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ABSTRACT

Chitosan/polyacrylamide/poly(vinyl alcohol)/Fe/glutaraldehyde (CS/PAM/PVA/Fe/GA) was reported
as an adsorbent with several advantages, while some major disadvantages such as low desorption
rate and poor reutilization, which formed an obstacle to its application in low-concentration Cr(VI)
adsorption performance. These major disadvantages the authors speculate might be ascribed to
PAM. To test the speculation correct, CS/PVA/Fe/GA was synthesized as adsorbent and then char-
acterized using scanning electron microscopy, Fourier transform infrared spectroscopy and X-ray
photoelectron spectroscopy. Low-concentration (5.0-30.0 mg L) Cr(VI) adsorption was tested as a
function of solution pH value, Cr(VI)initial concentration and adsorption time, and its primary mech-
anisms were explored. The results showed that, C5/PVA/Fe/GA has not only higher desorption rate
and reutilization but also higher adsorption efficiency and (3.0-10.0) pH-independence compared
with CS/PAM/PVA/Fe/GA; the adsorption mechanisms were also different, the complexation of the
-NH, group with Fe(III) was especially included herein. The complexation, which was insensitive to
pH, mainly contributed to the above advantages, proving our speculation correct. Thus, CS/PVA/Fe/

GA is an alternative adsorbent to remove Cr(VI) from natural water.
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1. Introduction

Hexavalent chromium (Cr(VI)) is commonly found in
natural waters including surface water and groundwater
[1-5], which are usually used as drinking water [6]. However,
Cr(VI) is a famous potential health hazard [3]. The World
Health Organization (WHO) set a stricter threshold for total
chromium in drinking water of 50 pg L™ [7]. To remove
Cr(VI) from the water, numerous studies had been done to
find the methods, and proved adsorption was one of the
great potential methods [3,8-13]. Particularly, Cr(VI) usually
present in natural surface water and groundwater with low
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concentration needs to be treated carefully [3,13]. However,
few studies on these have been conducted [14-19].

Chitosan (CS) and its derivatives have been widely
employed as adsorbents to remove low concentration Cr(VI)
[2,3,18,20-22]. In our previous study [23], CS/polyacrylamide/
poly(vinyl alcohol)/Fe/glutaraldehyde (CS/PAM//PVA/Fe/
GA) copolymer has been identified as an efficient adsorbent
for low-concentration Cr(VI) adsorption, and has several
advantages including fast adsorption rate, high adsorption
efficiency and (3.0-8.0) pH-independence, meanwhile some
major disadvantages such as low desorption rate and poor
reutilization. These major disadvantages had constituted
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the obstacles in its practical application, which need to be
overcome to adsorb low concentration Cr(VI) and purify the
relevant water. We speculate that these disadvantages might
be ascribed to PAM, whose poor hydrolytic property limits
the complexation of its -NH, group with Fe(Ill). Actually, CS
and PVA are rich in the groups of -NH, and -OH [3,8,24-
28], have potential for this complexation with Fe(III). So, the
present work focused on preparation and performance of
CS/polyacrylamide/poly(vinyl alcohol)/Fe/glutaraldehyde
(CS/PVA/Fe/GA) for low-concentration Cr(VI) adsorption,
with specific objective to check our speculation and find an
efficient adsorbent for low-concentration Cr(VT).

2. Materials and methods
2.1. Materials

CS (75%-85% deacetylated chitin, Mn = 50-190 kDa)
was purchased from Sigma-Aldrich (St. Louis, USA). PVA
(Mw =10,000-26,000 g mol, 86%-89% hydrolysis), GA (50%
GA in water), and analytical grade K,Cr,0,, NaCl, NaNO,,
NaHCO,, FeCl-6H,0, H,SO,, H,PO,, HCl and NaOH were all
purchased from Merck (Merck KGaA, Darmstadt, Germany).
De-ionized water was used for preparation of all the solu-

tions in the present study.

2.2. Synthesis of CS/PVA/Fel GA

The way to synthesize CS/PVA/Fe/GA was reported in
the reference [23]. Its main process is as following: 2.00 g
CS was dissolved in 50 mL acetic acid (2%, v/v) and stirred
for 2 h, then the CS solution was obtained in a 250 mL flask.
In another flask, PVA (0.60 g) was dissolved in 30 mL de-ionized
water at 70°C for 4 h until fully dissolved, and the PVA solu-
tion was obtained. The two solutions and ferric chloride
(2.5 g) were put into one 250 mL flask and stirred for 5 h,
5% 10 mL GA was then added to 2 h cross-linking reaction
and a cross-linked product was obtained. The product was
immersed in 2.0 M NaOH solution to be molded and the objec-
tive copolymer was produced. The copolymer was washed
with hydrochloric acid (three times) and then de-ionized
water (three times) to remove the unreacted raw substances,
respectively, and then freeze dried. The expected adsorbent
CS/PVA/Fe/GA was obtained and kept in a desiccator for use.

2.3. Preparation of Cr(VI) stock and work solutions

The stock solution with 100.0 mg L™ Cr(VI) was pre-
pared by dissolving 0.2829 g K.Cr,0, in 1 L de-ionized water.
The work solutions with different Cr(VI) concentrations
were obtained by diluting the stock K,Cr,0, solution.

2.4. Batch adsorption test

The batch adsorption test was performed in a water bath
oscillator (120 rpm) at 25°C + 1°C. CS/PVA/Fe/GA (0.1 g) was
equilibrated with 50 mL of the work solution with different
concentrations of Cr(VI). The pH was adjusted using 0.1 M
NaOH or HCI solution.

The amount of Cr(VI) adsorbed per unit mass of the
adsorbent (g, mg/g) was calculated via Eq. (1) as follows:

C,—C)xV
q=7(° ) ey

m

meanwhile, the removal percentage of Cr(VI) was deter-
mined with Eq. (2):

(Co — Cc)
%removal = ~———*x100 2)
C

0

where C, and C, are the initial and equilibrium Cr(VI)
concentrations (mg L), respectively; m is the mass (g) of
the adsorbent used, V is the volume of the work solution (L).

2.5. Methods

Cr(VI) concentration was determined by UV-Vis spec-
trophotometer using 1,5-diphenylcarbazide after separa-
tion [24], and UV-Vis absorbance spectra were obtained by
ultraviolet-visible spectrophotometer (UV-Vis Lambda 35).
Fourier transform infrared spectroscopy (FTIR) spectra are
characterized via double beam spectrophotometer (Bruker,
model Tensor, Germany). X-ray photoelectron spectros-
copy (XPS) analysis is made on an ESCALAB 250 Xi
spectrometer (Thermo Scientific, USA) with an Al K X-ray
source, operated at 10 mA and 15 kV. The surface morphol-
ogies of the adsorbents are studied using scanning electron
microscopy (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

The FTIR spectra of CS, PVA and CS/PVA/Fe/GA are
presented in Fig. 1, respectively. According to the literature
[24,26,27], the characteristic peaks at 1,643 and 1,325 cm™,
1,163 and 897 cm™, 1,081 and 659 cm™are assigned to acetyl
amino groups, glycosidic bonds of CS and CS crystal mol-
ecules, respectively. Both of CS and PVA have several same
characteristic bands including —OH stretching vibration
absorption peak at 3,700-3,000 cm™, -C-H stretching vibra-
tion absorption peaks at 2,930 and 2,879 cm™, the overlapped
peaks of -C-N and —C-H absorption peaks at 1,560 and
1,315 cm™, two vibration adsorption bands at 1,200-800 cm™
and 1,315 cm™for -C-O and -C-O-C groups, respectively.
The peak of PVA crystal molecule is at 1,126 ecm™.

In the spectra of CS/PVA/Fe/GA, all the characteristic
bands of CS and PVA can be found, implying CS/PVA/Fe/
GA retains the functional groups of its precursors and its
adsorption capacity is at least not less than its precursors.
Additionally, the C=O characteristic band at 1,662 cm™
reveals Fe(III) oxidation hydroxyl peak. The —-C=N absorp-
tion peak at 1,678 cm™ takes place the -NH, absorption peak
at 1,596 cm™, showing that cross-linking reaction occurred
among CS, PVA and GA. The cross-linking reaction was via
destroying the intramolecular and intermolecular hydro-
gen bonds in CS and PVA, resulting that the -OH absorp-
tion band got narrower than that for PVA or CS, benefiting
its active adsorption points exposing to pollutants such as
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Fig. 1. FTIR spectra of PVA, CS, CS/PVA/Fe/GA and CS/PVA/Fe/
GA absorbed Cr(VI).

Cr(VI). The C-OH absorption peak at 1,061 cm™ for CS/
PVA/Fe/GA is lower than that for CS or PVA, implying
Fe(IlI) ion is introduced into the form of coordination [25,28—
30], resulting in increasing the positive charges and enhanc-
ing the adsorption of anions including Cr(VI) on CS/PVA/
Fe/GA.

Fig. 2 shows the XPS spectra of CS/PVA/Fe/GA. Accord-
ing to the literature [23,30], three peaks at 282.37, 283.70 and
285.81 eV in the Cls region are observed, which are consis-
tent with C-H, C-OH and C-O-C, respectively. The binding

energy peaks in the N 1s region at 397.08 and 399.25 eV,
which represent -N= and N-H, was resulted from the gen-
eration of —-N= functional group in the cross-linking reactions
which GA participated in. Meanwhile, the group -CONH,
was also converted in the cross-linking reactions, so the
peaks of -O-530 eV and O = 527 eV are observed in the Ols
region. The absorption peaks of Fe2p*? 710 eV and Fe2p'?
725 eV proved that Fe(IIl) complexes with -NH and -OH
[30], and -OH group was kept in CS/PVA/Fe/GA.

Fig. 3 shows SEM images of CS/PVA/Fe/GA with 2,000;
5,000; 10,000 and 20,000 magnifications, respectively. Fig. 3a
shows a well-distributed porous network structure of CS/
PVA/Fe/GA, and Figs. 3b—d further show that the structure
is loose and the pores are non-uniform in size. These natures
determine the exposure characteristics of the adsorption
sites on CS/PVA/Fe/GA.

For CS/PVA/Fe/GA, the swelling ratio of was measured
with mass method and is big as 640%, while its water
solubility is almost negligible. The water solubility means
CS/PVA/Fe/GA as adsorbent is stable in composition and
structure. The big swelling ratio indicates the network
structure is conducive to the solution diffusion.

All these results show CS/PVA/Fe/GA were prepared
as expected, wherein the complexation reactions occurred
between Fe(Ill) and the groups of -NH, and -OH in CS and
PVA. All the characteristics of CS/PVA/Fe/GA imply that it
should be one of the most promising adsorbents to remove
Cr(VI) from water.

The charges of CS and CS/PVA/Fe/GA at different pH
values are monitored and their results show that the points
of zero charge (pH, ) of the two materials are 9.1 and 9.8,
respectively. At pH <pH,,, the adsorbent surface is posi-
tively charged, thereby attractmg anions and repelling cat-
ions in the solution. Because the pH_ _of CS/PVA/Fe/GA is
bigger than that of CS and also by far than 7.2 of CS/PAM/
PVA/Fe/GA [23], the solution pH required to make the
surface charge positive for CS/PVA/Fe/GA is significantly
higher than that for CS. All the Cr(VI) species including
hydrogen chromate (HCrO;), dichromate (Cr,02) and
chromate (CrO}") are negatively charged although effected
by the solution pH [3]. Thus, CS/PVA/Fe/GA as adsorbent
can be used in a pH wider range than CS and CS/PAM/PVA/
Fe/GA.

3.2. Effect of the solution pH on Cr(VI) adsorption on
CS/PVA/Fe/GA

The tests under 5.0 mg/L Cr(VI), 1.40 g/L CS/PVA/Fe/
GA and 25°C * 1°C, were performed at the initial pH val-
ues of 3.0, 5.0, 6.5, 8.0, 9.0 or 10.0, respectively, and their
data after 5.0 h reaction were showed in Fig. 4.

Fig. 4 shows that the removal percentage of Cr(VI) via
adsorption on CS/PVA/Fe/GA was high as more than 99%,
and was hardly affected by pH varying in the range from
3.0 to 10.0. As expected, CS/PVA/Fe/GA had a much wider
optimal pH range (from 3.0 to 10.0) than that of CS/PAM/
PVA/Fe/GA (from 3.0 to 8.0) [23]. Meanwhile, the Cr(VI)
adsorption capacity of CS/PVA/Fe/GA was also bigger than
that of CS/PAM/PVA/Fe/GA. For example, the capacity was
3.0 mg/g for CS/PVA/Fe/GA and 2.5 mg/g for CS/PAM/PVA/
Fe/GA [23] under their own optimum pH ranges, respectively.
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Fig. 2. XPS spectra of CS/PVA/Fe/GA.
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Fig. 3. SEM images of CS/PVA/Fe/GA copolymer with 2,000; 5,000; 10,000 and 20,000 magnifications.

These mentioned that CS/PVA/Fe/GA had little selectiv- %g.ﬂfgz%:/fGa(W) initial concentration on Cr(V1) adsorption on
ity to Cr(VI) species including H,CrO,, HCrO;, CrO;~ and

Cr,0Z which are affected by the pH value. This phenome-
non might be mainly attributed to a large number of -OH

and —-C=N-groups in CS/PVA/Fe/GA, and the groups tend
to protonate.

The tests under 6.5 solution pH, 1.40 g/LCS/PVA/Fe/GA
and 25°C + 1°C, were performed at Cr(VI) initial concen-
trations of 5.0, 10.0, 15.0, 20.0 and 30.0 mg/L, respectively,
and their data are shown in Fig. 5.
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Fig. 4. Effect of the solution pH on Cr(VI) adsorption on
CS/PVA/Fe/GA.

From Fig. 5 it is observed that, as the initial concentra-
tion increased from 5.0 to 30.0 mg/L, the removal percentage
was kept at more than 95.0%, and its equilibrium time was
gotten longer from 35 to 300 min, meanwhile, the adsorption
capacity of Cr(VI), Q, was increased from 3.5 to 19.8 mg/g.
It has been reported that Cr(VI) species are also affected by
its concentration, when the concentration of CrOj‘ is high,
chromates dimerize to form dichromate species (H,Cr,O, or
HCr,0;) [31,32]. CS/PVA/Fe/GA kept its efficiency unchanged
with initial concentration, showing CS/PVA/Fe/GA has little
selectivity to Cr(VI) species once more. All these things were
superior to that of CS/PAM/PVA/Fe/GA under the same
conditions [23], implying that their adsorption mechanisms
are not the same.

3.4. Effect of coexisted ions and anions

In the present study, the common anions including
CI, NO;, SO;-and HCOj; and the ion Cu* were selected as
the co-existing species and employed to test their effects
on Cr(VI) adsorption performance under 0, 0.01, 0.03 and
0.05 mol L7, respectively. Their results are presented in Fig. 6.

The results show that all the anions selected here depre-
ssed the Cr(VI) adsorption capacity (Fig. 6). The depression
extents were different for each anion and ranked as HCO; >
SO > NO; > CI. Nevertheless, the extent for each anion
was hardly changed with its concentration, and the same
phenomenon also appeared for the ion Cu?. The same order
was mostly happen to CS/PAM/PVA/Fe/GA [23]. However,
in the present study, the extents separated these ions and
anions into two groups, HCOj; and the others. The effect of
the latter was small and the former was great, which may
be due to their similarities in molecular structure and char-
acteristics. These showed the adsorption on CS/PVA/Fe/GA
was insensitive to chemical composition except HCO;. The
characteristics were not found for the reported adsorbent
CS/PAM/PVA/Fe/GA [23], and reveals that CS/PVA/Fe/GA is
one of the best adsorbent to remove Cr(VI) from a solution
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Fig. 5. Effect of Cr(VI) initial concentration on adsorption
capacity on CS/PVA/Fe/GA.
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Fig. 6. Effect of coexisted ions and anions on Cr(VI) adsorption
(pH=7.0).

with low concentration of carbonate, and while a carbonate
solution probably is one of the best desorption solution.

3.5. Stability and durability

With respect to the results from the effects of coexisted
ions and NaOH solution used in numerous studies [17,22—
23] as desorption solution for CS and its derivatives, NaOH
solution and NaHCO, solution were employed in the present
study and their data are shown in Figs. 7 and 8, respectively.

When 0.05 M NaOH solution was used as desorption
solution, the desorption equilibrium time was about 2.0 h,
the adsorption capacity remained high to 81% of the ini-
tial capacity, and the Cr(VI) equilibrium concentrations
were also lower than its detected limit in the adsorption—
desorption three cycles. These characteristics are superior
to those of CS/PAM/PVA/Fe/GA [23], showing that CS/PVA/
Fe/GA as adsorbent has high stability and durability.
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Fig. 7. Adsorption—desorption cycles study with 0.05 M NaOH
solution as desorption solution.

When 0.05 M NaHCO, solution was used as desorption
solution, compared with NaOH solution, the desorption
equilibrium time was much shorter as about 1.0 h, and the
adsorption capacity remained higher as more than 83% of
the initial capacity, the Cr(VI) equilibrium concentrations
were also lower than its detected limit in the adsorption—
desorption three cycles. These showed that NaHCO, solution
was more efficient than NaOH solution, and also proved
CS/PVA/Fe/GA as adsorbent has high stability and durability
while practicability.

3.6. Kinetics of Cr(VI) adsorption on CS/PVA/Fe/GA

The tests with 5.0, 10.0, 15.0, 20.0 or 30.0 mg L initial
concentration of Cr(VI) and 1.4 g L' CS/PVA/Fe/GA were
conducted to study the kinetics of Cr(VI) adsorption, and
their data are shown in Fig. 5.

The figure shows that, under these initial concentra-
tions of Cr(VI), the adsorption equilibrium time, although
increased with increasing initial concentrations of Cr(VI),
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Fig. 8. Adsorption—desorption cycles study with 0.05 M NaHCO,
solution as desorption solution.

was approximately 35 and 120 min at 5.0 and 20.0 mg L™
initial concentrations of Cr(VI), respectively. Different equi-
librium times are also reported in the literatures for the Cr(VI)
adsorption on derivatives of CS, 180 min for CS at 15.0 mg L™
initial concentration [33], 600 min for magnetic CS beads at
6.0 mg L™ initial concentration [34], 600 min for cross-linked
CS at 6.0 mg L initial concentration [35], 180 min for Fe(III)-
cross-linked CS at 5.0 mg L initial concentration [18],
and 100 min for CS/PAM/PVA/Fe/GA at 10.0 mg L initial
concentration [23]. Thus CS/PVA/Fe/GA presents a time to
reach equilibrium smaller when compared with the adsor-
bents reported above, implying its differences with CS/PAM/
PVA/Fe/GA in kinetics of Cr(VI) adsorption.

The pseudo-first-order kinetics, pseudo-second-order
kinetics and intraparticle diffusion models [3,36,37] were
applied to further investigate the Cr(VI) adsorption behavior
on CS/PVA/Fe/GA. The first two results are shown in Table 1,
and the last is presented in Fig. 9.

Table 1 shows that the R? value for the pseudo-second-
order kinetics is bigger than that for the pseudo-first-order
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Table 1
Kinetic constants of Cr(VI) absorbed on CS/PVA/Fe/GA under the studied conditions
Cr(VI) Pseudo-first-order Pseudo-second-order
G, (mg L™ Gy (M8 &™) K, Q R K, Q R
5.0 3.486 1.3309 3.218 0.9545 0.1860 3.503 0.9993
10.0 7.195 30.2070 6.293 0.9337 0.0082 7.015 0.9982
15.0 10.897 53.1834 11.623 0.9502 0.0074 10.923 0.9962
20.0 14.079 46.5011 13.781 0.9728 0.0059 14.186 0.9882
30.0 19.843 55.5690 17.954 0.9761 0.0047 20.806 0.9984
2 adsorption process included external surface adsorption,
1 mesopore and micropore diffusions respectively. Compared
204 their slopes named K " , and K, s reflecting their cor-
18] responding adsorption rates K, , was the biggest, and the
; others were small and even close to zero. These denote that
164 the adsorption process from the bulk phase to the exterior
14 Kas . v surface of the adsorbents should be the rate-controlling step
> Ky vv—" but the micropore and mesopore diffusions [36]. Thus, the
E 1 adsorption might be dominated mainly by electrostatic
g 10_' /v’ adsorptron and ion exchange [11,31]. Among K,,, K,,, and
] y , for CS/PAM/PVA/Fe/GA were reported [23], the high-
8 K, est is K, and second is K, " indicating that the adsorption
6] r.a——‘"""" 50melL process was ruled by mainly the mesopore diffusion and
] / | o 1'0 0 mg/l second external surface adsorption. This difference suggests
q 1 5'0 g/l that the external surface of CS/PVA/Fe/GA enabled the intra-
o1/ Ly 20:0 g/l diffusion of Cr(VI). These are primarily resulted from the
] 30,0 mg/l] quantities of the positive charges and the protonated groups
e B | e e e i L e to adsorb Cr(VI).
274 BT M4 6 80 2 4 % B 3

(12)

Fig. 9. Kinetic models of intraparticle diffusion at different stages
(pH=6.5,m =14gL", T=298 K).

kinetics and close to 1.0, and the maximum adsorption
capacities obtained from the tests are almost equal to that
from the theoretical calculation. These imply that the kinetic
data were better described by the pseudo-second-order
model. So, the Cr(VI) adsorption on CS/PVA/Fe/GA was due
to the combined effects of chemical and physical adsorp-
tions. However, K, value of the pseudo-second-order model,
decreased from 0.1860 to 0.0047 with increasing Cr(VI)
concentration from 5.0 to 30.0 mg L7, implying the advan-
tages of the adsorptions preferentially occur at Cr(VI) low
concentration [25,29,34], and the adsorbent is more suitable
for low concentration Cr(VI) water treatment. The characteris-
tics were also found for CS/PAM/PVA/Fe/GA [23], implying
these do hardly depend on whether the absence of PMA
in CS/PVA/Fe/GA and CS/PAM/PVA/Fe/GA.

Both K, and C,, which are the rate constants of intra-
particle transport (mg g’ min?%) in intraparticle diffusion
equation [36], can be determined via Eq. (3) based on the
tests data, and their results obtained are shown in Fig. 9.

q = Kidto.s +Cy ®)

Fig. 9 shows that the three linear portions in the plots
of g, vs. %5 demonstrated the three steps of the Cr(VI)

3.7. Isotherms of Cr(VI) adsorption on CS/PVA/Fe/GA

Langmuir, Freundlich, Temkin and Dubinin-Radush-
kevich (D-R) models [31,38] were used to analyze the iso-
therms of Cr(VI) adsorption on CS/PVA/Fe/GA and their
results are shown in Table 2.

The R?values reveal that Cr(VI) adsorption on CS/PVA/
Fe/GA was well described by Langmuir and Temkin models.
This indicates that the Cr(VI) adsorption occurs through the
monolayer coverage of Cr(VI) on the surface of CS/PVA/Fe/
GA, so the adsorption can be considered as the theoretical
monolayer adsorption. Thus, the dimensionless separation
factor (R,) was calculated via Eq. (4) and its results were
employed to evaluate favorable adsorption conditions.

R =L 4)
-~ 1+K,C,

where K, is the Langmuir constant (L mg™) and C, is the
initial Cr(VI) concentration (mg L7). A separatron factor
R, > 1 implies unfavorable adsorption, while values ranging
from 0 to 1 are indicative of a favorable adsorption process
[31,39]. In this study, all the R, values calculated for an ini-
tial concentration of 5.0, 10.0, 15 0, 20.0 and 30.0 mg L™ were
0.017, 0.009, 0.006, 0.005 and 0.003, which are drawn in the
range 0.003-0.017, indicating favorable Cr(VI) adsorption on
CS/PVA/Fe/GA [31,39]. Temkin model shows that there was
interaction of adsorbed Cr(VI) molecules on CS/PVA/Fe/GA,
implying there is competition among the molecules. The R?
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Table 2
Isotherm constants for Cr(VI) adsorption (T =298 K)

Isotherms Parameters

. K,C Q... (mgg) 22.732
Langmuir: g, = 1+K,C, K, (Lmg?) 10.970
/ R 0.9922
Freundlich: g, =K,C, K K, (Lmg™) 24.599

n 2.509
R? 0.9379

Temkin: g, = B, InK, + B,InC, B, 3.982
¢ K, (Lmg™) 76.564
R? 0.9870

Dubinin-Radushkevich K, (mol* kJ?) 0.015
In q,= In Xm 7KDR82 Xm (mg g_l) 16.171
1 R? 0.9711

e= RTln[l +Cj E (k] mol) 5.882
‘ (o (MG ) 20.832

E=—(2Ky )"

value for Dubinin—Radushkevich model was lower than that
for Langmuir and Temkin models, Dubinin—-Radushkevich
model was much less fitted with the Cr(VI) adsorption,
implying that the surface of CS/PVA/Fe/GA is generally
homogeneous, which is consistent with the results of SEM
images above.

It was reported that Cr(VI) adsorption on CS/PAM/PVA/
Fe/GA was also well fitted to Langmuir and Temkin mod-
els [14], even though, its R, values were much bigger than
that for CS/PVA/Fe/GA. This implies that Cr(VI) more tends
to be adsorbed on CS/PVA/Fe/GA than CS/PAM/PVA/Fe/GA.

3.8. Proposed mechanism of Cr(VI) adsorption on CS/PVA/Fe/GA

In the batch tests above, the concentrations of Cr(VI),
Cr(Ill) and total Cr were analyzed after their adsorption
equilibrium and are shown in Fig. 10. The figure shows that
both Cr(VI) and Cr(Ill) were found in the studied solution,
revealing that Cr(VI) took part in reduction reaction and
resulted in the presence of Cr(III) here.

FTIR spectra of CS/PVA/Fe/GA with adsorbed Cr(VI) are
also presented in Fig. 1. Compared with CS/PVA/Fe/GA, the
several characteristic absorption peaks were shifted because
of the adsorption, including 2,878; 1,678; 1,560; 1,061 and
596 cm™ absorption peak shifted to 2,923; 1,610; 1,545; 1,061
and 586 cm™, respectively. All these mentioned the func-
tional groups included -C=N,—~C-OH, -NH and -C-O were
involved in the adsorption process.

To further clarify the roles of these functional groups
in the adsorption process, XPS scan spectra of CS/PVA/Fe/
GA with adsorbed Cr(VI) were analyzed and then shown in
Fig. 11. It was found from Fig. 11, Cr 2p was deconvoluted
into two peaks, Cr(IIl) at 587 eV and Cr(VI) at 576 eV [40],
showing Cr(VI) was absorbed and then partly transformed
into Cr(IIl). C 1s was deconvoluted into three peaks, C-H at
282.37 eV, C-OH'—Cr at 283.70 eV and C-O-Cr at 285.81 eV.
N 1s was deconvoluted into two peaks, -N="at 397.08 eV and

V777 equilibrium concentration of chromium
equilibrium concentration of Cr(VI)
equilibrium concentration of Cr(II)

1.84

Fig. 10. Concentrations of Cr(VI), Cr(Ill) and total Cr in the
studied solutions.

-NH at 399.25 eV. These show that Cr(VI) was absorbed by
protonated groups including C-OH* and -N=" meanwhile
took part in the complexation with -C-O in CS/PVA/Fe/GA
[41]. For O 1s, -O- absorption peak was at 530 eV but O=
absorption peak at 527 eV, showing C=0O group was oxidized
by Cr(VI) into C-O and resulted in Cr(IlI) produced [41]. The
absorption peaks of Fe2p*? 710 eV and Fe2p'? 725 eV were
observed [23,34] and proved Fe(III) presented in CS/PVA/Fe/
GA. CS/PVA/Fe/GA adsorbed Cr(VI) with the groups such as
C-0 and Fe(Il) via electrostatic interaction.

In summary, the primary mechanisms for the Cr(VI)
adsorption on CS/PVA/Fe/GA covered three types of reac-
tions, which are (1) electrostatic interaction, (2) reduction and
(3) complexation, and were schematized as Fig. 12 shown.
Compared with CS/PAM/PVA/Fe/GA, the role of complex-
ation is much more important in the Cr(VI) adsorption on
CS/PVA/Fe/GA, because that the majority of Fe(III) was in the
complexation with -NH, in CS and PVA and decreased the
oxidization C=O group in CS/PVA/Fe/GA. Although Cr(VI)
species are changed with pH, their electrical property and
structure remain generally unchanged. The complexation is
also insensitive to pH. All these resulted in the advantages
of CS/PVA/Fe/GA, and were formed in the absence of PAM,
proving our speculation correct.

4. Conclusions

CS/PAM/PVA/Fe/GA was reported in our previous
study as an efficient adsorbent for low-concentration Cr(VI)
adsorption with low desorption rate and poor reutilization
[23]. These disadvantages we speculate are due to PAM. To
prove the speculation correct, CS/PVA/Fe/GA was synthe-
sized and properties and mechanisms of its low-concentration
Cr(VI) adsorption were studied with specific focus on the
role of PAM here into. The results showed that, compared
with CS/PAM/PVA/Fe/GA [23], CS/PVA/Fe/GA was obtained
as expected, and has more positive charges and more func-
tional groups included C-OH"and —-N=" protonated groups
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Fig. 11. XPS spectra of CS/PVA/Fe/GA with adsorbed Cr(VI).

and —-C-O and -NH groups with complexing ability; CS/
PVA/Fe/GA was an efficient adsorbent with more than 99%
Cr(VI) adsorption percentage and was hardly affected by pH
varying from 3.0 to 10.0, and a big capacity (3.0 mg g™ at
5.0 mg L Cr(VI) initial concentration). Among the studied

ions included CI, NO;, SO}, HCO; and Cu*, HCO,  had
important influence on the adsorption. With 0.05 M NaHCO,
or NaOH solution as desorption solution, the adsorption
capacity remained as high as more than 83% of the initial
capacity in the adsorption—desorption three cycles. These
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reduction

PVA

Fig. 12. Primary mechanisms of Cr(VI) adsorption on CS/PVA/
Fe/GA.

characteristics were more high-quality than that of CS/
PAM/PVA/Fe/GA [23]. The Cr(VI) adsorption on CS/PVA/
Fe/GA well described by the pseudo-second-order kinet-
ics, implying the combined effects of chemical and physical
adsorptions and more suitable for low concentration Cr(VI).
Based on intraparticle diffusion model, it was recognized
that the adsorption might be dominated mainly by electro-
static adsorption and ion exchange. Langmuir and Temkin
models well described the adsorption, showing theoretical
monolayer adsorption and physical adsorption hereinto.
Cr(VI) and Cr(IlT) were found in the solution and CS/PVA/
Fe/GA after the adsorption equilibrium. Combined with
analyzing the XPS scan spectra and FTIR spectra, the pri-
mary mechanisms for the Cr(VI) adsorption on CS/PVA/
Fe/GA were referred to electrostatic interaction, reduction
and complexation. The complexation was enhanced via the
absence of PAM, and essential to the advantages of CS/PVA/
Fe/GA. All these proved our speculation correct, and CS/
PVA/Fe/GA was an efficient adsorbent for low-concentration
Cr(VI) adsorption.
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