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ABSTRACT

The adsorption of Cr(VI) by three resins of Amberlite IRA96, D301R, and DEX-Cr was stud-
ied under varying experimental conditions including pH, resin amount, contact time, and
temperature. The results showed that the maximum removal could be achieved at pH 3 for
the three resins. The removal efficiencies of Cr(VI) by the resins all increased with increas-
ing the resin amounts, whereas the adsorption capacity decreased. DEX-Cr presented the
highest adsorption capacity (248mg/g) and the longest equilibrium time (80min). The res-
ins all processed well at high temperature but presented different tolerance to temperature
changes, which was dependent on moisture holding capacity. The thermodynamic results
indicated that the uptake of Cr(VI) was endothermic and spontaneous. The adsorption equi-
librium of DEX-Cr and D301R fit well with Freundlich and Langmuir isotherm, respectively,
while Amberlite IRA96 showed better correlation to both two models. Kinetic analysis indi-
cated that the adsorption followed both first-order and second-order equations. Intraparticle
diffusion and chemical reaction were the rate-limiting steps. Desorption study revealed the
addition of NaCl to NaOH helped improve desorption efficiency significantly, and the opti-
mal dosage of the eluant was 6% NaOH (mass fraction) with 10% NaCl (mass fraction).

Keywords: Cr(VI) removal; Anion exchange resin; Adsorption isotherms; Adsorption kinetics;
Desorption

1. Introduction

Industrial wastewater often contains considerable
amount of heavy metals that would endanger the
environment and public health if discharged without
reasonable treatment. Major anthropogenic sources of
heavy metals in the environment include metal extrac-
tion, metal fabrication and surface finishing, paints
and pigments as well as manufacture of batteries [1].

Electroplating waste, which generates a large amount
of liquid, is a major contributor to hexavalent chro-
mium [Cr(VI)] pollution [2]. Cr(VI) is a strong oxidiz-
ing agent that irritates plant and animal tissues,
carcinogenic and mutagenic, and has an adverse
potential to modify DNA transcription. Therefore, it is
important to reduce the amount of Cr(VI) to a permis-
sible limit before discharging into natural water
streams [3,4].

Several studies that considered Cr(VI) removal
using phytoextraction, reverse osmosis, adsorption,*Corresponding author.
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precipitation, ion exchange, membrane, and biological
technologies have been reported [5–9]. Among these
technologies, ion exchange has been widely used
during the past several decades owing to its advanta-
ges of metal value recovery, selectivity, less sludge
produced, and the meeting of strict discharge specifi-
cations [10]. The synthetic anion resin employed in
ion exchange technology in general can be classified
into strongly basic anion and weakly basic anion
resin, and the latter type is preferred due to its better
regeneration efficiency [11]. Styrene polymers are one
of the most popular precursor copolymers for syn-
thetic anion exchange resin with different functional-
ities and morphologies [12]. The resins based on
styrene–divinylbenzene copolymer bearing amine
groups have attracted great attention. Gode and Peh-
livan [13] studied the adsorption behavior of Cr(VI)
by two Lewatit-anion exchange resins (Lewatit MP 62
and Lewatit 610) which contain tertiary amine group.
It was observed that the maximum adsorption capac-
ity of 0.40mmol of Cr(VI)/g for Lewatit MP 62 and
0.41mmol of Cr(VI)/g for Lewatit 610. Mustafa et al.
[14] conducted Cr(VI) removal experiments with Am-
berlite IRA-400 and Dowex 1 × 8 [15], respectively,
where the resins containing quaternary amine group
were used. The results showed that the Cr(VI)
adsorption capacity of 0.32 and 0.54mmol/g were
achieved, respectively.

These involved resins have the function group of
tertiary amine or quaternary amine group. The superi-
ority of the resins with both tertiary and quaternary
amine groups in the removal of Cr(VI) has also been
reported. Pehlivan and Cetin [16] found that the resin
Lewatit MP 64 with tertiary and quaternary amine
groups achieved maximum Cr(VI) adsorption much
more quickly than Lewatit MP 500 with single quater-
nary amine group. The new acrylic anion resin with
tertiary amine, quaternary amine, and ketone groups
also showed the advantages in cyclic application in
the research of Wójcik et al. [17]. DEX-Cr, which is

used in this study, is a new type of anion exchange
resin that has both tertiary and quaternary amine
groups as its function groups. The appropriate mixed
ratio of these two groups makes the adsorption capac-
ity significantly higher than that of other resins which
only have a single group.

This study aims to compare the adsorption behav-
ior of DEX-Cr with the resin Amberlite IRA96 and
D301R which contain single quaternary amine group.
The single factor experiments were conducted to
investigate their adsorption ability. Moreover, the
adsorption isotherms, kinetics, and thermodynamics,
as well as desorption properties of the resins, were
studied.

2. Experiment

2.1. Experimental materials

The anion-exchange resin Amberlite IRA96, D301R,
and DEX-Cr used in this study were purchased from
Nankai Chem. Co. and Zhengzhou Qinshi Technology
Co., Ltd, respectively. The main properties and specifi-
cations are shown in Table 1. Cr(VI) stock solution
was prepared from dissolving potassium salts of
dichromate using distillated water. The NaOH and
HCl solution (0.01mol/L) was used for pH adjust-
ment. All the chemical reagents used in this study
were of AR grade.

2.2. Experimental methods

Prior to use, the three resins were all conditioned
with 10% NaCl (mass fraction), 4% HCl (mass frac-
tion), and 4% NaOH (mass fraction) for several hours
in order to remove inorganic and organic matter. After
these steps, the three resins were transformed into
hydroxylated resin.

The batch adsorption experiments were conducted
with 50mL Cr(VI) solution of 2,000mg/L in a conical

Table 1
Physicochemical properties of Amberlite IRA96, D301R and DEX-Cr

Resin Amberlite IRA96 D301R DEX-Cr

Matrix Macroporous styrene
divinylbenzene copolymer

Macroporous styrene
divinylbenzene copolymer

Macroporous styrene
divinylbenzene copolymer

Functional groups Tertiary amine group Tertiary amine group Tertiary and quaternary
amine groups

Moisture holding capacity (%) 60 (57–63) 53 (48–58) 55 (50–60)
Shipping weight (g/mL) 0.61–0.68 0.65–0.72 0.65–0.72
Specific gravity (g/mL) 1.04–1.06 1.03–1.06 1.03–1.06
Uniformity coefficient ≤1.5 ≤1.6 ≤1.6
Particle size (mm) 0.7 (0.6–0.8) 0.78 (0.315–1.25) 0.55 (0.4–0.7)
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flask placed in a thermostatic oscillator at the rota-
tional speed of 140 r/min. The effects of pH, resin
amount, contact time, and temperature on Cr(VI)
adsorption were investigated by ranging their values
within an appropriate range.

Desorption experiments were conducted using elu-
ant containing NaOH and NaCl. Various mass frac-
tions of NaOH mixed with NaCl were used to release
the adsorbed Cr(VI) from resin. Eluant of certain vol-
ume was added to 0.2 g exhausted resin for 2 h with
thermostatic shaking at temperature 35˚C.

2.3. Analytical methods

Filtration was necessary for separating resin from
solution. An atomic adsorption spectrometry named
WFX-130 A A Spectrophotometer (China) was used
for metal analysis with a chromium hollow cathode
lamp at the wavelength of 359.3 nm. The total
adsorbed Cr(VI) amount (Qt, mg/g) was calculated
according to concentration of Cr(VI) in the initial solu-
tion and filtrate [18]. Desorption efficiency was calcu-
lated according to the concentration of Cr(VI) in
desorption solution and the saturated adsorption
capacity of resins [19,20].

3. Results and discussion

3.1. Effects of initial pH on Cr(VI) removal

The existing forms of Cr(VI) in the aqueous solu-
tion involve H2CrO4, HCrO�

4 , CrO2�
4 , Cr2O

�
7 , and

Cr2O
2�
7 . The exactly existed species depend on both

solution pH and Cr(VI) concentration. It has been
reported that only CrO2�

4 ions exist in the solution
throughout the experimental concentration range
when pH > 6.5. In the pH range from 0 to 6.5, HCrO�

4

and Cr2O
2�
7 are predominant [21]. This phenomenon

makes that the acidic condition is more beneficial for
Cr(VI) uptake than the alkali condition [16]. Moreover,
higher pH value is not preferable due to the Cr(VI)
precipitation. According to these findings, the pH
value was ranged from 1 to 6 to investigate the effects
of initial pH on Cr(VI) removal by the three resins.

Fig. 1 shows the uptake of Cr(VI) by the resins of
Amberlite IRA96, D301R, and DEX-Cr as a function of
initial pH. The pH value of the solution was an impor-
tant factor that controlled the sorption of Cr(VI). The
sorption of Cr(VI) by the three resins was clearly very
favorable at pH 3. At this pH value, the surface of the
resin was surrounded by hydrogen ions which could
enhance the attractive force between Cr(VI) and the
binding sites of the adsorbents [22]. At lower pH val-
ues (less than 3), the hydrogen ions would be exces-
sive and competed with Cr(VI) for binding sites,
which resulted in a decrease in Cr(VI) uptake [12].

Compared with the other two resins, DEX-Cr pre-
sented much better adsorption performance. When pH
value was 3, the adsorption capacity was nearly
218mg/g, which was higher than those of Amberlite
IRA96 (182mg/g) and D301 (201mg/g). This result
might be caused by the different structure of the three
resins. DEX-Cr has both tertiary and quaternary amine
group as its function groups, while the resin
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Fig. 1. The effects of initial pH on (a) adsorption capacity and (b) removal efficiency of Cr(VI) by Amberlite IRA96,
D301R and DEX-Cr (conditions: initial concentration of Cr(VI), 2,000mg/L; resin amount, 0.3 g; volume of adsorption
medium, 50mL; temperature, 35˚C; contact time, 120min; stirring rate, 140 rpm).
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Amberlite IRA96 and D301R only have tertiary amine
group. Moreover, higher moisture holding capacity of
Amberlite IRA96 may tend to perturb the ions diffu-
sion through the polymeric matrix of the resin
(Intraparticle diffusion), which leads to an unsatisfac-
tory performance.

3.2. Effects of resin amount on Cr(VI) removal

In order to investigate the effects of resin amount
on Cr(VI) removal by Amberlite IRA96, D301R, and
DEX-Cr the adsorption experiments were conducted
with ranging the resin amounts from 2 to 14 g/L. It
was apparently known from Fig. 2 that removal effi-
ciency of Cr(VI) by Amberlite IRA96, D301R, and
DEX-Cr all increased with increasing the resin
amounts, whereas the adsorption capacity showed the
opposite tread. The reason was that high amount of
the resins could provide more available adsorption
sites, which decreased the equilibrium concentrations
and enhances the removal efficiencies [23,24]. On the
other hand, high amount of the resins resulted in
lower capacity since the number of the unsaturated
adsorption sites increased [25].

The dosage of DEX-Cr played more important role
than those of Amberlite IRA96 and D301R on the
removal of Cr(VI). When the resin amount increased
from 2 to 14 g/L, the removal efficiency of DEX-Cr
went up from 53 to 96% (by 43%), while the removal
efficiencies increased from 35 to 66% (by 21%) for Am-
berlite IRA96 and from 50 to 81% (by 31%) for D301R.
It was easily understood that resin amount presented

greater influence on Cr(VI) removal by the resin with
higher adsorption capacity.

3.3. Effects of contact time on Cr(VI) removal

Fig. 3 illustrates the removal of Cr(VI) by the three
resins as contact time function. The greatest adsorp-
tion rates could be readily observed within the first
20min. After 20min reaction, the removal efficiency of
DEX-Cr had achieved more than 40% with the adsorp-
tion capacity of 146mg/g. Meanwhile, the Cr(VI)
removal values of Amberlite IRA96 and D301R were
only 30%, and the adsorption capacities were lower
than 115mg/g. Although, both the Cr(VI) removal
efficiency and adsorption capacity of all the resins
kept increasing with adsorption progressing, the
adsorption rates slowed down gradually. The reaction
of Amberlite IRA96 and D301R attained equilibrium
when the contact time reached 60min. On that occa-
sion, the adsorption capacities of Amberlite IRA96 and
D301R were 158 and 176mg/g, respectively, and their
removal efficiencies were both below 50%. However,
the Cr(VI) removal by DEX-Cr still kept running. After
80min, DEX-Cr presented an adsorption capacity of
200mg/g and 68.4% removal efficiency. From then on,
the Cr(VI) removal by DEX-Cr also attained equilib-
rium, and its value did not change conspicuously.

3.4. Effects of temperature and thermodynamics analysis

Fig. 4 shows the effects of temperature on Cr(VI)
adsorption by Amberlite IRA96, D301R, and DEX-Cr.
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Fig. 2. The effects of resin amount on (a) adsorption capacity and (b) removal efficiency of Cr(VI) by Amberlite IRA96,
D301R and DEX-Cr (conditions: initial concentration of Cr(VI), 2,000mg/L; initial pH, 3; volume of adsorption medium,
50mL; temperature, 35˚C; contact time, 120min; stirring rate, 140 rpm).
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The experiments were conducted with varying tem-
perature from 25 to 50˚C. Apparently, the equilibrium
level of D301R and DEX-Cr increased with increasing
temperature, suggesting that the Cr(VI) adsorption
process was endothermic. However, this trend did not
reflect obviously in the resin of Amberlite IRA96,
which might be due to the high-moisture holding
capacity (Table 1). The resins with high-moisture
holding capacity were more inclined to maintain
high-water content and presented high tolerance to

temperature changes [26]. Therefore, Amberlite IRA96
demonstrated relatively stable performance under var-
ious temperatures.

The adsorption thermodynamic parameters such as
free energy change (ΔG), enthalpy change (ΔH), and
entropy change (ΔS) can be calculated by following
equations [13]:

KC ¼ CAe

Ce
(1)
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Fig. 3. The effects of contact time on adsorption of Cr(VI) by Amberlite IRA96, D301R and DEX-Cr (conditions: initial
concentration of Cr(VI), 2,000mg/L; initial pH, 3; resin amount, 0.3 g; volume of adsorption medium, 50mL; temperature,
35˚C; stirring rate, 140 rpm).
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DG ¼ �RT lnKC (2)

logKC ¼ DS
2:303R

� DH
2:303RT

(3)

where Kc is the equilibrium constant, Ce is the equilib-
rium concentration in solution (mg/L), and CAe is the
solid-phase concentration at equilibrium (mg/L).

The linear plot of log Kc against 1/T can be used
to calculate the value of thermodynamic parameters
ΔG, ΔH, and ΔS (Table 2). The calculated ΔH values of
Cr(VI) adsorption by Amberlite IRA96, D301R, and
DEX-Cr were all positive, which indicated that the
adsorption is endothermic. This result explained the
positive effects of temperature on Cr(VI) removal:
the higher the temperature was, the more easily the
adsorption developed. ΔS was positive, which implied
that the degree of freedom increased at the solid–
liquid interface during the adsorption process. The
negative values of ΔG under various temperatures
reflected the adsorption of Cr(VI) could take place
spontaneously.

3.5. Adsorption isotherms

Adsorption isotherms can be used to describe how
solutes interact with the resin in the equilibrium.
Langmuir and Freundlich isotherms are two kinds of
frequently used models. Such isotherms depict the
relationship between the amount exchange (Qe) and
the remaining concentration (Ce) in solution. In this
study, the Cr(VI) uptake per unit weight of resin was
related to the equilibrium Cr(VI) concentration.

The general forms of Langmuir and Freundlich
models are described as follows [27]:

Langmuir equation:

1

Qe
¼ 1

Qm
þ 1

bQmCe
(4)

where Qe is the equilibrium adsorption capacity (mg/
g), Ce is the equilibrium Cr(VI) concentration in solu-
tion (mg/L), and the Langmuir constants Qm and b
represent the maximum adsorption capacity (mg/g)
and the adsorption energy (L/mg), respectively.

Freundlich equation:

logQe ¼ logKF þ 1

n
logCe (5)

where KF (mg/g) and 1/n provide an indication of the
adsorption capacity and the adsorbent intensity,
respectively.

The results of experimental data fitting for the two
models are shown in Fig. 5(a) and (b). The parameters
correlated with the isotherms are shown in Table 3.
For DEX-Cr, Freundlich model was more appropriate
to describe Cr(VI) uptake process than Langmuir
model, since the correlation coefficient (R2) value of
Freundlich model was closer to 1. For D301R, the
experimental data showed more satisfactory correla-
tion with Langmuir model for the whole concentration
range. But for Amberlite IRA96, the R2 values of Lang-
muir equation and Freundlich equation were both
greater than 0.9, indicating that the two models were
both appropriate to describe the data.

The Langmuir isotherm is valid for monolayer
adsorption onto a surface containing a finite number
of identical sites [28], while the Freundlich model
depicts multilayer adsorption well on an energetically
heterogeneous surface [23]. Better correlation with Fre-
undlich model indicated that a multilayer adsorption
process occurred for the resin DEX-Cr, while the Cr
(VI) was adsorbed in a monolayer on the interface of
D301R.

According to the equilibrium experimental results,
the adsorption capacities of the three resins increased
with increasing the Cr(VI) concentration, and then
became equilibrium gradually. The maximum hexava-
lent Cr(VI) adsorption capacity of resin Amberlite
IRA96, D301R, and DEX-Cr at pH 3 was 194, 206,
and 248mg/g, respectively. At the initial Cr(VI)

Table 2
Thermodynamic parameters for the adsorption of hexavalent Cr by Amberlite IRA96, D301R and DEX-Cr

Resin ΔH/Jmol ΔS/Jmol K

ΔG/Jmol

T = 298 K T = 308 K T = 318 K T = 323 K

Amberlite IRA96 2,237.4 25.163 −5,259.7 −5,525.3 −5,769.1 −5,889.3
D301R 5,700.7 37.700 −5,549.1 −5,896.0 −6,305.3 −6,481.5
DEX-Cr 5,918.4 39.371 −5,858.1 −6,145.4 −6,608.4 −6,833.3
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concentration range of 700–2,200mg/L, DEX-Cr defi-
nitely showed the best adsorption property.

3.6. Kinetic analysis

Kinetic analysis helps to reveal the transport mech-
anisms and potential rate-controlling steps in adsorp-
tion process. The pseudo-first-order and second-order
equations were used to test the experimental data for
understanding Cr(VI) uptake rate.

The pseudo-first-order equation of Lagergren is
generally expressed as follows [29]:

dQ

dt
¼ k1ðQe �QÞ (6)

This equation can be integrated using the initial condi-
tion q = 0 when t = 0, obtaining:

Qt ¼ Qeð1� e�k1tÞ (7)

where Qe and Qt are the adsorption capacities at equi-
librium and at time t, respectively, (mg/g) and k1 is

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

If the adsorption rate is a second-order mechanism,
the pseudo-second-order kinetic rate equation is
expressed as [29]:

dQ

dt
¼ k2ðQe �QÞ2 (8)

Integrating this equation by boundary conditions for t
= 0, q = 0 gives:

Qt ¼ k2Q2
et

1þQek2t
(9)

The plot of Qt against t for the first- and second-order
equations in terms of Cr(VI) adsorption on resin Am-
berlite IRA96, D301R, and DEX-Cr was analyzed, and
the results were shown in Fig. 6. The parameters cal-
culated by both pseudo-first-order and second-order
adsorption kinetics are shown in Table 4.

The correlation coefficients (R2) of the pseudo-first-
order and second-order non-linear plots for the resin
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Fig. 5. (a) Freundlich and (b) Langmuir plot for adsorption of Cr(VI) on Amberlite IRA96, D301R and DEX-Cr.

Table 3
Parameters of isotherms for adsorption of Cr by Amberlite IRA96, D301R and DEX-Cr

Resin

Freundlich model Langmuir model

KF n R2 b Qm R2

Amberlite IRA96 35.48 4.077 0.9877 0.00589 221.2 0.9703
D301R 11.49 2.343 0.6862 0.00669 229.4 0.9931
DEX-Cr 84.71 6.862 0.9524 0.02074 238.1 0.8026
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Amberlite IRA96, D301R, and DEX-Cr were all greater
than 0.9, which indicated that both first-order and sec-
ond-order equations were fit to describe Cr(VI) uptake
onto the three resins. However, the facts of R2 values
of pseudo-second-order being closer to 1 and the
adsorption capacities calculated by pseudo-second-
order equation being more consistent with the experi-

mental results (Section 3.5) could also be observed
from Table 4.

3.7. Analysis of rate-limiting step

Adsorption in heterogeneous process between sol-
ids and liquids, such as the uptake of Cr(VI) onto the
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Fig. 6. Pseudo first-order and pseudo second-order sorption kinetics of Cr(VI) on (a) Amberlite IRA96, (b) D301R and (c)
DEX-Cr.

Table 4
Kinetic model parameters for Cr adsorption by Amberlite IRA96, D301R and DEX-Cr

Resin

Pseudo first-order equation Pseudo second-order equation

Qe (mg/g) R2 k1 Qe (mg/g) R2 k2

Amberlite IRA96 171.7 0.9803 0.0491 199.9 0.9924 0.0003162
D301R 183.6 0.9386 0.0513 214.4 0.9884 0.0002984
DEX-Cr 201.0 0.9979 0.0616 228.8 0.9923 0.0003661
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Fig. 7. Reaction process analysis of (a) Amberlite IRA96, (b) D301R and (c) DEX-Cr.
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resin Amberlite IRA96, D301R, and DEX-Cr can be
explained through three sequential processes that
determine the rate of the reaction: (a) diffusion of Cr
(VI) through the liquid film surrounding the particle,
(b) diffusion of Cr(VI) through the polymeric matrix
of the resin and (c) chemical reaction (CR) with the
function groups attached to the matrix. If one of the
steps offers much greater resistance than the others, it
can be considered as the rate-limiting step of the reac-
tion [28]. Therefore, the three processes can be defined
as: (a) liquid film diffusion control step (LFDC), (b)
particle diffusion control step (PDC) and (c) CR step.

Shell progressive model that describes the relation-
ship between contact time (t) and adsorption degree
(X =Qt/Qe) has been widely used to analyze the rate-
limiting step by fitting ion exchange data, and the
results can be expressed as follows [30]:

(a) LFDC: X and t presents good linear relation-
ship.

(b) PDC: [3 − 3(1 −X)2/3− 2X] and t presents good
linear relationship.

(c) CR: [1 − (1 −X)1/3] − t and t presents good lin-
ear relationship.

Experiments under the rotation speed of 140 rpm
were conducted to evaluate the Cr(VI) adsorption,
shown in Fig. 7 and Table 5. The relatively low-corre-
lation coefficients of LFDC equation for the three res-
ins suggested that the liquid film diffusion was not
the rate-limiting step of Cr(VI) adsorption. However,
the good fit to PDC equation and CR equation for the
resin Amberlite IRA96, D301R, and DEX-Cr indicated

Table 5
The fitting results of LFDC, PDC and CR equation for
Amberlite IRA96, D301R and DEX-Cr

Resin

Values of correlation coefficients (R2)

LFDC PDC CR

Amberlite IRA96 0.7896 0.9252 0.9349
D301R 0.6310 0.8434 0.8583
DEX-Cr 0.6061 0.8483 0.8714

2%NaOH -- 4%NaOH -- 6%NaOH -- 8%NaOH -- 10%NaOH --
0

20

40

60

80

100

E
lu

ti
on

 e
ff

ic
ie

nc
y/

 %

Amberlite

D301

DEX

2%NaOH+NaCl -- 4%NaOH+NaCl -- 6%NaOH+NaCl -- 8%NaOH+NaCl -- 10%NaOH+NaCl -- NaCl
0

20

40

60

80

100

E
lu

ti
on

 e
ff

ic
ie

nc
y/

 %

Amberlite

D301

DEX

(a)

(b)

Fig. 8. Desorption efficiency of Cr(VI) by using eluant of (a) NaOH and (b) NaOH combined with NaCl (conditions:
eluant volume, 2 mL; resin amount, 0.2 g; temperature, 35˚C; contact time, 120min).
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that the particle diffusion through the polymeric
matrix of the resin (Intraparticle diffusion) and CR
between the Cr(VI) anion and the resin controlled the
adsorption collectively. It is easily understood that Cr
(VI) anion diffuses fast through the solution under
high-rotation speed, thus the intraparticle diffusion
and CR become the rate-limiting steps.

3.8. Desorption experiment

The desorption of Cr(VI) from Amberlite IRA96,
D301R, and DEX-Cr was studied using NaOH alone
or mixed with NaCl (10%, mass fraction), as shown in
Fig. 8.

Although increasing the NaOH concentration
could improve desorption efficiency (Fig. 8(a)), the
overall values of all the resins using NaOH as the
standalone eluant were below 65%. Adding NaCl
(10%) to the NaOH solution, the desorption efficien-
cies of the three resins all improved dramatically. This
phenomenon was particularly obvious on the Cr(VI)
extraction from DEX-Cr. Desorption efficiencies of
DEX-Cr by the combination of NaOH and NaCl were
higher than 70%, and the maximum value even
reached as high as 95%. The desorption efficiencies
grown up with the increase of the mass fraction of
NaOH (from 2 to 6%) when mixed with NaCl. How-
ever, further increase in the mass fraction of NaOH
(higher than 6%) did not result in a continuous
increase of desorption efficiencies. Therefore, the opti-
mal combination of eluant was determined as 6%
NaOH with 10% NaCl.

Furthermore, the test of Cr(VI) desorbed by
standalone 10% NaCl solution presented quite low-
desorption efficiencies. These results indicated that the
high-desorption efficiency could not be attributed to
NaCl but to the combination of NaOH and NaCl. Such
synergistic effect was mainly due to that the NaCl
solution was utilized to remove the inorganic contami-
nants inside the resins, while the NaOH solution was
used to dissolve the organic contaminants from resins
[23].

4. Conclusions

The Cr(VI) removal by the resins of Amberlite
IRA96, D301R, and DEX-Cr was evaluated. The results
showed that the resins all performed high-adsorption
behavior at the pH of 3. DEX-Cr, having both tertiary
and quaternary amine groups as function groups,
showed the fastest adsorption rate and longest equilib-
rium time among the three resins. D301R performed
better than Amberlite IRA96 in the single factor exper-
iments could ascribe to its low-moisture content that

provides less resistance in intraparticle diffusion. High
temperature resulted in enhancement of removal per-
formance for the resins. However, Amberlite IRA96
presented high tolerance to temperature changes due
to its high-moisture holding capacity. The thermody-
namic results indicated that the adsorption process
was endothermic and the degree of freedom increased
at the solid–liquid interface. The negative values of
ΔG reflect the adsorption of Cr(VI) could take place
spontaneously.

The Freundlich isotherm is more efficient in
describing the Cr(VI) removal by DEX-Cr, while the
Langmuir model is more applicable for Cr(VI) adsorp-
tion process by D301R. Both Freundlich and Langmuir
model fitted the data of Amberlite IRA96 well. Kinetic
analysis showed both first-order and second-order
equations could describe the Cr(VI) adsorption by the
three resins. Intraparticle diffusion and CR might be
the rate-limiting steps. Research on desorption of Cr
(VI) from loaded resins suggested that the synergistic
effect of NaOH and NaCl help to improve the desorp-
tion efficiencies dramatically. The optimal dosage of
the eluant was 6% NaOH (mass fraction) with 10%
NaCl (mass fraction).
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[27] D. Duranoğlu, İ.G. Buyruklardan Kaya, U. Beker, B.F.
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