0.000006 
Cr 0.5635 ± 0.0215  0.000056 
Cu 5.8670 ± 0.1360  0.00059 
Fe 151.1622 ±1.8136  0.015 
K 32098.3169 ± 154.1542  3.21 
Zn 21.0820 ± 0.4345  0.0021 
Mg 2192.8934±453.3947  0.22 
Mn 35.9738±0.4798  0.0036 
Mo 0.8862±0.0064  0.000089 
Na 481.0847±0.7179  0.048 
Ni 1.2680±0.0189  0.00013 
P 2253.8071±42.3168  0.23 

Pb 1.5450±0.1039  0.00015 
Sb 0.3227 ±0.1095  0.000032 
Se 0.0000±0.0000 0 
Sn 0.7547 ±0.0117 0.000075 
Sr 3.6554 ±0.0091  0.00036 
Tl 0.0000±0.0000 0 
Li 1.2642±0.0015  0.00013 

 
There are diverse studies on the antioxidant capacity (5) and cancer 

activity (3; 6) of P. quercetorum but up to present, no study on plasmid DNA 
protection was found in the literature, we especially achieved the protective 
potential of total extract of P. quercetorum on plasmid DNA against the 
Fenton solvent DNA harmful effect. The DNA protective activity of ethanol-
water extracts from P. quercetorum Agnew was achieved by using pBR322 
plasmid DNA (Figure 4). In current study, the ability of extracts belongs to 
flower and leaf tissue at different concentrations to prevent DNA damage 
was handled. According to the obtained result, it was determined that H2O2 
damaged form I of plasmid and transformed it into form II-form III (Figure 4-
Line 9) and in Line 10 plasmid DNA without fenton solvent was observed 
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compact and only supercoil DNA was found. There was no found significantly 
DNA protecting effect of rosmarinic acid (Figure 4-Line 7) and tocopherol 
(Figure 4-Line 8) extract concentration (1 mg/mL) used at current study. 
However, when the two substances are compared, it can be said that rosmarinic 
acid has a slightly more protective effect. 

On the other hand, it was observed that 2 and 3 mg/mL concentrations 
of both leaf and flower tissues have no DNA protective effect. Smear form 
was seemed and it was estimated that plant extracts almost destroyed the 
plasmid DNA (Figure 4). Hydrogen peroxide, a type of free radical, converts 
guanine to 8 hydroxy guanine and causes DNA damage (33; 34). However, 
it was observed that the concentrations of both tissues at 1 mg/mL preserved 
the form I and form III form of DNA. In this case, it can be said that the damage 
of OH radicals in the Fenton solution is significantly prevented (Figure 4). 
Under these circumstances, linear DNA bands were not formed in any 1 mg/mL 
of the extract’s concentration of both tissues in both P. quercetorum Agnew. 
In other words, it has been determined that extracts protect DNA against the 
damaging effects of H2O2 on DNA. As a result of this study, it was concluded 
that extracts at different concentrations and solved in different solvents protect 
DNA at different levels. And it can be seen that extracts such as rosmarinic 
acid and tocopherol, which are some well-known DNA protective agents, do 
not protect DNA. Because the phytochemicals in plant extracts can also have 
an oxidative effect on DNA damage (35). It was observed that the extract 
obtained from P. quercetorum Agnew has a low effect on plasmid DNA 
protective activity. It was found that P. quercetorum Agnew extract in low 
concentration (1 mg/mL) in ethanol-water solvent mixture had a better protection 
effect. 

P. quercetorum Agnew is widely used among the local population in 
the context of alternative medicine as a stomach stimulant or as a treatment for 
indigestion (2). However, studies on this plant in the literature are very limited. 
With this study, we aimed to reveal the important chemical metabolites of  
the plant. The secondary metabolites, such as shikimic acid, gallic acid, 
protocatechuic acid, catechin, hyperoside, quercetin-3-glucoside, rutin, 
hesperidine, kaemerol-3-glucoside, and fisetin are quite important chemical 
compounds in chosen plant in current study. Therefore, it is thought that the 
determined metabolites will help to clarify the relationship with the therapeutic 
disease. One of these chemicals or its mixture in the form of a mixture may 
have created the current effect. In addition, the secondary metabolites are 
important in the prevention of a variety of disease. The existence of the 
above-mentioned secondary metabolites is responsible for the antidiuretic, 
anti-inflammatory, antianalgesic, anticancer, antiviral, antimalarial, antibacterial, 
and anti-fungal properties (36). Usually, plants are utilized to find and test ionic 
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elements that are extremely useful in the development of novel medications. 
The elements that come out of the plant are very important for the functioning 
of the protein and especially the enzymes that serve in the metabolism. In 
this context, it can be said that the plant, which is the subject of the study, 
has an important nutritional element content. Moreover, in order to expand 
the potential for use of the plant in traditional medicine and ethnobotany, it 
was desired to investigate its effects on AChE and CA I-II enzyme activities 
and its potential for circular DNA protection. As a result of the study, it is 
thought that the plant may have an important potential effect in the treatments 
of Alzheimer’s, glaucoma, epilepsy, gastric, spinal disorders, obesity and 
cancer. For the manufacture of important plants, phytochemical analysis is 
also significant and has commercial interest in both research institutes and 
pharmaceutical businesses. 

 

 
Figure 4. DNA protection gel image (a) and plot analysis (b) of flower and leaf 
extracts 1. DNA+Fenton Reagent+Flower extract (1 mg/mL), 2. DNA+Fenton 
Reagent+Flower extract (2 mg/mL), 3. DNA+Fenton Reagent+Flower extract 
(3 mg/mL), 4. DNA+Fenton Reagent+Leaf extract (1 mg/mL), 5. DNA+Fenton 
Reagent+Leaf extract (2 mg/mL), 6. DNA+Fenton Reagent+Leaf extract (3 mg/ 
mL), 7. DNA+Fenton Reagent+Rosmarinic acid (1 mg/mL), 8. DNA+Fenton 
Reagent+alpha Tocopherol (1 mg/mL), 9. DNA+Fenton Reagent, 10. pBR322 
DNA 
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CONCLUSIONS 
 
P. quercetorum Agnew is rich in rutin, potassium (3.21%), calcium 

(0.77%), phosphorus (0.23%) and magnesium (0.22%). Thus, extracts can 
also be used as alternative natural sources for the treatment of different 
diseases. In the present study, methanol extract of P. quercetorum Agnew 
showed different effects on hCA I-II, AChE activity and also lower concentration 
of leaf and flower extract was found as a DNA protective effect. Synthetic drugs 
have fairly expensive synthesis and characterization even many side effects. 
Therefore, P. quercetorum Agnew may be preferred instead of synthetic drugs 
in diseases treatment such as glaucoma, epilepsy, gastric, neurological 
disorders, obesity, cancer, Alzheimer’s treatment. 
 
EXPERIMENTAL SECTION 
 

Chemicals and standards 
 
Human erythrocyte AChE was purchased from Sigma Aldrich. Methanol 

was obtained from Merck and all other reagents were purchased from Sigma 
Aldrich or Fluka. Shikimic acid, gallic acid, protocatechuic acid, gentisic acid, 
catechin, 4-hydroxybenzoic acid, chlorogenic acid, 4-hydroxybenzaldehyde, 
vanillic acid, caffeic acid, syringic acid, p-coumaric acid, salicylic acid, 
taxifolin, polydatine, trans-ferulic acid, sinapic acid, quercimeritrin, scutellarin, 
o-coumaric acid, cynarin, protocatechuic ethyl ester, hyperocide, quercetin 
3-β-d-glucoside, rutin, resveratrol, naringin, rosmarinic acid, hesperidine, 
baicalin, kaempferol-3-glucoside, fisetin, oleuropein, trans-cinnamic acid, 
quercetin, naringenin, silibinin, hesperetin, kaempferol, tamarixetin, baicalein, 
biochanin a, chrysin, 5-hydroxyflavone, 6,2,4-trimetoxyflavone were obtained 
from sigma-aldrich (st. louis, mo, usa). HPLC grade methanol, ammonium 
formate and formic acid were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Ultra-pure water (18 MΩ) was obtained from a Milli-Q water purification 
system (Millipore Co., Ltd.). pBR322 plasmid DNA (catalog number SD0041) 
was obtained from ThermoFisher Scientific.  

 
Plant sample and extraction process 
 

P. quercetorum samples Agnew species were obtained in the rocky 
and stony regions of the Pervari province of Siirt city in Türkiye’s south-east. 
Dr. Mehmet Fidan, Associate Professor at Siirt University’s Faculty of Arts 
and Sciences’ Biology Department, identified the species. For extraction, tissue 
samples were dried and crushed. Methods outlined in prior research were 
adapted for our laboratory circumstances for the extraction process [22; 37] 



EBRU AKKEMİK, MEHMET FİDAN, MERVE BALABAN, BEHCET İNAL 
 
 

 
208 

350 mL methanol was added to about 7 g of sample to prepare the extract, 
and the mixture was kept at room temperature and in the dark on the magnetic 
stirring over ten days. Then the solution was filtered through a filter paper. 
Methanol was evaporated by an evaporator device (Heidolphl/Heizbad-hei-
vap). Resulting samples were stored at -40°C until used.  
 

Purification of human hCA I and II isoenzymes 
 
As mentioned in our previous studies, hCA-I and hCA-II isozymes 

were purified with the help of sepharose-4B-tyrosine sulfanilamide affinity 
chromatography [20; 38; 39; 40; 41]. The erythrocyte solution used in the 
study was obtained from the blood bank in Siirt Ministry of Health Education 
and Research Hospital. A working temperature of 4°C was used throughout 
the study to maintain the stability of the enzymes. In purified enzymes and 
hemolysate, protein content was determined spectrophotometrically at 595 
nm wavelength based on the method [42] Enzyme purity was determined by 
using SDS-polyacrylamide gel electrophoresis [43]. 

 
Determination of effect on carbonic anhydrase I-II and 
acetylcholinesterase enzymes of extracts of P. quercetorum 
Agnew 
 
The activities of the carbonic anhydrase I-II isozymes were 

determined based on the method described by [44] Verpoorte et al. (1967). 
In this method, hCA I and II isozymes convert 4-nitrophenylacetate (NPA) to 
4- nitrophenolate ion, and resulting product gives absorbance at 348 nm. The 
increase in absorbance was measured spectrophotometrically for three 
minutes (Shimadzu, UVmini-1280 UV-VI). The reaction medium without 
enzyme solution was used as a blank. For determination of the activity of 
AChE, a spectrophotometric method described by [45] Ellman et al. (1961) 
was used. In this method, acetylcholine iodine is used as substrate, the 
reaction was monitored spectrophotometrically at 412 nm. Enzymatic activity 
was assayed using at least five different inhibitor concentrations to determine 
IC50 values. The enzyme activity medium which did not have any inhibitor 
was used as control and its activity was considered 100%. Then, the inhibitor 
concentration that halved the enzymatic activity was calculated by drawing 
graph against % activity [19; 40; 41]. Ki values were determined based on 
the method described by [46] Zhang et al. 2020. KM and Vmax values were 
calculated by drawing Lineweaver-Burk graphs [47]. 
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                                                           (1) 

 
According to the equation (1), I is the concentration of the compound, 

Ki is the inhibition constant, S is the concentration of the substrate, Inhibition 
constant (Ki) values were calculated using nonlinear regression according to 
the above equation [46]. 
 

Analysis with LC-ESI-MS/MS of extracts of P. quercetorum Agnew 
 
Method validation and LC–ESI–MS/MS analysis in study was carried 

out in Iğdır University Research Laboratory Application and Research Center 
(ALUM). The values used in Validation parameters (LOD, LOQ, R2 and 
Linearity Range etc.) of compounds by LC-ESI-MS/MS method, Yılmaz et 
al., are partners with our study [48]. To determine the method and to perform 
the content analysis, 1 mg/mL stock solutions in methanol of 45 standard 
phenolic compounds were prepared. Generally, the stock solutions diluted to 
a concentration of 8 µg/mL but scutellarin, hyperocide, quercetin-3-β-d-
glucoside, kaempferol-3-glucoside, baicalein, baicalein, 5-hydroxyflavonen 
and flavone were diluted to 0.8 µg/mL concentration with 50% methanol/water 
(v/v; 1:1). Nine calibration levels were prepared by serial dilution of the 
standard mixture containing 45 phenolic compounds to plot the calibration 
curve with 50% methanol/water (v/v; 1:1). 10 mg of P. quercetorum Agnew 
dry extract was dissolved in 2 mL methanol and the solution was diluted to  
2 mg/mL 50% methanol/water (v/v; 1:1). Subsequently, the solution was 
filtered through 0.45 μm filters and transferred into vials before LC-ESI-
MS/MS analysis. 

An Agilent Technologies 1260 Infinity II liquid chromatography 
System combined to a 6460 Triple Quad mass spectrometer was used for 
quantitative and qualitative analysis of 45 phytochemical compounds. 
Poroshell 120 EC-C18 (100 mm × 4.6 mm I.D., 2.7 μm) column was used for 
the chromatographic separation of the compounds [48]. Mobile phase flow 
rate, column temperature conditions and different mobile phases additives 
such as formic acid, ammonium acetate and acetic acid were applied 
together with acetonitrile, purified water, and methanol mobile phases to 
achieve the most ideal separation and ionization of the compounds. Thus, 
0.1 % formic acid and 5 mM ammonium formate in water A mobile phase and 
0.1 % formic acid and 5 mM ammonium formate in methanol B mobile phases 
were utilized in chromatographic separation. Using a flow rate of 0.4 mL/min, a 
gradient program of 15% for 1-12 min, 50% for 12-30 min, 90% for 30-32 min, 
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and 10% for 32-35 min was used in the B mobile phase, respectively. The 
injection volume was 4.0 µL, and the column temperature was maintained at 
40°C [49]. An electrospray ionization (ESI) source operating in both negative 
and positive ionization modes was used to determine the mass-to-charge ratio 
(m/z) of the compounds. The ESI source parameters were set at capillary 
voltage to 4000 V, nebulizing gas (N2) flow to 11 L/min, nebulizer pressure to 15 
psi and gas temperature to 300°C to ensure ideal ionization of all compounds 
and achieve the ideal peak intensity. The precursor and product ions, collision 
energies and fragmentor voltage of each compound were determined for 
quantitative measurement as multiple reaction monitoring (MRM). 
 

Mineral matter analysis with ICP-OES of P. quercetorum Agnew 
 
This research was conducted out at Siirt University’s Science and 

Technology Application and Research Center. The tests have been adjusted 
to our laboratory conditions. According to the Berghof microwave digestion 
speedwave MWS-2 device user manual V. 5.1, 0.3743 g of moisture-free 
ground material was weighed for the PTFE wet digestion system, and 6 mL nitric 
acid (65%) and 2 mL hydrogen peroxide (30%) were added to the sample. The 
sample was digested for 15+15 minutes at 180°C. After freezing, the samples 
were moved to volume containers with a final volume of 20 mL [50]. 

Two repetitive readings were performed with ICP-OES (device Perkin 
Elmer ICP-OES Optima 2100 DV) under the experimental conditions (Plasma 
power, 1300 W; nebulizer flow, 0.80 L/min; plasma flow, 15 L/min; auxiliary 
flow, 0.2 L/min; plasma view, axial; sample flow rate, 1.50 mL/min; delay 
time, 60 sec; source equilibration delay, 15 sec; plasma conditions, same for 
all elements; nebulizer start-up, Instant). Calibration solutions were prepared 
at five different concentrations ranging from 25.00 to 1000.00 ppb [51; 52]. 

 
DNA protective activity of extracts of different tissues of  
P. quercetorum Agnew 
 
pBR322 plasmid DNA was used to measure the deleterious effects 

of Fenton’s solution and protective effect of P. quercetorum Agnew extracts on 
DNA conformation. Extracts of leaf and flower tissues of the plant P. quercetorum 
Agnew were addressed to repair the DNA damage. Plant tissue extracts 
were prepared in a solution of a mixture of methanol (10%) and water (90%). 
Three different extract concentrations (1 mg/mL, 2 mg/mL, 3 mg/mL) were 
applied for each different tissue and for experimental design, negative 
(plasmid DNA only) and positive control (Fenton + plasmid DNA) groups were 
created. In addition, to compared results, a commercial extract with known 
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biological activities, antiviral, antibacterial, anti-inflammatory, antioxidant effects 
and DNA damage protective activity such as rosmarinic acid and alpha-
tocopherol were used at a concentration of 1 mg/mL [53]. 

Accordingly, the reaction mixtures to be incubated was composed of 
3 µL of pBR322 plasmid DNA, 5 µL of Fenton’s solution (30 mM H2O2, 50 
mM ascorbic acid and 80 mM FeCl3) and 5 µL from different concentrations 
(1 mg/mL, 2 mg/mL, 3 mg/mL) of plant extracts were taken and the final volume 
was completed to 20 µL with distilled water. This mixture was then incubated 
at 37oC for 30 minutes. After incubation, 5 µL of 6x loading dye was added 
to the reaction mixture. 10 µL of the mixture was taken and loaded onto a 0.8% 
agarose gel stained with EtBr. The agarose gel was run at 100 volts for 60 
minutes. Then the gel image was taken with the gel imaging device. 
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ABSTRACT. The aim of this study was to assess the influence of the distillation 
processes on the content of Al, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb and Zn 
in 18 home-brewed fruit spirits, originating from different locations of Romania, 
and 3 industrially-brewed spirits and 19 cognacs. Metals quantification was 
achieved by inductively coupled plasma optical emission spectrometry (ICP-
OES) after sample digestion. The study revealed higher metals concentration 
in the home-brewed spirits, compared to the industrially-brewed ones, with 
concentrations of Cu, Fe, Al and Zn in most of the samples above the Alcohol 
Measures for Public Health Research Alliance (AMPHORA) project set 
threshold in recorded alcoholic beverages. However, no risk to human health 
was found by a moderate consumption of the analyzed alcoholic beverages 
(100 mL/day) as respects to long-term non-carcinogenic health risk. The 
Principal Components Analysis (PCA) indicated a wide dispersion of the 
analyzed alcoholic beverages according to their elemental composition. The 
two-dimensional PCA representation after Varimax rotation indicated a 
group of elements of natural origin (Ca, Mg, Al, Cd, Mn, Pb), and another of 
trace elements (Co, Cr, Ni, Zn, Fe) originating from the distillation equipment. 
Copper however, was associated both with the raw material and the distillation 
equipment.  
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Component Analysis 
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INTRODUCTION  
 
According to the World Health Organization (WHO) the yearly average 

pure alcohol consumption in Romania is 12.6 L, from which 56%, 28% and 16% 
as beer, wine and spirits, respectively. In the same study it was revealed that 
of the 12.6 L alcohol consumed 10.4 L originates from recorded sources 
(store-bought) and 2.2 L from unrecorded ones (non-commercial alcohols), 
obtained in small scale distilleries or at home [1]. Moreover, until recently 
there were no legislation related to maximum admitted concentrations of metals 
in distilled beverages, except for wines, set by the International Organization of 
Vine and Wine (OIV) [2]. The maximum limits of metals in recorded alcohol 
were established for the first time in 2011 by the Alcohol Measures for Public 
Health Research Alliance (AMPHORA) project, funded by the European 
Community’s Seventh Framework Programme [3]. 

Unrecorded alcoholic beverages may pose a great health risk concern 
as they could contain many toxic compounds, such as methanol, acetaldehyde, 
ethyl carbamate and even toxic metals [4]. The metals in alcoholic beverages 
may originate from the raw materials, substances added during brewing, the 
brewing equipment, bottling, aging and storage [4–6]. The metal concentration 
in raw materials is influenced by the soil [7], pollution of the environment and 
agrochemical treatments, like fungicides, pesticides and fertilizers [6]. These 
treatments contribute to the increase of Cd, Cu, Mn, Pb and Zn content in 
the final product [8]. In several studies it was pointed out that in industrially 
produced brandies Mn and Cu may also originate in higher quantities from 
the oak chips used for aging [9], or from the oak wood casks that they are 
stored in for aging [10].  

Although Fe, Mn and Zn are essential for human health, in elevated 
concentrations they may be harmful, and thus, the United States Environmental 
Protection Agency (U.S. EPA) advises an oral reference dose (RfDo) of 0.7, 
0.14 and 0.3 mg/kg body weight/day, respectively [11–13]. On the other hand, 
Cd and Pb are considered as priority hazardous metals with RfDo of 0.001 
and 0.00015 mg/kg body weight/day [14,15], which could cause kidney damage, 
anaemia, cancer and neurological disorders [16]. Cadmium is considered by the 
International Agency for Research and Cancer (IARC) group 1 carcinogen, 
while Pb group 2B carcinogen [17]. Elemental composition of alcoholic 
beverages, besides their verification from the point of view of human health 
risk, it can also be used to construct elemental fingerprints of different kinds 
of beverages, such as whiskies [18,19], Spanish brandies [20] or orujo 
distillates [21], that could be used in their authentication and differentiation. 
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The study of metal content and health risk assessment by the 
consumption of unrecorded alcohol is of interest not only to the Romanian 
population, but also to the international ones, as they may be shipped across 
borders. Pantani et al. [22] reported that a large proportion of unrecorded 
alcohol, produced in Finland, Sweden and other northern Countries, is shipped 
across borders. In some countries home-made alcohol is even slowly 
transitioning to mass production. Furthermore, the recent trend of online 
shopping, which circumvents alcohol availability regulations, increases their 
availability and affordability, as they are sold at a much cheaper price [3,23]. 
Thus, the quality assessment of home or small scale brewed alcoholic 
beverages could be considered an issue at global level. 

The aim of this study was to evaluate the influence of the distillation 
processes on the content of several elements, including priority hazardous 
metals (Cd, Pb), in home- and industrially-brewed spirits, and cognacs. The 
determinations were carried out by inductively coupled plasma optical 
emission spectrometry (ICP-OES) after bringing the samples to dryness and 
redissolving in nitric acid. The risk assessment to human health, especially 
of the priority hazardous metals, ingested with the alcoholic beverages under 
study, was evaluated according to the target hazard quotient (THQ) and total 
THQ (TTHQ) approach. Also, possible correlations between different metals 
in the analysed alcoholic beverages were investigated using Principal 
Component Analysis. 

 
 

RESULTS AND DISCUSSION 
 
Figures of merit and method validation 
Table 1 presents the limits of detection (LODs) in alcoholic beverages 

obtained by the ICP-OES method for 12 metals. The LODs of elements were 
in the range 0.0003(Mg)–0.0055(Ni) mg L–1. The LODs were 5 and 7 times 
lower than the maximum recommended concentration of Cd and Co in 
recorded alcohol, and more than 10 times lower for the other metals, set by 
the AMPHORA project [3]. Therefore, the ICP-OES method is adequate for 
the quantification of the 12 metals in distilled alcoholic beverages. 
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Table 1. Figures of merit of the ICP-OES method for the determination of  
12 metals in alcoholic beverages 

 

Element Wavelength 
(nm) 

Parameters of the calibration curve 
LOD  

(mg L–1)a 
LOQ  

(mg L–1)b Slope 

(L mg–1) 
Correlation 
coefficient 

Al 396.152 0.0000129 0.9986 0.0014 0.0042 
Ca 422.673 0.0000024 0.9996 0.0004 0.0012 
Cd 214.438 0.0000375 0.9999 0.0014 0.0042 
Co 237.862 0.0000752 0.9997 0.0021 0.0063 
Cr 267.716 0.0000330 0.9999 0.0015 0.0045 
Cu 324.754 0.0000054 0.9997 0.0030 0.0090 
Fe 259.940 0.0000252 0.9999 0.0006 0.0018 
Mg 285.213 0.0000244 0.9995 0.0003 0.0009 
Mn 260.569 0.0000091 0.9998 0.0004 0.0012 
Ni 341.476 0.0000281 0.9991 0.0055 0.0165 
Pb 220.351 0.0000040 0.9994 0.0032 0.0096 
Zn 213.856 0.0000179 1.0000 0.0042 0.0126 

a LOD was calculated using the 3σ criterion and sample preparation protocol [24]; 
b LOQ was considered as 3*LOD. 
 

The accuracy of the ICP-OES method, was evaluated by fortifying the 
samples with the 12 metals. The recovery degrees were in the range 84–
117% with a trueness of up to ± 20%. Thus, the ICP-OES method ensures 
accurate results in terms of metals determination in digested spirits and 
cognacs. The relative standard deviation was in the range 1.1–10.9%.  

 
Content of major and trace metals in spirits and cognacs 
Tables 2–5 presents the concentration of major and trace metals in 

home- and industrially-brewed spirits, and cognacs, respectively. It can be 
seen that the concentrations of metals were generally higher in home-brewed 
spirits compared to the industrially-brewed ones. The t test [24] revealed no 
significant differences in terms of major metals concentration (Ca, Mg, Cu, 
Fe, Al and Zn) in the home-brewed spirits from plums (samples 1–6), apples 
(samples 7–11) and grapes (samples 12–16), for 95% confidence level 
(tcalc = 0.020–1.232 < ttab = 2.32). Also, it was revealed that there were no 
differences between beverages from different sources produced between 
2016 and 2020. The concentrations of Ca and Mg in the home-brewed spirits 
were much higher (0.73–25.8 and 0.076–15.1 mg L–1), compared to the 
industrially-brewed ones (0.13–0.65 and <0.0003(LOD)–0.11 mg L-1). The 
difference could be attributed to the water used for the dilution of distillates.  
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The concentration of Ca and Mg in the home-brewed spirits under 
study were similar to those reported by Iwegbue et al. [25] and Bora et al. [26] 
(0.62–21.74 mg L–1 Ca and 0.09–11.26 mg L–1 Mg) in distillates originating 
from Nigeria. 

 
 

Table 2. Concentrations ± C.I.a (mg L–1) of major metals in home- and  
industrially-brewed spirits 

 Sample nr. Ca Mg Cu Fe Al Zn 

Home-
brewed 

1 10.3 ± 0.4 2.90 ± 0.30 4.74 ± 0.58 7.55 ± 0.44 0.41 ± 0.04 0.22 ± 0.01 

2 2.16 ± 0.18 0.66 ± 0.04 7.88 ± 0.46 1.57 ± 0.14 0.46 ± 0.05 0.073 ± 0.004 

3 5.48 ± 0.54 2.27 ± 0.17 9.58 ± 1.09 1.80 ± 0.08 0.14 ± 0.01 2.69 ± 0.30 

4 7.59 ± 0.61 0.93 ± 0.03 1.56 ± 0.18 22.06 ± 2.01 1.50 ± 0.05 0.64 ± 0.06 

5 5.97 ± 0.39 1.96 ± 0.12 5.54 ± 0.86 2.87 ± 0.24 0.46 ± 0.05 2.30 ± 0.24 

6 2.48 ± 0.14 0.35 ± 0.03 5.47 ± 0.41 1.68 ± 0.17 0.076 ± 0.008 0.048 ± 0.004 

7 12.0 ± 0.7 3.84 ± 0.24 0.53 ± 0.10 21.03 ± 1.41 1.23 ± 0.15 0.46 ± 0.03 

8 1.13 ± 0.09 0.15 ± 0.01 3.14 ± 0.31 2.42 ± 0.13 0.17 ± 0.02 0.17 ± 0.02 

9 0.73 ± 0.06 0.076 ± 0.005 1.86 ± 0.16 0.066 ± 0.004 0.020 ± 0.001 0.061 ± 0.004 

10 6.16 ± 0.57 1.13 ± 0.04 7.61 ± 0.35 16.7 ± 0.63 1.09 ± 0.04 0.96 ± 0.05 

11 1.42 ± 0.10 0.19 ± 0.02 8.73 ± 0.73 0.18 ± 0.01 0.06 ± 0.01 0.18 ± 0.02 

12 12.4 ± 0.9 1.89 ± 0.18 3.09 ± 0.15 3.97 ± 0.24 0.26 ± 0.04 0.20 ± 0.01 

13 8.17 ± 0.40 0.53 ± 0.04 7.55 ± 0.53 21.7 ± 0.8 1.15 ± 0.10 2.57 ± 0.19 

14 16.1 ± 1.8 2.19 ± 0.16 6.97 ± 0.47 5.65 ± 0.46 0.59 ± 0.03 0.38 ± 0.04 

15 3.31 ± 0.12 0.61 ± 0.05 6.69 ± 0.46 7.19 ± 0.41 0.34 ± 0.03 0.28 ± 0.01 

16 1.60 ± 0.16 0.27 ± 0.03 6.38 ± 0.63 0.030 ± 0.002 0.086 ± 0.005 0.20 ± 0.02 

17 25.8 ± 1.8 15.1 ± 0.64 0.50 ± 0.07 4.64 ± 0.46 2.24 ± 0.17 0.76 ± 0.04 

18 8.89 ± 0.37 2.38 ± 0.16 5.97 ± 0.24 22.1 ± 1.2 1.35 ± 0.07 0.78 ± 0.07 

Conc. 
range 

0.73–25.8 0.076–15.1 0.50–9.58 0.030–22.1 0.020–2.34 0.048–2.69 

Average 7.32 2.08 5.21 7.96 0.65 0.72 

SD 6.41 3.43 2.82 8.50 0.63 0.87 

Industr.-
brewed 

19 0.13 ± 0.01 <0.0003 0.016 ± 0.002 <0.0006 0.055 ± 0.004 0.017 ± 0.003 

20 0.30 ± 0.03 0.059 ± 0.005 0.022 ± 0.002 0.020 ± 0.003 0.088 ± 0.004 0.037 ± 0.005 

21 0.65 ± 0.04 0.11 ± 0.01 0.061 ± 0.007 0.019 ± 0.003 0.116 ± 0.009 0.032 ± 0.004 

Conc. 
range 

0.13–0.65 <0.0003–0.11 0.016–0.061 <0.0006–
0.020 

0.055–0.116 0.017–0.037 

Average 0.36 0.086 0.033 0.020 0.086 0.028 

SD 0.26 0.038 0.024 0.001 0.031 0.010 

aC.I. – is the confidence interval for n = 3 replicate measurements for 95% confidence level 
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Table 3. Concentrations ± C.I.a (mg L–1) of trace metals in home- and  
industrially-brewed spirits 

 Sample 
nr. Cr Cd Co Mn Ni Pb 

Home-
brewed 

1 <0.0015 0.012 ± 0.001 <0.0021 0.13 ± 0.01 <0.0055 <0.0032 

2 0.070 ± 0.10 <0.0014 <0.0021 0.026 ± 0.001 <0.0055 <0.0032 

3 <0.0015 <0.0014 <0.0021 0.032 ± 0.002 <0.0055 <0.0032 

4 0.008 ± 0.002 0.005 ± 0.001 0.015 ± 0.003 0.44 ± 0.04 0.008 ± 0.002 0.038 ± 0.004 

5 <0.0015 0.004 ± 0.001 <0.0021 0.058 ± 0.003 <0.0055 <0.0032 

6 0.025 ± 0.002 <0.0014 0.020 ± 0.002 0.015 ± 0.001 0.051 ± 0.004 0.065 ± 0.008 

7 0.067 ± 0.006 0.008 ± 0.001 0.008 ± 0.002 0.18 ± 0.01 <0.0055 <0.0032 

8 <0.0015 <0.0014 <0.0021 0.029 ± 0.002 <0.0055 <0.0032 

9 <0.0015 <0.0014 <0.0021 0.014 ± 0.001 0.007 ± 0.001 <0.0032 

10 0.016 ± 0.002 <0.0014 0.015 ± 0.001 0.29 ± 0.02 0.017 ± 0.004 0.064 ± 0.005 

11 <0.0015 <0.0014 <0.0021 0.032 ± 0.003 <0.0055 <0.0032 

12 <0.0015 <0.0014 <0.0021 0.030 ± 0.001 <0.0055 <0.0032 

13 0.019 ± 0.003 0.005 ± 0.001 0.017 ± 0.004 0.17 ± 0.01 0.018 ± 0.002 0.43 ± 0.03 

14 0.022 ± 0.004 0.005 ± 0.001 <0.0021 0.16 ± 0.01 <0.0055 0.042 ± 0.006 

15 <0.0015 <0.0014 <0.0021 0.059 ± 0.005 <0.0055 <0.0032 

16 0.008 ± 0.005 <0.0014 0.010 ± 0.001 0.016 ± 0.002 0.024 ± 0.002 <0.0032 

17 <0.0015 0.042 ± 0.003 <0.0021 0.65 ± 0.06 <0.0055 0.67 ± 0.07 

18 <0.0015 0.009 ± 0.002 0.010 ± 0.002 0.26 ± 0.02 <0.0055 0.038 ± 0.007 

Conc. 
range 

<0.0015–
0.070 

<0.0014–
0.042 

<0.0021–
0.020 

0.014–0.65 <0.0055–
0.051 

<0.0032–0.67 

Average 0.029 0.011 0.014 0.14 0.020 0.19 

SD 0.025 0.013 0.005 0.17 0.016 0.25 

Industr.-
brewed 

19 <0.0015 <0.0014 0.012 ± 0.002 <0.0004 0.027 ± 0.003 <0.0032 

20 <0.0015 <0.0014 <0.0021 <0.0004 0.025 ± 0.003 <0.0032 

21 0.108 <0.0014 <0.0021 <0.0004 0.033 ± 0.002 <0.0032 

Conc. 
range 

<0.0015–
0.108 

<0.0014 <0.0021–
0.012 

<0.0004 0.025–0.033 <0.0032 

Average - <0.0014 - - 0.028 <0.0032 

SD - - - - 0.004 - 

aC.I. – is the confidence interval for n = 3 replicate measurements for 95% confidence level 
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Table 4. Concentrations ± C.I.a (mg L–1) of major metals in  
industrially produced cognacs 

Sample nr. Ca Mg Cu Fe Al Zn 

22 0.67 ± 0.07 0.11 ± 0.01 7.65 ± 0.40 1.21 ± 0.11 0.046 ± 0.004 0.078 ± 0.009 

23 1.19 ± 0.10 2.59 ± 0.33 11.1 ± 1.1 1.52 ± 0.14 0.079 ± 0.006 0.11 ± 0.01 

24 0.59 ± 0.07 0.21 ± 0.03 8.66 ± 0.61 6.29 ± 0.49 0.038 ± 0.002 0.18 ± 0.02 

25 0.59 ± 0.05 0.066 ± 0.010 7.88 ± 0.42 0.96 ± 0.10 0.032 ± 0.003 0.10 ± 0.01 

26 0.36 ± 0.02 0.072 ± 0.006 11.9 ± 1.3 3.76 ± 0.41 0.030 ± 0.003 0.15 ± 0.01 

27 0.20 ± 0.01 0.020 ± 0.003 11.6 ± 0.8 7.08 ± 0.50 0.032 ± 0.004 0.14 ± 0.01 

28 0.57 ± 0.05 0.086 ± 0.013 12.5 ± 1.0 11.4 ± 0.65 0.19 ± 0.02 0.25 ± 0.02 

29 1.09 ± 0.09 0.17 ± 0.02 10.0 ± 0.6 9.58 ± 1.13 0.078 ± 0.005 0.24 ± 0.02 

30 0.25 ± 0.01 0.081 ± 0.009 7.29 ± 0.60 0.81 ± 0.11 0.029 ± 0.003 0.26 ± 0.01 

31 0.89 ± 0.09 0.071 ± 0.008 11.4 ± 0.6 1.20 ± 0.10 0.028 ± 0.004 0.15 ± 0.02 

32 0.57 ± 0.06 0.11 ± 0.01 11.1 ± 1.0 3.10 ± 0.30 0.060 ± 0.008 0.14 ± 0.01 

33 0.73 ± 0.09 0.12 ± 0.01 50.6 ± 3.2 0.31 ± 0.03 0.041 ± 0.003 0.36 ± 0.04 

34 0.46 ± 0.04 0.16 ± 0.01 51.3 ± 2.7 1.94 ± 0.18 0.054 ± 0.007 0.38 ± 0.03 

35 4.65 ± 0.30 2.57 ± 0.19 21.5 ± 2.0 2.75 ± 0.31 0.072 ± 0.003 0.24 ± 0.02 

36 4.88 ± 0.43 2.48 ± 0.27 20.3 ± 1.6 1.01 ± 0.09 0.11 ± 0.01 0.20 ± 0.02 

37 4.25 ± 0.27 2.38 ± 0.23 14.0 ± 1.4 0.20 ± 0.02 0.081 ± 0.011 0.11 ± 0.01 

38 5.03 ± 0.20 2.64 ± 0.21 22.1 ± 2.0 1.31 ± 0.11 0.11 ± 0.01 0.25 ± 0.02 

39 4.91 ± 0.39 2.35 ± 0.24 35.2 ± 2.5 0.38 ± 0.03 0.080 ± 0.013 0.29 ± 0.04 

40 5.07 ± 0.34 2.52 ± 0.28 23.3 ± 3.3 0.32 ± 0.03 0.13 ± 0.01 0.32 ± 0.04 

Conc. range 0.20–5.07 0.020–2.64 7.29–51.3 0.20–11.4 0.028–0.19 0.078–0.38 

Average 1.94 0.99 18.4 2.90 0.070 0.21 

SD 2.01 1.19 13.5 3.30 0.043 0.09 

aC.I. – is the confidence interval for n = 3 replicate measurements for 95% confidence level 
 
 
 The content of Cu in home-brewed spirits was in the range 0.50–9.50 
mg L–1, higher than in store-bought alcoholic beverages (0.016–0.061 mg L–1). 
According to OIV and Italian legislation the maximum permissible concentration 
of Cu in wine is set to 1 mg L–1 [2] and 10 mg L–1[27], respectively. The content 
of Cu in home-brewed spirits did not exceed the permissible level set by the 
Italian legislation, but was over the OIV level. The limit set by the AMPHORA 
project of 2 mg L–1 [3] was also exceeded by the majority of home-brewed spirits.  
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Table 5. Concentrations ± C.I.a (mg L–1) of trace metals in  
industrially produced cognacs 

Sample 
nr. Cr Cd Co Mn Ni Pb 

22 <0.0015 <0.0014 0.016 ± 0.003 0.022 ± 0.002 0.035 ± 0.004 <0.0032 

23 0.012 ± 0.003 <0.0014 0.014 ± 0.003 0.128 ± 0.014 0.035 ± 0.001 <0.0032 

24 0.018 ± 0.002 <0.0014 0.027 ± 0.004 0.039 ± 0.004 0.043 ± 0.005 <0.0032 

25 <0.0015 <0.0014 <0.0021 0.028 ± 0.003 0.017 ± 0.003 <0.0032 

26 <0.0015 <0.0014 0.011 ± 0.003 0.026 ± 0.003 0.029 ± 0.006 <0.0032 

27 0.050 ± 0.005 <0.0014 0.018 ± 0.004 0.079 ± 0.008 0.044 ± 0.002 <0.0032 

28 0.048 ± 0.006 <0.0014 0.010 ± 0.002 0.081 ± 0.011 0.025 ± 0.004 <0.0032 

29 0.036 ± 0.003 <0.0014 0.011 ± 0.003 0.083 ± 0.006 0.021 ± 0.004 <0.0032 

30 <0.0015 <0.0014 <0.0021 0.021 ± 0.002 0.023 ± 0.005 <0.0032 

31 <0.0015 <0.0014 <0.0021 0.030 ± 0.002 0.019 ± 0.003 <0.0032 

32 0.011 ± 0.002 <0.0014 0.020 ± 0.003 0.029 ± 0.003 0.043 ± 0.004 <0.0032 

33 0.027 ± 0.001 <0.0014 <0.0021 0.007 ± 0.001 0.035 ± 0.005 0.013 ± 0.002 

34 0.024 ± 0.005 <0.0014 <0.0021 0.016 ± 0.001 0.021 ± 0.003 <0.0032 

35 0.011 ± 0.002 0.008 ± 0.001 <0.0021 0.040 ± 0.004 <0.0055 <0.0032 

36 0.018 ± 0.003 <0.0014 <0.0021 0.071 ± 0.005 <0.0055 0.030 ± 0.006 

37 <0.0015 0.008 ± 0. 001 <0.0021 0.075 ± 0.006 <0.0055 <0.0032 

38 0.019 ± 0.002 0.006 ± 0. 001 <0.0021 0.093 ± 0.009 <0.0055 0.013 ± 0.002 

39 0.030 ± 0.003 0.006 ± 0. 001 0.052 ± 0.009 0.048 ± 0.004 0.019 ± 0.004 0.039 ± 0.008 

40 0.015 ± 0.002 0.005 ± 0. 001 <0.0021 0.081 ± 0.004 <0.0055 <0.0032 

Conc. 
range 

<0.0015–0.050 <0.0014–0.008 <0.0021–0.052 0.007–0.128 <0.0055–0.044 <0.0032–0.039 

Average 0.024 0.007 0.020 0.052 0.029 0.023 

SD 0.013 0.001 0.013 0.033 0.010 0.013 

aC.I. – is the confidence interval for n = 3 replicate measurements for 95% confidence level 
 
 
The high Cu concentration could be explained by the fact that home brewers 
mainly use copper stills, while industrial distilleries use stainless steel. Adam  
et al. [19] found that the largest amount of Cu (97%) in whiskies originate from 
the copper stills, while a proportion of only 3% from the barley that is distilled 
from. Iwegbue et al. [25] and Bora et al. [26] found concentrations of Cu in store 
bought spirits in the range 0.71–1.33 and 0.56–1.89 mg L–1, respectively.  
van Wyk et al. [28] found concentrations of Cu in pot stilled spirits up to 8.6  
mg L–1, attributed mainly to the distillation process. The Cu concentration in 
cognacs in our beverages was extremely high, between 7.29 and 51.3 mg L–1. 



THE INFLUENCE OF THE DISTILLATION PROCESS ON THE CONTENT OF METALS IN HOME- AND 
INDUSTRIALLY-BREWED ALCOHOLIC BEVERAGES - RISK ASSESSMENT TO HUMAN HEALTH 

 

 
223 

Ibanez et al. [5] pointed out that besides the distillation equipment, Cu may 
originate from the metallic containers (low-quality steel or Cu alloys) in which 
the alcoholic beverages are stored, the bottling process, or from added Cu that 
improves their organoleptic properties.  

The concentration of Fe, Al and Zn in the home-brewed spirits were 
between 0.030–22.1, 0.020–2.34 and 0.048–2.68 mg L–1, respectively, while 
in those of commercially sold in stores were around 10 times lower. None 
of the three metals in the store-bought spirits surpassed the threshold of 
2 mg L–1, set by the AMPHORA project [3]. The values of Fe, Al, Zn in the 
majority of home-brewed spirits surpassed this threshold value. In the cognac 
samples, the concentration of Fe, Al and Zn was found to be up to 11.4 ± 0.65, 
0.19 ± 0.02 and 0.38 ± 0.03 mg L–1, respectively, similar to those found by 
Iwegbue et al. [25] and Bora et al. [26]. The content of Fe was above the 
AMPHORA set limit in seven cognac distillates, while the concentrations of Al 
and Zn were below the threshold values in all distillates of this type. 

The concentration of Cd and Pb in the home-brewed spirit samples 
were in the range <0.0014–0.042 (mean 0.011) and <0.0032–0.67 (mean 
0.19) mg L–1. Cd concentration in the analyzed home- and industrially-brewed 
spirits were below the 0.010 mg L–1 AMPHORA limit [3], with the exception of 
the home-brewed spirit from plums (sample 1, 0.012 ± 0.001 mg L–1) and 
cherry (sample 17, 0.042 ± 0.003 mg L–1). Pb concentrations were also below 
the 0.2 mg L–1 AMPHORA limit [3], with the exception of the home-brewed 
spirit from grapes (sample 13, 0.43 ± 0.03 mg L–1) and cherry (sample 17, 0.67 
± 0.07 mg L–1). The elevated Pb concentrations in the two samples may 
originate from the soldering material used in the copper stills. Iwegbue et al. 
[25] found concentrations of Cd and Pb within the permissible levels in their 
spirit and cognac samples, 0.001–0.030 mg L–1 Cd and 0.08–0.20 mg L–1 Pb, 
respectively. On the other hand, Bora et al. [26] found, in average, Cd and Pb 
concentrations in their spirits of 0.03 ± 0.02 and 0.30 ± 0.13 mg L–1, 
respectively, surpassing both the OIV [13] and AMPHORA [3] set limits.  

The concentrations of Cr, Co, Mn and Ni were in the <0.0015–0.108, 
<0.0021–0.020, <0.0004–0.65 and <0.0055–0.051 mg L–1 range, respectively, 
below the AMPHORA limits, with the exception of one home-brewed spirit 
(sample 17) in case of Mn (0.65 ± 0.06 mg L–1). Our results were similar to 
those found by Iwegbue et al. [25] and Bora et al. [26]. 

 
Human health risk assessment  
Table 6 presents a summary overview of the oral reference dose 

(RfDo), the recommended daily intake (RDA) and the maximum admitted 
concentrations (MACs) of the studied metals in wine, according to German, 
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Polish, Italian and Australian legislations, in recorded alcohol, according to 
the AMPHORA project, and in drinking water, set by the U.S. EPA, European 
Commission and European Food Safety Authority (EFSA).  

 
Table 6. The oral reference dose (RfDo), the recommended daily intake (RDA)  

and the maximum admitted concentrations (MAC) of the studied elements  
in wine, recorded alcohol and drinking water 

Metal 

RfDo  
(mg/kg 
b.w./ 
day) 

RDA (mg/day) 
MAC in wine (mg L–1) 

MAC in 
recorded 
alcohol  
(mg L–1) 

MAC in 
drinking 

water  
(mg L–1) OIV DE PL IT AU 

Ca - 1000 [29] - - - - - - 50 [30] 

Mg - 220 in females [29] 
260 in males [29] 

- - - - - - 12 [30] 

Cu 0.04 [31] 1.3 in females [32] 
1.6 in males [32] 

1.00 [2] 
 

5.00 [27] - 10.00 [27] 5.00 [27] 2.00 [3] 2.0 [33] 
0.02 [30] 

Fe 0.7 [12] 19.6–58.8 in females [29] 
9.1–27.4 in males [29] 

- - - - - 2.00 [3] 0.3 [30,34] 

Al 1.0 [35] - - 8.0 [27] - - - 2.0 [3] 0.05–0.2 [34] 

Zn 0.3 [11] 3.0–9.8 in females [29] 
4.2–14.0 in males [29] 

5.0 [2] 
 

5.0 [27] - - - 5.0 [3] 5.0 [34] 
0.1 [30] 

Cr 0.3 [36] - - - - - - 0.5 [3] 0.050 [33] 
0.030 [30] 

Cd 0.001 [14] - 0.01 [2] 0.01 [27] 0.03 [27]  0.05 [27] 0.01 [3] 0.005 [33] 
0.0005 [30] 

Co 0.0016 [37] 0.12 [37] - - - - - - 0.01 [28] 

Mn 0.14 [13] 3 [38] - - - - - 0.50 [3] 0.05 [33,37] 

Ni 0.013 [40] - - - - - - 0.20 [3] 0.020 [33] 
0.010 [30] 

Pb 0.00015 [15] - 0.15 [2] 0.30 [27] 0.30 [27] 0.30 [27] 0.20 [27] 0.20 [3] 0.010 [33] 
0.005 [33] 

OIV - International Organization of Vine and Wine; DE – Germany; PL – Poland; IT – Italy;  
AU – Australia. 

 
Table 7 presents the target hazard quotients (THQ) of each individual 

metal, and the total THQ (TTHQ) for the home- and industrially-brewed 
spirits. In terms of industrially-brewed alcohol, there were found no risk of 
exposure to metals by the consumption of these types of beverages, not 
even at a high consumption rate (300 mL/day), the highest TTHQ value being 
0.0616. On the other hand, in case of the home-brewed spirits, at moderate 
consumption rate (100 mL/day) three home-brewed spirits were found to 
pose some health risk (TTHQ>1), samples 10, 13 and 17, due to the high 
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content of Pb, which resulted in THQ values of 0.7144, 4.7611 and 7.4611, 
representing 65, 92 and 98% of TTHQ, respectively. Thus, with the exception 
of these three samples, there is no health concern by a moderate consumption 
of the home-brewed spirits for 365 days/year and an exposure period of 57 
years. 

 
Table 7. Estimated THQ and TTHQ values from metals exposure by the 

consumption of the home- and industrially-brewed spirits 
 

Home-
brewed 

Sample 
nr. 

THQ* 
TTHQ* 

Cu Fe Al Zn Cr Cd Co Mn Ni Pb 

1 0.1975 0.0180 0.0007 0.0012 0.0000 0.0198 0.0000 0.0015 0.0000 0.0000 0.2387 

2 0.3281 0.0037 0.0008 0.0004 0.0004 0.0000 0.0000 0.0003 0.0000 0.0000 0.3337 

3 0.3990 0.0043 0.0002 0.0149 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.4188 

4 0.0651 0.0525 0.0025 0.0036 0.0000 0.0088 0.0158 0.0053 0.0010 0.4183 0.5730 

5 0.2306 0.0068 0.0008 0.0128 0.0000 0.0065 0.0000 0.0007 0.0000 0.0000 0.2582 

6 0.2277 0.0040 0.0001 0.0003 0.0001 0.0000 0.0213 0.0002 0.0065 0.7228 0.9830 

7 0.0221 0.0501 0.0021 0.0026 0.0004 0.0127 0.0088 0.0022 0.0000 0.0000 0.1008 

8 0.1306 0.0058 0.0003 0.0009 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.1379 

9 0.0776 0.0002 0.0000 0.0003 0.0000 0.0000 0.0000 0.0002 0.0009 0.0000 0.0791 

10 0.3171 0.0398 0.0018 0.0053 0.0001 0.0000 0.0152 0.0035 0.0022 0.7144 1.0994 

11 0.3638 0.0004 0.0001 0.0010 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.3656 

12 0.1288 0.0094 0.0004 0.0011 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.1401 

13 0.3146 0.0517 0.0019 0.0143 0.0001 0.0083 0.0181 0.0020 0.0022 4.7611 5.1744 

14 0.2902 0.0135 0.0010 0.0021 0.0001 0.0076 0.0000 0.0019 0.0000 0.4672 0.7836 

15 0.2788 0.0171 0.0006 0.0016 0.0000 0.0000 0.0000 0.0007 0.0000 0.0000 0.2987 

16 0.2658 0.0001 0.0001 0.0011 0.0000 0.0000 0.0101 0.0002 0.0030 0.0000 0.2805 

17 0.0208 0.0110 0.0037 0.0042 0.0000 0.0705 0.0000 0.0077 0.0000 7.4611 7.5791 

18 0.2485 0.0527 0.0023 0.0043 0.0000 0.0150 0.0102 0.0030 0.0000 0.4183 0.7544 

Min. 0.0208 0.0149 0.0008 0.0055 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0791 

Max. 0.3990 0.0527 0.0037 0.0149 0.0004 0.0705 0.0213 0.0077 0.0065 7.4611 7.5791 

Average 0.2170 0.0189 0.0011 0.0040 0.0001 0.0083 0.0055 0.0017 0.0009 0.8313 1.0888 

Industrially-
brewed 

19 0.0007 0.0000 0.0001 0.0001 0.0000 0.0000 0.0127 0.0000 0.0034 0.0000 0.0170 

20 0.0009 0.0000 0.0001 0.0002 0.0000 0.0000 0.0000 0.0000 0.0032 0.0000 0.0045 

21 0.0025 0.0000 0.0002 0.0002 0.0006 0.0000 0.0000 0.0000 0.0043 0.0000 0.0078 

Min. 0.0007 0.0000 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0032 0.0000 0.0041 

Max. 0.0025 0.0000 0.0002 0.0002 0.0006 0.0000 0.0127 0.0000 0.0043 0.0000 0.0205 

Average 0.0014 0.0000 0.0001 0.0002 0.0002 0.0000 0.0042 0.0000 0.0036 0.0000 0.0098 

 *THQ and TTHQ values >1 are marked in bold face. 
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Figure 1 presents the exposure frequency to metals of the analyzed 
home-brewed spirits at moderate (100 mL/day), high (200 mL/day) and very 
high consumption (300 mL/day) rate. Exposure frequency was calculated as 
the number of samples in which THQ for Cu, Cd and Pb, and TTHQ value 
exceeded the limit value of 1 from the total number of samples. According to 
our analysis, at moderate consumption, 17% (3 samples) of the home 
brewed spirits present risk to human health, mainly due to the high content 
of Pb found in the samples. On the other hand, at high and very high 
consumption rate, the exposure frequency was 33 and 50%, respectively, 
due to the cumulative effects of the metals, where the main contribution was 
found to be Pb and Cu. At a high consumption rate of the home brewed 
spirits, TTHQ was found being up to 15.1048, while at very high consumption 
rate, up to 22.6571. 

 

 
Figure 1. Exposure frequency to metals by consumption of  

home-brewed spirits in which the THQ and TTHQ values exceeded the value of 1 
 

Elemental profiling of alcoholic beverages by PCA 
Table 8 presents the results of the PCA analysis performed on the 

home- and industrially-brewed spirits and cognacs. The alcoholic beverages 
are characterized by four PCs, which explains ~79% of the elemental 
composition variability. The PC1 (45.5%), containing Ca, Mg, Al, Cd, Mn and 
Pb (0.75–0.95), was attributed to natural factors, such as water used in the 
distillation process. It can be observed the presence of the two priority 
hazardous elements (Cd, Pb), which leads to the idea that they could have a 
natural origin, but could also be associated with the fermentation and distillation 
conditions, considering that they were found in higher concentrations in the 
home-brewed spirits. The next 3 factors (PC2–PC4), describing 33.7% of the 
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variability, was associated with the distillation equipment material, because it 
contains Co and Ni (PC2, 14.1%), Fe, Cu and Al (PC3, 11.2%), and Zn and Cr 
(PC4, 8.4%). These three factors characterize primarily the industrially-brewed 
beverages, in which higher concentrations have been found, and which 
suggests that the distillation equipment was made of stainless steel. It is 
interesting to note that although Cu was found in high concentrations in the 
home-brewed spirits and in the industrially-brewed cognacs from wine, it has 
only an average influence on the characteristics of the alcoholic beverages 
analyzed (loading factor –0.61 in PC3, 11.2%). This demonstrates that the 
source of Cu is not well defined, and could be attributed to the raw material 
(wine) and the distillation equipment material. This is also supported by the 
fact that two of the elements (Fe and Al) in PC3 could be associated with their 
natural presence in wine. 

 
 

Table 8. Principal components with eigenvalues > 1 and factor loadings of 
parameters after auto-scaling and Varimax rotationa that describe the elements 

variability in the home- and industrially brewed spirits and cognacs 
 

Element/Parameter PC1 PC2 PC3 PC4 
Ca 0.84 -0.29 0.25 0.14 
Mg 0.95 -0.18 -0.06 0.01 
Cu -0.06 0.31 -0.61 0.18 
Fe 0.20 0.21 0.85 0.29 
Al 0.75 -0.02 0.59 0.17 
Zn 0.15 0.03 0.31 0.80 
Cr -0.07 0.27 0.30 -0.61 
Cd 0.97 -0.13 -0.02 0.00 
Co 0.01 0.87 0.07 0.02 
Mn 0.84 0.01 0.41 0.11 
Ni -0.27 0.75 -0.16 -0.30 
Pb 0.85 0.13 0.09 0.19 

Eigenvalue 5.45 1.69 1.35 1.01 
Total variance (%) 45.5 14.1 11.2 8.4 

Cumulative (%) 45.5 59.6 70.8 79.3 

a Strong relationship loading values > 0.70 are in bold face; moderate values between 0.50–
0.70 are marked in italics; the values < 0.50 corresponding to a weak relationship are written 
with regular font [40] 
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Figure 2. Two-dimensional PCA after auto-scaling and Varimax rotation of the 

analyzed home-brewed (marked in red) and industrially-brewed spirits  
(marked in green), and industrially-brewed cognacs (marked in blue) 
 
Figure 2 shows the beverages clustering based on the two-dimensional 

Varimax rotated PCA after auto-scaling of the original data. According to 
Figure 1, there is a wide dispersion of alcoholic beverages, but can be observed 
a classification on clusters and sub-clusters according to their origin. Thus, a 
well-defined cluster of home-brewed spirits, and two of the industrially-brewed 
alcoholic beverages can be observed, one that groups cognacs and spirits, 
and another that groups only cognacs. A third group contains both industrially- 
and home-brewed beverages. 

Figure 3 presents the two-dimensional PCA grouping of the parameters 
after auto-scaling and Varimax rotation, which characterize the analyzed 
alcoholic beverages. Two distinct groups could be observed, that of the 
elements of natural origin (Ca, Mg, Al, Mn, Cd, Pb), which have a great influence 
on the variability of alcoholic beverages based on the first factor (45.5%). The 
second group includes elements that show the influence of the distillation 
equipment material on the elemental content of the alcoholic beverages (Cu, 
Fe, Cr, Zn, Ni, Co). Of these elements, the greatest influence is observed for 
Ni and Co, while Cu present only a small influence in comparison. Its presence 
in alcoholic beverages, especially in the cognacs, is more influenced by the 
wine content, and less by the distillation equipment. 
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Figure 3. Two-dimensional PCA after auto-scaling and  
Varimax rotation of the analyzed alcoholic beverages 

 
 
CONCLUSIONS 

 
The results of the present study revealed that the concentrations of 

the 12 metals in the home-brewed spirits were significantly higher than in the 
industrially-brewed ones. In most of the analyzed samples the AMPHORA  
set threshold values for spirits were surpassed in case of Cu, which was 
attributed to the copper stills used by the home brewers. Nonetheless, health 
risk assessment by the THQ and TTHQ approach did not indicate non-
cancerogenic long term health risk in case of moderate spirits consumption, 
with the exception of three home-brewed ones, that had very high Pb 
concentration. The results of this study also indicated no significant differences 
in terms of metals concentration in spirits home distilled from plums, apples 
and grapes. The statistical PCA analysis highlighted the fact that alcoholic 
beverages are characterized by a great variability of their elemental composition, 
the first four factors describing ~79% of the variability. However, a few groups 
of alcoholic beverages have been observed according to their origin (home- or 
industrially-brewed). Also, two clusters of the elements could be highlighted, 
one that includes elements of natural origin (Ca, Mg, Al, Mn, Cd, Pb), and the 
second, the trace elements, whose origin was associated with the material of 
the distillation equipment, or in the case of Cu, its presence in the cognacs 
was associated more with its content in wine, than the one resulting from the 
distillation equipment. However, it was observed that it has only an average 
influence, in proportion of around 11% on the variability of alcoholic beverages. 
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EXPERIMENTAL SECTION 
 
Reagents and solutions 
The ICP-OES instrument calibration was achieved using standard 

solutions obtained by dilution with 5% (v/v) HNO3 of an ICP multi-elemental 
standard solution IV 1000 mg L–1 produced by Merck (Darmstadt, Germany). 
Samples acidulation and preparation of the 5% (v/v) HNO3 solution was 
prepared from 69% (w/w) HNO3 for analysis (Merck, Germany). For the 
dilution of samples doubly distilled water was employed, obtained with the 
Fistreem Cyclon Double (Bi-) Distiller (Cambridge, United Kingdom).  

 
Samples and sample preparation 
Samples consisted of 18 home- and 3 industrially-brewed spirits, and 

19 industrially obtained cognacs. The home brewed spirits were distilled from 
plums (samples 1–6), apples (samples 7–11), grapes (samples 12–16), 
cherry (sample 17) and peach (sample 18) between 2016 and 2020 in small 
scale distilleries or in private homes. They originated from different locations 
across Romania, namely Tăutelec (Bihor County), Satu Mare (Satu Mare 
County), Carastelec (Sălaj County), Vama (Suceava County), Vaslui (Vaslui 
County), Sfântu Gheorghe (Covasna County), Viile Satu Mare (Satu Mare 
County), Viișoara (Cluj County) and Panciu (Vrancea County). The industrially-
brewed spirits (samples 19–21) originated from local stores of Cluj-Napoca, 
while the cognacs (samples 22–40) were obtained industrially from an 
unadulterated producer, that were not intended for human consumption. 

Samples preparation consisted in evaporation of aliquot volumes of 
50 mL alcoholic beverage on a sand bath to dryness, retaking it in 10 mL 
HNO3 69% (w/w), boiling for 1 h in order to digest the organic compounds 
and dilution to 25 mL with doubly distilled water. Along with the samples, a 
blank solution was also prepared. 

 
Instrumentation 
The concentrations of metals in the alcoholic beverages were 

measured using the Spectro CIROSCCD ICP-OES spectrometer (Spectro, 
Kleve, Germany) using the following conditions: 27.12 MHz radiofrequency, 
1400 W plasma power, 12/0.6/1 L min–1 outer/auxiliary/nebulaztion Ar flow 
rate, axial plasma viewing (X = -3.9 mm, Y = 3.6 mm, Z = +2.6 mm). The 
samples were pumped by a peristaltic pump, at a flow rate of 5 mL min–1, 
into the cross-flow nebulizer (flushing time 40 s, delay time 20 s). The 
emission signals of the elements were separated by the double grating 
Paschen Runge polychromator with Ar filled chamber and were detected 
simultaneously by the 22 charge coupled devices (CCD). Signals were 
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processed as peak height with background correction in two-points. Quantitative 
determinations were realized after external calibration in the 0–10 mg L–1 
range (n = 8 points) for all elements. 

 
Method validation 
Method validation consisted of figures of merit (LOD, LOQ), accuracy 

and precision evaluation. LODs of the elements were calculated as the ratio 
of 3 times the standard deviation of 11 measurements of a blank sample and 
the slope of the calibration curve (3σ criterion), while LOQ was considered 
as 3*LOD [24]. Methods accuracy was verified by spike – recovery testing, 
using a concentration of 0.1 mg L–1 ICP IV standard solution for elements in 
the <LOD–1 mg L–1 concentration range, and 5 mg L-1 ICP IV solution for 1–50 
mg L–1 concentration range. Methods precision was verified by relative standard 
deviation (RSD, %) calculation from samples replicate measurements. 

 
Human health risk assessment  
According to WHO, in Romania, the adult per capita consumption of 

pure alcohol is 12.6 L per year [1], which results in a consumption of 100 mL 
alcoholic beverage (40%, v/v) for a consumption frequency of 365 days/year.  

The THQ values, for the assessment of non-carcinogenic health risk 
posed by the metals present in the alcoholic beverages, with the exception 
of Ca and Mg, was calculated using equation (1), while TTHQ was calculated 
as the sum of individual THQ values [14], taking into account 100 mL 
alcohol/day for moderate consumption, 200 mL for high consumption and 
300 mL for very high alcohol consumption. If THQ and TTHQ are <1, then 
there is no health risk to non-carcinogenic diseases, while at THQ value >1, 
some detrimental health effects may appear due to exposure to metals in the 
analyzed alcoholic beverages. It can be considered that TTHQ is much more 
suitable for assessing the long-term risk exposure, because it reflects the 
cumulative effect of potentially toxic elements present in drinks or foods. 

 

THQ= 
Efr x EDtot x Fir x c
RfDo x Bwa x ATn  x 10-3 (1) 

 

where, Efr – is the exposure frequency (365 days/year),  
EDtot – is the exposure duration (57 years, based on an average life 

expectancy in Romania of 75 years and consumption 
starting at age 18),  

Fir – is the daily alcohol ingestion (100; 200; 300 mL/day),  
c  – is the concentration of the element in the alcoholic beverage 

(mg/L),  
RfDo – is the oral reference dose (mg/kg/day),  
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Bwa  – is the average body weight of an adult (60 kg),  
ATn  – is the exposure time for non-carcinogens (20,805 days) 
10-3   – is the unit conversion factor.  
 
Elemental profiling of alcoholic beverages by PCA 
The elemental profile of the studied alcoholic beverages was obtained 

by the unsupervised multivariate Principal Component Analysis (PCA) 
method after Varimax rotation of the auto-scaled data. In the PCA approach, 
a data set is transformed by combining the original parameters into a 
multidimensional space of new variables called principal components (PCs) 
or factors. Each PC contains a linear combination of the original variables. 
Only dominant PCs that have an eigenvalue greater than 1 according to the 
Kaiser criterion, that have the largest variance and describe the system's 
variability were considered in the Varimax rotation. Maximization of the 
variance of the retained PCs was achieved by Varimax rotation. The absolute 
loading values provided the influence of each parameter in a PC. A strong 
influence of a parameter was considered for loading values (> 0.70), while 
values in the range 0.50–0.70 or 0.30–0.50 indicate a moderate or weak 
influence [40]. The PCA analysis was performed considering all elements 
and all beverages. In the beverages in which the metals concentration was 
lower than the method LODs, the considered value was one half of LOD.  
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ABSTRACT. A new micro-HPTLC method assisted by image analysis 
technique was proposed for rapid evaluation of the total antioxidant potential 
(TAP) of redox-active drugs using 2,2-diphenyl-1-picrylhydrazyl (DPPH•) and 
2,2’-azinobis-3 ethylbenzothiazoline-6-sulfonic acid (ABTS*+) radicals. Colored 
compounds that can significantly influence the spectrophotometric and 
chromatographic measurements were revealed in case of selected drugs 
after their reaction with DPPH• and ABTS*+ radical respectively. The best 
chromatographic conditions were selected for accurate quantification of DPPH• 
and ABTS*+ radicals after their separation from the interfering compounds. The 
validation of the proposed method was performed in terms of linearity, limit of 
detection, limit of quantification, precision, and accuracy. Green and red color 
channel used for image processing were found to allow accurate quantification 
of DPPH•. For accurate quantification of ABTS•+ the red and gray channels were 
selected. A linear dependence of spot area/radical concentration was obtained 
in the range 0.78-2.76 µg⋅spot-1 and 0.21-2.49 µg/spot for DPPH• and ABTS*+ 
radicals respectively. The developed method was found to be accurate and 
precise according to values higher than 92% for recovery and less than 3% 
for relative standard deviation parameters (RSD%). A statistical significant 
correlation was obtained comparing the spectrophotometric results with the 
chromatographic ones obtained for selected adrenergic drugs.   
 
Keywords: micro-HPTLC method; image analysis; total antioxidant potential; 
adrenergic drugs; DPPH• and ABTS•+ protocols 

 
a Babeş-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos 

str., RO-400028, Cluj-Napoca, Romania 
b Research Center for Advanced Chemical Analysis, Instrumentation and Chemometrics – 

ANALYTICA, Babeş-Bolyai University 11 Arany Janos str., RO-400028, Cluj-Napoca, Romania  
* Corresponding author: dorina.casoni@ubbcluj.ro 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:isi@chem.ubbcluj.ro


DORINA CASONI, ILEANA M. SIMION, SIMONA C. A. COBZAC, ALEXANDRA-G. KIRALY 
 
 

 
236 

INTRODUCTION  
 
The development of rapid protocols to measure the antioxidant 

activity of different classes of compounds is one of the topics with a great 
scientific interest in recent years [1-3]. High performance thin-layer 
chromatography combined with image analysis (HPTLC-IA) method is 
among the recently developed methods in the area of the antioxidant 
potential evaluation. Protocols based on scavenging the free-radicals 2,2-
diphenyl-1-picrylhydrazyl (DPPH•) were found to be mostly used for the in 
vitro antioxidant activity evaluation purpose [4-9]. In the most popular 
approaches the typical planar chromatographic assay is used. In this 
approach developed plates are sprayed or immersed with/in DPPH• radical 
solution and the active antiradical constituents (appeared as yellowish white 
spots produced by bleaching the purple color of the DPPH• reagent) are 
quantified based on the integrated area of the chromatographic spot [5]. 

The HPTLC-IA methodology has the advantage of multiple parallel 
sample analysis on the same chromatographic plate, possibility to present 
results as a colorful image, multiple levels of visualization (in white light, UV 366 
nm and/or UV 254 nm) and moreover the possibility of application of advanced 
image analysis techniques. The use of different color scale (channel) selection 
for image processing provides complementary information and allow an 
accurate quantification of compounds even if they are not separated with high 
resolution from the matrix constituents. Based on sensitive and accurate 
protocols developed until now, the HPTLC-IA method represents a promising, 
rapid and economic alternative for comprehensive evaluation of the antioxidant 
potential of classes of redox-active compounds. Results published in prestigious 
international journals [7-10] sustain the HPTLC-IA method as promising, rapid 
and economic alternative able to provide accurate evaluation/quantification of 
antioxidant potential of redox-active compounds and investigate/monitor the 
reaction mechanism with DPPH• radical. 

In the micro-thin-layer chromatographic assay (micro-TLC) the 
antioxidant potential is evaluated by quantitative analysis of radical DPPH• and 
DPPH-H molecules after reaction with the sample [11], and then separated from 
the interfering compounds. So, the micro-TLC approach can offer the possibility 
of evaluation of total antioxidant potential (TAP) of redox-active compounds in 
free-of-interaction liquid medium. Combined with image analysis procedures 
by color scale selection, the micro-TLC method provides complementary 
information that may allow accurate quantification of radical molecules even if 
they are not well separated from the sample matrix constituents.  

The objective of this study was to develop a micro-HPTLC method 
assisted by image analysis techniques (micro-HPTLC-IA method) for accurate 
determination of total antioxidant potential (TAP) of redox-active drugs  
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using both DPPH• and ABTS•+radicals. During the method development, the 
chromatographic conditions were optimized and different image analysis 
techniques were evaluated for accurate determination of both DPPH• and 
ABTS•+ radicals. The method was validated in terms of linearity range, limit 
of determination and limit of quantification and the method advantages  
were highlighted for the determination of the antioxidant potential of selected 
adrenergic drugs.   
 
 
RESULTS AND DISCUSSION 

 
Optimization of the chromatographic parameters for the micro-
HPTLC method 
The preliminary investigations for selected adrenergic drugs using 

typical chromatographic method (TLC) revealed a considerable antiradical 
activity of these drugs against DPPH• and ABTS•+ radicals (Figure 1).  

 

 
(a) 

 
(b) 

 

Figure 1. Image of the chromatographic plate (HPTLC Silica gel 60 F254) after 
separation of selected adrenergic drugs (mobile phase methanol: water: formic acid, 
60:40:0.5 v/v/v) and immersion in DPPH• solution (0.8x10-3 mol/L) (a) and ABTS•+ 

solution (0.7x10-3 moli/L) (b). (1-Terbutaline; 2-Albuterol; 3-Adrenalone; 4-Methoxamine; 
5-Isoprenaline; 6-Ritodrine; 7-L-DOPA; 8-D-DOPA; 9-Epinephrine; 10-Norepinephrine; 
11- Caffeic acid; 12-Trolox) 
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During our investigations, for some drugs as terbutaline (1), albuterol (2) 
and ritodrine (6) the reaction with ABTS•+ radical on the chromatographic plate 
conducted to the formation of colored compounds (yellow-orange for terbutaline; 
purple-red for albuterol; pink-red for ritodrine) that can significantly influence 
the spectrophotometric and typical chromatographic measurements. Thus, 
for these drugs, the evaluation of the antioxidant potential using the classical 
spectrophotometric and typical chromatographic methods cannot be carried 
out with precision for the ABTS•+ assay. For these situations the micro-TLC 
approach offer a promising alternative for rapid evaluation of total antioxidant 
potential (TAP) [11].  

Development of the proposed micro-HPTLC protocol for quantitation 
of DPPH• and ABTS•+ radicals started from optimization of the chroma-
tographic conditions necessary for accurate determination of these radicals.  
 
 

   
(a)                                                  (b) 

  
(c)                                                 (d)                                                                           

 
(e) 

 
Figure 2. Image of the chromatographic plate (HPTLC Silica gel 60 F254s) obtained 
after separation of DPPH• radical molecules and image processing using the 
ImageDecipher TLC software: (a) RGB (red, green and blue primary colors) color 
mode; (b) gray scale selection; (c) red scale selection; (d) green scale selection; 
(e) blue scale selection. (1-Terbutaline, 2-Albuterol, 3-Adrenalone, 4-Metoxamine, 
5-Ritodrine, 6-Isoprenaline, 7-L-DOPA, 8-D-DOPA, 9-Epinephrine, 10-Norepinephrine, 
11,12,13,14-Caffeic acid -2,4,6 and 8 µL). 
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In order to determine the optimal conditions of separation of DPPH• 
and DPPH-H, different stationary phases and mobile phases were tested. 
For the HPTLC Silica gel 60 F254s plates mixtures of hexane and acetone 
(50:50; 60:40 and 70:30 v/v) and hexane, acetone and ethanol (60:30:10; 
60:35:5 and 60:38:2 v/v/v) were used. Also diferent mixtures of methanol-
water (from 40% to 70% methanol) were tested using the Silica gel 60 RP-
18W F254s, HPTLC Silica gel 60 RP-8 F254s and HPTLC Silica gel 60 DIOL 
F254s plates. The best results were obtained for HPTLC Silica gel 60 F254s 
plates with mobile phase consisted of hexane: acetone: ethanol (60:38:2 
v/v/v). In these conditions, both forms of DPPH (DPPH• and DPPH-H) were 
not completely separated but selective quantification of DPPH• molecules 
was performed in red and green channel respectively. 
 

 
 

Figure 3. RGB (red, green and blue primary colors) image of the chromatographic plate 
(HPTLC silica gel RP-18W F254s) obtained after separation of ABTS•+ radical molecules 
and image processing using the ImageDecipher TLC software. (1-Terbutaline; 2-
Albuterol; 3-Adrenalone; 4-Metoxamine, 5-Ritodrine, 6-Isoprenaline, 7-L-DOPA, 8-D-
DOPA, 9-Epinephrine; 10- Norepinephrine; 11, 12, 13, 14 - ABTS•+ sample). 

 
For the ABTS assay the optimal condition for separation of ABTS•+ 

radical (green spots) from the colored interfering constituents (resulted from 
reaction of terbutaline, albuterol and ritodrine respectively with ABTS•+ 
radical) was targeted. The best results (Figure 3) were obtained for HPTLC 
silica gel RP-18W F254s plates and mixture of methanol: water (40:60 v/v) as 
mobile phase. The gray and red channels provided the best sensitivity for 
ABTS•+ spots and both channel were selected to perform quantification of 
ABTS•+ molecules. 
 

Method Validation 

The method performance parameters expressed as linearity range, 
limit of detection (LOD) and limit of quantification (LOQ) for developed micro-
HPTLC-DPPH• and micro-HPTLC-ABTS•+ protocols are presented in Table 1. 
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Table 1. Method performance parameters (linearity range, limit of detection - LOD 
and limit of quantification - LOQ) obtained for developed micro-HPTLC- DPPH•  

and micro-HPTLC-ABTS•+ assays. 

Metod performance 
parameters 

micro-TLC- DPPH• 
assay micro-TLC- ABTS•+ assay 

Calibration range 0.78 - 2.76 (𝜇𝜇g/spot) 0.21 - 2.49 (𝜇𝜇g/spot) 

 Red 
channel 

Green 
channel Gray channel Red 

channel 
Intercept -1254.10 480.89 57.80 121.81 

Slope 2412.60 2166.70 3884.30 5430 
*R2 0.9881 0.9918 0.9884 0.9946 

LOD (µg/spot)* 0.24±0.01 0.22±0.01 0.03±0.01 0.02±0.01 
LOQ (µg/spot)* 0.79±0.02 0.73±0.01 0.10±0.02 0.07±0.02 

*regression determination coefficient ; *values ±standard deviation (SD)  
 
A good linear dependence (0.9881 < R2 < 0.9946 for spot area of 

radical vs. radical concentration) was obtained for 0.78 - 2.76 (µg/spot) and 
for 0.21 - 2.49 µg/spot in case of micro-HPTLC-DPPH• and micro-HPTLC-
ABTS•+ assay, respectively. Green channel selection was revealed to offers 
a better sensitivity (LOD = 0.22 μg/spot) for DPPH• quantification while the 
red channel selection conducted to beter sensitivity for ABTS•+ determination 
(LOD = 0.02 μg/spot). 

The accuracy of the micro-HPTLC method was evaluated by 
quantification of DPPH• and ABTS•+ molecules on three concentration levels 
of radical /spot. Results, expressed by percent recovery ranged from 92% to 
96% for DPPH• and from 0.93% to 95% for ABTS•+ radical, respectively.  

The relative standard deviation (RSD%) values less than 3% obtained 
by analysis of replicates of radical solution at three different concentrations 
(for both radicals) during three different time in one day revealed a good 
intraday precision and good repeatability of the method.  

 
Application of the developed micro-HPTLC method for the 
determination of total antioxidant potential (TAP) of selected 
adrenergic drugs 
 

Based on method development results, the total antioxidant potential 
for selected adrenergic drugs (Table 2) was determined by micro-HPTLC-
DPPH• assay using red and green channels selection and by micro-HPTLC-
ABTS•+ assay using gray and red channels selection respectively. Results 
were expressed as caffeic acid equivalents for the DPPH• method and  
trolox equivalents for the ABTS•+ method (calibration curves parameters for 
reference antioxidants caffeic acid in DPPH• assay and trolox in ABTS•+ 
assay: 0.9990 < R2 < 0.9996).  
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The obtained results revealed that catecholamine related drugs 
(L-DOPA, D-DOPA, adrenalone, epinephrine and isoprenaline) show a high 
antiradical potential against DPPH•. Ritodrine and terbutaline showed 
comparable activity with norepinephrine. 

Similar results (expressed in trolox equivalents) were obtained by 
micro-HPTLC-ABTS•+ assay. L-DOPA, D-DOPA, adrenalone and isoprenaline 
(catecholamine related drugs) were revealed as drugs with highest antioxidant 
potential. They are followed by terbutaline, norepinephrine, albuterol and 
ritodrine.  
 
Table 2. Total antioxidant potential (TAP) for selected adrenergic drugs determined 

by micro-HPTLC- DPPH• and micro-HPTLC-ABTS•+ assays. 
 

Sample 
No. 

Sample 
name 

Total antioxidant potential (TAP) 
micro-TLC-DPPH• 

(caffeic acid equivalents*) 
(µM) 

micro-TLC-ABTS•+ 
(trolox equivalents*) 

(µM) 

  Red 
channel 

Green 
channel 

Gray 
channel Red channel 

1 Terbutaline 71.46±0.16 71.99±0.58 58.28±1.01 55.99±1.02 
2 Albuterol 25.63±0.27 24.74±2.82 44.28±0.98 43.66±1.51 
3 Adrenalone 153.83±1.27 150.24±1.84 85.41±1.41 87.53±1.06 
4 Metoxamine 6.43±0.04 7.09±0.12 0.72±0.20 0.88±0.08 
5 Ritodrine 74.49±0.18 78.62±1.05 29.58±1.58 28.55±1.97 
6 Isoprenaline 124.34±1.51 126.27±0.03 69.62±1.21 72.10±0.13 
7 L-DOPA 168.39±1.27 163.69±0.88 142.06±1.44 144.69±0.78 
8 D-DOPA 154.83±2.11 152.28±1.66 88.67±2.04 84.46±2.98 
9 Epinephrine 136.72±0.20 134.94±1.44 18.51±0.76 17.38±1.26 

10 Norepinephrine 73.14±1.10 75.05±1.31 48.21±1.08 50.80±1.54 

*±SD - standard deviation determined for two replicate spots  
 

Evaluation of the chromatographic results obtained by developed 
micro-HPTLC-DPPH• and micro-HPTLC-ABTS•+ assay respectively was made 
by comparison with results from classic spectrophotometric assay using 
DPPH• and ABTS•+ radicals. For this purpose, the antioxidant activity against 
DPPH• and ABTS•+ radicals was determined for the studied compounds using 
the spectrophotometric method. The spectrophotometric results expressed as 
caffeic acid equivalqnts (µM) for DPPH• assay and as trolox equivalents (µM) 
for ABTS•+ assay were calculated based on the calibration curves (% of 
consumed radical vs. concentration of the reference antioxidant) obtained for 
the reference antioxidants caffeic acid (y = 204.86x + 1.9056, R2 = 0,9999) and 
trolox (y = 3.3107x + 2.5715, R2  = 0,9998), respectively. The obtained results 
for the selected drugs are presented in Table 3. 
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Table 3. Total antioxidant potential (TAP) for selected adrenergic drugs determined 
by DPPH• and ABTS•+ spectrophotometric assays. 

No. Sample 
name 

Total antioxidant potential (TAP) 
DPPH• assay 

Caffeic acid equivalents* 
(µM)   

ABTS•+ assay 
Trolox equivalents* 

(µM)  
1 Terbutaline 70.42±0.14 10.31±0.15 
2 Albuterol 35.06±0.07 47.3±0.13 
3 Adrenalone 140.17±0.15 85.81±0.18 
4 Metoxamine 5.25±0.02 0.86±0,08 
5 Ritodrine 83.40±0.12 14.81±0.13 
6 Isoprenaline 116.41±0.13 74.22±0.14 
7 L-DOPA 122.51±0.12 149.50±0.16 
8 D-DOPA 125.24±0.16 86.36±0.15 
9 Epinephrine 138.75±0.18 19.20±0.12 

10 Norepinephrine 50.88±0.13 49.71±0.11 

*±SD - standard deviation determined for three replicate measurements of absorbance 

For L-DOPA, D-DOPA and adrenalone drugs, the spectrophotometric 
results showed a similar behavior as in the chromatographic assay, showing 
a high activity against both the DPPH• and the ABTS•+ radicals. Contrary to 
the chromatographic determinations, the spectrophotometric assay indicated 
a considerable activity for terbutaline and ritrodrine against the ABTS•+ 
radical. These high values clearly highlight that the spectrophotometric 
determination is affected by the presence of intensely colored compounds 
formed from the reaction of these drugs with the ABTS•+ radical, compounds 
that were revealed by typical chromatographic investigations (Figure 1) and 
also by the developed micro-HPTLC method (Figure 3). 

Table 4. The correlation parameters obtained between chromatographic and 
spectrophotometric results 

Method * DPPH 
 (1) 

DPPH 
(2) 

ABTS 
(1) 

ABTS 
(2) 

DPPH 
(3) 

ABTS (3) 

DPPH (1) 1.00 1.00 0.73 0.72 0.96 0.72 
DPPH (2) 1.00 1.00 0.72 0.71 0.96 0.71 
ABTS (1) 0.73 0.72 1.00 1.00 0.57 0.94 
ABTS (2) 0.72 0.71 1.00 1.00 0.56 0.94 
DPPH (3) 0.96 0.96 0.57 0.56 1.00 0.55 
ABTS (3) 0.72 0.71 0.94 0.94 0.55 1.00 

* DPPH (1): micro-HPTLC-DPPH (red channel); DPPH (2): micro-HPTLC-DPPH (green
channel); ABTS (1): micro-HPTLC-ABTS (gray channel); ABTS (2): micro-HPTLC-ABTS; DPPH 
(3): DPPH spectrophotometric assay; ABTS (3): ABTS spectrophotometric assay.
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The comparison of the obtained results (Table 4) showed a significant 
correlation between the spectrophotometric and developed micro-HPTLC-
DPPH• method on both red channel and green channel selection analysis  
(r = 0.96 in both cases).  

Also in case of micro-HPTLC-ABTS•+ assay a significant correlation 
was observed with spectrophotometric results for both channel selected     
(r = 0.94) In this case a significant increasing of the correlation parameter 
was obtained (r > 0.99) when terbutaline and ritodrine were not considered 
for correlation study. 
 
 
CONCLUSIONS 
 

The micro-HPTLC method using the DPPH• and ABTS•+ radicals can 
be succesfully applied for accurate determination of total antioxidant potential 
of redox-active drugs. The use of HPTLC Silica gel 60 F254 plates with a mobile 
phase consisted of hexane: acetone: ethanol (60:38:2 v/v/v) and green 
channel selection allow an accurate quantification of DPPH• radical. New 
compounds were revealed after reaction of ABTS•+ radical with selected 
adrenergic drugs (terbutaline, albuterol and ritodrine respectively). The best 
separation of these compounds from the ABTS•+ molecules was obtained 
using the HPTLC silica gel RP-18W F254 plates and mixture of methanol: water 
(40:60 v/v) as mobile phase. The validation of the micro-HPTLC-DPPH and 
micro-HPTLC-ABTS protocols performed in accordance with ICH guidelines 
indicates that the developed micro-HPTLC-IA method meets the criteria for 
linearity, precision and accuracy. In the above chromatographic conditions, 
a significant correlation (r > 0.90) was revealed between chromatographic and 
reference spectrophotometric results obtained for selected adrenergic drugs. 
It can be concluded that the proposed micro-HPTLC-IA method involving both 
DPPH• and ABTS•+ radicals is a powerful tool that allow a rapid evaluation  
of total antioxidant potential of redox-active drugs. The most significant 
advantage of the developed method is their accurate quantification of radicals 
even in presence of interfering compounds that can be formed by reaction of 
radicals with redox-active compounds.   
 
 
EXPERIMENTAL SECTION 
 

Reagents and samples 
High purity standards of terbutaline, albuterol, adrenalone, methoxamine, 

ritodrine, isoprenaline, L-DOPA, D-DOPA, epinephrine and norepinephrine 
drugs and caffeic acid and trolox reference antioxidants were purchased from 
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Sigma-Aldrich company (Steinheim, Germany) and used for samples 
preparation in this study. Standards of 2,2-diphenyl-1-picrylhydrazyl (DPPH•), 
2,2'-azinobis-(3-ethylbenzothiazole-6-sulfonic acid) (ABTS) and potassium 
persulfate (Sigma-Aldrich, Steinheim, Germany) were used for the preparation 
of the radical solutions.  

Stock solutions of the samples were prepared in ethanol at 
concentrations of 5x10-3 mol/L. 

 
Instrumentation and software programs 

Linomat V TLC auto-sampler (CAMAG, Muttenz, Switzerland) and a 
Hamilton syringe (100 µL) were used for sample application on the 
chromatographic plates. A specialized UV-Vis TLC scanner device (Thin 
Layer Chromatography Scanner TLC-2400S, BioDit Technology, Co.), the 
second-generation instrument for quantitative measurements in TLC, 
equipped with high qualified Micortek 3-linear color CCD camera was used 
for image acquisition.  

Jasco V550 computer controlled spectrophotometer (Tokyo, Japan) 
equipped with double beam, single monochromator and quartz cuvettes of 
1cm optical path was used for spectral measurements.  

 ImageDecipher software (BioDit Technology, Co.) was used for 
image processing and analysis.  

Spectra Manager for Windows 95/ NT version 1.53.04 (1995–2002, 
Jasco Corporation) software package was used for the spectra acquisition 
control, smoothing process, storage and spectral data digitization. 

Statistica 8.0 (StatSoft, Inc. 1984–2007, Tulsa, USA) software was 
used to perform correlation of the results obtained by the spectrophotometric 
and micro-HPTLC methods.  

 
Solutions and samples preparation 

The DPPH• radical stock solution (concentration1x10-3 mol/L) was 
prepared by dissolving appropriate required amount of DPPH in methanol for 
both micro-TLC and spectrophotometric measurements. This solution was 
prepared daily and protected from light throughout the analysis time in order 
to minimize the loss of free radical activity. Working solutions of different 
concentrations were prepared by rigorous dilution from stock solution in all cases.  
 The ABTS•+radical stock solution (concentration 1.25x10-3 mol/L) was 
produced according to the Ozcan protocol [12] by reacting equal volumes of 
the ABTS stock solution of 7 mmol/L concentration with solution of 2.45 
mmol/l potassium persulfate (final concentration) and allowing the mixture to 
stand in the dark at room temperature for 12 – 16 h before use. The working 
solutions of ABTS•+ radical were prepared by required dilution in methanol.  
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Stock solutions (5x10-3 mol/L concentration) of reference antioxidants 
and drug samples were prepared by dissolving appropriate required amount 
of standard in methanol.  

 
The method validation protocol  

The proposed method was validated in terms of linearity, precision, 
accuracy, quantification limit (LOQ) and detection limit (LOD) in accordance 
with established International Conference on Harmonization (ICH) guideline [13]. 

Linearity test of developed micro-HPTLC method was made by the 
dilution of the stock solution of DPPH• and ABTS•+ respectively to different 
required concentrations. For this aim a series of ten solutions from 1x10-4 to 
2x10-3 mol/L concentration of DPPH• and from 0.05x10-3 mol/L to 1.25x 10-3 
mol/L (ε = 1,6 x 104 M -1 cm-1) ABTS•+ were prepared by appropriate dilution 
in methanol. Eight µL of each solution was spotted on HPTLC plate in all 
cases. The plates were developed using a mobile phase consisting hexane: 
acetone: ethanol (60: 38: 2 v/v) for DPPH• and of methanol : water 40 : 60 
v/v) for ABTS•+separation. After separation, the plates were dried in dark 
conditions for ten minutes and scanned. All the process analysis was repeated 
three times. In both cases of radicals the calibration curve was plotted 
considering peak area versus concentration of radical (𝜇𝜇g/spot). The linearity 
performance parameters for the calibration (coefficient of linear regression 
(R2), slope, and intercept) were reported. 

The limit of detection (LOD) and limit of quantification (LOQ) values 
were determined on the basis of specific calibration curves obtained for 
DPPH• and for ABTS•+ respectively. The LOD was calculated as LOD =3𝜎𝜎/𝑆𝑆 
and LOQ was calculated as LOQ =10𝜎𝜎/s where 𝜎𝜎 is the standard deviation 
of the spot area and 𝑆𝑆 is the slope of the calibration curve. 

The accuracy of the method was determined for DPPH• and ABTS•+ 
assay on three concentration levels of radical/spot. Results were expressed 
as percent recovery calculated based on spot area of DPPH• respectively 
ABTS•+. In case of micro-HPTLC-DPPH• assay the percent recovery was 
calculated also for three concentration levels of DPPH• in presence of  
DPPH-H molecules. These analyses were performed six times in each case.  

Repeatability (intraday precision) of the method was determined  
by the analysis of three replicates of radical solution at three different 
concentrations of radicals in each case. All solutions were prepared 
independently and 8µL of were applied on the chromatographic plate in each 
case. Precision was determined on the basis of measurements of spots area 
of three different concentration of radical and expressed as the relative 
standard deviation (RSD%) values. 
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Chromatographic protocol for TAP measurement 

The total antioxidant potential (TAP values) of the drugs under study 
was determined by developed micro-HPTLC method.  

For the DPPH• protocol, 5 mL of DPPH• solution (1x10-3 mol/L) were 
mixed with 50 µL of drug sample (concentration 1x10-3 mol/L-1) and kept in 
dark conditions for a 30 minutes reaction time. Spots of eight µL from the each 
resulted sample were applied as spots on HPTLC Silica gel 60 F254 plate (20 
cm × 10 cm, Merck, Darmstadt, Germany) with an application speed of 80 
nL/s. Development of the plate was carried at room temperature over a 
distance of 8 cm in a normal chromatographic chamber using the mixture of 
hexane: acetone: ethanol in the ratio of 60: 38: 2 (v/v) as mobile phase. After 
separation the plates were dried in dark conditions at room temperature for 10 
minutes. Plates were scanned and the quantification of DPPH• was performed 
based on spot area determined by gray, green, blue and red scales selection. 
Results were were expressed as caffeic acid equivalents (µg/spot) based on 
the equation of the calibration line obtained in the same chromatographic 
conditions for caffeic acid in the concentration range 0.01 - 0.1 µg/spot. 

For the ABTS•+ protocol, 2 mL ABTS•+ solution (concentration 
1.25x10-3 mol/L) were mixed with 50 µL of drug sample solution (concentration 
1x 10-3 mol/L) and kept in dark conditions for 30 minutes (reaction time). 
From each of the resulted samples, spots of 8 µL were applied on the HPTLC 
silica gel RP-18W F254 plates with an application speed of 60 nL/s. 
Development of the plate was carried at room temperature over a distance 
of 8 cm in a normal chromatographic chamber using mixture methanol: water 
in a various proportion (from 20% methanol to 60% methanol (v/v)) as mobile 
phase. After separation the plates were dried in dark conditions at room 
temperature for ten minutes and scanned. Quantification of ABTS•+ was 
performed based on spot area determined by gray, green, blue and red 
scales selection. Results were expressed as trolox equivalents (µg/spot) 
based on the equation of the calibration curve obtained in the same 
chromatographic conditions for trolox in the concentration range 0.001 - 
0.122 µg/spot. 

In all cases the samples were prepared in duplicate and from each 
sample duplicate spots were applied on the chromatographic plate.  

 
The Spectrophotometric protocol for TAP measurements 

For the spectrophotometric assay stock solutions of DPPH• 
(concentration 1x10-3 mol/L) and ABTS•+ (concentration 1.25x10-3 mol/L) 
radicals prepared as described above were used after appropriate dilution in 
methanol. Working solution of DPPH• of 0.15x10-3 mol/L was freshly prepared 
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for all determinations. 5 mL of working solution of DPPH• (concentration 
0.15x10-3 mol/L) was mixed with 50 µL of sample (concentration 1x10-3 
moli/L-1) and the absorbance value was measured at λ=518 nm wavelength 
after a reaction time of 30 minutes (in dark conditions). Results were expressed 
as caffeic acid equivalents. 

The ABTS•+ radical stock solution, prepared as described above, was 
diluted to an absorbance value of A = 0.700 (for λ=734 nm wavelength 
corresponding to the maximum of the absorbance; solution concentration 0.044 
x 10-3 mol/L, calculated based on Lambert Beer's law for a value of the extinction 
coefficient ε = 1.6x104 M-1 cm-1) and used for the spectrophotometric assay. 
3 mL of working ABTS•+ solution were mixed with 10 µL of sample 
(concentration 1x10-3 mol/L) and the absorbance value was measured after 
a reaction time of 30 minutes at of λ=734 nm wavelength corresponding to 
the maximum of the absorbance. Results were expressed as trolox 
equivalents. Three replicate samples were analysed in each case.  
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ABSTRACT. 2,4-D is a herbicide that in certain doses can be used as a growth 
stimulator for various crops. Although it is forbidden in our country to use it for 
such purposes, tomato growers use it to obtain large and fast harvests, but 
unfortunately of poor quality (the well-known tomatoes with tassel). In this work, 
we present a modified Miniluke extraction method and a LC-MS/MS analysis 
method of this pesticide from tomatoes. The method was validated both on 
tomatoes (presented in this paper) and strawberries, and its efficiency was 
demonstrated by participating to interlaboratory European tests where very 
good Z-scores were obtained.  
 
Keywords: 2,4-D, growth plant stimulator, LC-MS/MS, Miniluke, QuEChERS 

 
 
INTRODUCTION  

 
2,4-dichlorophenoxyacetic acid (2,4-D) is the active ingredient in 

several formulation of herbicides recommended for the control of broadleaf 
weeds. Other uses include the control of aquatic weeds, some woody 
vegetation, and site preparation and conifer release in forests. [1] 

2,4-D was used as herbicide in the herbicide Agent Orange, a 
1:1mixture of 2,4-D and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). Agent 
Orange was a herbicide widely used during the Vietnam war, and was often 
contaminated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), which 
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result from the manufacture of 2,4,5-T, and this contaminant has high potential 
to be carcinogenic, teratogenic, and fetotoxic.[2] 

The selective herbicide, 2,4-D, is used to protect grain crops against 
leafy weeds. It is also applied as a growth stimulator during the growth of 
plants (tomatoes), and post-harvest for the protection of fruits, especially 
citrus fruits. 

After some experiments on various fruits and vegetables (lichi, 
pineapple, egg plant), Howell and Wittwer found that a single spray with 2,4-
D on tomatoes (100 – 500 mg/L, somewhat dependent on the variety of 
herbicide) produced prompt flower formation. [3] 

Many publications on the physiology of the tomato plant present that 
application of 2,4-D (2,4-dichlorophenoxyacetic acid), 4-CPA (4 
chlorophenoxyacetic acid), and NOA (2-naphthoxyacetic acid) at 
recommended concentrations will increase fruit size and setting as well as 
accelerate fruit ripening. Even from 1953, was discovered that application of 
2,4-D, NAA (Naphthaleneacetic acid), TIBA (2,3,5-triiodobenzoic acid), NOA 
(2-naphthoxyacetic acid) and IAA (Indole-3-acetic acid) inhibited Fusarium 
wilt in tomatoes. So, those plant growth regulators are important not only in 
increasing crops but also in controlling plant disease. [4, 5] 

Today, 2,4-D is also applied as herbicide, a growth plant stimulator 
(but not approved in our country), and post-harvest protection of fruits, 
especially citrus fruits.  

2,4-D mimics the effect of some natural plant growth regulating 
hormones (e.g. auxins), and thus stimulates growth, rejuvenates old cells, 
and overstimulates young cells leading to abnormal growth patterns and 
death in some plants. 2,4-D resistant plants convert the chemical into 
inactive, nontoxic carbohydrate conjugates, while susceptible plants convert 
it into amino acid conjugates which obstruct normal nucleic acid metabolism 
and protein synthesis. This obstruction affects the activity of enzymes, 
respiration, and cell division and therefore the plants treated with 2,4-D often 
exhibit malformed leaves, stems, and roots. [6] 

Tomatoes are considered one of the most sensitive crops regarding 
2,4-D and its derivatives. As a growth stimulator, it is applied in sublethal 
doses ranging between 0.42 - 13.44 g s.a /ha directly on the plants, in 
different stages of growth, from the beginning of flowering. For tomatoes, the 
tolerance to 2,4-D increases a lot with the age of the plant. 

Due to the appearance on the Romanian market of some tomatoes 
of a abnormally shape (appearance of a tassel), with signs of phytotoxicity 
due to exposure to overdoses of the herbicide 2,4-D used as a growth 
regulator, the growth stimulation products based on 2,4-D were withdrawn 
from market. 
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Specialists in horticulture support that in our country are very few 
varieties of tomatoes (e.g. Prekos variety) that naturally produce this varietal 
character, that tassel, given by a gene, the B gene. Even in this cause, if that 
tassel is very pronounced, is a clear indication that growth plant stimulators 
were used, either for pollination (e.g. 2,4-D) or for forced fruit ripening (e.g. 
Ethrel). [8] 

Ethrel is also withdrawn from the romanian market since 2013, but it 
is still used for various cultures (as well as 2,4-D), the source of supply of 
such products being the EU countries where they are still approved for their 
use and non-EU countries. 

In our country are approved as growth plant stimulators sodium o-
nitrophenolate, sodium 5-nitroguaiacolate and 1-methylcyclopropene - all of 
these just for fruits protection. 

Few growers from all countries, including from us, follow the 
approved growth regulators and recommended application dosage, but 
many of them use unapproved products and high concentrations under the 
impression that a higher dose gave more effective results. 

Many studies have already established that for tomato fruits exceeding 
recommended dosages (e.g. at twice the recommended concentration), 
produces deformed fruit (reduced fruit quality), increases fruit number and 
the appearance of a jelly tissue with immature seeds. Also, significant 
abnormalities with deformed shapes and poor pulp development were 
observed externally and in transverse sections. [4,5,9] 

Other tests indicate that the fruits derived from the plants which were 
not treated with growth regulators were characterized by the smallest amount 
of jelly tissue while the fruits set under the influence of 0.001 % 2,4-D + 0.001 
% BAP (benzylaminopurine) had the largest jelly tissue amount. The greatest 
differentiation was found in fertility which ranged from 7.5 seeds from the fruit 
derived from the plants treated with 0.005 % 2,4-D, to 75.7 seeds from the 
non-treated plants’ fruit. [5,7,9] 

In conditions without precipitation, 2,4-D is absorbed by the plant 4-6 
hours after herbicide solution application, and if precipitation occurs, 2,4-D 
dissolves in rainwater and is absorbed by the plant through the vapors on the 
plant and from the soil. 

So, when higher concentrations are used these substances can 
modify primary plant metabolisms and be unsafe to public health because 
these plant growth substances have an accumulative and residual effect. 
These products being synthetic substances, should be used only at 
recommended concentrations in order to preserve crop quality and not for 
obtaining large harvests in the shortest possible time, which can affect public 
health. 
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RESULTS AND DISCUSSION 
 
In EU the residues of acidic pesticides (as 2,4-D) can be defined as 

free acids, esters or additionally conjugates. Conjugated residues are formed 
in crops as secondary products when acids was covalently bonded to 
different matrix components via ester- , glycoside- and other bonds. 

In crop production acidic pesticides are applied either as free acids 
or esters linked to a variety of alcohol groups. Hydrolysis plays a key role in 
the mechanism of action of phenoxy-acid derivatives in plants and soil, and 
because of these reason most esters are reported as free acids. [9] 
  In analysis of acidic pesticides when residues definition include esters 
and/or conjugates is necessary to release acids by break-up of any covalent 
bonds between acidic pesticides and matrix-components, and this involves 
alkaline hydrolysis, enzymatic hydrolysis or a combination of both. 
 In 2007 the European Union Reference Laboratories (EURL) distributed 
on their site a Single Residues Method (SRM) that presented an extraction 
method of acidic pesticides, including 2,4-D, from wheat flour samples, where 
alkaline hydrolysis is performed at room temperature before QuEChERS 
extraction method. A few years ago, Anastassiades et all, presents a study 
with a new approach of hydrolysis that employs esterase enzymes in order 
to achieve full hydrolysis of sterically hindered esters, and similar to alkaline 
hydrolysis, this enzymatic hydrolysis is performed prior to QuEChERS. [10] 
 In our country , at the Directorate General for Health and Consumer 
Protection of the European Commission (DG SANCO) recommendation, the 
necessity to develop a single residues method for 2,4-D analysis appeared, 
when a problem was found, which actually persists even now, namely that of 
determining the 2,4-D residues in tomatoes, because there was more and 
more suspicion at the local level, that the tomatoes in the agro-food markets 
are treated with a product that gives them an unnatural appearance and are 
tasteless. The documentation for both the development of the analysis 
method and the development of the pesticide extraction method from 
tomatoes constituted a difficult process of finding information, as very few 
articles and books were found in the specialized literature dealing with this 
subject, the results were contradictory. [10,11] 
 Due to its polar nature 2,4-D is difficult to analyze; it is partially linked 
to the matrix compounds; a good increase in extractability can be achieved 
by alkaline hydrolysis (e.g. NaOH, K2CO3), but even in this situation the 
recovery rates are up to 65%. A European method (Alkaline hydrolysis 
preceding QuEChERS for breaking up conjugates (prior to adding acetonitrile)) 
has been developed for the determination of phenoxyacid pesticides in flour, 
including 2,4-D, which uses alkaline hydrolysis in the extraction method, 
whose part of the analysis method has many elements in common with the 



DETERMINATION OF 2,4-DICHLOROPHENOXYACETIC ACID (2,4-D)  
FROM TOMATOES BY LC-MS/MS ANALYSIS 

 

 
253 

one proposed in the present study, the significant difference being in the 
method of extraction. [10,11]. 
 Also, the analysis method by LC-MS/MS QQQ was a challenge 
because in matrices of plant origin and animal origin 2,4-D expressed as 2,4-
D contain a sum of 2,4-D, its salts, its esters and its conjugates. 
 In order to establish the most efficient method of extracting 2,4-Dfrom 
tomatoes, we compared the QuEChERS method and the Miniluke method, 
with an alkaline hydrolysis previously applied for both. 
Both qualitative (chromatographic) and quantitative results were against the 
QuEChERS method. In figures 1 and 2 were presented the differences 
between the shape, the amplitude and the areas of the chromatographic 
peaks obtained by the two extraction methods (HA QuEChERS - alkaline 
hydrolysis and HA MiniLuke- alkaline hydrolysis), the LCMS analysis method 
being the same.  
 

 
Figure 1. TIC chromatograms for QuEChERS HA - ACN AA) and  

HA Miniluke extraction method 
 

 
Figure 2. Peak areas for transitions 219→125 and 219→161 with  

HA Quechers (ACN AA) and HA Miniluke extraction method 
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The extraction method used by us is a combination of two known 
methods, namely in the first step an alkaline hydrolysis of the sample is 
performed, followed,30 minutes after of the neutralization step, by a slightly 
modified MiniLuke method. This step is performed with the aim of breaking 
any covalent bonds between acidic pesticides and matrix components.  
The extraction procedure is shown schematically the following figure. 

 
Figure 3. Extraction procedure of 2,4-D from tomatoes 

 
 
CONCLUSIONS 
 
 The analysis method was validated on the matrix of tomatoes (matrix 
with high water content) and strawberries (matrix with high acidity content), 
and its efficiency was proven by participating in interlaboratory European tests 
organized by the European Reference Laboratory for the Analysis of Pesticide 
Residues from Almeria, Spain where very good Z scores were obtained. 

The methods of analysis and extraction of 2,4-D proved effective for 
matrices with high water content (tomatoes) and those with high acidity 
(strawberries), but for samples with high starch content (cereals), the extraction 
method must be modified and adapted, by introducing a certain amount of 
cold water before the solvent extraction process. The amount of water varies 
depending on the type of sample (type of cereals) and its granulation after 
grinding. 

The development and validation of 2,4-D extraction method from 
cereals will be the subject of a subsequent paper. 
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EXPERIMENTAL SECTION 
 

LC-MS/MS QQQ analysis  
For this LC-MS analysis, an AGILENT liquid chromatograph equipped 

with a quaternary pump model 1200, autosampler and a mass spectrometer 
triple quadrupole AGILENT 6410A, ionization source type Multi mode 
ionization (MMI), with electrospray ionization (ESI) in the negative mode. 

All the solvents used for the development of the method were of 
HPLC purity, manufactured by Sigma Aldrich, and the analytical standard 
2,4-D was also purchased from Sigma Aldrich. The other reagents were 
purchased from Merck, and the ultrapure water was produced with the TKA 
system consisting of two units, Lab Tower and GenPure. 

The analytical column was a Zorbax Eclipse XDB-C18, 3.5 microni, 
2.1x150mm, (Agilent) kept at 25 °C in the method. Injection volume was 5μL 
and flow rate of mobile phase was 0.35 ml /min. Mobile phase A was water 
and phase B was acetonitrile with 0.1% formic acid. Elution gradient was 
50% B from the start ramped to the 100% B over the 1 minute, then was 
ramped at 0% B over the 6 minutes and ramped again at 50% B held until 7 
minutes. Energy Fragmentation was established at 70V. Energy Collision for 
transition 219→161, was established at 10eV, and for transition 219→125 at 
25eV. Capillary voltage was setting at 2500V, the temperature of the gas in 
the ion source at 350 ° C, nebulizer pressure at 60 psi and drying gas flow at 
5 L / min. Nitrogen was used as nebulization, desolvation and collision gas. 

 
Method validation 
The modified Miniluke extraction method was validated for the tomato 

matrix, by the LC-MS/MS QQQ method developed in this work, in MRM 
(Multireaction Monitoring) mode, negative ESI. 

Stock solutions of 1000 µg/mL were prepared in acetonitrile and kept 
in a freezer at -18°C. A 10 µg/mL concentration solution is obtained from the 
stock solution by dilution with acetonitrile: water 50:50, v/v, this solution being 
used to determine the optimal fragmentation and collision energies. Another 
1µg/mL solution obtained from the 10 µg/mL solution by diluting with 
acetonitrile: water 50:50, v/v, is used to prepare the calibration standards, 
this solution if kept cold can be used for several months. The working standards 
(calibration levels) are obtained by diluting the mixture of pesticides with a 
concentration of 1 µg/mL, with acetonitrile: water 50:50, v/v, and are prepared 
whenever needed, being stable for several months if they are kept in optimal 
conditions (cold and in brown bottles). 



LIANA MARIA COSTEA, RALUCA RAD, CLAUDIA CIMPOIU, ADELA MEGHESAN 
 
 

 
256 

In accordance with the guide DG SANCO 12495/2011 and DG 
SANCO 12571/2013, implemented on 01/01/2014, the following validation 
criteria are checked for the pesticide 2,4-D in the tomato matrix. [12] 

Different types and modes of mass spectrometric detectors provide 
different degrees of selectivity and specificity, which relates to the confidence 
in identification. The DG SANCO requirements for LC-MS/MS identification 
are ≥ 2 product ions. For 2,4-D identification was used 2 transitions 
219→161, and 219→125. According DG SANCO documents, the relative 
intensities or ratios of product ions (MS/MS), expressed as a ratio relative to 
the most intense (product) ion, should correspond to those of the calibration 
standard at comparable concentrations and measured under the same 
conditions. Matrix-matched calibration solutions may need to be used. For 
LC-MS/MS techniques, recommended maximum tolerances for ion ratio 
were ± 30%, this criteria has been achieved by proposed analysis method, 
ion ratio for the two transitions used, being between 8.9 % and 12.1%, 
depending on the pesticide concentration. (Figure 4) 

 

 
Figure 4. Selectivity and specificity and ion ratio for 2,4-D transitions 

 
 

Linearity and LOQ 
Linearity will be investigated for the pesticides of interest using a 4 

point calibration curve (0.025; 0.05; 0.1; 0.2 µg/mL). Calibration levels are 
prepared in 100 ml volumetric flasks by diluting a standard solution of 
intermediate concentration of 1 µg/mL with acetonitrile: water 50:50, v/v. We 
do not work with internal standard. 
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Figure 5. Calibration curbe for 2,4-D in fortified blank matrix  

 
The range of linearity is between 0.025-0.2 mg/kg. The linearity of the 

calibration curves was evaluated both in the solvent (acetonitrile: water 
50:50, v/v) and in a blank matrix fortified at the levels of 0.025µg/mL, 
0.05µg/mL, 0.1µg/mL and 0.2µg/mL. Each calibration solution was injected 
three times (n=3) and the relative standard deviation RSD, mean peak areas, 
calibration curve equation and correlation coefficient were specified. 
The correlation coefficient (r2) must be greater than or equal to 0.98. 

The LOQ was calculated by injecting lower pesticide concentration in 
spiked tomato extract that yielded a S/N equal to or slightly higher than 10. 
Also, by definition, LOQ was the lower concentration level of pesticide for 
which the acceptability criteria were demonstrated: the average recovery rate 
should be in the range of 70-120%, the standard deviation STDEV ≤ 20%, 
the relative standard deviation RSD ≤ 20% and the LOQ ≤ MRL. 

The LOQ (0.025 mg/kg) was much lower than the MRL’s established 
by the EU legislations for tomatoes (0.05 mg/kg). 

Retention time, regression coefficients (r2), LOQ, recoveries, coefficient 
of variation RSD, matrix effects and MRL for 2,4-D in tomatoes are presented 
in the Table 1. 

 
Table 1. Retention time, regression coefficients (r2), LOQ, recoveries,  

coefficient of variation RSD (n= 5) %, matrix effects and MRL 
 

R.T 
(min) 

r2  LOQ Spiking level 
 0.05 mg/kg 

Spiking level 
 0.15 mg/kg 

MRL 
mg/kg 

Reco 
very 
% 

RSD 
(n=5) 

% 

Matrix 
effect 

Reco 
very 
% 

RSD 
(n=5) 

% 

Matrix 
effect 

4.311 0.999068 0.025 110.5 5.6 - 4.5 95.8 3.29 -5.5 0.05 
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Matrix effect 
Being a rather charged matrix due to the co-extractive compounds, 

especially lycopene, it was expected to observe a matrix effect. 
The matrix effect was calculated on a control matrix that was fortified 

at 0.05 mg/kg (MRL level for 2,4-D in tomatoes) and 0.15 mg/kg, making an 
average of five injections from each fortification level, the analyte 
concentration was analyzed and calculated. (Table1) 

The extent of matrix effect can be measured in each analytical 
sequence by comparing calibration standards of the same concentration in 
solvent vs. those in matrix extracts. 

The more different the slopes of the two curves are, the farther the 
curves are from each other, respectively the greater the matrix effect. (Figure 6) 

The difference in the slopes of the calibration curves can be observed, 
which does not exceed 50%, so it can be argued that in this matrix the 
residual values of 2,4-D will not be debatable in the situation where the 
measurement uncertainty is estimated at ± 50%. 

 

 
Figure 6. Matrix effect of 2,4-Dcalculated by the solvent  

calibration curve vs matrix calibration curve  
 
 

The same conclusion is supported by the matrix effect calculation 
using a formula: 
 
ME (%)=(conc.of 2,4-D in matrix – conc of 2,4-D in solvent)/conc. of 2,4-D 

in matrix*100 
 
Recovery and precision 
Recovery studies were performed to examine the efficiency of 

extraction method. Blank samples was spiked at level 0.05 mg/kg and 0.15 
mg/kg with five replicates at each level, by standard addition method, and 
then the recoveries were calculating. The obtained recoveries are shown in 
Table 1. The average recoveries were 110.5% and 95.8%, indicating that the 
criteria for this validation parameter was achieved.  

std

ma
trix
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Precision was evaluated by analyzing five fortified blank tomato 
samples for each level at the two concentration levels of the recovery studies. 
The precision was expressed as the RSD values, and the results is 
presented in Table 1. The obtained values for this validation parameter was 
according to DG SANCO criteria’s. [12] 

 
Measurement uncertainty 
The uncertainty will be calculated taking into account both systematic 

errors (fidelity) and random errors (repeatability, reproducibility). The 
expanded uncertainty will be established using a 95% confidence interval. 

 
Table 2. Components of measurement uncertainty 

Pesticide 
Sum of 
squares Ucomb/c Ucomb U expand U% 

2.4D 4.6215E-03 6.80E-02 6.93E-03 0.01386 13.86 
 
 

The measurement uncertainty is below 50%, so according to the DG 
SANCO 12495/2014 guide, in routine analysis, an uncertainty of ± 50% can 
be attributed. 
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STUDY ON THE CORROSION INHIBITION EFFICIENCY OF 
ALUMINUM TRIPOLYPHOSPHATE ON ZINC SUBSTRATE 

 
 

Julia BOTHa, Gabriella SZABÓb*, Liana-Maria MUREȘANa 
 
 

ABSTRACT. The aim of the present study was the electrochemical investigation 
of the inhibition efficiency of aluminum-tripolyphosphate (ATPP) incorporated in 
silica (SiO2) and chitosan (Chit) coatings prepared on zinc substrates. Coatings 
were prepared by dip-coating method. Electrochemical characterization of the 
coatings was performed by using electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization curves (PDP). Effect of ATPP on Zn was 
also determined in 0.2g/L Na2SO4 solution and its adsorption on zinc was studied. 
Results concluded that the ATPP adsorption on Zn obeys Langmuir isotherm. 
The best corrosion resistance was reached when Zn was protected by SiO2 
coating, obtained from a precursor sol containing 10-3 M ATPP. 
 
Keywords: zinc; silicon dioxide; chitosan; Al-tripolyphosphate; anti-corrosion 
coating; adsorption.  
 
 
 

INTRODUCTION 
 
Corrosion has been one of the main global issues of the century. With 

ever-advancing technologies, the most effective use and protection of all 
metal types and structures is of vital importance in order to obtain effective 
and lasting systems. The most common methods of corrosion prevention 
include the production of metal alloys, the use of inhibitors, or the application 
of anti-corrosive barrier coatings. Though highly effective, previously greatly 
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demanded chromate inhibitors were excluded due to their high toxicity and 
carcinogenic nature [1], thus leaving the industry with a high demand for 
similarly effective alternatives. Developed for this sole purpose, both organic and 
inorganic coating systems have been previously reported in scientific literature. 

Organic and hybrid polymer-based substances are the most commonly 
used as anti-corrosion barrier coatings, due to their versatility and resilience [2]. 
Examples of such studied organic coatings are paints [3], epoxy-[4], polystyrene-
[5], —and a more environmentally friendly option— chitosan-[6, 7]. Chitosan, 
as a corrosion protective agent, was reported, along with its derivates and 
composites for the corrosion protection of steel alloys [8], as self-healing 
barrier coating in the case of 2024 aluminum alloy [9], even as smart coating 
[10] and nanocontainers for antimicrobial applications [11]. Chitosan (Chit) 
is a great alternative for peelable and temporary coating systems for 
industrial use [12]. 

Inorganic materials, such as silica (SiO2) [13, 14], were also thoroughly 
studied due to their durability and high resistance to the corrosive environment [15]. 
Silica nanoparticles were used as carriers for the encapsulation of corrosion 
inhibitors [16, 17] in different coating matrices for the development of smart 
coatings. The introduction of different functional groups via additives and inhibitors 
into the inorganic silica matrix was proven to aid corrosion resistance, while 
also enhancing mechanical and physical properties [18]. Thus, compact [19] 
and mesoporous [20] silica coatings loaded with a variety of organic 
inhibitors (e.g., tannic acid [21], benzotriazole, and cetyltrimethylammonium 
bromide [22, 23]) were rigorously investigated. 

Aluminium-tripolyphosphate (ATPP) is a layered, inorganic compound 
with a wide application spectrum, due to its capacity to intercalate other compounds 
into its structure [24]. It is most commonly used as an anti-corrosion pigment 
or precursor for other corrosion inhibitors, due to its low toxicity [25] and low 
production costs [26]. ATPP also acts as a rust-converter, showing great 
compatibility with different resins [27]. Studies on ATPP were mostly conducted 
on steel substrates. Significant studies on the effects of ATPP on zinc plates 
are yet to be reported. 

The aim of the current study was primally the determination of the 
inhibition efficiency of ATPP in 0.2g/L Na2SO4 solution and after incorporation 
in two different coating types — an inorganic one, SiO2, and biopolymer, Chit — 
on zinc substrates. It is worth mentioning, that the mechanical properties 
(roughness, porosity, etc.) of the used metal substrates can potentially affect 
the behavior of the applied coatings. Based on previous studies, ATPP was 
introduced directly into the SiO2 sol before the coating preparation [21], while 
for Chit coatings, ATPP was introduced via impregnation [6, 28], The prepared 
coatings were characterized by electrochemical impedance spectroscopy (EIS) 
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and potentiodynamic polarization curves (PDP). A pre-assessment of the 
adsorbtion of different ATPP concentrations on the zinc wafer was determined by 
using Langmuir’s isotherm, which was calculated with the use of Rp values 
deducted from EIS spectra [29]. 

 
 

RESULTS AND DISCUSSION 
 
The inhibition effect of aluminum tripolyphosphate (ATPP) was studied 

either dissolved in Na2SO4 aqueous solutions, or after its incorporation in 
SiO2 or Chitosan coatings. In all cases, Zn was the used substrate. 

 
Effect of ATPP in aqueous solutions on Zn corrosion 
In order to observe if the ATPP presents any corrosion inhibition 

efficiency, aqueous Na2SO4 solutions of pH 5 containing this compound were 
prepared in a wide concentration range. The effect of the different solutions 
on the Zn plates was studied by means of electrochemical methods, by  
both potentiodynamic polarization (PDP) and electrochemical impedance 
spectroscopy (EIS) measurements. First of all, the polarization curves of the 
different samples were recorded (Figure 1) and the corrosion current 
densities were determined by Tafel interpretation method (Table 1). 
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Figure 1. Anodic and cathodic polarization curves for Zn in 0.2 g/L 

Na2SO4(pH=5) blank solution and in Al tripolyphosphate containing solution  
in 1M-10-5 M concentration range. 

It can be easily observed from the polarization curves, that in the case 
of extreme concentrations (1M, 10-1M, and 10-5M) the curves are very closely 
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situated one from another, and their position is only slightly lower than that 
corresponding to Zn in the solution without inhibitor. This fact is reflected in 
the values of the corrosion current densities too (Table 1). On the contrary, 
in solutions having the ATPP concentration in the middle of this interval, a 
greater inhibition effect was noticed, leading to the conclusion that there is 
an optimal concentration range for ATPP as a corrosion inhibitor. As it can 
be seen from Figure 1, mostly the anodic branches are affected by the inhibitor, 
due to the adsorption of the ATPP on zinc and blocking of the metal surface. 
The results are not spectacular but suggest clearly that ATPP acts mainly as 
an anodic inhibitor. Moreover, in all cases when the inhibitor was present in the 
solution, can be observed a shift of the Ecorr toward positive values. This could 
be explained by the increased control degree of the anodic reaction— the 
metal dissolution, on the global process. 

The efficiency of the inhibition (IE), determined from PDP measurements, 
was calculated with the following Equation (1): 

 

𝐼𝐼𝐼𝐼% = 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 100     (1) 

 
where icorro and icorr represent the corrosion current densities in solutions 
without and with ATPP content, respectively. 

Table 1. Kinetic parameters obtained from the potentiodynamic 
polarization curves of the Zn samples immersed in ATPP aqueous solution 

Sample icorr 
µAcm-2 

Ecorr 
V vs Ag/AgCl,KClsat 

bc 
V/dec 

ba 
V/dec 

IE 
% 

Zn 62.18 -1.011 0.686 0.090  

Zn/ATPP-1M aq 40.68 -0.964 0.982 0.114 34.6 

Zn/ATPP-10-1 M aq 39.76 -0.953 0.724 0.127 36.1 

Zn/ATPP-10-2 M aq 34.51 -0.952 0.442 0.038 44.5 

Zn/ATPP-10-3 M aq 13.24 -0.952 0.844 0.044 78.7 

Zn/ATPP-10-4 M aq 33.37 -0.965 0.223 0.058 46.3 

Zn/ATPP-10-5 M aq 50.68 -0.947 0.734 0.075 18.5 
 
In order to get a more accurate image of this phenomenon and aiming 

to examine the inhibitor adsorption, EIS measurements were performed in a 
narrower concentration interval. The impedance spectra were recorded at open 
circuit potentials in the 10 kHz – 10 mHz frequency range. The obtained 
Nyquist diagrams are presented in Figure 2. 

The capacitive loop of the Nyquist spectra is attributed to the polarization 
resistance, including a major contribution of the charge transfer resistance. 
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It can be observed, that at low concentrations (10-5 M) the spectrum is almost 
the same as that of Zn in absence of the inhibitor. With the increase of the 
ATPP concentration, the diameter of the loop is increasing, reaching the maximum 
at 10-3 M, and after that it decreases again. 

It is worth mentioning that these results are in agreement with the 
polarization measurements, pointing out the optimal concentration of ATPP 
of 10-3 M. Also, the values of IE (calculated from the corrosion current densities) 
and z (the inhibition efficiency percentage) that indicates the effectiveness of 
the inhibition determined from the polarization resistance (equation 3 and 4), 
are very close to each other.  

The possible mechanism reported in the literature is based on the 
capacity of aluminium triphosphate to release phosphates, which then form 
a protective layer on the metal substrate, impeding the access of the aggressive 
species and hindering metal corrosion [30]. 
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Figure 2. Nyquist spectra for Zn in 0.2 g/L Na2SO4(pH=5) blank solution and in 

Al tripolyphosphate containing solution in 5∙10-3-10-5 M concentration range. 
 

As already mentioned, the increase of the polarization resistance 
and, consequently, of the corrosion inhibition is due to the adsorption of the 
ATPP on Zn, therefore it is important to find the isotherm that fits the 
experimental data. The first isotherm that was taken into consideration was 
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the Langmuir isotherm. The linear form of the Langmuir isotherm is given by 
Equation (2): 

 
𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝜃𝜃

= 1
𝐾𝐾

+ 𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴     (2) 
 

where the θ represents the surface coverage, K is the adsorption constant, 
and cATPP is the concentration of the inhibitor. The surface coverage can be 
calculated from the impedance spectra with Equation (3): 

 

𝜃𝜃 = 𝑅𝑅𝑝𝑝−𝑅𝑅𝑝𝑝0

𝑅𝑅𝑝𝑝
      (3) 

 

The Rp and Rpo are the polarization resistance of solutions containing 
inhibitor and without it respectively. The inhibition efficiency percentage, 
calculated from EIS data, can be calculated with Equation (4): 

 

𝑧𝑧 = 100 × 𝜃𝜃 [%]      (4) 
 

The adsorption constant, K was calculated with Equation (5): 
 

𝐾𝐾 = 1
55.5

𝑒𝑒𝑒𝑒𝑒𝑒 �−𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎
0

𝑅𝑅𝐴𝐴
�     (5) 

In this equation, 55.5 stands for the molar concentration of water 
expressed in mol/dm3, R represents the universal gas constant, and T is the 
thermodynamic temperature. The determined adsorption parameters extracted 
from the impedance diagrams taking into account the Langmuir isotherm are 
summarized in Table 2. 

 
Table 2. Adsorption parameters obtained from the Nyquist spectra of the Zn 

samples immersed in ATPP aqueous solution 

 
CTPP/M 

 Rp/Ω∙cm2 θ 103∙CTPP/θ 
M 

z 
% 

K 
M-1 

ΔGads 
kJ/mol 

0 743 0 0  

16.16∙103 -33.96 

10-5 815 0.088 0.11 8.0 
10-4 1253 0.407 0.24 40.7 
5∙10-4 2859 0.740 0.67 74.0 
10-3 3342 0.777 1.29 77.7 
5∙10-3 3100 0.760 6.58 76.0 

 

The validity of Langmuir isotherm can be noticed on Figure 3, which 
fits the experimental data with high accuracy (R2 = 0.9995). 
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Figure 3. Aluminium tripolyphosphate adsorption from aqueous solutions  

on Zn substrate: Langmuir isotherm 

In general terms, the free energy value determined from Equation (5) 
can inform about the nature of adsorption: whether it is only physical adsorption 
(ΔGads.o>-20 kJ/mol) or the process is accompanied by chemical bond formation 
(chemisorption) [31] when ΔGads.o<-40 kJ/mol. Taking into account the value 
obtained in our case, chemical bond formation between the inhibitor molecules 
and the substrate is unlikely. 

 
Effect of ATPP incorporated in chitosan coating on Zn 
Chitosan is a remarkable, wide used biopolymer in several industry 

branches because of its biodegradability, antibacterial properties, and bioavailability. 
Regardless of the many useful properties, its permeability is sometime 
inconvenient. Due to the pseudo-porosity of the chitosan thin layers the corrosive 
electrolyte species can easily reach the metal surface and consequently 
facilitate the dissolution process. Therefore, the remediation of this disadvantage 
is frequently obtained through chemical modification by impregnation technique. 
The positive charge of Chit and the negative charge of ATPP are a good 
starting point for creation of a consolidated coating with protective properties. 

The Chit coated Zn samples were impregnated with 10-3 M ATPP 
aqueous solution, after this had proven to be the most effective incorporation 
method. The inhibitor was introduced in the layer by immersion for different time 
intervals. EIS measurements were performed on the chemically modified and 
dried coatings.  
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Figure 4. Nyquist spectra for Chit coated Zn impregnated for 10 min,  
20 min and 30 min with 10-3 M Al tripolyphosphate agueous solution,  

recorded in 0.2 g/L Na2SO4 (pH=5). 

The recorded spectra are depicted in Figure 4. It can be observed, 
that: (i) in all cases the impregnation caused an increased polarization 
resistance; (ii) the optimal effect was reached with immersion for 10 min. An 
explanation of this inhibition effect can consist of the cross-linking of the Chit 
by the ATPP, due to the interaction between the protonated NH2 groups of 
Chit and phosphate anions [32]. 

 
Effect of ATPP incorporated in SiO2 coating on Zn 
The beneficial effect of Aluminum-tripolyphosphate was also tested 

using an inorganic matrix, — silica coating. 
In this case, the different amounts of ATPP were introduced in the 

precursor sol. EIS measurements were performed on the coated Zn samples. 
The obtained impedance spectra are presented in Figure 5.  

The polarization resistance values are all larger than in the case of 
chitosan coatings, even without any inhibitor. This points out to better barrier 
properties of silica coatings, as compared with the chitosan ones. Moreover, 
even though both SiO2 and ATPP are negatively charged, their combination 
led to a coating with higher resistance. This could be due to an insertion of 
phosphate ions in the silica network during the sol formation. 

As it can be observed the best effect was provided by both coatings 
(SiO2 and Chit) with 10-3 M ATPP content. 
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Figure 5. Nyquist spectra for SiO2 coating doped with 10-1M, 10-2M  

and 10-3 M Al tripolyphosphate on Zn, recorded in 0.2 g/L Na2SO4 (pH=5). 
 
It is of great importance to mention, that SiO2 and Chit coatings offer 

different uses and advantages: while SiO2 has higher durability and resilience 
and thus can present as a permanent solution, Chit is also a great alternative 
for temporary systems. Both of these are of great use in the industry of corrosion 
protection, hence why, the fact that ATPP can be introduced in both coating 
systems offers a valuable information from a practical point of view. 

 
 

CONCLUSIONS 
 
ATPP inhibition effect was studied on Zn substrate. In aqueous solution 

containing ATPP, it was observed the existence of an optimal concentration 
(10-3M) that provides the highest corrosion current density decrease.  

By examining the potentiodynamic polarization curves one can conclude, 
that the inhibition effect is visible mostly on the anodic branch and affects the 
metal dissolution process. The calculated standard free energy value allows us 
to conclude, that predominantly physical adsorption takes place.  

ATPP kept its corrosion inhibitor properties even when it was introduced 
in two different types of coatings (inorganic or biopolymer), with different techniques 
(mixed in the precursor sol or impregnated from its solution). 

The best corrosion resistance was reached when Zn was protected 
by SiO2 coating prepared from a precursor containing 10-3 M ATPP. 
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EXPERIMENTAL SECTION 
 
Materials 
Natural zinc plates of 2x6x0.55 cm were used as the metal substrate 

for the applied coatings. Pre-treatment of the substrates was obtained with 
0.1M HCl (37%, Merck) aqueous solution and 2-propanol (pure, Chempur). 

Precursor sol of SiO2 was prepared with ethanol (99.3%, Chemical 
Company), tetraethoxysilane (TEOS, 98%, Alfa-Aesar) and 0.1M HCl (37%, 
Merck) aqueous solution. Chit solution was prepared with medium molecular 
weight chitosan (Sigma-Aldrich) and 1% acetic acid (99.5%, Chemical Company) 
aqueous solution. ATPP (Bridgexim) inhibitor was introduced into both of the 
coating systems. 0.2 g/L Na2SO4 (99%, Sigma-Aldrich) aqueous solution was 
used as electrolyte medium to carry out electrochemical measurements. 

 
Pretreatment of the zinc plates 
Zinc substrates were subjected to a thorough pre-treatment process 

prior to the application of the prepared precursors. Firstly, the plates were 
carefully sanded with emery paper (P800, P1500, P2000, P3000, P5000), 
which was then followed by a surface treatment applied with 0.1M HCl solution, 
rinsed with distilled water and then degreased with 2-propanol.  

 
Preparation of SiO2 and Chit precursors 
Different, sequential amounts of ATPP were introduced into the SiO2 

sols. The sols were prepared by blending of 20 mL ethanol and 7 mL TEOS with 
the addition of 10-3 M, 10-2 M and 10-1 M ATPP in a beaker. Concentrations 
were calculated with the total volume of a SiO2 sol/batch. The mixture was 
stirred under standard conditions for 1 hour at 400 rpm. After 1 hour a mixture 
of 2ml ethanol, 2 mL TEOS and 4 mL .01M HCl was added to the beaker and 
left under agitation for an additional hour. Chit solution was prepared from 
the mixture of 1% aqueous acetic acid and 1g of medium molecular weight 
chitosan which was then agitated for 24 hours.  

 
Preparation of the coatings 
Coatings were prepared by dip-coating method with a home-made 

dip-coater. SiO2 layers were prepared with a 12 cm/min dipping speed [21], 
while Chit layers were prepared with a 5 cm/min dipping speed [7]. SiO2 
coatings were thermally treated for 1 hour at 150oC. Chit layers were left to 
air-dry for 24 hours. After that the impregnation of the Chit coatings was performed 
by dip-coating technique. The Chit coated samples were immersed in 1mM 
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aqueous ATPP solution with 12 cm/min dipping speed, kept in solution for 10 
min, 20 min and 30 min respectively, then withdrawn with the same 12 cm/min 
speed [28]. Finally, after withdrawal the excess of inhibitor was washed off 
with distilled water and the samples were dried. 

 
 
Electrochemical evaluation of prepared coatings 
Electrochemical characterization of the coatings was obtained by 

OCP, EIS and PDP measurements, which were performed in a three electrode 
cell on a PARSTAT-2273 potentiostat. 

The three electrode cell contained a working electrode (WE- bare or 
coated zinc substrates), a counter electrode (CE- platinum wire) and a reference 
electrode (RE- Ag/AgCl/KClsat). 0.2g/L Na2SO4 aqueous solution was used 
as electrolyte solution. 

OCP measurements were carried out for 1h each until the stabilisation 
of the coated and bare metal plates in the electrolyte solution, in order to 
obtain a Ecorr (corrosion potential) as a reference value for further analyses. 
EIS measurements were carried out in a 10 mHz– 10 kHz frequency interval, 
with a sinusoidal current of 10 mV amplitude. PDP measurements were 
carried out at E=±200mV vs.OCP, at a scan rate of 1 mV/min. 
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ABSTRACT. This paper purpose was to develop a sensitive and selective 
method for the determination of glyphosate, and aminomethylphosphonic 
acid (AMPA) residues in water and glyphosate from soil samples. The 
method involves a derivatization step with 9-fluorenylmethylchloroformate 
in borate buffer of these compounds and liquid chromatography separation 
with fluorescence detection (HPLC-FLD). Separation of derivatized glyphosate 
and AMPA compounds was performed on an Agilent ZORBAX C18 reversed-
phase column. The mobile phase consisted of a mixture of acetonitrile and 
0.05 M KH2PO4 solution [30:70 v/v]. Limits of detection (LOD) was 0.28 µg 
L-1 for glyphosate, and 0.35 µg L-1 for AMPA, and limits of quantification 
(LOQ) was 0.84 µg L-1 for glyphosate and 1.05 µg L-1 for AMPA. The method 
has been validated for surface water and soil by recovery studies with 
samples spiked at 25 and 5 µg L-1. In water samples, the mean recoveries 
values ranged between 86.44 - 103.9% for glyphosate, and 71.27 - 99.08% 
for AMPA. The mean recoveries values for glyphosate ranged from 57 - 
81.5% in soil samples. The developed method has been applied for determination 
of these compounds in water and soil samples from agricultural and rural 
areas of Roma community from some Transylvania Counties. 
 
Keywords: Glyphosate, aminomethylphosphonic acid, water, soil, FMOC-Cl, 
RP-HPLC-FLD. 
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INTRODUCTION 
 
Glyphosate, [N-(phosphonomethyl) glycine] (GLY), is a non-

selective herbicide used primarily for weed and vegetation control [1]. GLY 
degradation in the environment is mainly due to biodegradation and its main 
metabolite in plants, water and soil is aminomethylphosphonic acid (AMPA) 
[2]. GLY low toxicity found to mammals and its rapid transport from plant 
leaves to their underground parts have contributed to the massive use of it, 
which has become one of the most widely used herbicides in the world [3]. 
The World Health Organization (WHO) reconsidered glyphosate in 2015 as 
potential carcinogenic to humans and the European Chemical Agency published 
in 2017 a scientific opinion as regards the harmonized classification of glyphosate 
[4,5,6,7]. 

GLY and AMPA are low molecular weight, low volatility, highly polar 
and exhibit insolubility in organic solvents and high solubility in water (12 g/L 
for GLY). Research studies have shown that both compounds, due to their 
functional groups, behaves as an amphoteric molecule [4], binding strongly 
to soil particles so that they persist for up to 170 days with a half-life of 45-
60 days [8], this period being influenced by temperature and soil moisture [9]. 
Due to their physico-chemical properties, their analysis using liquid chromatography 
(LC) are most suitable than gas chromatography (GC) methods. Although, 
the lack of specific chemical groups of GLY and AMPA, like chromophores, 
UV absorption, fluorogenics, disturb their measurement by conventional detectors, 
being necessary pre-column or post-column derivatization procedures [10]. 

Direct analysis of GLY and AMPA, without the derivatization step, remain 
an open issue for the analysts. Marek and Koskinen developed a method for the 
straightforward analysis of GLY and AMPA in soil using for separation a 
Bio-Rad cation H exchange column coupled to LC–MS/MS [11] Pre-column 
methods are based mainly on derivatization with 9-fluorenylmethyl chloroformate 
(FMOC-Cl) (see Figure 1), fluorogenic labeling with o-phthalaldehyde (OPA) 
and mercaptoethanol with N,N-dimethyl-2-mercaptoethylamine. In post-column 
procedures, the most known reactions are ninhydrin derivatization followed 
by UV detection [12].  

The HPLC methods coupled to a wide variety of detectors were 
used to analyze these pesticides: fluorescence (FLD) [13,14,15,16,17], ultraviolet 
(UV) [18]; reversed-phase liquid chromatography–heated electrospray ionization-
tandem mass spectrometry (RP-LC-HESI–MS/MS) [19], HPLC coupled to mass 
spectrometry (MS) 20,21,22,23], HPLC tandem MS (MS/MS) [4,24,25,26], 
ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS) [27]; HPLC inductively coupled plasma MS (ICP-MS) [28,29] and 
time-of-flight MS (TOF-MS) [30]. 
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The aim of this paper is to develop a sensitive and selective method for 
the determination of low concentrations of GLY and AMPA in surface water 
and GLY from soil samples, by RP-HPLC-FLD, after FMOC-CL derivatization. 
The present study does constitute the first monitoring survey regarding the 
presence of GLY and AMPA in water sources, and GLY in soil, from the Roma 
community on the part of Transylvania territory. Samples were collected during 
the summer -autumn 2021 from agricultural as well as to rural areas, since 
GLY-containing products are also marketed for non-professional uses. 

 
Figure 1. Derivatization reaction of GLY and AMPA with FMOC-Cl 

 
 

RESULTS AND DISCUSSION 
 
Developing and validation of the RP-HPL-FLD method 
An analytical procedure developed by the Garba et. al [17], based 

on pre-column derivatization with FMOC-Cl followed by high-performance 
liquid chromatography with fluorometric detection was improved and 
optimized for the analysis of the GLY herbicide and its metabolite AMPA in 
water, and GLY in soil. The ultrasound-assisted extraction was used for the 
isolation of the target compound from soil samples, followed the above-
mentioned procedure. 
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The RP-HPLC-FLD methods were validated on following parameters: 
selectivity, linearity, accuracy, precision, limits of detection (LOD) and quantification 
(LOQ) [31].  

Selectivity was tested by comparing the chromatograms of a standard 
solution of mixture of GLY and AMPA, with those of a water and soil samples 
as presented in Figure 2. The chromatograms of the standard solution show 
the retention times of 2.820 and 4.961 min for GLY and AMPA, respectively. 
As can be seen from the chromatograms, alongside to the interest peaks, 
another large peak, which is attributed to FMOC -OH residual, appears at 
35 min [17, 32]. 

 

Figure 2. RP-HPLC-FLD chromatograms of GLY and AMPA in standard mixture, 
water sample and soil sample 
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Linearity is the method capacity to assure that the laboratory test 
results that are directly proportional to the concentration of the analyte in a 
sample. It was established by figured the analyte peak area versus the analyte 
concentration and was calculated on the basis of the calibration curve. To 
establish linearity, eight concentrations in the range of 0.195- 25 µg L-1 of 
GLY and AMPA solutions were prepared from the stock solution and analysed 
in duplicate. The obtained results indicate correlation coefficients (R2) of 
0.99976 for GLY and 0.99945 for AMPA (Table 1). The limits of detection 
(LOD) reached were 0.28 µg L-1 for GLY and for AMPA 0.35 µg L-1 and the 
limits of quantification (LOQ) were 0.84 µg L-1 for GLY and 1.05 µg L-1 for AMPA 
respectively. These low values show a good sensitivity of the proposed method. 
The parameters of the calibration curve are presented in Table 1. 

Table 1. Linear regression data, LOD and LOQ of GLY and AMPA compounds 

Parameters Compounds 
GLY AMPA 

RT [min] 2.820 4.961 
Equation of calibration Y=2.34289X-0.406231 Y=3.51385X-0.979488 
Linear range [µg L-1] 0.195- 25 0.195- 25 

R2 0.99976 0.99945 
RSD (%) 0.460 1.036 

LOD µg L-1 0.28 0.35 
LOQ µg L-1 0.84 1.05 

RT retention time; R2 regression coefficient of calibration curve (n=8, 21 points); LOD,  
the limit of detection (S/N = 3); LOQ, the limit of quantification (S/N = 10) 

The data regarding precision of the method was determined by 
measuring repeatability for six independent measurements for each compound, 
carried out under the same conditions, and the results show there were no 
significant differences between the test results. The method precision was 
satisfactory, the data are showed in Table 2. 

 
Table 2. Intra and inter day precision of GLY and AMPA compounds 

Pesticide 
 

Concentration 
[µg L-1] 

Intra-Day Precision 
(n=6) 

Inter-Day Precision 
(n=9) 

Concentration 
Mean±SD RSD [%] Concentration 

Mean±SD RSD [%] 

GLY 
- - - 24.49±1.21 4.93 

12.5 12.31±0.26 
  

2.08 12.21±0.62 5.08 
- - - 1.92±0.13 6.83 

AMPA 
- - -- 24.24±1.14 4.72 

12.5 12.26±0.25 2.06 12.10±0.61 5.07 
- - - 1.96±0.12 6.02 

Mean = Average of n determination; SD = Standard deviation;  
RSD = Relative standard deviation; 
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Recovery parameter of the method was measured by addition of 25 
and 5 µg L-1 GLY and AMPA to a selected analyzed sample of water and 25 
and 5 µg Kg-1 of these compounds in soils, respectively. This step was 
taken before the extraction of GLY and AMPA and then the whole 
procedure was conducted. The obtained results show good accuracy for 
both compounds, the recoveries ranging between 82-103% for GLY and 
71.27-99.08% for AMPA in water samples. In soil samples the recovery 
degrees were 47.5-81.5% (Table 3). Also, research studies report low 
recovery of GLY 34-74% from different type of soils in comparison with 80-
110% from water samples [17], facts assigned due to high adsorption of 
GLY by the soil samples. 

Table 3. Accuracy of the HPLC-FLD for GLY and AMPA method,  
recovery degree 

Compound 
[water] 

Amount 
[µg L-1] Recovery 

[%] Mean ±SD 

GLY 

initial added found 
0 25 23.82 95.28 

98.69±4.62 0 25 25.99 103.96 
0 25 24.21 96.84 
0 5 4.51 90.20 

91.80±9.90 
 

0 5 4.14 82.80 
0 5 5.12 102.40 

AMPA 

7.6 25 32.30 99.08 
91.03±6.99 

 

7.6 25 28.55 87.58 
7.6 25 28.18 86.44 
7.6 5 11.01 87.38 

78.76±8.11 7.6 5 8.98 71.27 
7.6 5 9.78 77.62 

 
Compound 

[soil] 
Amount 
[µg Kg-1] 

Recovery 
[%] Mean ±SD 

GLY 

45.92 25 40.42 57 
68.5±12.32 

 

45.92 25 57.80 81.5 
45.92 25 47.52 67 
45.92 5 25.97 51 

55.83±11.54 
 

45.92 5 35.13 69 
45.92 5 24.19 47.5 

Mean = Average of three determination; SD = Standard deviation; 

Aparicio et al., 2013, affirm that the GLY adsorbed into the soil is 
protected from biological degradation, due to a dynamic process of 
adsorption/desorption and only the microorganisms can degrade it to his 
metabolites [27]. Thus, can be a reason we found in almost half of the 



GLYPHOSATE AND AMINOMETHYLPHOSPHONIC ACID LEVELS IN WATER AND SOIL SAMPLES 
FROM TRANSYLVANIAN ROMA COMMUNITY ANALYZED BY HPLC-FLD METHOD 

 

 
279 

samples the presence of GLY in comparison with water samples where 
GLY was practical absent. The results obtained in studied surface water 
and soil samples were presented in Table 4. 

Table 4. GLY and AMPA found in water and soil samples  
from localities took studied 

Sampling 
point County 

Water samples Soil samples 
No GLY range 

(µg L-1±SD) 
AMPA range 
(µg L-1±SD) No GLY 

(µg Kg-1±SD) 
Roșia 

Montana Alba 2 <LOD <LOD  <LOQ 
<LOQ - - 

Diosig 
Bihor 

2 <LOD  
<LOD  

<LOQ 
<LOQ 2 <LOD 2.47±0.02 

Țețchea 2 <LOD  
<LOD  

<LOQ 
<LOD 2 <LOD <LOD 

Bața Bistrița-
Năsăud 

2 <LOD  
<LOD  

<LOQ 
<LOQ -  

Reteag 2 <LOD  
<LOD  

<LOD  
<LOQ 1 45.92±0.14 

Bodoc 
Covasna 

1 <LOD  <LOQ 1 1.45±0.04 
Boroșneu 

Mare 1 <LOD  <LOQ 2 25.60 ±0.07 
14.00±0.09 

Avrămești 

Harghita 

3 
<LOD  
<LOD  
<LOD  

<LOD 
 <LOD 

5.83±0.04 
- - 

Atid 3 
<LOD  
<LOD  
<LOD  

<LOD  
<LOQ 
<LOQ 

- - 

Zetea 2 <LOD  
<LOQ 

<LOD  
<LOQ - - 

Coltău Maramureș 4 

<LOD  
<LOD  
<LOD  
<LOD  

<LOQ 
1.02±0.06 
<LOQ 
<LOQ 

 

1 3.33±0.05 

 

Mureș 

     

Băgaciu 3 
<LOD  
<LOD  
<LOD  

<LOQ 
<LOQ 
<LOQ 

2 18.42±0.09 
29.45±0.09 

Deda - - - 1 2.74±0.03 
Deleni 1 <LOD  <LOQ   

Gornești 2 <LOD  
<LOD  

<LOD  
<LOD - - 

Gurghiu 2 <LOD  <LOQ   
<LOD  1.844±0.05   

Saschiz 
4 

<LOD  <LOD 1 <LOD 
 <LOD 5.09±0.04   
 <LOD <LOD   
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Sampling 
point County 

Water samples Soil samples 
No GLY range 

(µg L-1±SD) 
AMPA range 
(µg L-1±SD) No GLY 

(µg Kg-1±SD) 
 <LOD <LOQ   

Șaeș 3 <LOD <LOD 
<LOD 

<LOD 
2.98±0.03 
7.62±0.04 

- - 

Terebești 

Satu Mare 

2 <LOD <LOD <LOD  
<LOD - - 

Tiream 4 <LOD <LOD 
<LOD <LOD 

<LOQ 
<LOD 

3.22±0.03 
1.56±0.030 

2 12.98±0.06 
21.70 ±0.08 

Turulung 2 <LOD <LOD <LOD  
<LOQ 1 21.41±0.09 

Almașu Sălaj 3 <LOD <LOD 
<LOD 

<LOQ 
<LOQ 
<LOQ 

1 3.33±0.03 

Racovița 
Sibiu 

2 <LOD <LOD <LOQ 
1.02±0.06 2 7.43±0.04 

5.04±0.03 
Sebeșu de 

sus 2 <LOD <LOD <LOD  
<LOD - - 

No - Number of analysed samples 

In the studied surface waters, GLY was practically absent, while AMPA 
was found in almost all samples. In 15 % water samples the AMPA 
concentration ranging between 1.019 and 7.621 µg L-1 and in 75 % samples 
the found values were under LOQ. In the 79 % of studied soil samples, 
GLY concentration found ranging between 1.449 and 45.925 µg Kg-1. The 
studies conducted regarding the presence and concentration of GLY in soil 
samples by Aparicio et al., 2013 in farms from Buenos Aires, Argentina, 
presented glyphosate in concentrations between 35 and 1502 μg kg−1. 
Primost et al., 2017 also from Argentina (Pampas area), measured concentrations 
of glyphosate between 530 and 4450 µg kg−1 in soybean fields treated 
twice with glyphosate. In studied soils from a public garden in Spain, Ibañez 
et al., 2005, found concentrations of GLY between 170 and 730 µg kg−1 and 
Karasali et al., 2019 had found in the major basins of the Greek territory 
GLY presence in concentration levels from 0.026 to 40.6 µg g−1. 

 
 

CONCLUSIONS 
 
An analytical procedure, RP-HPLC-FLD based on FMOC-Cl derivatization 

have been developed, for the analysis of GLY pesticide and its AMPA metabolite 
in water and GLY in soil samples collected from rural Roma communities 
from 10 counties in Transylvania area. 
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The developed procedure showed good linearities and limits of 
detection and quantification, being applicable to the analysis of the selected 
pesticides in studied water and soil samples. The RP-HPLC-FLD procedure 
has been applied to monitor the target compounds in potable and non-
potable surface water samples collected during 2 months in 2021 summer-
autumn. The most found compound in water samples was the AMPA metabolite 
with values between 1.019 and 7.621 µg L-1, while GLY were practical absent. 
Instead, the GLY was more present in the soil samples collected from 
agricultural and rural area. GLY concentration found ranging between 1.449 
and 45.925 µg Kg-1.  

The presence of these compounds in surface water and soils is a 
current issue for environmental protection, therefore the periodical monitoring 
is recommended. 

 
 

EXPERIMENTAL SECTION 
 
Chemicals and reagents 
All reagents were of analytical grade. Glyphosate (GLY, 99.7%) 

standard, amino phosphonic acid (AMPA, 99.0%) and 9-fluorenylmethyl 
chloroformate standard (FMOC-Cl, 98.0%) (Sigma-Aldrich USA, Germany), 
Na2B4O7 10·H2O and KH2PO4 (AnalaR NORMAPUR, VWR Chemicals, 
Belgium), HPLC grade acetonitrile and KH2PO4 (HiperSolv CHROMANORM, 
Germany). Ultra-pure water, obtained with the Millipore water purification 
system (Millipore USA). Ethyl ether (AnalaR NORMAPUR, Germany). 

 
 
Instruments and equipments 
Analyzes were performed on an Agilent Technologies 1200 Series 

high-performance liquid chromatograph (Agilent, USA): Autosampler (Model 
ALS G 1329 A); Degasser (Model G 1322 A); Quaternary pump (Model G 
1311 A; Thermostat (Model TCC SL G 1316 B); Detector FLD (Model FLD 
60558084); Data collection and analyzes were performed using Software 
ChemStation. The samples were prepared using: analytical balance OHAUS 
(Switzerland), digital pH meter HANNA (Romania), ultrasound bath (ELMA 
Elmasonic P, Germany) and centrifuge (Eppendorf Centrifuge 5804 R, 
Germany). Analytical grade water was obtained from Milli-Q Ultrapure water 
purification system (Millipore, USA).  
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Chromatographic conditions for determination of GLY and AMPA 
by RP-HPLC-FLD 

Separation of GLY and AMPA, FMOC-Cl derivatives was performed 
on an Agilent ZORBAX Eclipse Plus C18 reversed-phase column (5 μm particle 
size, 150 × 4.6 mm i.d.). The fluorescence detector was set at 210 nm (excitation) 
and 315 nm (emission). The mobile phase consisted of a mixture of ACN and 
0.05 M KH2PO4 solution [30:70 v/v]. Flow rate of the mobile phase has been 
selected of 0.7 mL / min, injection volume 20 µL, separation being done at 
a 40 °C of column temperature. 

 
Samples collection and extraction conditions 
The present study was performed on samples collected from 25 rural 

Roma communities from 10 counties in Transylvania (Figure 3). 
Water sampling was done according to SR-ISO-5667-2007, in brown 

bottles. The soil sampling was performed according to STAS 7184/1-84. The 
soil samples were collected at a 5 - 20 cm depth, from two-three sampling 
points. All collected samples (water and soil) were transported in a cooling 
bag and stored in a freezer until analysis. 

 

 
Figure 3. Geographic location of the studied area, regarding the locations  

of water and soil sampling from 10 counties in Transylvania. 
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Derivatization procedure of GLY and AMPA  
Water samples were thawed, brought to room temperature, homogenized 

and filtered through a syringe 0.45 µm filter (Teknokroma, Spain) 
To 500 μL aliquot of the water sample was added 500 μL of 0.02 M 

FMOC-Cl and 1 ml of 0.05 M borate buffer solutions. The mixture was vigorously 
stirred for 10 minutes, and then allowed to react in the darkness for 60 
minutes. The excess FMOC-Cl reagent was extracted, by stirring for 3 minutes, 
with 1 mL of ethyl ether, twice. The upper layer of ether was removed by suction 
with a pipette. The aqueous layer was then transferred to a 1.5 ml vial for 
HPLC analysis. Samples were done in duplicate. 

Soil samples were thawed, air dried, sieved for pebbles removal 
and weeds, and homogenized in a mortar. An approximately amount of 15 g of 
the soil sample was weighed and treated with 15 ml of 0.1 M KH2PO4. The 
homogenized sample was ultra-sonicated for 30 minutes (100% power, 87 
KHz), centrifuged for 15 min at 4000 rpm, and the supernatant was collected. 
The operation was repeated twice. The reunited supernatants were filtered 
by syringe 0.45 µm filter and further an aliquot of 0.5 mL was subjected to 
derivatization with FMOC-Cl as in the method described above. Samples were 
done in duplicate. 

 
Preparation of the standard solution 

The stock standard solution of 200 mg·L-1 GLY and AMPA each was 
prepared with Millipore water. Working standard solutions were prepared in 
water by appropriate dilution of stock solution, in the range of 0.192–25 μg 
mL-1. Solutions of 0.05 M Na2B4O7·10 H2O (pH= 9), 0. 1 M and 0.05 M 
KH2PO4 were prepared in water. The 0.02 M FMOC-Cl solution was prepared 
in acetonitrile. The solutions were kept in the refrigerator at 4°C and were 
stable for two weeks. 

 
Method validation 

The selectivity was tested by comparing the chromatogram of a standard 
solution of GLY and AMPA and the same compounds present in the studied 
samples. Linearity was assessed based on a plot of the analyte peak area 
against analyte concentration. Calibration range was between 0.192 – 25 
μg·L-1 from each standard. 

Accuracy of the method was studying the recovery degree. Three 
different concentration levels of 2 μg·L-1 (low level), 12.5 μg·L-1 (intermediate 
level) and 25 μg·L-1 (high level) of standard mixtures were added to the water 
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and soil sample. Spiked samples were prepared in triplicate. The recovery 
was calculated as follows equation: 

 
Recovery [%] = found amount - initial amount / added amount x 100 
 
The intra-day precision was obtained from the data of the 5 replicates 

analysis of 12.5 μg L-1, standard solution; 
Inter-day precision (three replicate for three consecutive days) 

determinations were performed on the three different standard solutions of 
25, 12.5 and 2 μg L-1; the precision was expressed as percentage of relative 
standard deviation (% RSD). 

LOD and LOQ parameters were calculated as the concentration 
corresponding to three and ten times respectively, of the background noise 
of the blank (signal-to-noise ratio, S/N). 
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ABSTRACT. This study aims to assess the pollution history of persistent 
organic pollutants (POP) in lake Muntinu, Carpathian Mountains, Romania. 
Gamma spectrometry was used to measure 210Pb and 137Cs radionuclides 
in order to determine the age of sediment layers. The target compounds were 
isolated from sediment samples by ultrasound-assisted extraction method, 
followed by purification of extracts using open-column chromatography. 16 
polycyclic aromatic hydrocarbons (PAHs), 20 organochlorine pesticides 
(OCPs) and 12 polychlorinated biphenyls (PCBs) were analysed in each dated 
sediment layer using gas chromatography coupled with mass spectrometry 
or electron capture detector. The results show that, over the past 100 years, 
POP concentrations from sediment samples ranged from 2.53 to 156.27 
ng/g for PAHs, from 1.78 to 71.12 ng/g for OCPs, and from not detected to 
76.03 ng/g for PCBs. PAHs diagnostic ratios such as ƩLMW/ƩHMW, 
ANT/(ANT+PHE) and FLT/(FLT+PYR) show that the main source of PAHs 
in the sediment is of pyrogenic nature, especially from biomass and coal 
combustion. The sources of OCPs and PCBs could not be determined due to the 
lack of data obtained. However, the study demonstrates that the analysis of 
POP residues in sediments is a suitable method for reconstructing the history 
of surface water pollution. 
Keywords: Historical pollution, Polycyclic aromatic hydrocarbon, Organochlorine 
Pesticide, Polychlorinated biphenyl, radionuclides dated sediment. 
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INTRODUCTION 
 
Persistent organic pollutants (POPs) are chemical compounds considered 

of high interest in environmental studies due to their high persistency and high 
toxicity. These pollutants are the main subject of the Stockholm Convention, in 
which all the partners involved have reached a conclusion that these pollutants 
possess toxic properties, they have long half-lives, are very resistant to 
degradation, they can bioaccumulate, they can volatilize and be transported 
over long distances. Given the fact that they are very toxic, these compounds 
represent a health risk to both human and other beings. Thus, in 2001, with the 
initiation of the Stockholm Convention, a number of 12 compounds and 
classes of compounds were banned. The so called “dirty dozens” were the 
following: Aldrin, Chlordane, DDT, Dieldrin, Endrin, Heptachlor, Hexachlorobenzene 
(HCB), Mirex, Toxaphene, polychlorinated biphenyls (PCBs), polychlorinated 
dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF). As of 
2022, a number of 28 compounds and classes of compounds complete the list 
of prohibited substances [1]. 

Among persistent organic pollutants, Organochlorine pesticides (OCPs) 
and Polychlorobiphenyls (PCBs) are prohibited to be used in most countries, 
but there are exceptions and they are still being used locally in underdeveloped 
or developing countries. In the category of OCPs, the most frequently mentioned 
are: HCHs, DDTs, and chlorinated cyclodienes. 

HCH (hexachlorocyclohexane) is solid white chemicals of synthetic 
nature having four common isomers: α-, β-, γ-, δ-HCH. The most used and 
well known from them is the γ-HCH isomer, also known as Lindan, which was 
considered a very potent insecticide for the protection of crops. Although HCH 
have been banned for decades, they are still used in some countries for 
treatment against scabies and body lice [2]. Given the fact that γ-HCH isomer 
is considered the most toxic of class, most of the studies focus only on its 
detection, neglecting the other isomers. The appropriate way would be to focus 
on each of them, since they are all found in the environment. From the acute 
exposure point of view, γ-HCH isomer is the most toxic for mammals, followed 
by α-, δ- and β- isomers. In terms of chronic exposure, β-isomer has the 
highest level of toxicity, followed by α-, γ- and δ-HCH isomers [3]. 

DDT 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane was developed at 
the end of the 1930s and it is one of the most well-known modern synthetic 
insecticides. This compound is better known as p,p′-DDT (4,4` DDT) and it is 
used together with its accompanied substitution isomer 1,1,1-Trichloro-2-(2-
chlorophenyl)-2-(4-chlorophenyl)ethane, or o,p′-DDT (2,4` DDT). Due to its 
effectiveness, it was once heavily used for pest control in agriculture, forestry 
and to control mosquito-borne malaria in the 20th century. Like the other 
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categories of persistent organic pollutants, DDT has persistent stability, high 
capacity of bioaccumulation, strong toxicity, and it can be carried at long 
distances from the application areas [4], representing a major concern on 
human health. Common DDT metabolites are DDE (2, 4`- and 4,4` DDE) and 
DDD (2, 4`- and 4,4` DDD). 4,4` DDT, was considered to be the most important 
chlorinated insecticide ever marketed [5]. 4,4` DDE and 4,4` DDD are 
metabolites of DDT, which share the same characteristics but are considered 
to be less toxic than its parent.  

Methoxychlor has been widely used as a replacement of DDT, due to 
its lower persistence level in the environment [6]. 

Endosulfan is an organochlorine insecticide, composed out of α- and β- 
isomers. It is often produced as a mixture of α- and β- isomers in ratios of 2:1 
or 7:3. It has been used worldwide to control leaf-eating pests such as bollworms 
and aphids. [7]. 

Chlordane and chlordane related compounds have been heavily 
used in the past in order control termite and cutworm populations. Due to 
its persistence and distribution in environment, it has been classified as 
persistent organic pollutant and as active endocrine disruptor organochlorine 
pesticide [8]. Technical chlordane is classified as cyclopentadiene pesticide 
and is a mixture of 140 compounds, the most abundant of its components 
being cis-chlordane and trans-chlordane. The peak of its production was in 
the 1970s and it is estimated that almost 50% of the technical chlordane 
ever produced is unaltered in the environment [9]. 

Aldrin and dieldrin are two very common insecticides used for 
protection against soil insects like worms, beetles and termites. They were 
used heavily between 1950s and 1970s. Dieldrin is a metabolite of aldrin, it 
shares the same toxicity as its father being found in environment and 
human tissues, but is easier metabolized by animal and plants [10]. Endrin 
and endrin aldehyde are OCPs from the same class like aldrin, mainly used 
against insects, rodents and some species of birds. It was heavily produced 
and used from the 1950s to 1970s, very toxic, with a half-life that can range 
up to 12 years [11]. Endrin aldehyde is a degradation product of endrin and 
little is known about its properties. 

Heptachlor is chlorinated cyclodiene, class which derives from 
cyclopentadiene, mainly used to control insect pests like termites and soil 
borne insects. It was intensely used from the early 1950s until the end of 
1970s, very soon getting banned in most countries. Heptachlor can be oxidized 
to heptachlor epoxide, which is considered more toxic and persistent than its 
parent, and even after decades since its banning, heptachlor and its residue 
can still be found in the environment [12, 13]. 

Polychlorobiphenyls (PCBs) are chemicals of organic nature consisting 
of 209 chlorinated compounds discovered in the 19th century and first 
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synthesized in 1929. They are divided into groups and are based on the 
number of chlorines atoms. Each group has a number of isomers: mono-
chlorobiphenyl 3, di- 12, tri- 24, tetra- 42, penta- 46, hexa- 42, hepta- 24, octa- 
12, nona- 3, and decachlorobiphenyl 1. The most commonly used form of 
referring to PCBs is by using the numbering system and lists PCBs from PCB 
1 (mono-Cl) to PCB 209 (deca-Cl) [14]. 

These types of compounds have most often been used in production 
of industrial oils, plastic additives and different types of paint. Like OCPs, 
PCBs are considered a danger for the environment being very persistent and 
toxic, so their production has been stopped from the late 1970s. They were 
included in the first list of the Stockholm convention from 2001, the so called 
“dirty dozen” [14].  

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds 
which consist in two or more aromatic fused rings. In the environment, the 
most common PAHs compounds that are found contain two to seven fused 
benzene rings [15]. 

They are present in the environment since prehistoric times from 
naturally produced activities such as fires and volcanoes [16], but also derive 
from other industrial activities, indicating anthropogenic pollution such as 
incomplete combustion of fossil fuels [17]. 

These compounds are subjected to degradation mechanisms such as 
oxidative and photolytic reactions. PAHs that derive from anthropogenic 
sources reach the atmosphere either by adsorption onto particles or by 
gaseous state, so they can be easily transported over long distances by wind 
and air currents, where they deposit on water or solid materials like soils and 
sediments [18].  

The analysis of POPs in sediment and soil samples involves their 
extraction and analysis by chromatographic methods. The most used 
techniques for extraction is Soxhlet extraction [19, 20], ultrasound assisted 
extraction [19, 21, 22] or accelerated solvent extraction (ASE) [20]. For the 
analysis, gas chromatography coupled with mass spectrometry [17, 19-21] or 
selective detectors like electron capture detector (ECD) for halogenated 
compounds [20, 21] are the most used techniques. High performance liquid 
chromatography coupled with fluorescence detector is also used for PAHs 
analysis [22].  

Due to the high persistency of POPs in environmental factors such as 
water, soil, and sediments, these compounds are used as tracers of historical 
pollution from the last hundred years, and this kind of study is combined with 
the analysis of river and lake sediments using radionuclides for the dating 
process. Using this methodology, information can be obtained about the incidence 
and intensity of the use of these compounds in agriculture and industry. 
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The aim of this study was to evaluate the historical pollution with POPs 
of an alpine lake (Lake Muntinu, located in the Southern Carpathian Mountains), 
as well as to identify the sources of POPs pollution. To the best of our 
knowledge, this is one of the first studies carried out in Romanian alpine lakes 
on this subject. 

 
 

RESULTS AND DISCUSSION 
 
POPs concentration in sediment layers 
A number of 20 sediment layers samples with a thickness ranged 

between 0.5 and 1.5 cm resulted from the sectioning of 60 cm of collected 
sediment were selected. For our study we took into account only the first 18 
centimeter which corresponds to a period from 2018 in the first centimetre to 
1905 along 18th centimeter. Bellow the 18th centimeters are layers of sediments 
older than the 20th century, which can be hundreds, maybe thousands of years 
old. These layers were not included in this study because their age exceeds 
100 years. Each layer was subjected to the radionuclides dating method 
previously described by Begy et al. [23] in order to establish the age of the 
layer.  

Subsequent, each sediment layer was subjected to GC analysis in 
order to determine the variation of the concentration of each class of POPs 
over the last 100 years.  

The obtained results show that the concentration of POPs in the 
sediment layers varied during the last century, the layers with the highest POP 
concentration correspond to the period between 1945 and 1990, known as the 
period of greatest industrialization in Romania (Figure 1).  

Different maxima can be identified for each class of compounds that 
can be associated taking into account the errors of sediment dating with some 
events or with the development of Romanian society in the last hundred years. 
Thus, for PAHs, four maxima can be identified corresponding to the years 
1920, 1942, 1965 and after 1987. If we look at the past, 1920 corresponds to 
the period of the First World War, 1942 to the Second World War, 1965 to the 
beginning of coal mining in the Jiu Valley and after 1987, the period of the 
opening of the Transalpina road.  

If we take into account that at a distance of approximately 30 km is the 
city of Petroșani, which has a very rich history in the mining industry, and at a 
distance of approximately 60 km is the city of Hunedoara, one of the most 
important steel centres in Romania, we can consider that along with the few 
other small industrial towns and villages in this region are the main contributors 
to the high levels of PAHs in the sediment of Lake Muntinu. 
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Figure 1. Variation of OCPs, PCBs and PAHs concentration,  
in the core sediment of Lake Muntinu over the past 100 years 



HISTORICAL ASSESSMENT OF ATMOSPHERIC PERSISTENT ORGANIC POLUTANTS 
DEPOSITIONS IN MUNTINU GLACIAL LAKE… 

 

 
293 

For OCPs the highest peaks correspond to the period 1950, 1965, 
1987, 2013, while for PBCs the period 1946, 1978, 2009. The period from 
1950 to 1990 is known as the period of intensive development of agriculture 
and heavy industry in Romania which could be an explanation of the higher 
amount of OCPs and PCBs found in the analysed layers sediment.  

On the other hand, the peaks in 2009 and 2013 could be correlated 
with the increase in human activity in the area with the start of the 
rehabilitation works of the transalpine road and implicitly with the opening of 
the ski resorts. 

 
PAHs distribution and sources 
The total PAH concentration in sediment core ranged from 2.53 to 

156.27 ng/g, the highest levels being in the upper layers, 2015 layer (156.27 
ng/g) and 2018 layer (141.34 ng/g) (Table 1). 

 
Table 1. Concentrations of OCPs, PCBs, PAHs and PAHs isomeric ratios 

∑LMW/∑HMW, ANT/(ANT+PHE), FLT/(FLT+PYR)  
according to the ages of sediment layers. 

Age of 
sediments 

Total 
OCPs* 

Total 
PCBs* 

Total 
PAHs* 

ƩLMW/ 
ƩHMW 

ANT/ 
(ANT+PHE) 

FLT/ 
(FLT+PYR) 

2018 57.86 76 141.3 0.69 0.4 0.79 
2015 45.90 69.6 156.2 0.75 0.45 0.64 
2013 67.30 58.5 105.1 0.45 0.55 0.79 
2009 31.84 77.8 95.61 0.24 0.52 0.61 
2006 26.65 70.7 101.8 0.13 0.35 0.77 
2002 66.28 51.2 77.67 1.26 0.41 0.7 
1996 40.47 49.5 32 1.32 0.39 0.7 
1987 71.12 34.7 20.95 0.78 0.3 0.65 
1978 10.28 73.1 8.89 0.66 0.5 0.86 
1972 11.28 68.2 6.61 0.02 - - 
1965 33.64 51.7 7.79 1.29 0.29 1 
1959 10.85 10.5 2.81 0.06 - - 
1954 8.52 7.8 2.81 0.04 - - 
1950 71.12 17.5 7.26 0.99 0.46 - 
1946 42.66 20.2 9.15 0.98 0.24 0.61 
1942 33.81 7.65 22.11 2.51 0.46 1 
1937 21.89 1.13 9.02 1.48 0.2 - 
1929 10.48 nd 2.53 0.04 - - 
1920 15.04 0.83 31.9 1.44 0.48 0.68 
1905 12.71 0.24 14.19 3.09 0.36 1 

*ng/g dry sediment, “-“ not estimated, nd – not detected 
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Several diagnostic ratios were used in order to have a better estimation 
of the sources of PAHs from sediment cores. One of them was the ratio 
between low molecular weight PAHs (∑LMW) which represent the ones with 2 
or 3 rings and with high molecular weight PAH, (∑HMW) which are the PAHs 
that have between 4 and 6 rings (∑LMW / ∑HMW). A ratio lower than or equal 
to 1 it indicates a pyrogenic source (combustion processes and volcanoes), 
while a value greater than 1 indicates a petrogenic source (fossil fuels, oil and 
coal) [17, 22]. 

Other isomeric ratios used were Anthracene/ (Anthracene+ Phenanthrene), 
[ANT/(ANT+PHE)]; and Fluoranthene/ (Fluoranthene+ Pyrene), [FLT/(FLT)+PYR)] 
[17, 22]. A ratio ANT/(ANT+PHE), less than or equal to 0.1, indicates a petrogenic 
source, and greater than 0.1, a pyrogenic nature. A ratio of FLT/(FLT+PYR) 
less than 0.4, it indicates PAHs deriving from oil products, between 0.4 and 0.5 
attests a source of PAHs from fossil fuels burning, and higher than 0.5 are a 
characteristic of natural sources such as biomass and coal burning [17, 22]. 

According to our results the values of the ∑LMW/∑HMW ratio from 
Lake Muntinu ranged between 0.02 and 3.09. 13 out of 20 samples were 
below 1, which indicates that sources are mostly of pyrogenic nature (Figure 2).  

From the ratios of ANT/(ANT+PHE) and FLT/(FLT+PYR) the results 
suggest that the PAHs present are of biomass and coal combustion (Figure 3). 
The results confirm our hypothesis that the sources of PAHs in the sediments 
of Lake Muntinu are the result of atmospheric deposition from the coal and 
steel industry in the neighboring cities. Moreover, with the opening of the 
Transalpina road, PAHs resulted from the combustion of fossil fuels are also 
an important source of PAHs. 

 

 
Figure 2. Isomeric ratios of ∑LMW/∑HMW versus the age of sediment 
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Figure 3. Isomeric ratios of ANT / (ANT + PHE) versus FLT / (FLT + PYR)  

in the sediment layers of Lake Muntinu 
 
Organochlorines (OCs) distribution and sources 
The concentration of OCPs ranged from 8.52 to 71.12 ng/g. The 

identified compounds were Heptachlor (<loq (0.01) to 19.75 ng/g), α-HCH 
(<loq to 62.93 ng/g) and Heptachlore exo-epoxide (<loq to 95.08 ng/g), which 
was the most common out of all the OCPs. Tecnazene, Hexachlorobenzene, 
γ-HCH, Quintozene, Aldrin, Heptachlor endo-epoxide, trans-Chlordane, 2,4′-DDE, 
α-Endosulfan, cis-Chlordane, Dieldrin, 4,4′-DDE, 2,4′-DDD, Endrin, β-Endosulfan, 
2,4′-DDT, 4,4′-DDT were not detected in any of the samples. Unfortunately, due 
to the lack of data on individual OCPs, an estimate of their provenance cannot 
be made. 

PCBs concentration tend to be at the same range as OCPs, the total 
concentration ranging from <loq (0.01) to 77.8 ng/g. The highest concentration 
detected was for PCB 52 with concentrations from <loq to 73 ng/g, and the 
lowest were for PCBs 138 with concentrations from <loq to 5.6 ng/g, and for 
PCB 194 with concentrations from <loq to 11.78 ng/g. PCBs -18, -28, -31, -44, 
-101, -114, -149, -153 and -180 were not detectable. 

By comparing the total concentration of OCPs with the total 
concentration of PCBs it can be observed that the PCBs started to be used in 
1965 while the use of OCPs stopped to be used in 1950 (Figure 4). The high 
concentration of OCPs from 1987 to 2018 can be explained by their high 
retention in environmental factors and their transport through air currents, but 
in the absence of data on the movement of air currents and precipitation in the 
studied area, this connection cannot be established. 
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Figure 4. Comparison between total OCPs concentration and total  

PCBs concentration in sediment layers over the past 100 years 
 
 
 

CONCLUSIONS 
 
The lack of monitoring data for POPs in the environment over the last 

century makes it quite difficult to establish policies to reduce these pollutants in 
the environment, respectively to assess the health risk due to its exposure. 
This study provides valuable information about pollution with three classes of 
POPs of a region of Romania in the last 100 years through their analysis in the 
aquatic core sediments of an alpine lake.  

The results of the study show that the concentrations of these pollutants 
are directly related to human activities in the studied area and even if human 
settlements are relatively far away, pollutant emissions can affect areas at high 
altitudes. Thus, PAHs (range 2.53 - 156.27 ng/g) have pyrogenic pattern showing 
that they are generated by combustion and not by the spills of petroleum products. 
The OCPs (range 1.78 - 71.12 ng/g) could be connected with agriculture, while 
PCBs (range not detected - 76.03 ng/g) with industrial activities. 

Moreover, even if the sources of POPs could be identified through the 
use of isomeric ratios, more studies are needed for a clearer understanding of 
the anthropogenic contribution to environmental pollution. In summary, this 
method is a good way to determine a historical deposition of POPs, and also to 
evaluate toxicological potential and their distribution in the environment. 
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EXPERIMENTAL SECTION 
 
Area of study and samples collection  
The glacial lake Muntinu is situated in Vâlcea county at an altitude of 

over 1900 meters, very near Transalpina road, at approximately 2 km away, 
and the nearest urban area of the city of Petrosani at about 30 km away 
(Figure 5). The maps presented in figure 5 were built using the ArcMap 10.8 
software starting from the information from the database and created by 
vectorization and downloading information from GPS. The coordinates of the 
sampling point are 45°21'58"N and 23°39'14"E. This lake has no any tributaries, 
and it was formed naturally by precipitation and by the melting of glaciers. 

Sediment sample was collected at the point of the lake discharge using 
a gravity corer of stainless steel material, with a sampling tube of 60 cm. 
Before the analysis, the samples were pre-treated and prepared in accordance 
with Begy et al. study [23]. 

 

 
Figure 5. Map illustrating the geographical position  

of Lake Muntinu (Iezerul Muntinu) 
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Chemicals and reagents  
For the qualitative and quantitative analysis, standard mixtures of 

different types of POPs were used. OCPs standard solution in concentration 
of 2000 μg/mL in hexane:toluene (1:1 v/v) (EPA CLP Organochlorine 
Pesticide Mix), and containing 20 compounds: Tecnazene, α-HCH, 
Hexachlorobenzene, γ-HCH, Quintozene, Heptachlor, Aldrin, Heptachlor 
exo-epoxide, Heptachlor endo-epoxide, Trans-Chlordane, 2,4′-DDE, α-
Endosulfan, Cis-Chlordane, Dieldrin, 4,4′-DDE, 2,4′-DDD, Endrin, β-
Endosulfan, 2,4′-DDT, 4,4′-DDT was provided by Supelco (Merck Romania 
SRL, Bucharest, Romania). PCBs mix congeners in concentration of 10 
μg/mL, in heptane, containing a number of 12 PCBs: -18, -28, -31, -52, -44, -
101, -114, -149, -153, -138, -180, -194 was obtained from Supelco (Merck 
Romania SRL, Bucharest, Romania). For PAHs, the standard solution with a 
concentration of 500 μg/mL, in acetonitrile:toluene mixture (92:8 v/v) was 
purchased from Restek (Restek Corporation, Bellefonte, United States), The 
mixture certified as CRM EPA Method 8310 PAH Mixture, containe a number 
of 16 compounds such as: Naphthalene, Acenaphthylene, Acenaphtene, 
Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, 
Benz[a]anthracene, Chrysene, Benzo[b]fluoranthene, Benzo[k]fluoranthene, 
Benzo[a]pyrene, Dibenz[a,h]anthracene, Benzo[g,h,i]perylene, and 
Indeno[1,2,3-cd]pyrene. 

For the quantification of OCs and PCBs, PCB-30 and PCB-155 were 
used as internal standards. As for PAHs, a surrogate standard (IS1) 
containing 4 deuterated compounds such as: Naphthalene-d8, Anthracene-
d10, Fluoranthene-d10 and Perylene-d12, was used to assess the extraction 
recovery and another one (IS2) containing 3 deuterated compounds: 
Acenaphtene-d10, Phenanthrene-d10 and Chrysene-d12 for quantitative 
analysis of PAHs respectively.  

For the extract purification step a purification open column containing 
from bottom to top silica, alumina and granular anhydrous sodium sulphate 
(200-300 mesh, Merck, Germany), activated at 450°C in a furnace for 6 h 
was used. For extract desulphurization, copper of < 425 μm size and 99.5% 
purity (Sigma-Aldrich, Merck, Germany), activated with hydrochloric acid (1 
N) was used. The reagents used in the analysis were acetone, acetonitrile, 
dichloromethane, and hexane, acquired from Merck (Germany) and were all 
HPLC purity graded. 

The Milli-Q water prepared using a Milli-Q-Plus ultra-pure water 
system from Millipore (Milford, MA, USA) was also used. 
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Instrumentation 
The analysis of POPs was carried using Gas Chromatography, and 

depending on the nature of the compounds of interest, two types of analysis 
were carried-out. Gas chromatography-mass spectrometry (GC-MS) was used 
for the analysis of PAHs and gas chromatography – electron capture detector 
(GC-ECD) for OCPs and PCBs. 

For PAHs analysis a Focus gas chromatograph equipped with a DSQII 
mass spectrometer operating in electron impact ionisation (EI) mode (70 eV), 
and a TriPlus Autosampler (Thermo Electron Corporation) was used. A 
capillary column model TR-5 MS (30 m x 0.25 mm i.d., 0.25 µm film thickness, 
Thermo) was used for the separation of the compounds, using a gradient 
temperature program of 60°C with holding time of 1 min, from 60 to 130°C with 
10°C/min, from 130 to 300°C using 3°C/min and a holding time of 5 min at 
300°C. Helium (99.999%) was used as a carrier gas with a flow rate of 1.2 
mL/min. The identification of PAH compounds was achieved using the selected 
ion monitoring (SIM) mode and the comparison of relative retention times between 
sample and the standard solution. X-Calibur software was used for the acquisition 
of data. 

As for OCPs and PCBs, the analysis process was performed by GC-
ECD, using a gas chromatograph model Trace GC equipped with a 63Ni electron 
capture detector, and a TriPlus Autosampler (Thermo Electron Corporation). 
For separation, a capillary column model HP-5MS (30 m × 0.25 mm i.d., 1.0 
µm film thickness, Agilent) was used. The gradient temperature program was 
70°C to 180°C at a rate of 25°C/min, from 180 to 200°C at 1°C/min, from 200 
to 260°C at a rate of 2°C/min, and from 260 to 300°C at 5°C/min with a holding 
time of 5 min at 300°C. The carrier gas was nitrogen (99.99%) with a constant 
flow rate of 2 mL/min. The temperatures of the injector and detector were set 
at 270°C and 300°C. Identification of OCPs and PCBs compounds was based 
on the retention time of the standard mixtures. Acquisition of data was performed 
using Chrom-Card software. 

 
Dating of sediments 
Sediment samples have been collected using a gravity corer of stainless 

steel material, with a sampling tube of 60 cm. Before the analysis, the samples 
were pre-treated and prepared in accordance with Begy et al. study [23]. 

Using The CRS (Constant Rate of 210Pb Supply) mathematical method 
by Appleby, 2001 [24], we determined the age and depth of the sediment column. 

Gamma spectrometry was used for the analysis of radionuclides, using 
a HPGe detector from ORTEC, model GWL-120-15 type with a resolution  
of 2.08 keV for 1.33 MeV 60Co and 1.1 keV for 122 keV 57Co gamma lines.  
The detection limits for the radionuclides were the following: 7 Bq/kg for 210Pb, 
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0.3 Bq/kg for 137Cs and 0.5 Bq/kg for 226Ra [25]. The associated dating errors 
are: one year for the period 2006-2015, two years for 1996 – 2006, three years 
for 1972 –1996, four years for 1954 – 1972, five years for 1942 – 1954 and six 
years before 1942. 

 
Extraction and purification of POPs 
Extraction and clean-up procedure for POPs was performed in accordance 

to Barhoumi et al. [21], but with small modifications. Approximately 4 g of 
homogenized dry sediment samples were placed into a 50 mL centrifuge tube 
and spiked with 100 ng each of multistandard mixture PAHs (IS1) and 20 ng 
PCB-30. 20 mL of acetone: hexane mixture (1:1, v/v) was added; the tube was 
capped and sonicated for 20 min in an ultrasonic batch. The mixture was 
centrifuged for 5 min at 4400 rpm and the solvent extract was transferred in a 
glass round flask of 100 mL. This procedure was repeated for two more times 
with 20 mL fresh solvent mixture. The final extract which contained all three extracts 
combined was concentrated to approximately 2 mL via rotary evaporation, 
mixed with 1 g of activated copper and left overnight for desulphurization. The 
following day, 10 mL of n-hexane was added, the copper was decanted away 
from the flask, and the extract was concentrated to approximately 2 mL with 
rotary evaporator and subjected to purification procedure. 

For the purification step, a silica-alumina chromatograph column (15 
mm i.d., made of glass) which contained from bottom to top, 3 g activated silica, 
3 g activated alumina, and 1 g dehydrated Na2SO4 was used. This column was 
washed with 20 mL of n-hexane before use.  

The ~2 mL concentrated extract was loaded onto the purification column 
and the target compounds have been eluted with 20 mL of n-hexane and 40 
mL of n-hexane: dichloromethane (DCM) solution (80:20, v/v), concentrated to 
approximately 2 mL, dry evaporated under nitrogen stream and redisolved with 
0.2 mL n-hexane:DCM solution (80:20, v/v). Before analysis, each sample was 
spiked with 100 ng each PAHs multistandard mixture (IS2) and 20 ng PCB-155. 

The extraction and analyses procedure were validated in our 
previous study [21] using certified reference materials EC-3 (PAHs, PCBs 
and OCPs in marine sediments from Niagara River in Lake Ontario). The 
obtained recoveries ranging from 68.8 ± 5.6% to 110.1 ± 2.9% for PAHs, 
and from 89.8 ± 10.7% to 117.2 ± 14.1% for POCs and PCBs respectively 
[21]. 
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ALTERNATIVE PROCEDURES  
FOR THE GREEN SYNTHESIS OF 3,7-BIS(N,N-(2-

HYDROXYETHYL)AMINO)PHENOTHIAZINIUM DYE 
 
 

Melinda GALa*, Alexandru TURZAb, Bianca STOEANa, Luiza GAINAa, 
Castelia CRISTEAa, Emese GALa, Tamas LOVASZa, Dan PORUMBa, 

Luminita SILAGHI-DUMITRESCUa 
 
 

ABSTRACT. Two experimental procedures implying mechanochemical 
and ultrasounds assisted protocols were assessed as alternatives to  
the classical synthesis of the title MB analogue, based on the substitution 
of the phenothiazinium tetraiodide with diethanolamine nucleophile. These 
greener alternatives required a much shorter reaction time and 
consequently less energy consumption. The sonochemical procedure gave 
a crystalline reaction product demanding a facile purification. UV-vis 
spectroscopic analysis emphasized the optical properties of the 3,7-
bis(N,N-(2-hydroxyethyl)amino)phenothiazinium dye characterized by an 
intense absorption maxima situated at 663 nm and weak fluorescence 
emission in aqueous solution (quatum yield 0.7% relative to methylene 
blue standard) with the emission maxima situated at 685 nm (Stokes shift 
484 cm-1). The solid state structure of the dye was determined by X-ray 
diffraction. 
 
Keywords: Phenothiazinium dye, mechanochemistry, sonochemistry, XRD, 
UV-vis absorption spectroscopy 
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INTRODUCTION 
 
Many synthetic compounds containing the phenothiazine heterocycle 

core exhibited in vitro or in vivo biological activities modulated by the 
introduction of structural appendages such as N-alkyl chains and/or 
(hetero)aromatic rings which may cause substantial amendments of the 
pharmacological properties (e.g. anti-microbial, anti-viral, anti-inflammatory, 
anti-oxidant, anti-tumour properties) [1]. Methylene blue (MB) is a phenothiazine 
derived cationc dye (3,7-bis(dimethylamino)phenothiazin-5-ium, figure 1) 
which display distinct photophysical, electrochemical, and biological 
properties and it is considered as the model compound for analogues 
series encompassing various substituents attached at the carbon atoms of 
the peripheral aromatic rings. [2]. A large number of MB analogues were 
designed by the systematic variation of the amino-auxochromes grafted in 
position C3 and C7 of the phenothiazinium chromophore (the oxidized state 
of the phenothiazine nucleus), thus paving the way towards MB dye 
congeners useful in modern biomedicine for selective staining, chemotherapeutics 
or photosensitizers for photoantimicrobial and photo dynamic therapy (PDT) 
applications [3-5]. By the way of illustration, in figure 1 are depicted the 
chemical structures of symmetrical (Figure 1a, 1b) or unsymmetrical (Figure 
1c) 3,7-disubstituted phenothiazinium dyes bearing symmetrical (Figure 1a, 
1c) or non-symmetrical (Figure 1b) secondary amino-auxochrome units 
comprising short C1-C3 alkyl and/or hydroxyalkyl chains imparting higher 
hydrophilicity. 

 
 

Figure 1. MB analogues: a) symmetrical 3,7-bis(dimethylamino)-, 3,7-
bis(diethylamino)-, 3,7-bis(dipropylamino)- 3,7-bis(bis(2-hydroxyethyl)amino)- [6], 

b) 3,7-bis((2-hydroxyethyl)(methyl)amino)-, 3,7-bis((2-hydroxyethyl)(propyl)amino)- 
[7] c) unsymmetrical 3-dipropylamino-7-(bis(2-hydroxyethyl)amino)- [8] 

phenothiazinium dyes. 
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A retrosynthetic analysis of target MB analogues (TGT) summarized 

in Scheme 1 proposes the molecular simplification by C-heteroatom bonds 
disconnection based on reliable transforms such as: path a) nucleophilic 
substitution of a phenothiazinium precursor P1 with amines, path b) coupling 
of a phenothiazine precursor P2 with amines path c) ring closure of diphenylamine 
P3 or diphenyl sulphide P4 precursors.  
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A literature data survey indicate that the vast majority of the synthetic 
strategies applied in the preparation of MB analogues are based on the 
retrosynthetic path a) depicted in scheme 1, following the most straightforward 
reaction pathway shown in Scheme 2. 
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In the first reaction step, phenothiazine precursor P2 is oxidized to 
the phenothiazinium cation P1 which in the second step is subjected to 
substitution reaction using secondary amine nucleophiles. The success of 
this strategy is ensured on one hand by the high reactivity of the electron 
rich phenothiazine core toward oxidation and on the other hand by the 
regioselectivity of the nucleophilic substitution of the phenothiazinium cation 
in positions C3 and C7 oriented by the electron withdrawing effect of the 
thionium salt. The oxidation of the phenothiazine substrate can be achieved 
by using different reagents, the most widely employed being iodine (generating 
the phenothiazin-5-ium tetraiodide) followed by bromine (producing 
phenothiazin-5-ium perbromide). Symmetrical 3,7-disubstituted phenothiazinium 
dyes were obtained by using an excess of amine nucleophile, while non-
symmetrical 3,7-disubstituted phenothiazinium dyes were prepared by a 
two stages methodology implying successive substitutions using two different 
amines [2] 

The green chemistry philosophy recommends synthetic plans based 
on environmentally friendly strategies built on a careful selection of reagents 
and auxiliaries (e.g. minimal waste generation, reduced organic solvent use, 
sustainable feedstocks, effective catalytic processes) and reaction conditions 
for improved process efficiency. Improved energy efficiency can be attained 
by switching from a thermal source of energy (which partially dissipate 
energy in the surrounding area) towards more specific alternative energy 
inputs which may be beneficially applied (e.g. photochemical, microwaves, 
ultrasounds irradiation) [9] Over the years our research group accumulated 
knowledge and contributed to the design of new efficient green protocols 
for the preparation of phenothiazine derivatives by microwaves assisted 
synthesis (e.g. amino- [10], 1,3-dioxanyl- [11], or imino-phenothiazines [12] and 
sonochemistry [13]); the relevance of ultrasound irradiation and mechanochemical 
synthesis versus classical convective heating procedures was emphasized 
in the preparation of novel dyes such as (phenothiazinyl)vinyl-pyridinium [14] 
and MB analogues [15]. 

In this work, we examine the benefits brought by ultrasound assisted 
and mechanochemical synthetic procedures recently elaborated by our group, 
in comparison with classical procedures previously reported for the preparation 
of 3,7-bis(N,N-(2-hydroxyethyl)amino)phenothiazinium dye [6, 16], a MB 
analogue useful as direct dyestuff constituent of hair dye compositions [17]. The 
optical properties of this dye and its solid-state structure were investigated 
by UV-vis absorption/fluorescence emission in solution and X-ray diffraction 
respectively. 
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RESULTS AND DISCUSSION 

 
The preparation of the symmetrical disubstituted MB analogue 2 is 

depicted in Scheme 3. 
 

 
Scheme 3 

 
The target 3,7-bis(bis(2-hydroxyethyl)amino)-phenothiazinium iodide 2 

was obtained by subjecting phenothiazinium tetraiodide substrate 1 to a 
substitution reaction using an excess of diethanolamine nucleophile. Aiming 
the optimization of the reaction conditions, three alternative experimental 
procedures were applied: a) classical conditions in homogeneous methanol 
solution, b) solvent free mechanochemical conditions and c) ultrasound 
irradiation conditions. Even though the reaction yields obtained by applying 
mechano- and sonochemical conditions (20-26%) were not superior to the 
ones afforded by the classical ones (40%), these alternative procedures 
may be considered “greener” because they require a much shorter reaction 
time (30-60 minutes in comparison with 24hours) and consequently less energy 
consumption; moreover, the ultrasounds assisted procedure provided a crystalline 
reaction product demanding facile purification. 

The optical UV-vis absorption properties of 2 recorded in four different 
solvents (figure 2) show a weak solvatochromism (376 cm-1) upon switching 
from water to dimethylsulfoxide (DMSO), a solvent with known ability for 
stabilization by hydrogen bonding. 

In aqueous solution, upon excitation of 2 with its longest absorption 
maxima (λmax=664 nm) was recorded a fluorescence emission band situated 
at λmaxem= 685 nm with 484 cm-1 Stokes shift and fluorescence quantum 
yield 0.7% relative to MB standard (ɸF 2%.[18])  
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Solvent λ [nm] ( ε [cm −1 M −1 ]) 
Ethanol 667 (13272) 
Acetone 667 (32202) 
Water 664 (56058) 
DMSO 681 (35896) 

 
Figure 2. UV-vis absorption bands of 2 in various solvents. 

 
Based on the crystal structure determination by X-ray diffraction, 2 was 

found to crystallize in the centrosymmetric orthorhombic Pbcn space group. The 
asymmetric unit is comprised by one 3,7-bis(dietanolamino)phenothiazinium 
cation, one recrystallization water molecule and one iodide anion (Figure 3a). 
Unit cell is packing eight such asymmetric units which are generated via 
symmetry operations (Figure 3b). 

 

 
a)       b) 

Figure 3. Crystal structure of 2: a) asymmetric unit; b) unit cell packing 
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The folding angle between the two aromatic rings of the phenothiazinium 
core is 178.48° depicting a planar conformation. Such almost planar geometries 
were reported in literature by single crystal X-ray diffraction on various 
derivatives which belong to phenothiazine group [19-21]. 

The supramolecular self-assembled layers of molecules are shaped 
in a zig-zag fashion with the recrystallization water located between and 
connecting these layers via O-H···O interactions while the iodide anion is 
located roughly on the layers (Figure 4). It is worth mentioning that the 
adjacent molecules (related by a glide plane) are interacting via O-H···N 
(hydroxyl···thiazine) hydrogen bonds and phenyl···phenyl interactions as 
well (π···π interactions with a contact distance of 3.292 Å and 3.366 Å 
respectively) which are contributing to the stabilization of zig-zag layout.  

 
 

 

Figure 4. Overall packing perspective seen along a-axis  
displaying zig-zag molecular arrangements 

 
 
CONCLUSIONS 

 
The 3,7-bis(N,N-(2-hydroxyethyl)amino)phenothiazinium iodide 2 is a blue 

dye displaying an intense absorption maxima situated at 663 nm, a weak 
fluorescence with the emission maxima situated at 685 nm, which crystallize 
in the centrosymmetric orthorhombic Pbcn space group. The classical synthetic 
procedures requiring a long reaction time could be amended by greener 
alternatives such as the hereby described mechanochemical or ultrasounds 
assisted procedures.   
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EXPERIMENTAL SECTION 
 
NMR spectra were recorded on Brucker NEO-1 400 MHz instrument. 

UV-vis absorption spectra were recorded with Perkin Elmer Lambda 35 
spectrophotometer. UV-vis emission spectra were recorded on Perkin 
Elmer LS55 spectrophotometer. HRMS spectra were recorded on Thermo LTQ 
Orbitrap XL instrument. The powder X-Ray diffraction pattern was recorded 
on a Bruker D8 Advance diffractometer (X-ray tube operates at 40 kV, 40 
mA) which is equipped with a germanium (1 1 1) monochromator and 
LYNXEYE detector using monochromatic CuKα1 radiation (λ=1.54056 Å).  

All chemicals used were of reagent grade.  
Starting material Phenazathionium tetraiodide 1 was prepared by 

the oxidation of phenothiazine with iodine in DCM solution according to the 
previously reported procedure [22]. 

 
Experimental procedures for the synthesis of  
3,7-bis(N,N-(2-hydroxyethyl)amino)phenothiazinium iodide 2 
 
a) Classical synthesis 
In a round-bottom flask with a magnetic stirrer and a reflux condenser 

were introduced 1.5 g (0.002 mol) of phenothiazinium tetraiodide 1 and 40 
ml of methanol and then diethanolamine (3ml, 3.27g, 0.03 mol) was added 
dropwise over 30 minutes. The reaction mixture was stirred for 24 hours at 
room temperature. After the completion of the reaction, the solvent was 
removed by vacuum distillation. The solid product was purified by reprecipitation 
from methanol solution with diethyl ether. The dark precipitate was filtered 
affording the pure product (yield of 40 %). 

 
b) Mechanochemical synthesis 
In a mortar, phenothiazinium tetraiodide 1 (1.5g, 0,002 mol) and 

diethanolamine (3ml, 3.27g, 0.03 mol) were added and the mixture was 
grounded with a pestle for 30 minutes. The reaction product was dissolved 
in methanol and reprecipitated with diethyl ether. The dark precipitate was 
filtered affording the pure product (yield of 20%). 

 
c) Sonchemical synthesis 
Phenothiazinium tetraiodide 1 (1.5 g, 0.002mol) and diethanolamine 

(3ml, 3.27g, 0.03 mol) were dissolved in ethanol and were introduced into a 
pear-shaped flask. The flask was equipped with a septum with a syringe 
needle for degasing the volatile products. After 1 hour of ultrasonating the 
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solvent was recovered and the product was purified by reprecipitation with 
methanol and diethyl ether. The dark precipitate was filtered affording the 
pure product (yield of 26%). 

 
1H-NMR (400 MHz, DMSO-d6) δ (ppm): 7.81 (d, 3J= 8Hz, 2H), 7.51 

(m, 4H), 5.03 (t, 3J= 7Hz, 4H), 3.85 (m, 8H), 3,72 (m, 8H). 
13C-NMR (100 MHz, DMSO-d6) δ (ppm): 154.42, 137.96, 135.44, 

133.88, 120.05, 107.5, 59.12, 54,43. 
HRMS: calculated for C20H26NO4S+ 404.13865, found 404.157. 
 
 
X-Ray powder diffraction 
 
The powder X-Ray diffraction pattern was recorded on a Bruker D8 

Advance diffractometer (X-ray tube operates at 40 kV, 40 mA) which is 
equipped with a germanium (1 1 1) monochromator and LYNXEYE detector 
using monochromatic CuKα1 radiation (λ=1.54056 Å). The CIF file of 2 has 
been deposited with the Cambridge Crystallographic Data Centre, having the 
associated deposition number 2225437.  

The crystal structure determination for 2 was carried out from a 
high-resolution X-ray powder diffraction pattern. The method implies the 
determination of a structural model by direct-space Monte-Carlo with parallel 
tempering methods. 

The procedure of crystal structure determination from a powder diffraction 
pattern is a multi-step procedure and requires the use of several computation 
methods: diffraction pattern indexing; Pawley refinement; space group 
determination; the search for a structural model and the final Rietveld 
refinement [23]. 

Reflex module implemented in Materials Studio software [24] was 
used for pattern indexing via multiple programs such as TREOR90 [25], 
DICVOL96 [26], X-cell [27]. The indexing offers multiple possible solutions 
of unit cells but based on the figure of merit, a common solution of lattice 
parameters was obtained in all three programs, which belongs to the 
orthorhombic crystal system and possess the following lattice constants: 
a=25.49 Å, b=10.91 Å, c=16.28 Å, α=β=γ=90°, V=4531 Å3. Further the 
solution was subjected to Pawley refinement, the orthorhombic crystal 
system being confirmed and the unit cell was found to belong to the Pbcn 
space group. Based on the molecular composition of the analysed compound, 
the asymmetric unit would consist of one 3,7-bis(dietanolamino)phenothiazinium 
molecule (C20H26N3O4S), one water molecule and a iodine anion such that 
the calculated density is roughly 1.60 g/cm3. As a next step, the search of 
structural model was accomplished via Powder Solve module employing  
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Monte Carlo and parallel tempering optimization. The method is based on 
molecular translations, rotations and changes in torsion angles in the unit 
cell. A few million trials per cycle are verified and a comparison between 
simulated and experimental pattern after each change is carried out such 
as the match to be as good as possible. Rietveld refinement technique is 
used in order to refine the structural solution obtained by parallel tempering 
optimization. A Pseudo-Voight function was used to approximate the diffraction 
peaks profiles along with the U, V, W parameters of Caglioti’s equation [6] 
were refined. Bragg-Brentano instrument geometry was considered with 
profile parameters, shift parameters, zero point refined as well. The 
asymmetry of diffraction lines was refined in a Berar-Baldinozzi approximation. 
The background was approximated by a polynomial function of order 20 and 
the preferred orientation parameters were refined considering the March-
Dollase correction. As a result, a final comparison between calculated 
(theoretical) and experimental powder X-ray pattern is shown in Figure 5 
and crystallographic details are presented in Table 1. 

 

 
Figure 5. Rietveld refinement highlighting the match  

between simulated and experimental pattern 
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Table 1. Crystallographic details for 2 obtained  
by powder X-ray diffraction analysis 

Chemical formula C20H28IN3O5S 
Formula weight (g/mol) 548.40 

Crystal system Orthorhombic 
Space group Pbcn (No. 60) 

Z 8 
a (Å) 25.50 
b (Å) 10.91 
c (Å) 16.28 
α (°) 90 

β (°) 90 

γ (°) 90 
V (Å3) 4532 

Rwp (%) 8.24 
ρcalc g/cm3 1.60 
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SYNTHESIS OF Pt(II)-COMPLEXES WITH SYMMETRICAL 
AND UNSYMMETRICAL GLYOXIMES, THEIR PHYSICAL-

CHEMICAL AND BIOLOGICAL STUDY 
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ABSTRACT. A series of Pt-complexes of the type [Pt(DioxH)2L2], (DioxH= 
deprotonated diethyl-glyoxime, methyl-pentyl-glyoxime, methyl-propyl-glioxime, 
L=amine) were synthesized, described and characterized with thermoanalytical 
(TG-DTG-DTA), spectroscopical (FTIR, ESI-MS, UV-VIS and NMR), powder 
XRD and AFM methods. The biological activity, especially the antibacterial 
effect, was also studied. The complexes were tested against selected Gram-positive 
and Gram-negative bacteria. The thermoanalytical measurements revealed the 
stability of complexes until 200 °C, which then loose characteristic fragments 
of their ligands. The spectroscopic data are in accordance with the thermal 
properties of the samples, confirming their composition. The compounds 
exhibited antibacterial effect against the bacterial strain studied. 
 
Keywords: Pt(II)-complexes, α-dioxime, amine ligand, thermal properties, 
spectroscopy, AFM, antimicrobial activity 
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INTRODUCTION 
 
After the discovery of anticancer activity of cisplatin by Barnett Rosenberg, 

platinum coordination complexes became a very important class of drugs [1]. 
In recent years other platinum-based drugs have entered in clinical trials, 
and high efforts have been made to find more active and less toxic agents 
for cancer treatment in humans [2-5]. The mode of action of platinum based 
antitumor drugs, such as cisplatin and its analogues, is that they bind to the 
DNA in cancer cells [6-9]. Many pathogenic bacteria show resistance toward 
antibiotics, therefore it is necessary to find new compounds to control the 
multidrug-resistant microorganisms [10-13]. For example, some tetracyclines 
coordinated to Pt(II) showed improved antimicrobial activity [14]. In order to 
obtain new Pt(II) metallodrugs as good candidates for anticancer or 
antimicrobial agents, N donor ligands, such as Schiff-bases [15, 16], aliphatic 
or aromatic amines, are often used [17-20]. 

Platinum group metal complexes with α-diimine ligands have been 
used as photosensitizers in energy conversion and electron transfer, in 
chemi- and electroluminescent systems, and as probes for heterogeneous 
binding and dynamics of macromolecular structure [21-24]. Other platinum 
coordination and organometallic complexes have demonstrated applications 
in homogeneous catalysis, such as the oxidation of ethanol to acetic acid or 
acetaldehyde, the oxidation of sulfur dioxide to sulfuric acid and, furthermore, 
in catalytic combustion, hydrogenation reactions. The rationale in utilization 
is their ability to catalyze reactions under milder conditions with higher selectivity, 
compared to other metals, their high stability in various oxidation states, 
functional-group tolerance, and their highly understood synthetic chemistry 
[25, 26]. 

Thermal properties of bioactive compounds are relevant to their 
future usage, therefore thermal analysis is an appropriate technique to 
characterize the complexes with biological activity [27-30]. Thermoanalytical 
methods provide important informations on thermal stability, polymorphic 
forms or structural changes [31-34], as well as purity of potential new drugs 
[35-36]. The aim of this study was the synthesis, physical-chemical and 
antimicrobial characterization of some compounds with general formula 
[Pt(DioxH)2L2]. Since the thermal properties of biological active compounds 
are crucial for their future applications, another aim of this work was the 
detailed thermal analysis of the synthesized coordination compounds. 
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RESULTS AND DISCUSSION 
 
For the synthesis of [Pt(DioxH)2L2] type complexes three different 

glyoximes were used as primary ligand sources. In the first step platinum(IV) 
chloride was reduced by formic acid to give PtCl2, then reacted with the selected 
glyoxime and amine ligands. The dioximes as precursors were prepared by the 
isonitroso method, namely, from the corresponding monoketones acidified 
with HCl upon continuous bubbling of gaseous ethyl-nitrite into the cooled 
mixture. The dione-monoximes obtained as intermediate products were 
converted with hydroxyl-amine to the corresponding α-dioxime. The general 
reaction scheme of glyoximes is shown in Scheme 1, and the structures of 
complexes are presented in Scheme 2. 
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Scheme 1. The general reaction scheme of glyoxime syntheses 
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Scheme 2. The reduction step and structures of selected complexes 
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IR-spectral measurements 
 
We recorded the mid- and far-IR spectra for our compounds, and 

the results are summarized in the experimental part. Strong bands related 
to νC=N (1519–1535 cm–1) and νPt–N (414–518 cm–1) vibrations appear for all 
studied compounds, which demonstrate the formation of complexes. 

If we compare the spectrum of compounds containing symmetrical 
and unsymmetrical glyoxime ligands we can observe generally a small  
shift to smaller values of νPt–N, νC=N bands in case of the unsymmetrical 
complexes, which can be explained by electronic effects. For example, in 
Figures 1 and 2 two IR spectra are presented with the only difference in the 
dioxime moiety. In case of the symmetrical compound the νPt–N band 
appears at 512 cm–1 and in the unsymmetrical one does at 508 cm–1. This 
difference can be explained with the distortion of the molecule, and the 
increasing Pt–N distance in case of the unsymmetrical complexes. 

In the far-IR range (400–100 cm–1) several deformation vibrations 
appeared, mostly for the heterocyclic amines and for the N–Pt–N groups 
(δN–Pt–N: 324–358 cm–1) [37]. 

 

 

Figure 1. IR spectrum of [Pt(Diehyl-DioxH)2(imidazole)2] 
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Figure 2. IR spectrum of [Pt(Me-Pentyl-DioxH)2(imidazole)2] 

 

Raman-spectral measurements 
 
The Raman spectra were recorded in the range of 4000–50 cm–1 for 

a few complexes exhibiting less dark color. The most important bands appear 
at the same positions like in the IR spectra but with lower intensities. Due to 
selection rules in Raman spectroscopy the symmetric vibrations are also 
detectable which, as a result, can aid the proper assignation of vibrational 
bands. 

 
 
Electronic spectra (UV–VIS) 
 
The electronic spectra of some [Pt(DioxH)2L2] type complexes were 

recorded. The free ligand absorption bands appear between 212–286 nm 
and 320–324 nm which can be assigned to π→π* transitions of the aromatic 
rings and n→π* transitions of the C=N groups, respectively. A weak band 
can also be observed between 470–623 nm corresponding to a d–d 
electron transition that demonstrates a rectangle-planar geometry of 
glyoxime groups around the metal ion [22]. The calculation of the acidity 
constants shows that our complexes are weakly acidic due to the deprotonation 
of the dioximes in basic buffer solutions. 
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Mass spectrometric measurements 
 
In the mass spectra the molecular ions were successfully detected 

for all complexes. Table 1 presents the characteristic fragments of complexes. 
The base peak is generally [Pt(DioxH)2]+ which indicates the stability of this 
planar moiety and a weak bonding of Pt to the amines [38]. 

 
Table 1. Electrospray mass spectrometric data  

for [Pt(DioxH)2L2] type complexes 

Compound Fragments (m/z) 

[Pt(Diethyl-DioxH)2] (1) 480.9 [M]+, 338.4 [Pt(Diethyl-DioxH)]+, 100.9 [CH3-CH2-
C=N-O-O-N]+, 60.0 [N2O2]+ 

[Pt(Diethyl-DioxH)2 
(imidazole)2] (2) 

617.2 [M]+, 550.9 [Pt(Diethyl-DioxH2)2(imidazole)]+, 
480.9 [Pt(Diethyl-DioxH)2]+, 100.9 [CH3-CH2-C=N-O-O-
N]+, 60.0 [N2O2]+ 

[Pt(Diethyl-DioxH)2 
(2-amino-pyrimidine)2] (3) 

694.8 [M+Na]+, 671.2[M]+, 481.0 [Pt(Diethyl-DioxH)2]+, 
100.9 [CH3-CH2-C=N-O-O-N]+, 60.0 [N2O2]+ 

[Pt(Diethyl-DioxH)2 
(3-aminophenol)2] (4) 

722.0 [M+Na]+, 699.0 [M]+, 681.9 [M–OH]+, 665.6 [M–
2OH]+, 480.9 [Pt(Diethyl-DioxH)2]+, 100.9 [CH3-CH2-
C=N-O-O-N]+, 60.0 [N2O2]+ 

[Pt(Et-Pr-DioxH)2(4-amino-3-
hydroxynaphthalene-1-sulfonic 
acid)2] (5) 

990.7 [MH2]+, 830,6 [Pt(Et-Pr-DioxH)(4-am.-3-hydr.-
napht.-1-sulfonic acid)2]+, 510.2 [Pt(Et-Pr-DioxH)2]+, 
434.4 [Pt(4-am.-3-hydr.-napht.-1-sulfonic acid)]+ 

[Pt(Et-Pr-DioxH)2(3-amino-1-
propanol)2] (6) 

659.7 [M]+, 582.9 [Pt(Et-Pr-DioxH)2(3-am.-1-prop)]+, 
509.3 [Pt(Et-Pr-DioxH)2] 

[Pt(Me-Pentyl-DioxH)2 
(imidazole)2] (7) 

712.6 [M+K]+, 673.4 [M]+, 657.4 [M–O]+, 605.3 [Pt(Me-
Pentyl-DioxH)2(imidazole)]+, 538.2 [Pt(Me-Pentyl-
DioxH)2]+ 

[Pt(Me-Pentyl-DioxH)2(3-amino-1-
propanol)2] (9) 

727.6 [M+K]+, 688.5 [M]+, 576.2 [M–DioxH2]+, 538.2 
[Pt(Me-Pentyl-DioxH)2]+, 428.3 [Pt(Me-Pentil-
DioxH2)N2O2]+ 

[Pt(Me-Pentil-DioxH)2 
((n-Bu)2NH)2] (10) 

795.4 [M]+, 779.4 [M–OH]+, 763.4 [M–OHO]+, 538.2 
[Pt(Me-Pentyl-DioxH)2]+, 130.2 [(n-Bu)2NH2]+ 

 
 
Thermoanalytical study 
 
The TG, DTG, DTA curves were recorded for the obtained complexes. 

One example is presented in Fig. 3, and the results for all studied complexes 
are included in Table 2. 
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Figure 3. Thermal decomposition curves of [Pt(Diehyl-DioxH)2(imidazole)2] 
 
 
The first observation from the thermal decomposition study is the 

stability of complexes between the temperatures of 115–223 ºC. The stability 
is influenced by the nature of glyoximes and the coordinated amines. 
Complexes containing symmetrical glyoxime are usually more stable then 
the unsymmetrical ones (206–223 °C), however, the nature of amines has 
also influence on the stability. Amines with electron-releasing groups enhance 
the stability of complexes. The mechanism of the thermal decomposition of 
complexes was established as well. In the first step the amine elimination 
takes place until 350 ºC, and then the glyoxime groups are leaving until  
550 ºC which is demonstrated with a big exothermic peak on the DTA 
curve. 

The general decomposition mechanism of [Pt(DioxH)2L2] type 
complexes is shown below: 

[Pt(DioxH)2L2] → [Pt(DioxH)2L] → [Pt(DioxH)2] → [Pt(DioxH)] → PtO 
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Table 2. Thermoanalytical data of [Pt(DioxH)2L2] type complexes 

No. Fragment t (°C) m; –∆m (%) DTG (°C) DTA (°C) 

1. 
- 
Diethyl-DioxH 
Diethyl-DioxH 
PtO (rest) 

206 
304 
557 
695 

99.86; 0.14 
66.3; 33.56 
35.96; 30.34 
35.06 

233.83 
274.08 
501.48 

238.07 (ex.) 
297.39 (ex.) 
501.48 (ex.) 

2. 

- 
imidazole 
imidazole 
2 (Diethyl-DioxH) 
PtO (rest) 

216 
254 
323 
513 
513 

99.23; 0.77 
85.17; 14.06 
74.30; 10.87 
34.61; 39.69 
34.61 

230.52 
271.93 
507.44 

240.87 (ex.) 
357.33 (ex.) 
507.44 (ex.) 

3. 
- 
2 (2-am.-pyrimidine) 
2 (Diethyl-DioxH) 
PtO (rest) 

223 
293 
351 
689 

99.76; 0.24 
72.54; 27.22 
38.11; 34.33 
36.23 

279.69 
340.94 

302.98 (ex.) 
340.94 (ex.) 

4. 
- 
2 (3-hydroxy-aniline) 
2 (Diethyl-DioxH) 
PtO (rest) 

223 
307 
366 
693 

99.44; 0.56 
67.84; 31.6 
40.41; 27.43 
37.75 

279.69 
349.57 

292.63 (ex.) 
350.43 (ex.) 

5. 

- 
–SO3H 
1-amino-2-HO-
naphthalene 
2 (Et-Pr-DioxH) + am. 
PtO (rest) 

219 
266 
350 
450 
992 

100; 0 
92.35; 7.65 
80.15; 12.2 
29.79; 50.36 
29.24 

243.79 
307.54 
442.3 

247.02 (ex.) 
314.8 (end.) 
441.5 (ex.) 

6. 
- 
2 (3-am.-1-propanol) 
2 (Et-Pr-DioxH) 
PtO (rest) 

154 
284 
395 
991 

100; 0 
79.07; 20.93 
35.98; 43.09 
33.8 

197.8 
259.93 
358.38 

261.54 (ex.) 
359.19 (ex.) 

7. 
- 
2 imidazole 
2 (Me-Pentyl-DioxH) 
PtO (rest) 

222 
282 
382 
990 

98.94; 1.06 
85.87; 13.07 
38.6; 47.27 
35.96 

260.74 
354.34 

263.97 (ex.) 
355.15 (ex.) 

8. 

- 
2(2-am.-Py-
midine+Me+pentyl) 
2 (DioxH) 
PtO (rest) 

115 
239 
386 
991 

99.49; 0.51 
50.49; 49 
15.68; 34.81 
13.38 

205.86 
257.51 
353.54 

174.39 (end.) 
260.74 (ex.) 
351.92 (ex.) 

9. 
- 
2 (3-am.-1-propanol) 
2 (Me-Pentyl-DioxH) 
PtO (rest) 

200 
277 
545 
990 

97.67; 2.33 
83.67; 14 
38.07; 45.6 
36.76 

259.93 
338.21 

260.74 (ex.) 
335.78 (ex.) 

10. 
- 
2 [(n-Bu)2NH)2] 
2 (Me-Pentyl-DioxH) 
PtO (rest) 

217 
310 
387 
990 

100; 0 
84.47; 15.53 
44.98; 39.49 
42.48 

259.12 
363.22 

262.35 (ex.) 
362.41 (ex.) 

(See the numbering of complexes in the experimental part or scheme 2!) 
Abbreviations: ex. = exothermic, end. = endothermic 
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Powder-XRD measurements 
 
The powder-XRD measurements revealed that complexes with 

symmetrical glyoxime groups show crystalline form with many peaks. 
However, samples containing unsymmetrical glyoxime groups precipitated 
out in an amorphous state displaying only some peaks therefore their 
structure has to be characterized by other methods. The crystalline complexes 
XRD structures can not be found in the Cambridge Structural Database. 

 
AFM investigations 
 
Two complexes, namely, [Pt(Diethyl-DioxH)2] and [Pt(Diethyl-

DioxH)2(2-aminopyrimidine)2] were investigated by atomic force microscopy, 
and results are presented below. 

[Pt(Diethyl-DioxH)2] 

The film resulting from adsorption is of very good quality, well 
structured to AFM investigation. The most representative images resulting 
from the scanning area of 1 µm x 1 µm are presented in Figure 4. 

 

    
a                           b                           c                                       d 

 

 
e 

Figure 4. AFM images for [Pt(Diethyl-DioxH)2]: a) topographic image,  
b) phase image, c) amplitude image, d) 3D image, e) profiles along the arrows  

in image (a). Scanning area 1 µm x 1 µm 
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The topography of the surface highlights an uniform deposition with 
very well individualized nanoparticles. Their shape is partially equiaxial, 
enough to allow us to speak about their diameter, but edges appear under 
sharp angle what foreshadow the formation of corners. The fact correlates 
with a high crystalline aspect of the interior of these nanoparticles. Their 
appearance would correlate with well-developed and slender XRD maxima. 

The phase and amplitude images, Figures 4b and c, highlight with 
special clarity the individualization of nanoparticles in the deposition film. Its 
three-dimensional aspect is shown in Figure 4d. The profiles in Figure 4e 
indicate a middle diameter of the nanoparticles to be 60 nm. 

[Pt(Diethyl-DioxH)2(2-aminopyrimidine)2] 

The deposition film resulting from adsorption has a very good 
quality too, and lent itself to AFM investigation. The most representative 
images resulting from the scanning area of 1 µm x 1 µm are presented in 
figure 5. 

    
a                          b                          c                                  d 

 

 
e 

Figure 5. AFM images for [Pt(Diethyl-DioxH)2(2-aminopyrimidine)2]: 
a) topographic image, b) phase image, c) amplitude image, d) 3D image,  

e) profiles along the arrows in image (a). Scanning area 1 µm x 1 µm 
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The topographic image, Figure 5a, allows us to visualize the nanoparticles 
with great clarity. In this way their shape and dimensional aspects, such as the 
diameter of the nanoparticles can be observed, and the roughness of the 
deposition can be measured. In the present case we have a fairly uniform 
film of well-individualized nanoparticles with an equiaxial shape (approximately 
the same radius in any direction starting from the center of the nanoparticle). 
Although the observed nanoparticles have a rounded appearance, they are 
not perfectly spherical due to the fact that their internal crystalline structure 
leaves its mark to some extent on the external appearance. 

In the phase image, Figure 5b, the limit between the nanoparticles 
appears with a light yellow shade while they have a brown appearance. The 
fact supports the good individualization of the nanoparticles in the deposition 
film. The amplitude image, Figure 5c, shows that the sample was scanned 
under optimal conditions, and the nanoparticles stand out clearly. AFM 
imaging has the advantage to produce real three-dimensional images due 
to the scaling in metric units of the Z axis. Therefore, Figure 5d clearly 
shows the three-dimensional aspect of the deposition and the nanoparticles 
can be clearly seen how they adsorbed on the glass surface. This deposition 
is very smooth with a roughness of only 3.18 nm (Table 3). Last but not least, 
the profiles drawn in Figure 5e allow us to observe the rounded equiaxial 
aspect of the nanoparticles and thus to determine their diameter accurately. 
We found that the sample has nanoparticles with a diameter of 40 nm. 

 
Table 3. AFM measured values 

Compound Height 
(nm) 

Rugosity RMS (nm) Nanopart. 
diameter (nm) Area Red profile Green profile 

[Pt(Diethyl-DioxH)2] (1) 7 1.09 0.50 0.81 60 

[Pt(Diethyl-DioxH)2 
(2-aminopyrimidine)2] (3) 20 3.18 1.37 0.96 40 

It is observed that samples with small diameter of nanoparticles 
lead to the formation of films with lower roughness, while samples with 
nanoparticles with larger diameters and a very good individualization led to 
higher values of roughness. 

 
NMR measurements 
 

The NMR spectra of some complexes containing symmetrical and 
unsymmetrical glyoxime were recorded. In case of the symmetrical 
glyoximes, in the 1H NMR spectra the aliphatic protons from the glyoxime 
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groups appear at 1.1–2.8 ppm in all complexes, and the aromatic protons 
from the amines appear between 7.7–8.3 ppm. In the 13C NMR spectra the 
aliphatic carbons appear at 10–20 ppm, and the double bonded carbons 
appear at 158 ppm. In case of unsymmetrical glyoximes in the 1H NMR 
spectra the aliphatic protons from the glyoxime groups appear at 0.8 ppm 
up to 2,6 ppm on the longer chain. The glyoxime OH protons appear at 
11.3–11.4 ppm, the aliphatic amine protons appear between 0.85–2.5 ppm, 
the amino group protons values are 2.6–8.2 ppm. In case of imidazole 
group the shift is 8.1 ppm. 

Making a comparison between the free ligand and the complex, for 
example Et-Pr-DioxH2 and [Pt(Et-Pr-DioxH)2(3-amino-1-propanol)2], a small 
shift to higher ppm values can be observed in case of the complex (e. g.: 
from 0.85 ppm to 0.88ppm – methyl group, from 11.30 ppm to 11.32 ppm – 
glyoxime OH group). This can be explained with the electron attracting 
effect of Pt. This effect is reduced by the electron-donor property of the 
aliphatic amino groups. In case when the amine ligand is aromatic the first 
peak of methyl group appears at higher value, 1.1 ppm (complexes 1 – 4). 

 
Adsorption test 
 
The adsorption of [Pt(Me-Pentyl-DioxH)2(imidazole)2] was tested on 

hydroxyapatite. The adsorption efficiency was 90.5 % and the adsorption 
capacity 226.36 mg/g, calculated from the calibration straight equation. The 
OH group of hydroxyapatite and the calcium center serve as active sites for 
the formation of H-bridge bonds. 

 
Biological assay 
 
The antimicrobial effects of the Pt-complexes were tested against 

Gram-negative Serratia marcescens and Gram-positive Bacillus subtilis bacteria. 
The complexes were dissolved in DMSO, and the concentration was 2 
mmol/l. In case of [Pt(diethyl-DioxH)2(imidazole)2] and [Pt(diethyl-DioxH)2(3-
hydroxy-aniline)2] the Kirby-Bauer disk diffusion method, while in case of 
[Pt(Et-Pr-DioxH)2(4-amino-3-hydroxynaphthalene-1-sulfonic acid)2], [Pt(Me-
Pentyl-DioxH)2(2-aminopyrimidine)2], [Pt(Me-Pentyl-DioxH)2(3-amino-1-propanol)2] 
the fluorescein-diacetate (FDA) hydrolysis assay were used for the 
evaluation of the antibacterial potential. The inhibitory effect of compounds 
on the development of bacteria was determined by measuring the inhibition 
zone around the paper discs containing 5 µl, 10 µl, 20 µl or 30 µl of the 
tested complexes. The spectrophotometrically determined FDA hydrolysis 
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rate reflect the biofilm-inhibiting effect of the complexes added in different 
quantities (5 µl, 10 µl or 20 µl) to the nutrient media used for the cultivation 
of bacteria. The antibacterial effect can be deduced from the absorbance 
values at 490 nm: the smaller absorbance values indicate a bigger inhibition 
of the enzyme activity of biofilm-forming bacteria. The degree of inhibition 
can be calculated in relation to the control sample, which was prepared 
without Pt-complexes, so the enzyme activity and the biofilm formation was 
considered 100 %. Each value obtained represents the average of 5 different 
measurements. The results are included in Table 4 and 5. 

 
Table 4. The dimensions of inhibition zones as a function  

of the quantity of complexes applied 

Compound 5 μl 10 μl 20 μl 30 μl 

[Pt(diethyl-DioxH)2(imidazole)2] (2) - 9 mm 12,7 mm 16,33 mm 

[Pt(diethyl-DioxH)2 
(3-hydroxy-aniline)2] (4) - 7,83 mm 13,66 mm 14,66 mm 

 
 

Table 5. The inhibition degree of bacterial biofilm-forming capacity (Acontrol = 1.575) 
 

Compound 

5 μl/ml 10 μl/ml 20 μl/ml 

A 
Inhibition 

degree 
(%) 

A 
Inhibition 

degree 
(%) 

A 
Inhibition 

degree 
(%) 

[Pt(Et-Pr-DioxH)2 
(4-amino-3-
hydroxynaphthalene-1-
sulfonic acid)2] (5) 

1.235 21.587 1.124 28.635 0.500 68.254 

[Pt(Me-Pentyl-
DioxH)2(2-amino-
pyrimidine)2] (8) 

1.468 6.794 1.352 14.159 1.327 15.746 

[Pt(Me-Pentyl-
DioxH)2(3-amino-1-
propanol)2] (9) 

1.458 7.429 1.430 9.206 1.320 16.190 

(5, 10 or 20 μl complex solution was added to 1 ml nutrient broth) 
 
Conclusions 
 
Platinum complexes containing novel N-donor ligands were synthesized, 

and their structure was characterized by different spectroscopic and diffraction 
methods. According to the thermoanalytical studies the samples show good 
thermic stability below 125 °C and their stepwise decomposition mechanism 
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was also determined. The antibacterial activity of the synthesized compounds 
was tested against selected bacteria by two microbiological methods providing 
good inhibition results. In future we also wish to extend our researches to 
investigate their anti-tumor effect. 
 
 
EXPERIMENTAL SECTION 

 
The IR spectra of the complexes were recorded with a Bruker Alpha 

FTIR spectrometer (Platinum single reflection diamond ATR), at room 
temperature, in the mid-IR (4000–400 cm–1) and far-IR (650–150 cm–1) 
range, respectively, on a Perkin–Elmer System 2000 FTIR spectrometer, 
operating with a resolution of 4 cm–1. Raman spectra were measured with a 
Bio-Rad (Digilab) FT-Raman spectrometer (1064 nm NdYAG laser excitation, 
250 mW laser power per sample, 4 cm−1 resolution, 512 scan). The electronic-
spectra were recorded in aqueous solution of 10–4 mol/l concentration with 
Jasco V-670 Spectrophotometer. 

Thermal measurements were performed with a 951 TG and 910 
DSC calorimeter (TA Instruments), in Ar or N2 atmosphere, at a heating rate of 
10 K·min–1 (sample mass 4–10 mg). Mass spectrometric (MS) measurements 
were carried out by a PE Sciex API 2000 triple quadruple mass spectrometer, 
using electrospray ionization (ESI) in the 200–1200 m/z region. By ESI-MS, 
ionization takes place at milder conditions as compared with classical mass 
spectrometry, therefore it is more sensible for the detection of single and 
associated dimer molecular ions and their fragment ions. 

The NMR spectra were recorded in DMSO-d6 in 5 mm tubes at RT on 
a Bruker DRX 500 spectrometer at 500MHz using TMS as internal reference. 
The AFM measurements were carried out with a JEOL JSPM 4210 atomic force 
microscope using NSC 15 Hard cantilevers manufactured by Micromasch Co. 
Phase and amplitude topographic images were recorded simultaneously. 

 
Synthesis of glyoximes 
Diethyl-glyoxime was prepared from 3,4-hexanedione (0.1 mol, 13 ml) 

reacting with hydroxyl-amine hydrocloride (0.2 mol, 13.9 g) dissolved in 50 ml 
water. The solution was neutralized with KOH (0.2 mol, 11.2 g). The reaction 
mixture was heated for 2–3 hours (70–80°C), and then the precipitated product 
was filtered off. After re-crystallization from EtOH or MeOH, it was dried on 
air. 

Ethyl-propyl-glyoxime and methyl-pentyl-glyoxime were prepared 
from 3-heptanone and 2-octanone, respectively, by the isonitroso method. 
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Accordingly, upon cooling (ice + NaCl + H2O) gaseous ethyl-nitrite was 
bubbled into a mixture containing 0.5 mol monoketone acidified with 2.5 ml 
HCl for 2–3 hours. The dion-monoximes as intermediate products were converted 
to the corresponding dioxime with hydroxyl-amine hydrochloride in the 
same way as in the diethyl-glyoxime preparation. The crude products were 
recrystallized from ethyl or methyl alcohol. Yield: 80–90%. 

 
Synthesis of [Pt(DioxH)2L2] type complexes 
The platinum salt was reduced with formic acid (1 ml for 1.0 mmol 

PtCl4) before its use in the complex synthesis (Scheme. 2). 2.0 mmol 
glyoxime dissolved in EtOH or MeOH (20 ml) was added to the aqueous 
solution of the reduced platinum salt (PtCl2, 1.0 mmol). The mixture was 
heated for 1 hour, and then the corresponding amine (2.0 mmol) was added, 
and heated further for 2–3 hours. After cooling, the formed complexes were 
filtered, washed with EtOH–water mixture (1:1), and dried on air. Details of 
the preparations, yields are given in Table 6. 

Table 6. Preparation data for [Pt(DioxH)2L2] type derivatives 

No. 
Starting materials (g; mol) 

Product Yield 
(g; %) PtCl4 DioxH2 Amine 

1. 0.34; 
0.001 

diethyl-DioxH2 
0.3; 0.002 - [Pt(di-Et-DioxH)2] 

0.3; 
59 

2. 0.34; 
0.001 

diethyl-DioxH2 
0.3; 0.002 

imidazole 
0.14; 0.002 

[Pt(di-Et-DioxH)2 
(imidazole)2] 

0.36; 
56 

3. 0.34; 
0.001 

diethyl-DioxH2 
0.3; 0.002 

2-amino-pyrimidine 
0.19; 0.002 

[Pt(di-Et-DioxH)2 
(2-aminopyrimidine)2] 

0.38; 
54 

4. 0.34; 
0.001 

diethyl-DioxH2 
0.3; 0.002 

3-am.-phenol 
0.22; 0.002 

[Pt(di-Et-DioxH)2 
(3-aminophenol)2] 

0.31; 
42 

5. 0.34; 
0.001 

Et-Pr-DioxH2 
0.32; 0.002 

4-amino-3-HO-napht.- 
1-sulfonic acid 
0.48; 0.002 

[Pt(Et-Pr-DioxH)2(4-
amino-3-HO-napht.-
1-sulfonic acid)2] 

0.25; 
25 

6. 0.34; 
0.001 

Et-Pr-DioxH2 
0.32; 0.002 

3-am.-1-propanol 
0.15; 0.002 

[Pt(Et-Pr-DioxH)2(3-
amino-1-propanol)2] 

0.34; 
51 

7. 0.34; 
0.001 

Me-Pent.-DioxH2 
0.34; 0.002 

imidazole 
0.14; 0.002 

[Pt(Me-Pentyl-
DioxH)2(imidazole)2] 

0.27; 
41 

8. 0.34; 
0.001 

Me-Pent.-DioxH2 
0.34; 0.002 

2-amino-pyrimidine 
0.19; 0.002 

[Pt(Me-Pent.-DioxH)2 
(2-aminopyrimidine)2] 

0.29; 
43 

9. 0.34; 
0.001 

Me-Pent.-DioxH2 
0.34; 0.002 

3-am.-1-propanol 
0.15; 0.002 

[Pt(Me-Pent.-DioxH)2 
(3-am.-1-propanol)2] 

0.29; 
43 

10. 0.34; 
0.001 

Me-Pent.-DioxH2 
0.34; 0.002 

(n-Bu)2NH 
0.26; 0.002 

[Pt(Me-Pentil-
DioxH)2((n-Bu)2NH)2] 

0.41; 
52 
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Analysis 
The microscopic appearance studied with an optical microscope 

and IR-spectral measurement results for the synthesized compounds are 
given in Tables 7, 8. 

 
Table 7. Microscopic aspect, color and molar mass  

for [Pt(DioxH)2L2] type derivatives 

No. Compound Molar 
mass Color Microscopic aspect 

1. [Pt(di-Et-DioxH)2] 481.41 Brown triangle-based prisms 

2. [Pt(di-Et-DioxH)2 
(imidazole)2] 

617.56 Brown square-based long crystals 

3. [Pt(di-Et-DioxH)2 
(2-aminopyrimidine)2] 

671.61 Brown long needles, triangle-
based prisms 

4. [Pt(di-Et-DioxH)2 
(3-aminophenol)2] 

699.66 Black shining, triangle-based 
prisms 

5. [Pt(Et-Pr-DioxH)2(4-amino-3-
HO-napht.-1-sulfonic acid)2] 

987,95 Purple smaller triangle-based 
prisms 

6. [Pt(Et-Pr-DioxH)2(3-amino-1-
propanol)2] 

687,73 Dark purple triangle-based prisms 

7. [Pt(Me-Pentyl-
DioxH)2(imidazole)2] 

673,67 Reddish-
brown 

needle-like triangle-based 
prisms 

8. [Pt(Me-Pent.-DioxH)2 
(2-aminopyrimidine)2] 

727,72 Dark purple bigger triangle-based 
prisms 

9. [Pt(Me-Pent.-DioxH)2 
(3-am.-1-propanol)2] 

687,73 Dark purple triangle-based prisms 

10. [Pt(Me-Pentil-DioxH)2((n-
Bu)2NH)2] 

796,00 Reddish-
brown 

thin needle-shaped 
triangle-based prisms 

 
 
Electronic spectra (UV–VIS) 
As having similar absorption wavelengths and acidity constants the 

electronic spectra of only some representative [Pt(DioxH)2L2] complexes 
were recorded in aqueous solution containing 10% EtOH. Making a comparison 
between the free ligand and the complex, for example Et-Pr-DioxH2 and 
[Pt(Et-Pr-DioxH)2(3-amino-1-propanol)2], a small shift to higher ppm values 
can be observed in case of the complex (e. g.: from 0.85 ppm to 0.88ppm – 
methyl group, from 11.30 ppm to 11.32 ppm – glyoxime OH group). This 
can be explained with the electron attracting effect of Pt. This effect is 
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reduced by the electron-donor property of the aliphatic amino groups. In 
case when the amine ligand is aromatic the first peak of methyl group 
appears at higher value, 1.1 ppm (complexes 1 – 4). The observed absorption 
bands are summarized in Table 7. The spectra in Sörensen buffer solution 
in basic domain [39] were also recorded, and the acidity constants were 
calculated. The concentration of complexes was 2.8·10−5 mol/l, and the used 
formula:  

pKa = pH + lg
AA

AA
−

−

min

max , Ka = 10−pKa, 

where A – absorbance for the selected pH value, Amax – maximum 
absorbance, Amin – minimum absorbance. The acidity constants are 
summarized in Table 9. 

Table 8. FTIR-spectroscopic data 

Vibration 
(cm–1) 1 2 3 4 5 6 7 8 9 10 

νN–H - - - 3223 w 3196 
3098 w 

3184 w 3166 w 3188 m 3142 w 3165 w 

νC–H 2975 
2938 

2876 m 

2975 
2938 

2876 m 

2975 
2937 

2875 m 

2974 
2937 

2876 w 

2944 
2908 m 

3030 
2948 

2862 m 

2945 
2914 

2846 m 

2943 
2918 

2860 s 

2945 
2914 

2847 m 

2944 
2916 

2848 s 

νC=C - 1623 w 1670 w 1610 m 1647 m - 1679 w 1683 w - - 

νC=N 1535 s 1532 vs 1535 s 1534 s 1519 vs 1528 vs 1534 vs 1531 s 1534 vs 1527 s 

δCH2 1459 s 1447 s 1459 s 1448 s 1427 s 1451 vs 1454 s 1442 s 1453 s 1451 s 

δCH3 1360 m 1360 s 1359 m 1358 w 1347 s 1371 vs 1368 s 1371 s 1369 s 1372 s 

νN–O 1241 vs 1242 vs 1241 vs 1240 vs 1221 s 1238 vs 1250 vs 1247 s 1249 vs 1258 vs 

νN–OH 1107 s 1110 s 1106 s 1106 s 1104 s 1109 vs 1110 vs 1112 m 1110 s 1112 s 

τO–H 916 vs 918 vs 916 vs 915 vs 1044 vs 913 vs 1039 vs 974 vs 1039 s 919 s 

γC–H 712 s 715 s 712 s 710 s 655 vs 739 s 730 vs 726 vs 730 vs 732 vs 

νPt–N 518 s 515  
509 s 

518  
515 s 

513  
501 s 

519 s 506  
434 s 

508  
417 vs 

508  
420 m 

507  
417 vs 

511  
414 vs 

δN–Pt–N 358 vs 356 vs 328 vs 324 vs - - - - - - 

s = strong; vs = very strong; m = medium; w = weak 
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AFM investigations 
In a first phase, an attempt was made to display the samples on a 

solid support by dispersion in ultrapure water and transfer to the glass 
surface by vertical adsorption from the aqueous dispersion, but the results 
obtained were not satisfactory. For this reason, the powdery material was 
dispersed in DMSO, followed by vertical adsorption on glass slides. Sample 
drying has been shown to be a primary factor in the success of the AFM 
investigation. In this sense, we opted for natural drying in a vertical position 
to facilitate the draining of DMSO excess from the slide before solidification 
of the deposited film. The adsorption time was 5 s. 

Several macroscopically different areas (minimum 5 areas) were 
scanned on each sample at several scanning areas such as for example 
2.5 µm x 2.5 µm to 1 µm x 1 µm. Upon detailed examination of the resulting 
images, it was observed that the structures on the samples are best 
highlighted at the 1 µm x 1 µm scan area, revealing the nanostructural aspects 
of the samples. With the help of the image processing software, JEOL Win 
SPM Processing 2.0, measurements of surface roughness and profilometry 
associated with the measurement of the diameters of the nanoparticles in 
the composition of the samples were performed. 

 
 

Table 9. Electronic spectral data 

Compound Absorption band 
(nm) Ka 

[Pt(Diethyl-DioxH)2] (1) 
271 vs 
320 m 
470 w 

2.30·10−10 

[Pt(Diethyl-DioxH)2(2-aminopyrimidine)2] (3) 198 vs 
286 m 3.24·10−10 

[Pt(Et-Pr-DioxH)2(3-amino-1-propanol)2] (6) 
215vs 
284 s 
324 s 
520 m 

7.98·10−11 

[Pt(Me-Pentyl-DioxH)2(imidazole)2] (7) 
212 s 
282 s 
324 s 
623 w 

8.39·10−12 

vs = very strong; s = strong; m = medium; w = weak 
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Adsorption test 
For the adsorption test 0.1 g hydroxyapatite was measured and 

added 5 ml of [Pt(Me-Pentyl-DioxH)2(imidazole)2] solution with a concentration 
of 2 g/l. The mixture was stirred for 24 hours on a magnetic stirrer. At the 
end of the adsorption time, the solution was centrifuged to ensure that the 
solid and liquid phases were well separated. After centrifugation, the two 
phases were separated by decantation, and the liquid phase was analyzed 
spectrophotometrically. 

The measurements were performed with a Jasco V-650 two-way 
spectrometer. The adsorption was carried out in ethanol, ethanol was also 
used as a reference solution. Calibration series were prepared. The non-adsorbed 
complex quantity was calculated from the equation of the calibration line, 
and from here, knowing the initial concentration, the exact quantity of the 
adsorbed complex was calculated. The measurements were carried out at 
wavelength of λ= 330 nm. The adsorption capacity was determined by using 
the following formula: 

qt = 
ad

ads

m
m









g

mg
 

where, q – adsorption capacity, mads – adsorbed quantity of [Pt(Me-Pentyl-
DioxH)2(imidazole)2] (mg), mad – quantity of support material (g). 

The adsorption efficiency was determined using the following formula: 

η = 
i

fi

c
cc −

·100 (%) 

where, ci – initial concentration of [Pt(Me-Pentyl-DioxH)2(imidazole)2] (mol/l) 
and cf – the [Pt(Me-Pentyl-DioxH)2(imidazole)2] concentration at a specific 
time (mol/l). Using these equations, were obtained the values of adsorption 
efficiency: 90.5 % and adsorption capacity: 226.36 mg/g [40]. 

 
Biological probes 
The antimicrobial effects for two complexes were tested by the 

Kirby-Bauer disk diffusion method, for a Gram-negative (Serratia marcescens) 
bacteria. The tested bacterial suspension was spread on nutrient agar medium, 
then sterile filter paper disks, containing 5 μl, 10 μl, 20 μl or 30 μl of the 
sample solution (2 mmol/l) were added. After incubation (24 hour at 37 oC) 
the diameter of inhibition zones were measured. 
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Other complexes were studied for biofilm-inhibiting effect in case of 
the Gram-positive bacterium (Bacillus subtilis). The antibacterial properties 
were evaluated spectrophotometrically, based on the fluorescein-diacetate 
hydrolysis assay. 
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SYNHESIS AND INVESTIGATIONS  
OF γ-L-GLUTAMYL-CYCLOHEXYL AMIDE AND ITS 

TRANSITION METAL COMPLEXES 
 
 

Carmen SACALISa,*, Sara JAHIJIb, Alexandra AVRAMa 
 
 

ABSTRACT. A new route to obtain by regioselective acylation of cyclohexyl 
amine using N-phthaloyl-L-glutamic anhydride, followed by hydrolysis of 
phthaloyl group with hydrazine hydrate was performed in order to prepare 
γ-L-glutamyl-cyclohexyl amide. This one was used as ligand for a novel 
series of metal transition complexation like Cu(II), Co(II) and Ni(II). The 
ligand and its metal complexes were characterized via their spectral and 
thermogravimetric analysis. The thermal stability of the compounds was discussed 
in the 20-8000C temperature range. In all these complexes, the γ-L-glutamyl 
amide act as a bidentate ligand with coordination involving the carboxylate 
group and the nitrogen atom belonging to the amino group of glutamic acid 
fragment. The results indicate that their stability range obeys the Irving-Williams 
series. 
 
Keywords: L-glutamic acid, glutamyl amides, metal complexes, thermal behavior 
 
 
 

INTRODUCTION 
 
L-Glutamic acid is one of the most important amino acid, presents 

as a key intermediate in the biosynthesis of other amino acids by as 
transamination process, as a flavor-enhancing component for food, as an 
excitatory neurotransmitter in the vertebrate nervous system and so on. 
Diagnosis of some pancreatic and liver diseases are based on determination 
of enzymatic activity of γ-glutamyl transpeptidase (GGT) [1]. 
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Starting from these results, other glutamyl amides were tested for  
this purpose with satisfactory results [2,3]. Other glutamyl derivatives  
were tested as substrate for γ-Glutamylamine cyclotransferase (gGACT) or 
glutamate carboxypeptidase II (GCPII) [4,5]. 

Recently, novel lanthanide coordination compounds like Tb(III) and 
Eu(III) based on amino acid derivative ligands such as N-benzamido-L-
Glutamic acid which exhibits fluorescent properties were synthesized [6]. 
The amino acids derivatives have both amino and carboxyl functional 
groups, which exhibit excellent coordination capabilities [7,8]. L-Glutamyl 
amide derivatives were also tested as a low-molecular weight organogelator 
and showed thixotropic property [9]. Different peptides containing glutamyl 
rest complexations with metal such as Zn(II) or Cu(II) showed antimicrobial 
activity [10]. Recently, the results of a spectrophotometric research of  
the complexation of Mg(II) with L-Glutamic acid can be used in studies of 
biomineralization process in human body, as well in the creation of 
medications intended for targeted exposure [11]. 

A theoretical study provides the amino acids including L-Glutamic 
acid or L-Glutamine and its derivatives as a chelating agent to remove metals 
cations such as Cd2+, Cu2+, Fe3+, Hg2+, Mn2+, Ni2+, and Zn2+. The removal methods 
can reduce the heavy metal pollution in water and soil environments [12]. 

Taking into account the important biochemical application of L-Glutamic 
acid and its derivatives, including its metal complexes, this paper presents a 
new route for the synthesis of the γ-L-Cyclohexyl glutamyl amide, analog to 
the synthesis of other γ-L-Glutamyl amides that we have reported [13]. This 
one we have used as a ligand for complexations with some transition metal 
ions like Cu(II), Co(II) and Ni(II). All these compounds were analyzed by 
spectral and thermal investigations. The literature mentioned synthesis of 
this ligand from N-(Benzyloxycarbonyl)-L-Glutamic acid, Benzyl bromide, 
Dicyclohexylamine and Cyclohexylamine to another route with a 50% yield 
in the last step. After recrystallization from 50% hot ethanol/water mixture 
overall yield was 27% [4,15]. We obtained the ligand with 62% yield in the 
last step via a mild phthaloylation. The new synthesis method of the ligand (4) is 
more advantageous, as because after purifications, the overall yield increased to 
41%. 

 
 

RESULTS AND DISCUSSION 
 
The ligand synthesis 
 
The ligand (4) γ-L-Cyclohexyl glutamyl amide, namely (S)-2-amino-

5-(Cyclohexylamino)-5-oxopentanoic acid, was obtained in four steps, analog 
to the peptide synthesis, under mild conditions. 
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A convenient method for the preparation of the γ-L-Glutamyl amides 
consists of the use of the phthaloyl rest as an amino protective group in the 
first synthesis step (Scheme 1). In our previous research, we identified  
N-ethoxycarbonylphthalimide as an easy-to-use reagent, with good yields, 
in the protection stage [13,14]. Our investigation has shown that, when  
N-protected amino acid (1) is treated with acetic anhydride by heating, under 
nitrogen atmosphere, the Phthaloyl-L-glutamic anhydride (2) was obtained 
as an activation form for the carboxylic group, in the second synthesis step. 

The third step consists of a condensation of the N-protected anhydride 
(2) with Cyclohexylamine, under inert atmosphere (nitrogen), in 1,4 -Dioxan 
and p-Toluenesulphonic acid as catalysator, to obtain the N-protected L-Glutamic 
amide. The first three steps were monitored by TLC in ethanol:acetone = 3:1 
(v/v) (visualization in UV at λ=245 nm). 

After this, in the last step, we have easily removed the phthaloyl 
group with hydrazine hydrate 100% in ethanol under reflux. The free amide (4) 
was obtained at the pH 6-6.5 as a white solid. The process was monitored 
by TLC in 1-propanol:acetic acid:water = 8:1:1 and visualisation in ninhydrin 
or I2 vapor. The N-Cyclohexyl-L-glutamine (4) was characterized by NMR 
and HRMS to confirm its structure. 
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Scheme 1. Synthesis of γ-L-Cyclohexyl glutamyl amide (4) by phthaloylation method 

 
The identity of the ligand was confirmed by routine analysis such as 

1H-NMR, 13C-NMR and HRMS spectra (Figure 1a-b). All the complexes are 
paramagnetic, therefore the NMR spectra of them could not be recorded. 
The NMR spectra for the compound (4) were recorded in Acetic acid-d4, at 
600 MHz. The multisignals within 1.29-1.51 ppm range are assigned to five 
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protons of the cyclohexyl rest. The overlapped signals within 1.72-2.01 ppm 
are assigned to the other five protons belonging to the cyclohexyl rest. The 
signals at 2.40 ppm were assigned to protons H3, at 2.71 ppm to protons 
H4, at 3.79 ppm a triplet to proton H2, at 4.23 ppm to proton H6. In the  
13C-NMR spectra, both the presence of the signals of the compound and of 
the solvent can be identified, sometimes, as overlapping’s (see Experimental 
Section). HRMS spectrum (ESI) of γ-L-Cyclohexyl glutamyl amide (4) confirm 
the presence of the [M+1] peak, as a molecular peak, at 229.1557 value. 

 
Figure 1a. 1H-NMR spectrum of γ-L-Cyclohexyl glutamyl amide (4) 

 
Figure 1b. HRMS spectrum (ESI) of γ-L-Cyclohexyl glutamyl amide (4) 
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The structure of the metal complexes 
 
In continuation of our effort in a similar direction, new coordination 

compounds of γ-L-Cyclohexyl glutamyl amide (4) as ligand with 3d transition 
metal ions such as Cu(II), Co(II) and Ni(II) were synthesized by a standard 
procedure, like other metal complexes, with various amino acid derivatives 
[16-19]. The complexation reaction of metal salts occurs in mild conditions and, 
in each case, yields a solid-colored product. Higher melting points of these products 
compared of the ligand (4) indicate the formation of metal complexes (see 
Experimental Section). Their elemental analysis data is in good agreement 
with the molar ratio Metal:Ligand=1:2, that indicate the glutamyl amide acts 
as a bidentate ligand, its coordination involving the carboxyl group and the 
nitrogen atom belonging to the amino group of the glutamic acid fragment 
[20,21]. In exchange, the elemental analysis data indicate also that the 
ligand is anhydrous, the copper complex is hydrated with one molecule of 
water within the sphere of coordination, but de nickel and cobalt complexes 
are hydrated with three molecules of water: one outside and two inside the 
sphere of coordination, fact proven by thermal analysis data too. 

On the other hand, the HRMS spectrum for the metal complexes 
proves the complexation process (Figure 2a-c). The [M+1] peak supports 
the complexation idea with the metal ions, for each of them. 

 
Figure 2a. HRMS spectrum (ESI) of copper complex (5) 
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Figure 2b. HRMS spectrum (ESI) of cobalt complex (6) 

 

 
Figure 2c. HRMS spectrum (ESI) of nickel complex (7) 
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Thermal investigation 
 
The thermal decomposition of the ligand (4) and its transition metal 

complexes was investigated by means of a derivatograph in air atmosphere, 
in the temperature range of 20-8000C. Thermal stability domains, decomposition 
phenomena and their assignments are summarized in Table 1 and Figure 3a-d. 

For the ligand (4) in the temperature range of 20-2000C two small 
endothermic peaks at 300C and 1000C with a mass loss of 0.31%, respectively 
0.91%, could be assigned to the loss of residual water present in the pores. 
This phenomenon could be explained by the general synthesis of the ligand from 
aqueous solution, but the thermogravimetric analysis indicated that the ligand (4) 
is anhydrous. Between 200-4000C, a strong exothermic peak at 2200C correspond 
to the melting, cleavage of the organic rest -C2H4NO2, provided from the amino 
acid accompanied by oxidation process. This violent burning process of organic 
rest is generally specific to compounds with a high nitrogen and oxygen 
content [22]. 

Another exo peak at 2700C, probably correspond to the split of the 
>C3H4O rest from the amidic bond. Finally, in the domain of 400-8000C an 
exothermic peak at 5230C indicate the slowly pyrolysis of cyclohexyl rest. 
As we can see in the Figure 3a, the organic compound is completely 
pyrolyzed until 5860C, finally some ash remaining in the crucible. 

 

 
Figure 3a. TG-DTG-DTA diagram for the ligand (4) 
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The aim of the thermal analysis of the metal complexes is to obtain 
information concerning their thermal stability of them and to decide whether 
the water molecules are inside or outside the coordination sphere. 

 

Figure 3b. TG-DTG-DTA diagram for the copper complex (5) 

For the copper complex (5), the first step of the decomposes process 
starts with an endo peak at 1000C and a mass loss of 3.11% (calcd. 3.36%) 
corresponding to the loss of one molecule of water, fact that indicated it 
belongs to the inside of coordination sphere of copper complex. In the 
temperature range of 200-4000C, one endo peak at 2750C and two exo 
peaks at 2600C, respectively at 2940C were assigned to the simultaneous 
process of melting process accompanied by organic rest fragmentations. 
The experimental value of 54.21% and calculated data of 55.23% are similar. 
The last temperature domain presents an exo peak at 3260C corresponding 
to the pyrolysis of organic rests. The recorded mass loss of 42.68% is in good 
agreement to the calculated data (41.41%). Finally, the copper oxide and ash 
remain in the crucible.  

For the cobalt complex (6) the first stage decomposition starts with 
an endothermic peak 800C which corresponds to the loss of one molecule 
of water located outside the coordination sphere and some residual water 
present in the metal complex pores (experim. 4.37%, calcd. 3.18%). Another 
endo peak at 1420C indicate the loss of two molecules of water located inside 
the coordination sphere. In the domain 200-4000C two strong exothermic 
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effect marks by two sharp peaks at 2660C, respectively at 3000C, were assigned 
to the total pyrolysis of the organic fragments. The cobalt complex (6) is 
completely decomposed at 3110C, in the crucible remain ash and metal oxide. 

 
Figure 3c. TG-DTG-DTA diagram for the cobalt complex (6) 

 
The thermal investigation of the nickel metal complex (7) behaves 

similarly to the copper and cobalt studied compounds. 

 
Figure 3d. TG-DTG-DTA diagram for the nickel complex (7) 
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Table 1. Thermal analysis data of the ligand (4) and its metal complexes (5-7) 

Compound Temperature 
range (0C) 

DTA peak(0C) 
ENDO    EXO 

Mass loss 
TG(%) 

Calcd. Experim. 
Assignment 

C11H20N2O3 
L or (4) 

20-200 
20-34 
34-160 

 
200-400 
160-256 

 
 

256-397 
 

400-800 
397-790 

 

 
30 

100 
 
 
- 
 
 
- 
 
 
- 
- 

 
- 
- 
 
 

220 
 
 

270 
 
 

523 
- 

 
- 
- 
 
 

32.44 
 
 

36.35 
 
 

31.21 
- 

 
0.31 
0.91 

 
 

35.22 
 
 

34.19 
 
 

23.62 
5.75 

 
-residual water 
present inside 

pores 
 

-melting, cleavage 
the -C2H4NO2 rest, 
oxidation process 

-cleavage the 
>C3H4O rest 

 
-pyrolysis of 
organic rest 

C22H40CuN4O7 
[Cu(L)2•H2O] or (5) 

20-200 
20-149 

 
 

200-400 
149-282 

 
 

282-312 
 
 

200-400 
312-423 

 
 

400-800 
423-788 

 
100 

 
 
 

275 
 
 
- 
 
 
 
- 

 
- 
 
 
 

260 
 
 

294 
 
 
 

326 
 
 
 
- 

 
3.36 

 
 
 

37.82 
 
 

17.41 
 
 
 

41.41 
 
 
 
- 

 
3.11 

 
 
 

37.71 
 
 

16.50 
 
 
 

7.54 
 
 
 

0.65 
34.49 

 
-1 molecule of 

hydrating water 
 
 

-melting, quickly 
cleavage of  

2-C6H5NH- rest 
-loss of 2 -CO- rest 

from the amidic 
bond 

 
-quickly pyrolysis of 

organic rest 
 
 

CuO and ash 

C22H44CoN4O9 
[Co(L)2•(H2O)2]•H2O 

or (6) 

20-200 
20-98 

 
 
 
 
 

98-170 
 
 
 

200-400 
140-275 

 

 
80 
 
 
 
 
 

142 
 
 
 
 
- 
 

 
- 
 
 
 
 
 
- 
 
 
 
 

266 
 

 
3.18 

 
 
 
 
 

6.56 
 
 
 
 

38.25 
 

 
4.37 

 
 
 
 
 

5.13 
 
 
 
 

31.70 
 

 
-1 molecule  

water outside 
coordination 
sphere and 

residual water 
inside pores 

-2 molecules of 
water inside 
coordination 

sphere 
 

-quickly cleavage 
of 2-C6H5NH- rest 
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Compound Temperature 
range (0C) 

DTA peak(0C) 
ENDO    EXO 

Mass loss 
TG(%) 

Calcd. Experim. 
Assignment 

 
275-311 

 
 

400-800 
311-788 

 
- 
 
 
 
 

 
300 

 
 
 
 

 
23.37 

 
 
 
 

28.64 

 
27.83 

 
 
 

1.7 
29.27 

 
-pyrolysis of 

organic rest and 
oxidation process 

 
CoO and ash 

C22H44N4NiO9 
[Ni(L)2•(H2O)2]•H2O 

or (7) 

20-200 
20-90 

 
90-200 

 
 
 

200-400 
200-331 

 
331-386 

 
 
 

400-800 

 
80 
 

156 
 
 
 
 
- 
 
- 
 
 
 
- 

 
- 
 
- 
 
 
 
 

316 
 

354 
 
 
 
- 

 
3.17 

 
6.56 

 
 
 
 

49.16 
 

29.52 
 
 
 

11.59 

 
2.68 

 
7.10 

 
 
 
 

48.02 
 

32.33 
 
 
 

9.87 

 
-1molecule of 

hydrating water 
-2 molecules of 

water inside 
coordination 

sphere 
 

-loss of 2 -
C6H5NHCO- rest 

-pyrolysis of 
organic rest and 

oxidation process 
 

NiO and ash 
 
 
First, the nickel complex (7) loses at 800C one molecule of hydrating water 

and humidity, marked by a small endo peak and a loss of 2.68% (calcd. 3.17%). 
An endo peak slightly more intense at 1560C and a mass loss of 7.10% 
(calcd. 6.56%), was assigned to the loss of two water molecules inside the 
coordination sphere of the metal complex. 

Obviously, the next two strongly exothermic peaks at 3160C, 
respectively at 3540C, correspond to the total pyrolysis of the metal 
complex. Finally, only ash and metal oxide remain in the crucible. 

A comparison between the thermal behavior of the free ligand and 
of the metal complexes reveals that the melting point of the free ligand is 
lower than those of its complexation products (see Table 1). This 
phenomenon proves that the thermal stability is increased by the formation 
of coordination compounds with M-N and M-O bonds. 

On the other hand, the copper complex is completely pyrolyzed at 
4230C, followed by the nickel complex at 3870C and the cobalt complex at 
3110C, which would be in good agreement to the relative stabilities of 
complexes formed by transition metals ions predicted by H. Irving and R. 
Williams [23]. 
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CONCLUSIONS 
 
The γ-L-Cyclohexyl glutamyl amide (4) has been alluded to the literature 

but not by via a mild phthaloylation [4]. For this purpose, the amide bond 
formation protocol was used, from the peptide synthesis starting from an N-
terminal amino acid. The overall yield beginning from L-Glutamic acid increased 
to 41% under this route compared to synthesis started from N-(Benzyloxycarbonyl)-
L-Glutamic acid (overall yield 27% [4]). The identity of the compound was 
confirmed by elemental and spectral analysis, and this one was used as a 
ligand in metal transition complexation like Cu(II), Co(II) and Ni(II). 

The new metal complexes (5-7) were analyzed by elemental, spectral 
and thermogravimetric studies. Mass spectra indicated the [M+1] peak corresponding 
for each of investigated compounds (4-7). 

Elemental and thermal analysis lead to the idea that all the transition 
metal complexes are hydrating with molecules of water inside coordination 
sphere. As expected, the organic compound acts as a bidentate ligand, its 
coordination involving the carboxylate oxygen and the nitrogen atom belonging 
to the free amino group of the L-Glutamic acid rest.  

During heating in air atmosphere in the 20-8000C temperature range, 
both the ligand and its metal complexes, decompose in multistage, some of 
stage are weakly separated one from another. The final products of pyrolysis 
are ash for the ligand or ash and metal oxide from the metal complexes. 

The results are in good agreement with the corresponding formulae: 
C11H20N2O3(4), [Cu(C11H19N2O3)2•H2O](5), [Co(C11H19N2O3)2•2H2O]•H2O(6), 
and [Co(C11H19N2O3)2•2H2O]•H2O(7) respectively. 

The copper complex (5) is completely pyrolyzed at 4230C, the nickel 
complex (7) at 3870C and the cobalt complex (6) at 3110C. The thermal 
behaviors of the synthesized metal complexes indicated that their stability 
sequence:  

 
[Cu(L)2•H2O] > [Ni(L)2•(H2O)2]•H2O > [Co(L)2•(H2O)2]•H2O, 

 
conforms with the Irving-Williams series [16, 23]. 

 
The obtained data allows us to propose the following structural formulas 

for the studied metal complexes (Figure 4). 
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Figure 4. Suggested structure for the metal complexes 

 
 
EXPERIMENTAL SECTION 

 
Materials and instrumentation 
 
All reagents and chemicals were purchased from commercial sources 

and used as received. TLC monitoring was performed by using aluminum 
sheets with silica gel 60 F254 (Merck® (visualization in UV at λ=254 nm; I2 bath 
or ninhydrin). NMR spectra were recorded on Bruker® AM 600 instruments 
operating at 600 and 150 MHz for 1H and 13C nuclei, respectively. All 
chemical shifts (δ value) are given in ppm without TMS added. The chemical 
shifts were measured against the solvent residual peak. Elemental analyses 
were determined on Thermo Scientific Flash EA 1112 Elemental Analyzer. 
Melting points were measured on an ELECTROTHERMAL® instrument and 
were not corrected. Mass spectra were carried out on a LTQ ORBITRAP® 
XL (Thermo Scientific) instrument which was externally calibrated using the 
manufacturer’s APCI or ESI(+) calibration mix. The samples were introduced 
into the spectrometer by direct infusion.  

Thermogravimetry and differential thermal analysis (TG-DTG-DTA) 
curves were recorded with a Thermal Analyzer TA Instruments SDT Q600 
V20.9 Build 20 on an interval of 20-8000C, at a heating rate of 100C/min, in 
alumina crucibles and a dynamic air atmosphere. 

 
Synthesis of the ligand γ-L-Cyclohexyl glutamyl amide (4) and its 

metal complexes (5-7) 
 
The ligand (4) was obtained by a literature procedure and investigated 

by spectroscopic and thermal methods [11,12]. 
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Cu(II), Co(II) and Ni(II) complexes of the ligand (4) were prepared 
by following a general method. The metal salt [CuSO4•5H2O, CoSO4•7H2O 
NiSO4•7H2O] (1.25mmol) was dissolved in 8 mL distilled water. The ligand (4) 
(2mmol) was solved in a solution of Na2CO3 1M until pH =11. To a solution 
of ligand was added slowly, dropwise during 30 min, a solution of the metal 
salt, at room temperature. The mixture was let to stir at the room temperature 
overnight. By adding a solution of metal ions to a solution of ligand, immediate 
color change was observed depending on the metal ion. Also, the final pH 
change to 7.5-8.0 for all the compounds. The isolated solid complexes were 
obtained by vacuum filtration, washed with distilled water and finally dried in a 
vacuum desiccator for 48h. The dried complexes were subjected to elemental, 
spectroscopic and thermal analysis. 

 
C13H11NO6 (1), White solid; MW = 277.2295; Yield 89%, mp = 158-

1600C (Lit. [14]1600C); TLC analysis yielded a single spot (Rf = 0.49) 
(ethanol:acetone = 3 :1 (v/v) (visualization in UV at λ=245 nm); Elemental 
Analysis (%) Calcd.(Found) C: 56.32(56.18), H: 4.00(4.19), N: 5.05(5.38); 
1H-NMR (DMSO, 600MHz, δ(ppm)): 12.03 (1H, from COOH group); 7.25-
7.92 (overlapped signals, 4H from aromatic rest); 5.31 (1H, s, NH); 2.71 
(2H, m); 2.32 (2H, t); 13C-NMR (DMSO, 150MHz, δ(ppm)): 180.5; 177,1; 
158.9; 137.2; 129.5; 117.8; 56.5; 41.4; 32.3 

 
C13H9NO5 (2), White solid; MW = 259.2143; Yield 93%, mp = 198-

2000C; (Lit. [14]199-2010C); TLC analysis yielded a single spot (Rf = 0.53) 
(ethanol:acetone = 3 :1 (v/v) (visualization in UV at λ=245 nm); Elemental 
Analysis (%) Calcd.(Found) C: 60.24(60.13), H: 3.50(3.78), N: 5.40(5.82); 
1H-NMR (DMSO, 600MHz, δ(ppm)): 7.99-7.81 (4H, m); 3.41 (2H, t); 
3.17(1H, t); 2.96 (2H, m); 13C-NMR (DMSO, 150MHz, δ(ppm)): 167.2; 
166.8; 135.3; 131.6; 123.9; 48.1; 29.9; 20.8 

 
C19H22N2O5 (3), Beige solid; MW = 358.3884; Yield: 79%; mp = 172-

1740C; TLC analysis yielded a single spot (Rf = 0.76) (ethanol:acetone = 3 :1 
(v/v) (visualization in UV at λ=245 nm); Elemental Analysis (%) Calcd.(Found) C: 
63.67(63.81), H: 6.19(6.77), N: 7.82(8.01); 1H-NMR (Acetic acid-d4 600MHz, 
δ(ppm)): 8.11 (1H,NH); 7.78-7.57 (4H, m); 3.81 (1H, t); 2.16 (1H, s); 1.90 (2H t); 
1.57-1.43 (2H, q), 1.38-1.27 (2H, q); 13C-NMR (Acetic acid-d4, 150MHz, 
δ(ppm)): 175.1; 158.3; 142.8; 53.4; 38.5; 29.6; 23.2 

 
C11H20N2O3 (4) White solid; MW = 228.2881; Yield: 62% (Overall 

yield 41%); mp. = 219-2210C (Lit. [4] 220-2220C); TLC analysis yielded a single 
spot (Rf = 0.53) (1-propanole:acetic acid:water = 8:1:1 (v/v) visualization 
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with ninhydrin); Elemental Analysis (%) Calcd.(Found) C: 57.87(57.13), H: 
8.83(8.11), N: 12.27(11.93); MS (ESI, CH3OH) [M+1]: 229.1552; Exact 
Mass: 228.1474; 1H-NMR (Acetic acid-d4, 600MHz, δ(ppm)): 4.23 (s, 1H, 
H6). 3.79 (t, J=8.2Hz, 1H, H2); 2.71 (s, 2H, H4); 2.40 (s, 2H, H3); 1.72-2.01 
(overlapped signals, 5H from cyclohexyl rest); 1.29-1.51 (m, 5H from 
cyclohexyl rest); 13C-NMR (Acetic acid-d4, 150MHz, δ(ppm)): C1 overlapped 
with solvent (178.9) C5 (175.1). C6 (50.7); C2 (33.9); C7, C11 (33.8); C4 
(33.5); C3 (27.7); C8, C10 (26.9); C9 (26.3). Thermal Analysis: 300C (Endo) 
(TGexp. = 0.31%); 1000C (Endo) (TGexp = 0.91%); 2200C (Exo) (TGcalcd. = 32.44%, 
TGexp. = 35.22%); 2700C (Exo) (TGcalcd. = 36.35%, TGexp. = 34.19%); 5230C 
(Exo) (TGcalcd. = 31.21%, TGexp. = 29.37%). 

 
C22H40CuN4O7 (5) Dark-blue solid; MW = 536.1216; Yield: 87%; mp. = 

282-2840C (desc.); Elemental Analysis (%) Calcd.(Found) C: 49.29(48.17), H: 
7.52(7.16), N: 10.45(10.82); MS (ESI, CH3OH, without coordination water) 
[M+1]: 518.8451, Exact Mass: 517.2087; Thermal Analysis: 1000C (Endo) 
(TGcalcd. = 3.36%, TGexp. = 3.11%); 2600C (Exo) (TGcalcd. = 37.82%, TGexp. = 
37.71%); 2750C (Endo) and 2940C (Exo) (TGcalcd. = 17.41%, TGexp. = 
16.50%); 3260C (Exo) (TGcalcd. = 41.41%, TGexp. = 42.68%); Molar Ratio 
M:L:H2O = 1:2:1. 

 
C22H44CoN4O9 (6) Fuchsia solid; MW = 567.5394; Yield: 83%; mp. = 

273-2750C (desc.); Elemental Analysis (%) Calcd.(Found) C: 46.56(47.03), 
H: 7.81(8.11), N: 9.87(10.03); MS (ESI, CH3OH, without coordination water) 
[M+1]: 514.2195, Exact Mass: 513.2123; Thermal Analysis: 800C (Endo) 
(TGcalcd. = 3.18%, TGexp. = 4.37%); 1420C (Endo) (TGcalcd. = 6.56%, TGexp. = 
5.13%); 2660C (Exo) (TGcalcd. = 38.25%, TGexp. = 31.70%); 3000C (Exo) 
(TGcalcd. = 23.37%, TGexp. = 27.83%); Molar Ratio M:L:H2O = 1:2:3. 

 
C22H44N4NiO9 (7) White-greenish solid; MW = 567.2996; Yield: 72%; 

mp. = 293-2950C (desc.); Elemental Analysis (%) Calcd.(Found) C: 
46.58(46.19), H: 7.82(7.53), N: 9.88(10.25); MS (ESI, CH3OH, without 
coordination water) [M+1]: 513.2235, Exact Mass: 512.2145; Thermal Analysis: 
800C (Endo) (TGcalcd. = 3.17%, TGexp. = 2.68%); 1560C (Endo) (TGcalcd. = 6.56%, 
TGexp. = 7.10%); 3160C (Exo) (TGcalcd. = 49.16%, TGexp. = 48.02%); 3540C 
(Exo) (TGcalcd. = 29.52%, TGexp. = 32.33%); Molar Ratio M:L:H2O = 1:2:3. 
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CARACTERISATION OF ORIGANUM VULGARE EXTRACTS 
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ABSTRACT. Origanum vulgare L., commonly known as oregano, is a woody, 
rhizomatous perennial plant. Oregano extracts are a complex mixture of 
different compounds, in which major constituents are terpenes (mono- and 
sesquiterpenes). The flavor of oregano oil is generally due to the presence of 
thymol and carvacrol. Carvacrol has multiple properties: antioxidant, antimicrobial, 
antitumor, antimutagenic, antigenotoxic, analgesic, antispasmodic, anti-
inflammatory, angiogenic, antiparasitic, antiplatelet, insecticidal, antihepatotoxic 
and neuroprotective. The oregano extract was characterized by analyzing, 
the antioxidant activity, the total polyphenols content (obtaining 2.4 - 3 mg 
gallic acid/g), the content of phenolic acids and flavonols by HPLC 
chromatography, the content of carvacrol (21, 29% in essential oil and 19.78% 
in ethanolic extract) and thymol (2.59% in essential oil and 2.67% in 
alcoholic extract) by GC-MS chromatography. Oregano extracts were 
tested for antimicrobial activity against Staphylococcus aureus. The test 
results demonstrate the significant antimicrobial activity of these preparations. 
 
Keywords: Oregano vulgare, antioxidant activity, polyphenols, HPLC, GC-MS 
 
 
 
INTRODUCTION 
 
Phytotherapy is the science that studies the use of plant products 

for therapeutic purposes. Herbs and products extracted from them are used 
to treat various infectious diseases in traditional medicine because of their 
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properties. It is also important to note that, according to the World Health 
Organisation, about 80% of the world’s population currently uses herbs and 
medicinal plants as traditional remedies. However, although these products 
are natural, they are slower acting in the acute phase of the disease 
compared to synthetic 

Oreganum vulgare L has beneficial properties due to the presence 
of essential oils, which contain volatile aromatic compounds that function as 
secondary metabolites of the plant, while the primary metabolites are 
responsible for the survival of the plant. Essential oils provide the plant with 
protection from hazards, predators or other threats, promoting healthy 
reproduction and helping to attract pollinators. [1] 

Origanum vulgare L., commonly known as oregano, is a woody, 
rhizomatous perennial plant, with stems up to 90 cm or more, usually 
branched at the top, pubescent, hirsute or velvety, rarely glabrous. The name 
oregano can be translated as ‘mountain delight’ and comes from the Greek 
‘oros’ meaning mountain and ‘ganos’, joy. Oregano belongs to the 
Lamiaceae family of the order Lamiales. The genus Origanum includes more 
than 70 species, 49 taxa (species and subspecies) and natural hybrids found 
throughout most of the Mediterranean area, including northern Africa, but 
also in temperate Asia and Central America. Wild oregano species can grow 
at different altitudes, from coastal to mountainous areas, on different soils 
and are able to withstand quite low temperatures. 

An average of 1-2% essential oil is extracted from a plant, but the 
amount depends on the species grown. In Origanum vulgare L oil was 
found terpenes (limonene, α-pinene, γ-terpinene, p-cymen, α-myrcene), 
alcohols (thymol, carvacrol, eugenol, linalool, 2-phenyl-ethanol, 3-hexen-1-ol, 
mimoquinone, thymoquinone, octen-3-ol, 1,8-cineole, cis-p-ment-2-en-1-ol, 
terpinen-4-ol, α-terpineol, spatulenol and benzyl alcohol). [2] 

The essential oil content, as well as the ratio of carvacrol and 
thymol to the total amount of oil, is quite variable depending on the species 
of oregano, the soil and terrain of origin, the time of harvesting, and the 
method of distillation. 

While thymol is antibacterial, anti-inflammatory, antiprotozoal it also 
has antioxidant, cytotoxic, and pesticidal activities and is a good allelopathic 
agent. Carvacrol has multiple properties: antioxidant, antimicrobial, antitumor, 
antimutagenic, antigenotoxic, analgesic, antispasmodic, anti-inflammatory, 
angiogenic, antiparasitic, antiplatelet, insecticidal, antihepatotoxic and 
neuroprotective. [3] 

GC-MS chromatographic analysis identified the following components 
in oregano essential oil: 27% monoterpene hydrocarbons (α-pinen, camphen, 
β-pinen, myrcen, α-phellandren, α-terpinen, p-cymen, limonen, γ-terpinen), 
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66% oxygenated monoterpenes (1,8-cineole, linalool, α-thujone, camphor, 
borneol, terpinen-4-ol, α-terpineol, geranial, thymol, carvacrol), 6% 
sesquiterpene hydrocarbons (α-copaen, β-caryophyllene, α-humulene), 
0.5% oxygenated sesquiterpenes (caryophyllene oxide) and 0.5% aromatic 
compounds (phenylpropanoids: 1-octen-3-ol), listed according to the Kovat 
index retention (RI), C8-C32 n-alkane, calculated by gas chromatograph on 
an apolar HP-5MS column. [4]  

The oregano plant is also very rich in minerals such as Ca (1043 
mg/kg), Fe (159 mg/kg), K (19625 mg/kg), Cr (7.43 mg/kg), and Ba (79.8 
mg/kg), which are important structural components of tissues and could 
influence water and acid-base balance. [5] 

In vitro studies, the antioxidant activity of the oregano plant was 
found to be 12 times higher than in oranges, 30 times higher than in 
potatoes and 42 times higher than in apples. The beneficial health effects 
of extracts (ethanolic, methanolic and in acetone) of oregano are attributed 
to its high antioxidant activity, determined by carvacrol and thymol. Several 
studies demonstrate that a high content of polyphenols in oregano leads to 
a major antioxidant potential, which is determined by organic acids with 
biological effects mostly related to remarkable antioxidant, antimutagenic, 
anticarcinogenic and anti-inflammatory activities. Polyphenolic acids have a 
high capacity to scavenge reactive oxygen radicals. These polyphenols are 
able to inhibit inflammatory processes and tumor propagation by deactivating 
pro-oxidative enzymes, described below. In some in vivo animal studies, 
Origanum plants have been shown to be a dietary supplement and have 
been used in animal diets for weight gain, infection control and immune 
enhancement. [6,7,8] 

Various studies using Origanum plants have shown good results, 
showing that its inclusion in the diet increases the weight of animals; helps 
fight parasite infections and increases the animals’ innate immune 
response. These important effects on farm animals are due to the presence in 
the essential oils of the polyphenols: carvacrol, linalool, borneol, α-terpinene, 
γ-terpinene, α-pinen and β-pinen.[9,10,11] 
 
 
RESULTS AND DISCUSSIONS 

 
Extraction methods are based on the distribution of the components 

of a mixture in a polar solvent. Maceration was carried out using polar 
solvents with different polarities: methanol, ethanol, acetone. 

The Folin-Ciocalteau test is the most common procedure used to 
determine the total polyphenol content of different extracts. The amount of 
polyphenols with antioxidant properties is expressed in gallic acid equivalents 
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(mg/ml). In the concentration range of 0.05 - 2.0 mg/ml (gallic acid) a strong 
dependence of concentration on absorbance is obtained. The line obtained 
has the equation y = 4.3916x + 0.1236, the correlation coefficient R2 = 0.9975 
showing a good correlation of the results. 

The extracts obtained by maceration and essential oils of DoTERRA 
and Purarom were analyzed and the results are presented in table 1. 

It is observed that in the case of extractions in methanol and 
acetone the amount of polyphenols extracted is higher than in ethanolic 
solutions and in essential oils 0.61 mg/ml. 

The health benefits of oregano extracts are explained by the high 
antioxidant activity due to the polyphenols they contain. In order to determine 
antioxidant activity, the analysis is based on the measurement of free radical 
neutralizing capacity. The unpaired electron of the nitrogen atom in DPPH 
is reduced by accepting a hydrogen atom from the antioxidants at the 
corresponding hydrazine. 

 
Table 1. Amount of polyphenols and absorbances of samples analysed 

No. Type of extract used Absorbance 
(nm) 

Polyphenol content in the test 
solution (mg gallic acid/ml) 

1 Purarom essential 
oregano oil 

1.1935 0.48±0.02 

2 doTERRA® Oregano 
essential oil 

1.2095 0.49±0.03 

A Methanolic extract 1.4713 0.61±0.018 
B Acetone extract 1.4731 0.61±0.02 
C Ethanolic extract 1.2003 0.49±0.017 

 
The total polyphenol content of extracts ranged from 0,48 mg GA/ml 

to 0,61 mg GA/ml. These results were like previous oregano powder 
findings [xx]. Ethanolic extract of oregano powder is rich in rosmarinic acid 
quercetin coumarinic acid, caffeic acid [12] demonstrated by HPLC analysis 
of the extracts. 

DPPH is a stable paramagnetic radical. The unpaired electron from 
the nitrogen atom is delocalized, belonging to the whole molecule. The 
solution is dark purple, showing an absorption maximum at a wavelength of 
517 nm. The antioxidant activity of the three extracts and the essential oils of 
oregano was determined. Table 2 shows the results of the determinations. 

From the analysis of the experimental results obtained, it is observed 
that doTERRA oregano essential oil shows the highest free radical neutralizing 
activity. In the case of extraction by the maceration method, the ethanolic 
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sample shows the highest free radical neutralizing activity. This is due to 
the higher solubility of compounds with antioxidant activity in ethyl alcohol. 
Licina [13] reported the DPPH radical scavenging activity of different extracts 
of O. vulgare L. in terms of IC50 values and found that ethanol extract was 
the most active with an IC50 value of 34.5 µ g/ml, while acetone extract 
was the least active with an IC50 value of 86 µ g/ml. 
 

Table 2. Antioxidant activity results of analyzed samples 

No Type of extract used Absorbance (nm) 
after 60 minutes 

Antioxidant activity (%) 
neutralizing free radicals 

1 Purarom essential oil 
of oregano 

0.0884 89.89% 

2 doTERRA® Oregano 
essential oil 

0.0363 95.84% 

A Methanolic extract 0.7067 19.17% 
B Acetone extract 0.1283 85.32% 
C Ethanolic extract 0.0840 90.39% 

 
 

By HPLC chromatographic analysis the polyphenol content was 
determined. Initially, the calibration curves of some polyphenols that were 
determined in extracts were determined. The calibration curves obtained 
with analytical standards are shown in Table 3. 
 

Table 3. Results obtained by HPLC chromatographic analysis 

Compound Retention time (min.) Equation of the calibration 
line 

R2 

Gallic acid 2.2 Y=28572x + 457.97 0.9943 
Caffeic acid 4.6 Y=42330x =157.55 0.9960 
Kaempherol 15.1 Y=207.88x - 4.5454 0.9966 
Quercetin 22.1 Y=19277x-1233.2 0.9998 
Umbelliferone 6.4 Y=1739.9x + 2751.8 0.9988 

 
 
After HPLC chromatographic analysis of the extracts, the polyphenol 

content was determined and quantification was carried out using calibration 
curves for each compound. In Table 4, the results of the experimental 
determinations obtained from the analysis of oregano extracts/essential oils 
by the chromatographic method are presented. 
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Table 4. Amount of polyphenols in the analyzed samples 
Sample Gallic 

acid 
Caffeic 

acid 
Umbelliferone Kaempferol Quercetin 

Methanolic extract 
(mg/ml) 

0.5 0.8 0.06 0.9 0.16 

Ethanol extract 
(mg/ml) 

0.4 0.2 0.5 0.21 1.1 

Acetone extract 
(mg/ml) 

29 1.1 0.4 - 5.5 

Purarom essential 
oil (mg/ml) 

0.09 0.072 0.015 0.42 0.16 

doTerra oil 
(mg/ml) 

0.015 0.08 0.025 Cannot quantify 

 
From the experimental results obtained it can be seen that gallic 

acid, caffeic acid, and umbelliferone were identified in all samples. Along with 
these compounds, the flavonols kaempferol and quercetin were identified. In 
the extract made with an aqueous acetone solution, the highest amounts of 
these compounds were obtained. The analyses of volatile oil were carried 
out by GC-MS chromatography. The results are shown in Table 5. 

 
Table 5. Results obtained by GC-MS chromatographic analysis 

Compound Rt 
(min) 

Earth Oil Ethanolic 
extract 

Conc (%) Conc(%). 
Izobutilacetat  1.37 1.24 
α-Phellandren 5.949 0.25 0.28 
3,6,6-trimethyl-2-norpinene 6.078 1.54 1.62 
β-Mircen 6.972 3.53 2.97 
(+)-2-Carene 7.377 2.74 2.58 
Α-Cimene 7.513 5.52 5.73 
D-Limonen 7.574 1.12 0.98 
2-Thujen 8.040 6.24 6.61 
Beta-cis-Terpincol 8.180 0.41 0.49 
Linalool 8.663 10.18 11.12 
Endo-Borneol 9.734 1.48 1.55 
Carvona 11.098 0.42 0.39 
Thymol 11.438 2.59 2.67 
Carvacrol 11.620 21.29 19.78 
Cariophilen 13.356 1.94 2.11 
β-Bisabolen 14.353 3.15 3.67 
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The results show a high concentration of carvacrol and thymol, 
compounds that have antibacterial activity, 21.29%, and 2.59% respectively 
in the essential oil and 18.78% and 2.67% in the hydroalcoholic extract. 

In studies carried out on oregano extracts, it was determined a 
carvacrol content of 17-27%, depending on the country of origin. [14] The 
results obtained are comparable to others from the literature. [15] Antimicrobial 
activity was tested using the Staphylococcus aureus reference strain. In 
parallel, four antibiotics were tested: azithromycin, erythromycin, levofloxacin, 
and tetracycline. Different volumes of essential oil and oregano extract were 
tested. If in the case of antibiotics the diameters obtained were between 
25 mm (azithromycin) and 32 mm (erythromycin) in the case of oregano 
preparations the diameter was 32 mm even at 0.2 μl extract respectively oil 
essence. The test results demonstrate the significant antimicrobial activity 
of oregano extracts. In the literature, a correlation between carvacrol content 
and antimicrobial activity is shown [16] 

In addition, in agreement with literature data [17] terpenoids show 
analgesic, antitumoral, and antinociceptive activity. These data explain the 
free radical neutralizing activity and antimicrobial activity of oregano extracts. 

Considering the obtained experimental results, oregano extracts are 
potential candidates for antimicrobial agents. At the same time, the 
combination of marked antioxidant properties with antibacterial action makes 
extracts of oregano a good candidate to be used in medicine, pharmaceutical, 
and cosmetic industry, as an antimicrobial, analgesic, antioxidant, and skin 
whitening agent. Being a widely used spice and having above mentioned 
biological activities, oregano could also be used as a food preservative. 
 
 
CONCLUSIONS 

 
Oregano is a widely used medicinal herb due to its special phenolic 

compounds and medicinal properties. In this study, we characterized the 
extracts of Oregano vulgare. In this study, we characterized the extracts of 
oregano... and essential oils. In ethanol: water extract, obtained by maceration, 
a polyphenol content of 0,48 mg GA/ml was determined. The ethanolic extract 
is rich in quercetin, and caffeic acid, which also explains the neutralization 
activity of free radicals at 90.3% in 60 minutes. The GC-MS analysis determined 
the content of 19.78% carvacrol and 2.67% thymol in the ethanolic extract, 
respectively. These compounds have antioxidant and antibacterial activity. 

Oregano is a common spice and can be important in the prevention 
and treatment of many diseases, including bacterial infections. As a rich 
source of phenolic compounds and other secondary metabolites with 
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antioxidant and antimicrobial activity, oregano extracts could be used as 
nutritional supplements for the prevention of degenerative diseases. The 
potential of these extracts should be further evaluated for their application 
in modern medicine, the food industry, and cosmetics due to their 
antioxidant and antibacterial properties. 
 
 
EXPERIMENTAL SECTION 

 
Materials 

 
All chemicals (methanol, acetic acid, sodium carbonate) used for 

assays were of analytical grade. 2,2-diphenyl-1-picrylhydrazyl (DPPH), 
gallic acid, vallinic acid, synaptic acid, quercetin, catechin, caffeic acid, 
umbelliferone, kaempferol were procured from Sigma-Aldrich Company. 
Folin- Ciocalteau reagent were procured from Merck Co. 

The oregano plants used were grown from selected seeds, under 
organic conditions. When the plant reached maturity, the leaves were 
harvested, washed in order to remove impurities, then dried in the air 
current. The dry plant was further processed. 
 
 

Equipment 
 

A UV-visible spectrophotometer from Analitic-Jena was used for 
measuring the absorbance. 

Determination of phenols by HPLC was performed on a HPLC 
ACME 3000 Younglin Instrument, equipped with SP 930 D module and 
UV730D detector module. 

Thermo GC-MS (Model Trace 1310 ISQ7000) equipped with an HP-
5MS capillary column (30 m length x 0.32 mm internal diameter x 0.25μm 
film thickness). GC-MS spectroscopic detection, an electron ionization 
system with an ionization energy of 70eV was used. 
 
 

Extract sample preparation 
 

Dried plants were ground into a fine powder and then subjected to 
phytochemical extraction. We performed extraction by maceration, using 
several solvents: methanol: water 1:1, ethanol: water 1:1, and acetone: water 
1:1. Plant powder (1 gram) was macerated with 10 ml solvent at room 
temperature for 2 days with shaking from time to time. The suspension 
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obtained was filtered. The extract is filtered by a Millipore filter with a 0,45 µm 
and diluted with the same solvent at 10 ml The solution was stored at 4o C in 
the refrigerator until analyzed. 
 

1. Determination of Total Phenolic Content 
The total phenols content of each extract was evaluated using the 

Folin- Ciocalteu reagent described by [39] with slight modifications. It is a 
colorimetric method based on the transfer of electrons, in an alkaline 
medium, from phenolic compounds to form a blue chromophore consisting 
of a phospho- and phosphomolybdenum complex in which the maximum 
absorption is proportional to the total concentration of polyphenolic compounds. 
The reduced forms of Folin-Ciocalteau reagent are detectable with a 
spectrophotometer in the 690 to 750 nm range. The reaction temperature 
was used to reduce the time to reach maximum color, t = 37°C. Gallic acid was 
used as the standard reference compound according to the method described 
by the International Organization for Standardization ISO 14502-1. A calibration 
curve is initially constructed using a compound with significant antioxidant 
properties as a reference. 

In a test tube, was introduced 8 ml distilled water, 1 ml standard 
working solution or analysis solution and 1 ml Foline-Ciocateau reagent 
(diluted 1:10). It was shaken and left to rest 1 minute, then 2 ml Na2 CO3 20% 
solution was added and was maintained at 40o C for 1 hour. The absorbance 
of the resulting blue color was measured at 765 nm with a UV-VIS 
spectrophotometer. 

Quantification was done on the basis of the standard curve of gallic 
acid concentration range between 0.05-0.25 mg/ml (y= 4.3916x+0.1236;  
R2 =0.9975). The amount of total phenolic compounds was expressed as 
mg gallic acid equivalent (GAE)/ml extract. 

 
2. DPPH scavenging assay 

The hydrogen donating or the radical-scavenging ability of the extraction 
solution was measured using the stable radical DPPH-. DPPH radical 
scavenging assay of each sample was carried out by using a DPPH method 
with modification [40]. 

DPPH solution was prepared by dissolving 2 mg DPPH in 50 ml 
methanol (about 3 mM). 0.2 ml of each extracted sample was mixed with 2.8 ml 
DPPH solution. The mixture was incubated at room temperature in the dark. 
After 60 minutes, the absorbance was determined at 517 nm and gallic acid 
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was used as a positive control. The DPPH radical scavenging ability of each 
extracted sample was calculated using the following equation: 
 

DPPH radical scavenging rate (%) = (Acontrol-Asample) x 100 / Acontrol 
 
where Acontrol is the absorbance of DPPH solution (without extract sample, 
Asample is the absorbance of the extract sample. 
 

Analysis of phenols by reverse-phase high-performance liquid 
chromatography( HPLC) 

 

Determination of phenols was performed on a HPLC, under the 
following chromatographic conditions: isocratic conditions, mobile phase 
methanol: water: acetic acid 300:700:2, flow 1 ml/min. Chromatographic 
separation of the constituents of the sample was obtained using a reverse-
phase YMC-Pack ODS AQ column, 150 cm long and with an internal 
diameter of 4.6 mm. A volume of 0.2 µl of each sample was injected into the 
chromatograph at room temperature. 

 
GC-MS analysis 
 

The GC-MS analysis of various organic crude extract leaves of 
Origanum vulgare L. was performed using a Thermo GC-MS GC-MS 
spectroscopic detection, and an electron ionization system with an ionization 
energy of 70eV was used. Helium was used as a carrier gas at 30 cm s-1 and 
the injection volume was 1 μl. The mass transfer line and injector temperature 
were set at 220o C and respectively 290o C. The oven temperature was 
programmed at 45o C for 1 min, raised to 250o C at 5 C/min, and maintained 
at 250o C for 5 min. Diluted samples of 1 μl were injected in the split mode 
with a split ratio of 120:1. The relative percentage of the chemical constituents 
in the dried extracts was expressed as the percentage by peak area 
normalization. 

 
Determination of antimicrobial activity 
 

To test the antimicrobial activity of the extract, agar-type Mueller-
Hinton plates with a layer thickness of 90 mm were used and the test 
method was the diffusion method. Testing of the antimicrobial activity of the 
extract was performed on Gram-positive bacteria (Staphylococcus aureus) 
compared to the different antibiotics. The oregano extract was applied at 
different concentrations and after 24 H at 37o C, the diameter of the 
inhibition zone was compared to that produced by the antibiotics. 
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