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ABSTRACT

The contamination of water bodies with heavy metals (e.g. chromium and arsenic) is a
major problem. Thus, the demand for effective ways of removing these toxic ions is increas-
ing. In this study, a novel quaternary ammonium salt (QAS) was designed and synthesised
in situ on the surface of silica-encapsulated iron oxide nanoparticles (SEION) to be easily
separated by an external magnet. The SEION grafted with QAS (QAS-SEION) were charac-
terised by X-ray diffraction, transmission electron microscopy, Fourier transform infrared
spectroscopy, scanning electron microscopy with energy dispersive X-ray spectroscopy and
zeta potential. Adsorption experiments were conducted to evaluate the capacity of
QAS-SEION for removing Cr(VI) from water. The results indicated that the adsorption of
Cr(VI) on the QAS-SEION reached equilibrium within 120min. A pseudo-second-order
model was befitting to describe the kinetics of Cr(VI) adsorption. The adsorption isotherm
of Cr(VI) on the QAS-SEION was observed to fit both the Langmuir isotherm equation and
Freundlich isotherm equation notably well. The maximum adsorption amount calculated
by the Langmuir isotherm equation was close to that obtained by experiment. Overall,
QAS-SEION is a promising material for the removal of Cr(VI) from contaminated water.
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1. Introduction

Water contamination by Cr(VI), primarily existing
in the form of anions, has recently become an issue of
worldwide concern because Cr(VI) is carcinogenic,
mutagenic and teratogenic to living organisms [1].
Cr(VI)-containing wastewater emitted from various
industrial operations (e.g. metallurgy and leather
tanning) is usually discharged into domestic sewage
systems with little treatment in some undeveloped

areas [2,3]. Hence, it is necessary and important to
treat these Cr(VI)-containing wastewater.

Different methods have been employed for Cr(VI)
removal from water bodies, such as redox processes
[4], precipitation [5], electrocoagulation [6] and
adsorption [7,8]. Among these methods, the adsorp-
tion has been widely used to remove heavy metals
from aqueous environments due to its simplicity, reli-
ability and safety and thus, could be a promising
alternative for the removal of Cr(VI). Various adsor-
bents such as lignocellulose [9], activated carbon [10],
chitosan [11], starch [12] and natural minerals [13]
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have been employed to remove Cr(VI) from water
bodies.

The mechanisms of Cr(VI) adsorption on materials
mainly include van der Waals, covalent bonding and
electrostatic interaction. To desorb Cr(VI) easily and
reuse adsorbents, electrostatic interaction could be a
promising alternative for the removal of Cr(VI) by
adsorption and thus has received much consideration.
Because Cr(VI) exists mainly in the form of anions in
aqueous environments, the absorbent is expected to
carry positive charge. Quaternary ammonium salt
(QAS) is a type of organic compound that can ionise
functional groups with positive charges and thus has
attracted wide attention. Some researchers have used
materials modified by QAS to remove anionic pollu-
tants from aqueous environments [14,15]. Various sup-
porting materials such as activated carbon [16], spent
mushroom [17], cotton [18], bentonite [19], reed [20]
and silica [21] have been reported. Among these sup-
ports, silica has high mechanical and thermal stability,
which can be easily modified by organofunctionalised
silanes through the formation of stable covalent bonds
[22], and thus has been widely used. To increase the
surface area of silica, it is usually prepared in its mes-
oporous form. In addition, magnetic materials such as
magnetite (Fe3O4) and maghemite (γ-Fe2O3) have also
been reported to be incorporated into silica, i.e. silica-
encapsulated particles, to easily separate silica from
aqueous environments after adsorption [23]. Few
authors have reported the preparation of QAS-grafted
magnetic materials and their application for the
removal of pollutants [24–26]. However, most
researchers used existing QAS, whereas in situ synthe-
sis of QAS on the surface of silica is few.

In this study, a novel QAS with silane functional
groups was designed and synthesised in situ on the
surface of silica-encapsulated iron oxide nanoparticles
(SEION) to be easily separated by an external
magnet. Adsorption experiments were conducted to
evaluate the capacity of the SEION grafted with QAS
(QAS-SEION) for removing Cr(VI) from aqueous
environments.

2. Materials and methods

2.1. Materials and chemicals

Tetraethoxysilane (TEOS) (99%), cetyltrimethylam-
monium bromide (CTAB) (99%), tetrahydrofuran (THF)
(99%), 3-aminopropyltriethoxysilane (APTES) (99%),
cyanuric chloride (99%), triethylamine (99.5%), toluene
(99.5%), ammonia solution (25%), iron(II) sulphate
heptahydrate (99%), iron(III) chloride anhydrous (99%),

ethanol (95%) and potassium bichromate (99.8%) were
purchased from Aldrich Chemical or Aladdin, Ltd. All
of the chemicals were used without further treatment.

2.2. Synthesis of QAS

A 5.535 g of cyanuric chloride was dissolved in
100mL of THF at 0˚C. Then, 7mL of APTES was
added, and the solution was kept stirring at 0˚C for
3 h [27]. Subsequently, the temperature of this system
was raised to 30˚C, and 12.5 mL triethylamine was
added; the solution was further kept stirring for 12 h.
The products generated in the solution were collected
and washed with THF three times and dried under
vacuum at 60˚C for 12 h.

2.3. Synthesis of SEION

SEION was synthesised according to a procedure
similar to that developed by Tsang [23]. A 7.289 g of
CTAB was added to 125mL of toluene under vigorous
stirring to create a well-distributed suspension of
CTAB in toluene. A 0.479 g of FeSO4·7H2O and 0.559 g
of FeCl3 were dissolved in 10mL of deionised water.
Then, the solution containing iron salts was added
dropwise to the toluene suspension containing CTAB
under an argon protective atmosphere to form a well-
distributed microemulsion. The microemulsion was
then stirred for at least 4 h. About 1.40 mL of ammonia
solution (25% in water) was then added dropwise to
the microemulsion under an argon protective atmo-
sphere. The entire microemulsion immediately turned
black, indicating the formation of magnetic Fe3O4. The
chemical reaction is shown in Eq. (1).

FeSO4 þ 2FeCl3 þ 8NH3 �H2O

�! Fe3O4 þ ðNH4Þ2SO4 þ 6NH4Clþ 4H2O
(1)

After 2 h, 6.935 g of TEOS was slowly added to the
microemulsion described above. The microemulsion
was aged for 5 days at 25 ± 1˚C with constant stirring
to allow the formation of a silica coating. Then, the
stable and black microemulsion was destroyed by the
addition of 20mL of ethanol, and the black precipi-
tates were separated using an external magnet. The
residual TEOS and CTAB were then removed by
refluxing the black precipitate with 200mL of ethanol
overnight and washing at least three times with
ethanol and water, respectively. Finally, oxford grey
precipitates, i.e. SEION product, were separated by an
external magnet.
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2.4. In situ synthesis of QAS on SEION

To a round flask containing 100mL of toluene, 1 g
of SEION and 5mL of APTES were added under
stirring to conduct a coupling process at 115˚C. After
12 h, the solids in the round flask were separated by
an external magnet and washed with THF three times,
and were then dispersed in 100mL of THF. Subse-
quently, the temperature of this system was reduced
to 0˚C by ice cooling prior to the addition of 4 g of
cyanuric chloride. After 12 h, the solids in the round
flask were separated again from THF by an external
magnet to remove the unreacted reagents. Subse-
quently, 100mL of THF was added, and the tempera-
ture of this system was raised to 30˚C, followed by the
addition of 9mL of triethylamine. After 12 h, the sol-
ids (i.e. QAS-SEION product) were again washed with
THF and dried under vacuum at 60˚C for 12 h. The
principal chemical reactions involved in QAS-SEION
synthesis are illustrated in Fig. 1. The model structure
and the magnetic response properties of the
QAS-SEION are shown in Fig. 2. The saturation
magnetisation of QM-chitosan is close to 13 emu/g
which is sufficient to be used in adsorbent separation
for further recycling and reuse.

2.5. QAS-SEION characterisation

Nuclear magnetic resonance (NMR) analysis of the
QAS was carried out using an NMR spectrometer
(Bruker Avance III 400MHz). The surface charges of
the QAS-SEION in solutions with different pH levels
were determined using a zeta potential analyser

(Zeta-Meter 3.0+). Scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM/EDX,
Hitachi S-3400N), transmission electron microscopy
(TEM, Hitachi H-800), Fourier transform infrared
spectrometry (FTIR, Nicolet AVATAR380) and X-ray
diffraction (XRD, Bruker D2 Phaser) were employed
to analyse the surface morphology, elemental compo-
nents, surface functional groups and crystalline struc-
tures of the QAS-SEION, respectively.

2.6. Batch experiments

Experiments to investigate Cr(VI) removal by the
QAS-SEION, including studies of the adsorption kinet-
ics and isotherm and effects of adsorbent dosage, were
conducted in 50-mL glass vials with screw caps con-
taining Teflon-lined rubber septa. Briefly, 40mL of
Cr(VI) solutions and a certain amount of the
QAS-SEION were mixed in 50-mL glass vials, and
then shaken in an end-over-end manner at 26 rpm and
25 ± 1˚C. A 5mM solution of NaCl was used as a
background electrolyte to control the ionic strength of
the solution. After a predefined reaction time, the
solutions in the vials were rapidly filtered through
0.45-μm membranes, followed by immediate measure-
ment of the Cr(VI) concentration by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES,
Varian 700-ES) at a wavelength of 267.716 nm.

Desorption experiments of QAS-SEION were
conducted using 50-mL glass vials. The QAS-SEION
was firstly adsorbed to saturation by the high concen-
tration Cr(VI) solution. Then, the QAS-SEION with

Fig. 1. In situ synthesis of QAS on SEION.
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the Cr(VI) was separated by filtration and vaccum-
dried at 80˚C for 48 h. Afterwards, 0.01 g of dried
QAS-SEION with Cr(VI) and 40mL of 2mol/L NaCl
solution were mixed in 50-mL glass vials, followed by
shaking in an end-over-end manner at 26 r/min and
at 25 ± 1˚C for 12 h (pre-experiments indicated that
desorption would reach equilibrium within 12 h). The
suspensions with QAS-SEION were filtered and the
Cr(VI) concentration was measured. The QAS-SEION
on the filter was washed three times using deionised
water and then vaccum-dried at 80˚C for reuse.

3. Results and discussion

3.1. Characterisation of QAS and QAS-SEION

Fig. 3 shows the 1H NMR (CDCl3) spectrum of
QAS. The chemical shifts near 1.33 ppm (CH3) and 3.0
ppm (CH2) were assigned to the ethyl bonded to N.
The chemical shifts near 1.1 ppm (CH3) and 3.9 ppm
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Fig. 2. Formation process and magnetic response properties of QAS-SEION.

Fig. 3. 1H NMR spectrum of QAS.
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(CH2) were assigned to the ethyl bonded to O. The
chemical shift near 4.2 ppm was assigned to NH.
Chemical shifts near 2.8 ppm, 1.4 ppm and 0.59 ppm
were assigned to CH2 between Si and N. Besides, the
H integral areas are calculated. The results show that
the ratios of integral areas of H chemical shifts at
about 4.2, 3.9, 3.0, 2.8, 1.4, 1.33, 1.1 and 0.59 were
1:6.83:10.89:1.96:1.81:16.96:9.33:1.90, which was similar
to theory ratio (1:6:12:2:2:18:9:2). The H chemical shifts
and integral areas above indicated that the QAS was
successfully synthesised.

Fig. 4 shows the XRD patterns of iron oxide
(Fig. 4(a)) and the synthesised SEION (Fig. 4(b)). As
shown in Fig. 4(a), seven typical peaks (2θ = 19.3˚,
30.1˚, 35.5˚, 43.1˚, 53.4˚, 57.0˚ and 62.6˚) were observed,
which corresponded with the characteristic peaks of
Fe3O4 ((1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and
(4 4 0)) [28]. Most of these peaks were also found in
the SEION (Fig. 4(b)). Besides, a broad peak between
20o and 25o occurred in XRD pattern of SEION com-
pared to Fe3O4, which covered the characteristic peak
(2θ = 19.3˚) of Fe3O4 and indicated that the silica cov-
ered on the Fe3O4 tended to be noncrystalline.

Fig. 5 shows the FTIR spectra of QAS, SEION and
QAS-SEION. A broad peak at 3,300–3,600 cm−1 was
observed for all samples, which was assigned to the
stretching vibration of H2O and indicated that a small
amount of water existed in the samples [29]. For the
QAS, the peaks at 1,500–1,700 cm−1 corresponded to
C–N stretching vibration and aromatic ring vibration
[30]. The peaks at 2,500–3,000 cm−1 were assigned to
the stretching vibration of CH3 and CH2, which was
echoed by the peaks at 1,200–1,500 cm−1 assigned to
the bending vibration of CH3 and CH2 [31]. The peaks
at 950–1,200 cm−1 were assigned to the Si–O stretching

vibration and Si–C vibration of the QAS [30]. For the
SEION, the peaks at 1,000–1,300 cm−1, 700–800 cm−1

and 940–980 cm−1 were ascribed to the stretching
vibrations of Si–O–Si, Si–OH and Si–O–Fe [32], respec-
tively. Compared to the SEION spectrum, the peaks of
the QAS-SEION at 1,500–1,700 cm−1 broadened, result-
ing from C–N stretching vibration and aromatic ring
vibration of QAS grafted. In addition, the peaks at
940–980 cm−1 for the SEION did not occur in the spec-
trum of QAS-SEION, possibly due to the overlapping
of Si–C vibration peak at 950–1,200 cm−1 with Si–O–Fe
stretching vibration peak at 940–980 cm−1. The occur-
rence of Si–C, C–N and aromatic ring vibration peaks
for the QAS-SEION indicated that the QAS was suc-
cessfully grafted on the SEION.

TEM images and the SEM/EDX analysis results of
the SEION and the QAS-SEION are shown in Figs. 6
and 7, respectively. Black particles, i.e. Fe3O4, were
observed to disperse in the SEION (Fig. 6(a)) and the
QAS-SEION (Fig. 6(b)), which can impart magnetic
behaviour and facilitate their separation from the
aqueous phase. The porous structure can be clearly
observed in Fig. 6(a), which indicates that the SEION
exhibit a larger specific surface area. However, the
transparency of the pores shown in Fig. 6(b) decreased
slightly, possibly resulting from grafting of the QAS
on the SEION. SEM/EDX analysis revealed that Fe, Si
and O were the major elements in the SEION
(Fig. 7(a)). A small amount of C was also observed in
the SEION, which may result from residual CTAB.
Compared to the SEION composition, another ele-
ment, Cl, was observed in the QAS-SEION (Fig. 7(b)),
which was considered to be the counter ion of quater-
nary ammonium from the QAS and indicated that the
QAS was successfully grafted onto the SEION. This
inference was validated by zeta potentials of the
SEION and the QAS-SEION. As shown in Fig. 8, the
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Fig. 4. XRD patterns of Fe3O4 (a) and SEION (b).
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zeta potential of the SEION was negative except for at
lower pH environment. However, the zeta potential of
the QAS-SEION remained positive throughout the pH

range investigated, which was significantly higher
than the zeta potential of the SEION. The higher zeta
potential of QAS-SEION mainly resulted from the
QAS grafted on the SEION. As a consequence, anions
and compounds with negative charges (e.g. CrO2�

4 ,
humic acid) can be easily adsorbed onto the
QAS-SEION via electrostatic interaction.

3.2. Adsorption of Cr(VI) on the QAS-SEION

The kinetics of Cr(VI) removal by the QAS-SEION
(Fig. 9) showed that the adsorption of Cr(VI) reached
equilibrium within 120min. The removal of Cr(VI) by
the QAS-SEION may involve two main steps: Cr(VI)
diffusion in the pores of the QAS-SEION and
adsorption of Cr(VI) on the QAS-SEION. When the
QAS-SEION is mixed with Cr(VI) solutions, Cr(VI)
first diffuses into the QAS-SEION pores, depending
on the concentration gradient, which takes time to

Fig. 6. TEM images of SEION (a) and QAS-SEION (b).

Fig. 7. SEM/EDX spectra of SEION (a) and QAS-SEION (b).

Fig. 8. Zeta potential of SEION (-▲-) and QAS-SEION
(-●-) at different pH.
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reach completion. Cr(VI) is then adsorbed on the
QAS-SEION, where counter ions, i.e. chloride ions, are
exchanged with Cr(VI), which is driven by electro-
static attraction. Among all of the steps of the entire
adsorption process, the first step could be the rate-limiting
step for Cr(VI) adsorption.

The kinetics of Cr(VI) adsorption on the QAS-SEION
was fitted with a pseudo-second-order model [33]
(Eq. 2).

t

Qt
¼ t

kQ2
e

þ t

Qe
(2)

The parameter k is the pseudo-second-order rate
constant (g/(mg.min)), and Qt and Qe are the amounts
of Cr(VI) adsorbed per unit mass (mg/g) at any time
and at equilibrium, respectively.

The experimental results show that the kinetics of
Cr(VI) adsorption on the QAS-SEION fit the pseudo-
second-order model well with a reaction rate constant
(k) of 0.0373 and a coefficient of determination (R2) of
0.9997.

Fig. 10 shows the effect of QAS-SEION dosage on
the removal of Cr(VI). As shown, the removal effi-
ciency of Cr(VI) can reach 90% with a dosage of 30mg
of QAS-SEION in 40mL of 7.5 mg/L Cr(VI) solution,
whereas a dosage of 50mg of QAS-SEION can achieve
nearly 100% removal of Cr(VI). The study on the
adsorbent dosage has practical importance for the
application of the adsorbent.

To determine the largest amount of Cr(VI)
adsorbed by the QAS-SEION, an isothermal adsorp-
tion experiment was conducted, and the adsorption
isotherm is shown in Fig. 11. With the increase in the
equilibrium concentration, the adsorption amount of

Cr(VI) was observed to increase sharply at lower equi-
librium concentrations, indicating a stronger affinity of
Cr(VI) with the QAS-SEION. When the equilibrium
concentration of Cr(VI) was close to 50mg/L, the
adsorption amount of Cr(VI) achieved the maximum.

In adsorption studies, different adsorption iso-
therm models (e.g. Langmuir model and Freundlich
model) are usually used to simulate adsorption pro-
cesses [34]. The Langmuir model assumes that all of
the adsorption sites of the adsorbent have an identical
binding energy and each site only binds to a single
adsorbate, which is expressed as follows:

Ce

Qe
¼ 1

bQm
þ Ce

Qm
(3)

Time (min)
0 40 80 120 160 200 240

R
em

ov
al

 e
ffi

ci
en

cy
 (%

)

0

20

40

60

80

Time (min)
0 40 80 120 160 200 240

t/Q
t (

m
in

.g
/m

g)

0

4

8

12

16

20

y=0.071x+0.1352

R2=0.9997

Pseudo-second-order kinetics model

Fig. 9. Adsorption kinetics of Cr(VI) on QAS-SEION. The
initial concentration of Cr(VI), 7.5 mg/L; QAS-SEION
dosage, 0.01 g/40mL and pH of the solution, 6.0 ± 0.1.

Dosage (mg)
0 10 20 30 40 50 60

R
em

ov
al

 e
ffi

ci
en

cy
 (%

)

0

20

40

60

80

100

Fig. 10. Effects of QAS-SEION dosages on removal of
Cr(VI). The initial concentration of Cr(VI), 10mg/L; pH of
the solution, 6.0 ± 0.1.

Ce (mg/L)
0 20 40 60 80 100

Q
e (m

g/
g)

0

5

10

15

20

25

30

Ce(mg/L)
0 20 40 60 80 100

C
e/Q

e(
g/

L)

0

1

2

3

4

y=0.0373x+0.2605

R2 =0.9927

LogCe

.6 .8 1.0 1.2 1.4 1.6

Lo
gQ

e

-.5

0.0

.5

1.0

1.5

2.0

LangmuirFreundlich

y=2.3706x-1.6838

R2 =0.9906

Fig. 11. Adsorption isotherm of Cr(VI) on QAS-SEION.
QAS-SEION dosage, 0.01 g/40mL; pH of the solution,
6.0 ± 0.1.

W. Yao et al. / Desalination and Water Treatment 55 (2015) 173–182 179



where Ce is the equilibrium concentration of the adsor-
bate, Qm is the maximum adsorption capacity of the
adsorbent and b is a constant related to the adsorption
energy.

The Freundlich model is an empirical equation
based on reversible heterogeneous adsorption and is
expressed as:

logQe ¼ 1

n
logCe þ logKf (4)

where Kf is a constant related to the adsorption capac-
ity of the adsorbent and n is a constant related to the
adsorption intensity.

The adsorption isotherm of Cr(VI) on the
QAS-SEION was fitted with the two models described
above. As shown in Fig. 11, the Freundlich model suit-
ably fits the adsorption isotherm of Cr(VI) before
Cr(VI) reached saturated adsorption, whereas the
Langmuir model may be used to simulate the adsorp-
tion of Cr(VI) at all equilibrium concentrations studied.

Table 1 shows the values of the Langmuir and
Freundlich constants. The largest adsorption amount
(26.81mg/g) of Cr(VI) calculated was close to the
experimental value (25.14 mg/g) shown in Fig. 11,
higher than that reported [35,36].

3.3. Desorption and regeneration

The reusability of adsorbents is of great importance
as a cost-effective process in water treatment. For the
environmental sustainability of an adsorbent, a high
regeneration capacity would add much value in water
treatment. In this study, NaCl solution was chosen as
the regeneration agent. Pre-experiments showed that
the desorption efficiency of Cr(VI) increased with the
increase of NaCl concentration. However, a high NaCl
concentration would obviously result in a higher cost.
In view of the above, 2.0 mol/L of NaCl was selected
to regenerate the QAS-SEION. Three cycles of adsorp-
tion–desorption studies were accordingly carried out.
The results showed that the QAS-SEION still had a
high regeneration capacity after three adsorption–
desorption cycles, which can be seen in Fig. 12 and
indicate that the QAS-SEION is a promising adsorbent.

4. Conclusions

In this study, a novel QAS was synthesised and
successfully grafted onto SEION based on characteris-
tic NMR, XRD, TEM, FTIR, SEM/EDX and zeta poten-
tial analyses. The new material, QAS-SEION, was
used to remove Cr(VI) from aqueous environments.
The QAS-SEION showed a strong magnetic response,
which presents a great convenience in adsorbent sepa-
ration for further recycling and reuse. The results of
batch experiments demonstrated that the QAS-SEION
can effectively remove Cr(VI) from aqueous environ-
ments. The adsorption kinetics were well-described by
a pseudo-second-order equation. The adsorption iso-
therm fits both the Langmuir isotherm equation and
Freundlich isotherm equation notably well. The maxi-
mum adsorption amount calculated by the Langmuir
isotherm equation was close to that obtained by exper-
iment. The adsorption–desorption of the QAS-SEION
was evaluated, and high regeneration rates were
demonstrated.
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