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Significance of the structural properties of CaO catalyst in the
production of biodiesel: An effect on the reduction of greenhouse gas

emissions

Radomir B. Ljupkovic’l, Radoslav D. Mi¢i¢?, Milan D. Tomié®, Niko S. Radulovi¢®, Aleksandar Lj. Bojic’l,

Aleksandra R. Zarubica®

'Department of Chemistry, Faculty of Science and Mathematics, University of Nis, Nis, Serbia

’NTC NIS Naftagas — Novi Sad, Novi Sad, Serbia
*Faculty of Agriculture, University of Novi Sad, Novi Sad, Serbia

Abstract

The influence of the physicochemical properties of a series of CaO catalysts activated at
different temperatures on the biodiesel production was investigated. These catalysts show
dissimilar yields in the transesterification of triglycerides with methanol. We have found
significant relationships between structural properties (the type of the pore system, the
typical CaO crystal phase and the sizes of crystallites (up to 25 nm), the minimal weight
percentage of CaO phase, the total surface basicity and potential existence of two types of
basic active sites) of CaO prepared and activated by means of thermal treatment at highest
temperature and catalytic efficiency. Benefits of this catalyst are short contact time, stan-
dard operating temperature and atmospheric conditions, relatively low molar ratios and
small catalyst loading. These all together resulted in a very high biodiesel yield of high
purity. The properties of different biodiesel (obtained with the use of the prepared CaO
catalyst) blends with different diesel and biodiesel ratios indicate that the higher the
fraction of biodiesel fuel the better the achieved fuel properties according to the EU stan-
dards. A significant reduction of CO, and CO emissions and only a negligible NO, increase
occurred when blends with an increased biodiesel portion was used. The use of biodiesel
derived blends, and the eventual complete replacement of fossil fuels with biodiesel as a
renewable, alternative fuel for diesel engines, would greatly contribute to the reduction of
greenhouse gas emissions.

Keywords: biodiesel production, CaO catalyst, greenhouse gas emissions, structural
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The great attention has been given lately to bio-
diesel production from renewable energy resources
(e.g., vegetable oils and/or animal fats) because of
energetic, ecological, geo-political and economic bene-
fits. The production and use of biodiesel provided the
means to a net reduction of CO,, CO, NO,, SO, emis-
sions, directly related to the “greenhouse effect”, i.e.,
global warming, then soot particles and unburned
hydrocarbons released from diesel engines, and finally
the removal of waste greases [1]. Further, it enables
the usage of domestic renewable energy/fuel resources
and diminishes the dependence on crude oil import.
Other advantages of biodiesel use are its lubricant
properties, acceptable cetane number, flash point and
low temperature properties, making it an alternative,
environmental friendly, biodegradable, renewable fuel

Correspondence: A. Zarubica, Faculty of Science and Mathematics,
University of Nis, 18000 Nis, Serbia.

E-mail: zarubica2000@yahoo.com

Paper received: 12 June, 2013

Paper accepted: 5 September, 2013

[2,3], and a direction to sustainable development and
economy.

Biodiesel as non-petroleum derived fuel is a mixture
of fatty acid methyl or rarely ethyl esters (FAME and
FAEE) obtained by catalytic transesterification of veget-
able oils/fats with the two short chain alcohols. The
present technology of biodiesel production comprises
the utilization of homogeneous catalysts (NaOH and/or
KOH) [4]. Typically, NaOH or KOH are used as base
homogeneous catalysts. Disadvantages of homoge-
neous catalysis are the recovery of the catalyst used in
the transesterification reaction and considerable volume
of wastewater discharged from the process utilized to
refine the dissolved alkali hydroxide from the produced
biodiesel.

Despite the long history of application of homo-
geneous catalysis in biodiesel production, a great num-
ber of benefits of heterogeneous catalysts are recog-
nized. The utilization of heterogeneous catalysts would
be a solution for most of environmental and economic
drawbacks of homogeneously catalyzed process. A
heterogeneous catalyst can be easily and quickly sepa-
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rated and reused and the produced biodiesel and gly-
cerin could be rapidly purified and collected after sepa-
ration. This easier and cheaper separation process would
enable the elimination of consumption of large volu-
mes of wastewaters [5]. In addition, the use of hete-
rogeneous catalyst in biodiesel production makes it
possible to simplify the production process by omitting
sections from the complete process technology.

However, at present there is only one commercially
accepted transesterification process technology. Also,
heterogeneous catalysts are not consumed in the
production process, whereas homogeneous processes
require a fresh batch of catalyst for each new pro-
duction cycle.

A number of series of basic or acidic heterogeneous
catalysts (with and/or without promoters) have been
investigated and used in the methanolysis of vegetable
oils [6,7]. Basic heterogeneous catalysts give higher
reaction rate than acidic ones and are predominantly
prepared and tested. Despite the fact that several basic
catalysts have exhibited promising activities, such as
alkali and alkali earth oxides [8,9], alkali and alkali earth
carbonates [10], basic zeolites [11], hydrotalcites
[12,13] under the atmospheric pressure, no real repla-
cement was found for the homogeneous process.

Among alkaline earth oxides, CaO and MgO have
attracted more attention than the others due to the
solubility of BaO in methanol and the tendency of SrO
to react with CO, and water [14], and due to their
dissolution in the reaction medium that makes the
process a homogeneous one.

Mootabadi et al. [15] have investigated biodiesel
production process from palm oil using alkaline earth
oxides, i.e., Ca0, SrO and BaO calcined at 500 °C for 3 h,
as the heterogeneous catalysts. The catalytic activity of
the three catalysts was in the sequence of CaO < SrO <
BaO. It was registered that the biodiesel yield was
about 5% when CaO was used as the catalyst after 60
min of the reaction under following conditions: catal-
yst/oil mass ratio 0.03, methanol/oil molar ratio 9:1.
The results from the study of basicity verified that the
basic strength was in the same sequence of CaO < SrO
<< BaO [15]. The basic properties of the catalysts were
established as the major determinant for the catalytic
activity among the catalysts employed in the cited work
[15].

Chen et al. [16] have studied the basicity of the
alumina-supported alkaline earth metal oxides calcined
at 550 °C for 6 h (CaO/Al,0; was calcined at tempe-
ratures in the range: 300-750 °C). The basic properties
(i.e., the amount of basic sites) of alkaline earth oxides
are influenced by the calcination temperature, while
the strength of basic sites is not influenced by the cal-
cination temperature. The calcination temperature of

400

550 °C yielded the highest amount of basic sites of CaO
[16].

Veljkovi¢ et al. [17] have prepared CaO catalyst by
calcination at different temperatures (300, 500, 550,
600, 700 and 900 °C) for 2 h in their investigation on
the kinetics of sunflower oil methanolysis catalyzed by
calcium oxide. The increase of the calcination tempe-
rature to a certain value caused the increase of the CaO
activity; the optimal CaO calcination temperature of
550 °C was recognized. This result was explained by
dehydration of Ca(OH), and the transformation of
CaCO; to Ca0 [16-18], and additionally by the amount
of active sites [16-18]. The FAME yield of rather more
than 90% was achieved by using the CaO catalyst cal-
cined at 550 °C after 120 min of the reaction under the
following conditions: catalyst amount, based on the oil
weight, %: 1.0; average catalyst particle size, um: 2.8;
reaction temperature: 60 °C; agitation speed, rpm: 900
[17].

Granados et al. [18] have studied biodiesel pro-
duction from sunflower oil by using the activated
calcium oxide by calcinations at: 200, 500 and 700 °C.
The maximal FAME vyield slightly larger than 90% was
obtained over CaO calcined at 700 °C after 90 min of
the reaction (conditions applied: catalyst amount, 0.5
g; 50 g of oil; reaction temperature: 60 °C; agitation
speed, rpm: 1000) [18]. The catalytic activity of CaO
was improved by activation treatment at 700 °C after
transformation of the CaCO; to CaO; the carbonate
groups were established as the main catalyst surface
poisoning species [18].

Cho et al. [19] have considered transesterification
of tributyrin with methanol over calcium oxide catalysts
prepared from various precursors (calcium acetate
monohydrate (CA), calcium carbonate (CC), calcium
hydroxide (CH), calcium nitrate tetrahydrate (CN), cal-
cium oxalate monohydrate (CO)). The precursors were
calcined for 2 h at a calcination temperature that was
varied from 500 to 900 °C at an interval of 100 °C. The
activity of the catalysts increased in the following
order: CN-800 < CC-800 < CO-800 = CA-800 < CH-800
[19]. The conversion of more than 90% over CH-800 in
transesterification of tributyrin (TriB) with methanol
was achieved under the reaction conditions: TriB/
/MeOH mole ratio = 1/6 and reactant/catalyst mass
ratio = 16.4/0.010 [19]. The basicity of the prepared
calcium oxide catalysts also differed according to the
precursors, and the relationship between the conver-
sion level and the basicity of the CH catalysts was
established [19].

Kouzu et al. [20] have probed CaO catalyst obtained
after calcination of pulverized lime stone at 900 °C for
1.5 h as solid base catalyst for transesterification of
soybean oil in biodiesel production. The authors have
determined that the catalytic activity was in the sequ-
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ence of CaO > Ca(OH), >> CaCOs;. The yield of FAME at
reflux of methanol was 93% for CaO, 12% for Ca(OH),,
and 0% for CaCOj; [20]. The basicity of catalysts seemed
to be determinant for the catalytic activity among all
the samples [20].

In their other work, Kouzu et al. [21] have examined
the active phase of calcium oxide used as solid base
catalyst for transesterification of soybean oil with ref-
luxing methanol. The catalyst was prepared as it was
previously mentioned [20]. Calcium oxide combined
with the by-produced glycerol gave calcium diglycer-
oxide that was a major constituent of the collected
catalyst. Calcium diglyceroxide would be the active
phase in the catalytic reaction with usage of calcium
oxide for biodiesel production. This catalyst had the
advantage of tolerance to air-exposure [21].

Wei et al. [22] have investigated the activity of the
eggshell-derived CaO catalyst calcined at different
temperatures between 200 and 1000 °C for 2 h in the
transesterification of soybean oil to produce biodiesel.
They have claimed that the best catalytic performance
was achieved for calcination temperature above 800 °C
when XRD patterns showed a crystalline CaO phase.
CaO was the active phase of the eggshell derived catal-
ysts [22]. When the calcination temperature was 700
°C, a yield of 90% was achieved. One the other side, the
experimental results showed that a 9:1 molar ratio of
methanol to oil over 3 wt.% of eggshell-derived catalyst
(calcined at 1000 °C), 65 °C reaction temperature gave
the biodiesel yield that exceeded 95% at 3 h [22].

To the best of our knowledge, there is no complete
consensus on different activation procedures applied in
the preparation of CaO-based catalysts published and
on the relevance of the physicochemical properties of
catalysts for beneficial catalytic performances. Addi-
tionally, there are no data on the potential effect of the
use of pure biodiesel obtained over CaO and/or diesel-
—biodiesel blends on the CO, and NO, emissions. Espe-
cially, such data concerning investigations in Serbia are
missing in the scientific literature. Thus, in this work we
decided to rectify this situation and investigate an im-
pact of structural characteristics of CaO catalyst on the
efficiency in the transesterification reaction, and a
potential effect of biodiesel usage on the diesel engine
performances and greenhouse gases emission.

EXPERIMENTAL

Preparation of catalyst, materials selection, standard
characterization of feedstock and fuel

Calcium oxide of technical grade was used as the
catalyst precursor. It was further calcined at selected
temperatures (500, 750 and 900 °C) for 2.5 h under
static air in order to prepare pure CaO-based activated
catalysts. After calcination, the CaO-based catalyst

powder was pressed into pellets. The pellets were
sieved to obtain a fraction 1.0-1.5 mm in size. These
fraction dimensions were optimal to avoid potential
external diffusion restrictions within the reactor basket.
Catalyst samples were labeled CaO-T, where T repre-
sented the calcination temperature. Afterwards, the
characterization of the catalysts was performed.

Methanol of HPLC grade was used in the test
reactions. Sunflower oil from a domestic producer was
employed in the transesterification reactions. It was
selected because sunflower represents a typical oilseed
plant in Serbia and the region.

The particular properties of the feedstock and the
obtained biodiesel (density, kinematic viscosity, cetane
index, low temperature properties, flash point, sulfur
content, water content, heating value) were deter-
mined by standardized methods: JUS EN 14214 (SRPS
ISO 12185); JUS E K8.028 (SRPS I1SO 3104); EN 14104:
2003 (SRPS ISO 4264); EN 1SO 5165: 1998; EN 116; SRPS
EN ISO 2719; ASTM D 5453; SRPS ISO 12937; ASTM
D5865-07.

Catalysts characterization

Textural features of CaO catalytic samples were
studied by low temperature N, adsorption/desorption
method using a Micromeritics ASAP 2010 instrument
with He as the carrier gas. Specific surface area was
calculated by the Brunauer—-Emmett—Teller (BET) equa-
tion, pore size distribution was estimated based on the
Barrett—Joyner—Halenda (BJH) method, and the ave-
rage pore diameter was determined as the BJH desorp-
tion mean pore diameter.

X-ray diffraction analysis (XRD) was conducted in
order to determine the crystal structure of the CaO-
-based catalysts on an XRD Philips APD-1700 diffracto-
meter with a Cu-anticathode and monochromator (at
40 kV and 55 mA). Crystallite sizes were calculated
from the Scherer equation.

Thermogravimetric (TG) and differential thermal
analyses (DTA) were done on a Baehr STA 503 appa-
ratus in inert atmosphere. The measurements were
performed in the temperature range 25-1000 °C using
a heating rate of 10 °C/min.

Surface properties were revealed by FTIR spectros-
copy on a Win Bomem 1000 instrument in the region
4000-400 cm . Before the recordings, the catalyst
samples were exposed to phenol vapors to investigate
the basic nature of surface sites, and afterwards
exposed to vacuum to remove any physically adsorbed
vapors.

Morphological properties of the bulk catalysts were
determined by a scanning electron microscope (SEM,
JOEL JSM-6460 L), at different magnification (up to
100000x) at the accelerating voltage of 25 kV.
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Catalytic test, biofuel products profile determination

Transesterification of sunflower oil was conducted
over the prepared CaO catalysts in a stirred, com-
mercial reactor, Parr 4520. The catalyst loading was 1
wt.% relative to the total reagents weight, the metha-
nol to oil ratio 6:1 (w/w), at reflux conditions of metha-
nol, and mixing rate of 250 rpm. Constant reaction
temperature (64 °C) was maintained during 5 h of the
reaction run at atmospheric pressure. Reaction pro-
ducts samples were taken after each 1 h of a single
reaction run. The batch reactor was heated to the
desired temperature with a constant ramp of 5 °C/min
starting from ambient temperature, and the zero
reaction point was the moment when the desired tem-
perature was reached.

Reaction products, as well as the oil profile, were
characterized by gas chromatography (GC HP 5980
Series Il with a FID detector) in accordance with the
standard procedure given by SRPS EN 14103. Methyl
heptadecanoate (>99%, Fluka Co.) was used as the
internal standard in quantitative analyses, and a stan-
dard mixture of methyl esters in qualitative analyses.
The following conditions of the GC analyses were
employed: 30 m long capillary column, the flow of 2
ml/min of He as the carrier gas, and the analyte sepa-
ration isothermally at 210 °C during 10 min. Catalyst
activity was ranked as FAME vyield calculated as we
have reported in our previous work [23].

Engine performances and exhaust gases emissions

Engine performances were investigated on a Trac-
tor type Mahindra 6500. This type of tractor is common
in Serbia, and can be used for various purposes in
agriculture. The conventional working conditions of the
tractor engine with four cylinders (Tier of the second
generation) were reached during the investigation:
rated power of 48.4 kW at 2200 rpm, compression ratio
of 19.5:1, maximal torque of 217.4 Nm. Fuel injection
pressure 250-260 bar was used inside the pump MICO
Bosch (VE type).

Fuel consumption was determined by the volume-
-method applying a flow-meter of type Pireburg 2911.
Exhaust gas emissions were resolved according to the
standard ISO 8178-4 and tracked with the use of Testo
355 portable analyzer.

RESULTS AND DISCUSSION

Structural properties of the CaO catalyst

The textural properties of the prepared catalysts
(BET surface area, average pore diameter, BJH cumul-
ative desorption pore volume and maxima in pore size
distribution (PSD)) are shown in Table 1. These pro-
perties are important characteristics of the solid state
CaO-based catalysts because they readily influence the
catalytic efficiency in the transesterification of sun-
flower oil. These catalytic properties are also in correl-
ation with the precursor of the CaO catalyst and ther-
mal history of the activated CaO-based catalyst samples.

Specifically, the increase of the calcination/activa-
tion temperature of the CaO catalyst samples has caused
a slight decrease of BET surface areas from 5.2 to 4.1
mz/g and simultaneously an increase of the average
pore diameters (Table 1). Accordingly, the mean pore
diameter became greater with the increase of the cal-
cination temperature from 500 to 900 °C. Therefore,
the sintering process went on to a smaller extent and
this probably resulted in a consolidation of the catalyst
samples [24].

In this study, the measured specific surface areas of
the CaO catalysts had somewhat lower values of BET
surface areas when compared to the results of other
authors [18,25]. These results may be explained by the
fact that the exact origin of the CaO catalysts was
unknown, thus, the catalyst features could be com-
pletely different despite the comparable gross chemical
composition. In addition, we believe that the BET sur-
face area of the CaO catalyst should be correlated with
the precursor type and the relevant thermal treatment
applied. To the best of our knowledge, there are no
reported data on an identical CaO precursor used;
hence, no analogous results on the textural properties
of CaO0 catalysts could be expected.

The results indicate that the CaO catalyst samples
calcined at the lowest temperature possess a surface
area of 5.2 mz/g and a mean pore diameter of 11.9 nm
(Table 1). The corresponding properties of the catalyst
samples calcined at higher temperatures (750 and 900
°C) changed but not to a substantial extent. It seems
that the textural characteristics of the CaO catalyst
samples used in this experiment (from Ca0-500 to CaO-
-900) are favorable for a liquid—solid heterogeneous
phase reaction, and provide sufficient reaction surface
area for the conversion of large triglyceride molecules.

Table 1. Specific surface areas, average pore diameters, pore volumes and maxima in pore size distribution for CaO-based catalysts

Catalyst BET surface area, mz/g Average pore diameter, nm  BJH pore volume, cm3/g Maxima in PSD, nm
Ca0-500 5.2 11.9 0.010 10-20; 60-140
Ca0-750 4.7 12.7 0.017 12-20; 60-140
Ca0-900 4.1 13.8 0.021 13-20; 60-140
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Nitrogen isotherms and pore size distribution curves
for the Ca0-500 catalyst sample are shown in Fig. 1.
The N, isotherms exhibited a typical s-shape behavior
of IV-type with a type-H1 desorption hysteresis loop
that indicated a potential presence of relatively wide
cylindrical pores. The pore system is in the mesopores
range between 10 and 100 nm with an average pore
diameter around 28 nm according to the BJH desorp-
tion isotherms. Based on the PSD curve, a smaller frac-
tion of the surface area is occupied by pores of around
10 nm in size followed with a larger volume fraction of
pores of relatively large size between 60 and 140 nm.
Such mesopores and near-edge mesopores—macro-
pores are generated as a result of residual areas among
particles formed during the catalyst preparation. The
IV-type of isotherms is recognized for catalytic mate-
rials with porous system in the mesopore range [26]
that additionally coincided with a rather spongy-like
morphology of CaO particles proved by SEM.

The mentioned two maxima in the PSD curve may
be significant during the catalytic run due to an effect-
ive mass transfer process in the conversion of relatively
large triglyceride reactants. Taking into account that
the approximate dimensions of triglycerides along the
fatty acid chain (around 2.5 nm based on the dimen-
sion of the extended methyl oleate molecule) [18] are
several orders of magnitude smaller than the meso—
—macropores sizes in CaO catalysts, any internal dif-
fusion restrictions cannot be expected.

In the case of catalytic samples calcined/activated
at higher temperatures only slight shifts of maxima in
the PSD curves towards bigger mesopores were
observed (not shown). Therefore, the increase of cal-
cination temperature caused a shift of pore diameters
to somewhat higher values for the CaO-based catalysts.

Based on these and reported CaO textural pro-
perties, the authors believe that the reactivity of the
catalyst is indirectly proportional to the specific surface
area, whereas it is in a direct relation with the average
pore diameter [27]. Precisely, the pore diameter and/or
pore volume play important roles in exhibiting the
catalytic efficiency. We strongly believe that these
catalytic properties are vital in expressing the catalytic
activity, but not the key ones.

XRD patterns of thermally untreated commercial
CaO-precursor, and CaO catalyst samples calcined at
different temperatures, are given in Fig. 2. The non-cal-
cined starting CaO precursor sample shows X-ray dif-
fraction peaks characteristic for three different crystal
phases: CaCOs, CaO and Ca(OH),. The intensities of the
XRD peaks, as well as their volume fractions attributed
to CaO and Ca(OH), phases, are comparable whereas
the intensity of the corresponding CaCO; peak is con-
siderably lower although still a significant one. The pre-
sence of these three crystal phases in the inactivated
CaO starting material is related to its chemical compo-
sition, present impurities and potential surface interac-
tions with CO, and/or humidity in ambient conditions.

The activation procedure through a thermal treat-
ment of the CaO starting sample has caused a decom-
position of the precursor used. The XRD pattern of
Ca0-500 catalyst reveals the peaks of the above-men-
tioned phases but now where the CaO phase is the
principal one, while CaCO; and especially Ca(OH), phases
are only detectable having a volume fraction much
lower when compared to the CaO phase. The hydroxide
is reported to exhibit slight reactivity [28] but the car-
bonates are known to have no activity [20] in the trans-
esterification reaction of soybean and rapeseed oils.
Some previous work states the formation of calcium
oxide at the calcination temperature of 800 °C from the
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Fig. 1. N, Adsorption—desorption isotherms and pore size distribution for CaO-500 catalyst.
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Fig. 2. XRD Patterns for CaO-based catalyst samples: a) CaO-T catalysts samples and b) CaO-precursor.

precursors [29], but we noted a CaO genesis at tem-
peratures lower than 750 °C. Consequently, since the
Ca0 phase may be an essential one for the catalytic
activity in biodiesel production [23], it can be expected
that a pure CaO catalyst would show a favorable effi-
ciency in the transesterification of sunflower oil.

X-Ray diffraction peaks of the Ca0-750 and Ca0-900
catalyst samples showed the existence of a pure CaO
crystalline phase. The intensity of the typical peaks of
the CaO phase is higher when higher activation tempe-
ratures were used. These changes in intensity and peak
width may indicate somewhat larger dimensions of the
Ca0 crystallites formed at higher activation tempera-
tures (Table 2). Based on the recognized crystalline
phases (pure CaO) and crystallite sizes in CaO-catalyst
samples calcined at higher temperatures, starting at
750 °C, we can conclude that there is a necessity to
activate the CaO-based catalyst by a thermal treatment
before its usage. This observation is in agreement with
those of other authors [30].

The structural properties of the CaO-based catalysts
(Fig. 2 and Table 2) indicate that the catalytic activity in
the transesterification reaction of sunflower oil will

Table 2. Crystal phases and crystallite sizes

take the following order: CaO > Ca(OH), > CaCOs. Thus,
the catalysts activated at temperatures over 700 °C
would perform with a significantly better catalytic effi-
ciency as proven by our results in the test reaction.

The DTA curves of the CaO-based catalytic samples
show three relatively broad endothermic peaks (Fig. 3).
The first endothermic process occurring to about 120
°C was due to the removal of surface adsorbed and/or
chemisorbed water and amounted to a weight loss of
5-15% depending on the particular catalytic sample.
The second process was complete up to 430 °C and can
be assigned to the dehydration of Ca(OH), (Eq. (1)). The
third thermal transition at 530—640 °C probably corres-
ponded to the decomposition of CaCO; (Eq. (2)) formed
by a reaction of CaO with CO, from the atmosphere.
The maximum of these three peaks was positioned at
somewhat lower or higher temperatures for each catal-

yst sample:
Ca(OH),) — CaO) + Hy0 (1)

CaCO3() — CaOy) + COy) ()

Crystallite size of CaO at 37.4 °C, nm

Catalyst Crystal phases detected
CaO-precursor Ca0, Ca(0OH),, CaCO,
Ca0-500 Ca0, CaC0s
Ca0-750 Cao

Ca0-900 CaO

38.5
25.5
25.6
25.7
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Fig. 3. TG and DTA curves of CaO-based catalyst samples: a) CaO-non-calcined, b) CaO-500, c¢) CaO-750 and d) Ca0-900.

Calcium hydroxide and carbonate might have been
present in the starting CaO-precursor material and/or
could have formed during the catalyst preparation and
testing in ambient conditions. The temperatures of
thermal transitions and/or decompositions are some-
what lower than those reported earlier [25,31].

However, it is obvious that the decomposition tem-
peratures of calcium hydroxide and carbonate are shifted
to higher temperatures in parallel to the increase of the
catalyst activation temperature. This is in line with the
thermal stabilization of the catalytic material based on
Ca0. Additionally, TG curves show three weight losses
corresponding to desorption of the physisorbed water
onto the catalyst surface, then the mentioned dehyd-
roxylation and decarbonization processes. The percent-
age weight loss related to the hydroxide degradation is
significant only for the non-calcined CaO catalyst sample
(around 65%), where the weight percent of carbonate
is around 8%. It is clear that as the temperatures of
calcination are higher smaller weight percentages of

calcium hydroxide and carbonate are expected in the
CaO-catalyst samples.

Based on the thermogram (Fig. 3), it seems that the
weight percentage of the hydroxide in the CaO-500
sample is 10-15%, and of the carbonate about 5%. CaO
samples calcined at higher temperatures possess much
lower amounts of the hydroxide and carbonate. These
results are consistent with the reported XRD results
(Table 2 and Fig. 2). Namely, calcium hydroxide and cal-
cium carbonate phases were detected in the non-cal-
cined CaO sample, and only a small amount of the car-
bonate phase was registered in the Ca0-500 sample
(about 5.0% based on the TG results). This can be
expected bearing in mind that the chemical species pre-
sent in weight percentages lower than 5% cannot be
seen in XRD patterns. Hence, the obtained XRD and
TG/DTA results are entirely in agreement.

We believe that the purity of the CaO catalyst is the
most important single factor determining the catalytic
activity in the transesterification reaction of sunflower
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oil, but we also think that small amounts of Ca(OH),
and CaCO; (less than 5%) would not significantly nega-
tively influence the efficiency of the catalyst. However,
some authors have given a stricter opinion on the deac-
tivation of CaO-based catalysts with regard to the exist-
ence of calcium carbonate in the catalysts. They also
claim a negligible catalytic activity in the presence of
the hydroxide [20,28]. Namely, after an atmospheric
calcination of CaO catalytic samples, deactivation of
these CaO catalysts was reported by exposure to air
and adsorption of CO, [32].

CaO catalytic samples calcined at different tempera-
tures were analyzed by FTIR before and after being
exposed to phenol vapors. This was carried out to
determine the basic nature of the CaO catalyst, a rele-
vant catalytic property for the transesterification of
sunflower oil. Phenol, a rather weak acid, was selected
to be the test compound for the estimation of the
(active) basic catalytic sites on the catalyst surface [33].
Differences in the FTIR spectra of phenol adsorbed
onto CaO surfaces of the catalytic samples differently
thermally (pre)treated were observed (Fig. 4). Phenol
can interact with basic sites from the catalyst surface
via a dissociative adsorption giving probably CgHsO™
[34] depending on the presence and strength of the
basic catalytic sites. Thus, phenol can be physisorbed
molecularly onto the framework of oxygen atoms
and/or chemisorbed in the form of phenolate ions.

Vibration bands in the region 1270-1150 cm ™" are
assigned to OH-groups directly bonded to the phenolic
aromatic ring [35]. These vibration bands were detected
in the FTIR spectra of the CaO catalyst samples treated
at lower temperatures (500 and 750 °C). The clear pre-

sence of this vibration in the FTIR spectrum of the CaO-
-500 sample and also vibrations of smaller intensity in
the spectrum of the Ca0O-750 sample indicated the
possible physisorption of phenol in molecular form. We
propose that such phenol adsorption may be related to
the existence of one specific type of basic sites of rela-
tively low strength. On the other side, the complete
absence of this band in the spectrum of the Ca0-900
catalyst indicated a probable dissociative adsorption of
phenol onto basic sites of the strongest strength and/or
other types of basicity. We presume that a deproton-
ating of phenol on the strong basic sites has occurred
leading to a production of phenolates connected with
metal oxide surface cations. Our findings are compar-
able to those previously reported the minimal calcin-
ation temperature for the genesis of the maximum
amount of electron donating sites/basic sites on the
Ca0 surface is 700 °C [36]. In our experiments this
temperature was somewhat higher, i.e., 750 °C.

Greater intensities of vibration bands of OH-groups
(around 1650 cm™") originating from physisorbed water
in CaO samples calcined at lower temperatures (500
and 750 °C) indicated that greater volumes of moisture
interacted with CaO prior to calcination. These data are
consistent with the TG results.

The FTIR bands at about 1475 and 1075 cm_l,
assigned to symmetric and asymmetric stretching vib-
rations of the O—C—0 bonds of unidentate carbonate
[18], are observable in the CaO samples calcined at lower
temperatures (Ca0-500 and Ca0-750). Higher intensity
of these stretching vibrations was observed for the CaO-
500 catalyst. The lack of these bands in the Ca0-900
catalytic sample corroborates no carbonate or a neg-
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Fig. 4. FTIR Spectra of CaO-based catalyst samples: a) fresh CaO-T catalysts and b) CaO-T catalysts with (pre)adsorbed phenol.
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ligible amount of carbonate on the CaO surface. All of
this is in accordance with our TG/DTA results (Fig. 3).

SEM images of the CaO catalyst samples show that
particle sizes decrease while pore sizes increase after
thermal activation (Fig. 5). Non-calcined CaO sample
possesses less defined greater particles at the surface
surrounded with pores small in size. On the contrary,

(a)

Catalyst structure—activity relationships

The transesterification reaction is most often per-
formed at atmospheric pressure, and the heating is
consequently limited by the refluxing temperature of
the used alcohol. Thus, the reaction temperature
cannot be higher than of the boiling point of methanol.

(c)

Fig. 5. SEM Images of the non-calcined CaO (a), Ca0-500 (b) and used Ca0-900 (c).

after the calcination at 500 °C, well defined crystallites
of nano-size dimensions were observed whereas larger
pores were revealed. These results are consistent with
the obtained XRD data on the existing crystal phases
and calculated crystallites sizes (Table 2). Such a devel-
oped pore system may provide no internal diffusion
restrictions for the triglycerides molecules to interact
with the catalytically active sites. After the reaction, a
coalescence of the catalytic material occurred, and CaO
particles were (re)organized in aggregates in a cakes-
like sticky structure. These changes in the catalyst bulk
morphology led to a deactivation of the catalyst by
blocking the contact between the active catalytic sites
and the reactants.

80

60

40

FAME yield (%)

20

If an extensive evaporation of methanol occurred, this
would result in a considerable decrease of FAME yield.

Figure 6 presents the fatty acids methyl esters yield,
as the function of time-on-stream at atmospheric pres-
sure and temperature of reflux of methanol over the
CaO catalysts activated at different temperatures.

The maximum FAME yield of more than 90% (up to
93%) was achieved over Ca0-900 catalyst after only 2 h
long reaction run. Afterwards, a steady-state was
established and maintained during the next 4 h of the
reaction progress. A twice lower FAME vyield was
obtained after as long as 5 h over the CaO-750 catalyst
and finally an unsatisfactory FAME yield of 18% was
noted for a 5 h long run over the Ca0-500 catalyst.

—a— Ca0-500
—e— Ca0-750
—&— Ca0-900

Time (h)

Fig. 6. FAME Yields as a function of time-on-stream over CaO-T catalyst samples.
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This is an indication that the establishment of the
steady-state is rather slow over CaO-catalysts activated
at both lower temperatures. The reason for this is pro-
bably in an induction period necessary for the genesis
of the catalyst active phases [20,37] followed by the
increase of reaction rate and/or FAME vyield with the
more intense penetration of the reactants to the active
sites during the course of biodiesel production.

The catalytic activity of CaO increased with increas-
ing the calcination temperature (Fig. 6), and the opti-
mal Ca0 calcination temperature was 900 °C in our
work, that agreed with the results reported by Kouzu et
al. [20,21]. These authors reported that the basicity of
catalysts was essential for the catalytic activity. On the
other side, we assume that not only the basicity, but
adequate balance of specific surface area and pore
system, presence of CaO active crystal phase with crys-
tallites of critical dimensions, the total basicity and two
types of basic sites are all necessary for the optimal
catalytic efficiency. Additionally, we predict that these
physico—chemical parameters of the catalysts are inf-
luenced with the calcination temperature.

Our results on the optimal calcination/activation
temperature were different comparing to the results of
some authors [15-19,22]; the reason may be in a fact
that precursors of the CaO-based catalysts were vari-
ous comparing to the compound used in this experi-
ment. Moreover, in our case, the calcination tempera-
tures below 900 °C were not enough high to cause for-
mation of active crystal phase and activation of surface
basic sites, while temperatures over 900 °C may induce
undesirable sintering of the catalytic material, hence,
changes in surface morphology and particle sizes.

A comparison of the textural, thermal, structural,
acid—base and morphological properties of the catal-
ysts differently thermally activated along with their
observed efficiency suggests that physicochemical pro-
perties of the catalysts have a profound influence on
the final catalytic performance in the transesterifica-
tion reaction. We have found a straightforward rela-
tionship between the type of the pore system, the
typical CaO crystal phase and the sizes of crystallites
(up to 25 nm), the minimal weight percentage of CaO
phase in the final catalyst, and the total surface basicity
related to the catalytic activity.

Firstly, there is a direct link between the catalyst
specific surface area and the catalyst activity; however,
this property is not crucial for the onset of the catalytic
activity. Namely, mesopores and near-edge meso—mac-
ropores may be of vital importance in the contact of
triglycerides and catalytic active sites. The CaO crystal
phase with no more than 5% of the hydroxide and
carbonate exhibited very high catalytic activity. Calci-
nations at higher temperatures resulted in the form-
ation of a higher number of CaO crystallites in the
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catalyst matrix influencing the density of basic sites
required for a catalytically active site.

We wish to draw attention to the potential exist-
ence of two types of basic active sites: very strong basic
sites (phenolates adsorbed), and rather less strong
basic sites (phenol adsorbed). Finally, we believe that
the strength of a surface base site plays a vital role in
the catalyst efficiency.

The use of conventional diesel fuel and biodiesel fuel
blends. Fuel properties, engine performances and
exhaust gas emissions

A conventional commercial fossil-based diesel fuel
was used for the comparisons with biodiesel fuel
blends in order to estimate engine performances and
exhaust gas emissions. In addition, a type of low sulfur
diesel fuel (LSCDF) (originating from the Refinery—Novi
Sad) was also selected for the assessment of the engine
working performances, NO, and CO, emissions. Bio-
diesel produced over the CaO catalyst activated at 900
°C from sunflower oil was blended with commercial
diesel fuel in different ratios. The selected biodiesel
blends were: B25 containing 25% of biodiesel and 75%
of diesel, B50, B75, and finally B100 (pure biodiesel
fuel). Blends even with 25% of biodiesel are expected
to affect exhaust gas emissions and improve fuel pro-
perties (Fig. 7 and Tables 3 and 4) based on the pre-
viously published report of the data that only 2% of
biodiesel in a blend may influence reduction of exhaust
gas emissions and some fuel properties [38]. B100 may
also provide the mentioned benefits (Tables 3 and 4)
and a complete replacement of diesel fuel with bio-
diesel might be possible if biodiesel becomes available
in adequate volumes and at acceptable costs on market
[38,39].

The herein laboratory obtained biodiesel (B100)
fuel possessed better fuel properties than the LSCDF
fuel sample with all of the properties being in the
allowed limits (Table 3). Namely, especially the cold
filter plugging point (CFPP) of B100 was much closer to
the limited value than that of LSCDF fuel, sulfur content
was one order of magnitude lower for the B100 fuel
sample, and finally the cetane index (Cl) was
considerably higher for the B100 fuel in comparison to
that of LSCDF. Cl and CFPP properties of diesel derived
fuels are essential parameters that are strictly
determined by the fatty acids composition of the
feedstock. The measured Cl of B100 was higher than
the standard value (50-51) and this can be related to
the high content of unsaturated fatty acids (oleic and
linoleic ones, up to 87%). Conversely, the CFPP value
determined could be associated with the amount of
mono-unsaturated fatty acids in the feedstock where
oleic acid is the most important one dissolving the
saturated esters [40].
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Fig. 7. Greenhouse gas emissions and engine performances.

Table 3. Fuel properties of biodiesel and LSCDF

Value

Fuel property Unit Standard value

B100 LSCDF
Flash point °C Min. 101 154 65
Cold filter plugging point °C Max. -5 -4 -19
Sulfur content mg/kg Max. 10 0.81 8.2
Water content mg/kg Max. 500 279 60
Cetane index - >51 51.8 49.7
High heating value Ml kg™ - 40.35 46.29
Table 4. Selected fuel properties of biodiesel blends

) Value

Fuel property Unit 825 850 875
Density 15 °C kg/m® 849.7 861.1 872.6
Viscosity mm?/s 3.21 3.44 3.68
Flash point °C 98 114 132
Sulfur content mg/kg 6.4 4.5 2.7
Water content mg/kg 171 219 253
High heating value M) kg_1 44.83 43.29 41.70

The properties of different biodiesel blends (Table
4) obtained from the same feedstock and the use of the
herein developed CaO-based catalyst but with different
diesel and biodiesel ratios indicate that the higher the
fraction of biodiesel fuel the better the achieved fuel
properties are when compared to the EU established
standards [41]. This especially stands for the lower
sulfur content, higher viscosity and flash point of the
biodiesel blends. These properties are directly linked to
the fraction of biodiesel blended in each particular fuel
sample.

CO, and NO, — “greenhouse gas” emissions

Greenhouse gas emissions (GHGE) for the LSCDF
and biodiesel blends are shown in Fig. 7. Increased
biodiesel share in particular fuel blends greatly reduced
CO, emissions. This is easily explainable by the lower
content of carbon in biodiesel compared to its content
in diesel fossil fuel (Fig. 7). On the other hand, the men-
tioned reduction leads to a decrease in fuel combustion
efficiency. The main reason for such decrease in the
combustion efficiency is the higher kinematic viscosity
of the higher content biodiesel blended fuel samples.
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The increase of kinematic viscosity on low scale may
positively affect engine performances, but in general, it
has a negative effect on the combustion quality. Vis-
cosity is an important parameter that determines the
quality of diesel fuel and its capability to atomize, as
well as the smoothness of the injection into the engine,
especially at lower temperatures.

The studied increase of biodiesel content in parti-
cular blends caused a reduction of CO emissions as well
(Fig. 7). The highest CO emission was registered for the
LSCDF whereas the lowest one was observed for the
B100 fuel sample. One of the reasons for this reduction
is the mentioned increase of kinematic viscosity. Another
reason might be that biodiesel fuel possesses higher
oxygen content that may contribute to a more com-
plete combustion process.

On the side, the rise of the biodiesel fraction in
certain blends has caused an increase of NO, emissions
to some extent (Fig. 7). NO, emissions also grow as the
temperatures of the combustion products increase.
NO, emission could be conditioned by the combustion
temperature, peak pressure, process time and oxygen
concentration. It is most probably in line with pro-
perties of the feedstock used for biodiesel production.

Our results on GHGE demonstrated the reduction of
CO, content for 7.60%, and 29.10% for CO, and finally
the increase in NO, emissions for 11.12%. It is generally
known that these gases contribute to global warming.
We strongly believe that if renewable energy sources
would be used in the future, and especially for trans-
portation, GHGE emissions would be reduced even
further. Similar observations and expectations were
reported earlier on the production and use of biodiesel
in Asia [38,42].

The use of LSCDF resulted in an engine power of
44.01 kW at 2200 rpm. The prepared and tested B25-
-100 fuels gave power from 42.85 to 41.21 kW, respect-
ively (Fig. 7). The density of fuel samples prepared by
blending biodiesel with fossil diesel increased with the
addition of biodiesel. A slight increase of kinematic
viscosity can positively affect engine working perfor-
mances [43].

The lowest specific fuel consumption was observed
for LSCDF, whereas an increase was experienced with
an increase of the biodiesel portion in the blends.
Therefore, B100 sample displayed the highest specific
fuel consumption (Fig. 7). Such an increase could be
explained by the lower heating value and higher fuel
density of blends with higher amounts of biodiesel.

All tested biodiesel blends possessed higher ther-
mal efficiency than the LSCDF sample (Fig. 7). Despite
the reduced heating value and increased specific fuel
consumption, the thermal efficiency was increased for
all fuel samples with high biodiesel content, which
enables more complete fuel combustion in the engine.
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The higher cetane number causes a shorter delay in
fuel combustion leading to a longer time for the com-
plete combustion [43].

CONCLUSIONS

Calcium oxide prepared and thermally activated at
higher temperatures has exhibited itself as a very
effective catalyst in short run transesterification reac-
tions of refined sunflower oil with methanol to vyield
biodiesel. Benefits of this catalyst are short contact
time (up to 2h), standard operating temperature and
atmospheric conditions, relatively low molar ratios and
small catalyst loading. These all together resulted in a
relatively high fatty acids methyl esters yield.

A number of key physicochemical features of the
Ca0 catalysts — the great specific surface area and
average pore diameter, almost exclusive presence of
CaO crystal phase with crystallites up to limited dimen-
sions, the total amount of surface basic sites and the
two types of basic active sites — were found to be the
reasons for the observed high catalytic efficiency.

The following conclusions can be reached from the
comparative use of fossil diesel fuel and biodiesel
blends: biodiesel fraction increase in a particular blend
leads to a reduced engine power that resulted in a
lower heating value and higher viscosity; the specific
fuel consumption increases with the increase of the
biodiesel fraction; thermal efficiency slightly increases
with the increase of the biodiesel share resulting in a
more complete fuel combustion; a significant reduction
of CO, and CO emissions and only a negligible NO,
increase occurred when blends with an increased bio-
diesel portion was used; CO emissions diminished sig-
nificantly. All these facts are consequences of better
fuel combustion and take place at different engine
operating regimes. More oxygen was available for
burning with the increase of biofuel share due to the
oxygenated nature of biodiesel; hence, decreased
amounts of CO were registered in the exhaust gases.

The reduction of emissions of greenhouse gases is
of vital interest due to their effect on global warming.
The use of biodiesel derived blends with fossil diesel
fuel, and the eventual complete replacement of fossil
fuels, would greatly contribute to the reduction of
greenhouse gases emissions. Further investigations on
this topic and on similarly orientated ones would pro-
mote the use of biodiesel as a renewable, alternative
fuel for diesel engines that could answer the energy
demands and traffic transportation needs in Serbia.
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1ZVOD

Znacaj strukturnih karakteristika CaO katalizatora za proizvodnju biodizela: Uticaj na smanjenje emisije gasova

staklene baste

Radomir B. Ljupkoviél, Radoslav D. Miéic’z, Milan D. Tomic’a, Niko S. Radulovic'l, Aleksandar Lj. Bojic’l,

Aleksandra R. Zarubica®

"Departman za hemiju, Prirodno—matematicki fakultet, Univerzitet u Nisu, Nis, Srbija

’NTC NIS Naftagas — Novi Sad, Novi Sad, Srbija
3Poljoprivredni fakultet, Univerzitet u Novom Sadu, Novi Sad, Srbija

(Naucni rad)

U ovom radu je ispitivan uticaj fizicko—hemijskih svojstava serije CaO katali—
zatora aktiviranih na razli¢itim temperaturama za proizvodnju biodizela. Pomenuti
katalizatori daju razlicite prinose u reakciji transesterifikacije triglicerida sa meta—
nolom. Utvrdili smo bitnu povezanost izmedu strukturalnih svojstava (tip poroz—
nog sistema, tipi¢na CaO kristalna faza i veli¢ina kristalita do 25 nm, minimalni
procenat kristalne faze CaO, ukupna baznost i potencijalno postojanje dve vrste
baznih centara) CaO katalizatora pripremljenog i aktiviranog termijskim tret—
manom na najvisoj temperaturi i kataliticke efikasnosti. Prednosti koriS¢enja ovog
katalizatora su: kratko kontaktno vreme, standardna radna temperatura i atmo—
sferski uslovi, relativno mali molski udeo reaktanata i mala koli¢ina katalizatora.
Sve navedeno rezultiralo je veoma visokim prinosom biodizela visokog stepena
Cistoce. Svojstva razli¢itih namesanih biodizel (dobijenog koris¢enjem sintetisanog
CaO katalizatora) goriva sa drugacijim udelima dizel i biodizel goriva ukazuju da
$to je veci udeo biodizela, bolja su ostvarena svojstva goriva imajuci u vidu refe—
rentne EU standarde. Znacajno smanjenje emisija CO, i CO gasova, i gotovo
neznatno povecéanje NO, emisija, registrovano je kada je upotrebljeno gorivo sa
poveéanim udelom biodizela. Koris¢enje namesanih goriva sa biodizel gorivom,
kao i potencijalna totalna zamena fosilnih goriva sa biodizelom kao obnovljivim,
alternativnim, ekoloski prihvatljivim gorivom za dizel motore, moglo bi u velikoj
meri da uti¢e na smanjenje emisije gasova koji izazivaju efekat “staklene baste”.
Smanjenje emisije CO, i NO, gasova je od ogromnog znacaja imajuéi u vidu da one
izazivaju globalno zagrevanje. Buduca istrazivanja na ovu temu i sli¢no orijent—
isane mogla bi dati odgovor na savremene energetske zahteve i potrebe trans—
porta u Srbiji, koris¢enjem novog, alternativnhog, obnovljivog izvora. Koris¢enje
biodizela obezbeduje nezavisnost u pogledu uvoza sirove nafte, kao i brojne ener—
getske, ekoloske, geo-politicke i ekonomske benefite.
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Iron—chromium—carbon—vanadium white cast irons — the microstructure

and properties

Mirjana M. Filipovi¢
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Abstract

The as-cast microstructure of Fe—Cr—C-V white irons consists of M;C; and vanadium rich
MgCs carbides in austenitic matrix. Vanadium changed the microstructure parameters of
phase present in the structure of these alloys, including volume fraction, size and mor-
phology. The degree of martensitic transformation is also dependent on the content of
vanadium in the alloy. The volume fraction of the carbide phase, carbide size and dis-
tribution has an important influence on the wear resistance of Fe—Cr—C-V white irons
under low-stress abrasion conditions. However, the dynamic fracture toughness of Fe—Cr—
—C-V irons is mainly determined by the properties of the matrix. The austenite is more
effective in this respect than martensite. Since the austenite in these alloys contained very
fine M,3C¢ carbide particles, higher fracture toughness was attributed to a strengthening of
the austenite during fracture. Besides, the secondary carbides which precipitate in the
matrix regions also influence the abrasion behavior. By increasing the matrix strength
through a dispersion hardening effect, the fine secondary carbides can increase the
mechanical support of the carbides. Deformation and appropriate strain hardening have
occurred in the retained austenite of Fe—Cr—C-V alloys under repeated impact loading. The
particles of precipitated M,3Cs secondary carbides disturb dislocations movement and
contribute to increase the effects of strain hardening in Fe—Cr—C-V white irons.
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High chromium white cast irons are an important
class of wear resistance materials currently used in a
variety of applications where stability in an aggressive
environment is a principal requirement, including the
mining and mineral processing, cement production, slurry
pumping and pulp and paper manufacturing industries.

For abrasion resistance, nearly all high chromium
cast irons are used as hypoeutectic alloys containing
10-30 wt.% Cr and 2-3.5 wt.% C. The abrasion resist-
ance of these alloys is primarily determined by the
features of M,C; carbides, such as their volume fraction
[1-6], hardness [1,2], morphology [7,8] and orientation
[9-12]. The structure of the matrix that supports the
carbides may be extensively altered by alloying and
heat treatment [2,3]. It has been already shown that
both factors have significant influence on the wear
behaviour [1,2,4]. The eutectic carbides play a strong
role in influencing the fracture toughness of white irons
[1,13-15]. It has been observed that the proportion of
eutectic carbides on fracture surfaces is greater than
that measured on polished sections [5]. This reflects
the brittle nature of the eutectic carbides, with cracks
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preferentially following the carbide structure. Increas-
ing the carbide volume would increase the number of
brittle carbides in the structure, while reducing the
amount of matrix material between these carbides. As
expected, increased carbide volume decreases the
fracture toughness for both austenitic and martensitic
matrix [4,13,15].

Extensive industrial applications of high-chromium
white cast irons have attracted researchers to try dif-
ferent carbide-forming elements such as tungsten
[16,17], niobium [16,18-25], vanadium [16,21,26—34],
titanium [19,21,35-39] and boron [40] to further
improve this type of material. The addition of an alloy-
ing element which confines carbon in the form of a
carbide different from cementite, with a greater hard-
ness and more favorable morphology, and which
reduces the carbon content of the matrix, allows the
simultaneous improvement of both toughness and
abrasion resistance [2,21,25,26,29]. By controlling the
morphology of the carbide phase and the matrix struc-
ture in these materials, significant improvement of
toughness and service life may be achieved.

The main goal of adding molybdenum to white cast
iron is to improve hardenability. However, only part of
the molybdenum contributes to this goal. The presence
of carbon in the alloy and its chemical affinity for
molybdenum promotes the formation of M,C or MgC
carbides at the end of the solidification process
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[19,41,42]. Addition of the tungsten to high chromium
white iron leads to the formation of MgC carbide (upper
than 10% W) that crystallizes in a finely dispersed form
as eutectic in the final stage of solidification [16,17].
The introduction of niobium to high chromium white
irons resulted in the preferential formation of NbC
which is appreciably harder than other carbides pre-
sent and which forms efficiently since niobium is par-
titioned fully to these phases [18,19,22,23]. Subse-
guently, niobium improves the hardness, wear resist-
ance and fracture toughness [20,21,25]. The solubility
of titanium to molten cast iron is so small that fine TiC
carbides precipitate at higher temperature even in the
low titanium-bearing melts, and they likely affect the
following solidification [36, 39]. Cerium has limited
solubility in austenite and M;C; eutectic carbide [25,
43, 44]. This element formed inclusions in high
chromium white irons [45, 46]. In hypoeutectic alloys,
around the very fine inclusions of cerium, the carbide
particles rich in chromium were formed. The carbide
particles can act as the heterogeneous nuclei of
austenitic dendrites to enhance nucleation or interfere
with their growth and improve the refinement of
primary dendrites [45].

Table 1. Chemical composition (mass.%) of Fe—C—Cr—V white irons

Vanadium appeared to be of special interest, due to
its double effects, on both the matrix structure and
stereological characteristics of carbides. The aim of this
paper is to review the microstructural characteristics
and properties relevant to the service performance of
hypoeutectic Fe—Cr—C-V white cast irons, namely the
hardness, abrasion wear resistance, fracture toughness
and repeated impact resistance.

MICROSTRUCTURAL DEVELOPMENT

The as-cast microstructure of hypoeutectic F-Cr—C—
—(V) white irons (chemical composition listed in Table 1)
consists of primary austenite dendrites and eutectic col-
onies composed of M;C; carbides and austenite (Fig. 1).

Also, vanadium rich carbides are found in Fe—Cr—C-V
irons containing 1.19-4.73% V (Fig. 2). Vanadium car-
bide present in these alloys was identified as MgCs type
carbide (Fig. 2) and its stoichiometric formula is
V36Cry,Fe; 1Cs [34]. The same type of carbide was
found by de Mello et al. [28] in cast iron containing
10% Crand 6% V.

Dupin and Schissler [47] did not detect the vana-
dium carbide formation in high chromium white cast

Element
Alloy
C P S Si Mn Mo Cu Ni Cr Vv

1 2.89 0.025 0.061 0.85 0.71 0.48 0.99 0.100 19.03 0.0012
2 2.92 0.026 0.063 0.87 0.76 0.45 1.02 0.099 19.01 0.12
3 2.88 0.025 0.061 0.86 0.72 0.42 0.98 0.098 18.89 0.49
4 2.92 0.025 0.061 0.85 0.75 0.43 1.01 0.098 19.04 1.19
5 2.87 0.024 0.063 0.87 0.73 0.44 1.01 0.099 18.92 2.02
6 291 0.027 0.061 0.84 0.73 0.44 1.00 0.096 19.05 3.28
7 2.93 0.026 0.062 0.83 0.74 0.43 1.01 0.098 19.07 4.73

Fig. 1. Optical micrographs of hypoeutectic Fe—Cr—C—V white iron containing: a) 0.12% V, b) 0.49% V, c) 1.19% V, d) 3.28%V.
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iron with 1% V. Nonetheless, Bedolla-Jacuinde [21] in
16.9% Cr—2.58% C-1.98% V alloy and Matsubara et al.
[48] in 17.54% Cr—3.57% C—-3.14% V alloy observed that
(v + MC) eutectic solidification did not occur because of
lower vanadium content, which was different from the
report of Stefanescu and Cracium [49] who indicated
that vanadium carbides are present in the microstruc-
ture of 14.66% Cr—2.95% C-2.9% V alloy. Furthermore,
Sawamoto et al. [16] found that vanadium carbides
formed in high chromium white cast irons contained
more than 5% V. The established disagreement appears
to be a result of different cooling conditions, on one
hand, and of the fact that vanadium carbides are dif-
ficult to notice due to their small volume fraction and
size, on the other hand.

Fig. 2. TEM Micrograph of the Fe—Cr—C-V white iron
containing 1.19% V showing vanadium carbide.

Solidification behaviour

With an increase of vanadium content, the alloy
composition approaches the eutectic composition in
quaternary Fe—Cr—C-V system, causing a decrease of
the solidification temperature interval (Table 2).

Solidification starts with formation of y-phase at
1341 °C in Fe-Cr-C alloy with no vanadium addition, at
1319 °C in Fe—Cr—C-V alloy containing 1.19% V, and at
1284 °C in Fe—Cr—C-V alloy containing 4.73% V. In the
course of primary y-phase growth, the composition of
the remained liquid was changing. Due to limited sol-
ubility of carbon, chromium and vanadium in the aus-
tenite, these elements accumulated in front of the pro-
gressing solid-liquid interface. At temperatures little bit
lower than liquidus temperature (1315 °C in alloy con-

taining 1.19% V, 1278 °C in alloy containing 4.73% V)
during the eutectic reaction that takes place, in local
areas enriched in vanadium, eutectic composed of van-
adium rich carbide and austenite was developed. The
particles of vanadium carbides disturb or completely
block further y-phase growth, with the efficiency dep-
ending on their volume fraction, size and distribution
[34].

As the temperature falls and solidification prog-
resses, primary austenite dendrites reject solute (car-
bon, chromium and vanadium) in to the remaining
liquid until the eutectic composition is reached and the
monovariant eutectic reaction (L — y + M;C;) takes
place. From the melt remained in interdendritic regions
the coupled austenite-M,C; eutectic was forming at
1244 °C in Fe—-Cr—C alloy with no vanadium addition, at
1249 °C in alloy containing 1.19% vanadium, and at
1257 °C in alloy containing 4.73% vanadium. Bedolla-
-Jacuinde et al. [50] found that M,C; eutectic carbides
in high chromium white irons nucleated on the surface
of the primary and secondary dendrites arms. The
eutectic y-phase nucleated side-by-side with the hexa-
gonal M,C; carbides, and both eutectic constituents
may then grow more or less at the same rate with bars
surrounded by austenite, and coupled growth develops.

The eutectic regions of carbide and austenite grow
as colonies, indicating growth of a faceted—non-faceted
eutectic [27,51]. Irregular eutectic structures are deve-
loped when a non-faceted phase is coupled with a face-
ted phase. In such eutectics, local morphological
adjustment of interphase spacing is severely encum-
bered by the limited branching ability of the highly
anisotropic faceted phase containing planar defects.
Thus, the spatially non-uniform or irregular structure
that evolves during faceted—non-faceted eutectic soli-
dification is inherently three-dimensional, where the
relationship between the growth mechanisms of the
faceted phase and the complex non-isothermal inter-
face structure gives rise to a more diverse range of
solidification microstructures than that exhibited by
regular eutectics [27,51,52]. It has been reported [52]
that solute elements, even in trace amounts, may have
a strong influence on eutectic growth morphology.

Table 2. DTA Results of the Fe—Cr—C-V white irons during cooling at a rate of 5 € min™*

Temperature, °C

Alloy Vin alloy, mass%

I TE (viC.+7) Tem,C,+7) AT
1 - 1341 - 1244 97
4 1.19 1319 1315 1249 70
5 2.02 1310 1306 1251 59
6 3.28 1299 1294 1254 45
7 473 1284 1278 1257 27

T, — the start temperature of the austenite reaction (liquidus); Te, (v

— the temperature of the eutectic reaction E(LoVCs+7)

Temycy+n ™

the temperature of the eutectic reaction £(1—m,c, +7); AT — the solidification temperature interval
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With increasing vanadium content in the alloy, the
volume fraction of primary austenite is decreased,
whereas the amount of M;C; and MgCs carbides are
increased. In addition, dendrite arms spacing (DAS) and
size of eutectic M,C; carbides are decreased, while the
size of MgCs carbides is increased with increasing vana-
dium content (Table 3). When the solidification tem-
perature interval is narrower (as the consequence, in
this case, of alloying high chromium white iron with
vanadium), around the primary dendrite of the y-phase
in the remaining portion of the melt, the temperature
and concentration conditions appear more readily, thus
enabling the formation of eutectic colony nuclei and
their growth which results in the interpretation of
further y-phase growth [34]. The eutectic colonies
growth rate is well increased with increasing eutectic
temperature, i.e., with a lowering of the solidification
temperature interval, thus influencing the formation of
a larger amount of finer M,C; carbides (Table 3).

Morphology of M,C; eutectic carbide

M,C; carbide has a pseudo-hexagonal structure
with lattice parameters a = 13.9820 A and C = 4.5065 A,
point group mmm and space group Pmna [53]. M,C;
forms as eutectic carbide during solidification with a
distinguishable characteristic that it always appears to
contain a high concentration of structural faulting [2].
Figure 3 shows a part of the eutectic M;C; carbide
containing many twins.

Fig. 3. TEM Micrograph of Fe—Cr—C-V white iron containing
1.19% V showing hexagonal M,C; eutectic carbide.

The SEM micrographs of deep etched sample
revealed that single M,C; eutectic carbides in white
iron, were rod or blade shaped, where the blades are

basically consist of multiple rods (Fig. 4). The hexagonal
(Cr,Fe),C; carbides grow as rods and blades, with the
fastest [1] growth direction, and form a continuous
network within each eutectic colony [9].

Fig. 4. SEM Micrographs of deep etched sample showing mor-
phology of M,C; eutectic carbides in hypoeutectic Fe—Cr—C-V
type alloy containing 1.19% V. Different morphologies of
eutectic colonies are marked 1 to 3. M,C; carbides of
different compositions marked by arrows C; to Cs.

Table 3. The volume fraction and size of phases in the microstructure of Fe—Cr—C—V white irons

Alloy Vin alloy, mass% Volume fraction, vol.% Size, um

Primary y-Fe M-Cs MeCs DAS M-Cs MeCs
1 - 50.83 30.97 - 14.08 7.48 -
4 1.19 47.48 31.96 1.58 12.76 6.74 1.26
5 2.02 45.76 32.82 231 11.93 6.52 1.31
6 3.28 42.05 34.31 3.12 10.67 5.67 1.45
7 4.73 39.15 35.47 4.27 9.45 5.03 1.52
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In the Fe—Cr—C—(V) type alloys, three different com-
positions of M,C; carbides with different the Fe/Cr ratio
of atomic fraction have been found (Table 4). While
Fe/Cr ratio of atomic fraction in Fe—Cr—C-V alloy con-
taining 0.12% V is 0.71 for carbides of composition C;, it
is 0.99 for carbides C, and 1.31 for carbides of com-
position Cs. In C; and C, carbides of the alloy containing
1.19% V, vanadium substitutes chromium atoms in
M,C; carbides lattice, while in carbide of composition
Cs, it substitutes iron atoms. The Fe/Cr ratio in this alloy
is 0.79, 1.03 and 1.26 for carbides of composition C,, C,
and G, respectively. In alloys containing 3.28% V and
4.73% V, chromium and iron atoms have been sub-
stituted by vanadium in all three different compositions
of eutectic carbides. In cases of C; and C, carbies
greater number of chromium atoms were substituded
by vanadium, while in carbides C; greater number of
iron atoms have been substituted [27].

In the earlier studies [21,54-57] it has been noticed
that Fe/Cr ratio in eutectic carbides depends on carbon
content in alloys with the same chromium content
(hypoeutectic, eutectic and hypereutectic type alloy) or
on the cooling rate. Dogan et al. [54] did observe that
while the Fe/Cr ratio of atomic fraction in the M,Cs
carbide of hypoeutectic and eutectic high chromium
white iron with 15% Cr is approximately 1, it is 1.3 in
15% Cr hypereutectic iron. Jacuinde [57] has found in
the study of iron containing 16.9% Cr, 2.58% C and
1.98% V that for higher cooling rate Fe/Cr ratio is 1.36,
and that for slower cooling rate Fe/Cr ratio is 0.97.

Different morphologies of eutectic colonies in the
columnar zone of as-cast structure of Fe—Cr—C-V white
irons presented in Figs. 4 and 5. The eutectic colony
consists of carbides of different compositions (Table 4

and Fig. 4). Blade-like carbides predominantly show C;
composition [27].

Fig. 5. Optical micrographs of hypoeutectic Fe—Cr—C iron (a)
and Fe—Cr—C-V iron containing 3.28% V (b; and b,) in the col-
umnar zone of as-cast structures (5 mm from the surface). Dif-
ferent morphologies of eutectic colonies are marked by 1 to 3.

In the columnar zone of as-cast structures, the
eutectic carbides are usually aligned so that the long
axis of the carbide rods is parallel with the direction of
heat flow (i.e., perpendicular to the cast surface), for-
ming a highly anisotropic morphology. The formation of
eutectic colonies of different morphologies is assumed
to be related to the segregation of alloying elements in
the melt. That is confirmed by EDS analysis which indi-
cates different M,C; carbide compositions (Table 4).

Table 4. Chemical composition of M,C; eutectic carbide in Fe—Cr—C-V alloys (mass%). The values are based on an average of thirty
different measurements per each of three different chemical compositions of M,C; eutectic carbide in all tested alloys

Element
Alloy M,Cs - Formula
C Si Mn Mo Cu Cr Fe \Y
1 C, 8.17 0.028 0.673 0.557 0.032 53.36 38.07 - CraoFe;5Cs
(0} 8.55 0.033 0.548 0.674 0.047 45.44 44.68 - CrygFes;Cs
C; 8.43 0.019 0.659 0.494 0.053 39.77 50.11 - Cr;,Fes5Cs
2 (o) 8.35 0.031 0.781 0.595 0.020 53.12 37.91 0.111 Cry,Fe; 5C3
C, 8.18 0.014 0.487 0.538 0.045 45.88 45.29 0.076 Cr3 ¢Fes sCs
C3 8.67 0.028 0.663 0.686 0.038 38.87 51.18 0.078 Cr3 Fe33Cs
4 G 8.23 0.011 0.667 0.541 0.049 48.43 38.13 3.63 Cr gFe; sVo3Cs
o 8.48 0.032 0.535 0.672 0.029 42.72 44.22 2.76 CryaFes5Vo,Cs
C; 8.41 0.055 0.671 0.479 0.048 38.72 48.93 2.75 Cr3 Fe;6Vo,C3
6 (o) 8.56 0.045 0.461 0.451 0.059 45.46 34.54 10.62 CrygFe, 6VosCs
C, 8.62 0.027 0.675 0.564 0.037 38.53 43.92 7.74 Crs1Fes ,VosCs
G 8.28 0.029 0.427 0.448 0.056 35.52 46.01 8.35 Cry gFes aVo7Cs
7 C 8.44 0.016 0.585 0.671 0.061 43.16 32.97 14.19 Cr 4Fe; V1 1Cs
(0} 8.14 0.031 0.643 0.451 0.048 38.03 40.92 11.79 CragFe; gVooCs
C; 8.37 0.013 0.591 0.493 0.053 34.19 45.24 11.53 Cr, ;Fe;3 4VosC3
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During solidification, solute segregation will influence
nucleation and growth kinetics through its influence on
constitutional undercooling (the constitutional under-
cooling of a particular phase is dependent on the liqu-
idus and/or eutectic temperature which, in turn, is dep-
endent on the local liquid composition) [27]. Due to
different melt composition in particular regions, the
constitutional undercooling and also the growth rate
are different and the formation of eutectic colonies with
different morphologies will be induced (Figs. 4 and 5).

According to solidification theory [51], for a hypo-
eutectic alloy composition, the alloy liquidus is much
higher than the eutectic temperature. Thus the corres-
ponding primary phase is highly constitutionally under-
cooled, due to the long-range boundary layer built up
ahead of the solid-liquid interface in this case, and
tends to grow faster than the eutectic. Consequently,
primary phase will destabilize the solid—liquid interface.
At the time when eutectic nucleation and growth
occur, the conditions in the melt will in part be
imposed by the characteristics of the previous reaction
[52]. Since it can be assumed that thermal conditions,
such as thermal gradient and cooling rate, are the
same, the morphology of the eutectic growth front will
depend on melt composition in particular zones. In the
regions with a smaller content of alloying elements, the
rosette-like eutectic colonies in which carbides are
located radially from the center will be formed (Fig.
4d), whereas in regions of enriched melt, the formation
of eutectic colonies consisting of a larger number of
long M,C; carbide rods will be favored (Fig. 4a).

The morphology of the eutectic carbides vary from
the center to the edge of eutectic colonies marked by 1
and 2 in Figs. 4 and 5. The rod shaped carbides are finer
at the center of the eutectic colony and become coar-
ser rod-like or blade-like with increased distance from
the center (Fig. 4b and c), as indicates that eutectic
solidification begins at the center with a certain under-
cooling and proceeds radially outward. As solidification
progresses, the constitutional undercooling decreases,
and thus the rod-like or blade-like carbides that form
during the later stages of solidification are coarser [27].

This can be explained by the fact that, during
M,Cs/y eutectic growth, the solute atoms (as carbon,
chromium and vanadium), which are rejected by one
phase, are usually needed for the growth of the other.
Therefore, lateral diffusion along the solid-liquid inter-
face perpendicular to the growth direction, will become
dominant and effectively decreases the solute build-up
(AC) ahead of both phases. This lateral diffusion causes
the interphase spacing, A, in the eutectic structure to
be decreased. However, as A decreases, an opposing
force (capillary effect), which arises from the increased
energy associated with the increased curvature of the
solid/liquid interface, comes into effect. As shown in
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Fig. 6, the diffusion effect can be expressed in terms of
a constitutional undercooling (AT,.) while the latter can
be expressed in terms of a curvature undercooling (AT,)
[27,51,52]. The sum of the solute (AT.) and curvature
(AT,) undercoolings must therefore equal the interface
undercooling, AT. Both undercoolings vary with A in
opposite ways: AT, which is proportional to AC (the
driving force for solute diffusion) increases with A,
while AT, decreases. The interphase spacing in the
eutectic structure is eventually established by the equi-
librium between an attractive force arising from the
diffusion effect and a repulsive force arising from the
curvature effect. Decrease in growth rates will shift AT,
to AT, without changing the AT, curve, leading to a
higher spacing value, A;. It is also evident from Fig. 6
that for small values of A, eutectic growth is controlled
by capillary effects (AT, > AT,), while diffusion is the
limiting process at large spacing values [51,58]. With
increasing A values the size of M,C; carbides increases.

In the case of eutectic colonies marked 3 in Figs. 4d
and 5a, eutectic grows uniformly in all directions and
finally a rosette-like structure is obtained.

The morphology of particular M,C; carbides in Fe—
—Cr—C-V alloys does not significantly change with inc-
reasing vanadium content. These carbides are rod or
blade shaped. The volume fraction, size and distrib-
ution of rod-like and blade-like carbides in the eutectic
colonies are changing with increasing vanadium con-
tent in the alloy (Fig. 5). The rod type morphology of
eutectic carbides is more dominant in Fe—Cr—C-V alloys
with higher content of vanadium. These changes in
morphology can be explained by the fact that in alloy
with higher vanadium content, due to the higher con-
centration of vanadium in the melt, and subsequently
larger constitutional undercooling, the growth rate is
faster than in alloys with lower vanadium content,
under the same cooling conditions [27].

Fig. 6. Adjustment of interphase spacing during eutectic
growth.

As-cast matrix microstructure

Vanadium was found to affect the transformation of
austenite in as-cast condition of a Fe—Cr—C-V white
irons [33]. Changes in the matrix microstructure over
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the examined range of vanadium levels are illustrated
in Fig. 1.

The austenite remains as a metastable phase at
room temperature in Fe—Cr—C alloy with no vanadium
addition [1] and Fe-Cr-C-V alloy containing 0.12% V
(Figs. 1a), due to the high amount of carbon and alloy-
ing elements that lowers the martensite transfor-
mation starting temperature M.

The inhomogeneity of the dendrites in Fe—Cr—C-V
alloys containing 0.49-4.73% V can be clearly seen (Fig.
1b—d). Fine dark particles predominantly located in the
middle zone of the austenite (Fig. 1b—d) were identified
to be carbides of M,3Cs type (Fig. 7a). TEM observation
revealed that the secondary carbides were distributed
in a regular series (Fig. 7a and b), indicating a precipi-
tation along preferred crystallographic planes. Around
the carbide particles, the presence of dislocations (Fig.
7b) or martensite (Fig. 7b and c) was noticed.

As it can be seen from Fig. 1a—c, in alloys containing
less than 3.28% V, primary and eutectic austenite is
transformed in a narrow zone along the border with
eutectic M,C; carbide.

It has been suggested by several authors [1,13,21,
33,39] that during eutectic solidification the M,C;
carbide, which grows along the austenite, absorbs car-
bon from its surroundings and a narrow area at the
austenite/carbide interphase becomes impoverished in
it. The lack of carbon in these zones of austenite inc-
reases the M, temperature which allows these areas of
austenite to transform into martensite, during sub-
sequent cooling.

Nevertheless, in Fe—Cr—C-V alloys containing 3.28
(Fig. 1d) and 4.73% V [33], a remarkably higher degree
of austenite transformation can be seen. TEM Analysis

identified martensite as a product of this transfor-
mation [33].

The chemical composition of austenite changes by
changing the vanadium content in high chromium iron
(Table 5). Adding more vanadium into the Fe-Cr—-C-V
type alloys was followed by higher vanadium content in
the austenite, as a normal consequence of its wide sol-
ubility range in the y-solid solution. The lower carbon
content experienced in the matrix in alloy with higher
vanadium content was assumed to be related to the
larger amount of eutectic with M,C; carbides (Table 3).

At temperatures below solidus, in the course of
further cooling after solidification, M,3C¢ carbides pre-
cipitate in austenite (Fig. 7), mainly in areas with lower
carbon content. Due to heterogeneity of the matrix
composition, the precipitation is heterogeneous, and in
alloys with vanadium content lower than 2% they were
predominantly located in the surface dendrite zone
(Fig. 1b and c).

The carbides precipitation kinetic in austenite of
Fe—Cr—C-V alloys depends on the vanadium content in
the alloy [33]. In spite of the vanadium content inc-
rease in the austenite matrix, the part of the added
vanadium was locked in the precipitated M,3Cs car-
bides, whose volume fraction increased in alloys with
higher vanadium content.

The transformation of austenite into martensite in
the Fe—C—Cr-V alloys is closely related to the precipit-
ation of secondary carbides. Precipitation of My3Cg
carbides minimizes the carbon and chromium content
in the matrix, and increases the M, temperaature. The
degree of martensitic transformation is determined by
the amount of precipitated carbides, i.e. depends on
the austenite composition [33].

Fig. 7. TEM Micrographs of the Fe—C—Cr-V alloy containing 1.19% V showing: a) secondary carbides and selected-area diffraction
pattern (in the corner) from the region in this micrograph showing a [100] zone axis; b) and c) secondary carbides and martensite.

Table 5. Chemical composition of the as-cast matrix in Fe—C—Cr-V alloys (mass%)

. Element
Alloy  Vin alloy, mass% -
C Si Mn Mo Cu Cr Fe Vv
2 0.12 1.35-1.56 0.82-0.93 0.63-0.68 0.24-0.34 1.43-1.81 11.76-12.89 82.07-83.16 0.014-0.015
4 1.19 1.01-1.31 0.95-1.12. 0.78-0.82 0.22-0.38 1.46-1.82 11.20-12.71 82.92-83.24 0.341-0.346
6 3.28 0.65-0.94 0.88-0.97 0.72-0.81 0.17-0.35 1.74-1.96 11.51-12.42 81.37-82.84 1.26-1.29
7 4.73 0.54-0.79 0.96-1.04 0.78-0.81 0.32-0.47 1.71-1.87 11.62-12.16 81.14-82.35 1.84-1.89
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The amount of retained austenite in the Fe—Cr—C-V
white irons is found to decrease with increasing vana-
dium content (Fig. 8).

Microstructure after subcritical heat treatment

After heat treatment (500 °C/4 h) there were no
notable changes in the structure of a basic Fe—Cr-C
white iron [2, 13]. However, during isothermal holding
at 500 °C for 4 h, the secondary carbides precipitated in
the austenite of Fe-Cr—C-V white irons. Martensite
present in the as-cast structure was also tempered at
this temperature. Austenite was then partly trans-
formed into martensite during the cooling process. The
amount of precipitated carbides and volume fraction of
martensite which formed depended on the basic as-
cast structure, i.e., on vanadium content in the alloy [2].

60

EFFECT OF MICROSTRUCTURE ON THE PROPERTIES OF
TESTED Fe-Cr-C-V ALLOYS

Vanadium therefore altered the microstructure
characteristics of high chromium white cast iron and
affected its properties.

Effect of microstructure on the hardness of tested
Fe-C-Cr-V alloys

The matrix microhardness and the alloy macrohard-
ness were improved by increasing the vanadium con-
tent in both the as-cast and heat treated state (Figs. 9
and 10).

The improved hardness of the Fe—C—Cr-V white
irons by increasing vanadium content in as-cast con-
dition (Fig. 10) was the result of an increased volume
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Fig. 8. Volume fraction of retained austenite as a function of vanadium content in Fe—Cr—C=V white irons in both as-cast and heat

treatment state.
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Fig. 9. Matrix microhardness as a function of vanadium content in Fe—Cr—C=V white irons in both as-cast and heat treatment state.
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fraction of the eutectic M;C; and VsCs carbide. Never-
theless, an increase in the amount of precipitated car-
bides in austenite and the formation of a larger amount
of martensite, combined with a reduction in the
volume fraction of retained austenite (Fig. 8), improved
the matrix microhardness (Fig. 9), and consequently
the alloy macrohardness (Fig. 10) in both the as-cast
and heat treated states [29].

Effects of microstructure on the abrasion wear
resistance of tested Fe—C-Cr-V alloys

The influence of vanadium on abrasion resistance*
is presented in Fig. 11. Wear resistance improved as

800

the concentration of vanadium increased up to 3.28%,
and fell off thereafter. Abrasion wear resistance was
slightly higher after heat treatment at 500 °C (Fig. 11).
The abrasion resistance of the carbide phase was
more effective than the matrix in white cast irons,
since, mainly, the hardness of M,C; (1200-1800 HV [1])
carbides were greater than the hardness of the used
abrasive — quartz (900-1080 HV [1]). In white cast irons
the matrix was preferentially worn by a cutting action,
under low-stress abrasion conditions. Eutectic carbides
were then forced to stand in relief and directly obstruct
the cutting action of abrasive particles for a period of
time until they were partly or completely removed by a
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Fig. 10. Hardness as a function of vanadium content in Fe—Cr—C-V white irons in both as-cast and heat treatment state.
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Fig. 11. Wear resistance as a function of vanadium content in Fe—Cr—C-=V white irons in both as-cast and heat treatment state.

*Abrasive wear resistance was evaluated according to the
ASTM Standard Practice G-65, Procedure B (Dry Sand/Rubber
Wheel Abrasion Test).

cutting or chipping action [1,5,29]. In other words,
wear under low-stress abrasion conditions, and using a
quartz abrasive, was apparently controlled by the rate
of removal of the carbide phase since the protruding
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carbides protected the matrix from direct attack of
abrasive particles [2].

Therefore, increasing the volume fraction of M,C;
eutectic carbides up to 35% in the Fe—C-Cr—V white
irons, and simultaneously increasing the amount of
very hard V¢Cs carbide (2800 HV), reduced the volume
loss caused by abrasive wear (Fig. 11). However, a
further increase in the volume fraction of the carbide
phase (alloy with 4.73% V, Table 3) reduced wear
resistance (Fig. 11), which was most likely attributable
to intensive spalling of massive carbides during wear.

In addition to the volume fraction of carbides, the
size of phases present in the structure was another
microstructure variable which affected the abrasive
resistance of the Fe—Cr—C-V alloys. The smaller size of
primary austenite dendrites, i.e., the average distance
between carbide particles, caused by increasing the
content of vanadium in the alloy (Table 3), protected
the matrix better from direct attack by abrasive par-
ticles. The shorter rods of M,C; carbides (Table 3) also
tended to be less severely cracked during wear, thereby
improving the wear resistance of the alloys. It must be
specified, however, that the effect of controlling wear
rate by refining the microstructure depended on abra-

50

preventing bodily removal of smaller carbides and
cracking of massive ones [14]. Experimental results
indicate that the martensitic or martensite-austenitic
matrix microstructure more adequately reinforced
MC; eutectic carbides to minimize cracking and removal
during wear than the austenitic matrix [29].

Besides, the secondary carbides which precipitate in
the matrix regions of high chromium white irons also
influence the abrasion behaviour [2,25]. By increasing
the matrix strength through a dispersion hardening
effect, the fine secondary carbides can increase the
mechanical support of the eutectic carbides. These
results agree with those of Liu et al. [59] and Wang et
al. [60] who found that the precipitation of fine M,3C¢
carbides and the more homogeneous carbide distri-
bution as a result of cryogenic treatment is responsible
for the improved wear resistance of high chromium
white irons.

Effect of microstructure on the fracture toughness of
tested Fe—-C—Cr-V alloys

The higher content of vanadium in high chromium
white iron increases the volume fraction of the carbide
phase and reduces fracture toughness. On the other
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Fig. 12. Fracture toughness as a function of vanadium content in Fe—Cr—C-V white irons in both as-cast and heat treatment state.

sive grit size, i.e., the ratio of mean free path to mean
abrasive asperity size [4,13,29]. The smaller the ratio,
the less likely that grit would undermine the hard par-
ticles by penetrating the matrix.

The improved wear resistance of white cast irons
after heat treatment, compared with the as-cast con-
dition (Fig. 11) indicated that wear resistance under
low-stress abrasion conditions also depended on the
matrix microstructure. In addition to the fact that the
matrix helped control of the penetration depth of
abrasive particles, it also played an important role in
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hand, the toughness has been improved by reducing
the size of M,C; eutectic carbide. However, the results
of fracture toughness tests* in both as-cast and heat
treated conditions (Fig. 12) show that the dynamic
fracture toughness in white cast irons is determined

*Dynamic fracture toughness was measured at room tempe-
rature using an impact test machine equipped with an instru-
mented Charpy tub. The testing methodology selected was
based on the three-point bending tests. The specimens of 10
mmx10 mmx55 mm in size, were notched and precracked by
fatigue following ASTM E399 standard.
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mainly by the properties of the matrix. The austenite is
more effective in this respect than martensite [2,29].
By increasing the vanadium content, the amount of
retained austenite decreased, as it shown in Fig. 8,
which subsequently reduced toughness. However, the
Fe—C—Cr-V alloys containing 1.19% V in the as-cast con-
dition, showed greater dynamic fracture toughness
when compared to the basic Fe—C—Cr alloy, Fig. 12.
Fracture toughness was determined mainly by the
energy that had to be consumed in extending the crack
through ligaments of matrix [10,36]. Since the aus-
tenite in that alloy contained very fine M,;Cs carbide

carbide precipitation probably occurred in the marten-
site present in the as-cast structure, and retained aus-
tenite was decomposed [2,13]. Both effects combined
to produce a significant drop in fracture toughness.
Furthermore, during the cooling process, after it had
been held at the tempering temperature, martensite
formed, which also contributed to lower K4 values.

Effect of microstructure on the impact resistance of
tested Fe—-C-Cr-V alloys

The results obtained by examination of impact
resistance* of Fe—-Cr—C-V white irons in as-cast con-

Fig. 13. Impact resistance of Fe—Cr—C-V white irons in as-cast condition. Markings on the graph: A — form of the balls changed, balls
gained an elliptic shaped; B — spalling of the balls started; C — testing interrupted, form unchanged and no spalling of the balls.

particles, higher fracture toughness was attributed to a
strengthening of the austenite during fracture [29].
Hence, the contribution to improving the fracture
toughness of the alloy containing 1.19 wt.% V, due to
the presence of fine M,3Cs carbides within the aus-
tenite, was considerably higher than the reduction.
Reduction was caused by, on the one hand, increasing
the amount of M,C; carbides and reducing inter-car-
bide distance, and on the other hand, reducing the
volume fraction of retained austenite. Where the con-
tent of vanadium exceeded 1.19%, fracture toughness
decreased (Fig. 12), since the matrix microstructure of
those alloys was mainly martensitic.

In heat-treated Fe—C—Cr-V alloys with varying con-
tents of vanadium, lower Ky values wear obtained,
compared with as-cast alloys (Fig. 12). Several pro-
cesses which occurred during tempering affected frac-
ture toughness. When held at 500 °C for 4 h, extensive

dition are presented in Fig. 13.

Fe—Cr—C-V white irons show considerably higher
impact resistance compared to the basic Fe—Cr—C white
iron (Fig. 13). However, the vanadium content influ-
ence on the impact resistance was not unique, as the
importance of the specific structural features brought
by adding vanadium indicates [26].

*The impact resistance of Fe-Cr—-C-V white irons was tested
using an impact-fatigue test machine. The test balls (ten balls
of each examined alloy) were lifted to a height of up to 6.4 m
and allowed to fall freely on the hardened steel anvil. Follow-
ing impact, each ball was automatically recycled, by means of
a bucket-type elevator, and allowed to drop again on the
anvil. The impact cycles were repeated until the ball failed
(defined either by the ball cracking or the appearance of
significant spalls). The number of impacts to failure was taken
as a measure of the impact resistance.
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TEM Micrographs of the surface layer (4 mm depth
from ball surface) of a Fe—Cr—C-V alloy ball, containing
1.19% V, after impact resistance testing, are shown in
Fig. 14. In the surface dendritic area, along the border
with M;C; carbides, austenite was transformed into
martensite (Fig. 14a), and this change was rather simi-
lar before and after the impact resistance testing (Fig.
1c).

Micrographs in Fig. 14b and c indicate a clear plan-
nar deformation substructure. In the austenitic matrix
very fine twinning lamellae (width about 50-60 nm)
can be observed, due to the twinning occurring on
{111} planes (making the angle =70°), and a planar
dispositional arrangement produced by slip at the same
slip system (Fig. 14b and c).

The hardness was measured at 4 mm depth from
ball surface of the Fe—Cr—C-V cast iron containing
1.19% V was 668 HV before the impact test, increasing
to the range from 936 to 984 HV, after the test.

The fact that in Fe-Cr—C-V alloys with increasing
vanadium content the retained austenite volume frac-

alloyed with vanadium. The change in the amount of
austenite was assumed to affect the strain hardening
process, and obviously in the white iron with 4.73% V
the strain hardening effect was weak due to a little
retained austenite (Fig. 8).

The particles of precipitated M,3Cs secondary car-
bides disturb dislocations movement and contribute to
increase the effects of strain hardening in Fe—Cr-C-V
white irons [26].

According to literature [3], the impact resistance of
Fe—Cr—C white iron with high chromium content dec-
reases with increasing volume fraction of eutectic M,C;
carbides. Nevertheless, in Fe—Cr—C-V white cast irons,
regardless of the increased amount of eutectic carbides
in the structure, the higher impact resistance for higher
vanadium content in alloy up to 3.28% V, can be
related to the strain hardening of retained austenite
[26]. The alloy with 4.73% V shows a lower impact
resistance compared to other Fe—Cr—C-V alloys and it
was assumed to be the consequence of, on one hand,
the lower amount of retained austenite and the higher

Fig. 14. TEM Micrographs of Fe—C—Cr-V white iron containing 1.19% V after impact resistance testing.

tion decreases (Figs. 1 and 8), the amounts of preci-
pitated M,;Cs carbides and martensite increase (Fig. 1),
and the fact that the impact resistance of the alloys
with 0.49% V and 1.19-3.28% V is 60 and 80% higher,
respectively, compared to basic Fe—Cr—C alloy (Fig. 13),
indicates the complexity of the hardening process in
tested balls.

Deformed substructure revealed in the retained
austenite at the surface of the ball after impact test
(Fig. 14), indicates that under repeated impact loading,
deformation and appropriate strain hardening come
into play [26]. The emergence of fine twinning lamellae
as a primary deformation mechanism and subsequent
activation of planar slip of dislocations are considered
to be anomalies in deformation behaviour of austenitic
steels with low-stacking-fault energy, which may result
in a very strong strain hardening effect [61]. According
to the results of TEM examinations (Fig. 14b and c), it
was supposed that similar activity of an anomalous
strain hardening happened in the retained austenite of
the tested balls of high chromium white cast iron
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amount of martensite and, on the other hand, of a
large volume fraction of eutectic M,C; carbides. Thus,
the lower impact resistance found in balls with 4.73% V
obviously is the result of a complex interaction of all
structural features and hardening phenomena.

CONCLUSIONS

The microstructure of Fe—Cr—C—V white irons con-
sists of M,C; and vanadium rich M¢Cs carbides in aus-
tenitic matrix.

With an increase of vanadium content the alloy
composition approaches the eutectic composition in
the quaternary Fe—Cr—C-V system, causing a decrease
of the solidification temperature interval, and thereby
also changing the volume fraction, size and morphology
of the present phases. Vanadium changes the transfor-
mation characteristics of austenite in as-cast condition
in the Fe—C—Cr-V type alloys. The transformation of
austenite to martensite in the Fe—C-Cr-V is closely
connected with the secondary carbide deposition.
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The volume fraction of the carbide phase, carbide
size and distribution had an important influence on the
wear resistance of Fe—Cr—C-V white cast iron alloys
under low-stress abrasion conditions. However, the
dynamic fracture toughness of Fe—-Cr—C-V white cast
irons is determined mainly by the properties of the
matrix. The austenite is more effective in this respect
than martensite. Since the austenite in these alloys
contained very fine M,3Cg carbide particles, higher frac-
ture toughness was attributed to a strengthening of the
austenite during fracture. Besides, the secondary car-
bides which precipitate in the matrix regions also inf-
luence the abrasion behaviour. By increasing the matrix
strength through a dispersion hardening effect, the fine
secondary carbides can increase the mechanical sup-
port of the carbides. Deformation and appropriate
strain hardening occur in the retained austenite of
Fe—Cr—C-V alloys under repeated impact loading. The
particles of precipitated M,3Cs secondary carbides dis-
turb dislocations movement and contribute to increase
the effects of strain hardening in Fe—Cr—C-V white irons.

It was therefore possible, by adding approximately
3 wt.% V to high chromium white iron, to obtain an
alloy that will have, in the as-cast condition or after
tempering at 500 °C, better properties than high tem-
perature treated alloys with no vanadium addition. This
may be very important from a practical point of view,
especially for castings with a complex configuration,
since the possibility of high residual stresses during
high temperature heat treatment and problems related
to this process can be avoided.
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ZELEZO-HROM-UGLJENIK-VANADIJUM BELA LIVENA GVOZDA — MIKROSTRUKTURA | SVOJSTVA

Mirjana M. Filipovi¢
Tehnolosko-metalurski fakultet, Univerzitet u Beogradu, Beograd, Srbija
(Pregledni rad)

Mikrostruktura Fe—Cr—C-V belih gvoZda u livenom stanju se sastoji od M,C;
karbida i MgCs karbida bogatih vanadijumom u austenitnoj metalnoj osnovi. Van-
adijum menja mikrostrukturne parametre faza prisutnih u strukturi ovih legura,
ukljucujuéi zapreminski udeo, veli¢inu i morfologiju. Stepen martenzitne transfor-
macije, takode, zavisi od sadrzZaja vanadijuma u leguri. Zapreminski udeo karbidne
faze, veli¢ina karbida i raspodela ima znacajan uticaj na otpornost na habanje
abrazijom Fe—Cr—C-V belih livenih gvoZda u uslovima malih naprezanja. Medutim,
Zilavost Fe—Cr—C-V gvozda je uglavhom odredena svojstvima metalne osnove.
Austenit je mnogo efektniji od martenzita. Buduéi da austenit u ovim legurama
sadrzi vrlo fine Cestice M,3Cg karbida, veca Zilavost je povezana sa ojacavanjem
austenita u toku loma. Pored toga, sekundarni karbidi, istaloZeni u regionima
metalne osnove, takode, uti¢u na ponasanje pri habanju abrazijom. Povecavajuci
¢vrstoc¢u metalne osnove kroz efekat disperznog ojacavanja, fini sekundarni kar-
bidi povecavaju mehani¢ku podrsku eutektickim karbidima. U uslovima ponov-
ljenih udarnih optereéenja u zaostalom austenitu Fe—Cr—C-V belih gvoZda javlja se
deformacija i deformaciono ojacavanje. Cestice istalozenih M,3Cq sekundarnih
karbida ometaju kretanje dislokacija i doprinose pojacanju efekta deformacionog
ojacavanja.

Klju¢ne reci: Fe—Cr—C-V bela livena gvo-
7da e Mikrostruktura e Tvrdoca e Zilavost
e Otpornost na habanje abrazijom e
Otpornost na ponovljena udarna opte-
recenja
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Analytical application of the reaction system methylene blue B—K,S,0;g
for the spectrophotometric kinetic determination of silver in citric buffer
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Abstract

A new, simple, rapid, sensitive and selective spectrophotometric kinetic method for Ag(l)
traces determination at room temperature was elaborated in this paper. It is based on
catalytic effect of silver ions upon the oxidation of methylene blue B (MBB) by K,S,05 (PPS)
in citric buffer (BUF) solution. The method was confirmed by determination of Ag(l) in PbO.
The obtained results were compared to those obtained by ICP-OES method and good

agreement of results was found.
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The silver traces determination is present in anal-
ytical practice for a long time. At the first time silver
was determined in the photographic materials and
solutions for black and white films, silver-plating solu-
tions and effluents. Recently, silver has also been anal-
yzed in ayurvedic and other drugs and medicines, che-
mical substances, natural and waste water samples,
electronics, flow-solders, white metals, ores, alloys,
biological samples, etc. [1,3,4] The toxico-kinetics of
silver is very complex: its ability to form organometalic
compounds and chelate complexes with influence on
the metabolic processes in living organisms is subject of
investigations in biology and environmental studies.

There are different methods for Ag(l) determi-
nation, like atomic absorption spectrometry (AAS) [1,2],
capillary zone electrophoresis (CZE) [3], fluorimetric [4],
high performance liquid chromatography (HPLC) [5],
kinetic [16—19], flow injection analysis (FIA) [20], spec-
trophotometric [21-28], photometric, etc. Silver was
also determined using PVC-membrane electrodes based
on 18-crown-6 and dibenzo-18-crown-6 ethers [29].

Kinetic methods for Ag(l) determination with spec-
trophotometric detection, are mainly based on catal-
ytic effect of silver ions upon the reaction rate of
oxidation of different reductors by K,S,05 or (NH,4),S,05
[6-15]. So, silver was determined as a catalyst of Kongo
red oxidation in the presence of 1,10-phenantroline as
an activator [6], and oxidation of BAPDAB in the pre-
sence of 2,2-dipyridyl as an activator [7], oxidation of
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pyrocathehol-1-aldehide-2-pyridyl hidrazone [8], pyri-
doxal nicotinyl hydrazone [9], fuchsine [10], SPADNS
[11], 7-(antipyrinylazo)-8-hydroxyquinoline [12], indigo
carmine, etc. Silver was also determined as the catalyst
of chromotropic acid oxidation by bromate, in the
range 2-10 pg cm° [16]. There are only a few kinetic
methods for silver determination based on its inhi-
bitory effect. One of the most interesting is the reac-
tion of oxidation of arsenite by Ce(lV), which is catal-
yzed by iodide ions [17]. As the inhibitor of this reac-
tion, Ag(l) was determined in silicate rocks. Kinetic
methods were also published for silver determination
in ores and alloys [18], sulfide minerals molybdenite
and sphalerite and some other natural materials [19].
FIA method with spectrophotometric detection was
published in 2011. for silver determination in silver
plating solutions [20]. One of many spectrophotometric
methods is the method for silver determination in 2500
soil samples of agricultural areas subjected to cloud
seeding in Greece [25]. Also, flotation-spectrophoto-
metric method was developed for silver detection in
semiconductors in the process of crystal growth [28].
The main goal of our investigation was to develop
new, easy to performance, sensitive kinetic method for
silver determination at room temperature, using com-
mon and available chemicals. In addition, we wanted to
check the method on the real sample in order to
discover its possibilities for further applications.

EXPERIMENTAL

Apparatus

Spectrophotometric measurements were per-
formed on UV-Vis spectrophotometer Shimadzu
UV-VIS 1650 PC (Shimadzu, Japan). ICP-OES measure-
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ments were performed on ICP-OES, model ICAP 65000
Duo (Thermo Scientific, UK). The cylindrical cells were
thermostated at 20.00+0.02 °C using thermocirculating
bath (Julabo MP-5A). The pH measurements were per-
formed using a Hach H260G pH-meter with a non-glass
pH probe PH77SS (Hach, USA).

Reagents and chemicals

Analytical grade reagents, provided by Merck, Ger-
many, unless indicated otherwise and ultrapure water
(18.2 MQ) (water purification system Thermo Fisher
Scientific Smart2Pure Standard) were utilized for solu-
tions preparation. Adequate polyethylene vessels were
used for storage of the solutions. Citric buffer solutions
were prepared by mixing NaCgHs;0; and NaOH or HCI
solution (0.1 mol dm>) according the rule and their pH
values were checked using a pH-meter. A stock Ag(l)
solution (1x10™ g cm™>) was prepared by dissolving the
exactly measured dry AgNO; in deionised water. The
concentration of the stock solution was checked by
complexometric determination. The methylene blue B
solution was prepared by dissolving the exactly mea-
sured substance in deionised water. All the poly-
ethylene containers and the glassware were washed by
diluted hydrochloric acid (1:1), solution of potassium
hydroxide in ethanol and then repeatedly well rinsed
by tap, distilled and deionised water. All concentrations
described here are the initial concentrations in the
reaction mixture at time zero after mixing. Each kinetic
result is the average of five determinations

Procedure

In order to obtain good mechanical and thermal
stability, the instruments were run for ten minutes
before the first measurement. Selected volumes of
reactants and deionized water were poured separately
in the reaction mixture vessel with four compartments
(Budarin vessel) up to a predeterminated total volume
of 10 cm®. The solution of Ag(l) was measured into one
leg of the Budarin vessel for catalytic reaction and the
same volume of deionized water was measured for
non-catalytic reaction. After thermostating for 10 min,

the reagents were mixed and simultaneously the stop-
watch was turned on. To properly rinsed spectrophoto-
meter cell with a path length of 10 cm, the solution was
immediately added and absorbance was measured
every 15 s, starting from the 45™ second of reaction, up
to 10 min of the reaction. Spectrophotometric mea-
surements were performed at the wavelength of 662.4
nm, and at working temperature of 20+0.02 °C.

The reaction was tested by examination the inf-
luence of each component of the reaction mixture
upon the reaction rate of catalytic and non-catalytic
reaction. The concentration of each component was
changing consecutively, while the concentrations of
other components, as well as the working temperature,
were kept constant.

RESULTS AND DISCUSSION

While the reaction proceeds, the initial blue color of
the solution fades and a colorless reaction product is
formed. Neither the exact mechanism of reaction nor
the chemical nature of the products was of major
interest in the investigation. The spectrophotometric
measurements were performed at the wavelength of
absorption maximum of methylene blue B (662.4 nm)
in citric buffer media (Fig. 1). The logarithm of absor-
bance—time curves is linear during the first five to ten
minutes of reaction for different Ag(l) concentrations,
so all kinetic results were treated by the integral variant
of the tangent method [30]. The rate of reaction was
obtained using the slope of the kinetic curves of the
absorbance-time plot.

Hence, the influence of the pH value of the selected
citric buffer solutions on the rate of both the catalytic
and non-catalytic reaction was examined in the pH
interval of about 5 to about 6 (Fig. 2). The value of 5.2
was selected as the most appropriate one, because it
provides very well difference of reaction rates of the
catalytic and non-catalytic reaction and good repro-
ducibility of absorbance measurements in the absor-
bance area of the least error for spectrophotometric
measurements, for both reactions. The same principles

Fig. 1. Absorption spectra of MBB in citric buffer. Initial conditions: MBB, 7.15x10° mol dm™; 20£0.02 C; pH:A-1.0;, B-7.0.
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were used for optimal conditions selection in all further
investigations. The citric buffer pH 5.2 was used in
subsequent examinations.

324
28- A
24

20

Slopex 10° (s

161

124

50 52 54 56 5.8 6.0

tions: MBB, 4.5x10°° mol dm™>; PPS, 7.9x1072 mol dm™; BUF,
9.2x10° mol dm™; Ag(l), 2.1 ug cm>; 20£0.02 C;
A — catalytic reaction, B — non-catalytic reaction.

Fig. 2. Dependence qj the reaction rate on pH. Initial condi-

The rate of the non-catalytic reaction shows first
order dependence on the buffer concentration, while
the catalytic reaction rate shows complex dependence
(Fig. 3) within the range of 2.6x107 to 9.2x10> mol
dm_s, and a concentration of 7.9x10™° mol dm™ > was
selected as the optimal concentration of citric buffer

for further measurements.
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Fig. 3. Dependence of the reaction rate on the BUF concentra-
tion. Initial conditions: MBB, 4.5x10°° mol dm™; PPS 7.9x10°
mol dm™; pH 5.2; Ag(l), 2.1 ug cm™; 20£0.02 C; A - catalytic
reaction, B — non-catalytic reaction.

The dependence of the rate of the catalytic and
non-catalytic reaction on the reductor concentration
was monitored within the concentration range of about

1.5x10°° to about 6.0x10™° mol dm™ MBB. Within this
interval, both the catalytic and non-catalytic reaction
rate shows a complex dependence of the MBB concen-
tration (Fig. 4). As optimal, a concentration of 4.5x107°
mol dm™ MBB was selected.
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Fig. 4. Dependence of the reaction rate on the MBB concen-
tration. Initial conditions: PPS, 7.9x1072 mol dm'g; pH 5.2;
BUF, 7.9x10° mol dm™; Ag(l), 2.1 ug cm™>; 20+0.02 C;

A — catalytic reaction, B — non-catalytic reaction.

At last, the influence of the concentration of the
oxidant was tested (Fig. 5). Inside the investigated con-
centration range of K,S,05 of about 6.0x107 to about
14.0x107> mol dm the catalytic reaction rate exhibited
a complex dependence, while the non-catalytic reac-
tion showed first order dependence on oxidant concen-
tration. PPS concentration of 12.6x10” mol dm~ was
selected as the adequate for further work.
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Fig. 5. Dependence of the reaction rate on the PPS concentra-
tion. Initial conditions: MBB, 4.5x10"° mol dm™; pH 5.2; BUF,
7.9x10° mol dm™; Ag(l), 2.1 ug cm™; 20£0.02 C;

A — catalytic reaction, B — non-catalytic reaction.
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Hence, the optimal conditions were found to be: pH
5.2, Caur = 7.9x107> mol dm™>, cygs = 4.5x10™° mol dm ™,
Cops = 12.6x107> mol dm™.

Under the optimal conditions, the dependence of
catalytic reaction rate on the Ag(l) concentration was
observed at three temperatures: 20+0.02, 23+0.02 and
25+0.02 °C. The linear dependence of calibration
curves falls within the range of 0.4 to 2.1 pg cm® Ag(l).

The adequate equations of calibration curves for
20+0.02 (Eq. (1)), 23+0.02 (Eq. (2)) and 25+0.02°C (Eq.
(3)), were calculated as follows:

Slope = (0.00726+0.00001)c + (0.0289240.00010) (1)
Slope = (0.01183+0.00003)c + (0.03491%0.00012)  (2)
Slope = (0.01502+0.00002)c + (0.03811+0.00013)  (3)

where c is Ag(l) concentration in ug cm .

The accuracy and precision of the method were
checked for three different Ag(l) concentrations within
the range of the calibration curve. Five repeated mea-
surements were performed for each concentration.
Satisfactory results were obtained. For Ag(l) concen-
trations of 0.5, 1.0 and 2.0 pg cm™>, RSD values were
found to be 3.2, 2.4 and 1.3%, respectively.

The selectivity of the method was established by
interference studies: selected ions were separately added
in the reaction mixture. The tolerance limit was esti-
mated as the concentration of the added ion that gives
up to a 3% relative error in the determination of silver.
Cations were added as chlorides or nitrates and anions
were added as sodium or potassium salts. Each ion was
added in six known concentration ratios (0.01:1, 0.1:1,
1:1, 10:1, 100:1 and 1000:1) against the constant Ag(l)
concentration of 1.05 pg cm. The measurements were
performed at 20+0.02 °C, and about 30 most
frequently used cations and anions were tested (Na®,
Ca2+’ Sr2+, Baz+, Mg2+, Zn2+, CU2+, Pb2+, Pd2+ Ni2+, C02+,
Hg™, sn’" Bi**, Fe*, AP, As®, sb*, Au’, acetates,
tartarates, oxalates, molybdates, wolframmates, Br, I,
Cl, NO3, 5042_, CO32_ and PO43_). The results presented
in Table 1 reveal that proposed methods for silver
determination have a very good selectivity.

Tablel. Selected results of interference studies for silver deter-
mination. Initial conditions: pH 5.2; MBB, 4.5x10°° mol dm™;
BUF, 7.9x10™° mol dm™; PPS, 12.6x10% mol dm’; Ag(l), 1.05
ug cm_a; 20+0.02 €

Added ion lon:Ag(l) ratio  Silver determination
Ni(ll) 1 Interferes
Co(ll) 1 Interferes
Cu(ll) 10 Interferes
Molybdate 10 Interferes
Zn(I) 10 Inhibits
Au(lll) 1 Catalyses
Pd(l1) 10 Catalyses
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Only the presence of Ni** and Co®* in the ratio 1:1
and cu®* and molybdates in the ratio 10:1, interferes
with the determination of silver. The presence of n*
in the ratio 10:1 inhibits, while Au** in the ratio 1:1 cat-
alyzes the determination of silver by proposed method.
The ions that interfere determination of silver can be
easily removed by standard analytical methods like
masking, precipitation, etc., depending of different
samples nature.

By application of spectrophotometric technique, at
the wavelength of 662.4 nm, a limit of quantification
(LQ) of 83 ng cm™ Ag(l), was reached, and the limit of
detection (LD) of 24 ng cm™ Ag(l), was obtained. LQ
was defined as the ratio signal:noise = 10:1 and LD was
defined as signal 3:1 against the blank.

The method was successfully applied to Ag(l) deter-
mination in PbO (Merck, Germany). Solution containing
a known quantity of silver was analyzed by application
of both the presented kinetic method and ICP-OES
method. As presented in Table 2, there is a good agree-
ment of results.

Table 2. Ag(l) determination in PbO. Initial conditions: pH 5.2;
MBB, 4.5x10°° mol dm™; BUF, 7.9x10°> mol dm™; PPS,
12.6x10°2 mol dm’; Ag(l), 1.05 ug cm™; 20£0.02 °C; mean
values of five measurements+2SD

Kinetic Recovery Determination Recovery
determination % by ICP-OES %
(5.38+0.05)x10”7  97.8 (5.48+0.02)x107  99.6
gem™ gem™

CONCLUSIONS

The proposed kinetic method for the determination
of Ag(l) shows a very good selectivity and provides
rapid and easy performance at room temperature, by
using available equipment and cheap chemical sub-
stances. The obtained results are precise and repro-
ducible. The RSD value was found to be in the range
1.3-3.2% for the investigated concentration range of
Ag(l).

On the grounds of the obtained results, the new
spectrophotometric kinetic method is recommendable
for the determination of Ag(l) in chemical substances of
high grade purity, and potentially also in different
samples from industrial processes and environment.
The results suggest that it could also be a good basis for
further investigations, not only in the area of kinetic
methods development, but also in the area of noble
metals determination.

Acknowledgements

The research was supported by the Serbian Ministry
of Education, Science and Technological Development
(Grant no. 172051).



S.M. RANCIC, S.D. NIKOLIC-MANDIC, A.Lj. BOJIC: SPECTROPHOTOMETRIC DETERMINATION OF SILVER

Hem. ind. 68 (4) 429-434 (2014)

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

G. Chakrapani, P.L. Mahanta, D.S.R. Murty, B. Gomathy,
Preconcentration of traces of gold, silver and palladium
on activated carbon and its determination in geological
samples by flame AAS after wet ashing, Talanta 53
(2001) 1139-1147.

J. Pandey, P. Sudhakar, V.J. Koshy, Determination of sil-
ver at submicrogram levels by absorption spectrophoto-
metry, Ind. J. Chem. Tech. 10 (2003) 295-297.

M. Aguilar, A. Farran, M. Martinez, Determination of
gold(l) and silver(l) cyanide in ores by capillary zone
electrophoresis, J. Chromatogr. 635 (1993) 127-131.

V. Kabasakalis, Fluorimetric determination of silver by
brilliant green in aqueous systems and its application in
photographic fixing solutions, Anal. Lett. 27 (1994)
2789-2798.

L. Wang, Q. Hu, G. Yang, J. Yin, Z. Yuan, Online solid
phase extraction-reverse phase liquid chromatographic
determination of lead, cadmium, silver and merkury in
water, Fenxi Huaxue 32 (2004) 421-427 (in Chinese).
H.R. Pouretedal, S. Tavakkol, Catalytic kinetic deter-
mination of silver through its catalytic effect on kongo
red-peroxodisulphate reaction, Iran. J. Chem. 22 (2003)
21-26.

XJ. Guo, Q.L. Deng, B. Peng, J.Z. Gao, J.W. Kang,
Catalytic spectrophotometric determination of ultra-
trace amounts of silver with solubilizing effect on non-
ionic surfacant, Chin. J. Chem. 20 (2002) 39-44.

A.M. Alfonso, J.J. Santana, F. Garcia-Montelongo, Kinetic
spectrofluorimetric determination of silver, based on its
catalytic effect on the oxidation of pyrocatechol-1-alde-
hyde 2-pyridylhydrazone by peroxodisulfate in the pre-
sence of 1,10-phenantroline as activator, Talanta 33
(1986) 779-783.

M.A. Cejas, A. Gomez-Hens, M. Valcarcel, Kinetic fluo-
rimetric determination of silver by its catalytic effect on
the oxidation of pyridoxal nicotinyl hydrazone by potas-
sium peroxidisulfate, Microchim. Acta 84 (1984) 349-
-352.

N. Pourreza, H. Pahram, F. Hashemi, Kinetic-spectro-
photometric determination of trace silver(l) using its
catalytic effect on the oxidation reaction of fuchsin by
peroxodisulfate in the presence of 1,10-phenantroline
as an activator, J. Anal. Chem. 58 (2003) 333-336.

M. Keyvanfard, H.R. Pouretedal, Catalytic spectrophoto-
metric determination of trace amounts of Ag(l) using
the oxidation of 1,8-dihidroxy-2-(4-sulfophenylazo)-
naphthalene-3,6-disulfonic acid trisodium salt with per-
oxydisulfate, Asian J. Chem. 19 (2007) 3747-3754.

L.M. Matat, I1.B. Myzetskaya, V.K. Pavlova, A.T. Pilipenko,
Kinetic determination of silver based on oxidation of 7-
(antipyrinylazo)-8-hydroxyquinoline, Zh. Anal. Khim. 37
(1982) 2165-2167.

R.M. Naik, R.K. Tiwari, P.K. Singh, S.B.S. Yadav, A.
Asthana, Kinetic determination of silver at trace level
based on its catalytic effect on a ligand substitution
reaction, Tran. Met. Chem. 33 (2008) 615-623.

(14]

[15]

(16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

K.P.P.R.M. Reddy, P.G. Chowdary, V.K. Reddy, P.R.
Reddy, Catalytic-kinetic determination of silver(l) using
hexacyanoferrate(ll) and 2,4,6-tripyridyl-1,3,5-triazine,
Annal. Chim. 97 (2007) 1207-1215.

G.D. Sulka, M. Jaskula, Determination of silver traces in
pure metallic copper and zinc by a catalytic photometric
method, Croat. Chem. Acta 80 (2007) 147-150.

G.M. Mastoi, A.A. Khaskheli, I.A. Ansari, M.Y. Khuhawar,
Kinetic spectrophotometric determination of silver(l) by
the catalytic effect on the oxidation of chromotropic
acid by bromate, Paks. J. Chem. Soc. 19 (1997) 273-278.
Yu.l. Grosse, A.D. Miller, Highly sensitive kinetic method
for determination of silver in rocks, Metody Anal. Red-
kometal. Miner. Rud. Gorn. Porod. 2 (1971) 52-64.

V.K. Reddy, A. Chennaiah, P.R. Reddy, T.S. Reddy, Kine-
tic-photometric determination of silver(l) based on its
catalytic effect on reaction between potassium ferro-
cyanide and 2-hydroxy-4-metoxybenzophenone thio-
emicarbazone, Chem Anal. 48 (2003) 733-740.

Yu.l. Grosse, A.D. Miller, Kinetic determination of silver
in natural materiale, Zavodskaya Lab. 40 (1974) 262—
-263.

K. Fujimura, T. Odake, H. Takiguchi, N. Watanabe, T.
Sawada, Flow injection spectrophotometric determina-
tion o sub mg/dm3 silver in a strongly acidic solution
containing concentrated copper(ll) using a pyridylazo
reagent, Anal. Sci. 27 (2011) 1197-1201.

P. Nagaraja, M.S.H. Kumar, H.S. Yathirajan, Silver-
enhanced reduction of 2,3,5-triphenyl-2H-tetrazolium
by semicarbazide hydrochloride (SHC) for the spectro-
photometric determination of traces silver(l), Anal. Sci.
18 (2002) 815-820.

C. Ivanova, S. Popova, Spectrophotometric determina-
tion of silver with brompyrogallol red (BPR) and 1,10-
-phenantroline in the presence of gelatin J. Univ. Chem.
Tech. Met. 37 (2002) 33-38.

H.W. Gao, L. Wang, M. Tao, Primary-secondary wave-
length spectrophotometric determination of trace
amounts of silver in waste water with 2,4-dibromo-6-
-carboxy-benzendiazoaminoazobenzene (DBCBAAB),
Paks. J. Chem. Soc. 22 (2000) 275-280.

S.G. Kawatkar, P.S. Manol, A simple and sensitive
spectrophotometric method for determination of sil-
ver(l) with resacetophenone guanylhydrazone (RAG),
Acta Cie. Ind. 24 (1998) 167-169.

S. Tsiouris, F. Aravanopoulos, |. Papadoyannis, M. Sofo-
niou, N. Polyzopoulos, M. Christodoulou, V. Samanidou,
G. Zachariadis, H. Constantinidou, Soil silver content of
agricultural areas subjected to cloud seeding with Agl,
Frez. Env. Bull. 11 (2002) 697-702.

H.W. Gao, Reanalysis of silver chelate solution and
determination of trace amounts of silver in waste water,
Asian J. Chem. 11 (1999) 740-745.

F. Salinas, A. Espinosa-Mansilla, A.P. Lopez de Alba,
Extraction-spectrophotometric determination of silver
in ores, electronic flow- solders and white metals with
2-carboxybenzaldehyde thiosemicarbazone (2CBTSC),
Analyst 120 (1995) 2857-2860.

433



S.M. RANCIC, S.D. NIKOLIC-MANDIC, A.Lj. BOJIC: SPECTROPHOTOMETRIC DETERMINATION OF SILVER Hem. ind. 68 (4) 429-434 (2014)

[28] N.N. Ischenko, L.I. Ganago, I.F. lvanova, Flotation-spec- dibenzo-18-crown-6 ethers for determination of silver,
trophotometric determination of silver, J. Anal. Chem. Turk J. Chem. 31 (2007) 449-456.
52 (1997) 768-769. [30] D. Perez-Bendito, M. Silva, Kinetic Methods in Analytical
[29] M.M.Zareh, M.A. Akl, A.K. Gonheim, M.H. Abdel Aziz, Chemistry, John Wiley & Sons, Chichester, 1988.

PVC membrane electrodes based on 18-crown-6 and

1ZVvOD

ANALITICKA PRIMENA REAKCIONOG SISTEMA METILEN-PLAVO B-K,S,05 ZA SPEKTROFOTOMETRISKO KINETICKO
ODREDIVANIJE SREBRA U CITRATNOM PUFERU

Sofija M. Ranéiél, Snezana D. NikoIic’—Mandic’z, Aleksandar Lj. Bojic'1

lDepartman za Hemiju, Prirodno-matematicki fakultet, Univerzitet u Nisu, Srbija
2Hemijski fakultet, Univerzitet u Beogradu, Beograd, Srbija

(Naucni rad)

PredloZena kineticka metoda za odredivanje Ag(l) pokazuje vrlo dobru selek- Klju¢ne re¢i: Odredivanje Ag(l) e Kata-
tivnost i lako se i brzo izvodi na sobnoj temperaturi. Uz koris¢enje dostupne lizator e Kineticko spektrofotometrijska
opreme i jeftinih supstanci, ostvaruju se precizni i reproduktivni rezultati. Spektro- metoda

fotometrijskim merenjem, na talasnoj duZini od 662,4 nm, postignuta je granica
kvantifikacije (LQ) od 83 ng em™® Ag(l), kao i granica detekcije (LD) od 24 ng cm™
Ag(l). LQ je definisana kao odnos signal:Sum = 10:1, a LD kao signal 3:1 u odnosu
na slepu probu. RSD vrednosti se nalaze u rasponu od 1,3-3,2% za ispitivanu
oblast koncentracija Ag(l). Na osnovu dobijenih rezultata se moze zakljuciti da je
nova spektrofotometrijsko—kineticka metoda pogodna za odredivanje Ag(l) u
hemijskim supstancama visoke Cisto¢e, a potencijalno i u drugim uzorcima iz
proizvodnih procesa i Zivotne sredine. Takode, rezultati ispitivanja ukazuju na to
da ona moZe da bude dobra osnova ne samo za dalja istraZivanja u oblasti razvoja
kinetickih metoda analize, vec¢ i u oblasti razvoja novih metoda za odredivanje
plemenitih metala.
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Abstract

In the present study, the viscoelastic response of three composite solid propellants based
on hydroxyl-terminated poly(butadiene), ammonium perchlorate and aluminum has been
investigated. The investigation was surveyed by dynamic mechanical analysis over a wide
range of temperatures and frequencies. The mechanical properties of these materials are
related to the macromolecular structure of the binder as well as to the content and nature
of solid fillers. The storage modulus, loss modulus, loss factor and glass transition tempe-
rature for each propellant sample have been evaluated. The master curves of storage (log
G' vs. log w) and loss modulus (log G" vs. log w) were generated for each propellant. A
comparison of log a; vs. temperature curves for all propellants indicate conformance to
Williams—Landel-Ferry equation. Choosing the glass transition as the reference tempera-
ture, WLF equation constants are determined. Fractional free volume at the glass tran-
sition temperature and thermal coefficient of free volume expansion values are in accord-
ance with the consideration that Al is reinforcing filler.

Keywords: composite propellant, hydroxyl-terminated polybutadiene (HTPB), dynamic
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Composite rocket propellant formulations based on
hydroxyl-terminated poly(butadiene) (HTPB) as a
binder, ammonium-perchlorate (AP) and aluminum (Al)
as solid ingredients, are at present the state-of-the-art
propellants in solid fuel rocket engines. A major com-
ponent in propellant, by weight and volume, is an oxi-
dizer. AP is currently the most widely employed oxi-
dizer because of its high specific impulse, high density,
relatively high availability, low cost, high energy, etc.
The function of metal fuel is to increase the flame
temperature and generate hot metal particles for
improved ignition. By far, the most common metal in
use as a solid propellant fuel is fine divided aluminum.
The binder, as the name implies, holds the composition
together and acts as an auxiliary fuel. Once cured, the
binder makes the propellant flexible, which decreases
the likelihood that the propellant will fracture under
stress and pressure. The binder comprises at least two
components. The first one is a liquid or semi-liquid pre-
polymer and the second one is a curing agent. Hyd-
roxyl-functional prepolymers, such as HTPB, are cured
using multifunctional isocyanates. Preferably, the cur-
ing agent is an isophorone diisocyanate (IPDI), which is
a less reactive isocyanate and, therefore, helpful to pot
life. To insure the desired degree of crosslinking, IPDI is
added in an amount sufficient to generate a ratio of
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isocyanate to hydroxyl groups (NCO/OH) of about 0.8
to about 1.20, preferably about 0.85 to about 0.90. The
selection of both solid ingredients (AP and Al) and the
binder is not dictated by the optimization of the
mechanical properties. The optimum choice of these
ingredients has to enhance the energetic and ballistic
performance rather than mechanical properties. Thus,
mechanical properties are, on one hand a result of
formulation adjustment, and on the other hand are
expected to match the structure integrity requirements
with very little means of improvement. For the purpose
of meeting the energy and ballistic characteristics for
practical applications, the oxidizer is about 70 wt.%,
while the metal fuel represents about 15 wt.% of the
propellant [1]. In addition, considering process-ability
aspect of propellant production, this formulation gives
acceptable values of viscosity. In other words, there is
sufficient “pot life”, defined as the time the propellant
mixture remains sufficiently fluid to permit processing
and casting. One of the most common used methods in
order to achieve the required mechanical properties is
a variation of AP/Al ratios for a fixed solid loading,
without drastic influence on energetic and ballistic pro-
perties. Being reinforcing (filler strongly interacts with
the binder) or non-reinforcing (filler interact only
weakly with the binder), viscoelastic properties of com-
posite propellants are strongly affected by the inclusion
of solid fillers.

Due to presence of a polymeric binder, as visco-
elastic materials, composite propellants show time and
temperature dependence of mechanical properties.
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The time—temperature superposition principle (tTTS) is
still widely applied to the viscoelastic properties of
these energetic materials. The best-known relation is
that derived by Williams, Landel and Ferry (so-called
WLF equation), which defines the shift factor ar,
temperature change as:

logay =—C, (T—Ty)/(C, +T-T,) (1)

where: T — test temperature, T, — reference tempera-
ture, Cy;, G, — constants.

If the reference temperature is such that 7, - T, = 50
°C, where T, is the glass transition temperature, then C;
and C, are general constants with values of 8.86 and
101.6, respectively [2]. Since this is a rough approxi-
mation, for more accurate calculations it is necessary to
determine the values of a shift factor ay, and constants
C: and G, for each type of rocket propellant. Despite
the importance of HTPB-based composite propellant
for rocket engines and the obvious concern about
structure and properties relationships, very few com-
prehensive investigations appear to be available in the
open literature. De la Fuente et al. analyzed unfilled
elastomeric binder and the effect of the different types
of fillers on the viscoelastic behavior of a several HTPB
based solid composites by dynamic mechanical mea-
surements [3]. Cogmez et al. compared dynamic data
of two HTPB based composite propellants with diffe-
rent solid compositions, one with 86 wt.% of solid load-
ing including 16 wt.% Al, and the other with 86 wt.%
solid loading without Al. The former was found to be
less stiff and more dissipative than the latter at higher
temperatures [4]. Borsus et al. showed that Al particles
(having OH-groups on the surface) make fine dispersion
in polyurethane foams through a molecular bonds
between the particles and the binder [5].

The aim of this work was to characterize and eva-
luate changes in the viscoelastic properties of com-
posite propellants which follow propellant formulation
adjustment by variation of AP/Al ratios for a fixed solid
loading.

HTPB

HO+ CH;—CH ——CH—CHZ—)-nOH +

EXPERIMENTAL

Three HTPB-based propellant compositions (Table
1) selected for this study consisted of 85 wt.% of solids
loading including 70-73.5 wt.% AP (oxidizer, with two
particle sizes, 200 and 10 um), 11.5-13 wt.% Al (fuel,
with 30 and 15 um particle sizes) and 15 wt.% of poly-
meric binder.

Table 1. Tested propellant compositions

sample  APyoo/APro  Also/Alss Al AP, Solid loading

% % wt.%
CpP1 80/20 50/50 13.0 72.0 85.0
CpP2 80/20 50/50 15.0 70.0 85.0
CP3 80/20 50/50 11.5 73.5 85.0

The binder composition consisted of 11.08 wt.% of
HTPB (R-45HT, Sartomer, viscosity at 23 °C: 8000 mPa
s, OH value: 47.12 mg KOH/g, hydroxyl functionality:
2.4-2.6, average molecular weight: 2800 g/mol, specific
gravity at 23 °C: 0.901 g/cm3, glass transition tempe-
rature, Tg: =76 °C), 2.77 wt.% of plasticizer (dioctyladi-
pate; Fluka AG, Switzerland), 0.17 wt.% of antioxidant
(phenyl-fnaphtylamine; Fluka AG, Switzerland) and
0.06 wt.% of bonding agent (triethylenetetramine,
Riedel). Tested propellant samples differed from each
other in a solid particle content ratio.

Curing occurs when hydroxyl groups on the pre-
polymer (HTPB) react with isocyanate groups of the
curing agent (IPDI, purity: 98%, Sigma Aldrich, Ger-
many) to form urethane crosslinks (Figure 1).

The NCO/OH ratio between the isocyanate groups
of IPDI to the hydroxy groups of the R45HT was 0.87.
Mixing of propellant was conducted at a temperature
of 60 °C in 1-gallon Baker-Perkins planetary mixer,
while the corresponding propellant binder (HTPB) was
hand-mixed, degassed, cast and cured in moulds to
obtain 4 mm thick slabs. The curing was performed for
5 days at 70 °C.

IPDI

NCO

OCN

(0]
LA
—> ot %ﬁJHQ

Figure 1. Scheme of urethane reaction.
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The DMA tests were carried out by using mecha-
nical spectrometer ,,Rheometrics”, model RMS-605, in
the torsion mode. The temperature range studied was
from —90 to 60 °C, the heating rate was 5 °C/min and
the single frequency point of 1 Hz was chosen. Strain
amplitude was 0.1%. The samples for DMA tests were
of rectangular bar shape (63 mmx12 mmx3 to 4 mm).
Complex modulus was determined, G*(w) = G'(w) +
iG"(w). Extracted data were the storage modulus (G'),
loss modulus (G") and the loss factor, tan 6 = G"/G".
Each sample was first tested at a constant frequency
and temperature over above mentioned range.

The glass transition temperature (7;) determined by
dynamic mechanical measurements was estimated as
the temperature at which the loss modulus G", maxi-
mized. Finally, the viscoelastic properties were mea-
sured through three decades of frequency over a range
of temperatures from —70 to 20 °C.

DSC analyses were carried out using the DSC Q20
manufactured by TA Instruments with liquid nitrogen
for low temperatures. The temperature scale was calib-
rated using the melting temperature of high purity ind-
ium. These measurements were made with the pur-
pose to investigate the thermal based glass transition
temperature of the tested samples. The small amount

of the samples (~5 mg) was scanned with a heating rate
of 10 °C min™", starting from —90 °C and ending at 50
°C. The glass transition temperature, T, of the samples
were determined from the midpoints of the transitions.

RESULTS AND DISCUSSION

The propellant specimens were analyzed in the dyn-
amic torsion mode. This mode enables determining the
binder characteristics without distortions due to the
particle—particle contact as it can happen in tensile-
compression or in bending mode [6].

Temperature dependence

Based on a weakly cross-linked polymeric matrix,
composite rocket propellants show very large changes
in mechanical properties with changing temperature.
Figure 2 shows the viscoelastic response of tested pro-
pellant samples in terms of storage modulus, loss
modulus and loss factor at 1 Hz as a function of tem-
perature.

DMA measurements have shown that tested pro-
pellants exhibited viscoelastic behavior by passing
through glassy transition and rubbery region.

10"
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£ —o— CP1
10°
£
0 10 3
10"
105 . I R I R I R I R I R I | 105 i . 1 . 1 . 1 . 1 | N | |
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Figure 2. Temperature dependences of a) storage modulus (G'), b) loss modulus (G") and c) loss factor (tan &) for tested propellant

samples.
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Table 2 shows T, values of the tested samples
determined through DMA via G", G', tan 6 and through
DSC. Also, values of peak widths at half-height (w) of
tan 6—temperature dependence are shown.

Tan(é) is a composed distribution function
describing the distributions of the glass transitions of
the structural elements of the polymer network in
propellant formulations. Polymer network in composite

Table 2. T, values determined through G", G', tan 6 and DSC; tan 6, and widths (w) of tan & peaks

Sample T/ °C Tghard /°C tan Smax w/°C
G" G' tan 6 DSC

CP1 -69.9 -77.2 -63.1 -78.9 -20.1 0.385 13.2

CP2 -72.0 -79.3 —64.5 -78.3 -19.1 0.762 14.6

CP3 -70.6 -77.6 —62.7 -78.3 -24.1 0.641 14.8

HTPB - - - -72.7 - - -

The differences between T, values of tested
samples determined through DMA via G", G' and tan 6,
respectively, are within experimental error. The T is
easily identified as a peak in the tan 6 or the G" trace.
These maxima do not coincide exactly. The maximum in
the tan & is at a higher temperature than that in G",
because the tan § is the ratio of G" and G' and both
these moduli are changing in the transition region. T,
values based on G" show that it cannot be observed
any regularity of its change with increasing Al content
in the tested propellant formulations. However, the
lowest T, is observed for CP2 sample. The T, of the
tested propellants based on the DSC is nearly as same
as reported by Cerri et al. [6]. The T, of HPTB cured
with IPDI determined by DSC is higher than that of IPDI
cured HTPB reported as —83 °C by Bhagawan et al. [7].
Although incorporation of fillers significantly modifies
the molecular mobility, it is found that T, of HPTB bin-
der is higher than that of corresponding propellants.
The position of T; depends on the experimental tech-
niques and conditions of the experiment (e.g., heating
rate of the sample). Phase transitions are time—
dependent relaxation processes, so the most reliable
values for the phase transition temperatures could be
obtained at the lowest cooling rate.

Comparing G' values of tested propellant samples,
sample CP2 (AP/Al = 70/15) has the lowest G' values in
the rubbery plateau region. Based on the assumed pre-
sence of non-homogeneously distributed OH groups on
the Al particle surface, that interferes with the curing
agent, incorporation more Al particles in propellant for-
mulation with fix solid loading gives less cured propel-
lant [6]. The decrease of G' value is connected with the
increase of the macromolecular mobility.

Beside T, a molecular interpretation of the visco-
elastic behavior can be given considering the tan 6,
which is extremely sensitive to all kinds of relaxation
processes, structural heterogeneity and the morpho-
logy of multiphase systems such as filled or composite
materials.
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propellant formulations is made of polyurethane elas-
tomer, which contain soft and rigid segments. The soft
segments consist of the flexible non-crystalline polymer
chains, in this case poly(butadiene), and the rigid or
hard segments consist of diisocyanate residues, chain
extenders and urethane groups.

Two maxima in the tan & curves of all tested pro-
pellant samples were observed. The first peak posi-
tioned between —80 and —60 °C could be attributed to
the main glass transition temperature (a-relaxation
peak) in the soft segment regions (HTPB main chain
elements). These segments are formed by the reaction
of the diisocyanate and the long-chain diol. They have
low polarity as they have a very low density of ure-
thane groups, and therefore, they are flexible at room
temperature. At this temperature range the molecular
rearrangements reach a maximum extend and it is
defined as the temperature at which the polymeric
material changes from the entropy-elastic rubber
behavior to the energy-elastic behaviour or vice versa.
This temperature is called T,". The intensity of T,”"
for CP2 sample (15 wt.% Al) is the highest, although its
temperature location is quite equal to that in the other
tested propellants. The highest Al proportion within the
solid loadings causes the highest value of TgSOft intensity
for the sample CP2. Although Al particles are con-
sidered as reinforcing fillers, less AP content means less
content of ionic bonds between the bonding agent (tri-
ethylenetetramine) and AP particles, which cause
increased mobility of the macromolecule chains. Com-
paring intensity of T, values for CP1 and CP3,
although CP1 has a higher proportion of AP, since the
Al particles are smaller, they make a stronger adhesion
to the polymer matrix, which results in a higher T,°"
value of CP3.

The second peak of the tan 6 curves is broader than
the first one. It appears at higher temperatures
(between —40 and 20 °C) and it can be related to the
motions within the polymer short-hard segment units.
These segments have a high density of high polarity
urethane groups, and for this reason, they are rigid at
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room temperature. Temperature range, which corres-
ponds to relaxation related to short-hard segment units
is called T, T, exhibits a small difference in
intensity, but its broadness is enlarged in sample CP1,
compare to those for samples CP2 and CP3. This can be
explained by the free extended HTPB chains (found
with GPC) intermixed in the short-hard segment
regions and in this way creating more free volume [6].
The fraction of these free chains should be higher in

CP1, because of consumption of IPDI by Al particles.

Frequency dependence

An example of the small deformation response pro-
perties measured for each of the propellants is pre-
sented in Figure 3. The figure shows the effect of
temperature and frequency on the storage modulus of
the propellant CP3. The response of tested propellants
was measured during a frequency sweep for different
isothermal temperatures. Frequency was varied from
0.1 to 100 rad s, through 16 equidistant values on a
logarithmic scale.

Figure 3. Storage modulus (G') as a function of frequency for
CP3 propellant sample.

Storage modulus increases in a regular fashion with
increasing frequency or decreasing temperature, sug-
gesting that time—temperature superposition of the
data is possible. Similar results were obtained for each
of tested propellants.

Figure 4 shows the tan 6—frequency dependences
for sample CP1.

For sample CP1 the frequency dependence at —60 °C
is not observed below 1 rad s™. Above this value, the
tan 6 increases with increasing frequency. The fre-
guency dependence at —50 °C is scarcely detected in
the frequency range from 0.1-10 rad s™. The frequency
dependence at —40 and —20 °C is observed in the whole
range of frequencies: tan & decreases with increasing
frequency. Above —20 °C, frequency dependence is not

observed below 1 rad s . Above 1 rad s, the value of
tan 6 increases with increasing frequency.

Figure 4. Loss factor tan 6 as a function of frequency for
sample CP1.

Application of Williams—Landel-Ferry equation

Temperature range for testing was selected so that
the lowest testing temperature propellant is in glassy
state and that the highest testing temperature is the
temperature of use. Temperature step was 10 °C. The
master curves represent essential inputs for evaluating
the margin of propellant safety usage. The most critical
stage during rocket motor operation is the ignition
stage. During such conditions, the propellants are
exposed to high-speed deformation of the order of 1 to
6 m/s, which corresponds to periodic deformations of
628-3140 rad s . Such a high-speed deformation is
very difficult to achieve in real life tests.

By dynamic mechanical measurements at small
deformation, it is possible to obtain information about
the behavior of materials at such high strain rates,
because the proper analysis of the measurement
results in three decades of frequency can determine
the values of these parameters and up to 20 decades
for the selected reference temperature. In this way, we
can make conclusions about the tested material
behavior under conditions of very large or very small
strain rates. The master curve reference temperature
was Ty = 20 °C. In addition, it is very important to
emphasize that WLF equation is valid in T; to (7Tg+100
°C) region.

Figure 5 shows master curves of storage and loss
shear modulus comparison for the tested propellant
samples.

Figure 5 shows several important features concern-
ing the viscoelastic response of the tested propellants.
For all tested propellants, at low temperatures (high
frequencies), G' and G" slopes maximize.
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Figure 5. Master curves of a) storage modulus (G') and b) loss modulus (G") for tested propellant samples.

At higher temperatures, or lower frequencies, G" 10

becomes progressively smaller than G', with both - = O G

curves entering the rubbery plateau. For both moduli 8+ N °©G

change curves, the differences are observed at high — .

and low frequencies for sample CP2. It is observed that 08. 6F .

the decay of modulus with the reduced frequency o 9

(time) is pronounced in CP2 than in other propellant. At §’ 4l

higher temperatures or lower frequencies, the value of = 5

G' is observed to approach the equilibrium value. This :I oL

portion of the curve is termed the rubbery plateau. The | a

horizontal shift factor values ar, used to superpose the ok .

G' and G" experimental data into a master curve for

tested propellants are shown in Table 3. 5 L

-100 -80 -60 -40 -20 0 20

Table 3.‘ Shift factor, log ay, temperature‘ qependences T [OC]

determined through G' and G" superposition 0

T/°C CP1 CP2 CP3 Figure 6. Comparison of the horizontal shift factor values used
to superpose G' and G'" data for sample CP3

G' G" G' G" G' G"

—69.75  -10.73 -10.88 -9.18 -9.36 -11.47 -11.04 Temperature dependences of shift factor, ar, of all

—60.06 -7.99 -838 -6.95 -7.25 -874 -854 tested propellants show that for each of them could be

-50.37 -6.17 -6.77 -521 -561 -6.42 -6.66 made satisfactory linearization of experimental data, in

-40.06 -474 -5.25 -396 -4.29 -494 -5.23 order to determine WLF constants C; and C,, using

-21.37 -2.72 =297 =212 -2.28 -2.84 -2.93 transformed WLF equation [9]. Obtained WLF cons-

-0.06 -1.21 -1.28 -0.81 -0.89 -1.30 -1.33 tants C; and G,, are given in Table 4.

19.93 0 0 0 0 0 0
Table 4. WLF constants C; and C, estimated for tested
propellants

Some evidence of thermo-rheological complex

behavior was observed as indicated by slightly different Sample G' G"

shift factors for G' and G". This difference is identical to G G G G

that previously reported by Stacer and Husband [8]. CP1 8.49 164.84 9.31 167.37

Figure 6 provides a comparative view of the tempe- cP2 4.79 134.50 5.36 138.43

rature dependences of a shift factor, a;, the values cP2 9.11 165.98 9.74 171.38

determined through G' and G" superposed to a tem-

- o]
perature To = 20 °C for sample CP3. Although these values are in agreement with those

reported in literature, WLF constants C; and C, obtained
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via G" data were slightly different but not significant to
affect any of the earlier conclusions. The values are
almost comparable for the propellants CP1 and CP3,
while propellant CP2 shows the lowest values for both
the constants.

All, until now discussed, related to the selected
reference temperature T, = 20 °C. Ferry proposed an
alternative way of representing the temperature
dependence of the shift factors, a. It consists of choos-
ing the T, of the sample as the reference temperature
and a; calculation based on the following WLF equa-
tions [9]:

_ Cl CZ
YT, T,

(2)

Ce=G+T,-T, (3)

C,¢ and C,, constants, calculated using Egs. (2) and
(3), and determined experimentally from the shift
factors used to superpose the G' data to T, as a
reference temperature, are compared in Table 5.

Table 5. WLF constants C, 4 and C, 4 estimated for tested
propellants

Sample Cig Cog
Calcd. Exp. Calcd. Exp.
Universal® - 17.4 - 51.6
CP1 18.68 17.98 74.90 58.31
CP2 14.40 15.08 44.75 55.97
CP3 19.89 17.95 75.98 52.23

Determined by averaging the values of a wide variety of polymers

The deviation of the WLF equation constants C;,
and G, for tested propellants is in agreement with
literature data. Unlike the constants C;, which are
approximate, values of G, significantly deviate from
the "universal' values. Regardless of the determining
method, C;; and C,, values for sample CP2 deviate
from the constant values for the other two propellants.

The influence of a reference temperature on the
shape and position of storage modulus frequency
dependence master curve for propellant CP1 is shown
in Figure 7.

Despite the T, master curves have the same
shape, but the master curve for higher T, is shifted to
a higher frequency. As illustrated in Figure 7, the strain
rate of the propellant during rocket motor storage
conditions (w = 10° rad s ) is not covered by the
master curve superposed to a temperature T, = 20 °C.

The importance of the WLF constants C;¢ and Gy,
can be seen through the relationship:

B

C,=—— 4
e 2.303f, ()

and
Cz = (5)

where B is a constant in the Doolittle equation
assumed equal to unity, f; is the fractional free volume
at the glass transition temperature and o; is the ther-
mal coefficient of free volume expansion. As the values
of the fractional free volume at the glass transition
temperature, f,/B, and thermal coefficient of free vol-
ume expansion, as/B, are directly associated with known
WLF constants C;; and C,,, these are calculated and
the values are given in Table 6.

10
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Figure 7. The influence of a reference temperature on the
shape and position of G' master curve for sample CP1

Table 6. The values of f,/B and oy/B

Sample (fy/B)x107 (ag/B)x10™*
Calcd. Exp. Calcd. Exp.
CP1 2.155 2.40 2.05 4.14
CP2 2.918 2.88 5.28 5.14
CP3 2.374 2.42 3.53 4.63

fe/B and ay/B values are round about the limits
given in the literature for the largest number of poly-
mer systems (f,/B = 2.5x10 and a;/B = 4.80x107") [8].
Although they do not match, the trend of these values
change is identical.

Comparing the experimentally determined WLF and
free volume constants in Table 6 with the “universal”
constants (determined by averaging the values of a
wide variety of polymers), one may conclude that all
tested propellants have a temperature dependent
viscoelastic response which is very close to “universal”.
Data in Table 6 indicate that Al lowering the glass
transition temperature while increasing the thermal
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coefficient of free volume expansion. All the tested
propellants have values that are less than or equal to
the "universal".

Dependence of f,/B and ay/B as a function of Al
content for tested propellant samples is as follows: the
values of f,/B and a;/B decrease slightly or remain the
same with increasing of Al content from 11.5 to 13
wt.%, while over 13 wt.% of Al content these value
significantly increases. In conclusion, with the change in
the aluminum content there is no linear decrease of
a¢/B value confirming that aluminum in composite pro-
pellant formulation should be considered as active
(reinforcing) filler.

CONCLUSION

The dynamic mechanical analysis in the torsion
mode was employed to evaluate the effects of AP/AI
content ratio on viscoelastic properties of HTPB-based
composite rocket propellants. Temperature and fre-
quency dependences of rheological parameters are
determined. Glass transition temperature, T, of all
tested propellants was nearly =70 °C. DSC measure-
ments could not reveal differences in the tested pro-
pellants T, value. Propellant sample with the lowest
content of AP (CP2) has the lowest value of storage
modulus in transition and the rubbery plateau region.
Storage modulus values in transition region range from
10° to 10’ Pa.

The same trend behavior exhibits loss modulus
curve. For all tested propellant the presence of two
maxima can be seen on tan 6 curve. Master curves
have been generated for temperature range from -70
to 20 °C considering the curve at 20 °C, as reference.

The temperature dependence of the shift factors,
ar, obtained by generating master curves of storage
energy modulus point out that for each of tested pro-
pellant satisfactory linearization of experimental data
was achieved.

By introducing glass transition as a reference tem-
perature in the WLF equation, values of “universal”
constants, C; g and G, ,, are calculated.

The different AP/Al particle ratio change the tem-
perature dependence of the dominant viscoelastic
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mechanism as indicated by the change in the free
volume constant values, fractional free volume at the
glass transition temperature f,/B, and thermal coef-
ficient of free volume expansion a;/B.

Values obtained both for fractional free volume at
the glass transition temperature f,/B, and thermal coef-
ficient of free volume expansion a;/B from 11.5 to 15
wt.% of Al, are in accordance with the consideration
that Al is reinforcing filler.
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Y pagy je ucnutaH yTuuaj o4HOCa yAena aMOHWjyM-nepxnopata Kao OKCU-
4aTopa U aNyMUHMjyMa Kao MeTasIHOT ropuBa y OKBUpPY AeduHUCaHOr cagpiKaja
ypcTe ¢dase, Ha BMCKOENACTMYHA CBOjCTBA KOMMO3UTHUX PaKETHWUX ropuea Ha
6asn XMAPOKCU-TepMUHMpPAHOTr nonaun(bytagueHa), ymperkeHux nsopopoHaANnN30-
UpnjaHaToM. AHanu3aupaHe cy M nopeheHe BPefHOCTU AUMHAMUYKO MEXAaHUYKUX
cBOjcTaBa: TemnepaType ocCTak/buBakba T, mogyna cadysaHe (G') u usrybsbeHe
eHepruje (G") v TaHreHca yrna rybuTaka tg 6. Ha ocHoBY peonoLwKMX napameTapa,
eKkcnepumeHTanHo ogpeheHnx Ha Temnepatypama og, —70 ao 20 °C, KOHcTpyucaHe
cy 36upHe (MacTep) KpuBe, Koje NPeKpUBajy 3HATHO WNPK UHTepBan GpeKBeHuUMja
(14 norapuTamcKMx AeKada) y OAHOCY Ha OHAaj y KOMe je BPLIEHO Mepetbe.
dopmuparbem MacTep KpuMBMX MNOCTYNMKOM “peaykuuje” moayna cadvyBaHe W
mogyna usrybsbeHe eHepruje, 3a pepepeHTHy TemnepaTypy Tp = 20 °C, nobujeHe
cy BpeAHOCTU daKTopa nMomepaja, ar, 3a CBe TEMMNepaType Ha Kojuma je ekcne-
pumeHTanHo ogpehrBaHa dpeKkBeHUMOHA 3aBUCHOCT OBOr nNapameTpa. MopeheHe
Cy oBaKo fobujeHe BpegHocT dakTopa nomepaja, ar. Ogabupom Temnepatype
OoCTak/bMBatba Kao pedepeHTHe TemnepaType, ogpeheHe cy “yHuBepsanHe”'
KOHcTaHTe WLF jegHauMHe, Ha OCHOBY KOjUX Cy M3pavyHaTe BPeAHOCTU Nnapuu-
janHe cnobogHe 3anpeMmnHe Ha TeMNepPaTypy OCTaK/bUBaba, fo/B, N KoepuLMjeHT
TONMOTHOT WKperba cnobogHe 3anpemuHe, a¢/B. PesyntaTv nokasyjy Aa nose-
hatbem ygena anymuHujyma 4o ogpeheHe rpaHuue, Koja 3a gaTu yaeo yspcTe
¢dasze usHocn 13 mac.%, Aonasmn 40 He3HATHOr CMakberba BPeAHOCTU cnobogHe
3anpemuHe U KoedpuuMjeHTa TONNOTHOT WKNpera cnobogHe 3anpemuHe. U3Hag
oBe rpaHuue, noseharbe yaena anymmHunjyma go 15 mac.% gosogm o noseharba
MCMUTAHUX BPEAHOCTU. 3aK/byyak Ja NPOMEHOM yaena aNyMUHUjyMa He [0Nnasu
[0 /IMHEapHOTr CMakberba BPEAHOCTM KoeduLMjeHTa TOMIOTHOTr LIMpPeHa C/o-
6ogHe 3anpemMuHe HaBOAM Aa Ce aNyMUHWMjyM Yy CacTaBy KOMMO3UTHOTr PaKeTHor
ropvBa Tpeba nocmaTpaTh Kao akTUBHU NyHUANAL,

KroyyHe peyu: KOMMO3NUTHO paKkeTHO ro-
puBO ® XMAPOKCU-TEPMWHUPAHM NOU-
(byTagneH) e [MHaMMUKa MexaHW4Ka
aHanu3a e BMcKoenacTUyHa CcBOjcTBa
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Odredivanje jonofornog kokcidiostatika salinomicina u premiksima i hrani
za zivinu tecnom hromatografijom posle post-kolonske derivatizacije
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Izvod

U radu je razvijen i validiran postupak te¢no-hromatografskog odredivanja jonofornog kok-
cidiostatika salinomicina uz UV spektrofotometrijsku detekciju i post-kolonsku derivati-
zaciju dimetilaminobenzaldehidom (DMAB). Metoda je zasnovana na ekstrakciji salinomi-
cina iz uzoraka hrane za Zivotinje smeSom acetonitril-voda (80:20, V/V) i precis¢avanju
dobijenih ekstrakata na filteru 0.2um Acrodisc® PSF. Relativna standardna devijacija za
preciznost i obnovljivost je bila u opsegu od 2.4 do 8.8%, odnosno od 2.6 do 8.8%, a obnov-
ljivost je bila u opsegu od 89 do 98%. Donja granica detekcije je iznosila 47 pg/kg, a donja
granica kvantifikacije 71 pg/kg. Na osnovu dobijenih rezultata, zakljucuje se da je opisana
metoda tacna, precizna, selektivna i reproduktivna i da se moZe primeniti za odredivanje
salinomicina u premiksima i hrani za Zivinu.

Klju¢ne reci: salinomicin, te¢na hromatografija, post-kolonska derivatizacija, validacija
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metode, hrana za zivinu.

Dostupno na Internetu sa adrese asopisa: http://www.ache.org.rs/HI/

Intenzivna Zivinarska proizvodnja se prilagodava
profilaksi kokcidioze na osobinama antikokcidijalnih
preparata. Kokcidioza je visokoinvaziona parazitska
bolest digestivnog trakta i stalan problem u Zivinarskoj
proizvodnji. lzazivaju je protozoe iz roda Eimeria i Iso-
spora. Novija antikokcidijalna sredstva Sirokog spektra
delovanja su jonoforni polietarski kokcidiostatici (anti-
biotici), koji se osim za suzbijanje kokcidioze, prime-
njuju i kao promotori rasta farmskih Zivotinja, a dejstvo
im se zasniva na sposobnosti prenoSenja jona metala
kroz bioloSke membrane celija kokcidija. Na taj nacin
oni dovode do jonskog debalansa, prekida metabolizma
parazita i izazivaju njihovo uginuce [1].

Salinomicin pripada grupi jednovalentnih polietar-
skih jonofornih antibiotika, metabolicki je produkt
plesni Streptomyces albus, koji poseduje mikrobiolosku
aktivnost prema Gram-pozitivnim bakterijama, ples-
nima i velikom broju virusa. Za prevenciju i kontrolu
kokcidioze izazvanu kokcidijama iz roda Eimeria, naj-
ceSce se koriste jonoforni kokcidiostatici, odnosno nji-
hov najznacajniji predstavnik salinomicin. Salinomicin
se u hranu za zivinu dodaje u koli¢ini od 20-70 mg/kg.
U ovoj koli¢ini salinomicin ima pozitivan efekat i na
proizvodne rezultate tova, odnosno povedanje telesne
mase, konverzije hrane i na bolje usvajanje hrane [2].

Za odredivanje polietarskih jonofornih kokcidiosta-
tika u premiksima i hrani za Zivotinje najc¢esée se prime-

Prepiska: Lj. Kostadinovié, Univerzitet u Novom Sadu, Institut za pre-
hrambene tehnologije, Bulevar cara Lazara 1, 21000 Novi Sad, Novi
Sad, Srbija.

E-posta: ljiljana.kostadinovic@fins.uns.ac.rs

Rad primljen: 13. maj, 2013

Rad prihvaéen: 5. septembar, 2013

njuje tecna hromatografija sa fluorescentnom [3,4] ili
UV detekcijom [5-9]. Ove metode ukljucuju predkolon-
sku ili postkolonsku derivatizaciju ili ekstrakciju kolon-
skom hromatografijom, a obezbeduju donju granicu
detekcije od oko 1mg/kg, osim u slucaju lasalocida i
narasina (0,5 mg/kg).

U radu su prikazani rezultati validacije tecno-hro-
matografske metode za odredivanje salinomicina u
uzorcima premiksa i hrane za brojlere posle postkolon-
ske derivatizacije, UV spektrofotometrijskom detekci-
jom. Opisana i validirana metoda moze se primeniti i za
odredivanje ostalih jonofornih kokcidiostatika.

EKSPERIMENTALNI DEO

Materijal

Sve hemikalije i rastvori koje su koris¢ene u radu,
bile su analiticke Cistoc¢e za HPLC primenu.

Salinomicin u obliku natrijumove soli (SAL) (~98%
Cistoce) (Sigma-Aldrich, St. Louis, MO, USA). Aditiv za
hranu za Zivotinje koji sadrzi salinomicin-natrijum
(Sacox® 120 microGranulate, Huvepharma, Edinburg,
Skotska).

Acetonitril (ACN) i metanol (MeOH) (HPLC Ccistoce,
Merck Sciences, Darmstadt, Nemacka), sulfatna kise-
lina, minimum 98% Ccistoce (VWR BDH Prolabo), dime-
tilaminobenzaldehid (DMAB), minimum 98% Cistoce
(Sigma-Aldrich, Steinheim, Nemacka).

Standardni rastvori

Osnovni standardni rastvor salinomicin-natrijuma,
koncentracije 1mg/ml pripremljen je u metanolu i ko-
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ris¢en je za izradu kalibracione krive sa 50, 100, 200 i
500 pg/ml.

Uzorci za analizu

Za odredivanje obnovljivosti metode i efikasnosti
ekstrakcije, primenjena je metoda standardnog do-
datka. U komercijalne uzorke hrane, koji nisu sadrZavali
salinomicin dodata je ta¢no odredena koli¢ina stan-
dardnog rastvora salinomicina, tako da se dobiju uzorci
hrane sa koncentracijom salinomicina od 0.025, 0.05 i
0.1 mg/kg.

Metoda standardnog dodatka je primenjena i za
dodavanje ta¢no odredene koli¢ine aditiva Sacox® 120
u uzorke hrane (25.0%0.1 g uzorka), koji nisu sadrzavali
kokcidiostatik, tako da se dobiju uzorci hrane sa 15; 30 i
60 mg salinomicina/kg hrane za brojlere, odnosno uzor-
ci sa tre¢inom, polovinom i profilaktickom koncentra-
cijom salinomicina.

Priprema uzoraka

Uzorak hrane (25.0+0.1g) se ekstrahuje sa 80 ml
smese acetonitril-voda (80:20, V/V), dok se pri analizi
premiksa odmerava 5.00£0.1 g uzorka i ekstrakcija vrsi
sa 15 ml smese. Uzorci se muckaju 2 sata na vibracionoj
muckalici, dobijeni ekstrakt dekantuje, a ekstrakcija
ponovi jo$ dva puta sa istom zapreminom ekstrakcione
smese. Sakupljeni, spojeni ekstrakti se filtriraju kroz
filter hartiju (Whatmann No. 1), potom uparavaju u
struji azota skoro do suva na temperaturi od 45 °C.
Ostatak se rastvori u 1 ml metanola i filtrira propus-
tanjem kroz 0.2 um Acrodisc® PSF (Pall Europe Limited,
UK) u vialice za automatsko injektovanje. Odredivanje
svake pojedinacne koncentracije vrseno je po Sest puta.

Metoda

Uslovi te¢no-hromatografskog odredivanja

Sva odredivanja su izvrSena na hromatografu HPLC
1100 Agilent Technology (Diegm, Belgium) sa spektro-
fotometrijskim detektorom i reaktorom za postkolon-
sku derivatizaciju na 92 °C. Primenjena je kolona sa
oktadecilsilanom na TSK-gelu: TSK ODS-120T, 10 um
(300 mmx7.8 mm) uz mobilnu fazu: MeOH—voda—sir-
¢etna kiselina (94:6:0.1, V/V) iz koje je uklonjen ugljen
dioksid, drzanjem u ultrazvucnoj kadi. Injektovana za-
premina je bila 100 ul, protok 0.7 ml/min, a UV
detekcija je izvrSena na 598 nm. Temperatura kolone je
iznosila 38 °C.

Post-kolonska derivatizacija

Za post-kolonsku derivatizaciju mobilna faza se sas-
tojala od 3% (V/V) sumporne kiseline 3% (V/V) DMAB.
Protok je bio 0.9 ml/min, a temperatura reaktora 92 °C.

Koncentracija salinomicina u ispitivanim uzorcima je
izraCunata na osnovu kalibracione krive dobijene mere-
njem koncentracije salinomicina u standardnim uzor-
cima.
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Validacija metode

Validacija metode je izvrSena odredivanjem donje
granice detekcije (DGD), donje granice kvantifikacije
(DGK), preciznosti i obnovljivosti. Statisticka obrada
podataka je izvrSena primenom komercijalnog soft-
verskog paketa, Statistica®, verzija 10 (StatSoft, Tulsa,
OK, USA).

REZULTATI | DISKUSIJA

Selektivnost

U radu je razvijen i validiran te¢no-hromatografski
postupak odredivanja sadrZaja salinomicina u uzorcima
premiksa i hrane za Zivinu uz UV spektrofotometrijsku
detekciju posle post-kolonske derivatizacije dimetilami-
nobenzaldehidom (DMAB). Postupak post-kolonske
derivatizacije sa stvaranjem dobro detektabilnih deri-
vata je bilo neophodno razviti, jer salinomicin ne sadrzi
hromoforne grupe i ne apsorbuje u UV oblasti. Prime-
nom identi¢nih uslova te¢no-hromatografskog odredi-
vanja uz post-kolonsku derivatizaciju, uspesno se raz-
dvajaju i odreduju i drugi jonoforni kokcidiostatici:
monensin i narasin. Retenciono vreme za monensin je
11.5 min, za salinomicin 13,5 min, a za narasin 15,5
min, ¢ime je potvrdena selektivnost i specificnost pri-
menjene metode [10].

Osetljivost

Utvrdivanje donje granice detekcije (DGD) i donje
granice kvantifikacije (DGK) je sustinsko pri validaciji
metode i izraCunato je na osnovu slepe probe (n = 20).
Utvrdena DGDs (vrednost za slepu probu + 3SD) je 47
ug/kg, a DGKs (vrednost za slepu probu + 10SD) 71
ug/kg, $to je dovoljno za osetljivo odredivanje sadrzaja
salinomicina u uzorcima hrane za brojlere. Medutim,
metoda tecno-hromatografskog odredivanja uz UV de-
tekciju nije dovoljno osetljiva, a samim tim ni prime-
njiva za odredivanje sadrzaja eventualnih rezidua sali-
nomicina i drugih jonofornih kokcidiostatika u jajima i
tkivima tretiranih Zivotinja. U ovu svrhu treba primeniti
sistem teCna hromatografija—masena spektrometrija,
koji obezbeduje znatno nizu DGD i DGK za odredivanje
salinomicina (0,0017 i 0,012 mg/kg) [11].

Linearnost

Linearnost odredivanja je ispitana na Cetiri koncen-
tracije salinomicina: 50, 100, 200 i 500 pg/ml. Ponav-
lianje je vrSeno svakog dana u toku validacionog pos-
tupka, a dobijena kalibraciona kriva predstavljena je
kao zavisnost povrSine hromatografskih pikova od kon-
centracije standardnog rastvora salinomicina. Koefi-
cijent linearnosti R? je bio 0,9995.

Preciznost

Preciznost primenjene metode je odredena u vise
nezavisnih eksperimenata koji su sprovedeni istog
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dana, na istom instrumentu, uz iste eksperimentalne
uslove, odredivanja je izvrSio isti operater, a zatim su
ponovljeni u vise narednih dana. Analize su ponavljane
tri dana, a u toku svakog dana eksperimenti su radeni
tri puta. U svakom pojedinacnom eksperimentu, injek-
tovanje iste zapremine pripremljenog uzorka u tecno-
-hromatografski sistem radeno je 6 puta, a rezultati su
dobijeni kao srednja vrednost 6 pojedinacnih odredi-
vanja. Na osnovu dobijenih rezultata zakljucuje se da je
metoda precizna i da se moZe primeniti za odredivanje
koncentracije salinomicina u uzorcima hrane za Zivinu.

Obnoviljivost (recovery)

Validacija primenjene metode za odredivanje Sali-
nomicina u uzorcima hrane za Zivinu obuhvatila je ispi-
tivanje obnovljivosti preko metode standardnog do-
datka. Obnovljivost se kretala u opsegu od 89 do 98%, a
rezultati su prikazani u tabeli 1. Nije utvrden trend
izmedu obnovljivosti i koncentracije standardnog do-
datka ili vrste hraniva. Utvrdeno je da je metoda ob-
novljiva, sto se zaklju€uje i na osnovu prikazanih vred-
nosti srednje SD obnovljvosti.
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SUMMARY

DETERMINATION OF IONOPHORE COCCIDIOSTAT SALINOMYCINE IN PREMIXES AND POULTRY FEEDING STUFFS BY

LIQUID CHROMATOGRAPHY AFTER POST-COLUMN DERIVATISATION

Ljiliana M. Kostadinoviél, Sandor M. Kormanjoél, Lazar N. Ruiiéiéz, Gordana K. Dozet?

"University of Novi Sad, Institute of Food Technology, Novi Sad
zMegatrend University, Faculty of biofarming, Backa Topola

(Scientific paper)

Coccidiosis is a common parasitic disease of broiler chickens caused by single-
celled protozoan parasites of the genus Eimeria, which are commonly referred
toas “coccidian”. This is an infective disease of the digestive tract which is most
frequent amongpoultry, causing a decrease in daily increment, prolonged fatten-
ing, poorer skin pigmentation, slower feed conversion and increased mortality.
The disease is caused by Protozoas from the genera of Eimeria, Isospora and
Cryptospora, and it is manifested by damaging the intestine epithelial cells, less
frequently the bile duct and renaltubuli. Coccidiosis is traditionally controlled by
chemotherapy. There are many anticoccidial preparations which are used in the
prevention of coccidiosis. Wechose a polyether monocarboxylic acid — salino-
mycine. Salinomycine consists monovalent carboxyl-polyether ionophores. Sali-
nomycine, produced by Streptomyces albus, destroys the cell membranes and
causes their lysis. Salinomycineand other ionophoric antibiotics combined with a
number of mono and divalent cations and in the form of bi-complexes are capable
to transfer metal ionsthrough lipid hydrophobic membrane, and when they
areadded to diet, they change bioavailability, gut uptake andabsorption and
reserves of nutrient tissues. The validationprocess of liquid chromatography
determination of ionophoriccoccidiostatsalinomycine with UV spectrophotomet-
ric detection and post-column derivatisation with dimethylaminobenzaldehyde
(DMAB) has been developed in this paper. The method is based on extraction of
salinomycine in animal feed samples by using the mixture of acetonitrile and
water (80:20, V/V) and by purification of extracts obtained by the filter 0.2 um
Acrodisc®PSF. The relative standard deviation (RSD) for reproducibility and accu-
racy varied from 2.4 to 8.8% and from 2.6 to 8.8%, respectively, and the values for
the relative recovery rate ranged from 89 to 98%. The limit of detection (LOD) and
limit of quantification (LOQ) were estimated to be below 47 and 71 pg/kg, res-
pectively. Based on theseresults, it is concluded that the described method is
accurate, precise, selective and reproducible and can be applied for determi-
nation of salinomycine in feeds and premixes for poultry.
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Izvod

U radu je gamaspektrometrijski odredena specificna aktivnost 137¢s u neobradivom zem-
ljistu sakupljenom u periodu od 2006. do 2010. godine sa 70 lokacija grada Beograda.
Specifiéne aktivnosti ovog radionuklida varirale su u opsegu od 3 (Senjak) do 87 Bq kg_1
(Kosmaj), sa srednjom vredno$éu od 23 Bq kg *, a jatine doze koja potite od Y7¢s 0d 0,2 do
5,8 nSv h_l, sa srednjom vrednoséu od 1,5 nSv h™. Velika standardna devijacija i velika
razlika izmedu minimalne i maksimalne vrednosti specificnih aktivnosti Bes tipicne su za

zagadujuce supstancije antropogenog porekla.

Kljucne reci: cezijum, zemljiste, jacina doze gama zracenja, geografsko mapiranje.

Dostupno na Internetu sa adrese Easopisa: http://www.ache.org.rs/HI/

Gradske aglomeracije i konurbacije sa vise od 1,5
miliona stanovnika predstavljaju generatore globalnih
promena na Sirem prostoru i ugrozavaju Zivi svet.
Promene na lokalnom nivou takode predstavljaju nepo-
srednu opasnost za stanovniStvo grada. Zdravstveni
uslovi u velikim gradovima, ¢ak i u razvijenim zemljama,
nisu zadovoljavajudi, a kod biljnog i Zivotinjskog sveta
zapazeni se mutageni procesi, i to posebno kod poje-
dinih Cetinara, ptica i insekata. Kontaminacija Zivotne
sredine radioaktivnim materijalima postala je jedan od
znacdajnih problema savremene civilizacije. Tehnoloska
revolucija koja se ostvaruje primenom nuklearne ener-
gije u mirnodopske svrhe, bez obzira na veliki napredak
koji je u ovoj oblasti postignut u domenu zastite Zivotne
sredine, neposredno vodi daljem povecanju radioak-
tivne kontaminacije biosfere. Potencijalna opasnost od
primene nuklearnog oruzja i opasnost od akcidenata na
nuklearnim postrojenjima daje ovom problemu jos vedi
znacaj.

Pored velikog broja nuklearnih proba (vise od 400 u
periodu od 1945. do 1980. godine), od pocetka pri-
mene nuklearne energije dogodilo se i vise akcidenata
na reaktorima i reaktorskim postrojenjima. Najozbiljniji
akcident u istoriji nuklearne energije dogodio se 1986.
godine u cernobiljskoj nuklearnoj elektrani u biviem
Savezu Sovjetskih Socijalisti¢ckih Republika (SSSR). Ovaj
akcident pokazao je da postoji mogucnost zagadenja ne
samo neposredne okoline mesta akcidenta, ve¢ mnogo
vecih prostora. Procenjuje se da je tokom akcidenta i
narednih 10 dana u atmosferu oslobodeno 14x10" Bq,
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od ¢ega 1,8x10™ Bq ™'I, 8,6x10'® Bq *’Cs i njegovih
drugih izotopa, 1x10'° Bqg gr j 3x10" Bg plutonijum-
ovih izotopa. Rasejavanje radioaktivhog materijala u
najvecoj meri zavisilo je od klimatskih faktora kao Sto
su stalni vetrovi, shema morskih struja, termicka i baro-
metarska stratifikacija atmosfere, gustina troposfere,
godisnje doba, kao i od pravca pruzanja planinskih sis-
tema, pokrivenosti vegetacijom i sl. U vreme prve eks-
plozije kada je stub izbadenog radioaktivnog materijala
dostigao najvecu visinu iznad Cernobilja su duvali vet-
rovi razli¢itog smera, tako da se aktivnost prenela i na
rastojanja ve¢a od 2000 km od Cernobilja. Procenjeno
je da je 200000 km?® Evrope bilo kontaminirano sa
4x10* Bq m~ ’Cs. Najve¢i deo aktivnosti (71%) je
deponovan u Ukrajini, Belorusiji i Ruskoj Federaciji [1].
Procenjeno je da je u toku 1986. godine na teritoriji
Socijalisticke Federativne Republike Jugoslavije (SFRJ)
deponovano oko 2,4% od ukupno emitovanih radio-
nuklida iz oéte¢enog reaktora u Cernobilju [2]. Vestagki
radioaktivni izotopi u zemljistu ukljucuju se u geolosko i
biolosko kruzenje materija u prirodi. Preko vode, vaz-
duha i hrane biljnog i Zivotinjskog porekla radionuklidi
dospevaju u organizam coveka. Nakupljanjem u kos-
tima i drugim tkivima radionuklidi izazivaju dugotrajno
ozracenje organizma.

Cezijum (**’Cs) je beta—gama emiter sa vremenom
poluraspada 30,2 godina. Hemijski je analogan kalijumu
i prati njegov metabolizam, nema poseban kriti¢ni
organ za deponovanje vec se distribuira u svim éelijama
organizma (organotropni radionuklid). Biolosko vreme
poluraspada za c¢oveka je od 10-110 dana i zavisi od
starosnog doba i metabolizma organizma [3,4].

Distribucija vestackih radionuklida u zemljistu [5]
karakteriSe se jako izrazenom neravnomerno$éu po
dubini profila. U regionima sa umerenom koli¢inom
atmosferskih taloga, u zemljistima teZzeg mehanickog
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sastava, najve¢i deo antropogenih radionuklida se
tokom duZeg perioda zadrzava u povrSinskom sloju (do
10 cm dubine) zemljista, a u oranicama — u orani¢cnom
horizontu. U lak$im, peskovitim zemljistima, narocito
onim s procednim tipom vodnog reZima, znatan deo
radioaktivnih materija za 10-15 godina migrira do
dubine 40-50 cm, ali mogu dospeti i do podzemnih
voda i dalje s njima do reka i mora.

Prema stepenu pokretljivosti [5] u zemljiStu antro-
pogeni radionuklidi dugog vremena poluraspada mogu
se svrstati u sledeéi niz: °sr > *®Ru > *’Cs > *ce >
> 129I N 239PU.

Ispitivanja [6-14] su pokazala da se B7¢s vezuje za
povrsinski sloj zemljiSta (do 10 cm dubine), da se iz
ovog sloja moze jonski izmeniti (13—30%) i da njegova
koncentracija opada sa dubinom. Vertikalna migracija
¥csu zemljiStu je spor proces i procenjeno je da iznosi
oko 0,1 do 1 cm godi$nje. Na migraciju cezijuma osim
fizickohemijskih karakteristika zemljiSta utice i lokalna
konfiguracija terena. U peskovitim zemljiStima je veda
brzina prodiranja. Na kinetiku transfera Bcs utige i
oblik u kome se on nalazi. Ako je u anjonskom obliku,
zemljiSte ga veoma slabo apsorbuje i moze vrlo inten-
zivno da migrira. Na migracionu sposobnost cezijuma
uti¢e prisustvo kalijuma, kao i stabilnog cezijuma (nji-
hov visak usporava migraciju).

U ovom radu gamaspektrometrijski je odredena
specificna aktivnost Bcs u povrsinskom sloju neobra-
divog zemljista na teritoriji Beograda, izracunata jacina
efektivne doze koja potice od 7¢s i analizirana pros-
torna distribucija ovog radionuklida metodom geosta-
tisticke interpolacije.

EKSPERIMENTALNI DEO

IstraZivani prostor i sakupljanje uzoraka

Beograd se nalazi u peripanonskom pojasu Srbije
(ON 44°49'14" i AE 20°27'44"), na uséu Save u Dunav,
prosec¢ne nadmorske visine 132 m. U obimu, teritorija
Beograda zauzima 427 km, sa najve¢om duzinom od 93
km i Sirinom od 68 km. Povrsina uZe teritorije grada
iznosi 3223 km’, a uzeg gradskog podruéja 360 km’.
Poljoprivredno zemljiste zauzima 2235 km?, od Zega
oranice i baste 1807 km? vo¢njaci 154 km?, vinogradi
33 kmz, pasnjaci 113 kmz, trstici i bare 18 kmz, ribnjaci
3,25 km”. Prema Generalnom urbanisti¢kom planu gra-
devinsko zemljiste zauzima 457 km? [15].

Beograd je vaino saobradajno cvoriste, jer preko
njegove teritorije prolaze medunarodni putevi koji
povezuju centralnu Evropu sa Mediteranom i Bliskim
istokom. Beograd je tacka ukrstanja koridora IV i X
evropskog znacaja i geografski vazno medunarodno
reCno i vazdusno pristaniste. DuZina magistralnih
puteva iznosi 66 km, regionalnih 326 km, a lokalnih 32
km. Na teritoriji Beograda Sume zauzimaju 13135 kmz,
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a parkovi u uzem gradskom podrucju 521 km®. Na teri-
toriji grada ima 5517 ulica od toga u prigradskim opsti-
nama 2288 [15].

Beograd se sastoji od 17 opstina, 10 gradskih
(Cukarica, Novi Beograd, Palilula, Rakovica, Savski
Venac, Stari grad, Vozdovac, Vracar, Zemun i Zvezdara)
i 7 prigradskih (Barajevo, Grocka, Lazarevac, Mlade-
novac, Obrenovac, Sopot i Surcin).

Po popisu iz 2011. godine, Beograd ima 1,7 miliona
stanovnika, od ¢ega u uzoj gradskoj zoni Zivi viSe od 1,3
miliona stanovnika [16].

Uzorci neobradivog zemljista (n = 250) su sakupljeni
sa 70 lokacija u Beogradu u periodu 2006-2010.
godine, primenom metode sistematskog slucajnog
uzorkovanja. Sa svake lokacije, sa povrsine od 1 mx1 m,
do dubine od 10 cm, uzorkovano je 3—-4 uzorka u skladu
sa preporukama Medunarodne agencije za atomsku
energiju [17].

Gamaspektrometrijska analiza

Uzorci zemljiSta su ociS¢eni od mehanickih necis-
toca, uglavnom kamencica i delova biljnog materijala,
zatim su suseni na 105 °C do konstantne mase, homo-
genizovani i prosejani kroz sito sa otvorima precnika 2
mm i zapakovani u Marineli posude. Specificna aktiv-
nost **’Cs odredena je koris¢enjem gamaspektrometra
ORTEC-AMETEK sa 8192 kanala, rezolucije 1,85 i rela-
tivne efikasnosti 34% na 1,33 MeV za 60Co, na osnovu
gama linije 661,66 keV. Za obradu spektara koris¢en je
softver Gamma Vision-32 [18].

v e e we . . v 137
Izraunavanije jacine efektivne doze koja potice od ~'Cs

Jadina efektivne doze usled spoljasnjeg izlaganja
koja potice od Y7¢Cs (Des) u zemljitu na 1 m iznad tla
izraCunata je uz pretpostavku da je zemljiste polu-bes-
konacna, glatka i ravna povrsina i da je element mekog
tkiva pod konstantnim uticajem fotonskog fluksa koji
potice od Y7Cs iz zemljista, uzimajudi u obzir da vero-
vatnoca za emisiju gama zracenja na energiji od 661,6
keV iznosi 85,12%, prema jednacini [19-22]:

De.(nSv/h) = 0,576ED(E) (“G—(E)] 1)
P

gde je E energija fotona (MeV), @(E) sredniji fluks fo-
tona za datu energiju u elementu zapremine mekog
tkiva i (ua(E)/p) maseni apsorpcioni koeficijent za
zapreminski mali element mekog tkiva (cm” g ™).

Za procenu maksimalne doze koja poti¢e od zra-
¢enja sa povrsine tla fluks fotona za datu energiju izra-
¢unava se prema jednacini:

}/ACS

E =
AE) 2(us(E)/ P)emiiste

(2)

gde su y frakciona zastupljenost gama zralenja, Ac
specifi¢na aktivnost **’Cs (Ba/kg) i (15(E)/0)zemijiste Mase-
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ni atenuacioni koeficijent za zemljiste za E od 661,6 keV
(cm”g™).

Maseni atenuacioni koeficijent varira sa sadrzajem
vode u zemljistu i energijom gama fotona. Maseni ate-
nuacioni koeficijent za tipicno zemljiste gustine 1,625 g
cm’?, koje sadrzi 30% vode i 20% vazduha, za energiju
od 661,6 keV iznosi 0,0780 cm’ g™". Maseni apsorpcioni
koeficijent za zapreminski element mekog tkiva malih
dimenzija, koji se koristi za procenu efektivhe doze u
uslovima konstantnog fluksa fotona sa povrsine tla za

energiju od 661,6 keV iznosi 0,0316 cm’ g_1 [19,23,24].

137
Cs

Modelovanje geoprostornih podataka uradeno je u
softverskom paketu ArcGIS (ESRI, 2009) i njegovom
dodatku Geostatistical Analyst [25]. Interpolaciona
metoda koja je koriséena za prikazivanje prostorne
distribucije je kriging. Ona krec¢e od pretpostavke da
udaljenost ili pravac pruzanja aktivnosti ili koncentra-
cije nekog elementa odrazavaju prostornu korelaciju
kojom bi se moglo objasniti prostiranje neke pojave.
Ova metoda kvantifikuje medusobne odnose svih pa-
rova taCaka, nakon ¢ega na podatke automatski prime-
njuje najpogodniji model i vrsi predikciju vrednosti na
neispitanim lokacijama u okviru proucavane oblasti.
Brojne studije su pokazale da je, medu geostatistickim
metodama, kriging najpouzdanija interpolaciona me-
toda za izu€avanje prostorne distribucije antropogenih
radionuklida [26,27]. Metoda je rezistentna na efekat
netipi¢nih vrednosti i preporucuje se za obradu neho-
mogenih podataka, $to je upravo slucaj sa podacima o
kontaminaciji Zivotne sredine [26].

Geografsko mapiranje aktivnosti

REZULTATI | DISKUSIJA

U tabeli 1 prikazana je deskriptivna statistika spe-
cifiéne aktivnosti **’Cs u uzorcima zemljita sakupljenog
sa teritorije grada Beograda u periodu 2006-2010.
godina i njoj odgovarajuca jacine doze.

Na osnovu dobijenih rezultata uocava se izrazena
varijabilnost specifi¢nih aktivnosti, a time i jacine doze
B7¢s u ispitivanim uzorcima zemljista. Specifi¢ne aktiv-
nosti ovog radionuklida varirale su u opsegu od 3 do 87
Bq kg, a srednja vrednost iznosila je 23 Bq kg, a jaci-
ne doze koja potice od B7¢s od 0,2 do 5,8 nSv h_l, sa
srednjom vredno3¢u od 1,5 nSv h™. Velika standardna
devijacija i velika razlika izmedu minimalne i maksi-
malne vrednosti tipicne su za zagadujude supstancije
antropogenog porekla [28]. Na slici 1 prikazana je pro-
storna distribucija specifi¢nih aktivnosti *’Cs u anali-
ziranim uzorcima zemljista.

IzraZzena varijabilnost specifi¢nih aktivnosti ~'Cs po-
sledica je topografskih razlika i nehomogene povrsinske
kontaminacije zemljista posle Cernobiljskog akcidenta.
Znatno vece specifi¢ne aktivnosti *’Cs izmerene su u
zemljistima juZznog dela istraZivanog prostora (oko Kos-
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maja i Avale) u odnosu na one u severozapadnom delu
grada (Bezanija, Novi Beograd, Surcin). Uocena pros-
torna varijabilnost specifi¢nih aktivnosti B7Cs moze biti
posledica prostornih razlika u fizickohemijskim i bio-
loskim osobinama zemljista, tipu zemljista i biljnom po-
krivacu. U ranijim studijama na istom prostoru poka-
zana je znacajna korelacija izmedu aktivnosti Bes i
sadrzaja organskih materija u zemljistu [29,30]. Poznato
je da depozicija B37¢s varira sa nadmorskom visinom i
koli¢inom padavina, ali to nije slu¢aj sa prostorom istra-
Zivanim u ovom radu, jer ne postoje znacajne razlike u
nadmorskoj visini i koli¢ini padavina medu lokacijama
uzorkovanja. Varijabilnost specificnih aktivnosti B7¢s
moze takode biti objasnjena uticajima mikro- i mezo-
topografije u kontrolisanju redistribucije ovog radio-
nuklida procesima erozije ili akumulacije. Prostorna
varijabilnost distribucije 7Cs na relativnom malim pro-
storima dokumentovana je brojnim studijama. Navas i
Walling su uocenu varijabilnost aktivnosti Bcs
malom drenaZnom basenu u severnoj Spaniji objasnili
procesima erozije i akumulacije [31]. Velika prostorna
varijabilnost aktivnosti ovog radionuklida na malom
prostoru na Tajvanu protumacena je kao posledica slu-
¢ajne distribucije fizickih i hemijskih osobina zemljisnih
horizonata i pluvijalne erozije i akumulacije [32].

Tabela 1. Deskriptivna statistika specificne aktivnosti sy
uzorcima zemljista sakupljenog sa teritorije grada Beograda u
periodu 2006—-2010. godina i njoj odgovarajuca jacine doze
Table 1. Descriptive statistics of specific activities of Bcsin
soils collected from the territory of Belgrade during 2006—
—2010 and corresponding gamma dose rate

Parametar 1¥7cs (Bg kg ™) Des/nSvh™
Srednja vrednost 23 1,5
Standardna devijacija 20 1,2
Medijana 15 1,0
Opseg 84 56
Mod 11 0,6
Minimum 3 0,2
Maksimum 87 5,8

Geostatisticke metode su se pokazale pouzdanim u
proceni distribucije ¥7Cs emitovanom posle nuklearnog
akcidenta u Cernobilju na lokacijama sa kojih nisu
sakupljeni uzorci na osnovu aktivnosti na obliznjim
lokacijama. Atlas depozicije B¥cs u Evropi posle akci-
denta u Cernobilju, izraden je na osnovu podataka pri-
kupljenih u viSe od 30 evropskih zemalja, transformi-
sanih u mape koriS¢enjem interpolacionih tehnika i
geografskog informacionog sistema [33]. Geostatisticke
metode pruzaju realnu procenu distribucije YCs na
neuzorkovanim lokacijama Sirom sveta [34—-37]. Dosa-
dasnja istrazivanja su pokazala da je taCnost procene
nivoa radioaktivnosti na neuzorkovanim lokacijama u
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Slika 1. Prostorna distribucija specifi¢nih aktivnosti Besu zemljistu Beograda.
Figure 1. Spatial distribution of specific activities of 37¢s in soils of Belgrade region.

direktnoj vezi sa brojem podataka na lokacijama koje ih
okruzuju i validnoséu strategije uzorkovanja [27].

Do 1986. godine specificna aktivnost YCs u zem-
ljigtu u Srbiji [38] bila je manja od 5 Bq kg™, a u najve-
¢em broju biljaka, sem mahovina i liSajeva, cezijum se
nije mogao detektovati. Neposredno posle cernobilj-
skog akcidenta u pojedinim vrstama biljaka, izmerene
su aktivnosti *’Cs i do 3 kBq kg ™', a povriinska konta-
minacija tla bila je veoma nehomogena. U okviru sis-
tematskog ispitivanja sadrZaja radionuklida u toku
2007. godine u Beogradu [15] analizirani su uzorci neo-
bradivog zemljiSta sa 5 lokacija (Dunavac, Jabucki rit,
Zeleno brdo, Lazarevac i Obrenovac), srednja vrednost
specificne aktivnosti B7¢s iznosila je 27 Bq kg™, a vari-
rala je u opsegu od 4 (Dunavac) do 52 Bq kg ™' (Zeleno
brdo). U istrazivanjima sprovedenim 2005. godine u
Beogradu [39] u uzorcima sa istih lokacija, srednja vred-
nost specificne aktivnosti B7¢s bila je 35Bq kg varirala
je u opsegu od 7 (Jabutki rit) do 78 Bq kg™ (Zeleno
brdo). Na osnovu ovih podataka srednja vrednost spe-
cifitna aktivnosti je opala sa 35 na 27 Bq kg™, za dve
godine, dok bi ocekivana specificna aktivnost, prema
zakonu radioaktivnog raspada, iznosila bi 33 Bq kg™ Na
osnovu eksperimentalnih podataka specifi¢na aktivnost
¥¢s za dve godine opala je za 8 Bq kg™, a ne za ote-
kivanih 2 Bq kg ', $to ukazuje na difuziju cezijuma u
zemljistu.
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U 2002. godini u uzorcima neobradivog zemljiSta sa
teritorije Beograda [40] (Dunavac i Jabucki rit) srednja
vrednost specificne aktivnosti B7¢s bila je 13 Bq kg " i
varirala je u opsegu od 6 (Jabutki rit ) do 23 Bq kg
(Dunavac).

Rezultati sistematskog ispitivanja sadrzaja radio-
nuklida u toku 2002. godine u Republici Srbiji [40] u
uzorcima neobradivog zemljista sa 6 lokacija, pokazali
su da srednja vrednost specificne aktivnosti Y7Cs iznosi
33 Bq kg'. Najveéi sadriaj B7Cs izmeren je u zem-
ljistima sakupljenim na Zlatiboru (109 Bq kg ), a naj-
manji u onim sakupljenom u Novom Sadu (6 Bq kg ).

Uporedni prikaz vrednosti specificnih aktivnosti
Cs dobijene u ovom radu sa vrednostima specifi¢nih
aktivnosti u gradovima razlicitih regiona sveta dat je u
tabeli 2.

Na osnovu podataka iz literature moze se uociti da
su vrednosti specifi¢nih aktivnosti ¥7Cs znatno veée na
prostorima izloZenim radioaktivnom oblaku iz Cerno-
bilja (Republika Srpska [43], Turska [44], Makedonija
[54] i Srbija), dok su znatno niZze vrednosti u ostalim
delovima sveta, gde su verovatno posledica nadzemnih
nuklearnih eksplozija i proba. Uocava se, takode, da su
specificne aktivnosti Bcs manje na peskovitim tere-
nima [42].
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Tabela 2. Pregled specificnih aktivnosti 37¢s u razlicitim
gradovima sveta (Bq kg ™)

Table 2. The summary of specific activities of 37¢s in cities
from different parts of the world (Bq kg_l)

Lokacija Vrednost
Adana/Turska [41] 7 (0-28)
Alkharije /Saudijska Arabija [42] 0-3
Banja Luka/Republika Srpska [43] 26 (2-68)
Bursa/Turska [44] 5(0-15)
Faisalabad/Pakistan [45] 4
Kairo/Egipat [46] 2-19
Istanbul/Turska [47] 2-81
Kalakam/Indija [48] <0,1-3
Kirklareli/Turska [49] 8
Marmara/Turska [50] 27 (1-153)
Svat/Pakistan [51] 34
Tajvan/Kina [52] 7 (1-6,4)
Trombaj/Indija [53] 0,5-10
Veles/Makedonija[54] 71 (2-358)
Beograd (ovaj rad) 23 (3-87)

ZAKUUCAK

Uticaj Zivotne sredine na zdravlje odnosi se na sve
fizicke, bioloske i hemijske spoljasnje faktore koji uticu
na ljude i Zivotinje. Kontaminacija Zivotne sredine ra-
dioaktivnim materijalima postala je jedan od znacajnih
problema savremene civilizacije i bez obzira na veliki
napredak koji je u ovoj oblasti ucinjen u pogledu zastite
Zivotne sredine, tehnoloska revolucija neposredno vodi
daljem povecanju radioaktivne kontaminacije biosfere.

U svim uzorcima neobradivog zemljista sa teritorije
grada Beograda, utvrdeno je prisustvo “’Cs. Specifi¢ne
aktivnosti ovog radionuklida, kao i jaCina doze koja po-
tice od njega varirale su u Sirokom opsegu vrednosti.
Velika standardna devijacija i velika razlika izmedu
minimalne i maksimalne vrednosti tipi¢ne su za zagadu-
juce supstancije antropogenog porekla. lzrazena vari-
jabilnost specifi¢nih aktivnosti **’Cs posledica je topo-
grafskih razlika i nehomogene povrsinske kontaminacije
zemljiSta posle cernobiljskog akcidenta. Uocena pros-
torna varijabilnost specifi¢nih aktivnosti *’Cs moze biti
posledica prostornih razlika u fizickohemijskim i bio-
loskim osobinama zemljista, tipu zemljista i biljnom po-
krivacu.
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SUMMARY
SPATIAL VARIABILITY OF *¥Cs IN THE SOIL OF BELGRADE REGION (SERBIA)

Ljiljana J. Jankovi¢-Mandi¢', Ranko M. Dragovi¢®, Milan M. Dordevi¢’, Maja B. Doli¢!, Antonije E. Onjia®,
SneZana D. Dragovic’l, Goran G. Baci¢®

"University of Belgrade, Vinéa Institute of Nuclear Sciences, P.O. Box 522, Belgrade, Serbia
ZUniversity of Nis, Faculty of Science and Mathematics, Department of Geography, Visegradska 33, Nis, Serbia
3University of Belgrade, Faculty of Physical Chemistry, Studentski trg 12—16, Belgrade, Serbia

(Scientific paper)

Among radionuclides in the soil deposited after Chernobyl accident, Bcs Keywords: Caesium e Soil ¢ Gamma dose
poses considerable environmental and radiological problemdue to its relatively rate  Geographic mapping
long half-life (30.17 3), its abundance in the fallout, high mobility and similarity to
potassium as the major plant nutrient. In this study the samples of undisturbed
surface soil (n = 250) were taken from 70 regions in Belgrade, during 2006—-2010.
The specific activities of 137¢s were measured by gamma-ray spectrometry. Based
on obtained results, the external effective dose rates were calculated according to
the internationally accepted activity to dose rate conversion equations. The spe—
cific activities of *’Cs were geographically mapped. The presence of 137¢s has
been detected in all soil samples, with high variability of its specific activity,
ranging from 3 to 87 Bq kg_l.The mean specific activity of 1¥7¢s was 23 Bq kg_1 and
the corresponding absorbed dose was 1.5 nSv h™. The observed range reflects the
inhomogeneity of the deposition process following the Chernobyl accident. It
could also be attributed to topographic differences and spatial differences in
physicochemical and biological soil properties, soil type and vegetation cover. The
results of the present study could be valuable database for future estimations of
the impact of radioactive pollution.
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Abstract

The results of comparative experimental testing of different filtering masks are presented
in this study. Some of the most important functional properties have been tested on
available models of Italian, French, British, Canadian, Swiss, American, and three models of
Serbian military protective masks (M3 of the latest generation, as well as M2, and M2FV
models of the previous generation). The mask models have been tested on protection
factor, dynamic resistance of the exhaust valve and its static permeability, the overall
inhalation resistance of protective masks, field of view and optical properties, by standard-
ized testing methods. Based on the experimental results obtained, it can be concluded that
the Serbian mask M3 is approximately at the same quality level as tested foreign masks,
and above Serbian protective masks of the previous generation marked as M2F and M2FV.
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A soldier’s personal protective equipment for
radiological, chemical and biological (RCB) agents com-
prises devices that serve to protect his body and res-
piratory organs [1]. These protective devices, together
with other weaponry devices and military equipment,
need to be mutually compatible [2]. Respiratory pro-
tection is maintained by wearing different types of
protective masks, half masks and respirators. A military
protective mask is a filtering device which protects the
respiratory system, eyes and face of a user from RCB
contamination in form of gases, vapour, as well as solid
and liquid aerosols [3]. It is also designed to protect a
soldier from industrial toxic substances, if used with an
appropriate filter.

It is known from experience that manufacturers of
weaponry devices and military equipment very often
exaggerate the properties of their products for market-
ing purpose, and it is the same in case of protective
masks. Their real properties can be proved only by
experimental check of the declared data. Serbian new
protective mask M3 (Fig. 1) is expected to be at approx-
imately the same level with the modern armies’ IV
generation protective masks, in terms of tactical and
technical properties.
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Academy, Pavla Juri$ica Sturma 33, 11000 Belgrade, Serbia.

E-mail: negovan.ivankovic@gmail.com
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This hypothesis can only be proved by comparative
experimental testing of its relevant properties in rela-
tion to military protective masks of other manufac-
turers. With this aim, this paper offers results of com-
parative experimental testing of the most important
properties of available models of Italian, French, Bri-
tish, Canadian, Swiss, American and Serbian protective
mask.

Figure 1. Serbian military protective mask M3, a product of
Trayal Corporation, Krusevac, Serbia.

One of the most important properties of a protect-
ive mask is the inner permeability on the face piece’s
fitting line. Often, instead of the term inner perme-
ability, its reciprocal term — protection factor, is being
used. Measured value of inner permeability (protection
factor) of a protective mask also involves the exhaust
valve permeability. Through values of protection factor,
the quality of construction of protective mask is being
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checked, as well as face piece’s airtightness and the
quality of its integral elements, thus this property is
considered as one of the most important ones.

In this paper, in addition to protection factor, the
comparative analysis of the following properties of
protective masks and their subsystems has been car-
ried out:

— overall resistance of the mask during exhalation;

— dynamic resistance of the mask’s exhaust valve;

— static permeability of the exhaust valve;

— field of view and the most important optical pro-
perties.

The aim of this paper is to determine the state of
the quality through experimental comparative analysis
of the most important properties of the domestic
protective mask M3, in relation to available foreign
masks, as well as Serbian masks of the previous gener-
ation, marked as M2F (phonic) and M2FV (phonic with
a subsystem for drinking water) which are in Serbian
army’s equipment for years.

TEST METHODS

Inner permeability level of protective mask

One of the key parameters for testing the efficacy
of the protection mask is monitoring the RBC con-
taminant aerosol penetration, i.e., determining the inner
permeability level of the protective mask. Since the
testing with real RBC contaminants in laboratory con-
ditions is a high risk activity, the method of testing with
generated aerosols of a non-toxic agents such as sod-
ium chloride, paraffin mist, etc., which simulate the pre-
sence of contamination in the air is being used [4-6].
The apparatus, shown schematically in Figure 2, which
consists of bellow listed devices and tools, is being

applied for testing filtration efficacy of the mask in
conditions of contamination:

Inner permeability of the face piece is tested by the
method described in literature [7]. Value of inner per-
meability of face piece, tested by sodium chloride aero-
sols, for each testing activity must not be more than
2x107°% per a tester [7]. The mean value of inner per-
meability of face piece, tested by sodium chloride aero-
sols, for each testing activity must not be more than
1x107%% per an examinee [8]. The mean value of face
piece’s inner permeability, tested on 10 face pieces and
10 examinees according to a defined matrix, using sodi-
um chloride aerosol, must not be more than 4x107°%
[8]. During the comparative quality testing of different
protective masks, the protective factor has been mea-
sured on: Italian protective mask IMMD (size S), Can-
adian protective mask C4 (size S), American protective
mask M40A1 (size S), Swiss protective mask SM3 (size
S), Serbian protective mask M2FV (size S) and Serbian
protective mask M3 (size S).

Examinees have been volunteers from the Military
Technical Institute. The selection of examinees has
been conditioned by the specific head measurement:
gnathion-nation (measurement A) and frontal bizygo-
matic width (measurement B). The protection factor of
protective masks has been measured by a standard test
[7]. The test comprises seven activities which simulate
actions from real life conditions:

Normal breathing without head movement;
energetic head movements to the left;

energetic head movements to the right;

energetic head movements upward;

energetic head movements downward (towards
the chest);

12/

6

),
( %ﬂ

Figure 2. Sodium chloride inner leakage test apparatus. 1. Aerosol generator; 2. pump; 3. valve for sample selection; 4. air filtration
filter; 5. testing chamber; 6. aerosol sample from testing chamber C,; 7. aerosol sample under the mask C,,; 8. pressure sensor; 9.
flame photometer; 10. universal filter simulator; 11. treadmill; 12. aerosol inlet; 13. extra air for aerosol dilution; 14. sampling

impulse interface.
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— Opening and closing the mouth with a deep inhale
when the mouth is open to the maximum (hereinafter
deep breathing);

— Normal breathing without head movement.

For each test activity the measurement of protect-
ive mask factors has been carried out separately and
the mean value has been calculated for all examinees.

Total resistance of the protective mask during inhal-
ation has been measured according to the method des-
cribed in [7]. For measuring total resistance of the
protective mask during inhalation, a standard method
has been applied, the method which uses a vacuum
pump (provides sub-pressure at the flow of 120 dm?/
/min), flow meter (Rota meter) 0-120 dm?’/min, resist-
ance meter 0-1500 Pa and artificial head with anthro-
pometric dimensions which correspond to the size of
the tested protective mask. Before testing the resist-
ance of each protective mask, it is necessary to care-
fully seal the mask along the fitting line onto the arti-
ficial head. Due to the lack of the original filters for all
tested protective masks, and thanks to compatibility of
the filters of all the mentioned masks, the measure-
ment of resistance of the foreign masks has been car-
ried out by using the American and domestic filters,
whereas the Italian protective mask has been tested
only with the original filter.

The exhaust valve resistance has been measured
according to the method described in [7]. For measur-
ing dynamic resistance of the exhaust valve a standard
method has been applied, the method which uses the
source of the airflow, flow meter, tray subassembly of
the exhaust valve and instruments for measuring the
resistance.

The method of static permeability of the sub-
assembly of the exhaust valve is described in the litera-
ture [7].

Field of view and optical properties

The field of view means the total spatial extent of
stationary sources of visual information that causes
irritation of the stationary eye. Total field of view is the
field which is obtained by looking with both eyes.
Folded or stereoscopic field of view is part of the total
field of view which can be seen by one eye. Viewing
angle is the angle that is formed by peripheral and
central visible beam [7]. The average values of visual
angles in the main directions are:

— on the temple: 85°;
above the temple: 55°;
above: 45°;
up on the nose: 55°;
on the nose: 60°;
down on the nose: 50°;

— down: 65°;
— down on the temple: 85°.

The flow of the process with the order of activities
is described in the literature [9]. Equipment for mea-
suring the field of view comprises apertometer, aperto-
gram and planimeter. The required optical characteris-
tics of protective masks are defined through their tac-
tical and technical requirements, a check is given to the
criteria [5,7-10]. Due to the unavailability of these data
for the foreign protective mask, tactical and technical
requirements for protective mask M3 are to be refer-
red to on this occasion [8]. Ocular transparency to vis-
ible light wavelength of 420 to 780 nm must be at least
85%. Spectral transmissions through the oculars in the
field of visible light must not deviate more than 5%
compared to the average value of the transmission in
entire range. Distortion of figure, by passing of visible
light through the oculars, must not be greater than
+2%.

The oculars should not have an optical intensity,
whereas the following deviations are allowed:

— spherical intensity: +0.25 Dpt;

— astigmatism: £0.25 Dpt;

— prismatic effect: £0.25 PrDpt.

The optical characteristics were studied on the opti-
cal bench Salvadoris Firence, Officcine Galileo, Italy
manufacturer, with collimator f = 1781 mm, except for
the integral transparency in the visible part of spec-
trum, which was measured on the device “Odeltron”,
Old Deft USA manufacturer, with photocathode S 20
and green filter for correction of the spectrum to the
human eye.

RESULTS AND DISCUSSION

Inner permeability (P) is calculated from aerosol
concentration average values in the last 100 s of every
test session. Inner permeability expressed in percent-
age is calculated by using the formula (1):

p_ 100G, iy + 1o,
C t

o In

(1)

C,, — NaCl aerosol concentration under the mask, deter-
minate in the inhalation phase (mg/ms); C, — average
NaCl aerosol value in the testing chamber (mg/m3); tin—
overall inhalation time (s); t., — overall exhalation (s).
Results of the calculated mean values of the pro-
tection factor for all tested protective masks are shown
in Table 1 and Figure 3, where: PF (1) — protection fac-
tor mean value for normal breathing at the beginning
of the testing, PF (2) — protection factor mean value for
head movements to the left, PF (3) — protection factor
mean value for head movements to the right, PF (4) —
protection factor mean value for the upward head
movements, PF (5) — protection factor mean value for
the downward head movements, PF (6) — protection
factor mean value for deep breathing, PF (7) — pro-
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Table 1. Protection factor mean values of the tested protective masks

Protection factor IMMD (S) M2FV (S) C4(9) SM3 (S) M40A1 (S) M3 (S)
PF (1) 141024 43228 96960 58630 >100000 109213
PF(2) 147911 59832 99550 62725 >100000 250318
PF(3) 234526 53004 82567 67215 >100000 92590
PF (4) 216836 52643 86687 67065 >100000 101349
PF (5) 167453 53613 85247 67930 >100000 109645
PF (6) 165753 44564 70003 62690 74820 109325
PF(7) 119903 50852 68490 59960 >100000 89650
PFm 170487 51105 84215 63744 95930 123156

tection factor mean value for normal breathing at the
end of testing and PFm — protection factor mean value
for all test activities of all the examinees.

Figure 3. Protection factor mean values of the tested pro-
tective masks.

It needs to be pointed out that the number of
foreign masks have been limited to one sample per
each of the listed, except for the Italian and American
(two samples), and number of filters from 1 to 5 pieces.
For a valid Quality Score of protective masks in relation
to the protection factor, it is needed to have at least 10
protective masks and 30 examinees. Despite the num-
ber of foreign masks being insufficient as well as num-
ber of measuring, it can still be concluded from the
results shown in Table 1 and Figure 3 that the tested
protective masks completely fulfil protection factor
requirements [8].

During the testing of mask resistance, mostly 4 dif-
ferent airflows have been applied: 30, 60, 90 and 120
dm3/min, and given results are shown in Figure 4.

By analyzing given results of the total resistance of
protective masks during inhaling, it can be concluded
that the lowest resistance during inhaling, in complete
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applied flow range of 30 to 120 dm>/min, gives Serbian
protective mask M3, then Swiss protective mask SM3,
and a slightly higher and mutually almost equal, Ame-
rican M40A1 and English AVON S10. The highest level
of resistance has been measured in Serbian mask
M2FV. It can also be concluded that the resistance
during inhalation in all three types of the tested foreign
protective masks is higher with domestic than with
American filter, which is logical, since the Serbian filter
provides higher resistance than the American in total
monitored airflow range.

Figure 4. Total resistance during inhalation in tested protect-
ive masks IMMD, C4, SM3, M40A1, AVON, M2FV and M3 in
combination with different filters at different airflows. B bars:
30 I/min, C bars: 60 I/min, D bars: 90 |/min and E bars: 120
I/min.

Italian protective mask fulfils tactical and technical
requirements, which a new generation of protective
masks needs to fulfils when it comes to total resistance
of protective mask at the flow of 30 dm3/min, even
though it is significantly higher than in Swiss protective
masks with the American filter, and somewhat higher
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(6—10 %) than in the remained tested protective masks.
However, the highest that the mask has been tested
on, at the airflow of 90 dm3/min, was the Italian
protective mask with the original filter that provided
the highest resistance during inhalation, which is a
negative property.

The following masks’ exhaust valves have been
tested simultaneously: Italian IMMD (panorama with
transparent face piece and elastomeric border), French
ARFA (panorama), English AVON S10, Canadian C4,
domestic M2FV and M3. During testing, mostly two dif-
ferent airflows have been applied: 30 and 90 dm®/min.
The results are shown in Table 2.

Table 2. Results of the testing of the dynamic exhaust valve
resistance (Pa) of protective masks

Flow, dm*/min

Exhaust valve

30 60 90
IMMD 49.6 81.3 133.9
ARFA 28.4 - 176.6
AVON S10 46.1 - 106.9
C4 78.5 - 206.0
M2FV 52.0 - 133.4
M3 60.4 96.0 123.9

According to the results given in Table 2, it is con-
cluded that the lowest dynamic exhaust valve resist-
ance provide the valve of the French ARFA (panorama)
mask at the flow of 30 dm?’/min and English valve
AVON S10 at the flow of 60 dm?’/min, whereas the
Canadian mask C4 valve provides the highest dynamic
resistance at both applied airflows. Dynamic exhaust
valve resistance of the Italian protective mask is at the
same level as measured in the protective mask M2FV.
Considering that in literature [8] is stated that dynamic
resistance which has to fulfil the exhaust valve, at the
airflow of 30 dma/min, is below 70 Pa, from Table 2. It
can be concluded that all tested exhaust valve samples
fulfil this criteria, except the Canadian protective mask
ca.

Static permeability of the exhaust valve has been
measured by a method described in literature [8], on
IMMD and domestic protective mask M2F, on original
apparatus, and Canadian protective mask C4, after the
adjustment of exhaust valve’s mount on the apparatus.
It has been found out that the tested samples fulfil the
criteria from [8]. Also, 10 exhaust valve samples of the
protective mask M3 have been tested, and it has been
found out that there is no static permeability in the
time of 30 and 60 s and that according to this para-
meter they fulfil tactical and technical requirements
[8]. Namely, static permeability of the exhaust valve
subassembly has to be less than 15 cma, when the valve
is exposed to the sub pressure of 250 Pa for 30 s.

Measurement of static permeability of the exhaust
valve in other foreign protective masks (ARFA, AVON
$10, M40A1, SM3) couldn’t be conducted due to deci-
sion according to which the exhaust valve should not
be disassembled.

Total field of view with a protective mask M3 on the
model of the head must be at least 80%, compared to
the total field of view without protective masks [10].
For foreign protective masks this parameter as a tacti-
cal-technical data are not available. Field of view is
measured on the following protective masks: Italian
(IMMD), French (ARFA), British (AVON S10), Canadian
(C4), U.S. (M40A1), Swiss (SM3), Serbian (M2F), (M2FV)
and (M3). All measurements and processing of the
results were performed according to the standard [9].
Measured values of the field of view are shown in
Figure 5.

Figure 5. Field of view of tested protective masks. First red bar
indicates unclear expanded field of view of C4 mask, and two
bars for M40A1 mask represent the results for the basis and
protective version of the oculars.

Figure 5 shows that the total field of view of pro-
tective mask M3 is 84% and it is greater than the total
field of view of protective masks M2F and M2FV, where
the value was about 70 %. The value of the total field of
view of a protective mask M3 is at approximate level as
in some foreign protective masks of IV generation:
Swiss mask SM3 (80%), Finish mask M95 (80%), Swe-
dish masks F2 (88%), and better than field of view mea-
sured at S10 (69.2%), C4 (66.7 %) and M40A1 (69.2%).

Comparing the results in Fig. 5 it was observed that
the protective masks marked IMMD, ARFA and SM3
have bigger fields than others. Protective masks IMMD
and ARFA are panorama type, so bigger field of view
was expected. Increased field of protective mask SM3 is
probably result of its small size, which is incompatible
with the size of the artificial head which is used to
determine field of view of mid-sized protective mask on
the existing apparatus, and from that point the obtained
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result is unreliable and may be rejected. In C4 protect-
ive mask oculars are a specific form of “cup”, where in
Fig. 5 unclear field of view is indicated (only unclear
contours of the characters can be seen from the sides).

In M40A1 protective mask (Fig. 5) clearly shows the
result of measuring of field of view with basic and
protective ocular which is used for protection against
mechanical damages and sunlight. Based on the results
obtained from these measurements, it can be con-
cluded that the literature data for the field of view, for
some foreign protective masks that are not panorama
type (e.g., Ca-field of view greater than 90%), are of
marketing character and unrealistic.

The results of measuring optical properties of the
oculars are shown in Table 3 and include determination
of:

— integral transparency in the whole visible spect-
rum, T (%);

— spherical optical intensity, P (Dyt);

— astigmatism, A (Dyt);

— prismatic or cornering light beam, D (P,D,t);

— distortion of image, Dist (%).

Based on these results we can conclude that the
oculars of all tested protective masks have satisfying
transparency (except flexible polyurethane mask type
panorama (ARFA) and satisfying optical characteristics,
except for oculars of the American protective masks,
which have a great value for deflecting a light beam,
which causes deformation of the image. Comparative
study of materials, components and complete foreign
and domestic protective masks, enabled to reach quan-
titative indicators to compare their characteristics and
evaluate and fulfil mounted tactical and technical requ-
irements for protective mask M3 (all of this is done
under the same experimental conditions). Number of
foreign masks was limited to one sample of medium
size, except the Italian (two samples). Due to the limited
number of samples, obtained results are accepted with
some caution. Despite these problems, the results were
used to perform certain conclusions. It was found that
the Italian and French masks have the largest field of
view, which was expected since both are the panorama
type. Among binocular protective masks, Swiss SM3

has the largest field of view. These protective masks
satisfy mounted tactical and technical requirement for
the field of view of protective mask M3.

By construction of protective mask M3 face piece,
i.e., by installation of two small valves in the nasal
insert, steady flow of air into interior of nasal insert is
enabled, as well as better evanescent of oculars by
separation of the hot and cold air.

CONCLUSION

Serbian protective mask M3 has significant improve-
ments compared to Serbian masks of previous gener-
ations, M2F and M2FV, in the field of RCB agent pro-
tection, as well as in terms of being comfortable to
wear. Protective mask M3 has been improved in terms
of material quality by choosing brombuthyl rubber ins-
tead of natural rubber for making the face piece and
nasal inset, then by choosing the natural rubber for
making the inhalation and exhaust valve and trans-
parent single-layered polycarbonate for making the
ocular (eyepiece). By inserting new subassemblies, its
functions are enriched. For example, by getting a new
construction of the subassembly of the exhaust valve
and its mount, a more reliable work and better her-
metic have been achieved, which can be seen from the
given results of measuring the protection factor. Sys-
tem of elastic straps at the top of the head of protect-
ive mask M3 provides evenly fitting, which also helps
improve the masks hermetic.

The field of view of the protective mask M3 is 84%
and it is at the level of the latest protective masks
generation IV, and is significantly higher in relation to
the protective mask M2F and M2FV, where the value is
70%. Based on the obtained results of optical pro-
perties testing, it can be concluded that the protective
mask M3 oculars and all other investigated protective
masks, have satisfying transparency (except flexible
polyurethane mask type panorama ARFA) and satis-
fying optical characteristics (except oculars of American
protective mask which has a great value for deflecting a
light beam, which causes deformation of the image).

Table 3. Oculars' optical characteristics of foreign and domestic protective masks

Characteristic T/% P (Dyt) A (Dpt) D (P.D,t) Dist / %
M40A1 89 0 13 0
Protective glass M40A1 91 0 0 0
M40A and protective glass M40A1 82 - 1,3 0
Cc4 89 0.14 0
M2F, M2FV 89 -0.25 0.25 0.20 0
M3 96 <0.1 <0.1 <0-8 0
AVON S10 91 0.58 0
ARFA 83 0 0.29 0
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The increase of protective mask M3 total comfort is
achieved by a new construction of face piece body and
nasal implant, by new constructional solution to tighten
the mask's strap system on the users head and by new
construction and selection of the oculars position on
mask’s face piece body. The functions of protective
masks M3 have expanded by addition of a new filters
carrier subassembly, on the right side, which allows
more efficient use of mask for left-handed users with
targeting, by addition of correction glasses carrier for
users with impaired vision and the addition of auxiliary
voice membrane for better voice transmission in the
use of means of communication. The possibility of
using combined filters on the left and right side, and
possibility of correction glasses usage significantly facil-
itates the performance of users’ combat actions, espe-
cially left-handed persons’ and those with weaker eye-
sight.

Protective mask M3 fulfils all the requirements of
tactical and technical quality and in this sense repre-
sents a significant improvement in relation to the Ser-
bian military protective masks of previous generations,
marked M2F and M2FV. According to their optical and
total characteristics, protective mask M3 is at the level
of most modern devices of personal respiratory pro-
tection generation IV.
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UPOREDNA ANALIZA ODABRANIH KARAKTERISTIKA ZASTITNIH MASKI FILTRIRAJUCEG TIPA
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(Strucni rad)

U radu su prikazani eksperimentalni rezultati komparativnih ispitivanja odre-
denih modela zastitnih maski na principu filtracije vazduha. Osnovne funkcionalne
karakteristike zastitnih maski potrebne za ocenjivanje njihovog kvaliteta, testirane
su na modelima italijanske, francuske, britanske, Svajcarske i ameri¢ke proiz-
vodnje, kao i na tri modela vojnih zastitnih maski domace proizvodnje (model M3
najnovije generacije i modeli M2 i M2FV prethodne generacije). Primenom stan-
dardizovanih metoda ispitivanja, dostupni modeli zastitnih maski testirani su na
faktor zastite, dinamicki otpor i staticku propustljivost ventila izdisaja, ukupan
otpor pri udisaju, karakteristike vidnog polja i opticka svojstva. Na osnovu rezulata
ispitivanja, moZe se zakljuciti da je zaStitna maska M3 na pribliznom nivou kva-
liteta sa testiranim modelima sa inostranog trzista i znacajno viSeg kvaliteta u
odnosu na modele ranije generacije M2 i M2FV.

464

Kljucne reci: Respiratorna zastita e Filtri-
rajuce maske o Karakteristike kvaliteta o
Unutrasnje propustanje e Polje vida



The influence of detergent and its components on metabolism of

Fusarium oxysporum in submerged fermentation

Violeta D. Jakovljevi¢!, Jasmina M. Milicevi¢', Jelica D. Stojanovi¢', Slavica R. Soluji¢?, Miroslav M. Vrvié®

1University of Kragujevac, Faculty of Science, Institute of Biology and Ecology, Kragujevac, Serbia

2Universil‘y of Kragujevac, Faculty of Science, Institute of Chemistry, Kragujevac, Serbia

3’University of Belgrade, Faculty of Chemistry, Belgrade, Serbia

Abstract

The influence of detergent and its components (sodium tripolyphosphate and ethoxylated
cetyloleyl alcohol) at 0.1% concentration on the enzymatic and metabolic activity of
Fusarium oxysporum during exponential growth was investigated in this paper. The fungus
Fusarium oxysporum was isolated from wastewater originating from households which
contain detergent. The following biochemical parameters were analyzed: pH, redox poten-
tial, proteolytic activity, production of carbohydrates, free and total organic acids, proteins
and total dry weight biomass. The detergent had influence on the significant decrease of
redox potential, slight increase of pH and quantity of glucose and total organic acids, while
the proteolytic activity was triple insensitive in relation to control. The sodium tripolyphos-
phate had influence on the slight decrease of pH, significant increase of redox potential
and quantity of glucose and free and total organic acids, whereas the proteolytic activity
was intensive only 5"and 6 day. The total dry weight biomass of the fungus F. oxysporum
was slightly inhibited by ethoxylated alcohol, but significantly inhibited by detergent and
sodium tripolyphosphate.
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Over 2000 years, mankind has used surface-active
components or their ingredients in the various aspects
of daily life, personal care products, laundry washing,
chemical cleaning and cosmetics. Chemical surfactants
are amphiphilic compounds, which can reduce surface
and interfacial tension by accumulating at the interface
of immiscible fluids, and increase the solubility and
mobility of hydrophobic or insoluble organic com-
pounds [1,2]. Their main application is used by the
manufacturers of detergents. A modern detergent
powder is complicated multicomponent mixture con-
sisting of active substances (surfactants), builders
(sodium phosphates, sodium carbonate, sodium silicate
and zeolite), bleach (perborate and percarbonate), wet-
ting agents, optical brighteners, softeners, enzymes [3].
Based on ionization of polar head the surfactants are
divided into four groups: anionic, cationic, nonionic and
amfotheric. The most widely used in all regions of the
world are linear alkyl benzene sulfonates (LASs), alco-
hol ether sulfates (AESs), aliphatic alcohols (AEs), alco-
hol sulfates (ASs) and alkaline salts of fatty acids (soap).
The linear chain alkylbenzene sulfonate types (LAS) are
the most popularly used synthetic anionic surfactant as
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major ingredient in domestic and industrial detergents
more than 30 years [4]. Alcohol ethoxylated are pre-
sently the largest volume nonionic surfactants. Growth
in use of linear primary AE has been rapid over the past
20 years because of their many desirable qualities such
as rapid biodegradation, low to moderate foaming
ability, superior cleaning of manmade fibers, tolerance
of water hardness and ability to perform in cold water
[5]. Builders boost the efficiency of surfactants by
counteracting hard water, emulsifying oil and grease,
and preventing soil from redeposition. Phosphates are
an environmentally delicate chemical and a commonly
used detergent builder. Phosphorus is in the form of
sodium tripolyphosphate (NasP30,,) and is used to
soften hard water and suspend dirt in the water. But,
by dissolving in water phosphates create orthophos-
phates which are more toxic and because of that phos-
phates can be substituted with a phosphate free zeolite
(Na,Al,Si3049:2H,0 — aluminum silicate) [6]. Increased
use of household’s detergents leads to their accumul-
ation in the wastewater and natural aquatic ecosys-
tems, causing a number of harmful effects on the mic-
robial community and hydrobionts [7]. Numerous
investigations showed that detergent causes anaerobic
condition in aquatic ecosystems, disrupts cells struc-
ture of live beings, changes activities of their enzymes,
etc. [8]. Various reports are available on the simulative
effect of nonionic and ionic surfactants in fermentation
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broth of microorganism, this resulted in many fold inc-
reases in the production and secretion of enzyme such
as cellulase [9], phytase [10] and amylase [11]. Inclu-
sion of nonionic surfactants, Tween 80 into culture
medium increases extracellular protease activity with-
out altering of enzyme properties [12]. Also, it was
found that addition of detergent have enhancing
effects on extracellular production of some metabolites
with microorganism [13] and may be useful method for
over-production of hydrophobic compounds by means
of biological process. The Fusarium oxysporum is meso-
philic fungus ubiquitous in soils worldwide. It com-
monly inhabits aquatic ecosystems and wastewater
with high rate of organic matter. The fungus F. oxyspo-
rum produces severe hydrolytic enzymes which were
found to be active on a wide range of natural sub-
strates of either vegetable or animal origin, e.g., lipa-
ses, cellulases, hemicellulases, pectinases, xylanases,
etc. Lignocellulolytic enzyme produced by F. oxysporum
has been used for conversion of lignocellulosic material
to ethanol [14].

The aim of this study was to investigate how com-
mercial detergent (Merix, Henkel, Serbia) and its mainly
components at concentration of 0.1% influence on
metabolic process of fungus Fusarium oxysporum under
submerged fermentation during exponential growth
phase. The submerged culture technique is widely used
for biotechnological application as it is intrinsically less
problematic, making it more reliable and reproducible
easier to monitor and to control key operational para-
meters and it is more flexible.

EXPERIMENTAL

Isolation of Fusarium oxysporum and cultivation

The fungus species F. oxysporum was isolated from
the river basin of Lepenica (the place of wastewater
flood, sewage). Identification of fungus from a sample
of wastewater was carried out at the Institute for
Biology and Ecology, University of Kragujevac. The
fungus was maintained in a chamber with a constant
temperature at 4+0.5 °C, on potato-dextrose agar slant
(PDA), in sterile conditions. A monosporial culture was
developed by the method of exhaustion on a poor agar,
in Petri dishes, in sterile conditions. Meat peptone agar

was used for sterility control. During the experiment,
the fungus was cultivated in the sterile Czapek Dox
liquid medium of the following composition (Table 1).

Erlenmeyer flasks with growth mediums were ste-
rilized at 120 °C for 20 min (autoclave pressure, 0.14
MPa). The pH control was adjusted about 4.70 before
sterilization with 0.1 mol/dm? HCl.

Inoculation and sampling

The liquid growth mediums were stored in Erlen-
meyer flask (100 ml of medium in 250 ml flask). Each
flask was inoculated with one ml spore suspension of
(1x10* CFU ml™) in three replicates. Erlenmeyer flasks
were placed on an electric shaker (Kinetor-m, Ljubljana)
thus enabling uniform and constant mixing. All experi-
ments were carried out at room temperature, under
alternate light and dark for 8 days. Sampling was started
at4™ day after inoculation and repeated every day until
the 8" day of the experiment which corresponding
exponential growth phase of fungus. The exponential
growth phase was confirmed by screening test on solid
state fermentation (results of this test were no shown
in this paper).

Measurement of pH and redox potential

pH-meter (type MA-5705, the product “Iskra”,
Kranj) was used for measuring value of pH and electro-
chemical potential. Redox potential was determined by
Petersen’s method [15].

Assays of proteolytic activity

Activity for the alkaline protease was determined
spectrophotometrically by Anson’s method, with casein
as substrate [16]. Reaction mixture incubated at 37 °C
for 10 min and arrested by addition of 1 ml 5% tri-
chloroacetic acid (TCA). The mixture was centrifuged at
4000 rpm and the supernatant 5 ml of 6 % Na,CO; and
1ml diluted Folin—Ciocalteu phenol reagent were added.
The resulting solution was incubated at room tempe-
rature for 30 min and absorbance of the blue color
developed was read at 660 nm using tyrosine standard.
One unite enzyme activity (IU) was defined as the
amount of enzyme that liberated 1ug of tyrosine from
casein per minute under assay condition.

Table 1. Composition of growth media in 1000 ml distillated water

. c/gdm’ . b .

Growth medium Mark Sucrose Detergent TTP AOC
NaNO; K,HPO, MgS0,7H,0  FeSO,7H,0
Control K 3 1 0.5 0.01 30 - - -
K+0.1%D 3 1 0.5 0.01 30 1 -
K+0.1% TTP TTP 3 1 0.5 0.01 30 - 1 -
K+ 0.1% AOC AOC 3 1 0.5 0.01 30 - - 1
b

a . v
Detergent “Merix”, Henkel, Krusevac;
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Protein assay

Protein was determined according to Kjeldahl, on
the basis of the nitrogen amount present in the fungus
tissue [17], according to the Eq. (1):

The quantity of proteins (mg) =
= 6.25xQuantity of nitrogen (1)

Determination of concentrations total and free
organic acids

Concentrations of free and total organic acids were
determinate by ion exchange chromatography method.
To 10 ml of fermentation broth was added 50 ml of
ethanol (70 %) and reaction mix was incubated at 70 °C
in water bath for 1 h. The mixture was filtered through
Whatman filter paper No. 1 and filtrate was concen-
trated at 50-60 °C under reduced pressure to final
extract volume of 40 ml. Active charcoal was added to
extract following by incubation (30 to 45 min) in the
water bath at 70 °C. After incubation, the extract was
filtrated to remove active charcoal, the residue was
made up to a volume of 100 ml with distilled water.
Ten milliliters aliquots of filtrate were sampling for
determination of concentration the free organic acids
by titration 0.1 mol/dm® NaOH. Phenolphthalein (0.1%)
was used as indicator. The residual of sampling (90 ml)
was passed through a cationic column (Amberlite
IR-120) previously activated, to the volumetric flask of
250 ml. By washing the column with distilled water
volumetric flask was supplemented to 250 ml. To
determination of concentration the total organic acids,
25 ml aliquots were sampling and titration was carried
out as previously described [18]. The results were pre-
sented as a percentage.

Determination of monosaccharides quantity

Monosaccharides, glucose and fructose were deter-
mined after passing 225 ml of filtrate through a pre-
vious activated anion column of type Amberlite IR-120
and after evaporation of filtrate to volume 5 to 10 ml. A
small volume of sample was inflicted on paper chroma-
tography Whatman No.1 and descending chromato-
graphy was performed. The quantity of glucose and
fructose was measured by the spectrophotometer at
600 nm, followed by reaction with suitable reagent to
produce a blue-green complex [19].

Determination of dry weight biomass

The mycelia previously removed from fermentation
broth were washed with sterile distilled deionized
water several times. Both filter paper and mycelia were
then dried in an oven at 80 °C to a constant weight. The
dry weight of the mycelia was determined by sub-
tracting the initial weight of the filter paper from the
weight of mycelia and filter paper.

RESULTS

The effects of detergent and its main components
at a concentration of 0.1% on the metabolism of fungus
Fusarium oxysporum are presented on Figs. 1-7. These
effects were observed by the following biochemical
parameters: pH, redox potential, proteolytic activity,
qguantity of proteins, organic acids and carbohydrates
from 4" to 8" day, whereas total dry weight biomass
was measured on 8" day.

The fungus F. oxysporum showed the express or
slight decrease of pH value of fermentation broth. The
maximum values of pH measured on 4" day in all vari-
ation of liquid growth medium except in control. The
maximum deviation of pH value was observed in the
medium with D and TTP at 0.1% concentration com-
pared to control. The detergent at 0.1% concentration
influenced on the significant increase of pH value
whereas the TTP at 0.1% concentration influenced on
the significant decrease of pH value, as shown in Fig. 1.

7.00 A \
— " _/,4——0/

6.00 ir\r * e

5.00 4

Z

4.00 -

3.00 4

2.00 A

1.00 -

0.00 r T T
4 5 6 7 8

Culture age (days)

——K —=&D —=a—TITP —=>—AOQOC

Fig. 1. pH value of different media during growth of fungus
F. oxysporum.

Redox potential of the fungus F. oxysporum grown
in all variants of liquid nutrient medium had a positive
value throughout the experimental period, with except-
ion in medium with detergent (negative value). Increas-
ing values of redox potential proceeded in parallel with
the development of mycelia, the maximum values were
measured on 7™ day (control medium) and on 8" day
(TTP and AOC media). The results are shown in Fig. 2.

The proteolytic activities of the fungus F. oxysporum
in the liquid growth medium according to Czapek (the
control) and the variants of liquid medium with D, TTP
and AOC were particularly expressed on 6" or on 7"
day. Presence of AOC in medium had stimulating effect
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while the presence of detergent had inhibitory effect
on proteolytic activity during the experimental period.
The results are shown in Fig. 3.
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-0.500 7
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4 5 6 7 8
Culture age (days)
——K —®TTP &« AQOC —=¢D
Fig. 2. Redox potential of different media during growth of

fungus F. oxysporum.
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Fig. 3. Profile of proteolityc activity of F. oxysporum in
different media during exponential growth.

Protein production increased in parallel with expo-
nential mycelium growth, but concentrations of total
protein was different in relation with type of medium.
The highest amount of protein was produced by fungus
in medium with TTP on the 7™ day whereas the least
amount of protein measured in medium with detergent
at the same time of experiment. The results are shown
in Fig. 4.
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Figure 4. Concentrations of total proteins measured in
different media during exponential fungal growth.

The concentration of total organic acids in the con-
trol medium and in the medium with AOC was con-
siderably or significantly smaller on the gt day com-
pared to the 4" day. Contrary, the fungus F. oxysporum
produced higher percent of total organic acids in the
medium with D and TTP, at the same time. The fungus
produced different concentration of free organic acids
depending on the type of medium. The percentage of
free organic acids was lesser in medium with detergent,
but it was higher in the medium with TTP and AOC. The
TTP showed strong inhibitory effect on the production
of free organic acids in the early exponential growth
phase, but a strong stimulatory effect in the late expo-
nential growth phase. The results are shown in Fig. 5.

The concentration of glucose, produced by the fun-
gus F. oxysporum, was significantly higher in the growth
medium with D and AOC at concentration of 0.1% on
the 8" day in relation to the control. The presence of
AOC in growth medium reduced the concentration of
fructose to half while the presence of D influenced on
increase of concentration of fructose. The detergent
showed the strongest stimulating effect on the biopro-
duction of glucose whereas ethoxylated cetyl-oleyl
alcohol was the strongest stimulator of the fructose
bioproduction compared to control, as shown in Fig. 6.

The amount of the total dry weight biomass of the
fungus F. oxysporum grown in the control nutritious
medium was significantly or slightly higher compared
to the biomass of the same fungus grown in the vari-
ants of liquid media with D, TTP and AOC. Detergent
and the sodium tripolyphosphate of 0.1% concentra-
tion showed the most significant inhibitory effect on the
total dry weight biomass bioproduction in relation to
the control (about 50%). The results are shown in Fig. 7.
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Fig. 5. Concentrations of free (mark-FOA) and total (mark-TOA) organic acids in different media in early and late exponential growth

phases.

Fig. 6. Concentrations of glucose and fructose measured in different media.

Fig. 7. The total dry weight biomass of fungus F. oxysporum produced in different media at 8" day.

DISCUSSION

The optimal pH environment is necessary for the
regular growth and development of microorganisms. It
affects the morph-physiological characteristics and

biochemical properties of microorganisms. The diffe-
rent initial pH value occurs with addition of detergent
and its components in growth media, but these dif-
ferences aren’t influence on the spores germinating
and development of mycelia. St Leger et al. [20]
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observed that F. oxysporum tolerated a wide range of
pH values. However, these pollutants change metabolic
activity of fungus on different ways, which reflects on
fungal growth and total dry weight biomass. The uti-
lization of nutrients from growth media changes the pH
values. Simultaneously, with changes in pH values and
redox potential is changing too. This implies the role of
organic acids in pH homeostasis and growth of fungus
in a flexible media with detergent and its components.
Increase of glucose and fructose concentration in the
medium leads to acidification or pH reduction indi-
cating that the acidity of medium originates from orga-
nic acids which are released by glycolysis and Krebs
cycle. Production of organic acids depends both on the
microorganism and source of P in which the microor-
ganism is grown. Many researchers observed that the
accumulation of oxalic acid in the cytoplasm can help
regulate cytoplasmic pH. Strasser et al. [21] reported
that oxalic acid is produced in citoplasm of Aspergillus
niger with little or no participation of the tricarboxylic
acids cycle. The chemical composition of commercial
detergent is very complex and consists of a mixture of
active components, builders, fillers, phosphates, bleach,
etc. Each of these components can react with active
center of the enzyme, leading to their inhibition or
activation, which reflects on growth and development
of fungi. On the other hand, the individual components
of detergent, as substrates for nutrition, are far more
acceptable for fungi. As we predicted, the treatment
with detergent, AOC and TTP, led to the production of
different amounts of free and total organic acids. The
quantity of free organic acids was insignificantly lesser
in the medium with detergent, but it was significantly
higher in the medium with TTP and AOC at the end of
experimental period. Many researchers observed that
many fungi species produce different organic acids in
medium with polyphosphates because of solubilization
of P. In the case of the total organic acids biopro-
duction, the TTP is behaving as a significant stimulator
while the detergent is insignificant stimulator of bio-
production. At the same time, the AOC is behaving as
an inhibitor of the total organic acids bioproduction.
The presence of detergent, AOC and TTP, in the
liquid growth medium affects the production of diffe-
rent protein concentration during the fungal expo-
nential growth. With culture aging, fungus produced
higher amount of proteins in control and AOC media
probably due to increasing of N consumption from
these media. On the 7" day of the experiment, sig-
nificant changes of proteins bioproduction were obs-
erved in medium with D and TTP. The production of
protein was rapidly decreased in D medium whereas
the opposite effect was observed in TTP medium.
These results are in accordance with the results of
other authors which observed that. According to Scer-
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vino et al. [22] consumption of N increases with dec-
reasing of phosphates concentration, which is in agree-
ment with results of this study. Also, our previous stu-
dies on other filamentous fungi [23,24] confirmed that
pollutants such as LAS detergent type have inhibitory
effect on protein bioproduction.

The proteolytic activity of the fungus F. oxysporum
was expressed in late exponential phase of fungal
growth (6th or 7™ day). Inclusion of AOC in growth
medium showed significant stimulatory effect on pro-
teolityc activity whereas the treatment with the deter-
gent and TTP had inhibitory effect on proteolytic acti-
vity. As well known, numerous microorganisms have
ability to synthesized different proteases depending on
type of medium. The protease of Bacillus species
showed excellent stability and compatibility with some
commercial detergents [25]. However, anionic surfact-
ants, such as SDBS and SDS, express strong inhibitory
effect on enzymes activity in the most of microorg-
anisms [26,27]. Polar heads of SDS or SDBS bind to the
active site of the enzyme through ionic interaction
which causes conformational changes of enzymes.
Nonionic surfactants type of ethylene oxides bind to
the active site of enzymes through hydrogen bonds in
order to enhance the conformation flexibility. In agree-
ment with observations of Pradhan and Sukla [28] and
Scervino et al. [29] our experiment confirms the hypo-
thesis that solubilization of P is related with releasing of
organic acids in medium. Many researchers observed
relation between the beginning of autolysis after dep-
letion of the exogenous carbon source and proteolytic
activity to a greater or lesser degree in various species
of filamentous fungi [30-32]. However, it is not uncom-
mon for the maximum of proteolytic activity to coin-
cide with the growth phase [33], which it was con-
firmed by our investigation. Similar observations with
A. fumigatus and N. crassa suggest that this pheno-
menon can be widespread among fungi.

The concentration of carbohydrates (glucose and
fructose) was measured in fermentation broth of
growth medium on the g™ day. Fungal metabolism of
carbohydrates is influenced by the composition of
growth medium. When sucrose is only carbon source,
the fungus utilizes preferably glucose than fructose for
its metabolism which is consistent with the results of
Peynaud and Domercq [34]. Because of that, the con-
centration of glucose is very low compare to fructose in
liquid medium by Czapek. As well known, under aerobic
condition the fungus F. oxysporum metabolizes glucose
via Embden—Meyerhof-Parnas (EMP) pathway, result-
ing in high acetic acids production, while under anaer-
obic condition of the glucose is metabolized via pen-
tose phosphate pathway (PPP) resulting in high ethanol
production [35]. The inclusion of D, AOC and TTP leads
to decreasing of glucose incorporation in biomass and
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its higher concentration in medium. The detergent
shows the highest inhibitory effect on glucose meta-
bolism. Interesting, TTP and detergent added in med-
ium showed the stimulatory effect on fructose meta-
bolism and its incorporation in fungal biomass. On the
contrary, AOC shows the highest inhibitory effect on
metabolism fructose and its incorporationin biomass.
This striking difference in the utilization of sugars could
be caused either by differences in the transport sys-
tems or by the subsequent intracellular metabolism of
the sugars [36]. Probably, detergent and TTP influence
on synthesis of inducible enzymes involving in regul-
ation of carbohydrates metabolism or some degrad-
ation products have a role of competitive inhibitor of
these enzymes. These results are in accordance with
the results of other authors and our previous studies
on other filamentous fungi [37,38].

The total dry weight biomass which the fungus F.
oxysporum produced during the exponential growth
was measured on 8" day. The total amount of biomass
of the fungus grown in control is higher compare to
media with the detergent, AOC and TTP. These results
confirm that these compounds behavior as inhibitors
on the bioproduction of biomass. Detergent and the
sodium tripolyphosphate at 0.1% concentration show
the significant inhibitory effect on the total biomass
(about 50%), while the AOC showed little inhibitory
effect compared to control.

CONCLUSION

Based on the obtained results it can be concluded
that detergent and its components influence on fungal
metabolism in different way. These pollutants didn’t
express fungicide effect, but they have inhibitory inf-
luence on total dry weight biomass production at diffe-
rent rates. Inclusion of pollutants in growth medium
causes production of different metabolites which could
have practical application in biotechnology. The alkal-
ine protease from fungus is stimulated by the presence
of AOC, so it could have potential utilization for catal-
ysis and application in detergent formulation. High
solubilization of P in medium with TTP indicated the
potential role of F. oxysporum in bioremediation of
environment. The production of higher amount of org-
anic acids is stimulated by detergent and its com-
ponents, so the fungus could be applied in different
industrial area. The fungal ability to produce different
amount of glucose and fructose could be practically
applied in biotechnology.
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1ZVvOD

UTICAJ DETERGENTA | NJEGOVIH KOMPONENTI NA METABOLIZAM Fusarium oxysporum U SUBMERZNOJ

FERMENTACUI

Violeta D. Jakovljevic'l, Jasmina M. Miliéevic'l, Jelica D. Stojanovic'l, Slavica R. Solujic'z, Miroslav M. Vrvi¢®

"Univerzitet u Kragujevcu, Prirodno—matematicki fakultet, Institut za biologiju i ekologiju, Kragujevac, Srbija
Univerzitet u Kragujevcu, Prirodno—matematicki fakultet, Institut za hemiju, Kragujevac, Srbija

*Univerzitet u Beogradu, Hemijski fakultet, Beograd, Srbija
(Naucni rad)

U ovom radu ispitivan je uticaj detergenta (“Merix”, Henkel, Krusevac) i
njegovih komponenti (natrijum-tripolifosfata i etoksilovanog cetil-oleil alkohola)
0,1% koncentracije na enzimsku i metabolicku aktivnost gljive Fusarium oxyspo-
rum tokom eksponencijalne faze rasta. Ova vrsta gljive je izolovana iz recnog kori-
ta reke Lepenice na mestu ulivanja otpadnih voda u reku. Pracene su promene
slededih biohemijskih parametara: pH, redoks potencijala, proteoliticke aktivnosti,
produkcije ugljenih hidrata, slobodnih i ukupnih organskih kiselina, proteina i
ukupne suve biomase. Dodatak detergenta u hranljivu podlogu je izazvao znacaj-
no smanjenje redoks potencijala, blago povecanje pH, koncentracije glukoze i
ukupnih organskih kiselina, dok je proteoliticka aktivnost bila trostruko intenziv-
nija u odnosu na kontrolu. Dodatak natrijum-tripolifosfata u hranljivu podlogu uti-
cao je na blago smanjenje pH, znacajno povecanje redoks potencijala i koli¢ine
glukoze, slobodnih i ukupnih organskih kiselina, dok je proteoliticka aktivnost bila
izrazena samo 5. i 6. dana. Ukupna suva biomasa gljive Fusarium oxysporum bila je
blago inhibirana prisustvom etoksilovanog cetil-oleil alkohola ali znacajno inhibi-
rana prisustvom detergenta i natrijum-tripolifosfata u podlozi.

Klju¢ne reci: Biomasa e Etoksilovani cetil-
oleil alkohol e Natrijum-tripolifosfat e
Organske kiseline e Proteini @ Proteoli-
ticka aktivnost
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Uklanjanje magnezijuma iz izvorske vode pomocu prirodnog zeolita u

protocnom sistemu

Slavica Tomi¢, Milena KnezZevié, Nevenka Raji¢, Dragan Povrenovi¢

Univerzitet u Beogradu, Tehnolosko—metalurski fakultet, Karnegieva 4, Beograd, Srbija

Izvod

Cilj ovog rada je ispitivanje moguénosti primene srpskog prirodnog zeolita (lezZiste , Igros
Vidojevi¢” kod Brusa) za poboljsanje kvaliteta izvorske vode. Koncentracija magnezijuma u
izvorskoj vodi u regionu Raska (jugozapad Srbije) je ve¢a od 100 mg/dm3 i nepogodna za
svakodnevnu upotrebu. U eksperimentima su izvrSena fluidomehanicka ispitivanja Cestica
zeolitskog tufa precnika 1,5, 4 i 6 mm u koloni pre¢nika 65 mm, dok su ispitivanja
adsorpcije/desorpcije magnezijuma izvedena u koloni preénika 110 mm. Dobijeni rezultati
su pokazali da se upotrebom zeolita koji je obogacen natrijumom i uz odgovarajuce fluido
mehani¢ke parametre sistema, koncentracija magnezijuma u sirovoj vodi moze smanijiti
ispod maksimalno dozvoljene koncentracije (MDK) u vodi za pi¢e od 50 mg/dma.

Klju¢ne reci: magnezijum, zeolit, adsorpcija, hemijska modifikacija, protocni sistem.

Dostupno na Internetu sa adrese Easopisa: http://www.ache.org.rs/HI/

Zbog rasprostranjenosti u zemljinoj kori, magne-
zijum je prisutan u prirodnim vodama, gde zajedno sa
kalcijumom ¢ini ukupnu tvrdo¢u vode. Koncentracije
Mg jona su posebno visoke na podrucju gde dominiraju
dolomitske stene, Sto je slu¢aj sa podzemnim vodama u
okolini Raske (jugozapadna Srbija). Na ovom podrucju
prirodne vode se odlikuju visokim sadrzajem Mg Cija
koncentracija moze biti i do 200 mg/dma, sto ih Cini
nepovoljnim za upotrebu u javhom vodosnabdevanju,
posto je maksimalna dozvoljena koncentracija Mg u
vodi za pi¢e prema vazeéim pravilnicima ograni¢ena na
50 mg/dm?’ [1].

U eksperimentima prikazanim u ovom radu razma-
trano je smanjenje koncentracije magnezijuma u vodi
koja izvire u napustenom rudarskom oknu ,Potkop”“.
Ova voda je pokazala stabilan sastav i zanemarljivo pri-
sustvo mikroorganizama, pa je kao takva uvedena u
sistem vodosnabdevanja grada Raske. Jedini nedos-
tatak predstavlja visok sadrzaj Mg koji se krece i do 100
mg/dms. Do sada se ovaj problem prevazilazio mesa-
njem vode sa reénom vodom kako bi se vrednost Mg
svela u dozvoljene okvire. Medutim, kako je rec¢na voda
promenljivog sastava, to je ona cesto uzrokovala sma-
njenje kvaliteta sirove vode, a time i povecanje utroska
velikih koli¢ina koagulanata i flokulanata kako bi se
obezbedila njena fizicko-hemijska ispravnost.

Prirodni zeoliti su ve¢ poznati kao dobri adsorbenti i
jonoizmenijivadi, [2,3]. Takode, razliCiti sinteticki zeoliti
(NaX, NaY i NaA) nasli su primenu u postupcima omek-
Savanja vode. Medutim, efikasnost sintetickih zeolita u
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smanjenju koncentracije Mg u tvrdoj vodi razlicita je za
razlicite zeolite, pa se upotrebom zeolita NaA kon-
centracija moze smanijiti za 24%, dok se upotrebom
NaY postize efikasnost od 52% [4].

U ovom radu za smanjenje koncetracije magnezi-
juma u sirovoj vodi iz izvorista ,,Potkop” ispitan je zeo-
litski tuf iz leZiSta ,,Igros Vidojevi¢“ kod Brusa, koji sadrzi
oko 90% klinoptilolita. Prethodnim ispitivanjima [5],
utvrden je hemijski sastav klinoptilolitne faze u tufu. S
obzirom na to da se efikasnost uklanjanja magnezijuma
iz vode povecava kada se klinoptilolit obogati natri-
jumom, u eksperimentima je koriS¢en zeolitski tuf obo-
gacen jonima natrijuma (NaZ). U laboratorijskim ekspe-
rimentima koji su izvedeni u pojedina¢nim serijama,
prethodno je utvrdeno da NaZ moZe maksimalno da
veze 2,5 mg Mg /g [5].

EKSPERIMENTALNI SISTEM

U eksperimentima je koriséen zeolitski tuf (Z) u siro-
vom obliku, sa frakcijama ekvivalentnih precnika zrna
1,5, 4 i 6 mm. Za odredivanje fluido-mehanickih para-
metara koris¢ena je kolona pre¢nika 60 mm i visine 2
m, slika 1a. Ova kolona je omogucavala rezime rada od
nasutog i fluidizovanog sloja pa do uslova hidrauli¢kog
transporta. Kroz kolonu (1) sa nasutim slojem zeolita
(2), je kroz distributor na dnu (3), dovodena voda iz
rezervoara (5), pomocu centrifugalne dozir pumpe (6).
Merenje protoka je vrSeno elektromagnetnim meracem
protoka (7), a protok je regulisan pomocu ventila sa
finom regulacijom (8). Vrednosti padova pritisaka na
dnu kolone i na visini od 1 m, merene su pomocu piezo-
metarskih cevi (9). Voda je iz kolone izvodena preko
prelivnika (4), koji je imao i funkciju sakupljanja Cestica
u rezimu rada sa hidraulickim transportom, a nakon
toga ponovo vracana u rezervoar (5).
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Slika 1. Sema eksperimentalne aparature za: a) odredivanje fluido-mehanickih parametara Cestica zeolita (1 — kolona, 2 — sloj
zeolita, 3 — distributor fluida, 4 — prelivnik, 5 — rezervoar, 6 — dozir pumpa, 7 — elektromagnetni merac protoka, 8 — regulacioni ventil,
9 — piezometri) i b) filtriranje vode kroz zeolitsku ispunu, i njegova regeneracija pomocu rastvora NaCl (1 — kolona, 2 — sloj zeolita,

3 —distributor fluida, 4 — rezervoar, 5 — dozir pumpa, 6 — rotametar, 7 — regulacioni ventil, 8 — ventil, 9 — sabirni rezervoar,

10 - rezervoar za NaCl (aqg), 11 — dozir pumpa, 12 — rotametar, 13 — regulacioni ventil, 14 — ventil.

Figure 1. Scheme of the experimental units for: a) determination of the fluid-mechanical parameters of the zeolite particles

(1 - column, 2 - zeolite bed, 3 — fluid distributor 4,5 — overflow tank, 6 — dosing pump, 7 — electromagnetic flowmeter, 8 — control
valve, 9 — piezometers) and b) water filtering through the zeolitic filler, and recovering of the filler with a solution of NaCl

(1 —column, 2 — zeolite bed , 3 — fluid distributor, 4 — tank, 5 — dosing pump, 6 — rotameter, 7 — control valve, 8 — valve, 9 — collection
tanks, 10 — tank for NaCl (aqg), 11 — dosing pump, 12 — rotameter, 13 — control valve, 14 — valve).

U eksperimentima adsorpcije, koris¢ena je staklena
kolona prec¢nika 110 mm i ukupne radne zapremine od
3,9 dm3, slika 1b. Na osnovu fluido-mehanickih ispiti-
vanja, za ispunu u koloni (1) odabrana je frakcija zeolita
sa Cesticama precnika 1,5 mm, ukupne mase 1 kg, koji
je zauzimao zapreminu od 1,3 dm3, odnosno 1/3 rad-
nog dela zapremine kolone (2). Izmerene vrednosti gus-
tina i nasipna gustine zeolita iznosile su 1915 i 763
kg/m3, redom. Voda je u kolonu dovodena kroz raspo-
deljivac od inertnih staklenih sfera prec¢nika 6 mm, pos-
tavljenog na dnu kolone (3), iz rezervoara sirove vode
(4), pomocu centrifugalne dozir pumpe (5). Protok vode
je meren rotametrom (6), a regulacija protoka je vr$ena
pomocu ventila (7). Na izlazu iz kolone je postavljen
ventil (8) koji je imao funkciju da zatvori liniju vode,
prema sabirnom rezervoaru za precis¢enu vodu zapre-
mine 50,0 dm® (9). Brzina proticanja vode u izvedenim
eksperimentima kretala se u intervalu od 0,05 do 0,15
mm/s, $to odgovara uslovima tzv. spore filtracije.

Nakon zasi¢enja sloja zeolita magnezijumom, vriena
je njegova regeneracija u proto¢nom sistemu sa recir-
kulacijom, pri ¢emu je brzina proticanja rastvora za
regeneraciju odgovarala vrednosti brzina vode u koloni,
pri kojoj je eksperiment izvoden, odnosno u intervalu
od 0,05 do 0,15 mm/s. Nakon zatvaranja ventila (7) i
(8), otvarani su ventili (13) i (14) i iz tanka sa rastvorom
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NaCl, koncentracije 2 mol/dm® (10), je pomoc¢u dozir
pumpe (11), uz merenje protoka rotametrom (12) i
regulacijom protoka ventilom (13) dovoden rastvor za
regeneraciju u sloj zeolita. Nakon odredenog vremena
regeneracije, ventili (13) i (14) su zatvarani i sistem je
bio spreman za novi ciklus adsorpcije.

Koncentracija Mg u vodi odredivana je pre i nakon
prolaska kroz kolonu. Koncentracija Mg i Ca u alikvo-
tima filtrata analizirana je svakih sat vremena. Za ana-
lizu je koriséena kompleksometrijska titracija pomocu
EDTA uz indikatore eriohromcrno T i mureksid prema
standardnom postupku [6]. lzvedene su najmanje tri
analize pri svakom odredivanju koncentracije. Koncen-
tracija Na u sirovoj vodi i u filtratu odredjivana je meto-
dom atomske apsorpcione spektroskopije (AAS).

REZULTATI | DISKUSIJA

Uz pomoc¢ elektronskog mikroskopa koji obezbeduje
pored konvencionalne SEM fotografije i jasniji uvid o
distribuciji elemenata na povrsini minerala, a na osnovu
analize hemijskog sastava odabranih tacaka na zeolitu
EDXS mapiranjem, odreden je prosecan hemijski sastav
uzoraka klinoptilolitne faze, koji je izrazen preko oksida
prisutnih elemenata prikazan u Tabeli 1 [5]. U zagradi
su date vrednosti standardnih devijacija.
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Tabela 1. Sastav klinoptilolitne faze u zeolitskom tufu (Z) i tufu
obogacenom natrijumom (NaZ) izraZen preko oksida
elemenata u mas.%

Table 1. Composition of clinoptilolitne phase in the zeolitic tuff
(Z) and of the tuff enriched with sodium (NaZ) expressed as
the mass% oxide of the elements

Oksid z Naz
Sio, 67,9 (3) 67,04
Al,O; 11,9 (1,3) 11,97
Na,O 0,12 (0,2) 4,08
K,O 1,03 (0,4) 0,83
MgO 1,32 (0,2) 1,04
Ca0 4,38(0,1) 1,54
H,0 13,4 13,5

Na osnovu rezultata prikazanih u Tabeli 1 moZe se
zakljucCiti da je proces obogacivanja zeolitskog tufa
jonima natrijuma zapravo jonska izmena u kojoj se joni
K, Mg, i Ca iz klinoptilolitne faze zamenjuju jonima
natrijuma iz rastvora.

Osnovni cilj u fludo-mehanickim ispitivanjima je bilo
odredivanje vrednosti minimalne brzine fluidizacije,
Unr, | ekspanzije zeolitskog sloja u funkciji brzine kreta-
nja vode. Na osnovu uradenih eksperimenata sa razli-
¢itim granulometrijskim vrednostima, dobijene su vred-
nosti minimalne brzine fluidizacije, Tabela 2.

Tabela 2. Vrednosti minimalne brzine fluidizacije za Eestice
prirodnog zeolita
Table 2 Minimum fluidization velocities of the zeolite particles

Ekvivalentni pre¢nik, mm 1,5 4,5 6
0,013 0,035 0,054

Minimalna brzina fluidizacije, m/s

Primenom krupnijih Cestica, ve¢im od 1 mm, stva-
raju se uslovi za lakSu manipulaciju sa njima u samom

adsorpcionom sloju, a uradjeni eksperimenti potvrduju
fluidno-mehanicku stabilnost sistema i reproduktivnost
dobijenih rezultata. U eksperimentima procesa adsorp-
cije radjeno je sa najsitnijom raspolozivom granulaci-
jom zeolita, srednjeg ekvivalentnog precnika zrna, d, =
= 1,5 mm, jer je u procesu adsorpcije potrebna i Sto
veca specificna povrsina ispune.

Analizom oblika zrna, nakon fotografisanja i anali-
zom slike pomocu programa ,Sigma Scan”, ustanov-
liena je njegova nesfericnost, Sto je i ocekivano posto
se dobija drobljenjem mineralnih sirovina.

Za pocetnu visinu sloja od Hy = 19 cm, vrednosti
pada pritiska u funkciji brzine proticanja vode kroz ko-
lonu prikazani su na slici 2, pri ¢emu se uocava nepo-
stojanje izrazenog pika vrednosti pada pritiska nepo-
sredno pre minimalne fluidizacije, a Sto je posledica
polidisperznosti same ispune [7].

Pri uvodenju vode u sloj kroz dno kolone, dolazi do
njegove blage ekspanzije i povecanja visine nasutog
sloja do odredene vrednosti. Daljim povecanjem pro-
toka vode na dnu, odnosno brzine u koloni, dostignuta
visina se ne menja sve do trenutka dok se ne dostigne
vrednost minimalne brzine fluidizacije. Ta visina se
oznacava kao visina sloja pri kojoj dolazi do pojave
minimalne fluidizacije Cestice, H.y, za dati nasuti sloj
Cestica. Daljim poveéanjem brzine strujanja vode kroz
sloj Cestica, dolazi do njegove ekspanzije, pa se u uslo-
vima kada je brzina vode u sloju jednaka dvostrukoj
vrednosti minimalne brzine fluidizacije, U = 2U,,;, moze
dosti¢i ekspanizija sloja i preko 30% od one pri mini-
malnoj fluidizaciji, Slika 3.

Ekspanzija sloja, ne dovodi do povecanja pada pri-
tiska u sloju, ali usled intenzivne mikrocirkulacije ces-
tica u sloju, povecavaju se smicajne sile koje mogu do-
vesti i do drobljenja Cestica zeolita. Stoga je u eksperi-

Slika 2. Odredivanje vrednosti minimalne brzine fluidizacije Cestica zeolita; d, = 1,5 mm, Ho = 19 cm.
Figure 2. Determination of the minimum fluidization velocity for the zeolite particles; d,=1,5 mm, Hy=19 cm.
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Slika 3. Ekspanzija sloja zeolita u funkciji povecanja brzine vode u koloni; d, = 1,5 mm, Hy = 19 cm.
Figure 3. The expansion of the zeolite bed as a function of increasing the water velocity through column; d,=1,5mm, Hy=19 cm.

mentima adsorpcije koriS¢éen opseg protoka daleko
ispod vrednosti U, od 0,05 do 0,15 mm/s, kako bi se
utvrdila samo dinamika adsorpcije Mg na zeolitu, a
izbegla pojava moguéeg drobljenja zrna i drugih uticaja
fluidomehanickih parametara. Adsorpcija u rezimu viso-
kih brzina vode i izraZene turbulencije je predmet novih
istrazivanja.

U eksperimentima adsorpcije, radeno je sa sirovom
vodom iz izvorista ,,Potkop” u okolini Raske, ¢iji je kva-
litet praden u periodu od pet godina svakog dana za

vecinu parametara, dok je koncentracija teskih metala
odredivana Cetiri puta godiSnje i ti su rezultati prikazani
u Tabeli 3.

Prikazane su maksimalne izmerene vrednosti nekih
parametara u vodi iz izvorista ,,Potkop” u prethodnih 5
godina. Analize su vrSene svakog dana za vecinu para-
metara, dok su teski metali kontrolisani po Cetri puta
godisnje. Odredivanje pojedinih parametara radeno je
u pogonskoj laboratoriji vodovoda Raska, standardnim
instrumentalnim i volumetrijskim metodama propisa-

Tabela 3. Maksimalne vrednosti osnovnih hemijskih parametara vode izvorista Potkop analiziranih u periodu 2008-2012
Table 3. Maximum values of the basic chemical parameters of water from ,, Potkop” spring analyzed for the period 2008-2012

s . Maksimalna dozvoljena Maksimalna dozvoljena
Parametar Vrednost i kon_csentracua vrednost ili koncentracija Element Vredno_sat vrednost ili koncentracija
mg dm meg dm pug dm ugdm_3
pH 9.5 6.8-8.5 B 2 300
NTU 0.5 1.2 Al 0.45 200
KMnO, 8 8 cr 1.2 50
ca™ 10 200 Mn 0.15 50
Mg** 90 50 Fe 35 300
s0,” 7 250 Ni 0.4 20
NO; 5 50 Cu 0.15 2000
NO, 0.005 0.03 Zn 0.4 3000
NH4+ 0.05 0.1 As 0.22 10
PO, 0.002 0.003 Se 0.26 10
Mo 0.02 70
Cd 0.003 3
Sb 0.01 3
Ba 0.41 700
Hg 0.05 1
Pb 0.02 10
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nim za pojedine parametre [8]. Analiza sadrzaja teskih
metala radena je tehnikom masene spektrometrije sa
indukovano spregnutom plazmom, na ICP-MS uredaju.

Rezultati adsorpcije dobijene pri brzini proticanja
vode kroz sloj prirodnog zeolita od 0,05 mm/s, prika-
zani su na slici 4. Zapaza se da koncentracija jona kal-
cijuma u vodi, na pocetku procesa adsorpcije raste, dok
u istom periodu koncentracija magnezijuma opada.

Ovo navodi na zakljuéak da tokom vezivanja Mg
jona za prirodni zeolit dolazi do jonske izmene u kojoj
Mg-joni zamenjuju Ca jone u resetki zeolita. Zbog toga
ne dolazi do znacajne promene ukupne tvrdoée vode,
ve¢ samo do promene molskog odnosa Ca/Mg. Takode,
ni u nastavku procesa ne dolazi do znacajnije promene

u tvrdoci vode Sto je prikazano na slici 5, gde je stepen
tvrdoce vode izraZzen u sadrzaju CaCOs.

Ukupna koli¢ina vezanog Mg za zeolit iznosi 0,35 mg
Mg/g Z, $to je u skladu sa prethodnim ispitivanjima [3—
-5].

U proto¢nom sistemu sa istom kolonom gde je zeo-
lit zamenjen modifikovanim zeolitom, NaZ, pri brzini
strujanja vode od 0,05 mm/s, doslo je do povecanja
stepena sorpcije Mg iz sirove vode bez srazmernog
povecanja sadrzaja Ca, Slika 6.

Sadrzaj Mg je sa 85 mg/dm3 u sirovoj vodi smanjen
na 49 mg/dm3 u zbirnom filtratu tj. za oko 42%. Ukupna
koli¢ina vezanog Mg na NaZ iznosi 1,8 mg/g.

Slika 4. Promena koncentracije Mg i Ca u ukupnom filtratu u funkciji od vremena uzorkovanja.
Figure 4. Change of the concentration of Mg and Ca in the total filtrate volume as a function of time sampling.

Slika 5. Zavisnost promene tvrdoce vode u ukupnom filtratu od vremena uzorkovanja.
Figure 5. Water hardness change in total filtrate volume as a function of time sampling.
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Slika 6. Promena koncentracije Mg i Ca u alikvotima filtrata sakupljanim na svakih sat vremena i koncentracija Mg u zbirnom filtratu.
Figure 6. Change of the concentration of Mg and Ca in aliquots collected every hour, and concentration of Mg in total filtrate volume.

Sadrzaj Ca u filtratu je u odnosu na sirovu vodu
smanjen sa 9,9 na 0,9, tj. oko 90%. Koli¢ina adsorbova-
nog Ca na 1 g zeolita je 0,45 mg/g. SadrZaj Ca u filtratu
se smanjuje tokom filtriranja, Sto ukazuje da se i joni Ca
vezuju za NaZ, sto ima za posledicu smanjenje ukupne
tvrdoce vode za oko 45 % , izrazene u mg CaCOs, slika 7.

Rezultati ukazuju da se upotrebom modifikovanog
NaZ umesto prirodnog zeolita, Z, kao filterske ispune,
povecava efikasnost zeolitskog filtra, na Sta je ukazano i
u dosadasnjim istrazivanjima [9-12].

S obzirom na to da u filtratu dolazi do smanjenja
sadrzaja i Ca i Mg, moze se zakljucCiti da NaZ istovre-
meno izmenjuje jone natrijuma iz reSetke sa jonima Ca i
Mg iz vode. Ovo potvrduje povecéan sadrzaj Na u filtratu
u odnosu na sirovu vodu.Tako je odreden sadrzaj natri-
juma u sirovoj vodi 0,698 mg/dm?’, a u zbirnom filtratu
je povecan do koncentracije 24,09 mg/dm3. No, kako je

po vazecem Pravilniku o higijenskoj ispravnosti vode za
pi¢e u Srbiji maksimalno dozvoljena koncentracija Na u
vodi 150 mg/dma, to ovo povecéanje njegove koncen-
tracije ne predstavlja ogranicavajuéi faktor za primenu
NaZ u pripremi vode za pice.

Mogucénost regeneracije ispune zasi¢ene magneziju-
mom (MgZ) ispitivana je tretiranjem MgZ pomocu 10
dm? rastvora NaCl koncentracije 2 mol/dm3 u kruznom
toku u toku 24 h i u predstavljenim rezultatima radeno
je sa brzinom u koloni od 0,05 mm/s.

Nakon zavrSene regeneracije, radi utvrdivanja ste-
pena desorpcije i efikasnosti procesa regeneracije, vrse-
no je ponovno filtriranje sirove vode u kojoj je koncen-
tracija Mg i Ca iznosila 86, odnosno 10 mg/dm3, pri
istim fluidomehanickim uslovima kao u prethodnom
eksperimentu.

Slika 7. Promena ukupne tvrdoce u filtratu nakon prolaska kroz ispunu NaZ.
Figure 7. Change of the total hardness in the filtrate after passing through the NaZ bed.
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Sadrzaj Ca i Mg u alikvotima filtrata koji su saku-
pljani na svakih sat vremena nakon prolaska kroz rege-
nerisanu ispunu, prikazan je na slici 8.

nakon ispitivanja stepena otiranja Cestica zeolita pri
razlicitim uslovima u sistemu i njihova primena za sma-
njenje sadrzaja Mg, odnosno ukupne tvrdoce vode.

Slika 8. Promena koncentracije Mg i Ca u alikvotima filtrata sakupljanim na svakih sat vremena i koncentracije Mg u ukupnom

filtratu, nakon prolaska kroz regenerisanu ispunu NaZ.

Figure 8. Change of the concentration of Mg and Ca in aliquots collected every hour and the concentartion of Mg in total filtrate

volume, after passing through the recovered NaZ.

Zapaza se da je efikasnost zeolita neSto povecana u
odnosu na predhodno filtriranje.

Ukupna koli¢ina vezanog Mg po g NaZ iznosila je
1,92 mg/g, za razliku od prvog filtriranja gde je ova
vrednost bila 1,8 mg/g. Regeneracija ispune tokom 24 h
sa povratnim tokom rastvora NaCl dovela je do
povecanja efikasnosti NaZ za oko 6,7%. Koli¢ina veza-
nog Ca po g zeolita nepromenjena je u odnosu na onu
pre regeneracije (0,45 mg/g).

Pri promeni brzine strujanja vode kroz kolonu, u
pogledu efikasnosti izdvajanja Mg na zeolitnoj ispuni,
kao i smanjenja ukupne tvrdoce vode, dolazi do pojave
maksimuma na vrednosti od 0,09 mm/s, pri ¢emu je u
svim slucajevima uoceno povecanje kapaciteta vezi-
vanja Mg nakon regeneracije sloja, tabela 4.

Iz dobijenih rezultata moze se zakljuciti da fluido-
mehanika sistema voda—zeolit ima uticaja na kapacitet
uklanjanja Mg iz vode. Ovo namece potrebu razvoja
reaktora sa razvijenim fluidizovanim, fontanskim ili fon-
tansko-fluidizovanim slojem sa recirkulacijom toka,

ZAKUUCAK

Rezultati prikazani u ovom radu potvrdili su pred-
hodna laboratorijska ispitivanja koja su ukazala da se
prirodni zeolitski tuf obogacen natrijumom moze kori-
stiti za sniZzenje koncentracije magnezijuma u sirovoj
vodi izvorista ,,Potkop®, koja se koristi u vodosnabde-
vanju grada Raske.

Osim toga, modifikovani zeolit, NaZ, je efikasan i u
proto¢nom sistemu i moze se primenjivati kao ispuna u
filterskim jedinicama sa moguénos¢u regeneracije i po-
novnog koris¢enja. Primena zeolita u proto¢nom sis-
temu ne umanjuje stepen sorpcije magnezijuma, ali
smanjuje vreme uspostavljanja ravnoteze.

Uoceno je da brzina protoka kroz filtersku jedinicu
uti¢e na stepen sorpcije Mg i Ca na Naz, te da se pri-
menom razli¢itih protoka mogu postiéi optimalni rezul-
tati u procesu uklanjanja Mg i Ca iz vode.

Za upotrebu modifikovanog zeolita, NaZ, u siste-
mima za pripremu vode znacajna je mogucnost pot-

Tabela 4. Uticaj promene brzine strujanja vode na kapacitet uklanjanja Mg jona i smanjenje tvrdoce vode

Table 4. The influence of water velocity on the removal capacity of Mg and on reduction of the water hardness

Kapacitet uklanjanja Mg
regenerisanog sloja
mgMg/(g zeolita)

Brzina strujanja vode kroz Pocetni kapacitet uklanjanja
nasuti sloj zeolita, mm/s Mg, mgMg/(g zeolita)

Stepen poveéanja  Ukupno smanjenje
kapaciteta, % tvrdoce vode, %

0,05 1,8 1,92 6,7 45
0,09 24 2,6 8,3 59
0,15 1,96 2,35 20 44
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pune regeneracije u proto¢nom sistemu. Protocna
regeneracija pokazala se kao veoma efikasna, posto se
tako postize ne samo regeneracija zeolita, ve¢ se u
izvesnoj meri povecdava i stepen sorpcije Mg na NaZ.
Takode, maksimalni kapacitet sorpcije u proto¢nom sis-
temu nakon regeneracije postize se za kraée vreme, sto
dodatno opravdava i stimuliSe dalja istrazivanja u cilju
koriS¢enja zeolitskog tufa u postupcima omeksavanja
vode.

Na osnovu dobijenih rezultata noze se zakljuditi da
su postavljeni jasni pravci bududih istrazivanja u cilju
potpune primene domace sirovine, zeolitskog tufa iz
rudnika Igros Vidojevi¢ iz Brusa, u tretmanu voda na
prostorima Srbije.
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REMOVAL OF MAGNESIUM IN SPRING WATER USING THE NATURAL ZEOLITE IN A CONTINUOUS FLOW SYSTEM

Slavica Tomi¢, Milena KneZevi¢, Nevenka Raji¢, Dragan Povrenovic

University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia

(Scientific paper)

The aim of this work is an investigation of the possible application of Serbian
natural zeolitic tuff (,Igro$ Vidojevi¢” deposit, Brus, Serbia) for improvement of

Keywords: Magnesium e Zeolites e
Adsorption e Clinoptilolite e Continuous

the spring water quality. The concentration of magnesium in spring waters in flow

Raska area (in Southeast Serbia) is grater than 100 mg/dm3 and is unsuitable for
everyday consumption. The experiments included investigation of fluid-mechanics
tests of the zeolite particles with diameters of 1.5, 4 and 6 mm in a column with
diameter of 65 mm and magnesium adsorption/desorption experiments in the
column with a diameter of 110 mm. The results showed that the concentration of
magnesium in the spring water can be decreased below the maximum allowed
concentration of 50 mg/dm3 byusing the sodium enriched zeolite bed and optimal

fluid-mechanics parameters.
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Uticaj fluido-mehanickih karakteristika sistema na zapreminski koeficijent
prenosa mase i disperziju vazduha u trofaznom sistemu

Milena M. KneZevi¢, Dragan S. Povrenovi¢

Univerzitet u Beogradu, Tehnolosko—metalurski fakultet, Karnegijeva 4, Beograd, Srbija

Izvod

U ovom radu je proucavana distribucija mehurova i zapreminski koeficijent prenosa mase,
k.a, u trofaznom sistemu, sa sfericnim Cesticama od stakla i keramike razli¢itog precnika
pod razli¢itim operativnim uslovima. Brzine gasa su se kretale u intervalu 0,03—-0,09 m/s, a
brzine tecnosti 0-0,1 m/s. Ispitivanja su se izvodila u kolonama od pleksiglasa razli¢itih
geometrija. 2D kolona dimenzija 278 mmx20,4 mmx500 mm i cilindri¢na kolona, precnika
64 mm i visine 2000 mm. Rezultati su pokazali da prisustvo Cestica u sistemu doprinosi
povecanju zapreminskog koeficijenta prenosa mase, a da sa poveéanjem brzine gasa i tec-
nosti njegova vrednost nastavlja da raste. Vrednost poveéanja zapreminskog koeficijenta
prenosa mase, u konkretnim fluido-mehanic¢kim uslovima, zavisi od karakteristika samih

Cestica.

Kljucne reci: zapreminski koeficijent prenosa mase, trofazni sistem, staklene i keramicke

Cestice.

Dostupno na Internetu sa adrese Easopisa: http://www.ache.org.rs/HI/

Proucavanje trofaznih sistema sa fluidizovanim slo-
jem kao i odgovarajuc¢ih fenomena prenosa od velikog
je znacaja kod operacija multifaznog kontakta u hemij-
skoj, petrohemijskoj, biohemijskoj industriji i metalur-
giji.

Ovakvi sistemi se sve vise ispituju i koriste za mikro-
bioloske procese jer omogudéavaju veliku specifi¢nu
povrsinu za rast mikroorganizama kao i intezivan pre-
nos mase. U biotehnologiji viSefazni sistemi sa pokret-
nim slojem cestica se Cesto primenjuju za aerobne
tretmane otpadnih voda. U aerobnim bioreaktorima,
limitiraju¢i faktor u podeSavanju optimalnih uslova
sredine mikroorganizmima je prenos mase kiseonika,
zbog posledice slabog rastvaranja kiseonika u vodi,
odnosno, u fermentacionim medijumima. Efikasnost
prenosa mase kiseonika iz gasne u te¢nu fazu, se naj-
bolje opisuje preko vrednosti zapreminskog koeficijenta
prenosa mase k.a [1-3].

U trofaznim sistemima sa pokretnim slojem cestica,
brojni istrazvaci [4-6], ispitivali su uticaj distributora
vazduha, protoka vazduha, difuzivnosti gasa kroz tec-
nost, protoka i viskoziteta tecnosti na prenos mase
kiseonika [4-6]. Istrazivanja su pokazala da zapreminski
koeficijent prenosa mase zavisi od distribucije i veli¢ine
mehurova u sistemu [7], kao i da ponasanje mehurova
u sistemu, koje je uglavnom uslovljeno nac¢inom disper-
zije, ima direktan uticaj na prenos mase i hidrodina-
miku sistema [8]. U dosadasnjom istraZivanjima ispiti-
van je uticaj razlicitih tipova ispune poput kamene, sta-

Prepiska: D.S. Povrenovié, Univerzitet u Beogradu, Tehnolosko—me-
talurski fakultet, Karnegieva 4, Beograd, Srbija.

E-posta: povrenovic@tmf.bg.ac.rs

Rad primljen: 29. jun, 2013

Rad prihvaden: 25. septembar, 2013

NAUCNI RAD

UDK 66.06:544

Hem. Ind. 68 (4) 483-490 (2014)

doi: 10.2298/HEMIND130629072K

klene, keramicke, plasticne i sintetske, na prenos mase
kiseonika u trofaznim sistemima [4,6,9-16]. Ova
ispitivanja su pokazala da osobine Cestica koje Cine
ispunu, gustina i precnik, kao i njihova koli¢ina, uti¢u na
pojavu koalescencije, odnosno na prec¢nik mehura i
zadrzavanje gasa u sistemu [4,6,9-16].

Pregledom literature, mozZe se uociti dosta supro-
stavljenih rezultata i razli¢itih tumacenja uticaja ispiti-
vanih parametara na prenos mase kiseonika u trofaz-
nim sistemima, zbog toga je nemogude osloniti se na
postojeée analize, pa je neophodno izvrsiti eksperimen-
talne provere za svaki ispitivani sistem sa ciljem detalj-
nijeg utvrdivanja interakcija Cestica i mehurova vaz-
duha u trofaznom sistemu.

Cilj eksperimenta je bio da se odredi uticaj razlicitih
tipova Cestica na efikasnost prenosa mase kiseonika,
odnosno na vrednost zapreminskog koeficijenta pre-
nosa mase, ka, jer da bi se trofazni sistemi mogli
primeniti za nitrifikaciju, potrebno je prvo ispitiati
fluido-mehanicke karakteristike na prenos mase kiseo-
nika u ovim sistemima.

U trofaznim sistemima, na prenos mase kiseonika,
kao jednog od limitirajuc¢ih parametara procesa nitri-
fikacije, klju¢nu ulogu imaju karakteristike ¢vrstih ces-
tica. Pravilnim odabirom cvrste faze, odnosno inertih
nosaca za nitrifikacione bakterije, aktere nitrifikacionog
procesa, moze se uticati na povedéanje efikasnosti pro-
cesa uklanjanja azota iz otpadnih voda.

EKSPERIMENTALNI DEO
U eksperimentima su koris¢ene dve kolone od plek-

siglasa, razli¢itih dimenzija. Prva kolona je bila cilin-
dri¢na, 3D kolona, precnika 64 mm i visine 2000 mm,
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dok je druga bila 2D kolona, dimenzija 278 mmx20,4
mm i visine 500 mm. Na slici 1 prikazana je Sema
eksperimentalnog sistema koris¢enog u ovom radu i
izgled 2D i 3D kolona.

Voda i vazduh su uvodeni na dnu kolone, preko
distrubutora, a izlazili su na vrhu kolone. Distributor,
kod obe kolone je bio obrazovan od pakovanog sloja
staklenih, sferi¢nih Cestica prec¢nika 4 mm. Kao Cvrsta
faza trofaznog sistema, koriséene su Cestice razlicitih
karakteristika, koje su prikazane u tabeli 1.

Tabela 1. Karakteristike Cestica
Table 1. Particle characteristics

Tip Cestice Prec¢nik, mm  Gustina, kg/m3
Sferi¢ne staklene cestice 3 2500
Sferi¢ne staklene Cestice 6 2500
Sferi¢ne keramicke Cestice 6 2311

Eksperimentalna ispitivanja su vrSena sa razli¢itim
visinama pakovanog sloja Cestica, 10, 20, 30 i 40 cm.
Brzina vazduha kroz kolonu se kretala od 0,03 do 0,09
m/s, a protok vazduha je meren rotametrom. Protok
vode je meren pomocu elektromagnetnog meraca, a
brzina vode kroz kolonu se kretala u intervalu od 0 do
0,09 m/s. U ovim ispitivanjima, Sirok opseg protoka
fluida, obuhvatio je razliCite slojeve Cestica, od nepo-
kretnog pakovanog sloja do fluidizovanog sloja.

Pod pretpostavkom da je u kolonama uspostavljeno
idealno mesanje, za izraCunavanje zapreminskog koefi-
cijenta prenosa mase koris¢ena je jednacina (1):

i—f:kLa(C* —Ct) (1)

Ispitivanja prenosa mase kiseonika su radena sa
¢esmenskom vodom, na sobnoj temperaturi, iz koje je
pomocu natrijum-sulfita prethodno uklanjan rastvoren
kiseonik do koncentracija ispod 1 mg/l. Promena kon-
centracije rastvorenog kiseonika u koloni sa vremenom
merena je pomocu oksimetra, WTW Oxi 340i. Uvodenje
vazduha je vrSeno do postizanja najmanje 90% koncen-
tracije zasi¢enja. Takode u eksperimentu je pracena
distribucija i veli¢ina mehurova pomoc¢u analize slika.
Na poledinu kolona je bio zalepljen paus papir, na koji
je usmeren reflektor, Sto je omogucilo jasnije uocava-
nje mehurova na slikama, a potom su precnici mehu-
rova na slikama odredjivani pomodu programa “Sigma
Scan”.

REZULTATI | DISKUSIJA

Uticaj brzine gasa na k.a

U trofaznom sistemu, bez proticanja vode, sa pove-
¢anjem brzine vazduha, generalno raste i vrednost
zapreminskog koeficijenta prenosa mase, sto se vidi na
slici 2.

Slika 1. Seme eksperimentalnih aparatura: a) Cilindri¢na kolona; b) 2D kolona.
Figure 1. Scheme of the experimental system: a) Cylindrical column; b) 2D column.
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Slika 2. Zavistnost k;a od brzine proticanja vazduha.
Figure 2. Magnitude of k,a as a function of gas velocity.

Ovo se objasnjava time da sa povecanjem brzine
gasa, obe velic¢ine i specificna medufazna povrsina, a i
koeficijent prenosa mase, k_ rastu, jer velika brzina
gasa, odnosno njegov fluks (m*®/s m?), uti¢e na pove-
¢anje ,hold-up“-a gasa u sistemu i na smanjenje prec-
nika mehura, Sto dovodi do povecanja medufazne
povrsine, a time i do boljeg prenosa mase, [9]. Na slici 3
se vidi da povecanje brzine gasa dovodi do poveéanja
broja mehurova, odnosno koli¢ine gasa u sistemu kao i
to da su formirani mehurovi sitniji pri vecoj brzini gasa.
Da povecanje brzine gasa utie na povecanje ,hold-up“-a
gasa i k.a, potvrdeno je i od strane drugih istraZivaca
koji su ispitivali i druge tipove Cestica [4,6,9,16,27,28].

Pored ovoga, porast brzine gasa u trofaznom sis-
temu dovodi do drobljenja mehurova i smanjenja nji-
hovog precnika, pa iako bi se oCekivao suprotan efekat,
usled povecanja turbulencije dolazi do povecanja nji-

(a)

hove brzine dizanja u koloni, a time i povecanja turbu-
lencije te¢nosti oko mehurova. U tom slucaju otpor
prenosu mase od strane filma teCnosti opada, a Sto
utiCe na povecanje vrednosti koeficijenta prenosa
mase, ki, S$to je i eksperimentalno potvrdeno u rezulta-
tima [9].

Uticaj brzine tecnosti na k.a

Brzina tec¢nosti ima znacajan hidrodinamicki uticaj u
trofaznim sistemima. Uticaj brzine tecnosti na formi-
ranje mehurova gasa i zapreminski koeficijent prenosa
mase se ogleda preko povecane turbulencije u sistemu,
koja doprinosi da film tecnosti postane tanji a otpor
prenosu kiseonika maniji, Sto utice na povecanje koefi-
cijenta prenosa mase od strane tecnosti k.. Na slici 4 je
prikazana zavisnost zapreminskog koeficijenta prenosa
mase od brzine te¢nosti kroz kolonu.

(b)

Slika 3. Veli¢ina mehurova u 2D koloni sa sferi¢nim cesticama od keramike, precnika 6 mm, pri razlicitim brzinama gasa:

a) Uy =0,02 m/s; b) Uy = 0,05 m/s.

Figure 3. Bubble size in a 2D column with 6 mm diameter ceramic spherical particles at: a) U, = 0.02 m/s; b) U, = 0.05 m/s.
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Slika 4. Uticaj brzine tecnosti na zapreminski koeficijent prenosa mase u sistemu sa keramickim sferama precnika 6 mm, pri brzini

gasa od 0,09 m/s.

Figure 4. Effects of liquid velocity on the volumetric mass transfer coefficient at U, = 0.09 m/s in column with 6 mm diameter

ceramic spherical particles.

Turbulencija, odnosno poveéanje brzine te¢nosti u
sistemu takode doprinosi i cepanju mehurova, odnosno
smanjivanju njihovog precnika. U cilju odredivanja
dimenzija mehorova, pracena je promena u broju i veli-
¢ini mehurova u 2D koloni (slika 1b), snimanjem po-
mocu kamere. Dobijene slike su skenirane i zatim anali-
zirane u softverskom paketu za analizu slika ,Sigma-
Scan”. Analizom slika, dobijena je vrednost srednjeg
prec¢nika mehura u koloni pri odredenim operativnim
uslovima, a zavisnost veli¢ine mehura od brzine tec-
nosti je prikazana na slici 5.

Pri veé¢im brzinama tecnosti dolazi do formiranja
veceg broja uniformnih mehurova (homogen rezim pro-
toka mehura), dok je pri manjim vrednostima brzine
tecCnosti izrazenije njihovo srastanje, pa dolazi do for-
miranja heterogenog rezima proticanja mehurova, slika 6.

Rezultati nekih eksperimentalnih ispitivanja, dos-
tupni u literaturi, pokazuju da se zapreminski koefi-
cijent prenosa mase povecava sa povecanjem protoka
tecnosti [9,12,29], dok drugi rezultati govore suprotno,

da se zapreminski koeficijent prenosa mase smanjuje sa
povecanjem brzine tecnosti [6,10,30].

Rezultati nasih eksperimentalnih ispitivanja poka-
zuju da povecanje brzine tecnosti i gasa, utiu na pove-
¢anje zapreminskog koeficijenta prenosa mase, sto je
prikazano na slici 7.

Uticaj karakteristika cestica na k.a

Kao sto je vec receno, pri ve¢im brzinama gasa pos-
tize se homogen rezim protoka mehurova, koji se odli-
kuje boljim karakteristikama procesa prenosa mase, za
razliku od heterogenog rezima. U dvofaznim sistemima
bez prisustva Cestica, homogeni rezim se jedino moze
posti¢i pri niskim protocima gasa jer pri visSim pro-
tocima dolazi do koalescencije [7]. Medutim, zbog pre-
sudne uloge rastvorenog kiseonika u aerobnim mik-
robioloskim procesima, velika koli¢ina vazduha u sis-
temu je neophodna za adekvatno odvijanje procesa.
Istrazivanja su pokazala, da odgovarajuca prisutna ¢vrs-
ta faza u sistemu ima moguénost da pri visokim pro-
tocima gasa utiCe na formiranje homogenog reZzima

Slika 5. Uticaj brzine te¢nosti na precnik mehura, pri konstantnim brzinama gasa u sistemu sa staklenim kuglicama precnika 6 mm.
Figure 5. Effects of liquid velocity on bubble diameter, at constant gas velocity in column with 6 mm diameter glass particles.
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(a)

(b)

Slika 6. Velicina mehurova u 2D koloni sa keramickim ¢esticama od 6 mm pri istoj brzini gasa a pri razlicitim brzinama tecnosti od

a)0,02ib)0,1m/s.

Figure 6. Bubble size in a 2D column with 6 mm diameter ceramic spherical particles at same gas velocity and different liquid

velocity: a) U, =0,02 m/s, b) U, = 0,1 m/s.

mehurova. Na osnovu ovoga je istaknuto da vaznu
ulogu na formiranje mehurova imaju osobine Cestica
koje c¢ine ispunu. Uticaj osobina Cestica potrebno je
detaljno ispitati jer, pri odredenim uslovima, Cestice
mogu da suzbiju koalescenciju, ali isto tako mogu i da je
pospese.

Jedna od osobina cestica koja uti¢e na efikasnost
prenosa mase kiseonika u sistemu je njihov precnik. Sa
porastom precnika Cestica raste koli¢ina zadrzanog gasa
u koloni, sto je u skladu sa literaturnim rezultatima
[6,10,30,31]. Sitne cestice uti¢u na povecanje koales-
cencije, u odnosu na sisteme sa krupnijim cesticama.
Pri istoj visini nasutog sloja i istim vrednostima protoka
fluida, kod sitnijih Cestica povecani pad pritiska uslov-
ljava kompresiju vazduha na dnu sloja, Sto izaziva sras-
tanje mehurova a time i ,by pass“ vazduha kroz nasut
sloj. Veliki mehurovi imaju manju specificnu povrsinu,
vece brzine dizanja kroz kolonu i kra¢e vreme zadrza-

vanja, Sto dovodi do smanjenog prenosa mase. Pove-
¢anje precnika Cestica uti¢e na bolje cepanje muhurova
$to dovodi do povedanja sadrzaja gasa u koloni kao i do
povecanja vrednosti zapreminskog koeficijenta prenosa
mase, k.a [6,11,12]. Uticaj prec¢nika Cestica na zapre-
minski koeficijent prenosa mase u sistemu sa staklenim
sferama precnika 3 i 6 mm, prikazan je na slici 8.

Ukoliko je u sistemu uspostavljeno i proticanje tec-
nosti, zabeleZeno je isto ponasanje, da sa povecanjem
precnika Cestica raste i zapreminski koeficijent prenosa
mase, slika 9.

Druga bitna osobina Cestica koja uti¢e na efikasnost
prenosa mase kisenika je gustina Cestica. Rezultati eks-
perimentalnih ispitivanja, prikazani na slici 10, pokazuju
da su vrednosti zapreminskog koeficijenta prenosa
mase vece u sistemu sa keramickim sferama precnika 6
mm i gustine 2311 kg/m3 od vrednosti dobijenih u sis-
temu sa staklenim sferama istog precnika 6 mm, a gus-

Slika 7. Uticaj brzine gasa i tecnosti na zapreminski koeficijent prenosa mase (Hyjq = 40 cm).

Figure 7. Effects of gas and liquid velocity on (Hpeq = 40 cm).
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Slika 8. Uticaj precnika staklenih Cestica na k,a u zavisnosti od Uy, U, = 0 m/s, Hy,jq = 30 cm.
Figure 8. Influence of glass particle diameter on k,a as a function of Ug, U, = 0 m/s, Hpeq = 30 cm.
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Slika 9. Uticaj precnika staklenih sfericnih Cestica na zapreminski koeficijent prenosa mase u zavisnosti od brzine gasa.
Eksperiment: U, = 0,09 m/s ; Lee i dr. (2013): U, = 0,3 m/s.
Figure 9. Influence of glass particle diameter on k.a as a function of U,. Experiment: U, =0.09 m/s ; Lee et al. (2013): U, = 0.3 m/s.
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Slika 10. Uticaj gustine Cestica na zavisnost zapreminskog koeficijenta prenosa mase od brzine proticanja gasa, pri brzini tecnosti od

0,06 m/s (Hslaja =40cm )
Figure 10. Influence of particle density on k,a as a function of gas velocity at liquid velocity 0,06 m/s (Hyeq = 40 cm).
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tine 2500 kg/m3, pod istim operativnim uslovima. Ova-
ko mala razlika u gustinama cestica dovela je do zna-
¢ajne razlike u vrednostma ka u ova dva ispitivana
sistema. Freitas i Teixeira [13] koji su ispitivali Cestice
precnika 2,1 mm, gustine 1023 i 1048 kg/m3, su dosli do
istog zakljucka, da mala razlika u gustini ¢estica ima uti-
caj na vrednosti zapreminskog koeficijenta prenosa mase.

ZAKLJUCAK

U ovom radu je ispitivan uticaj karakteristika raz-
licitih tipova Cestica na distribuciju mehurova i zapre-
minski koeficijent prenosa mase u trofaznom sistemu.

Pokazano je da prisustvo ¢vste faze u sistemu do-
prinosi znatnom povecanju vrednosti zapreminskog
koeficijenta prenosa mase u odnosu na vrednosti
koeficijenta koje su dobijene u dvofaznom sistemu.
Povecanje brzine vazduha i te¢nosti doprinose pove-
¢anju prenosa mase kiseonika iz gasovite u te¢nu fazu
dok karakteristike Cestica igraju presudnu ulogu za pre-
nos mase kiseonika u trofazom sistemu. Sa povec¢anjem
precnika Cestice raste i zapreminski koeficijent prenosa
mase. Poredenjem cestica istog precnika uoceno je da
malo smanjenje u gustini Cestice utice na povecanje
k.a. Dobijene vrednosti u ovom eksperimentu za k.a se
kre¢u u opsegu 0,011-0,195 s_l, u zavisnosti od protoka
fluida i tipa Cestica.

Dobijeni rezultati predstavljaju osnov za dalja istra-
Zivanja procesa nitrifikacije u trofaznim disperznim
sistemima.

Simboli

ka zapreminski koeficijent prenosa mase, s

c* koncentracija zasi¢enja kiseonikom, mg/L

(on koncentracija rastvorenog kiseonika u vre-
menu t, mg/L

dy precnik estice, mm

P gustina Cestice, kg/m’

U, brzina gasa kroz kolonu, m/s

U, brzina teénosti kroz kolonu, m/s

H visina nasutog sloja, m
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Distribution of gas bubbles and volumetric mass transfer coefficient, k.a in a
three phase system with different types of solid particles at different operation
conditions were studied in this paper. The ranges of superficial gas and liquid
velocities used in this study were 0.03—-0.09 m/s and 0-0.1 m/s, respectively. The
three different types of solid particles were used as a bed in the column (glass, d,
of 3 and 6 mm and ceramic, d, of 6 mm). The experiments were carried out in 2D
plexiglas column, 278 mmx20.4 mmx500 mm, and in cylindrical plexiglas column
with the diameter of 64 mm and hight of 2000 mm. The k.a coefficient increases
with gas and liquid velocities. The results show that the volumetric mass transfer
coefficient has higher values in three phase system with solid particles in
comparison to two phase system. The particles’ properties (diameter and density)
have major impact on oxygen mass transfer in three phase systems.

Keywords: Volumetric mass transfer
coefficient ® Three phase system e Glass
and ceramic particles
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Abstract

In order to mitigate climate change, the priority task is to reduce emissions of greenhouse
gases, including sulfur oxides, from stationary power plants. The legal framework of the
European Union has limited the allowable emissions of gases with harmful effects and
fulfillment of this obligation is also ahead of the Republic of Serbia in the following years.
In this paper the categorization of wet procedures for sulfur oxides removal is given. Wet
procedure with the most widespread industrial application, lime/limestone process, has
been described in detail. In addition, the procedures with chemical and physical absorption
and solvent thermal regeneration, which recently gained more importance, have been
presented. Experimentally determined thermophysical and transport properties of
commercially used and alternative solvents, necessary for the equipment design and
process optimization, are also given in the paper. The obtained values of densities and
viscosities of pure chemicals - solvents, polyethylene glycol 200 (PEG 200), polyethylene
glycol 400 (PEG 400), tetraethylene glycol dimethyl ether (TEGDMA), N-methyl-2-pyrolidon
(NMP) and dimethylaniline (DMA), measured at the atmospheric pressure, are presented
as a function of temperature.
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The sulfur oxides, generated by combustion of fuels
containing sulfur (coal, oil), are the greenhouse gases
with indirect effect. It is well known that these gases
have a harmful impact on the environment, causing the
occurrence of acid rains and respiratory problems. The
flue gas desulphurization (FGD) processes had no
commercial application, until the importance to protect
the environment was understood, and consequently,
the national legal regulations were adopted [1,2].

The EU regulations limited emissions of greenhouse
gases and developed strategies to adapt to climate
change. Republic of Serbia is facing a number of obli-
gations, including the reduction of emissions of green-
house gases, in the process of joining the European
Union. Having this in mind, the processes used for flue
gas desulphurization gained its importance.

This paper gives an overview of wet processes used
for the removal of sulfur oxides from stationary power
plants. Wet processes can be classified in non-regen-
erative (once-through) and regenerative procedures.
The most important among them and also the most
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common in general practice is non-regenerative lime/
/limestone process. In this process the alkaline mixture
is a reagent and gypsum is a final product. In regener-
ative procedures, used solvent is thermally regenerated
and circulated back to the process. Among the regen-
erative procedures the most widespread are dual alkali
process, process of chemical absorption in amines and
process of physical absorption in organic solvents. The
regenerative processes are further divided into those
whose final product is disposed on landfill, and those
with a commercially useful product.

For computer simulations, equipment design and
consequently implementation of FGD procedures, it is
necessary to have reliable data on thermophysical and
transport properties of potential solvents. This paper
presents experimentally determined densities (p) and
viscosities (n) of pure solvents, polyethyleneglycol 200
(PEG 200), polyethyleneglycol 400 (PEG 400), tetra-
ethylene glycol dimethyl ether (TEGDME), N-methyl-2-
-pyrollidone (NMP) and dimethylaniline (DMA), in the
temperature range from 288.15 to 323.15 K and at
atmospheric pressure. Some of the above mentioned
liquids have already found industrial application in the
regenerative processes with organic solvents, while the
others are suggested as alternative absorbents due to
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their favourable environmental impact, low toxicity or
suitable physical and chemical properties.

Wet FGD processes

As stated above wet FGD processes can be classified
into regenerative and once-through. Unlike once-
-through procedures, the regenerative processes inc-
lude solvent regeneration stage. Based on the records
of flue gases desulphurization processes on thermal
power plants in the US, about 90% [3] of the applied
procedures are once-through. Wet lime/limestone pro-
cess has been used in about 78% [3] of plants in the US,
and still is the most widespread FGD technology, with
gypsum as the final, commercially valuable byproduct.

A general flow diagram of the non-regenerative
FGD process is shown in Figure 1. The main part of the
unit is the absorber, where the flue gas containing SO,
is brought to contact with alkaline slurry. Before alkal-
ine slurry enters the absorber, the sorbent solid par-
ticles are crushed (at desired particle size) in a crushing
station. This is inevitable step, since crushing of the
solid particles will increase dissolution rate in the pre-
paration tank. The alkaline slurry is then fed to the
reaction tank and transported to the top of the absor-
ber, usually constructed as a spray tower or tray tower.
The most common configuration of the absorber is
vertical with counterflow of the phases, where the flue
gas containing SO, is flowing upwards, and set of noz-
zles spray alkaline slurry (lime/limestone) downwards.
In the process of removing SO,, two mechanisms take
place, the sorption in the absorber and chemical reac-
tion with the alkaline slurry in the reaction tank.

Figure 1. Wet FDG process — general flow diagram.
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Lime/limestone process

Lime/limestone is by far the most common FGD
process. The method was patented by Eschellman in
1909. The first commercial application of lime process
was in London, England, and the first unit of the
Battersea Power Station was put into operation in
1931. This once-through process used small amount of
chalk added to water from River Thames as solvent.
Many modern and improved lime/limestone processes
[3,4] were based on this process.

Babcock & Wilcox Power Generation Group deve-
loped wet flue gas desulfurization systems based on
standard lime/limestone process [5]. The reagent is an
alkaline mixture of lime (calcium oxide (CaO) and
calcium hydroxide (Ca(OH),)) or limestone (calcium car-
bonate (CaCO;)) in water. The alkaline mixture as a
reagent is introduced in absorber and brought into
contact with flue gases containing SO,. Insoluble sul-
fates and sulfites (CaSO, and CaSO;) formed in the
reaction are removed as sludge. Gas, purified after pas-
sing through the separator, is released to the atmo-
sphere. Used sludge from absorber is sent to the reac-
tion tank, then to a dewatering stage where water is
removed and finally to the landfill. The chemical reac-
tions and process equipment are very similar regardless
of whether the alkaline mixture of water with lime or
limestone is used. Schematic representation of wet
lime/limestone is similar to the general flow diagram
presented in Figure 1.

For some applications, and under particular oper-
ating conditions, it is allowed to leave sulfite to sulfate
oxidation process intact, in so-called natural oxidation
mode. For most applications, however, it is necessary
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to control the oxidation process. One of the para-
meters that affects the process of oxidation in the
absorber is liquid to gas phase flow rate ratio (L/G).
Slurry pH is another process parameter that deter-
mines the amount of SO, removed. In order to improve
reliability of the process it is necessary to control the
oxidation process, so the limestone forced oxidation
(LSFO) is most widespread subvariant. In order to pre-
vent scaling problems, deposition of calcium sulfate -
gypsum in the absorber, mist eliminator and piping,
and to simplify slurry dewatering, air is usually blown
through the absorbent slurry to force controlled oxi-
dation outside the absorber. The air have to be blown
through the reaction tank (in-situ oxidation) or through
additional hold tank (ex-situ oxidation). Since market
demand for gypsum has been reduced over the years
and a wastewater treatment became a requirement,
FGD technology with inhibited oxidation (LSIO) was
offered as a solution.

In order to avoid scaling problems, sulfur and
sodium thiosulfate emulsion could be added to the
reaction tank, thus reducing oxidation rate below 15%.
This variant of the process can be used with various
reagents, lime, limestone, magnesium-enhanced lime
and sodium. The advantages of LSIO are low invest-
ment and reagent costs and no necessity for waste-
water treatement, which lead to lower overall oper-
ational costs.

Another sub-variety of lime/limestone procedure is
a process enhanced by the presence of magnesium. As
a sorbent, lime sludge is used, which is a mixture of
water, lime and 5-8% magnesium oxide, or a mixture
of water, lime and dolomite lime (with about 20% mag-
nesium oxide). The enhanced process is very efficient
compared to classic procedure and the final product is
high-quality gypsum.

Since limestone is less reactive than lime, it requires
slightly modified process equipment. The advantage of
limestone compared to lime is in its market value
(about 3 times cheaper than lime) which makes it more
acceptable for use in large systems.

Wet lime/limestone process parameters are: flue
gas velocity (residence time) through the absorber, L/G

ratio, lime/limestone milk pH value, SO, concentration
and solid particles concentration. Flue gas velocity
through the absorber depends on the type of absorber.
For absorber with countercurrent flow, increasing the
speed of the flue gases, can lead to lower SO, removal
efficiency. Required alkalinity of the process rises with
the increase of L/G ratio. Efficiency of the process is
influenced by pH value, while the concentration of
particles and their residence time in the tank affect the
reliability of the process. Typical values of concentra-
tion of solids in the mixture are 10-15% by weight,
while the residence time of solids in the tank is 12-14 h.
Higher values of these parameters can lead to unwanted
particles’ deposition in the equipment.

Removal efficiency for standard wet lime/limestone
process is in range from about 60 to 97%, while for
subvariety of enhanced lime/limestone process with
magnesium, SO, removal efficency can be increased to
99%. Basic operational parameters for lime/limestone
systems on utility boilers in United States are given in
Table 1.

Dual alkali process

Process name is derived due to presence of two
types of components during absorption. Dual alkali
process uses alkaline solution based on sodium as sor-
bent. Process also includes a stage of sorbent regener-
ation in which limestone is used. Calcium sulfite and
sulfate formed in this stage are separated as sludge,
while the regenerated sodium solution is reused in the
absorption step (Figure 2). The chemistry of the process
is very similar to the lime/limestone process.

Sodium-based solution (NaOH, Na,CO; and Na,SO;)
is brought into contact with the flue gas in the absor-
ber. The used liquid solution is transported to the reac-
tor within regeneration step, where the mixing with
limestone, formation of calcium salts and sorbent rege-
neration take place. The sludge from the reactor is
directed to the clarifier or thickener where it is filtered,
water washed and emptied from the bottom. The rege-
nerated sodium solution is sent to a mixing tank where
sodium chemical compounds (soda ash or caustic soda)
and water are added, and directed back to the absorber.

Table 1. Basic operational parameters for lime/limestone systems on utility boilers in US [3]

:::;attr:: Company/plant name Power, MW Fly ash control Sulphur content in coal, % L/G ratio, I/m3
Water + CaO Columbus & Southern Ohio Electric/ 411 Electrostatic 4.7 6.7
Conesvill #5 precipitator
Duquesne Light/Elrama 510 2.2 5.3
Utah Power & Light/Hunter #1, 400 0.6 5.7
Hunter #2
Water + CaCO;3 Alabama Electric/Tombigbee #2, 255 1.2 9.4
Tombigbee #3
Commonwealth Edison/Powerton 450 3.5 8.0
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Figure 2. Schematic representation of the dual alkali process [3].

An alkaline solution of sodium is more efficient than
lime/limestone solution. The required liquid to gas flow
rate ratio (L/G) is much lower compared to the lime/
/limestone process, as can be concluded from Tables 1
and 2. Due to the lower L/G ratio, the process equip-
ment is smaller in size. The process efficiency is about
95%. As a result of good solubility of sulfur oxides in
sodium based alkaline solution, problems such as cor-
rosion, erosion and deposit formation inside the equip-
ment and installation are avoided.

Basic operational data for systems using dual alkali
FGD process on utility boilers in the United States are
given in Table 2 [3].

Amine processes with thermal regeneration

Processes based on chemical absorption in amines,
already have applications for purification of outgoing

gases from smelters (with SO, content higher than
3.5%). Three aromatic amines, dimethylaniline (DMA),
xylidine and toulidine, are commonly used as sorbents.
DMA has a lower boiling point than the other two, a
higher vapor pressure and its losses during the absorp-
tion process are higher. Xylidine is preferable than
toulidine, due to its higher boiling point, however it has
some undesirable properties. For low SO, concentra-
tions, a mixture of xylidine and water as sorbent is
more suitable, while for higher SO, concentrations,
DMA is more appropriate. The examples of amine pro-
cesses with thermal regeneration that already found
commercial application are Sulphidine process, ASARCO
process, Dow process and CANSOLV process. This paper
briefly describes the CANSOLV process.

CANSOLV process [6], owned by Cansolv Technol-
ogies Incorporated, A Shell Global Solutions Company,

Table 2. Operational data for systems using dual alkali FGD process on utility boilers in the US [3]

Company/plant name Power, MW Fly ash control Sulphur content in coal, %  L/G ratio, I/m3
Central lllinois Public Service/Newton #1 617 Electrostatic 2.5 1.3
Louisville Gas & Electric/Cane Run #6 299 precipitator 4.8 1.3
Southern Indiana Gas & Electric/A.B. Brown #1 265 3.6 1.3
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schematically is presented on Figure 3. It has a wide
commercial application for purification of outgoing
gases in industrial and utility boilers, smelters, refi-
neries and chemical plants. The process has two steps,
absorption and amine regeneration step. Flue gases
come in contact with the amine solution in counter-
current absorber, and treated gas exits with lower SO,
content. Rich amine solution (with high absorbed SO,
content) flows to the regeneration stage, and comes
out as lean amine (with a lower sulfur content). Lean
amine solution is regenerated by indirect steam strip-
ping, clean SO, is set aside, dried and transported to
sulfuric acid production unit. Lean amine leaves the
regeneration unit and returns to the absorption unit.

CANSOLV process advantages are:

e Final products have its market value (pure SO,,
sulfur and sulphuric acid).

e The process does not produce solid waste.

e Low investment and operating costs.

e High flexibility in terms of gas flow rate fluctu-
ations and SO, concentration in flue gases.

Physical (organic) solvent processes

Processes with organic solvents are among the most
cost-effective and efficient processes for purification of
flue gases with high or fluctuating SO, content. Some

Figure 3. CANSOLV process, schematic representation [6].

organic solvents have excellent selectivity towards SO,,
in relation to other flue gas components (N,, O, and
CO,). Physical solvent for SO, removal should have
temperature dependent solubility, high selectivity to
S0O,, high chemical and thermal stability, low vapor
pressure, should be environmentally friendly, not
harmful to human health and cost effective. Solubility
of SO, increases almost linearly with the increase of the
physical solvent partial pressure, while solubility trend
in chemical solvents has minimal growth or in some
cases near zero.

Advantages of physical solvents in relation to chem-
ical solvents are:

e (Cost-effective process (lower energy require-
ments for solvent regeneration).

e Lack of heat released due to the chemical reac-
tions.

e Useful and commercially valuable product.

Solinox process developed by the Linde AG group, is
a practical application of the physical absorption in
organic solvents. In United States Solinox process is
offered by Lotepro Corporation, using tetraethylene-
glycol dimethylether for SO, removal. Detailed descrip-
tion of the process and operating data from plants
purifying flue gas streams that emanate from lead and
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zinc smelters is given by Sporer [7]. Before entering the
absorber, flue gases have to be water washed, in order
to lower the flue gas temperature and remove the
impurities. The specific feature of this procedure is that
it can remove hydrocarbons from outgoing gases,
within the requirements for the air pollution control.
The obtained removal efficiency for the process is 95-
99.3%. Basic Solinox process has absorption and rege-
neration stage. The absorption stage takes place in
countercurrent absorber, while regeneration stage (for
separation of SO, from the solvent) takes place in
countercurrent stripper with a reboiler.

However, investigations have shown that selectivity
of TEGDME to sulfur dioxide is not satisfactory [8] and
NMP as an alternative solvent has been proposed.
Industrially, NMP has already been applied is in Lurgi’s
Purisol process with excellent results in selective desul-
furization of flue gasses from oil refineries and power
plants.

As an alternative to above mentioned solvents
several polymers, including PEG 200 and PEG 400, have
been investigated [9]. The main advantages of PEG for
desulfurization processes are high solubility and desorp-
tion capability for SO, which lead to lower energy
requirements for absorption and regeneration pro-
cesses.

lonic liquids have been recently suggested as phys-
ical solvents for FGD processes [10-12]. Due to its
favorable properties (high stability, low vapor pressure,
excellent selectivity towards certain gases and non-
toxicity) ionic liquids have found application in various
separation processes. The preliminary investigations
have shown that ionic liquids could also be used as an
alternative to organic solvents in the processes of
physical absorption and solvent regeneration.

Determination of thermodynamic and transport
properties

In order to develop an absorption process for flue
gases desulfurization and to set a numerical case for
computer process simulation or work on equipment
design, it is necessarry to have reliable data on chem-
ical, physical and transport properties of potential
solvents. In this work the experimental densities and
viscosities of five potential solvents for SO, removal,
PEG 200, PEG 400, TEGDME, NMP and DMA, are
reported at ten temperatures (288.15, 293.15, 298.15,
303.15, 308.15, 313.15, 318.15, 323.15, 328.15 and
333.15 K) and atmospheric pressure.

PEG 200, PEG 400 (99.5 mass%), NMP (99.0 mass%),
DMA were supplied by Merck and TEGDME (99.0
mass%) by Acros Organics. Chemicals were kept in dark
bottles in an inert atmosphere, used without further
purification and degassed just before a sample prepar-
ation.
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Densities, p, of the pure substances were measured
using an Anton Paar DMA 5000 digital vibrating U-tube
densimeter (with automatic viscosity correction) having
a stated accuracy of +5x10°° g-cm_3. The temperature
in the cell was regulated to +0.001 K with a built in
solid-state thermostat. Temperature in the cell was
measured by means of two integrated Pt 100 platinum
thermometers and temperature stability was better
than +0.002 K. Calibration of the apparatus was per-
formed daily using ambient air and Milipore quality
water. The combined expanded uncertainty in the den-
sity is within +2x10™° g-cm™ with a 0.95 level of con-
fidence (k = 2).

Viscosities, n, of the pure substances were mea-
sured with a digital Anton Paar Stabinger viscometer
(model SVM 3000/G2). The instrument contains two
measuring cells; one of them is used for measuring the
density of the sample. U-tube is filled with the sample
liguid and excited to oscillate using magnetic coils.
Density measurement is based on the relation between
oscillation period and sample density. The other cell,
used for dynamic viscosity measurements contains a
straight tube filled with sample. The tube rotates at a
constant speed. In this tube, centered by the centri-
fugal force, floats a measuring rotor made of low den-
sity material, with a built-in magnet. A rotating magnet
in SVM 3000 induces an eddy current field with a speed
dependant brake torque. Shortly after the start of the
experiment the rotor reaches a constant speed deter-
mined by the equilibrium between the viscosity-
dependent driving torque, proportional to the speed
difference between the tube and the rotor, and the
brake torque caused by eddy currents. The kinematic
viscosity is calculated from the measured density and
dynamic viscosity. The stated reproducibility of the
dynamic viscosity and density measurements is 0.35%
and 5x107* g-cm™ in the temperature interval 288.15
to 333.15 K. The temperature in the cell was regulated
to £0.01 K with a built in solid-state thermostat. The
relative uncertainty in dynamic viscosity measurements
was estimated to be within £0.8%.

RESULTS AND DISCUSSION

Experimental data of density (p) and viscosity (n) for
pure chemicals PEG 200, PEG 400, TEGDME, NMP and
DMA at ten temperatures, 288,15, 293,15, 298,15,
303,15, 308,15, 313,15, 318,15, 323,15, 328,15 and
333,15 K, and atmospheric pressure, are presented in
Tables 3 and 4.

In Table 5, densities and dynamic viscosities of pure
PEG 200, PEG 400, TEGDME, NMP and DMA have been
compared with literature values at 298.15 and 303.15
K [13-24]. The agreement between literature and our
experimental values is very good with differences less
than 6.5x10™ g-cm™ for density measurements and
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Table 3. Measured density values (p / g»cm_g) of pure PEG 200, PEG 400, TEGDME, NMP and DMA at atmospheric pressure

T/K PEG 200 PEG 400 TEGDME NMP DMA

288.15 1.128778 1.13009 1.01563 1.037298 0.960062
293.15 1.124828 1.126001 1.010995 1.03284 0.955975
298.15 1.120865 1.121905 1.006359 1.028382 0.951878
303.15 1.116909 1.117802 1.001732 1.023925 0.947778
308.15 1.112945 1.113711 0.997104 1.019462 0.943669
313.15 1.108981 1.109622 0.992481 1.015 0.939552
318.15 1.105016 1.105536 0.987859 1.010533 0.935426
323.15 1.101043 1.101461 0.983234 1.006061 0.931291
328.15 1.097068 1.09739 0.978613 1.001583 0.927142
333.15 1.093088 1.093324 0.973989 0.997096 0.92298

Table 4. Measured viscosity values (n / mPa-s) of pure PEG 200, PEG 400, TEGDME, NMP and DMA at atmospheric pressure

T/K PEG 200 PEG 400 TEGDME NMP DMA

288.15 86.442 161.67 4.3415 1.9896 1.5247
293.15 64.815 119.54 3.8338 1.8232 1.403

298.15 49.724 90.582 3.3801 1.6795 1.2965
303.15 38.912 70.145 3.0042 1.5546 1.2035
308.15 31.006 55.365 2.6913 1.4443 1.1205
313.15 25.102 44.463 2.4258 1.3464 1.0462
318.15 20.602 36.262 2.1994 1.2593 0.97959
323.15 17.136 29.981 2.0063 1.1816 0.91971
328.15 14.424 25.097 1.8382 1.1099 0.86528
333.15 12.343 21.247 1.6914 1.0427 0.81953

Table 5. Densities p and dynamic viscosities n of pure components at atmospheric pressure

Component T/K p/gem™ n/mPa-s
Exp. Lit. Exp. Lit.
PEG 200 298.15 1.120865 1.12098 [13] 49.724 48.157 [13]
PEG 400 298.15 1.121905 1.12249 [13] 90.582 92.797 [13]
1.12230 [14]
1.1218 [9]
1.12162 [15]
TEGDME 298.15 1.006359 1.0063 [16] 3.3801 3.394 [16]
1.0067 [17] 3.313[18]
1.0059 [18]
1.00653 [19]
NMP 298.15 1.028382 1.02872 [20] 1.6795 1.656 [20]
1.0283 [21] 1.67 [21]
DMA 303.15 0.947778 0.9484 [22] 1.2035 1.174 [23]
0.948 [23] 1.170 [24]
0.94833 [24]

within 7x1072 mPa-s for viscosity measurements of less
viscous fluids. The differences between experimental
and literature values of viscosity are somewhat higher
for more viscous fluids but still under 3% deviation.
Densities of pure components decrease with tem-
perature increase, as expected. Measured density data

show linear temperature dependence and can be cor-
related with linear expression (1):

p=Ac+AT (1)

With the temperature increase viscosities behave in
the same manner as densities, their values decrease
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with temperature increase and can be correlated with
polynomial expression (2):

n=By+B,T+B,T" +B;T (2)

Parameters A,, A1, By, By, B, and B in expressions
(1) and (2) are presented in Table 6.

Education, Science and Technology Development of the
Republic of Serbia and the Faculty of Technology and
Metallurgy, University of Belgrade (project No. 172063).

Table 6. Polynomial parameters A, and B, for pure solvents (expressions (1) and (2))

Property Ag, Bg Ay By B, Bg
PEG 200
p/gem™ 1.3573 -0.0008 - -
n/mpas 33739 -310.01 0.9516 -0.001
PEG 400
p/gem’? 1.3656 -0.0008 - -
n/mPas 68033 -626.54 1.9271 -0.002
TEGDME
p/gem™ 1.2822 -0.0009 - -
n/mPas 440.97 -3.8412 0.0113 -110°
NMP
p/gem™ 1.2947 -0.0009 - -
n/mpas 125.22 -1.0819 0.0032 -310°
DMA
p/gem’ 1.1975 -0.0008 - -
n/mPas 72.575 -0.6057 0.0017 -1.710°
CONCLUSION REFERENCES

In the years to come, Republic of Serbia will be
faced with the need and obligations to reduce emis-
sions of greenhouse gases, including sulfur oxides. In
view of this fact, particular attention has to be focused
on emissions from major polluters — the stationary
power plants.

In this paper, review of wet flue gas desulphur-
ization technologies has been presented. The most
common technology for flue gas desulfurization is wet
lime/limestone process. With development of flue gas
desulphurization technology, wet procedures with sol-
vent regeneration attract more attention, because of
their advantages, in terms of efficiency, solvent use and
environmental impact. Among regenerative procedures
the most widespread are dual alkali process and
processes based on absorption in amines or absorption
in organic solvents.

The transport properties of potential solvents for
FGD processes are of great importance for computer
simulation and equipment design. Thermophysical and
transport properties (density and viscosity) of pure
solvents, PEG 200, PEG 400, TEGDME, NMP and DMA
have been measured and presented in the paper.

Acknowledgment

The authors gratefully acknowledge the financial
support received from the Research Fund of Ministry of

498

[1] Sulfur Dioxide, EPA — United States Environmental
Protection Agency, (http://www.epa.gov/air/sulfur-
dioxide/).

[2] European Commission, Climate Action, EU greenhouse
gas emmissions and targets, (http://ec.europa.eu/
/clima/policies/g-gas/index_en.htm).

[3] Flue Gas Desulfurization (Acid Gas Removal) Systems,
Lesson 9, United States Environmental Protection
Agency (www.epa.gov).

[4] R.K. Srivastava, W. Jozewicz, C. Singer, SO, Scrubbing
Technologies: A Review, Environ. Prog. 20(4) (2001)
219-228.

[5] Wet Gas Desulfurization (FGD) Systems, Advanced Tech-
nology For Maximum SO, Removal, Babcock & Wilcox
Power Generation Group (www.babcock.com).

[6] Cansolv Technologies Incorporated, A Shell Global Solu-
tions Company, State of the Art Gas Absorption Solu-
tions (www.cansolv.com).

[7]1 ). Sporer, The Linde Solinox Process: Gypsum-free flue-
gas desulphurization, Gas Separ. Purif. 6(3) (1992) 133-
-140.

[8] M.H.H. van Dam, A.S. Lamine, D. Roizard, P. Lochon, C.
Roizard, Selective Sulfur Dioxide Removal Using Organic
Solvents, Ind. Eng. Chem. Res. 36 (1997) 4628-4637.

[9] F. Han, J. Zhang, G. Chen, X. Wei, Density, Viscosity and
Excess Properties for Aqueous Poly(ethylene glycol)
Solutions from (298.15 to 323.15) K, J. Chem. Eng. Data
53 (2008) 2598-2601.



N.V. ZIVKOVIC et al.: WET FLUE GAS DESULPHURISATION PROCEDURES

Hem. ind. 68 (4) 491-500 (2014)

(10]

(11]

(12]

[13]

(14]

(15]

[16]

(17]

X.L. Yuan, S.J. Zhang, X.M. Lu, Hydroxyl Ammonium lonic
Liquids: Synthesis, Properties, and Solubility of SO,, J.
Chem. Eng. Data 52(2) (2007) 596-599.

K.Y. Lee, G.T. Gong, K.H. Song, H. Kim, K.D. Jung, C.S.
Kim, Use of lonic Liquids as absorbents to separate SO,
in SO,/0, in thermochemical processes to produce hyd-
rogen, Int. J. Hydrogen Energy 33(21) (2008) 6031-6036.
J. Huang, A. Riisager, P. Wasserscheid, R. Fehrmann,
Reversible physical absorption of SO, by ionic liquids,
Chem. Commun. (2006) 4027—-4029.

S. Ottani, D. Vitalini, F. Comelli, C. Castellari, Densities,
Viscosities, and Refractive Indices of Poly(ethylene
glycol) 200 and 400 + Cyclic Ethers at 303.15 K, J. Chem.
Eng. Data 47 (2002) 1197-1204.

E.A. Mueller, P. Rasmussen, Densities and excess vol-
umes in aqueous poly(ethylene glycol) solutions, J.
Chem. Eng. Data 36 (1991) 214-217.

C. Aucouturier, G. Roux-Desgrenges, A.H. Roux, Excess
Molar Volumes and Excess Molar Heat Capacities of Poly
(ethylene glycols)+Water at Temperatures between T =
278 K and T = 328 K, J. Chem. Thermodyn. 31 (1999)
289-300.

A. Pal, G. Dass, A. Kumar, Excess Molar Volumes, Vis-
cosities, and Refractive Indices of Tetraethylene Glycol
Dimethyl Ether + Dimethyl Carbonate, + Diethyl Carbo-
nate and + Propylene Carbonate at 298.15 K, J. Chem.
Eng. Data 44 (1999) 2-5.

J.N. Real, T.P. Iglesias, S.M. Pereira, M.A. Rivas, Analysis
of temperature dependence of some physical properties
of (n-nonane + tetraethylene glycol dimethyl ether), J.
Chem. Thermodyn. 34 (2002) 1029-1043.

(18]

(19]

[20]

(21]

[22]

(23]

[24]

M.E. Ferreyra de Ruiz Holgado, C.R. de Schaefer, E.L.
Arancibia, Densities and Viscosities of Binary Mixtures of
Polyethylene Glycol 350 Monomethyl Ether with n-Buta-
nol and n-Pentanol and Tetraethylene Glycol Dimethyl
Ethers with n-Propanol, n-Butanol and n-Pentanol from
278.15 K to 318.15 K, J. Chem.Eng. Data 47 (2002) 144—
—148.

F.J. Carmona, F.J. Arroyo, |.D. de la Fuente, J.A. Gon-
zales, J.C. Cobos, Excess Molar Volumes of Methanol or
Ethanol + n-Polyethers at 298.15 K, Can. J. Chem. 77
(1999) 1608-1616.

A. Henni, J.J. Hromek, P. Tontiwachwuthikul, A. Chakma,
A. Volumetric Properties and Viscosities for Aqueous
N-Methyl-2-pyrrolidone Solutions from 25 °C to 70 °C, J.
Chem. Eng. Data °C (2004) 231-234.

D.D. McDonald, D. Dunay, G. Manlon, J.B. Hyne, Pro-
perties of the N-methyl-2-pyrrolidinone-water system,
Can. J. Chem. Eng. 49 (1971) 420-423.

V. Pandiyan, S.L. Oswal, P. Vasantharani, Thermo-
dynamic and acoustic properties of binary mixtures of
ethers. IV. Diisopropyl ether or oxolane with N,N-di-
methylaniline or N,N-diethylaniline at 303.15, 313.15
and 323.15 K, Termochim. Acta 518 (2011) 36-46.

M. Kondaiah, D. Sravana Kumar, K. Sreekanth, D.
Krishna Rao, Densities and Viscosities of Binary Mixtures
of Propanoic Acid with N,N-Dimethylaniline and
N,N-Diethylaniline at T =(303.15, 313.15, and 323.15) K,
J. Chem. Eng. Data 57 (2012) 352-357.

A.G. Oskoei, N. Safaei, J. Ghasemi, Densities and Vis-
cosities for Binary and Ternary Mixtures of 1,4-Dioxane
+ 1-Hexanol + N,N-Dimethylaniline from T = (283.15 to
343.15) K, J. Chem. Eng. Data 53 (2008) 343-349.

499



N.V. ZIVKOVIC et al.: WET FLUE GAS DESULPHURISATION PROCEDURES

Hem. ind. 68 (4) 491-500 (2014)

1ZVvOD

PREGLED MOKRIH POSTUPAKA ZA ODSUMPORAVANJE DIMNIH GASOVA | ODREDIVANJE TERMOFIZICKIH

SVOISTAVA NJIMA ODGOVARAJUCIH RASTVARACA

Nikola iivkoviél, Slobodan §erbanoviéz, Emila 2ivkovic’z, Mirjana Kijevéaninz, Predrag Stefanovi¢’

!Institut za Nuklearne Nauke “Vinéa”, Univerzitet u Beogradu, Laboratorija za termotehniku i energetiku, p. pr. 522,

11001 Beograd,Srbija

’Tehnolosko—metalurski fakultet, Univerzitet u Beogradu, Karnegijeva 4, 11120 Beograd, Srbija

(Naucni rad)

Za ublazavanje klimatskih promena, neophodno je izvrsiti smanjenje emisija
gasova sa efektom staklene baste medu koje spadaju i sumporni oksidi iz stacio-
narnih termoenergetskih postrojenja. UblaZzavanje promena je uslovljeno zakon-
skim okvirom Evropske Unije. Ispunjenje ove obaveze je i pred Republikom Srbi-
jom u narednim godinama. S obzirom na prioritete i aktuelnost navedene pro-
blematike, u radu je data kategorizacija mokrih postupaka za uklanjanje sumpor-
nih oksida iz dimnih gasova iz termoelektrana i prikazane su karakteristike odgo-
varajucih solvenata za regenerativne postupke. Opisan je u praksi najzastupljeniji
mokri krecni postupak. Predstavljeni su postupci sa termalnom regeneracijom
solventa zasnovani na hemijskoj ili fizickoj apsorpciji, koji u poslednje vreme imaju
sve vedi znacaj. Prikazani su rezultati eksperimentalnog odredivanja termofizickih
svojstva komercijalno primenjenih i alternativnih solvenata, koja su od primarnog
znadaja za projektovanje opreme i optimizaciju procesa. lzmerene vrednosti
gustine i viskoznosti Cistih rastvaraca, polietilenglikol 200 i 400 (PEG 200 i PEG
400), tetraetilenglikola—dimetil-etar (TEGDME), N-metil-2-pirolidona (NMP) i
dimetilanilina (DMA), na atmosferskom pritisku, predstvljene su u funkciji tempe-
rature.
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Mineral composition of different basil (Ocimum spp.) genotypes
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Abstract

This experiment investigated mineral composition of 13 basil genotypes (Ocimum spp.) in
order to find varieties supporting human dietary intake of essential minerals and to eva-
luate basil genotypes which could serve for herbal production as raw material in pharma-
ceutical or food processing industry. In addition, this study tested a potential risk of the
accumulation of heavy metals during the commercial production of basil on agricultural
soil. Mineral composition of basil genotypes was found to be in association with its genetic
potential, where some of them can be used in human nutrition as an additional source of
several minerals, particularly micronutrients (Fe, Mn and Zn), which generally improve
human immune system. Iron-rich basil genotypes were identified in this experiment, like
Compact (3576.0 mg/kg), with Lattuga (1585.6 mg/kg) and Blue spice (1167.9 mg/kg)
genotypes, containing more than 1000 mg/kg of Fe in herbal part on dry basil (d.m.). This
attract a special attention as a source of iron, especially for humans with low Fe intake,
and consequently, for people with low level of hemoglobin. Basil grown on agricultural soil
was tested on the accumulation of heavy metals (Cu, Co, Cu, Ni, Cr and Pb), which were
not found to be excessive in herbal parts of the plants. Cluster analysis (CA) distinguished
Ocmium spp. genotypes in two separate groups. Despite of significant differences among
the genotypes, content of Fe, Mn, Co, Cr, Ni and Pb made a clear distinction between the
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Basil (Ocimum spp.) falls within Labiates mint family
plant that usually grows in tropical and subtropical
countries and it is widely used in human nutrition as a
spice, improving aroma in meat, vegetable and other
meals. However, the primary culinary interest in this
herb has decreased to be substituted by its medicinal
properties, since it is widely used in health treatments
[1-3]. Recently, basil studies get all the more attention
due to organic compounds containing aroma
compounds which are to be found in volatile extracts
exhibiting potent antioxidant activity comparable to
the known antioxidants [4]. In considering the
abundance of these aroma chemicals in basil plants, we
can say that the total activity is either comparable or
higher to the known antioxidants [5]. In fact, the
obvious antioxidant potential of basil are based on the
presence of polyphenolic compounds and essential oils
extracted from the above ground herbal parts, in which
rosmarinic acid is the most prevalent basil phenol [3,6—
8]. Therefore, in recent years a great commercial
interest in this crop increased after such assigned
antioxidant health benefit of basil for humans [9], so
that basil is now globally grown as a medicinal plant
species. Its commercial cultivation usually tends to sus-
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tain growth originating from its natural eco system
[10], thus limiting fertilizer use, especially the use of
nitrogen which affects its antioxidant potential [11,12],
while increased potassium application can alter antioxi-
dant capacity and phenolic concentration of basil in a
positive way [13].

Despite the fact that people’s interest in basil as a
medicinal plant increases all the time, all around the
world there is also a strong interest in aromatic plants
due to their dietary minerals [14-16]. Green parts of
basil can provide additional amount of several minerals
in human nutrition, particularly micronutrients [17]
which play a critical role in some protein synthesis and
essential enzyme system which can improve resistance
to diseases in people [18]. The importance of mineral
content of basil has been recognized in several recent
studies, imposing environmental factors (locality) as
the one playing an important role in accumulation of
mineral nutrients [19-22]. However, genetic diversity
of basil species may also significantly change the mine-
ral and chemical composition of the plant, especially in
secondary metabolite products of herbal parts, some-
times strictly related to its taxonomy species [23]. This
is usually related to basil morphological variability,
expressed as differences in steam and leaves shape,
making it difficult to use morphological traits as a reli-
able indicator for its selection in commercial use.

This study, which included 13 different basil geno-
types grown in the same soil substrate under the iden-
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tical nutritional regimes, gives an opportunity to eva-
luate each genotype according to the presence/excess
of essential elements in herbal tissue and to select basil
species recommendable for further growth. Besides,
concerning other important parameters like a basil her-
bal yield and its morphological appearance, this study
can significantly contribute to its selection for pharma-
ceutical and food processing industry purposes.
Although many studies have focused on the character-
ization of volatile oils and phenol compounds of diffe-
rent genotypes within this species [24-26], the
obtained results could be also used to describe geno-
type diversity and to indicate to chemical polymor-
phism in mineral composition of this herbaceous and
medical plant. Apart from the fact that they contain
essential minerals, the main constraint of each plant
species of wild origin is the presence of heavy metals in
their herbal tissues, varying among the species and
growing conditions [27,28], so that this study also
highlights the specific heavy metal (Cu, Cd, Co, Cr, Ni
and Pb) accumulation in each tested genotype during
its growth for commercial purpose.

Mineral composition may serve to identify similar-
ities or differences between basil cultivars, therefore
one can draw certain conclusions regarding the clas-
sification of individual samples. In order to obtain use-
ful biological information from a complex spectral data
set, mineral composition can be combined with cluster
analysis. Previously, CA has been used to evaluate diffe-
rent basil collections [29-31].

Therefore, the analyzed data can be useful in the
selection of varieties, where excessive heavy metal
accumulation is one of the most limiting factors when it
comes to the use thereof by humans, while the goal of
cluster analysis was to detect relations between the
genotypes.

EXPERIMENTAL

Material

The experimental plot was located in Belgrade at
the “City nursery” in NE part district — Zemun (longi-
tude 44.8500° N, latitude 20.4000° E) throughout 2011.
The nursery was used for city’s decorative and herbal
plants production, covering 4 ha area. The field experi-
ment was established based on the system of a random
block arrangement with 4 repetitions. The experimen-
tal crop was established through the nursery. Plants
were transplanted at the distance of 50 cm in the basic
plot, so that plants were set at the distance of 50 cm
(50 cmx50 cm). The size of the basic plot was 6 m’ and
it contained 35 plants in each. The total number of
basic plots was 52, and the surface covered by the
experiment was 312 m’. They used basil genotypes
labelled by numbers 01 to 13 in which: Lime, Hollander,
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Purple Ruffles, Lattuga, Cinnamon, Osmin, Blue Spice,
Siam Queen, Fino Verde, Purple Opal, Compact, Geno-
vese, belong to Ocimim basilicum L., while Holy Red
belongs to Ocimim sanctum L. The used basil genotypes
have been derived from the national collection of
germ-plasma (Plant Gene Bank of the Republic of Ser-
bia) and its genotype collection of Institute of Crop
Science (Faculty of Agriculture, University of Belgrade)
as described by Beatovic et al. [32].

Soil analysis

Representative soil sampling was carried out to the
depth of 30 cm, with 3 sub-samples from each experi-
mental block merged in a single sample, the quantities
thereof necessary for the analyses were brought to the
laboratory in appropriate polyethylene bags. For the
analyses, a representative sample of each 4 replicate
was made upon the mixing and homogenization of 20
spade probes, which was thereafter air dried (20 °C),
and sieved through a 2 mm stainless-steel mesh.

Particle-sized distribution combined wet sieving
(coarse, medium and fine sand) and pipette sediment-
ation technique (silt and clay). Prior to separation, 1:4
soil/water suspension was ultrasonically treated (40
MHz, 120 W) for 30 min following the procedure des-
cribed by Hereter et al. [33]. Collected fractions were
dried at 40 °C and weighed.

Basic chemical properties of soil were analyzed
using standard soil analysis methods: pH was measured
in a suspension characterized by a residue/water ratio
of 1:2.5. Inorganic CaCO; was quantified by Scheibler
method [34], organic C by dichromate method. Total N
was determined using a Kjeldahl method [35], available
N forms (NH," and NO; ) were extracted with 2M KCl
and determined by hot distillation with MgO and
Devarda alloy for NO; determination [36]. Available P
was determined using spectrophotometry upon the
extraction in AL solution (0.1 M ammonium lactate and
0.4 M HOAC) [37], Available K was quantified by flame
photometry from the same extraction solution as K.
Determination of available boron was done after its
extraction with hot water and used cucurmin method
for colorimetric determination [38].

Pseudo-total metal concentrations (Fe, Mn, Cu, Zn,
Co, Pb, Ni and Cd) in nursery soil were quantified using
atomic absorption spectrophotometry AAS (Varian
SpectrAA 202 FS), in flame acetylene/air, after diges-
tion using HNO;3 (70%) + H,0, (33%) [34]. This digestion
is considered useful if complete metal recovery is not
essential [35] where metals in residuum are not
expected to be released in a solution over a reasonable
time span under the conditions normally encountered
in nature [36]. Detection limits, calculated as analytic
concentration greater than three times standard devi-
ation, obtained after eight measurements of the blank
solution, were (ug/ml): 0.010 Fe, 0.003 Mn, 0.001 Cu,
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0.015 Zn, 0.002 Co, 0.002 Pb, 0.002 Ni, 0.007 Cr and
0.001 Cd. The certified reference material, BCR No.
141, was analyzed to ensure accuracy. Labile pool of
heavy metals in soil samples was determined by flame
AAS after extraction with 0.005 M DTPA solution
(diethylenetriaminopentaacetic acid), as proposed by
Lindsay and Norvell [37].

Plant analysis

The vyield of fresh and dry basil herb was deter-
mined on the sample of plants per genotype (4x10).
Plants were cut at the height of 5 cm above the soil
surface, and the fresh herb yield (g/plant) above the
soil surface was measured on the scale (KERN MH5K5)
for field measurements. Dry herb yield was determined
upon drying fresh herb at the temperature of 40 °C.

The plant material (basil herbs) collected from field
was brought into the lab and then prepared for anal-
yses: washed with tap water, rinsed with distilled water,
submerged in 0.1 M HCl to ensure that leaf surface was
free of adhering soil particles, and finally carefully
rinsed with de-ionized water. Prior to mineral and
metal analysis, all plant material was oven-dried (80 °C)
for 15 h, weighed and grounded into powder in a plant
lab sample grinder (Retsch). The analytical method
applied for macronutrient and B determination was the
same method applied for the soil, while metal content
in the plant material was also determined by AAS, after
the digestion in concentrated acids: HNO3; and HCIQ,,
with the addition of 33% H,0,.

Statistical analyses

Analysis of variance (ANOVA) was carried out. All
ANOVAs were performed using treatments as statistical
parameters at a significance level of P < 0.05. The least
significant difference (LSD), if necessary, was used to
determine whether the difference between two acces-
sions was big enough to be considered real at a fixed
level of confidence (LSD 0.05 = 95% confidence and LSD
0.01 = 99% confidence). Data referring to the content
of elements in the plant material, as well as the weight
of fresh and dry basil herb, were expressed in the ave-
rage value and the standard deviation value.

All the properties were used to cluster accessions
into similarity groups using the unequal pair group
method with arithmetic mean (UPGMA). Statistical
analyses were conducted using STATISTICA for Win-
dows 6.0 (StatSoft Inc., Tulsa Okla).

RESULTS AND DISCUSSION

Soil properties and metal concentration

The intended experimental nursery plot, stipulated
for basil growth, is located on chernozem soil type [38],
and it obtains seedling production of different agricul-

tural and decorative plant species. Main properties of
the soil have been analyzed, as shown in Table 1, in
order to determine physical, chemical and nutritional
properties thereof. Soil texture is sandy loam, with a
strong predominance of silt fraction (41.65%), and
significant presence of fine sand (36.52%). Investigated
chernozem is of slightly alkaline pH (7.66) reaction,
generally in optimal values for the growth of the most
plants. A slight amount (0.33%) of CaCO; was present in
this soil. In comparison with the total nitrogen, the
total organic matter is not so high for this soil type
(2.98 and 0.174%), while available phosphorus is low
(<10 mg/100 g) and available potassium in the medium
range (18.4 mg/100 g). In the analyzed samples, the
available nitrogen content (14.0 mg/kg) is also low, as a
result of missed fertilization, which should keep the
herbal quality of basil as good as possible.

Table 1. Soil properties with pseudo-total (aqua regia) and
DTPA-extractable metal concentrations (means + standard
deviation) collected from experimental field used for growth
of different basil (Ocimum spp.) genotypes

Soil property Values

pHu20 7.66

pHyc 6.47

Organic matter, % 2.98

CaCos, % 0.3

Coarse sand (0.2-2.0 mm), % 1.4

Fine sand (0.05-0.2 mm), % 36.52

Silt (0.05-0.002 mm), % 41.65

Clay (<0.002 mm) , % 21.33

Total N, % 0.174
NH,+NOs, mg kg* 14.0

P,0s, mg/100 g 6.6

K,0, mg/100 g 18.4

B, mg/kg 0.5+0.05

Fe, mg/kg 1440+51.0°, 11.5+1.8°
Mn, mg/kg 183.4+10.12°, 3.920.8°
Cu, mg/kg 10.9+0.31°%, 2.53:0.42°
Zn, mg/kg 46.2+7.11%, 0.51£0.02"
Cd, mg/kg —¢,0.08+0.01"

Co, mg/kg 8.9+0.03° 0.05:0.01°
Ni, mg/kg 28.146.4%, 0.23+0.01°
Pb, mg/kg 22.8+2.16°% 2.39+0.05°
Cr, mg/kg 23.9+5.43% -¢

?pseudo-total (aqua regia); bDTPA-extractabIe concentrations; CHN03
is an uppropriate media for pseudo total Cd detection; DTPA extract-
ion of available Cr under detection limit (0.007 pg Cr/ml)

Analysis of pseudo-total (aqua regia) metal content
is usual for this soil type [39]. The level of heavy metals
was mainly below the critical values for soils and sub-
strates, and analyzed chernozem should be treated
unpolluted. Heavy metal content (mg/kg) slightly varied
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among collected samples, according to applied block
system, with the average of 10.9 Cu, 46.2 Zn, 8.9 Cd,
28.,1 Ni, 22.8 Pb and 23.9 Cr, while HNO; was an
appropriate media for pseudo total Cd detection. At all
sampling locations, the average content of heavy
metals in each soil sample was under the critical thres-
hold background.

Micronutrients and heavy metals are phytoavailable
as DTPA extracted values in Table 2. DTPA-extractable
proportion of heavy metals pseudo-total concentration
decreases in order Cu > Pb > Zn > Ni > Co, while DTPA
extractable Cr was under the detection limit (0.007 pg
Cr/ml). A very low phytoavailable proportion of pseudo
total content was found in all samples for Ni (0.23%),
Zn (0.51%) and Co (0.05%), possibly influenced by rela-
tively high pH (>6.5) [40] and high organic content
(2.98%) [41], while Cu and Pb had considerably higher
available amounts (2.53 and 2.39%, respectively). How-
ever, positive correlation between pseudo-total and
available amounts of heavy metals in soil was not found.

Yield and morphology issue

The taxonomy of Ocimum was complex due to the
interspecies hybridization and polyploidy of the species
in genus, but now we can speak about 65 basil species,
where the Ocimum basilicum L. should be treated as a
major genus aimed as crop and grown in many count-
ries [42]. There was no matching in genotype and habi-
tus appearance among investigated basil genotypes
(13). In fact, there was no clear connection between
any available shape of basil aboveground part and its
genotype status. However, the obtained basil biomass
yield significantly varied between genotypes, both as a
fresh or dried biomass, pointing out that primary basil
yield depended on its genotype origin (Table 2).

Fresh basil herb yield was calculated at the sample
of 40 plants per genotype (4x10). In the experiment,
two genotypes had the biggest herbal yield: Fino verde
(65.85 g) and Hollander (67.0 g), both as a linalool
chemotype, however with different habitus, interme-
diarius and upright, respectively. The biomass variation
among investigated genotypes were rather high, some-
times double or even tree times (3.78) higher (e.g.,
Holy Red: 17.7 g versus Holandjanin: 67.0 g), which
provided useful information for basil selection for culti-
vation.

Comparing our results to those of other res-
earchers, regarding the same genotypes and different
agroecological conditions, we can say that the experi-
ment was set up at the advantageous conditions for
basil production. Namely, the experiments carried out
in Europe, on the same genotypes, have resulted in
basil herb yields somewhat below the average values
[43-46].

Macronutrient issue

Since there was no significant interaction between
macronutrient and micronutrient accumulation in
examined basil genotypes, the presence of this mine-
rals in dry tissue was discussed separately. Two
approaches could be used to summarize a review about
plant tissue macronutrient accumulation: their percent-
age in tissue or their uptake by plant yield (g/plant)
(Table 3).

A significant variation has been found between the
content of elements in the plant of each investigated
basil genotype, showing the substantial mineral diver-
sity of examined species. Two elements (N and Ca) par-
ticipate with the highest amount in basil biomass,
where the level of the former could be easily changed

Table 2. Herbal biomass yield (g/plant of fresh and dried biomass) of different basil (Ocimum spp.) genotypes with chemotype

classification grown in field experiment

Genotype Chemotype Habitus Fresh herba, g/plant Dried herba, g/plant
Holy Red Caryophyllene Upright 85.5+2.14 17.74£0.32
Lime Geranial — neral Intermediarius 106.75%3.66 20.05+0.41
Hollander Linalool Upright 318.5 +3.56 67.0+£0.70
Purple Ruffles Linalool Upright 138.75+2.71 19.85+0.41
Lattuga Linalool Intermediarius 208.0+2.92 31.0+0.52
Cinnamon Linalool — methyl cinnamate Upright 242.5+4.21 43.2+0.73
Osmin Linalool Intermediarius 168.75+2.17 25.5+0.74
Blue Spice Bisabollene Intermediarius 205.75%2.06 35.15+0.43
Siam Queen Methyl chavicol Intermediarius 232.5+3.53 43.65+0.65
Fino Verde Linalool Intermediarius 311.0+2.85 65.85+0.60
Purple Opal Linalool Intermediarius 141.7544.16 22.3+0.39
Compact Linalool Roundish 276.0£3.45 55.2+0.70
Genovese Linalool Upright 260.0+3.64 44.910.32
LSD = 0.05 5.35 2.75
LSD =0.01 7.45 4.25
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Table 3. Macronutrient content (%) and their uptake by plant yield (g/plant) of different genotypes of basil (Ocimum spp.) grown in

field experiment
Genotype N P,0s K;0 Ca Mg

% g/plant % g/plant % g/plant % g/plant % g/plant
Holy Red 3.22+0.11 0.57 0.63+0.08 0.11 1.11+0.05 0.20 1.9240.03 0.34 0.46+0.11 0.08
Lime 2.7510.18 0.55 0.7610.04 0.15 1.52+0.17 0.31 1.94+0.04 0.39 0.84+0.08 0.17
Hollander 3.33140.10 2.23 0.84+0.03 0.57 1.45+0.06 0.97 2.5610.11 1.71 0.54+0.04 0.36
Purple Ruffles  3.33%0.22 0.66 0.81+0.01 0.16 1.64+0.08 0.33 2.78+0.09 0.55 0.87+0.08 0.17
Lattuga 3.52+0.13 1.09 0.99+0.12 0.31 1.76+0.34 0.55 3.60+0.10 1.12 0.75+0.15 0.23
Cinnamon 3.81+0.10 1.64 1.08+0.07 0.47 2.07+0.03 0.89 2.4610.22 1.06 0.70+0.07 0.30
Osmin 3.29140.01 0.84 0.85+0.19 0.22 2.03+0.17 0.52 3.1840.14 0.81 0.6210.04 0.16
Blue Spice 2.40+0.34  0.86 0.80+0.03 0.28 1.86+0.05 0.65 1.92+0.12 0.68 1.53+0.19 0.54
Siam Queen 2.91+0.49 1.27 0.9310.06 0.40 2.15+0.15 0.94 2.64+0.67 1.15 0.81+0.04 0.35
Fino Verde 2.74+0.12 1.81 0.68+0.02 0.45 1.40+0.25 0.92 3.65+0.07 2.41 0.67+0.12 0.44
Purple Opal 2.2710.16 0.51 0.970.12 0.22 1.55+0.10 0.35 3.2940.05 0.73 0.84+0.20 0.19
Compact 1.97+0.33 1.09 0.80+0.03 0.44 1.94+0.03 1.07 3.224+0.11 1.78 0.7310.04 0.40
Genovese 3.4510.11 1.55 0.81+0.01 0.36 1.13+0.08 0.51 3.42+0.09 1.54 0.8410.08 0.38
LSD =0.05 0.07 0.01 0.05 0.06 0.05
LSD=0.01 0.05 0.005 0.04 0.04 0.04

by fertilization [47], but the uptake of the latter is
genetically controlled [48]. In addition, potassium fertil-
ization during the basil production is still necessary and
considered desirable [49]. The “dilution effect” in mine-
ral analyses [50] could be successfully overcome by the
calculation of nutrient uptake by the formed biomass.
This usually provides more obvious data about the
potential and capability of each genotype to accu-
mulate these minerals from the soil. Therefore, formed
plant biomass sometimes is crucial for nutrient accu-
mulation, where low or high nutrient content in tissues
does not portray a realistic picture of the plant’s needs.
This is illustrated by our results: certain genotypes with
the smallest growth between tested species (Holy red,
Lattuga and Osmin), have had a relatively small accu-
mulation of nitrogen, dispute N high concentration in
analyzed tissues (3.22, 3.52 and 3.29%, respectively)
(Table 3). Among others, two genotypes stand out for
the highest N accumulation in tissues (Hollander and
Fino Verde), assuming that this genotype feature has
the biggest impact on organic compound synthesis.

Micronutrient issue

Monitored medicinal, aromatic and spice plants
grown in different regions usually show differences in
the concentration of elements, as a consequence of soil
composition and the climate in which the plant is
grown [51]. However, the presence of micronutrients in
green parts of the plants support a synthesis of organic
compounds in plant tissues [52], providing organic and
mineral substances which act as an enzyme activator in
human body [53]. So far, in recent years, with enhan-
ced awareness of the importance of trace elements on

health, an increasing number of reports on the role of
trace elements in medicines has been published in dif-
ferent countries [54-56]. According to the results
obtained from this investigation, some genotypes of
examined basil should be regarded as a rich source of
micronutrients for humans (Table 4).

A significant variation in microelement content was
identified among basil genotypes, which can be related
to different biomass growth of tested basil species, or
to its genotype adaptation to the growing conditions.
Consequently, this could possibly induce the presence
of different chemical compounds in herbal tissues [57].
In fact, some elements were detected in substantial
amounts, like Fe and Mn in Compact and Zn in Lattuga
variety, qualifying these genotypes as extraordinary for
human use. The ability of plants to make Fe organic
chelating in tissues [52] is another basil advance for
medical use. Therefore, found Fe-rich basil genotypes
(Blue Spice — 1167.9 mg/kg, Lattuga — 1585.6 mg/kg
and especially Compact, with 3576.0 mg/kg of Fe on
dry basis) could be of special interest as iron source for
humans with extreme hemoglobin deficit. Dispute that
basil is classified as a spice and usually used in human
nutrition in very small amounts, its effects as a Fe
source in human food can be illustrate on the basis of
its daily intake by salad. The result of Fe fresh tomato
salad use could be taken into account. If dry mater of
tomato fruits contain the highest 2.41+0.34 mg/kg of
Fe according to investigation [59], due to its very high
water content (92.84-94.76%) [58], the amount of
1000 g of this vegetable will provide 0.1446 mg of iron
in nutrition. The addition of only 1 g of d.m. of basil
spice (Compact variety) to this salad, however, can
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Table 4. Micronutrient and heavy metal content (mg/kg) in basil of different basil genotypes (Ocimum spp.) grown in field

experiment

Genotype Fe Mn Cu Zn B Cd Co Cr Ni Pb
Holy Red 766.5+40.0 73.24#9.5 13.78%+1.01 28.60%3.19 25.83%1.26 0.21+0.02 1.75+0.38 3.11+0.13 1.97+0.06 1.08+0.03
Lime 477.4+¢8.7 74.4+14.6 15.64+2.44 44.36+5.59 19.67%0.76 0.17+0.02 1.78+0.40 4.19+0.13 1.62+0.17 0.69+0.17
Hollander 202.1+17.7 78.519.6 24.19%+3.66 52.87+5.68 20.67+2.57 0.21+0.08 1.90+0.05 2.15+1.02 2.77+0.83 0.51+0.10
Purple Ruffles 719.1+92.8 92.6+31.8 16.91+3.29 42.28+7.06 27.00+3.77 0.07+0.03 2.55+0.44 5.82+0.45 2.40£0.24 0.30+0.02
Lattunga 1126.0+101.6 126.4+36.3 19.14+4.61 124.6 £21.6 30.33+1.26 0.23%0.05 2.97+0.28 4.50+0.71 3.391+0.60 0.85+0.18
Cinnamon 290.1+61.7 77.5%5.3 19.36%£1.92 47.89%+3.59 23.17+2.02 0.35+0.08 2.20+0.15 3.23+0.10 1.65+0.14 0.73+0.08
Osmin 686.0£62.8 87.4+8.3 18.92+2.89 54.351+5.50 30.67%2.25 0.25+0.02 2.68+0.03 3.22+0.29 2.82+0.33 0.72+0.07
Blue Spice 1507.2+251.7 94.5+15.1 15.72+4.31 36.82+4.07 21.6743.55 0.16+0.05 2.10+0.28 4.97+1.11 2.8740.24 0.29+0.04
Siam Queen  508.4+15.5 88.6+2.9 22.60+3.92 78.57+10.8 27.17+1.61 0.23+0.03 2.33+0.20 2.62+0.50 2.53+0.38 0.14+0.11
Fino Verde 540.5+146.1 130.8422.2 21.71+3.06 68.321+2.52 24.50+0.87 0.08+0.10 2.72+0.28 2.20+0.22 3.42+0.20 0.53+0.13
Purple Opal 740.31125.2 114.2+12.0 18.88+4.42 70.76+1.90 30.33%+3.40 0.32+0.07 2.50%0.20 3.08+0.09 2.50+0.45 1.01+0.15
Compact 3576.0+275.6 234.9+44.8 24.7515.19 60.91+3.91 22.67+4.86 0.20+0.02 5.07+0.98 8.42+0.77 10.2+1.06 2.84+0.23
Genovese 1010.9+£140.8 126.2+10.6 23.31+2.73 57.21+11.61 25.83+4.75 0.16+0.05 3.05+0.17 3.17+0.10 1.96+0.50 0.55+0.08
LSD =0.05 0.051 7.02 7.67 3.14 0.03 0.11 0.07 0.33 0.05
LSD=0.01 0.037 5.09 5.52 2,28 0.02 0.08 0.05 0.24 0.03

enrich this food with additional 0.2794 mg of Fe. Such
high content of iron (10814, 9043 and 2465 mg/kg) in
dray weight of basil leaf has been found in some basil
genotypes (0. basilicum, O. sanctum, O. minimum, res-
pectively) grown in Indian arid areas [59], but this
results should be accepted with reserve, because this
analytical material was obtained using a manual grin-
der. Similarly, high iron content in basil with over 1000
mg/kg of d.m., should be found only in the seed, if this
species is grown in arid areas as a wild plant [60].

The tree-plot obtained by the cluster procedure
(UPGMA) showed basil genotypes grouped in the clus-

ters with their respective distances. Cluster analysis
classified 13 Ocimum genotypes into two distinct
groups (Figure 1). In fact, one cluster included almost
all genotypes studied, while the second one included
only one. The average genotype distance (D) among
the osmium cultivars based on the examined traits was
799, ranging from 36.4 (the most related accessions,
Purple Ruffles and Osmin) to 3377.6 (the most distantly
related, Hollander and Compact).

Cluster I. This group included 12 genotypes (all but
Compact) this cluster was split off into three distinct
sub-groups, defined as cluster IA, IB and IC. Sub-

Holy Red
Purple rufles
Osmin
Purple Opal
Genovese

Lime

Siam Queen

Fino Verde

Cinnamon

vs)

Holandjanin

Latunga

Blu spice

Compact
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Figure 1. Cluster analyses of present minerals in herbs in basil genotypes.
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clustering was done according to the Fe content. Sub-
group (IA) consisted of five genotypes (Holy Red, Purple
Ruffles, Osmin, Purple Opal and Genovese) with higher
content of Fe than in the following genotypes: Lime,
Siam Queen, Fino Verde, Cinnamon and Hollander, which
formed sub-group (IB). IC sub-group separated Latunga
and Blu Spice, with relatively high content of Fe.

Cluster Il. It consisted only of one genotype, Com-
pact. This cultivar is characterized by a very high con-
tent of Fe, Mn, Co, Cr, Ni and Pb. Cluster analysis pointed
out to a considerable diversity in the Ocumum cultivars
where the content of some heavy metals (Fe, Mn, Co,
Cr, Ni and Pb) was a determinant criterion for geno-
types clustering. This points out that even different
genotypes of plant species accumulate a different
amount of heavy metals, which should be of concern
[61,62].

Heavy metal issue

Like all other plant species, medicinal plant growing
in nature can accumulate heavy metals through com-
plex absorption process, governed by numerous mutu-
ally influencing factors. Accumulation to certain extent
depends on individual properties and genotype, while
the total concentration of heavy metals in various soil is
less important than their availability and mobility,
which greatly depends on soil properties such as: pH,
organic matter, clay content, etc. [41]. As heavy metals
pose a hazard to human health, dispute that some of
them are essential for people and plants (Fe, Mn, Cu,
Co and Zn), monitoring of these metals in herbal parts
is of great importance for public protection against the
hazards with possibly toxic effects [63]. Heavy metal
contamination of agricultural soil should especially be
of concern as one of major environmental problems
that can reduce a plant production and safety of plant
products used as food [64]. Therefore, it is of crucial
importance that the commercial production of this
plant species take place at unpolluted or potentially
uncontaminated agricultural soil, and it should be tested
to the level of presence of heavy metals (Table 1) [65].

Heavy metal concentrations in basil plants grown on
agricultural soil (chernozem) are shown in Table 4. Pre-
sented results reveal considerable variations in concen-
tration depending on the element and basil genotype,
simultaneously demonstrating that metal absorption
significantly depends on genetic properties of tested
types.

Heavy metals accumulate in plant tissue by the
following order: Cu > Cr > Ni > Co > Pb > Cd, while the
total uptake greatly depends on genotype biomass.
Estimated concentration, mg/kg, in investigated geno-
types varied for Cu 13.78-24.75, Cr 2.15-8.42, Ni 1.6—
-10.2, Co 1.75-5.07, Pb 0.14-2.84 and Cd 0.07-0.35,
having values in the range as was proved in earlier basil
studies [66]. Since these plants were grown under field

conditions, the contamination level with the toxic
heavy metals, Cr, Ni, Co, Pb and Cd, can be classified as
very low, as expected. This investigation of contam-
ination level is very important because some of herbal
plants have a phytoremediation potential [67] where
the genotype variation of heavy metal accumulation in
herbal plants exists as well [68]. Hence, as recom-
mended by the World Health Organization, all medici-
nal/herbal plant material should be tested to the pre-
sence of heavy metals and other pollutants, regardless
of the place they have been grown [69].

Basil samples contain less than 0.3 mg/kg Cd and
less than 3 mg/kg Pb measured in dry weight basis, as
recommended for these toxic metals in medicinal
plants by EC Regulation [70]. Besides, for this medicinal
plant, toxic Ni content in the herb does not depend on
soil pH [70], as found in this experiment. The tested
genotype variety (Compact), which collects above 5
mg/kg at the soil pH > 7.0, has pointed out that genetic
tendency of basil could have a stronger influence on Ni
accumulation than soil pH property. The question of
toxic Cr is still open; Cr content of analyzed herbal parts
of the majority of genotypes is more than 2-3 mg/kg,
which is regarded excessive, however non-toxic, con-
centration for cultivated plants [72]. Chromium content
in the investigated basil plant is much lower (3.40-4.46
mg/kg), as found in some medicinal plants, which is
considered non-toxic content (Khan 2013). Possible Co
toxicity in basil tissues has not been estimated.

CONCLUSION

Mineral compositions of different basil (Ocimim
spp.) genotypes vary, based on different genetic poten-
tial of investigated basil types. There is no reliable con-
nection between shapes of the basil aboveground parts
and its mineral content. According to dried herbal bio-
mass, where average of 40 plants per basil genotype
was tested, two genotypes should be recommended
for further cultivation practice (Hollander and Fino
Verde). However, the investigated basil mineral com-
position, promote some other basil genotypes (Com-
pact, Lattuga and Blue spice) as a good raw material for
further processing. According to the content of micro-
nutrients, especially Fe, Mn and Zn, basil can support
human dietary intake with this organically bound mine-
rals. Especially the iron concentration in some basil
genotypes was proved by statistical evaluation as geno-
types with distinct mineral properties. Hence, Fe-rich
genotype Compact (3576.0 mg/kg), which is in the
cluster Il with two other genotypes (Lattuga and Blue
Spice) from cluster IC, with more than 1000 mg/kg of
Fe (d.m.), could be treated as iron source originating
from plant material and used for humans with low level
Fe, consequently, with low level of hemoglobin.
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Hierarchical cluster analysis allowed the assessment
of similarity or dissimilarity and clarified some of the
relationships among basil cultivars. Obtained dendro-
gram had two main clusters, the first one was split-off
into three sub-groups. Further accumulation of data
across the years might result in better precision of cul-
tivar assessment.

According to the present study, commercial growth
of basil was shown as a good practice, which can obtain
a constant supply of herbal material for different pur-
poses in pharmaceutical or food processing industry
with no excess of heavy metal in herbal parts.
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1ZVvOD

MINERALNI SASTAV RAZLICITIH GENOTIPOVABOSILIKA (Ocimum spp.)

Vlado Li¢ina, Slavica C. Jela¢i¢, Damir V. Beatovi¢, Svetlana B. Anti¢ Mladenovié¢

Univerzitet u Beogradu, Poljoprivredni fakultet, Zemun, Srbija
(Naucni rad)

U radu je ispitan mineralni sastav 13 razli¢itih genotipova bosiljka (Ocimum
spp. L.), sa ciljem da se odrede tipovi koji bi mogli da posluze kao dopunski izvori
esencijalnih elementa u ljudskoj ishrani, kao i da se odrede genotipovi koji bi
posluzili za proizvodnju herbe kao sirovine za farmaceutsku ili prehrambenu
industriju. Takode, u ovom istraZivanju je testiran i potencijalni rizik vezan za
zagadenje bosiljka teskim metalima pri njegovom komercijalnom gajenju na
poljoprivrednom zemljiStu. Mineralni sastav ispitivanih genotipova uglavnom je
uslovljen njegovim genetskim karakteristikama, ukazujuci da u ishrani coveka ova
lekovita biljna vrsta moZe posluziti kao znacajan izvor nekih od esencijalnih
elemenata, narocito mikroelemenata (Fe, Mn i Zn), koji generalno doprinose
jacanju ljudskog imuno sistema. Posebno je vazno $to su u ovom istrazivanju iden-
tifikovani neki genotipovi bogati gvozdem, kao Sto je to Compact, kao genotip sa
ekstremno visokim nivom Fe u herbi (3576,0 mg/kg), a koji bi zajedno sa genoti-
povima Lattuga (1585,6 mg/kg) i Blue Spice (1167,9 mg/kg) koji sadrze vise od
1000 mg/kg Fe u suvoj materiji herbe, trebali da privuku posebnu paZnju kao
izvori ovog elementa u ishrani ljudi kod kojih je evidentiran njegov nedostatak,
nacesce ispoljen sa pojavom anemije, odnosno, slabom sintezom hemoglobina.
Gajenje bosiljka na poljoprivrednom zemljistu nije uslovilo pove¢anu akumulaciju
teskih metala (Cu, Co, Cu, Ni, Cr i Pb) u herbi, pa se moze reci da su ovi proizvodi
sa aspekta zagadenosti teskim metalima potpuno bezbedni. Klaster analiza je
podelila ispitivane genotipove bosiljka (Ocmium spp.) u dve grupe. Uprkos razli-
Citosti izmedu genotipova, sadrzaj Fe, Mn, Co, Cr, Ni i Pb uticao je na jasnu podelu
izmedu klastera.
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Abstract

Recently, research efforts have been directed toward medicinal plants and their extracts,
as important sources of natural antioxidant. Lots of biologically active compounds are
responsible for the antioxidant effects of yarrow — Achillea millefilium L. extracts. The aim
of our study was to determine which of the process parameters of pressure enhanced
solvent extraction of Millefolii herba is significant for its efficiency and weather there are
interactions between the examined parameters. Compression time, decompression time
and the number of cycles were identified as independent variables, while the content of
total flavonoids, tannins and total polyphenols were selected as dependent variables. For
obtaining the extract of M. herba, rich in antioxidative ingredients, compression time
should be set on its higher level (2.0 min), decompression time on its lower level (1.30 min)

and the number of cycles on its higher level (99).

Keywords: timatic micro-extractor, Yarrow, optimization, polyphenols, tannins, flavonoids.
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The functional food designates all sorts of food
containing, along with their own nutritive value, con-
stituents that may have positive effects on human
health and its psychophysical condition. Modern com-
munity is changing the concept of foods. The aim of
science, today, is development of such food products,
which assume prevention and simultaneous reduction
of risks of appearance of different diseases [1]. Oxi-
dation reactions and the decomposition of oxidation
products are major causes of deterioration of various
food products. To prevent these processes, antioxi-
dants are widely used as additives in some foods.
Owing to increased safety concerns about synthetic
antioxidants and their possible involvement in chronic
diseases, research efforts have been directed toward
natural antioxidants [2]. Medicinal plants and their
extracts constitute one of the most important targets
to search for new sources of natural antioxidants for
consideration as components for functional ingredients
and nutraceuticals, as well as feasible and natural
alternatives to synthetic antioxidants in the food indus-
try. Since plant-derived antioxidants are generally con-
sidered to be multifunctional and their activity depends
on various parameters, any herb or its extract should
be thoroughly tested involving several methods of
assessing antioxidant activity [3].
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The genus Achillea L. (Yarrow) comprises over 100
perennial herb species indigenous to the Northern
Hemisphere [4]. In Serbia, the Achillea millefolium L.,
the best-known and most widespread species of Yar-
row, is listed among the most commonly used plant
species in both folk and conventional medicine [5].
Yarrow is primarily a bitter tonic, but it can also be used
to treat atonic forms of stomach disease [6]. Aerial part
of A. millefolium contains terpenes, alkaloids and bases,
tannins, coumarins, saponins, sterols, vitamins, amino
and fatty acids [6,7]. Phenolic compounds, such as
flavonoids and phenolcarbonic acids, constitute one of
the most important groups of pharmacologically active
principles in yarrow. It is suggested that anti-inflam-
matory [6], choleretic [8] and cytotoxic [9] activities of
species of Achillea genus are mainly attributed to the
flavonoid and phenolcarbonic acid complex. It has been
shown that the anti-diabetic [10] and gastroprotective
[11] properties of different extracts from Achillea sp.
may be linked to their antioxidant potential. Therefore,
it is of high importance to investigate their antioxidant
effectiveness. Recent reports indicate that the Achillea
genus displays a relevant antioxidant activity that is
associated or correlated well with its flavonoid and
total phenolic contents [12,13]. However, the observed
similarities or close correlation between the profiles of
the antioxidant capacity and of the total phenolic and
flavonoid contents must be interpreted with care, since
the latter parameter is usually measured using tradi-
tional spectrophotometric assays, which are based on
non-specific reaction of phenolic compounds with
Folin—Ciocalteu reagent and complexation of flavonoids
with Al(Il) ion [14].
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The interest in the use of medicinal plants in food
industry is continuously growing and accordingly the
efforts in the improvement of the conventional solvent
based extraction are made. The traditional techniques
of solvent extraction of plant materials are mostly
based on the correct choice of solvents and the use of
heat and/or agitation to increase the solubility of the
desired compounds and improve the mass transfer
[15]. For each device and/or each method of extrac-
tion, it is necessary to experimentally determine opti-
mal conditions for making the extracts which are the
richest in relevant active substances. Other researchers
have presented the definition of optimal conditions for
extraction of bioactive compounds (crocin, geniposide,
total phenolic compounds, phenolic acids and proteins)
using different extraction methods, different extractors
and different optimization methodologies [15-17]. In
the present study, Timatic micro-extractor was used for
the extraction [18]. The aim of our study was to deter-
mine which of the process parameters of pressure
enhanced solvent extraction of aerial parts of A. mille-
folium (Millefolii herbay), is significant for its efficiency
and weather there are interactions between the exa-
mined parameters.

EXPERIMENTAL

Samples of A. milefollum (upper parts of the herb
~12 cm in length) were collected at full flowering stage,
during the flowering period on the mountain Rtanj,
Serbia (in the end of June 2009). A voucher specimen’s
No. 174/09 has been deposited at the Institute for
Medicinal Plant Research “Dr Josif Panci¢”. The raw
material was air dried at room temperature (20-25 °C),
in a ventilated lodge, avoiding direct sunlight for two
weeks. Dry material was packed into paper bags and
stored in a dark room at ambient temperature. The air-
dried aerial parts of A. millefolium were milled at room
temperature and sieved using a lab sieve with 355 um
mesh.

All chemicals were of analytical grade. Folin—Cio-
calteu reagent was purchased from Merck (Germany),
gallic acid from Sigma-Aldrich Chemie GmbH (Ger-
many). Acetonitrile, labelled as HPLC grade, was sup-
plied by Sigma—Aldrich (Buchs, Switzerland). Ethanol
96.3% (V/V) was provided by Crvenka, Serbia.

For the pressure enhanced solvent extraction we
used Timatic micro-extractor (Tecnolab, Spello, PG,
Italy) [18]. The rapid series extractors Timatic are tech-
nologically advanced and dedicated to the extraction of
active ingredients from medicinal plants. This is an
alternative method for extraction in comparison to
traditional methods, such as maceration or percolation.
The extraction was carried out under controlled con-
ditions (defined by temperature, pressure and time of
solvent circulation). Plant material was filled into the
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filter bag, which was sealed and placed into the
extraction chamber. Appropriate solvent is circulating
through the filter bag and can be controlled by the
speed of circulation and the number of cycles during
the extraction process. The working cycle is fully auto-
matic and alternates between dynamic and static phases.
During the extraction, plant material is compacted
under pressure, which allows better extraction effi-
ciency. With respect to our preliminary research (data
not shown), fixed amounts of the drug and 70% (V/V)
ethanol, as an extraction solvent were used. The drug:
extract ratio was 1:3 and the operating pressure was
set between 1 and 9.9 bar. A 2° factorial design con-
sisting of eight experimental points was applied to eva-
luate the effect of three process parameters as inde-
pendent variables, namely compression time (TP1),
decompression time (TPO) and the number of cycles
(CL) on the extraction efficiency in terms of obtaining
the extract with the best properties. Prepared extracts
were marked as YE,—YEg. Characterization of extracts
included determination of physicochemical characteris-
tics: dry residue (DR), refractive index (Rl), relative
density (RD), ethanol content (EC) and pH value as well
as determining the content of total flavonoids (TF),
tannins (TN) and polyphenols (PY) as active com-
pounds, important for the extract quality definition.

The total content of phenols was determined by the
Folin—Ciocalteu method. A total of 100 pl of a metha-
nolic solution of dry extract (17.5, 13.1, and 8.8 ug ml™
final quantity) was mixed with 0.75 ml of Folin—Cio-
calteu reagent (previously diluted 10-fold with distilled
water) and allowed to stand at 22 °C for 5 min; 0.75 ml
of sodium bicarbonate (60 g I™) solution was added to
the mixture. After 90 min at 22 °C, the absorbance was
measured using a Hewlett Packard 8453 UV-Vis spec-
trophotometer (Agilent Technologies, Santa Clara, CA)
at Amax 725 nm. Results are expressed as gallic acid
equivalents (GAE), and presented as mean value of
three determinations.

The percentage content of tannins was calculated
using the method described in the European Pharma-
copoeia [19]. The content of tannins, expressed as pyr-
ogallol percentage, is presented as the mean value of
three determinations.

The percentage content of flavonoids expressed as
hyperoside was calculated using the method described
in the Deutsches Arzneibuch, DAB 10 [20]. Briefly, the
sample was extracted with acetone/HCl under a reflux
condenser; the AICl; complex of the flavonoid fraction
was extracted with ethyl acetate and measured by a
UV-Vis spectrophotometer at A,,.x 425 nm. The content
of flavonoid, expressed as the hyperoside percentage,
is presented as the mean value of three determi-
nations.
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Statistical analysis

The statistical analysis of experimental results was
performed by the software Design Expert 7.0 (Stat-
Ease, Inc., Minneapolis, MN, USA) [21].

RESULTS AND DISCUSSION

Independent variables are presented in Table 1. The
conditions of making YE;—YEg extracts are presented in
Table 2. Dependent variables were dry residue (DR),
refractive index (RI), relative density (RD), ethanol
content (EC), pH value, content of total flavonoids (TF),
tannins (TN) and polyphenols (PY).

Table 1. Process parameters/independent variables

Level
Factor
-1 +1
X1 (TP1) compression time, min 1.00 2.00
X2 (TPO) decompression time, min 1.30 2.00
X3 (CL) number of cycles 20 99

Table 2. The conditions of making YE,—YEg extracts

Sample of YE TP1 / min TPO / min CL
YE, 1.00 1.30 20
YE, 2.00 1.30 20
YE; 1.00 2.00 20
YE, 2.00 2.00 20
YEs 1.00 1.30 99
YEq 2.00 1.30 99
YE, 1.00 2.00 99
YEg 2.00 2.00 99

Various extraction conditions, resulted in some dif-
ferences in the physicochemical characteristic of the
manufactured extracts and different contents of total
phenols, flavonoids and tannins (Table 3). Value of dry
residue of manufactured extracts varied within the
limits from 2.17 to 3.86. Dry residue content depended
on the number of cycles. Increasing the number of cyc-
les led to an increase in the value of dry residue (the
maximum value of DR was registered in YEs). The same

extract had the highest value of relative density. There
was no significant difference in the refractive index and
pH values between manufactured extracts. Ethanol
content in extracts YE,—YEg varied within the limits
from 63.28 (YE,) to 69.88 (YE;3) and did not depend on
the number of cycles.

Statistical analysis of the experimental data indi-
cated that all three examined process parameters gen-
erally have the greatest impact on DR, while indivi-
dually, TP1 influences mostly TF and RI, TPO, TF and RD,
and CL, DR, pH, TN and PY. When considering active
principle content, it may be noted that TP1 and TPO
have the biggest influence on TF (except that TP1 has a
positive, and TPO negative effect on TF), while CL on TN
(positive effect) and PY (negative effect). Comparing
active principle contents among themselves, the great-
est impact of all three process parameters is on PY.
Nevertheless, interactions observed between TP1 and
TPO indicate that with TPO set on its lower value (1.30
min) the increase of TP1 increases TN and PY. Taking all
of this in consideration, it can be concluded that for
obtaining the extract of A. millefolium rich in active
ingredients, TP1 should be set on its higher level (2.0
min), TPO on its lower level (1.30 min) and CL on its
higher level (99).

Since the selected responses were not affected in
the same manner an additional optimization procedure
was needed. In order to optimize eight responses with
different targets, the multicriteria methodology was
employed by means of Derringer’s desirability function
[22-24].

The Derringer’s desirability function, D, is defined as
the geometric mean, weighted, or otherwise, of the
individual desirability functions (d;). The expression that
defines the Derringer’s desirability function is:

D=/[]d’ (1)

where n is the number of responses, pi is the weight of
the responses and d; is the individual desirability func-
tion of each response. The scale of the individual desi-
rability function ranges between 0 for a completely
undesired response, to 1 for a fully desired response.

Table 3. Physicochemical characteristics and contents of total phenols, flavonoids and tannins of YE;—YEg

Sampleof YE. DR/ % RI pH RD/gcm™  EC/vol% TF/ % TN/%  PY/ugGAmg"
YE, 2.31 1.3647 5.59 0.9098 63.28 0.0216 0.077 0.23
YE, 2.50 1.3676 5.69 0,8999 67.64 0.0206 0.094 0.27
YE; 2.52 1.3674 5.64 0.8993 69.88 0.0230 0.115 0.27
YE, 2.17 1.3662 5.64 0.9016 65.44 0.0200 0.076 0.24
YEs 3.86 1.3667 5.44 0.9292 66.84 0.0310 0.108 0.20
YEs 3.61 1.3667 5.49 0.9060 66.20 0.0290 0.094 0.26
YE, 3.27 1.3667 5.48 0.9065 65,44 0.0220 0.102 0.18
YEg 3.15 1.3679 5.62 0.9031 67.64 0.0326 0.108 0.18
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Weight of the response is the relative importance of
each individual functions d; and may range from 0.1 to
10. Weights lower than 1 give less emphasis to the
goal, whereas weights greater than 1 give more
emphasis to the goal (in both cases, d; varies in a non-
-linear way while approaching to the desired value). In
the present report, weights equal to 1 for all the eight
responses was chosen.

The value of D close to 1 means that the combi-
nation of different criteria is globally optimal. If any of
the responses or factors falls outside their desirability
range, the overall function becomes zero.

The criteria for the optimization of each individual
response are shown in Table 4. Desirability function
calculations were performed using Design-Expert® 7.0.
Obtained results are graphically presented (Figure 1).
For better visualization of the results, the global desi-

rability function, D, was presented in a form of a three-
dimensional plot and presented in Figure 2. The coor-
dinates related to the functions maximum are selected
as the best operating conditions. The coordinates pro-
ducing the maximum desirability value (D = 0.846)
were: compression time (TP1), 2.00 min;
decompression time (TP0), 1.30 min; number of cycles
(cL), 99.0.

CONCLUSION

In the present study, Timatic micro-extractor was
used for the extraction of yarrow and it may be con-
cluded that various extraction conditions result in some
differences in the physicochemical characteristic of the
manufactured extracts and content of active substan-
ces. When considering active principle content with

Table 4. Criteria for multivariate optimization of the individual responses

Response Goal Weight Lower limit Upper limit Importance
TF Maximize 1 0.02 0.0326 5
DR In range 1 2.17 3.86 3
RI In range 1 1.3647 1.3679 3
pH In range 1 5.44 5.69 3
RD In range 1 0.899 0.9292 3
EC In range 1 53.28 69.88 3
TN Maximize 1 0.076 0.115 5
PY Maximize 1 0.18 0.27 5

Figure 1. Graphical representation of the constraints accepted for the determination of global desirability and obtained optimal

conditions.
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Figure 2. 3-D plots of the Derringer’s desirability function in correlation with number of cycles and decompression time (a),
decompression time and compression time (b) and compression time and number of cycles (c).
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antioxidative effects (total phenols, flavonoids and tan-
nins content), it may be noted that TP1 and TPO have
the biggest influence on TF (except that TP1 has a posi-
tive, and TPO negative effect on TF), while CL on TN
(positive effect) and PY (negative effect). Taking all of
this in consideration, it can be concluded that using
Timatic micro-extractor, for obtaining the extract of A.
millefolium rich in active ingredients, TP1 should be set
on its higher level (2.0 min), TPO on its lower level (1.30
min) and CL on its higher level (99).
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1ZVvOD

OPTIMIZACIJA EKSTRAKCIJE ANTIOKSIDANTNIH KOMPONENATA 1Z HERBE HAJDUCKE TRAVE

lvana A. Arsi(:l, Vanja M. Tadiéz, Sofija M. Dordeviéz, AnaR. 2ugiéz, Zorica B. Vuji(’:3, Slobodan D. Petrovi¢*

"Univerzitet u Nisu, Medicinski fakultet, IAS Farmacije, Nis, Srbija
%Institut za prouéavanje lekovitog bilja"Dr Josif Pan¢i¢", Beograd, Srbija

Univerzitet u Beogradu, Farmaceutski fakultet, Institut za farmaceutsku hemiju, Beograd, Srbija

*Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Beograd, Srbija
(Naucni rad)

Oksidativna degradacija sastojaka hrane dovodi do promene njenog mirisa i
ukusa, ¢ime se narusava njen nutritivni i senzorni kvalitet. 1z navedenog razloga je
neophodno dodavati antioksidante tokom tehnoloskog procesa izrade namirnica.
Lekovito bilje i njihovi izolati predmet su istraZivanja, pored ostalog i kao izvor
antioksidantnih materija i alternativa sintetickim antioksidansima za primenu u
industriji hrane. Istrazivanja velikog broja biljaka ukazala su da skoro sve poseduju
odredena antioksidativna svojstava. Hajducka trava — Achillea millefilium L. (Aster-
aceae) i njeni ekstrakti, zahvaljujuci prisustvu, pre svega, polifenola, flavonoida i
tanina, ispoljavaju antioksidativni efekat. Sadrzaj ovih materija u izolatima zavisi
od njihove koncentracije u polaznom biljnom materijalu ali i od nacina/uslova
ekstrakcije. Cilj naseg ispitivanja bio je da utvrdimo optimalne vrednosti procesnih
parametara za izvodenje pritiskom ubrzane ekstrakcije iz herbe hajducke trave
(Millefolii herba), radi dobijanja ekstrakata bogatih antioksidativnim materijama,
kao i da utvrdimo zavisnost koja postoji izmedu procesnih parametara. Ekstrakcija
je obavljena u Timatic mikro ekstraktoru. Takozvano vreme kompresije, vreme
dekompresije i broj ciklusa kruzenja ekstrakcionog sredstva predstavljaju neza-
visno promenljive veli¢ine, dok su sadrzaj ukupnih flavonoida, tanina, ukupnih
polifenola kao i indeks refrakcije, suvi ostatak, relativna gustina, sadrzaj etanola i
pH vrednost zavisno promenljive veli¢ine. Vreme kompresije bilo je 1 odnosno 2
minuta, vrednost vremena dekompresije 1,3 i 2 min, dok su ekstrakcije obavljene
uz minimalno 20 odnosno maksimalno 99 ciklusa. Kao ekstragens korisé¢en je 70%
(V/V) etanol. Droga: ekstrakt odnos iznosio je 1:3. Radni pritisak kretao se u
opsegu od 1 do 99 bar. Primenjen je 23 faktorski dizajn, odnosno uradeno je osam
ekstrakcija herbe hajducke trave. Statisticka analiza eksperimentalnih rezultata
izvrSena je upotrebom softvera Design Expert 7.0. U cilju potpune optimizacije
primenjena je multivarijantna metodologija upotrebom Derringer funkcije pozelj-
nih odgovora. Proces optimizacije postupka ekstrakcije pokazao je da je za izradu
ekstrakata herbe hajducke trave bogatih sadrZajem antioksidativnih materija
(flavonoidi, tanini i polifenoli), potrebno podesiti vreme kompresije na najvisi nivo
(2,0 min), vreme dekompresije na najnizi (1,30 min) i vrsiti ekstrakciju uz maksi-
malni broj ciklusa (99).

Kljuéne reci: Timatic mikroekstraktor e
Hajducka trava e Optimizacija e Polife-
noli e Tanini e Flavonoidi
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