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In this thesis, a new approach was proposed for controlling mesoporosity in
activated carbon from longan seed by the consecutive process of carbon char
oxidation with air to form surface functional groups, thermal destruction of the
functional groups, and carbon activation with CO,, being called as the OTA method.
The preparation technique was able to produce highly porous activated carbons with
a higher proportion of mesopore volume, as compared to the conventional two-step
activation method. This thesis work consisted of several tasks, including the preparation
of activated carbon, the study of gas adsorption and pore development by GCMC
simulation, and the applications of the produced activated carbons in adsorption
processes.

The OTA method consisted of three consecutive steps: (1) air oxidation of an
initial microporous carbon to introduce additional oxygen-containing functional groups,
(2) thermal destruction of the existing functional groups in an inert atmosphere at a
high temperature to disrupt the chemical bonds of those functional groups, leading to
an increase in the number of unpaired electrons which enhances the reactivity of pre-
existing micropore surfaces, and (3) activating the heat-treated carbon with CO; to
create increasing amounts of both micropores and mesopores. The analysis of pore
development in the prepared microporous-mesoporous activated carbon based on
GCMC simulation and a surface defect model revealed that the use of the OTA method
increased the mesopore volume by the widening of the reactive micropores by
gasification reaction. By employing a similar technique to the OTA method, the pre-
oxidation of longan-seed char prior to CO, activation could increase the gasification

rate of the char substantiatly, as compared to the non-oxidized char.



Microporous and mesoporous activated carbons were produced from the
longan fruit seeds by the conventional activation method and the OTA method,
respectively. The analysis of pore size distributions in activated carbons via the GCMC
simulation indicated that most pores consisted of micropores in the size range of
0.65-1.4 nm and mesopores in the size range of 3-4 nm, with mesopore volume
concentrating in the smaller mesopore size range of 2-3 nm for the OTA-carbons. For
the study on the removal of methylene blue (MB) from an aqueous solution, it was
found that the amount of MB adsorbed increased with the increase in the adsorption
time and the carbon surface area. The average pore diffusivity of the mesoporous-
activated carbon was about an order of magnitude targer than that of the microporous-
activated carbon, with a value of 11.8 x 10°" cm?/s. The mesoporous-activated carbon
produced by the OTA method having the highest surface area yielded the maximum
MB adsorption capacity of about 1000 mg/g carbon.

The OTA method was used to improve the porous properties of mesoporous
carbon produced from carbon gels. The findings showed that the activated carbons
derived from the OTA procedure provided improved porous properties of activated
carbon gels when compared with those prepared through the traditional activation
method under the same activation conditions. Under the best preparation conditions,
the maximum values of micropore volume, mesopore volume, and BET surface area
achievable using the OTA method were 1.19 cm’/g, 1.81 cm’/g, and 2,920 m?/sg,
respectively, at a 72% carbon burn-off. The large increase in the porous properties of
activated carbon gels prepared by the OTA method was attributed to the incorporation
of the oxidation and heat treatment steps that could produce a larger number of

reaction sites, hence promoting pore development over the course of the gasification

process.
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CHAPTER |
INTRODUCTION

1.1  Introduction to the Research

Activated carbon, a type of amorphous carbon-based material, was widely
recognized for its high degree of porosity, large surface area, microporous structure,
strong adsorption capacity, and high degree of surface reactivity. The use of activated
carbon dates back to prehistoric times when charcoal was used as a treatment for
diarrhea and as a purifying agent for water (Bansal et al., 1988). Nowadays, activated
carbon is considered a highly versatile porous material, extensively used in various
separation and purification processes in both gas and liquid phases (Bansal & Goyal,
2005). Activated carbon is typically prepared from a diverse range of carbon-
containing materials, including cellulosic sources, carbonaceous sources, and the
entire coal family (Marsh & Rodriguez-Reinoso, 2006). The manufacturing process of
activated carbon can involve either a two-step physical activation process using
oxidizing agents such as CO, or steam, or a single-step preparation method through
impregnation of the raw material with inorganic chemical agents such as ZnCl,,
NaOH, or Hs;PQO,, followed by a carbonization process (Pallarés et al., 2018). To suit
various applications that require different pore size ranges in carbon materials, the
pore size distribution of activated carbon must be controlled during preparation by
proper selection of a precursor and adjusting the preparation conditions (Kyotani,
2000). In general, micropores are primarily formed when activated carbon is prepared
through physical activation, and this type of carbon is suitable for use in gas
adsorption (Roman et al,, 2008). Conversely, activated carbon with a higher
proportion of mesopores is necessary for effective adsorption in liquid systems.
Typically, the control of mesoporosity in activated carbon is achieved through
chemical activation and the combination of chemical and physical activation
methods (Hu et al., 2003; Hu et al,, 2001; Saydili & Guzel, 2016; Tseng, 2006).
However, an effective method for controlling the amount and size range of
mesopores using only physical activation has not yet been reported. Therefore, it is

the purpose of this thesis work to propose a new preparation method based purely



on physical activation to investigate the formation of mesopores in activated carbon
and the underlying mechanism involved.

The innovative method proposed for preparing activated carbon in the
present work, being named the Oxidation, Thermal treatment, and Activation (OTA)
method, is a modified conventional activation process achieved by introducing air
oxidation to create additional surface functional groups. Then, the existing functional
groups are thermally destroyed in an inert gas at a high temperature, resulting in an
increase in the number of surface defects involving many unpaired electrons, thus
helping increase the reactivity of the pre-existing micropore surfaces. Further
exposure to CO, activation, the pre-existing micropores with a high surface reactivity
undergo gasification, resulting in the formation of a greater number of mesopores by
pore enlargement. Essentially, the OTA method involves two consecutive steps of air
oxidation and thermal destruction of the already formed surface functional groups
prior to activation with CO,, hence producing highly porous activated carbons with
higher proportional amounts of mesopore volume as compared to the conventional
activation method. The close control of the conditions used during various
preparation steps of the OTA process permits the production of the desired amounts
of micropores and mesopores. The OTA method is advantageous due to its ease of
operation, cost-effectiveness, and environmental friendliness, as it merely requires
air, Ny, and CO,, without involving any acid solutions or oxidizing agents in the liquid
phase. Overall, the OTA method shows great promise as a new approach for
producing highly porous activated carbons with tailored pore structures and
enhanced porous properties.

The starting raw material used in this work was longan seed biomass, which is
the inner seed of the longan fruit. The longan fruit, a member of the Sapindaceae
family, is widely consumed and produced in large quantities in Thailand, with
approximately 1.57 million tons being produced in 2021 according to the Office of
Agricultural Economics Ministry of Agriculture and Cooperatives. Longan seeds
account for about 17% of the total fruit weight, and they are often discarded from
processing plants and disposed of in landfills, thus causing an environmental issue.
To convert this waste into useful value-added products, the longan seeds were
utilized as the raw material for producing activated carbon using the OTA method in

the present study. Additionally, the analysis of gas adsorption and pore size



distribution of the activated carbon produced from longan seed biomass were
studied using Monte Carlo (MC) simulation in the grand canonical (GC) ensemble
along with a surface defect model. Furthermore, a similar technique of air oxidation
used in the OTA method was extended to study a simple pre-oxidation of longan-
seed chars to increase its CO, gasification kinetics. The use of this technique prior to
the gasification step for increasing the char gasification rate developed in this study
would be of significant value for the production of both activated carbon and
synthesis gas.

The removal of dyes from wastewater presented a significant challenge for
industries. Dyes are complex organic compounds (Yagub et al.,, 2014) used across
many industries and are resistant to the action of detergent treatments (Nayeri &
Mousavi, 2020). Therefore, the search for inexpensive and efficient porous materials
for the removal of dyes was a worthwhile endeavor. Activated carbon was a
commonly used adsorbent to eliminate organic water pollutants, including dyes.
Extensive research has been conducted on the adsorption of organic water
pollutants by activated carbon (Chen et al., 2020; Nezhad et al., 2021; Radovic et al,,
1997). However, despite the numerous studies on the kinetics and adsorption
properties of activated carbon, further research was needed to better comprehend
the underlying adsorption mechanism. Methylene blue dye (MB) was often used as a
model dye to investigate the adsorption mechanisms of dyes. Therefore, this work
was further aimed to study the kinetics and equilibrium of MB dye adsorption from
aqueous solution by activated carbon produced using the conventional two-step
activation method and the OTA method. Moreover, the effects of adsorbent dosage,
temperature, and solution pH on the efficiency of MB dye uptake were also
examined.

The advantages of utilizing the OTA method for enhancing the porous
properties of carbon-based materials were investigated and demonstrated in this
research project. It is tempting to apply this method to another well-known carbon
gel adsorbent, which possesses a unique hierarchical porous structure. Due to their
polymeric structure of interconnected nodules, the carbon gel essentially included
both micropores and mesopores. The interparticle spaces of the carbon gel form its
mesoporous structure, which remains relatively stable even after a subsequent

activation process is applied (Canal-Rodriguez et al., 2017). On the other hand, the



activation process is directly responsible for generating micropores within the
nanoparticles that form the carbon matrix. As a result, the OTA method was applied
in this work to introduce small mesopores within the nanoparticles of carbon gel,
thus enhancing the porous properties of this mesoporous carbon. This particular
study aimed to investigate how the initial porous properties of the carbon gel
affected the enhancement of porous properties in activated carbon produced using
the OTA method. Additionally, the activated carbon gel derived from the OTA
method was applied for use as an electrode material, for the potential use in energy
storage applications. The reason for using the OTA method on carbon gels was to
emphasize the importance of applying this technique to improve the porous
properties of carbon materials. The overall results obtained from the present thesis
work will be of great value in the fields of improving the porous properties of porous

adsorbents and adsorption applications.

The overall objective of this dissertation was to study the development of a
new and effective method, based entirely on a physical approach, for preparing
activated carbon with large amounts of micropores and mesopores. This method was
referred to as the OTA (Oxidation, Thermal treatment, and Activation). To achieve
this goal, the underlying mechanism of pore development by the OTA method was
proposed, and supporting experimental evidence as well as its applications were also

presented. The specific objectives of this research are as follows:

1.1.1 To propose a new method for the preparation of microporous-
mesoporous activated carbon with large surface area and pore volume
from longan fruit seed using the OTA method.

1.1.2 To study and compare the equilibrium and kinetics of methylene blue
adsorption from aqueous solution by activated carbon prepared from
the conventional two-step activation and the OTA method.

1.1.3 To investigate the gas adsorption and pore development in activated
carbon based on the GCMC simulation approach along with the surface
defect model.

1.1.4 To investigate a simple pre-oxidation technique for increasing CO,
gasification rates of longan-seed char.

1.1.5 To apply the OTA method for improving the porous properties of

activated carbon gel and demonstrate its use as an electrode material.



1.2  Scope and Limitation of the Research

This research work aimed to provide insights into the preparation and
characterization of microporous-mesoporous activated carbon using the OTA method
and its potential applications in adsorption and gasification. The research was
conducted using longan seed biomass obtained from Saha-Prachinburi Foods Industry
Ltd., a local fruit processing plant in Chiangmai province, Thailand. The research was

divided into five main parts, as follows.

1.2.1 Preparation of Microporous-Mesoporous Activated Carbon by the

OTA Method

The OTA method involved three consecutive steps, including air
oxidation, thermal destruction, and CO, activation. The preparation conditions, such
as temperature and time, were varied and investicated. The resulting activated
carbons were characterized using various methods, including N, adsorption,
thermogravimetric  analysis, Boehm's titration, Fourier Transform Infrared
Spectroscopy, and Field Emission Scanning Electron Microscopy. The experimental
results were analyzed to propose the underlying mechanism of pore development
by the OTA method.

1.2.2 Use of Activated Carbon for Increasing Capacity and Kinetics of
Methylene Blue Adsorption from Aqueous Solution
The kinetics of methylene blue adsorption was studied using the
produced longan-seed activated carbon to determine the adsorption rate and
equilibrium time as well as the study on dye adsorption equilibrium. The effects of
adsorbent dosage, solution pH, and adsorption temperature on the equilibrium

adsorption were also investigated.

1.2.3 Analysis of Adsorption and Pore Development in Activated
Carbon Based on a Surface Defect Model
Monte Carlo (MC) simulation in the grand canonical (GC) ensemble
was used to investigate the adsorption of N, gas on both perfective and defective
carbon surfaces to explore the mechanism of pore development. The behavior of N,
gas adsorption was described by the isosteric heat of adsorption on perfective and
defective surfaces. Furthermore, the adsorption isotherms of CO, on a perfective

surface and the pore size distributions were also investigated.



1.2.4 Increasing Gasification Reactivity of Longan-Seed Char by a

Technique of Char Pre-Oxidation

The effect of air oxidation conditions (temperature and time) of
longan-seed char on increasing gasification reactivity during CO, activation was
studied. Four kinetic models (volume reaction model, shrinking core model, random
pore model, and modified volume reaction model) were tested to describe the
gasification reactivity and the kinetics behaviors of longan seed chars. The effect of
char oxidation temperature on increasing the CO, gasification kinetics of longan-seed
char was represented schematically for a better and clearer understanding of the

mechanisms involved.

1.2.5 Application of the OTA Method for Improving the Porous
Properties of Activated Carbon Gels
The OTA method was applied to prepare high surface area
mesoporous carbons from organic gels and to investigate its effect on improving the
porous properties of activated carbon gels. Furthermore, a comparison between the
capacitance of mesoporous activated carbon gels produced via the conventional
activation method and the OTA method when utilized as electrode materials were

performed.

1.3  Output of Research

The primary goal of this research was to develop a new method for
producing microporous-mesoporous activated carbon. The method, known as the
OTA method, involves the combined consecutive processes of oxidation, thermal
treatment, and physical activation. The findings from this investigation could provide
valuable data for preparing activated carbon with superior porous properties using a
modified physical activation approach. The results of the study on the kinetics and
equilibrium of MB dye adsorption would provide knowledge that can be applied to
practical systems. The analysis of the adsorption behavior of activated carbon
samples produced from longan seed biomass could be useful in the design and
optimization of activated carbon materials for various applications in the field of
adsorption. Additionally, the Monte Carlo simulation-derived pore size distribution
(PSD) using the defective surface model could serve further as an alternative

approach for describing the pore development of activated carbon. In addition to the



development of the OTA method for producing microporous-mesoporous activated
carbon, the study also discovered a simple pre-oxidation technique that significantly
increases CO, gasification rates in longan-seed chars, thus contributing to the overall
production of activated carbon and synthesis gas. This technique will be of significant
value for the production of both activated carbon and synthesis gas. Furthermore,
the OTA method is usefully applied to improve the porous properties of mesoporous
carbon gels, providing an alternative method for producing activated carbon with
superior porous properties using a modified activation technique. Overall, this
research provides valuable findings for the production of activated carbon, with

potential implications for practical applications and future research directions.

1.4  Research Development

This dissertation is divided into 7 chapters. The introduction in Chapter |
describes the rationale, objectives, scope and limitations, output of this research, and
research development. In Chapter I, a new method for the preparation of
mesoporous activated carbon from longan seeds was proposed, using the combined
consecutive processes of oxidation, thermal treatment, and activation (the OTA
method). To compare the adsorption performance of activated carbon prepared
from the two-step activation and the OTA method, the kinetics and equilibrium of
methylene blue adsorption from aqueous solution by produced activated carbons
are demonstrated in Chapter Ill. To provide insights into the OTA method for
improving both the texture properties and gas adsorption, Chapter IV presents the
analysis of gas adsorption and pore development in activated carbon by following
the derived variation of the PSD based on surface defect models using the Monte
Carlo (MQ) simulation in the grand canonical (GC) ensemble. Chapter V provides
additional results related to the gasification reactivity during CO, activation of longan-
seed chars that are oxidized by air prior to the gasification reaction. Chapter VI
presents the application of the OTA method to other well-defined carbons such as
carbon gels and their performance evaluated as electrode materials, as well as
provides insights into the pore development in carbon gels during the OTA
processes. Finally, Chapter VII summarizes the important results found in this

dissertation and proposes recommendations for future studies.



1.5 References

Bansal, R., & Goyal, M. (2005). Activated Carbon Adsorption. CRC Press.
Bansal, R. C., Donnet, J. B., & Stoeckli, F. (1988). Active carbon. Marcel Dekker.

Canal-Rodriguez, M., Menéndez, J. A, & Arenillas, A. (2017). Carbon Xerogels: The
Bespoke Nanoporous Carbons. In  Porosity-Process, Technologies and

Applications (pp. 69-89). IntechOpen London, UK.

Chen, Y., Zi, F., Hu, X, Yang, P., Ma, Y., Cheng, H., Wang, Q., Qin, X,, Liu, Y., Chen, S., &
Wang, C. (2020, 2020/01/02/). The use of new modified activated carbon in
thiosulfate solution: A green gold recovery technology. Separation and
Purification Technology, 230, 115834.

Hu, Z., Guo, H., Srinivasan, M. P., & Yaming, N. (2003, 2003/04/01/). A simple method
for developing mesoporosity in activated carbon. Separation and Purification
Technology, 31(1), 47-52.

Hu, Z., Srinivasan, M. P., & Ni, Y. (2001, 2001/05/01/). Novel activation process for
preparing highly microporous and mesoporous activated carbons. Carbon,
39(6), 877-886.

Kyotani, T. (2000, 2000/01/01/). Control of pore structure in carbon. Carbon, 38(2),
269-286.

Marsh, H., & Rodriguez-Reinoso, F. (2006). Activated carbon. Elsevier Science Ltd.

Nayeri, D., & Mousavi, S. A. (2020, 2020/11/05). Dye removal from water and
wastewater by nanosized metal oxides - modified activated carbon: a review
on recent researches. Journal of Environmental Health Science and

Engineering.

Nezhad, M. M., Semnani, A., Tavakkoli, N., & Shirani, M. (2021, 2021/12/01/). Selective
and highly efficient removal of uranium from radioactive effluents by
activated carbon functionalized with 2-aminobenzoic acid as a new sorbent.

Journal of Environmental Management, 299, 113587.



Pallarés, J., Gonzalez-Cencerrado, A., & Arauzo, |. (2018, 2018/08/01/). Production and
characterization of activated carbon from barley straw by physical activation

with carbon dioxide and steam. Biomass and Bioenergy, 115, 64-73.

Radovic, L. R, Silva, I. F., Ume, J. I, Menéndez, J. A., Leon, C. A. L. Y., & Scaroni, A. W.
(1997, 1997/01/01/). An experimental and theoretical study of the adsorption
of aromatics possessing electron-withdrawing and electron-donating
functional groups by chemically modified activated carbons. Carbon, 35(9),
1339-1348.

Roman, S., Gonzalez, J. F., Gonzalez-Garcia, C. M., & Zamora, F. (2008, 2008/08/01/).
Control of pore development during CO2 and steam activation of olive

stones. Fuel Processing Technology, 89(8), 715-720.

Saygil, H., & Guzel, F. (2016, 2016/02/01/). High surface area mesoporous activated
carbon from tomato processing solid waste by zinc chloride activation:
process optimization, characterization and dyes adsorption. Journal of Cleaner
Production, 113, 995-1004.

Tseng, R.-L. (2006, 2006/11/15/). Mesopore control of high surface area NaOH-
activated carbon. Journal of Colloid and Interface Science, 303(2), 494-502.

Yagub, M. T., Sen, T. K, Afroze, S., & Ang, H. M. (2014, 2014/07/01/). Dye and its
removal from aqueous solution by adsorption: A review. Advances in Colloid
and Interface Science, 209, 172-184.



CHAPTER Il
THE CONSECUTIVE PROCESS OF AIR OXIDATION, THERMAL
DESTRUCTION OF SURFACE FUNCTIONAL GROUPS, AND CARBON
ACTIVATION (THE OTA METHOD)

2.1  Abstract

A new and simple method, based entirely on a physical approach, was
proposed to produce activated carbon from longan fruit seed with controlled
mesoporosity. This method referred to as the OTA, consisted of three consecutive
steps of (1) air oxidation of initial microporous activated carbon to introduce oxygen
surface functional groups, (2) the thermal destruction of the functional groups by
heating the oxidized carbon in an N, atmosphere at a high temperature to increase
the surface reactivity due to increased surface defects by bond disruption, and (3)
the final reactivation of the resulting carbon in CO,. Mesopores formation is achieved
by enlarging the original micropores after heat treatment through CO, gasification,
generating new micropores at the same time, which increases the amount of
mesopore volume and the total surface area compared to the conventional two-
step activation method at the same activation time and temperature. For the
activation temperatures of 850 and 900°C and the activation time of up to 240 min, it
was found that the porous properties of activated carbon increased with the increase
in activation time and temperature for both preparation methods. A maximum
volume of mesopores of 0.474 cm3/g, which accounts for 44.1% of the total pore
volume, and a maximum BET surface area of 1,773 m?/g was achieved using three
cycles of the OTA method at the activation temperature of 850°C and 60 min
activation time for each preparation cycle. The two-step activation method yielded
activated carbon with a maximum mesopore volume of 0.270 cm?®/g (33.0% of total
pore volume) and surface area of 1,421 m?/g when the activation temperature of
900°C and a comparable activation time of 240 min was employed. Production of
activated carbon by the OTA method is superior to the two-step activation method

for better and more precise control of mesopore development.
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2.2  Introduction

Activated carbon is one of the most versatile porous adsorbents, and is used
in many separations and purification processes for both gas and liquid phase systems
(Pallarés et al., 2018). Activated carbon is an amorphous carbon-based material,
which exhibits a high degree of porosity, an extended surface area, a microporous
structure, high adsorption capacity as well as a high degree of surface reactivity.
Typically, activated carbon can be synthesized from a variety of low-cost cellulosic
materials such as wood, rice straw, nutshell, corn hull, coconut shell, oil-palm shell,
longan seed, bamboo, and peach stone, or carbonaceous materials such as
bituminous coal, lignite, and peat (Gonzalez-Garcia, 2018; Mohamad Nor et al,, 2013).
It can be prepared through a two-step physical activation with oxidizing agents such
as CO,, O, and steam (Pallarés et al., 2018; Roman et al.,, 2008), or a single-step
preparation through wet impregnation of a precursor with inorganic chemical agents
such as ZnCl,, KOH, NaOH, and HsPQy, followed by a carbonization process (Carrott
et al., 2006).

In general, the preparation of activated carbon by physical activation will
predominantly produce micropores (Roman et al., 2008). This type of carbon is
suitable for use in gas adsorption applications. However, effective adsorption in
liquids, both in terms of kinetics and adsorption capacity, requires activated carbon
with a high proportion of mesopore volume. To be able to use activated carbon in
the separation processes more widely and more efficiently, it is necessary to develop
a process of activated carbon synthesis that can control proportionally the amounts
of micropores and mesopores. The control of mesopores in activated carbon is
mostly achieved through chemical activation, which consists of several methods such
as a one-step chemical activation (Borhan et al,, 2019; Hadoun et al., 2013; Jawad et
al,, 2017; Lee et al,, 2021; Marrakchi et al,, 2017; Nasrullah et al., 2019; Say8ili &
Guzel, 2016), a two-step chemical activation (Khamkeaw et al., 2020; Muniandy et al,,
2014; Tseng, 2006; Tseng & Tseng, 2005), a hydrothermal pretreatment followed by a
simple chemical activation (Hossain et al,, 2018; Xin et al.,, 2020), and chemical
activation with dual activation agents (Le Van & Luong, 2019). Furthermore, the
combined chemical and physical activation has also been used to control the
amount of mesopores in activated carbon (Ariyadejwanich et al., 2003; Hu et al,
2003; Hu & Srinivasan, 2001; Hu et al., 2001; Juarez-Galan et al., 2009). On the other
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hand, attempts to effectively control mesopore volume in activated carbon by using
only a physical activation approach have not yet been reported to date. The use of
chemical activating agents may cause a serious environmental problem and their
corrosiveness is harmful to process equipment. Hence, this research work aims to
study a new method based on the combined processes of oxidation, thermal
treatment, and activation, which is purely based on a physical activation method.

Normally, the synthesis of activated carbon by the gasification reaction of a
precursor with CO, mainly produces a large number of micropores (Molina-Sabio et
al,, 1996). The extent of the reaction, and hence the developed pore structure, is
determined by the activation time and temperature. Now, if the course of the
activation process is interrupted by air oxidation that creates new surface groups,
followed by the destruction of those surface groups by heat treatment at a high
temperature in an inert gas, the gasification reactivity of the original micropore
surfaces should be enhanced due to the increasing number of unpaired electrons
and free radicals resulting from the bond disruption. Therefore, when the activated
carbon is reactivated with CO, it is possible that the original micropores with a higher
surface reactivity could be enlarged by the gasification reaction, resulting in a greater
amount of mesopores. This method was proposed to produce a high ratio of
mesopore volume to total pore volume and highly porous activated carbons when
compared with the conventional two-step physical activation. This new method is
capable of producing the desired amounts of micropores and mesopores by precise
control of the conditions used during the various preparation steps. The advantages
of this method are that it is easy to operate, has a low cost, and will not be the
major cause of any pollution, since the process is conducted solely in the gas phase
using only air, inert gas, and CO, and it is not associated with any acid solutions or
oxidizing agents in the liquid phase.

The objective of this study is therefore to propose a new and simple method
for the preparation of mesoporous activated carbon from longan fruit seed by the
combined consecutive processes of oxidation, thermal treatment, and activation,
abbreviated as the OTA preparation method. The parameters being studied included
time and temperature during the activation step, the number of repeated OTA
cycles, and the pore characteristics of the starting activated carbons. Furthermore,

the Grand Canonical Monte Carlo (GCMC) simulation was employed to determine the
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pore size distribution of the activated carbon produced from longan seed biomass.
The underlying mechanism of pore development by the OTA method was also

proposed and the supporting experimental evidence was presented.

2.3  Experimental Procedure

2.3.1 Materials

Longan seed was used as the raw material in this work for the
preparation of activated carbon. It was supplied by Saha-Prachinburi Foods Industry
Ltd., a local fruit processing plant in Chiangmai province, Thailand. Typically, longan
is consumed as fresh and processed fruits while the seeds, which account for about
17% of the fresh weight of whole fruits, are discarded as waste or burned as fuel.
Longan seed is a round black inner seed of longan fruit and has a diameter of around
1 cm. The as-received longan seed was rinsed and cleaned thoroughly with water
and dried in an electric oven at 110°C for 48 h. The dried longan seed was crushed in
a jaw crusher and sieved to obtain an average particle size of 1.70 mm (10 x 14 US

mesh designation). The obtained sample was kept in a desiccator for further analysis.

2.3.2 Preparation of Char and Microporous Activated Carbons

The char was prepared by loading about 50 ¢ of the longan seed
sample in a ceramic boat and was heated in a horizontal electric tube furnace of 7
cm inside diameter and 100 cm length (CTF 12, Carbolite, UK) from room
temperature to 500°C at the rate of 10°C/min under a constant flow of N, (99.99% of
purity, Linde Thailand PCL) at 100 cm®/min and held at this temperature for 90 min.
After that, the furnace was turned off and the char obtained was cooled down to
room temperature inside the furnace under the flow of N,. These carbonization
conditions for char preparation were employed to ensure a complete devolatilization
of the raw biomass. Next, about 15 ¢ of the prepared char were gasified (activated) in
a quartz tube reactor of 3.0 cm inside diameter and 120 cm length and inserted in a
vertical tube furnace (CTF 12, Carbolite, Staffordshire, UK) under a constant flow of
CO; (99.99% of purity, Linde Thailand PCL). The activation temperatures used were
850 and 900°C and the holding time varied between 60 and 240 min, giving carbon

burn-off for the activation step of up to 90%.
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2.3.3 Preparation of Mesoporous Activated Carbon by the OTA Method

The OTA method for preparing mesoporous activated carbon from
longan seed was carried out in the same quartz tube reactor inserted in the vertical
tube furnace (CTF 12, Carbolite, Staffordshire, UK). About 15 ¢ of the activated
carbon prepared in section 2.3.2 with a carbon burn-off of around 30% was oxidized
in the reactor by heating the activated carbon from room temperature at a flow rate
of 100 cm®/min in a stream of air (99.99% of purity, Linde Thailand PCL) to the
oxidation temperature of 230°C and held at this temperature for 12 h. The purpose
of this step was to create surface functional groups, particularly at the newly formed
pores of the original activated carbon. Next, the carbon sample was heated at 950°C
for 2 h under N, at a flow rate of 100 cm’/min to remove the surface functional
groups, leading to the formation of more active sites for further gasification reactions
at the originally formed micropores. After that, the sample was gasified with CO,
again at the desired activation temperature of 850 or 900°C for 60 min to enlarge the
original micropores, thus producing an increasing amount of mesopore volume. This
process completed the first cycle (cycle 1) of the OTA preparation procedure and a
total of three cycles (cycles 1, 2, and 3) were performed, using the same activation
time (60 min) and temperature (850 or 900°C) for each cycle. The derived
microporous carbon prepared in section 2.3.2 using the two-step activation was
designated as AX-Y, where A stands for activated carbon and symbols X and Y
represent the activation temperature (850 or 900°C) and activation time (60, 120, 180,
or 240 min), respectively. The mesoporous activated carbon prepared by the OTA
method was designated as AX-Y-Z, where A stands for activated carbon originally
prepared by the two-step activation method at the activation temperature X (850 or
900°C), and time Y (60 min) and Z is the number of repeated cycles (1, 2 or 3) for the
processes of oxidation, heat treatment and reactivation at the same temperature X
and time Y. The final yield of activated carbon was calculated based on the weight

of the original longan seed char.
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2.3.4 Raw Material Characterization

The longan seed sample was characterized for proximate analysis
(Wt% fixed carbon, volatile content, and ash content) and ultimate analysis (wt.% C,
H, N, S, and O). The proximate analysis was performed using a thermogravimetric
analyzer (TGA/DSC 1 STAR® System, METTLER TOLEDO, Greifensee, Switzerland) and
the heating scheme proposed by Guo and Lua (Guo & Chong Lua, 1998). The
ultimate analysis was determined by a CHNS analyzer (CHN 628S, LECO Corporation,
USA). The thermal decomposition behavior of the longan seed precursor was also
studied using the TGA by non-isothermal heating from room temperature to the final

temperature of 900°C using a heating rate of 10°C/min under a constant flow of Na.

2.3.5 Porous Properties of the Prepared Activated Carbons

Porous properties of the derived activated carbons were determined
from the N, adsorption isotherms at -=196°C measured by using a high-performance
adsorption analyzer (ASAP2010, Micromeritics, Norcross, GA, USA). The specific surface
area was calculated from the N, adsorption isotherm data for relative pressures (P/Py)
over a range from 0.05 to 0.20 by applying the Brunauer Emmett Teller (BET)
equation (Brunauer et al.,, 1938). The total pore volume was estimated from the
volume of N, adsorbed at the relative pressure of 0.98 and converted to the volume
of Nz in the liquid state at a given temperature. Micropore volume was determined
by applying the Dubinin-Radushkevich (DR) equation (Dubinin, 1975). The mesopore
volume was estimated by subtracting the micropore volume from the total pore
volume. The pore size distributions of the derived activated carbons were
determined from the N, adsorption isotherms data by applying the Grand Canonical
Monte Carlo (GCMC) simulation (see Chapter IV for the methodology of GCMC
simulation). The average pore size (D,,) was computed based on the equation 4V+/S,
assuming cylindrical pores, where Vr is the total pore volume and S is the BET
surface area. Activated carbons prepared by the two-step activation and the OTA

method were also analyzed for the proximate and ultimate analyses.
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2.3.6 Surface Reactivity of Activated Carbon Towards CO, Gasification
Reaction
To assist the understanding of pore development in activated carbon
prepared by the OTA method, the reactivity of activated carbon towards CO,
gasification reaction was studied by following the weight loss of a sample in a
thermogravimetric analyzer (TGA/DSC 1 STAR® System, METTLER TOLEDO, Greifensee,
Switzerland). About 15 mg of the initial activated carbon sample, prepared from
activating char in CO; at 850 and 900°C, which went through the oxidation and heat
treatment in the tube furnace was loaded into an alumina crucible (70 pL capacity)
of the thermogravimetric analyzer and heated from room temperature to the desired
gasification temperature at the heating rate of 20°C/min under a constant flow of N,
at 100 cm?/min. When the final gasification temperature was reached, the gas flow
was switched from N, to CO, flowing at the rate of 100 cm?/min, and held at this
temperature for 60 min. The sample weight loss via gasification reaction was
continuously recorded as a function of time. The gasification temperatures of 850
and 900°C were studied for the activated carbons after being oxidized and heat-
treated in the tube furnace for cycles 1 and 2 of the OTA preparation method. For
comparison, the TGA measurement was also carried out on longan seed char for CO;
gasification at 850 and 900°C as a function of time to determine its carbon reactivity

for the two-step activation method.

2.3.7 Surface Functional Groups of Activated Carbons

The presence of surface functional groups upon air oxidation of
activated carbon was determined qualitatively by Fourier Transform Infrared
Spectroscopy (FTIR) and quantitatively by applying the Boehm titration technique
(Boehm, 1966, 1994; Goertzen et al., 2010; Seung Kim & Rae Park, 2016).

For the FTIR analysis, about 0.50 ¢ of an activated carbon powder was
placed in a micro-sample holder of an FTIR spectrophotometer (Vertex 70 FT-IR,
Bruker, Billerica, MA, USA). The IR spectra were collected by the acquisition of 64
scans for each run, using the wavenumber in the mid-IR spectrum (400-4,000 cm™)
with an incremental measurement resolution of 4 cm™.

For the Boehm titration analysis, 0.50 ¢ of the carbon sample was

loaded into two Erlenmeyer flasks, each of which was filled with 25 mL of 0.05 M

solutions of sodium hydroxide and hydrochloric acid. Next, each flask was sealed and
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shaken at room temperature for 36 h, and after that, the mixture was filtered using
Whatman 44 filter paper. 5 mL of the filtrate from each flask were pipetted and the
excess base and acid remaining in the filtrate were determined by titrating with
hydrochloric and sodium hydroxide solutions, respectively. The amounts of total acid
groups were determined under the assumption that NaOH neutralizes the carboxylic,
lactonic, and phenolic acid groups. The number of basic groups was determined by
the amount of hydrochloric acid that reacts with the basic surface groups on the
carbon surfaces. Dried potassium hydrogen phthalate (KHP) was the primary standard
used to standardize NaOH and HCl concentrations for the correct calculation of the
amounts of surface oxygen functional groups. Titration of the sample solution was
performed in triplicate and the average value was used for determining the amounts

of surface functional groups.

2.4 Results and Discussion

2.4.1 Thermal Decomposition Behavior of Longan Seed Precursor

The thermal decomposition behavior of longan seed in an N;
atmosphere was investigated through the utilization of thermogravimetric analysis, as
depicted in Figure 2.1. The TG curve demonstrated the weight remaining versus the
heating temperature, while the DTG curve illustrated the decomposition rate as the
first derivative of the TG curve. A slow weight loss was observed from 150°C onwards,
which was attributed to the initial decomposition of lignin at a relatively low
temperature of around 150°C, which proceeded up to a temperature of 900°C (Yang
et al, 2007). Subsequently, a peak on the DTG curve was observed within the
temperature range of 250 to 400°C, indicating the devolatilization process resulting
from the release of most volatile substances caused by the decomposition of
cellulose and hemicellulose (Yang et al.,, 2007). The main pyrolysis decomposition of
longan seed occurred over this temperature range, with the maximum weight loss
rate occurring at 305°C. A gradual decrease in the remaining weight was observed
above 400°C, with a constant yield of solid char of approximately 24 wt% eventually
being approached.



18

100 T~ @ 0 e ——m————— - 0.0
\ I
80 - || -0.2
‘ TG
- DTG -
| 04
s 601 ! OC:
° | £
et U -06 O
40 ll | o
|
I
¥ - 0.8
20 - " L
1
" - =1.0
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 2.1 Typical residual weight (TG) and weight loss rate (DTG) for the non-

isothermal pyrolysis in an N, atmosphere of longan seed biomass.

2.4.2 Proximate and Ultimate Analyses of Longan Seed Precursor and

Activated Carbon

Table 2.1 shows the results of the proximate analysis of the longan
seed used in this study, along with those of other biomass wastes. The fixed carbon
content of longan seed from the present work is 22.34 wt% with a relatively low ash
content of 1.15 wt%. Volatile content is high (76.51 wt%) which is typical for biomass
materials. These values are comparable with those of the other biomasses reported
in the literature. Therefore, with reasonably high carbon content and low ash
composition, the longan seed precursor used in this study could be used as a
promising precursor for activated carbon production.

Table 2.2 shows the proximate and ultimate analyses of activated
carbons prepared by the two-step activation and the OTA method. For the two-step
activation method, increasing the activation time from 60 to 240 min decreased the
fixed carbon content by about 4.2% from 86.25 to 82.58 wt%. Obviously, the

reduction in fixed carbon is the result of carbon removal by CO, gasification during
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the activation step. The volatile content also decreased with the increase in
activation time, and this is possibly caused by the additional devolatilization of char
at the high activation temperature of 850°C. The ultimate analysis also showed a
decrease in carbon content as the activation time was increased from 60 to 240 min,
in line with the results of the proximate analysis. Hydrogen content increased by
about 20%, while oxygen content increased much more, by about 300%.

Similar to the two-step activation, the fixed carbon content of
activated carbon produced by the OTA method decreased with each treatment cycle
(60 min activation time for each cycle). Volatile content also slightly decreased for
activated carbons from cycle 1 to cycle 3. It is interesting to note that for the same
activation time, the percentage of fixed carbon produced by the OTA method was
lower than that of the two-step activation method when, for example, comparing
A850-180 vs A850-60-2 and A850-240 vs A850-60-3. This proves that the gasification
reaction of carbon from the OTA method is faster (more reactive) than that of carbon

prepared by the two-step activation.

Table 2.1  Proximate analysis of longan seed and some industrial biomass wastes

Proximate analysis (dry basis) [wt.%]
Biomass

Fixed carbon  Volatile matters Ash
Longan seed (this study) 22.34 76.51 1.15
Longan seed 19.60 78.70 1.70
Oil palm shell @ 19.80 77.60 2.60
Coconut shell © 19.40 79.20 0.60
Peanut shell © 16.50 81.00 2.50
Eucalyptus sawdust 15.38 83.70 0.90
corn cob 14.60 83.00 2.40

Sources: Y Junpirom et al., 2005); ? (Guo & Lua, 2001); ¥ (Garcia et al., 2012)
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Table 2.2 Proximate and ultimate analysis results of longan seed, longan seed char,

and activated carbons

Proximate analysis Ultimate analysis

Sample name (dry basis) [wt.%] (dry basis) [wt.%]
Fixed carbon Volatile Ash C H N S Ouits.
Longan seed 22.34 76.51 1.15 | 4756 655 1.09 0.03 4476
C500-90 83.58 1481 1.61 | 8592 355 232 0.00 820
A850-60 86.25 11.57 218 | 9191 0.77 238 0.00 493
A850-120 83.21 1149 530 | 8558 0.85 247 0.00 11.10
A850-180 83.02 1145 553 | 81.16 098 248 0.00 15.38
A850-240 82.58 1132 6.10 | 76.75 0.88 250 0.00 19.87
A850-60-1 83.40 1093 567 | 84.00 0.63 216 0.00 13.21
A850-60-2 82.57 10.89 654 | 81.71 0.61 199 0.00 1570
A850-60-3 80.08 10.38 954 | 76.60 0.44 190 0.00 21.06

2.4.3 N, Isotherms of Prepared Activated Carbons

The isotherms of N, adsorption by the prepared activated carbons are
presented in Figure 2.2 for the activated carbon series A850 and A900. The variation
of isotherms over a low-pressure range of relative pressure less than 0.1 is also
demonstrated on a semi-log scale, as shown in Figures 2.2c,d. It appeared that the
effect of pressure on the adsorption isotherms is the same for both the low and high
relative pressures. The activated carbons A850-60 and A900-60, prepared by the two-
step activation with CO,, showed Type | isotherm according to the IUPAC
classification (Sing et al,, 1985), typified by a sharp increase in the amount of N,
adsorbed at low pressures and followed by a long plateau region at higher pressures.
This adsorption behavior is indicative of adsorption in micropores either in pores of
molecular dimensions by the pore-filling mechanism at very low pressures or in
larger micropores over a range of higher pressures (Rouquerol et al, 2013). It
appeared that as the activation time was progressively increased from 60 to 240 min,
the amounts of N, adsorbed tended to increase, due largely to the consequent
increase in porous properties (pore volume and surface area) of the activated carbon

samples. At the longest activation time of 240 min, the isotherms for both carbons
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changed from Type | to Type Il with small hysteresis loops, indicating the presence of
some mesopores. It was also noted that for the same activation time, the amount of
N2 adsorbed with the A900 series was slightly higher than those of the A850 series
because the former was prepared at a higher activation temperature, thus resulting in
a larger extent of pore development due to the increase in char burn-off.

Activated carbon derived from the OTA method showed a distinct
change in the isotherms from Type | for A850-60 and A900-60 to Type IV isotherm
(Type Il plus a hysteresis loop), with an increase in both the amount adsorbed and
the size of the hysteresis loop as the number of preparation cycles was increased
from cycle 1 to cycle 3. This indicates the progressive development of mesopores
with the distribution of pore sizes. The hysteresis loop closed at the relative pressure
of about 0.4 for all samples and its shape resembled Type H2 for the classification of
hysteresis loops, according to the IUPAC classification (Sing et al.,, 1985), which
indicated that the adsorbent consists of interconnected networks of pores of
different sizes and shapes (Rouquerol et al., 2013).

It is further noted from N, isotherms in Figure 2.2 that sample A850-
60-3 had greater amounts of N, adsorbed as compared to that sample A900-60-3,
although the latter was activated at a higher temperature. This can be explained
based on the porous properties of activated carbon presented in the next section, as
shown in Table 2.3. It was discovered that the mesopore volume, the total pore
volume, and the surface area of A900-60-3 were slightly lower than those of sample
A850-60-3, thus allowing a lower amount of N, to be adsorbed on the carbon
surface, as shown in Figure 2.2. It is likely that for such a very high carbon burn-off
(93.7%) of sample A900-60-3, some adjacent mesopores collapsed and combined to
form a larger mesopore, thus providing a reduction in mesopore volume and a

smaller surface area.
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2.4.4 Porous Properties of Prepared Activated Carbons

Table 2.3 compares the porous

properties of activated carbons

prepared by the two-step activation method and by the OTA method for the

activation temperatures of 850 and 900°C conditions. If we consider first the results of

activated carbons produced by the two-step activation method for the A850 and

A900 series (samples nos. 1-4 and 8-11). For each carbon series, all porous

properties including the average pore size, the BET surface area, the micropore
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volume, the mesopore volume, and the total pore volume increased with the
increase in activation time from 60 to 240 min. This is ascribed to the increase in the
carbon burn-off with increasing activation time that removes more carbon atoms via
the CO, gasification reaction. The percentage of micropore volume relative to the
total pore volume dropped from 91.1 to 69.7% and from 86.0 to 67.0% for A850 and
A900 carbon series, respectively, as the activation time was increased from 60 to 240
min. Obviously, employing a higher activation temperature of 900°C promotes higher
values of porous properties as compared to the lower temperature of 850°C. An
increase in the average pore size as the activation time was increased should result
from the enlargement of some small pores caused by the effect of CO, gasification,
not by the pore coalescence which usually occurs at a relatively high carbon burn-
off. The amount of mesopore volume increased from 0.024 to 0.178 cm®/g (8.9 to
30.3% of total pore volume) and from 0.041 to 0.270 cm’/g (14.0 to 33.0% of total
pore volume) for A850 and A900 carbon series, respectively, as the activation time
was increased from 60 to 240 min. From these results, it can be inferred that under
the preparation conditions studied, the two-step activation with CO, produced logan-
seed activated carbon which mostly contains the micropore size range.

Next, the porous properties of activated carbon produced by the OTA
method are considered. Again, increasing the activation time gave rise to the increase
in all porous properties for the A850 series (sample nos.1, 5-7) and A900 series
(sample nos. 8, 12-14). It was noticed that activated carbons from the OTA
preparation showed remarkably higher volumes of both micropores and mesopores
for the same activation time as compared to those obtained from the two-step
activation method (for example, comparing sample no.3 vs no. 6 and no. 11 vs
no.14). The mesopore volume and the total surface area also increased with the
increase in the number of repeated cycles of the OTA method (sample nos. 5-7 and
sample nos.12-14). The maximum amount of mesopores of 0.474 cm?/s,
corresponding to 44.1% of the total pore volume, and a maximum BET surface area
of 1,773 m?%sg was achieved for sample no. 7 (A850-60-3) for the three-cycle
treatment of the OTA preparation method. It was noted that the activated carbon
produced from the three-cycle preparation of the OTA method at the higher
activation temperature of 900°C (sample no. 14, A900-60-3) showed a slight decrease

in porous properties, as compared to sample no. 7 (A850-60-3) of lower activation
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temperature. This is probably caused by the merging of some mesopores of sample
A900-60-3, resulting in an increase in the average pore size from 2.42 nm for A850-60-
3 to 2.54 nm for A900-60-3. For comparison, the activated carbon prepared by the
two-step activation (sample no. 11, A900-240) provided the maximum amount of
mesopores and surface area of 0.270 cm®/g and 1,421 m?/g, respectively, using the
activation temperature and time of 900°C and 240 min. It is therefore obvious that
the OTA method is an effective means for producing activated carbon from longan
seed with increasing amounts of mesopores and a high surface area, as compared to

the two-step activation method with a comparable carbon burn-off.

Table 2.3 Porous properties of activated carbons prepared by the two-step

activation and the OTA method

Samplel Sample | Day Vi Ve Vi Vme/Vmi Seer Burn-off Yield
no. name |(nm) (cm®g) (%) (cm’/g) (%) (cm’/g) (%) (m%g) (%) (%)
1 A850-60 | 1.67 0.248(91.1)  0.024(8.9) 0.272 9.50 652 21.7 72.3
2 A850-120 | 1.88 0.343(78.5) 0.094 (21.5) 0.437 27.6 932 42.1 57.9
3 A850-180 | 1.91 0.340(76.9) 0.102(23.1) 0.442  30.0 926 52.2 47.8
q A850-240 | 2.06 0.409 (69.7) 0.178 (30.3) 0.587 435 1,140 68.8 31.2
5 A850-60-1| 1.96 0.375(78.1) 0.105(21.9) 0.480 27.8 980 46.1 53.9
6 A850-60-2| 2.32 0.466 (63.3) 0.270(36.7) 0.736  58.1 1,271 62.1 37.9
7 A850-60-3 | 2.42 0.600 (55.9) 0.474(44.1) 1.074 789 1,773 78.4 21.6
8 A900-60 | 1.73 0.253(86.0) 0.041(14.0) 0.294 16.3 684 34.8 65.2
9 A900-120 | 1.96 0.376(77.5) 0.109(22.5) 0.485 29.1 990 58.8 41.2
10 A900-180 | 2.16 0.406 (70.6) 0.169 (29.4) 0.575 41.6 1,065 63.9 36.1
11 A900-240 | 2.30 0.547 (67.0) 0.270(33.0) 0.817 49.3 1,421 92.7 7.30
12 |A900-60-1| 2.06 0.434(77.0) 0.130(23.0) 0.564 29.9 1,093 56.2 43.8
13 |A900-60-2 | 2.49 0.583(62.0) 0.357(38.0) 0.940 61.3 1,510 76.5 235
14 |A900-60-3 | 2.54 0.576(55.0) 0.471(45.0) 1.047 818 1,649 93.7 6.30
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Table 2.4 shows the values of the BET surface area and mesopore

volume of activated carbons produced by various activation techniques from

previous investigations, with the purpose of increasing the amount of mesopores.

These results show that chemical activation and chemical activation augmented with

physical activation are quite effective in increasing the mesopore volume in the

derived activated carbon, except for the activation with NaOH which gives relatively

low values of surface area and the amount of mesopores. The OTA preparation

method proposed in this study provided activated carbon with a reasonable amount

of developed mesopores and a high specific surface area. More importantly, it causes

less pollution and involves a lower preparation cost, as compared to traditional

chemical activation methods.

Table 2.4 Preparation of activated carbon by various methods for mesoporous

activated carbon production

Activation Vine SgeT
Raw material
method (cm’/9) (%) (m%/5s)
Coconut shell ZnCl, + CO, 1.364 (71%) 2,191
Waste tires @ HCl + steam 1.620 (74%) 1,119
Date stems HsPOq 0.993 (95%) 1,455
Rice husk KOH 0.691 (46%) 2,696
Chitosan flakes ** NaOH 0.157 (62%) 318
Coconut leaves © HsPOy 1.276 (93%) 982
Longan seed (this study) OTA method 0.474 (44%) 1,773

Sources: M (Hu et al,, 2001); @ (Ariyadejwanich et al., 2003); ®) (Hadoun et al., 2013);

@ (Muniandy et al., 2014); ®) (Marrakchi et al., 2017); © (Jawad et al., 2017)

Obviously, the extent of pore development is clearly dependent on

the time and temperature of activation which in turn have a direct bearing on the

carbon burn-off during char activation, where the percentage of carbon burn-off

during the activation step is determined by the following equation,
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(M/char —W, )

Burn-off (%) = ———— = X 100 (2.1)
W

char

where Wenar and Wy are the initial weight of char and the weight of activated carbon,

respectively.

Therefore, it is possible that the effect of time and temperature of
activation could be consolidated into a single effect of char burn-off on the porous
properties of the prepared activated carbons. Figure 2.3 typically compares the
dependence of BET surface, total pore volume, micropore volume, and mesopore
volume on the percentage of char burn-off of activated carbons prepared by the
two-step activation and the OTA methods, respectively. It is clear that the porous
properties of activated carbon correlated well with the percentage of char burn-off
for each preparation method and the porous properties of activated carbons tended
to increase with the increase in % char burn-off, as expected. It is interesting to
observe further that the porous properties of activated carbons produced by the
OTA method appeared to increase with increasing char burn-off at a much faster rate
(steeper slope of the curve). These results suggest that for the same char burn-off
level, the OTA method was able to significantly increase the char reactivity for CO,
gasification over that of activated carbon produced by the conventional two-step
activation method. To correlate the porous properties of prepared activated carbon
() as a function of the percentage of char burn-off (x), empirical equations were
proposed and presented in Table 2.5, along with the regression coefficient of the
fitting (R?). Overall, the proposed equations are capable of predicting the porous
properties of the prepared activated carbon with reasonable accuracy.

The correlation between the percentage of carbon burn-off and
porous properties of the prepared activated carbon by CO, activation present in
Figure 2.3 was also found in a number of previous investigations using different types
of precursors, for example, sewage sludge (Alvarez et al.,, 2016), waste tires (Lopez et
al.,, 2012), and sugarcane bagasse (Goncalves et al., 2016). It was summarized that the
porous properties of activated carbon, including the micropore volume, the total
pore volume, and BET surface area, tended to increase almost linearly with the
increase in activated carbon burn-off to the value of about 70% and then decreased

at higher burn-off. The reduction in porous properties at a high carbon burn-off was
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explained to result from the coalescence of adjacent small pores to form larger-size
pores with lower surface area and chemical reactivity. However, as shown in Figure
2.3, the porous properties of activated carbon prepared by the two-step activation in
the present study showed a continuous increase in porous properties up to a very
high degree of char burn-off of 92.7%, although a slight drop in porous properties
was observed for activated carbon produced by the OTA method over the burn-off
values from 78.4 to 93.7%. It is believed that all porous properties will finally
decrease when almost all carbon atoms are consumed by the CO, gasification. The
different results could depend to a larger extent on the difference in the chemical
nature of the precursor used and to a lesser extent on the preparation conditions

employed for activated carbon synthesis.

Table 2.5 Empirical equations correlating porous properties of activated carbon (y)
prepared by the two-step activation and the OTA methods as a function

of % carbon burn-off (x)

Porous properties |Activation method  Empirical equations R?
(a) BET surface area 2-step y = 669In(x) - 1639 0.931
(m?/g) OTA y = 1158ln(x) - 3462 0.958
(b) Total pore volume 2-step y = 0.429(n(x) - 1.20 0.920
(cm’/g) OTA y = 0.856(n(x) = 2.78 0.943
(c) Micropore volume 2-step y = 0.234n(x) - 0.56 0.911
(cm?/g) OTA y = 0.364ln(x) - 1.03 0.946
(d) Mesopore volume 2-step y = 0.195In(x) - 0.65 0.915
(cm?/g) OTA y = 0.491ln(x) - 1.76 0.894
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biomass on the porous properties of activated carbons prepared by the

two-step activation and the OTA methods, (a) BET surface area, (b) total

pore volume, (c) micropore volume, and (d) mesopore volume.

2.4.5 On Mesopore Development by the OTA Method

The porous properties of activated carbon presented in the previous

section indicated that the incorporation of oxidation and thermal treatment steps for

initial activated carbon with a certain degree of carbon burmn-off prior to the

subsequent activation step, referred to as the OTA preparation method, was able to

effectively promote the development of mesopores in longan seed-based activated

carbon. In addition to producing a higher amount of mesopores as compared to the
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two-step activation method, the OTA method was also capable of increasing the
amount of micropores under the same activation conditions of time and
temperature, which also produced a higher total BET surface area.

Based on the porous properties results of the prepared activated
carbon in Table 2.3, the mechanism of mesopore development was proposed in this
study, which is schematically presented in Figure 2.4, starting from Figure 2.4a, which
represents an initial activated carbon prepared by the two-step activation method,
for example, A850-60 carbon which contains a certain amount of micropores (pore
nos. 1-9). Next, some micropores (labeled as pore nos.1, 3, 5, and 6) containing
hetero atoms which are reactive enough to be oxidized by oxygen in the air form a
certain quantity of oxygen functional groups on the surfaces of pore nos. 1, 3, 5, and
6, as shown in Figure 2.4b. After heating the carbon in an inert atmosphere of N, at a
high temperature, the bonds of the surface functional groups are destroyed, creating
more surface defects with a high degree of surface reactivity due to the presence of
a large number of unpaired electrons and free radicals, as illustrated in Figure 2.4c.
The number of reactive pores subjected to functional group formation will depend
on the distribution of the activation energy level for bond formation, which in turn is
dictated by the oxidation temperature employed. Finally, the resulting carbon is
further activated in CO,, as shown in Figure 2.4d. This produces the enlargement of
the original reactive pores (nos. 1, 3, 5, and 6) by the gasification reaction, thus
creating mesopores as well as some newly formed micropores (nos. 10, 11, and 12).
Repeating the OTA cycle will increase the amount of mesopores and additional
micropores, but mesopores are developed in a greater proportion due to the higher
degree of surface reactivity towards CO, gasification.

To support the proposed mechanism of mesopore development by
the OTA method, experimental evidence is presented in the following sections for
the increased amount of surface functional groups after air oxidation, the increase in
carbon reactivity towards CO, gasification after the heat treatment step, and the pore
size distributions of the microporous-mesoporous activated carbon after the

reactivation step.
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carbon contains a certain number of micropores (nos.1-9), (b) formation
(nos.1, 3, 5, 6) by air oxidation, (c) bond dissociation of the functional

represented schematically by the following steps, (a) the initial activated
of oxygen functional groups on the surface of some original micropores
groups increases the surface reactivity of micropores (nos.1, 3, 5, 6) due
to the increasing number of free radicals and unpaired electrons, and (d)
formation of new mesopores (nos.1, 3, 5, 6) by enlargement as well as
the formation of new micropores (nos.10-12) by CO, gasification reaction.

Figure 2.4 The model for mesopore development by the OTA method is
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2.4.6 Surface Functional Groups of Prepared Activated Carbons
The FTIR results of activated carbon samples from the OTA method,
namely the original carbon from the two-step activation (A850-60), the air oxidized
sample (A850-60-OX), a sample with heat treatment (A850-60-HT), and the final
reactivated carbons from cycles 1-3 (A850-60-1, A850-60-2, and A850-60-3) are shown
in Figure 2.5a. For the initial activated carbon (sample no. 1, A850-60), a peak
1

detected near the wavenumber of 2,100 cm~

(Nandiyanto et al., 2019), while the peak near 2,320 cm™ could be attributed to NH

is assigned to terminal alkyne

stretching vibration (Nandiyanto et al., 2020), or carbon-oxygen groups due to ketone
(Pradhan & Sandle, 1999). A peak detected at 1,554 cm™" is generally assigned to ring
vibrations in large condensed aromatic carbon skeletons or likely responding to
aromatic rings (Bouwman & Freriks, 1980; Burg et al., 2002). These aromatic rings are
usually associated with the appearance of weak to medium absorption around 3,000
to 3,150 cm L. Two small peaks at 1,080 and 1,016 cm ™! are due to the vibration of
C-O stretching of primary alcohols, and O-H bending modes of phenolic, alcoholic,
and carboxylic groups (Burg et al.,, 2002; Pradhan & Sandle, 1999). For air-oxidized
carbon (sample 2, A850-60-OX), there exist two sharp peaks in the range of
3,600-3,780 cm™' which have been assigned to isolated hydroxyl groups (O-H)
stretching (Socrates, 2004). There is also another large peak between 1,730 and 1,880
cm™!, which indicates strong carbonyl double bonds (C=0) such as anhydrides,
aldehydes, carboxyl, and lactones (El-Hendawy, 2006; Fanning & Vannice, 1993). It is
obvious that the oxidation of activated carbon with air could introduce a number of
surface functional groups on the graphene sheet of activated carbon.

After heating the oxidized carbon at a high temperature in N,, the
heat-treated sample (A850-60-HT) showed several peaks at 2,329 cm™, 2,107 cm™},
and 1,557 cm™ which are the same as the initial activated carbon. However, no

! which indicates the removal

peaks were detected over the range 1,100-1,000 cm~
of oxygen functional groups such as phenolic and carboxylic groups as a result of the
heat treatment. The reactivated carbons by CO, (sample nos. 4-6 for A850-60-1,
A850-60-2, and A850-60-3) showed similar spectra to the initial activated carbon but
with significant bands between 1,100 and 1,000 cm™! which is indicative of functional
group formation by CO, oxidation during the activation step. The similar FTIR spectra

pattern of the three activated carbons indicated that the number of the repeated
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cycle for producing microporous-mesoporous activated carbon by the OTA method
had no influence on the types of the created surface functional groups.

The FTIR results of four activated carbon samples produced from the
two-step activation method are shown in Figure 2.5b. It is observed that increasing
the activation time from 60 to 240 min had virtually no bearing on the FTIR spectra
pattern and the detected peaks were similar to those of activated carbons produced
by the OTA method. It is further observed that a sharp peak was detected at 1,551

1 1

cm™, and another large peak was detected between 1,730 and 1,880 cm™.
addition, the peak intensity of C-O stretching and O-H bending at 1,072 and 1,016

In

cm™ for A850-240 was higher than those of the other samples, implying that the
amounts of oxygen-containing functional groups can be affected by varying the
activation time. This is in agreement with studies from the previous investigation (He
et al., 2010).

On Boehm’s titration results, Table 2.6 typically shows the amounts of
oxygen functional groups for activated carbon samples as basic and acid groups for
the OTA preparation method. The surface chemistry of activated carbon is related to
the presence of heteroatoms within the carbon matrix that can form various oxygen
surface groups during the activation step by oxidizing gases such as O,, CO,, and
steam or by direct oxidation in the liquid or gas phase (Kwiatkowski, 2011). The
presence of oxyeen functional groups renders activated carbon an acid-base
character. Examples of acid functional groups are carboxylic, phenolic, and lactonic
groups, whereas carbonyl and chromene groups are the typical basic groups.
Boehm’s titration results showed that after A850-60 was oxidized with air the amount
of acidic groups increased substantially by about five times from 0.069 to 0.393
mmol/g for sample A850-60-OX, while the amount of basic groups decreased by
about 18% from 1.090 to 0.894 mmol/g. After heating the oxidized carbon in the
inert atmosphere of N, at a high temperature, almost all of the acidic groups were
removed with a remaining amount of about 0.002 mmol/g, whereas heat treatment
increased the amount of basic groups from 0.894 to 1.331 mmol/g (sample A850-60-
HT). Interestingly, the thermal destruction of oxygen functional groups from the
surface of activated carbon can be used as one of the methods to increase the
concentration of the basic functional groups on the carbon surface. The increase in

the basicity of carbon surface enhances the capture of acidic gases such as CO, and



33

H.S (Bandosz & Ania, 2006; Shafeeyan et al., 2010; Tangsathitkulchai et al., 2021). The
reoxidation of activated carbon in cycle 2 (sample A850-60-1-OX) led to an increase
in acidic groups which was twice as high, from 0.152 to 0.467 mmol/g, as compared
to activated carbon from cycle 1 (A850-60-1), while the basic groups dropped slightly
from 1.295 to 1.144 mmol/g. It can be said that there is an agreement in the
qualitative and quantitative variations of the surface functional groups of activated

carbon that went through the OTA preparation method, as analyzed by both the
FTIR and the Boehm titration technique.

(@) (6) As50-60-3
P (5) A850-60-2
S
= WMWW
S (4) A850-60-1
8
E (3) A850-60-HT
% M—T Y
= (2) A850-60-OX
(1) A850-60
WMWW
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm"1)
(b)
A850-240
S
[
o
% A850-180
€
7]
g A850-120
= W"\W\
A850-60
WWW\
L e B L s B S B B B S L B |

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm~)

Figure 2.5 FTIR spectra of the derived activated carbon prepared by (a) the OTA
method, including (1) the initial activated carbon (A850-60), (2) the air-
oxidized carbon (A850-60-OX), (3) the heat treatment carbon (A850-60-
HT), (4-6) the reactivated carbon (A850-60-1-3), and (b) by the two-step

activation method for varying activation time (60-240 min).
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Table 2.6 Amounts of oxygen functional groups on activated carbon surfaces

determined by the Boehm titration technique

Basic groups Acidic groups Total groups
Sample code
(mmol/g carbon)  (mmol/g carbon)  (mmol/g carbon)

A850-60 1.090 0.069 1.159
A850-60-OX 0.894 0.393 1.286
A850-60-HT 1.331 0.002 1.333
A850-60-1 1.295 0.152 1.447
A850-60-1-OX 1.144 0.467 1.611

2.4.7 Carbon Reactivity Towards CO, Gasification

The reactivity of activated carbon for CO, gasification was determined
by following the weight loss of a carbon sample as a function of time in the
thermogravimetric analyzer under a constant flow of CO,. Figure 2.6a,b shows the
TGA data of the time-residual weight of activated carbon samples prepared via the
OTA method and the two-step activation method at two activation temperatures of
850 and 900°C, respectively. For a clearer explanation, the meanings of labels in the
fisures are typically shown in Table 2.7 for the gasification temperature of 850°C in
the TGA.

Table 2.7  Sample description for the CO, gasification in TGA

Sample code Description
850-60 The prepared char was gasified with CO, at 850°C for 60
min in TGA

850-120 (two-step) Activated carbon was prepared in a tube furnace (CO, at
850°C for 60 min) and then gasified with CO, for 60 min in
TGA

850-180 (two-step) Activated carbon was prepared in a tube furnace (CO; at
850°C for 120 min) and then gasified with CO, for 60 min in
TGA
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Table 2.7 Sample description for the CO, gasification in TGA (continued)

Sample code Description

850-60-1 (OTA) The heat-treated carbon from cycle 1 was prepared in a
tube furnace and then gasified with CO, for 60 min in TGA

850-60-2 (OTA) The heat-treated carbon from cycle 2 was prepared in a
tube furnace and then gasified with CO, for 60 min in TGA

T900-2h The heat-treated carbon was prepared in a tube furnace
(N2 at 900°C for 2 h) and then gasified with CO, for 60 min
in TGA

T950-1h The heat-treated carbon was prepared in a tube furnace
(N2 at 950°C for 1 h) and then gasified with CO, for 60 min
in TGA

Based on the derived TGA data, the fractional char conversion (X) for
gasification with CO, in a thermogravimetric analyzer was calculated based on the
following defining equation.

yomow) o)

(Wo _Wash)

where Wy, W, and W,¢, are the initial weight of char before gasification, the weight of
char at time t, and the weight of ash in the char sample, respectively. The reactivity
of activated carbon for CO, gasification (R.) is defined as the rate of change of the

fractional char conversion as follows.

dX (aw / dt)
R=—=—7T"" (2.3)
at (w—w,)
The carbon reactivity (R.) was calculated from the TGA data as a
function of the fractional conversion (X) using the numerical discrete method, that is,
Re = ~(AW/AD/(Wo-Wasn), and the calculated results are shown in Figure 2.7a,b. The
reactivities of all samples show a characteristic continuous increase with the increase

in fractional conversion which passed through a maximum at a certain fractional char
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conversion, depending on the given type of activated carbon. The rising trend of
reactivity curves could possibly be attributed to the increase of surface area with
increasing carbon conversion that provided more active sites for the gasification,
leading to a higher reaction rate. The falling of the reactivities at a high fractional
carbon conversion of around 0.80 or the carbon burn-off of 80% is probably due to
the consolidation of some adjacent pores that results in larger average pore sizes
that produce a decrease in the surface area and hence a reduction in the gasification
rate. It should be noted also that the carbon reactivity for the gasification at 900°C is
about twofold higher than that at 850°C, thus indicating a strong effect of the
gasification temperature on the carbon reactivity.

At the same carbon conversion (X), the reactivity of carbon appeared
to increase for activated carbons prepared at a longer activation time for the two-
step activation method, as observed from the comparison of the curves of symbols
(1), (2) and (3) in Figure 2.7a,b. When the fractional carbon conversion was smaller
than 0.80, the reactivity of carbon obtained from cycle 2 was higher than that of
cycle 1 for the OTA preparation method. It was also noted that the reactivity of
activated carbon from the OTA method was higher than that derived from the two-
step activation method at the same activation time and temperature, for example, if
we compare conditions (2) with (4) and (3) with (5). These results indicate that the
increase in the surface area as the carbon conversion increases brings about an
increase in the number of active sites for the gasification reaction by CO..

The effects of heat treatment time and temperature of the OTA
method on the TGA weight loss and carbon reactivity are also shown in Figures
2.6c,d, and Figures 2.7c,d, respectively, for activated carbon prepared at the
activation temperature of 850°C. For the heat treatment temperature of 950°C, the
carbon reactivity increased with an increase in the heat treatment time only up to
the period of 4 h and the increase in heat treatment temperature from 900 to 950°C
enhanced the carbon reactivity by about 50%. Therefore, it is expected that the
development of mesopores and surface area by the OTA method can also be

affected by the time and temperature used during the heat treatment step.
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Figure 2.6 TG curves for CO, gasification of longan-seed activated carbons prepared

by the two-step activation and the OTA methods for activation
temperatures of (a) 850°C and (b) 900°C, and TG curves for A850-60

carbon showing, (c) the effect of heat treatment time at temperature of

950°C and (d) the effect of heat treatment temperature for the treatment

time of 2 h.
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Figure 2.7 Effect of carbon conversion (a) on char reactivity (R.) towards CO,

gasification of temperature 850°C and (b) 900°C, and the effect of (c) heat

treatment time and (d) heat treatment temperature on the char

reactivity.
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2.4.8 Pore Size Distributions and Surface Morphology of Prepared

Activated Carbons

Figure 2.8 shows the typical variations of pore size distributions of
activated carbon samples prepared by the two-step activation method (A850 carbon
series) as a function of activation time and the OTA method as a function of a
repeated preparation cycle. For the sake of discussion, the pore size distributions are
divided into five ranges: <0.6 nm (ultra-micropores), 0.6-1.4 nm (micropores), 1.4-2
nm (super-micropores), and 2-3 nm and 3-4 nm for the mesopore size ranges.

Table 2.8 shows the calculated pore volume data for each pore size
range. The initial activated carbon (A850-60) contains mainly micropores (0.6-1.4 nm)
and a small amount of mesopores in the range of 3—-4 nm. After further activation by
the two-step activation method at various times, the derived activated carbons show
a multi-modal pore size distribution. By activating the initial activated carbon in CO,
for 60 min, the volume of micropores (0.6-1.4 nm) increased by 26.4 % from 0.242
to 0.306 cm3/g. However, a further increase in the activation time from 60 to 240 min
had no significant effect on the micropore volumes. On the other hand, the volume
of super-micropores (1.4-2 nm) tended to increase continuously from 0.006 to 0.102
cm?/g, as the activation time was increased from 60 to 240 min. The mesopores were
created in the upper pore size range of 3-4 nm and increased substantially from
0.022 to 0.166 cm?/g, as the activation time was increased from 60 to 240 min.

For mesoporous activated carbon produced by the OTA method, it is
seen that the total pore volume increased from 0.480 to 1.074 cm?/g, which is an
increase of about 124% when using three preparation cycles from cycles 1 to 3. The
pore size distribution of all three samples (A850-60-1, A850-60-2, and A850-60-3)
covered every pore size range from 0.6 to 4 nm. In general, the shape of the
distribution curve for each pore size is quite similar except that the size of the peak
or magnitude of the area under the curve is different. The volume of micropores in
the size range from 0.6-1.4 nm seemed to increase from 0.309 for cycle 1 to 0.339
cm?/g for cycle 2 and then dropped to the value of 0.207 cm®/g for the cycle 3
sample. This could have resulted from the transformation of some micropores to
larger super-micropores (1.4-2 nm) as a result of the gasification reaction. The
substantial increase in the volume of super-micropores from the values of 0.066 to

0.393 cm’/g at the expense of smaller micropores was obvious when the three OTA
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preparation cycles were used. The progressive increases in the volume of the
mesopores in the range of 2-3 and 3-4 nm are discernible in Figure 3.8, with a pore
size range from 2 to 3 nm constituting about 43.8, 65, and 70% of the total
mesopore volume for carbon samples produced from cycle 1, cycle 2 and cycle 3 of
the OTA method, respectively. This indicates a significant increase in the chemical
reactivity of activated carbon with an increasing number of repeated cycles of the
OTA method.

Figure 2.9 shows the surface images obtained from a Field Emission
Scanning Electron Microscope (FE-SEM, Carl Zeiss AURIGA®, Oberkochen, Germany) of
mesoporous activated carbon prepared by the OTA method for the original carbon
(A850-60) and activated carbons from cycle 1 (A850-60-1), cycle 2 (A850-60-2) and
cycle 3 (A850-60-3). Figures al, b1, c1, and d1 and a2, b2, c2, and d2 present low and
high magnifications, respectively. It can be seen that there was a tendency for an
increase in the average pore size and the number of pores with increases in the
number of treatment cycles of the OTA method, although the change is not very
pronounced. These results are in agreement with those of the average pore size and
pore volume results as presented in Table 2.3.

In summary, the OTA method is a modified method of the
conventional two-step activation method for producing mesoporous activated
carbon by incorporating two consecutive steps of air oxidation and thermal
destruction of the developed surface functional groups prior to activation by CO,
oxidizing gas. Mesopores are created not by the coalescence of micropores at a high
degree of carbon burn-off, but as a result of micropore widening caused by the
increased surface reactivity of micropores for CO, gasification. Therefore, with the

OTA method, the creation of mesopores can occur at any level of char burn-off.
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Figure 2.8 Pore size distributions of longan seed-derived activated carbon prepared

by (a) the two-step activation method and (b) the OTA method, as

determined by the GCMC simulation.
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Table 2.8 The pore volume for the pore size distribution of longan seed-derived
activated carbon
Sample| Sample Vr Pore Volume for Pore width (cm?/g)
no. name (cm’g) 06-14nm 14-2nm  2-3nm 3-4 nm

1 A850-60 0.272 0.242 0.006 0.002 0.022
2 A850-120 0.437 0.306 0.037 0.006 0.088
3 A850-180 0.442 0.291 0.049 0.002 0.100
4 A850-240 0.587 0.307 0.102 0.012 0.166
5 A850-60-1 0.480 0.309 0.066 0.046 0.059
6 A850-60-2 0.736 0.339 0.127 0.176 0.094
7 A850-60-3 1.074 0.207 0.393 0.330 0.144

Figure 2.9 SEM micrographs of activated carbon prepared by the OTA method for
(a) A850-60, (b) A850- 60-1, (c) A850-60-2, and (d) A850-60-3, with a
magnification of 1K for (a1)-(d1) and 100K. for (a2)-(d2).
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2.5 Conclusions

The results obtained from this study indicate that the preparation of activated
carbon from longan seed biomass via the OTA method is a simple and effective
means for producing and controlling the proportional volume of mesopores. One
cycle of the OTA method consists of three consecutive steps of air oxidation to form
surface oxygen functional groups, the thermal destruction of the functional groups to
enhance the surface reactivity caused by the increasing number of defects, and the
reactivation of activated carbon by CO, that results in the widening of the original
micropores as well as the creation of more new micropores.

The maximum amount of both mesopores (0.474 cm?®/g) and BET surface area
(1,773 m%/g) was achieved by using three cycles of the OTA preparation method at
the activation temperature of 850°C and 60 min activation time for each treatment
cycle. By comparison, the conventional two-step activation method yielded the
maximum mesopore volume and surface area of 0.270 cm’/g and 1,421 m%g,
respectively, under the activation conditions of 900°C and 240 min.

In this study, three OTA cycles have been studied to affect mesopore
development. To increase the flexibility of controlling the amounts of mesopores,
further investigation may involve studying the effects of different types of biomass
precursors, the time and temperature of the air oxidation step, the number of
repeated thermal destruction steps, the time and temperature of carbon activation
step, and the initial porous texture of activated carbon. Activated carbon produced
by the OTA method is particularly suitable for use in a liquid adsorption system since
its mesoporous structure could help increase the diffusion rate of relatively large-size
adsorbate molecules to the adsorption sites. The utilization of such activated carbon
would be advantageous because of rapid kinetics due to the ability to control the
mesopore volume to suit the nature of a given adsorbate and a high adsorption
capacity (equilibrium) due to the large specific surface area of the produced

activated carbon.
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CHAPTER IlI
THE USE OF ACTIVATED CARBON FROM LONGAN SEED BIOMASS
FOR INCREASING CAPACITY AND KINETICS OF METHYLENE BLUE
ADSORPTION FROM AQUEOUS SOLUTION

3.1 Abstract

Microporous and mesoporous activated carbons were produced from longan
seed biomass through physical activation with CO, under the same activation
conditions of time and temperature. These activated carbons were utilized as porous
adsorbents for the removal of methylene blue (MB) from an aqueous solution and
their effectiveness was evaluated for both the adsorption kinetics and capacity. The
adsorption kinetic data of MB were analyzed by the pseudo-first-order model, the
pseudo-second-order model, and the pore-diffusion model equations. The effective
pore diffusivity (D) derived from the pore diffusion model had the values of 4.657 x
1077-6.014 x 107" cm?/s and 4.668 x 10 '-19.920 x 10~" cm?/s for the microporous
and mesoporous activated carbons, respectively. Three well-known adsorption
models, namely the Langmuir, Freundlich, and Redlich-Peterson equations were
tested with the experimental MB adsorption isotherms and the results showed that
the Redlich-Peterson model provided the overall best fitting of the isotherm data. In
addition, the maximum capacity for MB adsorption of 1000 mg/g was achieved with
the mesoporous carbon having the largest surface area and pore volume. The initial
pH of MB solution had virtually no effect on the adsorption capacity and removal
efficiency of the methylene blue dye. Increasing temperature over the range from 35
to 55°C increased the adsorption of methylene blue, presumably caused by the
increase in the diffusion rate of methylene blue to the adsorption sites that could
promote the interaction frequency between the adsorbent surface and the
adsorbate molecules. Overall, the high-surface-area-mesoporous carbon was superior
to the microporous carbon in view of the adsorption kinetics and capacity, when

both carbons were used for the removal of MB from an aqueous solution.
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3.2 Introduction

Adsorption has gained increasing acceptance in the separation and
purification processes for both gas and liquid systems, due to its process simplicity,
less energy consumption, high separation efficiency at trace concentrations, low
maintenance cost, and adsorbent reusability (Azari et al, 2020; Li et al, 2020).
Among the various available commercial adsorbents, activated carbon has been
recognized as the oldest and most widely used porous adsorbent for a variety of
applications and is the most popularly used adsorbent in water and wastewater
treatment processes (Gonzalez-Garcia, 2018). This arises from its large specific surface
area and pore volume, the flexibility of pore manipulation by controlling the
preparation conditions, and the capability of surface chemistry modification to
improve the adsorbate selectivity. Concerning the adsorption in a liquid phase, it is
generally recognized that dyes are one of the most detrimental pollutants present in
industrial wastewater. Dyes are natural or synthetic, organic compounds that are
utilized in various industries such as leather, paper, rubber, textile, plastic, cosmetic,
pharmaceutical, and food industries (Yagub et al.,, 2014). Colored dye wastewater is
generated during the production of the dye itself or as a result of its use in textile
and related industries. Dyes can also affect aquatic plants and ones who use these
effluents without an awareness of their detrimental health effects from washing,
bathing, and drinking (Tkaczyk et al., 2020). Therefore, the search for inexpensive and
effective porous solids for the removal of dyes would be a worthwhile endeavor.

Research on the adsorption of organic water pollutants by activated carbon
has been carried out extensively and a voluminous literature is available, especially
in the field of surface modification of activated carbon for effective water pollution
control (Bhatnagar et al,, 2013). In general, activated carbon is more efficient in
removing organic compounds than metals and inorganic pollutants, and continued
research efforts have been made to increase the adsorption efficiency of carbon
sorbents (Chen et al., 2020; Monser & Adhoum, 2002; Nezhad et al., 2021; Radovic et
al,, 1997). Obviously, the adsorption capacity of activated carbon is strongly
dependent on the porous properties and surface chemistry of the carbon adsorbents
that can be controlled by the judicious use of activation conditions, types of
precursors, and chemical additives (Faria et al., 2004). Although numerous results

have been reported on the kinetics and sorption properties, much work remains to
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be performed for a better understanding of the underlying sorption mechanisms
(Santoso et al., 2020).

In studying the adsorption mechanisms of a cationic dye that can dissociate
into positively charged ions in an aqueous solution, methylene blue dye (MB) has
often been used as a model cationic dye. Methylene blue is an organic chloride salt
with a dark green color, having a formula Ci¢HigCINsS and a molecular weight of
319.85 g¢/mol. Some important physical properties of MB are the density of 1 ¢/mL at
20°C, melting point of 100-110°C, and solubility in water of 40 g¢/L at 20°C. MB is
mainly used in the production of coloring paper, cotton, silk, and wool and is also
used as a chemical indicator, medicinal, and biological strain (Lu et al.,, 2018). MB is a
toxic dye, which can result in harmful effects on humans and environmental
problems. Common side effects include headache, vomiting, high blood pressure,
and the eventual breakdown of red blood cells. The removal of MB from industrial
wastes has been reported using various methods such as electrochemical removal,
photodegradation reaction, chemical coagulation, membrane filtration, and physical
adsorption methods (Katheresan et al.,, 2018; Mashkoor & Nasar, 2020; Rafatullah et
al,, 2010). Of these removal techniques, the application of adsorption utilizing low-
cost adsorbents to remove this dye is an attractive process for the efficient removal
of this dye and has been the focal point of a number of investigations (Rafatullah et
al,, 2010; Yagub et al., 2014).

With regard to activated carbon, an understanding of the correlation between
its porous properties, including the surface area and pore size distribution, and the
adsorption capacity is essential for the selection of the most appropriate adsorbent
for the effective removal and control of the dyes. Graham (Graham, 1955) studied
the effect of the pore size of activated carbon on MB adsorption capacity and found
that the surface area of activated carbon available for MB adsorption was usually
limited to the minimum permissible pore size of around 1.33 nm. Later, Reffas et al.
(Reffas et al.,, 2010) studied the adsorption of MB on activated carbon with a high
proportion of mesopores and found that the highest adsorption uptake was achieved
in the supermicropore size range of 1.4 to 2.0 nm. This finding was in agreement with
the work of Benadjemia et al. (Benadjemia et al.,, 2011), who confirmed that the
adsorption of MB molecules mostly occurred in the wider supermicropore range

when compared with the adsorption in meso-macroporous activated carbon.
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Recently, it has been reported that activated carbon with a high surface area of
about 1438 m?/g and containing a micropore volume of around 80% of the total
pore volume demonstrated an extremely high adsorption capacity of up to 1930 mg
MB/g carbon (Motejadded Emrooz et al., 2021).

However, to obtain both the low mass transfer resistance in pores (fast
kinetics) and the high equilibrium adsorption capacity of relatively large dye
molecules, activated carbon with a relatively higsh proportion of mesopore volume
and a high surface area is obviously required (Lei et al,, 2006; Saydili & Glzel, 2016;
Tseng et al., 2003; Zhang et al., 2021). In our previous work, we successfully prepared
mesoporous activated carbon from longan fruit seed with a high surface area (1773
m?/g) through a process of modified physical activation with CO,, which was referred
to as the OTA method (Lawtae & Tangsathitkulchai, 2021). Therefore, the present
work aimed to study and compare the equilibrium and kinetics of methylene blue
adsorption from an aqueous solution by a microporous activated carbon and a high
surface area mesoporous activated carbon prepared from longan fruit seed. In
addition, the effects of the process conditions including adsorbent dosage,
temperature, and solution pH on the efficiency of MB dye uptake were also

investigated.

3.3  Experimental Procedure

3.3.1 Materials

Fresh longan fruit seed was obtained from Saha-Prachinburi Foods
Industry Ltd., a local fruit processing plant in Chiangmai province, Thailand. The raw
longan seed was thoroughly rinsed with water and dried at 110°C for 48 hours, then
it was crushed and sieved to obtain an average particle size of 1.70 mm (10 x 14 US
mesh). The chemicals used in this study including NaCl, NaOH, HCl, and Methylene
Blue were acquired from Carlo Erba (Carlo Erba Reagent, Italy). All chemicals were of
analytical grade and were used without further purification. The dye stock solution
was prepared by dissolving accurately weighed MB dye powder in distilled water to
obtain a solution with a methylene blue concentration of 1000 mg/L. Then, different
initial dye solutions required for the adsorption tests were prepared by diluting the

stock solution in appropriate proportions.
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3.3.2 Preparation of Longan Seed Activated Carbons

Details for the preparation of longan seed-activated carbon follow
those reported in Chapter II. In brief, the char was first prepared by carbonizing the
longan seed under the flow of N, at 500°C for 90 min. Then, the derived char was
further activated under the flow of CO, at 850°C for 120-240 min in a vertical tube
furnace (CTF 12, Carbolite, Staffordshire, UK). This activation process, known as the
two-step activation method, produced microporous activated carbon with around
70-80% of the micropore volume. For the preparation of activated carbon with
larger amounts of mesopores, about 15 ¢ of activated carbon produced from the
two-step activation process at the activation temperature and time of 850°C and 1h,
respectively, were first oxidized in a quartz tube reactor by heating the activated
carbon from room temperature in a stream of air (100 cm’/min) to the required
oxidation temperature of 230°C and held at this temperature for 12 h. The purpose
of this step was to create additional oxygen functional groups on the carbon
surfaces. Then, the oxidized carbon was heated at 950°C for 2 h under N, flowing at
the rate of 100 cm®/min to remove most of the surface functional groups, thus giving
increasing surface reactivity caused by chemical bond disruption. After that, the
sample was activated again with CO, at 850°C for another 1 h. This process
completed the first cycle of the preparation method for mesoporous carbon
production which is referred to as the OTA method (Oxidation, Thermal destruction,
and Activation). In this study, a total of three cycles for the OTA method were
performed.

The derived microporous carbon prepared by the conventional two-
step activation was designated as A850-X, where A850 represents the activated
carbon derived under the activation temperature of 850°C and symbol X represents
the activation time (120-240 min). The mesoporous carbon was designated as
A850-X-Y, where A850 stands for the mesoporous activated carbon originally
prepared by activating the char at the temperature of 850°C for time X (60 min) and
Y is the number of repeated OTA cycles (1-3). The final yield of activated carbon

was calculated based on the weight of the initial longan seed char.
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3.3.3 Characterization of the Prepared Activated Carbons

The prepared microporous and mesoporous activated carbons were
characterized for their porous properties using N, adsorption isotherms measured at
-196°C by using a high-performance adsorption analyzer (ASAP2010, Micromeritics,
Norcross, GA, USA). The isotherms of N, adsorption and discussion on the N, isotherm
behavior of the prepared activated carbons were shown in Chapter Il. The specific
surface area was calculated from the N, adsorption isotherm data by applying the
Brunauer-Emmett-Teller (BET) equation (Brunauer et al., 1938). The total pore
volume was estimated from the volume of N, adsorbed at the relative pressure of
0.98 and converted to the volume of N; in the liquid state at a given temperature.
Micropore volume was determined by applying the Dubinin-Radushkevich (DR)
equation (Dubinin, 1975). The mesopore volume was estimated by subtracting the
micropore volume from the total pore volume. The pore size distributions of the
derived activated carbons were determined from the N, adsorption isotherms data
by applying the Grand Canonical Monte Carlo (GCMC) simulation (Lawtae &
Tangsathitkulchai, 2021; Phothong et al., 2021; Tangsathitkulchai et al., 2021). The
average pore size (D,,) was computed based on the equation 4V+/S, where V7 is the
total pore volume and S is the BET surface area, assuming the pores are cylinders.

The contents of the oxygen functional groups on the activated carbon
surfaces were additionally measured by applying the Boehm titration technique
(Boehm, 1994, 2002). Moreover, pH at the point of zero charges (pHp.) of the
activated carbon was measured by the following procedure: 25 mL of 0.01 N NaCl
solution was placed in an Erlenmeyer flask. The pH was adjusted to a value between
3 and 11 by using either HCl or NaOH. Then, 50 mg¢ of the activated carbon sample
was added to each of the sample solutions and shaken for 48 h at room
temperature and the final pH of each solution was measured. A plot of the final
solution pH against the initial pH was made and the pH at which the plotted curve
intersected the straight line of pHiniiat = pPHanal Was taken as the point of zero charges
(pHpzc) of the resulting carbon (Ocampo-Pérez et al., 2013), as graphically shown in

Figure 3.1.
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Figure 3.1 The determination of pHpzc of (a) microporous activated carbon, and (b)
mesoporous activated carbon from the intersection between the curve

of pHinitial VS PHfinat @and the straight line of pHinitial = PHfinal-

3.3.4 Methylene Blue Adsorption
The kinetics of MB adsorption was first performed to study the dye
adsorption rate and to determine the equilibrium time of adsorption (the time at
which the amount of dye adsorbed becomes constant) for the subsequent
adsorption equilibrium experiments. The concentration of dye in the solution after
adsorption was determined from a calibration curve based on the absorbance of a
series of standard dye solutions of known concentrations. The absorbance was

measured with a double beam ultraviolet-visible (UV-Vis) spectrophotometer (T80+

UV-Vis, PG Instrument Ltd, Leicestershire, UK) using the wavelength (Xmax) of 665 nm.
For the kinetics tests, 25 mL of the dye solution with an initial concentration of 200
me/L was mixed with 0.02 ¢ of activated carbon and shaken at a set temperature of
35°C in a temperature-controlled water bath at 150 rpm. The solution sample was
then collected over a time interval of up to 48 h and the collected sample was
analyzed for the MB concentration using the measured UV absorbance and the
prepared calibration curve. For the study of equilibrium adsorption isotherms, 25 mL
of each dye solution with a concentration in the range of 50-500 mg/L was mixed

with a fixed amount of activated carbon and shaken at a constant temperature of
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35°C for about 48 h (as determined by the kinetics study) to reach the equilibrium.
Then, the final solution was collected for the analysis of the equilibrium dye
concentration using the prepared calibration curve. The amount of activated carbon
used for the adsorption experiments was carefully chosen to give the final
equilibrium dye concentration of up to 300 mg/L. The equilibrium adsorption study
was additionally carried out to study the effects of such process variables as
adsorbent dosage, solution pH, and adsorption temperature. Table 3.1 summarizes
the experimental conditions used for the study of MB adsorption by longan seed-

activated carbons in the present study.

The adsorption capacity (qy) and the removal efficiency (R.) of MB by

activated carbons are expressed as follows:

(¢, =)

where g is the adsorption capacity of MB (mg/g) at time t, R. (%) is the removal
efficiency of MB dye, Cy and C are the initial concentration and the concentration at
time t of MB (mg/L), respectively, V is the volume of the solution (L), and W is the
amount of longan seed activated carbon employed (g). For adsorption at equilibrium,

C=Ceand gt = Qe

Table 3.1  Experimental conditions for the study of batch MB adsorption by longan

seed-based activated carbons

Time Initial conc.  Carbon dosage  Temp. pH
Studied variables
(h) (mg/L) (g) °O)

Time (kinetics) 0.5-48 200 0.020 35 4.5
Equilibrium conc. a8 50-500 0.010-0.020 35 4.5
Adsorbent dosage 48 300 0.005-0.050 35 4.5

Solution pH a8 400 0.020 35 3-11
Temperature 48 50-500 0.010-0.020 35-55 4.5
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3.4  Adsorption Analysis

3.4.1 Adsorption Kinetic Models
The kinetics of dye adsorption was analyzed using the two well-known
rate equations, namely the pseudo-first-order kinetic model and the pseudo-second-

order kinetic model (Ho & Mckay, 1998, 1999), as shown in Equations (3.3) and (3.4),

respectively:
d
(jtt = /<1 (qe — qt) (3.3)
dg 2
dtt =k(a. = a) (3.4)

Integrating the above equations gives Equations (3.5) and (3.6), respectively.

q.=q, (1 —e k1t) (3.5)
And
2
k, t
& Lauia W) (3.6)
NGl

where g is the amount of dye adsorbed at equilibrium (meg/g carbon), g is the
amount adsorbed at time t, k; (min™") and k; (g/(mg-min)) are the corresponding

model rate constants.

Moreover, the prediction of adsorption kinetics can also be achieved
by employing a pore-diffusion model (Do, 1998), in which the adsorption process is
governed by the intraparticle diffusion of adsorbate molecules, neglecting the
external or film mass transfer resistance. The advantage of the pore-diffusion model
lies in its ability to provide a more relevant estimation of the effective pore diffusivity
for the actual adsorption process. For a spherical adsorbent, the final solution for the

fractional uptake of adsorbate (F) is shown in Equation (3.7):

6 Yxm 1 _2
F(t)=i=1—(—2j2—2e nrr (3.7)
T

qe n=1 n
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where F(t) is the fractional uptake of the adsorbate at time t, 7is a non-dimensional

time parameter defined as 7 =D _t/ Rs, where De is the average of effective pore

diffusivity, and Ry is the radius of the adsorbent particle (0.85 mm for this work). At
the adsorption time close to equilibrium (F > 0.7), only the first term of the series in
Equation (3.7) needs to be considered since the higher terms may be neglected (Do,
1998). Finally, this gives:

6 B2
F(t)=1—(—)e ° (3.8)

The three kinetic model equations, Equations (3.5), (3.6), and (3.8),
were used to fit the experimental kinetic data of MB adsorption to determine the

kinetic model parameters that gave the best-fitting results.

3.4.2 Adsorption Isotherm Models

In designing an adsorption system, it is essential to use an accurate
mathematical description of the adsorption isotherms. Several isotherm equations
have been proposed for the adsorption of a wide variety of adsorbates from
solutions by activated carbons (Foo & Hameed, 2010). The parameters of these
isotherm equations indicate the nature of the surface heterogeneity and the affinity
between the adsorbent and adsorbate at a fixed temperature and pH. In this study,
the experimental isotherm data were fitted with the following isotherm models,
namely the Langmuir isotherm (Langmuir, 1918), Freundlich isotherm (Frenudlich,
1906), and Redlich-Peterson isotherm (Redlich & Peterson, 1959) equations to
validate the prediction capability of the tested models, as shown in Equations
(3.9)-(3.11), respectively.

quLCe
Langmuir: g = ———~ (3.9)
(1+x.c.)
Freundlich: q. = KFCGWF (3.10)
KRCe
Redlich-Peterson: %= T 5 (3.11)

1+ AC

e
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It should be noted that most adsorption models were originally
developed for gas adsorption with certain assumptions. Therefore, when applying
these models to liquid systems, they are used simply as empirical equations. The
Langmuir equation was originally proposed for the monolayer adsorption of a gas on
a homogeneous flat surface (constant adsorption energy) and contains two model
parameters, namely the monolayer capacity (gm, Mmg/g) and the Langmuir or affinity
constant (K, L/mg), which is a measure of how strong an adsorbate molecule is
attracted onto an adsorbent surface. The two-parameter Freundlich equation was
developed based on the assumption of monolayer adsorption on a patch-wise
heterogeneous surface (distribution of adsorption energy). The Freundlich isotherm
equation was originally developed as an empirical equation, but it can also be
derived based on thermodynamic consideration (Adamson et al,, 1997). It also
contains two model parameters, namely Kr which corresponds to the binding
capacity and ng which characterizes the surface heterogeneity. The larger the value
of ng, the higher the heterogeneity of the surface and the more non-linearity of the
isotherms. The Redlich-Peterson equation is a three-parameter empirical model that
incorporates features of both the Langmuir and Freundlich equations. At low
adsorbate concentrations, it follows a linear isotherm, and at high concentrations, its
behavior approaches the Freundlich isotherm, which does not have a saturation limit.
It can describe the adsorption process over a wide range of concentrations. Ag, B,
and Kg are the model constants, where B is an exponent that lies between 0 and 1,
and Kg is the modified Langmuir constant (L/g). As a first approximation, it is generally
assumed that Ky is equal to K.

The parameters of the isotherm and the kinetic models were
determined by fitting the experimental data with the corresponding model equations
using a non-linear regression analysis that minimizes the sum of a squared estimate
of errors (SSE) between the experimental and the computed values. The goodness-
of-fit between the model and the experimental results was tested by the value of
the regression coefficient, R?, and the normalized standard deviation (Aqg) which is

defined by Equation (3.12) as follows,

2
Z[(qt@@ o qt,cal )/qt,exp:|

Aq (%) =100X (3.12)
N—1
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where the subscripts exp and cal denote the experimental and calculated values,
respectively, and N is the number of data points. The higher the value of R? and the

lower the value of Aq, the better goodness-of-fit.

3.5 Results and Discussion

3.5.1 Characterization of the Prepared Activated Carbons

Table 3.2 shows the porous properties of the prepared microporous
carbon series (A1-A3) and mesoporous carbon series (Ad4-A6). It should be noted
that the activation temperature and time for each pair of Al and A4, A2 and A5, and
A3 and A6 are the same, that is 850°C and 120 min, 850°C and 180 min, and 850°C
and 240 min, respectively. Overall, the mesoporous activated carbons produced by
the OTA method had larger porous properties than those of microporous activated
carbons prepared by the two-step activation process under the same activation
conditions (time and temperature). It is noticed that the porous properties and the
average pore size of activated carbons increased with the increase in activation time,
but the percentage increase was more pronounced for the mesoporous carbons.
Furthermore, when the activation time increased, the percentage of micropore
volume decreased whereas that of the mesopore volume tended to increase. This
indicates that the mesopores were created at the expense of newly formed
micropores. The highest porous properties (V. of 0.600 cm®/g, Vine of 0.474 cm*/g, Vy
of 1.074 cm®/g, and Sger of 1773 m?/g) were obtained with the activated carbon A6
produced by the three-cycle OTA method. Again, these results clearly show that the
OTA method is more effective, as compared to the two-step activation, for the
production of activated carbons with higher amounts of micropores and mesopores
and a larger surface area.

Table 3.3 shows the distribution of pore sizes for the prepared
activated carbons. The pore size distribution data showed the type of multimodal
distribution, covering the pore sizes ranging from 0.65 to 4 nm. Most of the
microporous carbons (A1-A3) were in the micropore size range (0.65-1.4 nm),
followed by the upper mesopore size range of 3-4 nm. The volume of micropores
(0.65-1.4 nm) decreased with the increase of activation time for carbons Al to A3,
while the opposite trend is observed for the supermicropores (1.4-2 nm). This

observation indicates that supermicropores are responsible for the increase of
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surface area with increasing activation time. The upper mesopore size of 3-4 nm
constituted most of the mesopore volume for Al to A3 carbons, and this pore size
range played a significant role in facilitating the diffusion of dye molecules in the
activated carbon. The mesoporous carbons (A4-A6) also contained large proportions
of micropores (0.65-1.4 nm) and most of the mesopores were concentrated in the
lower size range of 2 to 3 nm. Intuitively, a large surface area of activated carbon
should promote MB adsorption capacity, whereas a large volume of mesopores
should enhance the kinetics of MB diffusion through internal pores.

Table 3.4 shows the point of zero charges (pHpzc) and the amounts of
oxygen functional groups on the carbon surfaces of microporous and mesoporous
activated carbons. The amounts of both acid and basic functional groups increased
with increasing activation time for the microporous carbons (A1-A3) and with the
increasing number of preparation cycles for the mesoporous carbons (Ad-A6). The
amounts of basic groups were higher than those of the acid groups for all carbon
samples, possibly because CO, was used as the activating agent rather than water
vapor (steam) (Marsh & Rodriguez-Reinoso, 2006). The increasing amounts of basic
groups for samples Al to A3 and samples A4 to A6 indicate the increasing degree of
basicity of the carbon surface and this coincides with the increasing values of pHpzc
of the activated carbon, as expected. It is further noted that the mesoporous
carbons had fewer acid groups and higher basic groups, as compared to microporous
carbons. The lower number of surface acid groups of mesoporous carbons could
result from the high-temperature treatment of the oxidized carbon as part of the
OTA method that may have removed most of the acid functional groups prior to the
following activation step.

Ficure 3.2 shows the surface images obtained from a field emission
scanning electron microscope (FE-SEM) of microporous activated carbon prepared by
the two-step activation method (sample A2 or A850-180) and the mesoporous
activated carbon prepared by the OTA method (sample A5 or A850-60-2). Figure
3.2al, bl and Figure 3.2a2, b2 present the images at low and high magnifications,
respectively. It can be seen that there was a tendency for an increase in the average
pore size and the number of pores for the mesoporous carbon (A5), as compared
with the microporous carbon (A2). These results are in line with those of the average

pore size and pore volume results, as presented in Table 3.2.
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Sample Sample D., Vi Ve V+ SgET
code name (nm)  (cm?/g) (%) (cm?/g) (%) (cm/g)  (m%g)
Al A850-120 1.88  0.343(78.5)  0.094 (21.5) 0.437 932
A2 A850-180 1.91 0.340 (76.9)  0.102 (23.1) 0.442 926
A3 A850-240 2.06  0.409 (69.7)  0.178(30.3) 0.587 1140
Ad A850-60-1 1.96  0.375(78.1) 0.105(21.9) 0.480 980
A5 A850-60-2 232 0.466(63.3) 0.270 (36.7) 0.736 1271
A6 A850-60-3 242 0.600 (55.9) 0.474 (44.1) 1.074 1773

Table 3.3 Pore size distribution of prepared activated carbons
Sample Vr Pore volume for pore width (cm?/g)
code |(cm’/g) 0.65-1.4 nm 1.4-2 nm 2-3 nm 3-4 nm
Al 0.437  0.306 (70.0%)  0.037 (8.5%)  0.006 (1.4%)  0.088 (20.1%)
A2 0.442  0.291 (65.8%) 0.049 (11.1%)  0.002 (0.5%)  0.100 (22.6%)
A3 0.587  0.307 (52.3%) 0.102(17.4%) 0.012(2.0%) 0.166 (28.3%)
Ad 0.480  0.309 (64.4%) 0.066 (13.7%)  0.046 (9.6%)  0.059 (12.3%)
A5 0.736  0.339 (46.1%) 0.127 (17.2%) 0.176 (23.9%) 0.094 (12.8%)
A6 1.074  0.207 (19.3%) 0.393 (36.6%) 0.330 (30.7%) 0.144 (13.4%)

Table 3.4 Point of zero charge and surface functional groups in activated carbons

Sample Acidic groups Basic groups Total
code PRezc (mmol/g) (mmol/g) (mmol/g)
Al 8.77 0.243 (20.5%) 0.941 (79.5%) 1.184
A2 8.81 0.334 (22.4%) 1.160 (77.6%) 1.494
A3 9.48 0.400 (23.1%) 1.329 (76.9%) 1.729
Ad 9.36 0.152 (10.5%) 1.295 (89.5%) 1.447
A5 9.54 0.218 (14.1%) 1.331 (85.9%) 1.549
A6 9.94 0.251 (14.4%) 1.491 (85.6%) 1.742
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Figure 3.2 SEM micrographs of (a) the microporous activated carbon of A2 (A850-
180), and (b) the mesoporous activated carbon of A5 (A850-60-2), with a
magnification of 1K for (al-b1) and 100K for (a2-b2).

3.5.2 Adsorption Kinetics and Model Testing

The kinetic results of MB adsorption by the microporous (A1-A3) and
mesoporous carbons (Ad—A6) are displayed in Figure 3.3. The kinetic curves showed a
rapid increase in the amounts adsorbed over the first 500 min, followed by a slow
increase before attaining an equilibrium at approximately 2,000 min. However, the
amount of MB adsorbed by the sample A850-60-3 (A6) approached the equilibrium
sooner at 1,500 min, obviously resulting from its largest average pore diameter (2.42
nm) that allows a faster diffusion rate of dye molecules to the adsorption sites. The
amount of dye adsorbed appeared to be higher for the adsorbent with a higher

surface area (see Table 3.2). This indicates that the adsorption sites are distributed
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more or less uniformly on the carbon surfaces, irrespective of the carbon surface
area. In other words, the density of adsorption sites (number per unit area) is
approximately constant. The best-fitted model parameters are listed in Table 3.5.
From the values of R* and Ag, it is clear that the experimental kinetic data of MB
adsorption by longan seed-activated carbons are best described by the pseudo-
second-order model, followed by the pore-diffusion model and the pseudo-first-
order model, respectively. The success of the pseudo-second-order model in
describing the kinetics of MB adsorption was also reported for activated carbons
prepared from various precursors such as Abelmoschus esculentus seeds (Nayak &
Pal, 2017), Black cumin seeds (Thabede et al., 2020), and Lychee seed (Sahu et al,,
2020).

Results from Table 3.5 indicate that the rate constants k; and ks, as
well as the effective pore diffusivity (De), all increased with an increase in the average
pore diameter of samples Al to A3 and A4 to A6. This was anticipated since the
larger pore sizes would be able to accommodate the rapid diffusion of relatively
large dye molecules. It should also be noted that the pore diffusivities of
mesoporous activated carbons in the range of 4.67 x 1077-19.92 x 107" cm?/s were
larger than those of the microporous carbons (4.66 x 107'-6.01 x 107" cm?%/s) by
almost an order of magnitude which should result from higher amounts of
mesopores of the former that lower the mass transfer resistance for the transport of
dye molecules through the pore network (see Table 3.2). The molecular diffusivity of
methylene blue in water at 35°C, as estimated by the Wilke-Chang equation (Reid et
al,, 1977), is about 5.57 x 107® cm?/s, which is about 10 times and 6 times larger than
the average pore diffusivities of the microporous carbon and mesoporous carbon,
respectively. This suggests that the process of MB adsorption is controlled by the
intra-particle diffusion of MB molecules since the adsorption rate is generally much
faster than the internal mass transport rate of the adsorbate molecules (Fogler,
2016).
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Figure 3.3 Kinetics of methylene blue adsorption on the prepared microporous and

mesoporous activated carbons from the longan fruit seed.

Table 3.5 Kinetic parameters of various adsorption kinetic models for MB
adsorption by longan seed-activated carbons

Pseudo-first order Pseudo-second order Pore-diffusion
Code Qe ke R® Aq Qe ko (x10%) R®  Aq Qe D.(x10") R®  Aq
mg/g min™" % mg/g  g/(mg-min) % mg/g cm?/s %
Al | 20698 0034 0914 894 | 22222 2.265 0999 439 | 21852 4657 0987 538
A2 | 22163 0042 0912 681 | 238.10 2.669 0999 440 | 23598 4667 0957 514
A3 | 23243 0047 0819 681 | 24045 3850 0999 357 | 24476 6014 0990 4.26
A4 | 21508 0041 0947 7.00 | 23256 2.548 0999 406 | 22694 4668 0984 4.02
A5 | 23640 0048 0895 539 | 243.15 4312 0999 251 | 24139 1076 0989 3.85
A6 | 23991 0110 0805 509 | 246.60 8962 0999 182 | 24830 1992 0974 374
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A closer examination of pore size distribution data in Table 3.3 reveals
that the largest pore diffusivity of 19.92 x 107" cm?/s for sample A6 prepared by the
three-cycle OTA method is associated with the large proportions of supermicropores
(36.6% by volume) and mesopores of 2-3 nm (30.7%). Therefore, supermicropores
(1.4-2 nm) and small mesopores (2-3 nm) would play an important part in
controlling the adsorption kinetics of methylene blue adsorption by activated carbon
with a high surface area and a high mesopore volume. The dominant transport
mechanism of methylene blue molecules in the supermicropores is possibly the
result of Knudsen diffusion, since the molecular size of methylene blue, 1.447 nm
(Dotto et al., 2015), is comparable to the pore size. The diffusion of MB in the small
mesopores (2-3 nm) which have a pore size twice that of the molecular size of
methylene blue could involve both the Knudsen diffusion and molecular diffusion. It
should be realized that the optimum pore size distribution of activated carbon that
leads to rapid kinetic behavior does not necessarily provide the maximum adsorption
capacity because the maximum adsorption will depend on the available surface area
and the number of adsorption sites.

Table 3.6 lists the value of k, of the pseudo-second-order kinetic
model derived from the present and previous studies of methylene blue adsorption
by activated carbons prepared from different biomass precursors and the effect of
the percentage of mesopore volume on k; is shown in Figure 3.4. Although there are
differences in the porous properties of activated carbons prepared from various
sources of raw materials, as well as the adsorption conditions used, there appears an
optimum percentage of mesopore volume of around 50% that yields a maximum
rate constant k,. From these limited data, it could be deduced that the kinetics of
MB diffusion in the porous structure of activated carbon is determined primarily by
the relative proportion of micropores and mesopores. A smaller amount of
mesopores tends to lower the diffusion rate of methylene blue due to an increase in
the mass transfer resistance offered by the larger amounts of micropores. Since the
transport of an adsorbate through the pore network and the adsorption on the
carbon surface occur in series, the lower adsorption rate caused by the decrease of
the surface area of larger mesopore volume would therefore lower the diffusive flux

of the dye molecules inside the pores, and hence giving a relatively low value for k.



Table 3.6 Comparison of the kinetic parameter (k;) of the pseudo-second-order

model for various types of activated carbons

SgeT Vi Ve V+ ko x 10
Biomass precursors
(m%g)  (ecm’/g) (%)  (cm’/g) (%)  (cm’/g)  (g/(mg-min))

Mangosteen peel 890 0.010 (1.4) 0.701 (98.6) 0.711 0.480
Coconut leaves @ 982 0.095 (6.9) 1.276 (93.1) 1.371 2.000
Jerusalem artichoke @ | 1632 0.120 (9.8) 1.100 (90.2) 1.220 1.678
Vetiver roots (P1.5)® | 1004 0.220 (21.6)  0.800 (78.4) 1.020 0.110
Vetiver roots (P1.0)® | 1272 0.390 (32.8)  0.800 (67.2) 1.190 1.050
Rattan stalks 1135  0.170(27.9)  0.440 (72.1) 0.610 5.000
Chitosan flakes © 318 0.098 (38.4) 0.157 (61.6) 0.255 7.160
Orange peel " 1104 0.247(40.2) 0.368 (59.8) 0.615 7.333
Posidonia oceanica® | 1483 0.494 (48.3)  0.528 (51.7) 1.022 16.00
Dipterocarpus alatus @ | 843 0.256(54.1)  0217(459)  0.473 10.99
Waste tea '” 854 0.310(60.1)  0.206 (39.9) 0.516 0.010
Coconut shell "V 876 0.272 (61.7) 0.169 (38.3) 0.441 1.833
Eucalyptus sawdust 2 | 645 0.280 (63.6)  0.160 (36.4) 0.440 4.770
Thevetia peruviana ¥ | 588 0.342 (70.7) 0.142 (29.3) 0.484 0.031
Durian shell ¥ 992 0.368 (78.1) 0.103 (21.9) 0.471 0.357
Longan seed (A6) 1773 0.600 (55.9) 0.474 (44.1) 1.074 8.962

Sources: Y (Nasrullah et al,, 2018); ¥ Jawad et al,, 2017); @ (Yu & Luo, 2014): @ (Altenor et al., 2009);

O (jslam et al., 2017a); © (Marrakchi et al.,, 2017); 7 (Foo & Hameed, 2012):® (Dural et al., 2011);

O (Patawat et al., 2020); 19 (Auta & Hameed, 2011); ™ (Islam et al., 2017b);

12 (Chen et al., 2019); *¥ (Williams & Aydinlik, 2021); *¥ (Chandra et al., 2007).
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Figure 3.4  Effect of percent mesoporosity in activated carbons on the rate constant
(ko) of the pseudo-second-order kinetic model. The black circles
represent the results from the present study and the white circles are

those from other investigators (see references in Table 3.6).

3.5.3 Adsorption Isotherms and Model Testing

Adsorption isotherms provide essential information for the adsorption
capacity and adsorption behavior of porous adsorbents. In the present study, the
measured isotherm data for MB adsorption by the prepared activated carbons were
tested with the Langmuir, Freundlich, and Redlich-Peterson equations and the best-
fitted model parameters achieved by applying regression analysis are listed in Table
3.7.

Figure 3.5 compares the measured and the model-predicted isotherms
for MB adsorption by the longan-seed activated carbons. Based on visual observation
of Figure 3.5 and the values of R? and Ag, the Langmuir equation gave the least
prediction capability of MB isotherms for all carbons. It is interesting to note that the
Redlich-Peterson model can best describe the isotherms of microporous carbons
prepared by the two-step activation (A1-A3), while the Freundlich equation is most

appropriate for predicting the MB adsorption by the mesoporous carbons produced



70

by the OTA method (A4-A6). The better description of MB adsorption isotherms by
the Redlich-Peterson equation for the microporous carbons is possibly due to their
higher percentage of micropore volume (see Table 3.2), thus showing a sharper linear
isotherm behavior at low concentrations by micropore-filling adsorption. The ability
of the Freundlich equation that in better predict the isotherm behavior of the
mesoporous carbons may arise from the higher degree of heterogeneity of the
carbon surfaces.

Figure 3.6 shows the dependence of the binding capacity parameters,
that is, the monolayer capacity (g.) of the Langmuir model and K¢ of the Freundlich
model, on the surface area of activated carbons. Both parameters increased with an
increase in the specific surface area. This is understandable since a greater surface
area could provide a larger number of adsorption sites for the methylene blue dye.
From Table 3.7, the surface heterogeneity parameter of the Freundlich equation (ng)
appeared to be almost insensitive to the change in surface area, which suggests that
the distribution of adsorption energy as a function of adsorption sites is to a certain
degree almost independent of the developed surface area of activated carbons.

Figure 3.7 shows the effect of the surface area of activated carbons on
the affinity coefficients, K. and Kz.  Both parameters increased with the increase of
surface area in the same fashion as that observed with the binding capacity
parameters. The development of surface area due to the removal of carbon atoms
from the graphene layer by gasification may create surface defects with stronger
interaction forces, thus providing stronger adsorbent-adsorbate affinity. Furthermore,
it can be seen from Table 3.7 that under the same activation time and temperature,
the monolayer capacity (gm) of the Langmuir equation for the mesoporous carbons is
higher than that of the microporous activated carbons. For comparison, the
percentage increase of gm, from Al to Ad, A2 to A5, and A3 to A6 are 6.3%, 43%, and
54%, respectively. The highest value of the monolayer capacity of 1000 mg/g for MB
adsorption was observed with the mesoporous activated carbon prepared by the

three-cycle OTA method (sample A6).
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Figure 3.5 Adsorption isotherms at 35°C of MB dye on longan seed-activated
carbons prepared by (a) the two-step activation method, and (b) the OTA
method.

Table 3.7 Parameters of adsorption isotherm equations for MB adsorption at 35°C
by the prepared activated carbons

Langmuir Freundlich Redlich-Peterson

Code Om KL R? Aq Ng Ke R? Aq Kr B Ar R? Aq

(mg/g)  (L/mg) (%) (%) | (/g (%)
Al | 45935 0056 098¢ 244 | 367 1026 0992 804 | 560 081 034 0999 587
A2 | 497.12 0090 © 0995 545 | 461 1522 0957 125 | 902 086 038 0998 4.29
A3 | 64812 0.125 0989 126 | 531 2442 0980 117 | 125 093 028 0992 574
A4 | 48829 0076 0987 228 | 413 1321 099 469 | 763 086 032 0970 7.54
A5 | 71829 0154 0986 154 | 438 2242 0996 4.88 | 1538 085 045 0989 9.40
A6 | 1000.0 0214 0986 185 | 4.38 3289 0991 682 | 214 088 037 0981 124
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Table 3.8 compares the maximum adsorption capacity of MB
adsorption by activated carbons from the present and previous investigations,
together with the porous properties of the relevant adsorbents. It was observed that
the percentage of micropore volume and mesopore volume varied from 13.2-90.0%
and 10.0-86.8%, respectively, depending on the raw materials and the preparation
conditions employed. As shown in Figure 3.8, the BET surface area increased almost
linearly with an increase in micropore volume, emphasizing that the surface area of
activated carbons is determined primarily by the amount of micropores.

Figure 3.9 shows a plot of the maximum capacity of MB adsorption as
a function of the surface area of activated carbons from the present and previous
studies. The adsorption capacity increased with the increase of surface area as
expected, since an adsorption process is a surface phenomenon of adsorbent-
adsorbate interactions. It is seen that all data points from the present study were
above those of the previous results, notably with the A6 carbon that gave the largest
value of the adsorption capacity of 1000 meg/e. The relatively larger adsorption
capacity of mesoporous carbons prepared by the OTA method (A4-A6) clearly
indicates that activated carbons produced by the OTA method contain a larger
number of adsorption sites. Also, the ratio of g,/Sger in Table 3.8 for mesoporous
carbon A6 from this study remarkably showed that its ratio of 0.564 was about
twofold higher than the average value of 0.296 for activated carbons reported by

previous studies.
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Table 3.8 The maximum adsorption capacity of methylene blue from solutions ()

by activated carbons prepared from various materials and activation

methods
Activating Seer Vi Vime Vr Dav am Qqm/Seger
Raw materials
agent (m”g)  (cm’3g) (%) (cm’/g) (%) (cm®g) (nm) (mg/g)  (mg/m?)

Flamboyant pods ! NaOH 2854 1.440(90.0)  0.160 (10.0)  1.600 224 8747 0.306
Coconut shell ? NaOH 2825  1.143(76.3)  0355(23.7)  1.498 212 9163 0.324
Date press cake KOH 2633 0952(76.8) 0287(23.2) 1239 188 5468 0.208
Qily sludge+rice husk ¥ KOH 2575  1.080(67.1) 0530(329) 1610 250 7576 0.294
Globe artichoke H5POq 2038 0.608(24.7) 1.800(753) 2466 484  780.0 0.383
Rice husk © HsPO4 2028 0.787(58.7) 0554(413) 1341 264 5781 0.285
Rawdon coal " KOH 1951 0776 (74.0)  0.273(26.0)  1.049 215 8419 0.432
Refuse-derived fuel © KOH 1736 0623(53.2) 0547 (46.8)  1.170 270  571.0 0.329
Posidonia oceanica ZnCl, 1483 0.494 (48.3) 0.528 (51.7) 1.022 2.76 285.7 0.193
Commercial AC *” - 1400  0.368(51.6) 0.345(48.4) 0713 198 3704 0.257
Pomelo skin *” NaOH 1335 0.290(37.7)  0480(623) 0770 231  501.1 0.375
Vetiver roots *? HsPOq 1272 0.390(32.8) 0.800(67.2) 1190 374  394.0 0.310
Orange peel *? K,COs 1104 0.247(60.2) 0368 (59.8) 0615 223 3828 0.347
Waste apricot “¥ ZnCl, 1060  0.150(19.0)  0.640(81.0) 0790 298  102.0 0.096
Coffee grounds " H3POq 925  0211(29.4) 0507(70.6) 0748~ 310 1818 0.197
Cotton stalk *¢ ZnCl, 795  0.083(13.2) 0547(86.8) 0630 317 3155 0.397
Longan seed (A6) o, 1773 0600(55.9)  0.474 (44.1)  1.074 242 1000 0.564

Sources; (Vargas et al., 2011); @ (Cazetta et al,, 2011);® (Heidarinejad et al., 2018); @ (Wang et al., 2018);

® (Benadjemia et al., 2011);” (Chen et al., 2013);” (Gokce et al., 2021);® (Wu et al,, 2013);

© (Dural et al,, 2011);“0) (Reffas et al., 2010); W (Foo & Hameed, 2011);“2) (Altenor et al., 2009);

" (Foo & Hameed, 2012); ¥ (Basar, 2006); ™ (Reffas et al., 2010); " (Deng et al., 2009)
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Figure 3.6 Effect of BET surface area on monolayer capacity (qm) of the Langmuir

isotherm equation and K¢ of the Freundlich equation.
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Figure 3.7 Effect of BET surface area on K of the Langmuir equation and Kg of the

Redlich-Peterson equation.
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3.5.4 Effect of Adsorbent Dosage

Figure 3.10 shows the effects of carbon dosage on the adsorption
capacity and removal efficiency of methylene blue when the performances of
microporous carbon A3 and mesoporous carbon A6 are compared with both carbons
being produced at the same activation time and temperature at 240 min and 850°C,
respectively. The adsorption conditions used were an initial MB concentration (Co) of
300 mg/L, solution volume (V) of 25 mL, and adsorption temperature (T) of 35°C.

Figure 3.10a shows that the amount of MB adsorbed in mg increased
with an increase in carbon dosage and became constant when the dosage reached a
certain maximum value. Clearly, the increase in the amount adsorbed is the result of
an increase in the number of adsorption sites provided by the increase in the
amount of the adsorbent. Therefore, when the number of adsorption sites is in
excess of those required for adsorption, the amount of MB adsorbed will reach a
maximum and further addition of the adsorbent will exert no effect on the amount
of adsorption. It can be seen from Figure 3.10a that the maximum carbon dosage for
the mesoporous carbon and microporous carbon were 0.02 and 0.03 g, respectively.
When multiplying the dosage with the corresponding BET surface area, the maximum
area required for the maximum amount adsorbed was 34.2 m? (0.03 g x 1140 m%/g)
and 35.5 m? (0.02 g x 1773 m?/sg) for the microporous and mesoporous carbons,
respectively, which are approximately the same. This clearly indicates that the
porous property of surface area is important for determining the adsorption capacity
of methylene blue dye, since the larger the surface area of the adsorbent, the higher
the amount of the dye being adsorbed. It should be noted that before reaching the
maximum adsorption, the amount of MB adsorbed was higher for the mesoporous
carbon compared to that of the microporous carbon. Obviously, this is the result of
the larger surface area of the mesoporous carbon that can provide a larger number
of adsorption sites.

Ficure 3.10b shows that the removal efficiency of methylene blue,
calculated according to Equation (4.2), increased with the increase in the amount of
adsorbent used. The trend of the curves was the same as that for the amount of MB
adsorbed as shown in Figure 3.10b. The maximum removal efficiency of MB at the

maximum carbon dosage was 99.71 and 99.90% for the microporous and
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mesoporous activated carbons, respectively. This indicates that activated carbon is

suitable for the effective removal of an organic dye like methylene blue.
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Figure 3.10 The effect of carbon dosage on (a) MB adsorption capacity and (b) MB
removal efficiency for microporous (A3) and mesoporous (A6) activated
carbons (Cy =300 mg/L, V = 25 mL and T = 35°C).

3.5.5 Effect of Initial pH

The effect of the initial pH of the MB solution on the removal
efficiency of methylene blue dye was investigated using activated carbon with a
maximum surface area, mesoporous carbon A6, by varying the initial pH in the range
of 3 to 11 under fixed conditions of adsorbent dosage of 0.8 g/L, initial dye
concentration of 400 mg/L, adsorption time of 48 h and the temperature of 35°C.
Figure 3.11 shows the results obtained. It can be observed that the adsorption
capacity remained substantially constant over the pH range of 3-10. However, when
the solution pH increased from the value of 10 to 11, the removal efficiency
increased slightly from 98.98% to 99.15%, corresponding to the amount of MB
adsorbed from 494.92 to 495.75 mg/g. This increase could arise as a result of the
adsorbent surface becoming more negatively charged at a pH above 10, since the
solution pH is higher than the experimentally determined pHpzc of 9.94 for the

activated carbon. This would enhance the strong electrostatic attraction between the



78

cationic MB dye and the negatively charged carbon surface. Therefore, the slight
effect of the solution pH on the adsorption efficiency of methylene blue seems to
suggest that the electrostatic attraction alone may not be the primary mechanism for
the adsorption of methylene blue onto the activated carbon. The other types of
underlying interactions between methylene blue and the carbon surface will be

briefly outlined in the next section.
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Figure 3.11 Effect of the initial solution pH on the removal efficiency of MB by the
mesoporous activated carbon (A6), with Cy = 400 mg/L, carbon dosage =
0.8 ¢/L and T = 35°C.

3.5.6 Effect of Temperature and Adsorption Thermodynamics Study

The variation of MB adsorption isotherms of the mesoporous activated
carbon, A6, as a function of temperature is displayed in Figure 3.12. Over the
temperature range from 35 to 55°C, the amount of MB adsorbed increased with the
increase in the adsorption temperature. The role of the temperature in adsorption is
twofold, that is, it can affect the rate of adsorbate diffusion through the internal
pores of an adsorbent and the adsorption ability of the adsorbate on the adsorbent
surface via some kind of interaction forces (Ghaffar & Younis, 2015). Three dominant
interactions between methylene blue molecules and the surface of activated carbon
have been reported (Giraldo et al., 2021). They are (i) TT-T interactions between the

aromatic rings of MB and the graphene sheet of activated carbon, (ii) Hydrogen



79

bonding between the hydrogen in the hydroxyl group on the carbon surface and the
nitrogen in the MB structure, and (iii) electrostatic interactions between electron-
deficiency nitrogen (N¥) in the MB structure and electron-rich oxygen (O7) of the
surface functional groups on activated carbon. Since it is known that the magnitude
of these interaction forces decreases with an increase in temperature (Ghasemi &
Asadpour, 2007; Yao et al,, 2010), thus the increasing amount of MB adsorbed with
the increase in temperature must be related to its effect on the transport of the
methylene molecules in the carbon pore structure. It is likely that the increase in
temperature would increase the diffusion rate of methylene blue molecules to the
adsorption sites which would increase the likelihood of an adsorbent-adsorbate
interaction, hence the increasing amount of methylene blue adsorbed. A similar
temperature effect on the amount of MB adsorbed was also observed by a number
of investigators working on different adsorbents, for example, tannin (Sdnchez-Martin
et al,, 2010), rejected tea (Nasuha & Hameed, 2011), magnetic graphene-CNTs (Wang
et al,, 2014), N and S co-doped porous carbon spheres (Ren et al.,, 2021).
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Figure 3.12 Effect of temperature on isotherms of MB adsorption by the mesoporous

activated carbon (A6).
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In order to gain a fuller understanding of the dye adsorption process,
the various thermodynamic parameters including the values of enthalpy change
(AH°), Gibbs free energy change (AG®), and entropy change (AS®) were estimated from
the isotherm data at various temperatures by using the following equations (Theydan
& Ahmed, 2012),

Ase Awe
lnK, = ——— (3.13)
R RT
AG*=—RTInK, (3.14)

where R is the universal gas constant (8.314 J/(mol-K)), T (K) is the absolute solution
temperature, and Ky is the distribution coefficient for the adsorption, which is the
ratio of the amount of MB in the adsorbed phase and that in the aqueous phase and
which can be computed from the relation, Ky = (ge/Ce)-(W/V). Figure 3.13 shows plots
of InKy versus 1/T for three different values of C. (20, 40, and 80 mg/L). The values of
AH° and AS® were then determined from the slope and intercept of the straight-line
graph. Equation (3.14) was used for the calculation of the Gibbs free energy change
(AG®) at various temperatures.

The estimated thermodynamic parameters for MB adsorption by the
mesoporous carbon (A6) are summarized in Table 3.9. The values of the three
thermodynamic parameters changed over a narrow range with respect to the change
in the equilibrium concentration of the MB solution. The positive values of AH°
indicate that the adsorption of methylene blue and activated carbon in this work is
an endothermic process, in accordance with the increase of MB adsorbed with
increasing temperature. In addition, the relatively low enthalpy change (AH°) in the
range of 8.03-10.98 kJ/mol indicates that the adsorption of MB on the carbon
surface occurs by the physisorption process through intermolecular forces (Liu, 2009).
Furthermore, the positive adsorption entropy (AS°) indicates the affinity of the
adsorbate towards the adsorbent which reflects an increase in randomness at the
solid/solution interface during the adsorption process. The negative free energy
change (AG°< 0) indicates a favorable process of adsorption and the spontaneous

nature of methylene blue uptake over the temperature range studied.
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Figure 3.13 The plot of n(Ky) versus 1/T for MB adsorption onto mesoporous

activated carbon (A6).

Table 3.9 Thermodynamic parameters of the MB adsorption on longan seed

activated carbon

AH° AS° AG° (kJ/mol)
Ce (mg/L)
(kJ/mol) (kJ/(mol:K)) 308 K 318 K 328 K
20 8.03 0.0531 -8.35 -6.98 -5.61
40 9.50 0.0535 -8.84 -7.45 -6.06
80 10.98 0.0538 -9.42 -8.05 -6.69
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3.6 Conclusions

Microporous and mesoporous activated carbons were produced from longan
fruit seeds by the two-step activation and the OTA method, respectively, using
carbon dioxide as the activating agent. Micropores of size range 0.65-1.4 nm and the
upper mesopore size of 3-4 nm constituted most of the pores in the microporous
activated carbons, whereas the mesoporous carbons contained most of the pores in
the micropore size of 0.65-1.4 nm and the smaller mesopore size of 2-3 nm. The
maximum porous properties of activated carbon, including surface area (1773 m%/g),
micropore volume (0.600 cm?/g), mesopore volume (0.474 cm?/g), and the average
pore size (2.42 nm) were derived from the mesoporous carbon produced by the
three—-cycle OTA method. During the transient adsorption of MB from the solution,
the amount of MB adsorbed increased proportionally with the increase in time and
the carbon surface area. The pseudo-second-order kinetic model was found to
provide the best description for the kinetics of MB adsorption, followed by the pore-
diffusion model and the pseudo-first-order model, respectively. The rate constants k;
of the pseudo-first-order model, k; of the pseudo-second-order model, and the
effective pore diffusivity (De) of the pore-diffusion model all increased with the
increase in the average pore size, which can be explained by the reduction of mass
transfer resistance with increasing pore size. The average pore diffusivity of the
mesoporous carbon was found to have a value of 11.8 x 107" cm?/s which was about
an order of magnitude larger than that of the microporous carbon.

The adsorption isotherms of methylene blue by the microporous and
mesoporous carbons are best described by the Redlich-Peterson and Freundlich
equations, respectively. The maximum MB adsorption capacity of 1000 meg/¢ was
achieved with the highest surface area of the mesoporous carbon. The initial pH of
the MB solution had virtually no effect on the adsorption capacity or the removal
efficiency of methylene blue by the activated carbons tested. An increase in the
adsorption temperature over the range from 35 to 55°C gave rise to an increase in
the amount of MB adsorbed, which was presumably caused by the increase in the
diffusion rate of methylene blue molecules to the adsorption sites that provided an
increase in the frequency of adsorbent-adsorbate interactions, hence leading to
successful adsorption. A thermodynamic analysis of the adsorption revealed that the

MB adsorption by longan-seed-based activated carbon is an endothermic, favorable,
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and physically adsorbed process. In summary, the high surface area of mesoporous
activated carbon prepared from longan seed biomass in this study has been proven
to be highly effective for the adsorption of methylene blue from an aqueous
solution from the perspective of rapid kinetics and high adsorption equilibrium

capacity.

3.7 References

Adamson, T. A., Adamson, A. W., & Gast, A. P. (1997). Physical Chemistry of Surfaces,

sixth ed. Wiley-Interscience.

Altenor, S., Carene, B., Emmanuel, E., Lambert, J., Ehrhardt, J.-J., & Gaspard, S. (2009).
Adsorption studies of methylene blue and phenol onto vetiver roots
activated carbon prepared by chemical activation. Journal of Hazardous
materials, 165(1-3), 1029-1039.

Auta, M., & Hameed, B. H. (2011, 2011/11/15/). Optimized waste tea activated carbon
for adsorption of Methylene Blue and Acid Blue 29 dyes using response
surface methodology. Chemical Engineering Journal, 175, 233-243.

Azari, A., Nabizadeh, R., Nasseri, S., Mahvi, A. H.,, & Mesdaghinia, A. R. (2020,
2020/07/01/). Comprehensive systematic review and meta-analysis of dyes
adsorption by carbon-based adsorbent materials: Classification and analysis of
last decade studies. Chemosphere, 250, 126238.

Basar, C. A. (2006, 2006/07/31/). Applicability of the various adsorption models of
three dyes adsorption onto activated carbon prepared waste apricot. Journal
of Hazardous materials, 135(1), 232-241.

Benadjemia, M., Milliere, L., Reinert, L., Benderdouche, N., & Duclaux, L. (2011,
2011/06/01/). Preparation, characterization and Methylene Blue adsorption of
phosphoric acid activated carbons from g¢lobe artichoke leaves. Fuel
Processing Technology, 92(6), 1203-1212.



84

Bhatnagar, A., Hogland, W., Marques, M., & Sillanpaa, M. (2013, 2013/03/01/). An
overview of the modification methods of activated carbon for its water

treatment applications. Chemical Engineering Journal, 219, 499-511.

Boehm, H. P. (1994, 1994/01/01/). Some aspects of the surface chemistry of carbon
blacks and other carbons. Carbon, 32(5), 759-769.

Boehm, H. P. (2002, 2002/02/01/). Surface oxides on carbon and their analysis: a
critical assessment. Carbon, 40(2), 145-149.

Brunauer, S., Emmett, P. H., & Teller, E. (1938, 1938/02/01). Adsorption of Gases in
Multimolecular Layers. Journal of the American Chemical Society, 60(2), 309-
319.

Cazetta, A. L., Vargas, A. M. M., Nogami, E. M., Kunita, M. H., Guilherme, M. R., Martins,
A. C, Silva, T. L., Moraes, J. C. G, & Almeida, V. C. (2011, 2011/10/15/). NaOH-
activated carbon of high surface area produced from coconut shell: Kinetics
and equilibrium studies from the methylene blue adsorption. Chemical
Engineering Journal, 174(1), 117-125.

Chandra, T. C.,, Mirna, M. M., Sudaryanto, Y., & Ismadji, S. (2007, 2007/03/01/).
Adsorption of basic dye onto activated carbon prepared from durian shell:
Studies of adsorption equilibrium and kinetics. Chemical Engineering Journal,
127(1), 121-129.

Chen, C., Mi, S, Lao, D., Shi, P., Tong, Z., Li, Z., & Hu, H. (2019). Single-step synthesis
of eucalyptus sawdust magnetic activated carbon and its adsorption behavior
for methylene blue. RSC Advances, 9(39), 22248-22262.

Chen, V., Zhai, S.-R,, Liu, N., Song, Y., An, Q.-D., & Song, X.-W. (2013, 2013/09/01/). Dye
removal of activated carbons prepared from NaOH-pretreated rice husks by
low-temperature solution-processed carbonization and H3PO4 activation.
Bioresource Technology, 144, 401-409.

Chen, Y., Zi, F., Hu, X,, Yang, P., Ma, Y., Cheng, H., Wang, Q., Qin, X,, Liu, Y., Chen, S., &
Wang, C. (2020, 2020/01/02/). The use of new modified activated carbon in
thiosulfate solution: A green gold recovery technology. Separation and
Purification Technology, 230, 115834.



85

Deng, H., Yang, L., Tao, G. & Dai, J. (2009, 2009/07/30/). Preparation and
characterization of activated carbon from cotton stalk by microwave assisted
chemical activation—Application in methylene blue adsorption from aqueous
solution. Journal of Hazardous materials, 166(2), 1514-1521.

Do, D. D. (1998). Analysis of Adsorption Kinetics in a Single Homogeneous Particle. In
Adsorption Analysis: Equilibria and Kinetics (Vol. Volume 2, pp. 519-602).

Imperial College Press.

Dotto, G. L., Santos, J. M. N., Rodrigues, I. L., Rosa, R., Pavan, F. A,, & Lima, E. C. (2015,
2015/05/15/). Adsorption of Methylene Blue by ultrasonic surface modified
chitin. Journal of Colloid and Interface Science, 446, 133-140.

Dubinin, M. M. (1975). Physical Adsorption of Gases and Vapors in Micropores. In D. A.
Cadenhead, J. F. Danielli, & M. D. Rosenberg (Eds.), Progress in Surface and
Membrane Science (Vol. 9, pp. 1-70). Elsevier.

Dural, M. U., Cavas, L., Papageorgiou, S. K., & Katsaros, F. K. (2011, 2011/03/15/).
Methylene blue adsorption on activated carbon prepared from Posidonia
oceanica (L.) dead leaves: Kinetics and equilibrium studies. Chemical
Engineering Journal, 168(1), 77-85.

Faria, P. C. C, Orféo, J. J. M., & Pereira, M. F. R. (2004, 2004/04/01/). Adsorption of
anionic and cationic dyes on activated carbons with different surface
chemistries. Water Research, 38(8), 2043-2052.

Fogler, H. S. (2016). Elements of Chemical Reaction Engineering (5th Edition). Prentice
Hall.

Foo, K. Y., & Hameed, B. H. (2010, 2010/01/01/). Insights into the modeling of

adsorption isotherm systems. Chemical Engineering Journal, 156(1), 2-10.

Foo, K. Y., & Hameed, B. H. (2011, 2011/09/15/). Microwave assisted preparation of
activated carbon from pomelo skin for the removal of anionic and cationic
dyes. Chemical Engineering Journal, 173(2), 385-390.

Foo, K. Y., & Hameed, B. H. (2012, 2012/01/01/). Preparation, characterization and
evaluation of adsorptive properties of orange peel based activated carbon via

microwave induced K2CO3 activation. Bioresource Technology, 104, 679-686.



86

Frenudlich, H. M. F. (1906, 1906//). Over the adsorption in solution. Journal of
Physical Chemistry, 57, 385-471.

Ghaffar, A., & Younis, M. N. (2015). Interaction and thermodynamics of methylene
blue adsorption on oxidized multi-walled carbon nanotubes. Green
Processing and Synthesis, 4(3), 209-217.

Ghasemi, J., & Asadpour, S. (2007, 2007/06/01/). Thermodynamics’ study of the
adsorption process of methylene blue on activated carbon at different ionic
strengths. The Journal of Chemical Thermodynamics, 39(6), 967-971.

Giraldo, S., Robles, I., Godinez, L. A., Acelas, N., & Florez, E. (2021). Experimental and
Theoretical Insights on Methylene Blue Removal from Wastewater Using an
Adsorbent Obtained from the Residues of the Orange Industry. Molecules,
26(15), 4555.

Gokce, Y., Yaglikci, S., Yagmur, E., Banford, A., & Aktas, Z. (2021, 2021/04/01/).
Adsorption behaviour of high performance activated carbon from
demineralised low rank coal (Rawdon) for methylene blue and phenol.

Journal of Environmental Chemical Engineering, 9(2), 104819.

Gonzalez-Garcia, P. (2018, 2018/02/01/). Activated carbon from lignocellulosics
precursors: A review of the synthesis methods, characterization techniques

and applications. Renewable and Sustainable Energy Reviews, 82, 1393-1414.

Graham, D. (1955, 1955/09/01). Characterization of Physical Adsorption Systems. IIl.
The Separate Effects of Pore Size and Surface Acidity upon the Adsorbent
Capacities of Activated Carbons. The Journal of Physical Chemistry, 59(9), 896-
900.

Heidarinejad, Z., Rahmanian, O., Fazlzadeh, M., & Heidari, M. (2018, 2018/08/15/).
Enhancement of methylene blue adsorption onto activated carbon prepared
from Date Press Cake by low frequency ultrasound. Journal of Molecular
Liquids, 264, 591-599.

Ho, Y. S., & McKay, G. (1998, 1998/06/01/). Sorption of dye from aqueous solution by
peat. Chemical Engineering Journal, 70(2), 115-124.



87

Ho, Y. S., & McKay, G. (1999, 1999/07/01/). Pseudo-second order model for sorption
processes. Process Biochemistry, 34(5), 451-465.

Islam, M. A, Ahmed, M. J, Khanday, W. A, Asif, M., & Hameed, B. H. (20173,
2017/04/01/). Mesoporous activated carbon prepared from NaOH activation of
rattan (Lacosperma secundiflorum) hydrochar for methylene blue removal.

Ecotoxicology and Environmental Safety, 138, 279-285.

Islam, M. A, Ahmed, M. J., Khanday, W. A, Asif, M., & Hameed, B. H. (2017b,
2017/12/01/). Mesoporous activated coconut shell-derived hydrochar
prepared via hydrothermal carbonization-NaOH activation for methylene blue

adsorption. Journal of Environmental Management, 203, 237-244.

Jawad, A. H., Ramlah Abd, R., Khudzir, I, & Sabar, S. (2017). High surface area
mesoporous activated carbon developed from coconut leaf by chemical
activation with H3PO4 for adsorption of methylene blue. Desalination and
Water Treatment, 74, 326-335.

Katheresan, V., Kansedo, J., & Lau, S. Y. (2018, 2018/08/01/). Efficiency of various
recent wastewater dye removal methods: A review. Journal of Environmental
Chemical Engineering, 6(4), 4676-4697.

Langmuir, 1. (1918). The adsorption of gases on plane surfaces of glass, mica and

platinum. Journal of the American Chemical society, 40(9), 1361-1403.

Lawtae, P., & Tangsathitkulchai, C. (2021). A New Approach for Controlling
Mesoporosity in- Activated Carbon by the Consecutive Process of Air
Oxidation, Thermal Destruction of Surface Functional Groups, and Carbon
Activation (the OTA Method). Molecules, 26(9), 2758.

Lei, S., Miyamoto, J.-i., Kanoh, H., Nakahigashi, Y., & Kaneko, K. (2006, 2006/08/01/).
Enhancement of the methylene blue adsorption rate for ultramicroporous
carbon fiber by addition of mesopores. Carbon, 44(10), 1884-1890.

Li, X., Zhang, L., Yang, Z., Wang, P, Yan, Y., & Ran, J. (2020, 2020/03/18/). Adsorption
materials for volatile organic compounds (VOCs) and the key factors for VOCs
adsorption process: A review. Separation and Purification Technology, 235,
116213.



88

Liu, Y. (2009, 2009/07/09). Is the Free Energy Change of Adsorption Correctly
Calculated? Journal of Chemical & Engineering Data, 54(7), 1981-1985.

Lu, G., Nagbanshi, M., Goldau, N., Mendes Jorge, M., Meissner, P., Jahn, A,
Mockenhaupt, F. P., & Muller, O. (2018, 2018/04/25). Efficacy and safety of
methylene blue in the treatment of malaria: a systematic review. BMC
Medicine, 16(1), 59.

Marrakchi, F., Ahmed, M. J, Khanday, W. A, Asif, M., & Hameed, B. H. (2017,
2017/05/01/). Mesoporous-activated carbon prepared from chitosan flakes via
single-step sodium hydroxide activation for the adsorption of methylene blue.

International Journal of Biological Macromolecules, 98, 233-239.
Marsh, H., & Rodriguez-Reinoso, F. (2006). Activated carbon. Elsevier Science Ltd.

Mashkoor, F., & Nasar, A. (2020, 2020/04/15/). Magsorbents: Potential candidates in
wastewater treatment technology — A review on the removal of methylene
blue dye. Journal of Magnetism and Magnetic Materials, 500, 166408.

Monser, L., & Adhoum, N. (2002, 2002/03/01/). Modified activated carbon for the
removal of copper, zinc, chromium and cyanide from wastewater. Separation
and Purification Technology, 26(2), 137-146.

Motejadded Emrooz, H. B., Maleki, M., Rashidi, A., & Shokouhimehr, M. (2021,
2021/06/01). Adsorption mechanism of a cationic dye on a biomass-derived
micro- and. mesoporous carbon: structural, kinetic, and equilibrium insight.

Biomass Conversion and Biorefinery, 11(3), 943-954.

Nasrullah, A., Bhat, A. H., Naeem, A,, Isa, M. H., & Danish, M. (2018, 2018/02/01/). High
surface area mesoporous activated carbon-alginate beads for efficient
removal of methylene blue. International Journal of Biological
Macromolecules, 107, 1792-1799.

Nasuha, N., & Hameed, B. H. (2011, 2011/01/15/). Adsorption of methylene blue from
aqueous solution onto NaOH-modified rejected tea. Chemical Engineering
Journal, 166(2), 783-786.



89

Nayak, A. K., & Pal, A. (2017, 2017/09/15/). Green and efficient biosorptive removal of
methylene blue by Abelmoschus esculentus seed: Process optimization and

multi-variate modeling. Journal of Environmental Management, 200, 145-159.

Nezhad, M. M., Semnani, A., Tavakkoli, N., & Shirani, M. (2021, 2021/12/01/). Selective
and highly efficient removal of uranium from radioactive effluents by
activated carbon functionalized with 2-aminobenzoic acid as a new sorbent.

Journal of Environmental Management, 299, 113587.

Ocampo-Pérez, R., Leyva-Ramos, R., Sanchez-Polo, M., & Rivera-Utrilla, J. (2013). Role
of pore volume and surface diffusion in the adsorption of aromatic

compounds on activated carbon. Adsorption, 19(5), 945-957.

Patawat, C,, Silakate, K., Chuan-Udom, S., Supanchaiyamat, N., Hunt, A. J., & Ngernyen,
Y. (2020). Preparation of activated carbon from Dipterocarpus alatus fruit and
its application for methylene blue adsorption. RSC Advances, 10(36), 21082-
21091.

Phothong, K., Tangsathitkulchai, C., & Lawtae, P. (2021). The Analysis of Pore
Development and Formation of Surface Functional Groups in Bamboo-Based
Activated Carbon during CO2 Activation. Molecules, 26(18), 5641.

Radovic, L. R, Silva, I. F., Ume, J. I, Menéndez, J. A., Leon, C. A. L. Y., & Scaroni, A. W.
(1997, 1997/01/01/). An experimental and theoretical study of the adsorption
of aromatics possessing electron-withdrawing and electron-donating
functional groups by chemically modified activated carbons. Carbon, 35(9),
1339-1348.

Rafatullah, M., Sulaiman, O., Hashim, R., & Ahmad, A. (2010, 2010/05/15/). Adsorption
of methylene blue on low-cost adsorbents: A review. Journal of Hazardous
materials, 177(1), 70-80.

Redlich, O., & Peterson, D. L. (1959, 1959/06/01). A Useful Adsorption Isotherm. The
Journal of Physical Chemistry, 63(6), 1024-1024.

Reffas, A., Bernardet, V., David, B., Reinert, L., Lehocine, M. B., Dubois, M., Batisse, N.,
& Duclaux, L. (2010, 2010/03/15/). Carbons prepared from coffee grounds by
H3PO4 activation: Characterization and adsorption of methylene blue and
Nylosan Red N-2RBL. Journal of Hazardous materials, 175(1), 779-788.



90

Reid, R. C., Prausnitz, J., & Sherwood, T. K. (1977). The properties of ¢ases and liquids.
McGraw-Hill.

Ren, Y., Chen, F., Pan, K, Zhao, Y., Ma, L., & Wei, S. (2021). Studies on Kinetics,
Isotherms, Thermodynamics and Adsorption Mechanism of Methylene Blue

by N and S Co-Doped Porous Carbon Spheres. Nanomaterials, 11(7), 1819.

Sahu, S., Pahi, S., Tripathy, S., Singh, S. K,, Behera, A., Sahu, U. K, & Patel, R. K. (2020,
2020/10/01/). Adsorption of methylene blue on chemically modified lychee
seed biochar: Dynamic, equilibrium, and thermodynamic study. Journal of
Molecular Liquids, 315, 113743.

Sanchez-Martin, J., Gonzalez-Velasco, M., Beltran-Heredia, J., Gragera-Carvajal, J., &
Salguero-Fernandez, J. (2010, 2010/02/15/). Novel tannin-based adsorbent in
removing cationic dye (Methylene Blue) from aqueous solution. Kinetics and

equilibrium studies. Journal of Hazardous materials, 174(1), 9-16.

Santoso, E., Ediati, R., Kusumawati, Y., Bahruji, H., Sulistiono, D. O., & Prasetyoko, D.
(2020, 2020/06/01/). Review on recent advances of carbon based adsorbent
for methylene blue removal from waste water. Materials Today Chemistry, 16,
100233.

Sayail, H., & Guzel, F. (2016, 2016/02/01/). High surface area mesoporous activated
carbon from tomato processing solid waste by zinc chloride activation:

process optimization, characterization and dyes adsorption. Journal of Cleaner
Production, 113, 995-1004.

Tangsathitkulchai, C., Naksusuk, S., Wongkoblap, A., Phadungbut, P., & Borisut, P.
(2021). Equilibrium and Kinetics of CO2 Adsorption by Coconut Shell Activated
Carbon Impregnated with Sodium Hydroxide. Processes, 9(2), 201.

Thabede, P. M., Shooto, N. D., & Naidoo, E. B. (2020). Removal of methylene blue dye
and lead ions from aqueous solution using activated carbon from black cumin
seeds. South African Journal of Chemical Engineering, 33(1), 39-50.

Theydan, S. K, & Ahmed, M. J. (2012, 2012/09/01/). Adsorption of methylene blue
onto biomass-based activated carbon by FeCl3 activation: Equilibrium,
kinetics, and thermodynamic studies. Journal of Analytical and Applied
Pyrolysis, 97, 116-122.



91

Tkaczyk, A., Mitrowska, K., & Posyniak, A. (2020, 2020/05/15/). Synthetic organic dyes
as contaminants of the aquatic environment and their implications for

ecosystems: A review. Science of the Total Environment, 717, 137222,

Tseng, R.-L., Wu, F.-C., & Juang, R.-S. (2003, 2003/01/01/). Liquid-phase adsorption of
dyes and phenols using pinewood-based activated carbons. Carbon, 41(3),
487-495.

Vargas, A. M. M., Cazetta, A. L., Kunita, M. H., Silva, T. L., & Almeida, V. C. (2011,
2011/04/01/). Adsorption of methylene blue on activated carbon produced
from flamboyant pods (Delonix regia): Study of adsorption isotherms and

kinetic models. Chemical Engineering Journal, 168(2), 722-730.

Wang, J., Sun, C, Lin, B.-C., Huang, Q.-X, Ma, Z-Y., Chi, Y., & Yan, J-H. (2018,
2018/03/01/). Micro- and mesoporous-enriched carbon materials prepared
from a mixture of petroleum-derived oily sludge and biomass. Fuel Processing
Technology, 171, 140-147.

Wang, P., Cao, M., Wang, C., Ao, Y., Hou, J., & Qian, J. (2014, 2014/01/30/). Kinetics and
thermodynamics of adsorption of methylene blue by a magnetic graphene-

carbon nanotube composite. Applied Surface Science, 290, 116-124.

Williams, N. E., & Aydinlik, N. P. (2021, 2021/08/03). KOH ratio effect, characterization,
and kinetic modeling of methylene blue from aqueous medium using
activated carbon from Thevetia peruviana shell. Chemical Engineering
Communications, 208(8), 1189-1208.

Wu, K-T., Wu, P.-H., Wu, F.-C., Jreng, R.-L., & Juang, R.-S. (2013, 2013/04/01/). A novel
approach to characterizing liquid-phase adsorption on highly porous activated

carbons using the Toth equation. Chemical Engineering Journal, 221, 373-381.

Yagub, M. T., Sen, T. K, Afroze, S., & Ang, H. M. (2014, 2014/07/01/). Dye and its
removal from aqueous solution by adsorption: A review. Advances in Colloid
and Interface Science, 209, 172-184.

Yao, Y., Xu, F., Chen, M., Xu, Z., & Zhu, Z. (2010, 2010/05/01/). Adsorption behavior of
methylene blue on carbon nanotubes. Bioresource Technology, 101(9), 3040-
3046.



92

Yu, L., & Luo, Y.-m. (2014, 2014/03/01/). The adsorption mechanism of anionic and
cationic dyes by Jerusalem artichoke stalk-based mesoporous activated
carbon. Journal of Environmental Chemical Engineering, 2(1), 220-229.

Zhang, Z., Xu, L., Liu, Y., Feng, R., Zou, T., Zhang, Y., Kang, Y., & Zhou, P. (2021,
2021/02/01/). Efficient removal of methylene blue using the mesoporous
activated carbon obtained from mangosteen peel wastes: Kinetic, equilibrium,

and thermodynamic studies. Microporous and Mesoporous Materials, 315,
110904.



CHAPTER IV
ANALYSIS OF GAS ADSORPTION AND PORE DEVELOPMENT IN
ACTIVATED CARBON BASED ON SURFACE DEFECT MODEL

4.1 Abstract

This study aimed to investigate the adsorption of N, and CO, and pore
development in microporous-mesoporous activated carbon from longan seed
prepared by the OTA method, using the GCMC simulation approach plus a surface
defect model. The analysis of N, adsorption isotherms at 77 K and CO, adsorption
isotherms at 273 K on the perfective (defect-free) surfaces revealed that the
adsorption took place by a pore-filling mechanism with a single layer for a pore
width of less than 0.85 nm. Capillary condensation was observed for N, adsorption in
pore widths larger than 1.7 nm, while this phenomenon was not observed for CO,
adsorption. As compared to the adsorption on the perfective surfaces, the adsorption
on defective surfaces showed a decrease in the adsorbed density for defect sizes
smaller than 0.246 nm but with an increase for larger defect sizes. The pore size
distribution (PSD) obtained from N, and CO, adsorption isotherms indicated that the
activated carbon samples consisted mainly of micropores and small mesopores with
a multimodal size distribution covering the pore size range from 0.65 to 4 nm. With
increasing carbon porous properties, the computed PSD showed a decrease in the
volume of micropores (0.65-1.4 nm) and an increase in the volume of
supermicropores (1.4-2 nm) and small mesopores (2-3 nm). It was also found that
the development of mesopores in microporous-mesoporous activated carbon from
longan seed biomass during the course of CO, gasification was the result of the
coalescence of adjacent micropores and the widening of micropores due to the

gasification reaction.
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4.2 Introduction

Activated carbon is a highly versatile adsorbent used extensively in industrial
separation and purification processes (Bansal & Goyal, 2005), owing to its remarkably
large surface area, and large amounts of micropores and mesopores (Marsh &
Rodriguez-Reinoso, 2006). In order to increase its use in various applications, there is
a need to develop an activated carbon synthesis process that can tailor the desired
proportional amounts of micropores and mesopores (Bakar et al.,, 2021; Wang et al,,
2022). Recently, a modified physical activation method with CO,, being named the
Oxidation, Thermal treatment, and Activation method (the OTA method), has been
proposed for the synthesis of microporous-mesoporous activated carbon (Lawtae &
Tangsathitkulchai, 2021a). This innovative preparation method involves two
consecutive steps of air oxidation and thermal destruction of the already formed
surface functional groups prior to activation with CO,, hence producing highly porous
activated carbons with higher proportional amounts of mesopore volume as
compared to the conventional two-step activation method. The microporous-
mesoporous activated carbon produced from longan seed biomass has
demonstrated excellent performance in removing methylene blue dye from an
aqueous solution, both in terms of adsorption capacity and removal efficiency
(Lawtae & Tangsathitkulchai, 2021b). By its ability in tailoring the pore size distribution
of activated carbon, the OTA method has shown great promise for the development
of advanced materials with enhanced adsorption properties for diverse applications.

To assist the understanding of pore development in this special activated
carbon for its wider applications, it is necessary to be able to characterize and
predict the pore size distributions of the carbon adsorbent. In general, gas adsorption
is the most widely used method for the characterization of porous adsorbents (Liu &
Chen, 2014; Sing, 1989). N; gas (Kruk & Jaroniec, 2002) and Ar gas (Dombrowski et al.,
2000) are generally used as probe molecules at their boiling points because under
this condition the condensation pressure is an explicit function of the pore size
(Thommes et al,, 2015). In addition, CO, adsorption is also used specifically for
probing the narrowest micropores at experimentally measurable pressures
(Ravikovitch et al., 2000). Moreover, CO, has the potential to be an effective probe
molecule as it has a faster diffusion rate and better infiltration in micropores at a

near ambient temperature (Garrido et al., 1987). Thus, CO, is also used as a probe
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molecule to monitor the pore development of microporous materials, especially
activated carbon.

The Monte Carlo (MC) simulation in the grand canonical (GC) ensemble is
currently regarded as an effective tool for studying adsorption behavior and
calculating pore size distributions in microporous and mesoporous materials (Ohba &
Kaneko, 2001; Pantatosaki et al., 2004; Sitprasert et al., 2013). There have been
several studies comparing the pore size distributions (PSD) achieved by the MC
simulation and the density functional theory (DFT) (D.D. Do & H.D. Do, 2003) as well
as the non-local density functional theory (NLDFT) (Ravikovitch et al, 2000;
Vishnyakov et al., 1999). In addition, the MC simulation was applied to obtain PSD of
activated carbons based on the slit and mixed geometries for the solid model and
Lennard-Jones models for N, and CO, (Toso et al.,, 2011), and more recently N,, CO,
and Ar have been applied for the characterization of micro-mesoporous carbons
(Dantas et al.,, 2021). Overall, the estimation of PSD for activated carbon by the
Monte Carlo simulation is well accepted and widely used by a number of
investigators (Alexandre De Oliveira et al., 2013; Azevedo et al., 2010; Kohmuean et
al,, 2021; Phothong et al,, 2021; Samios et al., 1997; Tangsathitkulchai et al., 2021).
Normally, activated carbon structure is modeled as graphene sheets with a finite
length (Wongkoblap et al., 2005) which contain functional groups and morphological
defects on the basal graphene layers (Do, 1998). Therefore, a carbon pore of finite
length and carbon surfaces as graphene layers which consists of carbon atoms
arranged in a hexagonal pattern (Wongkoblap & Do, 2006; Wongkoblap et al., 2005),
as well as the presence of surface defects were adopted in this study for simulating
the adsorption behavior of the microporous-mesoporous activated carbon prepared
by the OTA method. In general, high-pressure isotherm experiments can provide the
adsorption capacity for most pores, whereas the structural properties such as specific
surface area, pore size distribution, micropore volume, and mesopore volume are
usually evaluated via the adsorption tests at low-pressures (< 10 bars) (Klewiah et al,,
2020). However, to determine the micropore-mesopore size distributions in activated
carbons, CO, adsorption at 273 K (0°C) and at pressures up to the saturation pressure
was adopted in the present study.

Therefore, this study aims to investigate, through GCMC simulation, the gas

adsorption behavior of activated carbon on both defect-free and defective surfaces
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and to examine the pore development of micro-mesoporous activated carbon by
analyzing the derived pore size distributions. We also evaluate specifically the effect
of the OTA preparation method on mesopore development and the corresponding
strength of adsorption sites, as indicated by the isosteric heat of adsorption. The
findings of this study will certainly contribute to a better understanding of the
adsorption properties of activated carbon with real heterogeneous carbon surfaces,
which should have important implications for various applications in the field of

adsorption.

4.3 Experimental Procedure

The microporous-mesoporous activated carbons were specially prepared by
the so-called OTA method. Details of this preparation method follow those reported
in Chapter II. In brief, 15 ¢ of activated carbon produced by a two-step CO; activation
at 850°C for 1 h in a vertical tube furnace (CTF 12, Carbolite, Staffordshire, UK) were
oxidized in a quartz tube reactor by heating the activated carbon from room
temperature in a stream of air (100 cm?’/min) to the required oxidation temperature
of 230°C and held at this temperature for 12 h. The purpose of this step was to
create additional oxygen functional groups on the carbon surfaces. Then, the
oxidized carbon was heated at 950°C for 2 h under N, gas flowing at the rate of 100
cm’/min to remove most of the surface functional groups, thus giving increasing
surface reactivity caused by chemical bond disruption of the functional groups. After
that, the sample was activated again with CO, at 850°C for another 1 h. This process
completed the first cycle of the OTA preparation method. In this study, a total of
three cycles for the OTA method were performed, giving carbon samples designated
as AC1, AC2, and AC3. The experimental isotherms of CO, for the tested activated
carbons were measured at 273 K (0°C) with a pressure ranging from 0.01 to 35 bars by
using a High-Pressure Volumetric Analyzer (HPVA I, Micromeritics, Norcross, GA, USA).
Before starting the measurement, the sample was degassed at 300°C for 16 h under a
high vacuum (< 0.1 mbar) to eliminate any physisorbed substances on the carbon
adsorbent. The high and low-pressure transducers of the equipment provide a
reading accuracy of +0.04% and +0.15%, respectively. The static volumetric method
was used to calculate the CO, adsorption capacity. The dual free-space

measurements and correction for nonideality of the analysis gas were used to
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enhance the accuracy of the isotherm data. Porous properties of the derived
activated carbons were determined from the adsorption isotherms of N, at 77 K
(-196°C) measured by using a high-performance adsorption analyzer (ASAP 2010,
Micromeritics, Norcross, GA, USA). The BET-specific surface area (Sger) was calculated
from the N, adsorption isotherm data by applying the Brunauer-Emmett-Teller (BET)
equation (Brunauer et al., 1938). The total pore volume (V1) was estimated from the
volume of N, adsorbed at the relative pressure (P/Py) of 0.98 and converted to the
volume of N, in the liquid state at 77 K (-196°C). Micropore volume (Vi) was
determined by applying the Dubinin-Radushkevich (DR) equation (Dubinin, 1975). The
mesopore volume (Vi) was estimated by subtracting the micropore volume from
the total pore volume. The Monte Carlo (MC) simulation in the grand canonical (GC)
ensemble was applied to compute the pore size distribution of the derived activated

carbon using the N, and CO, adsorption isotherm data.

4.4 Simulation Model

4.4.1 Fluid-Fluid Models and the Interaction Energy (Ug)
In this study, N, gas is modeled as a single Lennard-Jones (LJ) site
(Ravikovitch et al., 2000) while CO, is modeled as a 3-center LJ molecule with fixed
partial charges (Harris & Yung, 1995). The molecular parameters are listed in Table

[{3 ”»

5.1. The dispersive potential energy of interaction between a site “a” on molecule

i” with a site “b” on molecule “” was calculated using Equation (4.1), which

follows the Lennard-Jones 12-6 equation (Lennard-Jones, 1931, 1932):

12 6

A B O,b G,b
Ut = E E ag’’ 9. 9. (@.1)
i i,J a,b a,b '
=1 b=1 iy i

“« ”»

ab . . . .
where 1" is the separation distance between a site “a” on molecule

{2
/

and a site

¢ “«- . a,b a,b .. .
“b” on molecule “”, while O, and & are the cross collision diameter and cross

well-depth of the interaction energy, which can be calculated with the Lorentz
(Lorentz, 1881) and Berthelot (Berthelot, 1898) (LB) mixing rules.
For a molecule with a number of dispersive sites and fixed partial

charges, the interaction energy is the summation of LJ interactions and the
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electrostatic energy which was calculated with Coulomb’s law (Tipler, 1999) as

shown in Equations (4.2) and (4.3), respectively.

U, =U,+U, (4.2)
M M a f
q 9 1 qi q
=3y L1
a=1 f=1 47[80 ’7]

where & is the permittivity of free space, r[?”B is the separation distance between

& {82

two charges, @ and f# on molecules “i” and “j”, respectively. qia and q},ﬂ are the

“rn

number of charges @ on molecule “/” and the number of charges ff on molecule

({32

j”, respectively. M is the number of charges on the molecule.

Table 4.1  Molecular parameters used in the GCMC simulation computation

Interacting Energy Collision Atomic
Type site well depth diameter charge
(e/kg), K (o), nm (@), e~

Carbon atom C 28.0 0.34 0

N, (Spherical model) N, 101.5 0.3615 0
Cco, C 28.129 0.2757 +0.6512
(Multi-site model) O 80.507 0.3033 -0.3256

4.4.2 Solid-Fluid (Usp) Potential Model
The potential energy between an LJ site of the molecules “/” and the
homogeneous flat solid substrate with a separation distance of z of an infinite extent
was determined by using Equation (4.4), which is the Steele 10-4-3 equation (Steele,
1978):

10 4 aq

o o o
L - | - 4 (4.4)

Z z 3A(O.61A+zi)3
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where O is the surface carbon atom density of a graphene layer (38.2 nm2) and the

interspacing distance between two graphene layers, (A) is 0.3354 nm. The reduced
well-depth of a carbon atom, &./ks = 28K, and the collision diameter of a carbon

atom, Ogs = 0.34 nm. While the cross parameters, & and Oy were calculated via LB
mixing rules using Equations (4.5) and (4.6), respectively.

&, = (5555 r )1/2 (4.5)

O'SfZ(O'SS-l-Gﬁ)/Z (4.6)

The dimensions of the simulation box were 6.0 nm in the x- and y-
directions. We assumed that the top and the bottom of the simulation box form the
two walls of the slit pore, and each wall consists of three graphene layers. These
layers are stacked on top of each other with an interlayer spacing of 0.3354 nm. The
pore width (H) of this slit pore model is defined as the distance between a plane
passing through all carbon atom centers of the outermost layer of one wall and the
corresponding plane of the opposite wall.

In this study, a model of surface defect is used to investigate the
effects of the defect (surface heterogeneity) on the adsorption isotherms. The
defects are constructed by first removing carbon atoms randomly from both pore
walls to form a small pit, and next removing carbon atoms in the region covered by
a circle of an effective radius (R.) as shown in Figure 4.1. It should be noted that the
defect pits could overlap with neighboring pits because the carbon atoms were
randomly selected. The two important parameters for modeling an activated carbon
surface are the percentage of the defect area and the size of the defect which is
measured by the effective radius (Do & Do, 2006). In studying the effect of defect
size, the effective radius (R.) was varied from 0.246 to 0.615 nm holding a constant
defect area of 30% of the total surface area. Moreover, to investigate the degree of
surface defect, the defect area was varied from 15 to 45%. The R, value of 0.246 nm
was chosen based on the distance from a carbon atom to the adjacent carbon atom,
as determined by the structure of hexagonal graphite with trigonal planar bonding

within the graphene layers.
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(a) R,=0.246 nm (b) R.=0.492 nm (c) R,=0.615 nm
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Figure 4.1 Solid configuration of one graphene layer with percentage defects of 30
% and the effective radius (R.) of (a) 0.246 nm, (b) 0.492 nm, and (c)
0.615 nm. The black spheres represent carbon atoms of the graphene

layer and the spaces represent the defect area.

4.4.3 The Computer Simulation for Determining Pore Size Distribution

The N; and CO, adsorption isotherms in the slit pores at 77 K (-196°C)
and 273 K (0°C), respectively, were simulated over the same pressure range as the
experimental adsorption isotherms. The pore widths (H) were varied from 0.65 to 4.0
nm which covered the micropore and mesopore size range in activated carbons, and
a total of 39 local isotherms were then calculated. The calculation procedure of the
Monte Carlo (MC) simulation (Metropolis et al., 1953; Metropolis & Ulam, 1949) in the
grand canonical (GC) ensemble (Frenkel & Smit, 2001) is as follows. The volume of
the simulation box, the chemical potential, and the temperature of the system were
first specified to compute the adsorption equilibrium. For a simulation cycle used in
this work, we provided an equal probability for displacement move, insertion, and
deletion of the fluid molecules, which consists of 1000 steps. For an adsorption
branch of the isotherm, 30000 cycles were executed for the system to reach
equilibrium, resulting in 30 million configurations in the equilibration stage, and the
same number of cycles were used to average the results in the sampling stage. In
the equilibration stage, the maximum displacement length was initially set as half of
the largest dimension of the simulation box and was adjusted at the end of each
cycle to give an acceptance ratio of 20% (Mountain & Thirumalai, 1994) and kept

constant in the sampling stage. For each point on the adsorption branch, we used an
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empty box as the initial configuration, and the simulation was carried out until the
number of particles in the box no longer changed. The pressure of the bulk gas at a
given temperature corresponding to a given chemical potential was calculated from
the equation of state (EoS) proposed by Johnson et al. (Johnson et al, 1993).
Periodic boundary conditions (PBC) were applied in the x- and y-directions. The cut-
off radius was chosen to be five times that of the first collision diameter of the
concerning fluid.

In the simulation, the amount of pore density is related to the
accessible volume of the simulation box and the number of particles in the box. The
method to determine the accessible volume was proposed by Do and Do (Do & Do,

2007). The excess pore density is calculated by Equation (4.7).

_M=pY.
%

acc

pex (47)

where <N> is the ensemble average of the molecules in the simulation box, p; is

the gas density of the box, calculated via EoS and V. is the accessible volume of
the box.

Another important thermodynamics output from the simulation is the
isosteric heat of adsorption. The definition of isosteric heat is the amount of heat
released per unit mass of adsorbed molecules at a constant temperature and
adsorption loading. The heat of adsorption consists of the interaction energy
between fluid-fluid (FF) and solid-fluid (SF) interactions. This information is very
useful since the heat of adsorption is related to the heterogeneity of the solid
substrate, which can be used to characterize the solid adsorbent and to understand
the adsorption mechanisms. Experimentally, the heat of adsorption can be obtained
using a thermopile by direct measurement of the heat flux through the adsorption
cell wall (Sircar et al,, 1999). While in the simulation, the isosteric heat of adsorption
can be estimated via the fluctuation theory (Nicholson & Parsonage, 1982),

employing Equation (4.8) as follows:

ot =) | (.8)

Y =y
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where ( > is the ensemble average, U is the sum of potential energy in the system

and N is the number of molecules in the system. kg is the Boltzmann constant and, T
is the temperature of the system.

To determine the pore size distribution of activated carbon, the
experimental adsorption isotherms were fitted with the local isotherms generated by
the models using the Solver program in Microsoft Excel by minimizing the sum of
squared errors between the experimental and simulated isotherms. The goodness of
fit was assessed based on two criteria: the regression coefficient (R®) and the
normalized standard deviation (AV) which is defined by Equation (4.9). A higher value
of R? and a lower value of AV indicate a better fit between the experimental and
simulated isotherms. The derived pore size distributions (PSD) of activated carbon
were presented as the relationship between the differential pore volume per unit

pore width and the average pore width.

2l 2 )M @

AV (%) = 100 X

where the Ve, and Ve, are the experimental and calculated values, respectively, and

N is the number of data points.

4.5 Results and Discussion

4.5.1 N, Adsorption Isotherms

Figure 4.2 shows the N, adsorption isotherms at 77 K for the three
activated carbons (AC1, AC2, and AC3) that were prepared via the OTA method, and
Table 4.2 presents their corresponding porous properties. The N, adsorption
isotherms of the three activated carbons exhibited Type IV isotherm according to the
IUPAC classification (Thommes et al., 2015), which is typical of monolayer-multilayer
adsorption. As the number of OTA cycles increased from cycle 1 to cycle 3, both the
amount of adsorbed gas and the size of the hysteresis loop increased, which implies
the progressive development of mesopores with a distribution of pore sizes. Table
4.2 shows that the preparation of activated carbon from longan seed biomass by the
OTA method provided a relatively large BET surface area and total pore volume. As

the number of the OTA cycle increased (samples ACL to AC3), the surface area,
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micropore volume, mesopore volume, and average pore size increased progressively.
This increase in the carbon porous properties was the result of the increase in the
number of reaction sites caused by the increasing bond disruption at a high
gasification temperature of functional groups formed during the oxidation step of the
OTA preparation method. The increase in the amounts of mesopores is possibly
attributed to the mechanism of micropore enlargement by gasification and
coalescence of micropores. As seen also from Table 4.2 that there was a tendency
for the volume percent of micropores to decrease and that of mesopores to increase

from samples AC1 to AC3.
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Figure 4.2 N, adsorption isotherms at 77 K of the three samples of microporous-

mesoporous activated carbon (AC1, AC2, and AC3).

Table 4.2 Porous properties and percent char burn-off of the tested activated

carbon
Sample Vi Ve Vr SgeT Da.v Burn-off
name | (cm*g) (%) (cm¥g) (%) (cm®/g) (m¥g) (nm) (%)
AC1 0.375(78.1) 0.105 (21.9) 0.480 980 1.96 46.10
AC2 0.466 (63.3) 0.270 (36.7) 0.736 1,271 2.32 62.10
AC3 0.600 (55.9) 0.474 (44.1) 1.074 1,773 2.42 78.40
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4.5.2 CO, Adsorption Isotherms

The CO, adsorption isotherms at 273 K of AC1, AC2, and AC3 are
presented in Figure 4.3. The measured excess adsorbed amounts of CO, at high
pressures up to the saturation pressure (34.85 bars) are shown in Figure 4.3a. As the
pressure increased, the excess adsorbed amount increased continuously and reached
the maximum at a relative pressure (P/Py) around 0.40 and then declined
continuously at higher pressures. Similar results were also observed in previous works
for CO, adsorption at high pressures for activated carbon and other porous materials
(Wang & Long, 2020; Zhang et al., 2018; Zhou et al., 2003; Zhou & Zhou, 2009). These
trends can be attributed to the relationship between the excess adsorption capacity
(Vex) and the absolute adsorption capacity (Vi) as presented later in Equation (4.11).
At low pressures, bulk gas density (Ppuw) is much smaller than the adsorbed phase
density (Pags), thus Ve is nearly the same as V.. In other words, the difference
between the excess and the absolute adsorption quantities can be neglected. As the
pressure increases, the bulk phase density increases rapidly as compared with the
adsorbed phase density. The difference between these two quantities then becomes
obvious (Vex < Vap) and CO, enters the supercritical or liquid state, thus making Ve, to
exhibit a downward trend (Zhang et al., 2018).

However, the measured excess adsorbed amounts are usually
converted to absolute amounts (Wang & Long, 2020), which are needed for practical
applications. As for gas adsorption data measured by the high-pressure adsorption
unit (HPVA 11), the Langmuir equation has been popularly used to fit the experimental
isotherm data due to its simplicity and accuracy (Ekundayo & Rezaee, 2019a, 2019b;
Zhang et al., 2015; Zou et al.,, 2017). Therefore, the Langmuir model (Langmuir, 1918)
was adopted and used in the present study. The derivation of this model is based on
the molecular dynamic equilibrium of the adsorption rate and desorption rate of an
adsorbate gas, where the adsorbate is represented as a monolayer-adsorbed phase
on the surface of the adsorbent. The classic form of the Langmuir model can be

expressed by Equation (4.10):

V. = (4.10)
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where Vg, is the absolute adsorption capacity, P is the gas equilibrium pressure, V.
and P_ are known as Langmuir constants where V_ is the maximum absolute
adsorption capacity and P_ is the gas equilibrium pressure at half of V.. The absolute
adsorption capacity (V,p) is related to the excess adsorption capacity (Ve) by the
following equation (D. D. Do & H. D. Do, 2003).

_ pbulk
pods

V.=V, |1 (4.11)

Substituting Equation (4.11) into Equation (4.10) gives Equation (4.12) which is the

final form for determining the excess adsorption capacity (Vey).

VEX: VLP 1_pbu(k
PL+P pads

(4.12)

where Ppuk is the bulk density of the free gas phase, Pags is the adsorbed gas phase
density. Equation (4.12) was used in this work to model adsorption isotherms of CO;
on tested three carbons. The 3-parameters Langmuir model (Vi, P, and Pags) was
used for non-linear curve fitting with each parameter bounded to (0, +o<). The
adsorbed gas-phase density was assumed to be pressure-independent (Ekundayo &
Rezaee, 2019a, 2019b).

Figure 4.3b shows the absolute adsorbed amounts of CO, at 273 K on
AC1, AC2, and AC3. The fitting of the excess adsorption isotherms, which yielded the
absolute adsorption isotherms, is shown in Figure 4.3a using Equation (4.12). Based
on visual observation of Figure 4.3a, this model appeared to agree well with the
measured excess adsorbed amounts. The statistical analysis indicated that the sum
of the squared estimate of errors (SSE) between the experimental and the computed
values is less than 0.001, and the value of R? was greater than 0.999 for all carbon
samples. Therefore, it can be inferred that the absolute adsorbed amounts of CO, at
273 K can be employed to characterize the porous properties of the tested activated
carbons. As illustrated, the CO, adsorption of each sample at relative pressures lower
than 0.05 is almost indistinguishable for both the excess and the absolute adsorbed
amount. This suggests that CO, adsorption at low pressures is insensitive to the

different porous properties of the three activated carbons. Only a quarter of the total
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pore volume is filled by CO, at low pressure, which can be attributed to the narrow
micropore filling (Ravikovitch et al., 2000). However, as the pressure increased, the
amount of CO, adsorbed increased dramatically, corresponding to the filling of
micropores and narrow mesopores. This indicates that the surface area and
proportion of micropores and mesopores play a crucial role in the adsorption of CO,

at high pressures.
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Figure 4.3 CO, adsorption isotherms at 273 K for (a) excess adsorption capacity and
(b) absolute adsorbed amount in a microporous-mesoporous activated

carbon.

4.5.3 Adsorption Isotherms of the Perfective Surface

Figures 4.4a and 4.4b show, respectively, the simulated isotherms for
N, adsorption at 77 K and CO, adsorption at 273 K in carbon slit pores of various
pore widths from 0.65 to 4 nm. A total of 39 simulation points for each isotherm at
relative pressures (P/Po) varying from 107 to 1 were computed. From the shape of
the isotherm curves, both N, and CO, isotherms showed the continuous pore filling
of a single layer in a pore width of less than 0.85 nm, for which the packing effect
led to the difference in the maximum density for each pore size. The highest pore
density for the pore size of 0.65 nm is due to the ability of the adsorbate to tightly fit
inside the pore as a single layer. Furthermore, the capillary condensation was

observed for N, adsorbed for a pore width larger than 1.7 nm as shown in Figure
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4.4a, while this behavior is absent for CO, adsorption isotherms. This effect is due to
the reason that the 3-center LJ model for CO, could form a less dense packing, while
the spherical molecule of N, could form a denser structure (Ravikovitch et al., 2000).

However, the actual surface of activated carbon is not perfect but
contains many defects due to the removal of carbon atoms during gasification by
CO; as well as the defects caused by bond disruption of a number of surface
functional groups at a high gasification temperature. In other words, the activated
carbon surface is highly heterogeneous containing a number of active reaction sites
with a distribution of chemical reactivity for the gasification reaction. In the following
sections, the role of defective surfaces in the adsorption of N, by simulation is

presented and discussed.
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Figure 4.4 Simulated adsorption isotherms of (a) N, at 77 K and (b) CO, at 273 K in

carbon slit pores.

4.5.4 Effect of Defect Size
To study the effect of surface heterogeneity on gas adsorption, a
defective surface model was utilized. The study was made by varying the effective
radius (Ro) from 0.246 to 0.615 nm maintaining a fixed defect area of 30%. This choice
of defect area percentage was adopted from a similar study reported in the previous
work (Wongkoblap & Do, 2007). The 30% defect area also coincided with the burn-off

value of the initial activated carbon prior to the application of the OTA method. In



108

fact, any reasonable value of defect area, as long as it is not extremely high, can be
used to investigate the effect of defect size on adsorption isotherms. First, we
compared the simulated N, adsorption isotherms at 77 K for the effective radius of
0.246 nm and 0.492 nm with pore widths varying from 0.65 to 4 nm and presented
the results in Figure 4.5. The isotherms showed a similar shape to those of the
perfective surface (Figure 4.4a), with the same pattern of continuous pore filling for
pore widths of less than 0.85 nm, resulting in @ maximum adsorbed density for each
pore size. The highest adsorbed density was observed for a pore size of 0.65 nm as
well. However, for single-layer adsorption, we observed that the simulated isotherms
with a 30% defect area and effective radius of 0.246 nm exhibited a lower adsorbed
density than that of the perfective surface, whereas the isotherms with 30% defects
and effective radius of 0.492 nm showed a higher adsorbed density. This indicates
that the size and distribution of defects significantly affect the adsorbed density. The
differences in the adsorbed density could be attributed to the effect of the defect
size on the available surface area for adsorption. Surfaces containing small defect
sizes can lead to a decrease in the number of available adsorption sites because the
defect size is too small to accommodate the adsorbate molecules.

Next, Figure 4.6 shows the snapshots of N, molecules in the space of
finite pores of 2.0 nm in width at 77 K with Rc varying from 0.246 to 0.615 nm. The
choice of a pore width of 2.0 nm is noteworthy as it falls within the average pore size
range observed in the activated carbon samples. For better visualization, only one
graphene layer on each wall is presented. Typically, adsorptive molecules will first
adsorb onto the strongest adsorption sites, followed by adsorption on the other
respective weaker sites. Results from Figure 4.6 indicate that adsorption took place
initially at the defect pits and then on the carbon surface. This suggests that the
stronger solid-fluid (SF) interaction of the defect pits initiates the adsorption, and
then the two contact layers adjacent to the two walls form due to the strong SF
interaction near the pore wall (Wongkoblap & Do, 2007). The data of isosteric heat of
adsorption on the defective surface are also employed to indicate the strong solid-
fluid interaction, which is discussed in section 4.5.6.

Furthermore, when the pressure increased to the maximum of 100000
Pa, the inner pores are completely filled by the contact layers. Figure 4.6a shows

that the Rc of 0.246 nm is too small to accommodate an adsorptive molecule,
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leading to the weak interaction between the pits and the adsorbate molecules, thus
resulting in a decrease in the adsorbed amount. In contrast, Figures 4.6b and 4.6¢
reveal that either R. of 0.492 or 0.615 nm, respectively, is large enough to
accommodate the molecules, resulting in an adequate attraction between the gas
molecules and the carbon surface. Previous research has shown that the attraction
between water molecules and the carbon surface is similarly affected by the size of
defects (Xu, Do, et al., 2021). Thus, the suitable size of the defect on the activated
carbon surface may be measured by the effective radius value, which leads to a
good agreement between the simulated isotherms and the experimental isotherms.
The simulated isotherms were compared with the experimental isotherms of N,
adsorption, as illustrated in Figure 4.7. Excellent agreement of the experimental and
simulated N, isotherms is achieved for R. of 0.492 and 0.615 nm. In the next section,
an effective radius of 0.492 nm was chosen to investigate the influence of defect
area by varying the percent defect from 0 to 45% for N, adsorption. The use of Rc
larger than 0.492 nm may not be feasible for the simulation, since the carbon surface

may not retain its crystalline structure.
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Figure 4.5 Simulated adsorption isotherms of N, at 77 K in carbon silt pores with

30% defects of the effective radius at (a) 0.246 nm and (b) 0.492 nm.
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Figure 4.6 Snapshots of N, adsorption at 77 K in pore width of 2 nm at various

adsorption pressure on the defective surface with R. of (a) 0.246 nm, (b)

0.492 nm, and (c) 0.615 nm.
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Figure 4.7 Comparison of experimental and simulated adsorption isotherms for 30%

defective area with various R. of (a) 0.246 nm, (b) 0.492 nm, and (c) 0.615

nm.
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4.5.5 Effect of Defect Area

Figure 4.8 displays the snapshots of N, adsorption at 77 K in a pore
width of 0.70 nm for one adsorbed layer at an initial pressure of 1 Pa on the carbon
surface with Rc of 0.492 nm and with the percentage of defect area varying from 0 to
45%. It can be observed that the pores consisting of larger % defects exhibited lower
adsorbed molecules at low loadings. This indicates a lower interaction between the
adsorbate molecules and the carbon atoms on the surface with a higher defective
area. Figure 4.9 shows the adsorption of N, in a 1.0 nm pore width. This pore width
can accommodate two exact layers for different defect levels (0-45%), holding a
fixed effective radius. The results show similar adsorption behavior to that observed
for a pore width of 0.70 nm with one adsorbed layer. That is, pores with higher %
defects exhibited lower adsorbed amounts at low pressures. However, as the
pressure approaches the saturation vapor pressure, molecules will enter the pore
and completely fill the pore interior and the defect sites. Even though pores with
defects have weak adsorbent-adsorbate interaction forces, the maximum capacity is
approximately the same as that of the perfective pores. This could be due to the
fact that while the presence of defects can increase the available surface area and
provide additional sites for adsorption, the weaker adsorbent-adsorbate interaction in
these sites may limit the amount of adsorbate that can be adsorbed. As a result, the
maximum capacity of the defective pore is similar to that of the perfective pore
despite the presence of surface defects.

The results of the goodness-of-fit analysis are summarized in Table
4.3 which showed that the best models were found to be a defect-free surface for
AC1, a defective surface with an effective radius of 0.492 nm and 15% defects for
AC2, and a defective surface with an effective radius of 0.492 nm and 45% defects
for AC3. The increase in mesopore volume was significantly associated with the
effective radius which increased from 0 to 0.492 nm, while the percentage of defect
area is related to the carbon burn-off. Both AC2 and AC3 were best described by an
effective radius of 0.492 nm, with the difference between them being the percentage
of the defect area. This finding suggests that an increase in the percentage of defect
corresponds to an increase in the carbon burn-off, while an increase in the mesopore
volume may be due to the overlapping of neighboring pits. This mechanism is

consistent with the micropore enlargement process observed in the activated carbon
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produced by the OTA method through the gasification and coalescence of
micropores. Furthermore, the defect size of 0.492 nm has the same magnitude as the
previous report on characterizing N, adsorption on non-graphitized carbon black
(NGCB) with a defective surface (Wongkoblap & Do, 2007). This evidence tends to
indicate that an effective radius of 0.492 nm could be the optimum value for N,

adsorption on a defective surface.

Perfect (0%) 15% defects 45% defects

Figure 4.8 Snapshots of N, at 77 K in pore width of 0.70 nm at 1 Pa on the carbon
surface with the effective radius of 0.492 nm at percentage defects

varying from 0 to 45%.
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Figure 4.9 Adsorption isotherms of N, in 1.0 nm pores on the different percentages
of defects (0-45%) with the effective radius of 0.492 nm.
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Table 4.3 Values of R? and %AV for the best fitting of N, and CO, adsorption

isotherms
Perfective surface Defective surface
Sample
(Rc = 0) (Extent of defect = 30%) (Rc = 0.492 nm)
name
CO; N2 0.246 nm 0.492 nm 0.615 nm 15% 45%
0.9997 0.9998 0.9996 0.9989 0.9996 0.9996 0.9987
AC1
(3.05%)  (0.17%) (0.27%) (0.50%) (0.30%) (0.28%) (0.60%)
0.9998 0.9994 0.9989 0.9993 0.9994 0.9998 0.9982
AC2
(3.43%)  (0.64%) (0.75%) (0.60%) (0.58%) (0.45%) (1.05%)
0.9993 0.9997 0.9982 0.9996 0.9995 0.9997 0.9999
AC3
(4.70%)  (0.72%) (1.31%) (0.69%) (0.79%) (0.72%) (0.30%)

4.5.6 Analysis of N, Adsorption Based on Isosteric Heat

The relationship between isosteric heat of adsorption of N, at 77 K in
a 1.10 nm pore and the corresponding adsorbed density for the perfective surface is
compared with that of the defective surface, as shown in Figure 4.10. The heat of
adsorption can be separated into two contributions, namely fluid-fluid (FF) and solid-
fluid (SF) interactions.

In the case of a perfective surface, as shown in Figure 4.10a3, the
isosteric heat progressively increased as the first layer was covered, reaching a
maximum at the completion of the first layer at the density of about 18 kmol/m’.
The total heat then decreased due to the formation of the second layer at higher
densities, for which the contribution from SF decreased since the N, molecules are
adsorbed further away from the carbon surfaces. This finding is consistent with the
adsorption of simple and linear molecules on the homogeneous surface (Prasetyo et
al., 2018; Xu, Phothong, et al., 2021).

Next, the heat of adsorption for the defective surface is considered, as
shown in Figure 4.10b. The SF interaction is a dominant factor at a very low density,
as it contributes about 13 kJ/mol for defective surfaces while the perfective surface
provides only 10.5 kJ/mol. This implies that the adsorption occurs at the strong
adsorbing sites at a low loading, which is the interaction between the defective sites

and the adsorbate molecules, and then the adsorption proceeds progressively on
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typical carbon sites. The high value of isosteric heat at a very low density was also
observed in the adsorption of the simple and linear molecules at a strong adsorption
site (Loi et al., 2020; Loi et al., 2021).

To further understand the mechanism of adsorption at a high-energy
site, the configurations of snapshots are presented, as shown in Figure 4.6. The
adsorbate molecules interacting with the defective pits at the low pressure (~10 Pa)
can be observed. Moreover, the OTA method depends strongly on adsorbing sites to
create mesopores from the gasification reactivity of the pre-existing micropores.
These sites are strong defect pits resulting from an increasing number of unpaired
electrons due to bond disruption of functional groups, as part of the OTA preparation
method. They are enlarged via gasification reaction at the original micropores with

strong adsorbing sites, resulting in a greater amount of produced mesopores.
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Figure 4.10 Isosteric heat as a function of loading for N, adsorption in 1.10 nm pore

at 77 K on (a) perfective surface, (b) defective surface.

4.5.7 The PSD Derived from N, Adsorption Isotherms
The pore size distributions of activated carbon samples based on the
perfective and defective models were obtained by comparing the simulated
adsorption isotherms with the experimental data. The parameters used in the
simulation for determining the PSD of the activated carbon from N, adsorption

isotherms are presented in Table 4.4. The extent of carbon defects was found to be
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in the order of AC3 > AC2 > AC1, which indicates that the magnitude of the defect
area on the carbon surface increased with the increasing number of treatment cycles
of the OTA method from 1 to 3.

Next, the development of pores in the activated carbon is considered.
Table 4.5 presents the calculated pore volume data for each pore size range. For the
computed PSD, it is noted that the volume of micropores in the range of 0.65 to 1.4
nm decreased continuously from 0.309 to 0.275 cm®/g for the AC1 to AC3 samples.
On the other hand, the volume of supermicropores (1.4-2 nm) increased from 0.066
to 0.325 cm?®/g, indicating the transformation of some micropores into larger
supermicropores caused by the gasification reaction. Similar results were obtained for
the micropore development derived from the perfective surface model.

Figure 4.11 shows a progressive increase in the mesopore volume in
the range of 2-4 nm, with pore sizes between 2 and 3 nm accounting for about
43.8%, 65.9%, and 52.7% of the total mesopore volume for AC1, AC2, and AC3,
respectively. It was observed that AC3 exhibited a significant increase in the pore
volume in the range of 3-4 nm, accounting for up to 47.3% of the total mesopore
volume. This could have resulted from the transformation of some small mesopores
(2-3 nm) into larger mesopores (3—-4 nm) as a result of the merging of adjacent
mesopores. Although mesopore development in AC3 derived from the defective
surface model had a higher pore volume in the range of 3-4 nm (47.3%) compared
to that of AC3 derived from the perfective surface model (30.4%), it is important to
note that the formation of mesopores is not solely determined by the surface model
used. Mesopores are formed due to the changes in the pore structure caused by the
gasification reaction, which involves the widening of micropores due to increasing
surface reactivity for CO, gasification. This pore widening leads to the formation of
larger pores with diameters between 2 and 50 nm, which is different from the
creation of micropores through the gasification reaction that results in the formation
of small pores with diameters of less than 2 nm. Therefore, while the choice of
surface model can have an effect on mesopore distribution, it is not the only factor
influencing the formation of mesopores.

However, these findings regarding the PSD reveal the development of
pores in the activated carbon as the number of OTA cycles increases, notably the

development of micropores and mesopores. In brief, this study has demonstrated
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that mesopores in microporous-mesoporous activated carbon from longan seed
biomass are not created only by the coalescence of micropores at a high degree of
burn-off, but rather through micropore widening caused by the increase in the

surface reactivity of micropores for CO, gasification.

Table 4.4 Parameters used in the simulation for determining the PSD of the

activated carbon derived from N, adsorption isotherms

Parameter AC1 AC2 AC3
Effective radius (nm) 0 0.492 0.492
Extent of defect (%) 0 15 a5

AC3
0.492-45%

AC3

AC2
0.492-15%
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Figure 4.11 PSD of AC1, AC2, and AC3 derived from the perfective surface (left) and
the defective surface models (right) as determined by the adsorption
isotherms of N, at 77 K.
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Table 4.5 Pore volume distributions in the activated carbons based on perfective

and defective models derived from N, adsorption isotherms

Sample Vr Pore volume for pore width, cm?/g (%)
name (cm’/g) 0.65-1.4 nm  1.4-2nm 2-3 nm 3-4 nm
Perfective surface model
AC1 0.480 0.309 (64.4)  0.066 (13.7)  0.046 (9.6) 0.059 (12.3)
AC2 0.736 0.339 (46.1)  0.127(17.2) 0.176(23.9) 0.094 (12.8)
AC3 1.074 0.207 (19.3)  0.393 (36.6) 0.330(30.7) 0.144(13.4)
Defective surface model
AC1 0.480 0.309 (64.4)  0.066 (13.7)  0.046 (9.6)  0.059 (12.3)
AC2 0.736 0.284 (38.6)  0.182(24.7) 0.178(24.2) 0.092(12.5)
AC3 1.074 0.275(25.5)  0.325(30.3) 0.250(23.3) 0.224 (20.9)
35 (a) © Aci 20 (b) © Act

O AC2 O AC2

15
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N, adsorbed amount (mmol/g)
CO, adsorbed amount (mmol/g)
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Figure 4.12 Comparison of simulated and experimental adsorption isotherms of (a) N,

at 77 K and (b) CO, at 273 K.
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4.5.8 The PSD Derived from CO, Adsorption Isotherms
Figure 4.12 displays a comparison between the simulated and
experimental isotherms for CO, adsorption. The matching between the isotherms is
excellent, with the regression coefficient (R?) greater than 0.999 and a normalized
standard deviation of less than 5%. The pore size distribution data of activated
carbon samples generated from the optimal fitting of experimental and computed
CO, isotherms are presented in Figure 13. The results show the type of multimodal
distribution covering the pore size range from 0.65 to 4 nm. Table 4.6 presents the
calculated pore volume data for each pore size range. Based on the resulting PSD,
the activated carbon primarily consists of micropores (0.65-1.4 nm) and small
mesopores (2-3 nm). With an increase in the number of OTA preparation cycles, the
volume of micropores decreased, while an opposite trend was observed for
supermicropores (1.4-2 nm). This observation suggests that supermicropores are

responsible for the increase in the surface area of activated carbon.

Furthermore, Figure 4.13 shows a progressive increase in mesopore volume in
the range of 2-3 and 3-4 nm. The mesopores were predominantly distributed within
the 2-3 nm range, accounting for about 98.6%, 97.7%, and 99.9% of the total
mesopore volume for carbon samples produced from cycle 1, cycle 2, and cycle 3 of
the OTA method, respectively. The total pore volumes determined from the CO,
adsorption data of AC1, AC2, and AC3 were slightly higher than those obtained from
the N; isotherms. The difference among these results is attributed to the use of
different molecular probes (N, vs CO,). Since CO, has a smaller collision diameter
than that of N, and the adsorption temperature of CO, (273 K) is much higher than
that of N, (77 K), this would allow a faster diffusion rate of CO, through carbon pores

enabling CO, to get access to much smaller pores.
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Figure 4.13 PSD for AC1, AC2, and AC3 calculated based on the adsorption isotherms
of CO, at 273 K.

Table 4.6 The pore volume of the PSD in the activated carbon derived from CO,

adsorption isotherms

Sample V1 Vini Vime Pore volume for pore width (cm®/g)

name | (cm’g) (cm’g) (cm’/g) | 0.65-1.4nm 1.4-2nm  2-3 nm 3-4 nm

AC1 0.663 0.375 0.288 0.3209 0.0541 0.2836 0.0041

AC2 0.918 0.466 0.452 0.3125 0.1535 0.4419 0.0106

AC3 1.113 0.600 0.513 0.3115 0.2885 0.5129 0.0003
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4.6 Conclusions

This study provided valuable insights into the adsorption behavior and pore
development in microporous-mesoporous activated carbon produced from longan-
seed biomass, based on GCMC simulation and a surface defect model. The analysis
of N, adsorption isotherms at 77 K and CO, adsorption isotherms at 273 K on the
perfective surfaces revealed a continuous pore-filling mechanism for a single layer of
pore width less than 0.85 nm. Capillary condensation was observed for N, adsorption
at pore widths larger than 1.7 nm, while this was not observed for CO, adsorption.
The isotherms for N, adsorption on the defective surfaces showed a similar pattern
to that of the perfective surface, with continuous pore filling occurring for a pore
width of less than 0.85 nm that resulted in a maximum adsorbed density for each
pore size. However, smaller defects exhibited lower adsorbed density for single-layer
adsorption, while larger defects showed higher adsorbed density, indicating that the
size and the distribution of defects significantly affect the adsorbed density.
Furthermore, adsorption was found to take place initially at the defect pits and then
on the carbon surfaces suggesting that the stronger solid-fluid (SF) interaction of the
defect pits initiates the adsorption, and then the two contact layers adjacent to the
two walls are formed due to the strong SF interaction near the pore wall.

The pore size distribution (PSD) data obtained from N, and CO, adsorption
isotherms indicated that the activated carbon samples primarily consisted of
micropores and small mesopores, with a multimodal distribution covering the pore
size range from 0.65 to 4 nm. The simulation adsorption isotherms of both perfective
and defective surfaces were compared with the experimental data to obtain the PSD
of activated carbon samples using N, adsorption isotherms. The results indicated that
the percentage of carbon defect area increased with the number of the OTA-
treatment cycles. The computed PSD revealed a decrease in the volume of
micropores and an increase in the volume of supermicropores for ACl to AC3
samples. The mesopore volume also increased progressively, with a significant
increase in the pore volume in the range of 2-3 nm. Our findings demonstrate that
mesopores in microporous-mesoporous activated carbon from longan seed biomass
are formed not only by the coalescence of micropores but also by micropore

widening caused by the increased surface reactivity of micropores for CO, gasification.



121

Analysis of the PSD of activated carbon samples using CO, adsorption
isotherms showed a multimodal distribution showing peaks in the micropores size
range of 0.65-1.4 nm and small mesopores size range of 2-3 nm. The
supermicropores (1.4-2 nm) were responsible for increasing the surface area of
activated carbon, and their volume increased with an increase in the number of OTA
preparation cycles. The mesopore size was predominantly distributed within the 2-3
nm range, and its volume increased with the number of OTA cycles. The total pore
volumes determined from CO, adsorption were slightly higher than those obtained
from N adsorption due to the faster diffusion rate of CO, being able to penetrate

into smaller size pores.
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CHAPTER V
A SIMPLE PRE-OXIDATION TECHNIQUE FOR INCREASING CO,
GASIFICATION RATES IN LONGAN-SEED CHAR

5.1 Abstract

A simple and effective technique was presented to increase the longan-seed
char gasification rate during CO, activation by pre-oxidizing the char with air. The
kinetics of char gasification was studied in a thermogravimetric analyzer (TGA) for the
temperatures of 850-950°C for char samples being oxidized in a tube furnace at the
temperatures of 250, 280, and 300°C. It was found that the gasification rate of the
oxidized char was about twice higher than that of the non-oxidized char. The increase
in the char reactivity for CO, gasification is due to the increasing number of reaction
sites caused by the disruption of functional group bonding created during the oxidation
step. Additionally, the increase in the oxidation temperature gave rise to the increase
in the char reactivity but the maximum temperature was limited by the ignition
temperature of the longan-seed char. Four gasification kinetic models were tested
against the experimental rate data and it was discovered that the modified volume
reaction model (MVRM) provided the best description of the gasification conversion.
The pre-exponential factor and the activation energy of the gasification reaction were
determined from the Arrhenius equation. The estimated activation energy was found
to be in the range of 156.87-218.98 kJ/mol and decreased with the increase of char

oxidation temperature.

5.2 Introduction

Activated carbon is a porous material that is widely used in many separation
and purification processes for both gas and liquid systems. It is typically produced by
a physical activation process that involves converting a carbonaceous precursor into
solid char in an inert atmosphere, thus providing the char rich in carbon content, and

then activating the resultant char with an oxidizing agent such as carbon dioxide or
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steam (Marsh & Rodriguez-Reinoso, 2006). In general, the reaction of char with an
activating agent is crucial in any gasification process either for the production of active
carbon or synthesis gas. The rate of gasification is dependent on both the developed
pore structure and the chemical reactivity of carbon particles (Scott et al., 2005). The
pore structure affects the mass transport of an oxidizing gas, while carbon reactivity
determines the chemical reaction kinetics. The overall carbon reactivity is determined
by the distribution and number of reaction sites for gasification to proceed. There are
generally two methods that can be used to control the reaction rate; the temperature
which is a measure of energy level and the reactivity of reaction sites. Recently, a
novel method, called the OTA method, has been proposed to enhance carbon
reactivity during CO, activation of longan seed char, rendering the derived activated
carbon with a remarkable increase of surface area and pore volume in comparison
with the traditional physical activation method (Lawtae & Tangsathitkulchai, 2021).

The OTA preparation method is based on three consecutive steps of (i)
Oxidizing (O) an initial low percent burn-off activated carbon to create more surface
oxygen functional groups, (i) Thermal (T) heating the oxidized carbon at a high
temperature in an inert atmosphere to disrupt the chemical bonds of the functional
groups, leading to a large number of reaction sites due to the presence of a larger
number of unpaired electrons, and (iii) Activating (A) the heat-treated carbon with CO,
for a required period of time. In this work, this same technique for increasing the
number of active sites, and hence the increase in the char gasification rate, was
investigated by first oxidizing the prepared longan-seed char with air at a temperature
lower than the ignition temperature to increase the amounts of surface groups and
then activating the oxidized char at a high temperature in CO,. For the activation step,
the destruction of functional groups and CO, activation of the char occur
simultaneously. In view of activated carbon synthesis, the rate of carbon gasification
during the activation step will have a direct influence on the pore development and
the porous characteristics of the final carbon product. The significance of being able
to increase the gasification rate during activated carbon synthesis is that a smaller size
reactor could be used, hence providing a decrease in the fabrication cost of the
reactor.

The raw material used in the present study is longan seed biomass which is the

inner seed of longan fruit. The longan fruit is widely consumed and produced in large
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quantities in Thailand. Longan seeds account for about 17% of the fruit weight, and
they are often discarded from processing plants and disposed of in landfills, thus
causing an environmental issue. The conversion of longan fruit seeds into useful value-
added products such as activated carbon by physical activation with an oxidizing gas
should help alleviate the disposal problem.

Concerning the char gasification rates, there have been a number of reports
studying the gasification reactivity of various biomass chars by activating with CO,. Seo
et al. (Seo et al,, 2010) investigated the gasification reactivity of biomass char with CO,
using the TGA and various kinetic models, including the volume reaction model (VRM),
shrinking core model (SCM), and random pore model (RPM) were tested. They found
that the predicted kinetics by the RPM agreed well with the experimental data as
compared to the other models. To improve the correlation between the conversion
rate and the extent of conversion, the modified kinetic models such as the modified
volume reaction model (MVRM), and the modified random pore model (MRPM) were
employed to describe the gasification reactivity and kinetic behavior of oil palm
biomass (Chew et al., 2020). Tangsathitkulchai et al. (Tangsathitkulchai et al., 2013)
studied the low carbonization temperature effect on char reactivity in the range of
250-700°C by testing various kinetic models for CO, gasification of coconut-shell chars
and found that the MVRM was most accurate in predicting the gasification kinetics.
Moreover, the char reactivity index was found to decrease with the increase in the
carbonization temperature, with the char produced at the lowest temperature of 250°C
giving the highest reactivity. Wang et al. (Wang et al.,, 2016) have studied the CO,
gasification kinetics of various chars and found that the gasification reactivities of chars
are mainly determined by their carbonaceous structure. An investigation into the effect
of carbonization temperature on pore development in activated carbon from palm
shell biomass has been made by Daud and co-workers (Daud et al., 2000). It was found
that activated carbon prepared from high-temperature carbonization had higher BET
surface area, total pore volume, micropore volume, and yield as compared to those
using low-temperature carbonization, which was consistent with the results from
coconut shell (Li et al., 2008). This is because a high carbonization temperature could
provide more ordering carbon structure that produces more developed micropores
with higher porous properties. However, the effect of the oxidation of chars on its

gasification reactivity during CO, activation has not yet been reported to date.
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Therefore, it was the purpose of this work to investigate CO, gasification kinetics
of chars that was oxidized with air prior to the gasification reaction in a
thermogravimetric analyzer (TGA). The kinetic data of these gasified chars were
collected by following the char residual weight in a TGA under a CO, atmosphere as a
function of heating time and for various gasification tem