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ABSTRACT

Carbon@REC nanocomposite (C@REC) was synthesized by a hydrothermal carbonization
process, and characterized by XRD, Fourier transform infrared spectroscopy, thermal gravi-
metric analysis, SEM, nitrogen adsorption–desorption measurements, and zeta potential
analysis. The adsorption property of the C@REC was investigated as a function of pH of
solution, adsorbent dosage, contact time, and initial concentration of MB and NR. The
results suggest that amorphous carbon supported on the surface of rectorite. The adsorption
experiment showed that adsorption kinetics of MB and NR onto the followed the pseudo-
second-order kinetic model. The adsorption isotherm data were fitted well to the Langmuir
isotherm. The adsorption capacities for the removal of MB and NR on the C@REC deter-
mined using the Langmuir equation were 15.68 and 20.30 mg g−1, respectively.
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1. Introduction

Cationic dyes are widely used in industries such
as textiles, rubber, paper, plastic, and cosmetics.
Therefore, large amount of colored wastewater is
produced. Because the release of colored wastewater
from these industries may present an eco-toxic
hazard, it is of great importance to provide waste
treatment facilities for minimizing these substances in
the effluents before discharge [1]. There are some
technologies available for treatment of dye-containing
wastewater, such as biodegradation [2,3], chemical

oxidation [4], photo degradation [5], electrochemical
degradation [6] and adsorption [7,8]. Among those
techniques, the most common one is adsorption tech-
nology due to its effectiveness, efficiency, economy,
and no secondary pollution. Commonly, adsorbents
are used to remove dye wastewater, including carbon
[9], zeolites [10], clays [11,12]. However, there are still
some disadvantages, such as low adsorption capacity,
long adsorption time, and separation inconvenience,
which limit their applications in dye wastewater
treatment.

Carbonaceous materials have some advantages as
adsorbent for contaminant removal from aqueous
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solutions, such as high removal efficiency, simple
operation, and low cost. At present, hydrothermal car-
bonization (HTC) of biomass has been an important
route for preparing carbonaceous materials [13,14].
Several carbonaceous materials have been synthesized
by HTC and applied to adsorb the organic dyes or
heavy metal ions pollutants. For example, H.W. Liang
et al. fabricated that the carbonaceous nanofiber mem-
branes can effectively remove the methylene blue
(MB), Cr(VI), and Pb(II) [15]. A. Jain et al. prepared a
kind of high-surface area mesoporous activated car-
bons using HTC of coconut shell and used it to
remove rhodamine B [16]. Qi Zhou and Chen et al.
reported that attapulgite@carbon nanocomposite per-
formed as a high-efficient adsorbent for removal of
organic dyes and heavy metal ions [17,18]. Wu et al.
one magnetic mesoporous carbon microsphere was
synthesized using carboxymethylcellulose and nickel
acetate [19].

The rectorite is a sort of regularly interstratified
clay mineral with alternate pairs of dioctahedral
mica-like layer (nonexpansible) and dioctahedral
smectite-like layer (expansible) existing in 1:1 ratio.
Like the montmorillonite, rectorite was widely used as
adsorption material because of large surface areas,
high cation-exchange capacity and low cost [20].
Therefore, we designed and prepared the eco-friendly
biomass-derived carbon loaded on the surface of
rectorite by hydrothermal synthesis. The prepared
Carbon@rectorite nanocomposite (C@REC) was
characterized by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), thermal
gravimetric analysis (TGA), scanning electron micro-
scope (SEM), nitrogen adsorption–desorption measure-
ments, and zeta potential analysis.

In this study, two kinds of the cationic dyes, MB
and neutral red (NR), were selected as adsorbates.

The objective of the study was to evaluate the
adsorption potential of C@REC for MB and NR
removal. The effects of various factors on the adsorp-
tion such as initial pH, adsorbent dosage, contact time,
and initial dye concentration have been studied in this
study. The equilibrium and kinetic data of the
adsorption studies were processed to understand the
adsorption mechanism of MB and NR onto C@REC.

2. Materials and methods

2.1. Materials

All chemical reagents were of analytical grade and
used as received without further purification. Glucose,
MB, and NR were purchased from Tianjin Kermel
chemical reagent Co., China. Rectorite was purchased
from Hubei Zhongxiang Rectorite Mine (Wuhan,
China). The properties characteristics of MB and NR
are listed in Table 1.

2.2. Preparation of C@REC

C@REC was obtained by hydrothermal synthesis
method [23]. Five grams of glucose was dissolved in
70 mL of ultrapure water at room temperature. One
gram of rectorite was then added to above solution
and sonicated for 10 min to form a homogeneous dis-
persion. The mixture solution was transferred into a
Teflon-lined stainless steel autoclave and heated at
180˚C for 6 h. After the heat treatment, the autoclave
was allowed to cool naturally to room temperature,
and the products were rinsed with distilled water and
ethanol when filtered by Buchner funnel. They were
then dried in an oven at 60˚C for 24 h. The final prod-
ucts were ground in an agate mortar and kept in a
desiccator.

Table 1
Properties and characteristics of MB and NR [21,22]

Generic name MB NR

Chemical name (IUPAC) 3,7-bis(Dimethylamino)-phenazathionium chloride
tetramethylthionine chloride

3-Amino-7-dimethylamino-2-
methylphenazine hydrochloride

Chemical formula C16H18ClN3S·3H2O C15H17ClN4

Molecular weight (g mol−1) 373.90 288.78
λmax (nm) 665 529
Color index number 52 015 50 040
Chemical structure
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2.3. Characterization of adsorbent

All characterizations were carried out at room
temperature after the complex was changed into fine
powder by grinding. The phase identification of sample
was examined using PA Nalytical, X’pert PRO XRD.
FT-IR spectrum was acquired by Perkin Elmer FT-IR,
the spectrum ranged from 4,000–400 cm−1. Morphology
analysis was performed on Cambridge, Stereoscan 440
SEM. Zeta potential of the materials was determined by
microelectrophoresis using Malven, Zetasizer Nano
Zs90 zeta potential analyzer. The zeta potentials of the
materials suspensions containing 0.5% solid in
0.01 mol L−1 NaNO3 were determined at various pH
values. A nitrogen adsorption system (Quantachrome,
Autosorb-1MP) was employed to record the adsorp-
tion–desorption isotherms at the liquid nitrogen
temperature of 77 K.

2.4. Adsorption experiments

For each adsorption experiment, C@REC, MB and
NR solution of known concentration were transferred
in 100-mL flask, and shaken at 25˚C controlled shaker
at a constant speed of 150 rpm with a required
adsorption time and required pH. The effects of solu-
tion initial pH values, adsorbent dosage, contact time,
and initial MB and NR concentrations were investi-
gated. The effect of pH was performed by dispersion
of 0.1 g of nanocomposite in 25 mL of organic dyes
solution of 100 mg L−1. Effect of solution pH on
adsorption of MB was investigated in the range of
2.0–10.0, and NR in the range of 1.0–5.0 by the
addition of 0.1 mol L−1 H2SO4 or 0.1 mol L−1 NaOH
solutions. The suspensions were shaken in a tempera-
ture-controlled shaker at 25˚C for 360 min. The adsor-
bent dosage was changed from 0.5 to 8 g L−1 in order
to investigate the influence of adsorbent dosage of
organic dyes by the composites. Experiments were
carried out when initial MB and NR concentrations
were 100 mg L−1 at 25˚C for 360 min, initial pH values
were 6.0 and 5.0 ± 0.1, respectively. The adsorption
kinetics was determined by analyzing adsorption
capacity from the aqueous solution at different time
intervals. Experiments were carried out when initial
MB and NR concentration were 100 mg L−1 at 25˚C,
initial pH values were 6.0 and 5.0 ± 0.1, respectively.
For adsorption isotherms, organic dyes solution of dif-
ferent concentrations in the range of 10–100 mg L−1

was shaken. The samples were separated from mix-
ture solution by centrifugation with a speed of
4,000 rpm for 10 min. The concentrations of dyes were
measured with Thermo Fisher Evolution EV300 UV–
visible spectrophotometer at appropriate wavelengths

corresponding to the maximum absorbance of each
dye, 662 nm and 529 nm for MB and NR, respectively.
The adsorbed amounts (q) of organic dyes were
calculated by the following equation:

q ¼ ðC0 � CeÞ � V

m
(1)

where C0 and Ce are the initial and equilibrium con-
centrations of organic dyes (mg L−1), V is the volume
of solution (L), and m is the mass of adsorbent (g). All
assays were carried out in triplicate and only mean
values were presented.

3. Results and discussion

3.1. Characterization of the adsorbent

XRD patterns of raw rectorite, C@REC, and glu-
cose-derived carbon (GC) are shown in Fig. 1. XRD
analysis of raw rectorite revealed that it consisted
mainly of rectorite, with kaolinite and pyrophyllite as
mineral admixtures. The pattern of GC sample exhib-
ited broad peaks at 2θ = 21˚, suggesting that GC sam-
ple had low degree of crystallization. As shown in
Fig. 1(b), the C@REC contained the characteristic
peaks of rectorite, which meant that the process of
combination did not change phases of rectorite. The
crystallinity of GC was too low, so it was difficult to
find it in the C@REC.

The FT-IR spectra of the raw rectorite, C@REC,
and GC are presented in Fig. 2. The main bands
observed in the FT-IR spectrum of raw rectorite
(Fig. 2(a)) were in accordance with a previous report
[24]. The peaks at 3,644 and 3,440 cm−1 were attribu-
ted to the bending vibration of hydrogen band of
interlaminar water and the hydroxyl stretching of
Si–OH in the FT-IR spectra of rectorite. Water bend
band appeared at 1,638 cm−1. The peaks at 1,025 cm−1

were associated with the Si–O stretching vibration,
while the peaks 450–550 cm−1 were assigned to the
Si–O bending vibration. After rectorite was coated
with carbonaceous components, several new bands,
including the 1,400 cm−1 bands of carbonyl groups,
and the 1,637 cm−1 band of C=C, emerge in the FT-IR
spectrum of the C@REC nanocomposite. These results
indicate that the rectorite has been successfully
modified by the functional carbonaceous species.

The successful coating of carbon onto rectorite was
further confirmed by TGA performed under air atmo-
sphere. The mass loss curves for raw rectorite, C@REC
and GC are shown in Fig. 3. For raw rectorite, the
weight losses below 120˚C and at about 300˚C are
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Fig. 1. XRD patterns of (a) raw rectorite, (b) C@REC, and (c) GC (R: rectorite; K: kaolinite; P: pyrophyllite).

Fig. 2. FT-IR spectra of (a) raw rectorite, (b) C@REC, and (c) GC.
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assigned to the release of free water and the structural
water of rectorite, respectively. For the C@REC, the
main weight loss below 300˚C is similar to that of
rectorite, but that between 300 and 550˚C can be
assigned to the oxidative degradation of the carbona-
ceous nanocomposite under air atmosphere. The
weight of C@REC remains almost constant above
550˚C owing to the disappearance of carbon species in
the nanocomposite, which approximately hold a pro-
portion of 50 wt% as calculated from TGA analysis.
The above results further reveal that the GC has been
successfully grafted onto the rectorite.

The zeta potentials of the C@REC at various pH
values are shown in Fig. 4. For comparison, zeta
potentials of rectorite and GC are also included. These
results showed that the zeta potential values of the
surface of the raw rectorite, C@REC, and GC are
negative over the entire pH range from 2.0 to 11.0.
The zeta potential value of C@REC is even more nega-
tive than those of rectorite at a higher pH value,
which may be attributed to the fact that some of the
carboxylic groups are located on the surface of the
C@REC. The zeta potential value of C@REC is nega-
tive, which plays an important role in retaining the
cation contaminants.

The microstructure and morphology of the as-pre-
pared samples were observed by SEM. It can be seen
from Fig. 5(a) that raw rectorite appear an aggregated

morphology with the thin and flexible plate-like
shapes. Interestingly, C@REC (Fig. 5(b)) exhibits dis-
tinct morphology compared with the raw rectorite,
where most of the carbonaceous compounds cover
firmly on the surface of rectorite.

Fig. 6 shows the N2 adsorption–desorption iso-
therms of C@REC, and the further analysis of the pore
size distribution of the micropores and mesopores are
shown in the insets of the Fig. 6. N2 adsorption–des-
orption isotherm curve of the C@REC nanocomposite
is types II isotherms (in the IUPAC classification). The
calculated Brunauer–Emmett–Teller (BET) surface area
of the nanocomposite is found to be 48.75 m2 g−1.
According to the Horvath–Kawazoe (HK) method, the
total micropore volume is 0.295 cm3 g−1, the micropore
size is in the range of 0.3775–1.9325 nm. From the
Barrett–Joyner–Halenda (BJH) graph (the inset figure),
the pore volume and average pore diameter are esti-
mated to be 0.788 cm3 g−1 and 12.81 nm, respectively.

3.2. Adsorption of MB and NR onto nanocomposite

The initial pH values of the MB and NR solution
are important parameter, which control the adsorption
process, particularly the adsorption capacity. We
know that the color of NR change from red to yellow
in the pH range of 6.8–8.0. So the initial pH values of

Fig. 3. TGA curves obtained in air for (a) raw rectorite, (b) C@REC, and (c) GC.
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the NR solution were adjusted as 1.0–6.0. The effects
of pH on adsorption of MB and NR by nanocomposite
are presented in Fig. 7. It can be seen that, with
the increase in initial pH values of aqueous solution,
the adsorption capacities of MB and NR increase. The
electrostatic attraction appeared between negative
charged C@REC and cationic MB or NR molecules,
which should be responsible for the excellent perfor-
mance for MB and NR adsorption. At lower pH, the
MB and NR had to compete with hydrogen ions
among the exchange sites. However, with increasing
pH, the competition decreased and the positively
charged MB and NR could be adsorbed at the

negatively charged sites on the composites, due to
strong electrostatic attraction forces. Furthermore, the
adsorption capacity of NR was higher than MB, which
may be attributed to NR with smaller the molecular
weight and molecular size.

Adsorbent dosage is another important parameter
affecting ion adsorption efficiency. Fig. 8 displays the
effect of adsorbent dosage on the MB and NR adsorp-
tion by nanocomposite. The removal efficiency
increased from 11.15 to 90.63% for MB, and increased
from 21.79 to 99.99% for NR, when the adsorbent
dosage increased from 0.5 to 8 g L−1. However, the
adsorption capacity of MB and NR decreased when the

Fig. 4. Zeta potentials of the raw rectorite, C@REC, and GC.

Fig. 5. SEM images of (a) raw rectorite and (b) C@REC.
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adsorbent dosage increased. The reduction in adsorp-
tion capacity may be due to the saturation of the active
sites of adsorbent which are involved in the adsorption
process indicated that for a constant initial dye concen-
tration, increasing the absorbent dosage provided more
functional groups and active sites, thus leading to the
increase in the removal efficiency of MB and NR.

Fig. 9 shows the kinetics of the adsorption of
organic dyes MB and NR by C@REC. Inspection of
the uptake–time curves show that the maximum
uptake follows the order NR > MB at all time inter-
vals. The kinetic curve for MB showed that adsorption
reached equilibrium after approximately 100 min. NR
adsorption reached equilibrium in 180 min, and
remained constant until the end of the experiment.

The uptake–time data obtained were treated in the
form of two simplified kinetic models including
pseudo-first-order and pseudo-second-order. The
pseudo-first-order model is expressed as shown in Eq.
(2) [25]:

log ðqe � qtÞ ¼ log qe � k1t

2:303
(2)

where k1 is the pseudo-first-order rate constant
(min−1), qe and qt are the amounts of MB and NR
adsorbed (mg g−1) at equilibrium and at time t (min).
On the other hand, the pseudo-second-order model is
expressed as shown in Eq. (3) [26]:

Fig. 6. N2 adsorption–desorption isotherms of C@REC. The inset figures show the pore size distributions of the micropores
and mesopores.
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t

qt
¼ 1

k2q2e
þ t

qe
(3)

where k2 (g mg−1 min−1) is the rate constant of the
pseudo-second-order adsorption. The aforementioned

two models basically considering external film diffu-
sion, intraparticle diffusion and interaction step for
adsorption process. The rate-determining step of
adsorption reaction may be one of the above three
steps.

Fig. 7. Effect of pH on adsorption of MB and NR onto C@REC.

Fig. 8. Effect of adsorbent dosage on adsorption of MB and NR onto C@REC.
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Kinetic constants obtained by linear regression
(Fig. 10) for the two models were listed in Table 2. For
the pseudo-first-order model, although it showed
slightly fitting to the experimental data with the corre-
lation coefficients more than 0.96, the calculated equi-
librium adsorption capacities (qe,cal) deviated largely
from the experimental values (qe,exp). In contrast, the
high correlation coefficients (R2 > 0.99) were obtained
by the pseudo-second-order model. The values of qe,cal
also appeared to be very close to the experimentally
observed values of qe,exp. These results indicate
that the pseudo-second-order model is suitable for
characterizing the kinetic data.

The relation between the adsorption capacities of
the adsorbents and the initial concentrations of two
dyes are given by the adsorption isotherm in Fig. 11.
It can be observed that the adsorption capacities of the
nanocomposite increase with increase in the initial dye
concentration. The isotherm data were fitted to the
Langmuir and Freundlich isotherms, which are repre-
sented by the following equations, respectively [27,28]:

Ce

qe
¼ 1

bqm
þ Ce

qm
(4)

log qe ¼ logKf þ 1

n
logCe (5)

where constant b is related to the energy of adsorption
(L mg−1), qm is the maximum adsorption capacity
(mg g−1), Kf is roughly an indicator of the adsorption
capacity, and 1/n was the adsorption intensity.

The adsorption isotherm indicates how the
adsorption molecules distribute between the liquid
phase and the solid phase when the adsorption pro-
cess reaches an equilibrium state. The analysis of
the isotherm data by fitting them to different iso-
therm models is an important step to find the suit-
able model that can be used for design purpose
[29]. The linear plots of the Langmuir model and
Freundlich model are given in Fig. 12(a) and (b).
The graphically calculated qm, b, and R2 (Langmuir

Fig. 9. Effect of contact time on adsorption of MB and NR onto C@REC.

Table 2
Adsorption kinetic parameters of MB and NR adsorption onto C@REC

Cationic dyes

Pseudo-first-order Pseudo-second-order

k1 (min−1) qe,cal (mg g−1) qe,exp (mg g−1) R2 k2 (g mg−1 min−1) qe,cal (mg g−1) R2

MB 0.01598 5.85 13.38 0.9687 0.0053 13.94 0.9998
NR 0.02011 15.20 19.98 0.9854 0.0022 21.40 0.9988
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isotherm), n, Kf, and R2 (Freundlich isotherm) were
regrouped in Table 3. It can be seen that the values
of R2 of the Langmuir model for the MB and NR
are 0.9705 and 0.9977, while the values of R2 of the
Freundlich model for those dyes are 0.8633 and
0.9109, respectively. Therefore, the adsorptions of
C@REC nanocomposite followed the Langmuir iso-
therm model closely, indicating the characteristic of

adsorption should be monolayer adsorption process
of MB and NR on the nanocomposite with the cor-
responding monolayer saturated adsorption capacity
of 15.68 and 20.30 mg g−1, respectively. The
Freundlich model revealed a thermodynamically
favorable adsorption of MB and NR onto nanocom-
posite surface as the Freundlich constants are greater
than 2 [30].

Fig. 10. Pseudo-first-order kinetic (a) and pseudo-second-order kinetic and (b) of adsorption MB and NR onto C@REC.

Fig. 11. Equilibrium adsorption isotherms of MB and NR onto C@REC.
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Fig. 12. (a) Langmuir and (b) Freundlich isotherm model fitting curves of MB and NR adsorption on C@REC.

Table 3
Adsorption isotherm parameters of MB and NR adsorption onto C@REC

Cationic dyes

Langmuir equation Freundlich equation

qm (mg g−1) b (L mg−1) R2 Kf (mg g−1) n R2

MB 15.68 0.1481 0.9705 3.102 2.370 0.8633
NR 20.30 0.9340 0.9977 8.933 3.392 0.9109

Table 4
MB and NR adsorption by other adsorbents

Adsorption capacity (mg g−1) Adsorbents Refs.

MB
1.21 Fir wood-based activated carbon [31]
215.6 Carbonaceous nanofiber membranes [15]
62.7 Charcoal [32]
194.2 Carbon@montmorillonite nanocomposites [23]
9.81 Activated carbon [33]
13.38 C@REC This work

NR
14.9 Zeolite [34]
37.5 Peanut husk [35]
54.85 Halloysite nanotube [36]
25.16 Rice husk [37]
204.08 Mn-impregnated activated carbons [38]
19.98 C@REC This work
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3.3. Comparison of various adsorbents

The removal of MB and NR by other adsorbents
has been studied extensively, and MB and NR adsorp-
tion capacities were reported in literature. Table 4
compares the adsorption capacities of the C@REC with
other adsorbents previously used for removal of MB
and NR. We find that the adsorption capacities of
C@REC for MB and NR are mediocre. However,
C@REC is a unique adsorbent because it is low-cost
and natural and healthy green material.

4. Conclusions

In this paper, one new C@REC could be synthesized
by a one-pot hydrothermal process using two environ-
mentally friendly materials, namely, rectorite clay and
glucose. The C@REC showed obvious advantages and
possesses high adsorption capacity for the removal of
MB and NR in aqueous solution with maximum
adsorption capacities of 13.38 and 19.98 mg g−1, respec-
tively. This new nanocomposite was qualified for
wastewater treatment as a low-cost, sustainable, effec-
tive adsorbent. Furthermore, the surface of a hydrother-
mal carbon nanolayer could be further engineered or
modified to increase its adsorption capability and selec-
tively remove other contaminants in water.
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