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ABSTRACT

In this study, chitosan/polyacrylamide/poly(vinyl alcohol)/Fe/glutaraldehyde (CPPFG) copolymers,
termed as CPPFG I, II, III and 1V, respectively, were prepared with corresponding amounts of glu-
taraldehyde (GA). These copolymers were then employed to do batch experiments as a function of
pH, Cr(VI) initial concentration, contact time, temperature and coexisting anions to study Cr(VI)
adsorption process. Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) were used to explore the characteristics of the
adsorbents before and after loaded Cr(VI) and adsorption mechanism. The results showed that the
copolymers had a fast adsorption rate and high adsorption efficiency above 99.50% which was hardly
affected by initial pH values varying from 3.0 to 8.0 and the anions. The adsorption fitted Langmuir
and Temkin isotherm models well. The removal of Cr(VI) followed pseudo-second-order and intra-
particle diffusion kinetic models, and its rate was mainly controlled by chemical adsorption and intra-
particle mass transport. The calculated thermodynamic parameters (AG’, AH" and AS") demonstrated
that the adsorption was a spontaneous and endothermic process. The adsorption capacity and rate
were strongly depended on the quantity of the available functional binding sites (i.e., -OH, -C=N
and -NH), and surface morphologies with different GA cross-link densities under the studied condi-
tions. The possible mechanism was proposed based on the data of FTIR, XPS, SEM and zeta potential.
Adsorption properties comparison showed the copolymer was an alternative as adsorbent to remove
Cr(VI) from natural water.
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1. Introduction

Chromium (Cr) is not only a common contaminant in
industrial wastewater, deriving from electroplating, leather
tanning and textile activities [1,2], but also presents in
natural water including surface water and groundwater [3].
Cr is mainly in two stable oxidation states, the trivalent and
hexavalent chromium (Cr(Ill) and Cr(VI)) [4,5]. Cr(Ill) is a
micronutrient with relatively low toxicity, whereas Cr(VI)
is a known carcinogen and irritant through inhalation and
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a potential health hazard through ingestion [6]. The United
States Environmental Protection Agency sets the maximum
contaminant level for total chromium in drinking water
100 pg L7, and the World Health Organization even sets a
much strict threshold 50 pg L™ [7,8]. Hence, considerable
interest has been focused on searching methods to remove
Cr(VI) from water, such as chemical precipitation [9],
adsorption [10], electrocoagulation [11], ion-exchange and
membrane separation [12,13]. Among them, adsorption has
been regarded as one of the great potential methods [14].
Chitosan (CS) is a linear cationic semi-synthetic poly-
saccharide, which could be easily separated from seafood
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processing wastes and obtained from the available chi-
tin [15-17]. Because of a large number of amino (pK, = 6.5)
and hydroxyl groups acting as protonated electrostatic and
reduction characters, CS has been widely used as a good
adsorbent for heavy metals including chromium [18-22]. In
consideration of nontoxicity, hydrophilicity, biocompatibility,
antibacterial activity and biodegradability, CS was found to
be superior to other adsorbents [23,24]. Indeed, numerous
studies confirmed CS had adsorption efficiency in Cr(VI)
removal, nevertheless, the adsorption capacity was not big as
expected [17,20], and could be affected strictly by pH values
limited in the range 2.0-4.0. These disadvantages were sug-
gested due to CS characteristics including insufficient func-
tional groups and its pH-dependant charge density [25,26].
Finding ways to overcome these disadvantages is currently
one of the major tasks for Cr(VI) adsorption.

Although polymer blends have been tried to modify
CS for Cr(VI) adsorption, due to their limited effects on the
chemical and physical properties of CS, these disadvantages
of CS for Cr(VI) adsorption were little moderated [27,28].
Glutaraldehyde (GA) as a cross-linker was served to mod-
ify surface natures of CS containing polymer blends via the
carbodiimide activation, which could enhance the exposure
of its functional groups and the insensitivity to solution pH,
and then accelerate the adsorption rate for Cr(VI) adsorption
[29,30].

Poly(vinyl alcohol) (PVA) riches in hydroxyl functional
groups, which has great potential to adsorb and reduce
Cr(VI) [31,32]. The cross-link between its hydroxyl groups
and aldehyde groups of GA formed the ether and acetal link-
ages, and leaded the three dimensional network structure
which was favorable to pore diffusion of Cr(VI) [33].

Polyacrylamide (PAM) is abundant in amide groups,
having a tendency to be protonated and then interact with
Cr(VI) anions. The amide group cross-linked with aldehyde
group of GA could form the -C=N bond which is easy to be
protonated even in neutral medium [34]. This can diminish
the effect of the solution pH on its Cr(VI) adsorption capacity.
Meanwhile, PAM is a polyelectrolyte with negative charges
and supposed to react with the substance (i.e., CS and PVA)
with positive charges, and a stable polymeric matrix is then
generated. A number of studies have prepared polyacryl-
amide-chitosan (PAM-CS) complex gel beads and checked its
great potential as an adsorbent for the metal ions (including
Cu?, Pb*" and Hg?") removal [35]. Unfortunately, few studies
have conducted on this copolymer as an adsorbent to remove
Cr(VI).

The ferric ion (Fe(Ill)) was introduced to polymer
matrix by coordination and resulted in destroying the
intramolecular and intermolecular hydrogen bonds. This
benefitted exposing functional groups and increasing
ion-exchange, and then enhanced adsorption properties
for Cr(VI) [36-38].

Given all the points, in present study, the copolymers chi-
tosan/polyacrylamide/poly(vinyl alcohol)/Fe/glutaraldehyde
(CPPEG) with corresponding amounts of GA were prepared,
and employed to do batch experiments to study Cr(VI)
adsorption process, and were characterized via scanning
electron microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)
to explore their Cr(VI) adsorption mechanism.

2. Materials and methods
2.1. Materials

CS (75%-85% deacetylated chitin, M, = 50-190 kDa)
was purchased from Sigma-Aldrich (St. Louis, USA). PAM
(M, = 1.0 x 10° g mol™), PVA (M = 10,000-26,000 g mol™,
degree of hydrolysis was 86%-89%), GA (50% GA in water),
and analytical grade K,Cr,0,, NaCl, NaNO, Na,CO,,
FeCl,.6H,O, H,5O,, H,PO,, HCl and NaOH, were all pur-
chased from Merck (Merck KGaA, Darmstadt, Germany).
Distilled water was used for preparation of all the solutions
in the present study.

2.2. Preparation of CPPFG copolymers

In a 250 mL flask, 1.00 g CS was dissolved in 50 mL
acetic acid (2%, v/v). In another flask, PVA (0.25 g) was
dissolved in 25 mL distilled water at 70°C, and then
PAM solution (0.65 g, 65 mL distilled water) was added
and mixed by sonicating for 6 h, and then were dropped
into CS solution. The mixed solution was upon overnight
immersing to form polymer hydrogel. The hydrogel was
then shifted and soaked in distilled water at room tem-
perature for 24 h to be gotten purified. A certain amount
of GA (50% GA in water diluted to 10 mL) was added
into the purified hydrogel and sonicated for 2.5 h, and
then was immersed in ferric chloride solution for another
12 h, finally, the objective copolymer was produced. The
copolymer was washed with acetic acid (three times) and
distilled water (three times) to remove the unreacted sub-
stances, respectively, and then dried in the oven at 60°C
for 48 h. The expected copolymer was obtained and kept
in a desiccator for use.

The reactions scheme of the CPPFG copolymers prepara-
tion is shown in Fig. 1, and the relative amounts of the com-
ponents are listed in Table 1.

HOH,C, HOH;C,

HOH,C,
0 o
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% \O
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;z_gz_lj_N//E\/\/Hc\o_ 4 b@(_ polymer crosslinked by GA
Fig. 1. The chemical reactions preparing the CPPFG copolymers.
Table 1

Relative amounts of the components for the copolymers prepa-
ration

Sample CS  PAM  PVA  Fe(lll) GA
name (®) (®) (®) (mol L) (%)
CPPFGI 10 065 025  0.067 0.26
CPPFGII 10 065 025  0.067 0.76
CPPFGII 1.0  0.65 025  0.067 1.20
CPPFGIV 1.0 065 025  0.067 2.50
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2.3. Preparation of Cr(VI) stock and work solutions

The stock solution of Cr(VI) with a concentration of
100.0 mg L™ was obtained by dissolving 0.2829 g of K,Cr,0,
in 1,000 mL distilled water, and the designed Cr(VI) concen-
tration solutions were obtained by diluting the stock solution.

2.4. Adsorption experiments

The adsorption experiments were performed via a batch
method in a water bath oscillator (500 rpm). CPPFG copoly-
mers (0.1 g) were equilibrated with 50 mL of solution contain-
ing various amounts of Cr(VI). The pH was adjusted using
0.1 M solutions of NaOH or HCIL.

The amounts of Cr(VI) adsorbed by per unit mass of
adsorbent were calculated by Eq. (1):

C -C )xV
q= (Q=C)v (1)
m
The adsorption removal percentage was evaluated using
the following equation:

c,-C
% Removal = (G-C) x100 @)
C

0

Here, C,and C, are the initial and equilibrium Cr(VI) con-
centrations (mg L™), respectively, g is the Cr(VI) adsorption
capacity of the adsorbent (mg g™), m is the adsorbent mass
(g) and Vis the solution volume (L).

2.4.1. Effect of pH

To study the influence of initial pH on the removal of
Cr(VI), the initial pH values of the solutions were adjusted
to 2.5, 4.0, 6.0, 7.0 and 8.0. The CPPFG I, 1II, III or IV copoly-
mer dose was 2.0 g L™, Cr(VI]) initial concentration (C,) was
5.0 mg L™ and the temperature (T) was 298 + 1 K.

2.4.2. Effect of contact time

Kinetic tests were studied for different time intervals (2,
5, 10, 15, 30, 45, 60, 75, 90, 105, 115, 130, 150 and 200 min) at
298 +1 K. In each test, 0.1 g CPPFG [, II, III or IV was added
to (C,=5.0 or 10.0 mg L") 50 mL Cr(VI) solution with pH 6.5.

2.4.3. Effect of initial concentration

Isotherm tests were conducted with different initial
Cr(VI) concentrations (C, = 5.0, 10.0, 20.0, 25.0, 30.0, 35.0 and
50.0 mg L™) at an equilibrium time of 4 h in the test condition
(adsorbent dose=2.0 g L™, pH=6.5, T =298 + 1 K).

2.4.4. Effect of temperature

The conditions for the tests were same as that for the effect
of contact time but the temperatures 288 + 1 K, 298 + 1 K and
313+1K.

2.5. Desorption and regeneration studies

After Cr(VI) adsorption on CPPFG II, CPPFG II was col-
lected and rinsed with distilled water to remove unabsorbed

Cr(VI), and then placed into NaOH solution (0.05, 0.10 or
0.50 mol L) and sonicated for 24 h at 298 + 1 K. After desorp-
tion and separation, the adsorbents were still rinsed with dis-
tilled water. The above operations were repeated until Cr(VI)
concentration was less than its detected limit in washing
liquid, the adsorbent was then rinsed with 0.10 mol L™ HCI
(twice) and distilled water (three times) in order, finally sep-
arated and dried. After completing the above treatments, the
adsorbents were regenerated. The adsorption and desorption
processes were repeated for three times.

2.6. Methods

FTIR spectra were characterized using a double
beam spectrophotometer (Bruker, model Tensor). UV—vis
absorbance spectra were obtained by ultraviolet—visible
spectrophotometer (UV-vis Lambda 35). Residual Cr(VI)
concentrations are determined by UV—vis spectrophotometer
using 1,5-diphenylcarbazide after separation [39]. XPS
analysis was made on an ESCALAB 250 Xi spectrometer
(Thermo, America) with an Al Ka X-ray source, operated
at 10 mA and 15 kV. The surface morphologies of the
adsorbents were studied using SEM of a TESCAN VEGA 3
microscope with an accelerating voltage of 10 kV. The pH of
the zero point charge (pH, | ) was estimated by zeta potential
measurements.

3. Results and discussion
3.1. Characterization
3.1.1. FTIR analysis

The FTIR spectra of the raw materials including CS,
PAM and PVA have been reported in references [40-44].
The present FTIR spectra (Fig. 2) corresponded with theirs.
So, the spectra characteristics were described briefly here.
For CS, the peaks at 1,643 and 1,325 cm™ for acetyl amino
group, 3,700-3,000 cm™ for -OH stretching or -NH stretch-
ing, 1,200-800 and 1,081 cm™ for C-O and C-O-C stretch-
ing, 1,580 and 1,315 em™ for C-N and N-H stretching, were
observed. For PAM, the peaks at 3,700-3,000 cm™ for -NH
stretching, 2,930 and 2,879 c¢m™ for the asymmetric and
symmetric stretching vibrations of C-H bond of methylene
(-CH,) group, 1,580 and 1,315 cm™ for the overlapping of
C-N and N-H stretching, were found. The peaks of PVA at
3,700-3,000 cm™ for the —OH stretching, 2,930 and 2,879 cm™!
for the C-H stretching and 1,200-800 cm™ for C-O stretch-
ing appeared.

The FTIR spectra of the copolymers (d, e, {, g,) were also
presented in Fig. 2(B). Compared with the FTIR spectra of
their raw materials, it was found that the 6 (-NH,) band at
1,596 cm™ was disappeared, the imine band v, (C=N)at 1,675~
1,680 cm™ was formed and ether band (C-O-C) at 1,071 cm™
was enhanced. The intensity of the peak at around 1,670 cm™
relative to v_(C=N) depends on the level of GA cross-linked
[45,46]. The OH and NH stretching bands were narrower and
weaken in copolymers, resulted from the destroyed hydro-
gen bonding between -OH and -NH, groups. The intensity
at 1,075 cm™ (HO-C) got lower, indicating the HO-C moiety
coordinated with Fe* [47]. All these show the new copoly-
mers were prepared in the present study.
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Fig. 2. FTIR spectra of CS (a), PAM (b), PVA (c), CPPFG I (d),
CPPFG II (e), CPPFG III (f) and CPPFG 1V (g).

3.1.2. XPS analysis

Fig. 3 shows the XPS scan spectra of the copolymer
CPPFEG IV. In Fig. 3, three components at 282.37, 283.70 and
285.81 eV in the C 1s region are observed, consistent with
C-H, C-OH and C-O-C, respectively. N 1s peak was fitted
into two peaks of -N= (binding energy of 397.08 eV) and —
NH- (binding energy of 399.25 eV), while O 1s was assigned
to one peak (binding energy of 529.84 eV). All these agreed
with the results of FTIR analysis.

3.1.3. SEM analysis

SEM images of CPPFG I, II, III and IV before the adsorp-
tion ((A), (B), (C) and (D), respectively) and CPPFG III after
the adsorption (E) are shown in Fig. 4. It shows that the copo-
lymers possess irregular porous structure with high extent of
porosity. In particular, the network morphology with irreg-
ular distribution of pores and, the obvious variation of mor-
phology were also found in the copolymers. In the cases of
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Fig. 3. XPS spectra of CPPFG IV before Cr(VI) adsorption
((A), B) and (C) are the C, N and O spectra, respectively).
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CPPFEG I and 1V, the copolymers with much lower or higher
cross-linking density had smaller pore size. An opposite
effect can be seen for CPPFG II and III where the pore size
appeared larger. Copolymers with greater cross-link density
(physical and chemical cross-link) were formed and seemed
to be more flat and dense when sufficient water was removed
from the pores in the product since the gel network collapses
[27,48,49]. As a result, proper amount of GA is beneficial to
the better pore structure formation. Also, it can be found that
the CPPFG III after Cr(VI) adsorption seems to form small
aggregates in the surface of the adsorbent.

3.2. pH,_, of the adsorbents and effect of pH on Cr(VI) adsorption

The zeta potentials of the copolymers and their raw mate-
rials at different pH values were determined and are shown
in Fig. 5. The effects of initial pH (from 2.0 to 8.0) on Cr(VI)
removal by CPPFG I, II, III and IV were studied, respectively,
and their results are shown in Fig. 6.

Fig. 5 shows that the pH _ for CS is 9.1, for CPPFG I
approximately is 7.2. It is well known, when the solution
pH is less than the adsorbent’s pH, , the adsorbent’s surface
is protonated and resulted in having a positive charge [48],
so the adsorbent has much great potential to attract anions
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Fig. 5. Zeta potentials of CS, PVA, PAM, PVA/PAM, PVA/
PAM-GA and CPPFG Iin the solutions with different pH values.

Table 2
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(such as Cr(VI) anion) via electrostatic interaction. This
implies CPPFG as adsorbent can be used in a wider pH range
than CS.

From Fig. 6, removal for all the copolymers increased
gradually with pH increasing from 2.5 to 4.0, and kept nearly
stable within a wide pH range from 4.0 to 7.0; with increasing
continuously from 7.0 to 8.0, removal just decreased slightly
still at almost 99.0%. All these show that, the copolymers for
Cr(VI) adsorption were insensitive to pH variation, and the
optimal pH was a wide range from 4.0 to 7.0. Differently, the
optimal pH for the collected reported adsorbents usually was
a special pH value (Table 2), not a range. This special char-
acteristic of the prepared copolymers might is due to their
PH,,.
fn the present study, the solution pH may exert effect on
Cr(VI) adsorption in two ways. The surface charges of the
adsorbents and the speciation of Cr(VI) are affected by the
solution pH. When the pH is less than pH, | of the adsorbent,
the adsorbent surface will be protonated and is positive. To
the present study, the protonation worked by hydrogen ions
presented in the imine and hydroxyl groups of the adsor-
bents in acid even neutral solutions [45]. So, these made the
adsorbent surface potential electropositive, which is benefit
to Cr(VI) adsorption. Cr(VI) can be existed in several species,
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Fig. 6. Effect of initial solution pH on Cr(VI) adsorption removal
(C,=5.0mgL", dose=2.0g L, 298 +1K).

The adsorption capacities and optimal pHs of CPPFG IV copolymer and other adsorbents

Adsorbent Adsorption C,(Cr(VD)) Optimal Equilibrium Reference
capacity (mg g™) (mg L) pH time (min)

Chitosan 221 15.0-95.0 3.0 180 [5]

Cross-linked chitosan 11.0 6.0 3.0 600 [51]

Biofunctional magnetic beads 5.8 5.0-40.0 1.0 720 [52]

Hydrolyzed Polyacrylamide-chitosan 13.3 200.0-1,000.0 4.2 400 [53]

Magnetic chitosan beads 106.5 200.0 5.0 600 [54]

Poly(ethylene-co-alcohol) nanofiber 112 50.0 2.0 60 [55]

Fe,O, NPs/CS/glyoxal/PVA 33.0 5.0-30.0 3.0 90 [33]

CPPFG IV 27.0 5.0-50.0 2.5-7.0 20 or 60 Present work
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such as H,CrO,, Cr,0,*, HCrO,” and CrO,*. Whose relative
concentrations heavily depend on the solution pH. The pre-
dominant Cr(VI) specie is HCrO," at pH < 6.51, while CrO*
at pH > 6.51 [22,50]. The reported adsorbents prefer to adsorb
HCrO, rather than CrO,*, because their optimal pH < 6.51
(Table 2). Unlike these, the copolymers have a wide optimal
pH range from 4.0 to 7.0, and adsorb both of the species with-

out selectivity.

3.3. Adsorption isotherm

Fig. 7 shows the Cr(VI) adsorption isotherms. From
Fig. 7, it can be seen that the copolymers as adsorbents were
effective to adsorb Cr(VI), and the effectiveness was hardly
affected by the Cr(VI) initial concentration variation from 5.0
to 50.0 mg L. The Cr(VI) equilibrium concentrations were
lower than its detected limit 0.005 mg L™ in a wide range of
initial concentrations within 120 min contact time.

Adsorption capacity was evaluated by determining
Cr(VI) equilibrium concentration. Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich (D-R) models [56-58]
were used to analyze the adsorption isotherm in the present
study. The models are expressed as follows:

K
Langmuir: g, = % 3
+ L~e
R (4)
1+K,C,
C C
S ©
qc Qmax KLQmax
K
log(q, —q,) =Ing, - —t (6)
24 <
_—
20
164
)
on
E
o2
8
CPPFG 1
4 e CPPFGII
7 A CPPFGIII
CPPFG IV
0 T T T T T T T T T
0 1 L3 4 5
C, (mgL")

Fig. 7. The relation between equilibrium concentrations and
equilibrium adsorption amounts (dose = 2.0 g L™, pH = 6.5,
T=298+1K).

Freundlich: q, = KFCE% ”
1

logg, =logK, +—logC, ®)
n

Temkin: g, = B,InK, + B,InC, ©)

D-R: Ing, =InX, — K& (10)
1
e=RT ln[1+J (11)
CC
-05
E=—(2Ky) (12)

where C, is the equilibrium concentration (mg L), C, is
the initial concentration (mg L™), g, is the amount of Cr(VI)
adsorbed at equilibrium (mg g™) and g, is the maximum
adsorption capacity (mg g™'). R, is the Langmuir separation
factor, K| is the Langmuir constant related to the affinity of
the binding sites (L mg™), K, and n are the Freundlich con-
stants connected with the adsorption capacity and intensity.
B, is related to the heat of adsorption and K, is the equilibrium
binding constant. X, is the adsorption capacity (mg g™) and
K, is the constant related to adsorption energy (mol® kJ?). T
is the temperature (K), R is the gas constant (8.314 ] mol™ K™)
and E (k] mol™) is the mean free energy of adsorption.

Langmuir, Freundlich, Temkin and D-R isotherms
parameters for Cr(VI) adsorption on CPPFG I, I, III and IV
were determined and are listed in Table 3. Table 3 shows that
R? for Langmuir isotherm was the biggest, indicating that the
adsorption process followed Langmuir isotherm model. R,
is the Langmuir separation factor, in all the tests, its values
were in the range of 0-1, indicating that the Cr(VI) adsorp-
tion on CPPEG I, II, III and IV was favorable.

3.4. Thermodynamic analysis

Thermodynamic parameters such as Gibbs free energy
(AG), enthalpy (AH’) and entropy (AS’) were calculated by
the following equations and used to do thermodynamic anal-
ysis of the adsorption process onto CPPFG IV:

(G, -C)v
K =~ ~¢/ 13
! mC, 13)
AG’ =-RTInK, (14)
_ALJO 0
Ink, =20 A5 (15)
RT R

where K, T and R are the adsorption equilibrium constant, the
absolute temperature (K) and the gas constant (] mol™ K™),
respectively.
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Adsorption equilibrium constants obtained from Langmuir, Freundlich, Temkin and D-R isotherms for Cr(VI) adsorption onto

CPPFGL I, llland IV at 298 + 1 K

Isotherms Parameters CPPFGI1 CPPFG II CPPFG III CPPFG IV
Langmuir Qe (Mg g7) 14.959 27.647 26.309 25.465
K, (L mg?) 8.409 2.999 3.403 6.448
R? 0.9901 0.9930 0.9902 0.9903
R, (C,=5.0mgL™) 0.023 0.063 0.056 0.030
Freundlich K. (Lmg™) 11.017 21.147 18.971 24.874
n 3.323 1.853 2.547 1.989
R? 0.7001 0.9292 0.8927 0.8101
Temkin B, 1.893 5.178 4.882 4.097
K, (Lmg™) 573.524 43.527 49.289 149.291
R? 0.8624 0.9863 0.9834 0.9589
D-R K (mol” kJ?) 0.015 0.029 0.029 0.020
X (mgg™) 15.216 20.269 20.863 22.278
R? 0.8991 0.9768 0.9583 0.9394
E (k] mol™) 5.774 4.152 4.1812 5.051
9y, (Mg &™) 15.206 26.819 25.230 24.002
Table 4 adsorption isotherm. The positive value of AS® (149.03 ] mol™ K™)

The isotherm model constants and correlation coefficients for the
adsorption of Cr(VI) by CPPFG IV at 288, 298 and 323 + 1 K

Isotherms Parameters 288 K 298 K 323K
Langmuir Q... (mgg) 23.546 25.465 26.302
K, (Lmg™) 3.162 6.448 15.455
R? 0.9849 0.9902 0.9968
Freundlich K (Lmg™) 14.659 24.873 41.355
n 2.809 1.989 1.886
R? 0.7551 0.8101 0.8451
Temkin B, 2.454 4.097 4.433
K,(Lmg™) 328.389  149.291 300.155
R? 0.5782 0.9589 0.9605
D-R K (mol* K] ) 0.017 0.019 0.012
X, (mgg™) 16.434 22.278 26.341
R? 0.3539 0.9394 0.9819
E (k] mol™) 5.423 5.051 6.455
(op (MY g™ 22.213 24.002 25.268
AG° (k] mol™) -10.576  -11.963  -15.782

The thermodynamic parameters for Cr(VI) adsorption
onto CPPFG IV were determined and are listed in Table 4.

Table 4 shows that AG® for all the study temperatures
are negative, and get smaller with temperature rising
(-10.576 k] mol™ at 288 K, -11.963 k] mol™ at 298 K and
-15.782 kJ mol™ at 323 K). This negative AG® indicates that the
adsorption process was spontaneous in nature. Increasing
magnitude of AG®shows that rising temperature increases
the degree of reaction spontaneity [59].

AH? and AS° were calculated from the slope and intercept of
InK, vs. 1/T and 32.50 k] mol™ and 149.03 ] mol™ K™, respectively.
AH° value (32.50 k] mol™) confirms that the Cr(VI) adsorption is
an endothermic process, which is consistent with the results of the

suggests the increased randomness at the adsorbent/solution
interface for Cr(VI) adsorption on the copolymers.

3.5. Kinetic studies

The Cr(VI) adsorption behaviors onto CPPFG [, II, III and
IV are shown in Fig. 8. It shows that the adsorption was very
fast and dramatically increased at the beginning, and then
reached equilibrium. Especially, the adsorption on CPPFG
III and IV could attain equilibrium within 20 min. The other
copolymers attained their adsorption equilibrium within
60 min. Compared with the reported adsorbents for Cr(VI)
adsorption (Table 2), the present studied copolymers were
very efficient in reaching the adsorption equilibrium. This
might be due to the existence of GA in the copolymers, which
could form more carbodiimide binds among polymer matrix
and enhance electrostatic interaction and thus accelerate the
adsorption rate [10,18]. The results are in agreement with the
intraparticle diffusion analysis discussed as follows.

To further investigate the Cr(VI) adsorption behavior on
the studied copolymers, the pseudo-first-order kinetics [33],
the pseudo-second-order kinetics [4] and intraparticle diffu-
sion models [12] were fitted. The pseudo-first-order equation
is as follows:

1_K 1

=—ly— (16)
9 4t 4.

where g, and g, (mg g) are the adsorption quantities at equi-
librium and unequilibrium time (min), respectively; K, is the
rate constant (min™) and f is adsorption time.

The pseudo-second-order kinetic model is expressed by
the following equation:

~= +— 17)



X. Xin et al. / Desalination and Water Treatment 102 (2018) 151-164 159

25 . > = -
°
n
2.0
15
"2
2 ¢
S 1.0
= CPPFGI
CPPFG II
4 & CPPFGII
(A) A CPPFGIV
C,=5.0 mg.L"
0'0 T T T T T T T T T T T T
0 30 60 90 120 150 180

CPPFG I
CPPFG II
CPPFG III
CPPFG IV

_ -1
C,=10.0 mg.L

"> o n

(B)

T T T T T T T T T T T T T 1
0 50 100 150 . 200 250 300 350
t (min)

Fig. 8. Effect of contact time on Cr(VI) adsorption onto CPPFG [, II,
IIT and IV copolymers. (A) C,=5.0 mg L™ and (B) C,=10.0 mg L™
(dose=2.0gL", pH=6.5T=298+1K).

where K, is the equilibrium rate constant (g mg™"' min™). The
slope and intercept of plotting of /g, vs. t are used to calculate
the constant K,

The intraparticle diffusion kinetic equation is as follows:

q,= Kidtoj +Cy (18)
where K, and C,, are the rate constants.
The parameters of the pseudo-second-order and

pseudo-second-order models were calculated for the present
tests and are listed in Table 5.

Table 5 shows that R? for the pseudo-second-order
model was much larger than the other, and the calculated g,
agreed well with the experimental data (q,,,). So, the kinetic
data were better described by the pseudo -second-order
model. The result further illustrated the combined effects
of chemisorptions and physisorptions in the adsorption
process. K, of the pseudo-second-order model, got smaller
with increasing Cr(VI) concentration from 5.0 to 50.0 mg L™,
implying the advantages of the adsorptions at Cr(VI) low
concentration [18,23].

The three linear portions in the plots of g, vs t*° (Fig. 9)
demonstrated that the adsorption for Cr(VI) by adsorbents
via three steps which were external surface adsorption, mes-
opore and micropore diffusion [30,60]. As shown in Fig. 9(A),
the K, , values in the kinetic adsorption processes on CPPFG
II, III and IV were much higher than K, and K, , values, indi-
cating the adsorption process from the bulk phase to the exte-
rior surface of the adsorbents should be the rate-controlling
step [61]. The values of K, , were close to zero, denoting that
the micropore diffusion was not apparent in this system. It
could be concluded that the external surface adsorption rate
determined the overall adsorption rate at low Cr(VI) concen-
trations. The adsorbents with higher GA cross-link densities
could form more cross-linking sites served as electrostatic
interactions (-C=N) and attenuated repulsive forces with
Cr(VI) anions. While in Fig. 9(B), at 10.0 mg L™ Cr(VI) con-
centration, the K, , values are much higher than K, , and K, iy
indicating that the mesopore diffusion ruled in the adsorp-
tion process. The adsorbent CPPFG I had the well-connected
pores as well as ample available binding sites for Cr(VI)
adsorption leading to relatively faster adsorption rate.

3.6. Effect of coexisting anions on Cr(VI) adsorption

Chloride (CI"), nitrate (NO,") and carbonate (CO,”) are
main anions in aqueous systems. They may compete with the
target anion Cr(VI) for active sites on the adsorbent, and are
selected as coexisting anions and employed to do the experi-
ments to study their effect on Cr(VI) adsorption. The data are
shown in Fig. 10. Three kinds of anions at 5.0 mg L initial
Cr(VI) concentration were carried out, and the added anion
concentrations ranged from 0.01 to 0.05 mol L.

Fig. 10 shows that the removal percentage of Cr(VI)
decreased as the result of the anion addition. The higher
the absolute value of anion valence is, the greater decrease
is. In another words, the Cr(VI) adsorption capacity was
slightly affected by the presence of anions. This benefits the
adsorbents applying in practice, which also implies that the
adsorption is via electrostatic interaction.

3.7. Desorption characteristics

The reusability of adsorbent materials is an important
factor for a cost-effective water treatment. The desorption
experiments were conducted in 0.05, 0.1 or 0.5 mol L NaOH
solution, respectively. Their results are shown in Fig. 11. It
shows that during the adsorption-desorption three cycles,
the adsorption capacity remained high to 65% of the initial
capacity, and the Cr(VI) equilibrium concentrations were
also lower than its detected limit. This showed that NaOH
solution as desorption solution was efficient, and its optimal
concentration approximately was 0.05 mol L. These results
are consistent with that of the other reports [33,40,43], and
also imply that the copolymers have a potential to be used as
adsorbents for Cr(VI) removal.

3.8. Cr(VI) adsorption removal primary mechanism

Fig. 12 shows FTIR spectra of CPPFG IV before and after
Cr(VI) adsorption. Compared the FTIR spectra of CPPFG IV
before (d) and after Cr(VI) adsorption (k), it was found that
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r{';ileio\zeudo—ﬁrst—order model and the pseudo-second-order model parameters for Cr(VI) adsorption on CPPFG I, II, III and IV
copolymers

G, Terp Pseudo-first-order Pseudo-second-order

(mg L (mg g™) K, q, R? K, q, R
CPPFG I

5.0 2.489 20.2521 2.035 0.9842 0.0222 2.114 0.9922
10.0 4.985 19.4630 6.007 0.9785 0.0141 5.514 0.9966
20.0 9.983 35.6612 11.589 0.9821 0.0039 10.634 0.9987
25.0 11.825 159.5103 14.369 0.9484 0.0009 12.303 0.9972
30.0 14.583 771.7901 26.469 0.8881 0.0003 15.711 0.9934
35.0 15.206 252.3703 18.106 0.6711 0.0002 17.529 0.9807
CPPFG I

5.0 2.485 7.6049 2.746 0.9892 0.0681 2.640 0.9984
10.0 5.993 90.9621 6.687 0.9903 0.0024 6.030 0.9904
20.0 9.922 155.2323 12.694 0.7646 0.0015 10.501 0.9922
25.0 12.398 205.7714 15.843 0.7945 0.0008 13.231 0.9924
30.0 14.799 209.6320 19.463 0.8860 0.0006 16.229 0.9909
35.0 17.109 61.7084 17.797 0.8833 0.0001 17.659 0.9997
50.0 24.013 61.2082 26.212 0.9558 0.0001 24.667 0.9994
CPPFG IIT

5.0 2.499 1.6510 2.513 0.9658 0.2179 2.527 0.9996
10.0 4.965 53.0542 6.131 0.9686 0.0055 5.533 0.9917
20.0 9.952 37.1491 10.251 0.7967 0.0035 10.102 0.9996
25.0 12.411 60.8403 12.767 0.8864 0.0014 12.647 0.9981
30.0 14.664 192.7304 18.727 0.8910 0.0005 16.147 0.9951
35.0 17.053 71.3657 17.797 0.8934 0.0006 18.057 0.9996
50.0 23.980 28.0081 24.944 0.9763 0.0001 24.963 0.9993
CPPFG IV

5.0 2.486 1.7371 2.518 0.9701 0.2060 2.533 0.9996
10.0 4.985 30.2070 6.293 0.9337 0.0072 5.915 0.9872
20.0 9.980 53.1834 11.623 0.9202 0.0022 10.923 0.9962
25.0 12.879 46.5011 14.081 0.9928 0.0019 13.656 0.9982
30.0 14.843 55.5690 15.954 0.9661 0.0017 15.342 0.9994
35.0 17.165 49.1096 18.460 0.9857 0.0017 17.753 0.9993
50.0 24.002 202.8322 26.624 0.9899 0.0002 26.911 0.9981

several peaks had changed from 2,937 to 2,940 cm™ (blue-shift),
1,620 to 1,600 cm™ (red-shift), 1,420 to 1,400 cm™ (red-shift),
1,078 to 1,062 cm™ (red-shift) and 594 to 585 cm™ (red-shift) [61].
These revealed that these functional groups including -C=N,
—-NH, -C-O and —-OH were involved in Cr(VI) adsorption.

Fig. 13 shows the XPS scan spectra of CPPFG IV after
Cr(VI) adsorption, and (A), (B), (C) and (D) peaks corre-
sponds to C 1s, N 1s, O 1s and Cr 2p, respectively. N 1s peak
was deconvoluted into three peaks, -N=at 397.01 eV, N-H at
399.38 eV and -N=" at 400.02 eV [32]. Compared with Fig. 3,

after Cr(VI) adsorption, a new peak at 400.02 eV appeared as
a result of the protonated quinoid imine units (-N=") [8,18,32],
and implies the adsorbent with positive charge. This is agreed
with the result of the adsorption isotherm models. The E val-
ues (Table 3) lying 1 and 8 k] mol™ showed that the Cr(VI)
adsorption was governed via electrostatic interaction [41].
Because of this protonation less depending on solution pH,
Cr(VI) adsorption was insensitive to the solution pH varia-
tion and kept its high efficiency [62]. Even though, the peak
at 397.01 eV for -N= was still presented after the adsorption.
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Fig. 12. FTIR spectra of CPPFG IV before and after Cr(VI)
adsorption.

This possibly due to the consumption of Cr(VI) as well as pro-
ton retarded and eventually terminated the redox reaction
to Cr(II) [32]. The two peaks at 569 and 574 eV ascribed to
Cr(III) and the peak at 576 eV for Cr(VI) were observed [63].
Based on above, it could be concluded that the Cr(VI)
adsorption removal process covered three important types
of reactions: (1) electrostatic attraction, (2) reduction and (3)
precipitation. Cr(VI) was absorbed first by the protonated
groups (such as -OH and —C=N) and then partially reduced
to Cr(IIl). Some of the Cr(III) ions were absorbed via electro-
static attraction with C-O and —-N-H on the absorbents sur-
face [64,65]. The other part of the Cr(III) ions precipitated. This
is the main reason why the adsorption capacity got slightly
decreased in the adsorption—desorption cycling process. The
primary mechanism for the Cr(VI) adsorption removal was
shown in Fig. 14. During the adsorption process, OH~ could
also be adsorbed on the adsorbents and caused H* releasing
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into the solution and resulted in a slight decrease of the solu-
tion pH, which were consistent with the results of XPS and
deduction of O-Cr bond formation [66].

4. Conclusions

This study presents the synthesis and characteriza-
tion of the CPPFG copolymers as new adsorbents, and its
adsorption properties and mechanism for Cr(VI) adsorption
removal. The results showed that the copolymers had a fast
adsorption rate and high adsorption efficiency above 99.50%
which was hardly affected by initial pH values varying from
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. XPS spectra of CPPFG IV after Cr(VI) adsorption ((A), (B), (C) and (D) were the C, N, O and Cr spectra, respectively).

3.0 to 8.0 and the coexisting anions. The adsorption fitted
Langmuir and Temkin isotherm models well. The removal
of Cr(VI) followed pseudo-second-order and intraparticle
diffusion kinetic models, and its rate was mainly controlled
by chemical adsorption and intraparticle mass transport. The
calculated thermodynamic parameters (AG’, AH® and AS")
demonstrated that the adsorption was a spontaneous and
endothermic process. The adsorption capacity and rate were
strongly depended on the quantity of the available functional
binding sites (i.e., -OH, -C=N and -NH), and surface mor-
phologies with different GA cross-link densities under the
studied conditions. The possible mechanism was proposed
based on the data of FTIR, XPS, SEM and zeta potential.
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