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Abstract: The sorption of Ni2" on sepiolite functionalized by covalent grafting
of N-[3-(trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium salt,
MSEAS, was studied in batch experiments as a function of the initial metal
concentration, the equilibration time, the pH value and the temperature. The
modification of sepiolite resulted in enhanced NiZ" retention with a capacity of
0.261 mmol g'! at 298 K. The retention of Ni?" occurred dominantly by spe-
cific sorption and exchange of Mg2" from the sepiolite structure. The sorption
process followed pseudo-second-order kinetics. The sorption equilibrium
results were best described by the non-linear form of the Langmuir sorption
equation. The values of the thermodynamic parameters (changes of enthalpy,
free energy and entropy) were calculated from temperature dependent sorption
isotherms and their values showed that the sorption of Ni2" onto modified
sepiolite was endothermic.
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INTRODUCTION

Water pollution by heavy metals is a serious environmental problem with
harmful impacts on the ecological balance and living organisms, including
humans. The major contributors to the high concentrations of Ni2* in aqueous
media are the industries related to stainless steel, electroplating, jewelry, coinage,
catalysts, batteries and accumulators. Even at low concentrations, nickel has a
damaging effect on human health because it accumulates in the lungs, kidneys,
liver, intestines and heart. Higher concentrations of nickel cause various diseases
and disorders, including cancer of the lungs, nose and bone, chronic headaches,
sleeplessness and diarrhea.! Therefore, the removal of Ni2™ from water and

* Corresponding author. E-mail: slazarevic@tmf.bg.ac.rs
doi: 10.2298/JSC150525086L

197

Available on line at www.shd.org.rs/JSCS/

(CC) 2016 SCS. All rights reserved.



198 LAZAREVIC et al.

wastewaters, in order to reduce its concentration to below the acceptable range, is
highly warranted.

The remediation of heavy metals using a sorption technique is now prog-
ressing through numerous researches aimed at the development of highly effi-
cient, cost effective, and environmentally friendly materials as sorbents. The
study of sorption kinetics is significant as it provides valuable insights into the
reaction pathways and into the mechanism of sorption reactions. Three stages are
considered to be involved during the sorption of metal ions onto sorbents: 1)
transfer of the sorbate molecules from the bulk solution to the solid surface, i.e.,
film diffusion; 2) intraparticle diffusion within the interior of the sorbent and 3)
sorption of the sorbate on active sites (physisorption or chemisorption).2 The
sorption capacity and the kinetics for metal uptake from the liquid phase depends
on several physicochemical factors related to the sorbent (e.g., porosity, specific
area and particle size, the sorbate (e.g., ionic radius and coordination number)
and the liquid phase characteristics, including the solution pH, temperature,
initial metal concentration in the solution and the presence of other cations.

In order to improve its sorption performance for heavy metal ions, sepiolite
was first functionalized using different silane coupling agents. Modification of
sepiolite was performed using triethoxy-3-(2-imidazolin-1-yl)propylsilane in tol-
uene solution and the capacity of the material for Co?*, Cu2*, Cd2*, Mn2", Fe3*
and Zn2* sorption was investigated.3 Liang et al. showed that the sorption cap-
acities of mercaptopropyltrimethoxysilane-functionalized sepiolite for Pb2™ and
Cd2* were higher than those of natural sepiolite.* The surface modification of
sepiolite with [3-(2-aminoethylamino)propyl]trimethoxy-silane and its ability to
sorb cations was investigated.> The sorption capacity of the modified sepiolite
was higher for zinc, copper and cobalt than for the other ions because of specific
interactions between the metal ions and the amine groups.

The removal of Cr(VI) from aqueous solution using adsorbents obtained by
covalent grafting of (3-mercaptopropyl)trimethoxy-silane and [3-(2-aminoethyl-
amino)propyl]trimethoxy-silane onto natural, acid activated and thermo-acid acti-
vated sepiolites was studied.®8 The adsorption capacities of amine-functional-
ized sepiolites for chromium(VI) sorption were much higher than those of mer-
capto—silane-functionalized sepiolites under the same conditions.

The first part of this study, the modification of sepiolite with N-[3-(trimeth-
oxysilyl)propyl]ethylenediamine triacetic acid trisodium salt in order to obtain an
efficient sorbent for water treatment and the characterization of the prepared
sorbent, was reported previously.? In continuation, the adsorption properties of
the functionalized sepiolite sample for the sorption of Ni2* are discussed herein.

The batch sorption technique was used to obtain sorption isotherms and to
explore the effects of temperature, the initial pH value and the equilibration time
on the sorption capacity. The capabilities of the Langmuir, Freundlich and Red-
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lich—Peterson isotherm models to fit the equilibrium sorption data were inves-
tigated, while the pseudo-first, pseudo-second order and intraparticle diffusion
models were used to fit the kinetic sorption data.

EXPERIMENTAL
Materials

The functionalization of sepiolite was performed from aqueous solution using of N-[3-
-(trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium salt ((CH30);Si(CH;);N-
-(CH,COONa)N(CH,),N(CH,COONa),), MSEA, Gelest).® The results of the morphological
characterization, X-ray diffraction, FTIR and DTA analyses, determination of the specific
surface areas and pore size distribution using the BET method and the point of zero charge
(pHp,) of the MSEA-functionalized sepiolite (MSEAS) were reported previously.’

Determination of the point of zero charge of the MSEAS in solutions of Ni**

The shift in the point of zero charge was investigated by the batch equilibration method,
using 0.01 and 0.001 mol dm? solutions of Ni(NOs), at different initial pH values (pH,),
ranging from ~3.5 to ~8.0 using the batch equilibration method described elsewhere.!0 Equi-
libration was attained by shaking for 24 h in a water bath thermostated at 298 K. The con-
centrations of Ni** and Mg?" in the solutions after equilibration with 0.001 mol dm™ solutions
of Ni(NO3), were measured. The quantity of sorbed Ni*" was calculated in order to determine
the effect of the initial pH value on the sorption process.

Sorption procedure

All sorption experiments were conducted using the batch equilibration technique in Ni2*
solutions prepared in demineralized water. A series of 25 cm? of each solution containing 0.05
g of sorbent in poly(vinyl chloride) (PVC) vessels were shaken in a water bath thermostated at
the desired temperature. The dispersions were filtered and the initial Ni?" concentration and
metal ion remaining non-adsorbed in the supernatant, as well as the concentration of MgZ"
were determined using atomic absorption spectroscopy (AAS). All the sorption studies were
repeated twice and the reported value is the average of the two measurements.

The following conditions were maintained for different sets of experiments:

— Effects of pH: initial concentration of Ni2™ 0.01 and 0.001 mol dm3, pH values from
~3.5 to ~8, an equilibration period of 24 h and a temperature of 298 K.

— Isotherms: initial concentration of Ni2* between 25 and 200 mg dm™, pH values of the
solutions 5.610.1, an equilibration period of 24 h and a temperature of 298 K.

— Kinetics: initial ion concentration of 100 mg dm=, pH value of 5.6+0.1, temperature of
298 K, contact times ranging from 1 h to 24 h. The final concentrations of Ni2* and MgZ"
were measured in the supernatant as dependent variables of time.

— Thermodynamics: initial concentration of Ni2™ between 25 and 200 mg dm™, pH values
of the solutions 5.6+0.1, equilibration period of 24 h, temperatures of 318, 328 and 338 K.

RESULTS AND DISCUSSION
Determination of the point of zero charge of the MSEAS in solutions of Ni?*

As a result of specific sorption on the sorbent surface that lowers the number
of sites available for the sorption of H*, the pHp, in Ni2* solutions were shifted
to lower values compared with those obtained in KNO3 solutions.!! From the
dependences pHy vs. pHj, (Fig. 1a) it can be seen that the pHy, of the modified
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sepiolite were 5.6+0.1 for 0.01 mol dm=3 and 5.8+0.1 for 0.001 mol dm3
Ni(NO3),. The pHyp,c was also lower compared with values obtained for natural
sepiolite in Ni2™ solutions (6.5+0.1 for 0.01 mol dm=3 and 6.8+0.1 for 0.01 mol
dm—3 Ni(NO3),)!2 due to the presence of additional groups originating from the
modifier located on the external sites of the sepiolite, which interact with Ni2* by
forming stable surface complexes. In this way, the quantity of specifically sorbed
NiZ* was increased.
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Fig. 1. a) Dependences of pH¢ on pH; during the equilibration of MSEAS in 0.01 mol dm
and 0.001 mol dm™ Ni(NOj3), solutions; b) effect of initial pH on the amount of Ni2* sorbed
on MSEAS and quantity of ion exchanged Mg?*.

The quantities of sorbed Ni2* from 0.001 mol dm=3 Ni(NO3), solution at
different pH values and the amounts of Mg2™" present in the solutions as result of
ion exchange are shown in Fig. 1b. The sorption of Ni2" was examined in the pH
range from ~3.5 to ~8.0, in order to avoid ion hydrolysis at higher pH values and
the dissolution of sepiolite at lower pH values.

Effect of the initial pH value

The solution pH can have a significant effect on the uptake of metal, since it
determines the surface charge of the sorbent and the degree of ionization and spe-
ciation of the sorbate. The effect of initial pH on the sorption of Ni2* by modified
sepiolite sorbent was observed at different pH (3.5-8.0) simultaneously with
determination of point of zero charge of the MSEAS in solutions of Ni2*. To pre-
vent the precipitation of Ni2™ from solution at high pH values, the solution pH
was maintained at pH less than the pH of precipitation formation.

The quantity of exchangeable Mg2* was determined as the difference
between the total amount and the amount of Mg2™ released into the solution by
the dissolution (0.05 mmol g~ MSEAS). The amount of nickel ion sorbed per
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unit mass of MSEAS was almost constant, amounting to ~0.032 mmol Ni2* g1
MSEAS. It is obvious that the change in the initial pH value of the metal ion sol-
utions in the investigated range did not affect a change in the sorption capacity.

The quantity of Mg?*" released into the solution during the ion exchange
process with Ni2™ was also almost constant at different pH values, meaning that
the process of ion exchange was of the same intensity. During the ion exchange
process, Mg2* are displaced from the MSEAS lattice and released into solution.
The ion exchange process was also confirmed during investigation of effect of
contact time on the amounts of Ni2* sorbed (Fig. 3, later on). This process does
not influence a change in the pH,,. because H* are not involved in the ion
exchange process.

The final pH values determined during the pHyp, determination were similar
for all the investigated initial pH values, i.e., the process of the specific sorption
of Ni2™ onto MSEAS in this pH range was not significantly affected by the pH
value. Due to the simultaneously occurring specific sorption and ion exchange, as
the main mechanisms of sorption, the total amount of metal ion sorbed per unit
mass of MSEAS remained almost constant in the investigated pH range.

Sorption isotherm studies and modeling

The amount of nickel ions sorbed onto MSEAS at 25 °C at a pH; of 5.6+0.1,
and the dependence of the quantity of Mg2" ion exchanged as functions of the
equilibrium concentration are shown in Fig. 2.

According to Fig. 2, the modified sample had a higher sorption capacity
(~0.24 mmol g1 MSEAS) than the natural sepiolite (=0.20 mmol g-1 SEP),!2
i.e., an improvement of the sorption efficiency was accomplished by modific-
ation with N-[3-(trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium
salt from an aqueous solution. Nickel sorption on the natural sepiolite sample
was attributed to cation exchange and the formation of surface complexes
through Si—OH groups. When a dispersion of natural sepiolite was treated with a
silane solution, the reactive silanol groups exhibit a high affinity for —Si—-OH
groups on the sepiolite surface thereby forming —Si—O—Si—bonds and retaining
three free -COO~ groups. Vasiliev et al. investigated metal complexes based on
grafted N-[3-(trimethoxysilyl)propyl]ethylenediamine triacetic acid onto silica by
nuclear magnetic resonance (NMR) and electron spin resonance (ESR) spectro-
scopy and showed that metals form several complexes with the carboxyl groups
of the ligand.!3 These complexes have different structures with a different degree
of substitution of the water molecules on the ligand in the plane of the coor-
dination sphere.

The amount of Mg2* exchanged (Fig. 2) increased with increasing amount of
Ni2* sorbed on the mineral, which corroborates ion exchange, i.e., replacement of
Mg2* on the edges of the octahedral layer of sepiolite with Ni2*, as one of the
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main mechanisms of sorption. It can be seen that the MSEAS had a slightly
lower ion exchange capacity for Ni2* than the natural sepiolite sample.!2 Graft-
ing of organosilanes on sepiolites is limited to the external surface of sepiolite.!4
The Mg—OH groups at the edges of the sepiolite channels responsible for ion
exchange with metal cations from solution remain unaffected by the process of
silane functionalization. In this way, the ion exchange capacity remained and was
similar to that of natural sepiolite. The increase in Ni2* sorption on the function-
alized sepiolite could be explained by an increase in specific sorption, i.e., the
interaction of both surface silanol groups and additional groups originating from
the modifier, which exhibit a high binding affinity toward NiZ.
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Fig. 2. Sorption isotherm for Ni?* onto MSEAS and the dependence of g, (mmol Mg2" g'1) on
¢, (mmol Ni** dm™3) and the fitting of the experimental data to different isotherm models.

The equilibrium sorption data were analyzed by three isotherm models:
Langmuir, Freundlich and Redlich—Peterson, using nonlinear fitting (presented in
Fig. 2).

The Langmuir model!> assumes monolayer sorption at specific homogen-
eous sites, with no interactions between the sorbed species. The Freundlich
equation!® describes sorption (possibly multilayer in nature) on a heterogeneous
surface consisting of non-identical and energetically non-uniform sites. The Red-
lich—Peterson modell” is represented by a three-parameter, empirical equation
featuring both Langmuir and Freundlich isotherms. This model approaches the
Freundlich isotherm model at high concentrations (when S is equal to 0) and
predicts behaviors corresponding to the Langmuir form at the low concentration
limits (when the f values are close to 1). The sorption isotherms constants for
NiZ* sorption onto MSEAS, determined by non-linear regression analysis using
the Easy Plot, are summarized in Table I.
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TABLE I. Sorption parameters and coefficients of correlation according to the Langmuir,
Freundlich and Redlich—Peterson models for the sorption of Ni?™ ions onto MSEAS at 298 K

Langmuir . Redlich—Peterson
gmKice Freundlich _ Kgee
Qe =7 g =Kecl" 9e=" "7
1+KLCC 1+aR(ce)
£ 3
3 Ky 4 I R mmol™™ n R K;R 4 R / (drln B R
dm” mmol™ mmol g dm’" ¢! dm’ g mmol ™'Y
4.77 0.261 0984  0.204 433 0954 1.06 3.86 1.04 0.985

According to presented results, both the Langmuir and Redlich—Peterson
isotherms showed better correlation with the experimental data than the Freund-
lich isotherm, as expressed by the higher correlations coefficients. Figure 2
shows that the Langmuir and the Redlich—Peterson isotherms overlapped one
another. The value of the Redlich—Peterson parameter f was close to 1, indi-
cating that the Redlich—Peterson isotherm adopts the Langmuir isotherm, and
that experimental data for sorption of Ni2* onto the modified sepiolite sample
could be best described by the Langmuir sorption model. The results of the iso-
therm modeling indicate monolayer coverage of the MSEAS by Ni2* and a
homogenous distribution of the active sites on the MSEAS surface.

Effect of contact time

The kinetics of Ni2* sorption on the MSEAS at 100 mg dm3 initial Ni2*
concentration at a temperature of 298 K is illustrated in Fig. 3. The sorption of
Ni2* was initially fast with >80 % of Ni2* sorbed in the first 60 min. This initial
rapid sorption was followed by a much slower period. After 1000 min, an appar-
ent equilibrium was achieved. In addition to Ni2* sorption, the quantity of Mg2"
released into the solution, resulting the ion exchange process, was also examined
and a similar dependence was registered.

In addition to equilibrium isotherms, information on sorbate transport is
essential for analyzing the dynamic behavior of sorption. Three kinetic models
were employed to describe the mechanism of sorption on the modified sepiolite:
the pseudo-first-order equation proposed by Lagergren,!® the pseudo-second-
-order kinetic model proposed by Blanchard et. al.,!° and the intraparticle diff-
usion model proposed by Weber and Morris.20 The rate constant & in min—! was
calculated from the slope of the In (¢ge—¢q;) vs. ¢ plot, and the second-order rate
constant k» in g mmol-!'min~! and the equilibrium sorption capacity, ge, from
linear plot of #/g; vs. t, by considering the values of the slope and the intercept,
respectively.

For pure intraparticle diffusion to occur, the plot of g; vs. t1/2 should be
linear passing through the origin. However, if the plot shows multilinearity, then
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the sorption process may be controlled by a combination of film and intraparticle
diffusion, i.e. more than one-step is involved in the sorption process.
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Fig. 3. Effect of contact time on the amounts of Ni?" sorbed onto MSEAS and Mg2*
exchanged (c; = 100 mg dm™, at a temperature of 298 K and pH of 5.6 +0.1).

The values of k; (intra-particle diffusion rate constant, mmol g-! min-!) and
the constant C were calculated by extrapolation of the second portion of the curve
q: vs. t1/2 back towards the y-axis. Intraparticle diffusion was not the only rate-
-limiting step because the plot did not pass through the origin.

The results presented in Table Il show that the pseudo-second-order model
fitted the sorption data much better than the pseudo-first-order and intraparticle
diffusion models. The pseudo-second-order rate law expression is based on the
assumption that the rate-limiting step is chemical sorption, which is in agreement
with the finding that the main mechanisms of sorption of Ni2™ onto MSEAS are
chemical processes: specific sorption and ion exchange of Mg2* from the sepio-
lite structure with Ni2* from the solutions.

TABLE II. Kinetic parameters for Ni2" sorption onto MSEAS

Pseudo-first-order Pseudo-second-order Intra-particle diffusion
log (q. —¢:)=logq. —
k 2t .1, g =kt +C
1 2 t — M
_ ¢ k
2303 q: 24e  Ye
k2 h ki
].(1_1 e | R gmmol’ % | R molg! mmol g'l ¢ b R
min~ mmol g .1 mmolg =] . 13 mmol g
min min min

0.0029  0.077 0950 0.124 0.236 _ 0.998 0.0069 0.169 0.0016 0.916
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Many investigations demonstrated that the kinetic behavior of heavy metal
sorption studies are satisfactorily explained with the pseudo-second-order sorp-
tion equation.2!-23 This trend suggests that the rate-limiting step in heavy metal
sorption is chemisorption, which involves valence forces through sharing or
exchange of electrons between sorbent and sorbate, complexation, coordination
and/or chelation, rather than physisorption.

Effect of temperature

The effect of temperature on the sorption of nickel ions onto modified
sepiolite is shown in Fig. 4. In the experimental temperature range, the quantity
of nickel ions sorbed by MSEAS increased with increasing temperature, demon-
strating that the process of nickel sorption is endothermic. Non-linear fitting of
experimental data for Ni2* sorption onto MSEAS using the Langmuir isotherm at
various temperatures are also seen in Fig. 4. The values of the sorption para-
meters and coefficients of correlation (given in Table III) confirmed that the
Langmuir isotherm equation not only represents the sorption process at 298 K
very well, but also in the temperature range 318-338 K.

0.4
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Z 0.2+
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= e 338K
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R = 318K
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Fig. 4. Sorption isotherms for the sorption of Ni2" onto MSEAS at different temperatures.

TABLE III. Sorption parameters and coefficients of correlation according to the Langmuir
model for the sorption of Ni%" ions onto MSEAS at different temperatures

/K Parameter
R? gm / mmol g1 K x10%3 / dm3 mol!
318 0.980 0.374 4.71
328 0.995 0.425 5.10
338 0.970 0.460 5.24
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In order to understand the sorption process from the aspect of energy change,
the enthalpy change (AH, kJ mol-!) and entropy change (AS, J mol~! K-1) were
determined graphically from the slope and intercept, respectively, of the straight
line obtained by plotting In K1 vs. 1/T, using approach of Liu.24 The values of the
obtained thermodynamic parameters, AH and AS, and Gibbs free energy change
(AG, kJ mol!, calculated using the equation AG = —RT In K1) are listed in Table
Iv.

TABLE IV. Thermodynamic parameters for the sorption of nickel ions onto MSEAS

AG / kJ mol-!
AH/KImol!  AS/Tmol! K-!
mo mo 208K 318K 328K 338K
2.08 771 72092 24,80 225.60 2637

The Gibbs free energy change (AG) indicates the degree of spontaneity of a
sorption process and the greater the negative value is, the more energetically
favorable is the sorption. For all the investigated temperatures, the AG values
were negative. The value of AG became more negative with increasing tempe-
rature, indicating that the spontaneous nature of the adsorption of Ni(Il) was
proportional to the temperature. Such a dependence of AG on temperature and
the positive AH values confirmed the endothermic nature of sorption of Ni2* onto
MSEAS. The AS value was calculated to be 78.0 J mol-! K-1, which, on the one
hand, showed the affinity of the sorbent for Ni2* and, on the other hand, indi-
cated the increase in randomness at the solid/liquid interface after sorption.2>

The positive AS value arose because of the redistribution of energy between
the adsorbate and the adsorbent. Before the adsorption occurred, the heavy metal
ions near the surface of the adsorbent are more ordered than in the adsorbed state
and the ratio of free heavy metal ions to ions interacting with the adsorbent is
higher than in the adsorbed state. As a result, the distribution of rotational and
translational energy among a small number of molecules increases with inc-
reasing adsorption thereby producing a positive value of AS.2!

CONCLUSIONS

The sorption capacity shown by sepiolite functionalized with N-[3-(trimeth-
oxysilyl)propyl]ethylenediamine triacetic acid trisodium salt for Ni2* from aque-
ous solutions was higher than that of the natural sepiolite sample, suggesting that
this modification process is an effective method for obtaining a sorbent for the
removal of Ni2* from highly polluted waters. The equilibrium sorption data were
adequately described by the Langmuir isotherm equation.

The retention of Ni2™ occurred dominantly by specific sorption and
exchange of Mg2* from the sepiolite structure. The kinetic study of the sorption
showed that the pseudo-second-order model best described the experimental
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data, indicating that the sorption may be controlled by chemical sorption and that
chemisorption might be the rate-limiting step that controls the sorption process.

The amount of Ni2* sorbed onto the modified sepiolite increased with inc-
reasing temperature. The thermodynamics of the sorption indicate the endo-
thermic and spontaneous nature of sorption process. On the contrary, the sorption
capacity was not significantly changed on changing the initial pH value.
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HU3BO[J
OYHKIJUOHATU3AIIUJA CEITMOJINTA ITPUMEHOM COJIM HATPUJYMA
N-[(3-TPUMETOKCHU)[TPOITWIIETUIEHOUAMUHTPUAIIETATHE KMCEJIMHE.
JEO II: COPIILIMJA JOHA HUKJIA U3 BOOEHUX PACTBOPA

CJIABUIIA C. TASBAPEBHUR, UBOHA M. JAHKOBUR-YACTBAH, BOJAH M. JOKHR, BOPBE T. JAHARKOBHUR
u PAJIA 1. IETPOBUR

Texnonowxo—memanrypwxu Gaxynitei Ynusepsuineiia y beoipagy, Kapueiujesa 4, 11000 Beoipag

Y pany je ucnuraHa edUKacHOCT yK/Iambama jOHa HUK/IA U3 BOLEHUX pacTBOpa Ha CENHo-
JIMTY KOjH je MogudUKOBaH MPUMEHOM HATPHjyMoBe COMU N-[(3-TPHMETOKCH)IPOIHI|E€THII-
eHpvamuHTpUaneTaTHe kucenuHe (MCEAC). McnutaH je yTrlaj IOYeTHE KOHLEHTpaLUje joHa
HHKJIa, BpEMEHA ypaBHOTEKaBamwa, pH BpeJHOCTH U TeMIepaType Ha NpOLEeC COpILUje NpH-
MEHOM MeTOfle ypaBHOTeXaBama nocedHux mnpoda. [loctymak mopudukaiuje MPUPOTHOT
CEeNUOoINTa NOBEO je JO IopacTa KanalMTeTa COpnuuje joHa HUKiIa. Copnuyja je mocienuua
HCTOBPEMEHOT OJUIpaBama Ipolieca crenudUyHe COpIIMje U jOHCKE U3MEHE Ca jOHUMa Mar-
He3ujyMa U3 CTpyKType cenvonura. ITopehememM ekcnepyuMeHTalHUX pe3yiTaTa ca TPU MoO-
Iena COpILHMOHUX U30TepMH YTBphEHO je na ce mpouec COpILHje joHa HUKIa Ha MOJUGHUKO-
BaHOM CENHONMUTYy MOXE ONHMCAaTH MOAenoM Langmuir copmnuuoHe uzotepme. Hcmutusame
KWHEeTHKe COpILHje NoKas3aso je fa ce Mpolec Copnuyje y ckjaafy ca KHHETUYKUM MOAEIOM
nceyno-Apyror pena. BpenHocTH TepMOAMHAMHUUKMX Napamerapa (IDOMEHE EHTalMuje,
eHTponuje u cnodofHe eHepruje coprnuudje) ompeheHe Ha OCHOBY 3aBUCHOCTH COpILHje Of
TeMIlepaType, ykasyjy Ha TO fa je mpollec copnuuje joHa HuKkiIa Ha y3opky MCEAC enpo-
TEpMaH.

(ITpumsmeHo 25. Maja, peBunupaHo 1 npuxsaheno 9. okrodpa 2015)
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