
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 7
:4

9:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Preparation of m
aKey Laboratory of Special Functional Ma

Information, Hebei University of Technology

China. E-mail: liangjinsheng@hebut.edu.cn
bInstitute of Power Source and Ecomaterials

Tianjin 300130, China
cChemical Engineering Department, Khalifa

Petroleum Institute, Abu Dhabi, United Arab

† Electronic supplementary informa
10.1039/c7ra12848g

Cite this: RSC Adv., 2018, 8, 7873

Received 28th November 2017
Accepted 31st January 2018

DOI: 10.1039/c7ra12848g

rsc.li/rsc-advances

This journal is © The Royal Society of C
agnesium silicate/carbon
composite for adsorption of rhodamine B†

Zhiwei Sun, ab Xinhui Duan,ab C. Srinivasakannanc and Jinsheng Liang*ab

A magnesium silicate/carbon composite was prepared by a simple hydrothermal method using sodium

silicate, magnesium sulfate, glucose and sodium acetate as raw materials. The composite was

characterized using Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning

electron microscopy (SEM) and BET to understand the morphological and chemical changes. It was

found that the composite was composed of amorphous magnesium silicate and amorphous

hydrothermal carbon with a layered porous structure and a specific surface area of 235 m2 g�1.

Rhodamine B (RhB) was used as a simulated contaminant in water to assess the adsorption properties of

the composite. The equilibrium adsorption capacity of the composite was found to be 244 mg g�1,

27.48% higher than that of magnesium silicate. The adsorption of RhB onto the composite was affected

by pH of the solution with the highest adsorption capacity corresponding to a pH of 9. The adsorption

kinetics of RhB onto the composite could be better described by a pseudo second-order model. The

adsorption process was found to be controlled by intraparticle-diffusion. The adsorption isotherm data

matched better with that of the Langmuir model, confirming monolayer adsorption on the

homogeneous surface. In view of its good adsorption capacity, the adsorbent prepared in this study has

the potential of treating dye wastewater in practical applications.
1. Introduction

Wastewater from printing and dyeing industries is one of the
major sources of water pollution because it has high toxicity and
chroma that are difficult to biodegrade.1–6 RhB is a synthetic
cationic dye commonly used in papermaking, fabrics,
cosmetics, tinted glass and reworks. RhB is known to be
a carcinogen and hence its emission into waste water streams
needs to meet stringent environmental regulations.4,7

Commonly used dye wastewater treatment technologies include
biological methods,8 electrochemical treatment,9 occulation
and sedimentation,10 photodegradation,11 chemical oxidation12

and adsorption,13 each of which have advantages and disad-
vantages. Although, biological methods can decompose and
degrade the chromogenic substances in wastewater through
biodegradation,14 they demand adherence to close process
conditions, long residence time and cause generation of rancid
odor in the degradation process. Electrochemical treatment of
terials for Ecological Environment and
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dye wastewater has the advantages of no chemical addition,
simple post-processing, small footprint and easy management;
however, it demands large power consumption and the usage of
large electrode materials, which limits its application.15 On the
contrary, adsorption is widely utilized due to the advantages of
large adsorption capacity, simple processing and environment-
friendliness and has proved to be an effective method for the
treatment of dye wastewater.16,17 Commonly used adsorbents
include activated carbon, polymer adsorbents and silicate.
Compared with burgeoning adsorbents, activated carbon has
the best adsorption capacity, but it is not economic.18 Polymer
adsorbents have excellent adsorption capacity towards metal
ions, but their ability to remove organic dyes is poor.19 Silicates
have the advantages of rich content, eco-friendliness and inex-
pensiveness and are suitable for use as adsorbents.20–22

Magnesium silicates can potentially adsorb cationic dyes
because of their large surface area and surfaces rich with
hydroxyl groups.23,24 The research community has recently
become interested in composite materials since they oen
possess excellent properties, which are superior to the virgin
component they are made of.25,26 This initiated the idea to
prepare a silicate-based composite for wastewater treatment
applications. Recent literature reveals efforts on preparation of
composite materials by a number of researchers. Zhang et al.27

prepared a composite using activated carbon/palygorskite,
which had a methylene blue adsorption capacity of 351 mg
g�1, far superior than either of the individual materials. Cheng
RSC Adv., 2018, 8, 7873–7882 | 7873
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et al.28 synthesized graphene oxide/silicalite-1 composite by
a hydrothermal method and reported an RhB adsorption
capacity of 57 mg g�1. The abovementioned information
conrms the superiority of the composite materials and
demands further investigation in this direction. The hydro-
thermal method is an advanced method for the synthesis of
functional materials. It is a chemical reaction carried out at
high temperature and pressure in a closed container and in an
aqueous reaction medium. Hydrothermal carbon is a kind of
black solid product with the main body made of carbon rich in
oxygen functional groups and having a high caloric value.
However, due to low porosity and density, its application to
liquid phase is limited due to ltration issues.29 Recent litera-
ture has revealed that the composites of hydrothermal carbon
and silicate have high density and large surface area, which
could be suitable for wastewater treatment applications.28,30

Hence, to develop an effective organic dye adsorbent and to
fully utilize the abundant silicate and biomass resources in
nature, a magnesium silicate/carbon composite was success-
fully prepared utilizing glucose (as carbon source), sodium
acetate (to introduce carboxyl groups) and magnesium silicate
by a simple one-step hydrothermal method. The structure and
properties of the composite were characterized utilizing
a number of well-established analytical methods and tested for
the composite's adsorption capacity towards RhB. The results
showed that the prepared composite possesses a large specic
surface area (compared to hydrothermal carbon), rich func-
tional groups (compared to magnesium silicate) and excellent
RhB adsorption properties, making it an excellent wastewater
treatment adsorbent.
2. Experiments
2.1 Materials

Sodium silicate (Na2SiO3$9H2O), magnesium sulfate (MgSO4-
$7H2O) and anhydrous sodium acetate were purchased from
Bodi Chemical Co. Ltd. (Tianjin, China). Glucose and RhB were
purchased from Fengchuan chemical reagent technology Co.
Ltd. (Tianjin, China). All the abovementioned materials and
other reagents used were of analytical grade. The water used was
deionized water.
2.2 Synthesis of magnesium silicate/carbon composite

2 g (0.0070 moles) of sodium silicate, 0.5 g (0.0028 moles) of
glucose and 0.05 g (0.0006 moles) of sodium acetate were dis-
solved in 40 mL of deionized water under constant magnetic
stirring. Then, 20 mL of aqueous solution containing 3.47 g
(0.0140 moles) magnesium sulfate (the Si/Mg molar ratio is
1 : 2, which corresponds to the optimal adsorption capability
towards RhB, Fig. S1†) was added dropwise into the above-
mentioned solution. The mixture was continuously stirred for
another 30 min. Then, the mixture was placed in a 100 mL
Teon-lined stainless steel autoclave, sealed, and reacted at 200
�C for 4 h. Aer the reactor cooled to room temperature, the
hydrothermal reaction product was washed with deionized
water to remove the residual free ions and dried at 80 �C for 12 h
7874 | RSC Adv., 2018, 8, 7873–7882
in an oven. The dried product was ground and passed through
a 200-mesh sieve to obtain a magnesium silicate/carbon
composite. A contrast between the processes of preparing
magnesium silicate and glucose hydrothermal carbon is as
following: the preparation process of magnesium silicate was
the same as that of the composite except that the addition of
glucose and sodium acetate was not required. In the prepara-
tion process of hydrothermal carbon, 3 g (0.0167 moles) of
glucose was dissolved in 60 mL of deionized water, and the
solution was placed in an autoclave. The rest of the process was
the same as that of the composite.
2.3 Characterization

X-ray diffraction analysis was performed using an X-ray
diffractometer with a Cu anode operating at 40 kV and 100
mA (XRD, D8 Advanced Bruker). The microstructure was
analyzed using a Scanning Electron Microscope (SEM, Nova
Nano SEM450, FEI). The Fourier transform infrared spectros-
copy spectra were obtained on a V80 Fourier transform infrared
spectrometer using KBr pellets (FT-IR, Bruker). The BET surface
area and pore size distribution were estimated using a physical
adsorption instrument (Autosorb IQ, Quantachrome). The
isoelectric point was determined by a potential analyzer (Nano-
ZS90, Marvin).
2.4 Adsorption of RhB

To evaluate the adsorption capacity of the composite, different
initial concentrations (50–600 mg L�1) of RhB aqueous solu-
tions were prepared. The adsorption studies were carried out
with 0.1 g composite introduced into 100 mL RhB aqueous
solution at an initial concentration of 50–600 mg L�1. The
adsorption experiments were carried out at a constant temper-
ature in a shaker bath at 180 rpm. Aer the adsorption, the RhB
solution was centrifuged and the ltrate was separated, and its
absorbance was measured with a visible spectrophotometer at
a wavelength of 554 nm. The concentration of the remaining
RhB solution was calculated and the concentration was utilized
to estimate the adsorption capacity of the adsorbent qe (mg g�1)
for RhB using a simple mass balance eqn (1).

qe ¼ ðC0 � CeÞV
M

(1)

where C0 and Ce are the initial and equilibrium concentrations
of RhB solutions (mg L�1), respectively. V is the volume of
solution (L) and M is the weight of adsorbents (g).

The amount of adsorption qt (mg g�1) by adsorbents at time
‘t’ was calculated by the following equation (eqn (2)):

qt ¼ ðC0 � CtÞV
M

(2)

where C0 and Ct are the RhB concentrations (mg L�1) at an
initial and pre-determined time t (mg L�1), respectively. V is the
volume of solution (L) and M is the weight of the adsorbents
(g).

To evaluate the adsorption capacity of the composite at
different pH values, adsorption experiments were carried out in
This journal is © The Royal Society of Chemistry 2018
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the pH range of 1 to 13. The pH of the suspension was adjusted
with hydrochloric acid and sodium hydroxide solution. To
generate the adsorption kinetic data, the liquid samples were
taken at predetermined time intervals from 0.5 to 24 h at 303 K.
The adsorption isotherms were generated by varying the initial
concentrations of RhB with the adsorption temperature and
duration being 303 K and 24 h, respectively. To estimate the
adsorption thermodynamic parameters, the adsorption tests
were carried out at temperatures of 293, 298, 303, 308 and 313 K.
Each adsorption data generated corresponded to an average of
the three runs carried out simultaneously under the same
conditions. The simultaneous runs ensured repeatability with
minimal errors among different samples.
3. Results and discussion
3.1 FT-IR spectra analysis

The FT-IR spectra of the prepared magnesium silicate (curve A)
and magnesium silicate/carbon composite (curve B) are shown
in Fig. 1. As shown in curve A, the wide characteristic band in
the range of 3700 to 2800 cm�1 (including 3678, 3410, 2928 and
2853 cm�1) could be attributed to the –OH stretching vibration
due to physical adsorption of water and bound water. The
characteristic band at 1641 cm�1 could be attributed to the
stretching vibration of zeolite water. The characteristic bands at
1018 cm�1 and 619 cm�1 corresponded to the Si–O bending
vibrations. The characteristic bands at 1108 cm�1 and 916 cm�1

also corresponded to the Si–O stretching vibrations. The char-
acteristic band at 459 cm�1 corresponded to the Mg–O
stretching vibration. The characteristic band appearing at
1420 cm�1 in curve B corresponded to the C–H bending vibra-
tion of the hydrothermal carbon. The disappearance of the
characteristic band at 1108 cm�1 could be due to the formation
of Si–O–C by the combination of the hydrothermal carbon and
magnesium silicate, resulting in the disappearance of Si–O
asymmetric bending vibration.31 The characteristic band at
619 cm�1 was transferred to 660 cm�1, which could be due to
Fig. 1 FT-IR spectra of magnesium silicate (A) andmagnesium silicate/
carbon composite (B).

This journal is © The Royal Society of Chemistry 2018
the pore of magnesium silicate being blocked by the hydro-
thermal carbon. The change in FT-IR spectrum proved that the
composite of magnesium silicate and hydrothermal carbon was
realized. The –COOH characteristic band was not observed in
curve B, due to the characteristic band of –COOH overlapping
with the Si–O stretching vibration band at 916 cm�1.25
3.2 XRD analysis

The XRD patterns of the prepared magnesium silicate (pattern
A), glucose hydrothermal carbon (pattern B) and magnesium
silicate/carbon composite (pattern C) are illustrated in Fig. 2.
The peaks at 2q ¼ 20, 35 and 60� appearing in patterns A and C
are the diffraction peaks of magnesium silicate (JCPDS le 02-
1009), indicating that the magnesium silicate is present in an
amorphous state. The peaks of 2q ¼ 19.18 and 32.30� in pattern
A are the diffraction peaks of the (001) and (101) planes of
Mg(OH)2 (JCPDS le 44-1482). This is because the OH

� (induced
by hydrolysis of sodium silicate) reacts with Mg2+ to form
Mg(OH)2. There is only one strong broad peak in the XRD
pattern of glucose hydrothermal carbon, which proves that the
hydrothermal carbon generated under this condition is amor-
phous. The diffraction peaks of Mg(OH)2 in pattern A are not
found in the XRD pattern of the magnesium silicate/carbon
composite, which is due to the weak diffraction peaks of
Mg(OH)2 being masked by the strong peaks of amorphous
carbon. There are only three weak broad diffraction peaks in
pattern C, demonstrating that the composite consists of an
amorphous magnesium silicate and amorphous carbon. The
amorphous state endows the composite with a high specic
surface area, which is helpful to improve the adsorption
performance.
3.3 Morphologies and pore structure analysis

Fig. 3 shows the SEM images of the prepared magnesium sili-
cate (image A), glucose hydrothermal carbon (image B),
magnesium silicate/carbon composite (image C) and the TEM
Fig. 2 XRD patterns of magnesium silicate (A), glucose hydrothermal
carbon (B) and magnesium silicate/carbon composite (C).

RSC Adv., 2018, 8, 7873–7882 | 7875
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Fig. 3 SEM images of magnesium silicate (A), glucose hydrothermal carbon (B), magnesium silicate/carbon composite (C) and TEM image of
magnesium silicate/carbon composite (D).

Fig. 4 (A) N2 adsorption–desorption isotherms of magnesium silicate (a) andmagnesium silicate/carbon composite (b); (B) pore size distribution
of magnesium silicate (c) and magnesium silicate/carbon composite (d).

7876 | RSC Adv., 2018, 8, 7873–7882 This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Influence of pH value for the adsorption of RhB onto magne-
sium silicate/carbon composite.

Table 1 The adsorption capacities of other adsorbents for RhB

Adsorbents
Adsorption capacity
(mg g�1) References

GE/AC 256.41 mg g�1 33
GB 64.47 mg g�1 34
PDBpc 328.7 mg g�1 35
Polymer nanocomposites 208 mg g�1 36
TA-G 201.00 mg g�1 37
PLA/AC 149.57 mg g�1 38
NiO 111 mg g�1 39
SnS2 200 mg g�1 40

Fig. 6 Schematic illustration of the mechanisms for the adsorption of R

This journal is © The Royal Society of Chemistry 2018
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image of themagnesium silicate/carbon composite (image D). It
can be seen from image B that the glucose hydrothermal carbon
is spherical. The surface morphology of the composite is
lamellar and is more developed than that of magnesium sili-
cate. It can be clearly seen from image D that the ellipsoidal
hydrothermal carbon and the irregularly shaped magnesium
silicate were compounded.

Fig. 4A shows the N2 adsorption–desorption isotherm of
magnesium silicate (curve a) and magnesium silicate/carbon
composite (curve b), which resembles a type IV isotherm
according to the IUPAC classication. It is characterized by
a rapid increase in the amount of N2 adsorption up to a relative
pressure P/P0 of 0.1 and a progressive increase beyond that. This
kind of isotherm corresponds to materials with a mixture of
micro and mesopores but with a relatively large proportion of
micropores. The microporous volume of magnesium silicate
and the composite account for 74.07% and 78.66% of the total
pore volume, respectively. Fig. 4B shows the pore size distri-
bution of magnesium silicate (curve c) and the composite (curve
d). As is shown in the gure's arrow, the pore size of the
composite is smaller than that of magnesium silicate. The
average pore diameters of magnesium silicate and the
composite are 2.30 nm and 2.20 nm, respectively. Based on the
N2 adsorption–desorption isotherm, the specic surface area
and pore volume are estimated as 235.30 m2 g�1 and 0.135 cm3

g�1 for the composite, respectively, whereas those for the
magnesium silicate are 297.90 m2 g�1 and 0.164 cm3 g�1,
respectively. The reduction in the surface area and the pore
volume of the composite can be attributed to the small size of
the carbon particles blocking the pores of magnesium silicate.
However, the adsorption capacity of RhB onto the composite is
higher than that of magnesium silicate, which indicates that the
hB onto magnesium silicate/carbon composite.

RSC Adv., 2018, 8, 7873–7882 | 7877
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specic surface area is not the only factor that determines the
adsorption performance.

3.4 Effect of the initial pH on adsorption of rhodamine B

It is useful to know the adsorption capacity of the composite at
different pH values for practical applications.32 Fig. 5 shows the
equilibrium adsorption capacity of the composite for RhB at
a concentration of 400 mg L�1 and pH ranging from 1 to 13. The
adsorption capacity increased drastically with increase in pH
from 1 to 5, whereas at pH values higher than 5 and up to 9, the
increase was marginal (>200 mg g�1). However at a pH higher
than 10, the adsorption capacity decreased drastically. The
response with respect to pH could be related to the isoelectric
point. When the pH was lower than the isoelectric point of 1.23,
the composite was positively charged, which repelled the
Fig. 8 Pseudo-first-order kinetic model plot (A) and pseudo-second-o
silicate/carbon composite.

Fig. 7 Kinetics of the adsorption of RhB onto magnesium silicate/
carbon composite.

7878 | RSC Adv., 2018, 8, 7873–7882
chromogenic group of the cationic dye RhB; this was not
conducive to adsorption. On the contrary, when the pH was
higher than the isoelectric point, the composite was negatively
charged, which was favorable for adsorption. However, when
the pH continued to increase, the RhB molecular surface
became negatively charged, resulting in electrostatic repulsion
with the composite and hence, a decrease in the adsorption
capacity of RhB was observed. In addition, high concentrations
of chloride ions at low pH and sodium ions at high pH gener-
ated competitive adsorption with RhB, which was another factor
leading to low adsorption.

3.5 Adsorption capacity

The adsorption capacity of the magnesium silicate/carbon
composite for RhB was evaluated at 303 K and was found to
be 244 mg g�1, which was nearly 28% higher than that of
magnesium silicate (191 mg g�1). The –COOH produced by
sodium acetate successfully graed on hydrothermal carbon
(strong –COOH characteristic band at 1703 cm�1 of glucose
hydrothermal carbon added to sodium acetate, Fig. S2†)
together with magnesium enriched –OH allowed the composite
to efficiently adsorb RhB. The adsorption capacities of other
adsorbents for RhB are listed in Table 1. Comparatively, the
magnesium silicate/carbon composite had good adsorption
capacity. The adsorption mechanisms of the composite for
rhodamine B are shown in Fig. 6. The surface area and pore
structure, electrostatic interaction and functional groups were
the main adsorption mechanisms.

3.6 Adsorption kinetics

Fig. 7 shows the adsorption kinetics that reect the relation
between the adsorption capacity and time at a temperature of
303 K and RhB concentration of 400 mg L�1. As shown in gure,
the adsorption of RhB initially increased rapidly, followed by
rder kinetic model plot (B) of the adsorption of RhB onto magnesium

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Bt vs. t curve of the adsorption of RhB onto magnesium sili-
cate/carbon composite.

Fig. 9 Intraparticle-diffusionmodel plot of the adsorption of RhB onto
magnesium silicate/carbon composite.
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a gradual increase, eventually attaining an asymptote. The trend
agreed well with the basic concepts of mass transfer, wherein
the initial high adsorption rate is due to the availability of
a large number of active adsorption sites, whereas the reduction
in the rate with increase in time can be due to the diffusion
resistance to reach the active sites in the interior of the adsor-
bent. The asymptote corresponded to the state wherein the rates
of adsorption and desorption were equal to reach the equilib-
rium state.

The adsorption kinetics can be described by a pseudo rst-
order kinetic model (eqn (3))41 or a pseudo second-order
kinetic model (eqn (4)).42

ln(qe � qt) ¼ ln qe � k1t (3)

t/qt ¼ 1/k2qe
2 + t/qe (4)

where qe (mg g�1) and qt (mg g�1) are the adsorptions of RhB
onto the composite at equilibrium and time t (h), respectively.
k1 (h�1) and k2 (g mg�1 h�1) are the pseudo-rst-order and
pseudo-second-order adsorption rate constants, respectively.

The kinetic constants, k1 and k2 can be calculated from the
intercept and slope of the straight lines of ln(qe � qt) vs. t and t/
qt vs. t, respectively (Fig. 8). The corresponding kinetic param-
eters are listed in Table 2. The higher R2 and qe closer to satu-
ration adsorption capacity validate the suitability of the pseudo-
second-order kinetic model.

For the solid–liquid phase adsorption process, the rate
control step can be either external diffusion controlled or
intraparticle-diffusion controlled or both. Assuming that the
diffusion is intraparticle-diffusion controlled and that it
conforms to the Fick's law of diffusion, it has to satisfy eqn (5)
according to the Weber and Morris theory.43 Fig. 9 shows the
relationship between qt and t0.5. The plot can be divided into
two linear parts. The rst linear part has a high slope, which
indicates that the adsorption is external diffusion controlled,
whereas the second linear portion has a low slope, which
indicates that the adsorption is intraparticle-diffusion
controlled.

qt ¼ Kidt
0.5 (5)

To predict the rate control step in the adsorption process, the
kinetic data are further analyzed using the Boyd kinetic equa-
tion (eqn (6), (7)).44

Bt ¼ �0.4977 � ln(1 � F) (6)

F ¼ qt/qe (7)
Table 2 Kinetic parameters of the adsorption of RhB onto magnesium

qexp (mg g�1)

Pseudo rst-order model

qe (mg g�1) k1 (h
�1) R2

227.17 152.47 0.1661 0.985

This journal is © The Royal Society of Chemistry 2018
where F is the ratio of the amount of adsorption to the equi-
librium adsorption capacity at time t.

Fig. 10 is the plot of Bt against t, which can distinguish
whether the adsorption belongs to external diffusion or
intraparticle-diffusion control. If the line passes through the
origin, it indicates that the adsorption is intraparticle-diffusion
controlled, otherwise it is external diffusion controlled. It can be
seen from the gure that the intercept of the straight line on the
y-axis approximately passes through the origin, proving that the
adsorption is intraparticle-diffusion controlled.
silicate/carbon composite

Pseudo second-order model

qe (mg g�1) k2 (g mg�1 h�1) R2

8 243.90 0.0020 0.9993

RSC Adv., 2018, 8, 7873–7882 | 7879
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3.7 Adsorption isotherms

The adsorption thermodynamics were studied by changing the
initial concentration of RhB in the range of 50 to 600 mg L�1 at
303 K. As shown in Fig. 11, the adsorption of RhB onto the
composite increased with the increase in the initial concentra-
tion until it approached the saturation adsorption at the initial
concentration of 600 mg L�1.

Adsorption isotherms can help to understand the adsorption
mechanism. The adsorption isotherm data were tested with the
Langmuir isotherm model (eqn (8))45 and the Freundlich
isotherm model (eqn (9))46 to identify the appropriate model.

qe ¼ KLCe/(1 + aLCe) (8)

qe ¼ afCe
bf (9)
Fig. 12 Equilibrium isotherms of the adsorption of RhB onto magnesiu
isotherm (B).

Fig. 11 Effect of initial concentration of RhB for the adsorption of RhB
onto magnesium silicate/carbon composite.

7880 | RSC Adv., 2018, 8, 7873–7882
where qe (mg g�1) and Ce (mg L�1) are the adsorption capacity of
the adsorbent for RhB and the concentration of RhB in the
aqueous solution at equilibrium, respectively. KL (L g�1) and aL
(L mg�1) are Langmuir constants. af is the Freundlich constant,
and bf is the component factor.

The linear plots of the Langmuir model (Fig. 12A) and the
Freundlich model (Fig. 12 B) were obtained by plotting Ce/qe
versus ce and ln(qe) versus ln(ce), and the model parameters
along with the goodness of the model t are shown in Table 3.
The Langmuir model described the adsorption behavior of RhB
on the composite better than did the Freundlich equation,
evidenced from the high correlation coefficients (R2 ¼ 0.9959).
This proved that the adsorption was monolayer adsorption. The
adsorption kinetics and isotherms results obtained in this study
were consistent with those reported in the literature.28,30

Additionally, the thermodynamic parameters of the adsorp-
tion reaction were calculated. The standard Gibbs free energy
DG0 was calculated by eqn (10) and (11), and the standard
enthalpy DH0 and the standard entropy change DS0 were
calculated by the Van't Hoff equation (eqn (12)).

DG0 ¼ �RT ln Kc (10)

Kc ¼ CBe/CAe (11)

ln Kc ¼ DS0/R � DH0/RT (12)
m silicate/carbon composite: Langmuir isotherm (A) and Freundlich

Table 3 Langmuir and Freundlich isotherms of the adsorption of RhB
onto magnesium silicate/carbon composite

Langmuir model Freundlich model

KL (L g�1) aL (L mg�1) R2 af bf R2

21.14 0.0867 0.9959 60.67 0.2473 0.8831

This journal is © The Royal Society of Chemistry 2018
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Table 4 Thermodynamic parameters of the adsorption of RhB onto
magnesium silicate/carbon composite

T (K)
DG0

(KJ mol�1)
DH0 (KJ
mol�1)

DS0 (J
mol�1 K�1)

293 �19.8354 �37.46 �60.64

Fig. 13 Van't Hoff curve of the adsorption of RhB onto magnesium
silicate/carbon composite.
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where CAe and CBe (mg L�1) and (mg L�1) are the concentrations
of the adsorbate in the solution and solid phase, respectively. R
is the thermodynamic constant.

Fig. 13 is a plot of ln Kc versus 1/T, and the calculated results
are shown in Table 4. The DH0 value of�37.46 kJ mol�1 and the
DG0 of�19.8354 to�18.5116 kJ mol�1 show that the adsorption
of RhB onto the composite is a spontaneous exothermic
reaction.
4. Conclusions

In this study, the preparation, characterization and adsorption
of RhB for the magnesium silicate/carbon composite were
carried out. The equilibrium adsorption capacity of the
composite was found to be 244 mg g�1, 27.48% higher than that
of magnesium silicate. The adsorption of RhB onto the
composite was affected by the pH of the solution with the
highest adsorption capacity corresponding to a pH of 9. FT-IR
spectra analysis proved that the composite of magnesium sili-
cate and hydrothermal carbon could be successfully realized
with the presence of –OH and –COOH functional groups for
adsorption. XRD analysis showed that the magnesium silicate/
carbon composite was in an amorphous state, whereas the
morphology and pore structure analysis indicated that the
magnesium silicate/carbon composite was porous. Adsorption
kinetics showed that the pseudo-second-order kinetic model
was more suitable for describing the adsorption kinetics, and
the adsorption rate control step was intraparticle-diffusion. The
adsorption isotherms could be modeled using the Langmuir
This journal is © The Royal Society of Chemistry 2018
isotherm model, conrming the adsorption to be monolayer
adsorption. Thermodynamic parameters showed that the
adsorption process was a spontaneous exothermic reaction.
Briey, surface area and pore structure, electrostatic interaction
and functional groups were identied to be major contributors
for the increase in adsorption capacity. Considering the
simplicity of the process to synthesize magnesium silicate/
carbon composite, it could serve to be a cost-effective adsor-
bent to treat wastewater streams with organic dyes.
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