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An activation process for developing the surface and porous structure of palygorskite/carbon
(PG/C) nanocomposite using ZnCl2 as activating agent was investigated. The obtained
activated PG/C was characterized by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), field-emission scanning electron microscopy (SEM), and Brunauer–
Emmett–Teller analysis (BET) techniques. The effects of activation conditions were examined,
including activation temperature and impregnation ratio. With increased temperature and
impregnation ratio, the collapse of the palygorskite crystal structure was found to accelerate
and the carbon coated on the surface underwent further carbonization. XRD and SEM data
confirmed that the palygorskite structure was destroyed and the carbon structure was
developed during activation. The presence of the characteristic absorption peaks of C_C and
C–Hvibrations in the FTIR spectra suggested the occurrence of aromatization. The BET surface
area improved by more than 11-fold (1201 m2/g for activated PG/C vs. 106 m2/g for PG/C) after
activation, and the material appeared to be mainly microporous. The maximum adsorption
capacity of methylene blue onto the activated PG/C reached 351 mg/g. The activated PG/C
demonstrated better compressive strength than activated carbon without palygorskite clay.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Dyes are widely used in the chemical industry, and ever-
increasing industrial applications of organic dye compounds
have resulted in significant pollution of effluent waters and
other environmental hazards (Benadjemia et al., 2011). These
dyes are also harmful to humans with prolonged contact.
Methylene blue (MB), a common pollutant in dye effluents, is
difficult to remove completely because of its stable aromatic
structure consisting of a chromophore and polar groups (Liu et
al., 2012). Various techniques have been developed to improve
the efficiency of MB removal, including adsorption, chemical
oxidation, and electro-coagulation. Among these, adsorption

hasprovenparticularly effective,mainly because of its simplicity
and efficiency.

Activated carbon works as an excellent adsorbent for the
removal of most organic contaminants because of its high
surface area and wide porosity. Activated carbon can be
produced by physical or chemical activation using various
carbonaceous materials (Mohanty et al., 2005; Juang et al.,
2000; Theydan and Ahmed, 2012; Zhu et al., 2007; Khezami et
al., 2005; Yue et al., 2013). Compared to physical activation,
chemical activation can confer particular surface and pore
characteristics to activated carbon through the use of various
biomass materials as precursors, including lignin, peat, and
leaves (Hayashi et al., 2000; Chiu and Ng, 2012; Donald et al.,
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2011; Saka, 2012; Altenor et al., 2009). Furthermore, develop-
ment of the pore structures can be easily adjusted by changing
activation conditions such as temperature, impregnation ratio,
and activating agents (Williams andReed, 2006; Uçar et al., 2009;
Nakagawa et al., 2007; Yavuz et al., 2010). Reffas et al. (2010)
prepared activated carbon with a total surface area of 925 m2/g
from coffee grounds using H3PO4 as the activating agent.
Chiu and Ng (2012) synthesized activated carbon fiber with
Brunauer–Emmett–Teller (BET) surface area of 2060 m2/g from
cotton using ZnCl2. The demand for activated carbon is growing
rapidly because of increasing industrial pollution; however,
high price has limited its application.

Palygorskite (PG) is a type of magnesium aluminum silicate
mineral that exists widely in nature. In our previous study,
a novel palygorskite/carbon (PG/C) sorbent was prepared
by hydrothermal carbonization of glucose or cellulose using
palygorskite as template (Wu et al., 2011, 2014a,b). Given the
combination of the crystal structure of PG and the organophilic
nature of carbon, PG/C has high adsorption capacity for some
typical organic pollutants, such as MB and phenol. PG/C offers
advantages such as its inexpensive rawmaterials, low cost, and
green production. However, its specific surface area is rather
low compared to that of activated carbon.

This study focused on the activation process of PG/C
nanocomposite and aimed to produce activated samples
with high surface area and porosity. Previous studies have
showed that porous carbon withmore stable performance can
be obtained by hydrothermal methods (Hao et al., 2013; Wang
et al., 2011; Regmi et al., 2012; Ding et al., 2013; Román et al.,
2013). Román et al. (2013) prepared adsorbents from biomass
by combining hydrothermal carbonization and activation. The
hydrothermal carbons produced in this manner presented
low BET surface areas of only about 30 m2/g, which increased
up to 438 m2/g after CO2 activation. It was reported that the
initial hydrothermal treatment step allowed better control
over the resulting porosity and that the activation step was
crucial in the development of porosity in hydrothermal
carbons. Furthermore, this method offered the ability to
change surface functionalities and improved the final yield
of the subsequent activation process. In the current study, the
previously studied PG/C nanocomposite was further activated
to develop a carbon pore structure coated onto PG. The
influences of ZnCl2 impregnation ratio and activation tem-
perature on surface characteristics were then investigated.
In addition, adsorption of MB onto the activated samples
prepared under different conditions was compared.

1. Materials and methods

1.1. Raw materials

PG raw material was acquired from Jiangsu Province,
China and sieved to 200 mesh. The chemical composition
and texture properties were determined by chemical analysis
and X-ray diffraction. The chemical composition of the clay
was 57.01% SiO2, 8.78% Al2O3, 12.82% MgO, 4.28% Fe2O3, 0.08%
FeO, and 17.03% others. All reagents (cellulose, ammonium
iron sulfate hexahydrate (FeSO4(NH4)2SO4·6H2O), hydrochloric
acid (HCl), hydrofluoric acid (HF), anhydrous zinc chloride

(ZnCl2), andmethylene blue (MB)) were of analytical grade and
were bought from Sinopharm Group Co., Ltd (Shanghai,
China) and used as received without further purification.
Commercial activated carbon was obtained from the Institute
of Coal Chemistry, Chinese Academy of Sciences. Only
double-distilled water was used.

1.2. Preparation of palygorskite/carbon (PG/C) nanocomposite

The PG/C sample was prepared based on a previously
reported method (Wu et al., 2011, 2014a,b). Cellulose (5 g)
and FeSO4(NH4)2SO4·6H2O (2.80 g) were dissolved in 72 mL
double-distilled water. PG (2.5 g) was then added and the
mixture was stirred for 2 hr at room temperature. The final
suspension was transferred to a Teflon-lined stainless-steel
autoclave (100 mL in total inner volume), sealed, and main-
tained at 220°C for 12 hr. The black product was centrifuged,
washed with double-distilled water and ethanol several times,
and then dried in an oven at 105°C for 8 hr.

1.3. Activation

The dried PG/C nanocomposites were passed through a
200-mesh sieve prior to chemical activation with ZnCl2.
Appropriate amounts of PG/C powder and anhydrous ZnCl2
were dispersed in water to obtain the desired impregnation
mass ratio ZnCl2:PG/C composites. To remove moisture after
impregnation, the samples were dried for 24 hr at 105°C in an
oven and then heated for another hour at various tempera-
tures under a controlled heating rate of 5°C/min and nitrogen
atmosphere. To remove any residual organic and mineral
matter, the sintered samples were washed with 1.2 mol/L HCl
solution and then rinsed with hot distilled water until the pH
value reached 7. Lastly, the samples were dried at 105°C.

The activation temperaturewas set at 450°C for experiments
investigating the effect of varying impregnation ratios, where-
as, the impregnation ratio was set at 1:1 for the experiments
investigating the effect of varying activation temperatures.
The samples were labeled as PG/C-Ax-y/z, where x stands for
activation temperature, and y/z for impregnationweight ratio of
ZnCl2 and PG/C composites. The PG clay in the activated PG/C
was removed by washing the composite in 40 wt.% HF solution
at room temperature for 20 hr followed by several rounds of
washingwith double-distilledwater and, lastly, drying at 105°C.

1.4. Characterization

Power X-ray diffraction analysis (XRD) was performed using an
X-ray diffractometer with Cu anode operating at 40 kV and
100 mA (D/MAX2500V, Rigaku, Japan). Elemental analysis (EA)
was conducted on an elemental analyzer (Vario EL c, Elementar,
Germany). Thermal analysis (DSC-TG) curves of PG were
recorded with a simultaneous thermal analyzer (Q2000, TA,
USA). The sample was heated from room temperature to 700°C
at 10°C/minunderN2 flow. Fourier transform infrared spectra of
the samples were obtained in the range of 4000–400 cm−1 in a
FTIR spectrometer (Thermo, Madison, USA) using KBr pellets.
Themorphology andparticle size of theproductswere observed
with a field-emission scanning electron microscope (SEM,
JSM-6700, JEOL, Japan). Brunauer–Emmett–Teller (BET) analysis
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was conducted with a specific area and pore analyzer (TriStar II
3020,Micromeritics, USA). Compressive strengthwasmeasured
using a dynamic mechanical analyzer (DMA) testing machine
(Q800, TA, USA). The test temperature was set at 25°C and the
ramp force was increased at a rate of 0.5 kg·m/(sec2·min) to
18.0 kg·m/sec2.

1.5. Adsorption of methylene blue (MB)

Adsorption studies were carried out with 20 mg activated
samples that were introduced into a 50 mL MB solution at
an initial concentration of 100 mg/L. The pH values of the
suspensions were not adjusted. The adsorption equilibrium
of MB on the prepared materials was obtained after 24 hr
of shaking at 25°C and 200 r/min. After centrifugation and
filtration, the MB equilibrium concentrations were deter-
mined from the absorbance of the samples at 665 nm using
a visible spectrophotometer (722E, Shanghai Spectrum Co.,
Ltd., China).

The removal rate of MB (η, %) was calculated using the
equation below.

η %ð Þ ¼ c0−ce
c0

� 100% ð1Þ

qe ¼
c0−ceð ÞV

m
ð2Þ

where, c0 (mg/L) and ce (mg/L) are the initial and equilibrium
MB concentrations, respectively; qe (mg/g) is the adsorption
capacity at equilibrium, V (L) is the volume of solution andm (g)
is the dosage of the adsorbent.

To evaluate the adsorption capacity of the activated
samples, different initial concentrations (10–300 mg/L) of MB
solutions were prepared. Adsorption isotherms of MB were
fitted to the Langmuir model using the following linearized
Langmuir equation:

ce
qe

¼ 1
bqm

þ ce
qm

ð3Þ

where b (L/mg) is the Langmuir constant, and qm (mg/g) is the
maximum amount of MB.

2. Results and discussion

2.1. Product yield

Table 1 lists the product yields after activation. Product yields
of the activated samples ranged from 35% to 40%. Compared

to the reported yields of activated carbon (Romero-Anaya et
al., 2014), the yield values obtained in this study were higher,
which was attributed to the small weight loss of PG clay
during activation.

2.2. XRD data

Fig. 1a shows the typical XRD patterns of the composite
precursor and activated products at different ZnCl2 impreg-
nation ratios. According to the XRD data, the diffraction peaks
at 2θ = 8.3°, 13.6°, 19.8°, and 27.3° could be attributed to the
characteristic diffraction peaks of PG (Wu et al., 2011, 2014a,b).
The peak at 2θ = 26.7° corresponded to a low content quartz
impurity (Banaś et al., 2013). In the case of activated products,
the highest intensity of PG at 2θ = 8.3° decreased gradually
and simultaneously a broad and weak peak due to the
amorphous carbon appeared between 2θ = 20° to 30° (Liu et
al., 2013) with increasing impregnation ratios. This may be
due to the possibility that ZnCl2 at high concentration could
have encroached into the internal channels previously
formed in the PG/C composite, which causes the crystal
structure of the composite to fold further after increasing the
amount of the activating agent. The carbon coated on the PG
surface was activated and the pore structure was developed,
resulting in the appearance of a carbon reflection in the
activated samples. When the impregnation ratio reached 2:1,
the characteristic peak of PG almost disappeared. The yield
and carbon content of the activated product decreased with
increasing ZnCl2 impregnation amount (Table 1), implying
that higher carbon loss occurred during activation and
carbonization. The outer carbon played a role in protecting
the inner PG from heating destruction. Consequently, the
inner PG gradually lost the protection of the outer carbon and
the destruction of its crystal structure was accelerated at
increasing impregnation ratios.

Activation temperature also plays an important role in the
activation process. As shown in Fig. 1b, the crystal structure of
activated samples changed with the activation temperature.
As the activation temperature increased from 450°C to 550°C,
the characteristic peaks of PG at 2θ = 8.3°, 13.6°, 19.8°, and
27.3° decreased. Fig. S1 shows the DSC-TG analysis curves of
PG. The zeolitic water (Kuang et al., 2004) was released in the
temperature range from 40°C to 117°C. The first and second
structural water (Kuang et al., 2004) were released at 130°C–
230°C and 230°C–470°C, respectively. Dehydroxylation of the
Mg–OH groups (Kuang et al., 2004; Frost and Ding, 2003)
occurred at 470°C–633°C. The DSC-TG curves indicated that
the release of the second structural water and dehydroxyl-
ation of the Mg-OH groups occurred during activation in the

Table 1 – Elemental content and yield of activated samples.

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%) Yield (wt.%)

PG/C-A450-1/2 42.19 2.22 2.60 0.35 40
PG/C-A450-1/1 38.74 2.63 3.18 0.25 37
PG/C-A450-2/1 36.61 2.68 2.79 0.24 36
PG/C-A500-1/1 37.78 3.08 3.81 0.25 36
PG/C-A550-1/1 35.44 2.48 3.11 0.29 35

PG/C-A450-1/2, PG/C-A450-1/1, PG/C-A450-2/1, PG/C-A500-1/1, and PG/C-A550-1/1 refer to Section 1.3.
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temperature range of 450°C to 550°C, which resulted in the
folding of the PG structure (Chen et al., 2011) and considerable
decrease in the XRD patterns as shown in Fig. 1b.

2.3. SEM images

The SEM images of the PG/C and activated PG/C-A450-1/1
samples are shown in Fig. 2. In the case of PG/C, the PG fibers
were evidently coated with a number of nanoparticles,
namely nanocarbon particles, as previously reported (Wu et
al., 2011, 2013). After activation, the collapse of PG fibers
(Fig. 1b), which was brought about by heating and encroach-
ment by ZnCl2, directly resulted in the accumulation of PG
nanofibers (Fig. 2b). The carbon coated on the PG surface
further underwent carbonization during activation (Román et
al., 2013) and remained compactly coated on the PG surface.

2.4. FTIR spectra

The FTIR spectra of different samples are shown in Fig. 3. In
the case of PG/C, the bands at 3615 and 3557, as well as
3394 cm−1 are due to hydroxyl groups or adsorbed water (Guo
and Rockstraw, 2006). The band at 2914 cm−1 is due to the C–H

stretching vibration (Wu et al., 2011). The band at 1654 cm−1 is
attributed to the bending vibrations of the adsorbed and
zeolitic water in PG. The bands at 1383 cm−1 and 793 cm−1 are
brought about by the C_O bending vibration in the carbonyl
and aromatic C–H out-of-plane bending vibrations, respec-
tively (Li et al., 2011). The band at 1197 cm−1 is assigned to the
stretching vibrations of (Mg, Al)–O bonds (Wu et al., 2011).
After activation, the FTIR spectra of activated PG/C were
markedly different from those of PG/C. The characteristic
peaks of PG at 1654 and 1197 cm−1 nearly disappeared, which
resulted from the folding and subsequent collapse of the PG
fiber structure (Figs. 1a and 2). The peaks assigned to
amorphous carbon in PG/C at 2914 and 1383 cm−1 also nearly
disappeared. Simultaneously, a new band appeared at
1622 cm−1, which could be attributed to the C_C group, and
the band at 793 cm−1 became more intense, indicating that
aromatization took place (Chang et al., 2014; Román et al.,
2013; Li et al., 2011). As the impregnation ratio increased, the
bands at 1622 and 793 cm−1 became more intense and then
slightly weakened. The intensities of the two bands were the
strongest when PG/C was activated at 450°C under 1:1
impregnation ratio, implying that activation of the carbon
coating was the most aggressive at this point.
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Fig. 1 – XRD patterns of palygorskite (PG), palygorskite/carbon (PG/C) and activated samples at different ZnCl2 impregnation ratios
(a) and different activation temperatures (b). PG/C-A450-1/2, PG/C-A450-1/1, PG/C-A450-2/1, PG/C-A500-1/1, and PG/C-A550-1/1 refer
to Section 1.3.

a b

Fig. 2 – SEM images of (a) palygorskite/carbon (PG/C) and (b) PG/C-A450-1/1.
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2.5. Surface area and pore structure

Fig. 4a shows the effect of immersion ratio on theN2 adsorption–
desorption curves. The curve of PG/C indicates that the
adsorption isotherm exhibits a type II shape based on IUPAC
classification, representing unrestricted monolayer-multilayer
adsorption (Sing et al., 1985). This implies that PG/C is a
non-porous or macroporous absorbent. As immersion ratio
changed, an apparent change in the N2 adsorption–desorption
isotherms occurred. At 1:2 impregnation ratio, the curve
acquired a typical type І shape. The adsorption and desorption
curves of PG/C-A450-1/2 almost overlapped, implying the
presence of a large amount of micropores (Reffas et al., 2010).
N2 uptake increased when the impregnation ratio increased
from 1:2 to 1:1. In addition, the curve of PG/C-A450-1/1 showed a
small hysteresis loop, suggesting the presence of mesopores.
Nevertheless, the isotherm of PG/C-A450-2/1 displayed a combi-
nation of type І and IV shape with pronounced H4-type
hysteresis loop (Miao et al., 2013), which suggests that more
mesopores appeared when the amount of activation agent was

increased further. As observed in Table 2, the micropore area
decreased sharply as ZnCl2 and composite ratio increased to
2:1. With an increase in impregnation ratio, micropore content
decreased and larger pores were produced, which eventually led
to lower surface area. The relevant surface area data are shown
in Table 2. Notably, the BET surface area of PG/C significantly
increased from 106 to 1201 m2/g after activation.

Fig. 4b shows the effect of activation temperature on N2

adsorption–desorption isotherms. It was observed that acti-
vated PG/C samples obtained at different temperatures were
microporous. The isotherms presented type І curves with
small hysteresis loops (Sing et al., 1985). N2 adsorption
increased sharply at relatively low pressure and then reached
a plateau at higher pressure, indicating that the materials
were predominantly microporous (Sing et al., 1985). The small
hysteresis loops suggest the presence of mesopores (Williams
and Reed, 2006). N2 adsorption decreased with increased
activation temperature, indicating that higher temperature
enhanced carbon burn out as carbonization progressed and
also destroyed the crystal structure of the template, resulting
in lower surface area. However, the type І shape of the
isotherms was maintained, suggesting that the increase in
activation temperature did not change the microporosity of
the activated PG/C.

2.6. Methylene blue (MB) adsorption

Fig. 5a shows dynamic adsorption of MB with different initial
concentrations on PG/C-A450-1/1. With prolonged contact
time, the MB adsorption capacity (qt) increased gradually and
then reached a plateau, indicating that the MB amount being
adsorbed onto the adsorbent and desorbing from the adsor-
bent reached an equilibrium (Foo and Hameed, 2012). It took
less time to reach equilibrium under low MB concentrations.
Our data indicate that 24 hrwas sufficient to reach equilibrium.

Fig. 5b shows the adsorption isotherms ofMBonunactivated
PG/C and activated PG/C. It is worth noting that PG/C-A450-2/1
showed better adsorption performance than PG/C-A450-1/1
with increasing initial concentration, although the former had
higher BET surface area. The aggregation of MB at high
concentration usually occurs in aqueous solution (Zhou et al.,
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2014), with the result that MB was easier to adsorb on the
external surface. Thus the highest adsorption capacity was
achieved by PG/C-A450-2/1 because it had the highest external
surface area and total pore volume (Table 2).

The maximum adsorption capacity (qm) values of MB
calculated by Eq. (3) are shown in Table 3. Notably, the qm
value (351 mg/g) of MB onto the activated carbon-coated PG
sample (PG/C-A450-2/1) was far higher than that of untreated
PG/C (89 mg/g). This value was even higher than that of
normal activated carbon (318 mg/g). After removing the PG
template with HF acid, the qm of MB onto the obtained
activated carbon (AC) reached 337 mg/g. Thus, the carbon
coated on the PG surface made a significant contribution to
the adsorption of MB, leading to the relatively high qm value
compared to that of stripped AC.

The high qm value (351 mg/g) of MB onto the activated
carbon-coated PG sample (PG/C-A450-2/1) can be explained as
follows. First, activated PG/C contains abundant functional
groups including C_O, –OH and C_C on its surface. It was
previously reported that acidic groups such as carboxyl,
lactonic, hydroxyl and carbonyl groups favor MB adsorption
(Altenor et al., 2009). Compared to untreated PG/C, it presents
a more extensive pore structure and higher BET surface area
(709–1201 m2/g). These factors are beneficial for the enhance-
ment of adsorption capacity of MB. Second, MB is a cationic
dye containing quaternary ammonium salt ([C16H18N3S]+,Cl−),
which is positively charged (Altenor et al., 2009). The PG/C
adsorbent is negatively charged when the pH of the adsorption
solution is not adjusted (Wu et al., 2014a,b). The molecular

dimension of MB is 1.63 nm × 0.56 nm × 0.54 nm (Chen et al.,
2011), and it can easily be adsorbed on the external surface and
pores that are larger than itsmolecular size. Thus, the excellent
adsorption capacity of MB onto the activated PG/C was made
possible due to its polarity and size.

2.7. Activation mechanism

To determine the activation mechanism, the structural
changes and adsorption capacity of different samples were
compared, as shown in Fig. 6 and Table 4. The XRD pattern of
PG/C showed the typical peak characteristics of PG (Fig. 1),
which were similar to those found in previous studies (Wu et
al., 2011, 2013, 2014a,b). After heating the PG at 450°C for 1 hr
(sample PG-450), the intensity of PG peaks weakened, imply-
ing destruction of the PG crystal structure. The PG was
impregnated with ZnCl2 at a weight ratio of 1:1 and then
calcined at 450°C. This sample, labeled as PG-A450-1/1, was
prepared to undergo activation. Similarly, the PG peaks
almost disappeared and the new peaks at 2θ = 33° and 35.7°
were attributed to ZnO, which may be generated during the
activation process and is not completely removed by washing
(Zhao et al., 2012). The adsorption capacity of MB on PG-450
at equilibrium (qe) reached 70 mg/g and the removal rate of
MB was 28%. These values of qe and η for PG-450 suggested
that heating of PG was not the main contributor to the
observed increase in adsorption capacity of activated PG/C
(PG/C-A450-1/1), which had qe and η values of 220 mg/g and
87%, respectively. The qe and η values for PG-A450-1/1 were

Table 2 – Textural characteristics obtained by N2 adsorption–desorption analysis.

Sample BET surface area
(m2/g)

Micropore area
(m2/g)

External surface area
(m2/g)

Total pore volume
(cm3/g)

Micropore volume
(cm3/g)

PG/C 106 5.7 100 0.3022 0.0012
PG/C-A450-1/2 709 526 183 0.4301 0.2438
PG/C-A450-1/1 1201 712 489 0.6157 0.3257
PG/C-A450-2/1 1044 38 1006 0.6960 0.0022
PG/C-A500-1/1 1151 630 521 0.6066 0.2874
PG/C-A550-1/1 1000 576 424 0.5466 0.2629

PG/C: palygorskite/carbon.
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slightly lower than those of PG-450, which may be due to
destruction of the crystal structure of PG encroached by ZnCl2,
reflected by the disappearance of PG XRD peaks. The low
adsorption capacity on PG-A450-1/1 also suggests that activa-
tion of PG using ZnCl2 did not cause an obvious increase in
the adsorption capacity of MB. Thus, the presence of ZnCl2
influences the development of the pore structure of amor-
phous carbon on the PG surface. Activation of the carbon in
PG/C directly resulted in increased BET surface area and
adsorption capacity.

2.8. Dynamic mechanical analyzer (DMA) test

The compressive strength of the samples was tested as shown
in Fig. 7. AC represents activated carbon obtained by removing
PG from PG/C-A450-1/1 using HF acid, while CAC represents
commercial activated carbon. For PG/C-A450-1/1, a short
elastic deformation stage (compressive strain at 0%–3.5%)

was found. At this stage, the compressive stress and strain
were proportional. With further increase in static force, the
powder became denser and the strain changed sharply. The
densification stage (5% compressive stain) of PG/C-A450-1/1
started earlier than that of the other two samples. In addition,
the activated PG/C (PG/C-A450-1/1) presented higher com-
pressive stress than the other two activated carbons (AC and
CAC) under the same compressive strain, indicating better
mechanical compressive strength. Usually, monolithic adsor-
bents are used in the methane adsorption and gas storage
industry, due to their small interparticle space and high
density (Jordá-Beneyto et al., 2008; Lozano-Castello et al., 2002;
Molina-Sabio et al., 2003). This implies that activated carbon
coated onto PG undoubtedly has potential advantages in
the fabrication of massive monolithic adsorbents. The density
of PG/C-A450-1/1 (0.72 g/cm3) was higher than that of AC
(0.25 g/cm3) and CAC (0.58 g/cm3). The fact that PG/C-A450-1/1
has higher density suggests that separation of the adsorbent
from the liquid can be easily achieved once the adsorbent is
used in wastewater treatment.

3. Conclusions

An activated carbon coated on PG was prepared using ZnCl2
as the activation agent and PG/C as the precursor. During
the activation process, the PG fiber folded and collapsed

Table 3 – Comparison of the maximum adsorption capacity (qm) in different adsorbents.

Adsorbent Solid–liquid
ratio (g/mL)

pH T (°C) Revolving speed
(r/min)

t qm (mg/g) SBET (m2/g) Reference

PG/C 0.0004 – 30 200 24 hr 89 106 This study
PG/C-A450-1/1 0.0004 – 30 200 24 hr 325 1201 This study
PG/C-A450-2/1 0.0004 – 30 200 24 hr 351 1044 This study
ACa 0.0004 – 30 200 24 hr 337 1441 This study
CACb 0.0004 – 30 200 24 hr 318 927 This study
Ag NPs-AC 0.0004 6 25 350 15 min 71 – Ghaedi et al. (2012)
AC 0.0005 6 25 – 5 hr 270 1688 Li et al. (2013)
GO 0.0005 6 25 – 5 hr 244 32 Li et al. (2013)
CNTs 0.0005 6 25 – 5 hr 189 177 Li et al. (2013)
GAL-AC 0.001 9 25 300 24 hr 780 2038 Benadjemia et al. (2011)
PK-AC 0.012 7 – – 45 min 185 103 Ghaedi et al. (2013)
PFAC 0.001 – 30 120 – 382 1223 Foo and Hameed (2012)
CGAC180 0.001 6 25 300 24 hr 182 925 Reffas et al. (2010)

qm: the maximum adsorption capacity; T: temperature; t: time; AC: activated carbon; CAC: commercial activated carbon; GO: graphene oxide;
GAL-AC: activated carbon from globe artichoke leaves; PK-AC: activated carbon from Pistacia Khinjuk; PFAC: activated carbon from oil palm fiber;
CGAC180: activated carbon from coffee grounds.
a Activated carbon after PG/C removed PG template.
b Commercial activated carbon.
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Fig. 6 – XRD patterns of different samples with different
treatments. PG-450 and PG-A450-1/1 refer to Section 2.7.

Table 4 – Equilibrium adsorption capacity of methylene
blue (MB) onto various samples.

Sample qe (mg/g) η (%)

PG/C 50 21
PG-450 70 28
PG-A450-1/1 68 27
PG/C-A450-1/1 220 87

qe: the adsorption capacity at equilibrium; η: the removal rate of MB.
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while the surface carbon was developed and carbonized. The
well-developed pore structure of carbon resulted in increased
specific surface area and changes in surface chemistry. The
C–H groups of PG/C disappeared and C_C groups were
formed in the activated PG/C. The textural structure and
surface chemistry of activated PG/C could be controlled by
adjusting the activation conditions, such as activation
temperature and impregnation ratio. The optimum activa-
tion condition was determined to be 1:1 impregnation ratio
and 450°C activation temperature. In this condition, the
BET surface area was the highest, with a value of 1201 m2/g.
PG/C-A450-2/1, which had the largest external surface area
and pore volume, exhibited the highest adsorption capacity
(qm) for MB of 351 mg/g, which was far greater than that of
untreated PG/C. The maximum adsorption capacity of MB
onto activated carbon after being stripped of PG was also very
high (337 mg/g). The mechanical compressive strength of
activated-carbon-coated PG was better than that of activated
carbon stripped from the template PG. This suggests that
the activated PG/C has strong potential for use as a block
adsorbent in the waste treatment industry.
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