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ABSTRACT: Poly(ethylene glycol dimethacrylate-1-vinyl-
1,2,4-triazole) [poly(EGDMA-VTAZ)] beads (average diam-
eter = 150-200 pm) were prepared by copolymerizing
ethylene glycol dimethacrylate (EGDMA) with 1-vinyl-
1,2,4-triazole (VTAZ). Poly(EGDMA-VTAZ) beads were
characterized by swelling studies and scanning electron
microscope (SEM). The adsorption of Cr(VI) from solutions
was carried at different contact times, Cr(VI) concentra-
tions, pH, and temperatures. High adsorption rates were
achieved in about 240 min. The amount of Cr(VI) adsorbed
increased with increasing concentration and decreasing pH
and temperature. The intraparticle diffusion rate constants
at various temperatures were calculated. Adsorption iso-
therms of Cr(VI) onto poly(EGDMA-VTAZ) have been
determined and correlated with common isotherm equa-
tions such as Langmuir and Freundlich isotherm models.

The Langmuir isotherm model appeared to fit the isotherm
data better than the Freundlich isotherm model. The
pseudo first-order kinetic model was used to describe the
kinetic data. The study of temperature effect was quanti-
fied by calculating various thermodynamic parameters
such as Gibbs free energy, enthalpy, and entropy changes.
The dimensionless separation factor (R;) showed that the
adsorption of metal ions onto poly(EGDMA-VTAZ) was
favorable. It was seen that values of distribution coefficient
(Kp) decreasing with Cr(VI) concentration in solution at
equilibrium (C,) indicated that the occupation of activate
surface sites of adsorbent increased with Cr(VI). © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 114: 948-955, 2009
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INTRODUCTION

Chromium is highly toxic pollutant generated from
many industrial processes such as leather tanning
process, electroplating, and manufacturing of dye,
paint, and paper. Chromium is hazardous because it
affects human physiology, accumulates in the food
chain, and causes several diseases.! Chromium
essentially exists in two forms namely chromium(VI)
and chromium(Ill). Cr(Ill) is proved to be biologi-
cally essential to mammals as it maintains an effec-
tive glucose, lipid, and protein metabolism.” In
contrast, Cr(VI) can diffuse as CrOj~ or HCrO;
through cell membranes and oxidize biological mole-
cules.” The Agency for Toxic Substances and Disease
Registry (ATSDR) classifies Cr(VI) as the top 16th
hazardous substance. Because of its mutagenic and
carcinogenic properties, the US EPA has set the max-
imum acceptable amount in contaminated water
supply as 0.05 pg/L.*

Many methods have been used for the removal of
Cr(VI) from aqueous solutions, including chemical
precipitation, chemical oxidation and reduction, ion
exchange, filtration, electrochemical treatment, and
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evaporative recovery. However these high-technol-
ogy processes have significant disadvantages,
including incomplete metal removal, requirements
for expensive equipment and monitoring systems,
high reagent or energy requirements or generation
of toxic sludge or other waste products that require
disposal.5 In the past few decades, adsorption is con-
sidered as a powerful technique that was extensively
used for removal of heavy metal ions from domestic
and industrial effluents.® Activated carbon, clay min-
erals, microbial biomass, metal oxides, and poly-
meric adsorbents have been used as adsorbents for
removal of heavy metal ions from aqueous solutions.
Polymeric adsorbents are generally preferred for the
removal of heavy-metal ions due to their high effi-
ciency, easy handling, and availability of different
adsorbents, reusability, and cost effectiveness. Toxic
metal-ion removal with chelating polymers would
be of great importance in environmental applica-
tions.”” Several criteria are important in the design
of metal-chelating polymers with substantial stability
for the selective removal of metal ions, including
specific and fast complexation of the metal ions.
Polymeric adsorbents incorporated with ethylenedia-
mine, poly(ethyleneimine), amidoxime, acrylamide,
dithiocarbomate, polyaniline, thiazolidine, and reac-
tive amino acids have been used for the removal of
heavy metal ions.'*"!
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The aim of this work was to prepare a chelating
adsorbent from triazole monomer in the bead
form. For this propose, poly(ethylene glycol dime-
thacrylate-1-vinyl-1,2,4-triazole) [poly(EGDMA-VTAZ)]
beads were prepared by copolymerizing of ethylene
glycol dimethacrylate (EGDMA) with 1-vinyl-1,2,4-
triazole (VTAZ). The Cr(VI) adsorption was tested
in a batch system. The influences of contact time,
initial Cr(VI) concentration, pH, and temperature
were reported as well. The adsorption of Cr(VI)
from aqueous solutions on the beads under different
kinetic and equilibrium conditions were described in
detail.

MATERIALS AND METHODS
Materials

Ethylene glycol dimethacrylate (EGDMA) was
obtained from Merck (Darmstadt, Germany), puri-
fied by passing through active alumina and stored at
4°C until use. 1-Vinyl-1,2,4-triazole (VTAZ, Aldrich,
Steinheim, Germany) was distilled under vacuum
(74-76°C, 10 mmHg). 2,2'-Azobisisobutyronitrile
(AIBN) was obtained from Fluka A.G. (Buchs, Swit-
zerland). Poly(vinyl alcohol) (PVAL; M,: 100,000,
98% hydrolyzed) was supplied from Aldrich Chem.
Co. (USA). All other reagents, unless specified, were
of analytical grade and were used without further
purification. Laboratory glassware was kept over-
night in a 5% nitric acid solution. Before use, the
glassware was rinsed with deionized water and
dried in a dust-free environment. All water used in
the chelation experiments was purified using a Barn-
stead (Dubuque, IA) ROpure LP® reverse osmosis
unit with a high-flow cellulose acetate membrane
(Barnstead D2731) followed by a Barnstead D3804
NANOpure® organic/colloid removal and ion
exchange packed-bed system.

Preparation of poly(EGDMA-VTAZ) beads

The poly(EGDMA-VTAZ) beads were selected for
the synthesis of metal-chelate affinity adsorbent for
chromium(VI) adsorption. The poly(EGDMA-VTAZ)
beads were produced by suspension polymerization
technique in an aqueous medium as described in
our previous article.'?

EGDMA and VTAZ were copolymerized in sus-
pension by using AIBN and PVAL as the initiator
and the stabilizer, respectively. Toluene was
included in the polymerization recipe as the diluent
(as a pore former). A typical preparation procedure
was exemplified later. Continuous medium was pre-
pared by dissolving PVAL (200 mg) in the purified
water (50 mL). For the preparation of dispersion
phase, EGDMA (6 mL; 32 mmol) and toluene (4 mL)

TABLE I
Recipe and Polymerization Conditions for Preparation
of the Poly(EGDMA-VTAZ) Beads

Aqueous dispersion phase
Distilled water: 50 mL
PVAL: 200 mg

Organic phase
EGDMA: 6.0 mL
VTAZ: 3 mL
Toluene: 12 mL
AIBN: 100 mg

Polymerization conditions
Reactor volume: 100 mL
Stirring rate: 600 rpm
Temperature and time: first at 70°C for 4 h and then at

80°C for 2 h

were stirred for 15 min at room temperature. Then,
VTAZ (3 mL; 35 mmol) and AIBN (100 mg) were
dissolved in the homogeneous organic phase. The
organic phase was dispersed in the aqueous me-
dium by stirring the mixture magnetically (400 rpm),
in a sealed-cylindrical pyrex polymerization reactor.
The reactor content was heated to polymerization
temperature (i.e., 70°C) within 4 h, and the polymer-
ization was conducted for 2 h with a 600 rpm stir-
ring rate at 80°C. Finally, beads were extensively
washed with ethanol and water to remove any
unreacted monomer or diluent and then stored in
distilled water at 4°C. Table I shows recipe and po-
lymerization conditions for preparation of the poly
(EGDMA-VTAZ) beads.

Adsorption experiments

Batch adsorption experiments were performed using
0.50 mg of poly(EGDMA-VTAZ) with 50 mL of
aqueous metal ion solutions in 100 cm®-erlenmeyer
flasks, of which concentrations, pH, and temperature
have already been known. The sample was shaken
at 300 rpm in a shaking water bath (Clifton, Eng-
land). After desired contact time, suspension was fil-
tered. The filtrate was analyzed for metal ions by
using an UV-vis spectrophotometer (Shimadzu-2100
UV-vis, Japan). The concentrations of Cr(VI) in the
solution is measured by using 1.5-diphenylcarbazide
in an acid medium at 540 nm."? Blank solutions con-
taining no metal ions were used for each series of
experiments. The amount of metal ions adsorbed
onto the resin was calculated from difference
between initial and the final concentration. For each
adsorption process, the average of three replicates
was reported.

RESULTS AND DISCUSSION
Properties of polymer beads

The suspension polymerization procedure provided
crosslinked poly(EGDMA-VTAZ) beads in the spher-
ical form in the size range of 150-200 pm. The
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Figure 1 SEM photograph of poly(EGDMA-VTAZ) beads.

surface morphology and internal structure of poly-
mer beads are investigated by the scanning electron
micrographs that are given in Figure 1. As clearly
seen here, the beads have a spherical form and very
rough surface due to the pores that formed during
the polymerization. The roughness of the surface
should be considered as a factor providing an
increase in the surface area. According to mercury
porosimetry data, the average pore size of the poly
(EGDMA-VTAZ) beads was 740 nm. This indicated
that the beads contained mainly macropores. This
macropore diameter range is possibly available for
diffusion of Cr(VI). Specific surface area of the poly
(EGDMA-VTAZ) beads was found to be 65.8 m?/ g.
The equilibrium swelling ratio of the chelating beads
used in this study is 84%. The water molecules pene-
trate into the entanglement polymer chains more
easily, resulting in an increase of polymer water
uptake in aqueous solutions."* Tt should be also
noted that these beads are strong enough due to
highly crosslinked structure; therefore, they are suit-
able for column applications.

Effect of pH on adsorption

The adsorption of the metal ions onto an adsorbent
varies generally with pH because pH changes the ra-
dius of hydrolyzed cation and the charge of the ad-
sorbent surface. Therefore, in this study, the
adsorption of Cr(VI) onto poly(EGDMA-VTAZ) is
studied as a function of pH. The initial pH values of
Cr(VI) solutions were kept between 2.0 and 5.0. The
relationship between initial pH and the amounts of
Cr(VI) adsorbed on poly(EGDMA-VTAZ) for initial
solution concentrations of 400 mg dm > at 25°C and
a contact time of 240 min is illustrated in Figure 2.
When initial pH values of Cr (VI) solutions are
increased from 2.0 to 5.0, the amounts of Cr(VI)
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adsorbed per unit mass of adsorbent decreased. For
example, the amounts of Cr(VI) adsorbed per unit
adsorbent decrease from 42.95 to 2.55 mg g~ for
Cr(VI) when the pH value increase from 2.0 to 5.0.
As seen in the Figure 2, pH 2 is a value for the max-
imum adsorption of Cr(VI). The metal adsorption
depends on the protonation or unprotonation of
functional groups on surface of the beads. Cr(VI)
exists in anionic forms (i.e., CrZO%’, HCrOy, CrOZ’,
and HCr,O7) in aqueous medium, and fraction of
any particular species is depend on chromium con-
centration and pH." At acidic pH, the triazole
groups of poly(EGDMA-VTAZ) beads are positively
charged, which leads to an electrostatic attraction for
the negatively charged chromium species. The fact
that a rise in the pH cause to the decrease of the
adsorption of metal ions is attributed that protona-
tion of triazole groups on the poly(EGDMA-VTAZ)
has become more positive.

Effect of temperature on adsorption

The Cr(VI) uptake (mg g ') was decreased from
4278 to 32.32 mg g ' with the rise in temperature
from 25 to 65°C (Fig. 3). Equilibrium time was found
to be 240 min. indicating that the equilibrium time
was independent of temperature. The earlier results
also showed that the adsorption was exothermic in
nature. The triazole groups of the poly(EGDMA-
VTAZ) are partially protonated at all temperatures,
but their deprotonation degree increases at higher
temperatures resulting in a slight decrease in the
metal capacities at high temperature. Where only
metal adsorption is involved, the temperature effect
on retention time is relatively small. Empirical stud-
ies show that temperature has a small effect on
adsorption.'*?!

50

45 4
40 4
35 1
30 4
25 A
20 4
15 4

The amount of Cr(VIl) adsorbed per unit of
poly(EGDMA-VTAZ) (mg §)

pH

Figure 2 Effect of pH on adsorption of poly(EGDMA-
VTAZ) beads: 400 mg dm ™2 Cr(VI); 25°C; 240 min.
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Figure 3 Plot of —In C, versus 1/T for Cr(VI) adsorption
onto poly(EGDMA-VTAZ) beads.

It is noted that the isotherm data obtained at dif-
ferent temperatures are also well fitted by the Lang-
muir equation. Temperature dependence, K, can be
used to determine the isosteric enthalpy of adsorp-
tion, AH’. The enthalpy at a fixed surface coverage

(e - QL/ Qm)/

JdInK olnC, AHO 1
< aT )e_ < oT >e_ RT? @
A plot of —In C, against 1/T should be a straight
line. Figure 3 shows typical isotherms and reveals
an approximately linear relationship. The value of
AH® has been calculated to be —6.668 k] mol ! obvi-
ously; the negative value of AH® indicates that the
Cr(VD)-poly(EGDMA-VTAZ) interaction is exother-

mic, and the product is energetically stable.
The entropy change of adsorption process (AS°)
has been calculated from the intercept of the line in

Figure 3. Gibbs free energy of adsorption (AG’) can
be found from

AG = AH? — TAS° )

The values of AG’ and AS" were calculated as
—29.57 kJ] mol™! and 9.238 ] mol ! K! at 25°C,
respectively. A negative AG® value indicates the fea-
sibility of the process and indicates the spontaneous
nature of adsorption. Positive value of AS" suggests
randomness at the solid-solution interface during
adsorption.”

Effect of initial chromium(VI) concentration

Nine different concentrations for Cr(VI), i.e., concen-
trations of 25, 50, 75, 100, 200, 300, 400, 500, and 600 mg
dm™?, are selected to investigate the effect of initial
chromium(VI) concentration onto poly(EGDMA-
VTAZ) beads, and the amounts of Cr(VI) adsorbed

at equilibrium at 25, 35, 50, and 65°C, respectively
and at pH 2 are graphed in Figure 4. As shown in
Figure 4, with increasing initial Cr(VI) concentration
from 25 to 600 mg dm™3, the amount of Cr(VI)
adsorbed by adsorbent increases from 12.45 to 47.93,
from 11.23 to 44.62, from 11.12 to 37.77, from 10.28
to 25.56 mg g ' of polymer at 25, 35, 50, and 65°C,
respectively. The adsorption capacities of the poly
(EGDMA-VTAZ) obtained with Cr(VI) are compara-
ble with values reported in the previous studies.
Panday et al.** used fly ash for removal of Cr(VI),
and adsorption capacity of the adsorbent was 2.91
mg g '. Sag and Kutsal®® have used Rhizopus arrhi-
zus microorganisms for Cr(VI) adsorption, and the
adsorption capacity of Cr(VI) was obtained in the
range of 21-90 mg g ' dry weight of microorgan-
isms. Say et al.?® used the fungus Penicillium purpuro-
genum and the maximum adsorption capacity of the
Cr(VI) was 36.5 mg g '. Aksu and Gonen®” reported
185 mg g ' adsorption for Cr(VI) by immobilized
dried activated sludge. Aggrawal et al®® studied
adsorption of chromium onto granulated active car-
bon and they obtained maximum adsorption
capacity as 70 mg g '. The comparison of the
adsorption capacities of poly(EGDMA-VTAZ) beads
used in this work with those reported in the previ-
ous work shows that the adsorbent is suitable for
this purpose.

Pore diffusion studies

According to previous studies, a plot of g, versus t°°
may present multilinearity.'® The first linear portion
is the external surface adsorption stage. The second
portion is the gradual adsorption stage, in which the
intraparticle diffusion is rate controlled. The third
portion is the final equilibrium stage.” When the
adsorption of the exterior surface reached saturation,

60,00
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0 100 200 300 400 500 600 700
Initial chromium(Vl) concentration, C, (mg dm™)

Figure 4 Effect of initial Cr(VI) concentration onto poly
(EGDMA-VTAZ) beads at various temperatures: pH: 2.0;
240 min.
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Figure 5 Effect of pore diffusion studies of Cr(VI) adsor-
tion onto poly(EGDMA-VTAZ) beads at various tempera-
tures: 400 mg dm > Cr(VI); pH: 2.0.

the Cr(VI) entered the poly(EGDMA-VTAZ) particles
through the pores within the particle and were
adsorbed by the interior surface of the particle. Dur-
ing the adsorption of Cr(VI) onto poly(EGDMA-
VTAZ) beads, only one line for each temperature
was obtained, and this indicates that both external
surface and interior surface adsorption took place
during the adsorption process. The intraparticle dif-
fusion rate constants at various temperatures were
calculated (from Fig. 5) as kygx = 3.576 mg g*1
min’?, ksosx = 3.518 mg g ' min"?, ksp3x = 3.454 mg
g_1 min®®, and kssgx = 3.113 mg g_1 min’®. When
intraparticle diffusion rate constants were compared,
inverse proportionality was observed. With increas-
ing temperature, the kinetic energy of Cr(VI) in solu-
tion was enhanced, probably along with diffusion
into pores, because Cr(VI) adsorption is exothermic
with increasing temperature.

Analysis of adsorption kinetics

To investigate the mechanism of adsorption, the pseu-
dofirst-order model, pseudosecond-order model, and
intraparticle diffusion model were used for testing
dynamic experimental data.*>**? The pseudofirst-
order model of Lagergren is given as follows:

10g g — q: = log g. — K1t/2.303 ®)

The intraparticle diffusion equation can be des-
cribed as follows:

g = kit 4)

where K; is the rate constant of pseudofirst-order
adsorption (1/min), and k; is the intraparticle diffu-
sion rate constant (mg g ' min’®). g, and g, are the
amounts of metal adsorbed on the adsorbent
(mg g7 ') at equilibrium and at time t, respectively.
The change in the adsorption capacity with a rise in

Journal of Applied Polymer Science DOI 10.1002/app

KARA

50,0
45,0 1
40,0 1
35,0
30,0
25,0
20,0
15,0 1
10,0 A
5,0 A

0.0 ; ; . i ; [ .

0 50 100 150 200 250 300 350 400

poly(EGDMA-VTAZ) (mg 3)

The amount of Cr(VI) adsorbed per wmit of

t (1nin)

Figure 6 Adsorption Cr(VI) onto poly(EGDMA-VTAZ)
beads at various temperatures: 400 mg dm > Cr(VI);
pH: 2.0.

temperature is examined (Fig. 6). As can be seen in
Figure 6, the adsorption capacity and temperature
were inversely proportional. At the end of 240 min,
the amounts of Cr(VI) adsorbed onto poly(EGDMA-
VTAZ) beads were 42.78, 40.81, 36.33, 32.32 mg gfl
of polymer at 25, 35, 50, and 65°C, respectively. Fig-
ure 7 shows the linear transforms of log (g, — g;) ver-
sus time at various temperatures for the adsorption
of Cr(VI). Linear transforms and regression coeffi-
cients were determined in Figure 7. Regression coef-
ficients of points obtained from the pseudofirst-
order relation were greater than 0.9710.

The adsorption kinetic constants as pseudofirst-
order kinetic constants are given in Table I

Analysis of adsorption isotherm

To determine the adsorption capacity, the experi-
mental equilibrium data were fitted to Langmuir
and Freundlich equations which are commonly

0,10
0.30 1 e x=0.0096 (R?=0.9781)
050 4 Kos x=0.0092 ®?=0.9710)
kaz3 1¢=0.0069 (R%=0.9722)
-0,70 A
= kazs k=0.0059 (R*=0.9937)
& 0,90 1
E‘)
-1,10 1
-1,30 A
-1,50 - m3iBK
1,70 : . . : . .
0 20 40 60 80 100 120 140

t(1nin)

Figure 7 Linear transforms of log (g, — 4;) versus time at
various temperatures for the adsorption of Cr(VI): 400
mg dm® Cr(VI); pH: 2.0.
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TABLE II 4,5
Adsorption kinetic constants of Cr(VI)
40 1
Pseudo-first-order kinetic constants
T(K) Ky x 10° (min™?) R? 3,5 -
298 22.11 0.9781 3,0
308 21.19 09710 &
323 15.89 0.9722 25 . .
338 13.59 0.9937 PBR (05530
i~ = 308K (R'=0,9847)
’ 433K (R'=0,9842)
151 m 333K (R'=0,9066)
used. The isotherm results indicate that the adsorp-
tion of Cr(VI) ions onto poly(EGDMA-VTAZ) is con- 1.0 : ' : ,
2,0 3.0 4,0 50 6,0 7,0

sistent with the Freundlich and Langmuir isotherms.
Freundlich adsorption isotherm is given as®

. = K,C2/" ()

In logarithmic form,
Ing, = InKy + %In C.(linear form) (6)

where g, is the amount of metal ions adsorbed at
equilibrium time (mg g '), C, is the equilibrium con-
centration of the metal ions in solution (mg dm™).
K¢ and n are isotherm constants which indicate
capacity and intensity of the adsorption, respectively.
The correlation coefficients from the plots of In g,
against In C, for Cr(VI) at 298, 308, 323, and 338 K
are 0.9903, 0.9865, 0.9869, and 0.9796, respectively,
(see Fig. 8), and the plots comply with Freundlich
adsorption model. The values of Kfand n were calcu-
lated from the slope and intercept of the plot In g,
versus In C,. The value of Kfand 7 obtained is shown
in Table III. As shown in Table II, the value of n
range between 3.30 and 1.94. If the value of n is in
the range 1 < 1 < 10, the adsorption is favorable.**
The Langmuir isotherm is expressed as>

In C,

Figure 8 Freundlich plots of Cr(VI) at 298, 308, 323, and
338 K onto poly(EGDMA-VTAZ).

binding sites (L mg ). g,, represents a particle limit-
ing adsorption capacity when the surface is fully
covered with Cr(VI) and assists in the comparison of
adsorption performance. g, and K are calculated
from the slopes and intercepts of the straight lines of
plot of & versus C, (Fig. 9). Parameters of the Lang-
muir and Freundlich isotherms were computed in
Table II, Langmuir isotherm fits quite with the ex-
perimental data correlation coefficient (R* > 0.99),
whereas the low correlation coefficients correlation
coefficient (R* > 0.98) show poor agreement of the
Freundlich isotherm with the experimental data. The
fact that the Langmuir isotherm fits the experimental
data very well may be due to homogenous distribu-
tion of active sites on the poly(EGDMA-VTAZ) sur-
face, since the Langmuir equation assumes that the
surface is homogeneous.

Furthermore, the essential characteristic of the
Langmuir isotherm can be expressed by a dimen-

Ce - + G (7)  sionless separation factor called equilibrium parame-
Ge quK " m ter R;.%°

where ¢,, (mg g ') is the maximum amount of 1

Cr(VI) per unit weight of poly(EGDMA-VTAZ) to Ry = 1+ KC, (8)

form complete monolayer coverage on the surface
bound at high equilibrium Cr(VI) concentration C,,
and K is Langmuir constant related to the affinity of

where, K is the Langmuir constant (dm?® mgfl), and
C, is the initial metal ion concentration (mg dm ).

TABLE III
Isotherm Constants for the Adsorption of Cr(VI) onto Poly(EGDMA-VTAZ)

Langmuir isotherm Freundlich isotherm

Adsoption Dimensionless
temperature (K) Gm (mg g’l) K (dm® mg’l) R? n K¢ R? Parameter R,
298 53.48 0.0138 0.9907 2.71 5.005 0.9930 0.852-0.116
308 48.31 0.0155 0.9946 2.62 4.443 0.9847 0.824-0.104
323 41.84 0.0159 0.9965 2.83 4.444 0.9842 0.819-0.101
338 31.10 0.0191 0.9845 3.09 4121 0.9066 0.781-0.084
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Parameter R; indicates the shape of isotherm as
follows:

Value of R, Type of isotherm
Ry >1 Unfavorable
Rp=1 Linear
0<R.<1 Favorable
R,=0 Irreversible

R; value between 0 and 1 indicates a favorable
adsorption. Here in, the values of R, between 0 and
1 indicate a favorable adsorption. Here, R; obtained
are listened in Table II. The fact that all the R; val-
ues for the adsorption of Cr(VI) onto poly(EGDMA-
VTAZ) are in the ranges 0.0075-0.838 shows that the
adsorption process favorable.

Study of distribution coefficient

The variation of distribution ratio for Cr(VI) is esti-

mated from the following equation®*%;

Kp = qe/ce )

where, Kp is the distribution coefficient of Cr(VI)
(dm® g ). g, and C, are the amounts adsorbed on
adsorbent and Cr(VI) remaining in solution (mg
gfl). The relationship between Kp and C, is given in
Figure 10. As illustrated in this figure, it is seen that
Kp decreases with Cr(VI) concentration in the solu-
tion at equilibrium (C,). This phenomenon indicates
that the occupation of active surface sites of adsorb-
ent increases with Cr(VI). The similar results have

25,0

20,0 +208E  (®=09907)
"308K  (R’=0,9946)
4323K  (R%=0,9965)

2_
150 - ®*=0,9945)

Ce/ge

10,0 1

5,0 1

0,0 T T T T T T
0,0 100,0 200,0 300,0 400,0 500,0 600,0 700,0

C,(mgtlms)
Figure 9 Establishment of the Langmuir monolayer
adsorption constant for the adsorption of Cr(VI) at 298,
308, 323, and 338 K onto poly(EGDMA-VTAZ).
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Figure 10 Distrubition coefficients of Cr(VI) as a function
of equilibrium solution concentration at pH 2 and 298,
308, 323, 338 K.

been reported in another work equation.’’?® The
value of Kp for an effective adsorbent should be
found between 1072 and 10! (dm® gfl). In this
study, the values of Kp for Cr(VI) are between 1072
and 107! (dm? g_l).

CONCLUSIONS

In this study, it was determined that poly(EGDMA-
VTAZ) beads could be utilized as an effective ad-
sorbent for the removal of Cr(VI) from aqueous solu-
tion. The adsorption of Cr(VI) was found
systematically at different contact times, initial
Cr(VI) concentrations, pH, and temperatures. The
amount of Cr(VI) adsorbed increased with increas-
ing concentration and decreasing pH, temperature.
The intraparticle diffusion rate constants at various
temperatures were found. The Langmuir isotherm
model appears to fit the isotherm data better than
the Freundlich isotherm model. Adsorption equilib-
rium correlated reasonably well by Langmuir iso-
therm. The study of temperature was found by
calculating various thermodynamic parameters such
as Gibbs free energy, enthalpy, and entropy changes.
The dimensionless separation factor (R;) showed
that the adsorption of Cr(VI) onto poly(EGDMA-
VTAZ) at different temperatures was favorable. The
values of distribution coefficient (Kp) for Cr(VI) at
different temperatures were between 10”2 and 10"
dm?® g~!, meaning an effective adsorbent.

NOMENCLATURE
C. concentration of Cr(VI) at equilibrium (mg
dm3)
Co initial Cr(VI) concentration in solution (mg
dm™?)
AG° Gibbs free energy of adsorption (J mol )
AH° isosteric enthalpy of adsorption (J mol ')
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AS° entropy change of the adsorption process
(J mol ' K71

e the amount of Cr(VI) adsorbed on the
adsorbent at equilibrium (mg g™ ')

qr the amount of Cr(VI) adsorbed on the
adsorbent at any time (mg g~ )

Gm the maximum amount of Cr(VI) adsorbed
per unit mass adsorbent (mg g™ )

K the Langmuir constant related to the
affinity of binding sites (dm’® mg ™)

n the Freundlich constant

K¢ the Freundlich constant

Ky the rate constant of pseudo first-order
adsorption (min ).

K; the intraparticle diffusion rate constant
(mg/g min®®)

R? linear regression coefficient

t time (min)

T temperature (K)

Ry dimensionless separation factor

Kp distribution coefficient (dm?> gfl)
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