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a b s t r a c t
In this paper, we successfully prepared magnetic modified chitosan composites by mixing 
hydroxyapatite with polypropylene glycol modified chitosan and wrapping magnetic nanoparti-
cles. The adsorption study of Cr(VI) revealed that the adsorption process was more in accordance 
with the pseudo-second-order kinetic and followed the Langmuir isotherm adsorption process, 
which indicated that the adsorption process was monolayer adsorption, and the fitted calcula-
tions showed that the maximum adsorption capacity of Cr(VI) was 795.14 mg·g–1. Thermodynamic 
model reflected that the adsorption process was spontaneous heat absorption.
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1. Introduction

Chromium (Cr) is generally derived from electroplat-
ing, mining, leather tanning, dyestuff and other industries 
[1]. Cr mainly exists in the valence states +3 and +6, Cr(III) 
is an essential trace element in human body, which can 
promote growth and development, regulate blood glucose 
and protect cardiovascular system [2,3]. However, Cr(VI) is 
toxic, it is 500 times more toxic than Cr(III), and is capable 
of producing single electron transfer in the body, inducing 
gene mutation and causing flat epithelial cancer, adeno-
carcinoma and lung cancer with long-term intake [4,5].

Adsorption is a good method to deal with heavy metal 
contamination, and the effectiveness of adsorption is insepa-
rable from the nature of the adsorbent. Chitosan (CS), natu-
ral adsorbent rich in hydroxyl and amino groups, has been 
reported in previous studies and modified in different ways 
to enhance mechanical properties, acid resistance and adsorp-
tion capacity [6,7]. However, there is still a need for contin-
ued research on the modification of CS. Polypropylene glycol 

(PPG) is a widely used fixative that enhances the stability of 
copolymer structures, and grafting to CS surface not only 
increases the mechanical strength but also can introduce 
a large number of functional groups [8,9]. If only a simple 
modification of the structure is performed, it may already 
be difficult to meet the treatment requirements of emerging 
contaminants. Hydroxyapatite (HAP) is a phosphate inor-
ganic salt, non-toxic, non-hazardous, biocompatibility, and the 
calcium ions in the unit cell are easily exchanged with other 
metal ions [10]. However, HAP itself is easily agglomerated, 
which greatly reduces the adsorption performance of HAP 
[11]. Considering the existence of a large number of voids 
inside the modified chitosan, it may be an ideal solution for the 
agglomeration of HAP itself if HAP is doped into the voids. 
In order to avoid the problem of incomplete recovery of adsor-
bent after use, we introduced magnetic nanoparticles Fe3O4 to 
facilitate the rapid separation of adsorbent by external mag-
netic field at the end of adsorption and prevent secondary con-
tamination. Nano Fe3O4 has been successfully applied to the 
treatment of Cr(VI) polluted water. Fe(II) can reduce Cr(VI) to 
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Cr(III) [12,13]. Herein, we prepared, characterized and tested 
the modified chitosan composites Fe3O4-SiO2@PPG-MA-CS-
HAP and the adsorption capacity of adsorbent FS@PMCH for  
Cr(VI) was studied.

2. Materials and methods

2.1. Chemicals

CS (Mw = 30,000), CaCl2 (≥96.0%), H3PO4 (≥85%), K2Cr2O7 
(≥99%) were purchased from Sinopharm Chemical Reagent Co., 
Ltd., (Shanghai, China). PPG600, Fe3O4 (≥99.5%, 200 nm), tetra-
ethyl orthosilicate (≥98%), glutaraldehyde (50%), diphenylcar-
bazide (AR) and sodium tripolyphosphate (STPP, purity ≥98%) 
were purchased from Macklin Biochemical Technology Co., 
Ltd., (Shanghai, China). 4-Dimethylaminopyridine (DMAP, 
purity ≥ 99%) and maleic anhydride (MA, purity ≥ 99.5%) 
were purchased from Shanghai Aladdin Reagent Co., Ltd.

2.2. Synthesis of the Fe3O4-SiO2@PPG-MA-CS-HAP 
(FS@PMCH) adsorbent adsorbent

PMC were synthesized according to the previous work 
[9]. Our research group successfully synthesized FS@PMCH 
before [14]. Add calcium chloride and phosphoric acid solu-
tion to the PMC solution dropwise at the same time (keep 
the calcium-phosphorus ratio at 1.67), stir rapidly, and adjust 
the pH of the solution to be weakly basic with hydrochlo-
ric acid and sodium bicarbonate. After dropwise addition, 
stir slowly for 4 h, age for 24 h and mix with already pre-
pared Fe3O4-SiO2, sonicate for 30 min, stir mechanically at 
30°C for 2 h, then add glutaraldehyde and stir at 60°C for 
1 h. At the end of the reaction, separate by external magnetic 
field, wash several times with anhydrous ethanol and ultra-
pure water, dry under vacuum at 50°C to obtain FS@PMCH 
powder for use [15–17].

2.3. Adsorption experiment

Weigh a certain amount of adsorbent in a conical flask, 
add Cr(VI) solution with a certain pH, shake at constant 
temperature, and determine the remaining Cr(VI) concentra-
tion in the solution by diphenylcarbazide method when the 
adsorption is equilibrium. Each group of experiments was 
repeated three times. The adsorption capacity (Qe, mg·g–1) 
was calculated in Eq. (1):

Q
C C V

me
e�

�� ��0  (1)

where C0 (mg·L–1) is the initial concentration; Ce (mg·L–1) is 
the equilibrium concentration; V (L) is the solution volume; 
m (g) is the weight of the adsorbent.

2.4. Characterization

Scanning electron microscopy (SEM, TESCAN MIRA4, 
Czech) was used to analyze the apparent topography. 
X-ray photoelectron spectroscopy (XPS) spectra were 
obtained by an X-ray diffractometer (Bruker D8 ADVANCE, 
Germany). Fourier-transform infrared spectroscopy (FTIR, 
Thermo Fisher Nicolet is50, USA) was used to evaluate the 
distribution of functional groups on the surface.

3. Results and discussion

3.1. Characterization of FS@PMCH

The microscopic morphology of FS@PMCH can be 
observed by SEM. As shown in Fig. 1, Fe3O4 presents an 
obvious spherical structure, which is not perfect but still a 
three-dimensional structure. After introducing magnetic 
Fe3O4, clear spherical structures also appear in the micro-
structure of the adsorbent FS@PMCH, and some of the 
spherical structures have a larger volume relative to the 
original Fe3O4, which indicates the successful preparation of 
magnetic composites.

Our group has previously carried out FTIR, thermo-
gravimetric analysis, X-ray diffraction (XRD) and magnetic 
hysteresis loops (VSM) analysis of FS@PMCH. As for FTIR, 
the spectrum of FS@PMCH contains the related absorption 
peaks of PMCH (2,871; 1,030 and 900 cm–1) and FS (790 and 
558 cm–1), indicating that the magnetic nanoparticles are 
successfully doped in PMCH. As for XRD, the characteristic 
peaks of the Fe3O4 structure appear in the sample spectrum, 
indicating that the structure of Fe3O4 in FS@PMCH is not 
significantly affected. FS@PMCH has the lowest mass loss 
rate from room temperature to 800°C compared to CS and 
PMCH. The saturation magnetization of FS@PMCH is sig-
nificantly lower than that of uncomposited Fe3O4, but FS@
PMCH can be quickly separated under an external magnetic 
field [14].

 
Fig. 1. Scanning electron micrographs: (a) Fe3O4 and (b) FS@PMCH.
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The FTIR spectrum is shown in Fig. 2. FS@PMCH has a 
smooth and broad peak at 3,310 cm–1, which belongs to the 
stretching vibration of –OH. After adsorption of Cr(VI), the 
stretching vibration peak of –OH shifted to 3,397 cm–1 and 
the absorption peak became stronger and wider. It indicates 
that –OH may play a role in the adsorption of Cr(VI) [18].

FS@PMCH has an absorption peak at 556 cm–1, confirm-
ing the presence of Fe3O4. After the adsorption of Cr(VI), the 
556 cm–1 peak shifted to 578 cm–1, indicating that Fe3O4 was 
involved in the adsorption process. After adsorption, two 
new peaks can be observed at 1,420 and 1,563 cm–1, which 
belong to the stretching vibration of Cr(OH)3. The absorp-
tion peak of FS@PMCH at 1,032 cm–1 belongs to the stretch-
ing vibration of PO4

–, but after adsorbing Cr(VI), the peak 
here shifts to 1,065 cm–1 and the peak becomes wider and 
stronger, which may be related to the stretching vibration 
of adsorbed CrO4

2– [19]. These indicated that Cr(VI) was 
successfully adsorbed on the adsorbent FS@PMCH, and 
part of Cr(VI) was oxidized to Cr(III).

3.2. Effect of pH on adsorption capacity

pH is an important factor affecting the adsorption 
capacity, mainly because pH not only changes the nature 
of the functional groups on the adsorbent surface but also 
affects the form of heavy metal ions present [20]. At differ-
ent solution pH, Cr(VI) exists in different ionic forms, such 
as: HCrO4

–, CrO4
2–, Cr2O7

2–. When pH < 4, Cr(VI) mainly exists 
in the form of HCrO4

– [21]. It can be seen that the adsorp-
tion capacity of Cr(VI) increases and then decreases as 
the pH increases from 1 to 5 in Fig. 3. When the solution 
pH = 2, the adsorption capacity is the largest. We consider 
that there is some damage to the adsorbent material itself 
when the solution acidity is too high, which leads to a rel-
atively low adsorption capacity; furthermore, the degree 
of protonation of functional groups on the adsorbent sur-
face gradually decreases with the increase of pH, and the 

electrostatic interaction with Cr(VI) decreases, which leads 
to a decrease in the adsorption capacity of Cr(VI) [22,23].

3.3. Effect of time on adsorption capacity

The effect of time can reflect the length of time taken to 
reach equilibrium adsorption of a unit weight of adsorbent 
in a certain concentration of heavy metal solution. From 
Fig. 4 it can be seen that the adsorption capacity grows 
very fast within 1 h, slowly within 1–2 h, and almost con-
stant after 2 h, which reflects the fact that the active sites 
in the adsorbent are gradually occupied as time increases 
until there are no effective adsorption sites to occupy. 
Immediately afterwards, kinetic simulations of the adsorp-
tion data were performed to further investigate the adsorp-
tion process, and the kinetic equations in non-linear.

Pseudo-first-order kinetic model:

Q Q et e
k t� � �� ��1 1  (2)

Pseudo-second-order kinetic model:

Q
Q k t
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e
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Elovich kinetic model:

Q tt � � � �� ��ln  (4)

where Qt (mg·g–1) is the adsorption capacity at time t; 
k1 (min–1) is the rate constant of the pseudo-first-order kinetic 
model; k2 (g·mg–1·min–1) is the rate constant of the pseudo- 
second-order kinetic model; α (mg·g–1·min–1) is the rate con-
stant of Elovich kinetic model; β (g·mg–1) is the desorption 
constant of Elovich model.

From the kinetic model parameters in Table 1, it can be 
seen that the correlation coefficient (R2) values of the pseu-
do-second-order kinetic model are higher than the other 

 
Fig. 2. Fourier-transform infrared spectroscopy of FS@PMCH 
before and after adsorption of Cr(VI).

 
Fig. 3. Effect of pH on adsorption capacity (adsorption condi-
tions: adsorbent = 25 mg, Cr(VI) = 100 mg·L–1, t = 2 h, T = 298.15 K).
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kinetic models, which indicates that the pseudo-second- 
order kinetic model is more suitable for handling the 
adsorption experimental data [24].

3.4. Effect of initial concentration on adsorption capacity

The adsorption isotherm is an important way to mea-
sure the relationship between the initial concentration of a 
contaminant and the adsorption capacity. Here, two iso-
therm models are used to analyze the data and to investi-
gate the mechanisms that exist for the adsorption process. 
The equations in nonlinear are as follows:

Langmuir model:

Q
Q K C
K Ce

m L e

L e

�
�1

 (5)

Freundlich model:

Q K Ce F e
n= 1/  (6)

where Qm (mg·g–1) is the maximum adsorption capac-
ity; KL (L·mg–1) is the constant of Langmuir model; 
KF (mg(1–1/n)·L1/n·g–1) is the constant of Freundlich model; 
n is the Freundlich heterogeneity factor.

In Table 2, the R2 of the Langmuir model is slightly 
higher than that of the Freundlich model, which indicates 
that the adsorption of Cr(VI) by FS@PMCH is mainly 
monolayer-based, and the maximum adsorption capacity 
calculated from the fitted data is significantly better than 
that previously reported (as shown in Table 3) [25]. The 
Langmuir model is a theoretical model, which assumes a 
fixed number of active sites on the surface of the adsorbent 
[26]. When the concentration of adsorbate is low, there are 
more idle active sites. As the concentration of pollutants 
increases, more active sites are used and the adsorption 
capacity increases. When the concentration of the pollutant 

Table 1
Adsorption kinetics model parameters of FS@PMCH

Type of models Cr(VI)

Pseudo-first-order model

Qe (mg·g–1) 78.67
k1 (min–1) 0.0965
R2 0.9901

Pseudo-second-order model

Qe (mg·g–1) 81.66
k2 (g·mg–1·min–1) 3 × 10–3

R2 0.9963

Elovich model

α (mg·g–1·min–1) 7.2272
β (g·mg–1) 52.45
R2 0.8092

Table 2
Adsorption isotherms model parameters of FS@PMCH

Type of models Cr(VI)

298.15 K 308.15 K 318.15 K

Langmuir model

Qm (mg·g–1) 795.14 817.74 1,152.63
KL (L·mg–1) 0.0024 0.0034 0.0028
R2 0.9713 0.9850 0.9846

Freundlich model

1/n 0.7774 0.7385 0.7949
KF (mg(1–1/n)·L1/n·g–1) 4.1704 6.5646 6.2172
R2 0.9707 0.9838 0.9822

 Fig. 4. Effect of time on adsorption capacity and adsorption kinetics of FS@PMCH (adsorption conditions: adsorbent = 25 mg, 
pH = 2, Cr(VI) = 100 mg·L–1, T = 298.15 K).
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increases to a certain extent, the active site of the adsor-
bent is completely occupied, and the adsorption capacity 
will not increase with the increase of the concentration of 
the pollutant, and the adsorption capacity reaches the plat-
form period from the rising period. In this experiment, 
the concentration of pollutants did not reach the plat-
form period. Therefore, the maximum adsorption capac-
ity measured by the experiment is quite different from the 
maximum adsorption capacity of the Langmuir model.

3.5. Effect of temperature on adsorption capacity

The effect of temperature on the adsorption capacity 
was investigated on the basis of exploring the relationship 
between the initial concentration of contaminant and the 
adsorption capacity, and a preliminary analysis of the ther-
modynamic parameters was performed. The thermody-
namic parameters were formulated using Eqs. (7)–(9) [32–34]:

� � � � �G RT Kln  (7)

lnK S
R

H
RT

�
� �

�
� �  (8)

K K ML� � � �ad 10 55 53 .  (9)

where R (8.314 J·mol–1·K–1) is the universal gas constant; T (K) 
is the absolute temperature; Mad is the relative molecular 
mass of the contaminant.

In Table 4, it can be seen that ΔG° is negative at different 
temperatures and ΔG° decreases with increasing tempera-
ture, which indicates that the adsorption process of Cr(VI) 
is spontaneous and the higher the temperature is in favor 
of the adsorption of Cr(VI) within a certain temperature 
range. A positive value of ΔH° indicates that the adsorption 
process is heat-absorbing and also proves that it is domi-
nated by chemisorption. A positive value of ΔS° indicates 
that the contact between the adsorbent and the adsorbent 
solid–liquid interface is more random [35,36].

3.6. Adsorption mechanism

In Fig. 6a the characteristic peak of metal Cr can be 
observed after adsorption of Cr(VI), indicating the adsorp-
tion of Cr on the surface of the adsorbent. Fig. 6b shows 
the high resolution XPS spectra of Cr 2p after adsorption. 
The peak with high binding energy is Cr 2p 1/2 and the 

Table 3
Adsorption capacity of Cr(VI) by different adsorbents

Adsorbents Adsorption capacity (mg·g–1) References

CYPH@IL101/
chitosan capsule

104.38 [2]

CMBB 127 [25]
SBMGO 142.85 [27]
MCC-PVIM-4 134.1 [28]
PPF@PANI+PPy 510.9 [29]
AC/ACI 154.56/241.55 [26]
Fe3O4 NPs 56.625 [30]
Chitosan 128.0 [31]
FS@PMCH 795.14 This study

Table 4
Thermodynamic parameters of FS@PMCH

Contaminant Temperature 
(K)

ΔG 
(kJ·mol–1)

ΔH 
(kJ·mol–1)

ΔS 
(J·mol–1·K–1)

Cr(VI) 298.15 K –25.45 26.61 174.60
308.15 K –27.20
318.15 K –27.66

 
Fig. 5. Effect of initial concentration on adsorption capacity and adsorption isotherms of FS@PMCH (adsorption conditions: 
adsorbent = 25 mg, pH = 2, t = 2 h).



B. Wei et al. / Desalination and Water Treatment 311 (2023) 155–161160

peak with low binding energy is Cr 2p 3/2. Some of the 
hexavalent Cr adsorbed on the surface is oxidized to triva-
lent Cr. This may be promoted by the carboxyl groups on 
the surface of the adsorbent [37].

4. Conclusion

In this study, we prepared magnetic modified chitosan 
composites by a relatively simple synthetic method and 
demonstrated the successful preparation of magnetic mod-
ified chitosan composites using various characterization 
methods. The effects of different factors on the adsorption 
capacity were discussed and the best experimental factors 
were selected. In addition, kinetics, isothermals and ther-
modynamic analyses were performed for the experimental 
data, and the results confirmed that the adsorption process 
is dominated by spontaneous monolayer chemisorption, 
indicating that the adsorbent FS@PMCH is promising for 
certain applications.
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