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RADIOCARBON DATING OF AFRICAN BAOBABS
WITH TWO FALSE CAVITIES:
THE INVESTIGATION OF LUNA TREE
ADRIAN PATRUTa,*, STEPHAN WOODBORNEb, ROXANA T. PATRUTc,
GRANT HALLd, LASZLO RAKOSYc, KARL F. VON REDENe,
DANIEL LOWYf, DRAGOS MARGINEANUa
ABSTRACT. The paper discloses the radiocarbon investigation results of
the Luna tree, a representative African baobab from Venetia Limpopo Nature
Reserve, South Africa. Several wood samples collected from deep incisions
in the trunk were investigated by AMS (accelerator mass spectrometry)
radiocarbon dating. The age sequence of segments extracted from the
oldest sample demonstrates that ages increase with the distance into the
wood up to a point of maximum age, after which ages decrease toward the
sample end. This anomaly is typical for multi-stemmed baobabs, having a
closed ring-shaped structure with a false cavity inside. Dating results reveal
that each of the two large fused units, which build the Luna tree, consist of
such a closed ring. The two closed rings include two interconnected false
inner cavities. False cavities are empty spaces between fused stems that
were never filled with wood. We named this baobab architecture, which has
a very high symmetry, double closed ring-shaped structure with two false
cavities. The new architecture, which is very uncommon, enables baobabs to
reach large sizes and very old ages. The radiocarbon date of the oldest
sample segment was 1507 ± 22 BP, which corresponds to a calibrated age of
1405 ± 20 yr. We estimate that the oldest part of Luna tree has an age of
1600 ± 100 yr. By these results, the Luna tree becomes the fourth oldest
African baobab with accurate dating results.
Keywords: AMS radiocarbon dating, Adansonia digitata, tropical trees, age
determination, inner cavity, multiple stems.
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INTRODUCTION
The genus Adansonia which belongs to the Bombacoideae, a subfamily of
Malvaceae, consists of nine species. The African baobab (Adansonia digitata L.),
which is the biggest and best-known of the Adansonia species, has a natural
distribution in mainland Africa between the latitudes 16º N and 26º S, especially in
savanna regions. It can also be found outside Africa, in areas throughout the
tropics, where it was introduced [1-7].
Large baobabs are considered living natural monuments. Based on the
impressive size of several specimens, certain tree experts considered that
the baobab lives to an old age, possibly over 1,000 years. The age of the oldest
baobab specimens has remained, however, a controversial topic. Dating
accurately large baobabs has proven to be a very difficult task, due to their wide
trunk, the presence of hollow parts and the rather faint growth rings [1,4-13].
The baobab produces faint growth rings, considered by many
researchers to be annual rings. Nevertheless, for large and old baobabs, a
hypothetically accurate ring counting is not possible, as growth rings may no
longer be observed in certain areas of the trunk and they are also missing in
the area of large cavities [1,5,6]. In addition, for several large baobab stems we
identified the growth stop phenomenon, which is due to old age or to prolonged
stress conditions. We also found that for several baobab architectures, when
considering a given wood segment, the number of counted rings is typically
lower than the calendar age determined by radiocarbon dating; this difference
increases with the age of the segment. That is why ring counting and ring width
analysis are not effective for evaluating the age of big baobabs. Therefore,
radiocarbon dating represents the sole accurate method for determining the
age of large and old baobabs [5,12-20].
In 2005, we started an in-depth research project to elucidate several
controversial or poorly understood aspects regarding the architecture, growth
and age of the African baobab. This research is based on our new approach
which enables investigation of standing live specimens. Our approach consists
of AMS (accelerator mass spectrometry) radiocarbon dating of small wood
samples collected especially from inner cavities, but also from deep incisions/
entrances in the stems, fractured/broken stems and from the outer part/exterior
of large baobabs [16,20]. This methodology involves a very careful analysis
and interpretation of the AMS radiocarbon dating results.
The dating results have revealed that all large baobabs are typically
multi-stemmed. The radiocarbon investigation of large African baobabs has
demonstrated that their architecture is much more complex than previously
believed. We identified the so-called open and closed ring-shaped structures,
which are the most important architectures that enable African baobabs to reach
old ages and large sizes. We also described the false cavities, which are large
8

RADIOCARBON DATING OF AFRICAN BAOBABS WITH TWO FALSE CAVITIES

natural empty spaces between fused stems disposed in a closed ring-shaped
structure. The oldest dated A. digitata specimens were found to have ages
up to 2000 years. According to these values, the African baobab becomes
the angiosperm with the longest life span [5,12,13,15-17,20].
Here we describe a new variation of the closed ring-shaped structure,
namely baobabs with two fused closed rings and two false cavities. We
identified this new architecture in the investigation of Luna tree, a large and
old baobab from South Africa.
RESULTS AND DISCUSSION
The Luna tree and its area. The Luna tree is located within the Venetia
Limpopo Nature Reserve, Limpopo Province, South Africa. The Venetia
Reserve is positioned in the most northern part of South Africa, slightly south
of the meeting point with Botswana and Zimbabwe. It is a private fenced
park, with an extent of 345 km2, owned by De Beers Diamond Mining Company.
The Luna tree is situated in the former Luna farm, close to the Venetia Diamond
Mine, the largest producer of diamonds in South Africa. Its GPS coordinates
are 22º22.830' S, 029º22.065' E and the altitude is 682 m. Mean annual rainfall
in the area is 366 mm (Pontdrift station).

Figure 1. General view of Luna tree taken from the west, during the dry season.
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Figure 2. General view of Luna tree taken from the east, during the wet season.
The sampling point 4 is also shown.

The Luna tree has a maximum height of 17.2 m, the circumference
at breast height (cbh; at 1.30 m above ground level) is 20.02 m and the overall
wood volume (trunk and branches) is around 170 m3. The big trunk consists of
two large units (A and B), which are almost completely fused up to a height of
ca. 3-4 m and has a prominent buttressed base (Figures 1 and 2).
The two units have distinct canopies. On the western side, over the
buttress, there are two deep scars in both units, which originate from severe
damages in the past, probably including fire episodes. The scar in the northern
unit (A) is considerably larger than that in the southern unit (B). Between the
two scars, at a height of 1.48 m above ground, there is a narrow elliptical
opening into a large central cavity (Figure 3). The opening is accessible only
for bats and small animals; it is, however, large enough for taking photographs
and laser measurements inside. The cavity consists of two connected rooms.
The quasi-conical northern cavity room (in unit A) has an ellipsoidal basis,
with the axes of 1.98 x 1.35 m and a height of 5.32 m to the ceiling; the
corresponding dimensions of the southern cavity room (in unit B) are of 2.41 x
1.70 x 6.69 m. The inner cavity walls are completely covered by bark.
Wood samples. Four wood samples were collected from the outer part
of the two units which build the trunk of Luna tree. Two samples (labelled 1
and 2) originate from the large scar in unit A (located on the western side),
10
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while one sample (labelled 3) was extracted from the scar in unit B (also, on
the western side) and another (labelled 4) from an incision on the opposite part
(eastern side).

Figure 3. Detail of the western side of Luna tree showing the two units of its trunk
(A, B), the two large scars, three sampling points (1, 2, 3) and the opening into the
cavity (marked by an arrow).

Given the buttressed trunk, the samples were collected at greater
heights than usually, i.e., 2.35, 2.60, 2.40 and 2.60 m. Even if the penetration
of the borer in the wood was quasi-complete in all cases, the four samples are
relatively short, namely 0.175, 0.22, 0.22 and 0.265 m; this reveals the presence
of hollow parts inside the two units. The sampling positions are shown in
Figures 2, 3 and 4. Thirteen small pieces/segments, each of the length of
0.001 m (marked as a, b, c, d), were extracted from determined positions of
the four samples. The segments were processed and investigated by AMS
radiocarbon dating.
AMS results and calibrated ages. Radiocarbon dates of the 13 segments
extracted from the four samples are listed in Table 1. Radiocarbon dates and
errors were rounded to the nearest year. The radiocarbon dates are expressed
in 14C yr BP (radiocarbon years before present, i.e., before the reference year
AD 1950).
11
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Calibrated (cal) ages, expressed in calendar years, are also shown in
Table 1. The 1-σ probability distribution was selected to derive calibrated age
ranges. For four sample segments, the 1-σ distribution is consistent with only
one calibrated age range, while for other five segments the 1-σ distribution
corresponds to two age ranges. For these segments, the confidence interval of
one range is, with one exception, considerably greater than that of the others;
therefore, it was selected as the cal AD range of the segment for the purpose of
this discussion. For segment 4b, the two confidence intervals have close values,
both being selected as cal AD ranges.

Figure 4. Transversal section of the trunk of Luna tree at 1.3 m above ground. The
two units (A, B) and the projection of sampling points (1-4) are marked. The false
cavity inside the two units is displayed in grey.

To obtain single age values of sample segments, we derived a mean
calendar age of each segment from the selected range (marked in bold). Ages
of segments represent the difference between AD 2015 and the mean value of
the selected range, with the corresponding error. Ages and errors were
rounded to the nearest 5 yr.
For four sample segments, ages fall after AD 1950 (0 BP), namely the
14C activity, expressed by the ratio 14C/12C, is greater than the standard activity
in the reference year 1950. Such values, which correspond to negative
radiocarbon dates, are termed greater than Modern (>Modern). In these
cases, the dated wood is young, being formed after AD 1950.
12
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Table 1. AMS Radiocarbon dating results and calibrated calendar ages of
samples/segments collected from the Luna tree.
Sample
(Segment)
1a
1b
1c
1d
2a
2b
2c
3a
3b
3c
4a
4b
4c
1
2

Depth1
[height2]
(10-2 m)
5.5
[235]
11.5
[235]
14.5
[235]
17.5
[235]
5
[260]
17
[260]
21.5
[260]
5
[240]
15.5
[240]
21.5
[240]
7.5
[260]
18.5
[260]
25.5
[260]

Radiocarbon date
Cal AD range
1-σ
[error]
[confidence interval]
(14C yr BP)
880 [± 24]
1181-1226 [68.2%]

Sample age
[error]
(yr)
810 [± 20]

1507 [± 22]

590-632 [68.2%]

1405 [± 20]

1280 [± 25]

766-860 [68.2%]

1200 [± 45]

870 [± 25]

1185-1230 [59.3%]
1251-1260 [8.9%]

810 [± 20]

_

_

>Modern

75 [± 26]

1816-1832 [24.6%]
1892-1922 [43.6%]

110 [± 15]

_

_

>Modern

909 [± 24]

1162-1211 [68.2%]

830 [± 25]

_

_

>Modern

_

_

>Modern

64 [± 29]

1816-1832 [24.8%]
1892-1923 [43.4%]

110 [± 15]

709 [± 28]

1292-1316 [33.2%]
1356-1381 [35.0%]
1045-1094 [37.8%]
1106-1153 [30.4%]

710 [± 10]
or 645 [± 15]
945 [± 25]

975 [± 30]

Depth in the wood from the sampling point.
Height above ground level.

Dating results of samples (segments). The most interesting dated
sample is 1, out of which we investigated four segments. Two segments, 1b
and 1c, were found to have radiocarbon dates considerably greater than 1000
BP. The oldest segment 1b originates from a distance of 0.12 m in the wood
from the sampling point; the latter is located at a depth of ca. 0.85 m in the
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A. PATRUT, S. WOODBORNE, R.T. PATRUT, G. HALL, L. RAKOSY, K.F. VON REDEN, D. LOWY, D. MARGINEANU

large incision/scar in unit I. Its radiocarbon date of 1507 ± 22 BP corresponds to
a calibrated calendar age of 1405 ± 20 yr. The second oldest segment 1c,
which originates from a depth of 0.15 m into the wood, was found to have a
radiocarbon date of 1280 ± 25 BP and an age of 1200 ± 45 yr. The dating
results of the four segments extracted from sample 1 show that the age values
increase with the distance/depth into the wood up to a point of maximum age,
i.e., segment 1b, after which they decrease toward the cavity.
The ages of two segments of sample 2, i.e., 2a and 2c, fall after AD
1950, being unexpectedly young. The age of the middle segment 2b is also
young, around 110 yr. Such values demonstrate that the three dated segments
consist of recent regrowth layers and not of the original old wood. Baobabs
exhibit an unusual self-healing ability deep within the stem and also in their
larger or smaller cavities. The new growth layers are due to repairing the
interior xylem after significant wood damage, likely triggered by fire [16]. The
ages of segments extracted from sample 2 evince at least two significant
damages in this area of Luna tree, which occurred around AD 1900 and after
AD 1950. The last fire damage after AD 1950, which triggered the youngest
regrowth layer, affected not only the outer part, but also the cavity inside unit I.
For sample 3, only the first segment 3a consists of the original old
wood. Its radiocarbon date of 909 ± 24 BP corresponds to a calibrated age
of 830 ± 25 yr. The ages of the deeper segments 3b and 3c, which are very
close to the cavity inside unit B, fall after AD 1950 and consist of regrowth.
These results show that the last fire affected to a certain extent both rooms
of the cavity.
For sample 4, the only one collected from the eastern side of unit B, we
dated three segments. As expected, their ages exhibit a continuous increase
with the depth into the wood. The oldest segment 4c was dated to 975 ± 30 BP
and is 945 ± 25 yr old.
Architecture of Luna tree. Our long term research, based extensively
on AMS radiocarbon dating, has revealed that all big African baobabs are
multi-stemmed. The majority of baobabs start growing as single-stemmed
trees. Over time, single-stemmed individuals become multi-stemmed owing to
the baobabs’ ability to produce periodically new stems, as other tree species
produce branches. Typically, new stems shoot from the roots or emerge from
fallen stems. Over time, the new stems may fuse with older stems or among
them [17].
With a few exceptions, we investigated and dated the 50 largest known
African baobab specimens, which are distributed in mainland Africa, African
islands and Asia. In this respect, the Luna tree, with its very complex structure,
was probably the most difficult to investigate and interpret of all big baobabs.
The Luna tree consists of two fused units, each with a heavily buttressed base.
14
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It has a large inner cavity with two rooms, which are inaccessible for people;
the tree also has two big scars, one in each unit, due to severe damages in the
past. There are several hollow parts in the wood of each unit and also several
regrowth layers triggered by successive fire damage. There are buttressed roots
all around the trunk and several “ornamental features” for a better anchorage.
Consequently, it was difficult to find adequate sampling points in the trunk of
Luna tree and, in addition, the collected wood samples were short.
It was, however, possible to determine the general architecture of
Luna tree from the ages of the four segments extracted from sample 1,
which originate from unit A (Table 1). The age sequence shows that the ages
increase with the distance into the wood from the sampling point up to a point
of maximum age (1b), after which they decrease toward the end of the sample,
in the direction of the cavity. We identified and disclosed this anomaly, which
is specific only to the closed ring-shaped structure, the most enigmatic
architecture of the African baobab and of other baobab species. We also
described the closed ring-shaped structure, which consists of several fused
stems disposed in a ring, with an empty space inside. We termed this natural
empty space between the fused stems as false cavity [17,19].
The Luna tree consists of two distinct units (A and B), which are fused
up to a height of 3-4 m. The two units, which are very similar, have the same
architecture, i.e., a closed ring-shaped structure. Consequently, in the case of
Luna tree, we identified for the first time baobabs with two closed rings. We
called this new architecture double closed ring-shaped structure.
Our research on baobabs evinced that the number of fused stems,
which build the closed ring, varies between three and eight [17]. In principle,
the number of stems can be determined from the analysis of radiocarbon
dates of many samples collected from different areas of the tree, combined
with a careful visual inspection of the false cavity, the trunk and the canopy for
identifying stems and possible fusion lines [17,19]. In the case of Luna tree,
due to the very high buttress and to the presence of hollow parts inside its
trunk, the sampling was difficult, the samples were too short and their number
was insufficient for an accurate determination of the number of stems which
build each closed ring. However, after analysing the photographs of the Luna
tree, taken from all directions, we can conclude that each unit is composed of
four fused stems.
False cavities of Luna tree. In previous work, we described the false
cavities and how they differ from normal/true cavities. Large normal cavities
occur by wood removal, due to fungi decay, fire, animal or human damage; the
pith/centre of the stem is located inside the cavity. False cavities are natural
empty spaces between fused stems disposed in a closed ring-shaped structure.
These empty spaces were never filled with wood. The oldest part of the fused
15
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stems is positioned between the false cavity walls and the outer part/exterior of
each stem, always closer to the cavity. Normal cavities usually have irregular
shapes and are not very tall (1.0–2.7 m). By contrast, false cavities are much
larger and taller (3.0–8.3 m), have more regular shapes and their lower part is
located at ground level. The first noticeable difference between false and
normal cavities is the presence or absence of the bark inside the cavity. While
normal cavities become larger over time due to continuous decay, false
cavities become smaller because of stem growth [17,19]. The false cavities are
associated with the presence of closed ring-shaped structures.
The described characteristics of false cavities fit very well the large
inner cavity of Luna tree. The lower part is located at ground level (Figure 5a),
its ceiling is very high (Figure 5b) and the cavity walls are covered by bark.
As already mentioned, the Luna tree consists of two units, having each a ringshaped structure. Each ring-shaped structure includes mandatory a false
cavity between the fused stems. Consequently, the Luna tree includes two
interconnected false cavities, rather than a false cavity with two connected
rooms.

Figure 5. The images show the lower part of the inner false cavity in unit B (a)
and the typical ceiling of the false cavity in unit A (b). One can notice that
the walls of both cavities are covered by bark.

Age of Luna tree. One can state beyond any doubts that the age of the
oldest part of Luna tree exceeds the age of the oldest dated sample segment
1b, i.e., 1405 ± 20 yr. This value corresponds to the point of maximum age of
sample 1, which was collected from the large scar in unit A, located on the
western side. However, the two rings are not yet completely closed, the still
open part being the connection area of the two false cavities (Figure 4). We
consider that the parent stem of the ring in unit A is located in the opposite
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direction to the still open part of the rings/false cavities, namely on the northern
side. Because sample ages demonstrate that the growth of Luna tree was
extremely slow over its life cycle, we estimate that the parent stem of the ring
in unit A started growing at least 200 yr prior to the stem from which sample 1
originates. In this estimate, the Luna tree has an age of 1600 ± 100 yr. Thus,
this baobab has started growing around AD 400.
The oldest dated sample segments collected from unit B are considerably
younger, up to 945 ± 25 yr. This is probably a consequence of collecting short
samples, given the presence of hollow parts in the wood; therefore, the points of
maximum age were not reached. By considering that the two units and their
canopies are quasi-similar, we consider that both units of Luna tree may have
comparable ages.
CONCLUSIONS
Our research reports the results of the AMS radiocarbon investigation
of Luna tree, a large African baobab from Venetia Limpopo Nature Reserve,
South Africa. The research was performed for determining the architecture and
age of the baobab. A number of four wood samples were collected from deep
incisions in the trunk of Luna tree, which consists of two units and has a large
inner cavity with two rooms. The age sequence of the dated segments from
the oldest sample shows that ages increase with the distance into the wood up
to a point of maximum age, after which they decrease toward the sample end.
This anomalous age sequence is specific only to baobabs which have a multistemmed closed ring-shaped structure with a false cavity inside. In the case of
Luna tree, each unit possesses such a closed ring. We also learned that
the inner cavity with two rooms consists, in fact, of two interconnected false
cavities. Consequently, for Luna tree, we identified for the first time a new
architecture of the baobab, namely the double closed ring-shaped structure
with two false cavities.
The radiocarbon date of the oldest sample segment was found to be
1507 ± 22 BP, which corresponds to a calibrated age of 1405 ± 20 yr. By
considering the architecture of the baobab, we conclude that the oldest part
of Luna tree has an age of 1600 ± 100 yr. By these values, the Luna tree
becomes the fourth oldest African baobab with accurate dating results.
According to our research, the closed ring-shaped structure with a false
cavity inside is seldom among African baobabs. Typically, this architecture
enables baobabs to reach large sizes and old ages. We determined that
the oldest dated specimen with single closed ring-shaped structure is the
Lebombo Eco Trail baobab from Mozambique, with an age of 1400 yr [17].
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In the current research, we identified a new architecture, that we named
double closed ring-shaped structure with two false cavities. This architecture is
exceptionally rare for baobabs and enables them to reach even older ages
than the single ring-shaped structure, namely up to 1600 yr for Luna tree and
1750 yr for Holboom, a very large baobab from Namibia.
EXPERIMENTAL SECTION
Sample collection. The four wood samples were collected with a Haglöf
CH 600 increment borer (60 cm long, 0.54 cm inner diameter). A number of
small pieces/segments of the length of 0.1 cm were extracted from determined
positions of the original four samples. These segments were processed and
investigated by AMS radiocarbon dating.
Sample preparation. The standard acid-base-acid pretreatment method
[21] was used for removing soluble and mobile organic components. The
obtained samples were combusted to CO2, via the closed tube combustion
method [22]. Then, CO2 was reduced to graphite on iron catalyst, under
hydrogen atmosphere [23]. Finally, 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 [24].
The obtained fraction modern values, corrected for isotopic fractionation with
the normalized δ13C value of -250/00, were ultimately converted to a radiocarbon
date.
Calibration. Radiocarbon dates were calibrated and converted into
calendar ages with the OxCal v4.2 for Windows [25], by using the SHCal13
atmospheric data set [26].
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MULTI-METHOD ANALYSIS OF BRONZE AGE CERAMICS
FROM SATU-MARE COUNTY, ROMANIA
EMŐKE NAGYa, MÁRTA GUTTMANNb,c, ZSOLT MOLNÁR-KOVÁCSd,
RÉKA BARABÁSa,*
ABSTRACT Bronze Age settlements have been discovered in the region of
river Eriu, Satu Mare County, Romania. This study includes the archaeometric
examination of eight ceramic artifacts dated from Early to Middle Bronze Age,
representing the Otomani culture. The used methods were petrography,
scanning electron microscopy (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDX), X-ray powder diffraction (XRD), Fourier-transform infrared
spectroscopy (FT-IR) and thermal analysis (thermal gravimetric analysis - TGA
and differential scanning calorimetry - DSC). The study of archaeological
ceramics needs an interdisciplinary approach, where the scientific research
can have an important role in supporting the archaeological study. Our aim
was to support by scientific methods the archaeological assumptions, which
describe the culture, their knowledge and opportunities. For this purpose we
wanted to select the most appropriate measuring methods and how can the
measuring results complete each other for a complex description of the
culture. Therefore, the evaluation methodology of the measurement data
was given an increased importance. The selection of the samples depended
on archaeological background, therefore the samples allowed a case study for
the testing of the measuring methods. The mineral-petrographic analysis
included the approximation of firing temperature, identification of potential raw
material sources, similarity between samples and the determination of the
technology used. Additional objective was the establishment of usability for
the testing methods to have accurate measurements. Loam from the region
was also analyzed and compared with the results of the ceramic samples.
Keywords: ancient ceramics, physical and mineralogical analyses, reference
loam, Bronze Age, Otomani culture, Romania
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INTRODUCTION
The excavated ceramic artifacts represent the culture of Carei in the
second millenium B.C. The settlement concatenation named Bobald established
a culturally varied society which entailed numerous finding collections. In this
North-Romanian region could evolve an unified ceramic direction.
The first human settling on the plain of Carei was in the late neoliticum.
Later in the third part of the early Bronze Age the Sanislau group dominated
the region. In the middle Bronze Age the settlement concatenation of Bobald
developed its own culture without secedeing from the Otomani culture. The
middle Bronze Age can be divided into three parts, each of them note another
developing stage in the Otomani culture (Fig.1).
The existing settlement concatenations had a central and more, smaller
settlements which were located in form of a satellite ring. In case of CareiBobald five ancient settlements together with the central settlement created a
concatenation with representative pottery and bronze culture.
The characteristics of the artifacts can be determined by proper evaluation
of the measurement results, but these are not always precise, depending on
the method used or on the fact that the properties of the clay depend on several
factors between the moment of manufacturing and measuring, like usage,
burial, excavation, cleaning and storage, which appear as critical effects.
Due to this fact it is important to reduce the available measuring methods
for more accurate results. It is also important the comparative study of the
local, reference loam with the artefacts, since they can form the basis for the
determination of composition and helps also in the reconstruction of the
technology used. This permits the closer examination of the culture from Bronze
Age.

Figure 1. The map of excavation locations in Satu Mare County (Berveni, Capleni,
Carei, Tiream, Andrid and Pir). The settlement Sanislau represents source the
cultural influence in this region besides the Otomani culture.
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RESULTS AND DISCUSSION
The aim of the study was to use the results of different measuring
methods to scientifically describe the given culture from Bronze Age. This means
a wider data set but in the same time more valid information. The information
received from one of the measurements complete or form the basis of evaluation
in case of another measured data.
Besides the supplement of the archaeological background we also
wanted to test the usability of the methods to find the necessary and sufficient
information amount for future measurements.
Petrography
A significant similarity was observed in the color of the samples varying
shades of gray to black, referring to reductive firing conditions. The only exception
was represented by sample no. 12 with a sandwich structure of black interior and
lighter outer layers. This layered texture suggested a short-term firing, where
the oxygen diffusion was insufficient to unify the color.
The matrix is considered relatively homogenous, however iron aggregates
can be also found in some cases. It can be also observed the presence of
ceramoclasts in each sample, which makes up 2-3 % of the matrix. The 1 mm thin
layer on the outer wall indicates subsequent modification, not an alteration-taking
place during firing process.
According to the granulometry, samples can be divided in two categories,
medium-fine-grained and coarse-grained ceramics with the maximum particle
of 1-2 mm. Based on the ratio between crystalline vs. amorphous phases in
the matrix, two fabric types can be defined: microcrystalline and microcrystalline
to microcrystalline - amorphous The characteristic of the matrix and also the
dominant presence of illite, kaolinite and montmorillonite confirmed a lower firing
temperature than 900°C.
The crystalloclasts are represented by quartz, micas (muscovite and
biotite) [1], iron oxide (hematite) and plagioclase as part of the feldspar group
(albite, anorthite), epidote, garnet and zircon [2], [3], [4]. The calcite, which is
present on the fissures, also suggests that the firing temperature didn’t exceed
850-900°C.
The porosity had limited values varying between the pore size of 0.5 x
1.5 and 2.0 x 3.0 mm. This could be observed in case of long, elongated pores,
which extended parallel with one another, as in the case of the secondary,
irregular pores.
The oval shape of the pores and the parallel position of the mica also
reflected the production technology, which in this case was plastic squeezing.
The specific properties of the samples can be seen on Table 1.
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Table 1. The results of the SEM, XRD and petrography analysis:
Sample
No.
1.

Estimated Firing
Temperature (oC)
SEM
XRD
700700-850
900

2.

~ 900

700-850

3.

~ 700

750-850

4.

700900

700-850

5.

< 900

700-900

6.

700900

700-900

11.

700900

750-900

12.

700900

750-900

Composition
Petrography
Crystalloclasts (quartz, micas)
Ceramoclasts in a microcrystalline matrix
Microcrystalline matrix with carbonate and quartzite
litoclasts
Crystalloclasts (garnets, zircon, micas)
Microcrystalline matrix with ceramoclasts
Aggregates of iron oxides-hydroxides
Crystalloclasts (feldspar, quartz, micas)
Microcrystalline matrix with ceramoclasts
Carbonatic litoclast
Crystalloclasts (quartz, micas)
Crystalloclasts (quartz)
Ceramoclasts
Microcrystalline matrix
Secondary calcite on the wall
Carbonatic litoclast
Crystalloclasts (quartz, micas)
Crystalloclasts (quartz)
Ceramoclasts
Microcrystalline matrix with iron oxide-hydroxide
aggregatess
Crystalloclasts (feldspars, quartz, micas)

SEM/EDX
EDX analysis
Due to the examination it was ascertained the composition of the
reference loam and all of the artifacts.
The composition varied from sample to sample; even so the main
chemical elements were silicon, aluminum and oxygen. The additional components
also didn’t show significant variety, which increased the probability of raw
materials from the same region.
The composition of the reference loam was compared with the ceramic
artifacts. The widest similarity showed sample no. 3 which refers not only to
the components but also to the weight percentage values. This result sustained
the usage of similar raw materials in this case. Due to this where only one
measurement was possible sample no. 3 was analyzed.
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SEM analysis
The first case is the reference loam fired at 300°C (Fig. 2; letter a) the
rough grains, sharp particles such as lumpy texture was representative and no
sign of softening appeared.

Figure 2. The SEM images of reference loam fired at
300oC (a), 500oC (b), 700oC (c), 900oC (d) and 1100oC (e).

Firing the reference loam at 500°C (Fig. 2; letter b) no considerable
external changes appeared similar as above.
Firing the loam at 700 (Fig. 2; letter c) and 900°C (Fig. 2; letter d) it
could be seen that the increase of the temperature still didn’t affect significantly
the surface of the particles, however, the grains started to stick together and
the individual particles started to form larger ones.
The most remarkable change was observed by firing the reference loam
at 1100°C (Fig. 2; letter e): it could be seen that the interface was completely
changed, the particles were merged and the surface was softened.
The firing temperature estimation was based on the 2000- and 4000fold magnification images, which were compared to the images made on
the reference loam. The samples no. 1, 4, 6, 11 and 12 the estimated firing
temperature range was 700-900oC. In case of sample no. 2 and 5 the
temperature trends to 900oC while at sample no. 3 this value is 700oC [5].
As an overview: the determination of the firing temperature was difficult
in the interval 300-900°C which can be attributed to several factors like the
point wise analysis and the powdered form of the artifacts.
On the other hand, the morphological changes were hardly detectable
under 1100oC as it was in case of reference loam. Although the effect of
increasing firing temperature was plain, the estimation of firing temperature
was difficult; therefore the interval was wider, which can be seen in Table 1.
XRD analysis
XRD analysis of reference loam
Through the XRD analysis the phase transitions during firing and the
representative stability intervals for the components were studied.
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The evaluation of the diffractograms was made by program Match
1.9a. Therefore it was detected the mineralogical composition, in addition, the
program enabled the weight percent proportion of the samples by a semiquantitative analysis based on the ratio of intensities.
Quantitatively the most relevant mineral was quartz, which appears as
-quartz and turns into -quartz at 573oC [6], respectively appears as cristobalite. As a component of feldspars anorthite is also present in significant
quantities. As part of the same mineral group microcline and albite appeared
as well. Kaolinite and illite, the representatives of the clay mineral group were
present in varying degrees. In addition the presence of many other minerals
was detected despite their low intensities or due to the concurrence of peaks.
The possible components confirmed the presence of the elements
presented by EDX analysis. The main elements were oxygen, aluminum,
carbon and calcium, which appear as the spectra’s main components forming
quartz and anorthite.
Changes can be observed during the rising of temperature by the
disappearance or formation of phases depending on temperature.
At 300oC and 500oC due to the low temperature the main component
was -quartz marked in the black part of the columns on Fig. 3. As the firing
temperature was higher the rate of the quartz increased as well, which could
be attributed to the decomposition of other phases at lower temperatures.

Figure 3. The mineralogical composition of reference loam fired at different
temperatures by the semi-quantitative analysis of the program used.
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The representatives of the plagioclase group, namely anorthite, and
albite, microcline were also present at all firing temperatures, excluding 1100oC.
In this wide temperature range these phases were stable [7], [8], [9]. Moreover
their proportion was still growing compared to the other phases [10], [11], [12],
[13]. Mica was thermally stable up to 500oC [14], but its presence was
demonstrated in case of 700 and 900oC as well which could be attributed to a
form of muscovite which was stable below 1100oC. The aragonite belonging
to the carbonates group it wasn’t stable at higher temperatures: it started its
decomposition into CaO and CO2. The studies revealed the presence of
aragonite up to 700oC, above this temperature it wasn’t demonstrable. The
presence of the feldspars and carbonates increases the plasticity of the
material, resulting the decreasing of the sintering temperature and a compact
product below 1100oC [15].The kaolinite decomposes to meta-kaolinite around
550oC and forms Al-Si spinel above 925oC, at 1100oC forms mullite and
cristobalite. This phase transition can be followed on Fig. 3. The kaolinite
appeared above 550oC due to the fact that the presence of kaolinite and metakaolinite couldn’t be distinguished. Since the temperature scale was wide, it
couldn’t be observed the transformation of meta-kaolinite into spinel.
In addition the participation of the mullite and -cristobalite denoted the
phase transition.
Illite was stable until 750oC, at higher temperature starts its decomposition
and ends around 950-1000oC in oxidizing atmosphere, it ends around 850oC in
reductive atmosphere, which may result new phases like diopside, anorthite.
The formation of new phases brings in the decrease of the amount of illite and
the increase of the amount of new phases at higher temperatures [7], [15].The
presence of gehlenite and diopside was observed at 900 and 1100oC, with an
increasing proportion. The larger the quantity of CaO is, the higher is the amount
of minerals with calcium content, meaning diopside, anorthite and gehlenite [15].
Minerals diopside and mullite are able to take in Fe3+ ions due to their
crystal structure. Therefore the formation of free iron-oxide (hematite in our
case) is not necessary [15]. Nevertheless hematite appeared in small amount
at 900 and at 1100oC, which can be attributed to the former fact.
XRD analysis of the artifacts
The estimation of firing temperature of the ceramic artifacts was based
on searching for discontinuities in any physical property that can be linked to a
specific temperature interval. The description of the culture was performed by
more measuring methods. The firing temperature was deduced from XRD
results and mineralogical analysis [16].
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The type of the clay mineral and the structural changes due to firing were
studied by FT-IR and also by SEM as methods for the confirmation of firing
temperature. The XRD was used basically for the identification of minerals [17].
The X-ray patterns of the samples were evaluated similarly to the case
of reference loam. Based on the weight percentage by the program Match 1.9a
and mineral stability it was made a comparison between the reference loam and
sample results to estimate their firing temperature.
The mineralogical composition of the samples is presented in Table 2. The
main components of the ceramic artifacts belong to the silicates group and it was
also significant the presence of oxides and carbonates [18]. The representatives of
the silicate group were the clay minerals (mainly illite and kaolinite), micas and
feldspars.
Table 2. The mineralogical composition of samples according
to the interpretation of the X-ray patterns
Sample No.
Illite
Kaolinite
Montmorillonite
Muscovite
Biotite
Anorthite
Microcline
Albite
Mullite
Diopside
Epidote
Zircon
Quartz
Hematite
Aragonite

1.
×
×
×
×
×

2.
×
×
×
×
×

3.
×
×
×
×
×
×
×
×

×
×
×

×
×
×

×
×

4.
×
×
×
×
×
×
×
×
×
×
×
×
×
×

5.
×
×
×

6.
×
×

×
×
×

×
×
×
×
×

×

×

×
×
×

×
×
×

11.
×
×
×
×
×
×
×

12.
×
×
×
×
×
×
×
×

×

×
×
×

Considering the weight percent proportion of the appeared elements,
no wide variation was observed. The slight variations in the composition of
ceramics can be attributed to the slight difference in raw materials or due to the
prolonged or repeated exposure to heat, in addition could have differed in the
speed of heating.
Compared to the artifacts in case of reference loam couldn’t be detected
more of the minerals, like epidote, zircon, biotite and montmorillonite. Due to
their absence they weren’t used for the estimation of firing temperature.
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Sample no. 1 contained anorthite and microcline, whom presence
supported the firing temperature below 1000oC.
The large amount of illite suggested that this temperature could not
exceed immoderately 750oC and it was less than 900oC. The absence of
mullite and the amount of carbonates alluded to the firing temperature less
than 850-900oC.
Similarly to the latter case, sample no. 2 contained anortite and
microcline indicating the firing temperature below 1000oC. The presence of
illite, kaolinite (meta-kaolinite) and the absence of mullite, diopside also suggested
900oC as upper limit. The dominance of anorthite compared to illite marked the
beginning of decomposition at 700-750oC.
In case of sample no. 3 the reappearence of anorthite, microcline and
muscovite meant a firing temperature below 1000oC. This value was changed
to 850-900oC by the presence of illite, kaolinite (meta-kaolinite) and carbonates
because at this level it started their decomposition.
The diopside in samples no. 4, 5 and 6 indicated a firing temperature
above 750oC. The upper limit was 850-900oC shown by the feldspars, muscovite,
carbonates, illite and kaolinite.
In the sample no. 11 the illite and anorthite suggested a firing temperature
at 700-750oC, the upper limit marked by the illite, feldspar and muscovite as
900oC.
In case of sample no. 12 the absence of illite and mullite, the appearence
of diopside, anorthite, feldspar and muscovite clearly assumed a temperature
above 750oC and below 900oC.
FT-IR analysis
The FT-IR spectroscopy was used in case of reference loam fired at
different temperatures and also on sample no. 3.
The appeared bands sustained the presence of silicates, carbonates
and oxides (mainly quartz and iron-oxide). The broadening of the spectral lines
can be attributed to the overlapping of the peaks.
The dominant mineral was quartz, which made an appearance at 796-1
798 cm , 778-780 cm-1 and 692-694 cm-1 wave number values [19], [20]. The
clay minerals were identified and differentiated from each other at 3432 cm-1
(montmorillonite) and 1033-1038 cm-1 (kaolinite) [20], [21]. The peak at 3432
cm-1 can be also attributed to absorbed water molecules derived from the
measurements or the burial of the samples [22].
The presence of iron-oxides (hematite) was indicated by the peaks at
wave numbers between 519-527 cm-1 and 469-472 cm-1 which also supports
the conception of firing temperature above 600oC [20]. Several bands indicated
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the feldspars in the samples, the shoulder at 552-563 cm-1 (microcline), the
peaks at 479 cm-1 and between 429-435 cm-1 (anorthite and albite) wave
numbers [20].
The strong peaks of the silicates (kaolinite) could be easily identified
being centered between 1033 and 1038 cm-1 wave numbers due to the Si-O
bond vibrations [20].
Organic matter was detected by a shoulder at 2957-2958 cm-1 and the
wave numbers 2923-2924 cm-1 and 2848-2853 cm-1, whom presence could be
attributed to subsequent burial or rehydratation during use. This theory was
based on their showing in case of samples fired above 800oC where the
organic materials aren’t supposed to be present [19].
The carbonates were present by the wave numbers at 875 and 712
cm-1, which implied to a lower firing temperature or to a post-burial of the
samples [20].
The Si-O-Al deformation vibrations at 519-527 cm-1 were attributable to
the aluminum remained in the octahedral sheet [20]. This bond indicated the
iron-oxides (hematite) which were formed by the substitution of aluminium with
iron during the firing process around 600oC [18], [21], [22], [23].
DSC and TGA analysis
The thermal gravimetric analysis and differential scanning calorimetry
are basic methods for monitoring the physical and chemical transformations in
ceramics. The method can be used in the estimation of thermal- and decomposition
properties. In addition it is useful to follow the changes in weight of samples.
The evaluation of the TGA and DSC curves of the sample no. 3 showed
the loss of adsorbed water in the interval 40-140oC by two endothermic peaks,
which could be also identified on the TGA curve by a significant weight loss.
The next endothermic peak around 280oC was attributed to the organic
matters remained in the samples. The endothermic peak between temperatures
400-600oC denoted the dehydroxilation of clay minerals by the loss of hydroxyl
groups in kaolinite and illite. While illite retained its distorted structure, kaolinite
decomposed into meta-kaolinite.
Calcium-carbonates decomposed into calcium-oxide and carbon-dioxide
in the range of 600-800oC, which indicated a remarkable weight loss on the TGA
curves. In the same time appeared a strong endothermic peak on the DSC curve.
Subsequently, around 900oC it started the shrinkage of the ceramic body.
In addition at this temperature level other processes may also occur resulting
by the crystallization of other minerals.
The reference clay measured in natural form was characterized by
less clear curves. The place of the peaks was similar to the case of sample no.3, the
peaks were in the same temperature range only slight differences appeared [24].
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It is a question whether the exothermic peaks in both cases around
950oC are the signs of the crystallization of new minerals or just simply measuring
failures [25]. The answer needs the repetition of the measurements, which is
now a future plan.
CONCLUSIONS
The comparison of the ceramic samples with the reference loam
denoted a large advantage not only in the definition of the simple properties
but also in the estimation of firing temperatures resulting in more accurate
assessment. By firing the reference loam at different temperatures the physical
and chemical changes and transformations could be detected.
As a first conclusion, the chemical composition of the reference loam
was similar to those used by ancient potters, which was not only confirmed by
EDX but also by XRD analysis. Due to the similarity the loam could be used as
reference in further evaluations.
As a second result of our investigation we concluded that XRD was the
most convenient method for estimating the firing temperature. With the proper
evaluation of the diffractograms the phase composition could be detected, which
referred to the temperature of the furnace. In each case a firing temperature
interval was given according to the phase composition.
The further conclusions were that the SEM investigations as an
auxiliary measuring method confirmed the firing temperature intervals from
the XRD analysis, although the method was less reliable by detecting only
visually the changes in morphology.
Also DSC and TGA measurements provided simple and reliable
complementary results referring to the study of the physical and chemical
processes, which occur at firing, the most relevant changes were the
transformations like the decomposition of hydroxyls or the carbonate
decomposition.
As a supplementary method, FT-IR was used to confirm the presence
of minerals by the corresponding bonds on the spectra. By this method the
peaks of the silicates (mainly clay minerals), carbonates and quartz were
identified.
The petrographic studies not only made it possible the analysis of
texture but also provided information about mineral composition to complement
the firing temperature and technology estimation and also the comparison of
samples.
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EXPERIMENTAL SECTION
Sample preparation and analytical techniques
For the purpose of archaeological study eight ceramic fragments were
selected from the excavations in Satu Mare County, three of them stem from
Carei and the rest from surrounding settlements, which can be seen on Fig. 1.
Loam from the excavation deposit founded in Carei was also analyzed.
The sample preparation of the ceramic depended on the method
used. The reference loam was fired at different temperatures, 300, 500, 700,
900 and 1100oC for two hours. This permitted to follow the compositional
changes in the material during firing. The upper limit of the firing temperature
was 1100oC, although Bronze Age technology might not reach such high
temperatures, but it was representative regarding the phase transitions in
the material.
The petrographic study consisted of two parts, the macroscopic
examination made by Nikon SMZ 645 stereo microscope and the type used for
microscopic study was Nikon Eclipse E200.
Scanning electron microscopy was coupled with energy-dispersive X-ray
analyzer (spot size of 10 m). This method allowed the analysis of the ceramic
powder.
Scanning electron microscopy was performed by Philips XL30
ESEM-FEG device. The SEM images of the reference loam fired at different
temperatures were used to reveal the changes in morphology. These were
studied on the 2000-fold, 4000-fold and also on the 8000-fold enlarged
surface.
X-ray powder diffraction patterns were measured by diffractometer
Shimadzu XRD 600 with Cu-K radiation.
Fourier-transformed infrared spectroscopy was carried out by Jasco
FT-IR 615, the samples were measured in form of KaBr pellets (300 mg KaBr
mixed with fine powder of 1-1.2 mg sample). The spectra were obtained in the
range of 4000–400 cm–1.
The thermal gravimetric analyses were performed on a SDT Q600
(V20.9 Build 20) instrument.
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CERAMIC GLAZES FOR WALL TILES WITH DIFFERENT
GLASS WASTES
JULIA BARTHAa, MARIA GOREAa*
ABSTRACT. Ceramic glazes are thin coatings which enhance the aesthetical
aspect, increase the mechanical strength and chemical stability, and waterproof
of the support. The glaze composition contains an important quantity of frit for
decreasing the melting point. In this study, the frit is replaced by the different
glass wastes and the properties of resulted glazes were evidenced. Various
compositions of glazes were formulated. The oxide compositions, the particle
size distribution of glass wastes were determined. The glazes were prepared
and applied on wall tiles biscuit and thermal treated at 1100˚C for three hours.
Using optical and scanning electron microscopy the glazes microstructure and
the intermediate layer between the glaze and ceramic support were analysed.
The linear thermal expansion coefficient of the glazes and chemical stability in
acid/alkaline solutions were determined.
Keywords: ceramic glaze, waste glass, composition, microstructure

INTRODUCTION
Ceramic wall tiles are porous products made from clay mixed with
sand, limestone and other raw materials. Due to their high porosity, the tiles
are not used as such, the ceramic support being covered by a thin coating
of glaze. As a result, the porous tile becomes waterproofed, the mechanical
strength and chemical stability increase, and last but not least a higher
possibility of cleaning is obtained.
Research into exploitation and recycling of industrial wastes for the
manufacturing more value-added materials is very important and necessary
for an eco-friendly environment [1]. Waste electronic and electronical
equipment (WEEE) contains a high amount of reusable materials such as
plastics, metals and glass, which can be used as secondary raw materials [2].
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In the past years the recycling process of WEEE has become an
alternative to reduce the cost of materials mainly oxide materials by replacing
some expensive raw materials with these wastes. Another advantage resulted by
using the glass wastes is to minimize energy consumption in obtaining the fluxes
(frit for glazes) and to diminish environmental impact (avoid the landfill disposing
of cathode ray-tubes - CRT, due to hazardous elements in composition) [1].
Different studies showed that a wide variety of industrial wastes can
be used, in different types of ceramic products like glass and glass-ceramics
[2,12], roof tiles [3], floor tiles [4], porcelain stoneware tiles [5], for substitution
of non-plastics materials.
A great practical interest, due to their compositions, represents end
of life (EOL) CRT panels presents several options for reuse [1,6].
CRT’s constitutes approximately 65% of the weight of the television
or computer monitor. CRT’s are composed of glass components, each of
different composition: the panel (65%) – barium-strontium glass, the funnel
(35%) – lead glass, the frit – lead glaze, and the neck (5%) a reach lead
glass [7, 8]. Several toxicity studies showed that the funnel and neck are
hazardous wastes, and the panel shows very little toxicity [9, 10].
Also due to the fact that the recycling of WEEE is not yet fully
automated, it remains labor intensive, and requires efforts to make the
process profitable, to increase the consumption of WEEE instead of natural
raw materials [11].
Because CRT panel composition is similar to glazes, the reuse of these
wastes is appropriate for ceramic glazes production, particularly as substitute for
ceramic frits (fluxing agent) [7, 13]. A great variety of glazes can be obtained by
varying the content of waste in the composition.
The aim of this study is to develop and characterize several compositions
of glazes made of different glass wastes, frit and natural raw materials.
RESULTS AND DISCUSSION
Raw materials characterization
Chemical composition
The chemical composition determined by wet chemistry analyses on
the frit and glass wastes are presented in Table 1.
The usual frit for wall tiles is mainly consisting of silica, aluminum
oxide, calcium oxides besides of alkali and small quantity of ZnO. The CRT
glass waste has a similar content in silica, small quantity of alumina and
calcium oxide but an increased content in barium oxide and alkalis. The green
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and transparent glass wastes are very similar in composition having a higher
content in silica then frit and CRT glass, high content in calcium oxide and
alkalis.
The chemical composition of the glass wastes and the other raw
materials is very important for the formulation of a proper glaze, depending
on use of the glaze.
Table 1. Oxide composition of frit and glass wastes
Sample / Oxide
[%]

Frit

CRT glass

Green glass
(bottle)

Transparent glass
(jar)

SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
BaO
ZnO

58,2
10,30
0,08
6,86
1,27
5,00
1,00
3,44

60.73
4.23
0.01
3.01
0.98
8.00
7.00
15.05
-

71.10
3.26
0.03
8.23
2.66
14.00
0.50
-

69.98
2.80
0.04
10.97
2.94
12.00
0.50
-

Figure 1. SEM image with EDS spectra of CRT glass

CRT glass wastes come from scrap computer monitors, which were
previously separated from plastic/wooden enclosure, and after divided into two
parts: - the front (the panel - part without lead), and - the back (the cone – part
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which contains lead). The CRT glass used in this study was the panel, glass
without lead. In the Figure 1 is presented an image of crushed CRT glass
wastes with EDS spectra for a small pieces. The elements identified by EDS
spectra are similarly with those from chemical oxide analyses.
The green and the transparent waste glasses are selected from
households. Their composition being very similar with a ceramic frit they
are frequently used in low temperature glazes.
Particle size distribution of the glass wastes
The melting temperature of the raw glaze depends of the type of
ceramic support mainly of its sintering temperature. The wall tiles have the
firing temperature about 1000 ºC, so at this temperature the glaze mixture
has to be completely melted. Therefore, the grain sizes of the compounds
is recommended to be very small, mainly micrometer sizes, under 60 µm.
The tested glass wastes were milled in a laboratory ball mill and their grain
size distributions are presented in Figure 2.

Figure 2. Grain size distribution of studied glass wastes and frit

For all the samples the size range is between 179 nm and 90 µm. In
the case of the frit, 92 % grains have a size smaller than 55 µm; the CRT
glass waste has about 95 % grains below 58 µm; the sizes of grains for
transparent and green glass wastes are very similarly, majority smaller than
58 µm (about 93 %).
Bentonite
Clay and kaolins are usually used in slurry composition for maintaining
the solid phase in suspension. In experiments the Romanian bentonite with
composition presented in table 2 was tested.
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Table 2. Oxide composition of bentonite
Oxide

SiO2

TiO2

Al2O3

Fe2O3

CaO

MgO

Na2O

K2O

LOI

[%]

70,92

0,18

12,66

1,32

3,5

1,4

0,45

1,27

8,4

In all experimented compositions the zirconium silicate, ZrSiO4, having
micrometer sizes (1-5 µm) was used as opacifier.
For coloring the glazes a ceramic pigment based on cobalt oxide was
used.
Characterization of the glaze slurry
Density of the slurries
For obtaining an adequate raw layer on the ceramic support the
density of the slurry is necessary to be around the 1400 g/l. The slurries
prepared with water in the laboratory are the density between 1380 g/l and
1450 g/l.
Characterization of the fired glazes
Thermal expansion coefficient, acidity index and surface tension
A ceramic glaze can be considered a glass on a porous support and
its thermal expansion coefficient has to be closely to the ceramic support. If
these values are very different on the glaze surface appear defects like
crazing or peeling. For a good compatibility of the glaze with ceramic
support the glaze thermal expansion coefficient should be slightly below the
ceramic body.
The calculated acidity index (AI) of the glazes must be between 2
and 3. In the case of index AI smaller than 2 the glaze cannot be formed on
the surface of the ceramic body due to the lack of glass forming oxides
(SiO2). An index AI bigger than 3 induces crystallization of some oxides
from glaze composition.
The surface tension of a glaze is very important for obtaining an
uniform coating on the ceramic body and its value should be around 300
dyne/cm2. The thermal expansion coefficients α, in the temperature range
20 – 600 ºC, acidity index AI and surface tension of the studied glazes are
presented in Table 3. From this point of view all glazes are suitable, except
glaze 1.1 which has an acidity index AI smaller than 2. The experimented
thermal expansion coefficient for the ceramic support is 8.8x10-6 C-1.
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It can be noted some differences between calculated and experimented
thermal expansion coefficient which is attributed to the manufacturing of the
samples. The highest value of thermal expansion coefficient is for glaze 1.1 with
90 % CRT glass waste followed by glaze 1.2 and 1.3. By partially replacing of
the frit with glass wastes (60 %), the thermal expansion coefficient is decreasing.
The value of glaze 2.2 is slightly under the one of ceramic body and the
glaze 3 which contains only ceramic frit (90%).
Table 3. Thermal expansion coefficients, acidity index
and surface tensions of studied glazes
Sample

Thermal
expansion coefficient [C-1]
α*106

Acidity index
AI

Surface
tension
[dyne/cm2]

calculated

experimented

Glaze 1.1

9.66

13.6

1.71

319.24

Glaze 1.2

8.88

12.1

2.09

334.08

Glaze 1.3

8.45

10.9

2.12

341.57

Glaze 2.1

7.27

10.6

2.00

326.48

Glaze 2.2

7.03

7.8

2.19

333.90

Glaze 2.3

8.82

9.9

2.20

337.65

Glaze 3.0

4.94

9.9

2.25

333.72

It can be concluded that glass wastes can be used as flux in the
wall tiles glazes partially replacing the usual frit.
Glazes microstructure
The optical study in polarized light realized on the thin sections of
glazed wall tiles allows evidencing some structural-textural characteristics.
The fine texture of the glazed wall tiles is illustrated in polarizing
optical microscopy images (Figure 3). A high amount of quartz of various
sizes and shapes and closed pores within a relatively homogeneous vitreous
matrix in the ceramic support can be noticed.
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CS

CS

IZ
G

G

a

b

IZ

Figure 3. Optical microscopy images of glaze 1.1, (a) N+ (45x); (b) 1N (45x);
(CS - ceramic support; G - glaze; IZ - intermediary zone)

Also only partly solubilized large quartz grains, as well as an incomplete
homogenization of the blue ceramic pigment in the glaze are visible.
Scanning electron microscopy (SEM)
The SEM image (Figure 4) of the glazed wall tiles evidences a well
intermediary layer between ceramic body and glaze. It can be seen that the
glaze entered into the pores of the ceramic support, making a very strong
glass-ceramic bond.

IZ

IZ

G
CS

CS

G

Figure 4. SEM images of glaze 1.1 with 90% CRT (CS- ceramic support;
G-glaze; IZ-intermediary zone)
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Also small ceramic pigment spots can be observed in the glaze layer.
Chemical stability in acid/alkaline solutions
The glazes presented a very good chemical stability to acid and
alkaline corrosion. The weight losses in solutions of 3 % hydrochloric acid
respectively natrium hydroxide after 96 hours are presented in Table 4. It
can be noted that the weight losses of the glazes are almost insignificant.
This good behavior of the glazes can be attributed to a well-balanced
composition of the glazes.
Table 4. Weight losses during the acid/alkaline attack
Attack
Solution

HCl 3%

NaOH 3%

Glaze
1.1
1.2
1.3
2.1
2.2
2.3
3
1.1
1.2
1.3
2.1
2.2
2.3
3

Weight before
attack [g]
18,6841
17,2675
16,0848
18,0898
17,0259
19,4195
16,6697
18,3778
18,5901
16,9851
16,8766
17,5218
20,1967
16,6039

Weight after
attack [g]
18,6835
17,2627
16,0808
18,0840
17,0176
19,4150
16,6626
18,3778
18,5779
16,9808
16,8733
17,5187
20,1879
16,5989

Weight losses
[%]
0,003211
0,027806
0,024874
0,032073
0,048773
0,023178
0,042610
0
0,065669
0,025323
0,019558
0,017695
0,043590
0,030122

CONCLUSIONS
Glazes with CRT, and household glass wastes can be obtained by
combining the glass wastes with frit, and natural raw materials in various
proportions. Also, even if the recycling of CRT glass is not simple because of
the varying composition, glazes with CRT show an excellent glaze-ceramic
compatibility, with an excellent chemical resistance.
The glaze-ceramic thermal compatibility is very well revealed with the
SEM and optical microscopy. A continue intermediary layer between glaze and
ceramic support are formed. No defects in glazes were evidenced.
42

CERAMIC GLAZES FOR WALL TILES WITH DIFFERENT GLASS WASTES

In conclusion, the green and transparent glass wastes and CRT wastes
can partially replace the usual frit in the wall tiles glaze compositions.
EXPERIMENTAL SECTION
The glaze suspensions are formed of different raw materials, which can
be divided into: non-plastics (frits, oxides, pigments), plastics (clays) and additives
(opacifiers, binders).
The experimented compositions are presented in Table 5.
Table 5. The experimented ceramic glaze compositions
CRT Transparent Green
Raw materials
glass
glass
glass
[%] / sample
waste
waste
waste
1.1
90
1.2
90
1.3
90
2.1
60
2.2
60
2.3
60
3
-

Frit
30
30
30
90

Ceramic
ZrSiO4
pigment
4
4
4
4
4
4
4

2
2
2
2
2
2
2

Bentonite
4
4
4
4
4
4
4

The first group of glazes is formed from the compositions 1.1, 1.2 and
1.3 in which the frit is totally replaced by de CRT glass waste, transparent
glass waste and green glass waste. In the second group formed from the
compositions 2.1, 2.2 and 2.3 the wall tile frit was partially replaced (60 %) by
the above mentioned wastes. For comparing the results, the composition with
90 % frit usually used in manufacturing of wall tiles was formulated.
The raw materials weighed according to the reciepe were milled in a
laboratory mill (type Pulverisette 6) for 45 minutes, at a rotation speed of
250 rpm.
The glaze, kept under continuous stirring in order to avoid sedimentation,
was deposited on the moistened ceramic tile, by dipping into the glaze slurry.
After a short drying time the samples were thermal treated in a
Nabertherm laboratory kiln. The firing rate was of 10°C/min up to maximum
temperature (1100°C), for 30 minutes at this temperature.
The grain size distribution of the frit and glass wastes were studied by
using a Counter Coulter WING-SALD 7101 granulometer and the thermal
expansion coefficient with a Linseis Horizontal dilatometer L75Hx1400.
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From the fired ceramic glaze R 1.1 it has obtained 25-30 micrometers
thin sections that were used for the optical study with polarized light under
a Nikon Eclipse E200 microscope.
Chemical stability was tested by immersing the glazed samples in
solutions of 3 % hydrochloric acid respectively natrium hydroxide.
ACKNOWLEDGMENTS
Many thanks to the Laboratory for Advanced Studies of Geomaterials
(Department of Geology, Babes-Bolyai University) for the polarized microscopy
studies.

RE F E R E N CE S
[1].R.C. da Silva, S.A. Pianaro, S.M. Tebcherani, Ceramics International, 2012,
38, 2725.
[2].L.M. Schabbach, F. Andreola, I. Lancelotti, L. Barbieri, Ceramics International,
2011, 37, 1367.
[3]. A. Demir, Waste Management & Research, 2009, 27, 572.
[4]. A.M. Segadeas, M.A. Carvalho, M.A. Carvalho, W. Acchar, Applied Clay Science,
2005, 30, 42.
[5].F. Andreola, L. Barbieri, E. Karamanova, I. Lancellotti, Ceramics International,
2008, 34, 1289.
[6]. P. Yot, F. Mear, Journal of Hazardous Materials, 2011, 185, 236.
[7].F. Andreola, L. Barbieri, A. Corradi, I. Lancellotti, Journal of the European
Ceramic Society, 2007, 27, 1623.
[8]. F. Mear, P. Yot, M. Cambon, M. Ribes, Waste management, 2006, 26, 1468.
[9]. Y.C. Jang, T.G. Townsend, Environmental Science & Technology, 2003, 37, 4778.
[10]. F. Andreola, L. Barbieri, A. Corradi, A.M. Ferrari, I. Lancellotti, P. Neri,
International Journal of Life Cycle Assessment, 2007, 12 (6), 448.
[11]. J Mueller, M Boehm, C Drummond, Waste Management, 2012, 32, 1560.
[12]. A.V. Gorokhovsky, V.A. Gorokhovsky, D.V. Mescheryakov, J. Mendez-Nonell,
J.I. Escalante-Garcia, M.I. Pech-Canul, G. Vargas-Gutierrez, Materials Letter,
2001, 51, 281.
[13]. C. Mengjun, Z. Fu-Shu, Z. Jianxin, Journal of Hazardous Materials, 2009, 165,
980.

44

STUDIA UBB CHEMIA, LX, 4, 2015 (p. 45-54)
(RECOMMENDED CITATION)

MORTARS FOR THE ENHANCEMENT OF THE INDOOR
ENVIRONMENTAL QUALITY
CLAUDIU ACIUa, DANIELA LUCIA MANEAa, CARMEN PUIAb,
OANA CADARc*
ABSTRACT. Achieving a healthy indoor environment is an important concern
in the construction and building materials industry. This study fits in the context
of these concerns and demonstrates the possibility of developing mortars that
contain colloidal silver nanoparticles with good antibacterial properties. The
optimal recipe was established by replacing 50% of the amount of water in the
mortar recipe with a commercial 25 mg/L colloidal silver solution. The obtained
mortars have superior physical and mechanical characteristics and excellent
antibacterial properties against various Gram-positive and Gram-negative
bacteria compared to standard mortar.
Keywords: mortar, colloidal silver nanoparticles, mechanical properties,
antibacterial activity

INTRODUCTION
The indoor air quality is a determining factor of health due to the fact
that people spend most of their lives inside buildings. It has been observed that
microbes and allergens, the lack of oxygen, inadequate temperature and
humidity, mould, dust, inadequate lighting and ventilation, noise, the presence
of building materials that contain noxious substances and generate toxic
emissions, the functioning of equipment, etc. can seriously affect a person’s
health [1].
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Infections with pathogenic microorganisms are combated with
antimicrobial agents, to the action of which these are vulnerable. The use of
antimicrobial agents in decorative and building materials, including paints
and coatings, has intensified considerably in recent years and their possible
effects on human health or the environment have been increasingly studied
[2]. Noble metal nanoparticles have attracted great interest due to their
different characteristics from those of the macroscopic phase, which allow
attractive applications in various fields, such as medicine, biotechnology,
optoelectronics, biosensors, catalysis, information storage, energy conversion,
and as antimicrobials [3-5].
Silver nanoparticles, an ecological alternative to organic biocides, have
a high surface area, a very small size (<20 nm) and high dispersion [6]. Silver
nanoparticles can be used in the form of colloidal suspensions or doping
agents for a lot of composite materials with polymer matrix. Colloidal silver
solutions (CSSs) arouse increased interest due to their antimicrobial properties
with different applications (pharmacology, food, industry, human and veterinary
medicine, etc.). The interaction of silver nanoparticles with microorganisms,
such as viruses, mould, bacteria and fungi, is an expanding field of research
[7, 8]. While the mechanism underlying the antibacterial actions of silver is still
not fully understood, some previous studies have shown that silver ions
penetrate the bacteria and interact with thiol groups of vital enzymes and
inactivate them, leading to cell death [9].
Furthermore, colloidal silver solutions can be taken indefinitely because
they have no side effects, the body develops no tolerance, and one cannot
overdose. Unlike pharmaceutical antibiotics, which kill beneficial enzymes,
colloidal silver leaves these tissue-cell enzymes intact. Therefore, colloidal
silver is completely safe for humans, plants and all multicellular living
organisms [10].
The purpose of this work was the development of a plastering mortar
with antibacterial properties using a commercial 25 mg/L Ag solution as an
additive. The study focuses on obtaining a plastering mortar with good
adhesion to the substrate, low water absorption by capillarity, good mechanical
and antibacterial properties.
RESULTS AND DISCUSSION
Physical-mechanical properties
The results for the physical-mechanical properties (apparent density of
hardened mortar, flexural and compressive strengths, water absorption by
capillarity and adhesion to the substrate) are shown in Table 1.
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Table 1. Technical characteristics of the mortars
Recipe

Apparent
density
[kg/m3]

Adhesion to the
support layer
[N/mm2]

Flexural
strength
[N/mm2]

RI

2210

0.211

6.93

Compressive Water absorption
strength
by capillarity
2
[N/mm ]
[Kg/(m2·min0.5)]
42.7

0.161

R II

2223

0.191

7.31

43.2

0.133

R III

2233

0.193

7.53

43.3

0.121

R IV

2237

0.211

7.61

43.7

0.135

RV

2190

0.189

7.26

42.9

0.191

Table 2 shows the influence of the commercial 25 mg/L Ag solution on
the technical characteristics of plastering mortar.
The apparent density of the hardened mortars is little influenced by the
concentration of the commercial 25 mg/L Ag solution, the values varying by
approximately ±1% compared to the apparent density of standard mortar. The
greatest variation is noted in the case of recipe IV, in which 50% of water has
been replaced with the commercial 25 mg/L Ag solution (density is 1.18%
higher compared to the density of the standard recipe). From the point of view
of apparent density, all mortars belong to the category of heavy mortars.
Regarding adhesion to the substrate, recipe R IV mortar is the best, its
adhesion being similar to that of standard mortar.
The flexural strength value of mortars developed with the commercial
25 mg/L Ag solution increases compared to that of standard mortar. The
increase manifests with the increase in the amount of colloidal water in recipes
with up to 50% commercial 25 mg/L Ag solution, in which the flexural strength
is the highest, i.e. 7.8 N/mm2 compared to 6.9 N/mm2 for standard mortar. In
the case of the 70% commercial 25 mg/L Ag solution, there is a decrease in
flexural strength compared to the mentioned recipes, but this remains higher
than the flexural strength of standard mortar.
The same phenomenon is seen in the case of compressive strength.
The best compressive strength is that of mortar with a 50% addition of commercial
25 mg/L Ag solution, having a value of 43.7 N/mm2, higher than that of the
standard recipe, which is 42.7 N/mm2.
The determination of water absorption by capillarity highlights the following
observations: (i) the coefficient of water absorption by capillarity of standard
mortar is 0.16 Kg/(m2·min0.5), which places this mortar in class W2; (ii) in the
case of recipes II, III and IV, with the increase in the proportion of water
replaced by the commercial 25 mg/L Ag solution, the value of the coefficient of
water absorption by capillarity decreases compared to standard mortar; these
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mortars fall in class W2; and (iii) the coefficient of water absorption by
capillarity in the case of recipe V increases compared to the coefficient of
recipes II, III and IV, but this fits in class W2.
Given that the studied mortars have less than 1% by mass or volume
of homogeneously distributed organic material, they are classified as fire
reaction class A1, without requiring testing.
Antibacterial effect of mortar specimens
The antibacterial efficacy of standard mortar (without colloidal silver)
and mortars containing colloidal silver in various concentrations according to
Table 3 is presented in Table 2.
Table 2. Effect of colloidal silver in mortars on the survival of four bacteria
after 24h incubation at 37°C
Escherichia coli

Pseudomonas
aeruginosa

Enterococcus
faecalis

Staphylococcus
aureus

RI

100

100

100

100

R II

0

80

85

25

R III

0

25

35

0

R IV

0

5

15

0

RV

0

0

0

0

As expected, the standard mortar R I has no inhibitory effect on the
investigated bacteria. Already after 24 h, the lowest concentration of colloidal
silver in the mortar (R II) was effective against Escherichia coli bacteria. In all
cases, a higher colloidal silver content (R V) caused 100% inhibition of bacterial
growth. The antibacterial efficacy of colloidal silver in mortars demonstrated in our
study is consistent with previous studies demonstrating the antimicrobial effect
of silver ions [11, 12], which makes them promising for combating the growth
of bacteria on interior or exterior walls.
However, these results have to be tested under the specific conditions
(moisture, temperature, surface, etc.) to which these materials would be exposed
in practical use (hospitals, nursing homes, schools, food preparation and storage
areas, etc.); probably a mixture with various organic biocides could show some
utility and interesting results.
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Silver release
The study of silver release was performed in 1 culture medium, DMEM,
and ultrapure water at different time intervals (1, 3, 6, 24 and 48 h). The
amounts of silver released at 48 h were comparable to those measured at 24 h
and consequently only the values obtained at 24 h were taken into account for this
study. The obtained results (Figure 1) are in agreement with published literature
data: the leaching solution has a significant effect on the level of leaching [12, 13].
As expected, for the mortar specimen R I, no silver release was observed
(0.01 mg/l). The level of leaching was much higher for specimens that
were immersed in Dulbecco’s modified eagle’s medium (DMEM) compared to
specimens immersed in ultrapure water (UW). Furthermore, in both releasing
solutions, higher amounts of colloidal silver in the mortar specimens resulted in
increased releasing ions: R I > R II >R III > R IV > R V.

Figure 1. Silver released (mg/L) into UW (above) and DMEM (below)
from mortar specimens containing colloidal silver
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CONCLUSIONS
The study demonstrates the possibility to develop plastering mortars
with good antibacterial properties by introducing colloidal silver instead of the
water of mortar recipes. At 28 days, all mortars with colloidal silver solution
addition have superior physical-mechanical characteristics and good antibacterial
properties compared to the standard recipe.
It can be seen that there is an upper limit of the commercial 25 mg/L Ag
solution concentration up to which these characteristics increase, after
which a slight decrease occurs. From the point of view of physical-mechanical
characteristics, the optimal recipe is that of mortar with 50% commercial 25
mg/L Ag solution, i.e. recipe R IV. According to standards in force, depending
on compressive strength at 28 days, mortar falls in class CSIV and class W2 in
terms of water absorption by capillarity. Under this framework, the obtained
mortars can be used for the improvement of hygiene and sanitary conditions in
a variety of environments such as hospitals, nursing homes, schools, food
preparation and storage areas, etc.

EXPERIMENTAL SECTION
Preparation of mortar specimens
The starting materials used in this work were ordinary Portland cement
42.5, commercial silver colloidal solution (25 mg/L) introduced in various
percentages in the water of the standard recipe, and (0-2) mm sand composed
of four fractions [(0-0.16) mm – 150 g; (0.16-0.50) mm – 300 g; (0.5-1.00)
mm – 450 g and (1.00-2.00) mm – 450 g)]. The aqueous Ag colloidal solution
was purchased from a local pharmacy.
The study was performed on 5 plastering mortar recipes (Table 3). For
standard mortar (recipe 1), a 1:3 binder-sand ratio was chosen, with the recipe
composed of 450 g Portland cement 42.5, 1350 g sand and 225 cm3 water.
For the silver solution test samples (recipes 2-5), water in the standard mortar
recipe was replaced in a 10%, 30%, 50% and 70% proportion with a commercial
25 mg/L Ag solution.
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Table 3. Mortar recipes
Recipe
RI

Commercial 25 mg/L Ag solution

Sand 0-2 mm

Cement

Water

[g]

[mL]

[%]

[mL]

[g]

450

225

-

-

1350

R II

450

202.5

10

22.5

1350

R III

450

157.5

30

67.5

1350

R IV

450

112.5

50

112.5

1350

RV

450

67.5

70

157.5

1350

Physical-mechanical properties of mortar specimens
The mortars (Figure 2) were prepared according to SR EN 10152:2001 [14], the raw materials were weighed, homogenized in dry state and
then mixed with water (R I) or with water and the commercial 25 mg/L Ag
solution (R II – R V) in the mixer.

Figure 2. Mortar test samples (recipes I–V)

The consistency of standard mortar was determined with the flow table
(Tecnotest, Italy), in conformity with SR EN 1015-3:2001 [15]. According to SR
EN 1015-2:2001 [16], for fresh mortar with an apparent density higher than
1200 kg/m3, the flow value is 175 ± 10 mm.
On the 16 cm x 4 cm x 4 cm prismatic test samples, cast and stored
for 28 days according to standards SR EN 998-1:2011 [17], SR EN 10152:2001 [18], SR EN 1015-11:2002 [19], the following physical-mechanical
determinations were performed:
- the apparent density of hardened mortar according to SR EN 101510:2002 [18];
- the mechanical flexural and compressive strengths according to SR
EN 1015-11:2002 [17]. The flexural strength was tested with the automatic
flexural tensile tester (Controls, Italy), and the compressive strength with the
250 KN hydraulic press (Tecnotest, Italy).
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- the water absorption coefficient due to capillary action according to
SR EN 1015-18:2003 [19].
- the adhesion of hardened mortar to the substrate according to SR
EN 1015-12:2001 [20], with the pull-off tester 58-C0215/T (Controls, Italy).
Evaluation of antibacterial activity
The 28-day-old-mortar samples R1-R5 were cut into small 20 x 20 x
1 mm3 prisms and dried at 80oC until a constant weight was obtained. All
manipulations for this study were performed in a laminar flow hood.
Two Gram-negative bacteria strains (G+): Escherichia coli ATCC
25922 and Pseudomonas aeruginosa ATCC 27853, and 2 Gram-positive
bacteria strains (G-): Enterococcus faecalis ATCC 29212 and Staphylococcus
aureus ATCC 29213 were used. The bacteria were used at a density of 106
CFU/mL, grown in nutrient agar no. 2 (Sigma-Aldrich, Germany) and incubated
for 24-48 h at 37oC, in darkness. The tested specimens were placed on Petri
dishes with the culture medium and inoculated with 100 L bacterial suspension,
using a sterile pipette. The inhibition zones around the wells were measured
(in mm) with a millimeter ruler. The Petri dishes were incubated again and
measured after 48 h. Since the diameters of the microbial growth inhibition
zones was comparable to that measured at 24 h, only the values obtained at
24 h were considered for this study. These experiments were repeated at least
four times with similar results.
Measurements of silver release
The mortar prisms (15 g) were submerged in 50 mL sterile centrifuge
tubes containing 20 mL sterile DMEM D5796 (Sigma-Aldrich, Germany) or
ultrapure water for 1, 3, 6, 24 and 48 h. At each point, the solid part was
separated from the rest of the solution through centrifugation at 4000 rpm for
30 min. Solutions were collected and digested with 4 mL HNO3 and 2 mL H2O2
in a closed-vessel microwave system Berghof MWS-3+ with temperature
control mode (Berghof, Germany). Samples were digested according to the
following 5-step program: (i) 5 min at 180oC and 80% power, ramp 3 min; (ii)
10 min at 220oC and 90% power, ramp 5 min; (iii-v) 5 min at 100oC and 10%
power, ramp 1 min. After cooling down to room temperature, the resulting
colorless solutions were diluted to 25 mL with deionized water. The silver
content was determined by ICP-OES (OPTIMA 5300 DV, Perkin Elmer, USA).
Three independent replicates were analyzed for each sample.
Calibration standards were prepared by dilution, with 2% (v/v) HNO3,
of the stock ICP multielement standard solution IV (Merck, Darmstadt, Germany)
1000 mg/L. All reagents (HNO3 65%, H2O2 30%) were of analytical grade and
were purchased from Merck, Darmstadt, Germany. All dilutions were prepared
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using deionized water (18.2 MΩ/cm) obtained from a Millipore Direct-Q3 UV
Ultrapure water system (Millipore, Molsheim, France). All PTFE and glass vessels
were soaked in 10% (v/v) HNO3 overnight or longer and rinsed with Milli-Q
water prior to use.
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INFLUENCE OF NI NANOPARTICLES ON GROWTH
OF DLC FILM BY PECVD TECHNIQUE
ZAHRA KHALAJa
ABSTRACT. Plasma enhanced chemical vapor deposition (PECVD) technique
is mostly used to fabricate diamond-like carbon (DLC) films on different type of
substrate. Research on DLC films has been devoted to find both optimized
conditions and characteristics of the deposited films on coated areas. In this
work, the DLC films deposition on silicon coated Nickel layer were studied.
Aluminum was used as a buffer layer, deposited directly on silicon at the room
temperature. Atomic Force Microscopy was used to characterize the surface
roughness and distribution function of the nickel nanoparticles. The DLC films
quality was studied using Raman spectroscopy and Fourier transform infra-red
spectroscopy (FTIR). The results show a lower intensity ratio of ID/IG for
DLC films by increasing the Ni deposition time on the Si/Al/Ni substrates,
providing a good quality of the DLC growth by increasing the nickel content
and reducing the average roughness of the surface to less than 4 nm.
Key words: DLC, AFM, Nickel nanoparticles

INTRODUCTION
Diamond-Like Carbon (DLC) is a material of interest to scientists
owing to its attractive properties and performances including: high hardness,
smooth surface morphology, low friction coefficient, chemical inertness,
biocompatibility, high optical transparency and ability to absorb photons
selectivity [1-4]. Function of the existence of hydrogen atoms in their structure,
DLC are categorized in two forms: hydrogenated amorphous carbon (a-C:H)
and non-hydrogenated amorphous carbon (a-C). Usually, its structure is a
network of sp2 and sp3 coordinated carbon and hydrogen atoms in different
proportions. For depositing DLC coatings, the PECVD methods are available
such as DC-bias, RF sputtering and pulsed-DC [4-8].
a
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There are a number of advantages associated with PECVD technique,
making it a very attractive method for depositing DLC films, such as low
deposition temperature, high deposition rate, and good control over stoichiometry,
cleanliness and low particulate levels [9]. For DLC deposition, there are
several problems and limitations about the substrate type. Therefore, using
a suitable interlayer may help to improve the growth rate and DLC quality
by increasing the rate of nucleation and adhesion to the substrate.
In the present study, DLC films were deposited on Si/Al/Ni thin films
using DC-plasma of C2H2 and H2 gas mixture by PECVD system. The
thickness of Al and the growth conditions for DLC were kept constant in all
samples. The Ni content is varied in different samples and the influence of
these changes on quality of DLC was investigated. The film characterization
was performed by Dektak profilometer, Atomic Force Microscopy (AFM),
Raman Scattering Spectroscopy, Fourier Transform Spectroscopy (FTIR) and
Scanning Electron Microscopy (SEM).
RESULTS AND DISCUSSION
AFM was typically performed on Si/Al coated thin films in contact mode
on 3μmx 3μm area. Figure 1 shows 2D and 3D images of the A1, A3 and A4
samples. Three dimensional images in all samples show different topography,
proving different average roughness. All the experimental conditions were
same for all the samples, as referred in the last part, except the deposition time
for Nickel Nano Particles (NiNPs). The duration of the experiments was 40
minutes for A1 which increases to 160 minutes at the same temperature for A4.
Therefore, as can be seen in Figure 1, the size distribution of NiNPs is nearly
homogeneous for all the samples. In addition, by increasing the sputtering
time, the influence of temperature results in smaller nanoparticles, which might
be related to changes in the kinetic energy of the particles. Figure 2 shows the
histogram of distribution of NiNP size on the surface of Si/Al substrates,
calculated using WSxM 5.0 software. The maximum of number of events
estimates the average of particles number and its width gives the variance of
the particles diameter. Although the distribution of the particle size is sharp for
A4 and less sharp for A3 and A1, the full width at the half maximum of particle
size distribution is not large for all of them (less than 10nm) which means the
size distribution in NiNPs is of a limited range. As the Gaussian diagram shows
for all samples, the distribution of the nickel nanoparticles on Si/Al substrates is
nearly homogenous, but the homogeneity varies due to the effect of time
duration and temperature on nickel coating. The histogram of nanoparticle
distribution may be used to interpret the distribution function of particles size.
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The 2D AFM image (Fig.1) and diagrams in Fig. 2 show that, by increasing the
time duration in the experiments, the particle size becomes smaller and the
size homogeneity increases. Using the Gaussian diagram, one can observe
that the particle size of the samples is less than 10nm.

Figure 1. Two and three dimensional AFM images: (a) A1, (b) A3 and (c) A4
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Figure 2. Histogram of NiNPs distribution on Si/Al substrates

The results of surface analysis are listed in Figure 3. The average
roughness and RMS roughness of the surface decrease by increasing the Ni
sputtering time duration [4]. In addition, the height changes, obtained from the
3D AFM images of Fig.1 using WsXM software are shown here.

Figure 3. Histogram of the roughness of Ni coating on Si/Al substrates
for different sputtering time durations and its height changes
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In our previous work [4], the mechanism of adhesion is categorized into
mechanical interlocking and chemical bonding, respectively. Mechanical
interlocking can be seen as locking by friction and locking by dovetailing [4,
10]. As our group reported elsewhere [4], by decreasing the roughness, the
surface becomes smoother. Due to the high degree of chemical bonding and
good friction coefficient of Ni nanoparticles layer in this case, there is more
adherence to the substrate surface and Nickel nanoparticles [4]. The AFM
images show that, by increasing the deposition duration, the NiNPs size was
reduced, therefore the surface becomes smoother, which can increase the
possibility of mechanical interlocking and also the solubility of carbon atoms in
NiNPs. The model of mechanical interlocking was described elsewhere [4].
Raman spectroscopy [11] is a standard nondestructive technique used
to evaluate the quality and structural properties of DLC coatings. Fig.4 (a)-(d)
shows the Raman spectra of our grown DLC films. These spectra contain
typical two broad peaks (see Fig. 4), the so-called G (labeled ‘G’ for graphite)
and D (labeled ‘D’ for disorder) peaks [12]. The G peak is attributed to the
graphite-like layers of sp2 micro domains, while the D peak is due to the bondangle disorder in the sp2 graphite-like micro domains induced by the linking
with sp3-C atoms as well as the finite crystalline sizes of sp2 micro domains
[13-15]. The results of the Raman study are listed in Table 1.
Table 1. Results of the Raman study for all substrates
Sample
Code
A1
A2
A3
A4

D Band (cm-1)
1455
1455.11
1451/05
1459.68

G Band (cm-1)
1564.49
1562.44
1550.94
1563.67

ID/IG
1.43
1.25
0.59
0.52

The position of G lines and the intensity ratio of D peak and G peak,
ID/IG, can be correlated with the sp2/sp3 bonding ratio, graphite cluster size, and
disorder in these threefold coordinated islands [14]. The Raman analysis
shows the ratio I(D)/I(G) values for the DLC coatings in the range 1.43 for A1
and 0.52 for A4 substrates. A lower intensity ratio ID/IG is connected a with
higher overall sp3 content. Therefore, we can infer that the DLC films deposited
on A4 substrate have a more sp3 content [15-17].
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Figure 4. The Raman spectra of DLC films deposited on A1, A2, A3 and A4 substrates

Fourier Transform Infrared Spectroscopy (FTIR) is a widely used
technique to analyze the bonding states of DLC films. Typical FTIR absorption
spectra of DLC coatings deposited on our substrates are shown in Figure 5.
The band appearing at 905.03 cm-1 is assigned to sp2 CH2 olefinic bonds. The
peak near 1231.12 cm-1 could be related to sp2/sp3 C-C bonds and the weak
peak near 1295.19 cm-1 may arise due to CH (olefinic) bond in sp2-type
carbon. The other absorption peaks are listed in Table 2. The C-H stretching
vibration region, observed at 2800-3200 cm-1 in the FTIR spectra of DLC films,
is very important to explain the electrical and nano-mechanical properties of
these films [4,16]. The peak located at around 2862.70 cm-1 is attributed to
sp3-CHn (n=1, 2, 3) symmetric stretching vibration modes, while the peaks at
approximately 2966.80 cm-1 are associated with asymmetric stretching modes.
The peak originated at 3292.90 cm-1 represents sp1 CH bonds.
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Table 2. Characteristic spn CHm (n and m=1, 2, 3) vibration modes
of DLCs grown on Si/Al/Ni: A2 and A3
Sample

A2, A3

Wave numbers
(cm-1)
905.03
1231.12
1295.19
1375.28
1440.50
2862.70
2966.80
3292.90

Bond type
(olef) SP2 CH2
SP2/SP3 C-C
(olef) SP2 CH
SP3 CH3
SP3 CH2
3
SP CHn (n=1,2,3)
SP3 CH2
(asymmetric)
SP3 CH3
(asymmetric)

Figure 5. FTIR absorbance spectra of DLC films deposited on Si/Al/Ni substrates

These results suggest the films grown on Ni coated silicon substrates
have a DLC structure, in good agreement with the Raman analysis. Typical
scanning Electron Microscopy (SEM) of the surface coating for A4 is shown in
Figure 6. The DLC layer of the sample were segregated in order to measure
the thickness which was done typically, using Microstructure Measurement
software (See Fig.6 (II) ).
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Figure 6. Typical SEM images of DLC deposited on Si/Al/Ni (A4)

CONCLUSIONS
In this study, DLC films were deposited on Si/Al/Ni substrates. The
Al thickness and DLC experimental conditions have been kept constant for
all samples but the Ni deposition time was increased from 40 min to
160min. The AFM results show that the particle size distribution of NiNPs
was nearly homogeneous for all the samples. In addition, by increasing the
sputtering time, the influence of temperature on the nanoparticles growth
resulted in smaller size, which might be related to changing in the kinetic
energy of the particles; as a consequence, the reduction of average
roughness of the substrate surface was observed. The RMS roughness of
the surface decreased and the surfaces become smoother with increasing
the NiNPs deposition time.
Raman analysis enabled evaluation of the intensity ratio ID/IG for the
DLC coating on the realized substrates A1 to A4. The results have shown
that by reducing the surface roughness a lower intensity ratio ID/IG can be
obtained, in connection with a higher overall sp3 content and the sp2 phase
organized rather in chain structures. As a result, high quality DLC films
have been obtained.
EXPERIMENTAL SECTION
The multilayer was synthesized on P-type silicon wafers (100) in the
size of 5×5 mm. The substrates were cleaned in acetone and rinsed with
ethanol prior to deposition. Two methods were used for deposition of multilayer:
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DC magnetron sputtering and planar DC sputtering. DC magnetron sputtering
was performed with Argon gas for Al deposition at 2x10-2Torr for 1 minute
at room temperature. The system consists of two coaxial cylinders, used as
the cathode (inner one) and anode (outer one) [17]. The plasma current
was obtained at 200mA and 600V, respectively. A nearly uniform magnetic
field, parallel to the axis of the cylinders, was generated by a coil around
the outer cylinder [17]. Fig. 7 shows the thickness measurement of the Al
thin film by Dektak3 profilometer. The thickness of the as-deposited Al layer
was about 540nm.

Figure 7. DEKTAK profilometer result, showing the thickness of Al nanolayer

A planner DC sputtering was applied for Nickel sputtering on Si/Al
substrates using Ar gas. The temperature does not exceed 200°C during the
experiment. The experimental conditions for nickel sputtering were listed in
Table 3.
Table 3. Experimental conditions for nickel sputtering on Si/Al substrates
No.

Sample

Temperature (°C)

A1
A2
A3
A4

Si/Al/Ni
Si/Al/Ni
Si/Al/Ni
Si/Al/Ni

200
200
200
200

Ni Deposition time
(min)
40
80
120
160
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Diamond-like Carbon films were produced in a DC-PECVD system.
Figure 8 shows the schematic diagram of the PECVD system.

Figure 8. Schematic diagram of the PECVD system

The pretreated substrates were mounted into an oven in the center of
PECVD chamber. The cathode was fed by a DC power supply. The DLC films
started to be deposited using acetylene for 50 minute (80 sccm gas flow at 10
Torr and a discharge voltage of 100 V). After, the experiment was continued
with the C2H2/H2 mixture plasma with 15% flow ratio, during 120 minutes. The
voltage was kept constant at 450V and the pressure inside the chamber was
12 Torr. Temperature was reached to 300°C. The schematic form of the
deposited layers was shown by a model in Figure 9.
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Figure 9. A schematic image of the DLC coated on Si/Al/Ni substrate
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ZINC QUANTIFICATION IN SELECTED PHARMACEUTICAL
PRODUCTS BY TWO ANALYTICAL METHODS
ANDREIA CORCIOVĂa, CONSTANTIN CIOBANUa, *
ABSTRACT. The aim of this study was to develop two methods that can
be used to determine the concentrations of zinc in some pharmaceutical
formulations. The first proposed method follows the formation of a red complex
between dithizone and zinc which can be spectrophotometrically determined
at 516 nm. The second method is based on the detection of zinc through atomic
absorption spectrometry, at 213.857 nm, after wet digestion of the samples.
The wet ashing method was performed using a mixture of concentrated nitric
acid and 30 % hydrogen peroxide (8:2). Both methods were evaluated in terms
of linearity, precision (repeatability and intermediate precision), recovery, limit of
detection and limit of quantification. The obtained RSD values for the analyzed
performance parameters were smaller than the maximum limits recommended
by the international standards, therefore the proposed methods can be
successfully applied for the determination of zinc in pharmaceutical formulations.
Keywords: UV-Vis spectrophotometry, FAAS, zinc-dithizone complex, method
validation

INTRODUCTION
Nowadays, the use of dietary supplements based on vitamins, micro
and macro elements is widespread. Both young and older people use these
preparations in order to compensate for deficiencies in their diet. They are
recommended both in some treatments and prophylactically. The use of these
supplements has grown in recent years and continues to grow according to a
study conducted in 2007 [1].
Zinc is the second transition metal after iron in terms of importance
therefore its level in the human body is essential to a healthy growth and
development [2, 3]. This metal is an essential constituent for many biological
processes catalysed by metalloenzymes (over 300 enzymes), zinc being
involved in lipid, protein and carbohydrate metabolisms [4]. So maintaining
a
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an optimal level of zinc in the body is very important. For this purpose, continuous
monitoring of the concentration of zinc in dietary supplements is of great
importance. This can be achieved through the development of simple methods for
rapid and accurate determination of this metal. Numerous analytical methods have
been used for this purpose and among them we mention: spectrophotometry [5],
spectrofluorimetry [6], voltammetry [7], chromatography [8], chemiluminescence [9],
capillary electrophoresis [10], atomic absorption spectrometry [11], inductively
coupled plasma mass spectrometry [12]. Although some of these methods
offer very good precision and accuracy, they require expensive and demanding
instruments. Therefore, in this study we used UV-Vis spectrophotometry
(Method 1) and Flame Atomic Absorption Spectrometry (FAAS) (Method 2)
because they are simple, rapid and their use involves minimal resources.
The FAAS method relies on a specific light wavelength which is absorbed
by the zinc atoms whereas the spectrophotometric method makes use of
ligands which bind to zinc in order to produce a coloured complex [12-14].
This paper presents the determination of zinc content in 3 pharmaceutical
preparations from Romanian market. The proposed methods were compared in
terms of sensitivity, accuracy and applicability.
RESULTS AND DISCUSSION
The reaction between zinc and alkaline dithizone is presented in figure
1, when a red complex (soluble in chloroform) is formed. In order to optimize
the spectrophotometric method, different volumes of 0.01% dithizone were used
(0.5 - 2 ml). It was observed that at levels higher than 1 ml, the colour of the
complex is masked by the colour of dithizone.
Therefore, different amounts of alkaline ammonium citrate solution were
used, establishing the optimum volume at 2 ml.

Figure 1. Reaction of zinc with dithizone [15]
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Analytical validation
The methods proposed by us were validated according to the ICH
recommendations for validation of analytical procedures [16].

Figure 2. Calibration curves for the spectrophotometric method (a)
and for the AAS method (b)

Linearity: for method 1, the results showed good relationship over the
concentration range 0.5 - 10 mg/L and for method 2, the analytic response
was linear in the range of 0.25 – 3 mg/L. The linear regression equations were
found to be y = 1.3502x + 0.09274 for method 1 and y = 0.40915x + 0.09947
for method 2. Figure 2 presents the obtained calibration curves and Table 1
shows the statistical data regarding zinc determinations.
Table 1. Statistical data and validation parameters for zinc determination
Parameter
Regression analysis
Slope
Intercept
Standard error
Regression coefficient (r2)
Validation parameters
Linearity (mg/L)
Limit of detection (mg/L)
Limit of quantification (mg/L)

Method 1

Method 2

1.3502
0.0927
0.0174
0.9991

0.4091
0.0994
0.0041
0.9938

0.5 - 10
0.4257
1.2901

0.25 – 3
0.0078
0.0238
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Accuracy: this parameter represents the closeness of the obtained
results to the true theoretical value [17]. The accuracy and reliability of the
proposed methods were evaluated by recovery studies of standard addition
method (Table 2). The lowest average recovery for all analyzed samples
was 98.62 % and the highest 103.1 %, therefore, any change in the active
substance concentration can be accurately determined using the proposed
methods.
Table 2. Accuracy data for the proposed methods (n = 9)
Added conc.
(mg/L)
2.500
5.000
7.500
Added conc.
(mg/L)
0.850
1.600
2.400

Method 1
Absorbance ±
Recovered conc. % Recovery ±
SD*
(mg/L) ± SD*
SD*
0.0015 ± 0.0001
0.4303 ± 0.0019
2.499 ± 0.100
100.0 ± 0.57
0.7631 ± 0.0033
4.976 ± 0.030
99.52 ± 0.64
1.1090 ± 0.0014
7.526 ± 0.070
100.3 ± 1.00
Method 2
Absorbance ±
Recovered conc. % Recovery ±
SD*
(mg/L) ± SD*
SD*
0.0456 ± 0.0006
0.4424 ± 0.0070
0.838 ± 0.017
98.59 ± 2.03
0.7748 ± 0.0081
1.650 ± 0.019
103.12 ± 1.23
1.0864 ± 0.0146
2.412 ± 0.035
100.5 ± 1.48

* Standard deviation of the mean

Precision: the precision of the proposed methods was determined by
studying repeatability and intermediate precision. Table 3 presents the
repeatability values (expressed as % RSD), which were less than 2 for both
methods [18]. These results indicate the precision under the same operating
conditions over a short period of time. Intermediate precision presented in
Table 4, expresses the results obtained in the same laboratory in different
days. With respect to the intermediate precision study, the values for RSD
were within the acceptable limits recommended by the international guidelines.
LD (Limit of detection) and LQ (Limit of Quantitation): for method 1 LD
and LQ were found to be 0.4257 mg/L and 1.2901 mg/L, respectively, and for
method 2, LD and LQ were found to be 0.0078 mg/L and 0.0238 mg/L,
respectively.
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Table 3. Results of repeatability study (n = 6)
No
1.
2.
3.
4.
5.
6.
Average
SD*
% RSD**

Absorbance
Method 1
Method 2
0.7519
0.7713
0.7498
0.7718
0.7510
0.7716
0.7508
0.7696
0.7522
0.7856
0.7518
0.7771
0.751
0.774
0.001
0.006
0.119
0.775

* Standard deviation of the mean
** Relative standard deviation

Table 4. Intermediate precision study (n = 3)

Method 1

Method 2

Concentration (mg/L)
Day 1
Day 2
Day 3
2.50
2.49
2.48
4.95
4.96
4.96
7.59
7.55
7.43
0.86
0.85
0.82
1.61
1.59
1.67
2.41
2.37
2.42

Mean (mg/L) ± SD*

% RSD**

2.49 ± 0.00
4.96 ± 0.00
7.52 ± 0.07
0.84 ± 0.02
1.62 ± 0.03
2.40 ± 0.02

0.33
0.10
0.90
2.02
2.09
0.90

* Standard deviation of the mean
** Relative standard deviation

Application of the proposed methods for pharmaceutical formulations
Both methods have been applied for the determination of zinc in 3
dietary supplements containing just zinc as an active principle (tablets). Table
5 shows the average of 3 determinations for each analyzed sample, expressed
in mg zinc/tablet and their recovery values. The samples were analyzed daily
for three consecutive days.
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Table 5. Zinc concentrations found in analyzed samples
Sample
Sample 1
15 mg
zinc/tablet
Sample 2
10 mg
zinc/tablet
Sample 1
5 mg
zinc/tablet

Day 1
Day 2
Day 3
Day 1
Day 2
Day 3
Day 1
Day 2
Day 3

Method 1
mg found/
% Recovery
tablet ± SD*
14.86 ± 0.72
99.06
15.20 ± 0.22
101.33
14.92 ± 0.68
99.46
9.92 ± 0. 82
99.20
9.97 ± 0.75
99.70
10.11 ± 0.90
101.1
5.09 ± 0.54
101.8
5.01 ± 0.39
100.2
4.98 ± 0.61
99.60

Method 2
mg found/
% Recovery
tablet ± SD*
14.94 ± 0.13
99.60
14.77 ± 0.19
98.46
14.90 ± 0.19
99.33
9.92 ± 0.04
99.20
9.92 ± 0.08
99.20
9.51 ± 0.13
95.10
5.12 ± 0.05
102.4
5.04 ± 0.07
100.8
5.09 ± 0.09
101.8

* Standard deviation of the mean

The obtained results are in accordance with the limits imposed by the
British Pharmacopoeia ed. 2013, Tablets Monograph [19] and the European
Pharmacopoeia 8.0 [20].
CONCLUSIONS
A possible element of originality presented in this paper could be
represented by the development, validation and application of a HR-CS-AAS
method for the determination of zinc in dietary supplements which contain only
zinc as an active principle.
Both methods are precise, simple, however each has its advantages
and disadvantages. While the used spectrophotometric method is time
consuming and needs more reagents, the FAAS is more sensitive, faster and
uses smaller quantities of reagents. On the other hand, the UV-Vis method is
cheaper and doesn’t require sophisticated equipment. In conclusion, it has
been demonstrated that the proposed methods can be successfully used for
the determination of zinc in pharmaceutical preparations containing zinc as an
active substance.
EXPERIMENTAL SECTION
Reagents
Zinc sulphate (ZnSO4 7H2O) and dibasic ammonium citrate were
purchased from Chimopar SA, Romania; Dithizone was supplied by Sigma
Aldrich and Chloroform, 65% Nitric acid, 30% Hydrogen peroxide were purchased
72

ZINC QUANTIFICATION IN SELECTED PHARMACEUTICAL PRODUCTS BY TWO ANALYTICAL METHODS

from Chemical Company, Romania. The calibration curve for Method 2 was
prepared using an ICP multi-element standard solution VIII (0.1 mg/ml) which was
supplied by Merck, Germany. All used reagents were of analytical grade. Double
distilled water (DDW) was used throughout the experiment.
The analyzed pharmaceutical products were purchased from the local
pharmacies in city of Iasi, Romania, between January and March 2014. The
samples consisted of 3 types of tablets containing 15 mg zinc/tablet, 10 mg
zinc/tablet and 5 mg zinc/tablet.
Preparation of reagent solutions
Dithizone solution 0.1 %: 0.1 g dithizone were dissolved in 100 ml
chloroform and kept in brown bottles for one week;
Dithizone solution 0.01 %: 10 ml dithizone solution 0.1 % were mixed
with 50 ml ammoniac 250 g/l in a separating funnel and stirred. The chloroformic
layer was removed and the extraction was repeated 4 times, each time with 10 ml
chloroform. The aqueous layer was filtered and introduced in another separating
funnel along with 100 ml chloroform and hydrochloric acid 1/1 until pH = 1. The
mixture was vigorously shaken after which the chloroformic layer was separated,
washed with DDW several times and filtered through anhydrous sodium sulphate.
This solution was prepared when needed.
Alkaline ammonium citrate solution: 25 g of dibasic ammonium citrate
were dissolved in 50 ml DDW after which 50 ml of 28 % ammonium hydroxide
were added.
Stock solution: zinc sulphate is highly soluble in water, but for a greater
stability of the solution, HCl 0.1 M was used. 0.0879 g of ZnSO4 7H2O were
dissolved in 100 ml HCl 0.1 mol/L in order to obtain a concentration of 200 mg/L.
After preparation, the stock solution was stored at low temperature.
Apparatus
For the UV-Vis spectrophotometric method a Jasco V 530 double beam
UV-Vis spectrophotometer was used. All the measurements were made in 1.0 cm
quartz cells at a scan speed of 1000 nm min-1 and a scan range of 400-800 nm,
fixed slit width of 2 nm.
For the FAAS method a high resolution continuum source flame atomic
absorption spectrometer (ContrAA 300, Analytic Jena, Germany) was used.
The working conditions consisted of: a mixture of air and acetylene as fuel with
a flow of 50 L/h, the burner high was 6 mm and the flame burner was 100 mm in
length. The device is equipped with a detector CCD (Charge Coupled Device). In
HR-CS-AAS, the background correction is carried out based on various algorithms
that are implemented in the software of the atomic absorption spectrometer [21].
The instrumental parameters were optimized in accordance with manufacturer's
recommendations.
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The procedure of the methods
Method 1: from each prepared solution, a volume of 1 ml was brought
to a separating funnel. 2 ml of alkaline ammonium citrate solution and 1 ml of
0.01% dithizone were added and repeated extractions with 5 mL chloroform
were performed until the colour of the formed complex disappeared. The
absorbance was determined at 516 nm against a blank containing dithizone.
Method 2: the mixture was treated with 8 ml 65% nitric acid and 2 ml
30% hydrogen peroxide in Erlenmeyer flasks. The mixture was subjected to
reflux boiling for 4 hours at 140°C using a heating plate. After cooling, the
content of the beakers were quantitatively transferred into 100 ml volumetric
flasks. The volumes were made up with DDW and filtered. The obtained solutions
were analyzed for zinc at 213.857 nm using a flame atomic absorption
spectrometer.
Method validation
The method was validated in terms of linearity, accuracy, precision
(repeatability and intermediate precision), limit of detection, limit of quantitation.
Linearity: to establish the linearity of the proposed methods, five dilutions
were prepared from the stock solution (0.5 mg/L, 2.5 mg/L, 5.0 mg/L, 7.5 mg/L
and 10 mg/L for Method 1). For Method 2, another five dilutions were prepared
from the ICP multi-element standard solution (0.25 mg/L, 0.75 mg/L, 1.5 mg/L,
2 mg/L and 3 mg/L). The calibration curves were constructed as concentration
vs. absorbance (Figs. 2 and 3).
Accuracy: the standard addition method was performed. To determine
the accuracy of the spectrophotometric method, 3 concentration levels were
used (2.5 mg/L, 5.0 mg/L and 7.5 mg/L) and for each level 3 determinations
were performed; the concentrations were calculated using the calibration curve
equation. In order to check if the FAAS method is accurate, the samples were
spiked with known concentrations of analyte (0.85 mg/L, 1.6 mg/L, 2.4 mg/L)
and then wet digested and analyzed.
Precision: precision of the method was evaluated as repeatability (intraday
variation) and intermediate precision (interday variation). The repeatability studies
were carried out by analyzing samples containing 5 mg/L concentration (method 1)
and 1.6 mg/L concentration (method 2) for six times in the same day. Intermediate
precision was determined by analyzing three concentrations (2.5 mg/L, 5.0 mg/L
and 7.5 mg/L) for method 1 and (0.85 mg/L, 1.6 mg/L, 2.4 mg/L) for method 2,
daily for three days.
Detection limit and quantitation limit: the limit of detection and limit of
quantitation for zinc by method 1 was calculated using the calibration curves.
LD and LQ were calculated as 3.3·σ/S and 10·σ/S, respectively, where σ is the
standard deviation of y-intercept of the regression equation and S is the slope
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of the calibration curve. For method 2, LD and LQ were calculated as 3.3·σ/S
and 10·σ/S, where σ represents the standard deviation of 11 blank determinations
and S is the slope of the calibration curve.
Application of the proposed method for pharmaceutical formulations
Prior to analysis, 20 tablets were weighed, their average mass was
calculated, after which they were manually grinded using a mortar and pestle,
homogenized and sieved through a 1 mm pore diameter plastic sieve.
Quantities of homogenized powder equivalent to 15, 10, 5 mg zinc/tablet
were weighed and analyzed according to the proposed methods. For method 1,
the mixed powder was quantitatively transferred with HCl 0.1 mol/L in 100 ml
volumetric flasks, stirred on a magnetic stirrer for 20 minutes, filtered through
Whatman paper and then filled to 100 ml with DDW. Samples were labeled:
sample 1 (15 mg zinc/tablet), sample 2 (10 mg zinc/tablet), sample 3 (5 mg
zinc/tablet). The concentrations of zinc were determined in solution after
suitable dilutions to fit the linear ranges.
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COMPARATIVE EVALUATION OF SOME MINOR- AND
MAJOR ELEMENT CONTENTS IN COMMERCIAL YOGURTS
OANA CADARa*, MIRELA MICLEANa, MARIN SENILAa,
ALEXANDRA HOAGHIAa, MANFRED SAGERb

ABSTRACT. The content of 10 minor and major elements (Cr, Cu, Fe, Mn,
Zn, Na, K, Ca, Mg and P) was quantified by inductively coupled plasma optical
emission spectrometry (ICP-OES) in 15 commercial plain and fruit mixed
yogurts, purchased in supermarkets from Romania. Results of both minor and
major elements were found mostly similar in all varieties of yogurt studied.
The concentrations in mg/kg fresh weight were: Cr (0.25), Cu (0.30-0.56),
Fe (0.53-1.23), Mn (0.42-0.83), Zn (2.56-3.69), Na (325-522), K (999-1356),
Ca (932-1206), Mg (82-113) and P (924-1001). Some of the essential elements
were found to have good and healthy contribution to daily nutrition of consumers
in accordance to Recommended Dietary Allowance (RDA).
Keywords: yogurt, minor elements, major elements

INTRODUCTION
Milk and dairy products are important components of human nutrition.
Fresh fermented dairy products such as yoghurt are widely consumed foods in
many countries due to their potential health benefits for humans and nutritional
properties [1-3]. Compared with milk, the mineral concentrations (K, Ca, Mg, P
and Zn) are higher in yogurt by nearly 50% [4]. Yogurt is a fermented milk
product obtained by fermentation of milk with bacterial cultures Lactobacillus
bulgaricus and Streptococcus thermophiles. Large numbers of these bacteria
remain viable in the product until the time of consumption [5, 6]. Yoghurt is one
a
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of the dairy products whose sales continues to increase due to the diversification
of the range available including different flavors (plain, sweetened with fruits or
dried fruits, flavored), textures and consistencies (firm, liquid, shakes, smooth,
frozen) [7-9].
Yogurt and other fermented dairy products are a good source of nutrients,
such as: proteins, fat, important vitamins, major minerals, enzymes and probiotic
bacteria [10-12]. The mineral content yogurt is variable due to the factors such as
differences between animal species, geographical origin of milk, manufacturing
practices and possible contamination from the equipment during the processing.
Beside calcium, considered the most important nutrient for bone health, yogurts
are a good dietary source of essential and very important elements (like copper,
chromium, manganese and zinc) for normal metabolism, growth and development
[13].
Although, there are numerous bibliographic references on the major and
minor element levels in bovine milk, only several studies have been reported
for dairy products, such as yogurt. For the determination of minor and major
elements, several analytical techniques have been used: graphite furnace atomic
absorption spectrometry, GF-AAS [14], flame atomic absorption spectrometry,
FAAS [15-17], inductively coupled plasma optical emission spectrometry, ICPOES [10, 18], inductively coupled plasma-mass spectrometry, ICP-MS [19, 20],
X-ray fluorescence spectrometry, XRF [5] Also, sample preparation is an
important step in elemental analysis; microwave digestion has many advantages
in comparison with open vessel digestion: short experimental time, low reagent
consumption, good recoveries and enhanced operator safety [21].
The objective of this study was the determination of the minor and
major element compositions in 15 commercial yogurts (plain and fruit mixed).
The study is focused on those essential elements which can be easily determined
by ICP-OES, namely Cr, Cu, Fe, Mn, Zn, Na, K, Ca and Mg. The obtained results
were used to assess their daily intake and contribution to the recommended
dietary allowance (RDA) values.

RESULTS AND DISCUSSION
In order to check the accuracy of the method, CRM (NIST-1549 Nonfat milk powder) was analyzed for the determination of Na, K, Ca, Mg, P, Al,
Cu, Fe and Zn (Table 1). The recovery value means of all the investigated
elements were found to be in the range of 97.4-103%.
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Table 1. Analysis of certified reference material (NIST 1549)
Certified valuea
(mg/kg)
Na
0.497 ± 0.010b
K
1.69 ± 0.03b
Ca
1.30 ± 0.05b
Mg
0.120 ± 0.003b
P
1.06 ± 0.02b
Cu
0.700 ± 0.100
Fe
1.78 ± 0.10
Mn
0.26 ± 0.06
Zn
46.1 ± 2.2
a
Mean±standard deviation
b
Concentration in mass fraction (%)
Element

Obtained valuea
(mg/kg)
0.514 ± 0.043
1.70 ± 0.08
1.28 ± 0.03
0.119 ± 0.006
1.08 ± 0.08
0.694 ± 0.051
1.80 ± 0.17
0.253 ± 0.031
46.6± 1.1

Recovery
(%)
103
101
98.7
98.9
102
99.1
101
97.4
101

The obtained mean concentrations and standard deviations of
analyzed elements in both evaluated type of yogurt (plain vs fruit mixed) are
presented in Table 2. The elements were categorized into major elements
(concentration more than 100 mg/kg) and minor elements (concentration
below 100 mg/kg and decreasing order: Zn>Fe>Mn>Cu>Cr). In general terms,
the concentrations of most analyzed elements were quite uniform and without
relevant differences between brands. Furthermore, there were no significant
differences in concentrations between investigated plain and fruit mixed yogurt
samples.
Table 2. Concentrations of minor and major elements (mg/kg fresh weight)
in yogurt samples
Element /
wavelength (nm)
Minor elements
Cr / 267.7
Cu / 327.4
Fe / 238.2
Mn / 257.6
Zn/ 213.9

Plain yogurta
(n=10)

Fruit mixed yogurta
(n=5)

0.25
0.25
0.38 ± 0.10
0.32 ± 0.10
0.74 ± 0.20
0.92 ± 0.27
0.64 ± 0.12
0.58 ± 0.11
3.05 ± 0.76
2.78 ± 0.56
Major elements
Na / 589.6
424 ± 54
401 ± 48.0
K / 769.9
1234 ± 89
1102 ± 101
Ca / 317.9
1045 ± 102
945 ± 76.0
Mg / 279.1
123 ± 24.0
98.0 ± 18.0
P / 213.6
975 ± 10.0
940 ± 11.0
a
Values are mean ± standard deviations of three (n=3) measurements.
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Major elements. In all cases, plain yogurt got the highest major element
contents. K was found to be the quantitatively most outstanding of the investigated
elements with levels between 1234 mg/kg in plain and 1102 mg/kg in fruit mixed
yogurt, respectively. The other major elements follow the descending order:
Ca>P>Na>Mg in terms of their content. There were no statistically significant
differences between the concentrations of plain and fruit mixed yogurts (p < 0.05).
The levels of major elements found in dairy yogurt were comparable with
those reported in other studies: Na (356-732), K (946-1630), Ca (796-1405 mg/kg)
and Mg (78.5-158) mg/kg fresh weight [3, 10, 22]. The obtained concentrations
for P were higher than those found in the most consumed trademarks of yogurt
in Spain (627-858 mg/kg fresh weight) [3].
Minor elements. Zn was the most abundant minor element in both
types of yogurt (3.05 in plain and 2.78 mg/kg in fruit mixed yogurt) followed by
the other minor elements, ranked in descending order, Fe>Mn>Cu>Cr in plain
yogurt and Fe>Mn>Cu>Cr in fruit mixed yogurt, respectively. The considerable
amount of Fe and Mn may be due to the contamination during manufacturing,
packaging processes and transport [14].
The obtained values of minor elements were lower than those reported
for Turkish yogurt (1.73 mg/kg Fe, 0.71 mg/kg Cu and 4.51 mg/kg Zn) [18]. In
comparison with Korean yogurt determined by Khan et al. 2014 [19], the obtained
values for Zn and Cr were lower (Zn - 4.7 mg/kg and Cr - 0.271 mg/kg) while
those obtained for Cu and Mn were higher (Cu - 0.158 mg/kg and Mn - 0.080
mg/kg). The higher levels of Fe could be attributed to addition of fruit pieces
which cause an increase in the concentration of mineral, but also to the existence
of enriched yogurts with minerals (Na, K, Ca, Zn or elements which are deficient
in the milk: Fe and Mn) [15]. The minor element contents of the yogurt samples
from this work were within the concentration ranges in yogurts consumed in
Spain, Cr (0.01-0.06), Cu (0.035-0.46), Fe (0.2-3.6), Mn (0.02-0.04) and Zn
(2.09-4.65) mg/kg fresh weight, reported by Luis et al. 2015 [10] and LlorentMartinez et al., 2012 [20]. Several authors have shown that yogurt and milk (the
raw material of this product) have similar mineral composition. Milk composition
may vary according to factors such as breed, age, mammary gland health,
genetic background, lactation stage, feeding and season) [12, 14, 22].
Table 3 present the obtained results for investigated major and minor
nutritional elements (the percentage of contribution to RDA is calculated for
each element, considering the intake of one yogurt/day). The RDA data (the
levels of intake of essential nutrients considered to be adequate to meet the
needs of practically all healthy persons) use in this study, are those provided
by the Commission of the European Communities, 2008 and World Health
Organization (WHO), 2012 [23, 24]. The concentration of Cr in all yogurt samples
was below the limits of quantification (0.25 mg/kg). Thus no conclusion can be
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drawn regarding the coverage of RDA for Cr. Furthermore, no harmful impacts
caused by this element through high consumption of yogurt are to be expected.
As a result, the investigated minor and major elements were found to have good
nutritional contribution in accordance to RDA. However, it must be considered
that yogurts are not the only sources of major and minor elements.
Table 3. Mean daily and percentage of contribution to RDA for
investigated nutritional elements in yogurts
Element /
Mean daily intakeb
RDAc
Levela (mg/kg)
yogurt
(mg)
(mg)
plain
53.0
424
Na
200d
fruit
401
50.1
plain
154
1234
K
2000
fruit
1102
138
plain
131
1045
Ca
800
fruit
945
118
plain
15.4
123
Mg
375
fruit
98.0
12.3
plain
122
975
P
700
fruit
940
118
plain
0.05
0.38
Cu
1
fruit
0.32
0.04
plain
0.09
0.74
Fe
14
fruit
0.92
0.12
plain
0.08
0.64
Mn
2
fruit
0.58
0.07
plain
0.38
3.05
Zn
10
fruit
2.78
0.35
a
Mean concentrations (Table 2);
b
Calculated on the basis of the intake of one yogurt (approx. 125 g);
c
EC Commission directive, 2008;
d
World Health Organization (WHO), 2012.

%RDA
26.5
25.1
7.71
6.89
16.3
14.8
4.10
3.27
17.4
16.8
4.75
4.00
0.66
0.82
4.00
3.63
3.81
3.48

CONCLUSIONS
In this paper, the determination of macro and trace elements in plain
and fruit mixed commercial yogurts has been carried out using microwave
digestion with nitric acid and hydrogen peroxide, followed by ICP-OES analysis.
Results of both minor and major elements were found mostly similar in all
studied yogurt. The levels of investigated essential elements in commercial
yogurts were appropriate and thus yogurt having a positive contribution to daily
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nutrition of consumers in accordance to Recommended Dietary Allowance
(RDA). Metal concentrations in yogurt are conditioned by the composition of the
initial milk and the technological procedures used in dairy product processing.
EXPERIMENTAL SECTION
Reagents, standard solutions and CRMs
The calibration standards were prepared by appropriate dilution of the
ICP multielement standard solution IV (Merck, Darmstadt, Germany) 1000 mg/l of
Cr, Cu, Fe, Mg, Zn, Na, K, Ca, Mg and Phosphorous ICP Standard 1000 mg/l
P in 2% (v/v) HNO3. All reagents (HNO3 65%, H2O2 30%) were of analytical
grade and were purchased from Merck, Darmstadt, Germany. The certified
reference material (NIST-SRM 1549 Whole milk powder) was obtained from
LGC Promochem GmbH, Wessel, Germany. For all dilutions, ultrapure water
(resistibility 18.2 MΩ/cm) obtained from a Millipore Direct-Q3 UV system
(Millipore, France) was used. All PTFE and glass vessels were soaked in 10%
HNO3 for at least 24 h and rinsed extensively with Milli-Q water prior to use.
Sampling
A total of 15 samples of yogurts (10 plain and 5 fruit mixed) from the
five major producers were bought from local supermarkets in NW Romania.
The samples were purchased in triplicate at different times during September
to December, 2014. The selected brands cover more than 75% of the yogurt
market in this region, a rate that can also be applied to Romania, where these
brands are also distributed. After transport to the laboratory, the yogurt
samples were kept in their original packages and stored at 4oC until analysis.
Sample preparation
0.5 g of each sample was weighted and carefully transferred to a
Teflon reaction vessel and 5 ml HNO3 65% and 2 ml H2O2 30% were added.
Samples were left on the bench to pre-digest overnight at room temperature.
The vessels were closed and the samples were digested in a closed-vessel
microwave system Berghof MWS-3+ with temperature control mode (Berghof,
Germany), according to Ayar et al. [14]. After cooling down to room temperature,
the completely clear and colorless solutions were quantitatively transferred to
25 mL volumetric flasks and diluted to the mark with double deionized water.
Certified reference material NIST 1549 and blank, consisting of deionized water
and reagents, were prepared in the same way as the sample. All determinations
were carried out in triplicate.
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Instrumentation
The major and minor element contents were determined by ICP-OES
(OPTIMA 5300 DV, Perkin Elmer, USA) equipped with an ultrasonic nebulizer
CETAC U-6000AT+ with heater/condenser (CETAC Technologies, USA). The
working conditions were: approximate RF power, 1.3 kW; nebulizer gas, 0.8
L/min; plasma gas, 15 L/min; auxiliary gas, 2.0 L/min; sample flow, 1.1 L/min;
axial viewing; background correction, 2-point. The analytical emission lines were
selected as the most sensitive ones. The calibration range for all evaluated
elements was made from 0.005 to 5 mg/l.
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EVALUATION OF BIOCHEMICAL CHANGES OCCURING IN
“NĂSAL” CHEESE DURING THE RIPENING STAGES
ALEXANDRU-FLAVIU TĂBĂRANa, SORIN DANIEL DANa,
ALEXANDRA TĂBĂRANa*, CONSTANTIN BELEa, CORNEL CĂTOIa,
MIHAI BORZANa, GABRIEL VALASUTEANa, MARIAN MIHAIUa
ABSTRACT. “Năsal” cheese is the only sort of Romanian cheese with mould,
being unique also by its processing technology and sensorial characteristics.
This study is the first complex investigation which focuses on the biochemical
changes occurring during the ripening stages of this cheese pointing out its
nutritional value. This type of cheese is characterized by a high total solids
(45.92%), fat (40.3%) and protein (19.3%) contents at the end of the ripening
process. All these biochemical compounds increased during the ripening process,
starting from day 20 until day 60, the values being statistically different (p<0.05).
The increase in values was noticed also in the fatty acids profiles, the most
abundant saturated fatty acids being C14:0, C16:0 and C18:0. The most
statistically significant increase (p<0.001) in quantity during the three stages of
ripening analysed, was noticed in case of C4:0, C8:0, C14:0. The ripening applied
influences significantly the concentrations of unsaturated fatty acids, favouring
the increase in C16:1, C18:1, C18:2, C18:3n3. We concluded that “Năsal” cheese
holds a great nutritional value, the ripening period having a strong influence on
the amounts of biochemical compounds. Compared to other type of not-ripened
cheese, this type stands out by its higher amount of unsaturated fatty acids,
essential in human diet.
Keywords: fatty acids, ripen, unsaturated, protein, total solids.

INTRODUCTION
Along the years, cheese processing has evolved from traditional art
to science. A lot of cheese varieties have been developed and tested for
different environmental conditions in order to meet the highly pretentious
a
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requests of the consumers. It is estimated that currently there are over 2000
cheese varieties [1], and this list is in continuous growing. Each of these sorts
of cheese has a specific particularity, either due to the milk used, processing
technology or ingredients.
The uniqueness of cheese sorts develop especially during the
ripening stages, being influenced by the starter cultures used [2; 3]. One of the
most complex biochemical events that take place during ripening is proteolysis.
Researches concerning the pathways for the catabolism of free amino acids
during ripening have been published in previous years [4; 5; 6; 7] but still it has
not been fully elucidated [8]. Lipolysis is another process that occurs during the
ripening process. The free fatty acids released during lipolysis along with the
volatile compounds and the proteolysis products contribute directly to cheese
flavour [4, 9]. Cheese flavour is one of the most important criteria determining
consumer choice and acceptance [10].
In Romania, the ripened dairy products originate from various
areas of production, each having their characteristics and nutritional qualities.
“Telemea” cheese represents 60% of all kinds of cheeses produced in
Romania, having particular nutritional characteristic influenced by the milk,
processing technology and area of production. For that matter there are a
number of researches that have studied the dynamics of biochemical compounds
during the ripening stages.
“Năsal” cheese is part of this category of fermented cheeses, soft
content, made from cow milk. On its surface there is a bacteria substrate
due to the development of Brevibacterium linens, which gives the particularity
of this product. This bacterium transforms the cheese components offering
its specific taste and consistency, not being necessary the artificial adding
of mould spores which often are needed in specific French cheeses. This
cheese holds an important value to the traditional production of cheese in
Romania, given the fact that it is the only one with this particular technology
of processing. The ripening is made in a special environment (Ţaga cave)
that favours the development of Brevibacterium linens. In this cave, the
temperature and air humidity are constant during the entire year, ensuring
the production of characteristic cheese, appreciated of having exquisite
sensorial features [11].
Given the particularities of “Năsal” cheese, the aim of our study was
to evaluate the changes in the biochemical composition during the ripening
stages and to assess its nutritional value compared to another type of cheese.
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RESULTS AND DISCUSSION
The biochemical analysis of the „Năsal” cheese has revealed that the
fat percentage shows a consistent upper trend during the ripening stages, from
28.4 ± 0.76 g% within day 20 of ripening to 40.3 ±1.37 in the last stage
(day 60). The differences noticed were statistically different (p<0.05) when
comparing the three stages of „Năsal” cheese ripening.
Fat %
Protein %
Dry matter %

g%

40

20

0

Day 20

Day 40

Day 60

Figure 1. The compositional parameters percentage values
according to the ripening stages

The protein values showed also a slight increase from day 20 of
ripening (18,39 ± 0.45) compared to day 60 (19,3 ± 0.34), possibly due to the
specific environmental conditions of Ţaga cave which has a specific humidity.
Our results are in conformity with the ones found by Pappa et al. (2007) [12],
which noticed that in the first day of „Telemea” cheese ripening, the average
value of proteins was 15.03±0.52% and in two months of ripening increased to
16.74±0.13%. Not all studies obtained the same results, some of them showing a
decrease in values during the ripening stages of cheese. Hui and Evranuz (2012)
[13] showed a decrease in the content of protein during the ripening stages,
explaining that this process is a consequence of various humidity values and the
loss of protein components in the brine. We noticed that due to the environmental
rippening condition particularities of „Năsal” cheese (higher humidity) the protein
content is affected, the caseins being prevented from fragmenting.
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The dry matter increased during the ripening stages from 43.38±1.40
g% to 45.92±1.68 g%. During the ripening process, it was noticed that in the
first stage of ripening, 5.49% from the total amount of samples, showed lower
values compared to the limits imposed by the legislation ((minimum 42%) [11].
In the second stage (day 40), only 2.19% showed lower values than the
standards, and at the end of the ripening stages, all samples were in conformity.
From the statistical evaluation, the fat/dry matter fraction presented a
uniform trend during the entire rippening stage, from 47.13±0.80 in the first
stage of rippening to 47.03±2.79 in the last stage (day 60). From the total amount
of examined samples, only 1.1% were in between the minimum admissible
limits for this type of cheese (fat/dry matter > 50). This is a concerning fact given
that almost all samples examined were not in conformity with this parameter.
Pappa et al. (2007) [12] showed higher values regarding this parameter (54%).
The same upper trend was noticed by Pappa (2006) [14], the value increasing
from 43.2% in the first day of ripening to 55.4% after two months of ripening.
The processing technology of this particular type of cheese allows the
mainting of a high proportion of fatty acids. However, as seen in table 1, there
are a series of significant changes statistically interpreted (p<0.05) between
the values obtained before ripening (day 0) and after ripening (day 60).
Table 1. Values of fatty acids in Năsal cheese during the ripening period
Free fatty acid
Butyric
Caproic
Caprylic
Capric
Lauric
Miristic
Miristoleic
Palmitic
Palmitoleic
Stearic
Oleic
Linoleic
Linolenic
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Symbol
C4:0
C6:0
C8:0
C10:0
C12:0
C14:0
C14:1
C16:0
C16:1
C18:0
C18:1
C18:2
C18:3n3

Day 0
0.69
1.74
1.68
5.20
1.64
11.73
0.32
31.60
1.13
12.15
13.78
2.10
1.03

Ripening stage (%)
Day 20
Day 40
0.75
0.82
1.68
1.79
1.57
1.67
5.45
5.55
1.72
1.75
11.64
11.94
0.22
0.24
32.10
32.50
1.23
1.43
12.22
12.62
13.82
13.84
2.23
2.13
1.13
1.23

Day 60
1.12
1.97
1.82
5.45
1.55
12.15
0.34
32.60
1.53
12.64
13.86
2.16
1.53
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The fatty acid profile in “Năsal” cheese samples taken before ripening
(day 0) revealed essential concentrations of stearic, palmitic and oleic acids
and lower values of linoleic, capric, butyric and linolenic acids. After only 20 days
of ripening significant changes (p<0.05) were noticed. The C18:1, C16:0, C18:0
and C4:0 increased in values while the concentrations of C14:0, C8:0 and C6:0
decreased; these changes were similar during the entire period studied, no matter
the season of sampling. After 40 days of ripening, statistically significant changes
were revealed in case of C6:0, C10:0, C16:0, C16:1, C18:1 and C18:3n3
(p<0.05) which increased in values compared to day 0 of ripening. The period of
ripening changes significantly the concentrations of fatty acids, favouring the
increase in C16:1, C18:1, C18:2, C18:3n3 as seen from the results obtained
after 60 days of ripening.

Figure 2. Chromatogram of fatty acids methyl esters in “Năsal” samples
after 20 days of ripening

The most statistically significant increase (p<0.001) in quantity was
noticed in case of C4:0, C8:0, C14:0. This increase can be explained by the
fact that the lipases (originated mainly in milk and microorganisms) involved in
cheese ripening, hydrolase preferentially the short and medium chain fatty
acids [15,16].
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SD = standard deviation; NS = not significant P > 0.05,
* Significant : P < 0.05; ** P < 0.01; *** P<0.001

Table 2. The averages fatty acids values in “Năsal” cheese ripened
60 days compared to not ripened fresh cheese
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Our results are similar with the ones found by Olmedo and Coll-Hellin
(1976) [17] at the traditional ripened sheep cheese and those revealed by
Gattuso and Fazio (1980) [18] in the Italian ripened cheese.

Figure 3. Chromatogram of fatty acids in “Năsal” cheese sampled
after 60 days of ripening

After applying the Fisher test on the fatty acids values obtained we
noticed that the concentrations of butyric, caprilic, lauric and miristic acids
remain aproximatly constant within the 20 days of ripening but increase
significantly until day 60; the concentration of caproic, capric, linoleic and
linolein did not increase in values significantly only starting from the second
half of the ripening process (day 40).
The concentrations of C12:0 increased significantly within the first
period of ripening but by the end the values lowered; although not in a very
significant way, the concentrations of C18:1 increased slowly and constantly
within the entire ripening period. As seen in table 2, there were significant
differences between the fatty acids profile from “Năsal” cheese compared to
the not ripened type of cheese (fresh cow cheese).
Although the lactic microflora has a relatively low lipolysis activity, it can
hydrolyse milk fat in a significant way during the ripening period, especially if
the bacterial level is high [19; 20]. The significant load of Brevibacterium linens
in „Năsal” cheese gives the particular taste and consistency of this product;
also, it might explain the high levels of fatty acids at the end of ripening stage.
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The release of C16:0, C18:0, C18:1 was considerable starting from
day 20 of ripening probably due to the indigenous lipases from ruminant’s milk
(not sufficiently characterized until now). Normally, the research concerning the
lipolysis in cheese are focused on actual measured fatty acids during a certain
period of ripening (which represents an indicator of lipolysis extend); however,
supplementary information on the activity of lipases can be extracted from the
effective rate of fatty acids release (estimated as being the rapport between
the quantity of fatty acids in a certain period of time and the effective period).

CONCLUSIONS
We concluded that “Năsal” cheese has a high nutritional value mainly
due to its unique processing technology. The ripening period applied influences
the majority of the compounds in a positive way, increasing in quantities. This
fact lead us to the idea that the ripening process determines a higher lipolytic
and proteolytic activity and that not only the actual process holds importance
but also the extent of it.

EXPERIMENTAL SECTION
Sample collection
The study focused on 20 samples of “Năsal” cheese taken from various
stages of the ripening process as follows: day 0 meaning before the curd is
prepared for ripening; day 20 (stage I) of ripening; day 40 (stage II) of ripening;
day 60 (stage III) of ripening. The sample gathering started in the month of
February and ended in May. They were kept at refrigeration temperatures
(0…+4°C) until their further analysis. For comparison 10 samples of fresh
cow cheese (not processed through ripening) were analysed for compositional
analysis through the same methods as “Năsal” cheese samples.
The analysis of compositional parameters
All the compositional parameters analysed, such as fat %, protein %,
dry matter %, were measured by Infrared Spectrometry using the FoodScanTM
(Foss, Germany) apparatus. The instructions given by the producer were
followed accordingly.
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Dairy product fat extraction
Dairy fat was extracted by using the following protocol: About 0.5g of
dairy product were mixed in a separator funnel with 50 ml chloroform and 25 ml
of methanol and then agitated for 2-3 min. After this process the lower layer
was discarded. Following this step the mixture was passed through a cellulose
filter with Na2SO4 and then brought to dryness.
Transesterification
Fatty acids were converted to methyl esters by reaction with boron
trifluoride/methanol at 80ºC for two hours in a closed Pyrex glass tube. The
content was transferred into a separator funnel.
The methyl ester extraction
The extraction was made using 10 ml hexane. The hexanic fractions
collected were dried using anhydrous sodium sulfate, filtered, concentrated
under a nitrogen stream and finally re-eluted in 1 mL hexane. Fatty acids were
analysed by gas chromatography (GC) with flame ionization detection (FID). A
1µL sample was injected into the Shimadzu GC-17A series gas-chromatograph,
equipped with a 30m polyethylene glycol coated column (Alltech AT-WAX,
0.25mm I.D., 0.25µm film thickness). Helium was used as the carrier gas at a
pressure of 147 kPa. The injector and detector temperatures were set at 260ºC.
For the oven temperature the following program was used: 70ºC for 2 min. then
raised to 150ºC at 10ºC/ min. rate and held at 150ºC for 3min., then further
raised up to 235ºC at a 4ºC/min.
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ISOLATION AND SCREENING OF LACTIC ACID BACTERIA
FROM NATURALLY FERMENTED SOURCES WITH HIGH
BIOTECHNOLOGICAL POTENTIAL
ÉVA LASLOa*, MARA GYÖNGYVÉRa, BERNADETT FUNKENHAUZERa,
EMŐKE DOBRIa, ROZÁLIA VERONIKA SALAMONb,
SZABOLCS LÁNYIa, BEÁTA ÁBRAHÁMa
ABSTRACT. A total number of 246 lactic acid bacteria were isolated from
naturally fermented traditional foods and feed. These isolates were phenotypically
characterized, classified and identified using 16S ribosomal DNA sequencing.
13 different species were detected from cheeses and from fermented plant
materials. The isolates belonged to four genera: Lactobacillus genera 87%,
Pediococcus 2%, Enterococcus 7%, Leuconostoc 4%. The fermentation capacity
of the selected bacterial strains were tested in the presence of three different
carbon sources. According to the results the most promising strains were
Lactobacillus plantarum subsp. plantarum A5, Lactobacillus plantarum subsp.
plantarum C5, Lactobacillus paracasei subsp. Tolerans N16 and Lb. acidipiscis H9.
These strains were able to produce high amount of L-lactic acid, contributing to the
pH-decrease of the medium. This result indicates that the selected bacterial
strains shows potential for biotechnological application as starter cultures for
silage fermentation.
Keywords: lactic acid bacteria, isolation, bacteria selection, lactic acid
fermentation, silage

INTRODUCTION
Lactic acid bacteria (LAB) play a significant role in lactic acid fermentation
processes. These bacteria are industrially important microorganisms with
functional properties. They are involved in different applications as probiotics,
dairy starters, silage inoculants and microbial cell factories. They inhabit in
a
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different ecological niches containing rich sugar and organic nitrogen sources [1–
3]. Genera of LAB include, among others, Lactococcus, Enterococcus,
Oenococcus, Pediococcus, Streptococcus, Leuconostocand Lactobacillus. They
are Gram-positive organisms, that produce lactic acid by fermentation. The genus
Lactobacillus is the largest group with over 100 species and subspecies [4].
The most common criteria for the selection of bacteria include rapid growth,
intensive lactic acid production, and robustness to tolerate variable stress
conditions in manufacturing processes where are involved [5,6]. Also the
assessment of LAB used for feed additives for behavior in the presence of
antibiotics is a requirement [7].
The LAB are associated with food and feed production due to their
preservative action as acidification, flavor enhancement, texture and nutritive
value. In forage preservation both homo- and heterofermentative LAB have
potential advantages with positive effects.
Due to the production of lactic acid by homofermentative LAB, the pH is
reduced faster, that inhibits the growth of undesirable microorganisms and
improve the quality of fermentation. The heterofermentative LAB contribute to the
good aerobic stability of the silages. Lactic acid and volatile fatty acids as acetic
acid, propionic acid produced as the result of fermentation contribute to the energy
supply of ruminant's [8]. The above mentioned and other well-known characteristics
(e.g. bacteriocin production) expand the spectrum of biotechnological applicability
of these microorganisms [4,9].
Natural fermented foods are often rich sources of beneficial LAB, whereas
these are still potentially beneficial strains. The search of new LAB strains is
(based on the identification of LABs with favorable combination of functional
properties) an important issue, since a number of important LAB strains with
beneficial properties still need to be characterized [4]. The most common criteria is
the intensive lactic acid production that can be described also by fermentation
capacity in different conditions.
Our aim was to realise a preliminary study for identification and
characterization of LAB strains from naturally fermented sources with beneficial
properties for biotechnological applications.
RESULT AND DISCUSSION
A number of 99 bacterial isolates with different colony size and morphology
were screened for the most representative characteristics of LAB’s as Gram
staining, catalase absence, growth in the presence of NaCl (4% and 6.5%)
microscopic morphology. The results showed that the majority of the isolates have a
rod-like morphology, are catalase negative (85 isolate), and are Gram-positive (72
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isolate). A number of 93 isolate showed growth in the presence of 4% NaCl and a
number of 63 isolate in the presence of 6.5% NaCl. Bacterial isolates those
characteristics suggested similarity with LAB strains were further studied.
A total number of 54 LAB isolates originated from different sources were
identified by partial 16SrDNA, sequencing. Our results show that the LAB
isolates belonged to 4 genera; 7 species from Lactobacillus genera (87%), 1
species from Pediococcus (2%), 4 species from Enterococcus (7%), 1 species
from Leuconostoc (4%). 13 different species were detected from the cheeses
and the fermented plant materials: Lactobacillus pentosus, Lb. plantarum subsp.
plantarum, Lb. gasseri, Lb. paracasei subsp. tolerans, Lb. buchneri, Lb.
acidipiscis, Lb. brevis, Enterococcus faecalis, E. faecium, E. durans, E. italicus,
Leuconostoclactis and Pediococcusparvulus. Among lactobacilli, Lb. pentosus
and Lb. plantarum subsp. plantarum were the most commonly isolated from
different traditional cheeses originated from different regions.
Results of antibiotic susceptibility of the bacterial strains tested according to
the guidelines reported by European Food Safety Authority [7] are shown in
table 1.
Table 1. Minimal Inhibitory Concentration (MIC) of selected LAB strains
Lb. plantarum subsp.
plantarum A5
Lb. paracasei
subsp. tolerans N16
Lb. plantarum subsp.
plantarum C5
Lb. pentosus C10
Lb. pentosus C2
Leuconostoclactis N19
Lb. buchneri H1
Lb. acidipiscis H9
Lb. brevis H15

Amp.
4

Tetr.
32

Chlo.
16

Kan.
> 128

Str.
> 128

Pen.
16

Gent.
128

1

2

16

> 128

128

1

64

1

16

16

> 128

128

1

64

4
4
8
4
4
4

64
64
4
> 128
16
16

4
4
4
64
16
16

> 128
> 128
128
> 128
> 128
> 128

> 128
4
> 128
32
128
> 128

1
1
1
1
1
8

128
> 128
16
64
32
32

(Amp.: ampicillin, Tetr.: tetracycline, Chlo.: chloramphenicol, Kan.: kanamycin, Str.: streptomycin,
Pen.: penicillin, Gent.: gentamicin)

The MIC test results against seven antibiotics (ampicillin, tetracycline,
chloramphenicol, kanamycin, streptomycin, penicillin, gentamicin) are shown in
table 1. For ampicillin with the exception of one strain (Leuconostoclactis N19,
MIC=8 μg.ml-1) all the others had a MIC ≤4 μg.ml-1. In case of tetracycline with
the exception of Lb. buchneri H1 (MIC>128 μg.ml-1), the MIC values varied
between 2-64 μg.ml-1. For chloramphenicol the MIC values were between 4-16
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μg.ml-1, with exception of Lb. buchneri H1 (MIC=64 μg.ml-1). For kanamycin the
MIC value with the assayed concentration was not detected exactly, but was
higher than 128μg.ml-1. For streptomycin, the MIC value were 128 μg.ml-1 for
three of the studied LBA strains (Lb. acidipiscis H9, Lb. plantarum subsp.
plantarum C5 and Lb. Paracasei subsp. Tolerans N16). In case of four strains
the MIC value was higher than 128 μg.ml-1. For Lb. pentosus C2 strain the MIC
value was 4 μg.ml-1and Lb. buchneri H1 strain was 32 μg.ml-1.
The lowest MICs where observed for penicillin, where only two strains
has MIC>1 μg.ml-1 (Lb. plantarum subsp. plantarum, MIC= 16 μg.ml-1 and Lb.
brevis H15 MIC=8 μg.ml-1). For gentamicin the MIC values varied between 16128 μg.ml-1 with the exception of Lb. pentosus C2 (MIC>128 μg.ml-1).
Phenotypic characterization of the selected LAB strains was realized
with Biolog system using GEN III Microplates. The fermentation patterns of the
selected strains are shown in table 2. The nine selected LAB showed differences
in metabolic patterns.
All strains of LAB were able to ferment α-D-glucose. With the exception of
Lb. paracasei subsp. Tolerans N16 the strain were able to ferment D-maltose and
with the exception of Lb. buchneri H1 they were able to utilize N-acetyl-Dglucoseamine. Five strain were able to utilize D-cellobiose (Lb. plantarum
subsp. plantarum C5, Lb. pentosus C10, Lb. pentosus C2, Leuconostoclactis
N19, Lb. acidipiscis H9, Lb. brevis H15) D-fructose (Lb. paracasei subsp.
Tolerans N16 Lb. plantarum subsp. Plantarum C5, Leuconostoclactis N19,
Lb. acidipiscis H9, Lb. brevis H15), D-mannitol (Lb. plantarum subsp. Plantarum
A5, Lb. paracasei subsp. Tolerans N16, Lb. plantarum subsp. Plantarum C5, Lb.
pentosus C10, Lb. pentosus C2), and gentibiose (Lb. plantarum subsp.
Plantarum C5, Lb. pentosus C10, Lb. pentosus C2, Leuconostoclactis N19, Lb.
acidipiscis H9).
Only three of the strains degraded sucrose (Lb. plantarum subsp.
plantarum C5, Lb. pentosus C2, Leuconostoclactis N19) and β-methyl-Dglucoside (Lb. plantarum subsp. plantarum C5, Lb. pentosus C2, Lb. acidipiscis
H9). A single strain fermented D-raffinose (Lb. buchneri H1) and glycerol (Lb.
acidipiscis H9). Two of the tested bacterial strains were able to decompose
inosine (Lb. buchneri H1 and Lb. acidipiscis H9), D- sorbitol (Lb. plantarum subsp.
plantarum C5, Lb. pentosus C2), D-melibiose (Lb. buchneri H1, Lb. brevis H15),
and D-salicin (Lb. plantarum subsp. plantarum C5, Lb. pentosus C2). Four LAB
strains were able to utilize D-galactose (Lb. paracasei subsp. Tolerans N16, Lb.
plantarum subsp. plantarum C5, Lb. buchneri H1, Lb. acidipiscis H9) and Dturanose (Lb. plantarum subsp. plantarum C5, Lb. pentosus C10, Lb. pentosus C2,
Leuconostoclactis N19). With the exception of two LAB strains (Lb. buchneri H1
and Lb. brevis H15) the strains were able to ferment D-mannose. Carbohydrate
fermentation results of the assayed strains showed a variability in the enzymatic
activities. Chemical sensitivity showed that Lb. brevis H15 is able to grow in the
presence of rifamycin SV whereas Lb. buchneri H1 showed
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Table 2. Fermentation patterns and chemical sensitivity of the LBA strains
A5
D-maltose
D-trehalose
D-cellobiose
Gentiobiose
Sucrose
D-turanose
pH 6
pH 5
D-raffinose
α-D-lactose
D-melibiose
β-methyl-D-glucoside
D-salicin
N-acetyl-glucosamine
NaCl, 1%
α-D-glucose
D-mannose
D-fructose
D-galactose
Inosine
Sodium lactate, 1%
D-serine
D-sorbitol
D-mannitol
Glycerol
Rifamycin SV
Minocycline
D-galacturonic acid
D-gluconic acid
D-glucuronic acid
Vancomycin
L-alanine
L-lactic acid
Nalidixic acid
Potassium tellurite
Aztreonam

+
+
+
+
+
+
-

N16
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

C5
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

C10
+
+
+
+
+
+
+
+
+
-

C2
+
+
+
+
+
+
+
+
+
+
+
+
+
-

N19
+
+
+
+
+
+
+
+
+
+
-

H1
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

H9
+
+
+
+
+
+
+
+
+
+
+
+
-

H15
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

A5 Lb. plantarum subsp. plantarum A5, N16 Lb. paracasei subsp. tolerans N16 Lb. plantarum
subsp. plantarum C5 Lb. pentosus C10 Lb. pentosus C2 Leuconostoclactis N19 Lb. buchneri H1
Lb. acidipiscis H9 Lb. brevis H15
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activity in the presence of minocyclin. Three bacterial strains showed activity in
the presence of vancomycin (Lb. paracasei subsp. Tolerans N16, Lb. brevis
H15, Lb. buchneri H1), nalidixic acid (Lb. paracasei subsp. Tolerans N16, Lb.
brevis H15, Lb. buchneri H1) and aztreonam (Lb. paracasei subsp. Tolerans
N16, Lb. Brevis H15, Lb. Buchneri H1). Two strains showed growth in the
presence of potassium tellurite (Lb. brevis H15, Lb. buchneri H1). The nine
LAB strains also showed differences in the chemical sensitivity of the strains.
Fermentation capacity of the nine selected LAB strains was determined in
the presence of three different carbon sources (glucose, mixture of glucose and
xylose and distiller’s dried grains with solubles (DDGS)). The cumulative L-lactic
acid amounts after 72 h and the YPX are shown in table 3.
Table 3. The produced L-lactic acid (LA), acetic acid (AA) and the product yield
coefficient after 72 h fermentation in the three different media.
A5
LA g/l
YPXmgP/CFU X
N16
LA g/l
YPXmgP/CFU X
C5
LA g/l
YPXmgP/CFU X
C2
LA g/l
YPXmgP/CFU X
N19
LA g/l
YPXmgP/CFU X
H1
LA g/l
YPXmgP/CFU X
H9
LA g/l
YPXmgP/CFU X
H15
LA g/l
YPXmgP/CFU X
C10
LA g/l
YPXmgP/CFU X

100

M1
M2
39.09 28.10
1.27 0.23
31.51 33.40
0.44 1.46
29.80 29.39
0.28 0.88
29.88 23.34
0.001 0.02
13.50 13.39
0.04 0.39
20.30 19.78
0.08 0.07
33.07 30.39
0.35 0.54
20.10 21.46
0.029 0.02
36.37 25.63
0.03 0.19

M3 A5
5.80 AA g/l
0.37 YPXmgP/CFU X
N16
10.29 AA g/l
0.34 YPXmgP/CFU X
C5
6.53 AA g/l
0.22 YPXmgP/CFU X
C2
5.67 AA g/l
0.012 YPXmgP/CFU X
N19
7.64 AA g/l
0.21 YPXmgP/CFU X
H1
5.91 AA g/l
0.16 YPXmgP/CFU X
H9
6.20 AA g/l
0.03 YPXmgP/CFU X
H15
4.23 AA g/l
0.006 YPXmgP/CFU X
C10
6.32 AA g/l
0.26 YPXmgP/CFU X

M1
M2
7.84 3.12
0.02 0.001

M3
2.10
0.18

1.92
0.04

2.24
0.17

3.25
0.18

2.33
0.03

3.75
0.08

3.50
0.14

2.58 3.90
0.0006 0.004

3.46
0.02

1.15
0.007

1.71
0.06

3.08
0.11

2.25
0.01

4.11
0.01

2.45
0.08

3.46
0.05

2.11
0.07

2.95
0.02

2.56 4.26 2.12
0.005 0.007 0.005
3.08
0.005

3.91
0.05

3.06
0.07
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In case of LB. plantarum subsp. plantarum A5 was detected the highest
LA concentration and yield in the M1 medium (39.092 g.l-1, YPX=1.26 mg
P/CFU X). In the case of growing in M3 medium the cumulative LA was slightly
smaller but the YPX was higher.
Bacterial isolate Lb. paracasei subsp. Tolerans N16 produced larger
amount of LA in M2 medium, where the YPX was also the highest (YPX=1.46 mg
P/CFU X).
In the case of the two Lb. pentosus C10 and C2 the amount of
accumulated lactic acid was high, but the YPX reached very small values (YPX
values were 0.001 and 0.02 P/CFU X). In the case of the M3 medium the
cumulative amount of the LA was small but the YPX was higher compared to
M1 and M2 media. The YPX in the case of Lactobacillus plantarum subsp.
plantarum C5 fermentation process in M2 medium reached the 0.883 value, even
though the accumulated LA was same in M1 and M2 medium.
Leuconostoclactis N19 produced small amount of LA compared with
other strains, the maximum value of YPX was 0.39 mg P/CFU X in the case of
the M2 medium.
The L-LA concentration exceeded 30 g/l in the case of the isolated
bacterium Lb. acidipiscis H9 in both glucose containing media, whereas the YPX
was higher than 0.5 (YPX=0.54 mg P/ CFU X) in medium containing xylose
beside glucose.
Bacterial strains Lb. buchneri H1 and Lb. brevis H15 produced similar
amount of L-lactic acid in both glucose containing media. In these media the
accumulated L-lactic acid were 20.295 g.l-1 and 20.102 g.l-1 with small yield
coefficient (YPX=0.08 mg P/ CFU X and 0.0288 mg P/ CFU X).
Meanwhile the amount of the acetic acid was small, didn’t not exceeded
the 8g/l. But in the most cases the concentration varied between 2-4 g.l-1. The
amount of accumulated LA was always higher than AA.
The selection of LAB as suitable starters for biotechnological processes as
silage production is a complex process involving the evaluation of some
fermentation performances and desired metabolic traits as well as the
identification.
There are reports about microbial inoculants that are used to preserve
the nutritive value of the crops [15,16]. However, few data are available for the
fermentation characteristics in function of available carbohydrate source for
natural lactic acid bacteria to enhance the silage fermentation.
Several authors characterised LAB from the natural traditionally produced
dairy products, silages, and fermented vegetables [17–19].
In our study the majority of the isolated bacterial strains belong to
Lactobacillus genera. The predominant strains were the Lb. plantarum subsp.
plantarum and Lb. pentosus. The first one possess diverse metabolic activities,
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due to the different environmental provenience. Bringel, F. et al., compared the
genome of the two LAB species and observed a high similarity that makes
difficult the differentiation between the two species [20].
The selected LAB showed differences in the phenotypic patterns,
antimicrobial susceptibility and fermentation capacity. The differences might be
explained by the adaptation to microhabitats and by the fact, that the LAB
isolates has origins from different ecological niches [21].
One important selection and characterization criteria is the safety of the
LAB strains, characterized by the antibiotic resistance profile. The antibiotic
resistance was determined according to the guidelines reported by European
Food Safety Authority EFSA[7]. The selected strains showed almost similar MIC
values, except for chloramphenicol and tetracycline.
For determination of the fermentation capacity an important issue is to
describe the production in quantitative terms correlated with growth rate. The
product formation rate is closely related to biomass formation rate and is
influenced by different environmental factors. The productivity is a significant
factor, that describe the fermentation [22]. The quantity of lactic and acetic acid
resulted from experimental data was used for calculation of product formation
yield. The results point out that Lactobacillus plantarum subsp. plantarum A5
and Lactobacillus paracasei subsp. Tolerans N16 are the most promising strains
from fermentation point of view. In both cases, the YPX was higher than 1 mg P/
CFU X. In case of Lactobacillus plantarum subsp. plantarum A5 the highest
quantity of LA was observed in M1 and M2 media. Some researchers [23] studied
also the lactic acid production in media containing the same components as in
the case of M2 media. The maximal LA formation rate (by inoculation with single
LAB strain) was slower [23] than observed in case of our experiment. The results
showed that the bacterial origin influenced the LA production. It was reported
that some of the heterofermentative LAB such as Lb. brevis and Lb. pentosus
are able to convert xylose (released from wheat straw) to lactic acid [24]. There
are no data available for the conversion of DDGS to lactic acid. Our results
revealed that the assayed nine LAB strains were able to produce lactic acid from
this substrate. Our data suggests that the isolated LAB strains converted
different substrate as DDGS in LA.
During the fermentation the pH variation caused by metabolites influenced
the bacterial growth in all cases. With the increase of the LA concentration a slight
decline of CFU was observed. The fluctuation of the lactic acid concentration is
probably caused by the fact that some LAB strains can use it as substrate.
In order to establish a ranking criteria for the nine selected LAB strain,
we determined the beneficial value index (BVI) for each bacterial strain. This
was calculated taking into consideration the fermentation capacity and the
fermentation pattern of the strains. Taking into account of the LA production
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capacity in the presence of three different substrates, the strains were scored.
In case when the value of the product yield coefficient was higher than 1 the
strain was scored with 3, with 2 when the product yield was between 0.5-1 and 1
if was between 0.2-0.5. No score was given for a product yield lower than 0.2.
In the case of carbon source utilization, the LAB with the maximal utilization was
scored with 3, and the next two strains were scored with 2 and 1 respectively.
The BVI was defined as the sum of the individual scores.
On basis of BVI, the most beneficial four LABs from substrate utilization point
of view, in descending order was: Lb. plantarum subsp. plantarum C5 (BVI=7),
Lactobacillus paracasei subsp. Tolerans N16 (BVI=6), Lactobacillus plantarum
subsp. plantarum A5 (BVI=5), and Lb. acidipiscis H9 (BVI=4). In the case of the
other five LABs the index was low (BVI ≤2).

CONCLUSION
This work represents a preliminary study for the selection of beneficial
LAB for biotechnological processes. Our results revealed that the four strains
(Lb. plantarum subsp. plantarum A5, Lb. plantarum subsp. Plantarum C5 and
Lactobacillus paracasei subsp. Tolerans N16) shows potential to be used as
starter cultures for silage fermentation, due by their safety assessment and
fermentation capacity. Based on this assays they can be further studied as
single inoculums or as consortia, to optimise their beneficial effects on different
silage fermentation, improving this way the quality of the resulted feedstock.
EXPERIMENTAL SECTION
Isolation and screening of bacterial isolates
A total number of 246 lactic acid bacteria were isolated on de Man,
Rogosa, and Sharpe (MRS) and Rogosa agar plates in aerobic and anaerobic
conditions from different naturally fermented traditional foods and feed on as
follows: eight different traditional cheese, cheese whey, artisanal sauerkraut,
corn and vetch silage, [10].
Based on colony morphology and provenience 99 bacterial isolates
were further analysed for the most representative characteristics of LAB as:
Gram staining, absence of catalase, growth in the presence of (4% and 6.5%)
NaCl, gas production and microscopic morphology [11].
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Identification of the selected bacterial strains
For the identification at the species level of 54 LAB isolates were
selected based on physiological characteristics. The identification was realized
using 16SrDNA gene sequence analysis. Genomic DNA was isolated using
AccuPrep® Genomic DNA Extraction Kit from Bioneer Isolation Kit, according to
the manufacturer’s protocol. A part of the bacterial 16SrDNAgene was amplified
with the universal oligonucleotides 27f 5’ AGAGTTTGATCMTGGCTCAG 3’ and
1492r5’TACGGYTACCTTGTTACGACTT3’ primers flanking the bacterial
16SrDNA region. The amplification included an initial denaturation at 94 °C
for 5 min, which was followed by 30 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 30 s, extension at 72 °C for 1 min, and a final extension at
72 °C for 7 min. Sequencing were realized by LGC Genomics (Germany). The
sequences were edited and aligned with Chromas (Technelysium Pty. Ltd., South
Brisbane, Australia); phylogenetic analyses were conducted using Molecular
Evolutionary Genetics Analysis 4 system [12] (www.megasoftware.net). The isolates
were identified trough comparison of the sequences using the EzTaxon server on the
basis of 16SrDNA sequence data [13] (www.ezbiocloud.net/eztaxon;).
Biochemical and phenotypic characterization of lactic acid bacteria
Metabolic patterning of the selected LAB strains was realized by
BiologMicrolog Gen III (Biolog, Inc., Hayward, USA), including utilization of 71
carbon source and 23 chemical sensitivity assay.
Antibiotic susceptibility
Determination of antimicrobial susceptibilities of LAB’s was realized
according to the guidelines reported in EFSA (2008) [7]. For the assessment of the
susceptibility to ampicillin, tetracyclin, chloramphenicol, kanamycin, streptomycin,
penicillin, gentamicin, serial two-fold dilutions were realized ranging from 0 up to
128 μg.ml−1, in MRS broth.
Fermentation capacity of bacterial strains
The fermentation capacity of the nine beneficial bacterial strains were
determined in three different fermentation medium containing diverse fermentation
substrates: glucose 20 g/l (M1), a mixture of glucose and xylose 15 and 5 g/L (M2),
and dried distiller's grain with soluble (DDGS) 20 g/l (M3). All the fermentation
media were supplemented with 5 g/L yeast extract, 2 g/L K2HPO4, 0.05 g/L
MnSO4H2O, and 0.1 g/L MgSO47H2O. 2 mL of LAB inoculum was added into
45 mL vials containing 38 mL of fermentation medium [23].The fermentation
tests were conducted at 37 ºC. For the determination of lactic acid and acetic
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acid samples were taken at 0, 24, 36, 48, 60 and 72 h The amount of these acids
were detected using high performance liquid chromatography (HPLC Varian Pro
Star 210), equipped with TransgenomicCoregel87H3 column (Transgenomic,
Inc., Omaha, USA) and UV detector at 50 ºC, mobile phase 0.8 mMH2SO4, at a
flow rate of 0.6 mL.min-1.
Product formation was assayed by the measured concentration data, on
which a polynomial function was fitted and calculated the yield coefficient related
to the product. The fermentation capacity was determined by product yield
coefficient (eq. 1), defined as the ratio of product formation rate (νRP) (eq. 2)
and the growth rate (νRX) (eq. 3) of the tested lactic acid bacteria [14].

=

(1)

where the rate of product formation (νRP) is (eq. 2)

=

(2)

and the growth rate (νRX) (eq. 3)

=

(3)
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A SIMPLE TLC METHOD FOR EVALUATION
OF NICOTINE IN CIGARETTES
ANAMARIA HOSUa, CLAUDIA CIMPOIUa, *
ABSTRACT. In this study, a rapid and sensitive thin-layer chromatographic
method for evaluation of nicotine content in twelve popular cigarettes from
Romanian market has been used. The TLC separation was performed on
silica gel F254 plates using a mixture of ethyl acetate - methanol - conc.
ammonia - water 80:25:0.2:15.8, v/v/v/v as mobile phase. Detection was made
in UV light at 254nm and in visible light after derivatization with Dragendorff’s
reagent and the areas of the characteristic bands of nicotine were determined
using ImageJ software. The results showed a significant variation of nicotine
content in investigated cigarettes, but in good agreement with the concentrations
of nicotine specified on the label.
Keywords: nicotine evaluation, thin-layer chromatography, cigarettes

INTRODUCTION
The highly toxic compound from tobacco alkaloids is nicotine, 3-(1methyl-2-pyrrolidinyl) pyridine, a colorless, less to pale yellow, hygroscopic oily
liquid present in the leaves of Nicotiana tabacum. Christopher Columbus have
been found tobacco in the Americas in 1492, but historical sites show that tobacco
has been smoked in Central America for at least three thousand years. Nicotine is
a highly stimulant of central and peripheral nervous system generating shortterm adverse health effects, like elevated blood pressure, heart rate, and blood
glucose [1]. Long-term tobacco use is associated with increased cancer rates,
incidence of atherosclerotic arterial disease, chronic obstructive pulmonary
disease, hypertension and low birth weight of infants born to mothers who
smoke [2]. Recent studies suggested that nicotine could have therapeutic
applications in some neurodegenerative diseases like Alzheimer’s [3].
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The determination of total nicotine alkaloids is very important to
toxicology and medicine and also for the tobacco industry because the quality
of the product can be determined by its nicotine content. The nicotine was
analyzed in different types of samples such as tobacco leaves, cigarettes,
smokes, urine, hair, human serum, plasma etc. Many analytical methods have
been developed and employed for nicotine determination in tobacco leaves
and cigarettes, such as GC [4, 5], GC-MS [6, 7], TLC [8 - 10], HPLC [11, 12],
HPLC-MS/MS [13], AAS [14], SFC–IMD [15], capillary electrophoresis [16, 17],
radio immunoassay [18], spectrophotometric methods [19 - 23], circular dichroism
spectropolarimetry [24], FTIR [25], voltametry [26] and recently flow injection
with electrochemiluminescence detection [27]. All of these methods present a
series of advantages and disadvantages.
The aim of this study is to evaluate and compare the nicotine content
of twelve types of cigarette from popular brands available in the Romanian
market. The analysis of nicotine in cigarettes is necessary due to the one
global problem regarding counterfeit products trade. Some cigarettes contain
more nicotine or the used tobacco can be of poor quality. In our original
method different analytical parameters were optimized. This method is a good
alternative to some of the reported expensive instrumental methods.
RESULTS AND DISCUSSION
Cigarettes contain various quantity of nicotine, depending on the brand,
but only approximately 1 mg is actually absorbed in the human body [28]. The
higher content of nicotine or tar content may cause serious health problems.
Moreover, the nicotine addiction is related with higher risk for many kinds of
diseases such as Alzheimer’s, Parkinson’s and even suicide [29, 30]. For these
reasons the control of nicotine amount in tobacco products is obviously necessary.
On this line twelve cigarettes widely used and distributed in Romania
were chosen for evaluation of nicotine content. For this aim a TLC method was
developed and used.
After chromatographic runs using several mobile phases (Table 1) it
can be concluded that the best separation was obtained using the mobile phase
consisting in ethyl acetate - methanol - conc. ammonia - water 80:25:0.2:15.8,
v/v/v/v (Figure 1).
The image of TLC separation obtained at 254nm (Figure 1a) clearly
indicates the presence of different compounds in all of the analyzed extracts.
The intensity of the bands separated on the chromatographic plate seem to be
different in different sample, indicating that the concentration of these compounds
depend on the type of cigarette. The chromatographic fingerprints of samples 3
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and 5 present the most intense separated zones, therefore it can be admitted
that they contain the highest amount of interest compound, including nicotine,
that may correspond to one of these bands. Nevertheless, this image does not
bring useful information about nicotine extracted from cigarettes, being a nonspecific mode for identification of this compound.
Table 1. The tested mobile phases
No.

Solvent system

Composition (v/v/v/v)

1

Chloroform : methanol : acetic acid

11:8:1

2

Methanol : ammonia

200:3

3

Ethyl acetate : methanol : ammonia 0,1 M

80:25:16

4

Chloroform :methanol : ammonia

6:5:1

5

Dichloromethane : methanol : ammonia

83:15:2

6

Ethyl acetate : methanol : ammonia : water

80:25:0.2:15.8

7

Dichloromethane : methanol : ammonia : water

82:16:0.8:1.2

8

Acetonitrile : water

22:3

Thus, for certain identification of nicotine, the plate was sprayed with a
specific color Dragendorff’s reagent. This reagent usually forms an orange-red
colored complex in the reaction with alkaloids. Consequently, the characteristic
zone of nicotine appear as orange bands on a yellow background of
derivatized chromatographic plate (Figure 1b). The image of the TLC separation
indicates that all analyzed samples contain nicotine.
The different intensity of nicotine characteristic bands show that its
concentration is different in the analyzed extracts. Thus, samples 3 and 5
seem to contain the highest amount of nicotine, being followed by samples
6 and 11. The smallest amounts of nicotine seem to be contained in
samples 4 and 1. In order to confirm that some samples contain different
concentration of nicotine and to prove that some types of cigarettes contain
the same concentration of this compound, the areas of the characteristic
bands of nicotine were determined using ImageJ software. The areas were
calculated from the image taken in UV light at 254nm because the sensibility of
determination is higher than that in visible light.
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A

B
Figure 1. The TLC separation of nicotine from analyzed cigarettes:
A - UV light detection at 254nm; B - detection in visible light
after derivatization with Dragendorff’s reagent.
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The results (Table 2) show that samples 3 and 5 contain the same
highest amounts of nicotine (label - 0.9mg nicotine/cigarette), followed by samples
6 and 11 (label - 0.8mg nicotine/cigarette), samples 2, 7 and 9 (label - 0.7mg
nicotine/cigarette), samples 8 and 12 (label - 0.6mg nicotine/cigarette), sample
10 (label - 0.5 mg nicotine/cigarette), sample 4 (0.3mg nicotine/ cigarette), and
the smallest determined area of nicotine band is that of sample 1 (label - 0.1mg
nicotine/cigarette).
Table 2. The characteristics of analyzed cigarettes
and the obtained area of nicotine bands
Sample

Cigarette Type

Producer

1

Kent 1 (White)

2

Kent 8 (Blue)

3

Dunhill classic blend

4

Kent 4 (Silver)

5

Winchester

6

Kent classic

7
8

L&M red label
Kent convertibles
(iSwitch)
Viceroy red
international blend
Kent 6 (Spectra)

British American
Tobacco Group
British American
Tobacco Group
British American
Tobacco Group
British American
Tobacco Group
JT International
Manufacturing
British American
Tobacco Group
Philip Morris
British American
Tobacco Group
British American
Tobacco Group
British American
Tobacco Group
Philip Morris

9
10
11
12

Marlboro classic
flavor
Pall Mall charcoal
filter

British American
Tobacco Group

Nicotine
(mg)
0.1

Area
(AU)
3280

0.7

4145

0.9

5453

0.3

3519

0.9

5481

0.8

4623

0.7
0.6

4299
3987

0.7

4199

0.5

3779

0.8

4746

0.6

3990
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These semi-quantitative results are in concordance with the concentrations
of nicotine expressed in mg of nicotine/cigarette, which are specified by the
producers on the label of each type of cigarettes used in this study (Table 2).
Moreover, a significant variation of nicotine content was noticed among the twelve
investigated types of cigarettes (Figure 2), the highest amounts of nicotine
(Kent 8 - sample 5) being almost duplicated compared to lowest nicotine content
(Kent 1 - sample 1).

Figure 2. The areas variation depending on the type of cigarettes.

CONCLUSIONS
The developed method proved to be a powerful, low cost and simple
tool for evaluation of nicotine in different sample. It allowed the simultaneous
identification and semi-quantitative determination of nicotine from different types
of cigarettes by TLC. Also, the determined areas of the characteristic bands of
nicotine that are in keeping with the content of nicotine declared by producers
enable to distinguish between cigarettes based on their content in nicotine.
The method could be used for rapid detection of counterfeit cigarettes.
EXPERIMENTAL SECTION
Materials and reagents
All reagents and solvents used in the present research were of
analytical grade and were purchased from Chimopar (Bucharest, Romania).
The chromatographic plates were acquired from Merck (Darmstadt, Germany).
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Twelve types of cigarettes from different producers were bought from
tobacconist (Table 2).
Samples preparation
5mL of extraction solvent (ethanol-water 4:1, v/v) were added to 0.5g of
tobacco from each type of cigarette. Extraction was performed by maceration
at room temperature. After 10 days, the extracts were filtered and directly
analyzed without any other treatments.
Chromatographic analysis
The chromatographic analysis was performed on silica gel F254 TLC
aluminum sheets (20x10cm). Several mobile phase (Table 1) were tested,
the chosen one being ethyl acetate - methanol - conc. ammonia - water
80:25:0.2:15.8, v/v/v/v. 10µL of each ethanolic extract were applied on the
plate as 6 mm bands at 1.5cm from the low edge of the plate, with a rate of
80nL/s, using a semi-automatic applicator device (Linomat 5 - Camag, Muttenz,
Switzerland) controlled by winCats software. The plates were developed at room
temperature into pre-saturated (30 minutes) normal chromatographic twin trough
chamber (Camag) to a distance of 80mm. Detection was performed under UV
light at 254nm and under visible light after spraying with Dragendorff’s reagent
solution. Documentation of the plate was performed using a TLC vizualizer
device (Digistore 2 - Camag) and the images were stored as jpeg. files.
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RECENT DEVELOPMENT OF BIOAUGMENTATION
METHODS FOR TOBACCO WASTEWATER TREATMENT
MILANA M. ZARIĆa*, NENAD M. ZARIĆb, JELENA IVKOVICc,
DANIJELA SLAVNICd, BRANKO BUGARSKId
ABSTRACT. In production of cigarettes a lot of tobacco waste, with nicotine,
goes into the environment. Hence, there is a need for an economic and efficient
method to diminish the discharge of hazardous materials from tobacco
wastewaters. Bioaugmentation using specialized bacteria strains could improve
the efficiency of tobacco wastewater treatment. In this review paper we present
bioaugmentation methods for tobacco wastewater treatment that were published
in last few years. Bioaugmentation systems have proven to be very effective in
removal of nicotine and TOC; it was shown that Pseudomonas sp. HF-1 and
TW bacteria strains can be successfully used in reactors. Recent studies
showed that controlling pH in the reactors can improve reactor performance in
removing nicotine and TOC from tobacco wastewater.
Keywords: tobacco wastewater, nicotine, hazardous materials, bioaugmentation

INTRODUCTION
In production of cigarettes a lot of tobacco waste, that includes nicotine,
aminobiphenyl, naphthylamine and benzo(a)pyrene goes into the environment
[1, 2]. A non-recyclable, powdery, nicotine-containing waste is formed during
tobacco production, which has an average nicotine content of 18 mg/kg dry
weight [3]. These wastes are classified as ‘‘toxic and hazardous wastes’’ under
European Union Regulations when the nicotine content exceeds 500 mg/kg
dry weight [4].
a

Institute of Chemistry, Technology and Metallurgy, University of Belgrade, Njegoševa 12,
11000 Belgrade, Serbia.
b Innovation center of Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva
4, 11000 Belgrade, Serbia.
c Faculty of Agriculture, University of Belgrade, Nemanjina 6, 11080 Belgrade, Serbia.
d Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000
Belgrade, Serbia.
* Corresponding author: mzaric@tmf.bg.ac.rs

MILANA M. ZARIĆ, NENAD M. ZARIĆ, JELENA IVKOVIC, DANIJELA SLAVNIC, BRANKO BUGARSKI

For 1 t of cigarettes, more than 60 t tobacco wastewater is discharged [5].
Nicotine can dissolve in water and other organic solvents. It can cross bloodbrain barrier and many other complicated biological membranes [6]. Because
of this, nicotine is considered malignant pollutant among other things.
Analyses on the effluent of many sewage treatment plants (STPs) shows
the presence of nicotine. Based on this it can be concluded that nicotine survives
conventional treatment processes [7] and different methods for removal of nicotine
from tobacco wastewaters are being developed. Nicotine adsorption by coconut
fibers and saw dust is a good method for removal of nicotine from wastewaters [8],
but it does not degrade nicotine. Teijon et al. [7] report that nicotine removal after
conventional treatment processes based on flocculation–coagulation, lamellar
clarification, filtration, and disinfection is about 79%, while after an additional
treatment of chlorination the removal was about 97%. However, aqueous
chlorination can react with natural organic matter and other organic compounds to
form disinfection by-products (DBPs). These products have been shown to be
more resistant to degradation and more toxic then the original compounds that
they came from [9-11]. As can be seen denicotinization of tobacco wastes can be
done with physio-chemical treatment, but compared to these methods, biological
methods of nicotine degradation are more efficient and less costly [12].
Because of pollution problems and toxicity of nicotine, research on
nicotine degradation by microorganisms (biodegradation) is very active filed
of research. Large numbers of microorganisms, able to degrade nicotine
were identified [13]. Biochemical pathways for degradation as well as genes
responsible for nicotine degradation were described in reviews [13, 14]. Moreover,
new microorganisms that degrade nicotine were found and described in the
last few years [15-17].
NICOTINE DEGRADING BACTERIA
Many types of nicotine degrading bacteria have been isolated and
identified [18-21]. Some of them have been used to degrade nicotine in liquid
medium.
Wang et al. [21] demonstrated that Sphingomonas sp. TY had a greater
ability to degrade nicotine than strain HF-1, with complete degradation of 1.0 g/l of
nicotine within 18h. Strain TY could grow and degrade nicotine in a range of pH
from 3-8, and temperature range 15-45°C. However, best results were obtained
when initial pH was 6.0-7.0 and temperature 25-30°C [21].
There are a few strains of Pseudomonas sp. used in nicotine degrading
studies. As shown by Wang et al. Pseudomonas sp. S16 was able to degrade
3.0 g/l nicotine within 10h. The optimal temperature for nicotine degradation
116

RECENT DEVELOPMENT OF BIOAUGMENTATION METHODS FOR TOBACCO WASTEWATER TREATMENT

was 30°C, while optimal pH was 7.0 [22]. Another Pseudomonas sp. strain
designated as CS3 was used for nicotine degradation in liquid medium [23].
Optimal conditions for nicotine degradation by strain CS3 were 30°C and pH
7.0. However, this strain showed high nicotine-degrading capabilities within
pH range from 6.0 to 10.0. Strain CS3 can decompose 1.0 g/l nicotine
within 24h, and could endure up to 4.0 g/l nicotine in liquid media [23]. Strain
Pseudomonas plecoglossicida TND35 can degrade 0.5-5 g/l nicotine within 8
to 44h, with optimal conditions of 30°C and pH 7.0 [17].
Newly isolated Ochrobactrum sp. Strain SJY1 was tested in degrading
nicotine [24]. The study showed that strain SJY1 could grow in a range of pH
form 5.0 to 9.0, where optimal pH was 7.0. The optimal temperature was 30°C.
Under optimal conditions strain SJY1 could almost completely degrade 4.0 g/l
nicotine within 10h [24].
BIOAUGMENTATION
For the treatment of tobacco wastewaters bioaugmentation using
specialized bacteria strains has proven to be one of the most effective,
considering costs and sustainability as well [25-27].
The bacteria used in bioaugmentation have to be active, persistent and
compatible, hence one has to find microorganisms that are suitable for
bioaugmentation [28, 29]. To avoid unpredictable bioaugmentation results it is
important to choose the right strain [30]. Two strains, that showed high nicotine
degrading ability, were used for bioaugmentation of tobacco wastewaters;
Pseudomonas sp. HF-1 [3, 31-33] and Acinetobacter sp. TW [21].
The principle behind bioaugmentation is colonization. This means that
the nicotine degrading bacteria has to have the ability to coexist with native
bacteria and keep its activity in the activated sludge system [34]. A sharp increase
in autoinducers, small molecules that bacteria use to communicate, can indicate a
change in behavior of bacterial community [35, 36]. Communication using
autoinducers enable bacteria to acclimatize themselves to the environment.
This way of bacterial communication is called the theory of quorum sensing
[37-39].
When microorganism come in contact with toxic substances oxidative
stress occurs [40]. Nicotine is one of the substances that can induce oxidative
stress in microorganisms [41]. Bacteria capable of reducing the toxicity of
nicotine, and thus reducing oxidative stress, can be beneficial to other bacteria
in the active sludge.
Several studies on bioaugmentation of sludge were performed. In this
review paper we present methods of bioaugmentation for tobacco wastewater
treatment that were published in last few years.
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Bioaugmentation with Pseudomonas sp. HF-1
Sequencing batch reactor (SBR) can be used for tobacco wastewater
treatment [42]. However, using this method with conventional activated sludge
culture in tobacco industry is not very efficient because of toxicity of nicotine and
other substances in tobacco wastewater [43]. For example, in tobacco production
corporation Liqun (Hangzhou, China) using sequencing batch reactor resulted in
w20% nicotine degradation and w50% chemical oxygen demand (COD) removal
[44]. These data show that conventional activated sludge is not optimal for
treatment of tobacco wastewater. Hence, it was proposed to use bioaugmentation
to increase efficiency of sequencing batch reactor [44], as bacterial strains specialized
in nicotine degradation can reduce toxicity to the microbial community [45].
Comparison of Bioaugmented and Non-Bioaugmented reactors
In the study by Wang et al. Pseudomonas sp. HF-1, that possess high
ability for nicotine degradation, was used for bioaugmentation in SBR [44]. The
influence of nicotine degradation by bioaugmentation strain Pseudomonas sp.
HF-1, on the structure and activity of microbial community, was monitored. In
the study two reactors with activated sludge from the Sibao Sewage Treatment
Plant (Hangzhou, China), as the indigenous population, were used. One of the
reactors was bioaugmented by Pseudomonas sp. HF-1, while the other one,
without Pseudomonas sp. HF-1 was a control. Wastewater that was used in
this study was prepared by mixing tobacco waste (collected from Liqun Cigarette
Co. Ltd., Hangzhou, China) and tap water in a ratio of 7:100 (g/mL). Nicotine
and COD concentrations were observed in the study as target pollutant indexes.
Both systems were able of complete removal of nicotine when
concentration of nicotine was 40 and 80 mg/L; however, removal of nicotine
in bioaugmented system was faster. When concentrations of nicotine were from
130 to 250 mg/L non-bioaugmented system was able only partially to remove
nicotine in 48h, while bioaugmented system removed nicotine completely in 12h.
An increase of nicotine concentration resulted in decrease of COD removal
in non-bioaugmented system; increase from 40 to 250 mg/L corresponded to
COD removal of 89.9% and 64.6%. An increase of nicotine concentration almost
did not influence COD removal in bioaugmented system; COD removal was
between 84.8% and 90.6%. These results indicated that bioaugmenteation by
Pseudomonas sp. HF-1 improves removal of nicotine, but also removal of COD.
Namely, nicotine as toxic substance inhibited growth and activity of indigenous
sludge microorganism population. In bioaugmented system, Pseudomonas sp.
HF-1 removed nicotine and enabled growth and activity of indigenous sludge
microorganism contributing to increased COD removal.
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Based on these results it was proposed that bioaugmentation with the
nicotine-degrading Pseudomonas sp. strain HF-1 is a good and environmentally
friendly alternative for tobacco wastewater treatment. Hence, this method has
great potential for application on tobacco wastewater [44].
Biofilm Formation
The colonization of bioaugmented systems by the inoculated bacteria
can be affected by many factors, such as competition from native bacteria [46].
The ability of bacteria to colonize a new environment can be improved by biofilms,
multi-cellular communities formed by bacteria [47-49]. The process of biofilm
formation has been reported to occur via quorum sensing, cell-cell communication
among bacteria using auto-inducers [50, 51]. In order to develop better bacterial
bioaugmentation system for tobacco wastewater treatment Wang et al. studied
the roles and condition for release of acylated homoserine lactones (AHLs),
the main auto-inducers that effect biofilm formation of Pseudomonas sp. HF-1.
Biofilm formation includes swarming by flagella and secretion of
extracellular polymeric substances (EPS); these processes are induced by
acylated homoserine lactones (AHLs). AHLs are released into and out of bacterial
cells as the population of bacteria increases. Conditions influence the increases in
bacteria population and affect the release and existence of auto-inducers [52].
The results on influence of temperature and pH on biofilm formation
showed that during the start-up stage of the bioaugmentation, low temperature
(20–25 oC) and acidic environment (pH value 6) were good for introduction of
the strain culture. During biofilm formation, it was shown that temperature does
not have significant influence, while alkaline environment (pH value 8) was
beneficial for stable performance of the bioaugmentation
Biofilm formation can be also influenced by substances in the solution like
nicotine and NaCl. Taking also concentrations of nicotine and NaCl, Wang et al.
proposed conditions for biofilm formation [1]. Temperature of 25 °C, pH 5–6,
concentrations of 3% inoculum, 1.5 g/L nicotine and 1% NaCl, was beneficial
to the startup stage during bioaugmentation, since the amount of AHLs released
was sufficient for quorum sensing of swarming and EPS formation for strain
HF-1. Under conditions of pH 8 in the presence of 1.2–1.8 g/L of nicotine and
1% NaCl, the threshold for quorum sensing of biofilm formation was reached
and the bioaugmentation system showed an efficient performance.
Influence of pH, inoculum amount and nicotine load on Reactor
Performance
It is hypothesized that biofilm formation by Pseudomonas sp. HF-1 in a
bioaugmented system was also regulated by quorum sensing [53]. Since it
was found that pH had a significant effect on the release of auto-inducers by
Pseudomonas sp. HF-1, it was investigated if regulation of pH could be used
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to facilitate HF-1 colonization of activated sludge in bioaugmentation systems
[1]. Reactor performance in removing nicotine and TOC is the most important
evaluation in the experiment. Nicotine removal in pH controlled reactors remained
at about 100% during whole experiment. In non-pH controlled reactors nicotine
removal decreased after some time. Low pH (pH 5.5) in the beginning of the
process induced the release of auto-inducers and increase in the swarming
ability and EPS secretion for strain HF-1 biofilm formation. However, low pH
hampered the growth of other bacteria in the activated sludge and caused low
TOC removal in the beginning. Nevertheless, in the pH controlled reactor, in
the later phases of process, when pH was 8.0, presents of strain HF-1 removed
toxic nicotine, and enabled the growth of other bacteria and increased TOC
removal. In non-pH controlled reactor, strain HF-1 did not make biofilm and
disappeared in late phases of the process, which caused toxic nicotine to inhibit
growth of other bacteria, resulting in decreased TOC removal.
Appropriate inoculum amount is crucial for successful setup of
bioaumentation system. Small inoculum may not be enough to degrade the
amount of nicotine present in the reactor, while too large inoculum could
destroy the ecological balance in the reactor [54]. The amount of inoculum that
is most suitable for the colonization of strain HF-1 was 1.10 mg/g (dry weight of
strain HF-1/dry weight of activated sludge) [55].
The set-up of strain HF-1 bioaugmented system was not inhibited by
nicotine load. The successful setup of bioaugmented reactor was done with
nicotine concentrations from 250 to 1200 mg/L. However, it needs to be mentioned
that TOC removal efficiency decreased when nicotine was above 1000 mg/L [55].
Bioaugmentation with Acinetobacter sp. TW
Evaluation of whether the strain Acinetobacter sp. TW can colonize
activated sludge, was done in a synthetic tobacco wastewater system [56].
Synthetic wastewater system was used to study the effects of native sludge
bacteria on the colonization of TW strain, since actual tobacco wastewater
contains many unknown toxic materials that can affect the experiment [57]. The
activated sludge used in this study was obtained from the Qige wastewater
treatment plant (Hangzhou, China).
Polymerase chain reaction-denaturing gradient gel electrophoresis
(PCRDGGE), quorum sensing autoinducer detection, and toxicological indicators
monitoring were used to give a view on ecological relationships involved in
bioaugmentation.
Three reactors divided into two groups were used in this study. The first
group was non-bioaugmented system (non-BA system) and the other group
included two parallel bioaugmented systems (BA system-1 and BA system-2). All
three reactors were started with 3200 ± 50 mg/L of initial COD and 1.0 ± 0.1 g/L of
nicotine. The only difference between them was that the first group did not contain
TW strain. BA system-1 and BA system-2 were inoculated with TW strain 6 times,
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every 2 days. The inoculation ended on the 12th day. The performance was
followed for 28 days.
To see whether the colonization of strain TW on the active sludge was
successful a sample was taken and analyzed in the end of the experiment. For
the detection of TW in the activated sludge a reverse transcriptase PCR (RTPCR) was used because it can monitor gene expression in viable cells, as
dead cells are not detected [58]. Young has reported that gene hsp is one of
the most important genes involved in nicotine degradation in strain TW, as well
as in Pseudomonas sp. strain HF-1 [44, 59]. The sequences for hsp was found
in BA system -1 and BA system - 2, which indicates that strain TW was present.
No such sequences were seen in the original activated sludge and non-BA
system, indicating absence of strain TW. This proves that strain TW has
successfully colonized the activated sludge in the two BA-systems
The experiment was divided into 2 stages [56]. First stage was the
bioaugmentation stage that lasted until day 12 when the inoculation ended.
The second stage started from day 13, when a stable synthetic wastewater influx
was maintained.
In the first stage non-BA system had nicotine removal of only 10%, while
in BA systems it was up to 95%. The second stage lasts the remaining 16 days.
Although no more inoculations were carried out, the BA systems maintained
nicotine removal at above 95%, while non-BA system had merely 0-10%.
Considering that there were no other differences between the non-BA system
and BA systems, except strain TW, the 98% removal of nicotine in BA systems
can be almost totally contributed to nicotine degradation by strain TW, which also
contributes to the conclusion that strain TW has colonized the active sludge.
The efficiency of the reactors was also evaluated by monitoring COD
removal. On non-BA system the removal of COD was maintained above 60%,
while in two BA systems it was from 80% to 90% during the whole process. This
indicates that colonization of strain TW improves the efficiency of COD removal.
BA systems have proven to be very effective in removal of nicotine and
COD, which goes to 95% and 80%-90% respectively. Nicotine toxicity has
made it easier for TW strain to colonize the activated sludge, because it had
caused oxidative stress in the native bacteria. Further degradation of nicotine
protected the native bacteria from its toxic effects and increased the biodiversity of
the active sludge. With the increase in biodiversity the overall efficiency of BA
systems was also increased, including efficient COD removal. Microbial community
in bioreactors is popularly tested by PCR-DGGE technique [60, 61]. After
colonization of the active sludge by strain TW there was a change in the
structure of the bacterial colony and the BA systems reached a new ecological
balance. On the last day of the experiment the activated sludge in BA reactor-1
and BA reactor-2 contained more types of bacteria when compared to the
original sludge. More complex reactors ecosystem means that it is more stable
and resilient [62].
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As was described above many bacterial strains can be used to degrade
nicotine in liquid media. Except strains Pseudomonas sp. HF-1 and Acinetobacter
sp. TW, others have not been used in bioaugmentation of tobacco wastewater.
The future research should concentrate on studying the use of these bacterial
strains in bioagmentated treatment of tobacco wastewater.
CONCLUSION
BA systems have proven to be very effective in removal of nicotine and
COD; it was shown that Pseudomonas sp. HF-1 and Acinetobacter sp. TW
bacteria strains can be successfully used in reactors. Recent studies showed
that controlling pH in the reactors can improve reactor performance in removing
nicotine and TOC from tobacco wastewater.
ACKNOWLEDGMENTS
This work was supported by Ministry of Education, Science and Technology
Development, Republic of Serbia Projects no. III 46010 and 176006.
REFERENCES
1. M.Z. Wang, X. Zheng, H.Z. He, D.S. Shen, H.J. Feng, Bioresoure Technology,
2012a, 125, 119.
2. X. Wang, L. Tang, Y.L. Yao, H.X. Wang, H. Min, Z.M. Lv, Applied Microbiology
and Biotechnology, 2012b, 97, 6077.
3. S.N. Wang, Z. Liu, H.Z. Tang, J. Meng, P. Xu, Microbiology, 2007a, 153, 1556.
4. T.E. Novotnya, F. Zhaob, Tobacco Control, 1999, 8, 75.
5. W.H. Zhong, C.J. Zhu, M. Shu, K.D. Sun, L. Zhao, C. Wang, ZJ. Ye, J.M. Chen,
Bioresour. Technol., 2010, 101, 6935.
6. Y. Tega, S.-I. Akanuma, Y. Kubo, T. Terasaki, K.-I. Hosoya, Neurochemistry
International, 2013, 62, 173.
7. G. Teijon, L. Candela, K. Tamoh, A. Molina-Diaz, R.F. Fernandez-Alba, Science
of the Total Environment, 2010, 408, 3584.
8. Z. Basher, A.K. Gupta, A. Chattre, IOSR Journal of Applied Chemistry, 2014,
8, 39.
9. J.M. Buth, M. Grandbois, P.J. Vikesland, K. McNeill, W.A. Arnold, Environmental
Toxicology and Chemistry, 2009, 28, 2555.
10. M. DellaGreca, M.R. Iesce, P. Pistillo, L. Previtera, F. Temussi, Chemosphere,
2009, 74, 730.
11. M.R. Boleda, M.T. Galceran, F. Ventura, Environmental Pollution, 2011, 159,
1584.
12. Y.J. Yuan, Z. X. Lu, N.L. Wu, J. Huang, F.X. Lu, X.M. Bie, International
Biodeterioration & Biodegradation, 2005, 56, 45.

122

RECENT DEVELOPMENT OF BIOAUGMENTATION METHODS FOR TOBACCO WASTEWATER TREATMENT

13. R. Gurusamy, S. Natarajan, The Scientific World Journal, 2013, Article ID 125385.
14. R. Brandsch, Applied Microbiology and Biotechnology, 2006, 69, 493.
15. Y. Liu, L. Wang, K. Huang, W. Wang, X. Nie, Y. Jiang, S. Liu, P. Xu, H. Tang,
PLOS ONE, 2014, 9, 84399.
16. J. Petricevic, V. Gujanicic, D. Radic, J. Jovicic Petrovic, J. Jovic, V. Raicevic, EGU
General Assembly 2013, 7-12 April, 2013, Vienna, Austria
17. G. Raman, K.N. Mohan, V. Manohar, N. Sakthivel, Biodegradation, 2014, 25,
95–107.
18. C.M. Chen, X.M. Li, J.K. Yang, X.W. Gong, B. Li, K.Q. Zhang, International
Biodeterioration and Biodegradation, 2008, 62, 226.
19. K.D. Sun, C.J. Zhu, W.H. Zhong, J.M. Chen, Z.J. Ye, P.J. Liu, Q. Zhou, Acta
Scientiae Circumstantiae, 2008, 28, 1294.
20. X.W. Gong, J.K. Yang, Y.Q. Duan, J.Y. Dong, W. Zhe, L. Wang, Q.H. Li, K.Q.
Zhang, Research in Microbiology, 2009, 160, 200.
21. M.Z. Wang, G.Q. Yang, X. Wang, Y.L. Yao, H. Min, Z.M. Lv, World Journal of
Microbiology and Biotechnology, 2011, 27, 1633.
22. S.N. Wang, P. Xu, H.Z. Tang, J. Meng, X.L. Liu, J. Huang, H. Chen, Y. Du, H.D.
Blankespoor, Biotechnology Letters, 2004, 26, 1493.
23. H.H. Wang, B. Yin, X.X. Peng, J.Y. Wang, Z.H. Xie, J. Gao, X.K. Tang, Journal of
Applied Microbiology, 2012, 112, 258.
24. H. Yu, H. Tang, X. Zhu, Y. Li, P. Xu, Applied and Environmental Microbiology,
2015, 81, 272.
25. N. Weyens, D. van der Lelie, T. Artois, K. Smeets, S. Taghavi, L. Newman, R.
Carleer, J. Vangronsveld, Environmental Science Technology, 2009, 43, 9413.
26. R.B. Payne, H.D. May, K.R. Sowers, Environmental Science Technology, 2011,
45, 8772.
27. N. Kuburovic, M. Todorovic, V. Raicevic, A. Orlovic, Lj. Jovanovic, J. Nikolic, V.
Kuburovic, S. Drmanic, T. Solevic , Desalination, 2007, 213, 123.
28. Z.T. Yu, W.W. Mohn, Water Res. 2001, 35, 883.
29. Z.T. Yu, W.W. Mohn, Water Res., 2002, 36, 2793.
30. I.P. Thompson, C.J. van der Gast, L. Ciric, A.C. Singer, Environmental Microbiology,
2005, 7, 909.
31. A. Ruan, H. Min, X. Peng, Z. Huang, Z., Research in Microbiology, 2005, 156,
700.
32. Y.P. Wang, J.Y. Shi, H. Wang, Q. Lin, X.C. Chen, Y.X. Chen, Ecotoxicology and
Environmental Safety, 2007b, 67, 75.
33. H.Z. Tang, S.N. Wang, L.Y. Ma, X.Z. Meng, Z.X. Deng, D. Zhang, C.Q. Ma, P.
Xu, Applied and Environmental Microbiology, 2008, 74, 1567.
34. Y. Teng, Y.M. Luo, M.M. Sun, Z.J. Liu, Z.G. Li, P. Christie, Bioresource Technology,
2010, 101, 3437.
35. E. Goo, C.D. Majerczyk, J.H. An, J.R. Chandler, Y. Seo, H. Ham, J.Y. Lim, H. Kim, B.
Lee, M.S. Jang, E.P. Greenberg, I. Hwang, Proceedings of the National Academy
of Sciences of the United States of America, 2012, 109, 19775.
36. G.D. Geske, J.C. O’Neill, H.E. Blackwell. Chemical Society Reviews, 2008, 37, 1432.
37. S.E. Darch, S.A. West, K. Winzer, S.P. Diggle, Proceedings of the National Academy
of Sciences of the United States of America, 2012, 109, 8259.

123

MILANA M. ZARIĆ, NENAD M. ZARIĆ, JELENA IVKOVIC, DANIJELA SLAVNIC, BRANKO BUGARSKI

38. J.D. Shrout, R. Nerenberg, Environmental Science and Technology, 2012, 46,
1995.
39. M.B. Miller, B.L. Bassler, Annual Review of Microbiology, 2001, 55, 165.
40. K. Poole, Trends in Microbiology, 2012, 20, 227.
41. T.J. Shao, G.Q. Yang, M.Z. Wang, Z.M. Lu, H. Min, L. Zhao, Ecotoxicology, 2010,
19, 1117.
42. E. Celis, P. Elefsiniotis, N. Singhal. Water Research, 2008, 42, 3218.
43. Y.Y. Qu, J.T. Zhou, J. Wang, Z.Y. Song, L.L. Xing, X. Fu, Biodegradation, 2006, 17,
83.
44. M. Wang, G. Yang, H. Min, Z. Lu, X. Jia, Water Research, 2009, 43, 4187.
45. N. Boon, J. Goris, P. de Vos, W. Verstraete, E.M. Top, Applied and Environmental
Microbiology, 2000, 66, 2906.
46. Y.L. Yao, Z.M. Lv, F.X. Zhu, H. Min, C.M. Bian, Journal of Hazardous Materials,
2013, 261, 550.
47. G.D. Geske, R.J. Wezeman, A.P. Siegel, H.E. Blackwell, Journal of the American
Chemical Society, 2005, 127, 12762.
48. V. Lazar, Anaerobic, 2011, 17, 280.
49. B. Vu, M. Chen, R.J. Crawford, E.P. Ivanova, Molecules, 2009, 14, 2535.
50. G.M. Patriquin, E. Banin, C. Gilmour, R. Tuchman, E.P. Greenberg, K. Poole,
Journal of Bacteriology, 2008, 190, 662.
51. B. Jiang, Y. Liu, Chemosphere, 2012, 88, 1058.
52. J.T. Byers, C. Lucas, G.P.C. Salmond, M. Welch, Journal of Bacteriology, 2002, 184,
1163.
53. M.Z. Wang, X. Zheng, K. Zhang, Y.C. Ding, H.Z. He, D.S. Shen, H.J. Feng,
Bioresource Technology, 2014, 169, 229.
54. S.K. Garg, M. Tripathi, S.K. Singh, J.K. Tiwari, International Biodeterioration and
Biodegradation, 2012, 74, 24.
55. K. Zhang, H.-Z. He, D.-S. Shen, X. Zheng, Z. Zhou, X.-J. Tao, M.-Z. Wang,
Journal of Chemistry, vol. 2014, Art. ID 212596.
56. J.-H Wang, H.-Z. He, M.-Z. Wang, S. Wang, J. Zhang, W. Wei, H.-X. Xu, Z.-M. Lv,
D.-S. Shen, Bioresource Technology, 2013, 142, 445-453
57. X. Quan, H. Tang, W. Xiong, Z. Yang, Journal of Hazardous Materials, 2010, 179,
1136.
58. J. Song, C. Lays, F. Vandenesch, Y. Benito, M. Bes, Y. Chu, G. Lina, P. Romby,
T. Geissmann, S. Boisset, PLoS One, 2012, 7, art. no. e37294.
59. G.Q. Yang, Isolation, identification and nicotine metabolism pathways analysis of
two nicotine-degrading bacteria. Zhejiang University, Hangzhou, 2011
60. S. Yao, J.R. Ni, Q. Chen, A.G.L. Borthwick, Bioresource Technology, 2013, 127,
151.
61. S. Zhang, A. Li, D. Cui, J.X. Yang, F. Ma, Bioresource Technology, 2011, 102,
4360.
62. M.M. Zein, M.T. Suidan, A.D. Venosa, Environmental Science and Technology,
2004, 38, 3449.

124

STUDIA UBB CHEMIA, LX, 4, 2015 (p. 125-141)
(RECOMMENDED CITATION)

DIRECT SENSITIVITY ANALYSIS OF A WHITE WINE
ALCOHOLIC FERMENTATION PROCESS
ANCA ȘIPOȘa,* and PAUL ȘERBAN AGACHIb
ABSTRACT. Process engineering became, recently in historical terms, an
extension of food engineering principles to other fields of manufacturing as the
food biotechnology and beverage industry is. This article proposes a non-linear
mathematical model that makes possible the simulation of the batch alcoholic
fermentation of white wine. The model was developed on the basis of zone
modelling principle, considering the physiological states of the yeast cells. The
nonlinear mathematical model led to a good qualitative and quantitative
description of the alcoholic fermentation process. The model was implemented
as a Matlab S-function and the results were compared with experimental data.
Further on, the mathematical model was used for the investigation of the
dynamic behaviour of a batch fermentation process through direct sensitivity
analysis method (DSA). The DSA of dynamic model allowed the calculus of the
matrix of the sensitivity functions in order to determine the influence of the small
deviations of initial state and parameters from their nominal values on the state
trajectory and system output over the time.
Keywords: alcoholic fermentation process, nonlinear mathematical model,
process simulation, direct sensitivity analysis

INTRODUCTION
Wine making is a complex ecological and biochemical process involving
many interactions such as must variety, microbiota and several operations. It is
often controlled empirically and traditionally. There are some factors that strongly
affect the alcoholic fermentation. The most important ones are: fermentation
temperature, grape juice composition, anaerobic conditions - due to CO2
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production, low media pH, sulphur dioxide concentration level, selected yeasts
inoculation and interaction with other microorganisms [1]. The models developed
for these cases consequently have various domains of applications but none of
them include the whole oenological aspects of the process. The majority of the
models are of “knowledge-based” models type and they take into consideration a
great number of phenomena that have an important effect on the kinetics of the
process fermentation [2].
The review [3] presented different approaches that have been taken
for “knowledge-based” models, non-physiological mathematical descriptions,
behaviour prediction models and empirical models and others authors [4, 5,
6, 7] used a kinetic model that assumes a limited oxidation capacity of yeast,
leading to the formation of ethanol under conditions of oxygen limitation and/or high
glucose concentration. Therefore they require the estimation of many
variables which are often measured with difficulty.
On the other hand, the knowledge-based models inaccurately describe the
end kinetics of the fermentation process [8]. In addition, there are other models
resulting from the macroscopic analysis of the process fermentation [9, 10]. These
models require less estimated variables but their physiological significance is
difficult to analyse. These models describe very well the evolution of the main
variables specific to the alcoholic fermentation process such as the substrate
and alcoholic concentrations [11].
Recently, many studies are focused on models which use artificial
intelligence techniques [12, 13] thus having a high capacity of generalization and
a good stability. In [14] artificial neural networks are used. In [15] a control
system using two feed-forward ANN models is proposed: the first network is
incorporated in the hybrid model of the process, providing values for the plant
output; the second network performs the task of feedback controller in the form
of a plant with inverse plant dynamics. In [16] the neural network is adapted online using only the dissolved oxygen measurement to record varying operating
conditions while other states of the system, namely the substrate, ethanol and
biomass concentrations are not measured but predicted by the adapted network.
Although real results begin to appear, there is still necessary to validate
these models on a wide range of fermentation processes. In other words, a
complex data-base containing information about the kinetics of the alcoholic
fermentation processes has to be created and used [17] so that the approach of
the modelling of these processes through artificial intelligence model-based to
be consistent. For these reasons, the modelling, simulation and control of these
processes is not a fully solved problem yet and still remains a challenge for the
specialists in control and in wine producing technology (question: is it possible to
have an overall valid model at all sort of wines?). This paper proposes a general
mathematical model of the alcoholic fermentation process. A study regarding
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the analysis of this model on the basis of the sensitivities in relation with the
initial state and the main parameters is carried out, having the goal of designing
and implementing a control strategy of the alcoholic fermentation process
[18].
The paper structure is as follows: after a brief introduction, in the second
part the present article proposes a non-linear model for white wine alcoholic
fermentation process which, besides the detailed kinetic model, involves equations
corresponding to the physiological phases of yeast cells, the inhibitory effect of
ethanol, heat transfer equations and the dependence of kinetic parameters on
temperature. In the third part of the paper the dynamic behaviour of a batch
fermentation process using the direct sensitivity analysis (DSA) is investigated.
Finally, the last section is dedicated for conclusions.
RESULTS AND DISCUSSION
Result and discussion regarding the mathematical model simulation
The nonlinear mathematical model of the batch fermentation process
(Table 1) used in this work contains the following equations:
 an equation for the latent phase of fermentation that describes the
dependence of the phase time of the process temperature;
 the model proposed by Aiba [17] for the growing phase with the three
equations of biomass, alcohol production and substrate consumption;
 the model presented by Bovée-Strehaiano [9] for the decay phase
with two equations: one for the substrate consumption and the other for alcohol
formation;
 an equation that describes the biomass behaviour along the phase
no. 3 (the model proposed by Sipos in [19, 20]);
 an energy-balance model in which the rate of change of the medium’s
temperature (dT0/dt) is a result of the balance between the rate of the heat
generation due to fermentation and the rate of the heat transfer to the cooling
medium inside the bioreactor jacket.
The model proposed by Aiba includes the inhibitory effects of the
fermentation product (alcohol). In the growing phase the value of the maximum
specific growth rate of the biomass corresponds to the real one. The nonphysiological model proposed by Bovée and Strehaiano was chosen because it
accurately describes the substrate consumption and the evolution of the alcohol
concentration in the growing and decay phases. This model proposes the use
of a semi empirical model in which the velocity of sugar consumption is described
by a chemical law that depends on substrate and product contents. The parameters
of the model are adjusted by means of non-linear programming methods, which
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compare model predictions with experimental data and minimise errors [19, 20].
The Bovée and Strehaiano model is capable of predicting the fermented sugar
(and thus thermal planning) within an error of 3.3% [4]. Thus, the model offers a
good qualitative and quantitative description of the behaviour of the alcoholic
fermentation process.
Figures 1, 2 and 3 show the simulation results of the model presented in
Table 1 considering the following initial values: the initial substrate concentration
was 210 g·L-1 and the fermentation temperature was 301K.

Figure 1. Evolution of glucose and alcohol
concentrations; a comparison between
experimental values (o - glucose and + - alcohol)
and simulation results (continuous lines)

Figure 2. Comparison between the
biomass simulation results (continuous
line) and experimental data (o)

Figure 3. Temperatures of the fermentation medium
and cooling agent (simulation results)
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The equation of the latent phase is valid for a time interval [0, 100 h] and
the model has been tested for a grape juice variety with an initial concentration
of the substrate varying between 180 and 210 g·L-1, a fermentation temperature
between 299 and 303 K and without aeration.
DSA results and discussion
DSA with respect to the initial state
Figures 4 – 6 present the graphs of the sensitivity functions. Based on
these graphs the following remarks can be drawn:
 The substrate consumption, the biomass production and the fermentation
temperature present the same sensitivity with respect to the initial concentration
variation of the biomass (Figure 4). The influence of this variation is significant
throughout the exponential growing phase and then it decreases when the process
reaches the decay phase. This influence proves that the substrate consumption
depends on both viable biomass concentration and biomass growth rate.

 The change of the initial concentration of the substrate in relation with
the three variables (substrate, biomass and fermentation temperature) reaches
a maximum (negative) at the end of exponential growing phase (Figure 5). The
influence exists only in this phase which is the most important one in fermentation.
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The initial concentration of the substrate has a strong influence in the exponential
growing phase which may lead to a modification of the fermentation duration
with all the consequences that may occur. A short duration leads to a tumultuous
fermentation, because the initial concentration of substrate is too lower or not all
substrate is metabolized wholly through fermentation or the alcohol production rate
is too high and has an inhibitory effect on the biomass development. A long duration
leads to a slow fermentation, with lower alcohol concentration at the end.
 The change of the initial temperature of the fermentation over the
substrate, biomass and temperature inside the bioreactor presents a positive
maximum at the beginning of the exponential growing phase and after that
decreases in time. The possibility that the fermentation duration may be changed
is once again confirmed and so the consequences that can appear.

DSA with respect to the parameters of the mathematical model
The parameters’ sensitivity (Figures 7–9) highlights that the process
kinetics (substrate consumption, biomass production and fermentation
temperature) is strongly influenced by the modification of the two kinetics
parameters (A and Ea), whose values are frequently determined with uncertain
precision. The alcoholic batch fermentation of white wine being a process
controlled by temperature, the heat transfer area modification lead to changes
in the fermentation conditions and, as a consequence, these can affect the
process duration and the wine quality and characteristics.
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CONCLUSIONS
The dynamic model presented in this paper enables the prediction of the
evolutions and final concentrations of biomass, alcohol and substrate during a
batch alcoholic fermentation. The model involves equations corresponding to
the physiological phases of yeast cells, the inhibitory effect of ethanol, heat
transfer equations and the dependence of kinetic parameters on temperature.
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The model was validated through four experiments considering two different
temperatures and two different initial concentrations of substrate for the same
must. So, by this general model, the possibility to simulate real, oenological
aspects that can appear during the alcoholic fermentation process it was obtained.
Also, based on this model, the direct sensitivity analysis was realized. The
sensitivity functions matrix calculated with DSA allowed mono and multivariable
estimation of the influences of input variables and parameters. Considering the
DSA it were proved that the initial concentrations of the biomass, the changes
of the initial concentration of the substrate and initial values of temperature have
a strong influence in the exponential growing phase, which is the most important
one in fermentation because the maximum growth rate of the selected strain
depends on operating conditions which must be known exactly.
The parameters’ sensitivity analysis pinpointed the process’ kinetics
aspects as are the strongly influences of the fermentation process by the
modification of the two kinetics parameters (the pre-exponential factors in
Arrhenius’ equation and the activation energies), whose values are frequently
determined with uncertain precision.
The results obtained in this study will allow the possibility to develop state
observers (substrate, biomass and product concentrations) using temperature
measurements and to design an appropriate control system.
EXPERIMENTAL
The article proposes a complex nonlinear wine fermentation model
based on previous researches of the authors [19, 20] followed by a sensitivity
analysis designed to develop state observers (substrate, biomass and product
concentrations) using only temperature measurements and to configure the
control scheme of the process.
Experimental conditions
To evaluate the total fermentation yield losses under different operating
conditions, four experiments were carried out and based on the data obtained
within these experiments, a mathematical model was proposed. The strain and
the culture medium, the equipment and the experimental conditions together with
the measurements of the fermentation parameters were presented by Sipos and
co-workers [19, 20]. For the experiments the Saccharomyces cerevisiae YEPD
wine yeast was used, being seeded on a culture medium with the following
composition: 5 g·L-1 KH2PO4, 2 g·L-1 (NH4)2SO4, 0.4 g·L-1 (MgSO4).7H2O, 1 g·L-1
yeast extract, 50 g·L-1 glucose and Mauzac must (sterilized through flash
pasteurization). The sugar content of the grape must was supplemented with
sucrose up to 180 g·L-1 and 40 mL·h-1·L-1 tiaminol were added. The SO2 content
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reached 50 mg·L-1 and the pH was adjusted at 3.8 mg·L-1 H3PO4. Both the
fermentation medium and the bioreactor were autoclaved for 20 minutes at 393 K.
A New-Brunswick continuously stirred bioreactor equipped with pH and temperature
sensors was used.
The following operating conditions were:
 Working volume – 8 L;
 Temperature – 291 K and 301 K;
 Stirring speed – 150 rpm;
 pH – 3.8;
 Influent glucose concentrations – 180 g·L-1 and 210 g·L-1;
 Without aeration, the necessary oxygen was dissolved in must.
The mathematical model
The mathematical model of the alcoholic fermentation process was
determined on the basis of the approach of the zone modelling principle, taking
into consideration the evolution of the viable biomass (Xv(t)). Based on the
analysis of the phenomenological aspects of the alcoholic fermentation process,
the evolution of Xv(t) was divided in three parts (Figure 10) as follows:
 latent phase (1);
 growing phase (2);
 decay phase (3).

Yeast population, [millions/ml]
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Figure 10. Evolution of the viable biomass concentration Xv(t)

Table 1 presents the equations of the model. The parameters are
adjusted through the non-linear programming method, which compares the
model predictions with experimental data and minimises the errors.
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Table 1. The model of the alcoholic fermentation process
Current phase

Model equations

Kinetic model
Latent phase [19, 20] t lat 

a
b
T0

- biomass:

Exponential growing
phase [17]

 S  K
dX
  e
  max  
dt
 KS  S 

 max  A1  e
- alcohol:



Ea 1
RT 0

 A2  e



X ;

Ea 2
RT 0

 S  K
dP
e
 q p max  

dt
 K SP  S 

- substrate:

p P

pp  P

X

 1 dX   1 dP 
dS

  

 

dt
 YXS dt   YPS dt 
Ea


dX
0
 f  X  k ; k  A  e RT
dt
- alcohol: P  P0     S 0  S 
dS
 k  S   P 
- substrate:
dt

- biomass:

Decay phase
[9, 19, 20]

Energetic model
- for the bioreactor:

dS
0
dt  K T  AT T 0  T 0   dT
ag
 cp
V   cp
dt

Hr 
All phases [18, 19]

- for the bioreactor’s jacket:

Fag
Vag

T

0
agi

 Tag0  

0
K T AT
T 0  Tag0   dTag
Vag   ag  c pag
dt

Tables 2 and 3 present the list of the variables and parameters of the
mathematical model.
Table 2. Variables and parameters of the kinetic model
X
S
P
k
A
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Biomass concentration
Substrate concentration
Alcohol concentration
Kinetic constant
Pre-exponential factor in Arrhenius’ equation

g·L-1
g·L-1
g·L-1
h-1
148 (calculated using
experimental data)

h-1
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Ea

Activation energy

A1
Ea1
A2
Ea2
R
T0
Ks
d

Pre-exponential factor in Arrhenius’ equation
Activation energy
Pre-exponential factor in Arrhenius’ equation
Activation energy
Universal gas constant
Temperature in bioreactor
Substrate limitation constant
Pseudo-constant of the biomass

f

Pseudo-constant of the biomass
Pseudo-order of the substrate
Pseudo-order of the alcohol
Efficiency in alcohol of fermentation reaction
Steady-state operation point of substrate
Steady-state operation point of alcohol
Time
Maximum specific growth rate
Alcohol limitation constant
Maximum specific alcohol production rate
Constant in the substrate term for ethanol
production
Constant of fermentation inhibition by ethanol
Ratio of cell produced per glucose consumed
for growth
Ratio of ethanol produced per glucose
consumed for fermentation




S0
P0
t

max
KP
qpmax
KSP
KPP
YXS
YPS

a

21424 (calculated using
experimental data)
9.5 *108 a
55000a
2.55*1033
220000a
8.31
291 and 301
0.2a
1.67 (calculated using
experimental data)
0.34
0.69b
0.32b
48b
180
0

J·mol-1
h-1
J·mol-1
h-1
J·mol-1
J· mol-1.K-1
K
g·L-1

0.14c
1.02c

%
g·L-1
g·L-1
h
h-1
g·L-1
g· g-1·cells-1.h-1

1.68c
0.07d

g·L-1
g·L-1

0.607d

g·g-1

0.435c

g·g-1

[21, 22, 23], b[9], c [10], d [24]

Table 3. Parameters of the kinetic model
KT
AT
Fag
Vag
V
T0agi
Hr


ag

cp
cpag
T0ag

Heat transfer coefficient
Heat transfer area
Flow of cooling agent
Volume of the jacket
Volume of the mass of reaction
Temperature of cooling agent entering to the jacket
Reaction heat of fermentation
Density of the mass of reaction
Density of cooling agent
Heat capacity of mass of reaction
Heat capacity of cooling agent
Temperature of cooling agent in the jacket
a

3.6.105 a
0.8b
0.01b
0.2b
1b
278b
-98465c
1100b
999.8a
3391b
4217a

J· m-2.K-1.h-1
m2
m3·h-1
m3
m3
K
J·mol-1
kg·m-3
kg·m-3
J· kg-1.K-1
J· kg-1.K-1
K

[25], b experimental data, c [26]
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The state vector is given by eq. (1)
 X   x1 
   
x   S    x2 
T 0   x 
   3

(1)

where S represents the substrate concentration, X - the biomass concentration
and T0 - the temperature inside the bioreactor. The state vector of the process
is extended with other two state variables: the concentration of the metabolism
product (P), noted with x4 and the temperature of the cooling agent inside the
jacket, T0ag, noted with x5. It has to be mentioned that for the last two state
variables the DSA method was not applied.
The flow of the cooling agent (Fag) is considered the control variable:
u1  Fag . The parameters of the mathematical model are the following: the preexponential factors in Arrhenius’ equation (A and A1), the ratios between the
activation energy and the universal gas constant (

E
Ea
and a1 ) as kinetics
R
R

characteristics and the heat transfer area (AT) as a design characteristic. The
parameters’ vector is as follows:
 for the exponential growing phase
 A1   p 
E   1
p   a1    p2 
 R   
 AT   p3 





(2)

for the decay phase
 A
E
p a
 R
 AT

  p1 
  
   p2 
  
  p3 

(3)

Considering the notations from eqs. (1), (2) and (3) the mathematical
model presented in Table 1 has been transformed, as shown in Table 4.
Table 4.The state space mathematical model of the alcoholic
fermentation process
Current phase

Equations

Kinetic model

a
b
x3

Latent phase

t

Exponential growing phase

- biomass:  max  p1  e
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p2
T0

 A2  e



Ea 2
RT 0
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Current phase

Equations

 x2   K
dx1
e
  max  

dt
 K S  x2 
- alcohol:

P  x4

 x1


 K
dx4
x2
e
 q p max  

dt
 K SP  x2 

- substrate:

PP  x4

 x1

 1 dx1   1 dx4 
dx2

  

 

dt
 YXS dt   YPS dt 
p2


dx1
 f  x1  p1  e x
dt
dx 4
dx
   2
- alcohol:
dt
dt
p
 2
dx2
- substrate:
  p1  e x3  x 2  x 4
dt

- biomass:

Decay phase

3

Energetic model

All phases

dx3
 5.54 
- for bioreactor:
dt

dx 2
dt  K T  p3   x  x 
3
5
V   cp
 cp

H r 

- for the bioreactor’s jacket:

dx5
K T  p3
u

 Tagi0  x5  
  x3  x5 
dt Vag
Vag   ag  c pag

The following initial conditions have been taken into consideration for the
simulation of the mathematical model:
 x1, 0   X 0 

  
x 0   x 2, 0    S 0 
 x  T 0 
 3, 0   i 

(4)

Direct sensitivity analysis (DSA)
The analysis of the dynamic system, based on the aforementioned
mathematical model, was carried out using DSA. As it has been specified
before, the main purpose of the DSA is the study of how the variation in the
inputs of a model (biomass, substrate concentrations and temperature) can be
apportioned, qualitatively or quantitatively, to different sources of variation.
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Direct sensitivity analysis in relation with the initial state
The sensitivities’ matrix in relation with the initial state, S xx t,t 0  , is defined
by the relation (5) as mentioned in [18]:
0


S xx t,t 0   lim Δ x

0

j,0 0

 x 
 j , 0 x i t  
 i 

x j , 0  i 1,n  x j , 0  i 1,n
j 1, n
j 1, n

(5)

The eq. (5) is equivalent with eq. (6)
 x x t   S xx t,t 0 x 0
0

(6)

0

The state vector’s variation,  x x t  corresponding to a x 0 variation of
the initial state vector, satisfies the differential equation:
0

 x x t   f x  xt , p  x x t 
.

0

(7)

0

where f x  x t , p  is the Jacobean matrix and p – the parameters’ vector (in this
case they are constant). In eq. (6) it can be noticed that S xx t,t 0  is the transition
matrix of the states. This matrix represents the solution of the sensitivity differential
equation:
0

.

S xx t , t 0   f x  x t , p S xx t , t 0 
0

(8)

0

Table 5 presents the elements of the Jacobian matrix, fx, for the
sensitivity analysis in relation with the initial state.
Table 5. Jacobian matrix for the sensitivity analysis
in relation with the initial state
Current phase

Equations

Kinetic model

 x2  K
  e
f x ,1   max  
 K S  x2 

P  x4

1

Exponential
phase

 K
KS
e
2 
 K S  x2  

E
p



E
f x , 3   p1  p 2  e x  A2  a1  e R x
R

2

a1

3

3

1

f x 2 ,1  
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; f x1 , 2   max  

1
  max
Y XS

 x2
 
 K S  x2

 K
  e


P  x4

P  x4


x2
  x1  12 
 e K

x
K

x
3
2
S



1
 q p max
Y PS


x2
 
 K PS  x 2

 x1

P  x4

 K
  e


PP  x 4
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Current phase

Equations

f x ,2  
2

 KS
 K
1
 max  
e
2
YXS
 K S  x2  

f x2 ,3  0 ; f x ,1  5.54 
3

f x ,3  
3

P  x4

 x1 

 K PS
 K
1
 q p max  
e
2
YPS
 K PS  x2  

PP  x4

 x1

H r
H r
 f x ,1 ; f x , 2  5.54 
f ;
  cp
  c p x ,2
2

3

2

K T  p3
V    cp

f x1 ,1  f  p1  e



p2
x3

p2

f x1 ,2  0 ; f x1 ,3

;

f x2 ,1  0 f x2 ,2  k    x 2 1  x 4
;

Decay phase

f x 2 ,3   p1 
f x3 ,3  5.54 

p2
e
x 32

H r

  cp

p
 2
x3

;

 x 2  x 4 ; f x ,1  0 ; f x , 2  5.54 
3

 f x2 , 3 


p
 f  x 1  p1  22  e x3
x3

3

H r

 cp

 f x2 , 2 ;

K T  p3
V    cp

Direct sensitivity analysis in relation with the parameters
The sensitivities’ matrix in relation with the parameters, S xp t,t 0  , is defined
by the eq. (9) as mentioned in [18]:
 p x i t  
 x 

S xp t,t 0   lim Δ p 0
 i

p j  i 1,n  p j  i 1,n

j 1, n
j 1, n
j

j

(9)

It is equivalent with eq. (10)
 p x t   S xp t,t 0 p

(10)

The sensitivity’s differential equation is the following:
.

S xp t , t 0   f p  x t , p S xp t , t 0 

(11)

Table 6 presents the elements of the Jacobian matrix, fx, for the
sensitivity analysis in relation with the model parameters.
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Table 6. The equations of the Jacobean matrix, fx, for the sensitivity analysis of the
process state in relation with the time-invariant parameters
Current phase

Equations

Kinetic model

f x1 ,1  e
Exponential
phase

p
 2
x3

p



 2
x2
x
x2
 e  K P  x4  x1 f x1 , 2   p1  1  e x3 
 e  K P  x4 ;
K S  x2
x3
K S  x2

f x1 , 3  0 f x 2 ,1  0 f x2 , 2  0 ; f x 2 , 3  0 ; f x3 ,1  0 f x3 , 2  0 ;
;

f x3 , 3

;

KT

  x3  x5 
V    cp

f x ,1  f  x1  e

p
 2
x3

1

fx

2 ,1

 e



p2
x3

Decay phase

f x3 ,1  5.54 
f x3 , 3  

; f x1 , 2   f  x1 

 x 2  x 4 ; f x

H r

  cp

2 ,2



p2

p1  x
 e ; f x ,3  0
x3
3

1

p2

p1  x
 e  x 2  x 4 ; f x
x3

 f x2 ,1 ; f x3 , 2  5.54 

3

H r

  cp

2 ,3

 0;

 f x2 , 2 ;

KT
  x3  x5 
V    cp
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SENSITIVITY ANALYSIS USING ADM1 MODEL
FOR BIOGAS PRODUCTION
ABHILASH NAIRa, ALEXANDRINA ZUZAa*, PAUL-ŞERBAN AGACHIa,
ARPITA DASa, MARIUS BREHARb, GYŐZŐ FERENCZ BARABÁSc
ABSTRACT. This study is aimed for a sensitivity analysis to understand the
effects of various stoichiometric and kinetic parameters, input composition, carbon
and nitrogen composition in the Anaerobic Digestion Model No. 1 (ADM1).
The ADM1 has been modified based on the design parameters and process
conditions from Cluj-Napoca WWTP. It has to be further calibrated to simulate the
steady-state anaerobic digestion of activated sludge at municipal wastewater.
For this purpose, it is extremely important to understand the effect of various
model parameters on the output variables. The modified model is able to predict
the output with 2% error in biogas flow rate and 10% error in the digester
pressure. The sensitivity analysis performed identifies the parameters that have a
major impact over the output. This report also presents a list of parameters
that have to be modified to calibrate the ADM1 model.
Keywords: ADM1, WWTP, activated sludge, sensitivity analysis, simulation,
calibration

INTRODUCTION
Anaerobic processes have been widely used for the treatment of municipal
and industrial wastewater through the fermentation of activated sludge, particularly
in Europe [1]. The ADM1 structured model initially includes multiple steps describing
complex biochemical and physico-chemical processes. The biochemical steps
include breakdown from homogeneous particulates to carbohydrates (CHO),
proteins (PRO) and lipids (LIP); extracellular hydrolysis of these particulate
substrates to sugars, amino acids (AA), and long chain fatty acids (LCFA),
a
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respectively; acidogenesis from monosaccharides (MS) and amino acids (AA)
to volatile fatty acids (VFAs): propionic (HPr), butyric (HBu) and valeric acid (HVa)
along with H2; acetogenesis of LCFA and VFAs to acetate (C2H3O2−); and
separate methanogenesis steps from C2H3O2− to H2 and CO2 into CH4 (Figure 1).
These complex bio-chemical and physico-chemical reactions are implemented
mathematically to analyze the amount of methane that can be generated from
anaerobic digestion. There is also a need to analyze how much of the energy
content in the produced methane could be used to generate heat and electricity.

Figure 1. Anaerobic digestion conversion processes [2]

The ADM1 [3] has been used for the mathematical simulation of the
fermentation of different substrates [4]. Since its development in 2002 and up
to now the ADM1 has been tested and used on different substrates where a
great number of research works are reported in the literature. Amongst others,
investigations were done on mathematical simulation of special substrates of
international interest, like starch [5], blackwater [6] or olive pulp [7]. Boubaker
and Cheikh Ridha [8] investigated on the mesophilic anaerobic co-digestion of
olive mill wastewater with olive mill solid waste. Page, DI. et al. [9], has modified
the kinetic parameters of ADM1 in order to simulate dairy manure anaerobic
digesters and thermophilic anaerobic co-digestion of olive mill wastewater and
olive mill solid waste. Zaher, U. et al. [10], has developed a general integrated
solid waste co-digestion model, for optimization and assessment of co-digestion
of any combination of solid waste streams. This very important tool estimates
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particulate waste fractions of carbohydrates, proteins, lipids and inerts and thus
generates inputs for ADM1, which subsequently predicts biogas generation. In
fact, anaerobic digestion of the organic fraction of the municipal solid wastes
alone or combined with organic sludge can contribute efficiently to solid waste
reduction and biogas production as described by many researchers: Zuza et al.
[11], Bolzonella et al. [12], Mace et al. [13] and Bolzonella et al. [14], for solid
waste treatment under mesophilic or thermophilic conditions.
Since the introduction of activated sludge models (ASMs) by Henze
et al., [15] the activated sludge processes have been studied using dynamic
simulations in order to design, upgrade and optimize a range of configurations
of the activated sludge unit in wastewater treatment plants (WWTPs). Later,
the introduction of the anaerobic digestion model [3] extended the modeling
further to the sludge line.
EXPERIMENTAL SECTION
ADM1 in the treatment of activated sludge at municipal wwtp
context
In this current study, primary sludge from the primary settling tank and
secondary sludge from the secondary clarifier are treated dried and mixed with
polyelectrolyte and ferric chloride (Q), which are pumped subsequently into the
digesters for the anaerobic digestion and biogas production. To maintain an
inner constant process temperature of the digester, the sludge is recycled through
heat exchangers. After the production of sufficient biogas, 20-25% of biogas is
being recirculated into the digester for mixing purposes (Figure 2).

Figure 2. Sludge and biogas process lines
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Materials and methods
The main process parameters of the anaerobic digestion: flows,
temperature, pressure and concentrations are presented in Table 1.
Table 1. General plant design and process parameters
PROCESS PARAMETERS
Fermentation temperature: 37-39 °C
Working Pressure: 20-25 mbar
HRT1: 21-25 days
Influent/Effluent Flow:
2500-13000 m3/h
Heat exchangers thermal agent
input/output temperature: 80/60 °C
Procentage of OMT2: 30-50%
OL3: <<2 kg VSS/m3
pH: 7-8
Turbidity: <35 mg/L
Ortho-P4 influent/effluent: 8 -1 mg/L
D.O.4: 2-3.5 mg/L
Nitrates: <40 mg/L
Ammonia influent/effluent: 70/1 mg/L
TSS5: 7500-9000 mg/L
TOC6: <125 COD/L
Nomenclature:
1

Hydrolic Retention Time
2
Organic Matter Transformation
3
Organic Load
4
Ortho-Phosphates

SLUDGE LINE
Primary sludge
Flow: 260 m3/day
Content of MS7: 27%
Content of VS8: 73%
Fixed residue: ~1800 mg/L
Secondary sludge
Flow: 280 m3/day
Content of MS: 29%
Content ofVS: 71%
Fixed residue: ~35000 mg/L

ANAEROBIC
FERMENTERS
Unit: 4
Volume: 3500 m3
Type: Monostadium
with recirculation
Height: 12 m
Diameter: 19 m
Biogas production:
average of 3000
m3/day

Fermented sludge
Flow: 540 m3/day
Content of MS: 40%
Content ofVS: 60%
Fixed residue: ~19000 mg/L

5

Dissolved Oxygen
Total Suspended Solids
7
Total Organic Carbon
8
Mineral substances
9
Volatile Substance
6

Simulink model
The ADM No.1 Simulink model [16], has been modified based on the
process conditions presented in the previous table. The balance equations
presented [3] has been modified slightly to include the sludge recycle and the
gas recycles into the digester. The original ADM1 model is built under the
assumption that the reactor is a thermodynamically isolated system. But under
industrial conditions, a heating system has to be provided to maintain the digester
temperature within the desired range. This is done by continuously recycling
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the digester fluids through a heat exchanger. This recycle of internal fluids
could have a certain influence on the compositions and hence this recycle has
to be included in the model. The ADM 1 model equations consider the system
to be a CSTR. In an actual plant operation, these CSTR conditions are achieved
either by a mechanical action of a stirrer or by pumping gas through the digester.
In this model under consideration, a bio-gas recycle is used to achieve this
condition. This recycle has serious effects on the digester pressure, methane
concentration in the biogas and quantity of biogas produced. Hence, the effects of
the gas- recycle has to be included to make the mathematical model close to
the industrial condition.
The first equation, Eq. (1) and Eq. (2), presents the change in the
process conditions that are incorporated in the ADM1 model. Since the tank
has been modelled as a perfectly mixed vessel, the influence of these recycles
on physical conditions of mixing and other hydrodynamic effects can be ignored.
Figure 3 presents the model that has been build up to study the digester section
of WWTP. The 4 digester model has been converted to a single digester system,
to produce an equivalent model; this can be done by simple addition of all the
process conditions because in real situation all the 4 digesters work parallel,
under uniform flow conditions.
For Liquid stream:
,

=

+

,

−

−∑

(1)

,

Si (i=1:24) – State variables
– Kinetic rates
ρj
– Stoichiometric coefficients
vi,j
– Sludge recycle flow
,
qin
– Sludge input
– Sludge output
qout
– Volume of the liquid fraction
Vliq
For Gas section:

=
gas
agas
KH,gas
,

Vgas

,

−

+

(

,

−

,

)

(2)

– biogas composition (SCO2+SCH4+SH2)
– Gas Liquid mass transfer coefficient
– Henrys Constant for the corresponding gas
– Gas recirculation flow rate
– Partial pressure of the biogas
– Volume of the gas fraction
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Figure 3. Simulink model with sludge and gas recycle

ASM-ADM1 Simulink® interface
The ADM No.1 model is often connected to an ASM-ADM converter [17]
which provides a detailed algorithm to convert the ASM1 model parameters to
ADM1. Attaching a converter to the ADM No 1 has two major advantages. Firstly
this provides the need for having less complex ASM 1 input variables compared
to the ADM 1 input which has about 25 input state variables. Secondly it also
would be convenient to link it to the Waste Water treatment model to create a
Benchmark for a complete Waste Water Treatment Plant (BSM No.2).
Even after the implementation of ASM-ADM interface in the digester
model, the input variables used are completely different from the values that
are regularly monitored in the industry. There are no available methods for
direct measurement of these input variables. The values of these inflow
composition provided in the literature [18] cannot be directly used in a digester
model, due to the huge variations in waste-water sludge composition. Apart
from the immeasurable input parameters, there is also a possibility of various
parameters that could be different from those used in the ADM No. 1 [3].
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The default values of influent sludge composition, conversion parameters
of the ASM-ADM converter, stoichiometric and kinetic parameters presented in
the ADM1 fails to give the required tank pressure and methane production
rates. Hence there is a need for calibrating these values to match the values
obtained from the WWTP.
Sensitivity analysis
Before we tune the model parameters to obtain the desired output, it is
necessary to understand the effect of various parameters (Table 2) on the
output variables.
Table 2. Inflow Composition [18]
PARAMETER
Soluble inert organic matter
Readily biodegradable substrate
Particulate inert organic matter
Slowly biodegradable substrate
Active heterotrophic biomass
Active autotrophic biomass
Particulate products arising from biomass decay
Soluble biodegradable organic nitrogen
Particulate biodegradable organic nitrogen

PARAMETER
ABBREVIATION
SI
SS
XI
XS
XB,H
XB,A
XP
SND
XND

Value
30
68.22
7148.21
27987.36
4043.27
8.49
26.02
0.1
0.19

These parameters used to describe the model, have been obtained by
experimentations and have been successfully implemented in various WWTPs,
but as mentioned before, some of them still have a possibility of change. With
such a huge list of variables that could be varied to fit in the data, a suitable
choice has to be made to select the ones that can provide significant influence
in the output variable. It has to be taken into account the parameters chosen
that are most likely to be affected by the change in feed composition. Table 3
shows the list of variables that are most likely to represent the parameters that is
depended on the type of sludge. The parameters such as Henry’s law coefficients,
acid-base equilibrium constant, acid-base rate constant are considered dependent
completely on temperature and hence remain constant. The same is the case
with the specific Monod maximum uptake rate, first order decay rate for biomass
death, Monod half saturation constant, which are maintained same as the
default values due to its extremely complex dependency function on the output
variables.
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Table 3. Stoichiometric and kinetic parameters
Parameter

Description

UNIT

Ci
kLa
Ni
Ysubstrate
fproduct,substrate

carbon content of component
gas–liquid transfer coefficient
nitrogen content of component i
yield of biomass on substrate
yield of product on substrate

kmoleC/kgCOD
days
kmoleN/kg COD
kgCOD_X/kgCOD_S
kgCOD/kgCOD–1

where,
i - Components/state variables used in the ADM1
(Batstone et al. 2002)

RESULTS AND DISCUSSION
The simulation outputs: in Figures 4-6 it is presented the simulation
output for biogas production rate, methane concentrations and tank pressure
from the initial conditions to the time it reaches steady state. These graphs
present a preliminary idea of the time taken for the process to reach steady
state conditions. The comparison of the simulated variables and the industrial
data is provided in Table 4. The table clearly shows that the methane
concentration clearly matches the values of the design parameters, but the
flowrate and the digester pressure varies from the design values. Hence a
tuning of parameters has to be done to match the values.
Table 4. Output parameters
OUTPUT
Steady state pressure
Methane concentration
Biogas flowrate

units
mbarg
dimensionless
m3/day

SIMULATED
VALUE
49.42
69.37
3312

INDUSTRY
VALUE
25
70%
3000

The values given in Table 5 are the base operating condition. Which
implies that the model has been run based on the stoichiometric values from
the literature. Now these values from the literature are increased by 10 times
and are used to run simulations until it reaches the steady state conditions. The
final values of biogas flowrate (q) and tank pressure (P) have been recorded at
the end of each run. The values of % P and % q can be mathematically explained
by the flowing equation.
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% =

−

(3)

where,
– the value of tank pressure after the change in the selected parameter
– the value of tank pressure obtained with literature data parameter
simulation
−
% =
(4)
where,
– the value of biogas flowrate after the change in the selected parameter
– the value of biogas flowrate obtained with literature data parameter
simulation
The value of methane concentrations has shown extremely low sensitivity
to the variation in inflow sludge composition, stoichiometric and kinetic parameters.
Hence the prime focus has been put to study the influence on biogas flowrate
q and methane tank pressure p.
While calibrating the model, it is now known which parameters have to
be varied. In case of a major deviation of model data from the industrial data,
the results showing higher values of % and % could be varied and later the
values with lower % and % could be further varied to fit the model.
Table 5. Parameters that have negative effects on pressure and biogas production
Default
value
0.41
0.08
0.007
0.13
0.27
0.05
0.0217
0.03
0.1
0.02786
0.06
0.04

Parameter
f_ac_su
Y_aa
N_aa
f_bu_su
f_pro_su
f_pro_aa
C_fa
C_sI
Y_su
C_xc
Y_fa
Y_pro

Description

mbarg m3/day

Yield (acetates from sugars)
Yield of biomass on amino acids
Nitrogen contend of amino acids
Yield (butyrate from sugars)
Yield (propionate from sugars)
Yield (Propionate from amino acids)
Carbon content in fatty acids
Carbon content in soluble inert
Yield of biomass on sugar
Carbon content in Composite
Yield of biomass in fatty acids
Yield of biomass on propionates

24.17
24.44
24.67
33.18
34.50
36.71
42.26
42.29
43.10
44.24
44.25
44.83

1631.8
1649.4
1665.5
2239.4
2328.8
2477.6
2852.7
2854.9
2909.3
2986.5
2986.9
3026.3

%P

%q

-2.36
-2.33
-2.31
-1.51
-1.38
-1.18
-0.65
-0.65
-0.57
-0.47
-0.47
-0.41

-50.87
-50.34
-49.86
-32.58
-29.88
-25.40
-14.11
-14.04
-12.41
-10.08
-10.07
-8.88

Table 6. Effect of changes in input composition
Default
value
0.03
0.022
0.0313
0.95
0.0313
0.4
0.26

Parameter Description
C_pr
C_li
C_ch
f_fa_li
C_ac
f_ac_aa
f_bu_aa

Carbon content in proteins
Carbon content in lipids
Carbon content in carbohydrates
Yield (fatty acids from lipids)
Carbon content in acetic acid
Yield (acetic acid from amino acid)
Yield (butyric acid from amino acids)

mbarg m3/day

%P

%q

865.4 58412.2 76.8 1658.7
222.9 15045.1 16.3 353.0
196.4 13258.6 13.9 299.2
120.1 8109.1 6.7
144.2
77.7
5248.1 2.7
58.0
71.3
4813.9 2.1
44.9
61.6
4158.4 1.2
25.2
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Table 7. Effect of 6 most important variables
Default Parameter
Description
mbarg m3/day %P
%q
value
14024
XS
Slowly biodegradable substrate
140.1 7102.2 184.7 113.8
30315.3
XBH
Active Heterotrophic biomass
210
8904.7 326.7 168.1
Particulate biodegradable organic nitrogen
63
3489.4 28.0
5.0
744.6
XND
1643.7
XBA
Active Autotrophic biomass
52
3364.8 5.6
1.3
Readily biodegradable substrate
50.1 3321.9 1.8
0.2
33.3
SS
3.6
SND
Soluble biodegradable organic nitrogen 49.99 3315.5 1.5
0.1

Figure 4. Biogas Flowrate in time

Figure 5. Pressure in time
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Figure 6. Methane concentrations in time

Figure 7. Effect of _ on tank pressure and flowrate

The results of the sensitivity analysis that was performed has been
presented in Table 5.
The first table presents the variables that have a positive influence on
the pressure and biogas flowrate. The ones presented in Table 6 have a negative
influence on the total output parameters. These parameters are presented in
the descending order of their sensitivities to have an idea about the order in
which they have to be varied to get fit the ADM1 model to an industrial digester.
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Table 6 presents the effect of changes that has been presented in the input
composition. It has been observed the inserts have no effect on the output
variables, but the rest of the compositions show its effect. The effect of 6 most
important variables has been presented in Table 7.
=

_

∗ ( _

–

_

)

(5)

The parameter _ which is the correlation factor between the
digesters pressure and the gas flowrate, as mentioned by equation (5), has a
unique influence in the model. In the ADM 1, a change in _ increases the
biogas flowrate, this can be directly observed from the equation. But in this case
study, analysing the simulation results, it has been observed to also reduce the
tank pressure. This effect may be due to the presence of a gas recycle equations
which has been included in the ADM model. These results are presented in
Figure 7. Due to this unique property, this parameter could be of vital use in
tuning the ADM1 model.
CONCLUSIONS
ADM1 has been modified based on the design parameters and process
conditions from Cluj-Napoca WWTP and has to be further calibrated to simulate
the steady-state anaerobic digestion of activated sludge at municipal wastewater,
in the production of biogas.
The sensitivity analysis performed identifies the parameters that have a
major impact over the output.
The simulation outputs: biogas production rate, digester pressure and
the methane concentration fit the industrial data. The methane concentration
(69.37) clearly matches the values of the design parameters (70%), but the
flowrate (3312 m3/day) and the digester pressure (49.42 mbarg) varies slightly
from the design values (3000 m3/day and 25 mbarg respectively).
Parameter _ which is the correlation factor between the digesters
pressure and the gas flowrate has a unique influence in the model, because a
rise in the digester pressure simultaneously decreases the flow rate. The model
has to be calibrated to bring the simulation results within acceptable error margins
of industrial data. The knowledge of calibration parameters and its effect on the
output variables would act as a basis to either manually vary or develop an
optimisation algorithm to perform the calibration exercise.
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PURIFICATION OF CRUDE GLYCEROL BY SHORT PATH
EVAPORATION. THEORETICAL AND PRACTICAL
ANALYSIS OF PROCESS PARAMETERS
ANCUȚA ROXANA TRIFOIa,b,*, AUGUSTIN CRUCEANb,
LUCICA STĂNULEȚb, OLIMPIU BLĂJANb, PAUL ŞERBAN AGACHIa
ABSTRACT. Crude glycerol, the by-product from biodiesel production
process, increased drastically as rapid growth of biodiesel industry. This
by-product contains many impurities such as water, soaps, free fatty acids,
esters etc. This paper presents a process development based on molecular
distillation or short path evaporation, for glycerol purification up to 99%.
Several experiments and theoretical analysis have been carried out to
identify the effect of important parameters (mean free path, Knudsen number,
evaporation rate, feed flow rate and evaporation temperature) which determine
the performance of the molecular distillation process. The purified glycerol
is collected in the distillate while the residue is enriched in higher molar
mass components. High performance liquid chromatography (HPLC) was
employed to determine the purity of glycerol.
Keywords: glycerol, molecular distillation, mean free path

INTRODUCTION
The glycerol market is currently undergoing radical changes, driven by
very large supplies of glycerol arising from biodiesel production, because the
production of 10 kg of biodiesel by the transesterification process yields about
1 kg of crude glycerol as co-product [1-3]. The crude glycerol contains many
impurities such as water, organic and inorganic salts, soaps, alcohol, traces
of mono- and diglycerides and vegetable colours. High purity glycerol is still
required as it is an important industrial feedstock for applications in food,
cosmetic, pharmaceutical industries or other uses [4]. In this study the molecular
distillation process has been studied as a technique for glycerol purification.
a
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Characteristics of the molecular distillation process are: the small distance
between the evaporator and condenser, low temperatures, short residence times
and low pressure in the distillation gap. In contrast to the conventional distillation,
molecular distillation does not occur at any well-defined temperature, as long
as there is a thermal gradient between the condenser and the evaporator.
Consequently, the distilling vapour molecules pass directly from the vaporizing
surface to the condensing surface and no equilibrium exists between the vapor
and the liquid phases. Ideal distillation conditions are attained when the rate of
evaporation is equal to the rate of condensation and no vapour molecules
returning to the liquid phase [5-8]. The condition for the molecular distillation is
that the mean free path (λ) for the light molecules to be greater than the
distance between the evaporator and the condenser [9-10]. In contrast, the heavy
molecules can not reach the condenser and return to the evaporator [11].
Schematic representation of molecular distillation is shown in Figure 1.
The objective of this paper is the estimation of the molecular distillation
parameters for glycerol evaporation.

Figure 1. Schematic representation of
molecular distillation process [12]

RESULTS AND DISCUSSION
(1) The mean free path [7]

λ = 2.3 ∙ 10-

, [cm]

where: T-temperature (K); p- gas pressure (torr); σ- molecule diameter (cm).
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The mean free path was calculated at pressures below 1mmHg at
different temperatures in order to select the operating parameters of the process
because the mean free path must be higher than 0.8 cm, which is the distance
between the evaporator and condenser, for the equipment used and presented in
Figure 7. The mean free path of the glycerol molecules at different temperatures
is shown in Figure 2.
The glycerol molecules can reach the cooling surface at pressure
below 0.3 mmHg. The mean free path of the impurities (such as methyl ester,
free fatty acid, mono-, di- and triglycerides) is smaller and the distance between
the evaporator and condenser and can be separated effectively due to the
difference between mean free paths and molar masses.

Figure 2. Effect of temperature on glycerol mean free path

(2) The Knudsen number [13]:

=

ℎ

where: λ- the mean free path (cm); h- distance between the evaporator and
condenser (cm).
The distillation at 0.3 mmHg is in the intermediate range (0.05<Kn<10)
and it is a proper distillation rate, see Figure 3. The thermal decomposition of
glycerol in these conditions is reduced.
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Figure 3. Effect of temperature on Knudsen number

(3) The relative evaporation rate [7]
= 5.83 ∙ 10

∙

,[ ∙

∙

]

where: p- vapour pressure (torr); T-temperature (K); M0- molecular mass (g.mol).
(4) The effective evaporation rate [7]
= 5.83 ∙ 10
where

∙

∙

,[ ∙

∙

]

is the efficiency factor, determined with the formula
=

−

+ (1 − )(2 ∙

) [9]

is the surface ratio
=

[9]
=

log

= 0,2 ∙

∙

[9]

+ 1,38( + 0,1) [9]

The effect of temperature on evaporation rate is shown in Figure 4. An
increased heat supply to the evaporated liquid causes its temperature to rise
and thus induces the rise of saturated vapor pressure and distillation rate
increase. The efficiency factor f is 0.98, the difference between the relative and
effective evaporation rate is very small.
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Figure 4. Effect of temperature on evaporation rate

The purity obtained for glycerol was about 99% (98.6-99.24%) in the
temperature range of 373K-423K.
At 423 K, the maximum quantity of separated glycerol, was at feed flow
rate of 90 ml/min and then decreased, as shown in Figure 5. This can be
explained by the thickness of the evaporating falling film. At higher feed flow
rates, the thickness of the film is larger, the velocity of the film is bigger and the
contact with the heated surface is not enough for evaporation. At 90 ml/min,
the glycerol yield is 80%, at a purity of about 99%. This is very important,
because the yield we obtained by classical distillation was no higher than
58.85 %.

Figure 5. Effect of feed flow rate on distillate volume of glycerol
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CONCLUSIONS
Molecular distillation is an effective tool to purify glycerol up to 99%,
after the water and the volatiles were removed. The purification is possible due
to the differences between mean free path, molar mass and volatilities of
glycerol and impurities. The low residence time and using a higher vacuum in
molecular distillation process, increased the glycerol yield and productivity.
EXPERIMENTAL SECTION
Materials
The material used to make the study is crude glycerol obtained from
the biodiesel plant of SC EXPUR Slobozia, with the following composition:
Table 1. Crude glycerol ( EXPUR ) characteristics
Crt.

Properties

Specifications

1
2
3
4
5
6

Glycerol content (%)
Water (%)
MONG
Alcalinity (meq/100g)
Methanol (%)
Ash (%)

84.6
9.1
1.5
1.8
0.04
4.8

This glycerol has already been pre-treated, the methanol was recovered
and the soap and free fatty acids were removed, because the MONG content
is reduced. After the water was removed by conventional batch distillation
(T=373 K and 40 mmHg), the glycerol was distillated by molecular distillation.
The glycerol content after water removal was 92.28%.
Equipment
The distillation was performed using a laboratory falling film type
molecular distillation column, shown in Figure 2, made of four concentric
cylindrical Pyrom glass tubes, that allows the visual inspection of the distillation
process. The thermal agent (silicon oil) is introduced into the central tube,
through the connection hose-b and it comes back from the column to the
thermostat, by connection hose-c. The raw glycerol solution is degased and is
introduced from the tank-1 connected to the column by the inlet hose-j and it is
uniformly distributed on the external surface of the second tube, which acts as
evaporator, through the inlet holes. The solution passes through the surface of
the second tube in a falling film and the volatiles components evaporate. The
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vapors condensate on the internal surface of the third tube and the condensate
is collected in the round flask- 3. The heavier components are collected in the
round flask-4. The fourth tube is for the cooling agent, and it has two connection
hoses – inlet/outlet. The whole installation is connected to a vacuum pump
through the connection hose -f.
The distance between the evaporation and cooling surface is 0.8 cm.
The surface area of the evaporator is 0.097968 m2 and the area of the
condenser is 0.158256 m2. The operational temperature was up to 150°C and
the pressure of the system was kept constant to 0.3 mmHg.

1- feeding tank
2- column body
2a-evaporator surface
2b- condenser surface
3- heavy molecule solution
4- light molecules condensate
5- trap
a – cooling agent (water) inlet
b- Thermal agent (silicon oil) inlet
c- Thermal agent (silicon oil) outlet
e – cooling agent (water) outlet

Figure 7. Laboratory falling film distillation column

Analytical procedures
For the glycerol concentration determination, HPLC analyses were carried
out on a Jasco Chromatograph (Japan) equipped with an intelligent HPLC pump
(Model PU-980), a ternary gradient unit (Model LG-980-02), an intelligent column
thermostat (Model CO-2060 Plus), an intelligent reflex index detector (Model RI2031 Plus) and an injection valve equipped with a 20 L sample loop (Rheodyne).
Samples were manually injected with a Hamilton Rheodyne Syringe (50 mL). This
system was controlled and data were processed with the ChromPass software.
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The separation was achieved on a Carbosep Coregel 87H3 column
(300 x 7.8 mm) at temperature of 70 ºC. The mobile phase was a sulphuric acid
0.01 M solution. The flow rate was 1 mL min-1 and the injection volume was 20 µL.
All samples and standards were filtered through PVDF 0.45 m syringe filters
(Teknokroma) and manually injected into the HPLC system. Each run was
completed within 14 min.
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ELECTROCHEMICAL BEHAVIOR OF CaBaCo2O5±δ
IN NEUTRAL AQUEOUS SOLUTION
MIRCEA LAURENȚIU DANa, NICOLAE VASZILCSINa,
NARCIS MIHAI DUŢEANUa, *
ABSTRACT. This paper presents the effect of Y3+ substitution with Ca2+ ions on
the electrochemical behavior of Y-112 perovskite in neutral aqueous solution
during oxygen insertion/release. Perovskite electrochemical behavior was studied
by cyclic voltammetry and chrono-electrochemical methods. In correlation with
these techniques the compound morphology was determined by scanning
electron microscopy (SEM). Based on obtained results the electrochemical
reactions occurring at interface compound – electrolyte have been identified.
Keywords: cobalt mixed oxides, CaBaCo2O5±δ, Ca2+ ions insertion, cyclic
voltammetry, chrono- electrochemical methods.

INTRODUCTION
Cobalt layered perovskites with 112 type structure attract a great attention
in recent years due to a wide magnetic and electrical properties. Compounds
from series LnBaCo2O5+δ (Ln = Nd-Ho and Y) are promising materials for
applications as solid-oxide fuel cell (SOFC) cathodes or as ceramic membranes
for oxygen separation [1]. These new technologies provide the enormous economic
and environmental advantages.
Electrical charge transfer of those perovskites is achieved by a complex
mechanism involving electronic and ionic conductivity, due to the presence of
simultaneous deficit of electrons and oxygen holes into the crystalline structure.
The oxygen intake/release process in 112 cobaltate perovskites modifies the
concentration of electric charges carriers with direct effect on the internal resistance
and consequently on the electrical conductivity of these compounds [2,3].
The compounds from 112 series present a tetragonal structure with space
group P4/mmm or orthorhombic (pseudotetragonal) structure with space
group Pmmm or Pmma [4]. The substitution of Y3+ ions with Ca2+ is achieved
deformation of the perovskite Y-112 initial structure.
a
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Compound CaBaCo2O5-δ was obtained by substitution of Y3+ with Ca2+
ions. The diminished interest for this perovskite is due to the fact that the
valence of Co ions in perovskite structure is +3, which has a negative effect on
cobalt 112 perovskites electrical and magnetic properties [5,6].
Oxygen content of Ca 112 mixed oxide is depending on the metallic cation
nature included in to the oxide structure, which is determining for the nominal
valence of Co ions. Oxygen nonstoichiometry in the perovskite structure is
influenced by oxygen content variations which affecting the oxygen permeability
and diffusion, and also has a highly importance in order to reveal the perovskite
structure. From electrochemical point of view, studied Ca 112 mixed oxide can
be attractive due to his oxygen insertion/release capacity.
RESULTS AND DISCUSSION
The purity of obtained Ca-112 compound was checked by X-Ray powder
diffraction (Philips X-pert Pro). The result is presented in figure1.
Counts
4000

CaBaCo2O5

3000

2000

1000

0
10

20

30

40
50
60
Position [°2Theta] (Copper (Cu))

70

80

Figure 1. X-ray diffraction pattern for CaBaCo2O5 obtained by
the solid state reaction at 1100oC.

XRD diffraction spectra were recorded for 2θ range between 0 and 80°,
after that all peaks from recorded spectra were identified using ICC data base.
From that can conclude that the obtained product is the desired CaBaCo2O5
mixed oxide.
Also, the 112 perovskite composition was confirmed by EDAX analysis
performed after sintering stage and the results are presented in figure 2.
Although, these analyzes provide approximate information about the compound
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composition, especially as analyzes are dependent on the compound uniformity
and homogeneity, the atomic and mass percentages of the elements from the
inserted table confirm the Ca-112 composition.

Figure 2. EDAX spectrum for compound CaBaCo2O5.
Inserted the atomic and mass percentages of the components.

Thermal behavior of Ca-112 compound was studied in similar conditions
as used in thermal studies of Y-112 compound: nitrogen flow, and temperature
range between 30 and 1000 °C. The thermogram obtained is depicted in figure 3.

Figure 3. Weight change of CaBaCo2O5±ä with temperature in nitrogen flow.

During thermal study, the compound Ca-112 can intake or release oxygen,
which is equivalent with the modification of the average oxidation number of
cobalt ions presented in perovskite structure, which may vary between +2 and
+4, as indicated the studies performed on Ca-112compound.
In table 1 the weight variations obtained for studied compound and also
the oxygen excess/deficiency (δ) versus temperature under a nitrogen flow are
presented.
167

MIRCEA LAURENȚIU DAN, NICOLAE VASZILCSIN, NARCIS MIHAI DUŢEANU

Table 1. ∆m values and δ in temperature range 30-1000˚C (gas flow: nitrogen)
Gas flow
Nitrogen

Temperature range [°C]
30-550
550-830
830-950

∆m [%]
0.10
-0.83
-2.06

δ in CaBaCo2O5±δ
+ 0.02
- 0.17
- 0.65

Ca-112 thermal behavior under nitrogen flow is specific for cobalt
perovskite, especially up to 800°C. The amount of accepted oxygen in studied
compound up to 350° C is very low (+ 0.02 ions O2-/mol), probably due to + 3
oxidation number of Co ions in the Ca-112 structure. When the temperature is
increasing, Y-112 characteristic perovskite structure is distorted, becoming
more compact, and the oxidation of cobalt ions at + 4 is more difficult. In
temperature range of 305 -750°C, the amount of oxygen release is much
higher than the accepted one which confirms the tendency to released oxygen
from this perovskite crystal structure in an inert atmosphere.
In terms of crystalline structure, intake/release of a small amount of
oxygen not produce major changes in the original structure, and most probably
a rearrangement of bonds in the Ca-112 structure occurs. At temperatures
over 750°C, sudden release of 0.65 ions/mol of oxygen may have a destruction
effect on 112 layered structures and consequently, other oxides of constituents
are formed [10].
An important factor influencing kinetics of oxidation process is the
surface morphology; studied by scanning electron microscopy immediately
after the sintering stage and also after the electrochemical studies. SEM images
obtained for Ca-112 electrodes involved in this work are presented in figure 3.
It can be observed that perovskite has a compact structure, with few
channels existing in excrescences (figure 4a), which facilitate access of the
reactants and favor oxygen adsorption/desorption process. Also, in the SEM image
recorded after electrochemical oxidation (figure 4b) an advanced compaction of
electrode surface is observed. This can be associated with the deployment of
electrochemical processes especially at interface electrode/ electrolyte. The
oxidation/reduction process in the bulk electrode will be more difficult.
The equilibrium of Ca-112 electrode in 0.5 mol L-1 Na2SO4 solution
is quasi-stationary, equilibrium potential value (OCP) is modified after each
determination and it is in a correlation with compound oxygen content variation
(δ). Versus initial equilibrium potential, it can have negative values in case of
oxygen deficiency (5-δ) or positive when an excess of oxygen (5 + δ) was
observed. OCP determined by chronopotentiometry at zero current in 0.5 mol
L-1 Na2SO4, for 12 hours, was Eech = + 0.255 V, displaced by approximately
200 mV towards more positive values in comparison with the values obtained for Y112 electrode. At this value of potential we can consider that the studied perovskite
has preserved his stoichiometry and the oxygen excess (δ) in compound remains
0, which is equivalent with an oxidation number of +3 for cobalt ions.
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a)
b)
Figure 4. SEM images of the Y-112 electrodes surface before (a) and after
electrochemical oxidation/reduction (b) at 6000x magnification

Preliminary voltammetric studies show that in neutral medium in a wide
range of potential (+ 2.5 and - 2 V), Ca-112 electrode behaves as a support
material, being observed only oxygen and hydrogen evolution reaction on the
electrode. This behavior can be explained either by surface morphology
presented previously or through the fact that, at anodic polarization, Co3+ ions
from perovskite are oxidized very slowly and only in some conditions at Co4+,
while at cathodic polarization the quantity of electricity which passes the
interface is not large enough to initiate the reduction process of Co3+ to Co2+.
Therefore, preliminary studies demonstrated the need of an initial
superficial activation stage by pre-polarizing the electrode at -1.00 V versus
Ag/AgCl in order to reduce a part of Co3+ ions. After a superficial activation,
the peak separation corresponding to the processes occurring at interface
CaBaCo2O5 – electrolyte solution can be observed or recorded voltammograms
(scan rate less than 50 mV s-1).
In cyclic voltammograms depicted in fig. 5.a (5 cycles recorded starting
from OCP towards positive potentials, scan rate 50 mV s-1) can be observed at
the occurrence of an anodic peak (1) associated with the oxidation process
(Co2+ → Co3+ + e-), followed by a current limit plateau (2). When, the electrode
potential is more positive, oxygen evolution reaction can be observed (3).
On the CV backward scan it can be observed a limiting current plateau (4)
associated with the oxidation of superficial remanent oxygen. When the
electrode potential is shifted to more negative values a cathodic peak (5)
associated with Co3+ reduction process appear around -0.8 V. At more
negative potentials, the current increase can be associated with hydrogen
evolution reaction (2H++ 2e-↔ H2).
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a)

b)

Figure 5. Cyclic voltammograms (5 cycles) on Ca-112 working electrode in 0.5 mol
L-1 Na2SO4 solution, pH 6.8 at 50 mV s-1(a) and 10 mV s-1 (b) scan rate.

When the CV’s were recorded at 10 mV s-1 (fig. 5.b) it can be observed
the occurrence of a new peak (3) and also of a new plateau (4), which can be
associated with interfacial Co3+ ions oxidation (Co3+ → Co4+ + e-) or with bulk
oxidation of Co2+ (Co2+ → Co3+ + e-) ions, because the electrode surface is
completely oxidized.
When the CV are recorded using lower scan rate (5 mV s-1) anodic
peak 1 was associated with Co2+ oxidation, followed by a limiting current
plateau 2, alongside hydrogen and oxygen evolution reactions (fig. 6).
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Figure 6. Cyclic voltammograms (5 cycles) on Ca-112 working electrode
in 0.5 mol L-1 Na2SO4 solution at 5 mV s-1 scan rate.
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Global reaction which occurs at interface electrode/electrolyte is:
Ca2BaCo2O5 + δH2O → Ca2BaCo2O5+δ + 2δH+ + 2δeSimilar with chronoamperometric and chronocoulometric studies performed
in case of Y-112 compound, in order to calculate the amount of oxygen
introduced in Ca-112 crystalline structure by electrochemical methods, were
chosen two potential values significant for the electrochemical oxidation of
studied perovskite in neutral aqueous solution: one corresponding for oxidation
peak (+ 0.50V/Ag/AgCl) and the second for the current limit plateau
(+1.00V/Ag/AgCl). These tests were performed in order to study the oxygen
intake capacity for different times intervals. Based on cronocoulometry data
was estimated the amount of oxygen (δ) introduced into the crystalline
structure for different oxidation times (table 2). Should be noted that before
each chorno-coulometric study, electrodes suffer a cathodic polarization in
order to sufficiently reduce the Co3+ ions quantity, such that during oxidation
stage the amount of oxygen introduced in perosvkite structure not exceed
compound initial stoichiometry.
Table 2. δ variation in the electrochemical oxidation of Ca-112
Electrolyte

Time [min]

Na2SO4
0,5 mol L-1

15
30
60
120

δ in YBaCo2O5+δ
E = 0,50 V/Ag/AgCl E = 1,00 V/Ag/AgCl
0,48 x 10-3
1,02 x 10-3
-3
0,79 x 10
1,36 x 10-3
-3
1,11 x 10
1,88 x 10-3
-3
1,34 x 10
2,25 x 10-3

From data presented in table 2 can be observed that the studied
compound present all the characteristic specific to layered cobalt perovskite –
the oxygen intake / release capacity. Also, due to smaller amount of oxygen
accepted in Ca-112 perovskite structure, in same time interval, oxygen intake /
release process occurs with smaller speed, in comparison with the speed
observed in case of Y-112 perovskites.
CONCLUSIONS
The results obtained in this first electrochemical study performed in
neutral sollution studies showed that the Ca-112 mixed oxide is sensitive at
anodic or cathodic polarization, oxidation process consists in oxygen insertion
in crystal structure. Consequently, during oxidation the Ca-112 crystalline
network becomes denser, so that the oxygen diffusion rate is lowered. The
compaction of Ca-112 during oxidation imposes a partial irreversible character
of the oxidation process. Although, the δ obtained for Ca-112 oxidation are
lower than ones obtained for Y-112.
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EXPERIMENTAL SECTION
Ca-112 mixed oxide was obtained using a solid state reaction, by
mixing the precursors: CaCO3 (Aldrich 99.99%), BaCO3 (Aldrich 99.99%) and
CoO4/3 (Normapur 99.9%), according to the stoichiometric cation ratio. Preparation
method of selected perovskite was similar with that used for the preparation of
Y-112 cobalt perovskite [7-9]. After decarbonization at 900°C for 6 hours, the
powder was pressed into pellets with geometrical active surface of 1 cm2, later
fired in air for 48 h at 1100°C and then removed quickly from oven and set to
ambient temperature [7-9]. Compound purity was checked by X-Ray powder
diffraction (Philips X-pert Pro). Surface morphology of Ca-112 electrodes has
been characterized by scanning electron microscopy (SEM) using a FEI
INSPECT S microscope.
Electrochemical studies were carried out using a BioLogics SP150
potentiostat/galvanostat. The electrochemical cell was equipped with two graphite
counter electrodes positioned symmetrically against the working electrode (Ca112 electrode) and an Ag/AgCl reference electrode. All potentials used in this
work are given versus the Ag/AgCl reference electrode. All electrochemical
measurements were performed in 0.5 mol L-1 Na2SO4 electrolyte solution.

RE F E R E N CE S
[1]. K. Zhang, L. Ge, R. Ran, Z. Shao, S. Liu, Acta Materialia, 2008, 56, 4876.
[2]. X.T. Zhang, H.S. Hao, X. Hu, Physica B - Physics of Condensed Matter, 2008,
403, 3406.
[3]. J. Xue, Y. Shen, T. He, Journal of Power Sources, 2011, 196, 3729.
[4]. B. Raveau, Md. M. Seikh, “Cobalt Oxides: From Crystal Chemistry to Physics”,
First Edition, Wiley-VCH Verlag GmbH & Co, 2012, chapter 5.
[5]. H. Wang, E. Enriquez, G. Collins , C. Ma, M. Liu, Y. Zhang, C. Dong, C. Chen,
Journal of Materiomics, 2015, in press.
[6]. W. J. Ge, Advanced Materials Research, 2013, 830, 130.
[7]. Y. Liu, Journal of Alloys and Compounds, 2009, 477, 860.
[8]. A.S. Urusova, V.A. Cherepanov, T.V. Aksenova, L.Ya. Gavrilova, E.A. Kiselev,
Journal of Solid State Chemistry, 2013, 202, 207.
[9]. J.H. Kim, Y. N. Kim, Z. Bi, A. Manthiram, M. P. Paranthaman, A. Huq, Solid State
Ionics, 2013, 253, 81.
[10]. M. Dan, A. Kellenberger, N. Vaszilcsin, N. Duteanu, Environmental Engineering
and Management Jounal, in press.

172

STUDIA UBB CHEMIA, LX, 4, 2015 (p. 173-184)
(RECOMMENDED CITATION)

CORROSION RESISTANCE OF LASER CLADDED
NiCrBSi COMPOSITE COATINGS
IOSIF HULKAa*, V.A. SERBANa, D. UTUa, NARCIS DUTEANUa*,
A. PASCUb, I.C. ROATĂb
ABSTRACT. NiCrBSi powders were deposited on medium alloy steel substrate
using laser cladding process and electrochemically tested at room temperature
by immersing the specimens in 3.5% NaCl solution in order to study their
corrosion behavior. The coatings were obtained using different cladding
parameters like scanning speed and overlap percentage. Investigations
techniques such as scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS), potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) measurements were employed to study the
microstructure and chemical properties of the coatings. It was found that the
microstructural characteristic and corrosion behavior are linked to coatings
thickness, dilution and diffusion of Fe within the coating.
Keywords: laser cladding, powders, coatings, corrosion, NiCrBSi;

INTRODUCTION
Laser cladding, is one of the surface modification technologies widely
employed for deposition of protective coating on cheaper substrate or materials
with poor wear and corrosion resistance like carbon steel [1]. The process
uses lasers as a concentrated heat source to manufacture coatings with a very
good metallurgical bond with the substrate. The coatings are meant to increase
the lifetime of different components by preventing them from severe wear and
corrosion [2]. The process is superior to other deposition methods like hardfacing in terms of feedstock material consumption, high productivity and low
distortion. During cladding, a melt pool is formed on the substrate by the laser
beam while it scans the surface and the filler material, which usually is a
a
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powder or wire, is addend and fused to the substrate. During the process,
high heating and rapid cooling rates occurs resulting fine microstructures and
metastable phases during solidification [3]. If the cooling rate is too fast, the
melt-pool solidifies rapidly, and crack formation might occur which is a major
drawback for laser cladding. Cracking is detrimental to the corrosion behavior
of the coatings because they act as sites for crevice and pitting corrosion [4].
Ni-based self-fluxing alloys are mainly used in petro-chemical industry,
glass industry and others for applications as mud purging elements, hot working
punches, fan blades, earth working machine elements, etc. [5]. Their advantages
are related to easy coating of large sized components.
NiCrBSi is one of the alloys used in laser cladding to enhance wear and
corrosion resistance at moderate and elevate temperatures. Si and B, present in
the filler material, increase the self-fluxing capabilities of the alloy, improving
the ability to obtain depositions by melting process. The role of Cr is to improve
the mechanical properties as a consequence of its combination with other
elements to produce hard precipitates [6].
The aim of the present research was to investigate the influence of different
deposition parameters such as scanning speed and overlapping percentage of
laser tracks on the microstructure, hardness and also their influence on corrosion
behavior, in a 3.5% NaCl solution at room temperature, on the obtained NiCrBSi
laser cladded coatings.
RESULTS AND DISCUSSION
Powder Characterization
Figure 1a shows spherical powder particles with surface dimples caused
by the collision of particles during atomization. In cross-section (Fig. 1b) the
powder consists of fine cellular and dendritic microstructures. Some pores might
be noticed as well. The powder composition (Fig. 1c) determined by EDS analysis
confirm the chemical elements presented in Table 2.
a)

b)

c)

Figure 1. SEM image of (a) NiCrBSi gas atomized powder particles,
(b) cross-section of powder particle and (c) EDS analysis of powder
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Coating Microstructure and Chemical Composition
The optical micrographs (OM) of the coatings (Fig. 2) revealed a
good adhesion between the cladded material and substrate, indicating that
the powder was melted complete and sufficiently. All of the coatings exhibit
dense structure with reduced porosity. Depending on the deposition parameters,
presented in Table 1, different coating thicknesses were obtained, thus influencing
the dilution process. At lower overlapping areas and higher deposition speed
growth the coatings were thinner.
The dilution, present in the laser cladded coatings, quantifies the relative
amount of substrate material molted during the deposition process and mixed
with molten material from the new cladded coating. In order to obtain high quality
cladded coatings some dilution is required between the substrate and cladded
coating to ensure a good metallurgical bond. Even if the dilution it is required,
it must stay low otherwise it may degrade the coating properties [7].
a)

b)

c)

d)

Figure 2. OM of laser cladded coatings (a) Sample 1; (b) Sample 2;
(c) Sample 3; (d) Sample 4.

Figure 3a illustrates the etched microstructure, the chemical composition
being revealed by the EDS spectrum (Fig. 3b). For all sample the morphology
of the NiCrBSi coatings was similar. The matrix phase consists from a solid
solution of Ni with Cr and Fe providing a dendritic structure. Between the dendritic
structures an intermetallic laminar eutectic phase is present. The microstructure
and chemical composition of the laser cladded coatings is similar to results
presented by authors for similar alloys [8].
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Dilution in a thicker laser cladded coating formed by overlapping can
be expected to be smaller because part of the beam energy is consumed in
order to melt the overlapped track [7], this being a reason why in present study
the thicker the coating the smaller the dilution is.
b)

a)

Figure 3. Close-up SEM of NiCrNSi laser cladded coating of the
dendritic structure (a) and EDS analysis (b).

Results of micro-hardness measurements, thickness and porosity of
coatings are presented in Table 1. Hardness measurements were performed
along a straight line in all the laser cladded coatings. The average hardness
value of the coatings decreased as the coating became thinner because of the
Fe diffusion from the substrate that was melted. The thicknesses of the coatings
differ, depending of their different deposition parameters like scanning speed
and overlap percentage, thus Sample 1 is the thickest. The reduced amount of
porosity, less than 1%, indicated dense and compact coatings. Small differences
between the values might be attributed due to different deposition angles.
Table 1. Micro-hardness and coating thicknesses
Sample
1
2
3
4

Hv0.3
431.8 ± 11.2
408.8 ± 20.3
407.4 ± 21.2
376.1 ± 37.5

Thickness [mm]
1.81 ± 0.19
1.43 ± 0.23
1.21 ± 0.21
0.98 ± 0.18

Porosity %
0.67 ± 0.92
0.06 ± 0.05
0.55 ± 0.66
0.03 ± 0.03

The chemical compositions of different areas, in cross-section of the
coatings, were studied as it is indicated in Figure 4 in the upper (a), middle (b)
and lower (c) part of the coating and as well in the coating-substrate interface (d).
The results are summarized in Table 4. Boron could not be detected clearly in
the EDS quantification due to its relatively low atomic mass and it was not
included in the analysis as well as oxygen and carbon.
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a
b
c
d

Figure 4. SEM of laser cladded NiCrBSi coating indicating EDS areas of interest

It might be noticed that the Ni, Cr and Si content is more concentrated
in the upper part of the coating while this values changed, reaching lower
values at the coating-substrate interface while Fe content proved the opposite.
This is might be due to diffusion process from the substrate. The high temperature
reached during the cladding process may have also been contributed to the Fe
diffusion.
Table 2. EDX quantification results
El. wt%
Ni
Cr
Si
Fe
El. wt%
Ni
Cr
Si
Fe

Sample 1
a
b
68.58
67.2
9.71
7.98
13.54
14.54
8.17
10.29
Sample 3
a
b
63.9
63.04
7.85
7.7
17.68
18.27
10.57
10.99

c
66.83
8.17
13.08
11.91

d
35.5
2.44
7.93
54.0

c
60.83
6.76
14.61
17.8

d
33.03
2.38
16.11
55.91

Sample 2
a
b
67.56
67.01
8.44
7.39
14.55
13.54
9.45
12.05
Sample 4
a
b
65.63
64.16
8.88
7.87
20.09
14.84
5.40
13.13

c
65.15
7.29
14.09
12.66

d
34.67
2.25
5.20
57.89

c
58.2
6.41
15.57
19.82

d
35.33
2.87
8.42
53.38
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Corrosion Tests
Potentiodynamic polarization studies
Potentiodynamic polarization curves of NiCrBSi laser cladded coatings
are shown in Figure 5. Prior to start the corrosion tests all coatings were
ground and polished to the same roughness in order to allow similar testing
conditions to avoid differences which might affect the test results.
According to obtained linear polarization curves at room temperature,
the parameters values like corrosion rate, corrosion current density (icorr),
corrosion potential (Ecorr) in conformity with Tafel slopes associated with anodic
(ba) and cathodic (bc) processes, were determined by extrapolating the linear
part of recorded curves using GPES software.

Fig. 5. Potentiodynamic polarization curves for laser cladded NiCrBSi
coatings in 3.5% NaCl solution at 22°C

Linear polarization curves recorded for laser cladded coatings are
presented in Figure 5. It is possible to calculate the polarization resistance
from the linear polarization curves by using Stern and Geary equation [9] and
the corrosion rate can be then calculated based on Faraday’s Law [10] and the
obtained data is presented in Table 3. Analyzing the data it might be noticed
that the current density and corrosion rate corresponding for the corrosion
process is lower for Sample 1 and higher for Sample 4.
Table 3. Corrosion parameters calculated from the polarization curves
with 28.82 [g] equivalent weight and 8.14 [g/cc] density values
Sample
1
2
3
4
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icorr. [A]
2.021E-7
1.542E-6
1.357E-6
2.708E-6

Ecor. [V]
-225
-372
-416
-353

Corr. Rate [mm/year]
1.853E-3
1.413E-2
1.245E-2
2.484E-2
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This can be explained by the higher coating thickness and reduced Fe
dissolution compared to the other coatings, which makes the material nobler.
Electrochemical Impedance Spectroscopy EIS
The Niquist plot depicted in Figure 6 shows the presence of a semicircle – depressed capacitive loop at high to intermediary frequencies range [11],
followed by an almost linear dependence which is associated with a mixed
kinetic and diffusion control of the process [5]. Presence of the capacitive loop
can be associated with the charge transfer resistance and appear from time
constant of electrical double layer [11, 12].
Analyzing the EIS spectra presented in Figure 6 can observe that the
semi-circle diameter is increasing in order sample 1, sample 2, sample 3 and
sample 4. Deviation from the perfect circular shape observed in recorder EIS
spectra was generally attributed to electrode superficial inhomogeneity and
also to the mass transport resistance [13, 14]. Also, this inhomogeneity can be
associated with different interfacial phenomena or with surface toughness [13].
Electrochemical theory express that the first intersection with x axis represents
the solution resistance and the second one is associated with the charge
transfer resistance (semicircle diameter). It is expected that the corrosion
resistance is increase when the charge transfer resistance increase.

a)

Rsol

b)

CPE1
Rct

W1

Figure 6. Niquist plot (a) and equivalent circuit for spectra modelation (b)
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Parameters associated with corrosion process were obtained by modeling
the recorded impedance spectra using the electrical equivalent circuit presented
in Figure 6b which describe the metal / electrolyte interface.
Equivalent circuit used is represented by a serial connection of solution
resistance with a constant phase element (CPE) which is in parallel with a charge
transfer resistance connected in series with a Warburg impedance. Usage of
this Warburg element can be associated with mass transport process and suggests
that the studied corrosion process is limited by mass transport [15]. In same
time, CPE represent a modified capacitance describe by equation:

Z CPE  1 ( j ) n
Y0

(1)

represent one parameter which can be related with the double layer
where
capacitance, and represent an exponent between 0 and 1 describing the
constant phase angle of CPE [12].
Considering the case of a finite length thickness of the diffusion layer δ,
can describe the impedance of Warburg element using the equation 2 [16]:
(2)
– diffusion resistance;
– diffusion time constant given by
/ ,
where δ – diffusion thickness and – diffusion coefficient; – an exponent
whit values between 0 and 1.
Based on Rs, Rct and CPE values can calculate the double layer
capacity using equation 3 [11]:





T


C dl  
1 n 
  1  1  
  RS Rct  



1/ n

(3)

In Table 4 are listed the values of electrochemical impedance parameters
obtained by CNLS fitting of experimental data.
Analyzing data presented in Table 4 can observe that the charge
transfer resistance is increasing in order: sample 1, sample 2, sample 3, sample 4,
which can be associated with increase of corrosion resistance in same order. Also,
it can be observed that all of the samples have reduced porosity, suggesting
that the corrosion mechanism is similar in all 4 cases. Decrease of Cdl value, in
same order, suggests that the number of active sites presented on the surface
of the samples is increasing.
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Table 4. Electrochemical impedance parameters
obtained by CNLS fitting of experimental data
Sample
1
2
3
4

Resistances
[Ω cm-2]
Rsol

Rct

15.2
12.95
15.5
15.15

12204
12989
18101
19853

CPE1
Y0
[F cm-2 Sn]
1.5919E-5
2.6328E-5
4.1223E-5
2.5589E-5

n
(0 – 1)
0.90985
0.92386
0.62274
0.83775

Cdl

W
Rw
[Ω cm-2]
0.254
0.00145
0.164
5.472E-4

τD
[s]
6.7223E-4
2.3366E-7
0.2338
1.1394E-7

φ
0.23924
0.38522
0.06002
0.38637

Cdl
[μF cm-2]
6.98
6.01
6.00
5.59

CONCLUSIONS
The influence of scanning speed and overlap percentage on the properties
and corrosion behavior of NiCrBSi laser cladded coatings, from commercial
feedstock powder, was studied.
From the experimental results, the following conclusions can be drawn:
Using laser cladding process and NiCrBSi powder, dense and
almost pore-free coatings might be manufactured with different microstructural
characteristics due to different deposition parameters.
According to EDS quantification and due to diffusion process, the Fe
content decreases from top of the coatings to interface, reaching higher values
at the coating-substrate interface, while for the other elements exactly the opposite
occurs.
The hardness of the coating decreases slightly as the coatings becomes
thinner, due to dilution process.
The corrosion test indicated that the thicker coating (Sample 1) due to
higher overlapping percentage of laser tracks (60%) is nobler and presents better
corrosion behavior.
EXPERIMENTAL SECTION
Coating deposition
Laser cladding has been carried out using a Coherent 1000F diode laser
and a Precitec YC50 water cooled cladding module manipulated by a CLOOS
welding robot. The laser beam is in infrared field with a wavelength of 975 nm and
a maximum divergence of 56 mm*mrad. The powder was provided to the
cladding head with AT-1200HPHV Termach feeding system and Argon gas was
used for shielding and carrier of the powder. The influence of scanning speed
and overlap percentage on coatings properties was investigated. The cladding
parameters used in the present study are presented in Table 5.
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Powder characterization
The used cladding material is a Metco 12 C gas-atomized nickel based
self fluxing powder with nominal size in the range of -125+53 µm, the relevant
characteristics are presented in Table 6.
The powders morphology and microstructure was studied by scanning
electron microscopy (SEM) equipped with energy dispersive X-ray (EDX) microanalyzer.
Table 5. Cladding parameters

Sample 1
Sample 2
Sample 3
Sample 4

Laser power Power density
[kW/cm2]
[W]
780
24.8
780
24.8
780
24.8
780
24.8

Speed
[cm/min]
16
20
24
30

Powder feed rate OverlapPercent
[g/min]
[%]
5
60
5
50
5
45
5
40

Table 6. Chemical composition in wt% of NiCrBSi feedstock powder
Powder Supplier
NiCrBSi

Trade name Chemical
properties
Sulzer Metco Metco 12 C

Ni
%
Balance

Cr
%
10

B
%
2,5

Si
%
2,5

Fe
%
2,5

C
%
0,15

Coatings characterization
The samples were metallographically prepared by using abrasive
papers and polishing clothes with diamond suspension. Coatings microstructures
were evaluated by means of optical microscopy, scanning electron microscopy
(SEM), and energy dispersive X-ray analysis (EDX). Cross-section images of
the samples were taken by an Olympus optical microscope and the SEM
images with a Quanta FEG 250 (FEI, The Netherlands) equipped with EDAX
analyzer. An Olympus Vickers micro-hardness tester was employed to ascertain
the micro-hardness of the laser cladded coatings under a 300 gf load.
Corrosion tests
Electrochemical tests were performed at room temperature with an
Autolab 302 N potentiostat/galvanostat using a 100 ml cell equipped with three
electrodes: working electrode consisting of NiCrBSi laser cladded samples,
Ag/AgCl reference electrode and a platinum mesh used as counter electrode.
For the experiments the exposed surface of specimens were 1 cm2, submerged
and kept in a 3.5 wt.% NaCl solution (synthetic sea water) for 30 min to achieve
the equilibrium. After the equilibrium was reached the polarization curves were
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recorded using GPES software in order to evaluate the corrosion rate. All linear
polarization curves were recorded in the potential range ± 250 mV versus
open circuit potential at a scan rate of 0.5 mV s-1. Electrochemical Impedance
Spectroscopy (EIS) data were recorded using the FRA (Frequency Response
Analyzer) module. All EIS experiments were performed at Ecorr after 30 min
equilibrium time, when the stationary stage were reached in frequency range
100 KHz to 100 mHz. Recorded EIS data were modelled with ZView software
using a complex non-linear procedure (CNLS). Measurements were carried
out in aerated solution at room temperature.
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QSAR STUDY ON SEROTONIN DERIVATIVES
SARA ERSALIa AND MIRCEA V. DIUDEAa*
ABSTRACT. A set of 40 serotonin derivatives, downloaded from the PubChem
database, was submitted to a QSAR study, following Diudea’s algorithm, in the
frame of a hypermolecule, which mimics the „alignment” of drug molecules to
the biological receptors. The best models describing log P of this set of
serotonins were validated by the leave-one-out procedure, in the external test
set and in a new version of prediction by using clusters of similar molecules.
The structures have been optimized at PM3 level of theory. Topological
indices have been computed by TOPOCLUJ software program.
Keywords: Serotonin, QSAR, Hypermolecule, log P.

INTRODUCTION
Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine neuro-transmitter.
Biochemically derived from tryptophan, serotonin is primarily found in the
gastrointestinal tract, blood platelets, and the central nervous system (CNS) of
animals, including humans. It is popularly thought to be a contributor to feelings of
well-being and happiness [1].
Approximately 90% of the human body’s total serotonin is located in
the enterocheromaffin intestine cells, where it is used to regulate intestinal
movements [2,3]. It is also synthesized in serotonergic neurons of the CNS,
where it has various functions, including the regulation of mood, appetite,
and sleep. Serotonin also has some cognitive functions, including memory and
learning. Modulation of serotonin at synapses is thought to be realized by several
classes of antidepressants. Serotonin secreted from the enterocheromaffin
cells eventually arrives in the blood, acting on blood platelets, which store it.
When the platelets bind to a clot, they release serotonin, where it serves as a
vasoconstrictor and helps to regulate hemostasis and blood clotting. Serotonin
also is a growth factor for some types of cells, possibly involved in wound
healing. There are various serotonin receptors.
a

Babeş-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos
Str., RO-400028, Cluj-Napoca, Romania.
* Corresponding author: diudea@chem.ubbcluj.ro

SARA ERSALI, MIRCEA V. DIUDEA

Serotonin is metabolized mainly to 5-HIAA, in the liver; metabolism
starts with oxidation of serotonin by monoamine oxidase to the corresponding
aldehyde. This is followed by oxidation by aldehyde dehydrogenase to 5-HIAA,
an indole acetic acid derivative and finally excreted by the kidneys. Because of
serotonin’s growth-promoting effect on cardiac myocytes [4], it could be involved in
hearth cancer.
In addition to animals, serotonin is found in fungi and plants [5]. Serotonin’s
presence in insect venoms and plant spines cause pain, which is a side-effect
of serotonin injection. Serotonin is produced by pathogenic amoebae, and its
effect on the intestine causes diarrhea. Its presence in seeds and fruits may
stimulate the digestive tract into expelling the seeds.
STRUCTURAL MOLECULAR DATA
A set of 40 serotonin derivatives, taken from PubChem Database [6],
were divided into a training set (the first 25 molecules) and a test set (the last
15 molecules), taken randomly; the modelled property was log P (Table 1).
On the set of 40 serotonins, a hypermolecule [7] was built up, as a
reunion of their substructures (Figure 1).

Figure 1. The hypermolecule built on 40 serotonins of the dataset
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Table 1. Molecular structures (in SMILES code) of Serotonin derivatives
with their log P and CID (taken from PubChem)
Mol.

Canonical SMILES

log P

CID

1
4
5
6
7
8
10
14
16
18
19
20
21
22
23
24
25
27
28
29
30
31
32
33
40
2
3
9
11
12
13
15
17
26
34
35
36
37
38
39

C1=CC2=C(C=C1O)C(=CN2)CCN
C1=CC2=C(C=C1O)C(=CN2)CCCN
CC(C)CC1=CNC2=C1C=C(C=C2)O
CCC(C)C1=CNC2=C1C=C(C=C2)O
CC(CNC)C1=CNC2=C1C=C(C=C2)O
C1=CC(=C(C2=C1NC=C2CCCN)I)O
CC(CC1=CNC2=C1C=C(C=C2)O)NC
CC(C)(CC1=CNC2=C1C=C(C=C2)O)N
CC(CN)C1=CNC2=C1C=C(C=C2)O
CN(C)CCC1=CNC2=C1C=C(C=C2)O
CC(CC1=CNC2=C1C=C(C=C2)O)N
CC(C)N(CCC1=CNC2=C1C=C(C=C2)O)C(C)C
CC(C)(C)NCC1=CNC2=C1C=C(C=C2)O
CCCN(CCC)CCC1=CNC2=C1C=C(C=C2)O
C1=C2C(=CC(=C1O)I)NC=C2CCCN
C1=CC2=C(C=C1O)C(=CN2)CCNO
CC1=C(C=CC2=C1C(=CN2)CCN)O
CCN1C=C(C2=C1C=CC(=C2)O)CCN
CNCCC1=CN(C2=C1C=C(C=C2)O)C
CN1C=C(C2=C1C=CC(=C2)O)CCN
CC(=O)NCCC1=CNC2=C1C=C(C=C2)O
CC(CC1=CN(C2=C1C=C(C=C2)O)C)N
C1=CC2=C(C=C1O)C(=CN2)CCNC(=O)O
CC1=C(C2=C(N1)C=CC(=C2)O)CCNC
CC1=C(C2=C(N1)C=CC(=C2)O)CC(C)N
C1=CC2=C(C=C1O)C(C=N2)CCN
C1=CC2=C(C=C1O)C(=CN2)C=CN
C1=CC2=C(C=C1O)C(=CN2)CCN(F)F
CC(C)C1=CNC2=C1C=C(C=C2)O
CCCC1=CNC2=C1C=C(C=C2)O
CCC1=CNC2=C1C=C(C=C2)O
CC1=CNC2=C1C=C(C=C2)O
CCN(CC)CCC1=CNC2=C1C=C(C=C2)O
C1=C2C(=CC(=C1O)F)NC=C2CCN
CC(C1=CNC2=C1C=C(C=C2)O)O
CNC(=O)NCCC1=CNC2=C1C=C(C=C2)O
CN(C)CC1=C(C=CC2=C1C(=CN2)CCN)O
CC(=NCCC1=CNC2=C1C=C(C=C2)O)C(=O)O
CCC(=O)NCCC1=CNC2=C1C=C(C=C2)O
C1=C2C(=C(C(=C1F)O)F)C(=CN2)CCN

0.2
0.6
2.5
2.6
1.1
2
1.2
0.8
0.5
1.2
0.6
2.8
1.2
3
2
0.2
1.4
1.3
1.5
1
0.5
1.4
0.5
1.9
1.8
0.1
0.6
1.3
2
2.2
1.7
1.3
1.9
0.3
0.4
0.3
0.8
0.7
0.9
1.2

5202
19438874
69951223
69950621
57825670
57620180
23531057
15137728
115292
10257
2107
71360804
71040304
169764
57620181
53831394
23373052
70378769
11447050
440945
903
72523641
67228616
57825649
72523635
46228506
50937459
54301972
22669491
15366338
15366337
192734
26395
194142
18615721
18360650
10922434
10043102
594440
194143
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COMPUTATIONAL DETAILS
The structures have been optimized at Molecular Mechanics level of
theory (Table 2).
Table 2. Log P, correlating descriptor SD, and topological indices
(total adjacency AD, 3D distance sum D3D and detour DE)
for the set of. 40 serotonins in Table 1

Topological indices have beed computed by TOPOCLUJ software [8];
some of them (Conectivity =C, Total adjacency = Ad, Detour = De, Distance =
Di, D3D, SD), and log P are listed in Table 2.
RESULTS AND DISCUSSION
In this paper, mass fragments are used for weighting the binary vector of
ligand superposition over the statistically significant positions of the hypermolecule,
according to Diudea’s algorithm [9].
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Data reduction
The local correlation-weighted descriptors are summed to give SD global
descriptor, over the following significant positions in the hypermolecule: H1, H14,
H16, H17, H20, H21, H22, H23, H24, H26, H27, H28, H29, H30, H32, H34. SD
correlation with log P= 19.839+0.999XSD, R2=0.839, n=40, s=0.310, F=199.179,
and the best results are listed below and in Table 3.
QSAR models
The models were performed on the training set (the first 25 structures in
Table 1) and the best results are listed below and in Table 3. The number of
descriptors was limited to three, to fulfil the considerations of Topliss and Costello [10].
Table 3. Best models in describing log P in the training set of serotonin in Table 1
1
2
3
4
5
6
7
8
9
10
11
12

Descriptors
SD
AD
D3D
SD, D3D
SD, Di
SD, CjDe
SD, CfDe
SD, D3D, AD
SD, CjDi, CjDe
SD, CjDe, CfDi
SD, Di, D3D
SD, De, CjDi

(i)

R2
0.847
0.277
0.236
0.8483
0.8482
0.8483
0.8482
0.8588
0.8575
0.8558
0.8520
0.8509

Adjust. R2
0.841
0.246
0.203
0.8346
0.8344
0.8345
0.8344
0.8387
0.8371
0.8352
0.8308
0.8296

St. Error
0.321
0.699
0.719
0.3277
0.3278
0.3277
0.3279
0.3235
0.3251
0.3270
0.3313
0.3325

F
128.053
8.830
7.128
61.552
61.466
61.515
61.331
42.603
42.139
41.552
40.298
39.972

Monovariate regression

log P  20.392  1.031 SD
(ii) Bivariate regression

log P  20.818  1.050  SD  0.0003  D3D
(iii) Trivariate regression

log P  15.76  1.02  SD  0.4  D3D  0.005  AD
Model Validation
(a) Leave-one-out
The performances in leave-one-out analysis related to the models
listed as the best in Table 3 are presented in Table 4 [11, 12].
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Table 4. Leave-one-out analysis for best log P models (Table 3).
Descriptors
1 SD
4 SD, D3D
8 SD, D3D, AD

Q2
0.8272
0.8105
0.7848

R2-Q2
0.205
0.037
0.074

St. Errorloo
0.3421
0.3583
0.3817

Floo
110.134
98.371
83.911

(b) External Validation
The values log P for the test set of serotonins (Table 1, last 15
molecules) were calculated by using the best equation (with three variables) in
Table 3, entry 8. Data are listed in Table 5 and the monovariate correlation:
log P  0.35  log Pcalc.  0.813 ; n=15; R2=0.664; s=0.41; F=25.785 is plotted
in Figure 2.
Table 5. Calculated values
of log P for the molecules
in the test set (Table 1)
Mol.
2
3
9
11
12
13
15
17
26
34
35
36
37
38
39

log P
0.1
0.6
1.3
2
2.2
1.7
1.3
1.9
0.3
0.4
0.3
0.8
0.7
0.9
1.2

log Pcalc.
0.10
0.02
1.25
1.93
1.52
1.47
0.16
1.87
0.24
0.81
0.10
1.32
0.55
0.44
1.10

Figure 2. The plot log P vs. log Pcalc. for the test set
(external validation)

Clearly, the model (Table 3, entry 8) is not a predictive one; we only
used this model to select the best independent descriptors for log P in the set
of studied serotonins.
(c) Similarity Cluster Validation
Validation can be performed by calculating log P for the molecules in
the test set with equations learned on clusters of similarity: each of the 15
molecules is the leader in its own cluster, selected by (2D) similarity among the
25 structures of the initial learning set [13]. The values log Pcalc. for each of the
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15 molecules in the test set were computed by 15 new equations (the leader
being left out) with the same descriptors as in eq. 8, Table 3. Data are listed
in Table 6 and the monovariate correlation: log P  0.184  log Pcalc.  1.014 ;
n=15; R2=0.913; s=0.21; F=136.053 is plotted in Figure 3.
Table 6. Calculated values of
log P by similarity clusters,
for the molecules in the test
set (Table 1)
Mol.
2
3
9
11
12
13
15
17
26
34
35
36
37
38
39

log P
0.1
0.6
1.3
2
2.2
1.7
1.3
1.9
0.3
0.4
0.3
0.8
0.7
0.9
1.2

log Pcalc.
0.05
0.12
1.14
1.92
1.66
1.20
1.10
1.88
0.25
0.52
0.16
0.70
0.40
0.52
1.15

Figure 3. The plot log P vs. log P calc.
for the test set (similarity clusters)

From Figure 3 one can see the better fitting of data predicted by
clustering the test set according to (2D) similarity of each of the 15 molecular
structures, taken as leaders.
CONCLUSIONS
A set of 40 serotonin derivatives, downloaded from the PubChem
database, was submitted to a QSAR study. The best models have been
validated in the external test set and in a new version of validation/prediction
by using clusters of similarity, that provides „quasi-congeneric” structures,
important for a prediction that surpasses the model. This punctual prediction is
much more important in comparison with a more general model but with a
lower predictability.
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QSAR STUDY ON DIOXINS
RALUCA MĂTIEŞa, BEATA SZEFLERb and MIRCEA V. DIUDEAa*
ABSTRACT. This paper presents a QSAR study realized on a set of 40 dioxins,
known as pollutants, substances that are toxic for the environment. The study
is based on the hypermolecule approach and on the prediction by similarity
clustering. The results show a good modeling of logP parameter with the
correlation weighted descriptor and some topological indices derived from Cluj
matrices and also with the calculated HOMO energy level for the set of studied
molecules.
Keywords: dioxin, hypermolecule, QSAR, Cluj descriptors

INTRODUCTION
Dioxins are unwanted pollutants in the environment, occurring in
industrial processes (incineration pulp and paper bleaching with chlorine), also
in the manufacture of pesticides, fungicides or herbicides [1].
The term dioxin refers to dibenzo-p-dioxins (PCDD), polychlorinated
dibenzofurans (PCDF) and coplanar polychlorinated biphenyls (PCBs) which
show similar biological and toxicological properties. These compounds are
contaminants of lipophilic fat and concentrate in biological systems.
PCDDs/ PCDFs and PCBs have toxic effects on the nervous system,
immune, endocrine and reproductive systems. International Agency for Research on
Cancer has classified 2,3,7,8-TCDD as the most toxic congener of polychlorinated
dibenzo-p-dioxins and classified in Group 1 carcinogen to humans [2-3].
Dioxins are odorless and colorless organic compounds, insoluble in
water but soluble in fat. These compounds have in their structure carbon,
hydrogen, oxygen and chlorine. Dioxins are biodegradable, but are persistent
and bio-accumulates in foods [4].
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In general, exposure to dioxins in humans cause serious health problems
such as cancer, chloracne, reproductive and developmental disorders. Human
exposure to dioxins is achieved through diet (about 95%) and only a small
amount of dioxinis taken by breathing or absorbed through the skin. Dioxins
focus on the food chain, accumulate in animal fat, which explains why animals
and animal products show a higher content of dioxins than plants or water. [5]
TCDD is a carcinogen, an endocrine disrupter, an agent that induces
oxidative stress both in humans and in vertebrates. TCDD exposure causes
cardiovascular dysfunction, neuronal degeneration and even craniofacial
malformations. [6-8]
Chemical Graph Theory is a branch of mathematics applied to Chemistry.
A graph G (V ,E ) is a pair of two sets, V (vertices) and E (edges), the last one
being a binary relation defined on V [9]. A molecular graphs, in which vertices
are atoms and edges are covalent bonds, can be represented by a number, a
sequence number, a matrix or polynomial. A single number representing a graph
is also called a topological index and is useful in QSAR/QSPR (Quantitative
Structure–Activity/ Property Relationships) studies.
DATA SET
From the PubChem [10] database, we selected 40 molecular structures of
dioxins with their log P associated values. LogP is a measure of hydrophobic
interactions of ligands with a biological receptor. LogP values can be determined
experimentally or computationally. Table1 lists the dioxin names (IUPAC, cf.
Figure 1, left, numbering) and their logP values. On the set of all dioxin structures,
a hypermolecule (Figure1, right) was built up, as a collection of common
skeletal and uncommon substructures [11].
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Figure 1. Dioxin IUPAC (left) and the hypermolecule (right) with atom numbering
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Table 1. Dioxins –IUPAC name (cf. Figure 1, left) and their log P

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Name
2,3,7,8-tetrachlorodibenzo-p-dioxin
Octachlorodibenzo-4-dioxin
2,7-dichlorodibenzo-4-dioxin
1,2,3,6,7,8-hexachlorodibenzodioxin
1,2,3,4,7,8-hexachlorodibenzodioxin
1,2,3,4,6,7,8-heptachlorodibenzodioxin
2-chlorodibenzo-4-dioxin
2,8-dichlorodibenzo-4-dioxin
1-Chlorodibenzo-p-dioxin
2,3-dichlorodibenzo-4-dioxin
1,2,3,7,8-pentachlorodibenzo-p-dioxin
1,2,4-trichlorodibenzo-1,4-dioxin
1,2,3,4-tetrachlorodibenzodioxin
1,2,7,8-tetrachlorodibenzo-p-dioxin
1,3,7,8-tetrachlorodibenzo-4-dioxin
1,6-Dichlorodibenzo-para-dioxin
1,3,6,8-tetrachlorodibenzo-p-dioxin
1,3,7-Trichlorodibenzo-p-dioxin
1,2,3,6,7,9-hexachlorodibenzo-p-dioxin
1,2,3,4,6,7,9-Heptachlorodibenzodioxin
1,2,3,8-tetrachlorodibenzo-p-dioxin
1,3-Dichlorodibenzo-para-dioxin
1,2,4,6,7,9-hexachlorodibenzo-p-dioxin
1,2,3,4,7-pentachlorodibenzo-p-dioxin
2,3,7-trichlorodibenzo-p-dioxin
1,2,6,8-tetrachloro dibenzo-p-dioxin
1,4,7,8-tetrachloro dibenzo-p-dioxin
1,4,6,9-tetrachloro dibenzo-p-dioxin
1,2,6,9-tetrachloro dibenzo-p-dioxin
1,2,3,7-tetrachloro dibenzo-p-dioxin
1,2,4,7,8-pentachlorodibenzo-p-dioxin
1,2,4,8-tetrachloro dibenzo-p-dioxin
1,2,4,7-tetrachloro dibenzo-p-dioxin
1,2,4,6-tetrachloro dibenzo-p-dioxin
1,2,3,9-tetrachloro dibenzo-p-dioxin
1,2,3,6-tetrachloro dibenzo-p-dioxin
1,3,6,9-tetrachloro dibenzo-p-dioxin
1,2,4,9-tetrachloro dibenzo-p-dioxin
1,2,4,6,8,9-hexachloro dibenzo-p-dioxin
1,2,3,4,6,8-hexachloro dibenzo-p-dioxin

log P
6.4
8.1
4.3
7.4
8.4
7.5
5
4.3
5
5.2
6.6
4.9
7.2
6
6.3
5.7
6.3
5.7
6.9
7.5
6
5
6.8
7.8
5.8
6.4
6.4
5.6
5.6
6
6.2
6.4
6.4
5.6
6.4
6.4
6.3
5.6
6.8
7.2
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COMPUTATIONAL DETAILS
The structures of dioxins have been optimized, in gas phase, at the
Hartree-Fook HF (6-31g(d,p)) level of theory by Gaussian 09 [12]. Topological
indices (see Table 2) have been computed by TOPOCLUJ software [13]; HOMO
energy (in au) was computed by Gaussian 09.
Table 2.Topologicaldescriptors and HOMO energy (au)
Mol.

Adjacency

Detour

Distance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

20
24
18
22
22
23
17
18
17
18
21
19
20
20
20
18
20
19
22
23
20
18
22
21
19
20
20
20
20
20
21
20
20
20
20
20
20
20
22
22

1700
2700
1300
2200
2200
2400
1200
1300
1200
1300
1900
1500
1700
1700
1700
1400
1700
1500
2200
2400
1700
1400
2200
2000
1500
1700
1700
1800
1700
1700
2000
1700
1700
1800
1700
1700
1700
1800
2200
2200

570
920
410
730
730
820
340
410
330
410
650
460
540
560
560
400
550
480
720
810
560
400
710
630
490
550
550
540
540
560
640
550
550
540
550
550
540
540
710
720
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IE
IE
IP
IP
[CfMax] [CfMin] [CfMax] [CfMin]
62
620
420
2800
130
950
760
4600
36
460
300
2000
92
780
590
3600
93
770
580
3600
110
860
670
4100
26
390
250
1600
36
460
300
2000
26
380
250
1600
37
460
300
1900
77
690
500
3200
49
510
380
2200
64
580
440
2600
62
610
430
2800
62
610
430
2800
36
450
320
1900
61
600
430
2700
48
530
360
2300
92
770
590
3600
110
850
680
4000
62
600
430
2700
37
450
310
1900
91
760
600
3500
77
680
510
3100
49
540
360
2400
61
600
440
2700
62
600
430
2700
61
580
450
2600
61
590
450
2700
62
610
430
2700
76
690
500
3200
62
600
440
2700
62
600
440
2700
62
590
450
2600
62
590
440
2700
62
590
440
2700
61
590
440
2700
62
590
450
2600
91
760
590
3500
92
760
590
3500

HOMO
-0.318
-0.337
-0.308
-0.328
-0.328
-0.332
-0.301
-0.307
-0.302
-0.307
-0.323
-0.314
-0.317
-0.318
-0.320
-0.310
-0.322
-0.315
-0.330
-0.334
-0.318
-0.308
-0.332
-0.323
-0.313
-0.320
-0.321
-0.325
-0.322
-0.318
-0.325
-0.320
-0.320
-0.322
-0.319
-0.320
-0.324
-0.322
-0.332
-0.330
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The hypermolecule works like a biological receptor, over which the ligands
(i.e. dioxins) are superposed/aligned. According to this superposition, binary vectors
were constructed, with 1 when for a given position of the hypermolecule exists
an atom in the current molecule, and zero, otherwise. In the so built binary vectors,
the values 1 are next replaced by the partial charges (given as Supplementary
data, at request) of ligand atoms, as computed at the HF level of theory.
RESULTS AND DISCUSSION
Data Reduction
In this step, the descriptors with variance <10% and intercorrelation >
0.80 (two descriptors highly correlated bring quite the same information on the
molecule, one of them being sufficient) were discarded.
Evaluation of hypermolecule statistically significant positions was made
by removing columns of data that contributes little to the correlation coefficient.
From 22 initial positions we selected 16 positions (1, 2, 3, 4, 5, 8, 9, 10, 12, 13,
14, 16, 18, 19, 20 and 21).Correlation weighting [14] was performed on all the
statistically significant positions in the hypermolecule: the local descriptors (actually
the partial charges, computed at HF level of theory), have been multiplied by the
corresponding correlation coefficients thus resulting new weighted vectors CDij .
Next, these new descriptors are summed to give a global descriptor, which is a
linear combination of the local correlating descriptors for the significant positions in
the hypermolecule [15-17].
Modeling log P
The 40 structures were divided into two sets: the learning set (25
molecules) and the test set (15 molecules: 2; 3; 5; 6; 12; 13; 14; 17; 18; 21; 24;
26; 27; 28 and 37).
The models were performed on the learning set, the best results being
listed below and in Table 3. The number of descriptors was limited to three, to
fulfill the considerations of Topliss and Costello [18].
(i)
(ii)
(iii)

Monovariate regression
log P  21.806  0.918  DS
Bivariate regression
log P  19.822  0.823  DS  0.001  Distance
Three-variate regression
log P  17.628  0.842  DS  0.220  Adj.  0.001 Detour
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Table 3. QSAR models and their statistics
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Descriptors
DS
Distance
IP min
IE min
IE max
Adjacency
DS, Adjacency
DS, Distance
DS, IE max
DS, IE min
DS, HOMO
Distance, IE min
DS, Adjacency, Detour
DS, Detour, IE max
Distance, IE max, IE min
Adjacency, Detour, Distance
Detour, Distance, IE max
Detour, IE max, IP max

R²
0.908
0.832
0.828
0.826
0.824
0.817
0.909
0.909
0.909
0.909
0.908
0.845
0.912
0.911
0.847
0.839
0.838
0.8352

Adjust. R²
0.904
0.825
0.820
0.818
0.816
0.809
0.901
0.901
0.900
0.901
0.900
0.831
0.899
0.898
0.825
0.816
0.815
0.8117

St. Error
0.253
0.341
0.345
0.347
0.349
0.356
0.257
0.257
0.257
0.257
0.257
0.335
0.259
0.260
0.340
0.350
0.350
0.3534

F
226.639
114.197
110.431
108.872
107.438
102.717
109.741
109.879
109.279
109.639
109.069
60.045
72.272
71.706
38.809
36.399
36.225
35.4878

External Validation
For the 25moleculesin the learning set, the best model was recorded
for the trivariate model (DS, Adjacency and Detour), as shown in Table 3, (eq. 13).
This model was used to predict log P of the molecules in the test set (15
molecules). Data for this external validation are listed in Table 4 while the plot
of calculated logP vs. database-values is shown in Figure 2.
Table 4. LogP calc. cf (13) Table
3 on the molecules of the test set
Molecule
2
3
5
6
12
13
14
17
18
21
24
26
27
28
37
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log P
8.1
4.3
8.4
7.5
4.9
7.2
6
6.3
5.7
6
7.8
6.4
6.4
5.6
6.3

log Pcalc.
7.4
5.1
7.7
7.8
5.7
6.6
5.7
6.7
6.2
6.7
7.2
5.9
6.0
6.0
5.8

Figure 2. The plot log P vs. log Pcalc.
for the test set (external validation)
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Prediction by Clusters of Similarity
For the molecules in the test set, prediction can be done by means
of similarity clusters: each of the 15 molecules in the test set is the leader of
its own cluster, selected by 2D similarity among the 25 structures of the
learning set (each cluster comprising about 15-20 molecules). The values
log P were predicted by 15 new equations (the leader being left out) with
the same descriptors as in eq. 13, Table 3. Data are listed in Table 5 and
the monovariate correlation:

log P  0.763  log Pcalc.  1.392 ; n =15; R2=0.924; s=0.331; F=157.899
is plotted in Figure 3.
Table 5. Log Pcalc. on molecules
leading to clusters of similarity
Molecule
2
3
5
6
12
13
14
17
18
21
24
26
27
28
37

log P
8.1
4.3
8.4
7.5
4.9
7.2
6
6.3
5.7
6
7.8
6.4
6.4
5.6
6.3

log Pcalc.
7.8
4.6
7.6
7.7
5.2
6.7
5.8
6.3
5.9
6.3
7.1
5.9
6.2
5.7
6

Figure 3. The plot log P vs. log Pcalc.
by similarity clusters

CONCLUSION
A regression analysis was performed for 40 molecules of dioxins class.
The study was focused on the correlation weighting of predictor variables
describing the hypermolecule built up on the data set and prediction by clusters of
similarity. The results showed a good modeling of log P by Cluj topological
indices, HOMO energy level and the descriptor summing the contributions of
the statistically significant positions in the hypermolecule. Validation of the model
was done by an external set as well as by means of similarity clusters. Similarity
calculation (in 2D) was done using the program TOPOCLUJ.
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QSAR AND DOCKING STUDY ON INDOLIZINES
BY SIMILARITY CLUSTERING
BEATA SZEFLERa*, TEODORA E. HARSAb, ALEXANDRA M. HARSAb
ABSTRACT. A Quantitative Structure-Activity Relationship study, based on
molecular descriptors calculated with correlation weights within the hypermolecule,
that mimics the investigated correlational space, was performed on a set of
25indolizines (PubChem database). The best models describing IC50 of
this set of indolizines were validated by the leave-one-out procedure, in the
external test set and in a new version of prediction by using clusters of
similar molecules. The best prediction was provided by the similarity cluster
procedure.
Keywords: Indolizines, QSAR (Quantitative Structure-Activity Relationships),
IC50, similarity, Hypermolecule, Docking, Binding energy.

INTRODUCTION

Indolizines represent a class of heteroaromatic compounds (of
pharmacological importance) containing two condensed (5- and 6-memebered)
rings bridged by a nitrogen atom. Other names for indolizines in literature include
pyrindole, pyrrodine, pyrrolo [1,2-a]pyridine and pyrrocoline. The aromatic
indolizine does not occur in nature, but the reduced derivatives are natural
products. The biological activities include antimicrobial, antioxidant, antiinflammatory, anti-tuberculosis, anticonvulsant activity, enzymes inhibition
activity and cardiovascular activity (as calcium entry blocker) [1].
Many indolizine derivatives have been isolated from plants, insects,
animals, marine lives, and microbes [2]. The importance of indolizines has
promoted a variety of synthetic routes in medicinal chemistry (e.g. Tschitschibabin
reaction, 1,3-dipolar cycloadditions, or various cyclisation reactions [3]), targeting
a
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indolizines with well-defined substitution patterns. Synthetic indolizines are
important as histamine H3 receptor antagonists, 5-HT3 receptor antagonists,
microtubule inhibitors showing strong antitumor activities [4].
In the present study, a molecular docking analysis has been performed
on indolizine derivatives on the proteins 1GA0, 4O0Z, 4O10,then we made a
QSAR study to predicting IC50 of indolizine derivatives.
STRUCTURAL MOLECULAR DATA

A set of 25indolizine were taken from PubChem Database [5] (Table 1)
and were divided into a training set (15 molecules) and a test set (10 molecules),
taken randomly. The property chosen for modeling was IC50 (µM) 15-LO from
soybeans) (see Table 1) [6].
Table 1. IC50 (µM) 15-LO from soybeans, Smiles code and CID (PubChem)
for 25indolizines
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

202

Canonical SMILES
C1=C(C=C[N]2C1=CC(=C2C3=CC=CC=C3)C4=CC=CC=C4)C#N
C1=C(C=C[N]2C1=C(C(=C2C3=CC=CC=C3)C4=CC=CC=C4)OC)C#N
C1=CC=C(C=C1)COC2=C3C=C(C=CN3C(=C2C4=CC=CC=C4)C5=
CC=CC=C5)C#N
[N]12C(=C(C(=C1C=C(C=C2)C#N)CC3=CC=CC=C3)C4=CC=CC=C4)
C5=CC=CC=C5
[N]12C(=C(C(=C1C=C(C=C2)C#N)C3=CC=CC=C3)C4=CC=CC=C4)
C5=CC=CC=C5
COC1=CC=CC=C1C2=C3C=C(C=CN3C(=C2C4=CC=CC=C4)C5=
CC=CC=C5)C#N
COC1=CC=CC(=C1)C2=C3C=C(C=CN3C(=C2C4=CC=CC=C4)C5=
CC=CC=C5)C#N
C1=CC=C(C=C1)C2=C(N3C=CC(=CC3=C2C=O)C#N)C4=CC=CC=C4
CC(=O)C1=C2C=C(C=CN2C(=C1C3=CC=CC=C3)C4=CC=CC=C4)C#N
C1=CC(=CC=C1C2=C(N3C=CC(=CC3=C2)C#N)C4=CC=C(C=C4)F)F
O(C1=C4[N](C(=C1C2=CC=CC=C2)C3=CC=CC=C3)C=C(C=C4)C#N)
C(=O)C
CC(C1=C2C=C(C=CN2C(=C1C3=CC=CC=C3)C4=CC=CC=C4)C#N)O
CC1=C2C=C(C=CN2C(=C1C3=CC=CC=C3)C4=CC=CC=C4)C#N
C1=CC=C(C=C1)C2=C(N3C=CC(=CC3=C2C(=O)C4=CC=CC=C4)
C#N)C5=CC=CC=C5
C1=CC=C(C=C1)C2=C(N3C=CC(=CC3=C2CO)C#N)C4=CC=CC=C4
C1=CC=C(C=C1)C2=C(N3C=CC(=CC3=C2OS(=O)(=O)C4=CC=CC=
C4)C#N)C5=CC=CC=C5
CN(C)S(=O)(=O)OC1=C2C=C(C=CN2C(=C1C3=CC=CC=C3)C4=CC=
CC=C4)C#N
C1=CC(=CC=C1C2=C(N3C=CC(=CC3=C2)C#N)C4=CC=C(C=C4)Cl)Cl
C1=C(C=C[N]2C1=C(C(=C2C3=CC=CC=C3)C4=CC=CC=C4)OCC5=
CC=C(C=C5)C)C#N

CID
482634
10853428
57399922

IC50
30±2
33±2
31±2

491919

27±2

482635

28±1

10644682 20±1
10668699 20±1
491918
491856
57394641
10066595

29±1
23±1
30±6
31±2

491916
491857
491920

26±2
27±2
23±1

491917 26±1
57394621 24±3
57396377 25±2
57392897 33±7
57401703 37±4
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Canonical SMILES
20
C1=C(C=C[N]2C1=CC(=C2C3=CC=CC=C3)C4=CC=CC=C4)C#N
21 CC1=CC=C(C=C1)C2=C(N3C=CC(=CC3=C2)C#N)C4=CC=C(C=C4)C
22 COC(C1=CC=CC=C1)C2=C3C=C(C=CN3C(=C2C4=CC=CC=C4)C5=
CC=CC=C5)C#N
23 CS(=O)(=O)OC1=C2C=C(C=CN2C(=C1C3=CC=CC=C3)C4=CC=CC=
C4)C#N
24 CCS(=O)(=O)OC1=C2C=C(C=CN2C(=C1C3=CC=CC=C3)C4=CC=
CC=C4)C#N
25 C1=CC=C(C=C1)COCOC2=C3C=C(C=CN3C(=C2C4=CC=CC=C4)
C5=CC=CC=C5)C#N
24
23

25

22

21

13 O
17
15

12

O
14

10

1

2
3

4

CID
482634
57392898
491877

IC50
30±2
27±3
21±3

53855501 22±2
57403346 28±6
57403432 46±4
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Figure 1. The hypermolecule comprising the common features of the dataset

Three proteins: beta lactamase (Figure 2, left), nicotinamide
phosphoribosyltransferases (Figure 2, middle, right), were downloaded
from RCSB protein data bank with the PDB code-1GA0, 4O0Z, 4O10 [7].

Beta lactamase CODE:
(1GA0) [7]

Nicotinamide
phosphoribosyltransferase
CODE: (4O0Z) [7]

Nicotinamide
phosphoribosyltransferase
CODE: (4O10) [7]

Figure 2. The proteins (beta lactamase, nicotinamide phosphoribosyltransferases)
(RCSB PDB CODE: 1GA0, 4O0Z, 4O10).
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Using the latest version of AutoDock4.2, the protein molecule is loaded
and stored as protein.pdb after assigning hydrogen bonds [8]. The investigative
ligand was loaded and their torsions along their rotatable bonds (see Table 2)
are assigned and the file was saved as ligand.pdbqt. The grid menu is toggled [9];
after loading protein.pdbqt the map files were selected directly with setting up the
grid points appropriate for the searching of ligand within the active site of the
protein molecule. In case of protein 4O10 docking was made for two active sides
of the enzyme. This way the grid parameter files are created with setting up the
map files directly. The docking parameter files were completed by using the
Lamarckian genetic algorithm [10].
Table 2. Starting parameters of docking for the investigated ligands
CID of Ligand
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
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482634
10853428
57399922
491919
482635
10644682
10668699
491918
491856
57394641
10066595
491916
491857
491920
491917
57394621
57396377
57392897
57401703
482634
57392898
491877
53855501
57403346
57403432

Molecular
Weight
294.34926
324.37524
400.4712
384.4718
482635
400.4712
400.4712
322.35936
336.38594
330.330186
352.38534
338.40182
308.37584
398.45532
398.45532
450.50842
417.48026
363.23938
414.49778
294.34926
322.40242
414.49778
388.43904
402.46562
430.49718

Molecular
H-Bond H-Bond
Torsions
Formula
Donor Acceptor (rotatable bonds)
C21H14N2
0
1
4
C22H16N2O
0
2
4
C28H20N2O
0
2
5
C28H20N2
0
1
8
C27H18N2
0
1
8
C28H20N2O
0
2
4
C28H20N2O
0
2
3
C22H14N2O
0
2
4
C23H16N2O
0
2
7
C21H12F2N2
0
3
10
C23H16N2O2
0
3
7
C23H18N2O
1
2
8
C22H16N2
0
1
6
C28H18N2O
0
2
7
C28H18N2O
0
2
10
C27H18N2O3S
0
4
3
C23H19N3O3S
0
5
1
C21H12Cl2N2
0
1
3
C29H22N2O
0
2
4
C21H14N2
0
1
8
C23H18N2
0
1
5
C29H22N2O
0
2
2
C22H16N2O3S
0
4
4
C23H18N2O3S
0
4
3
C29H22N2O2
0
3
9
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DOCKING RESULTS
Table 3. The final lamarckian genetic algorithm docked state – Binding energy of
ligands with the active site of Beta lactamase (1GA0) during nine conformations

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

CID of Ligand

1

2

3

4

5

6

7

8

9

482634
10853428
57399922
491919
482635
10644682
10668699
491918
491856
57394641
10066595
491916
491857
491920
491917
57394621
57396377
57392897
57401703
482634
57392898
491877
53855501
57403346
57403432

-7.5
-6.5
-7.3
-8.1
-7.5
-6.7
-7.8
-7.0
-7.5
-7.0
-6.1
-7.0
-7.8
-7.1
-7.0
-9.8
-7.6
-7.4
-8.0
-7.2
-6.5
-7.7
-7.2
-7.4
-7.3

-7.3
-6.2
-7.3
-7.8
-7.4
-6.7
-7.7
-6.8
-7.2
-6.9
-6.0
-6.5
-7.6
-6.9
-6.9
-8.9
-7.3
-6.6
-7.8
-7.2
-6.4
-7.1
-7.2
-7.3
-7.1

-6.8
-6.1
-7.0
-7.6
-7.0
-6.6
-7.5
-6.5
-7.0
-6.9
-5.8
-6.4
-7.5
-6.7
-6.8
-8.8
-6.8
-6.5
-7.3
-7.1
-6.2
-6.7
-7.0
-7.0
-6.9

-6.8
-6.1
-7.0
-7.2
-6.9
-6.4
-7.4
-6.5
-6.9
-6.9
-5.6
-6.0
-7.3
-6.6
-6.6
-8.3
-6.6
-6.4
-6.9
-7.0
-6.1
-6.7
-6.7
-7.0
-6.8

-6.5
-6.1
-6.9
-7.0
-6.9
-6.4
-7.3
-6.4
-6.9
-6.9
-5.6
-6.0
-7.2
-6.4
-6.4
-8.2
-6.3
-6.3
-6.3
-7.0
-6.1
-6.7
-6.6
-6.9
-6.8

-6.5
-6.0
-6.9
-7.0
-6.8
-6.2
-7.0
-6.1
-6.8
-6.8
-5.6
-5.9
-7.2
-6.3
-6.2
-8.1
-6.2
-6.1
-6.1
-6.7
-5.9
-6.7
-6.2
-6.9
-6.8

-6.3
-5.9
-6.9
-6.9
-6.7
-6.1
-7.0
-6.0
-6.7
-6.8
-5.6
-5.9
-6.8
-6.3
-6.2
-7.9
-6.1
-6.0
-6.0
-6.7
-5.9
-6.6
-6.2
-6.9
-6.8

-6.2
-5.8
-6.8
-6.9
-6.6
-6.0
-7.0
-5.9
-6.7
-6.8
-5.5
-5.9
-6.7
-6.3
-6.2
-7.6
-6.1
-6.0
-6.0
-6.5
-5.8
-6.6
-5.9
-6.9
-6.7

-6.2
-5.7
-6.8
-6.8
-6.6
-5.9
-6.9
-5.8
-6.5
-6.8
-5.5
-5.9
-6.7
-6.0
-6.1
-7.6
-6.0
-6.0
-6.0
-6.4
-5.7
-6.5
-5.8
-6.8
-6.7

Docked Energy
(kcal/mol)
-7.5
-6.5
-7.3
-8.1
-7.5
-6.7
-7.8
-7.0
-6.5
-7.0
-6.1
-7.0
-7.8
-7.1
-7.0
-9.8
-7.6
-7.4
-8.0
-7.2
-6.5
-7.7
-7.2
-7.4
-7.3

*Num_modesarg (=9) maximum number of binding modes to generate.

The free energy of binding elicited at the vicinity of the active site by
the ligands can be found in Tables 3, 4, 5.
Table 3 shows the affinity of Beta lactamase 1GA0 for further ligands,
Table 4 the affinity of Nicotinamide phosphoribosyltransferase 4O0Z and
Tables 5 of Nicotinamide phosphoribosyltransferase 4O10.

205

BEATA SZEFLER, TEODORA E. HARSA, ALEXANDRA M. HARSA

In Table 3, among the ligands, two possess the lowest binding energies: 9.8 and -8.1 kcal/mol while the highest is -6.1 kcal/mol. It seems that the high
affinity ligand – enzyme depends of the number of rotatable bonds.
Table 4. The final lamarckian genetic algorithm docked state: binding energy of
ligands with the active site of Nicotinamide phosphoribosyltransferase (4O0Z)
during nine conformations

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

CID of Ligand

1

2

3

4

5

6

7

8

9

482634
10853428
57399922
491919
482635
10644682
10668699
491918
491856
57394641
10066595
491916
491857
491920
491917
57394621
57396377
57392897
57401703
482634
57392898
491877
53855501
57403346
57403432

-8.4
-7.3
-8.3
-9.4
-7.7
-8.8
-7.8
-5.2
-8.8
-8.1
-7.6
-8.3
-8.8
-8.1
-8.4
-9.7
-7.9
-7.7
-8.0
-9.7
-7.5
-8.1
-8.2
-9.0
-8.9

-7.9
-7.2
-7.8
-9.2
-7.7
-7.7
-7.8
-5.2
-8.2
-8.0
-7.2
-8.0
-8.6
-8.0
-8.3
-9.5
-7.8
-7.7
-7.8
-9.7
-7.0
-7.7
-8.1
-8.9
-8.7

-7.9
-7.2
-7.7
-8.9
-7.6
-7.3
-7.7
-4.6
-8.2
-8.0
-7.2
-7.9
-8.5
-7.8
-8.3
-8.9
-7.8
-7.4
-7.8
-9.4
-6.7
-7.5
-8.1
-8.6
-8.7

-7.8
-7.0
-7.6
-8.8
-7.5
-7.3
-7.6
-4.5
-8.1
-7.9
-7.1
-7.4
-8.2
-7.7
-7.7
-8.6
-7.6
-7.3
-7.8
-9.1
-6.7
-7.5
-7.9
-8.4
-8.3

-7.6
-6.6
-7.6
-8.8
-7.5
-7.2
-7.5
-3.6
-7.9
-7.9
-6.7
-7.0
-8.1
-7.6
-7.6
-8.6
-7.5
-7.2
-7.8
-8.4
-6.7
-7.3
-7.8
-8.2
-8.3

-7.0
-6.6
-7.6
-8.6
-7.4
-7.1
-7.3
-1.7
-7.7
-7.7
-6.6
-6.9
-8.1
-7.4
-7.6
-8.6
-7.5
-6.9
-7.8
-8.4
-6.6
-7.2
-7.2
-8.0
-8.0

-6.9
-6.6
-7.6
-8.6
-7.3
-7.0
-7.0

-6.9
-6.3
-7.5
-8.1
-7.3
-6.9
-6.9

-6.9
-6.2
-7.4
-7.9
-7.3
-6.7
-6.9

-7.7
-7.7
-6.5
-6.7
-7.9
-7.4
-7.6
-8.6
-7.5
-6.8
-7.7
-8.3
-6.5
-6.4
-7.2
-7.
-8.0

-7.4
-7.6
-6.5
-6.6
-7.9
-7.1
-7.4
-8.6
-7.5
-6.3
-7.6
-8.2
-6.4
-6.4
-6.9
-7.8
-7.9

-7.3
-7.5
-6.3
-6.4
-7.9
-7.0
-7.4
-8.6
-7.2
-6.3
-7.5
-8.1
-6.3
-6.4
-6.9
-7.8
-7.7

Docked Energy
(kcal/mol)
-8.4
-7.3
-8.3
-9.4
-7.7
-8.8
-7.8
-5.2
-8.8
-8.1
-7.6
-8.3
-8.8
-8.1
-8.4
-9.7
-7.9
-7.7
-8.0
-9.7
-7.5
8.1
-8.2
-9.0
-8.9

Among the ligands in Table 4, the lowest binding energies were: -9.7
and -9.4 kcal/mol while the highest, -5.2 kcal/mol. In case of ligand with CID
491918, only 6 conformations were found.
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Table 5. The final lamarckian genetic algorithm docked state – Binding energy of
ligands with the active site of Nicotinamide phosphoribosyltransferase (4O10)
during nine conformations

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

CID of Ligand

1

2

3

4

5

6

7

8

9

482634
10853428
57399922
491919
482635
10644682
10668699
491918
491856
57394641
10066595
491916
491857
491920
491917
57394621
57396377
57392897
57401703
482634
57392898
491877
53855501
57403346
57403432

-5.8
-5.8
-6.3
-6.3
-6.5
-6.0
-6.8
-4.1
-6.4
-6.5
-5.5
-5.5
-6.6
-5.9
-5.8
-7.7
-6.4
-5.2
-6.0
-6.4
-6.3
-6.6
-5.8
-6.4
-6.4

-5.7
-5.4
-6.2
-6.1
-6.4
-5.7
-6.3
-3.9
-6.2
-6.2
-5.4
-5.5
-6.4
-5.7
-5.5
-7.3
-6.4
-5.2
-5.9
-6.1
-6.0
-6.4
-5.5
-6.3
-5.9

-5.5
-5.3
-6.1
-6.1
-6.4
-5.6
-6.2
-3.8
-5.9
-6.2
-5.4
-5.3
-6.3
-5.7
-5.5
-7.2
-6.0
-5.1
-5.3
-6.1
-5.8
-6.3
-5.5
-6.1
-5.8

-5.4
-5.3
-6.0
-5.7
-6.3
-5.3
-6.0
-3.7
-5.8
-6.0
-5.4
-5.3
-6.3
-5.7
-5.4
-7.2
-5.9
-5.1
-5.3
-5.9
-5.7
-6.1
-5.4
-6.0
-5.7

-5.4
-5.2
-5.9
-5.6
-6.0
-5.3
-6.0
-3.7
-5.8
-5.9
-5.3
-5.2
-6.0
-5.7
-5.3
-7.1
-5.6
-5.0
-5.2
-5.8
-5.4
-5.8
-5.4
-5.9
-5.7

-5.4
-5.1
-5.8
-5.4
-5.9
-5.3
-5.8
-3.4
-5.8
-5.9
-5.1
-5.1
-5.9
-5.5
-5.3
-7.1
-5.6
-4.9
-5.2
-5.8
5.4
-5.6
-5.4
-5.9
-5.6

-5.3
-5.1
-5.7
-5.3
-5.9
-5.2
-5.7
-2.7
-5.6
-5.9
-5.0
-5.1
-5.8
-5.4
-5.2
-7.0
-5.6
-4.7
-5.1
-5.7
-5.3
-5.6
-5.4
-5.8
-5.6

-5.3
-4.9
-5.7
-5.1
-5.8
-5.2
-5.7
-1.4
-5.5
-5.8
-4.9
-5.1
-5.8
-5.4
-5.2
-6.9
-5.5
-4.7
-4.9
-5.7
-5.3
-5.6
-5.3
-5.7
-5.6

-5.3
-4.9
-5.7
-5.0
-5.8
-5.2
-5.6
-1.2
-5.5
-5.8
-4.8
-5.1
-5.8
-5.4
-5.2
-6.7
-5.5
-4.6
-4.9
-5.4
-5.3
-5.5
-5.3
-5.7
-5.6

Docked Energy
(kcal/mol)
-5.8
-5.8
-6.3
-6.3
-6.5
-6.0
-6.8
-4.1
-6.4
-6.5
-5.5
-5.5
-6.6
-5.9
-5.8
-7.7
-6.4
-5.2
-6.0
-6.4
-6.3
-6.6
-5.8
-6.4
-6.4

The first active site of 4O10 strongly interacts with the ligands, and the
energies vary from-7.7and -6.8kcal/ mol to -4.1 kcal/ mol. The highest affinity
was -7.7kcal/ mol (for theligandCID57394621) while the smallest energy was
-4.1kcal/mol (for the ligand CID491918). For the other ligands, the interaction
was quite similar to each other.
COMPUTATIONAL DETAILS

The structures have been optimized at Hartree-Fock HF (6-31g(d,p)) level
of theory, by Gaussian 09 [11]. Topological indices have beed computed by
TOPOCLUJ software [12]; some of them (Conectivity= C, CS[Sh[Charges]]=
Ch,SD), are listed in Table 6.
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Table 6. Topological indices computed for the indolizine in case IC50 Table 1
Mol.
482634
10853428
57399922
57403432
491857
491919
482635
491918
491920
491917
57394641
482634
482634
57403346
57394621
10066595
10644682
10668699
491856
491916
57392897
491877
53855501
57396377
57401703

IC50(µM)
30
33
31
46
27
27
28
29
23
26
30
30
27
28
24
31
20
20
23
26
33
21
22
25
37

SD
-19.374
-17.745
-16.665
-4.228
-22.428
-25.495
-21.307
-22.428
-27.119
-22.428
-17.874
-22.428
-22.374
-24.043
-26.336
-18.45
-28.727
-29.375
-22.428
-22.423
-17.874
-25.898
-24.043
-24.332
-11.519

C.
38
40
49
52
39
49
48
41
51
40
38
40
40
46
54
43
50
50
42
41
40
51
45
47
51

Ch.
23
25
30
33
24
30
29
25
31
25
23
25
25
29
33
27
31
31
26
26
25
32
28
30
32

QSAR models (for IC50)

The models were performed on the training set (the 15 structures in
Table 1) and the best results are listed below and in Table 7 [13].
(i) Monovariate regression
IC 50  48.475  0.923  SD
(ii) Bivariate regression
IC 50  47.767  0.911  SD  3.129  Ch
(iii)Three-variate regression
IC 50  47.354  0.927  SD  0.105  HOMO  2.688  Ch
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Table 7. Best models in describing IC50 in the training set of indolizines
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Descriptors
SD
Ch
IPmax
IEmax
SD, Ch
SD, IEmax
SD, Adj
SD, C
SD, D3D
SD, HOMO
SD, C, Ch
SD, Adj, C
SD, De, IEmax
SD, D3D, De
SD, HOMO, Adj
SD, C, D3D

R2
0.923
0.047
0.119
0.079
0.935
0.928
0.926
0.925
0.925
0.924
0.945
0.939
0.934
0.927
0.927
0.925

Adjust. R2
0.915
0.027
0.051
0.008
0.924
0.916
0.914
0.913
0.912
0.911
0.930
0.922
0.915
0.907
0.907
0.905

St. Error
1.530
5.381
5.174
5.288
1.459
1.537
1.560
1.569
1.572
1.580
1.406
1.483
1.544
1.621
1.622
1.639

F
155.683
0.635
1.750
1.121
86.696
77.556
75.170
74.223
73.859
73.119
62.929
56.176
51.558
46.399
46.338
45.361

Leave-one-out

The performances in leave-one-out analysis related to the models
listed as best in Table 7 are presented in Table 8 [14].
Table 8. Leave-one-out analysis for best IC50 models
1
5
11

Descriptors
SD
SD, Ch
SD, C, Ch

Q2 R2-Q2 St. Errorloo Floo
0.863 0.06
2.038
82.057
0.880 0.055 1.908
95.519
0.894 0.051 1.792 109.920

External Validation

The values IC50 for the test set of indolizines (10 molecules) molecules
best scored in the docking step, were calculated by using the best equation in
Table 7, entry 5.Data are listed in Table 9 and the monovariate correlation:
IC 50  0.781  IC 50 calc.7.418 ; n=10; R2=0.897; s=2.027; F=69.333is plotted in
Figure 3 [15].
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Table 9. Calculated values of
IC50 for the molecules in the
test set (Table 1)
Molecules
10066595
10644682
10668699
491856
491916
57392897
491877
53855501
57396377
57401703

IC50
31
20
20
23
26
33
21
22
25
37

IC50calc.
30.49
21.78
20.67
27.78
27.69
32.05
23.94
27.06
27.04
37.19

Figure 3. The plot IC50 vs. IC50calc. for
the test set (external validation)

Similarity Cluster Validation

Validation can be performed by calculating IC50 for the molecules in
the test set with equations learned on clusters of similarity: each of the 10
molecules is the leader in its own cluster best scored in the docking step,
selected by (2D) similarity among the 15 structures of the initial learning set [16].
The values IC50calc.for each of the 10 molecules in the test set were computed
by 10 new equations (the leader being left out) with the same descriptors as in eq.
11, Table 7. Data are listed in Table 10 and the monovariate correlation: n=10;
R2=0.955; s=1.329; F=171.735 is plotted in Figure 4 [17].
Table 10. Calculated values
of IC50 by similarity clusters,
for the molecules in the
test set
Molecules

IC50

IC50calc.

10066595
10644682
10668699
491856
491916
57392897
491877
53855501
57396377
57401703

31
20
20
23
26
33
21
22
25
37

30.47
22.59
21.75
26.63
27.43
32.81
23.91
26.12
27.14
34.76
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Figure 4. The plot IC50 vs. IC50calc.
by similarity clusters
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CONCLUSIONS
A set of 25indolizine, downloaded from the PubChem database, was
submitted to a QSAR study. The set was split into a learning set (15 molecules)
and a test set (10 molecules), the test set being used for the validation of the
models.
Beta lactamase and nicotinamide phosphoribosyltransferase, has been
investigated for its potential binding affinity with selective indolizine derivatives.
The docking result of the study of 25 molecules demonstrated that the binding
energies when we use Beta lactamase were in the range of -9.8 kcal/mol to
-6.1 kcal/mol, when use nicotinamide phosphoribosyltransferase were in the
range of -9.7 kcal/mol to -5.2 kcal/mol.
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STRUCTURAL MODELING OF PHENYLALANINE
AMMONIA-LYASES AND RELATED MIO-CONTAINING
ENZYMES – AN INSIGHT INTO THERMOSTABILITY
AND IONIC INTERACTIONS
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ABSTRACT. Biocatalysis and bioinformatics are powerful tools to analyze and
enhance the properties of biocatalysts for industrial technologies. In this work,
the three-dimensional structures of various phenylalanine ammonia-lyases and
other 5-methylene-3,5-dihydro-4H-imidazol-4-one (MIO) dependent enzymes
were investigated, analyzed, and constructed. The three- dimensional structures of
MIO-containing aromatic ammonia-lyases and 2,3-aminomutases from the PDB
database were analyzed. In several instances the structural deficiencies and
inactive conformations were modified to approach the active states. The checked /
modified PDB structures of the MIO-enzymes served as templates for the large
scale homology modeling for phenylalanine ammonia-lyase (PAL) sequences
with unknown structure. Multiple settings were tested in the modeling workflow
to result in structures with intact active center, good overall protein quality and
reasonable number of salt bridges. The experimental temperature optima of the
investigated PALs were correlated with two common factors of thermal stability:
salt bridge and disulfide bridge numbers. Our study indicate i) a moderate
correlation between salt bridge numbers and temperature optima, ii) and
negligible effects of disulfide bridges. The two examples which do not correlate
with the others indicate the presence of other important factors contributing to
thermal stability of the MIO-enzymes. The modified PDB structures can serve
further molecular modeling projects such as functional studies with a QM/MM
approach.
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INTRODUCTION
As nowadays industrial development needs more efficient, yet green
processes, new methods must meet more criteria than ever before.
Biotechnology, one of the disciplines that were proven to successfully fulfill this
task, can provide enzymes that are efficient and green catalysts. Enzymes, as
biocatalysts, can be applied under mild conditions and at ambient temperature,
can be highly selective, and can avoid the production of hazardous materials
during their whole lifecycle. Bioinformatics can contribute to the experimental
work required to select and develop the suitable biocatalyst by reducing the
amount of required experimental work and increasing the amount of information
extracted from the experiments.
An important feature of enzymes is their temperature tolerance. At
elevated temperatures the reaction rates are higher and the probability of the
biocatalyst digestion by microbial infection is lower. Generally, thermophile
enzymes can tolerate heat treatment, as well as higher denaturing agent and
substrate concentrations [1]. On the other hand, the biotechnological value of
cold-adapted enzymes (aka psychrophiles) stems from their high catalytic activity
at low to moderate temperatures providing energy savings to processes. Also,
the use of psychrophiles can lower the risk of undesirable chemical reactions
and can enable the transformation of thermally labile substrates [2].
The structural features of thermotolerance of enzymes have been
intensively researched in the previous decades yielding a vast amount of data.
Szilágyi et al. [3] concluded that different protein families adapt to higher
temperatures by different sets of structural devices. Regarding the structural
parameters, the only generally observed rule was an increase in the number of
salt bridges with increasing growth temperature of host organisms. Other
parameters showed just a trend, whereas the number of hydrogen bonds and
the polarity of buried surfaces exhibited no clear-cut tendency to change with
growth temperature. They suggested that proteins from extreme thermophiles
are stabilized in different ways compared to the moderately thermophilic ones.
The preferences of these two groups are different with regards to the number
of ion pairs, the number of cavities, the polarity of exposed surface and the
secondary structural composition.
Similarly, according to Scandurra et al. [1], stability of a protein from
a thermophile, compared to its mesophilic homologue, is a property acquired
through many small structural differences such as the modulation of the
canonical forces, electrostatic (hydrogen bonds and ion-pairs) and hydrophobic
interactions. Thermophilic proteins – produced by thermo- and hyperthermophilic
microorganisms growing between 45 and 110 °C – show structural restriction on
flexibility, which allows them to be functionally competent at elevated
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temperatures, but renders them unusually rigid and less active at mesophilic
temperatures (10-45 °C) due to increased compactness. From a comparative
analysis of several families of proteins including at least one thermophilic
structure in each family, it appeared that thermal stabilization was accompanied
by an increase in hydrogen bonds and salt bridges [1]. Thermostability appeared
to correlate also with a better packing within buried regions.
Kurnikova et al. [4] have determined flexible regions for four homologous
pairs from thermophilic and mesophilic organisms by two computational methods:
FoldUnfold [5] which is based on amino acid sequences, and MD/First [6]
which use three-dimensional structures and molecular dynamics (MD). Both
methods allowed determining flexible regions in protein structures. Supporting
the previous statement by Scandurra et al. [1], MD simulations showed that
thermophilic proteins were more rigid in comparison to their mesophilic
homologues. It has been also found that the local networks of salt bridges and
hydrogen bonds in thermophiles render their structure more stable with respect
to fluctuations of individual contacts. This ionic network connects α-helices and
rigidifies the structure. Mesophiles can be characterized by standalone salt
bridges and hydrogen bonds or small ionic clusters. Such difference in the
network of salt bridges results in different flexibility of homologous proteins.
Despite these generalizations, no universal rules were found as structural
factors leading to enhanced thermostability within a certain family of enzymes.
In contrast to their thermophilic counterparts, the structures of thermolabile,
cold-adapted enzymes generally permit high flexibility [7,8]. According to
Saunders et al [9] and Siddiqui et al [7], psychrophilic enzymes tend to possess
various combinations of the following features: decreased core hydrophobicity,
increased surface hydrophobicity, lower arginine/lysine ratio, more and longer
loops, decreased secondary structure content, more glycine residues, less proline
residues in loops and more proline residues in α-helices, a reduced number of
disulfide bridges, fewer electrostatic interactions, reduced oligomerization, and
an increase in conformational entropy of the unfolded state.
Aromatic ammonia-lyases catalyze the non-oxidative ammonia elimination
from aromatic (2S)-amino acids, producing α,β-unsaturated carboxylic
acids. The members of this enzyme family are the histidine ammonia-lyase
(HAL, EC 4.3.1.3) [10,11], tyrosine ammonia-lyase (TAL, EC 4.3.1.23) [12],
and phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) [13] catalyzing the
deamination of the corresponding (2S)-amino acids to (E)-cinnamic acid,
(E)-urocanic acid, and (E)-coumaric acid, respectively (Figure 1/a). In plants,
PAL catalyzes the first step of the phenylalanine degradation pathway, and
thus the biosynthesis of several classes of phenylpropanoids, such as lignins,
flavonoids, and coumarins [14]. The synthetic application of PAL is based on
the stereoconstructive reverse reaction yielding (2S)-phenylalanine derivatives
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from achiral precursors or the kinetic resolution of racemic amino acids
providing access to (2R)-phenylalanine derivatives as residual substrates [15].
From an environmental point of view it is important that PAL lies at the branch of
primary and secondary metabolism in plants and therefore it is a target for
herbicides [16].

Figure 1. (a) reactions catalyzed by the aromatic ammonia-lyases and
(b) phenylalanine 2,3-aminomutases.

The X-ray structure of HAL [17] revealed first that the enzyme contains
a post-translationally formed 5-methylene-3,5-dihydro-4H-imidazol-4-one (MIO)
as the electrophilic prosthetic group (Figure 2) [18]. This prosthetic group is
formed autocatalytically by the elimination of two water molecules from an
inner tripeptide Ala-Ser-Gly (in some cases Thr-Ser-Gly).
216

STRUCTURAL MODELING OF PHENYLALANINE AMMONIA-LYASES AND RELATED MIO-…

This prosthetic group can also be found in tyrosine 2,3-aminomutases
(TAM, EC 5.4.3.6) and phenylalanine 2,3-aminomutases (PAM; (3R)-phenylalanine
forming: EC 5.4.3.10; (3S)-phenylalanine forming: EC 5.4.3.11), which catalyze
the selective formation of the 3-amino acids (Figure 1/b).

Figure 2. Formation of the 5-methylene-3,5-dihydro-4H-imidazol-4-one (MIO)
prosthetic group from an Ala-Ser-Gly peptide fragment.

Only (3S)-tyrosine producing TAM structures have been determined
so far, in contrary to PAMs, where both (3R)- and (3S)-phenylalanine producing
structures are known (e. g. Taxus canadensis and Pantoea agglomerans
PAM, respectively) [19].
In the Protein Data Bank (PDB) X-ray structures are available for
enzymes from ten different organisms in which the MIO prosthetic group was
identified: Pseudomonas putida HAL (PDB: 1GKM) [20], Rhodosporidium
toruloides PAL (PDB: 1Y2M) [21], Petroselinum crispum PAL (PDB: 1W27) [22],
Anabaena variabilis PAL (PDB: 3CZO) [23], Nostoc punctiforme PAL (PDB:
2NYF) [24], Rhodobacter sphaeroides TAL (PDB: 2O6Y) [25], Streptomyces
globisporus TAM (PDB: 2QVE) [26], Taxus canadensis PAM (PDB: 3NZ4) [27],
Taxus chinensis PAM (PDB: 2YII) [28], and Pantoea agglomerans PAM (PDB:
3UNV) [29].
In several cases, more than one structure is available, although only
one representative is listed here for each MIO-enzyme.
An important structural difference between the previously listed enzymes
is the presence of a ~170 amino acid long multihelix domain in the C-terminal
region in enzymes with eukaryotic origin, against a ~7-19 amino acid long
corresponding sequence segment in enzymes with prokaryotic origin (Figure 3/a).
However, despite this considerable difference along with different substrates and
function, the catalytic core domains of these proteins are remarkably similar in
their tertiary and quaternary structures, deviating from a common fold considerably
mainly in disordered, loop regions, and forming tetramers in every case (Figure 3/b).
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a)

b)

Figure 3. (a) Tetramer structure of TchinPAM (PDB: 2YII). Ribbons in red indicate
the catalytic core domain, common in MIO enzymes of both eukaryotic and prokaryotic
origin. Ribbons in green represent the C-terminal multihelix domain, characteristic for
enzymes of eukaryotic origin. (b) Overlay of the single chains of all MIO-enzymes
listed in Table 1 indicated high structural conservation in the colored ordered secondary
structure regions and less conservation in loop regions.

Mutagenesis studies proved the similarity of PAL [30] and HAL [31],
and the importance of the Tyr110(PAL)/78(HAL) residue which was essential
for the catalytic activity. This Tyr is situated in a flexible loop which is often missing
from the crystal structures (PDB: 1Y2M) [21] or is in a supposedly inactive
conformation (PDB: 1W27) [22]. However, in the structures of Anabaena variabilis
PAL (PDB: 3CZO) [23], and Rhodosporidium toruloides TAL (PDB: 1Y2M) [21]
compact active centers were found with tight Tyr-loop conformations, showcasing
the supposedly active conformation.
EXPERIMENTAL
Experimentally determined protein structures from the Protein Data
Bank (PDB) [32] were selected as representatives for each MIO-enzyme
type (encoded by genes of different organisms, Table 1). Selection criteria
were active site compactness, resolution, R-value, and R-free values. After
the overlay of the single chains of the various MIO-enzymes, they were
systematically checked for missing side chains, residues, and loops, for
inactive Tyr-loop conformations and for large backbone deviations. Errors were
corrected as much as possible by using partial homology modeling of the
missing/erroneous part(s). The templates for homology modelling were chosen
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based on the maximum similarity of the corresponding amino acid segments.
The resulting checked/corrected experimental structures served as templates
for the large scale homology modeling for those MIO-enzymes which did not
have experimental structures.
In the PcPAL structure the Tyr-loop and an adjacent loop were present
in a catalytically inactive “loop-out” conformation [33], therefore these regions
were reconstructed. Templates for the residues 98-131 and 324-350 were taken
from TchiPAM.
The Tyr-loop and a further loop which were both partly missing and
deformed from the structure of RtPAL crystal structure were modeled as well.
The coordinates for the missing residues 103-124 and 343-358 of RtPAL were
taken from TchiPAM as well.
In the PpHAL and TcanPAM structures the Tyr-loop is in a “loop-in”
conformation [33], albeit in a partially open, non-active state. Residues 46-68
for PpHAL and 68-88 for TcanPAM were remodeled using the templates 2O6Y
and 2YII, respectively.
Table 1. Experimental structures of aromatic ammonia-lyases and 2,3-aminomutases
(occasionally with partial corrections) chosen as homology modeling templates
Organism
Anabaena variabilis
Petroselinum
crispum
Rhodosporidium
toruloides
Pseudomonas putida
Rhodobacter
sphaeroides
Streptomyces
globisporus
Taxus canadensis
Pantoea
agglomerans
Taxus chinensis

Function Abbreviation PDB
code
PAL
AvPAL
3CZO
PAL
PcPAL
1W27

Uniprot
code
Q3M5Z3
P24481

PAL/TAL RtPAL

1Y2M

P11544

HAL
TAL

PpHAL
RsTAL

1GKM
2O6Y

TAM

SgTAM

PAM
PAM
PAM

Errors

Correction
template
2YII

P21310
Q3IWB0

Inactive loop
conformations
Missing Tyr-loop
and residues
Non-tight Tyr-loop
-

2O6Y
-

2QVE

Q8GMG0

-

-

TcanPAM
PaPAM

3NZ4
3UNV

Q6GZO4
Q84FL5

Non-tight Tyr-loop
-

2YII
-

TchiPAM

2YII

Q68G84

Missing residues

1W27

2YII

In the BRENDA enzyme database 13 different MIO-containing
phenylalanine ammonia-lyases were found with known temperature optima
but without experimentally determined structure [34] (Table 2). For each of the
various PALs sixteen homology models of the catalytically active homotetrameric
form were constructed each time, using MODELLER [35]. From the beginning
219

G. BÁNÓCZI, CS. SZABÓ, ZS. BATA, A. FILIP, G. HORNYÁNSZKY, L. POPPE

of the optimization process, the ASG amino acid triads in the conserved
position of the MIO prosthetic group were replaced by the corresponding
MIO-structures. Symmetry constraints were applied to the monomers forming
the homotetramer.
Refinement of the raw models constructed by MODELLER was
performed with Maestro [36] and Protein Preparation Wizard [37,38] (bond
order assignment, addition of hydrogens). The refined models were minimized
with TINKER [39] (forcefield: OPLS, minimization method: TNCG).
For the refinement of the initial models of Rubrobacter xylanophylus
PAL [40], multiple settings were tested (max. 8 models for each) for MODELLER
and for post-minimization with within TINKER. Varied settings were i) in
MODELLER: the level of simulated annealing, all-atom/heavy atom-only
modeling, monotemplate/multitemplate modeling, different sequence alignments,
number of refinement stage iterations; ii) in TINKER post-minimization: solvent
model (vacuum or implicit water) and convergence criterion (1.0, 0.1, and 0.05
kcal mol-1 Å-1 RMS gradient).
Table 2. Phenylalanine ammonia-lyases with known temperature optima
but without experimentally determined structures
Organism
Arabidobsis thaliana
Arabidobsis thaliana
Arabidobsis thaliana
Arabidobsis thaliana
Bambusa oldhamii
Bambusa oldhamii
Bambusa oldhamii
Cistanche deserticola
Gossypium hirsutum
Helianthus annuus
Jatropha curcas
Oryza sativa
Ustilago maydis

Isoform
1
2
3
4
1
2
4
-

Abbreviation
AtPAL1
AtPAL2
AtPAL3
AtPAL4
BoPAL1
BoPAL2
BoPAL4
CdPAL
GhPAL
HaPAL
JcPAL
OsPAL
UmPAL

Uniprot code
Q3M5Z3
P24481
Q7N4T3
P11544
P21310
Q7N296
Q3IWB0
Q8GMG0
Q6GZO4
Q84FL5
Q9KHJ9
A2X7F7
Q96V77

Reference
41
41
41
41
42
42
42
43
44
45
46
47
48

The number of salt bridges were determined in the final models (which
were evaluated by the active site geometry and overall protein health). For salt
bridge statistics ANOVA, Mann-Whitney U-tests, and Wilcoxon matchedpair tests were applied, using Statistica [49]. The structures were validated
with PROCHECK [50] using SAVES (Structure Analysis and Verification Server).
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Salt bridge numbers were determined with VMD with default parameters [51].
Sulfur atoms of cysteine residues were considered as disulfide bridge candidates
with an interatomic distance less than or equal to 4 Å, or less than or equal to
7 Å when at least one of the residues was located on a loop.
The final procedure consisted of multitemplate modeling followed by a
thorough simulated annealing and minimization in vacuum to a RMS gradient
threshold of 1.0 kcal mol-1 Å-1 followed by further geometry optimization with
implicit water solvation to a RMS gradient of 1.0 kcal mol-1 Å-1.
RESULTS AND DISCUSSION
Our aim with this work was to investigate, analyze and construct the
three-dimensional structures of various phenylalanine ammonia-lyases and
further MIO-dependent enzymes. Partial and full homology models were created
to check the possible correlations between common factors of thermostability
and temperature optima (i.e. temperature of maximum reaction velocity).
Modeling in monomeric form followed by construction of the tetramer
resulted in inappropriate, non-interacting adjacent loops and side chains, steric
clashes. Furthermore, energy minimization of such tetrameric structures led to
more distorted structures than that obtained by tetrameric homology modelling.
This effect could be visualized in the case of partial homology modelling of
the PAL1 from Petroselinum crispum (PcPAL, see Figure 4). Therefore, the
structures of the MIO-containing enzymes in this study were always modeled
in tetrameric form.

Figure 4. Comparison of the chains A and B of two different homology models of
PcPAL. Model 1 (chain A: brown, chain B: orange) was modeled in monomeric
form which was assembled to tetramer, Model 2 (chain A: blue, chain B: green)
was modeled as a tetramer from the beginning of the modelling process.
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The tetrameric structures for PcPAL were minimized to 0.1 kcal mol-1 Å-1
RMS gradient in both cases using our standard procedure. Significant
differences were found between the depicted loops of the two models. In
the case of the tetramer built from monomeric model (Model 1), energy
minimization resulted in a distortion of a helical part of chain B caused
by the loop region of chain A highlighting the importance of modeling the
homotetrameric structures as a complex (Model 2). Because the active site of
the MIO-containing enzymes is formed by three different chains of the
tetramer, such effects could not be neglected.
Although there is little consensus about the structural factors of
thermostability, experts mainly agree on the importance of disulfide bridges
and electrostatic interactions such as salt bridges, hydrogen bonds. Therefore,
by using the modeled tetrameric structures of several phenylalanine ammonialyases, several modeling procedures resulting in high quality structures were
analyzed with regards to active center compactness, overall protein health and
reasonable salt bridge numbers. All tested settings (see experimental section)
resulted in compact active centers, and structures with good protein health.
Unfortunately, because of the large deviations in salt bridge numbers
among models within each test settings, all factors proved statistically insignificant
(at p<0.05). Among the varied test settings, two factors showed remarkable
effects on salt bridge numbers and protein health. The most significant changes
were caused by the variations in the convergence criterion of post-minimization
and by the use of implicit water model. Optimizations with the use of implicit water
model resulted in better overall protein quality but significantly lower number of
salt bridges. It is likely that the solvent model dampens the electrostatic attraction
between ionized side chains preventing them from forming salt bridges. On
the other hand, during extensive minimization with lower gradient thresholds,
with or without solvent modeling, the protein quality deteriorated as the energy
decreased, although the salt bridge numbers increased every time. This resulted
in overestimation of salt bridge numbers.
Therefore, the most reasonable optimization protocol consisted of a
pre-optimization of the models without solvent model to 1.0 kcal mol-1 Å-1 RMS
gradient followed by further optimization with solvent model to 1.0 kcal mol-1 Å-1
RMS gradient again. Noteworthy that further optimization of the models to
0.05 kcal mol-1 Å-1 RMS gradient resulted in higher salt bridge numbers, but
also significantly worse protein health statistics. Also worth mentioning, that for
the further optimized structures the salt bridge number statistics showed worse
correlation with the experimental temperature optima values than in case of
the less optimized (1.0 kcal mol-1 Å-1 RMS gradient) structures. This indicates a
possible over-refinement in the protocol including extensive minimization.
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The average salt bridge numbers in the tetrameric models obtained in
this way were correlated with the temperature optima (Table 3 and Figure 5).
Table 3. Salt bridge and disulfide bridge statistics of theoretical (as the average of
numbers in the 16 models of each enzyme) and experimental PAL structures
Enzyme

Salt
bridge
No.

Salt
Salt bridge Salt bridge Salt bridge Possible Temp.
bridge fraction in fraction in C- fraction
disulfide optimum
No.
the core
terminal between the bridge
region
domain
two regions number
(Mean) (RMSD)
[%]
[%]
[%]
(°C)

Eukaryotic
PALs
AtPAL1

230

8,9

70.7

18.9

10.5

0

47

AtPAL2

110

6.5

71.5

22.1

6.4

2

48

AtPAL3

116

6.3

69.9

14.7

15.4

0

31

AtPAL4

259

15.7

68.5

19.9

11.6

0

47

BoPAL1

253

11.3

70.1

18.9

11.0

4

60

BoPAL2

246

13.8

69.3

19.8

10.9

4

60

BoPAL4

238

9.7

72.9

17.9

9.2

8

50

CdPAL

253

12.7

68.1

21.5

10.4

4

55

GhPAL

244

8.0

68.6

21.0

10.3

2

30

HaPAL

214

8.7

67.1

21.8

11.1

0

55

JcPAL

243

13.2

71.6

17.3

11.1

2

60

OsPAL

248

9.5

68.4

20.1

11.5

4

50

PcPALa

208

-

67.0

22.7

11.3

0

58

UmPAL

177

14.5

80.5

14.6

4.9

0

30

74

-

94.6

5.4c

0

0

40

Prokaryotic
PAL
AvPALb

a
Partial homology model b Experimental structure (PDB: 3CZO) c Fraction of saltbridges in the sequence
segment corresponding to the C-terminal multihelix domain in enzymes with eukaryotic origin [%]

The MIO-containing PALs of eukaryotic origin in Table 3 could be split
into two groups. When the correlation analysis was performed with inclusion of
all points, almost no correlation between the salt bridge numbers and temperature
optima were found (R2=0.21). In contrary, a much better correlation (R2=0.56)
was found when outliers (AtPAL2 and GhPAL) representing a group defferent
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from the main group were omitted from the analysis (Figure 5). The results for the
main group, based on the comparison of salt bridge numbers from sophisticated
homology models and experimental temperature optima of the modeled MIOenzymes, implied reasonable correlation between salt bridges and temperature
optima despite the heavily multivariate nature of the temperature optima of
maximum reaction velocities. The two non-correlating enzymes in the other
group indicated the importance of other factors which could also significantly
contribute to the thermal dependence of the enzyme activity which may be
influenced by local factors. Such local factors may be alterations of flexibility of
the catalytically essential Tyr-containing loop.

Figure 5. Graphical representation of the eukaryotic PAL salt bridge numbers (split
into two groups) versus the temperature optima of maximum reaction velocities

Regarding enzymes of eukaryotic and prokaryotic origin, the salt bridge
numbers were also decomposed, based the domain they belong to (Table 3).
Surprisingly, there is no correlation between the calculated fractions and
temperature optima, indicating that the C-terminal multihelix domain may not
need additional ionic interactions, other than the overall increase in salt
bridges, to stabilize.
The extremely low salt bridge number of AvPAL indicated that PALs of
prokaryotic origin may need significantly less salt bridges to achieve a high
temperature optima than those of eukaryotic origin. Although building a
hypothesis upon only one data pair may be inadequate, this result would
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further support the hypothesis on the Tyr-loop destabilizing / controlling role of
the extended C-terminal helix domain in the eukaryotic PALs, which in not
present in the prokaryotic ones [33]. To test the validity of this assumption,
gathering more data in the future is required.
The number of possible disulfide bridges, however, showed no
correlation with temperature optima independently of the method of modeling.
One reason behind the absence of correlation between the disulfide bridges
and temperature optima may be the lack of certain disulfide bridges despite
the opportunity to be formed. This assumption lead to a warning: it could be
possible that in several cases the actual recombinant host organisms were not
the most appropriate ones to form all the possible disulfide bonds.
CONCLUSIONS
Our study indicated i) a moderate correlation between salt bridge
number and temperature optimum, ii) and negligible effect of disulfide bridges
with the temperature optima of phenylalanine ammonia-lyases. The two
examples which do not correlate with the others indicate the presence of other
important factors contributing to thermal dependence of activity for the MIOenzymes, which may differ from the global thermostability. The modified PDB
structures can support further molecular modeling projects such as functional
studies by QM/MM approaches to identify and design better biocatalysts.
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SYNTHESIS AND CHARACTERIZATION OF FULLERENEPYRIDYL ARENE RUTHENIUM COMPLEXES
DIVAMBAL APPAVOOa, ROBERT DESCHENAUXa*,
BRUNO THERRIENa*
ABSTRACT. Association of [60]fullerene with arene ruthenium moieties has
been achieved for the first time. Two fullerenopyrrolidine derivatives (Npyr-C60)
were synthesized via a 1,3-dipolar cycloaddition, and coordinated to arene
ruthenium complexes to form two half-sandwich complexes of the general
formula (p-cymene)RuCl2(Npyr-C60). The coordination of the fullerenopyrrolidines
to the arene ruthenium unit was evidenced by NMR spectroscopy and mass
spectrometry, thus confirming the formation of these novel arene ruthenium
complexes.
Keywords: fullerene; arene ligand; ruthenium; pyridyl ligand; half-sandwich
complexes

INTRODUCTION
In the last 25 years, a lot of progress has been made to the chemistry
of fullerenes [1]. However, the most stable and abundant member of the
fullerene family, [60]fullerene (C60), remains the most popular derivative [2].
In spite of this popularity, its direct application is often hampered by its poor
solubility and processability. Functionalization of the C60 by reactions such as
Bingel and 1,3-dipolar cycloaddition has allowed an expansion of the fullerene
chemistry [3]. A wide range of fullerene derivatives have since been synthesized
by combining the electron acceptor fullerene with various donors such as
tetrathiafulvalenes, conjugated oligomers, porphyrins and ferrocenes [4].
The study of these materials for their intramolecular photo-induced energy and
electron transfer processes has shown useful properties for applications in
a
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solar cell technologies [5]. This photochemical property of fullerene has been
particularly interesting in systems containing coordinating metals. Complexes
combining fullerene and d6 or d10 metal ions have shown to exhibit long
lived metal-to-ligand charge transfer excited state which stimulated photoinduced electron transfer to the fullerene sphere [6]. Such systems are good
candidates for photovoltaic devices. For example, fullerene-based tris(2,2’bipyridine)ruthenium(II) complexes have been found to possess good energy
conversion efficiencies [7]. Other ruthenium-fullerene complexes have been
synthesized, like (η5-C60Me5)RuCl(CO)2, for potential applications in material
science and catalysis, yet, the association of fullerene with ruthenium remains
generally unexplored [8].
Half-sandwich arene ruthenium complexes, which are an important part
of the ruthenium chemistry, have been increasingly used in the development of
organometallic chemistry [9]. The arene ligand provides a better control for the
coordination of ligands to the metal center and protects the ruthenium center
from rapid oxidation [10]. These complexes adopt a pseudo-tetrahedral geometry,
with the potential of coordinating three different ligands to the ruthenium center.
Mono- and polydentate pyridyl-based ligands have been used extensively for
coordination to arene ruthenium moieties, thus resulting in mono- and polynuclear
supramolecular assemblies. Moreover, arene ruthenium complexes have found
applications in different fields, including anticancer research [11], catalysis [12]
and liquid-crystalline material [13].
Despite widespread studies in these two individual fields, to the best of
our knowledge, the combination of fullerene with arene ruthenium unit has yet
to be accomplished. We hereby report the synthesis and characterization of
the first fullerene-based arene ruthenium complexes.
RESULTS AND DISCUSSION
The Npyr-C60 compounds 3 and 4 (Scheme 1) were synthesized under
standard 1,3-dipolar cycloaddition conditions by the addition of the pyridine
N-modified glycines 1 or 2 to [60]fullerene in the presence of formaldehyde.
Compounds 1 and 2 were in turn prepared by reacting the commercially
available 4-(aminomethyl)pyridine with the corresponding alkyl bromides,
tert-butyl bromoacetate and 2-[2-(2-methoxyethoxy)ethoxy]ethyl bromoacetate,
respectively. Treatment of 3 and 4 with 0.5 molar equivalent of (p-cymene)2Ru2(µCl)2Cl2 gave the neutral half-sandwich (p-cymene)RuCl2(Npyr-C60) complexes 5
and 6, which were isolated in excellent yields as dark solids. The two complexes
showed good solubility in organic solvents, but remained insoluble in water.
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Scheme 1. Synthesis of complexes 5 and 6, and the Npyr-C60 derivatives 3 and 4
starting from alkyl bromides and primary amines. Reagents and conditions:
i. NEt3, THF, 0°C to rt, 16h, 1: 60%, 2: 32%, ii. toluene, 110°C, 16h, 3: 51%,
4: 24%, iii. CH2Cl2, reflux, 24h, in the dark, 5: 98%, 6: 92%.

The 1H NMR spectra of the Npyr-C60 derivatives 3 and 4 revealed the
expected signals for this family of fullerenopyrrolidines [15]. One characteristic
feature of such compounds is that the methylene protons located in α positions
with respect to the pyrrolidine nitrogen are diastereotopic due to the asymmetric
carbon on the pyrrolidine unit (the asymmetric carbon being identified with an
asterisk in Scheme 1). For instance, the protons of the CH2 group linking the
pyrrolidine to the pyridine, which appear as a doublet at δ = 3.30 ppm in
compound 1 (see experimental section), can be seen as two doublets in 3, at
δ = 4.93 and 4.30 ppm, respectively. Similarly, the CH2 protons of the pyrrolidine
group (δ = 3.81 ppm in 1) are now observed as two doublets at δ = 4.69 and
4.14 ppm in 3 (Figure 1). Moreover, complexation to the ruthenium center results
in a major downfield shift of the signal corresponding to the protons of the
pyridyl groups, mainly Hα (∆δ = +0.4 ppm) and Hβ (∆δ = +0.1 ppm) (Figure 1).
This is characteristic for the coordination of a pyridyl moiety to an arene ruthenium
unit [16]. However, the other protons of the Npyr-C60 ligands 3 and 4 do not
undergo any significant shift as a result of the complexation.
The formation of the complexes was also confirmed by electrospray
mass spectrometry (ESI-MS). However, the two complexes behave differently
under the ESI-MS conditions. Complex 5 showed a cationic species at m/z =
1225.1, which can be assigned to complex 5 after the loss of a chloride anion,
[5 - Cl]+, while in 6, a sodium adduct was found at m/z = 1363.2, [6 + Na]+. The
loss of a chloride atom in dichloropyridyl arene ruthenium complexes is
relatively common under ESI-MS conditions [17]. Similarly, the formation of
sodium adducts has been observed previously [18]. In addition to the peak
[5 - Cl]+ for complex 5, the mass peak observed at m/z = 1475.3 corresponds to a
dinuclear species in which the tBu group is lost and insertion of a (p-cymene)RuCl
unit occurs, thus giving rise to the adduct [5 - tBu + (p-cymene)RuCl + H]+
(Figure 2).
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Figure 1. Comparative 1H NMR spectra of compounds 3 and 5 (400 MHz, CD2Cl2).
The pyrrolidine CH2 protons and the exocyclic CH2
are indicated with ■ and ●, respectively.

Figure 2. ESI mass spectrum of 5 (in CHCl3/CH3CN).
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CONCLUSIONS
Two (p-cymene)RuCl2(Npyr-C60) complexes have been synthesized and
characterized by NMR spectroscopy and ESI mass spectrometry. These
complexes can be exploited for further reactions to afford other derivatives (to
be published). Such fullerene-based arene ruthenium complexes and their
congeners can be of interest for applications in biomedical, catalysis and
material science.
EXPERIMENTAL SECTION
Toluene (NaH, under N2), THF (K and Na, under N2) and CH2Cl2 (P2O5,
under N2) were distilled prior to use. [60]Fullerene (99.9%) was purchased from
Materials and Electrochemical Research (MER) Corporation, Tucson (AZ), USA.
4-(Aminomethyl)pyridine and all other reagents were commercially available
(Sigma-Aldrich), while (p-cymene)2Ru2(µ-Cl)2Cl2 was prepared according to
literature [19].
Column chromatography was performed using silica gel (Chemie
Brunschwig, Basel, Switzerland, 63-200, 60Å). Size exclusion chromatography
was carried out using size exclusion gel Bio-Rad SX1 with the range of mass
operation between 600 and 14000 Da. NMR spectra were measured in CDCl3
or in CD2Cl2 on a Bruker AMX-400 (400 and 100 MHz) or a Bruker Advance-400
spectrometer and are reported in ppm on the δ scale. The mass spectrometry
measurements were performed on a LCQ-IT Finnigan or on a Bruker FRMS
4.7T BioAPEX II for ESI.
Preparation of tert-butyl(pyridin-4-yl-methyl)glycinate, 1
To a solution of 4-(aminomethyl)pyridine (0.81 g, 7.50 mmol) and
triethylamine (1.52 g, 15.00 mmol) in dry THF (40 mL), a THF solution (25 mL) of
tert-butyl bromoacetate (0.98 g, 5.00 mmol) was added dropwise at 0°C. After
16h of reaction at RT, the solvent was evaporated and the residue was dissolved
in dichloromethane (50 mL). The organic phase was washed (H2O), dried
(MgSO4) and evaporated. Purification of the residue by column chromatography
(eluent CH2Cl2/MeOH 10/0.75) gave pure 1 as an orange/red liquid with a yield
of 60% (0.66 g). 1H NMR (400 MHz, CDCl3, ppm): δ = 8.54 (d, 3JH-H = 6.0
Hz, 2H, Hα pyridine), 7.27 (d, 3JH-H = 5.6 Hz, 2H, Hβ pyridine), 3.81 (s, 2H,
CH2CO2tBu), 3.30 (s, 2H, CH2Cpyridine), 2.09 (s, 1H, NH), 1.46 (s, 9H, C(CH3)3).
13C NMR (100 MHz, CDCl , ppm): δ = 171.25, 149.54, 148.92, 123.18, 81.63,
3
51.89, 50.79, 28.12. MS (ESI(+)) = 223.3 [M + H]+.
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Preparation of 2-(2-(2-methoxyethoxy)ethoxy)ethyl(pyridin-4-ylmethyl)glycinate, 2
Compound 2 was prepared and purified as 1, from 4-(aminomethyl)pyridine
(0.16 g, 1.50 mmol), triethylamine (0.30 g, 3.00 mmol), 2-(2-(2-methoxyethoxy)
ethoxy)ethyl bromoacetate (0.28 g, 1.00 mmol) and dry THF (80 mL).
Product 2 was isolated as a pale yellow liquid with a yield of 32% (0.10 g).
1H NMR (400 MHz, CDCl , ppm): δ = 8.56 (d, 3J
3
H-H = 6.1 Hz, 2H, Hα pyridine),
3
3
7.28 (d, JH-H = 6.1 Hz, 2H, Hβ pyridine), 4.30 (t, JH-H = 4.7 Hz, 2H, Hpeg), 3.87
(s, 2H, CH2Cpyridine), 3.68-3.71 (m, 2H, Hpeg), 3.63-3.66 (m, 6H, Hpeg), 3.53-3.55
(m, 2H, Hpeg), 3.45 (s, 2H, CH2CO2peg), 3.37 (s, 3H, OCH3). 13C NMR (100
MHz, CDCl3, ppm): δ = 171.86, 149.27, 123.31, 71.90, 70.58, 68.96, 64.04,
61.64, 59.00, 51.72, 49.82. MS (ESI(+)) = 313.3 [M + H]+.
Preparation of tert-butyl(N-ethylpyridine)fullerenopyrrolidine
carboxylate, 3
To a solution of [60]fullerene (0.36 g, 0.50 mmol) in dry toluene (300 mL),
a suspension of 1 (0.11 g, 0.50 mmol) and para-formaldehyde (0.07 g, 2.50
mmol) in dry toluene (10 mL) was added. The mixture was stirred under reflux
for 16h in the dark and evaporated to dryness. Purification of the solid by
column chromatography (first with toluene to eliminate unreacted [60]fullerene,
and then with toluene/MeOH 20:1) gave 3 as a shiny black solid with a yield of
51% (0.24 g). 1H NMR (400 MHz, CD2Cl2, ppm): δ = 8.69 (d, 3JH-H = 5.2 Hz,
2H, Hα pyridine), 7.70 (d, 3JH-H = 5.3 Hz, 2H, Hβ pyridine), 5.04 (s, 1H,
CHCO2tBu), 4.96 (d, 3JH-H = 9.3 Hz, 1H, HCHCpyridine), 4.69 (d, 3JH-H = 14.0 Hz,
1H, HCHpyrrolidine), 4.32 (d, 3JH-H = 9.3 Hz, 1H, HCHCpyridine), 4.14 (d, 3JH-H = 14.0
Hz, 1H, HCHpyrrolidine), 1.53 (s, 9H, C(CH3)3). 13C NMR (100 MHz, CD2Cl2, ppm):
δ = 168.58, 154.49, 153.76, 152.44, 151.22, 150.14, 147.34, 146.95, 146.23,
146.01, 145.33, 145.21, 144.58, 144.44, 143.02, 142.56, 142.17, 142.11, 142.05,
142.04, 141.74, 140.18, 140.13, 138.69, 139.28, 136.33, 135.99, 132.27, 123.61,
83.16, 76.79, 72.76, 69.49, 67.73, 64.85, 54.73, 27.98. MS (ESI(+)) = 956.1 [M +
H]+.
Preparation of 2-(2-(2-methoxyethoxy)ethoxy)ethyl(Nethylpyridine)fullerenopyrrolidine carboxylate, 4
Compound 4 was prepared as 3, from [60]fullerene (0.13 g, 0.16 mmol),
para-formaldehyde (0.02 g, 0.70 mmol), and 2 (0.04 g, 0.14 mmol) in dry toluene
(250 mL). Purification of the solid by column chromatography (first with toluene
and then with CH2Cl2/MeOH 20:1) and a size exclusion column of Bio-Rad
SX1 (eluent toluene) afforded 4 as a brown solid with a yield of 24% (0.07 g).
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NMR (400 MHz, CD2Cl2, ppm): δ = 8.69 (d, 3JH-H = 4.9 Hz, 2H, Hα pyridine),
7.70 (d, 3JH-H = 5.6 Hz, 2H, Hβ pyridine), 5.23 (s, 1H, CHpegCO2), 4.97 (d, 3JH-H =
9.4 Hz, 1H, HCHpyrrolidine), 4.68 (d, 3JH-H = 14.1 Hz, 1H, HCHpyrrolidine), 4.44-4.48
(m, 2H, Hpeg), 4.35 (d, 3JH-H = 9.5 Hz, 1H, HCHCpyridine), 4.14 (d, 3JH-H = 14.1 Hz,
1H, HCHCpyridine), 3.62-3.73 (m, 2H, Hpeg), 3.54-3.45 (m, 8H, Hpeg), 3.30 (s, 3H,
OCH3). 13C NMR (100 MHz, CD2Cl2, ppm): δ = 170.12, 155.00, 150.79, 147.31,
146.87, 146.69, 145.65, 146.63, 146.37, 146.24, 146.21, 145.85, 145.83, 143.25,
143.22, 143.19, 142.83, 142.81, 142.67, 142.54, 142.39, 142.37, 142.36, 124.30,
77.12, 73.32, 72.45, 71.09, 70.99, 70.06, 69.44, 65.45, 65.19, 59.20, 55.40,
30.26. MS (ESI(+)) = 1045.4 [M + H]+.
Preparation of dichloro(p-cymene)(tert-butyl(Nethylpyridine)fullerenopyrrolidine carboxylate)ruthenium(II), 5
A solution of (p-cymene)2Ru2(µ-Cl)2Cl2 (0.05 g, 0.10 mmol) and 3
(0.19 g, 0.20 mmol) in dry CH2Cl2 (50 mL) was stirred under reflux for 24h.
After evaporation to dryness, product 5 was obtained as a brown solid with a
yield of 98% (0.24 g). 1H NMR (400 MHz, CD2Cl2, ppm): δ = 9.08 (d, 3JH-H = 6.6
Hz, 2H, Hα pyridine), 7.79 (d, 3JH-H = 6.1 Hz, 2H, Hβ pyridine), 5.45-5.47 (m, 2H,
Hcymene), 5.25 (d, 3JH-H = 6.0 Hz, 2H, Hcymene), 5.11 (s, 1H, CHCO2tBu), 4.97 (d,
3J
3
H-H = 9.4 Hz, 1H, HCHCpyridine), 4.77 (d, JH-H = 15.1 Hz, 1H, HCHpyrrolidine), 4.32
3
(d, JH-H = 9.4 Hz, 1H, HCHCpyridine), 4.20 (d, 3JH-H = 15.1 Hz, 1H, HCHpyrrolidine),
2.98 (sept, 3JH-H = 6.9 Hz, 1H, CH(CH3)2), 2.09 (s, 3H, CH3Carom), 1.53 (s, 9H,
C(CH3)3), 1.33 (d, 3JH-H = 7.0 Hz, 6H, CH(CH3)2). 13C NMR (100 MHz, CD2Cl2,
ppm): δ = 169.09, 155.45, 150.82, 147.06, 146.86, 146.63, 146.38, 146.26,
146.19, 145.98, 145.83, 145.22, 145.02, 143.60, 143.23, 142.77, 142.66, 142.37,
140.78, 136.89, 136.64, 124.62, 103.86, 97.57, 84.01, 83.50, 83.38, 82.75,
82.72, 77.42, 73.28, 70.11, 65.44, 54.67, 53.46, 31.23, 30.24, 28.61, 22.57,
22.55, 18.53. MS (ESI(+)) = 1225.12 [M - Cl]+.
Preparation of dichloro(p-cymene)(2-(2-(2methoxyethoxy)ethoxy)ethyl(N-ethylpyridine)fullerenopyrrolidine
carboxylate)ruthenium(II), 6
Compound 6 was prepared and purified as 5, from (p-cymene)2Ru2(µCl)2Cl2 (0.01 g, 0.02 mmol), 4 (0.05 g, 0.04 mmol) in dry CH2Cl2 (5 mL).
Product 6 was obtained as a black solid with a yield of 92% (0.05 g). 1H NMR
(400 MHz, CD2Cl2, ppm): δ = 9.08 (d, 3JH-H = 6.7 Hz, 2H, Hα pyridine), 7.80 (d,
3J
H-H = 6.4 Hz, 2H, Hβ pyridine), 5.44-5.47 (m, 2H, Hcymene), 5.31 (s, 1H,
CHpegCO2), 5.25 (d, 3JH-H = 5.9 Hz, 2H, Hcymene), 4.98 (d, 3JH-H = 9.5 Hz, 1H,
HCHpyrrolidine), 4.77 (d, 3JH-H = 15.1 Hz, 1H, HCHpyrrolidine), 4.44-4.47 (m, 2H, Hpeg),
4.35 (d, 3JH-H = 9.4 Hz, 1H, HCHCpyridine), 4.20 (d, 3JH-H = 15.1 Hz, 1H,
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HCHCpyridine), 3.71-3.60 (m, 2H, Hpeg), 3.45-3.55 (m, 8H, Hpeg), 3.31 (s, 3H,
OCH3), 2.95-3.02 (m, 1H, CH(CH3)2), 2.09 (s, 3H, CH3Carom), 1.33 (d, 3JH-H =
6.9 Hz, 6H, CH(CH3)2). 13C NMR (100 MHz, CD2Cl2, ppm): δ = 170.04, 155.47,
154.99, 154.74, 153.71, 151.40, 150.60, 148.00, 149.86, 147.05-145.85, 145.23,
145.11, 144.96, 143.63, 143.21, 142.81, 142.68-142.44, 142.38, 140.88, 140.81,
140.29, 140.15, 138.25, 136.93, 136.82, 136.10, 124.66, 103.90, 97.55, 83.45,
83.36, 82.76, 77.09, 73.20, 72.43, 71.05, 70.97, 70.95, 70.05, 69.36, 65.42,
65.28, 59.20, 31.24, 22.56, 18.54. MS (ESI(+)) = 1363.2 [M + Na]+.
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SYNTHESIS OF NEW 5-(CHROMENE-3-YL)METHYLENE-2,4THIAZOLIDINEDIONES
CRISTINA NASTASĂa,*, BRÎNDUŞA TIPERCIUCa, LAURIAN VLASEb,
ADRIAN PÎRNĂUc, OVIDIU ONIGAa
ABSTRACT. With the aim of developing new biologically active compounds, a
series of new N-substituted 5-(chromene-3-yl)methylene-2,4- thiazolidinediones
3-12 has been synthesized. First step was the condensation of different chromone3-carbaldehydes with 2,4-thiazolidinedione, followed by the reaction with various
α-bromoalkylarylketones. The structures of all new compounds were confirmed by
elemental analysis, mass spectra and 1H NMR studies.
Keywords: chromone; thiazolidinedione; α-bromoalkylarylketones

INTRODUCTION
Microbial resistance represents, for more than decades, a real threat
for the efficiency of current drug therapy [1-3]. For the patients at risk, this
may involve prolonging the disease or even death. The main reasons for the
increasing microbial resistance are: inappropriate use of antibiotics and the
lack of compliance from patients, inappropriate prescribing [4], increasing
number of immunocompromised patients, excessive use of antibiotics in the
veterinary practice and decreased financial investments of big pharmaceutical
companies in the research activities for discovering new potent antimicrobial
drug. In 2014, WHO signalized the resistance of 9 bacterial strains to classic
treatment. In the case of fungal infections, the increased resistance to azole
drugs and the emergence of strains resistant to echinocandins, the newest
class of antifungal agents, was reported [5].
a
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Nowadays, efforts are being made for the control of microbial resistance
phenomenon, limiting the global spread and its effects. The research in this
area is orientated towards the discovery of a new potent drug, with an original
chemical structure and, why not, an original mechanism of action.
From the big family of heterocyclic compounds, the five-membered
rings, containing two heteroatoms, receive special attention, due to their large
spectrum of biological activities. A considerable amount of work has been done on
the synthesis of thiazolidinedione derivatives as potent antibacterial and antifungal
agents [6-10]. Chromones belong to the important class of oxygen-containing
heterocyclic compounds and they are part of the flavonoid family. These
compounds are widespread in nature and exhibit a wide range of pharmacological
activity like antibacterial, antifungal [11-14], antitumor, antioxidant, anti-HIV,
anti-inflammatory. Therefore, the vast range of biological effects associated
with this scaffold has resulted in the chromone ring system being considered
as a privileged structure in medicinal chemistry.
The association of two or more pharmacophores inside the same
molecule may be associated with the increase of the biological effects. As a
continuation of our work [15] and considering the facts presented above,
we describe here, in this paper, the chemical synthesis of a new series of
N-substituted 5-(chromene-3-yl)methylene-2,4-thiazolidinediones, which gather
two important scaffolds in medicinal chemistry.

RESULTS AND DISCUSSION
Synthesis of new N-substituted 5-chromenyl-thiazolidinediones had two
steps. First consisted in Knoevenagel condensation of 2,4-thiazolidinedione
with 3-formyl-chromones 1a-c, in acetic acid and in the presence of anhydrous
sodium acetate (Scheme 1). Synthesis of compounds 2a and 2b was done
according to literature data [16], and compound 2c was obtained in our
laboratory, following the same procedure [15]. The new derivatives were
treated with various α-bromoalkylarylketones, in the presence of anhydrous
potassium hydroxide and dimethylformamide (DMF), in order to obtain, in good
yields, the new N-substituted molecules 3-12.
The compounds were isolated, the melting points were registered and the
purity was confirmed by thin layer chromatography (TLC). All new molecules
were characterized by elemental analysis and spectroscopic data (NMR, MS),
which were consistent with the assigned structures.
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Scheme 1. Synthesis of new N-substituted chromenyl-thiazolidinediones
i: anhydrous sodium acetate/acetic acid, 3h reflux; ii: α-bromoalkylarylketones,
anhydrous potassium hydroxide, DMF, 30 minutes, stirring, room temperature

The 1H NMR spectra showed characteristic singlets due to –CH=
proton bound in position 5 of thiazolidinedione system, at  7.74–7.80 ppm,
demonstrating the synthesis of 5-chromenyl-thiazolidinediones.
The disappearance, in the spectra, of the signal due to the H from
-NH- in thiazolidinedione heterocycle and the appearance of signals specific for
the phenyl protons, put in evidence the N-substitution and thus, the synthesis of
the new derivatives.
CONCLUSIONS
The present work describes the synthesis of ten new N-substituted
chromenyl-thiazolidinediones 3-12. Compounds 2a and 2b were reproduced
after the techniques presented in the literature and 5-chromenyl-thiazolidinedione
2c was previously obtained in our research laboratory, using the same procedure.
The structures of all new synthesized molecules were fully confirmed by physical
data, elemental analyses and 1H NMR spectroscopy in solution.
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EXPERIMENTAL SECTION
General
Solvents were obtained from commercial sources. Analytical thin layer
chromatography was carried out on precoated Silica Gel 60F254 sheets using
UV absorption for visualization. The melting points were taken with MPM-H1
Schorpp melting point meter, and are uncorrected. The 1H NMR spectra were
recorded at room temperature on a Bruker Avance NMR spectrometer operating
at 500 MHz and were in accord with the assigned structures. Chemical shift
values were reported relative to tetramethylsilane (TMS) as internal standard.
The samples were prepared by dissolving the synthesized powder of the
compounds in DMSO-d6 (δH= 2.51 ppm) as solvent. Mass spectra were
recorded by Agilent 1100, type SL spectrometer (positive ionization) and with a
Varian MAT CH-5 spectrometer (70 eV). Elemental analysis was registered
with a Vario El CHNS instrument.
Synthesis
General procedure
Synthesis of 5-chromenyl-2,4-thiazolidinedione (2a and 2b)
1 mmol of 4-oxo-4H-chromene-3-carbaldehyde 1a or 6-methyl-4-oxo4H-chromene-3-carbaldehyde 1b was refluxed for 3 h with 1 mmol (0.117 g) of
1,3-thiazolidine-2,4-dione and 4 mmol (0.328 g) of anhydrous sodium acetate
in 5 ml of acetic acid, according to the literature data [16]. The reaction mixture
was cooled, and the crude product was filtered under reduced pressure, washed
with water on the filter and purified by recrystallization from ethanol. Compound
2c was obtained following the same procedure, starting from 6-chloro-4-oxo4H-chromene-3-carbaldehyde 1c [15].
Synthesis of N-substituted 5-chromenyl-2,4-thiazolidinedione (3-12)
For synthesis, 1 mmol of 5-chromenyl-2,4-thiazolidinedione 2a-c
was stirred for 30 minutes, at room temperature, with 1.1 mmol (0.062 g) of
anhydrous potassium hydroxide, in 6 ml of DMF. After the potassium salt was
formed, 1.1 mmol of α-bromoalkylarylketones were added. The crude product
was filtered under reduced pressure, washed with water on the filter and
purified by recrystallization from ethanol.
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5-((6-methyl-4-oxo-4H-chromen-3-yl)methylene)-3-(2-(naphtalen-2-yl)2oxoethyl) thiazolidine-2,4-dione (3)
Yield 95 %. White powder, mp: 251 °C. 1H NMR (DMSO-d6, 500 MHz,
ppm):  2.46 (s, 3H, -CH3); 5.45 (s, 2H, -CH2-); 7.66 (d, 1H, C8-chromone-H);
7.68 (dd, 1H, C7-chromone-H); 7.68-7.74 (m, 1H, naphtyl); 7.70 (dd, 1H, naphtyl);
7.75 (d, 1H, naphtyl); 7.78 (s, 1H, C=CH); 7.95 (s, 1H, C5-chromone-H); 8.05
(d, 1H, naphtyl); 8.09 (d, 1H, naphtyl); 8.17 (d, 1H, naphtyl); 8.90 (s, 1H, naphtyl);
8.97 (s, 1H, C2-chromone-H). Anal. Calcd. (%) for C26H17NO5S (455.48): C, 68.56;
H, 3.76; N, 3.08; S, 7.04. Found: C, 68.55; H, 3.76; N, 3.08; S, 7.04. MS (EI,
70 eV): m/z 456.5 [M+1].
3-(2-(naphtalen-2-yl)-2-oxoethyl)-5-((4-oxo-4H-chromen-3-yl)methylene)
thiazolidine-2,4-dione (4)
Yield 85 %. White powder, mp: 264 °C. 1H NMR (DMSO-d6, 500 MHz,
ppm):  5.41 (s, 2H, -CH2-); 7.57 (d, 1H, C6-chromone-H); 7.67 (d, 1H,
C8-chromone-H); 7.68 (dd, 1H, C7-chromone-H); 7.69-7.73 (m, 1H, naphtyl); 7.70
(dd, 1H, naphtyl); 7.76 (d, 1H, naphtyl); 7.78 (s, 1H, C=CH); 7.94 (s, 1H,
C5-chromone-H); 8.04 (d, 1H, naphtyl); 8.09 (d, 1H, naphtyl); 8.16 (d, 1H,
naphtyl); 8.91 (s, 1H, naphtyl); 8.96 (s, 1H, C2-chromone-H). Anal. Calcd. (%)
for C25H15NO5S (441.46): C, 68.02; H, 3.42; N, 3.17; S, 7.26. Found: C, 68.03;
H, 3.42; N, 3.15; S, 7.27. MS (EI, 70 eV): m/z 442.5 [M+1].
5-((6-chloro-4-oxo-4H-chromen-3-yl)methylene)-3-(2-(naphtalen-2-yl)2oxoethyl) thiazolidine-2,4-dione (5)
Yield 83 %. Yellow powder, mp: 252 °C. 1H NMR (DMSO-d6, 500 MHz,
ppm): 5.42 (s, 2H, -CH2-); 7.61 (d, 1H, C8-chromone-H); 7.67 (dd, 1H,
C7-chromone-H); 7.68-7.72 (m, 1H, naphtyl); 7.74 (dd, 1H, naphtyl); 7.76 (d,
1H, naphtyl); 7.80 (s, 1H, C=CH); 7.94 (s, 1H, C5-chromone-H); 8.04 (d, 1H,
naphtyl); 8.08 (d, 1H, naphtyl); 8.18 (d, 1H, naphtyl); 8.92 (s, 1H, naphtyl); 8.98
(s, 1H, C2-chromone-H). Anal. Calcd. (%) for C25H14ClNO5S (475.9): C, 63.09;
H, 2.97; N, 2.94; S, 6.74. Found: C, 63.10; H, 2.97; N, 2.93; S, 6.75. MS (EI,
70 eV): m/z 477 [M+1].
3-(2-(4-methoxyphenyl)-2-oxoethyl)-5-((6-methyl-4-oxo-4H-chromen-3-yl)
methylene) thiazolidine-2,4-dione (6)
Yield 76 %. Yellow powder, mp: 238 °C. 1H NMR (DMSO-d6, 500 MHz,
ppm):  3.03 (s, 3H, -CH3); 3.06 (s, 3H, -CH3); 5.23 (s, 2H, -CH2-); 7.12 (d, 2H,
phenyl); 7.65 (d, 1H, C8-chromone-H); 7.71 (dd, 1H, C7-chromone-H); 7.75 (s,
1H, C=CH); 7.94 (s, 1H, C5-Chromone-H); 8.06 (d, 2H, phenyl); 8.95 (s, 1H,
C2-chromone-H). Anal. Calcd. (%) for C23H17NO6S (435.45): C, 63.44; H, 3.94;
N, 3.22; S, 7.36. Found: C, 63.43; H, 3.93; N, 3.21; S, 7.37. MS (EI, 70 eV):
m/z 436.5 [M+1].
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3-(2-(4-methoxyphenyl)-2-oxoethyl)-5-((4-oxo-4H-chromen-3-yl)
methylene)thiazolidine-2,4-dione (7)
Yield 99 %. White powder, mp: 254 °C. 1H NMR (DMSO-d6, 500 MHz,
ppm):  2.46 (s, 3H, -CH3); 5.20 (s, 2H, -CH2-); 7.14 (d, 2H, phenyl); 7.56 (d, 1H,
C6-chromone-H); 7.62 (d, 1H, C8-chromone-H); 7.70 (dd, 1H, C7-chromone-H);
7.74 (s, 1H, C=CH); 7.98 (s, 1H, C5-Chromone-H); 8.04 (d, 2H, phenyl); 8.98
(s, 1H, C2-chromone-H). Anal. Calcd. (%) for C22H15NO6S (421.42): C, 62.70;
H, 3.59; N, 3.32; S, 7.61. Found: C, 62.71; H, 3.59; N, 3.32; S, 7.62. MS (EI,
70 eV): m/z 422.5 [M+1].
5-((6-methyl-4-oxo-4H-chromen-3-yl)methylene)-3-(2-oxo-2phenylethyl)thiazolidine-2,4-dione (8)
Yield 78%. Light brown powder, mp: 228 °C. 1H NMR (DMSO-d6, 500
MHz, ppm):  2.45 (s, 3H, -CH3); 5.30 (s, 2H, -CH2-); 7.61 (t, 2H, phenyl); 7.65
(d, 1H, C8-chromone-H); 7.70 (dd, 1H, C7-chromone-H); 7.75 (t, 1H, phenyl);
7.76 (s, 1H, C=CH); 7.94 (s, 1H, C5-Chromone-H); 8.09 (d, 2H, phenyl); 8.95
(s, 1H, C2-chromone-H). Anal. Calcd. (%) for C22H15NO5S (405.42): C, 65.18;
H, 3.73; N, 3.45; S, 7.91. Found: C, 65.19; H, 3.72; N, 3.45; S, 7.92. MS (EI,
70 eV): m/z 406.5 [M+1]].
3-(2-oxo-2-phenylethyl)-5-((4-oxo-4H-chromen-3-yl)methylene)
thiazolidine-2,4-dione (9)
Yield 93 %. Light yellow powder, mp: 252 °C. 1H NMR (DMSO-d6, 500
MHz, ppm):  5.32 (s, 2H, -CH2-); 7.58 (d, 1H, C6-chromone-H); 7.63 (t, 2H,
phenyl); 7.67 (d, 1H, C8-chromone-H); 7.70 (dd, 1H, C7-chromone-H); 7.72 (t,
1H, phenyl); 7.76 (s, 1H, C=CH); 7.91 (s, 1H, C5-Chromone-H); 8.08 (d, 2H,
phenyl); 8.90 (s, 1H, C2-chromone-H). Anal. Calcd. (%) for C21H13NO5S (391.40):
C, 64.44; H, 3.35; N, 3.58; S, 8.19. Found: C, 64.45; H, 3.35; N, 3.58; S, 8.20.
MS (EI, 70 eV): m/z 392.5 [M+1].
5-((6-chloro-4-oxo-4H-chromen-3-yl)methylene)-3-(2-oxo-2phenylethyl)thiazolidine-2,4-dione (10)
Yield 84 %. Yellow powder, mp: 243 °C. 1H NMR (DMSO-d6, 500 MHz,
ppm):  5.28 (s, 2H, -CH2-); 7.64 (t, 2H, phenyl); 7.66 (d, 1H, C8-chromone-H);
7.72 (dd, 1H, C7-chromone-H); 7.75 (t, 1H, phenyl); 7.77 (s, 1H, C=CH); 7.92
(s, 1H, C5-Chromone-H); 8.10 (d, 2H, phenyl); 8.90 (s, 1H, C2-chromone-H).
Anal. Calcd. (%) for C21H12ClNO5S (425.84): C, 59.23; H, 2.84; N, 3.29; S,
7.53. Found: C, 59.22; H, 2.83; N, 3.28; S, 7.54. MS (EI, 70 eV): m/z 427
[M+1].
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2-hydroxy-5-(2-(5-((6-methyl-4-oxo-4H-chromen-3-yl)methylene)-2,4dioxothiazolidin-3-yl)acetyl)benzamide (11)
Yield 30 %. Light brown powder, mp: 303 °C. 1H NMR (DMSO-d6, 500
MHz, ppm):  2.51 (s, 3H, -CH3); 5.29 (s, 2H, -CH2-); 7.08 (d, 1H, phenyl);
7.42 (d, 1H, phenyl); 7.66 (d, 1H, C8-chromone-H); 7.72 (dd, 1H, C7-chromone-H);
7.77 (s, 1H, C=CH); 7.95 (s, 1H, C5-Chromone-H); 7.98 (br, 1H, -CO-NH2); 8.12
(dd, 1H, phenyl); 8.43 (br, 1H, -CO-NH2); 8.96 (s, 1H, C2-chromone-H); 13.97
(s, 1H, Ar-OH). Anal. Calcd. (%) for C23H16N2O7S (464.45): C, 59.48; H, 3.47;
N, 6.03; S, 6.90. Found: C, 59.49; H, 3.47; N, 6.01; S, 6.90. MS (EI, 70 eV):
m/z 465.5 [M+1].
5-(2-(5-((6-chloro-4-oxo-4H-chromen-3-yl)methylene)-2,4dioxothiazolidin-3-yl) acetyl)-2-hydroxybenzamide (12)
Yield 30 %. Light yellow powder, mp: 303 °C. 1H NMR (DMSO-d6, 500
MHz, ppm):  5.28 (s, 2H, -CH2-); 7.09 (d, 1H, phenyl); 7.44 (d, 1H, phenyl);
7.66 (d, 1H, C8-chromone-H); 7.71 (dd, 1H, C7-chromone-H); 7.78 (s, 1H, C=CH);
7.97 (s, 1H, C5-Chromone-H); 7.98 (br, 1H, -CO-NH2); 8.10 (dd, 1H, phenyl);
8.42 (br, 1H, -CO-NH2); 8.94 (s, 1H, C2-chromone-H); 13.92 (s, 1H, Ar-OH).
Anal. Calcd. (%) for C22H13ClN2O7S (484.87): C, 54.50; H, 2.70; N, 5.78; S, 6.61.
Found: C, 54.49; H, 2.70; N, 5.79; S, 6.60. MS (EI, 70 eV): m/z 486 [M+1].
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DEVELOPMENT OF AN UPLC METHOD FOR
SIMULTANEOUS DETERMINATION OF TARTRAZINE,
CONGO RED AND METHYL ORANGE
ANAMARIA NEGRULESCUa,b, VIORICA PATRULEAa,b,
MANUELA MINCEAb, CRISTINA MORARUa,b, VASILE OSTAFEa,b*
ABSTRACT. An UPLC method was developed to determine the concentrations
of tartrazine (TAR), Congo red (CR), and methyl orange (MO) in aqueous
mixtures. The chromatographic method was optimized considering the
temperature of the column, the composition of mobile phases and the gradient
program. The chosen method has allowed the separation and identification
of TAR, CR, and MO from aqueous samples in 2 min. The calibration plots
(R2> 0.991) were linear over the ranges 0.5 – 50 µg/mL. Accuracy of the
method was investigated, by applying recovery tests, with average recovery
higher than 99%. The precision analysis included an intra-day variation, for
which RSD (%) had values lower than 0.94, and an inter-day variation with
RSD (%) values lower than 1.07. The developed method was successfully
tested on water samples collected from a river nearby a textile industry plant.
Keywords: azo dyes; Congo red; methyl orange; tartrazine; UPLC.

INTRODUCTION
Industries such as textiles, paper, leather, rubber, cosmetics, plastics,
automotive and other consumer goods discharge large amounts of colored
wastewater containing various dyes [1], some of which influence food chains,
aquatic ecosystems and are even mutagenic and carcinogenic to humans
[2, 3]. Contamination of water with dyes is especially objectionable because of
their acute toxicity. However, color in aqueous environments is also unacceptable
due to the limitation of the reoxygenation capacity of the affected water [4, 5],
a
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reduction of sunlight penetration and not in the least because of natural
aesthetic reasons. Therefore, the removal of color from process or waste
effluents becomes environmentally important.
Tartrazine, Congo red, and methyl orange (Figure 1) are azo dyes
used commercially in foods, textiles, paper and drugs in order to make them
more attractive for consumers. Congo red, 3,3′-[(1,1′-diphenyl)-4,4′-diylbis(azo)]
bis-(4-amino-1-naphthalene acid) disodium salt, is a potentially toxic dye, if
orally ingested due to the fact that it can be metabolized to benzidine, a highly
carcinogenic compound. Additionally, it can decrease the concentration of
proteins in serum and cause thrombocytopenia, platelet aggregation, and
disseminated microembolism [6, 7]. CR mainly occurs in the effluents discharged
from textile, paper, printing, leather industries etc. During dyeing operations, up
to 15% of CR can end up in wastewaters [8].
Tartrazine, trisodium 5-hydroxy-1-(4-sulfonatophenyl)-4-(4-sulfonatophenylazo)-H-pyrazol-3-carboxylate, is one of the most frequently used food
additives. It is being used abundantly in cosmetics, foodstuffs, medicines and
textile materials [9]. Out of all the azo dyes, tartrazine appears to cause the most
allergic and/or intolerance reactions, asthmatics and aspirin intolerant persons
being particularly affected by tartrazine. Tartrazine sensitivity is mainly manifested
by urticaria, but common symptoms can also include migraines, itching and
blurred vision [10, 11].
Methyl orange, sodium [[(p-dimethylamino)phenyl]-azo] benzene
sulphonate, is a water-soluble azo dye, which is widely used in textile,
printing, paper manufacturing, pharmaceutical, food industries and in research
laboratories as an acid base indicator. MO can inadvertently enter the body
through oral ingestion and metabolize into aromatic amines, which can
ultimately lead to intestinal cancer [12]. The toxic nature of the dye has not
been yet properly quantified, but its presence in living organisms can prove
to be harmful [13].
Ultra performance liquid chromatography (UPLC) is a chromatographic
separation technique in which the use of high operating pressures (up to 1000
bar as opposed to the 400 bar maximum of HPLC) enables columns packed
with particles having a diameter under 2 μm to be operated at high linear
velocities. UPLC means that high peak capacities and high resolving powers
can be generated along with short separation times [14]. The UPLC method is
an accurate and rapid method used increasingly frequently [15, 16, 17] for the
quantification of the amount of many compounds, including azo dyes [18, 19].
The objective of this work was to develop a simple, accurate, sensitive,
economical, reproducible, and rapid UPLC method for the analysis of ternary
mixtures of azo-dyes. The desired method should be suitable for routine quality
control of wastewaters from the textile industry, and therefore it would be used
successfully on river samples acquired from nearby a textile producing plant.
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Figure 1. The chemical structures of industrial dyes:
(a) tartrazine; (b) methyl orange; (c) Congo red.

RESULTS AND DISCUSSION
Chromatographic Method Development
Different mobile phases containing various proportions of methanol
and formic acid, as well as a few different buffer solutions (pH between 5 and 7)
introduced in mobile phase B, were examined (data not shown). Finally, 10 %
methanol in acetate buffer, pH = 5.6 was selected, as appropriate resolution
was achieved. The optimum run time was 2 min. The MaxPlot chromatogram
obtained from a mixed standard solution of TAR, CR, and MO is shown in
Figure 2. At a flow rate of 0.3 mL/min, the retention time was 0.417 min for
TAR, 0.903 min for CR, and 1.11 min for MO.
The left part of Figure 3 presents the spectra of the dyes recorded in
the range 210 – 500 nm. In the right part, the extracted chromatograms at the
wavelength, where the maximum absorption occurs, are presented for each dye.
These chromatograms were used, in comparison with MaxPlot chromatograms
for quantification of the analytes. As there were no significant differences between
the two sets of results, quantification based on MaxPlots was used further.
As each dye has two maximum absorptions in the recorded spectra range,
the extracted chromatograms at these maximum absorption wavelengths were
also used for confirmation that a peak belonged to a certain dye. The specificity
of the method was tested for solutions containing only one dye at a time and the
mixture of all three dyes, and no interferences were noticed when the detection
was checked at two maximum absorption wavelengths. These results were also
corroborated with the results obtained by Peak Purity Check and Library Match
subroutines.
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Figure 2. UPLC chromatogram of the separation of TAR,
CR and MO using gradient elution program.
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Figure 3. DAD-UV-Vis spectra and chromatograms corresponding to mixtures of
the three dyes at different wavelengths (a) 258 nm, (b) 339 nm and (c) 449 nm.
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The calculated parameters corresponding to the standard curves, as
well as a few statistical parameters are shown in Table 1. The regression
equation coefficients were higher than 0.991. At the MaxPlot, the calibration
equations gave good linearity and successful results for TAR, CR, and MO.
Method Validation
Standard calibration plots were linear over the range 0.5 – 50 µg/mL,
with regression coefficients higher than 0.991, obtained for all three dyes. The
LOD and LOQ were 0.06 and 0.3 µg/mL for TAR, 0.12 and 0.9 µg/mL for
CR, and 0.05 and 0.3 µg/mL for MO, respectively. The validation data are
summarized in Table 1.
Table 1. Calculated standard curve parameters, LOD, and LOQ values
Compound
Standard curve equation
Tartrazine
2.49×104x + 3.40×104
Congo red
4.16×104x + 9.96×104
Methyl orange
1.10×104x + 1.18×104

R2
0.993
0.991
0.994

LOD (µg/mL) LOQ (µg/mL)
0.06
0.3
0.12
0.9
0.05
0.3

Note: R2: regression coefficient; LOD: limit of detection; LOQ: limit of quantification

To study the accuracy and precision of the method, recovery was
determined for three different mixtures containing known concentrations of
dyes. Results from recovery studies, as well as linear regression analysis
and other statistical results based on the relationship between added and
measured concentrations are reported in Table 2.
Table 2. Recovery results obtained by applying the proposed method
to the synthetic mixtures of dyes
TAR
15
9
3

Added (μg/mL)
CR
45
27
9
Average
RSD

MO
15
9
3

TAR
97.3
101.2
98.4
99.0
2.03

Recovery (%)
CR
98.8
99.4
98.7
99.0
0.38

MO
101.6
101.3
100.1
101.0
0.79

Note: RSD: Relative standard deviation between the recovery percentages obtained for each dye

The precision of the method was also evaluated by assay of dye
mixture samples containing TAR, CR, and MO. Six replicate analyses were
performed on the same day on accurately weighed amounts of the dyes and the
experiments were repeated on three different days. Intra-day precision RSD
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(n = 6) was 0.94% for TAR, 0.48% for CR, and 0.63% for MO, respectively.
For inter-day precision experiments, the calculated RSD (n = 3) was 1.07%
for TAR, 0.55% for CR, and 0.81% for MO, respectively.
Chromatographic method application
The previously developed method was applied to river samples, acquired
from downstream a textile producing plant. In order to assure the applicability of
the developed method, river samples were spiked with reference standard
solutions of TAR (3 μg/mL), CR (9 μg/mL) and MO (3 μg/mL), proving that the
method is suitable for real wastewater samples. Based on the two chromatograms
presented in Figure 4 the following concentrations were quantified in the
river sample: 6.08 µg/mL TAR, 15.05 µg/mL CR, and 4.17 µg/mL MO.

Figure 4. Comparative chromatograms of an aqueous mixture of standard
solutions (dashed red line) and a downstream river sample spiked with reference
standard solutions (solid black line).
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CONCLUSIONS
The validated UPLC method proved to be simple, fast, accurate, precise,
and robust and could, thus, be used for routine analysis of TAR, CR, and MO in
combined dye samples. The UPLC method developed proved to be efficient in
the separation of the three dyes in less than 2 min.
The method was validated, by studying its accuracy and specificity.
Accuracy was investigated, using recovery and precision tests. The average
recovery value was higher than 99%. The intra-day and inter-day precision
assessments had values of RSD (%) lower than 0.94 and 1.07, respectively.
Good correlation (R2 > 0.991) of individual plots of all three dyes, using data
obtained by applying the UPLC method, demonstrated that the developed
method was efficient for the separation of TAR, CR, and MO.
EXPERIMENTAL SECTION
Materials and methods
TAR, CR, MO, sodium chloride, acetic acid and sodium hydroxide
were purchased from Sigma Aldrich Chemie GmbH (Germany). Standards
were analytical-reagent grade. Methanol was bought from Carl Roth (Switzerland)
HPLC grade. All other chemicals were of analytical grade. Mobile phases and
all injected samples were filtered on 0.2 μm filter before use.
Stock standard solutions of TAR (1004.8 µg/mL), CR (1008 µg/mL),
and MO (1001 µg/mL) were made in 0.1 M NaCl solution. Diluted standard
solutions were prepared from stock solutions with ultrapure water by serial
dilutions.
Chromatographic Conditions
The UPLC system (Milford, USA) consisted of Acquity Binary Solvent
Manager, Acquity Sample Manager and Acquity PDA Detector. The detector
was set to collect data between 210 and 500 nm. The UPLC column was
Acquity UPLC BEH C18 2.1 mm x 50 mm (1.7 µm particle diameter). Column
temperature was kept at 30 ºC. The autosampler temperature was set at 4 ºC.
The injection volume was varied between 2 and 10 µL (partial loop method)
depending on standard or sample concentration. UV signal was detected
as spectra in the range 210 – 500 nm (sampling rate: 20 pts/s).
The gradient elution (0.3 mL/min) program was prepared with 100%
MeOH as mobile phase A and 0.1 M acetate buffer in 10% MeOH as mobile
phase B. The integration was performed with Empower software, using the
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MaxPlot extracted chromatogram (a special chromatogram that plots the
maximum spectral absorbance measured at each time point in the data file).
The subroutine Peak Purity Check was used for the evaluation of the purity
of the eluted peaks and the subroutine Library Match for the identification of
the eluted peaks based on comparison of their spectra with the spectra of
standards stored in the spectra library [20].
Procedure for Analysis of Dye Mixtures
Different volumes of TAR, CR, and MO stock solutions were mixed
in vials and afterwards diluted with ultrapure water. Previous to the injection, the
solutions were filtered on 0.2 µm cellulose Millipore syringe filters and 10 μL of
the filtrate was injected in the UPLC system. After the chromatographic run,
quantification was performed either using MaxPlot subroutine or at channels
extracted at the wavelength where each dye had its maximum absorption in
the range of the recorded spectra, e.g. 258, 339 and 449 nm, for TAR, CR, and
MO, respectively. The amount of each dye in every mixture was determined
based on the respective calibration plot.
Preparation of Calibration Plots
Six diluted standard solutions of all three dyes in the concentration
range 0.5 – 50 μg/mL were injected in the UPLC system, under the
conditions described above. Each amount was analyzed five times and
peak areas were recorded.
Method Validation
From the calibration plot of each dye, the Limits of Detection (LOD)
and Quantification (LOQ) parameters were calculated from the regression
equation of TAR, CR, and MO, using Equation (1) and Equation (2),
respectively:
σ
LOD = 3.3
(1)

LOQ = 10

σ

(2)

where σ is the standard deviation of the response and S is the slope of the
calibration plot.
Accuracy of the assay was determined in relation to repeatability
(intra-day) and intermediate precision (inter-day). In order to estimate the
repeatability of the experiments, for the same concentration of each dye six
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samples were analyzed during the same day. To study inter-day variation,
an analysis of three mixed standard solutions of the same concentration
was performed on three different days [21]. To confirm the specificity of the
method, solutions of each single dye and a mixture of all three dyes, having
the same concentrations, were injected into the UPLC system and the
concentrations of individual dye and of the mixture were compared.
Recovery Studies
To check the accuracy of the method, recovery studies were conducted
after addition of standard dye solution for three different mixtures containing
known concentrations of dyes, at three different levels on the linear part of the
standard curves. Three samples were prepared for each recovery level. The
solutions were analyzed and the percentage of recoveries was calculated from
the calibration curves.
Method application
In order to prove that the developed method is relevant for real samples,
river water samples (the spiking experiment was done in triplicate) were
obtained from downstream a textile plant in Hunedoara county (Romania). Prior
to the analysis, the river water samples were filtered on 0.2 μm filter and kept
well sealed, at 4 °C. For the spiked samples, standard dyes solutions mixture
was added to downstream river samples (3 µg/mL TAR, 9 µg/mL CR, and
3 µg/mL MO).
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COMPARATIVE HPLC-MS ANALYSIS OF PHENOLICS
FROM ACHILLEA DISTANS AND ACHILLEA MILLEFOLIUM
AND THEIR BIOACTIVITY
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ABSTRACT. The purpose of this study was to characterize the polyphenolic
composition of Achillea distans and Achillea millefolium and to evaluate
their antioxidant and antimicrobial activities. The total polyphenolic content was
determined spectrophotometrically. The phenolic compounds were identified and
quantified by HPLC-MS. The extracts were screened for antioxidant activities
using two in vitro assay models: DPPH radical scavenging assay and
hemoglobin ascorbate peroxidase activity inhibition (HAPX) assay. A method
based on electron paramagnetic resonance (EPR) polyphenolic radicals’
detection was also described. The antimicrobial activity was determined using
the disc diffusion method. For the species of Achillea, the phenolic profile
showed the presence of two phenolic acid derivatives (chlorogenic and pcoumaric acids), four flavonoid glycosides (hyperoside, isoquercitrin, rutin
and quercitrin) and four free flavonoids (quercetin, patuletin, luteolin and
apigenin), in different concentrations. The evaluation of antioxidant activity
indicated that A. millefolium extract has more antioxidant than A. distans,
related with the polyphenolic total content. Both extracts showed activity against
all tested bacterial species. These results suggest that the two native species of
Achillea can be used as a potential source of polyphenolic compounds with
bioactive properties for cosmetic and medicinal applications.
Keywords: Achillea, phenolics, HPLC-MS, antioxidant and antimicrobial
activities.
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INTRODUCTION
The Achillea genus (within the Asteraceae family), commonly referred
to as yarrow, contains ~ 130 flowering plants throughout the world [1-3] - most
commonly in arid and semi-arid subtropical and lower-temperate regions. Achillea
flowers contain sesquiterpene lactones, essential oil (azulene), flavonoids,
phenolic acids determined by different chromatographic and spectroscopic
methods: GC-MS, GCQ, HPTLC, RP-HPLC, HPLC-MS, NMR[4-13]. Several
species of this genus have for a long time been used to treat wounds, bleedings,
inflammation, respiratory infections, skin conditions, spasmodic diseases and
dyspepsia, and are at present times employed in the medicinal and cosmetic
industry, especially as they are also useful sources of metabolites, which known to
display tonic, anti-inflammatory, anti-spasmodic, cytotoxic, diuretic or antimicrobial
effects [1,310,12,14-16]. Phenolic acids such as present in these species are
known for their potential protective role against oxidative damage diseases
(coronary heart disease, stroke, and cancers) [17]. In Romania, there are 23
Achillea species and 10 varieties or subspecies [2]. Achillea distans Waldst. &
Kit. ex Willd. (Alps yarrow) an alpino-carpatho-balkan type is often found alongside
with the medicinal and officinal species Achillea millefolium (yarrow) with
natural pink flowers. It causes the hybridization phenomenon’s of the officinal
species or the adulteration of the vegetal product (Millefoliiflos). Thus, a broader
knowledge of the chemical composition of the species becomes an important
aim. So far, studies have shown that the essential oil of A. distans has a poor
quality. This is why the evaluation of the polyphenolic profile that may become
a favorable argument for the medicinal use of A. distans.
The aim of this work was to analyze the phenolic compounds from two
Romanian Achillea species and to investigate their antioxidant and antimicrobial
properties, for a better chemical characterization and exploitation of these
medicinal plants.

RESULTS AND DISCUSSION
HPLC Analysis of Polyphenolics
HPLC coupled with MS allows a simultaneous analysis of different
classes of polyphenolics by a single pass column (the separation of all examined
compounds was carried out in 35 min). The concentrations of identified
polyphenolic compounds in the analyzed samples are presented in Table 1.
The HPLC chromatograms of the A. distans and A. millefolium samples are
presented in Figures 1 and 2, respectively.
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Chlorogenic acid was found in Achillea distans and Achillea millefolium
extracts in similar amounts (cca. 230 mg/100 g). Four flavonoid glycosides,
hyperoside, isoquercitrin, rutin and quercitrin were identified and quantified
(Table 1). Hyperoside and isoquercitrin were identified in both extracts, but
they were in too low concentration to be quantified (< 0.02). A. distans was
distinctly the richer species in rutin and quercitrin (with 31.43 mg/100 g and
18.313 mg/100 g, respectively). Four flavonoid aglycones (quercetin, patuletin,
luteolin and apigenin) were found in these two extracts, but in varying
amounts. Thus, A. millefolium contained larger quantities of quercetin, luteolin
and apigenin than A. distans, while patuletin was quantified only in A. distans
(0.21 mg/100 g). Concerning the phenolic compounds identification, the results
obtained in the present study are in agreement with previously published data
on the two species from other areas [7-811-12].
Considering the 19 standard compounds used in this study, some
other peaks were not identified.
Therefore can be concluded that these two Achillea species can be
considered important sources of chlorogenicacid.
Table 1. Phenolic compounds in Achillea species
(mg/100 g plant material)
Polyphenolic
compounds

m/z
value

tR ± SD
(min)

A. distans

A. millefolium

Chlorogenic acid
p-Coumaric acid
Hyperoside
Isoquercitrin
Rutin
Quercitrin
Quercetin
Patuletin
Luteolin
Apigenin

353
163
463
463
609
447
301
331
285
279

6.43 ± 0.05
9.48 ± 0.08
19.32 ± 0.12
20.29 ± 0.10
20.76 ± 0.15
23.64 ± 0.13
27.55 ± 0.15
29.41 ± 0.12
29.64 ± 0.19
39.45 ± 0.15

233.75 ± 6.24
<0.02
<0.02
<0.02
31.43 ± 3.53
18.31 ± 0.68
1.38 ± 0.61
0.21 ± 0.08
50.24 ± 4.75
13.22 ± 1.75

231.71 ± 8.28
0.50± 0.09
<0.02
<0.02
3.52 ± 0.67
8.21± 1.78
1.60 ± 0.19
<0.02
54.67 ± 3.32
25.96 ± 1.03

Note: NF - not found, below limit of detection. Values are the mean ± SD (n = 3).
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Figure 1. HPLC chromatogram of A. distans
Notes: The identified compounds: 1, chlorogenic acid; 2, rutin; 3, quercitrin;
4, quercetin; 5, patuletin; 6, luteolin; 7, apigenin.
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Figure 2. HPLC chromatogram of A. millefolium
Notes: The identified compounds: 1, chlorogenic acid; 2, p-coumaric acid; 3, rutin;
4, quercitrin; 5, quercetin; 6, luteolin; 7, apigenin.

Polyphenolic content and the antioxidant activity
The A. millefolium ethanolic extract contained a higher amount of
polyphenols and flavonoids (38.12 and 22.21 mg/g, respectively) than the
A. distans counterpart (32.56 and 19.47 mg/g, respectively), as illustrated in
Table 2. Comparing the phenolic content, these species was poorer than the
Italian same species [7].
The ethanolic extracts were also screened for their antioxidant activities
using two in vitro assay models: DPPH bleaching method and hemoglobin
ascorbate peroxidase activity inhibition (HAPX).
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Table 2. The content of polyphenols (TPC, flavonoid) and the results
of antioxidant activity for Achillea extracts
Samples
A. distans
A. millefolium
Quercetin

TPC
(mg GAE/g)
32.56 ± 1.42
38.12 ± 2.00
-

Flavonoids
(mg RE/g)
19.47 ± 1.53
22.21 ± 1.96
-

DPPH
IC50 (µg/mL)
150.30 ± 7.69
102.84 ± 1.15
5.47 ± 0.16

HAPX
(mg RE/g)
0
724 ± 143
-

Each value is the mean ± SD of three independent measurements. GAE: Gallic acid equivalents;
RE: rutin equivalents.

Judging on the lower the IC50 value (i.e,more powerful antioxidant
capacity [18]. A. millefolium (IC50 = 102.84 μg/mL), showed a slightly higher
radical scavenging activity than A. distans (IC50 = 150.30 μg/mL). The results
are in linewith the phenolic contents listed in Table 2. Compared to the methanolic
extract of A. millefolium from Turkey, the ethanol extracts of Romanian
A. millefolium showed lower antioxidant capacity [4].
The HAPX assay monitors the ability of the antioxidants present in the
extracts to inhibit the oxidation of hemoglobin by hydrogen peroxide. This
reaction occurs normally in the body and can be accelerated under certain
stress conditions generating a high valent iron species – ferryl. The method
was proposed to be more physiologically relevant for the evaluation of
antioxidant capacity, compared to chemical-based methods (ABTS, DPPH,
TBARS, etc) [19]. The A. millefolium extract exhibits an important capacity to
quench the free radical generated in hemoglobin after exposure to hydrogen
peroxide, while A. distans does not have any effect. This is despite the relatively
similar TPC, ABTS and DPPH values, and suggests that certain A. distans
components may act as prooxidants when confronted with a real-world protein
reaction, offsetting the inherent antioxidant effects of the already demonstrated
polyphenols and flavonoids.
Direct detection of free radical
Treatment of natural polyphenolic-rich extracts with alkali in presence
of molecular oxygen is known to generate semiquinone anion radicals via
autooxidation – allowing for a possible fingerprinting of the extracts as well as
for correlation of the intensity of the signal with other chemical parameters,
such as concentration of the EPR-activated antioxidants [19] The EPR spectra
recorded 2 min after alkali treatment of the Achillea extracts display a hyperfine
structure at the room temperature and show the same line shape for both
extracts, with a pattern very similar to quercetin and other polyphenols as
chlorogenic acid, isoquercitrin, quercytrin and hyperoside (data not shown).
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Figure 3. The EPR spectra of quercetin (2 mM) and Achilea extracts
diluted 10 times and treated with NaOH, in ethanol 90%.

In vitro antimicrobial activity
The ethanolic extracts of A. distans and A. millefolium were investigated
for their in vitro antimicrobial properties against four bacteria species and one
fungus (Table 3).
Table 3. Antimicrobial activity of Achillea extracts
Samples
A. distans
A. millefolium
Gentamicin
Fluconazole

Inhibition zone diameter (mm)
S. aureus L. monocytogenes E.coli S. typhimurium C. albicans
12
14
11
11
6
12
12
10
10
6
19
18
22
18
25

Gentamicin (10µg/well) and Fluconazole (25 µg/well) were used as positive control.

The two extracts were found to be active against the gram-positive
bacteria and inactive on the C. albicans. Both studied samples showed a low
antibacterial action against all bacterial strains tested. However, A. distans extract
was slightly more active against L. monocytogenes, E. coli and S. typhimurium.
Our findings are in agreement with those of other authors [3,4,12,14].
CONCLUSIONS
The phenolic content, antioxidant and antimicrobial activities of Achillea
millefolium and Achillea distans are reported, thus complementing the scientific
information concerning the bioactivity and polyphenolic composition of Achillea
species. This study shows that the phenolic profiles of the both Achillea were
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generally similar, varying only in the amounts found. The results of the antioxidant
assays as well as the phenolic contents indicate that A. millefolium extract is
clearly more antioxidant than A. distans extract. The antimicrobial assays reveal
that Achillea extracts were effective against tested bacteria. Accordingly, these
two indigenous species of Achillea may be considered important sources of
polyphenols with bioactive properties, justifying their pharmaceutical use.
EXPERIMENTAL SECTION
Plant material and extraction procedure
The flowers of A. millefolium (Voucher No. 952) and A. distans (Voucher
No. 951) were collected in 2013 from the spontaneous flora in Cluj and
Maramures counties, in the blossom period. Voucher specimens were
deposited in the Herbarium of the Department of Pharmacognosy of the
Faculty of Pharmacy, Cluj-Napoca, Romania.
The plant material was reduced to a proper degree of fineness. 5.0 g of
the material was extracted with 50 mL of 70% ethanol (Merck, Darmstadt,
Germany), for 30 min on a water bath, at 60 °C. The samples were then cooled
down and centrifuged at 4,500 rpm for 15 min, and the supernatant was
recovered [12,18,20-21].
HPLC–MS analysis
HPLC–MSanalysis was performed on an Agilent 1100 HPLC Series
system (Agilent, USA) using the chromatographic conditions previously described
[12,18,20]. Quantitative determinations were performed using an external
standard method; retention times were determined with a standard deviation
ranging from 0.04 to 0.19 min. For all compounds, the accuracy was between
94.1.3% and 105.3%. Accuracy was checked by spiking samples with a solution
containing each standard compound in a 10 μg/mL concentration. In all analyzed
samples the compounds were identified by comparison of their retention times
and recorded electrospray mass spectra with those of standards in the same
chromatographic conditions. Calibration curves in the 0.5-50 mg/mL range
with good linearity (R2 > 0.999) for a five points plot were used to determine
the concentration of polyphenolics in plant samples.
Determination of phenolic compounds content
The total polyphenolic content (TPC) of the extracts were determined
using the Folin-Ciocalteu method, with a calibration curve of gallic acid
(R2 = 0.999), the absorbance being measured at 760 nm [12,21,22,23]. The
spectrophotometric aluminum chloride method was used for flavonoid determination
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and the absorbance was measured at 430 nm [21]. Total flavonoid content
values, expressed as rutin equivalent (RE), were determined using a calibration
curve based on rutin (R2 = 0.999).
DPPH bleaching assay
For the DPPH assay, 2.0 ml of methanolic DPPH solution (0.25 mM)
were added to 2.0 ml of extract solution (or standard) in ethanol at different
concentrations (12.5-100 μg/mL). After 30 minutes of incubation at 40°C in a
thermostatic bath, the decrease in the absorbance was measured at 517 nm.
The percent DPPH scavenging ability was calculated as: DPPH scavenging
ability = (Acontrol – A sample)/Acontrol × 100, where Abscontrol is the absorbance of
DPPH radical and methanol (containing all reagents except the sample) and
Abssample is the absorbance of DPPH radical and sample extract. Afterwards, a
curve of % DPPH scavenging capacity versus concentration was plotted and
IC50 values were calculated. IC50 denotes the concentration of sample required
to scavenge 50% of DPPH free radicals. Quercetin was used as positive
control [12,18,20,23].
HAPX (hemoglobin/ascorbate peroxidase activity inhibition) assay

The hemoglobin ascorbate peroxidase activity assay (HAPX) was
described in detail in [19,24]. The reaction was monitored at 405 nm, where all
the changes are due to the hemoglobin transformation. Met hemoglobin (6 µM)
was added to a mixture of ascorbate (120 μM), peroxide (700 μM) and extracts
(5 μl), in acetate buffer, pH 5.5 to start the reaction. An increase in the inhibition
time denotes a good antioxidant capacity of the tested extract which acts in
competition with the ascorbate. The percentage of the inhibition time for each
case was converted to rutin equivalents using a calibration curve (R = 0.98)
with rutin standard solutions of 0-1.5 mM.
Free radical generation experiment
For the EPR experiment the extracts were diluted 10 times in 90%
ethanol, followed by the treatment with 5 mM NaOH (yielding a pH of 11.7). A
low quantity (100 µl) of sample was rapidly transferred to a glass capillary EPR
tube. The capillary was placed in the holder of a Bruker ELEXSYS E-580
spectrometer with continuous wave at X band (~ 9.4 GHz). The spectra were
measured at room temperature with the following parameters: modulation
frequency 100 kHz, microwave power 9.6 mW, modulation amplitude 0.5 G,
center field 3514 and sweep field 100 G [19].
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Determination of antimicrobial activity
The disc-diffusion assay was employed on the ethanolic extracts of
A. distans and A. millefolium against a panel of microorganisms including
gram-positive and gram-negative bacteria: Listeria monocytogenes (ATCC
13076), Salmonella typhimurium (ATCC 14028), Escherichia coli (ATCC
25922), Staphilococcus aureus (ATCC 49444), and Candida albicans (ATCC
10231). All microorganism strains were distributed by MicroBioLogics®.
Each microorganism was suspended in Mueller Hinton (MH) broth and
diluted approximately to 106 colony forming unit (cfu)/mL). They were “floodinoculated” onto the surface of MH agar and MH Dextrose Agar (MDA) and
then dried. Six millimetres diameter wells were cut from the agar using a
sterile cork-borer and 15 μL of each extract were delivered into the wells.
The plates were incubated at 37° C and the diameters of the growth inhibition
zones were measured after 18 h. Gentamicin and Fluconazole were used
as standard drugs. The controls were performed with only sterile broth and
with only overnight culture and 10 μL of 70% ethanol. The clear halos
greater than 10 mm were considered as positive results [18,25].
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SOLVATOCHROMISM OF ASYMMETRICAL SUBSTITUTED
3,7-DIAMINOPHENOTHIAZINIUM DYE
CAMELIA CIOBOTARIUa, LUCIAN CORNEL POPa, DAN PORUMBa*
ABSTRACT. A convenient procedure for the synthesis of 3-diethylamino-7phenylaminophenothiazin-5-ium iodide was developed and the solvatochromism
of this blue dye was examined by means of UV-Vis spectroscopy. The
maximum of the absorption wavelength was detected in the range 550-665
nm, the asymmetrical phenothiazinium dye exhibiting a large red shift upon
variation of the solvent structure from aprotic dipolar (THF, DMF) to protic
solvents (water, methanol, acetic acid).
Keywords: phenothiazin-5-ium, cationic dye; UV-Vis absorption, solvatochromism

INTRODUCTION
The phenothiazine based dyes are some of the oldest synthetic
compounds developed for applications in textile industry. Large scale production
of the thionine (3,7-diaminophenazathionium chloride) and methylene blue
(3,7-bis-dimethylaminophenazathionium chloride) (figure 1) was based on
coupling of primary aromatic amines (aniline, or p-diamethylaminoaniline) under
oxidative conditions, followed by ring closure in the presence of thiosulfate.
Methylene blue found more important medicinal and biological applications due to
antimicrobial, cytology, cytopathology, and haematological staining properties and
recently became a lead compound of phenothiazine-based photosensitisers [1]
Methylene blue analogous containing symmetrical or non-symmetrical dialkylamine
functionality in the auxochromic C-3 and C-7 positions of the phenothiazin-5-ium
chromophore were prepared and investigated for potential applications in the
fields of photodynamic therapy and photodynamic antimicrobial chemotherapy.
An alternative step-wise synthetic route to 3,7-bis(dialkylamino)
phenothiazin-5-ium salts involves in the first step the generation of a phenothiazin5-ium cationic salt by oxidation of phenothiazine, followed by the addition of
dialkylamine nucleophile. [2] The oxidation of phenothiazine to phenothiazin-5a
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ium tetraiodide hydrate was thoroughly investigated by a systematic variation of
the reaction solvent (chloroform, dichloromethane, t-butylmethylether), time and
temperature as well as iodine addition manner (in solution or portion-wise
solid); crude product was obtained in excellent to quantitative reaction yields. [3]
The access to asymmetric analogs was reached by adding different amines
in sequence. [4] Symmetrical methylene blue analogous containing longer
alkyl chains (C2-C6) [5,6] as well as some asymmetric derivatives exhibiting
varying degrees of polar and spatial asymmetry have been reported [7-9].
Figure 1 summarizes the variation of auxochromic subtituents in methyene
blue analogues. Phenothiazinium iodides thus prepared can be transformed
to chlorides by using a resin exchange column [10].

Figure 1. Auxochromic substituents on phenothiazin-5-ium cation

The target 3-diethylamino-7-phenylamino-phenothiazin-5-ium iodide was
previously reported among several 3-dialkylamino-7-arylamino-phenothiazinium
iodides susceptible for singlet oxygen generation [4], but in this work we described
a modified synthetic procedure and we report for the first time the solvatochromism
examined by UV-Vis spectroscopy. The change in color from purple (λmax=550 nm
in THF) to deep blue (λmax=665 nm in water), also visible by naked eye, imply a
great potential in developing new moisture sensors for hygroscopic materials
as well as methachromatic staining of biological tissues.
RESULTS AND DISCUSSION
In this work the stepwise procedure based on the oxidation of the
phenothiazine substrate followed by successive nucleophilic substitution of the
phenothiazin-5-ium cationic salt with diethylamine and aniline was revisited
and we described a modified procedure resulted after a careful selection of the
reaction conditions for each step (scheme 1). The reaction conditions are smooth,
requiring ambient temperature and pressure and also tolerant to the presence
of air. Different solvents were selected for each step of the procedure in order
to allow the reaction to proceed in homogeneous conditions and easily collect
the insoluble product by filtration. In step 1 the phenothiazin-5-ium cationic salt 1
was prepared in DCM solution by portion-wise addition of solid iodine in order
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to handle reduced volumes of solvent [3]. The intermediate 3-diethylaminophenothiazin-5-ium triiodide 2 precipitated in the second step from the methanol
solution was further employed in the third step without purification only by
dissolution in THF. The crude 3-diethylamino-7-phenylamino-phenothiazin-5ium iodide 3 was purified by column chromatography for analytical purposes.
Step 1

H
N
S

N

I 2(s)

I4

DCM
r.t. 24h

S

1

Step 2
N
S

N

HN(C2H5)2
MeOH
r.t. 24h



I3
(C 2H 5) 2N

S

2 56%

Step 3
N

N

H2N-C6H 5

I

THF, r.t. 3h
S

N(C 2 H5 )2

(C2 H5 )2N

S

3 38%

N
H

Scheme 1

The recorded high resolution 1H-NMR spectra unambiguously confirmed
the molecular structure of the cationic dye 3. In figure 2 is presented the first
order 1H-NMR spectrum depicting the coupling patterns of the aromatic protons in
the fenazathionium cation (H1,2,4,6,8,9) and the pending phenyl unit (HA,M,X).

Figure 2. 600 MHz 1H-NMR spectrum of 3 in DMSO-d6 (detail aromatic region)
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The optical properties of 3 were estimated by UV-Vis spectroscopy.
The dye is characterized by a strong absorption band situated in the 550-660 nm
region with an important shift of the absorption maximum (λmax) according to
the nature of the solvent employed. In Table 1 are presented the solvatochromic
effects recorded in upon variation of the solvent polarity from less polar DCM to
polar DMF solvent.
A very small red shift of the absorption maxima occurred upon variation
of the polarity among protic solvents (methanol, water ≈10 nm), but a considerable
large red shift (≈100 nm) can be observed upon variation of the solvent structure
from aprotic dipolar (THF, DMF) to protic solvents (water, methanol, acetic
acid) as depicted in figure 3.
Table 1. Position of the visible absorption maxima of 3 in aprotic and protic dipolar solvents
Solvent
Dimethylformamide
Water
Acetic acid
Methanol
Tetrahydrofurane
Dicloromethane

Dipole moment
[D]
3.82
1.85
1.74
1.70
1.63
1.14

λmax
[nm]
560
665
660
655
550
655

ε
[L mol-1cm-1]
28000
83000
48000
40000
53000
48000

Figure 3. Normalized absorbance of 3 in aprotic and protic dipolar solvents

Assuming that the absorption bands in UV-Vis spectra of 3 arise from
vertical electronic transitions between frontier molecular orbitals with relative
energies affected by the interaction with the solvent (especially hydrogen bond
associations with protic solvents), we employed the Spartan 04 software package
[11] for modeling the optimized geometry and the electronic distribution in the
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frontier molecular orbitals. From figure 4 one can notice that the atomic orbitals of
the three N and S atoms considerably participate to LUMO, thus generating an
excited state more susceptible to interaction with polar solvents.

HOMO
E= -8.39 eV

LUMO
E= -6.06 eV

Figure 4. Frontier molecular orbitals plots and energy values modelized
using the Spartan 04 software package.

The red shift of the Vis absorption maxima observed in protic solvents
can be sustained by a possible stabilization of the excited state (modelized by
the LUMO) by multiple hydrogen bond associations which may considerably
reduce the HOMO-LUMO energy gap.
CONCLUSIONS

A convenient synthetic procedure was developed for the synthesis
of the asymmetric methylene blue analogue 3-diethylamino-7-phenylaminophenothiazin-5-ium iodide.
The large solvatochromism of the dye was explained in terms of
stabilization of the excited state modelized by the LUMO by multiple hydrogen
bond associations in protic solvents, which may considerably reduce the
HOMO-LUMO energy gap.
EXPERIMENTAL
Phenothiazin-5-ium tetraiodide 1
10H-Phenothiazine (2 g, 10 mmol) was dissolved in 50 ml DCM at
room temperature. Iodine (8 g, 31 mmol) was added portion wise during 20
min and then the mixture was stirred for 5h at room temperature. The resulting
dark brown solid was filtered, washed free of iodine with DCM and dried.
Crude product M.p.170oC (dec). yield 6.7g, 95%.
3-Diethylaminophenothiazinium triodide 2
Phenothiazinium tetraiodide (2.15 g, 3 mmol) was dissolved in methanol
(20 ml) at room temperature and a solution of diethylamine (0.8 ml, 7.6 mmol)
in methanol (20 ml) was added dropwise over 20 min. The reaction mixture was
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stirred at room temperature for 3h and then allowed to stand overnight. The dark
blue solid accumulated upon standing was filtered off, washed with cold methanol
and dried. Crude product yield 1.3 g, 56%
3-Diethhylamino-7-phenylaminophenothiazinium iodide 3
To a solution of 2 (0.5 g 6.5 mmol) in THF (10 ml), a solution of aniline
(1.2 ml, 13 mmol) in THF (10 ml) was added dropwise and the mixture was stirred
at room temperature for 2h. The blue solid accumulated upon standing was
filtered off and thoroughly washed with diethyl ether. The product was purified by
column chromatography on silica gel using gradient elution in dichloromethane/
methanol. Yield 0.13 g, 38%. 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 1.34 (t,
J=6Hz, 6H), 3.78 (q, J=6Hz, 4H), 7.32 (t, J=6Hz, 1H), 7.44 (d, J=6Hz, 2H), 7.46 (d,
J=6Hz, 1H), 7.51 (m, 3H), 7.63 (m, 2H), 7.99 (d, J=6Hz, 2H), 8.02 (d, J=6Hz, 2H).
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THE EFFECT OF USING PYROLYSIS OILS FROM
POLYETHYLENE AND DIESEL ON THE POLLUTANT
EMISSIONS FROM A SINGLE CYLINDER DIESEL ENGINE
GEORGE LIVIU POPESCUa, NICOLAE FILIPa,
ANDREIA MOLEAb, VIOLETA POPESCUb,*
ABSTRACT. The paper presents data related to the results obtaining following
the testing of a commercial diesel fuel and a fuel obtained by chemical
recycling of polymers waste based on polyethylene in a single cylinder diesel
engine. The concentrations of CO, CO2, hydrocarbons, NOx and smoke have
been determined in the exhausted gases. The experimental results showed
that using synthesized polyethylene-based fuel, the emission of pollutants was
smaller compared to the emissions when using commercial diesel fuel, except
the concentration of hydrocarbons which was higher.
Keywords: recycling, pyrolysis, polymers waste, fuel, pollutants, diesel engine.

INTRODUCTION
The Directive 2008/98/EC on waste, provides a framework for the
environmentally sound management of waste, including the preferred hierarchy
of waste management options. Waste management strategies should focus
both on reducing the amount of produced waste and its hazardousness [1].
The amount of used plastic materials (PM) continues to increase every year.
Using and producing more PM involves the producing of higher quantities
of waste. Because waste generation can not be avoided, waste should be
reused as much as possible.
Quantitative targets for the recycling and recovery of packaging waste
were set for 31 December 2008 (55 - 70 % recycling, 60 - 75 % recovery), but
Romania is far from reaching this target. Directive 94/62/EC regulates the
Packaging and Packaging Waste in European Union, while Government Decision
a
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no. 349/2002 revised and amended in 2004 (899/2004) is applied in Romania,
resulting an imperative necessity for identification of an appropriate method for
recycling of each type of waste, because new European regulators are setting
increasingly stringent standards to reduce the impact of PM waste in the
environment.
Current statistics for Western Europe estimate the annual consumption of
plastic products at almost 100 kg/person for a total of over 39.1 million tons [2, 3].
Over 78 wt % of this total corresponds to thermoplastics (low and high density
polyethylene LDPE-HDPE, polypropylene PP, polyvinyl chloride PVC and
polyethylene terephthalate PET) and the remaining 22 wt % to thermosets (mainly
epoxy resins and polyurethane) [2]. This generates a vast waste stream, estimated
at around 21.5 million tons, that needs to be effectively managed. Today 61 wt %
of all the waste plastics generated in Europe are still disposed of to landfill, a
management alternative that generates serious environmental problems due to
their low density, resistance to biological degradation and combustible nature.
Even though in European Union collection and recycling of waste is already
a current practice; plastic materials recycling represents nevertheless an important
objective of European and Romanian researches, in order to elaborate the most
efficient technologies from economical end environmental point of view. In the
Sectorial Operation Programs (POS) of Romania, the first priority is „The
development of regional systems for water and waste management” [4].
One of the potential options for polyolefin waste management is chemical
recycling for fuel production.
Plastic pyrolysis is a method for plastic materials recycling that can be
applied to a variety of polymers. A wide range on degradation products can be
obtained. The composition of degradation products depends on many factors such
as: polymer type, temperature, catalysts.
Pyrolysis technology has reached by now a state of development that
opens more favorable possibilities for waste disposal than some of the traditional
techniques. Special complex waste materials which contain plastic, such as
contaminated materials, can now be properly recycled by pyrolytic treatment.
Pyrolysis, also termed thermolysis, is a process of chemical and thermal
decomposition of polyolefins, generally, leading to smaller molecules. In most
pyrolysis processes, air is excluded, for reasons of safety, product quality and
yield. Pyrolysis can be conducted at various temperature levels, reaction times,
pressures and in the presence or absence of reactive gases or liquids, and/of
catalysts. PE pyrolysis proceeds at low (<400oC), medium (400–600oC) or high
temperature (>600oC). The pressure is generally atmospheric. The thermal
decomposition of PE yields gases, distillates and char, albeit in widely variable
relative amounts. These can be applied as fuels or petrochemicals.
Polyolefin resins contain only carbon, hydrogen and additives, such as
antioxidants and UV stabilizers. Depending on the polymers or polymer mixtures
fed and the operating conditions used, yields can vary widely. Both gaseous
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and liquid products are mixtures of numerous different compounds. The problem
of fractionating these effluents and upgrading to commercial specifications, while
separating undesirable impurities must be investigated on a case-by-case basis,
but until than, the developing of appropriate methods for using the pyrolysis
product as is, can be of high interest.
By thermal degradation of HDPE and XLDPE, a significant quantity of
waxes is formed, and the quantity of liquid products is smaller when using LDPE
and LLDPE. This suggests that PE which contain lateral chains (such as LDPE
and LLDPE, respectively), by pyrolysis process a higher quantity is transformed in
to liquid products, comparing with HDPE and XLDPE (with linear chains). The
use of catalyst leads to the increase of liquid and gaseous degradation products.
Catalytic degradation of LDPE, in controlled conditions, leads to the
obtaining of valuable aromatic products (namely: benzene, toluene, xylene and
feedstock for petrochemicals [5-7]). By pyrolysis of LDPE from plastic bags results
a mixture of compounds, whose concentration differs depending on pyrolysis
conditions (temperature, catalysts) resembling the composition of commercial
gasoline [6].
Even if the studies regarding chemical recycling of plastic waste were
systematically done, a few studies regarding the impact of using plastic fuels
derived in engines are presented in the literature [8-14].
Moriya et al [13] shown that cracked PE (polyethylene) can be used for
engine as a 30-40 % blended fuels with Diesel fuel. Other studies involved a thermal
recycling system of plastic wastes. In this case, the plastic waste is melted and
mixed with heavy oil resulting a fuel for Diesel engine generator systems [12,14].
Santaweesuk and Janyalertadun used for their study a 4-Stroke,
compression ignition, water cooled, single cylinder engine. By changing the engine
speed they concluded that compression ignition engine is able to run with distilled
waste plastic oil, because physical characteristics of distilled waste plastic oil
(DWPO) is similar to diesel oil. Engine fueled with distilled waste plastic oil exhibits
lower brake thermal efficiency but increase average when setting nozzle pressure
and results are higher than average in brake specific fuel consumption for distilled
waste plastic oil (DWPO) but lower average when setting nozzle pressure.
Exhaust gas emission increase average when setting nozzle pressure in distilled
waste plastic oil (DWPO) compared to diesel operation and results are that the
nozzle setting pressure can help reduce better the emissions [15].
Jani, Patel, Rathod also used a 4-Stroke, water-cooled diesel engine of
5 HP rated power and established that using the synthesized fuel, the best
results have been obtained in CI engine with blends containing 30 % pyrolysis
product regarding both performance and emission of diesel engine [16] .
The novelty of our researches consists in the study of a fuel obtained
from polyolefin in our laboratory and testing of synthesized fuel in diesel engine
air-cooled, without any modification, without blending with commercial diesel
fuel. Our team conducted both studies regarding fuel production and testing.
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RESULTS AND DISCUSSION
The yield in liquid degradation products of interest was up to 93 %, [17].
The composition of the liquid fuel resulted following the pyrolysis process has
been determined using gas chromatography and reveled that the fuel contains
both saturated and unsaturated compounds [18, 19]. The main difference between
pyrolysis product and commercial products consists on the small quantities of light
fraction (C3-C5) up to 4 %, and heavy fraction (C23-C35) up to 12 % [17].
The formation of the above presented hydrocarbons in the pyrolysis
product can be explained by the mechanism of thermal cracking of PE.
Polyethylene is formed from –(CH2–CH2)n– monomer units (mers),
containing also a small number of terminal metyl (–CH3) groups. Thermal cracking
of PE leads to saturated and  unsaturated hydrocarbons due to scissions of
PE long chains following a multistep radical chain reaction with all the general
features of such reaction mechanisms: initiation, propagation, branching, and
termination steps [18].
Random chain scission takes places in the initiation stage, conducting
to the formation of free radicals [18].
Pn  •Rr + •Rn-r

Random chain scission

where: Pn is a polymer containing n mers; •Rr and •Rn-r are radicals containing r
and respectively (n-r) mers.
In the propagation stage the chain suffer other scission reactions due
to intramolecular or intermolecular H transfer and unzipping depolymerization
resulting new radicals, saturated and unsaturated (Pm, Pn-j, P1) hydrocarbons.
•Rr  Rr-m + Pm

Intramolecular H transfer

Pn + •Rr +  Pn-j + Pr + •Rj

Intermolecular H transfer

•Rr  Rr-1 + P1

Unzipping depolymerization

Intramolecular H transfer reaction involves the transfer of a hydrogen
atom within a single polymer chain forming an unsaturated (Pm) polymer and a
new terminal radical (Rr-m).
Intermolecular H transfer involves the transfer of one H atom from a inner
carbon atom (not a terminal one), between neighbors polymer chains forming a
new saturated polymer (Pr) and a new inner located radical that breaks up into an
unsaturated polymer (Pn-j) and a new radical.
The last propagation mechanism (unzipping depolymerization) that involve
the depolymerization with the formation of monomers and smaller chain polymers
has no important impact in the specific case of polyethylene since the yield in
liquid fraction is so high, being specific for polymers with functional groups such as
polystyrene and polymethyl methacrylate [19] that suffer depolymerization
reactions conducting to monomers with a high yield.
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The termination stage occurs due to recombination of monomers or to
disproportionation. While in the case of recombination two radicals react forming a
new polymer, in the case of disproportionation one of the radicals donate a
hydrogen atom, forming an unsaturated hydrocarbon (Pn), while the other
radical accept the hydrogen atom forming a saturated hydrocarbon (Ps).
Rn• + •Rs  Pn+s
Rn• + •Rr  Pn + Ps

Recombination
Disproportionation

The mechanism of polyethylene degradation is not so simple since the
unsaturated hydrocarbons can participate to polymerization reactions conducting
to the formation of higher molecular weight hydrocarbons in tar or coke [20, 21].
For the limitation of the re-polymerization reactions, the gaseous product
resulted following the pyrolysis was rapidly cooled using a Low Temperature
Ethylene Glycol/Water Recirculation System. The rapid cooling conducted to
the increasing of the yield of liquid pyrolysis product reducing the quantity of
solid residue.
One can conclude that thermal cracking of polyethylene occurs by random
chain scissions conducting to a broad spectrum of saturated and unsaturated
hydrocarbons.
Both breaking and re-polymerization takes places due to free radicalic
reactions [22].
For the investigation of thermal degradation of PE, FT-IR spectra for
polyethylene and the pyrolysis product were recorded (fig. 1).
In polyethylene spectrum one can observe only vibrations due to
metylene groups [23].
The absorption band cantered at 2916 cm-1 can be assigned to C-H
asymmetric stretch, while the one from 2848 cm-1 to C-H symmetric stretch
from metylene groups. Around 1467 cm-1 can be observed a doublet due C-H
bends for metylene groups.
In the spectrum of the fuel the asymmetric/symmetric C-H stretch due
to metylene groups are shifted towards higher wavenumbers 2922 cm-1
(compared to 2916 cm-1) and 2853 cm-1 (compared to 2848 cm-1) respectively,
while C-H bends can be observed at 1460 cm-1. The presence of metyl groups
can be clearly observed at 2957 cm-1 (C-H asymmetric stretch) and 2873 cm-1
(C-H symmetric stretch), 1379 cm-1 (C-H symmetric bend), proving the formation
of new CH3 terminal groups. The presence of unsaturated compounds can be
observed due to the presence of alkenyl absorption band (C=C stretch at 1643
cm-1), vinyl terminal stretch at 3075 cm-1, vinyl C-H out of plane bend at 989
and 908 cm-1 and vinylidene C-H out of plane bend.
No oxidation processes took places since the C=O absorption band is
missing (around 1700 cm-1).
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Figure 1. FT-IR spectra of PE and PE derived fuel

Other properties of the fuels, determined according to ISO 3104 and
ASTM D445, revealed the similarity of the pyrolysis product properties with the
property of commercial fuel [24] and the similar dependence of density, kinematic
and dynamic viscosity on the temperature [25].
The reactions for the formation of unburned hydrocarbons (UBHC),
CO2, CO, NOx following fuel burning in internal combustion engine are briefly
presented subsequently [26].
General exothermal reaction of fuel burning in the presence of oxygen
from air leads to the formation of CO2:
CxHy + (x+y/4)O2 3.76(x+y/4)N2  xCO2 + y/2H2O+ 3.76(x+y/4)N2
The presence of unburned hydrocarbons (UBHC) in the exhausted gas
can be explained by the incomplete burning reaction. The temperature in the
cylinder is not uniform, since the temperature at the time of combustion is
2500-3000oC, while the walls of cylinder are around 200oC. The exhaust starts
at 1000 oC, but cools quickly after leaving cylinder and UBHC are formed in the
quench zone.
The formation of CO can be explained both by the incomplete burning
of hydrocarbon and the combustion in the condition of deficit of oxygen. Even if
there is sufficient oxygen for total combustion of fuel, the formation of CO is
possible because of the fact that fuel injected in later part of the injection does
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not find enough oxygen due to local depletion in certain parts of the combustion
chamber. More than that, when the temperature reaches certain values the
dissociation of CO2 can occur:
CO2  CO + 1/2O2
Nitrogen oxides are formed due to the presence of nitrogen from the air
and nitrogen compounds from some fuels. Generally the used fuels have small
concentration of nitrogen compounds. NO forms when fuel combustion takes
places at high temperatures leading to the oxidation of nitrogen molecules
following the general reaction:
N2 + O2  2NO
This reaction is strongly endothermic, having the free enthalpy of
∆H=90,4 KJ/mol. The quantity of the formed NO markedly decreases with the
decrease of the combustion temperature.
The reaction is much more complex taking places due to the formation
of free radical of oxygen in the flame by the dissociation of oxygen molecules.
The following reaction takes places initiated by a radicalic mechanism, as
described by Yakov Borisovich Zeldovich:
O2  2O•
N2 + O•  NO + N•
N• + O2 NO + O•
An important role is played by the reaction with hydroxyl radicals (HO•)
that can be formed at high temperatures from combustion chamber:
N• + HO•  NO + H•
The smoke is a direct product of burning process while it forms as a
pollutant in the process of burning propagation and quantitatively intensify on
the path of gases evacuation.
Engine tests
One concludes that the properties of the oil obtained by thermal
degradation of PE are close enough (in accordance with EN 590 regulation)
with the properties of commercial diesel fuel [25], leading to the conclusion that
the synthesized fuel can be used as it is or as mixtures with commercial diesel
fuels, in diesel engines. During tests, the hourly fuel consumption and the
concentration of pollutants from exhausted gasses were determined as a
function of engine’s speed.

279

GEORGE LIVIU POPESCU, NICOLAE FILIP, ANDREIA MOLEA, VIOLETA POPESCU

Hourly fuel consumption
The determination of hourly consumption (figure 2) has been made by
weighting the quantity of consumed fuel in an establish time period and a specific
speed rate. The test was timed, obtaining the time for fuel consumption, and in
the final, the hourly consumption (ch) has been calculated with the relation:

ch 

  m
3600

[ g / h]

where:  is the time, in seconds, during which m fuel has been consumed;
m - the mass, in grams, of the fuel consumed in the time interval .

Figure 2. Comparison between the hourly consumptions of the two fuels

From the figure 2 it can be seen that at all engine speeds the hourly
fuel consumption achieved from polyethylene-based fuel is significantly lower
than of diesel.
Carbon monoxide emissions
Carbon monoxide forms when the fuel burnig process is incomplete
and it is considerate a toxic gas due to his capacity to react with hemoglobin
from the blood. The reduction of CO from exhausted gases is important both
for human and environment protection.
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Figure 3 presents the concentration of CO measured from the exhausted
gases as a function of engine speed. The plot contains the values obtained
following the measurements and the curve obtained applying second order
polynomial regression. As can be seen from the figure 3, for engine speed smaller
than 2400 rpm, the concentration of carbon monoxide is almost the same for
experimental PE-based fuel and the commercial fuel.

Figure 3. The concentration of CO from the exhausted gas
as a function of engine speed

Increasing the speed engine, the concentration of CO resulted when
pyrolysis product was used as fuel suffered a slightly reduction comparing with
the concentration of CO resulted when commercial diesel fuel was used. The
reduction of CO emissions when plastic derived fuels was used in a four
stroke, compression ignition, water cooled, single cylinder, change speed
diesel engine has been observed also by Santaweesuk Chumsunti, and Adun
Janyalertadun [15]. In our experiment, the smallest CO emissions can be
observed for both fuels when the engine speed is about 2400 rpm. The highest
CO concentration was attained for engine speed of 1400 rpm. The increasing
of engine speed at values higher than 2400 rpm leads to an increase of CO
emission concentration.
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Carbon dioxide emissions
Carbon dioxide forms when the combustion of fuels is complete. When
the speed rate of the engine is smaller than 2200 rpm, the difference between
the emissions of CO2 is insignificant for the two fuels.
The increasing of engine speed determined the increase of the
concentration of CO2 for both fuels, but the concentration was higher when
commercial diesel fuel was used. One can conclude that a positive effect on
the concentration of CO2 in the exhausted gases can be observed in the case
of pyrolysis product (figure 4).

Figure 4. The concentration of CO2 from the exhausted gas
as a function of engine speed

Smoke’s opacity emissions
The formation of smoke in the exhaust gases of the engine is related to
the incomplete burn of the fuel, when particles of unburned carbon are present
into the gases.
The smoke’s opacity resulted following the combustion suffered an
important decrease when the PE-based fuel was used (figure 5), for all speed
rates. The reduction of the smoke concentration can be explained by the
composition of the plastic derived oil, that contains only hydrocarbons with C
and H, and the combustion took places in better conditions.
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Figure 5. The smoke’s opacity from the exhausted gas
as a function of engine speed

Unburned hydrocarbons emissions
The pyrolysis product contains a fraction of hydrocarbons (HC) with
high molecular weight, higher than the heavy fraction from the commercial
fuel.
The existence of the high molecular pyrolysis products conducted to
the increased of UBHC concentration in the exhausted gases compared to the
concentration resulted when commercial diesel fuel was used (figure 6).
Probable, heavy chains of pyrolysis product can not be broken in the engine
combustion process.
Nitrogen oxides emissions
The results obtained for nitrogen oxides (NOx) emissions are presented
in figure 7. It can be seen that, when the engine is powered with fuel obtained
by pyrolysis, the concentration of NOx suffered a significant decrease
comparing to the concentration resulted by burning the commercial diesel fuel.
One can explain this situation through the composition of pyrolysis
product that is formed only by saturated and unsaturated hydrocarbons,
without nitrogen products, compounds that can suffer proper combustion
reactions inside the internal combustion engine.
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Figure 6. The concentration of HC from the exhausted gas
as a function of engine speed

Figure 7. The concentration of NOx from the exhausted gas
as a function of engine speed
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CONCLUSIONS
A comparative study regarding the emissions of CO, CO2, smoke’s opacity,
hydrocarbons and NOx in the exhausted gases, when a commercial diesel fuel
and an experimental fuel obtained from polyethylene by pyrolysis, was made.
One concluded that pollutant emissions with the exception of hydrocarbons
is smaller when the experimental PE-based fuel was used, leading to the
conclusion that PE plastic waste can be successfully converted into a fuel with
good properties for using as an alternative fuel in diesel engines with no other
additives or blending with commercial diesel fuel.
At all engine speeds the hourly fuel consumption achieved from
polyethylene-based fuel is significantly lower than of diesel.
For engine speed smaller than 2400 rpm, the concentration of carbon
monoxide is almost the same for experimental PE-based and the commercial
fuels, respectively. Increasing the speed engine, the concentration of CO resulted
when pyrolysis product was used as fuel suffered a slightly reduction comparing
with the concentration of CO resulted when commercial diesel fuel was used.
The increasing of engine speed determined the increase of the
concentration of CO2 for both fuels, but the concentration was higher when
commercial diesel fuel was used.
The smoke’s opacity resulted following the combustion suffered an
important decrease when the PE-based fuel was used, for all speed rates.
The high molecular pyrolysis products from PE-based fuel conducted
to the increased of the unburned HC concentration in the exhausted gases
from the engine.
The concentration of NOx suffered a significant decrease in the case of
pyrolysis product comparing to the concentration resulted from commercial
diesel fuel.
Another important advantage of the experimental fuel is the reduced
hourly consumption comparing to the consumption of diesel commercial fuel.
Large scale application of chemical recycling of PE for fuel production
can be a good alternative for solving the problems related to the impact of plastic
waste on environment, leading to fossil fuel saving in conditions of proper engine
efficiency, due to the high quality of pyrolysis product regarding combustion behavior.
EXPERIMENTAL SECTION
The obtaining of the fuel
A bench scale installation has been used for the obtaining of fuel
starting from PE. Details regarding the pyrolysis process applied for fuel production
were presented in our previous studies [17, 24, 25, 27, 28].
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IR spectra of polyethylene and pyrolysis product were recorded with a
Spectrum BX II FT-IR spectrophotometer provided with an Attenuated Total
Reflectance (ATR) accessory.
For fuel testing, a single cylinder diesel engine model Kipor KM 186FAG,
has been used. The main specifications and technical data for the diesel engine are
presented in table 1. All tests were conducted on the engine running without load.
A gas analyzer AGS 688 Brain Bee was used to determine the concentration
of different pollutants gases. For the determination of the opacity from the exhaust
gases, a DSS 2 opacimeter from the diagnosis equipment SMP 4000 was used.
Following the experiments the concentration of pollutants from exhausted
gasses was determined as a function of the engine speed.
Table 1. Technical specification of the diesel engine used for tests
Item
Model
Type
Cylinder bore x stroke (mm)
Displacement (cc)
Rated speed (rpm)
Rated power kW
Compression ratio
Starting system
Rotating direction
(viewed from flywheel )

Technical specifications and data
KM186FA
In line, 4-stroke, single cylinder, air-cooled, direct
injection, diesel engine
86 x 72
418
3000
5.7
19:1
Recoil and electric starter
Clockwise
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CRYSTAL VIOLET DYE BIOSORPTION AND
PHYTOEXTRACTION USING LIVING SALVINIA NATANS AND
SALVINIA NATANS POWDER: A COMPARATIVE STUDY
CARMEN MÂNZATUa, BOLDIZSÁR NAGYa, ANAMARIA TÖRÖKa,
LUMINIȚA SILAGHI-DUMITRESCUa and MAJDIK CORNELIAa*
ABSTRACT. The main focus of this work was to investigate the biosorption
behavior of living and powder Salvinia natans on Crystal violet (CV) removal. The
effects of process parameters were studied in order to determine the optimum
phytoremediation conditions. Adsorption isotherm and kinetic models for both
processes were used to analyze the equilibrium data. It was found that Langmuir
isotherm and pseudo-second-order kinetics models describe better the CV
removal process. Thermodynamic parameters showed that the biosorption
and phytoextraction process is endothermic. From the obtained results it can be
concluded that S. natans powder showed higher bisorption capacity on CV
removal compared to the living one.
Key words: Salvinia natans, Crystal violet, biosorption, phytoextraction, surface
characteristic

INTRODUCTION
Wastewater discharge containing hazardous dyes poses an important
and increasing environmental danger [1]. Dyes remains one of the major
constituents of the wastewater produced by many industries, such as textile,
paint, varnishes, ink, plastics, pulp and paper, cosmetics, tannery and the dyeproducing ones [2, 3, 4]. The discharge of extremely small amounts of dyes even
at minimum concentrations can be toxic and difficult to degrade and remove due
to their complex stabile structure [5, 6, 7]. Among various dyes, Crystal violet
(CV), also known as Basic Violet 3, belongs to the triphenylmethane dyes
class. It is a cationic dye used for various purposes among which include:
biological stain, dermatological agent, veterinary medicine, poultry feed additive to
a
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inhibit propagation of mould, intestinal parasites and fungus etc. The presence
of CV in the aqueous water system is considered risky to human health [8].
Because it is carcinogenic and non-biodegradable it can persist in a variety
of environments. Therefore, CV it has been classified as a recalcitrant molecule
since it is poorly metabolized by microbes [7, 9, 10].
Most of the technologies employed for dyes removal from wastewaters
are based on physicochemical processes such as dilution, adsorption, coagulation
and flocculation, chemical precipitation, oxidation, ion-exchange, reverse osmosis
and ultra-filtration [11].
Bioremediation receives a considerable amount of attention as an
alternative process to traditional methods in dyes and heavy metal removal
from contaminated waters [12]. Bioremediation is a natural process which
relies on bacteria, fungi and plants to alter contaminants, as these organisms
carry out their normal life functions [13].
Therefore, many researchers use agricultural by-products such as olive
tree pruning waste [14], sawdust [15], fir cone [16], olive-stone, olive mill solid,
cocoa shells [17], grape stalks [18], in the removal of textile dye effluents [19].
Phytoremediation represents the use of green plants to remove or
degrade contamination from soils and surface waters. It has been proposed as a
cheap, sustainable, effective, and environment-friendly alternative to conventional
remediation technologies. Plants use solar energy (through photosynthesis) to
extract chemicals from the soil and to deposit them in the above-ground
part of their bodies or to convert them to a less toxic form [20, 21]. Aquatic
plant biomass, irrespective whether living or dead represents an abundant,
cost-effective biological resource that possesses an immense capacity to
accumulate organic dyes [22, 23] and hence is exploited worldwide for developing
environment-friendly wastewater treatment technologies. Phytoremediation is
often referred as botanical bioremediation or green remediation [24] and defined
as the use of green plants to remove pollutants from the environment or to
render them harmless. It is considered a new highly-promising technology
for the remediation of polluted sites [25] and is currently divided into areas,
being one of as phytoextraction.
Plant assays are highly sensitive to many environmental pollutants,
including dyes [26] but few cases have been reported in which it is proven
that plants have the potential capacity to degrade textile dyes [27]. The potential
of some aquatic plants to accumulate dyes has been well demonstrated,
supporting their possible use in the phytoextraction of contaminated water.
These include: Nymphaea violacea [28], Eleocharis dulcis [29], Ceratophyllum
demersum [30], Myriophyllum spicatum [31], Lemna gibba [32] and Lemna
minor [33].
Salvinia natans is an ideal testing system that can be used in the
water quality studies to monitor aquatic pollutants [34]. Besides the aquatic
floating macrophytes, S. natans floating fern is a fast growing free-floating aquatic
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weed and was found to be particularly efficient in metal and pesticide removal
from wastewaters [35]. Nevertheless, the use of powders obtained from plants,
such as S. natans for organic dyes removal could be more advantageous than
the use of living plants.
The aim of the present study was to compare the removal capacity
and efficiency of Crystal violet dye using the aquatic plant S. natans, in both
living and powder form. This research focuses on the removal of CV, from a
comparative perspective, as well on the characterization of the plant’s
systems for the biosorption and accumulation capacities and morphological
changes for the two processes.
RESULTS AND DISCUSSION
SEM analysis
The SEM micrograph of the adsorbent (after the phytoremediation
experiments), S. natans and dye loaded adsorbent is presented in Fig. 1a, b.
The analysis of the images showed the heterogeneous surface within S. natans
powder particle where adsorption could occur. The micrographs show that
the dye had densely and homogeneous adheres to the surface of carrier,
as a result of either natural entrapment into the pores [36], due to physical
adsorption by electrostatic force or due to covalent binding between the dye
molecules and adsorbent.

(a)
(b)
Fig. 1. SEM micrographs of S. natans
a) control plant and b) after the phytoremediation process.
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Effects of the initial CV concentration
The biosorption of CV was carried out at different initial dye concentrations
ranging from 20 to 90 mg/L contacting 0.4 g S. natans powder obtained from 5 g
fresh biomass, pH initial = 5.4, 150 rpm stirring rate at room temperature
23ºC, with 240 min of contact time (until equilibrium was reached). Experiments
with living biomass were carried out at the same initial dye concentrations
ranging from 20 to 90 mg/L containing 5g fresh biomass, at room temperature
23ºC, pHinitial = 5.4 and 200 mL synthetic dye solution.
The results are presented in (Fig. 2). In both cases, the biosorption
capacity augments with the increasing of the initial concentration. The increase
in biosorption capacity occurs due to the higher adsorption rate and the
utilization of all the available active sites for biosorption at higher CV
concentration.
According to the obtained results, it was concluded that the aquatic
plants’ highest removal efficiency was attained at the smallest initial concentration
and that the removal capacity of aquatic plants depended strongly on the initial
dye concentrations. Also the plant phytoextraction capacity is influenced by the
plant’s surface active sites and by the plant’s uptake abilities and saturation.
3.223.25

3.50

qe (mg CV/g)

3.00

2.382.45

2.50
1.701.83

2.00
1.50
1.00

0.70 0.71

1.16
0.81

0.50
0.00
20

31
50
Living S. natans
S. natans powder

70

90

C (mg CV/L)

Fig. 2. Influence of the initial dye concentration over the biosorption capacity for
CV phytoextraction and biosorption; Ci = 20-90 mg/L, 0.4 g biomass,
23ºC, pH 5.4, 150 rpm (biosorption).

The effect of pH
The pH has been identified as one of the most important parameter,
that effect on dye biosorption. The pH of the aqueous medium is an
important factor, which affects directly the living system’s biological and
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biochemical functions and it is directly related to the competition between
protons and dye ions to active sites on the biosorbent surface. The effect of
the solution pH onto CV biosorption and phytoextraction was studied within
the range of pH 3.0 - 10. The highest removal efficiency for both processes
was determined at the initial pH value of 5.4 and can be observed in (Fig. 3).
At lower pH, the H+ ions compete effectively with dye cations, showing a
decrease in the dye removal efficiency. At higher pH, the plants surface becomes
negatively charged, and this can intensify electrostatic force of attraction of
the CV cations, increasing the phytoremediation efficiency.
The aquatic plants can tolerate a wide range of initial pH from acidic
to alkaline. Their dye removal efficiency was notable in various cases and the
hydrophytes possess characteristic properties to equilibrate the pH, which may
present the plants responses to the induced water stress. These results can be
explained by the plants metabolic reactions involving consumption, production or
transfer of protons during the processes [37].
100
83

E (%)

80

73

89

76

82.00 84

74 76

70

72

60
40
20
0
3.35

5.4
7.3
Living S. natans
S. natans powder

8.62

10

pH

Fig. 3. The effect of initial pH values on the removal efficiency for CV
phytoextraction and biosorption; Ci = 50 mg/L, 0.4 g biomass,
23ºC, 150 rpm (biosorption).

The effect of temperature
During the biosorption processes, temperature has a major effect on
the plants’ biochemical processes affecting the enzyme activity, the translocation
of nutrients and photosynthesis [38]. The effect of temperature on the
phytoremediation (for phytoextraction and biosorption, respectively) efficiency of
CV dye was tested at the range of 10 - 35ºC. Results showed that the removal
efficiency of dye CV increases with an increase in temperature from 10 to 35ºC
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(Fig. 4), for both processes. The observed increase in biosorption of CV with
rise in temperature is indicative of the fact that the biosorption process is
endothermic in nature. The increase in the temperature of the system affects
the solubility and particularly the chemical potential of the dye, which is known to
be a controlling factor in the process of adsorption. A temperature increase
minimizes the solubility of dye, hence adsorption accentuates. An increasing
number of molecules may acquire sufficient energy to undergo an interaction
with the active site at the surface [37].
The results indicated that the two types of phytoremediation processes
have the ability to remove CV dye from the aqueous solutions.
100

92
81

86

97

90

98

E (%)

80
60
40
20
0
283

296
Living S. natans
S. natans powder

308

T (K)

Fig. 4. Temperature influence over the removal efficiency of CV on living
S. natans and S. natans powder; Ci = 50 mg/L, 0.4 g biomass,
pH 5.4, 150 rpm (biosorption).

Biosorption and phytoextraction kinetics
The prediction of the biosorption rates gives important information
for designing batch biosorption systems. Lagergren’s pseudo-first-order
and Ho’s pseudo-second-order model, were applied on the experimental
data to clarify the biosorption and phytoextraction kinetics of CV onto S.
natans biomass [39,40]. The linear form of the pseudo-first-order (1) and
pseudo-second-order (2) rate equation is given as:

ln(qe - qt ) = ln qe - k1t
and
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dqt
= k 2 (qe - qt )2
dt

(2)

where qt and qe (mg/g) are the amounts of the adsorbed dye ions at equilibrium
time (mg/g) and t (min), respectively and k1 and k2 is the rate constant (min−1).
The R2 and qe,exp values presented in (Table 1) indicated that the
biosorption mechanisms and the phytoextracion process of CV onto S. natans
biomass does not follow the pseudo-first-order kinetic model. It can be also
seen that the experimental biosorption capacities are not in good agreement
with the calculated ones. Therefore, the pseudo-first-order model is not suitable
for modelling the CV biosorption and phytoextracion processes onto S. natans.
The rate constant for the pseudo-second-order model (k2), R2 and qe
values are given in (Table 2). The R2 values are found very high (in range of
0.992-0.999 for CV biosorption and 0.9838-0.992 for phytoextraction, respectively).
In addition, the theoretical qe,cal values were closer to the experimental qe,exp
values. In view of these results, it can be said that the pseudo-second-order
kinetic model provided a good correlation for the biosorption and phytoextraction
of CV onto S. natans in contrast to the pseudo-first-order model [41].
Table 1. Pseudo-first-order and pseudo-second-order rate constants, calculated
and experimental qe values for CV removal using living S. natans and
S. natans powder at different initial concentrations; Ci = 20-90 mg/L,
0.4 g (biosorption)/ 5 g (phytoextraction) biomass, 23ºC, pH 5.4
C
(mg/L)

qe (exp)
(mg/g)

20
31
50
70
90

0.70
0.81
1.70
2.39
3.22

20
31
50
70
90

0.71
1.16
1.83
2.45
3.25

Pseudo-first-order
Pseudo-second-order
k2
qe (calc)
k1
qe (calc)
2
R
R2
(g/mgmin)
(1/min)
(mg/g)
(mg/g)
Living Salvinia natans
0.81
0.994
0.65
0.986
5.96  10-2
1.06  10-2
1.87
0.972
0.54
0.886
2.25  10-2
8.88  10-2
1.81
0.983
1.14
0.859
5.76  10-2
1.18  10-2
2.82
0.985
2.18
0.931
6.22  10-2
2.57  10-2
3.69
0.991
3.32
0.978
6.96  10-2
2.60  10-2
Salvinia natans powder
0.71
0.990
0.87
0.905
1.02  10-3
4.29  10-2
1.09
0.988
0.42
0.609
0.06  10-3
1.03  10-2
1.83
0.997
0.68
0.853
1.29  10-2
0.07  10-3
2.59
1.39
0.910
0.999
1.70  10-2
0.02  10-3
3.74
2.90
0.943
0.983
1.38  10-2
0.06  10-4

Biosorption and phytoextraction isotherm models
Equilibrium adsorption isotherms have fundamental importance for
the adsorption process design since they indicate how dyes are partitioned
between the adsorbent surface and liquid phases at equilibrium as a function of
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the dye concentration [42]. In this study, the biosorption and the phytoextraction
experimental data were investigated using four equilibrium models, namely
the Langmuir, Freundlich Temkin and Dubinin–Radushkevich (D–R) [43-46].
The Langmuir model assumes that a monomolecular layer is formed
when biosorption and phytoextraction takes place without any interaction
between the adsorbed molecules.
The Langmuir isotherm linear equation is expressed as follows:

1
1
1
1
=
×
+
qe q m b C e q m

(3)

where qe is the solid-phase adsorbate concentration at equilibrium (mg/g),
qmax is the maximum adsorption capacity corresponding to the monolayer
adsorption capacity (mg/g), Ce is the concentration of CV solution at equilibrium
(mg/L), and b is the adsorption equilibrium constant that is related to the
apparent energy of adsorption.
Freundlich isotherm is an empirical equation based on a heterogeneous
adsorption due to the diversity of adsorption sites or diverse nature of the
adsorbed metal ions and dyes, free or hydrolysed species. The Freundlich
isotherm linear equation is expressed as:

1
log qe = log K F + × log Ce
n

(4)

where k is related to adsorption capacity and n is related to intensity of
adsorption. The lnqe versus lnCe plot allows the determination of the Freundlich
constants.
The monolayer saturation capacity of CV qm was calculated to be
12.74 mg/g, while the Langmuir constant, which is related to adsorption
energy, was determined to be 0.226 mg/L. Freundlich isotherm constants
were also calculated (Table 2). The linearity of the two plots, expressed by
R2, can give information about the fitting between the experimental data and
the isotherm model. The one closest to linearity could be considered as
describing better the adsorption equilibrium in a certain system.
When comparing the determination coefficient for these two models
it can be concluded that the experimental data were most decided by Langmuir
model R2 = 0.972 for biosorption and R2 = 0.958 for phytoextraction.
The Dubinin–Radushkevich isotherm model was also applied to the
equilibrium data, in order to determine the nature of the biosorption processes
as physical or chemical. The D–R sorption isotherm is more general than the
Langmuir isotherm as its derivation is not based on ideal assumptions such as
equipotent of the sorption sites, absence of stoic hindrance between sorbed
and incoming particles and surface homogeneity on microscopic level.

ln qe = ln qm - βε 2
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where, qe is the mole amount of metal ions an dyes adsorbed on per unit
weight of biomass (mol/g), qm is the maximum biosorption capacity (mol/g),
β is the activity coefficient related to biosorption mean free energy (mol2/J2)
and ε is the Polanyi potential, where, R is the universal gas constant (8.314
J/mol K) and T is the absolute temperature (K).
Free energy E per molecule, of adsorbate, which helps to distinguish
between the physical and chemical adsorption of metal ions is given below:

E=

1
- 2β

(6)

The isotherm constants qm and β were obtained from the intercept
and the slope of the plot lnqe vs. ε2. If E values are between 8 and 16 kJ
mol-1, the biosorption process is chemical and if E < 8 mol-1 the biosorption
process is physical [47]. The Dubinin-Radushkevich isotherm expresses
the adsorption mechanism with a Gaussian energy distribution onto a
heterogeneous surface. The Dubinin-Radushkevich isotherm parameters
are shown in the (Table 2). In our case, the value of the mean free energy
for both processes was 5 mol-1 indicating a physisorption process.
Temkin isotherm equation contains a factor that takes into account
the adsorbent-adsorbate interactions. It is based on the fact that the heat of
adsorption of all the molecules in the layer decreases linearly with the
coverage of molecules due to the adsorbate-adsorbent repulsions and the
adsorption of cadmium ions uniformly realised on the surface. In addition, it
also assumes that the fall in the heat of adsorption is linear rather than
logarithmic, as implied in the Freundlich isotherm. The equation of this
model is given below:

Qe = B ln× At + B ln× Ce
RT
B=
bT

(7)
(8)

where AT is the Temkin isotherm equilibrium constant (g/L), bT is Temkin
isotherm constant and B is a constant related to the heat of adsorption
(J/mol). From the qe vs. lnCe plot, AT and B constants were determined.
Taking into consideration the calculated value of the constant related to
heat of sorption, which has a value smaller than 20 kJ mol-1, we concluded
that according to this isotherm, the sorption process takes place as
physisorption (Table 2).
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Table 2. Langmuir, Freundlich, Dubinin-Radushkevich and Temkin calculated
coefficients using linear regression analysis for CV removal using living
S. natans and S. natans powder; Ci = 20-90 mg/L, 0.4 g (biosorption)/ 5 g
(phytoextraction) biomass, 296 K, 23ºC, pH 5.4
DubininRadushkevich

2×10-6

5

0.914 2.50

3×10-6 0.886

12.74

0.972 1.03

3.13

0.967

2×10-6

5

0.870 2.50

4×10-6 0.862

AT
(L/g)

R2

0.930

B
(J/mol)

3.04

R2

E
(kJ/mol)

0.958 1.15

n

2.07

R2

β
(mol2/kJ2)

Temkin

R2

Freundlich
Kf
(mg(1−1/n) L1/n/g)

Living
S.
0.417
natans
S.
natans 0.226
powder

qmax
(mg/g)

KL
(L/mg)

Langmuir

The biosorption and phytoextraction thermodynamics
The thermodynamic parameters, the change in free energy change
(∆Gº), enthalpy (∆Hº) and entropy (∆Sº) of the biosorption process –were
evaluated for the biosorption of CV onto S. natans powder at different
temperatures 10–35ºC.
Thermodynamic parameters were calculated using the following
equations [48]:

ΔH º ΔS º
+
RT
R
ΔG º = RT ln K d
ln K d =

(9)
(10)

where ∆Hº, ∆Sº, ∆Gº, and T are the enthalpy, entropy, Gibbs free energy,
and absolute temperature and R the universal gas constant. The ∆Hº and
∆Sº parameters were found from the slope and intercept of the plots of lnKD
against 1/T. Experimental results were used to calculate the thermodynamic
parameters which are presented in (Table 3).
The negative values of ∆Gº indicated the feasibility and spontaneity
of CV biosorption and phytoextraction using S. natans. The decrease in
∆Gº values shows a decline in the feasibility of biosorption as temperature
is increased. The negative ∆Sº value means a decrease in the randomness
at the solid/solution interface during the biosorption process. The positive
value of ∆Hº indicated the endothermic nature of the biosorption of CV onto
S. natans [49]. The endothermic process shows that the diffusion from bulk
solution to adsorbent surface may require energy to overcome interaction
of dissolved ions with solvation molecules [15].
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Table 3. Termodynamic parameters for the removal of CV dye on living S. natans
and S. natans powder at various temperatures; Ci = 50 mg/L,
0.4 g (biosorption)/ 5 g (phytoextraction) biomass, pH 5.4

Living S. natans
S. natans powder

∆S

∆H

(kJ/Kmol)

(kJ/mol)

283 K

296 K

308 K

-0.12 
-0.09  10-2

0.012
0.010

-3.29
-2.81

-3.45
-2.94

-3.58
-3.06

10-2

∆G, (kJ/mol)

CONCLUSIONS
In this study, the use of S. natans, in both living and powder form,
was tested for the removal of CV from aqueous solutions. The removal capacity
depends on the initial dye concentration, biomass quantity, initial pH and
temperature. Findings suggest similarities between the two processes for
S. natans, in both living and powder form. Our results demonstrate that for
both processes the sorption on the plant surface is determinant. Equilibrium
models (Langmuir and Freundlich isotherm), kinetics (pseudo-first- and pseudosecond-order) and thermodynamics of the considered biosorption process were
discussed in detail. According to the Dubinin-Radushkevich and Temkin, the
adsorbtion of CV on living S.natans and S. natans powder was physical in
nature. Equilibrium was best described by the Langmuir isotherm, while the
kinetic of the process was best described by the pseudo-second-order model
for both. Thermodynamic parameters showed that the CV biosorption and
phytoextraction processes on S. natans are endothermic.
Using the plant in powder form had some advantages. One of them
was that no large quantity solutions were required. The other one would be
related to the fact that no living plants were necessary.
EXPERIMENTAL SECTION
Living Salvinia natans
S. natans L. (family of Salviniaceae) a free-floating aquatic fern, was
the plant chosen for the phytoextraction process. S. natans was growth in a
hydroponic greenhouse system (at University of Agricultural Sciences and
Veterinary Medicine in Cluj-Napoca, Romania), with an addition of fertilizer
(Complex 3, 0.5 %). The plants that aged 30 days were selected for the
phytoremediation experiments.
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Salvinia natans powder
Prior to its utilization, S. natans was washed several times with deionized
water and dried at 80ºC for 48 hours. The dried samples were grinded and
sieved, 200 and 400 μm mesh size were further used in all experiments.
The biomass was washed again with 0.01 M HCl to remove any soluble
biomolecules that might have caused interference, and then cleaned with sterile
distilled water. The samples were filtered and dried at 80ºC for 48 h.
Chemicals
The CV was used as pollutant in the phytoremediation experiments.
The cationic CV dye (Tris (4-(dimethylamino) phenyl) methylium chloride,
chemical formula = C25N3H30Cl, molecular weight = 407.9788 g/mol. Wavelength
maximum (λmax = 590 nm). All chemicals and reagents used in the study
were of analytical grade (purity ≥ 99 %) and supplied by Merck (Germany).
Phytoextraction experiments with living Salvinia natans
The phytoremediation experiments were carried out in controlled
conditions (at room temperature 21-23ºC, illuminated with a lamp with the
14/10 h light/dark photoperiod), in 250 mL glass beakers containing 200 mL
synthetic wastewater and 5 g fresh aquatic plants along with the macro- and
micronutrients [50]. Before experiments, the plants were kept in laboratory
conditions for an acclimatization period of 4 days in a modified Hoagland
nutrient solution with the following chemical composition: 1 mM KNO3; 1 mM
Ca(NO3)22.4H2O; 1 mM NH4H2PO4; 1 mM MgSO4×7H2O; 25 mMKCl; 12.5 mM
H3BO3; 1 mM MnSO4×H2O; 1 mM ZnSO4×7H2O; 0.25 mM CuSO4×5H2O;
0.25 mM H2MoO4 (85% MoO3) with Fe(III) citrate.
Biosorption experiments with Salvinia natans powder
The biosorption experiments were performed in batch condition,
contacting 0.4 g powder obtained from 5 g fresh plant with 200 mL of CV at
different initial concentrations (20 - 90 mg/L), under stirring (150 rpm), at
room temperature 23ºC ± 2ºC (296±2 K). In order to establish the evolution
of the removal process, samples of 500 μL were collected at different time
intervals up to 240 min. The collected samples at predetermined time intervals
were centrifuged (10 min) and the dye concentration in the aqueous phase was
determined on a daily basis. The concentrations were determined using the
double beam UV-visible spectrophotometer (GBC Cintra 202, Australia).
Characterizations of the process
For both processes, phytoextraction and biosorption, the same parameters
and conditions were studied: a) effect of plant quantity: mplant =1-5 g b) effect of
initial concentration of CV: Ci =20 - 90 mg/L, c) effect of initial pH = 3.0-10;
d) effect of temperature: t1 = 10ºC, t2 = 23ºC, t3 = 35ºC (283-308 K).
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The pH of the solution was initially adjusted by adding a small
amount of 0.1 M HCl or 0.1 M NaOH solutions and then measured using a
pH meter.
In order to evaluate the amount of CV retained per unit mass of
biomass, the biosorption and phytoextraction capacity were calculated using the
following equations [51]:

E , (%) =

Ci - C f
Ci

qmax (mg / g ) =

×100

(Ci - C f )V
m

(11)
(12)

where E, (%) represents the removal efficiency, Ci and Cf the initial and final
concentrations of CV (mg/L) in the aqueous solution, qmax (mg/g) represents the
amount of CV retained onto unit weight of plant, V (L) means the volume of
dye aqueous solution and m (g) the plant quantity. The experiments were
conducted simultaneously both for living and powder-form plant, following
the same parameters.
Scanning electron microscopy (SEM)
Scanning electron microscopy was utilized for characterizing surface
microstructures, and fundamental physical properties of different adsorbents.
The surface morphology of S. natans was determined using a scanning electron
microscope JEOL JSM 5510 LV (Japan).
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