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a b s t r a c t
Removal of Cr(VI) from liquid by iron-loaded composite resin was studied. The isothermal adsorption 
model and the adsorption kinetic model were established. The adsorption thermodynamic parame-
ters were solved. The iron-loaded composite resins before and after adsorption were characterized by 
scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). It was found that the 
adsorption capacity of iron-loaded composite resin was higher than others. The results showed that the 
optimum adsorption condition was performed at 318 K, the pH of 2, and the time of 6 h. Freundlich 
model and pseudo-first-order kinetic model fitted the experimental data. The main control step of  
the adsorption was liquid film diffusion process. The value of ΔH was 2–16 kJ mol–1, which showed that 
the adsorption was an endothermic process. The adsorption of ΔG was less than zero which indicated the 
adsorption was spontaneous. The value of ΔS was constant positive that revealed the adsorption was the 
total entropy-increasing process. SEM and EDS analyses indicated that Cr(VI) can adsorb by iron-loaded 
composite resin effectively. The eluent of 6% NaOH + 5% NaCl had an excellent desorbing performance.

Keywords:  Iron-loaded composite resin; Isothermal adsorption model; Adsorption kinetics model; 
Thermodynamic parameters; Characterization

1. Introduction

Chromium compounds are indispensable raw materials 
for metallurgy, electroplating, dyestuff, leather making, 
pharmaceutical industry, and other industrial production 
processes [1]. There are mainly two common valence states 
of chromium in solution, namely, Cr(VI) and Cr(III). But their 
toxicity is quite different. It is reported that the toxicity of 
Cr(VI) is almost 100 times more than Cr(III) [2]. In addition, 
Cr(VI) has strong oxidation and high permeability, resulting 
in irritating, carcinogenic, and mutagenic to human body [3,4]. 
Nowadays, the harmless treatment of chromium-containing 
wastewater was studied by scholars, including chemical 
precipitation method, adsorption method, electrochemical 
treatment, membrane method, photocatalytic method, bio-
logical technology, and combination method [5–11]. Among 

these methods, chemical precipitation could produce chro-
mium sludge, electrochemical treatment and membrane 
method need more energy, and photocatalysis and biological 
technology have higher costs with poor removal efficiency. 
However, the adsorption method has been widely used in 
chemical industries for its good treatment effect, simple 
operation, and no secondary pollution.

In recent years, the removal of Cr(VI) by adsorption has 
focused on the preparation of adsorbents, such as oxides 
and hydroxides with special properties as new adsorbent 
materials and activated carbon biocomposites prepared 
from peanut shell, corn cob, walnut shell, etc. [12–16]. Their 
adsorption capacity ranges from 20 to 100 mg g–1. As an effec-
tive adsorbent, ion exchange resin is more favored in the field 
of adsorption. It is a technology that uses the exchange of ions 



301X. Zhang et al. / Desalination and Water Treatment 142 (2019) 300–307

on the resin to remove contaminants from water. Its advan-
tage is high selectivity, large adsorption capacity, and strong 
regeneration. The traditional resin has some limitations in 
the adsorption of target. Conversely, the modified resin, by 
adding transition metal elements, cannot only significantly 
improve the adsorption rate of pollutants but also enhance 
the advantages of repeated resin regeneration [17,18]. The 
reason is that electrostatic effect enhances the adsorption 
capacity of the modified resin. 

Thereby, the iron-loaded composite resin was pre-
pared by the anion exchange resin D301 as the carrier and 
loading Fe3+. The influence of temperature, pH, and time 
on the adsorption properties was analyzed. The isothermal 
adsorption model and adsorption kinetic model were estab-
lished, and the adsorption thermodynamic parameters were 
solved. Meanwhile, the iron-loaded composite resin before 
and after adsorption was characterized by energy disper-
sive spectrometer (EDS) and scanning electron microscope 
(SEM). Finally, the proportion of mixed eluent was obtained. 
Compared with others [19–21], iron-loaded composite resin 
has an excellent performance for bearing Fe. Its adsorption 
capacity is more than 130 mg g–1, and the desorption effect 
has unparalleled superiority. It reveals that iron-loaded com-
posite resin is an effective adsorbent for Cr(VI) removal and 
provides a basis for the preparation and engineering applica-
tion of the new chromium removal adsorbent.

2. Experiment

2.1. Experimental material

The D301 resins were purchased from Xi’an Sunresin 
New Materials Co., Ltd (China). Iron trichloride and potas-
sium dichromate were purchased from Sinopharm Chemical 
Reagent Co., Ltd (China). Sodium hydroxide, hydrochloric 
acid, sulphuric acid, sodium chloride, and ethanol were 
purchased from Xi’an Chemical Reagents Factory (China). 
Diphenyl carbazide was purchased from Tianjin Kemiou 
Chemical Reagent Co., Ltd (China).

2.2. Experimental methods

2.2.1. Pretreatment of D301 resin

D301 resin was immersed for 6 h in 5 wt. % sodium 
hydroxide solution and cleaned several times with deionized 
water. Then, D301 resin was immersed for 6 h in 5 wt. % 
hydrochloric acid solution and cleaned it to neutral with 
deionized water. Finally, D301 resin was put into the drying 
box at the constant temperature of 45°C.

2.2.2. Preparation of iron-loaded composite resin

FeCl3 solution of 2g L–1 was added to 10 g D301 resin 
that pretreated in section of 2.2.1. And the mixture is placed 
in the oscillator under constant temperature for 8 h. In this 
process, the pH of 2 keeping 2 h, which could depress the 
production of Fe(OH)3 precipitation. Then, the pH was 
adjusted to 8 and 13 for 3 h. It can ensure Fe3+ and nitrogen 
atoms of tertiary amino group form the coordination bond. 
The upper liquid was filtered through the process of static 

and aging and then washed several times with HCl solution, 
NaOH solution 95 wt. %, and ethanol solution. Finally, it was 
put into the drying box at the constant temperature of 100°C.

2.2.3. Static adsorption experiment

The different concentrations of Cr(VI) solution were 
prepared with pH of 2. Then, the pretreatment of resin of 
0.1 g was added 100 mL solution and put it into the constant 
temperature oscillator for 6 h. Finally, the concentration of 
Cr(VI) in the solution was measured.

2.3. Analysis methods

2.3.1. Drawing of standard curve

Chromium standard reagent with concentration of 1 g L–1 
was added to the volumetric flasks with capacities 0.00, 
2.00, 4.00, 6.00, 8.00, and 10.00 mL. Then, 5 mL of 50 wt. % 
H2SO4 and 2 mL of diphenyl carbazide were added. Finally, 
deionized water was fixed to scale, and the absorbance 
was measured. The standard curve equation is as shown 
in Eq. (1).

y x= +0 1378 0 0093. .  (1)

where x (mL–1) is the concentration and y is the corresponding 
absorbance.

The R2 fitted by linear equation is 0.9992, indicating that the 
equation can be used to determine the concentration of Cr(VI).

2.3.2. Determination of Cr(VI) concentration

A proper amount of solution and 2 mL of diphenyl car-
bazide were taken into volumetric flask. Constant volume 
was diluted with deionized water and kept static for 15 min. 
Then the absorbance was determined and the concentration 
of Cr(VI) in the solution was calculated by Eq. (1).

2.3.3. Calculation of adsorption quantity

Q C C V
me e= −( )×0  (2)

where Qe (mg g–1) is the equilibrium adsorption amount, 
C0 (mg L–1) is the concentration of Cr(VI) in the initial solu-
tion, Ce (mg L–1) is the concentration of Cr(VI) in the solution 
during adsorption equilibrium, V (mL) is the volume of the 
solution, and m (g) is the quality of the iron-loaded composite 
resin.

3. Results and discussion

3.1. The influence of temperature on the adsorption effect

3.1.1. Drawing of adsorption isotherms

The adsorption isotherms were measured at 298, 308, 
and 318 K, where C0 was 100, 200, 300, 400, and 500 mg L–1. 
The result is shown in Fig. 1. With the increase of tempera-
ture, the equilibrium adsorption amount of Cr(VI) in the 
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solution increased gradually, indicating that the higher 
temperature was beneficial to the adsorption process and 
the adsorption was endothermic process [22,23]. The equilib-
rium adsorption capacity increased with the increase of the 
equilibrium concentration of Cr(VI) in the solution and then 
gradually becomes gentle. That is because with the increase 
of the equilibrium concentration, the number of Cr(VI) ions 
increases, which in turn gradually increases the adsorp-
tion capacity of the resin. If the equilibrium concentration 
of Cr(VI) increases, the adsorption capacity of iron-loaded 
composite resin will reach the limit. When the temperature 
was 318 K, the maximum adsorption capacity of iron-loaded 
composite resin was 132 mg g–1, which was higher than 
others.

Additionally, according to the trend of adsorption iso-
therm, the adsorption showed monolayer adsorption of Cr(VI) 
[24]. For this reason, the Langmuir model and Freundlich 
model were chosen and established in the next section.

3.1.2. Establishment of isothermal adsorption model

The Langmuir model assumes that the adsorption is 
a monolayer adsorption process, the adsorbate is evenly 
distributed on the surface of the adsorbed material, and 
the adsorbate has no interaction between the surface of the 
adsorbed material. After reaching the adsorption equilib-
rium, the adsorption rate is equal to the desorption rate. 
The linear Langmuir equation is presented:

1 1 1
Q K Q C Qe L m e m

= +  (3)

where Qm (mg g–1) is the saturated adsorption capacity.
The Freundlich model is an empirical equation. It was pro-

posed on the basis of the Langmuir model and assumed that 
the adsorption energy of the adsorbent material is uneven. 
The linear form of the Freundlich model is mentioned:

ln ln lnQ n C Ke e F= +  (4)

where KL (mL mg–1) is the binding constant, n and KF are 
Freundlich adsorption characteristic constants.

According to Eqs. (3) and (4), the drawing of linear fitting 
is shown in Figs. 2 and 3, respectively. The fitting parameters 
are shown in Table 1.

As shown in Figs. 2 and 3 and Table 1, the correlation 
coefficient (R2) fitted by the Freundlich model from 298 to 
318 K was higher than that of the Langmuir model. Therefore, 
under the same experimental conditions, the Freundlich 
model was more suitable for the adsorption process. 

The Freundlich model parameter (KF) reflects the adsorp-
tion capacity of iron-loaded composite resin. The increase of 
temperature can result in the increase of KF, which indicated 
that the higher temperature was beneficial to the adsorption. 
The parameter decreases (n) with the increase of tempera-
ture. It was the result of both solvent driving and adsorbent 
driving [25,26].

3.2. The influence of pH on the adsorption effect

The effect of pH is an important parameter in the pro-
cess of adsorption. Adsorption of Cr(VI) was studied in the 
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pH range of 2–8 when the temperature was 318 K and C0 
was 300 mg L–1. Fig. 4 shows that the equilibrium adsorp-
tion of Cr(VI) increases with the decrease in pH. The equi-
librium adsorption capacity reaches the maximum with 
pH of 2. The adsorption effect was the best at this time. A 
possible explanation for this is as follows [27,28]. Cr(VI) 
exists in a variety forms with different pH. At lower pH, the 
forms of Cr2O7

2– and HCrO4
– while the mainly forms of CrO4

2– 
in higher pH. One Cr2O7

2– or HCrO4
– ions need one active 

site, but CrO4
2– ion needs two active sites due to two minus 

charges of it. Therefore, decreasing the pH value results in 
an increase in the adsorption efficiency of Cr(VI). Besides, 
the increase of pH will lead to competitive adsorption 
and decrease the adsorption capacity. Thus, the optimum 
adsorption pH was 2.

3.3. The influence of time on the adsorption effect

The effect of time on the adsorption capacity is shown 
in Fig. 5. With increases in the adsorption time the adsorp-
tion capacity of Cr(VI) increases. In the initial time of 4 h, 
the adsorption capacity increased significantly and then 
gradually levelled off. When the adsorption time exceeded 
6 h, the adsorption capacity remains steady, and the adsorp-
tion equilibrium was achieved. 

At the initial stage of adsorption, there are many active 
sites on the surface of the iron-loaded composite resin. 

The mass transfer force caused by the high concentration dif-
ference, so Cr2O7

2–can be easily adsorbed. As time goes on, a 
large amount of Cr2O7

2– was accumulated on the surface of the 
iron-loaded composite resin, so the active sites were reduced 
and the adsorption process was hindered. The adsorption 
rate was gradually reduced and reached equilibrium, which 
indicated the adsorption process was monolayer adsorption 
[29]. Therefore, the optimum adsorption time was 6 h. 

3.4. Characterization of iron-loaded composite resin

Fig. 6 shows the SEM of Cr(VI) adsorbed by iron-loaded 
composite resin. Generally, D301 resin relies on ion exchange 
between Cr2O7

2– and OH– to remove Cr(VI); in addition to 
this effect, the chemical reaction of Fe3+ with Cr2O7

2– and the 
adsorption effect of Fe–O–Fe–Cr (which is produced by Fe–O 
and Cr2O7

2–) increased the removal rate of Cr(VI). It can be 
seen from Fig. 6 that the surface morphology of the iron-
loaded composite resin changed significantly before and 
after adsorption. A great deal of crystalline and amorphous 
particles on the surface of the iron-loaded composite resin 
before adsorption. This was due to the coordination load of 
transition metal ion Fe3+ with D301 resin, which formed a 
large number of grooves and pores on the surface of D301 
resin. It was the microscopic foundation for the adsorption 
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Fig. 5. The influence of time on the adsorption effect 
(conditions: initial concentration of Cr(VI), 300 mg L–1; pH, 2; 
temperature, 318 K).

Table 1
The fitting parameters of Langmuir model and Freundlich model

Model Temperature (K) Fitting equation R2 KL (mL·mg–1) Qm (mg·g–1)

Langmuir
298 1/Qe = 0.4114/Ce + 0.0077 0.9654 0.0187 129.7017
308 1/Qe = 0.2842/Ce + 0.0075 0.9482 0.0264 133.1558
318 1/Qe = 0.1851/Ce + 0.0075 0.9022 0.0406 132.9787

Model Temperature (K) Fitting equation R2 n KF

Freundlich
298 lnQe = 0.3379lnCe + 2.8056 0.9846 0.3379 16.5373
308 lnQe = 0.2962lnCe + 3.1241 0.9817 0.2962 22.7385
318 lnQe = 0.2504lnCe + 3.4337 0.9736 0.2504 30.9917
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Fig. 4. The effect of pH on adsorption.
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of Cr(VI). When the adsorption was completed, irregular 
bulk solids appeared on the surface, indicating that Fe3+ and 
Cr2O7

2– deposit on the resin surface. It also showed that the 
Cr(VI) adsorbed on the surface of the microsphere phase was 
not entered into the microsphere phase. 

EDS analysis indicated that the iron content and chro-
mium content were not detected in D301 resin, but the iron-
loaded composite resin they were 4.86% and 0%, respectively. 
When the adsorption was completed, the iron content of the 
iron-loaded composite resin was 4.02% and the chromium 
content was 4.54%. On the one hand, Cr2O7

2– adsorbed on the 
resin reduced the mass fraction of iron. On the other hand, 
it was partially removed from the surface of resin due to 
the chemical precipitation of some iron. Eventually, the iron 
content of the composite resin was reduced by 0.84%. On the 
contrary, the increase of chromium content further indicated 
that the adsorption of Cr(VI) by iron-loaded composite resin 
has preferable efficiency. 

3.5. Establishment of kinetic model of adsorption

Adsorption was accomplished by three steps: liquid film 
diffusion process, intraparticle diffusion process, and adsorp-
tion reaction process. The whole adsorption process may be 
controlled by one or more steps [30]. Lagergren pseudo-  
first-order kinetic model, pseudo-second-order kinetic 
model, and internal diffusion model were applied to establish 
the kinetic model of adsorption [31]. Three models are shown 
by the following Eqs. (5)–(7).

ln lnQ Q Q K te t e−( ) = − 1  (5)

t
Q K Q

t
Qt e e

= +
1

2
2  (6)

Q K t Ct p= +0 5.  (7)

where Qt (mg g–1) is the adsorption amount of time, K1 (min–1) 
is the first-order kinetic rate constant, K2 (g mg–1 min–1) is the 
second-order kinetic rate constant, Kp (g mg–1 min0.5) is the 
internal diffusion rate constant, and C is constant.

Fig. 7 was obtained by Lagergren model fitting in 
Fig. 5. The fitting parameters are shown in Table 2. The fit-
ting degree of the pseudo-first-order kinetic equation was 
better, the correlation coefficient (R2) was higher than the 
pseudo-first- order and pseudo-second-order equation, and 
the parameter (Qe) of the pseudo-first-order kinetic equa-
tion was closer to the experimental value. Consequently, the 
adsorption process coincided with the pseudo-first-order 
kinetic equation.

The curve fitted by the internal diffusion model is shown 
in Fig. 8. The fitting parameters are shown in Table 3. The 
curve was not a straight line over the origin but a different 
stage fitting line. Therefore, the adsorption process was not 
only controlled by liquid film diffusion but also controlled by 
the intraparticle diffusion [32]. Furthermore, the first stage of 
Kp was greater than the second stage; we can predict that the 
liquid film diffusion was the main control step [33].

3.6. Determination of thermodynamic parameters

Thermodynamic parameters (ΔH, ΔS, ΔG) were analyzed 
to further study the adsorption process. Following are the 
Eqs. (8)–(10).

(a) (b)

Fig. 6. SEM diagram of iron-loaded composite resin (a) before and (b) after adsorption.
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ln lnC K H
RTe = − +0
∆  (8)

∆G nRT= −  (9)

∆
∆ ∆

S
H G
T

=
−( )

 (10)

where K0 is constant, R equal 8.314 J mol–1 K–1, and n is 
Freundlich model parameter.

Enthalpy (ΔH) can be fitted and calculated with lnCe~1/T, 
as shown in Fig. 9. The results of three parameters are shown 
in Table 4. In the range of 298–318 K, the value of ΔH was con-
stant and less than 20 kJ mol–1, indicating the adsorption of 
Cr(VI) was the physical adsorption process. It also confirmed 
that the adsorption process was endothermic. The constant 
negative of the ΔG indicated that the adsorption was spon-
taneous. The ΔS was constant positive because the degree 
of freedom of the Cr(VI) was reduced after adsorption, but 
the water molecules were released into the liquid phase to 
increase the degree of freedom. Finally, it leads to the total 
entropy increase [34].

3.7. Desorption of iron-loaded composite resin

According to other studies [35,36], desorption rate of the 
resin can be greatly improved by the mixed eluate. The differ-
ent mass fraction of NaOH and 5 wt. % NaCl mixed eluent were 

Table 4
Calculation results of thermodynamic parameters

C0 (mg·L–1) ΔH (kJ·mol–1) ΔG (kJ·mol–1) ΔS (J·mol–1·K–1)

298 K 308 K 318 K 298 K 308 K 318 K

100 15.9496

–0.8372 –0.7585 –0.6620

56.3315 54.2470 52.2378
200 4.6066 18.2678 17.4191 16.5680
300 3.3174 13.9416 13.2334 12.5139
400 2.1365 9.9789 9.3993 8.8004
500 1.4725 7.7507 7.2435 6.7123

Table 2
The fitting parameters of Lagergren model

Model Fitting equation R2 K Qe (mg·g–1)

Pseudo-first-order kinetic model ln(159.7920 – Qt) = –0.0134t + 5.0549 0.9851 0.0134 159.7920
Pseudo-second-order kinetic model t/Qt = 0.0046t + 1.0885 0.5756 1.9609 × 10–5 216.4502
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Fig. 8. The fitting result of the internal diffusion model.

Table 3
Fitting parameters of internal diffusion model

Stage Fitting equation R2 Kp C

First Qt = 15.8651t0.5 – 88.8746 0.9269 15.8651 –88.8746
Second Qt = 2.5461t0.5 + 71.1620 0.9130 2.5461 71.1620
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used to regenerate the iron-loaded composite resin. The results 
of the experiment were shown in Fig. 10. With the increase of 
desorption times, the desorption rates of 2% NaOH + 5% NaCl 
and 10% NaOH + 5% NaCl gradually decrease. However, the 
range of desorption rate of 6% NaOH + 5% NaCl was 91%–94%. 
The first two desorption rates of 10% NaOH + 5% NaCl were 
better than 6% NaOH + 5% NaCl, but as far as recycling of 
resin is concerned, the latter was more suitable.

4. Conclusion

The optimum conditions for adsorption of Cr(VI) with 
iron-loaded composite resin were obtained (temperature was 
318 K, pH of 2, adsorption time was 6 h). Freundlich model 
and pseudo-first-order kinetic model were more suitable for 
the monolayer adsorption process, and the higher tempera-
ture was beneficial to the adsorption. The results of SEM and 
EDS showed that Fe3+ bearing iron-loaded composite resin 
could effectively adsorb Cr(VI). The adsorption process was 
controlled not only by liquid film diffusion but also by the 
intraparticle diffusion, and the liquid film diffusion was the 
main control step. The value of ΔH was constant and less than 
20 kJ mol–1, which showed that the adsorption was an endo-
thermic process. The adsorption of ΔG is less than zero that 
indicated the adsorption was spontaneous. The value of ΔS 
was constant positive which revealed the adsorption was the 
total entropy-increasing process. The eluent of 6% NaOH + 5% 
NaCl had excellent desorbing performance, and the desorption 
rate was 91%–94%.
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