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Abstract. Porous carbon materials offer numerous practical uses, particularly in the field of
adsorbents due to their remarkable characteristics such as low density, high surface area, strong
electrical conductivity, and many other benefits. The findings on synthesizing porous carbon
materials using a resorcinol-formaldehyde polymerization reaction, a gelation process, and pore
water evaporation at high temperature are presented in this study. The procedure was carried out
in an atmosphere containing an inert gas. Analyses of the newly created materials included X-
ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), calculation of specific surface area using the BET equation, and many
other methods. A porous carbon material with a specific surface area of 801.92 m%g can be
feasibly manufactured.
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1. INTRODUCTION

The revolution of new materials has effectively solved the problem of adsorption science,
with adsorbents such as activated carbon, zeolite, and others being improved to meet the reality
of more serious pollution treatment with more important significance [1]. Carbon materials, such
as activated carbon, graphene, and carbon nanotubes, are some of the most common types of
adsorbents. This is because carbon materials have a high organic matter adsorption capacity, are
renewable, and are safe for the environment. The specific surface area, average pore diameter,
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and total porosity volume of carbon materials are the primary factors that determine the
adsorption effectiveness of carbon materials [1, 2].

Porous carbon with large specific surface area (between 400 and 1000 m?/g) has captured
the interest of scientists to a significant degree [3]. It is feasible to produce porous carbon on a
large scale from polymer composite materials thanks to its particular new features, and it can
also be synthesized from waste plastic sources (foam PET) at a significantly cheaper cost and in
a shorter time compared to the production of other materials. Current techniques for creating
porous materials not only have the potential to use porous carbon on a large scale, but also help
solve the problem of plastic waste, a toxic waste that is destroying our planet. There have been
many studies conducted all over the world that have focused on the development of porous
carbon materials. The overarching objective of these studies is to create porous carbon materials
with increasingly preeminent characteristics and the ability to satisfy environmental remediation
needs [4, 5].

There are many studies on the adsorption capacity of methylene blue onto lignin-based
porous carbon, activated carbon/cellulose biocomposite films, partially hydrolyzed
polyacrylamide/cellulose nanocrystal nanocomposite hydrogels, rice husk, modified sugarcane
bagasse [6 - 10]. The results of these studies show that the adsorption capacity of methylene blue
onto these materials depends greatly on their surface area, pore size, and many other
physicochemical properties.

Because of their exceptional qualities, including their porous structure, high micropore
volume, large surface area, controllable pore size distribution, smooth surface, excellent
durability, good fluidity, low ash content, and low moisture content, porous activated carbon
spheres derived from resorcinol-formaldehyde resin significant are of great significance in the
field of adsorption [11 - 14].

2. MATERIALS AND METHODS

This section describes concisely the detail methodology/procedures employed so that anyone
wishing to replicate the trial can do so and obtain comparable results. Provide sufficient detail so
as to remove any possible ambiguities with respect to design, treatments, measurements,
analysis, etc. Where methods employed are commonly known in a given field details should be
omitted and the reference given instead. Modifications to known methodology must however be
clearly described and explained. One paragraph must not contain only one sentence.

2.1. Materials

The chemicals, instruments and equipment used in this study included: Resorcinol 99.5 %
(Xilong, China); formaldehyde 38.5 % (Xilong, China); sodium carbonate 99.2 % (Xilong,
China); sodium hydroxide 98.0 % (Xilong, China); methylene blue 99.0 % (Xilong, China); 100
mL beaker (Schott Duran, Germany); volumetric flask (Schott Duran, Germany); 100 mL
measuring cylinder (Schott Duran, Germany); crucible (China); glass cuvette (China); WTM
inoLab pH 7310 benchtop pH meter (Germany); ultrasonic tank (Elma, Germany); drying
cabinet (Ecocell, UK); analytical balance (Sartorius, Germany); heating magnetic stirrer (Hana,
China); double distilled water machine (Hamilton, UK); UV-Vis SP60 machine (UK); and GFL
3005 Shaker (Germany).

2.2. Methods
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A total of 7.2 grams of resorcinol (R) and 23.3 mL of formaldehyde solution (F) were
accurately measured in a molar ratio of 1:5. These substances were combined in a 100 mL
beaker. Additionally, 1.0 gram of a 10 % Na,CO; solution was added to the beaker as a reaction
catalyst, serving the dual purpose of controlling the size of the primary particles and the density
of the RF polymer. Finally, 45.0 grams of double distilled water were introduced into the beaker.
The subsequent steps are as follows: The experimental procedure involved activating the
magnetic stirrer, gradually increasing the temperature of the reaction block at a rate of 2 °C per
minute until reaching 50 °C. Subsequently, the reaction was conducted at a constant temperature
of 50 °C for 30 minutes. Stirring was then ceased, and the magnet was removed to allow the
solution to stabilize at room temperature for a period of time. Following a 24-hour duration, the
resultant composition manifests as a gel in the form of resorcinol-formaldehyde (RF) gel. The
stabilized RF gel was subjected to a drying process in a controlled environment at a temperature
of 90 °C for 48 hours. Subsequently, the dehydrated RF polymer was obtained by allowing it to
drop down to room temperature, resulting in the formation of a porous structure. After that, the
RF polymer block was carefully inserted into the porcelain crucible, ensuring that the lid was
securely in place. The crucible, together with its contents, was then placed in a furnace under
tightly controlled inert gas conditions, namely nitrogen (N,). The RF polymer underwent
pyrolysis, following a prescribed thermal cycle. The heating rate was set at 2 °C per minute,
starting at an initial temperature of 40 °C and reaching a final temperature of 300 °C. The
furnace temperature was maintained at 300 °C for 150 minutes. Subsequently, the furnace was
turned off, allowing the temperature to gradually decline to room temperature over a period of
24 hours. The specimen was extracted from the furnace and submerged in a 100 mL solution of
1 M NaOH for 60 minutes. It was thereafter rinsed and NaOH was eliminated through a series of
4 to 5 washes using double distilled water. The porous carbon material is subjected to a thermal
treatment at a temperature of 500 °C for 3 hours. The temperature was incrementally raised at a
rate of 2 °C per minute in order to sustain the process of pyrolysis on the sample until it reached
a temperature of 700 °C. Subsequently, the temperature was maintained at this level for 3 hours.
The furnace was deactivated in order to provide a progressive fall in temperature over a period
of 24 hours, resulting in the formation of a porous carbon specimen referred to as CX700. The
synthesis diagram of resorcinol-formaldehyde polymer and porous carbon is illustrated in Figure 1.
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Figure 1. Synthesis diagram of resorcinol-formaldehyde polymer and porous carbon.
2.3. Analytical methods
The specific surface area and pore size of the porous carbon materials were determined by

nitrogen isothermal adsorption, the results were calculated according to the BET (Brunauer-
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Emmet-Teller) equation. Measurements were performed on a Gemini VII 2390 instrument
(Micromeritics Instrument, USA) at the Advanced Institute of Science and Technology, Hanoi
University of Technology. Determination of material structure by scanning electron microscope
(SEM) images was carried out at the Institute of Materials Science, Vietnam Academy of
Science and Technology. The material properties were determined by infrared (IR), energy
dispersive X-ray (EDX) and X-ray diffraction (XRD) spectroscopy at the Institute of Chemistry
- Materials, Institute of Military Science and Technology.

2.3. Adsorption test

All experiments were carried out under the same optimal conditions, 25 °C and pH 7.0. An
amount of 2.0 - 3.0 mg of adsorbent was dispersed into 50 mL of each of the two dyes with
various initial concentrations. The volumetric flasks were ultrasonicated for one hour, then were
shaken in a gas bath thermostatic oscillator with a shaking speed of 300 rpm until equilibrium
was reached. After 1 hour, the adsorption equilibrium was established and residual dye
concentration was determined at their specific wavelength (664 nm for Methylene Blue - MB)
using a UV-vis spectrophotometer. Concentrations of the dyes were determined using the linear
regression equations (obtained by plotting its calibration curve). The amount of the dye adsorbed
by the adsorbent (g. (mg/g)) was calculated by the following formula:

_ (CO - Ce)V

Qe ="

where Co (mg L) and C.(mg L™) are the initial and equilibrium concentrations of MB,
respectively. V is the volume of the solution (L), and W is the weight of the adsorbent (g). Two
models, the isotherm models of Freundlich and Langmuir, were used to evaluate the adsorption
equilibrium characteristics of MB on the two carbon-based materials. The linear form of the two
models are summarized in Error! Reference source not found. where g, (mg/g) is the
maximum adsorption capacity and K, is the Langmuir coefficients. For the Freundlich models,
K and n are the two corresponding parameters for each studied adsorbent. In addition to giving
useful information on reaction pathways, kinetic models were employed to assess the pace of the

adsorption process. Langmuir adsorption isotherm is used as following: Lo 1 4 Leang

qe ImKL  qm
Freundlich adsorption isotherm is used as following: Inq, = In K + %ln C.

3. RESULTS AND DISCUSSION

This the morphology structure of the RF and porous carbon samples was observed using
SEM and the results are given in Figure 2.
I _

SE(M)

Figure 2. SEM images of materials. (a) RF, (b) porous carbon without using chemical activation
agent, (c) porous carbon using NaOH as a chemical activation agent.
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It was found that the formed products are spherical in shape (shell-core structure) with
diameters ranging from 2 pm to 5 um, which is similar to the structure reported in certain
previously research [15], whereby the particles are stacked on top of one another, and linkages
exist at the contact points. The surface of the inactivated carbon samples is fairly flat, with an
average size of around 3 pum. For carbon samples activated by NaOH, the shell-core structure is
maintained, but the surface is rougher and the average size (about 2.5 pm) is reduced, indicating
an oxygen reaction. The chemical exchange between the carbon surface layer and NaOH
produces an escape gas that increases the material's porosity and greatly lowers the volume of
the carbon sample produced after the reaction. The porous carbon samples formed by using the
chemical activator NaOH were used for subsequent studies.

Figure 3 depicts the IR spectrum of resorcinol-formaldehyde (RF). The -OH group is
responsible for the broad peak detected in the wavelength band of 3200 - 3400 cm™ due to water
adsorption [16]. The peak at 1631.29 cm™ corresponds to the aromatic ring group, whereas the
peak at 1473.07 cm™ belongs to the CH, group [17]. Many peaks between 950 and 1400 cm™ are
attributed to the COC and alkyl-phenyl ether groups. Furthermore, the peak at 780.33 cm™ may
represent an out-of-plane vibration group of the OH and CH groups [18]. All the distinctive
peaks of the manufactured materials match the previously published IR spectra of RF [19].
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Figure 3. FT-IR spectrum of the RF sample. Figure 4. FT-IR spectrum of the porous carbon
CX700 sample.

Figure 4 depicts the infrared spectrum of the CX700 sample. Comparing the IR spectra of
the resorcinol-formaldehyde polymer to that of the CX700 reveals the presence of stable
oscillating functional groups at 1627.79 cm™ and 1123.37 cm™, respectively. The disappearance
of the majority of the other absorption peaks in the CX700 spectrum indicates that the
resorcinol-formaldehyde polymer was pyrolyzed at 700 °C and transformed to carbon.

Chemical elements in the CX700 sample were identified by energy dispersive X-ray (EDX)
spectroscopy. The results (Figure 5) indicate that the collected sample is mostly constituted of
carbon (> 95 %), and with a small amount of oxygen and sodium (10 %), this can serve as a
medium for the gelation reaction with activated NaOH and initial Na,COs.

To further confirm the structure of the synthesized product, X-ray diffraction was taken
with a diffraction angle of 20 from 0 to 70 °. The results in Figure 6 show that the structure of
the resulting porous carbon product is amorphous carbon.
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Figure 5. EDX spectrum of the porous carbon CX700.

300

carbon aerogel
250 4

200 4

Counts

b Y
150 4 A TR )
| b\
100 4

50 4

0 T T T T T T
0 10 20 30 40 50 60 70

2-Theta (Degree)

Figure 6. XRD pattern of the porous carbon CX700.

Physicochemical characterization of the materials

Table 1. Surface characterization of the CX700 sample.

SeeT, mz/g

Smi, Mg

Sout, Mg

SeiH, mz/g

Vical, €M¥/g

Vi, cm3lg

Vg, cM/g

dTBy A

801.97

259.63

211.34

221.43

0.14

0.070

0.11

6.96

The determination of the specific surface area and capillary dimensions of the porous
carbon materials was conducted using nitrogen isothermal adsorption, followed by employing
the BET equation. The nitrogen adsorption-desorption isothermal curve of the sample CX700 is
depicted in Figure 7. Table 1 presents a summary of the following parameters: specific surface
area (Sger), micropore area (Sy,;), outer area (Syy), mean pore area (Sgy), total volume (Viga),
micropore volume (V,,;), average pore volume (Vg;4), and average pore size (drg).

Time to reach adsorption equilibrium

Figure 8 illustrates the effect of material contact time on methylene blue adsorption
capacity. The time required to achieve adsorption equilibrium is a crucial parameter in the field
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of adsorption research. The present study aimed to explore the effect of contact time on the
adsorption capacity of a porous carbon sample (referred to as model CX700) activated with
NaOH at a temperature of 700 °C.
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Figure 7. Isothermal nitrogen adsorption- Figure 7. Studied contact time between dye and
desorption path of porous carbon. material.

From the aforementioned graph, the adsorption behavior of a porous carbon material
derived from RF is presented. It is evident that this material has the ability to adsorb MB rapidly
within 10 - 40 minutes. Subsequently, the adsorption rate steadily decreases, eventually reaching
a state of equilibrium after 60 minutes. The rapid occurrence of the adsorption process can be
attributed to the presence of a porous carbon material derived from RF, which possesses a
substantial surface area and capillary dimensions that enhance the diffusion of MB molecules
into the adsorption sites within the material. In order to achieve full establishment of the
equilibrium state, the equilibrium time of 120 minutes was chosen for following investigations
on adsorption.
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Figure 8. Adsorption efficiency corresponding to various pH levels.

It has been established that the adsorption capacity of methylene blue is influenced by
factors such as surface area and the interaction between adsorbed molecules and the adsorbent
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surface, mostly through electrostatic attraction. The effect of pH on the adsorption efficacy of
porous carbon materials was investigated in three distinct settings: acidic, neutral, and alkaline
environments. For the purpose of adsorption research, three specific pH values (2, 7, and 11)
were chosen. The outcomes of this research are depicted in Figure 9.

According to the data presented in Figure 9, it can be observed that CX700 exhibits a
notable level of effectiveness in adsorbing methylene blue across various pH conditions.
Specifically, the adsorption efficiencies of the CX700 sample are found to be 94.36 % in acidic
(pH 2), 95.70 % in neutral (pH 7), and 96.40 % in basic (pH 11) environments. In an acidic
environment characterized by low pH levels, it is possible for the tertiary amine groups within
the methylene blue molecule to undergo protonation. This protonation event can subsequently
diminish the capacity of methylene blue to be adsorbed by the material in question. There is no
substantial difference in the effectiveness of adsorption in alkaline and neutral conditions.
Hence, in order to enhance practical aplicability, additional investigation is being conducted on
these material systems at a pH value of 7.

Adsorption isotherm

The investigation of adsorption equilibrium isotherm is conducted in order to determine the
adsorption parameters, with the maximum adsorption capacity being determined based on the
Langmuir equation. The adsorption process was conducted under controlled conditions,
specifically at a pH of 7 and a temperature of 25 °C, using methylene blue with an initial
concentration of 50 mg/L. The present study used C./q. and C, regression analysis to investigate
the Langmuir model. The findings are depicted in Figure 10.
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Figure 9. Linear Langmuir isotherm for Figure 11. Linear Freundlich isotherm for
adsorption of MB onto CX700. adsorption of MB onto CX700.

The results show that the lines representing the dependence of Ce/g. on equilibrium
concentration C, are linear with a correlation coefficient of R?=0.9999. Thus, the experimental
equilibrium data follow the Langmuir isotherm for the adsorption of MB onto CX700. From
regression analysis, we can calculate the coefficients of the equations as follows: Langmuir
equation: InC./qe = 0.0184C, + 0.8931; Freundlich equation: Ing. = 0.5952 InC, + 0.9727

From Equations (3) and (4), the parameters for Langmuir and Freundlich were determined
and the results are summarized in Table 2.
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Table 2. Parameters for Langmuir and Freundlich isotherms.

Parameter Langmuir Freundlich
K. 0.0206 -
Ke - 2.6450
Om 54.35
n - 1.6801
R 0.9999 0.9822

Based on the data presented in Table 2, it is evident that the correlation coefficient of the
Langmuir model is close to 1. This suggests that the adsorption process of MB on the CX700
material adheres to the Langmuir isotherm model.

For the Freundlich model, there is a high linear regression coefficient, showing that the MB
adsorption process follows the Freundlich isotherm adsorption equation, the adsorption process
is reversible, the adsorption energy on the surface is not a uniform and the CX700 material can

adsorb in multiple layers [20].

Table 3. Adsorption capacity of MB onto CX700 sample and other materials.

Material

Structure

0m (Mg/9)

Ref.

MCSG60

Silica gel

200.00

[5]

Graphene

153.85 - 204.08

Error!
Reference
source not

found.

Graphene/c-MWCNT

190.90

Error!
Reference
source not

found.

Activated carbon (FCBAC)

47.62

Error!
Reference
source not

found.

Biomass activated carbon

33.00

Error!
Reference
source not

found.

CX700

RF

54.35

Present

By conducting a comparison between the maximum adsorption capacity of methylene blue
exhibited by the carbon materials synthesized in this study and those reported in recent literature
(as presented in Table 3), it becomes evident that porous carbon materials, specifically carbon
aerogels, possess promising characteristics for applications in the treatment of methylene blue.
This is primarily attributed to their substantial surface area and extensive porous structure.

4. CONCLUSIONS
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The present study aimed to assess and analyze the adsorption effectiveness of commercially
produced porous carbon materials in the context of environmental remediation, specifically for
the removal of methylene blue from aqueous solutions. The optimal adsorption conditions for
methylene blue colorant are given as follows: At a pH value of 7 and a concentration of 50
mg/L, the adsorption effectiveness of the colorant exceeds 95 %. The adsorption process adheres
to the Langmuir and Freundlich equations. The porous carbon material (CX700) exhibits a
maximum adsorption capacity of 54.35 mg/g for methylene blue.

The findings of the study indicate that porous carbon materials derived from RF plastic
possess promising prospects for utilization in environmental remediation. This is primarily
attributed to their substantial surface area, significant porous volume, and notably, their capacity
for large-scale production using readily available ingredients. The utilization of waste plastic
sources contributes to environmental protection.
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