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Abstract
Carbonaceous adsorbents have received substantial attention in the past decades because of their
porous surface characteristics. However, the majority use of strong acids for the surface modi�cation and
the subsequent surface decrease remains challenging. Here, we designed porous carbon �bers with the
aid of CO2 during activation for effective malachite green (MG) adsorption. The physiochemical
mechanisms have been characterized both experimentally and numerically to decipher the underlying
relevance of CO2-activation on the MG adsorption capacity. The obtained samples are dominated by

micropores, resulting in a high speci�c surface up to 1012 m2 g-1 via 60 min of CO2-activation. The

adsorption isotherm was �tted to Langmuir with the maximum adsorption capacity of 555.56 mg L-1.
Thermodynamics revealed endothermic in nature and the spontaneous adsorption process. By using the
primary culprit of global warming, this work advances the design of carbonaceous adsorbents for
cationic dye removal. (144/150)

Introduction
Dyes are colorants that chemical structures prede�ne the impart color with some degree of permanence
[1-2]. Synthetic organic dyes consist the largest portion of coloring substances and have attracted
increasing interest over the last decade due to their indispensable role in printing, dyeing, battery
manufacturing and textile industries [3-4]. Malachite green (MG) is a representative triphenylmethane
cationic dye that can exist as dye salt, carbinol or pseudobase [5]. Due to its high soluble and stable
characteristics in water, there is a large body of experimental evidence showing teratogenic, mutagenic
and carcinogenic effects on human cells [6-7]. Moreover, the wastewater containing MG is considered to
be one of the most challenging industrial wastewaters for puri�cation [8]. Therefore, seeking an effective
separation route has always been a longstanding objective of chemists. Several separation methods
including ozonation, coagulation-�occulation, ion-exchange, photodegradation and advanced oxidation
processes have been extensively studied to address the practical separation of MG. The aforementioned
methods are yet hindered by complex manufacturing processes, high operational costs and additional
harmful by-products [9]. Besides these approaches, adsorption is one widely adopted method for the
puri�cation of dye-containing industrial wastewater [10].

A number of carbonaceous materials such as activated carbon (AC), activated carbon �ber (ACF),
graphene, graphene oxide and reduced graphene oxide are gaining immense interest owing to their
porous structure and high adsorption capacity. The presence of ample adsorption sites and negatively
charged oxygen-containing functional groups (-OH, -COOH, C-O/C=O) in carbonaceous materials may
promote a favorable adsorption environment of cationic dyes [11-13]. ACs are known as porous
carbonaceous material having irregularly shaped particles in powder or granular forms [14]. ACs have
suitable features for the aimed application, however, adsorbate molecules have to pass macropores and
mesopores �rst before entering micropores. ACFs are introduced to overcome de�ciencies of ACs, since
adsorbent molecules can be directly reached to micropores. It is worth underlining that ACF is also a low-
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cost and easy-collectible adsorbent compared to graphene-based adsorbents. Despite all the advantages
of ACFs, their use has been limited due to relatively low adsorption capacity. Hence, surface modi�cation
is of paramount importance for ACF-based adsorbents to compete with advanced carbonaceous
materials. With untiring efforts, researchers have succeeded in preparing ACFs under strong acids to
increase the number of oxygen-containing functional groups [15-16]. Although thus-prepared ACFs have
experienced an inevitable decrease in surface areas, increased oxygen-containing functional groups have
resulted in high adsorption capacity of heavy metals via the ion-exchange mechanism. Nevertheless,
introducing strong acids may be insu�cient in this case, because the MG adsorption capacity can be
hampered by an acidic environment [17].

Here, we report an industrially applicable MG adsorption technique using CO2-ACFs. We highlight that the
primary culprit of global warming is an essential driving force for achieving high surface characteristics
of ACFs, veri�ed by experimental evidence and theoretic calculations. A fairly low oxygen-containing
functional groups were introduced during CO2 activation. A signi�cant advantage here of using CO2 is in
the greater adsorption capacity of MG without any surface decrease, which is not possible with pre-
de�ned surface modi�cation techniques. The pore-growth phenomenon is further demonstrated via CO2-
surface reaction. With these features in hand, CO2-ACF absorbents may lead to new opportunities in
wastewater separation of synthetic organic dyes with cationic molecules.

Experimental
Preparation of samples

ACFs were prepared from stabilized pitch �bers. A principal goal in developing pitch �bers is to convert
isotropic pitches to mesophase upon designated treatments [18]. The key fabrication steps are as
follows; stabilization, carbonization and activation (also overviewed in Fig. 1(a)). First, 100 mg of
precursors were stabilized in a horizontal reaction tube via air mood (2 L min-1) of 300 °C for 3 hr.
Oxidative stabilization of precursors allows crosslinking of aromatic molecules (Fig. 1(b)). Subsequently,
samples were carbonized under N2 gas (2 L min-1) and heated to the target temperature of 800 °C. The
high temperature in the absence of air and the presence of N2 gas removes the unnecessary impurities
from a carbonaceous substrate [19]. However, vigorous heat treatment during carbonization may leave
disorganized carbon. Activation reorganizes the carbon and enhances the pore distribution. Once the
temperature has reached the suggested temperature, activation was done by adding CO2 gas instead of
N2 gas for 20, 40 and 60 min, respectively. ACFs with various CO2-activation times were further denoted
as ACF-2, ACF-4 and ACF-6 for convenience. Morphologies were analyzed using scanning electron
microscopy (XL30, PHILIPS) coupled with element energy dispersive spectroscopy (APPOLO40, AMETEK)
prior to the following experiments. The roughness and the circular pores gradually emerged as the CO2-
activation time increased (Fig. 1(c)). Depending on the nature of samples, the detected C �eld was in the
order of ACF-2 > ACF-4 > ACF-6 (Fig. 1(d)). Such decrease may due to the increase of oxygen-containing
functional groups within newly developed micropores. The above observations highlight the possibility of
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CO2-based surface modi�cation, where one may expect favorable surface characteristics via additional
pore-growth.

Surface characteristics

Samples were washed with de-ionized water and heated at 300 °C for 24 hr under a vacuum state of
1.33× 10−3 Pa (VacPrep 061, Micromeritics). Thereafter, surface characteristics were investigated by BET-
BJH measurement (ASAP 2020, Micromeritics) [20]. X-ray photoelectron spectra was employed with an
equipped Al Kα source at 10−9 Torr (Sigma Probe, Thermo VG Scienti�c). Fitted curves were used to
analyze the surface composition.

Isotherms and thermodynamics

The solution of MG before and after adsorption was analyzed via inductively coupled plasma-optical
emission spectrometry (Optima 5300DV, PerkinElmer). NaOH and HCI solutions of 0.1 M each were used
to adjust pH to the designated value. Two parameter models of Langmuir and Freundlich were chosen to
correlate the experimental adsorption isotherms of MG. The changes in Gibbs free energy (ΔG0), enthalpy
(ΔH0) and entropy (ΔS0) for the adsorption process were con�rmed to observe the adsorption
thermodynamics. Further theoretical details are described in relevant studies [21-22].

Results And Discussion
All samples showed similar porous characteristics of dominant micropores over external pores. Speci�c
surface and yield of samples are found to be in a reversible-correlation (Figs. 2(a)-2(c)). Speci�c surface
of samples was in the order of ACF-6 (1012 m2 g-1) > ACF-4 (933 m2 g-1) > ACF-2 (841 m2 g-1). From the
data set, it is evident that CO2-activation time promotes pore growth. ACF-6 exhibited 23.15% and 10.85%
more micropores and 25.85% and 14.84% less external pores compared to ACF-2 and ACF-4, respectively.
A visible decrease in the yield is due to the diffused CO2 during activation, which introduces CO. Some
portions of CO may react with partial O atoms and reform additional CO2. By enduring high activation
temperature, these dissociated products of CO2 enlarge pores and result in an overall decrease of yield.
These results indicate that the maturity of pores can be achieved from the sacri�cial reduction of yield.
This is in consistent with the observation of the C content in ACF-6 (Figs. 2(d) and 2(f)). The binding
energy of C-C depends on the degree of disorder of carbonaceous materials [23]. It is clear that the
aforementioned ratio for ACF-6 is larger than the other two, indicating great crosslinking of pitch
fractions. The O content is due to the oxygen-containing functional groups, whereas a high number of
pores enables more room for the distribution of oxygen-containing functional groups (Fig. 2(g)). The
majority of N content, however, remained at approximately 0.04 – 0.05%. We note that the existence of N
content re�ects its amount in the starting material (Fig. 2(e)).

The adsorption of MG onto a �xed sample amount of 0.05 g was studied by varying the surrounding
environment. As shown above, the adsorption process is believed to be driven via the high numbers of



Page 5/9

negatively charged oxygen-containing functional groups, as well as micropores on the surface. The time
required to reach the adsorption equilibrium increased from 2 to 4 hr for the initial concentrations of MG
from 50 to 150 mg L-1, respectively (Fig. 3(a)-left). A high concentration of MG enables overcoming the
resistance to mass transfer between the aqueous and solid phases. At the same initial MG concentration
of 150 mg L-1, the adsorption capacity slightly increased with the corresponding temperature from 25 to
45 °C (Fig. 3(a)-right). This con�rms the endothermic nature of the adsorption process, whereas the MG
molecules can preferably interact with the active sites on the sample surface. The adsorption capacity of
MG could be further accelerated by increasing the initial pH from 2 to 10 (Fig. 3(b)). With a higher initial
pH, an increase in positive charges on the surface sites can be expected. This trend further leads to an
enhanced electrostatic force toward positively charged MG cations and smoothens the peak from pH 6.
Meanwhile, a decrease in adsorption capacity at low initial pH below 4 is due to an electrostatic repulsive
force. These results align well with the CO2-activation time and establish an applicable direction to
improve the adsorption capacity of MG (Fig. 3(c)). At a constant sample amount with various MG
concentrations from 50 to 150 mg L-1, the Langmuir isotherm showed more reliable R2 values in the
range of 0.9900 - 0.9921 than those of the Freundlich isotherm in the range of 0.9807 - 0.9898 (Figs. 3(d)-
(e)). This indicates that the adsorption has occurred with the formation of a monolayer and also con�rms
the chemisorption [24]. The maximum adsorption capacity for MG was in the order of ACF-6 (555.56 mg
L-1) > ACF-4 (526.32 mg L-1) > ACF-2 (454.55 mg L-1), respectively, which is in good agreement with the
above trend. Thermodynamic parameters were estimated using equilibrium constants as a function of
temperature in the range of 25 – 45 °C (Figs. 3(f)-(g)). The adsorption of MG was endothermic in nature
as indicated by the positive values of ΔH0 and ΔS0. The negative values of ΔG0 signify the spontaneous
adsorption process and this could be further increased at the higher temperature.

 

Conclusion
In summary, we have prepared a microporous ACF via CO2-activation for the highly e�cient removal of
MG. Combined experimental and mathematical investigations demonstrate that the high adsorption
capacity could be effectively achieved by employing 60 min of CO2 during activation. The highest

adsorption capacity (146.93 mg L-1) occurred at 45 °C and 150 mg L-1 of MG concentration. Langmuir
isotherm provided the best �tting of the experimental data with the maximum adsorption capacity of
555.56 mg L-1. The measured changes of enthalpy and entropy against temperature resulted in positive
values, indicating endothermic in nature. The negative values of free energy informed the spontaneous
adsorption process. The foregoing results may open up a practical approach for the rational design of
highly e�cient adsorbent materials for cationic dye removal under the concept of green chemistry.
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Figures

Figure 1

Schematic illustration of (a) possible �ber structures and their (b) corresponding crosslinking structures
during carbonization and activation. Pore growth by various CO2-activation times is scanned (c) under
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the operating acceleration voltage of 2.00 kV. The C �eld is colored red as can be seen in (d), while other
possible O and N contents black.

Figure 2

Speci�c surface and yield of samples as revealed by a function of CO2-activation time are plotted in (a).
The following structure parameters including micropores and external pores are illustrated in (b). N2
adsorption-desorption isotherm of samples is plotted in (c). Primary chemical contents are shown in (d).
The O content was calculated by subtracting the sum of C, H and N contents from the total amount.
Given that the N content consists of approximately 0.04 – 0.05%, the N �eld is colored blue as can be
nearly seen in (e). Herein, the N �eld is obtained from ACF-6. The inset shows the chemical content of N.
X-ray photoelectron spectra of deconvoluted C1s are plotted in (f) to observe pitch fractions and oxygen-
containing functional groups. A simpli�ed mechanism for the possible interaction between oxygen-
containing functional groups and MG is visualized in (g).
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Figure 3

The effect of the initial concentration (left) and temperature (right) on the adsorption capacity of MG by
designated time frame is depicted in (a). The effect of the initial pH of MG solution on the adsorption
capacity is illustrated in (b). An experimental comparison of the adsorption capacity of MG calculated
with different speci�c surfaces is plotted in (c). Langmuir and Freundlich isotherm models for MG
adsorption at various initial concentrations are plotted in (d) and (e). The effect of temperature on the MG
adsorption and the corresponding thermodynamics are presented in (f) and (g).


