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a b s t r a c t
The cationic polymer epichlorohydrin-dimethylamine (EPI-DMA) was first employed as the 
modifier for preparing the SiO2@EPI-DMA by sonochemical in situ modification. The functionalized 
mesoporous silica (SiO2@EPI-DMA) was then used for removing Cr(VI) from the aqueous environ-
ment. The result showed that EPI-DMA had been grafted to a certain extent, improving the positive 
charge of SiO2. The adsorption capacity of SiO2@EPI-DMA for Cr(VI) was improved by electrostatic 
attraction. The XPS results also indicated that the Cr(VI) was partially reduced to Cr(III), which 
indicated that the redox reaction also contributed to the Cr(VI) removal. The Langmuir isotherm 
model was suitable to describe Cr(VI) adsorption equilibrium data by SiO2@EPI-DMA, and the 
adsorption kinetics data were depicted quite well by the pseudo-second-order. The maximum mono-
layer adsorption capacity of SiO2@EPI-DMA was about 102.7 mg g–1, which was greatly higher than 
that of neat SiO2. It indicates that the EPI-DMA is a promising functional reagent available.

Keywords:  Functionalized mesoporous silica; Polymer epichlorohydrin-dimethylamine; Chromium; 
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1. Introduction

Heavy metals have accumulated hazards to animals and 
human beings due to food chains [1]. Heavy metals include 
anions and cationic pollutants. Among others, chromium 
is a major anionic heavy metal pollutant originating from 
industrial discharges such as textile factories, paper pro-
duction, petroleum refining, electroplating and wood pres-
ervation process [2]. Recently, several techniques have been 
applied for removing Cr(VI) from the aqueous environment, 
for example, oxidation–reduction process [3], classified pre-
cipitation process [4], adsorption and biological methods 
[5]. Among others, adsorption is the most frequently used 
technique because of its simplicity in design and operation 
[4]. Various materials [6–11], such as bio-sorbents, zeolites, 

chitosan and activated carbon have been widely applied to 
purify heavy metals sewage [5,12,13]. Furthermore, it has 
drawn more attention to develop low-cost and efficient 
functionalized mesoporous silica adsorbents. 

Considering the promising properties (e.g., tunable pore 
size, easily doped unstructured skeleton and high surface 
area) of mesoporous silica [14,15], the distinguished mes-
oporous silica nanoparticles have been applied in biosen-
sors, electronics, medicine, catalyst, adsorbents, cosmetics 
and peptides separation [16–19]. Owing to the presence of 
abundant hydroxyl groups, neat mesoporous silica nanopar-
ticles in aqueous solution always showed weak negativity 
potential, which exhibited good affinity for different cationic 
metal pollutants, such as copper, lead and zinc ions [20,21].
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However, mesoporous silica nanoparticles lack sufficient 
specific sites for adsorbing anionic heavy metal pollutants 
such as dichromate anions (Cr2O7

2–). Therefore, immobiliza-
tion of appropriate chemical groups for mesoporous silica 
has attracted much attention for the purpose of enhancing 
the removal of Cr(VI) [22]. 

Functional mesoporous silica materials have been pre-
pared with some groups. For instance, a series of polymers, 
such as polyvinyl chloride (PVC), polyethylene glycol (PEG), 
polyvinyl alcohol (PVA) have been adopted to modify the 
mesoporous silica [19,23,24]. Li et al. [25] reported 3-ami-
nopropyltrimethoxysliane grafted mesoporous silica for 
removal of Cr(VI). Polymer epichlorohydrin-dimethylamine 
(EPI-DMA) is a poly quaternary with strong-cation elec-
trolyte, which could be used as a cationic functional agent. 
The EPI-DMA has displayed good hydrolysis stability and 
high cation density [26]. However, there has been little 
information that the mesoporous silica supported the EPI-
DMA for uptake of Cr(VI). 

Ultrasound has proved a useful method for shortening 
the reaction time due to acoustic cavitation [27–29], which 
is the foaming process of production, growth and implosive 
collapse in aqueous medium [30]. Under exposure to the 
penetration of sound field, the foam can be compressed and 
expanded at a very high rate, resulting in a high pressure. 
This high pressure will lead to a high chemical reactivity to 
accelerate the process [31]. Deka et al. [27] reported on the 
compound of ordered benzene-bridged PMOs by ultrasound. 
Seon et al. [32] have successfully synthesized Ti-SBA-15 by 
ultrasonic technique. The sonochemical in situ modification 
is an effective and facile method, which is generally applied 
in functionalization process.

The purpose of this study was to modify the meso-
porous silica using cationic poly epichlorohydrin-dimethyl-
amine (EPI-DMA) by sonochemical in situ modification for 
improving the Cr(VI) uptake. The modification conditions 
were studied on the basis of EPI-DMA grafting amount. The 
SiO2@EPI-DMA was measured by SEM, TEM, N2 adsorption/
desorption, FTIR, zeta potential and XPS. Batch sorption 
experiments were conducted under various pH and dosage 
operational conditions. Meanwhile, the adsorption isotherm 
as well as the kinetics of anionic Cr(VI) by SiO2@EPI-DMA 
was evaluated to ascertain the adsorption behavior and 
mechanism. 

2. Experimental

2.1. Chemicals

Tetraethyl orthosilicate (TEOS), cetyltrimethylammo-
nium bromide (CTAB) and ammonium hydroxide were pur-
chased from Tianjin Kemiou Chemical Reagent Co. Ltd., (11 
Xingyuan road, Xianshuigu industrial park, Tianjin, China).
These reagents were of analytical grade. Poly epichlorohy-
drin-dimethylamine (EPI-DMA) was supplied by Shandong 
Binzhou Jiayuan Environmental Protection Co., Ltd., (560 
Huanghewulu, Binzhou, Shandong, China). Potas sium dic-
hro mate (K2Cr2O7) was a guaranteed reagent which was 
obtained from Tianjin Guangfu Technology Development Co. 
Ltd., (29 Huachengzhonglu, Caozili Township, Wuqing District, 
Tianjin, China). Deionized water was applied throughout the 
experiments for dissolving operation. Various concentra-
tions of Cr(VI) solutions were diluted with distilled water. 
All standard solutions for calibration of Cr(VI) concentration 
were prepared with deionized water. 

2.2. Synthesis of SiO2@EPI-DMA

First, the SiO2 was synthesized with TEOS and CTAB 
by ultrasound-assisted procedure. In the synthesis process, 
1.5 g CTAB was dissolved to 140 mL of distilled water, and 
5 mL aqueous ammonia (25%) was added to the solution. 
After 15 min of irradiation, 6.5 mL TEOS was added drop-
wise into the homogeneous solution and constantly stirred 
under ultrasonic irradiation (50 W; cup horn: 40 kHz). The 
solid was collected after centrifugation (10,000 rpm). It 
was then washed with water until the pH reached 7.0. The 
primary material was dried and calcined at a ramp rate of 
20°C/min up to 600°C in the muffle oven. The temperature 
was maintained for 6 h and then the synthesized SiO2 was 
obtained.

Afterwards, the SiO2@EPI-DMA samples were prepared 
with the ultrasound as shown in Fig. 1. Pure SiO2 was dried 
for 2 h at 110°C to remove the surface-adsorbed water, and 
2 g of SiO2 was dispersed into a solution containing a given 
concentration of EPI-DMA. The compound was exposed to 
an ultrasound device (50 W; cup horn: 40 kHz). Subsequently, 
the sample was filtered and dried at 60°C in vacuum oven. 
The sorbent was then ground and pounded to splinters of 
0.02–0.5 cm with small porcelain mortar, marked as SiO2@

 Fig. 1. Preparation of SiO2@EPI-DMA; the structural formula of EPI-DMA.
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EPI-DMA-1, SiO2@EPI-DMA-2, SiO2@EPI-DMA-3, SiO2@EPI-
DMA-4 and SiO2@EPI-DMA-5, respectively, according to the 
various concentrations of EPI-DMA (1%, 2%, 5%, 10%, 15%). 

2.3. Physicochemical characterization

Textural analysis was conducted with a surface area 
analyzer (JWBK 122W, Beijing JWCB Sci & Tech Co., Ltd., 
China), at 77 K. The surface area (SBET) and distribution of 
pore size were determined by the density functional the-
ory method and the BET equation from the N2 adsorp-
tion/desorption isotherm data in relative pressures (P/P0:  
0.05–0.3). TEM, SEM and EDS were obtained with the JEM-
1011 and HITACHI (Japan), S-4160 microscope. The surface 
chemical functional groups and adsorptions of SiO2@EPI-
DMA were analyzed by FTIR. The wavelength was recorded 
as from 4,000 to 400 cm–1. Zeta potential was determined 
with JS94H Zeta (Shanghai Zhongchen, Shanghai, China). 
The surface binding states of SiO2@EPI-DMA and Cr(VI) 
exhausted SiO2@EPI-DMA (SiO2@EPI-DMA(Cr)) samples 
were measured using X-ray photoelectron spectrometer 
(Axis Ultra DLD, Shimadzu-Kratos, UK).

2.4. Measure of grafting amount EPI-DMA

The content of EPI-DMA loaded on the surface of silicon 
could be measured by the high temperature burning reac-
tion, which was represented by the loss of ignition, marked 
as S. The modified material was dried in drying oven at 
110°C. The weight of the sample was accurately weighed 
and recorded as Wa (g). The samples were calcined for 4 h 
in the 600°C muffle furnace. Then, the sample was cooled in 
a dryer. The weight of the calcined sample was accurately 
weighed and recorded as Wb (g). The loss on ignition S was 
calculated according to Eq. (1) [33]:

S W W
Wa b
a

mg g−( ) = −( )×1 1 000,  (1)

2.5. Static adsorption experiment

The investigation was to evaluate the adsorption of 
the Cr(VI) by SiO2@EPI-DMA nanoparticles. The effects of 
nanoparticle dosages and pH were investigated. The pH 
of the Cr(VI) solution was varied from 2.0 to 12.0, and the 
adsorbent dosage and initial Cr(VI) concentration were 
maintained at 0.5 g L–1 and 25 mg L–1. The adsorbent dos-
ages were adjusted between 0.5 and 1.5 g L–1, and other 
adsorption conditions such as stirring speed, temperature, 
contact time and Cr(VI) concentration were kept at 150 rpm, 
25°C, 24 h and 25 mg L–1, respectively. For the purpose of 
isotherms study, the Cr(VI) solutions from 25 to 150 mg L–1 
were prepared. After the adsorption reached equilibrium, 
the solution samples were filtered with Advantec of 0.45 μm. 
Solution samples were taken at various intervals to inves-
tigate adsorption kinetics and the initial concentration was 
set at 25 mg L–1. The residual concentrations in the filtrate 
were measured using UV–Vis (ultraviolet-visible spectro-
photometry). The adsorption capacity of adsorbent was 
then calculated according to Eq. (2).

q
C C V
me

e=
−( )0  (2)

where C0 and Ce are the initial and equilibrium Cr(VI) liquid 
phase (mg/L); V is the total volume of Cr(VI) (mL); m is the 
mass of the SiO2@EPI-DMA (g). 

3. Results and discussion

3.1. Effect of modification on SiO2@EPI-DMA

3.1.1. Modification processing temperature

The modification conditions such as processing mod-
ification time, initial EPI-DMA and pH were kept at 12 h, 
15% and pH 7.0. The SiO2@EPI-DMA was synthesized at 
different modification temperature. The effect of process-
ing temperature on the modification of SiO2@EPI-DMA 
was investigated in Fig. 2a. The grafting EPI-DMA amount 
and Cr(VI) adsorption capacity gradually decreased as the 
modification processing temperature increased. It could be 
inferred that this was due to the combination of cationic EPI-
DMA and mesoporous silica by weak van der Waals force 
[33]. The increased temperature was not conducive to the 
formation of weak covalent bonds between cationic EPI-
DMA and silanol on mesoporous silica, which made the 
decline of grafting EPI-DMA amount and Cr(VI) adsorp-
tion capacity. The modification processing temperature was 
25°C, and the grafting amount was 17.30 mg/g and Cr(VI) 
adsorption capacity was 28.8 mg/g. Therefore, the optimal 
modification processing temperature was 25°C.

3.1.2. Initial EPI-DMA concentration

The effect of initial EPI-DMA concentration on modifica-
tion of SiO2@EPI-DMA is shown in Fig. 2b. SiO2@EPI-DMA 
was prepared by adding a certain mass of SiO2 in differ-
ent EPI-DMA concentrations. The modification conditions 
such as processing modification time, temperature and pH 
were kept at 12 h, 25°C and pH 7.0. The grafting amount 
of EPI-DMA on silica and adsorption capacity for Cr(VI) 
both increased. The increased initial EPI-DMA concentration 
promoted the formation of covalent bonds between silanol 
and EPI-DMA, which made the grafting EPI-DMA amount 
and Cr(VI) adsorption capacity increased. As the EPI-DMA 
concentration increased to 15%, the grafting amount was 
17.70 mg/g and the adsorption capacity for Cr(VI) was 
30.06 mg/g. According to the results, the optimal processing 
EPI-DMA concentration was 15% for Cr(VI) adsorption.

3.2. Characterization of SiO2@EPI-DMA 

3.2.1. Textural structure analysis

The surface and pore characteristics were obtained 
from the N2 adsorption/desorption experiment. The results 
are shown in Table 1 and Fig. 3. According to Fig. 3a, the 
isotherms were type IV for unmodified SiO2 and SiO2@
EPI-DMA [34], and these hysteresis loops were the type 
of H2 that were caused by the mesoporous structure [35].
As shown in Table 1, the decline of BET specific surface area 
was caused by the increased grafting EPI-DMA amount on 
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Fig. 2. (a) Effect of modification processing temperature and (b) initial EPI-DMA concentration on grafting amount of EPI-DMA and 
quantity of absorbed K2Cr2O7.
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Fig. 3. (a) N2 adsorption/desorption isotherms and (b) pore size distribution curves for SiO2 and SiO2@EPI-DMA samples.

Table 1
Textural characterization and grafting amount of the SiO2@EPI-DMA

Sample Specific surface 
area of BET (m2/g)

Specific surface 
area of BJH (m2/g)

Total pore 
volume (cm3/g)

Pore diameter 
(nm)

Grafting amount 
EPI-DMA (mg/g)

SiO2 1,040 1,310 1.277 4.913 0
SiO2-EPI-DMA-1 916 998 0.749 3.267 9
SiO2-EPI-DMA-2 899 920 0.643 3.259 13.6
SiO2-EPI-DMA-3 646 804 0.526 3.253 17.1
SiO2-EPI-DMA-4 473 464 0.378 3.191 17.5
SiO2-EPI-DMA-5 310 320 0.334 3.011 17.7
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the surface of SiO2@EPI-DMA. The remarkable decrease of 
pore diameter and total pore volume was partially ascribed 
to the pore block of grafting EPI-DMA. 

According to Fig. 2b, the increased grafting EPI-DMA 
amount improved the Cr(VI) adsorption, which indicated 
that the Cr(VI) adsorption did not rely on larger specific 
surface area, and mainly depended on electrical neutral-
ization between positive EPI-DMA and negative Cr(VI). 
It proved that EPI-DMA was an effective modifying agent 
for SiO2.

3.2.2. Zeta potential analysis

Surface charge of pure SiO2 and SiO2@EPI-DMA nano-
particles was evaluated by the micro-electrophoresis, and 
the results are as shown in Fig. 4. The zeta potentials of pure 
SiO2 and SiO2@EPI-DMA nanoparticles were measured by 
mixing 0.1 g samples with 50 mL of deionized water (pH 
2.0–12.0). The zeta potential of pure SiO2 decreased from 
+5 to –28 mV as the initial pH of the suspensions increased 
from 2.0 to 12.0, and the pH zero charge (pHPZC) point of 
the pure SiO2 was located at 3.0. After the in situ modifica-
tion, a more positively charged SiO2@EPI-DMA sample was 
observed and the pH zero charge points (pHPZC) of SiO2@
EPI-DMA-1, SiO2@EPI-DMA-2, SiO2@EPI-DMA-3, SiO2@
EPI-DMA-4 and SiO2@EPI-DMA-5 were located at 6.3, 7.9, 
8.4, 8.5 and 8.7, respectively. It indicated that EPI-DMA was 
a good cationic modifier for SiO2. The increased grafting EPI-
DMA amount dramatically enhanced the amount of positive 
charge for SiO2. The specific surface area and surface charge 
of SiO2@EPI-DMA were most affected after modification. 
Therefore, SiO2@EPI-DMA-5 with best adsorption capacity 
for Cr(VI) was employed in following characteristics tests.

3.2.3. FTIR analysis

The FTIR spectra of SiO2 and SiO2@EPI-DMA-5 nanopar-
ticles were as shown in Fig. 5. The bands located at 1,082; 806; 
456 cm–1 were attributed to the bending modes, asymmetric 

and symmetric stretching vibrations for Si–O–Si in the pat-
terns [36]. The peaks at around 3,370 and 1,627 cm–1 indicated 
stretching vibration and bending mode in O-H groups of the 
surface silanol groups (Si–OH) [37]. The band observed at 
about 1,483 cm–1 was associated with the stretching mode 
of amination groups [38], which indicated that the SiO2 was 
grafted with quaternary ammonium functional groups orig-
inated from EPI-DMA. The band around 893 cm–1 in the Cr 
exhausted SiO2@EPI-DMA-5(Cr) corresponded to the Cr 
bond stretching [13], which indicated that Cr(VI) was com-
bined with EPI-DMA on the surface of mesoporous nanopar-
ticles. The peaks of silanol and quaternary ammonium func-
tional groups were shifted and their intensity decreased 
in the spectra of SiO2@EPI-DMA-5(Cr), which played an 
important role in Cr(VI) adsorption. 

3.2.4. Morphology analysis

The morphological analysis was used by TEM and SEM 
images. Figs. 6a, b and d show the TEM images (MAG × 80,000) 
of SiO2, EPI-DMA and forming the SiO2@EPI-DMA-5. It is 
clear that the morphology of SiO2 was nano-rod-like and was 
easily aggregated owing to the hydrogen interaction of sila-
nol on the surface. EPI-DMA was chain-like. SiO2@EPI-DMA 
was almost the same shape as SiO2 particles, and the disper-
sion degree was increased. As a result, the incorporation of 
EPI-DMA on the SiO2 particles did not affect particle mor-
phology. According to the SEM images (MAG × 60,000), the 
surface of SiO2@EPI-DMA-5 particles was smooth, not pile 
up on the surface, which confirmed that the nanomaterials 
had good homogeneity in shape and size and good disper-
sity. It was evidence that the SiO2 particles acted as host and 
EPI-DMA was anchored onto the SiO2 uniformly.

3.2.5. X-ray photoelectron spectra analysis

The surface chemical state and the interactions between 
SiO2@EPI-DMA-5 and Cr(VI) were evaluated by X-ray pho-
toelectron spectra analysis. The XPS spectra of pristine 

  

Fig. 4. Zeta potential of pure SiO2 and SiO2@EPI-DMA as a 
function of pH.
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Fig. 5. FT-IR spectral curve of pure SiO2, modified SiO2@EPI-
DMA-5, and adsorbed SiO2@EPI-DMA-5(Cr).
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SiO2@EPI-DMA-5 and saturated SiO2@EPI-DMA-5(Cr) are 
shown in Fig. 7. It is obvious that the new binding energies 
around 578–587 eV were observed on the surface SiO2@EPI-
DMA-5(Cr), which revealed that the Cr(VI) was adsorbed 
on the SiO2@EPI-DMA-5. As for the N 1s (398–403 eV) in 
Figs. 7b and d, the binding energies at 402 and 398 eV were 

assigned to the N+ and C-N in the N1s spectra of SiO2@EPI-
DMA-5 and SiO2@EPI-DMA-5(Cr), which indicated the 
grafted quaternary amine by EPI-DMA has no new peaks 
after adsorption. The Cr2p (569–597 eV) high resolution of 
SiO2@EPI-DMA-5(Cr) is presented in Fig. 7c. The Cr2p1/2 
and Cr2p3/2 were located at 578 and 587 eV. The Cr2p spec-
tra were deconvoluted into four peaks, which were assigned 
to Cr(III)-OH (586.2 and 576 eV) and Cr(VI)-O (587.6 and 
578.9 eV). It indicated that the chemisorption was involved 
in the adsorption process and Cr(VI) was reduced to less 
toxic Cr(III) by the silicone hydroxyl group [13].

Based on the above results of zeta potential and FTIR 
analysis, the proposed Cr(VI) adsorption mechanisms are 
presented in Fig. 8. It was initially that the electrostatic 
interactions between negative Cr(VI) ion and grafted posi-
tive EPI-DMA on the SiO2@EPI-DMA, following by the ion 
exchange of Cl– to Cr(VI) ions [39]. Afterwards, the reduc-
tion process occurred owing to the silicone hydroxyl group, 
which made the Cr(VI) reduced to Cr(III).

3.3. Batch sorption study

3.3.1. Effect of the pH on Cr(VI) adsorption

The effect of the pH on Cr(VI) equilibrium capacities 
for SiO2@EPI-DMA adsorbents are shown in Fig. 9. When 
the pH was at 3.0–7.0, the species of Cr(VI) ions were mainly 
composed of HCrO4

– and Cr2O7
2– [40]. The dosages, concen-

tration of Cr(VI), contact time and adsorption temperature 
were kept at 0.5 g/L, 25 mg/L, 24 h and 25°C, respectively. 

 

Fig. 6. TEM images of SiO2 (a), EPI-DMA (b), MAG ×80,000; the 
SiO2@EPI-DMA-5 of SEM images (c), MAG ×60,000 and TEM 
images (d), MAG ×80,000.
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The adsorption capacities decreased remarkably when pH 
was raised from 3.0 to 7.0, and the maximum equilibrium 
capacities were all obtained at pH 3.0. In lower pH solu-
tion, the plenty of H+ made the grafting EPI-DMA highly 
protonated, which was favorable to the electrostatic inter-
action with negative Cr(VI) and the more grafting positive 
EPI-DMA. At higher pH conditions, the increased number 
of OH– decreased the degree of protonation. And the exces-
sive OH– increased competition with Cr2O7

2– or HCrO4
– for 

the active sites on SiO2@EPI-DMA adsorbents. Therefore 
the Cr(VI) equilibrium capacities decreased with the pH of 
the solution increased.

3.3.2. Effect of the dosage on Cr(VI) adsorption

Cr(VI) adsorption capacity at different SiO2@EPI-DMA 
dosages is as shown in Fig. 10. The pH, concentration of 
Cr(VI), contact time and adsorption temperature were kept at 
3.0, 25 mg/L, 24 h and 25°C, respectively. SiO2@EPI-DMA 

dosages were ranged from 0.5 to 1.5 g/L. The Cr(VI) adsorp-
tion capacity on SiO2@EPI-DMA-5 declined from 27 to 
12 mg/g when the adsorbent dosages increased. The amount 
of Cr(VI) ion was certain in the solution of 25 mg/L Cr(VI). 
With the increase of adsorbent dosage, the amount of chro-
mium ions assigned to the unit sorbent decreased, which 
made the adsorption capacity decreased. As a result, a dosage 
of 0.5 g/L was suitable for use in the subsequent adsorption 
tests.

3.3.3. Adsorption isotherms for Cr(VI) adsorption

The isotherms models reflected the adsorption capacity 
of SiO2@EPI-DMA and the interaction between SiO2@EPI-
DMA and Cr(VI). In this research, the data obtained from 
various samples at 25°C were depicted by two different iso-
therms: Freundlich Eq. (3) and Langmuir Eq. (4) models [41].
The adsorption isotherm expressions can be presented as 
follows: 
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Fig. 8. Proposed adsorption mechanism for Cr(VI) adsorption by SiO2@EPI-DMA.

 
3 4 5 6 7

0

10

20

30

40

50

60

q 
(m

g 
g-1

)

pH

 SiO2@EPI-DMA-1
 SiO2@EPI-DMA-2
 SiO2@EPI-DMA-3
 SiO2@EPI-DMA-4
 SiO2@EPI-DMA-5

Fig. 9. Cr(VI) equilibrium capacities for SiO2@EPI-DMA adsor-
bents under different initial pH (experimental conditions: 
dosages: 0.5 g/L; concentration of Cr(VI): 25 mg/L; contact time: 
24 h; temperature = 25°C; 150 rpm).

 

0

5

10

15

20

25

30

Q(
m

g g
-1
)

adsorbent dosage(g L-1)

 SiO2@EPI-DMA-1
 SiO2@EPI-DMA-2
 SiO2@EPI-DMA-3
 SiO2@EPI-DMA-4
 SiO2@EPI-DMA-5

0.5 0.75 1 1.25 1.5
 

Fig. 10. Adsorption capacity under the different adsorbent 
dosage (experimental conditions: concentration of Cr(VI): 
25 mg/L; contact time: 24 h; temperature = 25°C; 150 rpm; 
pH = 3.0).



301S.S. Zhang et al. / Desalination and Water Treatment 169 (2019) 294–304

q K Ce F e
n= 1/  (3)

q
q K C
K Ce

m L e

L e

=
+1

 (4)

where Ce (mg/L) and qe (mg/g) are the equilibrium concen-
tration and adsorption capacity; qm (mg/g) is the maximum 
adsorption capacity calculated by the Langmuir model; 
KF (mg/g(L/mg)1/n) and n are Freundlich constants which 
are related to the capacity and intensity; KL (L/mg) is the 
Langmuir constant. 

The free energy parameters (ΔG) of adsorption were cal-
culated by the following formula [33], which could be useful 
for understanding the adsorption. R is the ideal gas con-
stant; T is the adsorption temperature; K0 is thermodynamics 
equilibrium constant, which can be obtained the intercept 
of the linear plot of lnQe/Ce vs. Ce. The free energy was cal-
culated as –10.4058, –12.8466, –16.3991, –17.4698, –18.0031 
for SiO2@EPI-DMA-1, SiO2@EPI-DMA-2, SiO2@EPI-DMA-3, 
SiO2@EPI-DMA-4 and SiO2@EPI-DMA-5, respectively. The 
values of ΔG were less than 0, which indicated that the 
adsorption could happen spontaneously. 

∆G RT= − lnK0  (5)

Fig. 11 shows the fitting of adsorption isotherms. The 
isotherms parameters are summarized in Table 2. The RL

2 val-
ues were higher than RF

2 for all SiO2@EPI-DMA adsorbents, 
suggesting that the experimental isotherm data were better 
fitted by the Langmuir model and Cr(VI) adsorption occurred 
at specific homogeneous sites over mono-layer pattern [42]. 
According to the Langmuir model, the maximum adsorption 
capacities of Cr(VI) adsorbed were calculated as 21.25, 33.31, 
73.13, 78.49 and 102.7 mg/g for SiO2@EPI-DMA-1, SiO2@EPI-
DMA-2, SiO2@EPI-DMA-3, SiO2@EPI-DMA-4 and SiO2@
EPI-DMA-5, respectively. As a result, the increased adsorp-
tion capacity was well consistent with the grafting amounts 
of EPI-DMA. 

Table 3 shows a comparison of different adsorbents for 
Cr(VI) adsorption. It is obvious that the Cr(VI) adsorption of 
SiO2@EPI-DMA-5 was higher than other relevant adsorbents. 
Consequently, EPI-DMA is a good functional reagent for SiO2 
and the SiO2@EPI-DMA-5 has presented promising applica-
tion for Cr(VI) removal. 

3.3.4. Adsorption kinetics for Cr(VI) adsorption

To further study the adsorption kinetics of Cr(VI) onto 
SiO2@EPI-DMA, pseudo-first-order (Eq. (6)), pseudo- second-
order (Eq. (7)) and intra-particle diffusion (Eq. (8)) [40], are 
presented as follows:

ln lnq q q k te t e−( ) = − 1  (6)

t
q k q q

t
t e e

= +
1 1

2
2  (7)

Table 2
Parameters of adsorption isotherms for adsorption of Cr(VI) onto SiO2@EPI-DMA

Sample Freundlich model Langmuir model

1/n Kf [(mg/g)(1/mg)1/n] RF
2 qm (mg/g) KL (L/mg) RL

2

SiO2@EPI-DMA-1 0.3888 2.916 0.8967 21.25 0.04 0.9946
SiO2@EPI-DMA-2 0.3679 5.282 0.8717 33.31 0.05 0.9982
SiO2@EPI-DMA-3 0.4359 8.201 0.8871 73.13 0.04 0.9897
SiO2@EPI-DMA-4 0.3944 11.31 0.8715 78.49 0.05 0.9835
SiO2@EPI-DMA-5 0.4105 13.95 0.8739 102.7 0.05 0.9805
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Fig. 11. Adsorption isotherms of Cr(VI) onto different SiO2@
EPI-DMA samples (dosages: 0.5 g L–1; contact time: 24 h; 
temperature = 25°C; 150 rpm).

Table 3
Adsorption comparison of SiO2@EPI-DMA-5 and reported 
adsorbents for Cr(VI)

Adsorption qm (mg/g) References

SiO2@EPI-DMA-5 102.7 This study
Commercial activated carbon 27.8 [43]
Coconut-coir activated carbon 38.5 [43]
Fe-coated cotton stalk biochar 67.44 [44]
SKN1 resins 46.34 [45]
MnFe2O4@SiO2-CTAB 25 [46]
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q k t Ct = +pi
1 2/  (8)

where qe and qt (mg/g) are the adsorption capacity of Cr(VI) 
at different adsorption reaction time t (min), respectively; 
k1 (min–1), k2 (g mg–1 min–1) and kpi are the rate constant of the 
kinetic models. 

The adsorption kinetics models and parameters are pre-
sented in Fig. 12 and Table 4. Based on the results, the R2 
values (0.9997–0.9999) of pseudo-second-order were higher 
than those (0.8714–0.9195) of pseudo-first-order. Therefore, 
the pseudo-second-order model was more appropriate for 
depicting the Cr(VI) adsorption, which further revealed 
that chemisorption existed in the adsorption process. As 
shown in Fig. 12c, the adsorption curves of intra-particle 
diffusion model were divided into two linear parts, which 
further indicated that two steps were involved in the Cr(VI) 
adsorption process by the SiO2@EPI-DMA. The first linear 
parts revealed that the Cr(VI) diffused on the exterior sur-
face of the adsorbent. The rates of the first stage were much 

higher, which was momentary adsorption owing to abun-
dantly available active sites and functional groups as strong 
electrostatic force. The rates of second linear parts were flat 
due to that the active sites were gradually saturated, which 
represented the Cr(VI) equilibrium of adsorption. 

3.3.5. Desorption and regeneration study for Cr(VI) 
adsorption

The regeneration of SiO2@EPI-DMA adsorbent was also 
examined for the sake of the feasible and economic adsorp-
tion process. The adsorbed SiO2@EPI-DMA was put into 
0.1 M HCl solution to desorb chromium ions, and soaking for 
12 h. Then regeneration of SiO2@EPI-DMA was prepared by 
filtering and drying. The adsorption conditions of the regen-
eration of SiO2@EPI-DMA were 25 mg/L Cr(VI), pH = 3.0 
and 0.5 g/L dosage. Fig. 13 illustrates that the desorption 
efficiency was 60% after five desorption regeneration cycles. 
The result validated the recyclability of SiO2@EPI-DMA for 
Cr(VI) adsorption.
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Fig. 12. (a) Pseudo-first-order, (b) pseudo-second-order and (c) intra-particle diffusion model for adsorption of Cr(VI) on 
SiO2@EPI-DMA.
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4. Conclusions

SiO2@EPI-DMA adsorbents were successfully prepared 
by the sonochemical in situ modification for enhanced Cr(VI) 
adsorption. SiO2@EPI-DMA prepared at different concen-
trations of cationic EPI-DMA exhibited different physico-
chemical characteristics and adsorptive properties. It was 
found that the improved adsorption capacity corresponded 
well to the amount of grafted functional ammonium groups 
after the EPI-DMA modification. The optimal processing 
temperature and EPI-DMA concentration were designed 
to be 25°C and 15%, respectively. The adsorption capacity 
of SiO2@EPI-DMA showed the maximum Cr(VI) capacity 
occurred at 102.7 mg/g. The equilibrium data were well fit-
ted by the Langmuir model. The adsorption kinetics was 
better depicted by the pseudo-second-order. These results 
demonstrated that the prepared SiO2@EPI-DMA could be a 
promising adsorbent for Cr(VI) removal. 
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