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ABSTRACT: A novel, bioadsorbent material of polyethylenimine-modified magnetic chitosan microspheres enwrapping magnetic silica

nanoparticles (Fe3O4–SiO2–CTS-PEI) was prepared under relatively mild conditions. The characterization results indicated that the

adsorbent exhibited high acid resistance and magnetic responsiveness. The Fe3O4 loss of the adsorbent was measured as 0.09% after

immersion in pH 2.0 water for 24 h, and the saturated magnetization was 11.7 emu/g. The introduction of PEI obviously improved

the adsorption capacity of Cr(VI) onto the adsorbent by approximately 2.5 times. The adsorption isotherms and kinetics preferably

fit the Langmuir model and the pseudo-second-order model. The maximum adsorption capacity was determined as 236.4 mg/g at

258C, which was much improved compared to other magnetic chitosan materials, and the equilibrium was reached within 60 to 120

min. The obtained thermodynamic parameters revealed the spontaneous and endothermic nature of the adsorption process. Further-

more, the Cr(VI)-adsorbed adsorbent could be effectively regenerated using a 0.1 mol/L NaOH solution, and the adsorbent showed a

good reusability. Due to the properties of good acid resistance, strong magnetic responsiveness, high adsorption capacity, and rela-

tively rapid adsorption rate, the Fe3O4–SiO2–CTS-PEI microspheres have a potential use in Cr(VI) removal from acidic wastewater.
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INTRODUCTION

In recent years, the damage to water resources from the rapid

development of industrial technologies has become an impor-

tant factor impacting economic and social development. Chro-

mium and its compounds are important industrial chemicals

that are extensively used in leather tanning, electroplating, tex-

tile dying, pigment manufacture, and metal polishing.1,2 How-

ever, the Cr(VI)-containing effluents from these industries pose

a serious threat to the environment and human health because

of their carcinogenic and mutagenic properties.3–5 To solve this

problem, several technologies have been applied for Cr(VI)

removal, such as chemical reduction and precipitation, electro-

dialysis, membrane filtration, ion exchange, and adsorption.6–9

The majority of these methods suffer from high technological

equipment and operation costs, but adsorption is considered as

an economic and cost-effective method.

Currently, bioadsorbents based on microorganism cells,10 cellu-

lose,11 chitosan,12,13 and agricultural wastes14 were developed

and widely used for Cr(VI) removal, with the advantages of low

cost, nontoxicity, and abundant sources. Among these biomate-

rials, chitosan (CTS) should be considered as an effective candi-

date for Cr(VI) removal owing to the characteristics of low

cost, hydrophilicity, biodegradability, biocompatibility, and

plenty of functional groups (ANH2 and AOH) on the macro-

molecular chain.12,13 However, the traditional chitosan-based

adsorbents cannot be separated from the wastewater easily
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except by high-speed centrifugation or filtration. At present,

several kinds of magnetic chitosan-based adsorbents have been

developed for the treatment of Cr(VI)-containing waste-

water,15–19 and they can be easily and quickly recovered from

wastewater only by applying an external magnetic field.

Unfortunately, most of these magnetic chitosan-based adsorb-

ents in the previous works had a low adsorption capacity, which

limited their practical application. The chitosan-coated

MnFe2O4 nanoparticles were prepared and tested for their abil-

ity to remove Cr(VI), and the maximum adsorption capacity

was only 35.323 mg/g.16 Hu et al. studied the removal of

Cr(VI) using a ethylenediamine-modified crosslinked magnetic

chitosan resin, with a maximum adsorption capacity of

51.813 mg/g.18 Therefore, exploration of a magnetic chitosan

adsorbent with high adsorption capacity has great realistic

meaning.

Furthermore, the adsorption of Cr(VI) in the previous studies

was usually performed under acidic conditions in the pH range

of 2.0–6.0.20–22 However, the most widely used magnetic core of

magnetic adsorbents was iron oxide, and it tended to leach out

in an acidic environment. Thus a protective coating was neces-

sary on the surface of the iron oxide. SiO2 is very stable in an

acidic environment and can be recognized as an ideal shell com-

posite to protect the inner magnetic core.23–25 In the previous

work, the EDTA-modified chitosan composite enwrapping mag-

netic silica microspheres was prepared and employed for the

removal of Cu(II), Pb(II), and Cd(II) ions,26 but the morphol-

ogy of the material was irregular, and some magnetic silica

microspheres were not embedded inside the crosslinked chito-

san. The emulsion crosslinking method27 would be a good

choice to solve this problem, in which the magnetic silica nano-

particles were used as the magnetic cores. To the best of our

knowledge, the preparation of Fe3O4–SiO2–CTS microspheres

using the emulsion crosslinking technique has not been

reported.

Amino groups demonstrate an outstanding ability in the

removal of Cr(VI),28–31 and branch polyethylenimine (PEI) can

be recognized as an effective reagent to modify the adsorbent

owing to the large number of amino groups on the molecular

chain. In this study, in order to improve the acid resistance and

adsorption capacity of the adsorbent, the PEI-modified mag-

netic chitosan microspheres enwrapping magnetic silica nano-

particles were prepared and well characterized. Next, the

resulting microspheres were used as a novel adsorbent to

remove Cr(VI) from an acidic aqueous solution, with the

advantages of strong magnetic responsiveness, good acid resist-

ance, and high adsorption capacity.

EXPERIMENTAL

Materials and Chemicals

PEI (10,000, 50% solution in water) was purchased from

Sigma-Aldrich (St. Louis, MO). Powdery chitosan (degree of

deacetylation: 80.0�95.0%, molecular weight: 1.3 3 105 Da),

ferric chloride hexahydrate (FeCl3�6H2O), ferrous chloride tetra-

hydrate (FeCl2�4H2O), concentrated ammonium hydroxide

(NH3�H2O, 25%), sodium citrate (C6H5O7Na3�2H2O), tetraethyl

orthosilicate (TEOS), acetic acid, mineral oil, petroleum ether,

Tween-80, glutaraldehyde (25% solution in water), N,N-dime-

thylformamide (DMF), and methylacrylate (MA) were of ana-

lytical grade and obtained from Sinopharm Chemical Reagent

Co. (Beijing, China).

Preparation of Fe3O4–SiO2–CTS-PEI Microspheres

The synthesis route of Fe3O4–SiO2–CTS-PEI microspheres is

illustrated in Scheme 1. The citric acid–modified Fe3O4 nano-

particles were first synthesized using the coprecipitation method

according to our previous work and then were coated with SiO2

by the sol-gel method.32,33 Next, the Fe3O4–SiO2–CTS micro-

spheres were prepared by the emulsion crosslinking method.27

Finally, the PEI was grafted onto the surface of the microspheres

using a Michael addition reaction and an amidation reac-

tion.34,35 The detailed experimental procedures of preparation

of the adsorbent are provided in the Supporting Information.

Characterization

The morphologies of Fe3O4, Fe3O4–SiO2, Fe3O4–SiO2–CTS, and

Fe3O4–SiO2–CTS-PEI were characterized by transmission elec-

tron microscopy (TEM, JEM-2010, Japan) and scanning elec-

tron microscopy (SEM, JEOL JSM-6700F, Japan). Fourier

transform infrared (FTIR) spectra of Fe3O4, Fe3O4–SiO2, Fe3O4–

SiO2–CTS, Fe3O4–SiO2–CTS-MA (reaction intermediate), and

Fe3O4–SiO2–CTS-PEI were recorded on a spectrophotometer

(Bruker T27, Germany) between 4000 and 400 cm21. X-ray dif-

fraction (XRD, Smartlab 9, Japan) was used to analyze the

crystal structure of Fe3O4, chitosan, Fe3O4–SiO2–CTS, and

Fe3O4–SiO2–CTS-PEI. The magnetic properties of Fe3O4–SiO2–

CTS-PEI were determined by a vibrating sample magnetometer

(VSM, LakeShore 7307, USA) at room temperature. Thermogra-

vimetric analysis (TGA, Netzsch STA 449C, Germany) of

Fe3O4–SiO2–CTS-PEI was carried out from room temperature

to 9008C with a heating rate of 108C/min under steady nitrogen.

The specific surface area of Fe3O4–SiO2–CTS-PEI was examined by

an automated gas sorption analyzer (Quantachrome Autosorb-1-

C-TCD, USA) according to the Brunauer-Emmett-Teller (BET)

method. The average pore diameter and porosity of Fe3O4–SiO2–

CTS-PEI were determined by a mercury porosimeter (Monitor

AutoPore IV 9510, USA). The amino group capacities of Fe3O4–

SiO2–CTS and Fe3O4–SiO2–CTS-PEI were estimated using the vol-

umetric method according to our previous work.35 The Cr2p XPS

spectrum was obtained with an X-ray photoelectron spectrometer

(ESCALAB 250Xi, Thermo, USA).

Adsorption Experiments

The effects of pH, adsorbent dose, initial Cr(VI) concentration,

contact time, temperature, coexisting ion competition, and reus-

ability were tested in a batch method. Typically, 50 mL of a

solution of known Cr(VI) concentration and 25 mg of Fe3O4–

SiO2–CTS-PEI microspheres were added to 100 mL glass flasks

and then agitated in a water bath shaker at 150 rpm. The tem-

perature was kept within 618C of the set value, and the pH

value of the solution was adjusted by a 1 mol/L HCl solution or

a 1 mol/L NaOH solution. The effect of the common coexisting

ions (Cl2, NO2
3 , SO22

4 , CO22
3 , PO32

4 , Li1, NH1
4 , Na1, Cu21,

Mg21, Ni21, Ca21, Fe31, and Al31) on Cr(VI) adsorption was

investigated by maintaining the concentration of Cr(VI) and

each of the coexisting ions at the same molar concentration of
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2.88 mmol/L [Cr(VI) mass concentration, 150 mg/L].36 The

0.1 mol/L NaOH solution was used to regenerate the Cr(VI)-

adsorbed adsorbent based on our previous works.23,37 The

Cr(VI) concentration was measured using an inductively

coupled plasma atomic emission spectrometer (ICP-OES, Perkin

Elmer Optima 7000DV, USA), and the adsorption capacity at

time t (qt, mg/g) was calculated by eq. (1):

qt 5
ðC02Ct Þ3V

m
(1)

where C0 (mg/L) is the initial Cr(VI) concentration and Ct

(mg/L) is the Cr(VI) concentration at time t (min), V (mL) is

the volume of the medium, and m (mg) is the amount of

adsorbent used.

Figure 1. TEM or SEM images of (A) Fe3O4, (B) Fe3O4–SiO2, (C) Fe3O4–SiO2–CTS, and (D) Fe3O4–SiO2–CTS-PEI.

Scheme 1. Preparation of Fe3O4–SiO2–CTS-PEI microspheres.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4307843078 (3 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


RESULTS AND DISCUSSION

Morphology and Specific Surface Area Analysis

Figure 1 shows the images of Fe3O4, Fe3O4–SiO2, Fe3O4–SiO2–

CTS, and Fe3O4–SiO2–CTS-PEI microspheres. The diameter of

citric acid–modified Fe3O4 was 5–13 nm with a narrow size dis-

tribution. The Fe3O4–SiO2 core–shell structure is found in Fig-

ure 1(B), indicating that the Fe3O4 nanoparticles were

successfully coated with SiO2, and the thickness of the silica

shell was about 5 nm. It was interesting that one Fe3O4 nano-

particle to one SiO2 coating layer was observed, which was

attributed to the excellent dispersion of citric acid–modified

Fe3O4 nanoparticles in the polar medium. The Fe3O4–SiO2–CTS

and Fe3O4–SiO2–CTS-PEI microspheres had a spherical form

with narrow size distribution (Figure 1C), and the average par-

ticle diameters of Fe3O4–SiO2–CTS and Fe3O4–SiO2–CTS-PEI

were approximately 223.2 lm with no significant difference

(Table I). According to the mercury porosimetry data, the aver-

age pore diameter and porosity of Fe3O4–SiO2–CTS-PEI micro-

spheres were evaluated to be 76.3 nm and 53.2%, respectively,

indicating that the adsorbent had a macroporous structure. In

addition, the microspheres had a relatively high specific surface

area of 11.3 m2/g according to the BET method.

FTIR and XRD Analysis

FTIR and XRD were used to characterize the synthesis route of

Fe3O4–SiO2–CTS-PEI. Figure 2A shows the FTIR spectra of

Fe3O4, Fe3O4–SiO2, Fe3O4–SiO2–CTS, Fe3O4–SiO2–CTS-MA,

and Fe3O4–SiO2–CTS-PEI. In the spectrum of Fe3O4, the peak

at 582 cm21 corresponds to the FeAO vibration, the peak at

3414 cm21 is assigned to the OAH vibration,23 and the peaks

at 2925 and 2858 cm21 are characteristic of the CAH bond on

the citric acid. In the Fe3O4–SiO2 spectrum, the new peaks at

1090 and 800 cm21 are attributed to the vibrations of the SiAO

and SiAOAFe bonds,23 implying that SiO2 was successfully

grafted onto the Fe3O4 surface through chemical bonds. In the

spectrum of Fe3O4–SiO2–CTS, the absorbance peaks of the

CAH bond greatly improved, and the new peak for the NAH

bond in chitosan appeared at 1575 cm21,38 which indicated

that the Fe3O4–SiO2 nanoparticles were successfully coated with

chitosan. In addition, the small peak at 1725 cm21 showed the

existence of the C@O bond in free aldehydic groups on the

magnetic chitosan microspheres.35 Compared with Fe3O4–SiO2–

CTS, in the Fe3O4–SiO2–CTS-MA spectrum, the peak of the

C@O bond at 1725 cm21 increased to a large extent owing to

the existence of ester groups on the MA. Finally, the peak at

1725 cm21 disappeared in the spectrum of Fe3O4–SiO2–CTS-

PEI, suggesting that PEI was successfully reacted with the alde-

hydic and ester groups on the magnetic chitosan microspheres.

The amino group capacities of Fe3O4–SiO2–CTS and Fe3O4–

SiO2–CTS-PEI were determined as 2.3 6 0.1 and 4.9 6 0.3

mmol/g using the volumetric method. The higher amino group

capacity on Fe3O4–SiO2–CTS-PEI also confirmed that the mag-

netic chitosan microspheres were modified with PEI successfully.

Figure 2B shows the XRD patterns of Fe3O4, chitosan Fe3O4–

SiO2–CTS, and Fe3O4–SiO2–CTS-PEI. The six characteristic

peaks appeared in Fe3O4 at 30.148, 35.548, 43.188, 53.928, 57.148,

and 62.808 and were assigned to the (220), (311), (400), (422),

(511), and (440) planes of the pure Fe3O4 (JCPDS card No. 65-

3107).23 Chitosan itself showed typical peaks at 12.138 and

20.428, which corresponded to a mixture of (101) and (002),

and (001) and (100), respectively.39 In the XRD patterns of

Fe3O4–SiO2–CTS and Fe3O4–SiO2–CTS-PEI, the characteristic

Table I. Physical Properties of Fe3O4–SiO2–CTS-PEI

Adsorbent
Particle
size (lm)

Specific surface
area (m2/g)

Pore
size (nm)

Porosity
(%)

Fe3O4

(%)
SiO2

(%)
Organic
component (%)

Water
(%)

Fe3O4–SiO2–CTS-PEI 223.2 11.3 76.3 53.2 21.74 20.88 48.87 8.51

Figure 2. (A) FTIR spectra of (a) Fe3O4, (b) Fe3O4–SiO2, (c) Fe3O4–SiO2–

CTS, (d) Fe3O4–SiO2–CTS-MA and (e) Fe3O4–SiO2–CTS-PEI, and (B)

XRD patterns of (a) Fe3O4, (b) chitosan, (c) Fe3O4–SiO2–CTS, and (d)

Fe3O4–SiO2–CTS-PEI.
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peaks of Fe3O4 and chitosan were observed, indicating that the

magnetic silica nanoparticles were embedded in the chitosan

matrix and the crystal structure of the Fe3O4 nanoparticles was

unchanged.

Magnetic Property and TGA Analysis

The magnetic hysteresis loop and TGA curves of Fe3O4–SiO2–

CTS-PEI are shown in Figure 3. As shown in Figure 3A, the

Fe3O4–SiO2–CTS-PEI exhibited a typical superparamagnetic

property due to the zero remanence and coercivity behaviors,

and the saturated magnetization value (Ms) was 11.7 emu/g.

With such high Ms, the microspheres showed a high magnetic

responsiveness and could be quickly separated from the aqueous

solution by a magnet. In the TGA curve of Fe3O4–SiO2–CTS-

PEI, weight loss occurred in two distinct stages. In the first

stage, from 308C to 1508C, there was a weight loss of about

8.51% related to the loss of adsorbed and bound water on the

microspheres.38 The second stage of weight loss (close to

48.87%), starting at around 1508C and completing by 9008C,

was attributed to the thermal decomposition of the surface chi-

tosan layer. The Fe3O4–SiO2 content in the microspheres could

also be estimated as approximately 42.62% by the subtraction

method. In addition, the Fe3O4 content of magnetic silica nano-

particles was analyzed by an ICP-OES analysis of the extract

from the sample obtained with HCl (1:1) for 3 h at 908C,35 and

it was determined as 51.0%. Therefore, the Fe3O4 content of

Fe3O4–SiO2–CTS-PEI was about 21.74% (Table I).

Solvent Resistance Analysis

In order to characterize the acid-resistant property of Fe3O4–

SiO2–CTS-PEI, the Fe3O4, Fe3O4–SiO2, and Fe3O4–SiO2–CTS-

PEI were incubated in 15 mL of water at pH 2.0 at room tem-

perature for 24 h. The Fe3O4 contents of Fe3O4, Fe3O4–SiO2,

and Fe3O4–SiO2–CTS-PEI were maintained at 20 mg. The

Fe3O4 nanoparticles were easily dissolved, and the color of the

solution turned yellow immediately (Supporting Information,

Figure 3. (A) Hysteresis loop and (B) TGA curves of the Fe3O4–SiO2–

CTS-PEI magnetic microspheres; the insert shows the magnetic separation

of Fe3O4–SiO2–CTS-PEI from aqueous solution by applying an external

magnetic field, and the time from (a) to (b) was less than 30 s. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 4. Effect of the pH on the adsorption of Cr(VI) onto Fe3O4–SiO2–

CTS-PEI microspheres (volume of the medium, 50 mL; initial Cr(VI)

concentration, 150 mg/L; adsorbent dose, 0.025 g; contact time, 5 h; tem-

perature, 258C).

Figure 5. Effect of adsorbent dose on the removal efficiency of Cr(VI) by

Fe3O4–SiO2–CTS-PEI (pH, 2.5; volume of the medium, 50 mL; initial

Cr(VI) concentration, 150 mg/L; contact time, 5 h; temperature, 258C) .
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Figure S1). After 24 h, the color of the Fe3O4 suspension

became deep yellow, while the Fe3O4–SiO2 and Fe3O4–SiO2–

CTS-PEI suspensions were still colorless. The leaching Fe3O4

contents of Fe3O4, Fe3O4–SiO2, and Fe3O4–SiO2–CTS-PEI were

analyzed by ICP-OES and measured as 6.64 6 0.39%,

0.27 6 0.03%, and 0.09 6 0.01%, respectively. These results indi-

cated that the SiO2 coating layer effectively improved the acid

resistance of the inner magnetic cores. Also, no noticeable swel-

ling was observed after 24 h, implying that the adsorbent had a

strong swelling resistance.

Effect of pH and Adsorbent Dose on Cr(VI) Adsorption

The pH of the medium is one of the most important parame-

ters, determining both the conversion of chromium species and

the surface properties of the adsorbent. Aqueous Cr(VI) mainly

exists in five forms: H2CrO4, HCrO2
4 , CrO22

4 , HCr2O2
7 , and

Cr2O22
7 .40 At pH above 6.0, CrO22

4 is the main species, whereas

HCrO2
4 and Cr2O22

7 are dominant at pH values of 2.0–6.0, and

H2CrO4 is the major component at pH below 1.0. The effect of

pH on the adsorption of Cr(VI) onto Fe3O4–SiO2–CTS-PEI was

carried out in the range of 1.0–8.0. As shown in Figure 4, it was

clear that the adsorption capacity increased as the pH decreased

from 8.0 to 2.5 and then decreased as the pH decreased from

2.5 to 1.0, and the maximum adsorption capacity was found at

2.5. The low adsorption capacity at pH above and below 2.5

should be attributed to the change of the Cr(VI) species and

the amino group property on the adsorbent. Therefore, the

optimized pH value of 2.5 was chosen to carry out the follow-

ing experiments.

Figure 5 showed the effect of adsorbent dose on the removal

efficiency of Cr(VI) from aqueous solution. It was clear that the

removal efficiency increased quickly from 0 to 98.4% as the

adsorbent dose increased from 0 to 1.5 g/L, and this was attrib-

uted to more active sites and surface area being available when

the adsorbent dose improved. Following the critical dose of

1.5 g/L, the removal efficiency remained constant, indicating

that the adsorption equilibrium was reached between the

adsorbent and the Cr(VI) ions.

Adsorption Isotherm Study

The adsorption isotherm not only evaluates the adsorption

capacity of the adsorbent, but also depicts the interaction path-

way between adsorbate and adsorbent. Figure 6 showed the

adsorption isotherms of Cr(VI) adsorption onto Fe3O4–SiO2–

CTS-PEI in the temperature range of 25–558C and onto Fe3O4–

SiO2–CTS at 258C. All of the curves for the adsorbents had a

similar shape, which was very steep at the lower equilibrium

concentrations and reached a maximum at an equilibrium

Cr(VI) concentration of approximately 50 mg/L. It was obvious

that the adsorption capacity of Fe3O4–SiO2–CTS-PEI was signif-

icantly improved compared to that of Fe3O4–SiO2–CTS, indicat-

ing that the improvement of the amino group content by PEI

modification could obviously improve the adsorption capacity.

In addition, it was found that the adsorption capacity increased

with increasing temperature from 258C to 558C, which might be

attributed to the increasing temperature benefiting the internal

diffusion of Cr(VI) ions.

The Langmuir, Freundlich, and Temkin adsorption isotherm

models were used to analyze the experimental data, which were

expressed as follows18:

qe5
qmKCe

11KCe

(2)

Figure 6. Adsorption isotherms of Cr(VI) onto Fe3O4–SiO2–CTS-PEI

microspheres at different temperatures of 25, 35, 45, and 558C and

Fe3O4–SiO2–CTS at 258C (pH, 2.5; volume of the medium, 50 mL;

adsorbent dose, 0.025 g; contact time 2 h).

Table II. Adsorption Isotherm Parameters for the Adsorption of Cr(VI) onto Fe3O4–SiO2–CTS-PEI and Fe3O4–SiO2–CTS Microspheres at Different

Temperatures

Temperature (8C)

Langmuir model Freundlich model Temkin model

qm K R2 Kf n R2 aT bT R2

25a 236.4 0.128 0.999 52.345 3.285 0.869 2.224 0.063 0.942

35a 265.3 0.138 0.999 58.038 3.205 0.884 2.446 0.058 0.949

45a 288.2 0.174 1.000 66.809 3.246 0.864 3.221 0.057 0.941

55a 317.5 0.211 1.000 75.846 3.217 0.866 3.969 0.054 0.937

25b 95.1 0.176 0.999 37.018 5.553 0.758 13.205 0.206 0.830

a Adsorption isotherm parameters for the adsorption of Cr(VI) onto Fe3O4–SiO2–CTS-PEI.
b Adsorption isotherm parameters for the adsorption of Cr(VI) onto Fe3O4–SiO2–CTS. Initial Cr(VI) concentration, 25 � 350 mg/L; pH, 2.5; and contact
time, 2 h.
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qe5Kf Ce
1=n (3)

qe5
RT

bT

lnaT 1
RT

bT

lnCe (4)

where qe (mg/g) and Ce (mg/L) are the adsorption capacity and

Cr(VI) concentration at equilibrium, respectively. Here, qm (mg/g)

is the maximum adsorption capacity and K is the Langmuir con-

stant related to adsorption energy; n and Kf [(mg/g)(L/mg)1/n] are

the Freundlich constants, which indicate the intensity and capacity

of the adsorption, respectively; bT (KJ/mol) and aT (L/g) are the

Temkin adsorption constants corresponding to the heat of sorp-

tion and the maximum binding energy, respectively. The adsorp-

tion isotherm parameters are summarized in Table II. The higher

correlation coefficient (R2) values of the Langmuir model demon-

strated that the experimental data were fitted better with the

Langmuir model than both the Freundlich model and the Temkin

model, which indicated a monolayer coverage of the Cr(VI) ions

onto the surface of adsorbent. Furthermore, the introduction of

PEI obviously improved the adsorption capacity of Cr(VI) onto

the adsorbent by approximately 2.5 times, and the adsorption

capacities were proportional to the amino group capacities of the

adsorbents. The qm values of the Fe3O4–SiO2–CTS-PEI and other

magnetic materials are listed in Table III. It was clear that the

Table III. Adsorption Capacity Comparison of Various Magnetic Materials for the Removal of Cr(VI)

Adsorbents Optimal pH T (8C) qm (mg/g) Refs.

Chitosan–iron(III) hydrogel 3.0 30 144.9 15

Chitosan-coated MnFe2O4 6.0 25 35.323 16

Chitosan/montmorillonite 2.0 30 35.71 17

EMCMCR 2.0 30 51.813 18

Magnetic chitosan beads 4.0 25 69.4 19

CAGS 2.0 25 58.48 39

CCGO 3.0 30 67.66 41

Chitosan nanoparticles 3.0 25 55.80 42

MCGO-IL 3.0 30 145.35 43

MCNCs 5.0 28 51.79 44

TEPA-NMPs 2.0 35 370.37 28

Poly(GMA-EGDMA)-PEI 2.0 25 140.6 30

Poly(MA-DVB)-EDA 3.0 20 231.8 34

Magnetic iron-nickel oxide 5.0 25 30 36

c-Fe2O3–Fe3O4-PEI 2.2 25 78.13 45

Polypyrrole/Fe3O4 2.0 25 169.4 46

c-Fe2O3–d-FeOOH 2.5 25 25.8 47

Fe3O4–PAA-DETA 5.0 25 11.24 48

Biofunctional magnetic beads 1.0 28 5.79 49

Orange-like Fe3O4–PPy 2.0 25 209.2 50

c-Fe2O3–chitosan 5.0 20 106.5 51

Fe3O4–PEIx–MMT 3.0 25 8.8 52

Fe–porous carbon 7.0 25 10.07 53

Ppy-Fe3O4/rGO 3.0 20 180.8 54

PPhSi-MNPs 3.0 25 35.21 55

MHCSs 3.0 25 200 56

MnO2/Fe3O4/o-MWCNTs 2.0 22 170.4 57

nZVI–MG 3.0 30 101.0 58

Cyanex-301-coated SPION 2.0 23 30.8 59

PBGC-Fe/C 2.0 25 3.87 60

Fe/CMK-3 5.0 25 256.86 61

ZnFe2O4–Ce31 2.0 25 57.24 62

Magnetic gelatin 2.0 25 106.38 63

Fe3O4–SiO2–CTS-PEI 2.5 25 236.4 This work
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adsorption capacity of Fe3O4–SiO2–CTS-PEI was much improved

compared to those of other chitosan-based magnetic materials

reported in the literature, and it also stayed at a high level com-

pared to other types of magnetic adsorbents. In addition, in our

previous works, magnetic poly(glycidyl methacrylate) micro-

spheres, magnetic poly(vinyl alcohol) microspheres, and magnetic

cellulose nanocomposite were developed and used as adsorbents

for the removal of Cr(VI).23,35,37 However, these adsorbents suf-

fered from either weak acid resistance or low adsorption capacity.

In contrast, the Fe3O4–SiO2–CTS-PEI had the simultaneous

advantages of strong acid resistance and high adsorption capacity,

which should be a promising adsorbent in the application of

Cr(VI) removal.

Adsorption Kinetic Study

Figure 7A shows the effect of contact time on the adsorption of

Cr(VI) onto the Fe3O4–SiO2–CTS-PEI at different initial con-

centrations ranging from 50 to 250 mg/L at 258C. The kinetic

curve for Cr(VI) ions shows that the adsorption was rapid at

the beginning and reached equilibrium within 60–120 min. In

addition, the change of pH value during adsorption was moni-

tored. As shown in Figure 7B, the pH shows a trend similar to

the adsorption capacity, which increased fast at the initial stage

and reached equilibrium at around 30 min. This result demon-

strated that the protonation time of amino groups was shorter

than the adsorption time of Cr(VI), and the protonated amino

groups could be used to adsorb the Cr(VI) by electrostatic

interaction. The release of Fe3O4 to water during use was esti-

mated as 0.05 6 0.01&, implying that the Fe3O4–SiO2–CTS-PEI

had a good acid resistance.

Three important kinetic models, i.e., a pseudo-first-order equa-

tion, a pseudo-second-order equation, and an intraparticle dif-

fusion model, were used to simulate the kinetics of the

adsorption process, which are expressed by eq. (5–7)26:

logðqe2qt Þ5logqe2

�
K1

2:303

�
t (5)

t

qt

5
1

K2q2
e

1

�
1

qe

�
t (6)

qt 5kidt1=21c (7)

where qt and qe (mg/g) are adsorption capacity at time t and

equilibrium, respectively; K1 (min21), K2 [g/(mg min)], and Kid

[mg/(g min1/2)] are rate constants of the pseudo-first-order,

pseudo-second-order, and intraparticle diffusion models, respec-

tively; c (mg/g) is the intercept, corresponding to the thickness

of the boundary layer. The plots of these adsorption kinetic

models are shown in Figure S2 in the Supporting Information,

and the obtained kinetic parameters are listed in Table IV.

Because of the higher correlation coefficients and closer values

between qe,cal and qe,exp, the adsorption data were fitted better

to the pseudo-second-order model than the pseudo-first-order

model. This indicated that the adsorption rate of Cr(VI) onto

Fe3O4–SiO2–CTS-PEI might be controlled by chemical adsorp-

tion. For the intraparticle diffusion model, multilinearity and

Ki,1>Ki,2>Ki,3 were observed, which could be described as fol-

lows. The first sharp portion corresponds to the external film

diffusion stage, in which a large amount of Cr(VI) ions are

adsorbed quickly onto the surface amino groups of adsorbent

because the external film resistance was decreased by vigorous

shaking. When the surface active sites are completely occupied,

the Cr(VI) gradually enters the interior surface of pores in the

second stage, in which intraparticle diffusion is the rate-

controlling step. The intraparticle diffusion rate of the third

portion is almost zero, suggesting that the final equilibrium

stage is reached. In addition, none of the linear portions pass

through the origin, implying that intraparticle diffusion is not

the only rate-limiting step, and there might be two or more

steps affecting the adsorption process.

Thermodynamic Study

To improve our understanding of the adsorption mechanism,

the thermodynamic parameters, including Gibbs free energy

change (DG0), enthalpy change (DH0), and entropy change

(DS0), were calculated using eq. (8 and 9)64:

DG052RT lnKp (8)

Figure 7. Effect of the contact time on adsorption and pH value at differ-

ent initial Cr(VI) concentrations of 50, 150, and 250 mg/L (pH, 2.5; vol-

ume of the medium, 50 mL; adsorbent dose, 0.025 g; temperature, 258C).
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lnKp52
DH0

RT
1

DS0

R
(9)

where Kp is the thermodynamic equilibrium constant, i.e., the

ratio of the equilibrium concentration of Cr(VI) on Fe3O4–

SiO2–CTS-PEI to that in solution, which is determined by plot-

ting ln(qe/Ce) versus qe and extrapolating to zero qe. The DH0

and DS0 could be calculated from the slope and intercept of the

linear plot of lnKp versus 1/T (Supporting Information, Figure

S3) and were estimated as 4.67 KJ/mol and 0.027 KJ/(mol•K),

respectively. The DG0 at the temperatures of 298.15, 308.15,

318.15, and 328.15 K were calculated as 23.36, 23.61, 23.88

and 24.16 KJ/mol, respectively. The negative value of DG0 and

positive value of DH0 indicated the spontaneous and endother-

mic nature of adsorption, while DS0> 0 suggested the increase

of randomness at the solid/solution interface during the adsorp-

tion process. The spontaneous and endothermic adsorption

was reported for many adsorbents, such as PEI-grafted poly

(GMA-EGDMA) microspheres,30 EDA-modified magnetic poly

(MA-DVB) microspheres,34 and polypyrrole–Fe3O4 magnetic

nanocomposite.46

Effect of Coexisting Ions and Reusability

The effect of the common coexisting ions (Cl2, NO2
3 , SO22

4 ,

CO22
3 , PO32

4 , Li1, NH1
4 , Na1, Cu21, Mg21, Ni21, Ca21, Fe31,

and Al31) on Cr(VI) adsorption was investigated by maintain-

ing the concentration of Cr(VI) and each of the coexisting ions

at 2.88 mmol/L, and the initial pH value was kept at 2.5 (Figure

8). It was clear that the majority of these ions had no remark-

able influence on the adsorption of Cr(VI) onto Fe3O4–SiO2–

CTS-PEI microspheres. Only SO22
4 exhibited a slight competi-

tion for the active sites, owing to the high affinity between the

SO22
4 and amino groups.35

Furthermore, the reusability of the adsorbent was considered in

the application of Cr(VI) removal. In this study, the Cr(VI)-

loaded adsorbent was desorbed using a 0.1 mol/L NaOH solu-

tion and then washed with distilled water to the pH of 7.0 for

reuse in the next run.23,37 It was found that the desorption effi-

ciency was approximately 92.5%, and the adsorption capacity

was insignificantly charged after five adsorption–desorption

cycles (Figure 9). These results indicated that the Fe3O4–SiO2–

CTS-PEI could be effectively regenerated and reused in the

application of Cr(VI) removal from wastewater. Besides, the

total leaching Fe3O4 content after five adsorption–desorption

cycles was determined as 0.03 6 0.01%, and the microsphere

size was not remarkably changed, indicating that the adsorbent

was stable during the repeated use cycles.

Adsorption Mechanisms

The adsorption process was always controlled by the surface

properties of adsorbents, especially the functional groups on the

adsorbent surface. The most widely reported mechanisms for

adsorption included electrostatic attraction, ion exchange,

hydrogen band, precipitation, complexation, and chelation.65 In

this work, it was obvious that the adsorption capacity was

highly pH dependent. The amino groups (ANH2, ANHA, and

AN<) on the Fe3O4–SiO2–CTS-PEI were easily protonated and

positively charged (ANH1
3 , ANH1

2 A, and ANH1<) under

acidic conditions, which was confirmed in our previous

works.23,37 The electrostatic attraction happened between the

adsorbent and chromium anions, which could be expressed as

follows:

ANH1
3 =ANH1

2 A=ANH1 < 1HCrO2
4 ! ANH1

3 =ANH1
2 A=ANH1

< � � � � �HCrO2
4

(10)

With the decrease of the pH value, the concentration of H1

increased, and, hence, the protonation ability of amino groups

Table IV. Adsorption Kinetic Parameters for the Adsorption of Cr(VI) onto the Fe3O4–SiO2–CTS-PEI Microspheres at Different Initial Concentrations

C0 (mg/L)
qe,exp

(mg/g)

Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model

K1

(min21)
qe,cal

(mg/g) R2 K2 [g/(mg min)]
qe,cal

(mg/g) R2 Ki,1 [mg/(g min1/2)] Ki,2 Ki,3

50 96.1 0.035 33.0 0.927 0.0015 100.0 0.999 8.944 0.330 —

150 213.7 0.036 181.5 0.973 0.0003 232.0 0.999 25.443 8.734 0.329

250 228.0 0.036 184.6 0.975 0.0003 243.9 0.999 23.727 8.319 0.455

Figure 8. Effect of the common coexisting ions on the adsorption of

Cr(VI) onto Fe3O4–SiO2–CTS-PEI microspheres. The concentrations of

Cr(VI) and each of the coexisting ions are maintained at 2.88 mmol/L,

the initial pH value was kept at 2.5, and “control” signifies the lack of

coexisting anions in conjunction with Cr(VI).
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was improved, which resulted in the increase of adsorption

capacity at low pH value. The decrease of the adsorption

capacity at the pH ranging from 2.5 to 1.0 was attributed to the

formation of nonionic H2CrO4. Besides, the Cr(VI) anion was

unstable in the presence of electron donors and exhibited a very

high positive redox potential. Therefore, the reduction of

Cr(VI) to Cr(III) might occur during the adsorption process,

and the reduced Cr(III) ions could be subsequently complexed

with the amino groups.65,66 This assumption was proved by the

Cr2p XPS spectrum. It was obvious that the adsorbed Cr state

included Cr(VI) and Cr(III) (Figure 10). As discussed above,

the Cr(VI) removal by Fe3O4–SiO2–CTS-PEI should be gov-

erned by electrostatic adsorption coupled with reduction and

complexation.

CONCLUSIONS

In this study, a novel adsorbent for Cr(VI) removal, Fe3O4–

SiO2–CTS-PEI magnetic microspheres, was prepared under rela-

tively mild conditions and characterized by TEM/SEM, FTIR,

XRD, VSM, and TGA. The adsorbent exhibited high acid resist-

ance and magnetic responsiveness. The leaching Fe3O4 content

was only 0.09% after immersion in pH 2.0 water for 24 h, and

the saturated magnetization of the adsorbent was 11.7 emu/g.

Batch experiments demonstrated that the adsorbent had a high

adsorption capacity, with the maximum adsorption capacity of

236.4 mg/g at 258C. The adsorption process fit a pseudo-

second-order model well and was spontaneous and endothermic

in nature. The Fe3O4–SiO2–CTS-PEI can be considered as an

effective bioadsorbent for Cr(VI) removal from wastewater due

to the advantages of high acid resistance, magnetic responsive-

ness, and adsorption capacity.
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