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a b s t r a c t
The chitosan/cerium oxide/iron oxide (chitosan/CeO2/Fe3O4) nano-composite adsorbent was 
synthesized for the removal of Cr(VI) and Co(II) ions from aqueous solution in a batch system. The 
adsorbents were characterized by field emission scanning electron microscopy, transmission electron 
microscopy, Fourier transform infrared spectroscopy, Brunauer–Emmett–Teller and X-ray diffraction 
analyses. The effect of CeO2 and Fe3O4 contents on the adsorption capacity was studied. The adsorption 
capacity was significantly increased after modification of adsorbents with CeO2 and Fe3O4 nanopar-
ticles. Furthermore, the simultaneous effects of four independent variables including initial metal 
concentration, temperature, solution pH and adsorbent dosage were studied using response surface 
methodology. The optimum adsorption capacity was found to be 208.18 and 172.92 mg/g for Cr(VI) and 
Co(II) ions, respectively, under the following adsorption conditions: initial concentration of 200 mg/L, 
temperature of 20°C, adsorbent dosage of 10 mg, initial pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions. 
The validation tests showed that the predicted model agreed well with the adsorption experimental 
data. The isotherm and kinetic data were precisely described by the Langmuir and pseudo-second-order 
models, respectively. The maximum adsorption capacity obtained from Langmuir isotherm were 
316.10 and 263.57 mg/g for Cr(VI) and Co(II) ions, respectively. Thermodynamic investigation showed 
that the nature of adsorption process was exothermic and spontaneous.

Keywords:  Chitosan/cerium oxide/iron oxide nano-composite; Cr(VI) and Co(II) sorption; Response 
surface methodology; Isotherm models; Central composite design

1. Introduction

In general, the pollutants such as heavy metals, dyes, 
hydrocarbons lead to a risk for environment and human 
health [1–5]. The pollutions in the environment originate 
from mining, metallurgical, painting, battery manufacture, 
fertilizing and tanning [6–8]. Chromium and cobalt indicated 
the genotoxic effects and they are the common toxic pollut-
ants affecting the human health and living creatures [9–12]. 

The Cr(VI) and Co(II) are toxic carcinogenic ions which get 
readily absorbed into the body [13]. Also, they can lead to 
several health problems including low blood pressure, 
diarrhea, bone defects and lung irritation [13,14]. Thus, it is 
necessary to develop the effective methods for elimination 
of these toxic metals from water systems. Nowadays, 
many methods have been applied for the removal of toxic 
metals containing electrocoagulation [15], evaporation [16], 
membrane process [7], flotation [17], solvent extraction 
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[18] and precipitation [19]. The methods mentioned above 
usually need high energy consumption leading to the high 
costs for high volumes of polluted water and also are not 
effective at very dilute solutions [20]. Adsorption process is 
an effective method for the removal of heavy metals from 
water systems [21–25]. Furthermore, the adsorption pro-
cess has promising advantages including high adsorption 
efficiency, simple adsorbent regeneration and easy opera-
tions [26,27]. On the other hand, the type of adsorbent is a 
serious issue in the adsorption process. The various adsor-
bents have been evaluated for the removal of heavy metal 
ions from water systems. Nano-sized metal oxides such as 
cerium oxide and iron oxides were useful adsorbents due 
to their high surface areas, small sizes, high electric charges 
and surface reaction sites [28–32]. Electrostatic attraction 
and ligand exchange of heavy metal ions with metal oxides 
are possible mechanisms for adsorption process [11,33]. 
For instance, the protonated surface of nano iron oxide 
impregnated in chitosan bead including Fe–OH2

+ and NH3
+ 

(both in composite) attracts the anionic Cr(VI) species by 
electrostatic attraction mechanism. Furthermore, the ligand 
exchange Fe–OH groups in the nano-composite structure 
with anionic Cr(VI) species is another adsorption mechanism 
[11]. Nevertheless, instability of nano-sized metal oxides in 
water systems (in powder forms) is one of the most import-
ant limitations leading to the agglomeration of nanoparticles 
in the solution owing to the several interactions and van der 
Waals forces [34]. Thus, this unstable state reduces the sur-
face area, mechanical strength and adsorption capacity [34]. 
Also, the separation and filtration of nano-sized metal oxides 
is very difficult after adsorption process [35]. To overcome 
these limitations, the nano-sized metal oxides composed 
with a matrix-like polymers [11]. Between the polymers, 
chitosan is a practicable adsorbent due to its environmen-
tal compatibility, low cost and its functional groups such 
as –NH2 and –OH groups which has appropriate potential 
for high adsorption of heavy metal ions from water systems 
[11,36,37]. Therefore chitosan/metal oxide nano-composites 
are effective adsorbents because of their high resistance in 
water solution, high adsorption efficiency and their low-
cost synthesis process [38]. Consequently, the combination 
of metal oxides (CeO2 and Fe3O4) and chitosan adsorbents 
is promising and beneficial to bond Cr(VI) and Co(II) ions 
because these nano-composites have multifunctional groups 
for adsorption process. Up to now, the composites of cerium 
oxide/iron oxide based on chitosan with multifunctional 
groups have not been synthesized for the adsorption of 
heavy metal ions from aqueous solutions.

In this research, the main objective was the synthesis of 
the novel chitosan/CeO2/Fe3O4 nano-composites as potential 
adsorbents for the removal of Cr(VI) and Co(II) ions from aque-
ous solutions. The nano-composite adsorbents were character-
ized by field emission scanning electron microscopy (FESEM), 
transmission electron microscopy (TEM), Fourier transform 
infrared spectroscopy (FTIR), Brunauer–Emmett–Teller (BET) 
and X-ray diffraction (XRD) analyses. Some elementary 
adsorption experiments at a fixed conditions were performed 
to investigate the effects of CeO2 and Fe3O4 contents in chi-
tosan adsorbents on Cr(VI) and Co(II) adsorption. To optimize 
the adsorption conditions, the response surface methodology 
(RSM) was used. The effect of solution pH, adsorbent dose, 

temperature and initial Cr(VI) and Co(II) concentration on the 
performance of adsorption process was evaluated using cen-
tral composite design (CCD) of RSM. Furthermore, adsorp-
tion kinetics, isotherm and thermodynamics modeling were 
carried out to analyze the sorption process. 

2. Experimental section

2.1. Materials

Cerium nitrate hexahydrate (Ce(NO3)3·6H2O) (≥99.0%) 
was purchased from Fluka (Germany) with high purity. 
Chitosan (95%, molecular weight 200 kDa), oxalic acid 
(≥99.5%), urea (≥99.5%), acetic acid (≥99.8%), ferric chloride 
hexahydrate (FeCl3·6H2O) (≥99.0%) and ferrous sulfate 
heptahydrate (FeSO4.7H2O) (≥99.5%) were prepared by Merck 
(Germany). The solvent used for chitosan was glacial acetic 
acid (Sigma-Aldrich, ≥99.0%). To prepare stock solutions of 
Cr(VI) and Co(II) ions, the specified amounts of potassium 
dichromate (Merck, ≥99.9%) and cobalt nitrate hexahydrate 
(Merck, ≥99.0%) were used. All materials were used as 
received. Also, deionized water was utilized in the synthesis 
process of nano-composite and adsorption experiments.

2.2. Synthesis of CeO2 nanoparticles

First, 14.33 g of Ce(NO3)3·6H2O, 5.94 g of oxalic acid and 
5.96 g of urea were dissolved in a distinct amount of deionized 
water to prepare the solutions of 0.165 M of Ce(NO3)3·6H2O, 
0.330 M of oxalic acid and 0.495 M of urea, respectively. 
Thus, a mixture of 1 M solution was obtained. The pH of 
solution was adjusted to 5.0 by using 36% acetic acid. Then, 
the volume of solution reached to 200 ml with deionized 
water under stirring for 120 min. The resulting precipitate 
was separated by a centrifuge at 3,000 rpm for 20 min and 
washed with ethanol and deionized water for several times 
to remove the excess materials from precipitate. Finally, the 
resulting precursor was calcined at 400°C for 3 h to prepare 
CeO2 nanoparticles. It should be mentioned that oxalic acid 
and urea contributes to the formation of CeO2 particles on 
nano-scale without particle aggregation [39].

2.3. Synthesis of Fe3O4 nanoparticles

First, 30 mL of 0.75 M FeCl3·6H2O and 15 mL of 0.75 M 
FeSO4.7H2O were mixed into a 250 mL beaker under stirring. 
Then, 10 mL of 30% NaOH was dropped into the resulting 
solution under stirring to form a black precipitate. The result-
ing magnetic nanoparticles were uniformly dispersed in the 
solution under stirring for 60 min [40]. After that, the final 
solution was centrifuged at 3,000 rpm and the precipitate 
separated by centrifuge was washed with deionized water 
several times and finally, dried in an oven at 70°C for 12 h.

2.4. Preparation of chitosan/CeO2/Fe3O4 nano-composite 
adsorbents

For preparation of chitosan solution, 2.5 g of chitosan was 
added to 200 mL of acetic acid (1%) and stirred for 4 h. This 
stirring process is carried out to prepare of a homogeneous 
solution. The pH of solution was adjusted to 5. Then, the 
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various contents of cerium oxide nanoparticles (0.0–1.2 g) were 
dispersed in chitosan solution and then mechanically stirred 
for 3 h to disperse nanoparticles in the solution well. Finally, 
for synthesis of chitosan/CeO2 nano-composites, the resulting 
solution was filtrated and washed with ethanol and deionized 
water and dried at 60°C for 48 h. For preparation of chitosan/
CeO2/Fe3O4 nano-composite, first, different amounts of iron 
oxide (0.4–1.4 g) were dispersed in chitosan/CeO2 solution 
under stirring for 3 h. The operations of filtration, washing 
and drying were similar to those of mentioned above.

2.5. Characterization of synthesized chitosan/CeO2/Fe3O4 
nano-composite adsorbents

To compare the morphology of synthesized samples, 
FESEM technique was used (SIGMA VP-500 model, Zeiss, 
Germany). The phase identification of the samples was 
performed by XRD analysis (X’ Pert Pro model, Panalytical, 
Netherlands) with a Cu Kα radiation in the 2θ range of 10°–80°. 
The chemical bonds and functional groups of adsorbents 
were identified by FTIR analysis (RXI model, PerkinElmer, 
Germany). Also, TEM analysis (Zeiss-EM10C-100 KV model, 
Germany) was used to investigate the shape of nanoparti-
cles. The surface area, average pore volume and average pore 
diameter of the samples were determined by BET method 
(BELSORP model, Japan). Furthermore, the electrical charge of 
chitosan/CeO2/Fe3O4 nano-composite surface was determined 
by the point of zero charge pH (pHpzc) as follows. First, 50 mL 
of 0.1 M NaCl solution was transferred to a series of flasks. 
Then, the initial pH of each solution was adjusted in the range 
of 1–7 using 0.1 M NaOH and/or 0.1 M HCl solutions. In the 
next step, 0.1 g of nano-composite was put in each flask. These 
flasks were shaken at room temperature for 48 h. After that, 
the final pH of each solution was specified using a portable pH 
meter. Finally, pHfinal values were plotted vs. corresponding 
pHinitial values. The value of pHpzc is a point where the initial 
pH equals the final pH [41].

2.6. Batch sorption investigations

The adsorption behavior of Cr(VI) and Co(II) ions from 
aqueous solutions onto the adsorbents was investigated in 
the flasks containing 25 mL solutions by shaking the flasks at 
150 rpm. The effect of CeO2 and Fe3O4 contents was studied 
on Cr(VI) and Co(II) adsorption at a temperature of 25°C, ini-
tial concentration of 200 mg/L, contact time of 100 min with 
an adsorbent dose of 12.5 mg and pH 5 (adjusted by 0.1 M 
HCl solution using a pH meter (Switzerland, 827-pH lab, 
metrohm, Switzerland). The effect of initial concentration, 
temperature, solution pH and adsorbent dosage on optimi-
zation of Cr(VI) and Co(II) adsorption were investigated by 
RSM. It should be mentioned that the concentration of Cr(VI) 
and Co(II) ions in the liquid phase was measured using an 
inductivity coupled plasma spectrophotometer (Aanalys200, 
PerkinElmer). The adsorption capacity of chitosan/CeO2/
Fe3O4 nano-composite adsorbent for Cr(VI) and Co(II) ions 
was evaluated from the following equation:

q
C C V
me

e=
−( )0

 (1)

where qe is the equilibrium adsorption capacity of chitosan/
CeO2/Fe3O4 nano-composite for both metal ions (mg/g), 
C0 and Ce are the initial and equilibrium Cr(VI) and Co(II) 
ion concentrations (mg/L), respectively; V is the volume (L) of 
metal ion solution and m is the amount of dry adsorbent used 
in adsorption process (g).

2.7. Experimental design for the adsorption of Cr(VI) 
and Co(II) ions

RSM is used to analyze the adsorption experiments and 
estimate the relative significance of effective factors and show 
the interactions between parameters. Also, to optimize the 
operational conditions to achieve the best adsorption system 
performance, RSM is applied [42]. Furthermore, the CCD 
coupled with RSM was employed as an effective approach to 
evaluate the process conditions and estimate a quadratic model 
for the response variable [42]. In this research, four independent 
factors including initial concentration (20–200 mg/L), tempera-
ture (20°C–40°C), solution pH (3–9) and adsorbent dosage 
(10–50 mg) were used for optimization of Cr(VI) and Co(II) ion 
adsorption. An optimal number of experiments (N) in CCD 
method can be calculated as follows [43]:

N k ck
p=2 +2 +  (2)

where k is the number of independent variables; cp is the 
number of center points applied to estimate the standard 
deviation; 2k is the factorial points and 2k is the axial points 
[43]. It should be mentioned that the higher center points lead 
to a reduction in pure error. So, CCD with four independent 
factors involved 24 (16) full factorial tests, 8 axial points and 7 
replicates at the center points. The input variables including 
x1, x2, …, xn should be scaled to coded levels. In this study, all 
four factors in CCD investigated at five coded levels includ-
ing –1, –0.5, 0, +0.5 and +1. The coded values relates to the real 
ones by the following equation [44]:

x
X X
Xi

i=
− 0

∆  (3)

where xi represents the dimensionless coded value of the ith 
independent variable; Xi is the real value; X0 is the real value 
at the center point and ΔX shows the value of step change. 
The quadratic polynomial model was used to fit the experi-
mental data. It is as follows [45,46]:
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where Y refers to the predicted response; β0, βi, βii and βij 
indicate the regression coefficients (the intercept parame-
ter, the linear, the second-order and the interaction effects, 
respectively); z is the number of factors; Xi represents the 
coded levels of the independent factors; Xi Xj shows the effect 
of interactions between parameters and Xi

2 represents the 
square effect. In order to consider the adequacy of applied 
regression models, analysis of variance (ANOVA) was used 
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for adsorption process. The statistical significance of models 
was checked by F value and p-value at 95% confidence level. 
Minitab software was used to analyze the data.

3. Results and discussion 

3.1. Characterization of synthesized samples

FESEM images of Fe3O4, CeO2 nanoparticles and 
chitosan/CeO2/Fe3O4 nano-composite are illustrated in Fig. 1. 
Fig. 1(a) shows that the most of Fe3O4 nanoparticles were uni-
formly distributed with spherical morphology. The particle 
size distribution for Fe3O4 nanoparticles was in the range 
of 25–38 nm. Fig. 1(b) shows the irregular CeO2 crystals. 
But, most of them had spherical shape. However, the CeO2 
nanoparticles have been well synthesized and their sizes 
were in the range of 33–69 nm. Fig. 1(c) shows that the Fe3O4 
and CeO2 nanoparticles have been uniformly distributed 
on the chitosan surface with a spherical structure without 
agglomeration of particles. Furthermore, TEM image of 
chitosan/CeO2/Fe3O4 nano-composite is shown in Fig. 1(d). 

As observed, the surface of chitosan has been successfully 
coated with the Fe3O4 and CeO2 nanoparticles. TEM analysis 
also confirmed the spherical morphology and uniform 
distribution of nanoparticles on adsorbent surface. It showed 
that the average particle size of nanoparticles was found to 
be 35 nm.

XRD patterns of Fe3O4, CeO2 nanoparticles and chitosan/
CeO2/Fe3O4 nano-composite are indicated in Fig. 2. Fig. 2(a) 
shows the XRD spectrum of Fe3O4 nanoparticles. It conformed 
to the JCPDS standard No. 65-3107. As observed, the crystal 
surfaces of (220), (311), (400), (511) and (440) were attributed to 
the Fe3O4 phase. Similar results were obtained by others [40]. 
The position of diffraction peaks of (111), (200), (220), (311), 
(222), (400), (331) and (420) matched well with those of the 
CeO2 nanoparticles (JCPDS standard No. 34-0394) (Fig. 2(b)). 
No excess peaks are detected in the XRD patterns showing 
the high purity of the Fe3O4 and CeO2 nanoparticles [31]. 
Fig. 2(c) indicates the XRD spectrum of chitosan/CeO2/Fe3O4 
nano-composite. All of the diffraction peaks in this spectrum 
confirmed the presence of Fe3O4 and CeO2 nanoparticles 
in the nano-composite structure. The full obedience of 

Fig. 1. FESEM images of (a) synthesized Fe3O4, (b) CeO2 nanoparticles, (c) chitosan/CeO2/Fe3O4 and (d) TEM images of 
chitosan/CeO2/Fe3O4 nano-composite adsorbents.
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corresponding peaks of Fe3O4 and CeO2 nanoparticles in XRD 
pattern of chitosan/CeO2/Fe3O4 nano-composite proved that 
the nanoparticles structure have been successfully preserved 
in the nano-composite (Fig. 2(d)).

The FTIR technique was analyzed for the pure chitosan 
and chitosan/CeO2/Fe3O4 nano-composite adsorbents (before 
and after adsorption) and the results are shown in Fig. 3. As 
shown, the absorption peak at 3,430 cm–1 was attributed to the 
stretching vibrations of O–H and N–H groups and the band 
at 1,550–1,640 cm–1 was assigned to the stretching vibrations 
of amide (N–H) groups. The absorption peak at 2,925 cm–1 
and 1,050–1,150 cm–1 related to C–H and C–O stretching 
vibrations, respectively. As observed, the broad absorption 
band at 570–900 cm–1 was due to the stretching vibrations 
of Fe–O and Ce–O in the nano-composite FTIR spectrum 
confirming the presence of Fe3O4 and CeO2 nanoparticles 
in the nano-composite structure [35,40]. The FTIR spectra 
after adsorption of Cr(VI) and Co(II) ions indicated that the 
corresponding peaks of N–H and –OH groups (3,430), C–H 
stretching vibrations (2,925 cm–1), N–H groups (1,625 cm–1), 
Fe–O and Ce–O groups (895 and 610 cm–1) were shifted to the 
3,477, 2,930, 1,641, 898 and 620 cm–1 after Cr(VI) adsorption 
and 3,472, 2,927, 1,646, 897 and 618 cm–1 after Co(II) adsorp-
tion, respectively. As observed in Fig. 3, the peak intensity of 
–OH, N–H, Fe–O and Ce–O decreased after metal adsorption. 

This revealed that the chemical interactions between these 
functional groups of chitosan/CeO2/Fe3O4 nano-composite 
adsorbent and metal ions (Cr(VI) and Co(II)) were mainly 
included in the adsorption process.

Based on BET multipoint method, The results are given 
in Table 1. The results indicated that the SBET and average 
total pore volume of chitosan/CeO2 increased remarkably 
with the increase of CeO2 contents from 0.25 to 1.0 g. This 
increase can be due to the presence of CeO2 nanoparticles 
in the nano-composite structure. Further increase in CeO2 
contents (1.25 and 1.5 g) led to a decrease in the specific 
surface area of chitosan/CeO2 nanocomposite. The SBET 
and average total pore volume of Chitosan/CeO2/Fe3O4 
nano-composites increased with the increase of Fe3O4 con-
tents up to 1.2 g. Further increase in Fe3O4 contents (1.4 g) 
resulted in a decrease in total surface area. The reduction of 
the SBET and average total pore volume of nano-composites 
with high contents of CeO2 (1.5 g) and Fe3O4 (1.4 g) can be 
due to the instability of nanoparticles leading to blockage 
of the pores of adsorbent by agglomeration of nanoparti-
cles. Among the nano-composites, the highest surface area 
and average pore volume were found to be 118.7 (m2/g) 
and 0.0603 (cm3/g), respectively, for Chitosan/CeO2/Fe3O4 
with 1.0 g of CeO2 and 1.2 g of Fe3O4 nanoparticles (Fig. 4).

(a) (b)

(c) (d)

Fig. 2. XRD patterns of synthesized (a) Fe3O4, (b) CeO2 nanoparticles, (c) chitosan/CeO2/Fe3O4 nano-composite and (d) the comparison 
of XRD patterns.
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3.2. Effect of Fe3O4 and CeO2 contents on nano-composite for 
Cr(VI) and Co(II) adsorption 

To investigate the effect of CeO2 and Fe3O4 nanoparticles 
on the structure of nano-composite, all adsorption 
experiments were performed at 25°C, initial concentration 
of 200 mg/L and pH 5 (adjusted by 0.1 M HCl solution) for 
100 min with an adsorbent dosage of 0.5 g/L. The effect 
of CeO2 contents for adsorption of Cr(VI) and Co(II) ions 

is shown in Figs. 5(a) and (b). As observed, the adsorp-
tion capacity of pure chitosan (CeO2 = 0 wt%) was signifi-
cantly lower than the adsorption capacity of chitosan/CeO2 
nano-composites for both metal ions (30.1 mg/g for Cr(VI) 
and 24.3 mg/g for Co(II) ions). After modification of chi-
tosan with CeO2 nanoparticles, the adsorption capacity 
increased significantly with the increase of CeO2 contents 
from 0.25 to 1.0 g. The adsorption capacity of chitosan/CeO2 
with 0.25 and 1.0 g CeO2 contents were found to be 52.7 and 
114.3 mg/g for Cr(VI) adsorption and 46.7 and 96.5 mg/g 
for Co(II) adsorption. This enhancement can be due to the 
increase of surface area with the increase of CeO2 contents 
up to 1.0 g. Further increase in CeO2 contents (1.25 and 1.5 g) 
resulted in a decrease in adsorption capacity for Cr(VI) and 
Co(II) ions. This can be due to the unstable CeO2 nanopar-
ticles with contents of 1.25 and 1.5 g leading to a block-
age of adsorbent pores by agglomeration of nanoparticles 
and a decrease in the adsorption active sites of Cr(VI) and 
Co(II) ions. Therefore, the optimum amount of CeO2 con-
tent was found to be 1 g. The effect of Fe3O4 contents for 
adsorption of Cr(VI) and Co(II) ions onto the chitosan/
CeO2/Fe3O4 nano-composite is shown in Figs. 5(c) and (d). 
As shown, the adsorption capacity increased significantly 
with the increase of Fe3O4 contents nanoparticles from 0.4 to 
1.2 g. It may be due to the increase of surface area with the 
increase of Fe3O4 contents up to 1.2 g. Also, the presence of 
oxygen in structure of Fe3O4 led to the increase of interac-
tion between oxygen electron and metal ions [37]. Further 
increase in Fe3O4 contents (1.4 g) caused to a decrease in 
adsorption capacity for Cr(VI) and Co(II) ions due to the 
instability and agglomeration of Fe3O4 with high contents. 
Consequently, the optimum CeO2 and Fe3O4 contents were 
found to be 1 and 1.2 g in the structure of chitosan/CeO2/
Fe3O4 nano-composite adsorbent. Therefore, it was selected 
for the next adsorption experiments.

3.3. Experimental design and optimization of Cr(VI) 
and Co(II) adsorption conditions by RSM

The simultaneous effects of four independent variables 
including initial concentration (X1), temperature (X2), solution 
pH (X3) and adsorbent dosage (X4) were studied using 
RSM according to CCD. The results of predicted and real 
adsorption capacity for Cr(VI) and Co(II) ions are given in 

Fig. 3. FTIR analysis for the pure chitosan and chitosan/CeO2/
Fe3O4 nano-composite adsorbents (before and after Cr(VI) and 
Co(II) adsorption).

Fig. 4. Determination of point of zero charge (pHpzc) of chitosan/
CeO2/Fe3O4 nano-composite adsorbent.

Table 1 
BET surface areas, total pore volumes and average diameters of 
synthesized nano-composites based on chitosan

Sample SBET 
(m2/g)

Vtoatal 
(cm3/g)

Average 
diameter (nm)

Chitosan/CeO2 
(0.25 g)

81.2 0.0447 2.451

Chitosan/CeO2 
(1.00 g)

100.5 0.0559 2.312

Chitosan/CeO2 
(1.50 g)

92.8 0.0503 2.396

Chitosan/CeO2/
Fe3O4 (0.4 g)

105.0 0.0582 2.302

Chitosan/CeO2/
Fe3O4 (1.2 g)

118.7 0.0657 2.214

Chitosan/CeO2/
Fe3O4 (1.4 g)

108.5 0.0603 2.283
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Table 2. The terms in second-order models were determined 
after excluding insignificant parameters (p-value > 0.1) and 
the results are given in Table 3. According to p-value and 
F-value, the final models in terms of coded factors are given 
as follows (Y1 is the adsorption capacity for Cr(VI) ions and 
Y2 is the adsorption capacity for Co(II) ions):

Y X X X
X X

1 1 2 3

4 3
2

= + − −

− −

 65.079  47.795  7.924  5.657
28.941  26.301 ++ 26.407X  5.438
2.656 19.656  6.281

2
4 1 2

1 3 1 4 2 4

−
− − +

X X
X X X X X X

 (5)

Y X X
X X X X X

2 1 2

3 4 4
2

1 3

44 15 40 07 2 75
7 49 34 04 13 47 3 02
2

= + −

+ − + +
−

. . .

. . . .
44 48 1 61 1 891 4 2 4 3 4. . .X X X X X X+ −

 (6)

The constant values of 65.08 and 44.15 were the offset 
terms and X1, X2, X3 and X4 indicated the initial concentration, 
temperature, solution pH and adsorbent dosage, respectively. 
The results depicted that the initial concentration with the 
highest coefficient (47.8 for Cr(VI) and 40.1 for Co(II) ion) had 
the most important influence on the adsorption capacity. After 
initial concentration, the adsorbent dosage was an important 

parameter. On the other hand, only initial concentration had 
a positive effect on Cr(VI) adsorption and a negative sign 
for temperature, solution pH and adsorbent dosage showed 
that adsorption capacity for Cr(VI) ions decreased with the 
increase of X2, X3 and X4 parameters. While both X1 and X3 
had a positive effect on Co(II) adsorption. This meant that the 
adsorption capacity for Co(II) ions increased with increasing 
the initial concentration and solution pH. Furthermore, both 
temperature and adsorbent dosage had a negative effect on 
Co(II) adsorption. Based on ANOVA analysis, the p-values 
predicted for variables X1, X2, X3, X4, X3

2 and X4
2 for Cr(VI) 

ions and X1, X2, X3, X4 and X4
2 for Co(II) ions were less than 

0.05 showing the importance of these variables in adsorption 
process. Also, p-values of X1X2, X1X4 and X2X4 for Cr(VI) ions 
and X1X3, X1X4 and X3X4 for Co(II) ions were less than 0.05 
showing that they were significant terms in second-order 
model. The F values of the applied model were found to be 
203.3 for Cr(VI) adsorption and 649.5 for Co(II) adsorption 
corresponding to the p-value less than 0.0001 indicating the 
adequate of models.

The fit of polynomial equations (Eqs. (5) and (6)) were 
evaluated by the correlation coefficient (R2). In this study, 
R2 values were found to be 0.9901 and 0.9964 for adsorption 
capacity for Cr(VI) and Co(II) ions, respectively. This 
indicated that only 0.99% and 0.36% of the total variables 

Fig. 5. Effect of CeO2 contents in the structure of chitosan for (a) Cr(VI) and (b) Co(II) sorption and effect of Fe3O4 contents for in 
the structure of chitosan/CeO2 adsorbent (c) Cr(VI) and (d) Co(II) sorption (experimental conditions: at temperature of 25°C, initial 
concentration of 200 mg/L, pH 5, contact time of 100 min with an adsorbent dosage 12.5 mg).



247M. Farokhi et al. / Desalination and Water Treatment 143 (2019) 240–255

were not clarified by the adsorption capacity for Cr(VI) 
and Co(II) ions, respectively. The actual and the predicted 
Cr(VI) and Co(II) adsorption capacity is depicted in Fig. 6. 
The predicted values were determined using the approx-
imating functions and the actual values were experimen-
tal adsorption data [42]. As shown in Fig. 6, the points 
were located around the y=x line which displayed the cor-
relation of the actual and predicted data and confirmed 
that the applied models are applicable for the response 
prediction [47].

The 3D surface plots indicate the interactive 
influences of two independent parameters (Figs. 7 and 8). 
Figs. 7(a) and 8(a) indicate the effect of temperature and ini-
tial concentration on the adsorption capacity for Cr(VI) and 
Co(II) ions, respectively. As shown, the maximum Cr(VI) 
and Co(II) adsorption capacity was obtained at 20°C and 

initial concentration of 200 mg/L. The sorption capacity 
for both Cr(VI) and Co(II) ions increased with increasing 
the initial concentrations. This can be due to the increase 
in driving force to overcome the mass transfer resistance 
between adsorbent surface and aqueous solution at higher 
initial concentration [48,49]. Also, the adsorption capacity 
increased with the reduction of temperature. It was 
concluded that the adsorption of both Cr(VI) and Co(II) 
ions was an exothermic process. The effect of temperature 
and pH parameters on the adsorption capacity for Cr(VI) 
and Co(II) ions is illustrated in Figs. 7(b) and 8(b), respec-
tively. As shown in Fig. 7(b), the adsorption capacity for 
Cr(VI) ions increased with the increase of pH from 3 to 5.54 
and decreased with further increase in pH. At very low pH, 
the dominant species of Cr(VI) are H2CrO4 and HCrO4

–; 
while the two negative dominant species are HCrO4

– and 

Table 2 
Predicted and actual responses for sorption of Cr(VI) and Co(II) ions onto the chitosan/CeO2/Fe3O4 nano-composite adsorbent (exper-
imental conditions: at a temperature of 20°C, initial concentration of 200 mg/L with adsorbent dosage of 10 mg and with an optimum 
pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions)

Adsorbing capacity(mg/g)X4X3X2X1Experiments
Co(II)Cr(VI)

PredictedActualPredictedActual

44.1542643.75065.0785162.917–1–1–111
44.1542643.75065.0785162.08300002
47.8976949.58355.6749754.58300003
30.4993536.56357.2096951.563–0.50004
40.4108237.91761.3315466.25000005
25.1637522.50038.4426933.750–11–116
37.8874837.50032.4420527.5001–1–117
6.6031415.5007.310119.5000000.58

11.751889.4501.3094787.750–111–19
45.5277447.91769.0406367.9171–11–110
64.5421659.37586.1509895.62500.50011
4.3342025.00014.899129.0000-0.50012

16.4448118.50020.906727.50000–0.5013
9.4829399.2508.8984947.000000–0.514

29.1685530.00014.9060715.000–11–1–115
31.6344532.00079.7760273.50011–1116

148.1201150.000189.5336192.500111–117
172.9188175.000172.908177.500000.5018
48.8581950.00063.1503962.5000.500019
29.3655228.50065.6150369.000000020

139.4011140.000150.2476150.000000021
46.5892546.00048.989455.000–1–11–122

164.1999162.500133.622125.00011–1–123
24.1464332.70841.1807848.5421–11124
64.1620860.62588.9762489.7921–1–1–125
42.7807741.66761.1163960.417000026
44.1542642.91765.0785163.750–1–11127
44.1542644.58365.0785163.750–1–1–1–128
44.1542642.91765.0785163.333111129
44.1542642.08365.0785162.917–111130
44.1542642.91765.0785163.750000031
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Cr2O4
2– at pH < 6.5; and at pH > 6.5, CrO4

2 [50]. On the 
other hand, the pHpzc of nano-composite adsorbent was 
6.8. It is clear that HCrO4

– and Cr2O4
2– adsorption onto the 

active sites requires an adsorbent with positive charge (pH 
< pHpzc). When pH was very low only HCrO4

– appeared in 
the solution and therefore, the adsorption capacity related 
to the adsorption of only HCrO4

– species. The optimum 
pH for Cr(VI) adsorption was found to be 5.54 because the 
adsorption of both HCrO4

– and Cr2O4
2– species occurred. 

At higher pH (>5.54), the hydroxyl ions increased and the 
competition of chromium species with hydroxyl ions led to 
a decrease in adsorption capacity of chitosan/CeO2/Fe3O4 
nano-composite. On the other hand, at pH > pHpzc, the 
nano-composite is negatively charged resulting in an elec-
trostatic repulsion between Cr(VI) anions and active sites 
of adsorbent [30]. As can be seen in Fig. 8(b), the adsorp-
tion capacity for Co(II) ions increased with increasing the 
pH values because the surface charge of adsorbent became 
more negative at pH > pHpzc and the main species was Co2+ 
ion. At low pH, the attraction of protons created a proton-
ated surface of adsorbent leading to the competition of Co2+ 
ion and H+ ions for occupation of the active sites resulted in 
a lower adsorption for cobalt ions [12]. Therefore, the pro-
tonation of functional groups on the adsorbent led to a low 
adsorption of cationic ions at lower pH [51]. This finding is 
similar to the literatures reported by Liu et al. [51], and Shi 
et al. [52]. Figs. 7(c) and 8(c) show the effect of initial con-
centration and pH on the adsorption capacity. These con-
firmed the results mentioned above. The highest adsorp-
tion capacity was obtained in the initial concentration of 
200 mg/L with an optimum pH 5.54 for Cr(VI) ions and 9.00 
for Co(II) ions. The effect of adsorbent dosage and initial 

Table 3 
ANOVA analysis of the fitted quadratic equation for the sorption capacity of chitosan/CeO2/Fe3O4nano-composite adsorbent for 
Cr(VI) and Co(II) ions (experimental conditions: at a temperature of 20°C, initial concentration of 200 mg/L with adsorbent dosage of 
10 mg and with an optimum pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions)

Co(II)Cr(VI)
p valueF valueMean sum 

of squares
DFp valueF valueMean sum 

of squares
DFSource

0.000649.476,417.590.000203.336,065.010Regression

0.0002,673.8426,420.710.0001,263.6337,692.71X1

0.00212.60124.510.00034.731,036.11X2

0.00093.60924.910.00117.70527.91X3

0.0001,935.2019,122.110.000463.3213,820.41X4

0.0265.75171.512(X3)
0.000134.751,331.510.0265.79172.912(X4)

0.00115.86473.11X1X2

0.00114.76145.810.0663.78112.91X1X3

0.000970.469,589.310.000207.246,181.91X1X4

0.0534.2141.610.00021.16631.31X2X4

0.0255.8157.41X3X4

9.92129.820Residual
20.5213.6150.000109.2442.414Lack of fit

0.760.46Pure error
3030Corrected total

Fig. 6. Predicted vs. actual sorption data for (a) Cr(VI) and (b) Co(II) 
ions (experimental conditions: at a temperature of 20°C, initial 
concentration of 200 mg/L with adsorbent dosage of 10 mg and 
with an optimum pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions).
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concentration, adsorbent dosage and temperature and 
adsorbent dosage and pH are indicated in Figs. 7(d)–(f) 
for Cr(VI) ions and Figs. 8(d)–(f) for Co(II) ions, respec-
tively. As shown, the adsorption capacity decreased with 
the increase of adsorbent dosage from 10 to 50 mg because 
some of the adsorbent active sites persisted unsaturated 
through the adsorption process while the number of avail-
able sites of the synthesized adsorbent increased with 
increasing the adsorbent dosage [41]. The results proposed 
by CCD method depicted that the optimum adsorption con-
ditions for metal ions were determined as initial concentra-
tion of 200 mg/L, temperature of 20°C, adsorbent dosage 
of 10 mg, initial pH 5.54 for Cr(VI) and pH 9.00 for Co(II) 
ions. The predicted adsorption capacity of chitosan/CeO2/
Fe3O4 nano-composite adsorbent for Cr(VI) and Co(II) ions 
was found to be 208.18 and 172.92 mg/g, respectively, under 
their optimum conditions.

To verify the results of the model, the confirmation 
experiments were performed under optimum conditions. The 
experimental values of adsorption capacity under optimum 
adsorption conditions for Cr(VI) and Co(II) were found to be 
214.21 and 180.1 mg/g, respectively, that was in accordance 
with their predicted values of adsorption capacity within 
2.8% and 3.9% of error for Cr(VI) and Co(II) ions, respectively. 
These estimated and acceptable errors confirmed the validity 
of the models.

3.4. Kinetic Cr(VI) and Co(II) adsorption 

The effect of contact time on the metal ion adsorption 
was considered by varying the time from 0 to 100 min, with 
an initial concentration of 200 mg/L, at a temperature of 
20°C with adsorbent dosage of 10 mg and with an optimum 
pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions. The results 

Fig. 7. Three-dimensional response surface graphs of Cr(VI) sorption onto the chitosan/CeO2/Fe3O4 nano-composite adsorbent: the 
combined effect of (a) temperature and initial concentration, (b) pH and temperature, (c) pH and initial concentration, (d) initial 
concentration and adsorbent dosage, (e) temperature and adsorbent dosage, (f) adsorbent dosage and pH (experimental conditions: 
at a temperature of 20°C, initial concentration of 200 mg/L with adsorbent dosage of 10 mg and with an optimum pH 5.54).
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are shown in Fig. 9. As observed, the adsorption process 
consisted of two steps. The first step is fast within the first 
45 min, due to the presence of abundant adsorption sites on 
adsorbent surface at the beginning of process [51]. The second 
step is a slower adsorption stage where internal surface dif-
fusion of Cr(VI) and Co(II) ions occurred and the active sites 
had a tendency to saturate with the increase of contact time 
up to 100 min. This can be due to the insufficient binding 
sites of adsorbent at equilibrium time [51]. The similar 
trends were obtained by others [51,52]. In this work, three 
kinetic models including the non-linear pseudo-first-order 
(first reaction-based model), pseudo-second-order (second 
reaction-based model) and Elovich models were used to sim-
ulate the kinetic adsorption of Cr(VI) and Co(II) ions using 
the MATLAB software. These non-linear models are defined 
as follows [53–55]: 

Pseudo-first-order: 

q q k tt e= − −( )1 1exp( )  (7)

Pseudo-second-order: 

q
k q t
k q tt
e

e

=
+

2
2

21  (8)

Elovich model: 

qt = α βLn(t) +  (9)

where qt and qe (mg/g) represent the adsorption capacity at time t 
and equilibrium time, respectively; k1 (h–1) and k2 (g mg–1 h–1) param-
eters represent the pseudo-first-order and pseudo-second-order 
sorption rate constants, respectively; α and β are the constants 
whose chemical importance is not obviously expressed. The 
kinetic parameters are given in Table 4. The R2 values of models 
showed that the consistency between the experimental and theo-
retical adsorption capacity showed that the kinetics of Cr(VI) and 
Co(II) adsorption onto the chitosan/CeO2/Fe3O4 adsorbent can be 
better fitted by pseudo-second-order (R2 > 0.999) in comparison 

Fig. 8. Three-dimensional response surface graphs of Co(II) sorption onto the chitosan/CeO2/Fe3O4 nano-composite adsorbent: 
(a) the combined effect of temperature and initial concentration, (b) pH and temperature, (c) pH and initial concentration, (d) initial 
concentration and adsorbent dosage, (e) temperature and adsorbent dosage, (f) adsorbent dosage and pH (experimental conditions: 
at a temperature of 20°C, initial concentration of 200 mg/L with adsorbent dosage of 10 mg and with an optimum pH 9.00).
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with pseudo-first-order (R2 > 0.981) and Elovich models (0.886). 
The similar trends were obtained by others [51,52]. The Elovich 
model failed to explain the experimental data well due to the 
lowest R2 values. This represented that the chemical-controlling 
process was rate-limiting step. The similar results were obtained 
by others [53,54].

3.5. Adsorption isotherm studies 

To investigate the adsorption isotherms in Cr(VI) and 
Co(II) sorption systems, the experiments were performed at 
a temperature of 20°C, contact time of 100 min with adsor-
bent dosage of 10 mg and with an optimum pH 5.54 for 
Cr(VI) and pH 9.00 for Co(II) ions. The adsorption isotherms 
were analyzed by three different models, namely Langmuir, 
Freundlich and Temkin models to detect the interaction of 
metal ions with the synthesized adsorbent. The mathematical 

approach to evaluate the adsorption behavior can be per-
formed by non-linear isotherm models using MATLAB soft-
ware. The chemisorption and a monolayer deposition on an 
adsorbent surface with identical sites are assumed by the 
Langmuir isotherm model [49,52]. The non-linear Langmuir 
model can be written as [35,54,55]: 

qe
m L e

L e

q K C
K C

=
+1  (10)

where qm (mg/g) is the maximum adsorption capacity, 
KL (L/mg) is the rate constant of Langmuir equation corresponding 
to the energy of adsorption or net enthalpy, Ce (mg/L) is the 
equilibrium concentration of the heavy metal ions in the solution. 
The parameter KL is used to calculate a dimensionless separation 
factor (RL) by the following equation [55]:

R
K CL
L

=
+

1
1 0

 (11)

where C0 represents the highest initial Cr(VI) and Co(II) 
concentrations. The RL values show that the adsorption is 
irreversible (RL = 0), favorable (0 < RL<1), linear (RL = 0) and 
unfavorable (RL > 1). 

The Freundlich model describes the exponential distri-
bution, multilayer adsorption and heterogonous adsorption 
energies of active sites on the adsorbent surface. Also, this 
model represents that the surface saturation does not occur 
therefore, infinite surface coverage is expected. The non-lin-
ear expression of Freundlich model can be written as [56,57]:

qe F e
nK C= 1/  (12)

where KF ((mg/g)/(l/mg)1/n) and n are both the Freundlich 
isotherm constants. KF represents the adsorption capacity 
and n is the heterogeneity factor relating to the intensity of 
the adsorption. Values of n should be greater than 1 for the 
feasible adsorption [20,58]. 

Temkin isotherm model assumes that the adsorption heat 
of all molecules in the layer declines with coverage because of 
the adsorbent–metal ion interactions. The non-linear Temkin 
model can be written as [59]:

qe T T eA B C= ln ( )  (13)

where AT = RT/bT, R (kJ mol–1 K–1) and T (K) represent the 
universal gas constant and absolute temperature, respectively. 

 Fig. 9. Effect of contact time on sorption capacity of chitosan/
CeO2/Fe3O4 nano-composite adsorbent for (a) Cr(VI) ions and 
(b) Co(II) ions (experimental conditions: at a temperature of 
20°C, initial concentration of 200 mg/L with adsorbent dosage 
of 10 mg and with an optimum pH 5.54 for Cr(VI) and pH 9.00 
for Co(II) ions).

Table 4
Parameters of applied kinetic models for Cr(VI) and Co(II) ion sorption onto the chitosan/CeO2/Fe3O4nano-composite adsorbent 
(experimental conditions: at a temperature of 20°C, initial concentration of 200 mg/L with adsorbent dosage of 10 mg and with an 
optimum pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions)

Elovich modelPseudo-second-order modelPseudo-first-order modelContaminants
R2αβR2K2 (g/(mg h)qe (mg/g)R2K1 (1/h)qe (mg/g)

0.88621,9100.03960.99920.001438223.50.99340.1901209.1Cr(VI)
0.9141384.20.038140.99910.00121190.50.99150.1509175.1Co(II)
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The constant of bT (kJ/mol) is ascribed to the heat of adsorption 
and BT (L/g) explains the maximum binding energy.

The isotherm model parameters are given in Table 5. The 
adsorption equilibrium data of both Cr(VI) and Co(II) ions 
onto the chitosan/CeO2/Fe3O4 nano-composite adsorbent 
fitted well with the Langmuir isotherm model with the high-
est R2 (>0.992) compared with the other models. This sug-
gested that the adsorption of each molecule onto the active 
sites had the same activation energies [58]. The maximum 
adsorption capacity (qm) of chitosan/CeO2/Fe3O4 nano-com-
posite adsorbent was found to be 316.1 and 263.6 mg/g at 
20°C for Cr(VI) and Co(II) ions, respectively. For the current 
adsorption system, RL values for Cr(VI) and Co(II) ions were 
0.227 and 0.255 indicating the favorability of the adsorption 
process. Also, the favorable sorption of Cr(VI) and Co(II) ions 
was confirmed by n values obtained from Freundlich model 
(n > 1) [55,60]. As shown, the BT (L/g) value of Cr(VI) ions 
(0.219 L/g) was greater than that of Co(II) ions (0.164 L/g) 
showing that interactions between adsorbent–metal ions 
were more effective for Cr(VI) compared with Co(II) ions. 
The similar results were obtained by others [59].

Furthermore, the maximum adsorption capacity of 
chitosan/CeO2/Fe3O4 nano-composite was compared with 
other adsorbents synthesized by others for removal of Cr(VI) 
and Co(II) ions from water systems (Table 6). The results 
indicated that qm (mg/g) of synthesized chitosan/CeO2/Fe3O4 
nano-composite in the current work was greater than that of 
other adsorbents. This may be due to the presence of all –
OH, N–H, Fe–O and Ce–O groups in the structure of the syn-
thesized nano-composite compared with other adsorbents 
(confirmed by FTIR analysis). A decrease in peak intensity of 
–OH, N–H, Fe–O and Ce–O after metal adsorption revealed 

the chemical interactions between these functional groups of 
chitosan/CeO2/Fe3O4 nano-composite adsorbent and metal 
ions (Cr(VI) and Co(II)) ions. Similar results were obtained 
by Liu et al. [51], and Shi et al. [52]. Therefore, the invesiga-
tion of adsorption mechanism is necessary.

The suggested adsorption mechanism of Cr(VI) and Co(II) 
ions were also investigated and shown in Fig. 10. Indeed, 
there are dominant anionic Cr(VI) species such as HCrO4

– 

and Cr2O4
2– in the aqueous solution at pH 5.54. As observed 

in Fig. 10, the chitosan/CeO2/Fe3O4 nano-composite adsorbent 

Table 6 
Comparison of maximum adsorption capacity of chitosan/CeO2/Fe3O4 nano-composite adsorbent with other adsorbents

Adsorbents qmax (mg/g) for Cr(VI) ions qmax (mg/g) for Co(II) ions Reference

Cross-linked chitosan magnetic beads 138.50 – [53]
Synthesized CeO2 nanoparticles 121.90 – [31]
APTES/TMPTMS/zirconia/PVP/P123 – 179.73 [60]
Magnetic MWCNT/IO composites – 10.61 [12]
Almond green hull – 45.50 [14]
Silane-modified halloysite/Fe3O4 59.90 – [64]
Chitosan benzoyl thiourea derivative – 29.47 [65]
Nano iron oxide impregnated in chitosan – 88.30 [11]
Magnetite Fe3O4 nanoparticles-chitosan – 39.50 [13]
Chitosan/CeO2/Fe3O4 nano-composite 316.1 263.57 This work

Table 5
Parameters of applied isotherm models for Cr(VI) and Co(II) ion sorption onto the chitosan/CeO2/Fe3O4 nano-composite adsorbent 
(experimental conditions: at a temperature of 20°C, initial concentration of 200 mg/L with adsorbent dosage of 10 mg and with an 
optimum pH 5.54 for Cr(VI) and pH 9.00 for Co(II) ions)

Temkin modelLangmuir modelFreundlich modelContaminates

R2BT (l/g)ATR2KL (l/mg)qm (mg/g)R2KF 1/n(l/mg)(mg/g)n

0.98620.219363.470.99450.01705316.10.973421.332.122Cr(VI)
0.98120.164455.470.99240.0146263.570.943316.362.106Co(II)

Fig. 10. Suggested adsorption mechanism of Cr(VI) and Co(II) 
ions from aqueous solution onto the chitosan/CeO2/Fe3O4.
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contains functional groups such as Fe–OH2
+, Ce–OH2

+ and 
NH3

+ for the electrostatic attraction which is one of the 
adsorption mechanism. Also, other groups such as Ce–OH, 
Fe–OH and hydroxyl surface play an important role in ligand 
exchange [11]. The adsorption mechanism of Co(II) ions con-
tains electrostatic attraction and chemical complexation (or 
electron exchange from the surface of nano-composite to 
Co(II) ions). The surface hydroxyl groups of chitosan/CeO2/
Fe3O4 nano-composite adsorbent may be dissociated into –O– 
groups and adsorbed the positively charged cobalt ions. 

3.6. Thermodynamic investigation 

Thermodynamic parameters such as Gibbs energy change 
(ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) give 
supplementary in-depth information about inherent ener-
getic changes corresponding to the adsorption process. The 
standard Gibbs free energy is shown as follows [55]: 

∆G RT KC
° = − ln  (14)

where R (8.3145 J/(mol K)) is the ideal gas constant, T (K) is 
the absolute temperature and Kc is the thermodynamic equi-
librium constant. The relationship between Kc and tempera-
ture is given by the Van’t Hoff equation [61,62]:

ln( )K S
R

H
R Tc = − ×

∆ ∆  1
 (15)

Thus, ΔH° and ΔS° parameters can be estimated from 
slope and intercept of plotted ln(Kc) vs. 1/T linear, respec-
tively (figure is not shown). The Cr(VI) and Co(II) adsorp-
tion process onto the chitosan/CeO2/Fe3O4 nano-composite 
was investigated at different temperatures (25°C–45°C) to 
estimate the thermodynamics parameters. All the thermody-
namic data are given in Table 7. The negative values of ΔG° 
for both Cr(VI) and Co(II) ions showed the spontaneity of 
sorption process. The values of ΔG° were in the range of 0 
to –20 kJ/mol which indicated a dominant physical sorption 
and weak chemisorption of Cr(VI) and Co(II) ions onto the 
nano-composite adsorbent. Similar results were obtained by 
others [63]. Also, ΔG° values decreased with the increase of 
temperature from 25°C to 45°C leading to a higher adsorp-
tion of Cr(VI) and Co(II) ions at lower temperature. The nega-
tive values of ΔH° suggested that the adsorption process was 
exothermic. Based on ΔS° values, there are associative and 
dissociative mechanisms. When ΔS° > –10 J mol–1 K–1, the dis-
sociative mechanism becomes dominant [48]. In this study, 

ΔS° for Cr(VI) and Co(II) were greater than –10 J mol–1 K–1 
indicated that the adsorption process followed the dissocia-
tive mechanism. This showed that the ratio of free Cr(VI) 
and Co(II) ions to ions interacting with the adsorbent will be 
higher than the adsorbed state [48]. 

4. Conclusion

An effective chitosan/CeO2/Fe3O4 nano-composite adsor-
bent was used to evaluate the removal of Cr(VI) and Co(II) 
ions from aqueous solutions. The characterization of adsor-
bents was investigated by FESEM, TEM, FTIR, BET and XRD 
analyses. The spherical morphology and uniform distribu-
tion of nanoparticles on adsorbent surface were confirmed 
by FESEM and TEM. The total SBET, average pore volume and 
average pore diameter of chitosan/CeO2/Fe3O4 nano-com-
posite adsorbent were found to be 118.7 m2/g, 0.066 cm3/g 
and 2.21 nm, respectively. The RSM was applied to obtain 
the optimum adsorption conditions for Cr(VI) and Co(II) 
ions. The optimal adsorption conditions were initial concen-
tration of 200 mg/L, temperature of 20°C, adsorbent dosage 
of 10 mg, initial pH 5.54 for Cr(VI) and pH 9.00 for Co(II) 
ions. The predicted models showed that the initial metal 
ion concentration with the highest coefficient was the most 
effective parameter on the adsorption capacity for both 
Cr(VI) and Co(II) ions. The experimental adsorption data 
perfectly fitted the pseudo-second-order kinetic model and 
Langmuir isotherm model. The maximum adsorption capac-
ity for Cr(VI) and Co(II) ions obtained from Langmuir model 
were 316.10 and 263.57 mg/g, respectively. The negative val-
ues of ΔG° and ΔH° for both Cr(VI) and Co(II) ions showed 
that the nature of adsorption process was spontaneous and 
exothermic.
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