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Adsorption of Phenol and Basic Dye on Carbon Nanotubes/
Carbon Fabric Composites from Aqueous Solution

Jung-Pin Wang,1 Hsi-Chi Yang,2 and Chien-Te Hsieh3
1Ph.D. Program of Technology Management, Chung Hua University, Hsinchu, Taiwan
2Department of Construction Management, Chung Hua University, Hsinchu, Taiwan
3Department of Chemical Engineering and Materials Science, Yuan Ze Fuel Cell Center,
Yuan Ze University, Taoyuan, Taiwan

The liquid-phase adsorption of phenol and dye (basic violet 10)
onto carbon nanotube (CNT)-activated carbon fabric (ACF) compo-
sites, prepared by a catalytic chemical vapor deposition (CCVD)
approach, has been investigated. The CCVD technique enables the
decoration of CNTs on microscaled ACFs, creating a hierarchy
CNT-ACF composite. The as-grown nanotubes were found to have
a tortuous shape and to be several micrometers in length. The depo-
sition of CNTs efficiently shifts the micropore size distribution of
ACFs to mesoporosity. The adsorption isotherms for phenol and
BV10 on ACF and CNT-ACF adsorbents are well characterized
by the Dubinin-Radushkevich and Langmuir models. The surface
accessibility, the equilibrium rate constant, and the adsorption
energy are significantly enhanced due to the deposition of CNTs,
as analyzed by these models. Accordingly, the existence of CNTs
on ACF adsorbent plays a positive role in facilitating pore accessi-
bility to adsorbate and providing more adsorptive sites for the
liquid-phase adsorption.

Keywords activated carbon fabrics; adsorption; basic dye; car-
bon nanotubes; chemical vapor adsorption; phenol

INTRODUCTION

The adsorption of pollutant compounds from the liquid
phase is one of the most efficient approaches in drinking
water and wastewater treatments, and has been extensively
investigated in literature (1–6). Activated carbon (AC) and
activated carbon fabric (ACF) are popular adsorbents
because they exhibit a large surface area and pore volume,
which allow the removal of liquid-phase contaminants,
including organic compounds, heavy metal ions, and colors
(7,8). The criterion for determining whether to use the
treatment is often the adsorption capacity of carbon adsor-
bents relative to alternative treatment processes (9). More
recently, an alternative carbon structure, carbon nanotube

(CNT), has attracted considerable attention due to its
unique chemical structure and intriguing physical proper-
ties. CNTs are considered to be promising adsorbents,
and numerous studies have demonstrated their potential
in adsorption and drinking water treatments, such as the
removal of metallic ions and organic compounds from
the liquid phase (10–13).

It is generally recognized that adsorption capacity is
crucial in the selection of suitable adsorbents for removing
contamination from the liquid or vapor phase. The
removal efficiency of adsorbents usually depends on
surface characteristics, such as porosity and pore size
distribution. Basically, commercial AC or ACF generally
possesses a surface area of 800–1500m2 g�1, which is much
higher than that of fresh CNTs (ca. 120–220m2 g�1)
(14,15). It has been shown that the amount of adsorbed
organic compounds in the liquid phase generally increases
with the surface area of ACs. However, the adsorption
capacity is not proportional to the surface area of ACs
derived from the same precursor (16,17). This finding
indicates that the affinity of carbon surface to adsorbates
(the accessibility of adsorbate into micropores or meso-
pores) is strongly affected by the pore size distribution; that
is, not all porous structures of carbon are favorably access-
ible to contamination compounds in the liquid phase (18).
Accordingly, the capacities of carbon for contaminant
compounds are significantly affected by the pore structures
of ACs or ACFs as well as the size of the adsorbate. How-
ever, there are few reports that focus on modifying AC or
ACF adsorbents by using the deposition of CNT branches.

Polyacrylonitrile (PAN)-based ACFs have been demon-
strated to display an excellent capability on the removal
efficiency of several organic compounds (19–22). In fact,
ACFs have been applied in a variety of practical applica-
tions due to their huge adsorption volume, heat-resistance,
acid-proof, and base-proof capabilities. ACFs also show
significant removal ability in adsorbing bacteria, organic
vapor, inorganic gas, inorganic gas as well as substances
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in water solution, comparing with granular ACs. The
surface area of the PAN-based ACF is mainly contributed
by micropores (pore size <2 nm) that are suitable for
adsorbing small liquid-type contaminants (23). Our pre-
vious studies (24,25) have proposed the use of the catalytic
chemical vapor deposition (CCVD) technique to grow
high-density CNTs that attach to PAN-based ACFs. It is
known that CNTs have a dispersion problem and tend to
easily aggregate together, forming a loose aggregation.
Thus, it is very difficult to apply in adsorption tower in
industry or adsorption column in drinking water and puri-
fication systems. One way to resolve the above problem is
to directly grow nanoscaled CNTs on microscaled carbon
matrix. Thus, incorporating with ACF and CNT, such
unique carbon composites are expected to be excellent
adsorbents. This is because the ACF act as a stable carbon
matrix, and the appearance of CNTs not only provides
additional active sites but also shifts the pore size distri-
bution, reducing the effect of pore blocking on micropor-
ous channels. Two types of adsorbates, phenol (molecular
formula: C6H5OH, molecular weight (MW): 94) and basic
violet 10 (BV10, molecular formula: C28H31ClN2O3; MW:
478.5) are used as target organic pollutants for adsorption
experiments. Phenol and its derivatives are frequently
encountered in wastewater treatment, and the capacity for
phenol thus serves as an important indicator for the
adsorption of polar aromatic compounds of small sizes
(18). The capacity of BV10 can be considered as an index
for removing larger molecules from the liquid phase. A
series of adsorption experiments were carried out and the
resulting adsorption isotherms were interpreted by using
well-developed models, i.e., Langmuir and Dubinin-
Radushkevich (D-R) models.

EXPERIMENTAL

Synthesis of CNT-ACF Composites

A similar CCVD procedure for fabricating CNT-ACF
composites has been reported elsewhere (24,25). A brief
description can be illustrated as follows. The PAN-based
ACFs (Taiwan Carbon Technology Co., Taiwan) used in
this study have a cloth-like form consisting of regularly
mircoscaled carbon fibers. This fabric has a thickness of
0.4–0.6mm, and the diameter of each carbon fiber in the
fabric is approximately 8–10 mm. A fresh ACF sample
was chemically oxidized by nitric acid washing at 85�C,
allowing the implantation of surface oxides on the ACF
surface. We placed a 0.5 g oxidized ACF sample into a
0.5M nickel nitrate solution, and then the carbon-based
slurries were stirred under N2 atmosphere at ambient tem-
perature for 6 hr. After filtration, a direct heating process
was performed at 350�C under an H2 atmosphere, giving
the Ni-attached ACFs. The CCVD technique was used to
grow CNT branches on Ni-attached fabric using a mixture

of a carbon precursor (N2:H2:C2H2¼ 94:1:5 in v=v=v).
The vapor-growth process was carried out in a vertical
furnace at 850�C for a growth period of 1 hr, thus forming
CNT=ACF adsorbents.

Characteristics of CNT-Based Adsorbents

Porous characterizations of the CNFs were determined
by N2 adsorption at� 196�C using an automated adsorp-
tion apparatus (Micromeritics ASAP 2010). The specific
surface areas and porosities of these carbons were determ-
ined by gas adsorption. Before any such analysis the
carbon sample was degassed at 120�C in a vacuum at about
10�3 Torr. The surface areas and micropore volumes of
the samples were determined from the application of
the Brunauer-Emmett-Teller (BET) and D-R equations,
respectively, to the N2 adsorption isotherms at relative
pressures of between 0.06 and 0.2. The density functional
theory (DFT) method was used to analyze the pore size dis-
tribution (i.e., 1–100 nm). The morphological observation
for the carbon composites was characterized by field-
emission scanning electron spectroscopy (FE-SEM, JEOL
JSM-5600) and transmission electron microscopy (TEM,
JEOL JEM-6500F).

Liquid-Phase Adsorption Experiments

As stated in the preceding section, phenol and BV10
were used as adsorbates in the liquid-phase adsorption
experiments. The preparation of the various solutions in
this study was done as follows. The organic compounds,
phenol (1000mgL�1) and BV10 (200mgL�1), were prepa-
red by diluting the adsorbates in distilled water. Adsorp-
tion experiments were conducted by placing a certain
amount of ACF adsorbents and 100 cm3 of the prepared
aqueous solution into a 250 cm3 glass-stoppered flask.
The flask was put in a constant-temperature shaker bath
at 30�C, with a shaker speed of 100 rpm. Preliminary
experiments had shown that the adsorption process
attained equilibrium in 12 hr for all the carbon samples
used in the present study.

Upon equilibration, all samples were passed through
nylon filters prior to analysis in order to minimize the inter-
ference of carbon fines with the analysis. The concentra-
tions of the adsorbates in the residual solutions were
analyzed by a UV=visible spectrophotometer (Shimadzu,
Model UV-2550) at appropriate wavelengths. Phenol and
BV10 absorb ultraviolet radiation at k¼ 268 and 555 nm
respectively. The concentrations were measured by com-
paring the light absorbance of the sample solutions against
a standardization curve prepared for each compound. The
amount of adsorbate captured by the adsorbers was
determined as follows:

Qe ¼
ðCi � CeÞV

M
ð1Þ
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where Qe is the amount of the adsorbate on the carbon at
equilibrium, Ci is the initial concentration of the adsorbate
in the aqueous solution, Ce is the residual concentration, V
is the volume of the aqueous solution, andM is the amount
of carbon used in the adsorption.

RESULTS AND DISCUSSION

Porous Characteristics of ACF Adsorbents

Figure 1(a) shows the FE-SEM image for fresh ACF
adsorber consisting of a number of microscaled carbon
fibers. It can be seen from the figure that each fiber, with
an average size of 8 mm, has a smooth and clean surface.
Figures 1(b) and (c) show the FE-SEM images for fresh
ACF decorated with CNTs (i.e., CNT-ACF), prepared
through the CCVD technique, at low and high magnifica-
tions, respectively. The CNTs were uniformly grown in
microsized carbon fibers, thus generating a hierarchy
CNT-ACF composite. Generally, as-grown nanotubes
were found to have a tortuous shape and to be several
micrometers in length. Since as-deposited Ni nanoparticles
randomly decorate some defects of the ACF surface, they
thus provide a number of catalyzed sites in depositing the
graphene layers at different axes. The description of the
growth mechanism of carbon heterojunctions has been
reported in previous studies (23,24). A typical TEM obser-
vation of the inner morphology of individual CNTs is
shown in Fig. 1(d). The nanotubes are typically hollow
along a one-dimensional shape, without any blockage of
metallic catalysts. Each nanotube displays an average outer
diameter of ca. 20–40 nm and a tube thickness of 2–5 nm.

Accordingly, the tubular type of as-grown CNTs generally
contributes to the mesoporous volume.

The surface characteristics of ACFs determined from N2

isotherms are shown in Table 1. Data from this table, a
fresh ACF sample, shows a fairly high BET surface area
of 1065m2 g�1 and total pore volume of 0.52 cm3 g�1.
The decoration of CNTs tends to lower the porosity of
the ACF adsorber, i.e., a decrease in the BET surface area
from 1065 to 565m2 g�1. The ACF adsorber is mainly
microporous with 95% micropore fraction, whereas the
mesopore fraction in CNT-ACF displays an obvious
increase (mesopore fraction: 31%). This improvement in
mesopore volume can be ascribed to the fact that the
attachment of nanotubes to microporous ACF matrix
shifts the pore size distribution to the mesopore region
since as-grown CNTs are mostly mesoporous. The DFT
approach was applied to analyze the pore size distribution,
as shown in Fig. 2. In comparison, the original ACF dis-
plays a narrow micropore size distribution (1 nm <pore
size <2.5 nm), whereas CNT-ACF shows a broad distri-
bution ranging from 1 nm to 10 nm. The shift in the pore
size distribution is attributed to

(i) as-grown CNTs having opened tips and a mesoporous
tubular shape, and

(ii) an aggregation of CNTs, which possibly contributes to
the interspaces between the nanotubes, thus improving
the fraction of mesopore.

Additionally, it is worth noting that the intensity of the
micropore peak becomes weak. This is presumably due to

FIG. 1. FE-SEM images of (a) fresh ACF and CNT-ACF samples with (b) low and (c) high magnifications. (d) TEM image for as-grown CNTs,

prepared by CCVD method using ethylene and Ni as carbon precursor and catalyst, respectively.
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one reason that some portion of interior channels in ACF
is presumably hindered from the deposition of CNTs or Ni
catalysts.

Adsorption Isotherms of ACF Adsorbents

To ensure adsorption equilibrium, the adsorption
kinetics of phenol and BV10 on different adsorbents have
been carried out, as shown in Fig. 3(a) and 3(b). As to
the adsorption of phenol, both ACF and CNT-ACF shows
a rapid rate to attain the equilibrium, i.e., �3 hr. However,
the equilibrium period for the adsorption of BV10 on
CNT-ACF takes ca. 4 hr, which is much shorter than that
for ACF (�7 hr). Since BV10 has the larger molecular size
than phenol, the passage-providing role played by meso-
porous CNTs in facilitating the access of adsorbates to

interior micropores thus becomes more influential, result-
ing in the fact that CNT-ACF has a much higher adsorp-
tion rate than ACF. On the basis of the adsorption
kinetics, both the adsorbate size and adsorber type would
act a crucial role in determining the adsorption behavior.
This finding can be supported by the effect of diffusion
resistance, depending on the molecular size and the pore
structure of the adsorber. The decoration of CNTs strongly
facilitates the molecular accessibility to the ACFs, demon-
strated by the adsorption kinetics of BV10. This can be
attributed to the fact that the presence of CNTs on exterior
ACF has a short diffusion path and provides excess outer
active sites for adsorption of adsorbates in liquid phase.

The equilibrium adsorption isotherms of phenol onto
ACF and CNT-ACF adsorbers in aqueous solutions are
shown in Figs. 4 and 5, respectively, i.e., the relationship
between the amount of phenol adsorbed per unit mass of
carbon and their remaining concentrations in the aqueous
solutions (16). Generally, in the range of equilibrium con-
centration, both adsorption isotherms reflect that the phe-
nol amount adsorbed on the ACF surface are of monolayer
(Langmuir) type. The adsorption capacities are compared
to show a slight decrease after the decoration of CNTs.
This finding shows that the influence of CNT decoration
on the adsorption capability of phenol seems to be minor.
Figures 5 and 7 show the adsorption isotherms of BV10
onto ACF and CNT-ACF, respectively. As with phenol
adsorption, the adsorption isotherms for BV10 exhibit
Langmuir-type behavior. At a specified concentration, the
equilibrium adsorption capacity of CNT-ACF is much
higher than that of ACF. It is generally recognized that
the BET surface area is a crucial factor in determining
the adsorption capacities of adsorbents (1). However, as
for the adsorption of BV, the surface area available for
BV10 adsorption is not proportional to the adsorption
capacity onto ACF adsorbers. This result can be inferred
from the fact that various pore sizes and carbon types lead
to surface heterogeneity, thus affecting the adsorption
behavior.

TABLE 1
Surface characteristics of original ACF and ACF decorated with CNTs (CNT-ACF)

Carbon
Specific surface area (m2 g�1) Pore volume (cm3 g�1)

type SBET
a St

b Vt
c Vmicro

d (%) Vmeso
e (%)

ACF 1065 1155 0.52 0.49 (95) 0.03 (5)
CNT-ACF 565 619 0.36 0.25 (69) 0.11 (31)

aSBET: specific surface area computed using BET equation.
bSt: specific surface area determined by t-plot method.
cVt: total pore volume estimated at a relative pressure of 0.98.
dVmicro: micropore volume determined from the Dubinin-Radushkevish equation.
eVmeso: mesopore volume determined from the subtraction of micropore volume from total pore volume.

FIG. 2. Pore size distributions of fresh ACF and CNT-ACF adsorbents,

determined from DFT method.
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Our previous study has pointed out that surface hetero-
geneity is strongly affected by pore size distribution (17).
Basically, micropores serve as the major providers of
adsorptive sites in aqueous solutions, whereas only weaker
adsorption is observed in mesopores (18). It is generally
believed that adsorption on porous carbon proceeds
through a sequence of diffusion steps from the bulk phase

into mesopores and then to micropores. The longer the dif-
fusion path of micropores, the more difficult achieving
complete saturation of carbon adsorbers becomes, since

FIG. 4. Adsorption isotherm of phenol on ACF adsorbent at 30�C, in
which the solid symbols are experimental data and three prediction curves

are Langmuir, D-R, and Freundlich equations.

FIG. 5. Adsorption isotherm of phenol on CNT-ACF adsorbent at

30�C, in which the solid symbols are experimental data and three

prediction curves are Langmuir, D-R, and Freundlich equations.

FIG. 3. Adsorption kinetics of (a) phenol and (b) BV10 on ACF and

CNT-ACF adsorbents at 30�C.
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the probability that the adsorbate molecules will come up
against pores too small for the adsorbate to penetrate will
be greater (7,26). Under this circumstance, mesopores
would play the role of providing adsorbates an easy access
to the interior micropores in carbons. Thus it can be clari-
fied that some of the micropore entrances in ACF adsorb-
ent are blocked by one or more adsorbed molecule easily,
preventing the adsorption of phenol molecules to the sur-
face within the blocked pores. This influence of pore block-
age becomes more evident especially for the adsorption
of molecules (e.g., BV10) with large sizes. On the other
hand, the decoration of CNTs would provide an exterior
surface area accessible for liquid-phase adsorption even if
CNT-ACF possesses a smaller microporous surface area;
that is, CNT-ACF contains a large number of new meso-
pore channels, thus preventing pore blockage from the
diffusion path of micropores and allowing adsorbates to
penetrate.

Additionally, it is generally recognized that the micro-
pores of carbons cannot be fully wetted in aqueous
solutions and thus are not fully accessible to adsorbate
molecules in the liquid phase. The wetting property would
dramatically affect the surface coverage for the adsorption
of phenol and BV10. It can happen easily in this case if the
carbon adsorbers were more microporous. Since the CNTs
grow on the outer surface of ACF, the CNT-ACF adsorb-
ent consists of more additional sites available for the occu-
pancy of adsorbates. It is believed that there are five types
of adsorptive sites on as-grown CNTs, including inner cavi-
ties, interstitial channels, both ends, ridges, and the aggre-
gate’s outer surfaces (27–30). These outer active sites are
easily accessible to the penetration of adsorbates, inducing
a higher adsorptive coverage in the liquid phase. Further
investigation would apply adsorption models to explore
how the available surface area affects liquid-phase adsorp-
tion in ACF adsorbents.

Analysis of Isotherms by Adsorption Models

Two two-parameter isotherm equations, D-R and
Langmuir, are applied for further interpretation of the
adsorption data obtained in the preceding section. The
correlation of equilibrium data with a theoretical equation
giving a satisfactory description of the adsorption in the
liquid phase would offer a clue to the key mechanistic steps
in the overall adsorption process. For comparison, one
empirical model, the Freundlich equation, is also applied
to compare with the experimental data, as shown in
Figs. 4–7.

In deriving the D-R equation for liquid-phase adsorp-
tion, the amount adsorbed corresponding to any equilib-
rium concentration is assumed to be a Gaussian function
of the Polanyi potential (18,31–34), e,

Qe ¼ QDR exp½�be2� ð2Þ

with

e ¼ RT lnð1þ 1

Ce
Þ ð3Þ

FIG. 6. Adsorption isotherm of BV10 on ACF adsorbent at 30�C, in
which the solid symbols are experimental data and three prediction curves

are Langmuir, D-R, and Freundlich equations.

FIG. 7. Adsorption isotherm of BV10 on CNT-ACF adsorbent at 30�C,
in which the solid symbols are experimental data and three prediction

curves are Langmuir, D-R, and Freundlich equations.

LIQUID–PHASE ADSORPTION OF PHENOL AND DYE 345

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



where QDR is the maximal capacity of adsorbates on
ACFs, and B is a constant related to the adsorption energy.
The most probable free energy of adsorption is

E ¼ 1
ffiffiffiffiffiffi

2B
p ð4Þ

Therefore, the use of the D-R equation results in an
estimation of the maximum adsorption capacity as well
as an average free energy value unique to the adsorbate-
adsorbent system (18). A linearity plot of ln Qe against
e 2 would give the values of QDR and B from the intercept
and slope, respectively. Thus the mean free energy of
adsorption, E, can be determined by substituting the B
value into Eq. (). The parameters for the D-R equation
as well as the r2 value are shown in Table 2. The simulation
curves, determined from the data on Table 2, are also given
and compared with the experimental data (see Figs. 4–7),
and show a fairly good fit to these adsorption isotherms.

Basically, the magnitude of the E value can be con-
sidered as an estimate of the adsorption mechanism (31).
It can be seen from the data on Table 2 that the adsorption
energies fall into the regions of 15.0–18.1 and 16.7–17.2 kJ
mol�1 for phenol and BV10 adsorption, respectively. This
suggests that these adsorption behaviors originate from
a chemical ion-exchange reaction rather than physical
adsorption. This analysis also indicates that the existing
CNTs tend to enlarge the E value. This improvement of
the E value can be possibly attributed to an increasing
mesopore fraction, again indicating that mesoporous nano-
tubes enable the adsorbates to access to the inner and nar-
row micropores, the walls of which provide overlapping
potentials to increase the free energy for adsorption (9).
The energy analysis also indicates the crucial role that the
presence of CNTs plays in the liquid-phase adsorption.

The most widely used two-parameter equation is the
Langmuir equation, which is expressed as (35,36)

Qe ¼
QLKLCe

1þ KLCe
ð5Þ

where QL is the amount of adsorbate adsorbed per unit
mass of carbon corresponding to complete monolayer
coverage, and KL is the Langmuir constant, which can be
considered as a measure of adsorption energy (7). A linear
plot of (Ce=Qe) against Ce was used to give the values of QL

and KL from the slope and intercept of the plot. These
parameters, together with the r2 value, of the Langmuir
equation for the adsorption of phenol and BV10 onto dif-
ferent adsorbers are shown in Table 3. The Langmuir equa-
tion also offers a fairly good fit to phenol and BV10
isotherms, as shown in Figs. 4–7.

From the data on Table 3, it is apparent that the
monolayer adsorption capacity does not display a linear
increase with increasing the BET surface area. This finding
indicates that the total microporosity of ACF cannot be
fully accessed by the adsorbate molecules, especially for
large adsorbates. However, as-produced CNTs offer more
attractive sites, including grooves between adjacent tubes
on the perimeter of the bundles, accessible interstitial
channels, and external nanotube walls (30). Therefore,
the appearance of CNTs plays a positive role in

(i) facilitating the pore accessibility to adsorbates and
(ii) providing more adsorptive sites for the liquid-phase

adsorption.

Theoretically, the value of QL represents a limited
number of sites that are capable of adsorbing adsorbates.
The maximal coverage of carbons for phenol and BV10
adsorption can be examined, by assuming that the BET
surface area can be occupied by the adsorbates. Therefore,
the surface coverage (Xm) of the BET area covered by the
adsorbates can be determined according to QL and the
Xm values are also shown in Table 3. This difference
between the Xm values is due to an integrated effect of
the adsorbate size and pore size distribution. Since BV10
molecules have a larger size than those of phenol, achieving
complete saturation of ACFs becomes more difficult.

TABLE 2
The most suitable parameters of Dubinin-Radushkevich
isotherms for adsorption of phenol and BV10 onto carbon

adsorbents at 30�C

Carbon type QDR (mg g�1) E (kJ mol�1) r2

Phenol adsorption
ACF 307.0 15.0 0.971
CNT-ACF 217.5 18.1 0.995
BV10 adsorption
ACF 162.4 16.7 0.988
CNT-ACF 220.0 17.2 0.977

TABLE 3
The most suitable parameters of Langmuir isotherms

for adsorption of phenol and BV10 onto carbon
adsorbents at 30�C

Carbon type
QL

(mg g�1)
KL

( Lmg�1) r2 Xm (%)

Phenol adsorption
ACF 155.0 0.0165 0.981 28.1
CNT-ACF 131.1 0.0317 0.996 44.8
BV10 adsorption
ACF 70.0 0.0816 0.992 12.4
CNT-ACF 103.1 0.0879 0.983 34.5
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Thus, adsorption of large adsorbates, such as BV10, would
suffer a more serious pore blockage in microporous chan-
nels. In contrast, this influence is less significant for phenol
adsorption on ACF adsorbents. The data on Table 3 also
prove that the existence of CNTs significantly promotes
the values of Xm for the adsorption of both phenol (Xm:
44.8%) and BV10 (Xm: 34.5%), thus showing the impor-
tance of the existence of CNTs. This can be attributed to
the fact that the deposition of CNTs on the ACF surface
donates a number of available sites that offer a strong
affinity for the adsorption of phenol and BV10 in the liquid
phase. This argument can be supported by the fact that
CNT-ACF adsorbent displays higher KL values than those
of ACF. This reflects an enhanced forward adsorption in
the reversible reaction due to the deposition of CNTs, thus
leading to better pore accessibility.

CONCLUSIONS

Liquid-phase adsorption of phenol and BV10 onto
CNT-ACF adsorbent was conducted to explore the influ-
ence of the deposition of CNT on the adsorption capacity.
A large amount of CNTs was attached to microscaled
carbon fibers by the CCVD approach that used Ni and eth-
ylene as catalyst and carbon precursor, respectively. The
as-grown nanotube displays an average outer diameter of
ca. 20–40 nm and a tube thickness of 2–5 nm. The depo-
sition of CNTs was found to efficiently alter the pore size
distribution of ACFs, shifting to mesoporosity. Adsorption
isotherms for phenol and BV10 on ACF and CNT-ACF
adsorbents were well characterized by three types of
adsorption models: Freundlich, D-R, and Langmuir. The
analyzed results clearly showed that the appearance of
CNTs leads to surface heterogeneity, significantly affecting
the liquid-phase adsorption behavior. Both the equilibrium
rate constant (Langmuir) and the adsorption energy (D-R)
display an increase due to the decoration of CNTs,
inducing higher surface coverage for the adsorption of
BV10 adsorbates. This reflects that CNT-ACF contains a
large number of mesopore channels, thus preventing the
pore blockage from the diffusion path of micropores for
adsorbates to penetrate. Accordingly, the appearance of
CNTs on ACF adsorbent plays a positive role in

(i) facilitating the pore accessibility to adsorbate and
(ii) providing more adsorptive sites for the dye adsorption

in liquid phase.
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