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ABSTRACT

Two porous and one non-porous crosslinked poly(glycidyl methacrylate-co-ethylene glycol dimethacry-
late) [abbreviated PGME] were prepared by suspension copolymerization and functionalized with
diethylene triamine [abbreviated PGME-deta]. Samples were characterized by elemental analysis,
mercury porosimetry, scanning electron microscopy with energy-dispersive X-ray spectroscopy, and
transmission electron microscopy. Kinetics of Cr(VI) sorption by PGME-deta were investigated in batch
static experiments, in the temperature range 25-70°C. Sorption was rapid, with the uptake capacity
higher than 80% after 30 min. Sorption behavior and rate-controlling mechanisms were analyzed using
five kinetic models (pseudo-first order, pseudo-second order, Elovich, intraparticle diffusion and Bang-
ham model). Kinetic studies showed that Cr(VI) adsorption adhered to the pseudo-second-order model,
with definite influence of pore diffusion. Equilibrium data was tested with Langmuir, Freundlich and
Tempkin adsorption isotherm models. Langmuir model was the most suitable indicating homogeneous
distribution of active sites on PGME-deta and monolayer sorption. The maximum adsorption capacity
from the Langmuir model, Qmax, at pH 1.8 and 25°C was 143 mgg~' for PGME2-deta (sample with the
highest amino group concentration) while at 70 °C Qmax reached the high value of 198 mg g~'. Thermody-
namic parameters revealed spontaneous and endothermic nature of Cr(VI) adsorption onto PGME-deta.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The persistence of extremely toxic nondegradable heavy met-
als in the ecosystem presents serious environmental hazard, since
these pollutants accumulate in living tissues throughout the food
chain causing serious health problems [1]. Chromium, which is on
the top-priority list of toxic pollutants defined by the U.S. Envi-
ronmental Protection Agency (EPA), has a wide range of possible
oxidation states [2]. However, chromium exists in the major-
ity of terrestrial surface and aqueous environments primarily in
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two valence states, trivalent [Cr(Ill)] and hexavalent chromium
[Cr(VI)] [3-5]. Cr(Ill) is less toxic than Cr(VI), but water-soluble
Cr(IIT) species do not occur naturally and are unstable in the envi-
ronment. Trivalent chromium is easily oxidized over a range of
oxic conditions in aqueous media and solids [6]. Major sources
of chromium contamination are electroplating, corrosion control,
leather tanning industries, paints and pigments industry, photog-
raphy, fungicide industry and ceramics or glass manufacturing
[7,8]. The hexavalent form, reported to be five hundred times
more toxic than the trivalent one [9], is classified as a known
human carcinogen that modifies the DNA transcription process
causing important chromosomal aberrations [10,11]. Also, it can
cause kidney and gastric damage and epidermal irritation. The
structural similarity of Cr(VI) anions to biologically important inor-
ganic anions, such as SO42~ and PO,43-, is likely accountable for
their ability to readily transverse cell membranes, via the sulfate
transport system [1]. Cr(VI) anions incorporated into cells can oxi-
dize biological molecules [12]. Because of the detrimental effect
on human health, the maximum permissible levels of Cr(VI) in
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Nomenclature

de initial adsorption rate from Elovich model
(mmolg~!min—1)

o constant calculated from slope of linear Bangham’s
plots

be Elovich’s parameter related to extent of surface
coverage and activation energy for chemisorption
(gmmol-1)

Br constant related to the heat of adsorption from
Tempkin isotherm model

C concentration of Cr(VI) in aqueous phase at time t
(mgg™")

(@ initial Cr(VI) concentration (mmolL~1)

Ce Cr(VI) concentration in aqueous phase at equilib-
rium (mmolL-1)

G intercept of intraparticle diffusion plot (mmolg=!)

Cs dosage of adsorbent (gL~1)

@ Cr(VI) concentration (mmolL~1) in aqueous phase

after time 7
AG Gibbs free energy change (k] mol—1)
AH enthalpy change (k] mol~1)

AS entropy change (k] mol~1K-1)

Eq activation energy (kJ mol-1)

Fe fraction adsorbed at equilibrium

m amount of sorbent used for sorption experiment (g)

h initial adsorption rate from pseudo-second-order
model (mmol g~! min—1)

kp constant calculated from intercept of linear Bang-
ham’s plots (g~1)

Kg Freundlich isotherm constant
((mgg~1)/(mgL-1)l/)

kq pseudo-first-order rate constant (min~1)

ko pseudo-second order rate constant
(g~ mmol~! min—1)

Kiq intraparticle diffusion rate constant
(mmol g1 min—02)

Ky Langmuir isotherm constant (Lmg~1)

Kt Tempkin isotherm constant (Lmg~1)

n Freundlich isotherm exponent

Q amount of sorbed metal ions at time 7 (mmolg=!)

Q. amount of sorbed metal ions at equilibrium

(mmolg-!ormgg1)
Qmax monolayer capacity of the adsorbent (mgg=1)

R universal gas constant (8.314] mol~1 K-1).
R2 coefficient of determination

T time (min)

t temperature (°C)

T absolute temperature (K)

%4 solution volume (L)

drinking water and wastewater were set by EPA at 20 and
200 wgL-1, respectively [4]. Since the health effects are deter-
mined largely by the oxidation state, different guideline values for
chromium(IIl) and chromium(VI) should be derived. However, cur-
rent analytical methods and variable speciation of chromium in
water favor a guideline value for total chromium which is set at
0.05mgL-! at this time, according to the World Health Organiza-
tion [8].

Different techniques, like adsorption [1,13], precipitation fol-
lowing reduction [14], reverse osmosis [15], electrolytic recovery
techniques [16], ion exchange [17] and liquid-liquid extraction
[18] are used for chromium removal from industrial effluents.
Among them, adsorption is one of the most popular methods for the

removal of chromium from wastewaters [1]. A number of different
types of adsorbents, like lignocellulosic materials [10], activated
carbon [11], chitin and chitosan [13,19-21], various biomass mate-
rials [22-27], natural and artificial minerals [28,29], starch [30]
and synthetic polymer adsorbents [1,5,17,31-37] were proven to
remove chromium from aqueous solutions.

Polymers have some significant advantages over other adsor-
bent materials; for example, polymers can be readily manufactured
in a wide range of physicochemical properties (size, size distri-
bution, porosity, hydrophobicity, etc.) and they are modifiable by
inserting various ligands into the structure in order to produce spe-
cific sorbents [5]. Macroporous crosslinked glycidyl methacrylate
(GMA) copolymers, produced by radical suspension copolymeriza-
tion, in the shape of regular beads of required size and porosity,
were already successfully used for heavy and precious metals sorp-
tion [38-42], as well as dye adsorbents [43-45].

In our previous research, non-competitive and Cr(VI) compet-
itive experiments with Cu(Il), Co(II), Cd(II) and Ni(Il) ions showed
fast kinetics and high Cr(VI) uptake capacities at acidic pH [46].
This study was aimed to explore the relations between the PGME
functionalization and porosity, and the mechanism of Cr(VI) anions
uptake onto the amino-functionalized PGME surface.

In this paper, two porous samples of macroporous GMA and
ethylene glycol dimethacrylate (EGDMA) copolymer [PGME] with
different porosity parameters were synthesized by suspension
copolymerization, as well as one non-porous sample, and func-
tionalized with diethylene triamine. The amino-functionalized
copolymers were evaluated as chromium(VI) adsorbents, in a
batch static system, under non-competitive conditions. To iden-
tify the nature of adsorption kinetics and evaluate the kinetic
constants, as well as to establish the rate limiting step of hexava-
lent chromium adsorption and postulate the mechanism of Cr(VI)
removal by PGME-deta copolymers, kinetic data at four different
temperatures were analyzed using five kinetic models (pseudo-
first, pseudo-second order, Elovich equation, intraparticle diffusion
and Bangham model). The linearized Langmuir, Freundlich and
Tempkin equations were used to fit the equilibrium isotherms for
these chromium-sorbent systems. The thermodynamic parameters
were also evaluated from the adsorption measurements.

2. Experimental

2.1. Materials and methods

All chemicals were analytical grade products and used as
received. Chromium(VI) solutions were prepared from reagent
grade K,Cr,07 (Sigma-Aldrich), using deionized water (Milli-Q
Millipore, 18 M  cm~! conductivity).

Pore size distributions were determined by a high pressure mer-
cury intrusion porosimeter Carlo Erba Porosimeter 2000, operating
in the interval of 0.1-200 MPa. Sample preparation was performed
at room temperature and pressure of 0.5 kPa. The specific surface
areas (Sger) of non-porous samples PGME3 and PGME3-deta were
determined by the BET method from the low-temperature nitro-
gen adsorption isotherms obtained by Sorptomatic 1990 Thermo
Finnigan at —196 °C. Samples were outgassed at 50°C and 1 mPa
for 6 h.

Concentrations of Cr(VI) were determined by flame atomic
absorption spectroscopy (FAAS) (PerkinElmer 3100). Standard
statistical methods were used to determine the mean values and
standard deviations for each set of data. Each experiment was
repeated three times or more if necessary. Relative standard devia-
tions did not exceed 5.0%. Additionally, possible presence of Cr(III)
was tested colorimetrically. Concentration of Cr(VI) was measured
by 1,5-diphenylcarbazide colorimetric method at 540 nm wave-
length using UV Spectrophotometer (Thermo Electron Nicolet
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Evolution 500) [48]. It was found that the results obtained using
this method were the same as the data obtained by FAAS under the
same conditions (within the calculated relative standard deviation
for FAAS of 5.0%). Therefore, FAAS was proven to be an applicable
method for this study. Surface and interior morphology of PGME
beads was investigated by a scanning electron microscope at
desired magnifications (SEM) (JEOL, ]SM-6460 LV, Tokyo, Japan),
after coating with a thin layer of gold under reduced pressure.
Cr(VI) loaded particles were examined using energy dispersive
spectroscopy (EDS) analyzer (Oxford Instruments X-Max 20 mm?).

Transmission electron microscopy (TEM) analysis was per-
formed on a JEOL-1200EX transmission electron microscope
operating at an accelerating voltage of 100kV. Loaded copoly-
mer particles were embedded in an epoxy resin (Epofix, Electron
Microscopy Sciences) and cured overnight at 40 °C. Samples were
subsequently microtomed to a thickness of about 80 nm using a
Leica Ultracut UCT-ultramicrotome and a Diatome diamond knife
at room temperature. The microtomed sections were floated on
water and subsequently placed on copper grids. Multiple images of
samples were recorded.

2.2. Preparation of PGME-deta samples

Two macroporous copolymer samples were prepared by a
radical suspension copolymerization and purified after the com-
pletion of reaction, as described elsewhere (content of crosslinking
monomer, EGDMA, in two porous copolymer samples, PGME1
and PGME2, was 40 and 20 mass%, respectively) [47]. Non-porous
sample PGME3 was synthesized without inert component; the
monomer phase consisting of 39.0g GMA and 26.0 g EGDMA and
containing 0.65g of 2,2’-azobisiso-butyronitrile (AIBN), was sus-
pended in the aqueous phase containing 200.0 g of deionized water
and 2.00 g of poly(N-vinyl pyrrolidone). The temperature program,
the duration and the stirring conditions were the same as for the
macroporous samples [47]. The resulting crosslinked beads were
sieved and the fraction with average particle diameter (D) in the
range 150-300 wm was used in subsequent reactions.

All synthesized PGME samples were functionalized with diethy-
lene triamine using the procedure described elsewhere [47]. The
modified samples were labeled as PGME1-deta, PGME2-deta and
PGME3-deta (additional label-deta designates functionalization
with diethylene triamine).

2.3. Chromium sorption batch experiments

The sorption kinetics of Cr(VI) ions from acidic aqueous solu-
tions (C;=0.01, 0.02, 0.05 and 0.1 M; pH=1.8) was investigated
in batch experiments under non-competitive conditions, at room
temperature (t=25°C). Additional experiments were performed at
pH 1.8, C;=0.1M, at 40, 55 and 70°C to assess the effect of temper-
ature.

For determination of Cr(VI) sorption rates, 0.50 g of copolymer
was contacted with 50 mL of metal salt solution. In each experi-
ment, 0.5 mL aliquots were removed at appropriate times (1, 5, 15,
30, 60, 90 and 180 min), diluted to 50 mL and analyzed by FAAS.

The amount of metal ions adsorbed onto unit mass of copoly-
mer beads (sorption capacity, mmolg~!) was calculated using the
following equation:

_(G-0)-V
e

Q (1)

Complete adsorption isotherms were obtained in static exper-
iments by placing rations of 0.50 g of copolymer in contact with a
series of Cr(VI) solutions in the concentration range 0.01-0.1 M, at
room temperature and pH=1.8. Equilibrium time was 3 h.

Table 1

Porosity parameters of the initial and functionalized PGME samples [47].
Sample Shg, m? g~ Vs, cm3 gt dyj2, nm
PGME1 59 0.96 74
PGME2 40 0.96 148
PGME1-deta 55 0.91 96
PGME2-deta 29 0.89 184

Preliminary investigations of Cr(VI) uptake dynamics at unad-
justed pH were conducted from the solutions with C;=0.01,0.02 M,
at room temperature, in the manner stated above.

3. Results and discussion

3.1. Characterization of initial PGME and amino-functionalized
samples

Copolymers with different epoxy group content (40 and
20 mass%, in PGME1 and PGMEZ2, respectively) were synthesized
by changing the amount of EGDMA. Non-porous PGME3 was pre-
pared with the same amount of EGDMA as PGME1 (40 mass%), but
without inert component. The samples were further functional-
ized with diethylene triamine. The amino groups concentrations
calculated from the elemental analysis data were 5.01, 6.51 and
0.63mmolg~! in samples PGME1-deta, PGME2-deta and PGME3-
deta, respectively [47].

The porosity parameters (specific pore volume, Vs, specific sur-
face area, Syg, and pore diameter which corresponds to half of
the pore volume, dy),) were calculated from the cumulative pore
volume distribution curves [49] and presented in Table 1 (data
taken from Ref. [47]), except for PGME3 and PGME3-deta. The
non-porous nature of these two samples suggested that the more
appropriate characterization technique was nitrogen physisorption
that enables detection of smaller pores than mercury porosime-
try. The results of nitrogen physisorption confirmed the absence
of any porous structure since Sger<1m2g-! for both PGME3 and
PGME3-deta.

Pore volume is nearly the same for all porous samples but dif-
ferences in pore distribution are significant. The increase of GMA
content in the monomer mixture causes a shift in the pore size dis-
tribution curves of the synthesized samples toward larger pores,
which led to the decrease in the specific surface area.

The surface morphology and bulk structure were investigated by
scanning electron microscopy (Fig. 1). Porous copolymer beads of
PGME1-deta (Figs. 1a-c) and PGME2-deta (Figs. 1d-f) had a coarse
surface, due to the pores formed during the copolymerization pro-
cess, while non-porous PGME3-deta (Figs. 1g-i) had a smooth and
featureless surface. The non-porous beads had an almost ideal
spherical shape (Fig. 1g), while the porous ones (Figs. 1a and d)
showed certain irregularities.

The cross-section of the samples exposed distinctions between
porous and non-porous beads. The porous beads, regardless of
GMA/EGDMA ratio, had pores developed in the gaps between glob-
ular agglomerated structures. Somewhat smaller globes detected
in Fig. 1c in comparison to Fig. 1f resulted in a more developed
surface and therefore higher SHg of PGME1-deta in comparison to
PGME2-deta. No pores were identified in the cross-sections of the
non-porous samples (Figs. 1h and i). Only brittle fracture appear-
ance, which is characteristic of non-porous epoxy polymers was
observed [51].

3.2. Chromium(VI) sorption on amino-functionalized PGME

The binding mechanism of chromium(VI) to ion-exchange
materials depends largely on its solution chemistry. Aqueous
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Fig. 1. SEM micrographs: PGME1-deta beads (a), surface (b), cross-section (c), PGME2-deta beads (d), surface (e), cross-section (f), PGME3-deta beads (g), surface (h), and

cross-section (i).

solution pH affects the speciation of chromium and the sur-
face charge of the adsorbent [52]. At pH 1.0, chromium ions
exist in the form of chromic acid (H,CrO4), while in the pH
range 2.0-6.0 different forms of chromium ions such as dichro-
mate (Cr,0727), hydrochromate (HCrO4~), and polychromates
(Cr3019%~, Crg04327) coexist, of which HCrO4~ predominates. With
further pH increase, this form shifts to CrO42~ and Cr,072~ [53].
Cr,072~ is dimmer of HCrO,~ which is formed when the con-
centration of chromium exceeds ~1gL-1. Thus, the most active
chromium(VI) species under acidic conditions are Cr,072~, HCrO4~
and CrO42%-.

The two foremost means of interaction of an anion exchange
resin and ions involve ion-exchange and chelation of metal ions.
These interactions depend on the resin structure in terms of present
functional groups. The amino groups (—NH> ) of PGME-deta would
be in protonated cationic form (—NH3") to a high extent in acidic
solution. This makes the resin surface positively charged and elec-
trostatic interaction occurs between the sorbent and chromate
anions resulting in superior chromium uptake [21].

In our recent work on pertechnetate sorption with PGME-deta, it
was proposed that non-specific sorption of pertechnetate anion via
electrostatic interaction takes place at the protonated amino groups
of macroporous crosslinked PGME [47]. By analogy, hydrochromate
anion (dominant species at pH 1.8) sorption would likely proceed
by the same mechanism.

It was established in our earlier study that pH 1.8 was optimal for
maximum Cr(VI) removal by PGME-deta [46,50], thus the majority
of experiments in this study were performed at this pH value. The
protonated form of the amino groups of the copolymer is preva-
lent at pH 1.8, and the principal if not the only present form of
chromium in the solution are chromate and dichromate anions;

this deduction is further supported by literature data [1,21]. The
amino groups (—NH;) of the copolymer in acidic solution would be
in the protonated cationic form (—NH3*) to a high degree resulting
in stronger attraction for negatively charged ions in the solution.
Electrostatic interaction occurs between the adsorbent and anions
resulting in high chromium removal. Presumed mechanism is pre-
sented in Scheme 1 where HCrO4~ was chosen as representative
anion.

The presence of primary and secondary amino groups in the
functionalized copolymer structure categorize it as a weak base
anion exchange resin. The pK;, values of such amino groups are in
the range of 8-10 [54]. Thus, a number of amino groups remain in
their protonated form even at circumneutral pH values. In regard to
this, several experiments were performed to estimate the kinetics
and the sorption capacity at unadjusted solution pH (3.8), and the
results will be discussed separately.

The maximum experimental uptake values for PGME1-deta,
PGME2-deta and PGME3-deta were found to be 2.48, 2.68 and
0.44mmolg-! at 25°C, respectively, significantly lower than the
concentration of amino groups on the resins [50]. This may be

OH OH
P P
G + - . G o 7
NH; + HCr0, — NH;—HCrO
M 3 4 M 3 4
E E

Scheme 1. Presumed mechanism of interaction between adsorbent (PGME-deta)
and adsorbate.
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Fig. 2. Effect of temperature on Cr(VI) adsorption rate on PGME1-deta (C;=0.1 M).

ascribed to the relatively large size of chromium(VI) anionic
species, steric hindrances in interactions with amino group sites
caused by the rigid macroporous structure of copolymers, and mass
transfer resistance. At 55 and 70°C, the maximum experimental
sorption capacity for PGME1-deta significantly increases to 3.21
and 3.81 mmol g1, respectively, due to an increase in diffusion and
ligand chain mobility. However, these temperature conditions lean
toward the extreme, and particularly difficult for application.

The effect of temperature on Cr(VI) ions removal by PGME1-deta
was investigated in the temperature range 25-70°C, as a function
of contact time. The results are given in Fig. 2. The temperature rise
promotes Cr(VI) removal and brings about an increase in the initial
rate of adsorption. The maximum experimental sorption capacity
of PGME1-deta was 198 mgg~1.

3.3. Kinetic models

Determination of the rate at which Cr(VI) removal takes place in
the used solid/solution system is one of the crucial factors for the
effective design of the sorption system [55]. In order to examine the
controlling mechanism of sorption processes, such as mass transfer
and chemisorption, five kinetic models were used to test the exper-
imental data, i.e. the pseudo-first, the pseudo-second order, Elovich
equation, intraparticle diffusion and Bangham model. Kinetic data
for Cr(VI) sorption on PGME-deta was collected for various Cr(VI)
initial concentrations (pH=1.8, 3.8; t=25°C), and at different tem-
peratures (for PGME1-deta at pH=1.8, C;=0.1 M).

The experimental kinetic data were treated with the models
given in Table 2. Kinetic parameters calculated for five kinetic mod-
els are collected in Tables 3 and 4. As an illustration, plots for the
pseudo-first, the pseudo-second order and Elovich model for Cr(VI)
sorption by PGME2-deta were shown in Fig. 3. and for intraparticle
and Bangham diffusion in Fig. 4.

The pseudo-first order kinetic model is not applicable since R?
values were rather low. The theoretical QS values calculated from

Table 2

Kinetic models.
Kinetic model Equation References
Pseudo-first-order log(Q. — Q;) = log Q. — (2’_‘;83) [56]
Pseudo-second-order & = kzﬁ +aT [55]

h=k,Q2

Elovich equation Q="fbe 4 Ling [57]
Intraparticle diffusion  Q = Cig + kig - T%° [58,59]

Bangham diffusion

log log I:C.‘fésQ] =log [z.?oggv] +alog T [60]
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Fig. 3. Pseudo-first (a) pseudo-second order kinetics (b) and Elovich plots (c) of
Cr(VI) uptake by PGME2-deta (pH=1.8, t=25°C).

pseudo-second order model are very close to the experimental Q.
values, with R >0.998. Eventhough R? values for Elovich model
were poorer than for the pseudo-second order, they were still
rather high. The correlation for PGME3-deta was especially poor
(R2=0.62-0.87), attributable to the fact that sorption is restricted
to the easily accessible surface of the beads. The sorption pro-
cess is complete after a short time period, which in turn renders
the Elovich equation inadequate for modeling the sorption on
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Table 3
Kinetic parameters for Cr(VI) using PGME-deta as adsorbent (pH=1.8, t=25°C) [50].
PGME1-deta PGME2-deta PGME3-deta
G, M
Q., mmol g-! 0.01 0.02 0.05 0.1 0.01 0.02 0.05 0.1 0.01 0.02 0.05 0.1
093 1.63 2.37 248 0.93 1.65 2.58 2.68 0.11 0.25 0.41 0.44
Pseudo-first order
k7, min~! 0.034 0.039 0.050 0.041 0.035 0.030 0.051 0.045 0.104 0.122 0.246 0.449
Q., mmol g1 038 1.13 1.68 1.66 0.57 1.05 1.81 1.79 0.10 0.23 0.37 0.44
R? 0.921 0.962 0.983 0.902 0.871 0.915 0.962 0.862 0.989 0.988 0.950 0.990
Pseudo-second order
k2, g mmol ~! min~! 0.194 0.102 0.088 0.081 0.249 0.112 0.113 0.113 242 1.42 2.85 3.69
h, mmol g~! min~! 0.18 029 0.52 0.53 0.22 0.32 0.78 0.84 0.03 0.09 0.43 0.73
Qe?, mmol g~! 096 1.68 243 2.55 0.95 1.68 2.63 2.73 0.11 0.26 0.41 0.44
R? 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999
Elovich
a,, mmol g~! min~! 122 131 2.47 3.58 1.37 1.63 2.46 2.90 0.0715 0.284 291 1.88
be, g mmol~! 7.57 3.92 2.78 2.85 7.32 418 2.78 2.88 54.8 25.1 20.2 12.8
R? 0.965 0.969 0.949 0.963 0.962 0.988 0.943 0.964 0.866 0.860 0.749 0.616
Intraparticle
kig, mmol g~! min—%3 0.051 0.080 0.100 0.115 0.034 0.069 0.101 0.104 a
Cig, mmol g! 048 091 1.45 141 0.59 0.93 1.17 1.73
R? 0.966 0.965 0.939 0.932 0.933 0.963 0.967 0.912
Bangham
kp-103, g1 1.76  1.28 0.0817 0.467 1.67 1.43 1.00 0.582 a
o 0.409 0.402 0.303 0.243 0.429 0.374 0.290 0.220
R? 0.981 0.969 0.929 0.949 0.979 0.974 0.893 0.912

cle_calculated from pseudo-first, i.e. pseudo-second order model linear fit equation.
2 Not applicable.

PGME3-deta for longer sorption times [61]. Overall, the initial sorp-
tionrates h and a., increase with the ascending initial concentration
as expected.

The superior fit of the pseudo-second-order model with
experimental data implies that the adsorption process is surface-
reaction controlled, with chemisorptions involving valence forces
through sharing or exchange of electrons between PGME-deta and
chromium(VI) species [62]. The fact that RZ values for Elovich model
were rather high corroborates the assumption that chemisorption
is the main adsorption controlling mechanism.

The previously observed initial rapid chromium sorption within
the first 30 min, with the uptake capacity higher than 80% [46,50]
suggests that more than one mechanism may also be involved in
the process. Since the pseudo-first, the pseudo-second order and
Elovich kinetic models cannot identify the influence of diffusion
on sorption; Weber and Morris’ equation and Bangham’s model
were used.

The dependence of the amount adsorbed on the square-root of
time has a concave character for the two copolymers (Fig. 4a). A
model investigation by Rudzinski et al. has shown that such curve
shape may be due to a combined effect of the rate of surface reac-
tion and that of the solute transport from the bulk to the surface
[61]. The plots Q; vs. t'/2 did not pass through the origin suggest-
ing that even though the adsorption process involved intraparticle
diffusion, it was not the only rate-controlling step [63]. The pos-
itive value of Gy is indicative of some degree of boundary layer
control [64]. The kinetic data for sorption of Cr(VI) on non-porous
PGME3-deta was not treated with diffusion models, since these are
inapplicable.

The plots have first sharper portion (Fig. 4a), which can be con-
sidered as an external surface adsorption or faster adsorption stage,
followed by gradual adsorption where intraparticle diffusion is rate
controlled. In the final equilibrium stage the intraparticle diffusion
starts to slow down due to the lower adsorbate concentration in
solution.

Kinetic data for porous sorbents were further used to confirm
pore diffusion as one of the rate-controlling steps using Bangham’s

equation. If this equation is an adequate representation of exper-
imental data, than the adsorption kinetics is limited by pore
diffusion [60]. The Bangham’s model did not strictly match exper-
imental data verifying again that the diffusion into the pores of
the sorbent was of consequence, but not the sole rate-determining
process.

3.4. Adsorption isotherms

Adsorption equilibrium, usually described by an isotherm equa-
tion whose parameters express the surface properties and affinity
of the sorbent (at a fixed temperature and pH), together with the
sorption kinetics, provide fundamental physicochemical data for

Table 4
Kinetic parameters for Cr(VI) using PGME1-deta as adsorbent (pH=1.8,C;=0.1 M).
t,°C 25 40 55 70
Q., mmolg~! 2.48 2.70 3.21 3.81
Pseudo-first order
ki, min~! 0.041 0.033 0.031 0.030
Q5 mmol g~! 1.66 1.73 2.12 2.01
R? 0.902 0.885 0.900 0.921
Pseudo-second order
ko, gmmol~! min~! 0.081 0.061 0.047 0.040
h, mmol g~! min! 0.53 0.47 0.51 0.61
Q.<, mmol g~! 2.55 2.78 3.31 3.91
R? 0.999 0.999 0.999 0.998
Elovich
ae, mmolg~! min~! 3.58 1.82 2.03 3.61
be, gmmol-! 2.85 227 1.91 1.78
R? 0.963 0.964 0.960 0.988
Intraparticle
kig, mmol g~! min—05 0.115 0.109 0.120 0.157
Ciq, mmol g1 1.41 1.61 1.95 2.04
R? 0.932 0.898 0.944 0.980
Bangham
ky-103, g1 0.467 0.350 0.413 0.606
o 0.243 0.336 0.341 0.295
R? 0.949 0.891 0.944 0.940
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Fig. 4. Intraparticle (a) and Bangham (b) diffusion plots for Cr(VI) adsorption on
PGME2-deta (pH=1.8, t=25°C).

evaluating the applicability of an adsorption process as a unit oper-
ation [65]. The equilibrium adsorption data presented in Fig. 5 were
fitted with Langmuir, Freundlich and Tempkin equations (Table 5).
Isotherm parameters and regression data for Cr(VI) sorption on
PGME-deta samples at 25 °C were presented in Table 6.
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Fig. 5. Adsorption isotherms for Cr(VI) sorption on PGME-deta samples (t=25°C).

Table 5

Isotherm models.
Isotherm models Linearized equation Reference
Langmuir % = m + o [66]
Freundlich InQ. =InkKr+1IncC [67]

Tempkin Q= g In Ky + g In Ce [23,68]

The experimental data obtained for the porous sorbents con-
formed best by far to the Langmuir model based on R? values
(Table 6), indicating homogeneous distribution of active sites
on PGME-deta and monolayer sorption. For non-porous PGME3-
deta Langmuir model was only marginally better than Tempkin.
Freundlich isotherm does not represent the equilibrium data satis-
factorily for all samples.

3.5. Comparison with other adsorbents

The literature data on hexavalent chromium removal include
various adsorbents, like activated carbons, low cost adsorbents (lig-
nite, peat, chars, coals), clay minerals, industrial waste/by-products
(fly ash, waste sludges, mud, lignin), biosorbents (algae, fungi,
bacteria, plants, peat, chitin, chitosan), commercial ion-exchange
resins, polymers (natural or synthetic), etc. [69]. To justify the prac-
ticability of the presented materials as effective Cr(VI) removing
agents, the adsorption capacities of PGME-deta need to be com-
pared to those of other adsorbents. Table 7 gives an overview of
some adsorbents focusing on the results published in the past two
years.

Discrepancies in the experimental conditions render direct
comparison of the literature data nearly impossible. Just for the
sake of comparison, we will mention some of those results.

The maximum adsorption capacity, Qmax, has been widely used
to compare the efficiency of an absorbent. The Qmax of adsor-
bents listed in Table 7, lie in a wide range between 0.05mgg!
reported for volcanic rocks [70] up to approximately 350 mg g~ for
PEI-modified aerobic granular sludge [76] and wheat straw func-
tionalized with DETA [27].

The maximum monolayer capacities obtained for PGME-deta
samples, calculated from the Langmuir isotherm were found to
be 132mgg-!, 143mgg! and 25.6mgg-! for PGME1-deta at
25°C, PGME2-deta and PGME3-deta, respectively (Table 6). Porous
PGME-deta exhibits sorption capacities even superior to the major-
ity of the recently reported sorbent types, while it is among the
cheapest and most easily obtained.

The Langmuir isotherm and the pseudo-second order kinetic
model were shown to be the most suitable for fitting experimental
data in the papers cited in Table 7 as was the case with our results.

Table 6
Isotherm parameters and regression data for Cr(VI) sorption on PGME-deta samples
at25°C.

Models Parameters Samples
PGME1-deta PGME2-deta PGME3-deta
Langmuir  Qmax, Mgg~! 132 143 25.6
K, Lg™! 11.41 10.95 0.580
R 0.0166 0.0173 0.932
R? 0.999 0.999 0913
Freundlich n 4.73 4.34 1.67
1/n 0.211 0.231 0.599
Kr, (mgg 1)/(mgL-")!" 24.83 23.46 0.171
R? 0.908 0.923 0.812
Tempkin Br 17.8 20.3 7.63
Kr, Lmg~! 0.510 0.367 0.00512
R? 0.971 0.968 0.903
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Table 7

Overview of Cr(VI) uptake with various adsorbents.
Sorbent pH t,°C Cjrange,mgL~! C;, mgL~! Isotherm model Kinetic model Qmax?, mgg-!  References
Volcanic rocks-pumice 2.0 25  0.5-10.0 10.0 L Pseudo-second 0.046 [70]
Hematite 8.0 25 0.1-16 - L - 2.299 [28]
Goethite 1.955
a-Alumina 2.158
Titanium oxide-Ag composite 20 25 30-80 40 L Pseudo-second 25.7 [71]
(3-Mercaptopropyl) trimethoxysilane 3.0 25 5-100 100 D-R - 7.732 [72]
functionalized acid-activated sepiolite
HDTMA-modified Pohang clinoptilolite 3.0 20  32-225 - L Pseudo-second 3.55 [73]
HDTMA-modified Haruna chabazite 8.83
Sawdust 1.0 30 50-500 500 L Pseudo-second 41.52 [23]
Newspapers 1.0 30 - 100 F,R-P Pseudo-second 55.06 [74]
Alligator weed 1.0 50 160-360 320 L Pseudo-second 88.11 [24]
Daucus carota L. waste biomass 5.0 30 25-800 110 L Pseudo-second 88.27° [25]
Rice bran 2.0 30 5-300 - L Pseudo-second 12.341 [26]
Neem leaves 15.954
Coconut shell 18.695
Surface modified tannery residual biomass 2.0 50 100-350 350 L Pseudo-second 217.39 [75]
PEI-modified aerobic granular sludge 52 20 10-500 - R-P - 348.125 [76]
Wheat straw functionalized with DETA 5.0 30 150-350 350 F Pseudo-second 322.58 [27]
Starch functionalized with EDA 4.0 25 14-48 - F Pseudo-second 15.17 [30]
Chitosan coated with poly 3-methyl 2.0 25 50-200 200 L Pseudo-second 127.62 [19]
thiophene
Quaternary amine modified magnetic 8.0 45 - 260 L Pseudo-second 179¢ [20]
crosslinked chitosan resin
Cross-linked magnetic chitosan resin 20 20 20-200 200 LT Pseudo-second 51.813 [21]
functionalized with EDA
Bio-char (oakbark) 2.0 45 1-100 - S Pseudo-second 7.51 [77]
H3POg4-activated lignin 2.0 20 5-50 100 K-C Pseudo-second 77.85 [78]
Fe-modified activated carbon 6.0 20 3.5-20 20 T,F Pseudo-second 11.83 [79]
poly(4-VP-co-DVB) functionalized with 3.0-5.0 45 5-1000 1000 L F Reversible first-order 94.34 [31]
2-chloroacetamide
Quaternized crosslinked poly(4-VP) Initial pH 30 5-1000 - F Reversible first-order  142.85 [32]
Cr(VI)-imprinted poly(4-VP-co-2-HEMA) 4.0 25 20-400 200 L Pseudo-second 178P calc [33]
P(EGMA-co-VI) 3.0 25 100-3000 3000 - - 109> [5]
Aminolyzed VAc/AN/DVB terpolymer, 1.5 20 500-2000 2000 L Pseudo-second 188.6 [17]
quaternized with 2-chloroacetone
Fe;04 coated PPy 2.0 55 200-600 600 L Pseudo-second 238.09 [34]
PANI/PEG composite 5.0 25 10-100 100 L F - 109.9 [35]
PGMA grafted MRS, functionalized with 5 25 21-130 130 L - 156 [36]
EDA
Amino-functionalized 1.8 25 - 2600 - Pseudo-second 110° [46]
poly(GMA-co-EGDMA)
Magnetic MMA/GMA/DVB terpolymer 2.5 35 10-150 150 L Pseudo-second 61.35 [37]
functionalized with EDA
PGME1-deta 1.8 25 520-5200 5200 L Pseudo-second 132 This study
PGME2-deta 143

Where: L - Langmuir model, F - Freundlich, D-R -Dubinin-Radushkevich model, R-P - Redlich-Peterson model, S - Sips model, K-C - Koble-Corrigan model. HDTMA -
hexadecyltrimethylammonium bromide; PEI - poly(ethylene imine); DETA - diethylene triamine; EDA - ethylene diamine; poly(4-VP-co-DVB) - poly(4-vinylpyridine-co-
divinylbenzene); 2-HEMA - 2-hydroxyethyl methacrylate; P(EGMA-co-VI) - poly(ethylene glycol methacrylate-co-vinyl imidazole); VAc/AN/DVB - poly(vinyl acetate-co-
acrylonitrile-co-divinyl benzene) terpolymer; PPy - poly(pyrrole); PANI - poly(aniline); PEG - poly(ethylene glycol); PGMA - poly(glycidyl methacrylate); MRC - Merrifield

chloromethylated resin; MMA - methyl methacrylate.
2 Monolayer capacity, calculated from Langmuir isotherm.
b Maximal capacity, calculated from experimental data.
¢ Calculated from mmolg-'.

3.6. Effect of temperature and thermodynamic studies

Thermodynamic considerations of an adsorption process are
necessary to establish whether the process is spontaneous and fea-
sible or not. The employed equations are listed in Table 8.

The experimental data obtained for Cr(VI) adsorption on the
representative PGME1-deta at various temperatures were used for
calculating the thermodynamic parameters given in Table 9.

The activation energy for the adsorption system of Cr(VI) onto
PGME1-deta was found as 15.8 k] mol~!. As known when the rate

Table 8

Thermodynamics equations.
Apparent equilibrium constant equation log K. = 1%6 [80]
Van't Hoff equation log Ke = 557 — b [80]
Arrhenius equation (linearized) Ink; =InA- ,‘g—‘; [81]

is controlled by intraparticle diffusion mechanism, the activation
energy is low and within the range of values of 8-22 kJ mol-! for
ion-exchange, diffusion-controlled processes [82].

The negative value of AG indicates that the adsorption of Cr(VI)
onto PGME1-deta is feasible and spontaneous, without induction
period [83], and that the processes are favorable for the formation
of electrostaticinteraction and/or chromium-adsorbent complexes
[1]. The value of AG became slightly more negative with rise of

Table 9
Thermodynamic parameters for Cr(VI) sorption onto PGME1-deta.
t,°C AG, kJmol~! Eg, kK mol-! TAS, k] mol~! —AH, kJmol-!
25 -1.46 15.8 19.8 183
40 —-2.39 20.7
55 -3.19 21.6
70 -4.26 225
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Table 10
Kinetic parameters for Cr(VI) using PGME-deta as adsorbent (pH=1.8, t=25°C).
G, M 0.01 0.02
Qe exp, mmol g~! 0.53 1.02
Pseudo-first order
k7, min~! 0.042 0.041
Qe, mmolg! 0.35 0.67
R? 0.963 0.963
Pseudo-second order
k>, gmmol~! min~! 0.383 0.195
h, mmol g~ min~! 0.11 0.21
Q., mmolg! 0.55 1.05
R? 0.999 0.999
Elovich
ae, mmol g~' min~! 0.709 1.46
be, gmmol ! 13.0 6.92
R? 0.940 0.949
Intraparticle
kig, mmol g~! min~—03 0.023 0.042
Ciq, mmol g1 0.32 0.62
R? 0.913 0.953
Bangham
ky-103, g1 1.03 0.990
o 0.284 0.276
R? 0.933 0.969

temperature, indicating improved adsorption at higher tempera-
tures. The positive AH value indicates that Cr(VI) adsorption onto
PGME1-deta is an endothermic process, and since the sorption
capacity increases with temperature, one can say that chemisorp-
tion process is significant and rate controlling. The positive AS
value indicates an increase in randomness at the solid/solution
interface during the adsorption of Cr(VI) adsorption onto PGME1-
deta [1]. Water molecules are released from the hydrated Cr(VI)
anions or from the surface, gaining more translational entropy than
is lost by the adsorbate ions, thus allowing the prevalence of ran-
domness in the system [84]. The entropy contribution at studied
temperatures is sufficient to prevail over the opposite enthalpy
contribution to AG, causing its value to be negative, thus making
the sorption process spontaneous.

3.7. Sorption at unadjusted pH

pH regulation in sizeable volumes of wastewater during one or
more stages of refining may not always be practicable or desir-
able. In order to examine sorption dynamics under such conditions,
kinetic data for Cr(VI) sorption on one PGME-deta sample (PGME1-
deta) at unadjusted pH were also tested with kinetic models.
Relevant kinetic parameters, as well as regression coefficients R2
were listed in Table 10.

The removal efficiency was 72% for C;=0.01M and 61% for
C;=0.02 M suggesting that porous PGME-deta may be employed
in the pretreatement stages of purification to drastically reduce
Cr(VI) concentration. The Q. values for 0.01 M and 0.02M Cr(VI)
solutions were 0.53 mmol g~! and 1.02 mmol g~!, considerably less
than at pH 1.8 when the sorbent performance is maximal. The
pseudo-second-order and Elovich initial sorption rates show that
the process is much slower at pH 3.8. The slopes of intraparticle
diffusion plots are less steep, revealing that diffusion into the pores
has slowed down compared to the experiments performed at pH
1.8. The Bangham parameters support this claim and the explana-
tion lies in decreased percentage of protonated amino groups and
increase in neutral chromium(VI) species.

For further understanding of Cr(VI) removal microscopic analy-
sis was performed on PGME1-deta after unfavorable sorption. Fig. 6
shows TEM and SEM micrographs of PGME1-deta after the Cr(VI)
sorption experiment on unadjusted pH =3.8. The EDS analysis was

Fig. 6. Microphotographs of PGME1-deta after sorption; C;=0.02M, pH=3.8,
t=25°C: TEM (a), SEM of surface (b), and SEM of cross-section (c).
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Fig. 7. EDS spectra of PGME1-deta after Cr(VI) sorption: surface of bead (a) and
cross-section (b).

performed on both surface of PGME1-deta bed (Fig. 6b) and on its
cross-section (Fig. 6¢) and given in Fig. 7.

TEM image demonstrates that chromium is evenly dispersed
throughout the copolymer. The particular appearance is due to
patchy ligand distribution. The SEM microphotograps confirmed
the preserved porous structure after the sorption process.

On EDS spectra C, O, N and Cr were identified. EDS analysis
proved that a significant amount of chromium binds to the sites
on the interior surface (Fig. 7a) of the beads (3.1 mass%) as well as
on the exterior (Fig. 7b) (5.7 mass%) even at low concentrations and
unfavorable pH.

4. Conclusion

Two porous and one non-porous poly(GMA-co-EGDMA) sample
were synthesized by suspension copolymerization and function-
alized with diethylene triamine. The possibility of Cr(VI) removal
from aqueous solutions was tested under non-competitive condi-
tions. Kinetics of Cr(VI) sorption was tested in the temperature
range 25-70°C and analyzed using pseudo-first order, pseudo-
second order, Elovich, intraparticle diffusion and Bangham model.
Kinetic studies showed that the adsorption adhered to the pseudo-
second-order model since theoretical and experimental sorption
capacities were in excellent agreement and RZ >0.998. Elovich
model confirmed that chemisorption is the main adsorption con-
trolling mechanism. The intraparticle diffusion model revealed that
pore diffusion was not the only rate-controlling step and indicated
some degree of boundary layer control in the process of Cr(VI) sorp-
tion by the porous copolymer. Bangham’s model confirmed that
these sorption processes were diffusion controlled.

The equilibrium isotherm study showed the best suitability of
Langmuir model for the investigated system, indicating homoge-
neous distribution of active sites by the PGME-deta and monolayer
sorption. The maximum monolayer sorption capacities at pH 1.8
and 25°C were 132mgg-! and 143 mgg~! for porous PGME-deta
and 25.6mgg-! for non-porous. These findings are comparable
with or better than the literature data. Generally, the sorbents more
efficient than porous PGME-deta were those that are inappropriate
for column packing applications and regeneration which will be the
subject of further experiments.

Thermodynamic parameters revealed that the Cr(VI) adsorp-
tion onto PGME-deta was endothermic and spontaneous, with

increased randomness in the system. The temperature rise pro-
motes Cr(VI) removal and brings about an increase in the initial
rate of adsorption. The maximum experimental sorption capacity
was 198 mgg-! at 70°C.

Our findings promote macroporous amino-functionalized
PGME as potentially very efficient and cost-effective hexavalent
chromium adsorbent.
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