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Abstract

Volatile organic compounds (VOCSs) pose significant environmental and human health risks as
they are emitted from various industrial activities such as fossil fuel combustion, chemical and
petrochemical manufacturing, and agriculture. Acetone, being one of the significant contributors
to VOC emissions, underscores the importance of employing advanced technologies and best
practices in industrial processes to minimize its release. Adsorption is a highly effective technique
for VOCs emission control due to its simplicity, cost-efficiency, and flexibility. Biochar, known
for its high porosity, low-cost, and excellent adsorption capacity, has emerged as a promising
adsorbent for environmental remediation. However, pristine biochar exhibits poor surface
properties, resulting in limited VOCs adsorption capacity. Furthermore, the presence of water
molecules poses a major challenge in achieving efficient biochar adsorption performance under
humid conditions, particularly in the separation and purification sector. Therefore, this study aims
to develop an effective hydrophobic modified honeycomb-like tubular biochar (HT-B) that
exhibits high VOC (acetone) adsorption capacity under humid conditions. In this research,
honeycomb-like tubular biochars (HT-Bs) were synthesized by impregnating palm leaves (PL),
pinewood sawdust (PWS), and corn stalks (CS) with different concentrations of zinc chloride
(ZnCl2) (0.5 M, 1.0 M, and 1.5 M), followed by a hydrophobic coating of polydimethylsiloxane
(PDMS). Various characterization techniques and acetone adsorption experiments were conducted
at relative humidities (RH) of 50%, 70%, and 90% to determine the physical and chemical
properties, and adsorption performance of HT-Bs, as well as the mechanisms involved in the
process. The optimization study for impregnation and hydrophobic coating conditions was
conducted using one-factor-at-a-time (OFAT) method. Among the synthesized HT-Bs, CS/HT-B
impregnated at 1.0 M (CS/HT-B1m) exhibited the highest specific surface areas of 1825.3 m? g!
and exhibited a stable honeycomb-like tubular structure with evenly distributed fenestrations on
the cellular surface. This indicated that an impregnation concentration of 1.0 M was optimal. The
best conditions for coating CS/HT-Bim with PDMS (CS/HT-BimPDMS) were determined at a
mass ratio of 1:25 (CS/HT-Bim: PDMS), a modification temperature at 200°C, and a duration of
1 h. These conditions increased the water contact angle from 0° to 132.8°, indicating enhanced
hydrophobicity. When the RH increased from 50% to 90%, the adsorption capacity of CS/HT-Bim
significantly decreased by 49.8%, while CS/HT-BimPDMS decreased only by 28.7%. This
indicated that the hydrophobic PDMS coating successfully enhanced the adsorption of acetone by
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decreasing the competition between water molecules and acetone. The adsorption efficiency of
regenerated CS/HT-BimPDMS decreased upon the thermal regeneration, however CS/HT-
BimPDMS was still able to perform well compared to CS/HT-Bim at 90% RH. The adsorption
kinetics, including isotherm, rate-controlling step, and breakthrough models were utilized to
predict the adsorption mechanisms, mass transfer, and breakthrough characteristics of acetone
removal. The acetone adsorption onto CS/HT-Bim and CS/HT-BimPDMS fitted well to Sips
model, indicating that the adsorption can be described by a combination of Langmuir and
Freundlich models. The rate-controlling steps were intraparticle diffusion, while surface diffusion
occurred rapidly. Moreover, the experimental data exhibited good fit to the nonlinear Bohart-
Adams (B-A), Thomas, and Yoon-Nelson (Y-N) models. These models exhibited excellent fit to

the experimental data, with correlation coefficients (R?) ranging from 0.997 to 0.999.

Keywords: adsorption, honeycomb-like tubular biochar, humidity, hydrophobic coating, volatile

organic compounds
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CHAPTER 1

INTRODUCTION

1.1 Background

Volatile organic compounds (VOCs) are one of the precursors to the formation of tropospheric
ozone (O3) and secondary organic aerosols (SOA). Their toxic and photochemically sensitive
properties pose a significant threat to human health and the environment (Yafei Liu et al. 2020).
Common VOCs have an effect on human health, including irritation of the eyes, nose, and skin,
nausea, coughing, chest tightness, and even cancer (Ancione et al. 2021; Megias-Sayago et al.
2020; Yuxiu Zhang et al. 2019). As for the environment, VOCs are highly reactive, which enables
them to easily react with a variety of compounds in the atmosphere, resulting in photochemical
smog, particulate matter, and ozone (Lv et al. 2020; Lomonaco et al. 2020). The primary sources
of VOCs emission include industrial activities, such as petroleum refinery, coal-fired power plant,
pharmaceutical manufacturing, waste treatment plant, and vehicle exhaust (J. Sun et al. 2019; J.
Sun et al. 2019; Z. Liang et al. 2020). Furthermore, in Malaysia, researchers have identified 22
types VOCs, including 14 aldehydes, 5 aromatic hydrocarbons, acetone, trichloroethylene, and
tetrachloroethylene from indoor activities such as cooking, material painting and coating, and the
used of cleaning and product consumers (Saraga et al. 2023; Y. Huang et al. 2019; Heeley-Hill et
al. 2021). Studies indicate that formaldehyde, acetaldehyde, and acetone exhibit the highest
concentrations ranged from 99.3+10.7 to 6.8+2.19 pg m3, from 23.7+13.5 to 5.35+4.57 pug m=,
and from 11+5.95 to 133 pg m=, respectively. Additionally, indoor concentrations of benzene,
toluene, and xylene (BTX) collectively reached 235 pg m= (Saraga et al. 2023). Notably, acetone
and BTX stand out with the highest indoor VOC concentrations, posing a significant risk of
contributing to secondary air pollution (Saraga et al. 2023; Vardoulakis et al. 2020). Therefore, it
is imperative to implement VOC emission control techniques across various industries. As of now,
there is a notable gap in research addressing the adsorption of acetone onto modified biochar under

humid conditions.



Various VOCs abatement techniques have been developed to capture or remove the desired
VOCs under different process conditions. Among them, adsorption is one of the most economical
options and has proven to be an efficient technology due to its wide range of flexibility and facile
operation conditions (Vikrant et al. 2020). Besides, desorption process enables VOCs to be
recovered and recycled for further applications (Krishnamurthy et al. 2020; Mujan et al. 2019).
Recently, adsorption techniques by using highly specific surface area adsorbents are attractive in
the removal of VOCs due to their excellent adsorption capability. Porous materials including
carbon-based materials, organic polymers, and oxygen-containing materials are commonly used
adsorbents to enhance the adsorption of VOCs at low concentration level (<1000 ppm) (Lingli Zhu
et al. 2020; Ruofei Chen et al. 2020). Biochar has shown great potential as an adsorbent in
environmental remediations due to its high specific surface area, adjustable pore structure, and
high adsorption capability (Rajabi et al. 2021; Ziheng Wang et al. 2020). However, due to the
nature properties of biomass, biochar synthesized from biomass wastes is mostly hydrophilic.
Water vapor is unavoidable in the removal of VOCs due to its high vapor pressure at room
temperature (H.-B. Liu et al. 2016; K.-D. Kim et al. 2012). In this case, VOCs and water molecules
compete for the adsorption sites on biochar, leading to poor adsorption efficiency for the desired
pollutant, which has been reported as low as 50% and remains unresolved (L. Jia et al. 2020). This

has become one of the major challenges in VOCs adsorption technology.

In light of the limitations, multiple modifications, including structural and surface
modifications are attractive approaches to enhancing the pore structure and surface properties of
biochar. A unique honeycomb-like tubular structure has become the key to the high adsorption
efficiency of VOCs. Its superior mechanical properties, honeycomb-like and tubular structure
result in a high specific surface area, high adsorption capability, and good carrier transport
properties (C. Ma et al. 2018; Xiang Xu et al. 2021). Therefore, honeycomb-like tubular biochar
(HT-B) could play a significant role in improving the stability of the pore structure and increasing
the specific surface area of the biochar at high modification temperatures. Recently, the
hydrophobic coating technique has drawn attention as an effective approach for the selective
adsorption of VOCs under humid conditions (Xiuguan Li et al. 2020; Z. Xie et al. 2011; M. Kim
et al. 2022). Hydrophobic coating by materials with low surface energy, including
trimethylchlorosilane (TMCS) and polydimethylsiloxane (PDMS) can decrease the affinity of

water by introducing siloxane (Si—O—Si) functional group on the surface of biochar (E.J. Park

2



etal. 2014; Z. Gao et al. 2020). Studies have reported that this technique maintains the performance
of biochar in the adsorption of VOCs under low relative humidity and shows excellent
hydrophobicity under high relative humidity (Xiuquan Li et al. 2020; Z. Gao et al. 2020).

In this study, a series of hydrophobic modified honeycomb-like tubular biochars
(hydrophobic HT-Bs) were synthesized from palm leaves (PL), pinewood sawdust (PWS), and
corn stalks (CS). These raw materials were impregnated with different ZnCl> concentrations (0.5
M, 1.0 M, and 1.5 M) and then further modified through the hydrophobic coating of PDMS on the
surface functional groups of HT-B. The optimization of the impregnation concentration and
hydrophobic coating conditions for the development of a great and stable structure of hydrophobic
HT-B have been investigated. The hydrophobic HT-B were then used to investigate the
performance of VOC (acetone) removal under different relative humidity. The structural
properties, morphology, and hydrophobicity of HT-Bs were confirmed by various technique
including Brunauer—Emmett—Teller (BET) technique, scanning electron microscopy and energy
disperse spectrometry (SEM&EDS), Fourier transform infra-red spectroscopy (FTIR), and drop
shape analysis (DSA). Moreover, to investigate the adsorption mechanisms involved and the
performance of hydrophobic HT-Bs under different relative humidity conditions, various models
such as adsorption isotherm models (Freundlich, Toth, and Sips model), breakthrough models
(Borhart-Adams, Thomas, and Yoon-Nelson model), and intraparticle diffusion model were
adopted. These models were used to precisely evaluate the influence of water vapor on VOCs
adsorption and determine the rate-limiting step of the adsorption. The novelty of this study lies in
its ability to fill the gap in the use of hydrophobic HT-B in gas adsorption applications, particularly
under humid conditions. The study also provides insights into the optimal conditions for the
preparation and modification of hydrophobic HT-B, which can be used to improve the

performance of gas adsorption materials.

1.2  Research questions

The main research questions that will be addressed through this study are as follow:

1. Can palm leaves, corn stalks, and pinewood sawdust be used to produce biochars with

honeycomb-like tubular structure at different concentration of ZnCl,,
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. What are the best process parameters for the formation of hydrophobic HT-B to achieve

the highest VOC adsorption capacity?

. What is the influence of humidity and its mechanisms for the VOC adsorption on

hydrophobic HT-Bs?

. How does impregnation and hydrophobic modification affect the physical and chemical

properties of HT-Bs and hydrophobic HT-Bs?

Aims and objectives

This research project aims to fulfill the insufficient literature to analyze the potential performance

of the biochar to act as an absorbent in VOCs removal under humid environment and proposing

effectively modified biochar which can be implemented in the VOCs emission control in

industries.

This research project is aimed to achieve the objectives as presented as follow:

1. To examinate the effect of zinc chloride in the formation of honeycomb-like tubular

biochars (HT-Bs) from palm leaves, pinewood sawdust, and corn stalks, and to determine
the hydrophobic modification by varying the process parameter, such as coating ratio of
HT-B to PDMS (HT-B: PDMS), modification temperature (°C), and reaction time (h), for

the formation of hydrophobic HT-B to achieve optimum adsorption capacity.

. To characterize the physical and chemical properties of the HT-Bs and hydrophobic-

modified HT-B by using BET, SEM&EDS, FTIR, and DSA.

. Toanalyze the adsorption capacity and the gas adsorption kinetics for the removal of VOCs

onto hydrophobic HT-B under humid conditions.

. To evaluate the reusability of hydrophobic-modified HT-B for the adsorption of VOCs

under high relative humidity at 90%.



1.4 Significances

1.4.1 Scientific contribution

Although biochar has been widely used in environmental remediations for pollution
control, research on selective VOCs adsorption under humid conditions by biochar is still scarce.
Hence, this research study draws attention to the beneficial use of the modified biochar as a
potential adsorbent for the removal of VOCs under humid conditions. The outcome of this research
will provide a better understanding of the effects of metal salts concentration in developing
honeycomb-like tubular structure and high porosity of biochar. Moreover, the knowledge on the
hydrophobic coating on the surface of biochar could be used to overcome the poor adsorbent
adsorption performance at high relative humidity. Besides, this modified biochar could improve
the efficiency of the separation and purification processes, thus reducing the VOCs emission in

the atmosphere.

Various structural modification methods have been reported, including the metal salts
impregnation in developing honeycomb-like tubular structure (Kazemi Shariat Panahi et al. 2020;
T. Xie et al. 2015). However, there are still gaps that need to be addressed in order to synthesize a
better honeycomb-like tubular structure from biomass wastes for the removal of VOCs. Firstly,
lack of research in evaluating the optimum metal salts concentration and the mechanisms involved
in the formation of honeycomb-like tubular biochar (HT-B). Next, studies were focusing on the
performance of HT-B in the adsorption of heavy metals in wastewater treatment, however the
effectiveness of HT-B in the adsorption of VOCs has not been studied. In terms of VOCs
adsorption, the presence of water vapor is one of the most significant impact on the adsorption
capacity due to its high vapor pressure at room temperature (Jinjin Li et al. 2022; Hunter-Sellars
et al. 2020). Thus, the hydrophobic modification of HT-B could enhance the adsorption capacity
by increasing the selectivity of desired VOCs (K.-D. Kim et al. 2012; Jiaxing Wang et al. 2021).
This brings out the novelty of hydrophobic HT-B to act as an adsorbent in the adsorption of VOCs
at high relative humidity. Besides, the mechanisms involved during the adsorption of VOCs by
hydrophobic HT-B could offer deep understanding of the interactions between the VOC and the
surface functional group of hydrophobic HT-B. This could also be useful knowledge to select a

suitable regeneration method to regenerate the adsorbent efficiently.



1.4.2 Practical implementation

The Food and Agriculture Organization (FAO) has reported that global agriculture waste
production was approximately 5.9 billion tons in 2020. This includes waste from crop production,
livestock farming, and forestry activities. The residues from crop production, such as stalks, leaves,
and husks are the largest contributors to agriculture waste up to 80%, while the remaining 20%
come from livestock wastes, such as manure and bedding materials. The management of
agricultural waste is a significant challenge for sustainable development. The outcomes of this
research will be beneficial for the Sustainable Development Goals (SDGSs) of biochar through its

application in environmental remediation.

The HT-B synthesized from palm leaves, pinewood sawdust, and corn stalks has not been
studied. It is essential to investigate the biomass waste properties that influenced the formation of
the honeycomb-like tubular structure. Biomass wastes naturally contain lignocellulose, which is
composed of different percentages of cellulose, hemicellulose, and lignin. Hence, studying the
influence of the lignocellulose content could provide better understanding of the HT-B formation.
The use of biochar in this study has the potential to contribute to several SDGs as illustrated in
Figure 1.1. It is clearly addressed that the greenhouse gas emissions can be reduced by utilizing
the biomass wastes into biochar, which indirectly reduces the production cost in industry. Besides,
biochar is a promising material to act as an effective adsorbent in air pollution control and
wastewater treatment (A. Kumar et al. 2021; Uday et al. 2022). Moreover, the VOCs emission in
the urban areas can be reduced, thus leading to cleaner air and healthier cities. The application of
biochar also can reduce the negative impact of industrial activities and enhance the waste

management in wide range of industry (Neogi et al. 2022; A. Anand et al. 2022).
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Figure 1.1: The potential SDGs that contributed by the production and application of biochar in
air pollution control technologies (A. Kumar et al. 2021)

1.5 Scope of the study

This research project focuses on the production of honeycomb-like tubular biochar (HT-
B), structural and surface modification, and the performance of hydrophobic HT-B in the
adsorption of VOCs under different relative humidity (RH). The biomass wastes (PL, PWS, and
CS) were pre-treated by metal salts impregnation at different concentrations, and then carbonized
at constant conditions of 800 °C, at heating rate of 3 °C min for 6 h. The effect of metal salts
impregnation concentrations was intensively discussed to analyze the surface properties of HT-Bs
and obtained the optimum conditions for the formation of great honeycomb-like tubular structure.
Hydrophobic modification through PDMS coating was performed to enhance the hydrophobicity
of the HT-B. Three optimization parameters of PDMS coating, such as mass ratio of HT-B to
PDMS, modification temperature, and reaction time, were comprehensively studied to evaluate
the effects of these optimization parameters on the hydrophobicity of HT-B and obtain the
optimum conditions for the PDMS coating. Besides, the surface characterizations of the
hydrophobic HT-Bs were performed by BET, SEM&EDS, FTIR, and DSA. The Yoon-Nelson
model was fitted to the experiment data to investigate the breakthrough curves of the VOCs
adsorption by hydrophobic HT-B at RH of 50%, 70%, and 90%. Moreover, the mechanisms



involved during the VOCs adsorption were analyzed by Pseudo first and second order adsorption
isotherms. Lastly, the rate-limiting step of the adsorption process was evaluated by intra-particle
diffusion model.

1.6 Layout of the report

This report consists of 5 chapters. The first chapter is the introduction to the benefits and
contribution on the use of biochar as an adsorbent in the adsorption process. This chapter also
comprised of problem statement, aim and objective of the study, significance, and the scope of the
study. The second chapter presents the literature review of the study, which includes the VOCs
abatement methods, type of porous adsorbents, adsorption mechanisms, modification techniques,
adsorption conditions, adsorption kinetic, and the adsorbent regeneration method. In Chapter 3,
raw materials and chemicals used in this research were listed under materials. Meanwhile, the
preparation of hydrophobic HT-Bs and adsorption procedures were clearly explained under the
methodology. Chapter 4 presents the results obtained from the experimental data,
characterizations, kinetic study, and comprehensive discussion on the research correlations. Lastly,
Chapter 5 consists of the conclusion for the research study, challenges, and recommendation for

future reference.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview of volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are defined as any organic chemical compounds that
evaporate easily at room temperature. They are known as common gaseous pollutants in the air,
which are toxic and photochemically sensitive (D. Zhou et al. 2022). The major concern of VOCs
is their high volatility at standard atmospheric pressure, which increases the potential for human
exposure. Generally, VOCs are categorized into groups based on their boiling points, including
very volatile organic compounds (< 50°C), volatile organic compounds (50 ~ 260 °C), semi-volatile
organic compounds (260 ~ 400°C), and particulate organic matters (= 400°C) (Lingli Zhu et al.
2020; Jinlong Li et al. 2021). In addition, the degree of molecular polarity of VOCs can be divided
into polar and nonpolar (Lee et al. 2020; A.J. Li et al. 2021). The classification of VOCs indicates
the behavior of VOCs in the atmosphere, which is mainly influenced by the nature, concentration,
and emission sources of VOCs (Kamal et al. 2016; Xinmin Zhang et al. 2021). Therefore, the
characteristics of VOCs can be better understood through classification. This is because different
pollutants have different behaviors and effects on the surrounding environment, especially the

environment and human health.

Rapid development and industrialization are major contributors to the growth of VOCs
emissions. VOCs are part of essential compounds in our daily life due to their wide range of
applications, such as household products, office equipment, agrochemicals, and transportation
activities. Some typical examples are paints, disinfecting products, cosmetics, pesticides,
fungicides, automotive products, glues, degreasers, and fuel additives (Sha et al. 2021; Mozaffar
et al. 2020). Since VOCs can be released into the atmosphere through evaporation, humans are
exposed to VOCs in the environment through inhalation, ingestion, and skin contact (Sonne et al.
2022). Certain VOCs can negatively affect human health. For example, carbonyl and aromatic

compounds such as benzene, xylene, toluene, formaldehyde (HCHO), and acetaldehyde



(CH3CHO) are toxic and carcinogenic to human health even at low concentration (below 0.2 mg.
m3), which can cause common discomfort to severe state (Manisalidis et al. 2020; El-Hashemy et
al. 2018). Furthermore, drinking water is considered a common source of VOCs exposure due to
industrial discharges and disinfection processes. Long-term consumption of drinking water that
does not meet the specifications may lead to heart, liver or kidney diseases (S.S. Anand et al.
2014). Moreover, indoor sources of VOCs, including acetone, formaldehyde, acetaldehyde, 1,2-
dichloromethanem, and ethyl acetate are commonly produced from furniture, flooring, off-gas of
building materials, cleaning and consumer products, cooking, and paint (Saraga et al. 2023; Y.
Huang et al. 2019; Heeley-Hill et al. 2021). In contrast to outdoor environments, where exposure
to polluted air is limited, individuals predominantly encounter air pollution indoors, given that a
significant portion of their time is spent in residences, offices, public buildings, or during
commutes (Goldstein et al. 2020; Toyinbo et al. 2022). Prolonged exposure to indoor VOCs poses
a heightened risk of causing fatigue (Norbdack et al. 2017). Among most of the VOCs, acetone is
relatively less harmful compared to benzene, toluene, ethylbenzene, and xylene. However, despite
being less harmful, literature categorizes acetone as a common VOC and an air pollutant. While it
may not be as harmful as other VOCs, its classification as an air pollutant underscores its
significance. Consequently, acetone serves as an excellent representative of VOCs for lab-scale
studies, offering valuable insights into its removal and underlying mechanisms (Rajabi et al. 2021;
S.-C. Huang et al. 2021).

Most of the released VOCs play a key role in atmospheric chemistry. The presence of
VOCs in the atmosphere can lead to complex photochemical reactions and produce toxic
substances, resulting in negative impacts on humans and the environment (Lomonaco et al. 2020).
For example, aldehydes in air can trigger atmospheric photolysis and contribute to the formation
of airborne particles. Besides, photo-oxidation of benzene, toluene, ethylbenzene, and xylenes
produces toxic secondary organic aerosols, which are the air pollutants that cause adverse health
effects (Lomonaco et al. 2020; C. Yang et al. 2019). Moreover, studies reported that the
condensation and nucleation of oxygenated volatile organic compounds, secondary organic
aerosols, and secondary nitric aerosols contributed up to PM2.5 formation (X. Liang et al. 2017;
A.J. Li et al. 2021). Formation of these substances can cause impact on air quality, radiation, and
cloud microphysics. On the other hand, VOCs can react with atmospheric nitrogen oxides in

sunlight to form ground-level ozone. Ozone formation at ground-level is considered hazardous
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because they are a combination of harmful air pollutants that can cause a variety of health
problems. Some typical VOCs with the highest ozone formation potential that are benzene,
toluene, ethylbenzene, and xylenes. They have occupied with a total of up to 30% of VOCs
emissions, which leads to 69% of the total ozone production potential (X. Liang et al. 2017; A.J.
Li et al. 2021). These lead to serious adverse effects of VOCs on the environment and human
health, which has become one of the most significant concerns, especially for sustainable
development goals. Hence, appropriate control measures should be taken to reduce the

concentration of VOCs in the atmosphere.

2.2 VOCs abatement methods

Various methods have been implemented in VOCs emission control. These methods can
be broadly categorized into destruction and recovery techniques, as illustrated in Figure 2.1 (Lingli
Zhu et al. 2020; Xiuquan Li et al. 2020). Destruction methods, such as thermal oxidation, catalytic
oxidation, biodegradation, and plasma catalysis, eliminate VOCs through oxidation or
biodegradation processes, effectively curbing emissions from industrial processes (Xueyang
Zhang et al. 2017a; Xiuquan Li et al. 2020). However, these methods are energy-intensive,
expensive, environmentally impactful, have limited applicability, and face regulatory challenges
(Krishnamurthy et al. 2020; Gelles et al. 2020).

In contrast, recovery methods are mainly focus on adsorption, absorption, membrane
separation and condensation (Krishnamurthy et al. 2020; Xiuquan Li et al. 2020). Recovery
methods provide a cost-efficient, environmentally sustainable, flexible, and compliant alternative.
This approach involves capturing and reusing or recycling VOCs from industrial processes,
making it adaptable to various process conditions and applications while potentially meeting
VOCs emission standards (Xin Li et al. 2020; G. Gan et al. 2023). Each recovery method operates
on different principles, influencing the process conditions for capturing VOCs (Pirola et al. 2021;
C.-C. Chen et al. 2021). Table 2.1 summarizes the principles, advantages, and disadvantages of
recovery methods. It is worth noting that recovery methods offer a promising avenue for reducing
VOCs emissions from industrial processes, indirectly promoting resource conservation and cost-

effectiveness.

11



Thermal oxidation

Catalytic oxidation
Destruction
Biodegradation

Plasma-catalysis
VOCs abatement
methods
Membrance separation

Condensation
Recovery

Absorption

Adsorption

Figure 2.1: VOC abatement methods (Krishnamurthy et al. 2020).
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Table 2.1: The advantages and disadvantages of the recovery methods.

Methods Principles Energy VOCs Efficiency Costs Reuse  Waste Advantages Disadvantages  References
consumption  concentration % generation
Recovery methods
Membrane Involves High 2000-50000 90-95 Moderate/  Yes Clogged Flexible High (Yujing Liu et
separation concentration ppm High membranes  operation, investment cost  al. 2006),
of different high recovery (Luengas et
VOCs, efficiency, al. 2015),
purification, high (Zhen et al.
separation efficiency 2006)
process
Condensation  VOC is High >5000 ppm Moderate  High Yes - High High energy (Luengas et
converted to concentration  consumption, al. 2015),
liquid at low recycles high operating  (Belaissaoui
temperature cost et al. 2016)
Absorption VOC Moderate 500-15000 90-98 Moderate/  Yes Spent Convenient Limited data of  (Dumont et
absorption in ppm High Solvent process suitable al. 2011),
water or recycled solvent, limited  (Luengas et
chemical absorption al. 2015),
solvent capacity (Heymes et
al. 2006)
Adsorption Use porous Moderate 700-10000 >80 Moderate  Yes Spent Potential to High relative (Luengas et
materials as ppm adsorbent recycle and humidity, pore  al. 2015), (L.-
adsorbents reuse both blockage, g. Lietal
adsorbate and  pollutant load 2012)
adsorbent, variation,
low operating  limited
cost, flexible adsorption
operation capacity
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2.2.1 Membrane separation

Membrane separation is an innovative technique in which a membrane is utilized for the separation
of VOC:s for the purpose of recovery. It is highly preferred due to its facile operational procedures
and its ability to be implemented in a compact design (G. Gan et al. 2023). Besides, membrane
separation is a promising technology for VOCs recovery due to its high selectivity and efficiency
(removal rate of over 80%), facile process, and the process can be carried out at normal temperature
and pressure without consuming organic solvent (Belaissaoui et al. 2016). The mechanisms
involves in membrane separation is the microporous diffusion of porous membrane (Chuah et al.
2018). Microporous diffusion mainly focus on the interaction between gas molecules and the
porous membrane, including pore size and surface properties. Thus, the separation efficiency is
highly influenced by the membrane properties, such as membrane pores, area, thickness, and
separation coefficient (X. Yan et al. 2019) . Commonly used membranes, includes
polydimethylsiloxane membrane, glassy polymer membrane, mixed matrix membrane, and liquid
membrane (Jinlong Li et al. 2021; B. Shen et al. 2022; Z. Guo et al. 2021). The advantages of
using these membranes in the VOCs removal are high removal efficiency, low energy
consumption, reusability, and versatility (Yunjia Wang et al. 2022). However, high capital and

operating costs are the major drawbacks of membrane separation.

2.2.2 Condensation

The condensation process is one of the promising methods for the recovery of VOCs due to its
high concentration recycling, ease of use, requirement of less equipment, and a wide range of
applications. The high efficiency of VOC recovery from gas steam into a liquid state have drawn
attention due to their economic value (Ding 2019). However, the traditional condensation process
for VOC recovery has limitations. Most of the refrigeration systems used a cascade compression
refrigeration cycle, which decreased the recovery performance, consumed high energy and had a
high operating cost (Molés et al. 2014; Luengas et al. 2015). Therefore, researchers have been
exploring new methods to improve the efficiency of the condensation process. Xin Li et al. (2020)
developed a novel VOC-DCR that involves turbine expansion refrigeration and two stages of
precooling to replace the cascade compression refrigeration and purifier used in the traditional
system. The results showed a high recovery rate of up to 99.7% with low energy consumption of

35.67 kW. This new approach represents a significant improvement in the efficiency of the
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condensation process, making it a more attractive option for VOC recovery. Despite the
advantages of the condensation process, the high energy consumption and operating cost remain
significant drawbacks, which limit its use in the separation field (Belaissaoui et al. 2016).

2.2.3 Absorption

Absorption is a recycling process that has gained popularity due to its convenience and
effectiveness. It involves the separation of volatile organic compounds (VOCs) from gas streams
by adsorbing them onto a suitable solvent (Yingjie Li et al. 2021). This process is categorized into
physical and chemical adsorption. Physical adsorption is based on Henry's Law, which describes
the physical absorption of VOCs into the solvent. Their regeneration process is typically achieved
through the application of heat, pressure reduction, or both (M. Wang et al. 2011). On the other
hand, chemical absorption involves the reaction between VOCs and chemical solvents. The
chemical reaction forms weak bonded intermediate elements that can be regenerated through heat
application. Chemical absorption is particularly useful when the VOCs have low solubility in the
solvent or require high energy input for desorption (Dumont et al. 2011). Commonly used solvent,
including vegetable oil, dimethyl sulfoxide, silicon oil, and washing oil (Darracq et al. 2010;
Yingjie Li et al. 2021). For example. Scholten et al. (2011) conducted a study on the absorption
capacity of VOCs onto electrospun polyurethane and found that the Henry's Law constants were
the highest for toluene, intermediate for chloroform, and smallest for hexane. This indicated that
the fibers had a higher affinity for toluene and chloroform compared to hexane. The study also
revealed that electrospun polyurethane fibers had a higher adsorption capacity for VOCs than
traditional adsorbents. Despite the benefits of absorption, the technique has some limitations. One
of the major limitations is the limited data of suitable solvents for specific VOCs. Additionally,
the absorption capacity of the solvent may be limited, leading to low efficiency in separating the
VOCs. Nonetheless, absorption is still considered an effective method for separating and recycling

VOCs from gas streams.

2.2.4 Adsorption

Adsorption is an efficient and cost-effective approach to control the emission of VOCs,
owing to its ability to recycle and reuse adsorbate and adsorbent, as well as its low operating cost

and environmental safety (Vikrant et al. 2020; Xiuquan Li et al. 2020). This technique is highly
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favorable due to its operational flexibility, high efficiency in adsorption and recovery. The
effectiveness of this method relies on various crucial factors, including the selection of adsorbent
material, adsorption methods, and the selectivity of adsorbent towards VOCs. Moreover, the
operating conditions, including the temperature and humidity of the column, also play a significant
role (Asghar et al. 2021; Lingli Zhu et al. 2020).

The selection of adsorbent material is a critical factor in adsorption processes. Porous
materials such as activated carbon (AC), graphene, carbon nanotubes (CNTSs), metal-organic
frameworks (MOFs), and biochar (BC) are commonly used as adsorbents due to their highly
porous nature, which provides abundant active adsorption sites, resulting in high adsorption
capacity (T. Chen et al. 2021; Bedane et al. 2019; C. Wang et al. 2020; Y. Yang et al. 2022). There
are two types of adsorptions: physical (physisorption) and chemical (chemisorption).
Physisorption involves the interaction of an adsorbate with a highly porous adsorbent that has a
large specific surface area through Van der Waals forces (Huijuan Liu et al. 2019). On the other
hand, chemisorption occurs when the adsorbate forms a covalent bond with the surface functional
group of the adsorbent (Q. Zhao et al. 2022). These interactions determine the adsorption
mechanisms involved and the interaction between adsorbent-adsorbate. For instance, M.-s. Li et
al. (2016) observed the adsorption interaction between VOCs and multiwall carbon nanotubes
under different relative humidity. The results show that the interactions shifted from hydrogen
bond acidity and n-/n-electron pair to hydrogen-bond basicity, polarizationbility /dipolarity, and
cavity formation with the increment of relative humidity. This indicated that multiple adsorption
mechanisms can occur during the VOCs removal depending on the properties of adsorbent and

adsorbate.

In multicomponent adsorption, various VOC molecules compete for the active adsorption sites.
The adsorption capacity is influenced by properties of the adsorbent, such as specific surface area,
pore structure, and surface functional groups, while adsorbate, such as molecular structure, boiling
point, and polarity (Yao et al. 2020; Laskar et al. 2020). Research has shown that VOCs with
higher boiling points have a greater tendency to be adsorbed than those with lower boiling points.
Furthermore, for stronger interactions, the molecular size of the adsorbate should be slightly
smaller than the pore size of the adsorbent. Polar VOCs have a higher affinity to the polar surface

of the adsorbent, whereas non-polar VOCs have a greater affinity to the non-polar surface of the
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adsorbent (Batur et al. 2022; X. Huang et al. 2023; Virdis et al. 2021). Thus, the characteristics of
adsorbent and adsorbate also should be taken into consideration in the removal of VOCs.

Moreover, the effect of adsorption temperature on VOCs adsorption capacity depends on the
type of adsorbent used and the specific VOCs being targeted. Studies indicated that increasing the
temperature during adsorption can increase the kinetic energy of the VOCs molecules, leading to
an increase in the rate of diffusion into the adsorbent pores and an increase in the overall adsorption
capacity. However, some adsorbents may exhibit decreased adsorption capacity at higher
temperatures due to factors such as desorption or chemical degradation of the adsorbent material
(Ruofei Chen et al. 2020; G. Zhang et al. 2019; Laskar et al. 2019; Kutluay et al. 2021). Therefore,
it is important to optimize the temperature based on the specific adsorbent and VOCs being
targeted to maximize the adsorption capacity.

Furthermore, the presence of water vapor during VOCs adsorption can significantly impact the
selectivity of the adsorbent. Water vapor is a polar molecule that has a greater affinity towards the
surface functional groups of porous adsorbent, competing with VOCs for adsorption sites through
hydrogen bonding (X. Zheng et al. 2020). The surface functional groups of the porous adsorbent
play a crucial role in determining the selectivity of VOCs (Huijuan Liu et al. 2022). To enhance
the interaction between the desired VOCs and porous adsorbent, surface modifications are
typically implemented by introducing appropriate functional groups. Studies has shown that
introducing non-polar surface functional groups (such as nitrogen) and low surface energy
materials (such as polydimethylsiloxane and trimethylchlorosilane) to the surface of porous
adsorbent can increase the selectivity of VOCs and reduce the affinity towards water molecules
(R. Wang et al. 2023; S. Zhang et al. 2022; Zhirui Li et al. 2021). Therefore, by introducing suitable

surface functional groups, the selectivity of VOCs can be improved.

In conclusion, several VOC removal technologies have been developed to achieve
environmentally friendly removal. Membrane separation, condensation, absorption, and
adsorption are some of the most common recovery technologies. Among them, adsorption is the
most cost-effective and efficient solution, as it allows for the reuse and recycling of both adsorbent
and adsorbate and has low operating costs. However, several factors need to be considered to
obtain higher VOC adsorption capacity, including adsorbent selection, adsorption method,

adsorbent selectivity towards VOCs, and adsorption temperature and humidity. Despite the
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advantages of adsorption, certain limitations still exist, such as high relative humidity, pore
blockage, pollutant load variation, and limited adsorption capacity (Luengas et al. 2015). These
limitations can be addressed by physically and chemically modifying the adsorbent, particularly
for porous materials, to enhance the porous structure, pore size, and surface functional groups to
increase the selectivity of VOCs removal (Yaashikaa et al. 2020). Therefore, a thorough
understanding of the mechanisms involved during VOC adsorption in the presence of water vapor
is crucial to perform the necessary modifications on the adsorbent.

2.3 Adsorption mechanisms

The adsorption mechanisms for VOCs can be categorized into two types: physical and chemical
adsorption (Lingli Zhu et al. 2020). Physical adsorption occurs when VOC molecules adhere to
the surface of an adsorbent material through van der Waals forces, hydrogen bonding, n-r stacking,
electrostatic interaction, and hydrophobic interaction (S. Liu et al. 2020). In contrast, chemical
adsorption involves the formation of chemical bonds between the VOCs and the surface functional
groups of the adsorbent material, which results in a stronger bond than physical adsorption. The
polarity of the adsorbent material and adsorbate also influences this type of adsorption (Valdés et
al. 2021). Competitive adsorption refers to the scenario where multiple VOCs or the presence of
water molecules compete for the available adsorption active sites on the surface of the adsorbent
material. Adsorption is a complex process that involves multiple mechanisms that can occur
simultaneously and complement each other (C.E.R. Barquilha et al. 2021). These mechanisms play
an essential role in determining the effectiveness of the adsorption process and can vary depending
on the properties of adsorbent and adsorbate. Understanding and optimizing these mechanisms can
lead to more efficient and effective adsorption processes. The adsorption mechanisms of VOCs by

biochar are illustrated in Figure 2.2 and summarized in Table 2.2.
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Figure 2.2: The physical and chemical interaction of adsorption mechanisms (Lingli Zhu et al.

2020).
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Table 2.2: The summary of gas-phase adsorption mechanisms.

Adsorption Description Parameter Advantages Disadvantages Reference
Mechanism
Physical Intermolecular gravitation known as Specific surface Reversible process Low selectivity ~ (Xi Yang et al.
Van der Waals force area Adsorbents 2018), (Carter
Weak interaction between absorbates Pore structure regenerated easily etal. 2011),
and adsorbents Surface properties (Le-Minh et
No chemical reaction and low Adsorbate al. 2018),
adsorption heat properties (Lingli Zhu et
Involves multilayers al. 2020)
Chemical Chemical reaction between adsorbates Surface functional High selectivity Irreversible (Le-Minh et

and the surface functional groups of groups High  temperature process al. 2018),
adsorbents accelerated the (Lingli Zhu et
Chemical functional groups provide adsorption rate al. 2020),
small contribution to the total surface (Xueyang
area Zhang et al.
Involved single surface layer 2017)

Competitive Competition between adsorbates Physical properties High selectivity Complicated (Le-Minh et
Interaction between adsorbent- Dipole moment High affinity mechanisms al. 2018), (Ece
adsorbate and adsorbate-adsorbate Affinity water molecules etal. 2022),
Involved multi-components gases Boiling point (Lingli Zhu et

Molecular weight al. 2020)
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2.3.1 Physical adsorption

Physical adsorption is characterized by weak intermolecular attractions, known as van der
Waals forces, that do not involve chemical reactions and have low adsorption heat. These
interactions are considered relatively weak, ranging from 0.5 to 1 kcal mol™, and occur due to the
attraction between the positive end of one molecule and the negative end of another. This mode of
adsorption is primarily employed for gas-phase adsorption onto porous adsorbents. According to
studies, physical adsorption can be divided into four stages: (a) convection and dispersion in the
gas phase, (b) convection mass transfer, (c) pore diffusion, and (d) adsorption on surfaces, as
illustrated in Figure 2.3. The rate of physical adsorption mainly relies on the specific surface area,
whereas the pore structure and volume are the key factors (Lingli Zhu et al. 2020). In the internal
diffusion stage, VOCs vapor enters the internal surface via pore diffusion (Xi Yang et al. 2018).
The ratio of micro-, meso-, and macropore volume are the key factors of the adsorption in the

equilibrium stage.

Studies have reported that adsorbents with larger pore size, high specific surface area, and
pore volume can enhance the efficiency of VOCs adsorption. This indicates that the pore structure
of porous adsorbents plays a crucial role in determining their adsorption capacity, and an increase
in pore size is generally associated with higher adsorption capacity. For example, Xueyang Zhang
et al. (2017) found that micropores (pore diameter <2nm) promote the principle adsorption sites,
while mesopores (2nm < pore diameter < 50 nm) improve intra-particle diffusion and reduce
adsorption time. Le-Minh et al. (2018) also reported that a larger surface area and well-enhanced
pore structure have a positive effect on physical adsorption. Similarly, An et al. (2019) observed
that an increase in pore size of activated carbons resulted in higher adsorption capacity for VOCs.
However, it should be noted that other factors such as surface properties and adsorbate properties
can also influence the adsorption efficiency. For example, Gil et al. (2014) reported that high
specific area and pore volume has no direct interaction to achieve great adsorption capacity.
Similarly, Y. Guo et al. (2014) indicated the increased of the basic groups in AC treated ammonia
results in the increment of adsorption capacity despite the decreased in the microporous surface
area. Therefore, it is important to consider multiple factors when evaluating the adsorption

efficiency of porous adsorbents for VOC removal.
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Figure 2.3: lllustration of physical adsorption mechanisms on the porous adsorbent: 1)
Convection and dispersion in gas; 2) Convection mass transfer; 3) Pore diffusion; 4) Adsorption
on surfaces (Lingli Zhu et al. 2020).

Mesopores are branches of macropores that serve as transport channels for VOC molecules
to enter micropores. The contribution of macropores to the total surface area is approximately 5%,
which is much lower compared to micro- and mesopores (95%) (Lingli Zhu et al. 2020). Therefore,
the adsorption capacity is greatly influenced by micro-, meso-, and macropores of the porous
adsorbents. Studies have reported that increased diffusion resistance in narrow pores could lead to
low adsorption rates (Xueyang Zhang et al. 2017). In terms of adsorption rates, mesopores provide
a faster adsorption rate than micropores due to a higher intra-particle diffusion rate (Y. Qin et al.
2013). G. Shi et al. (2021) prepared AC synthesized from crayfish shells for the adsorption of
benzene. They found out that the pore structure of AC was a micro-mesoporous material, which
enhances the transportation and diffusion of benzene molecules. Similarly, T. Chen et al. (2021)
also observed that the development of mesopores have contributed to easier intraparticle mass
transfer and shorten the adsorption time by promoting channel for the faster VOC diffusion. This
indicates that shorter adsorption time is desirable because more zones of adsorbent bed could be

optimized to achieve the breakthrough point.

Overall, the performance of physical adsorption processes is mainly influenced by the
principle of adsorption sites, such as micro-, meso-, and macropores. The microscopic view of
adsorbents possesses extremely strong adhesive force, known as Van Der Waals force, towards

VOC molecules, which promotes abundant adsorption sites. Porous adsorbents with larger surface
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area and well-developed pore structure contribute to higher adsorption capacity due to increased
affinity towards VOCs, resulting in better physical adsorption. Mesopores have been shown to
provide higher intra-particle diffusion rates, which can accelerate and shorten the adsorption rates.
On the macroscopic scale, properties of porous adsorbents such as specific surface area, pore
structure, and surface properties, as well as properties of the adsorbate, play a significant role in
the physical adsorption process (Xueyang Zhang et al. 2017). Therefore, it is important to consider
the characteristics of both the adsorbent and the adsorbate, as multiple factors can affect the

performance of the physical adsorption process.

2.3.2 Chemical adsorption

Chemical adsorption, also known as chemisorption, involves chemical reactions that occur
between surface functional groups of the adsorbent and adsorbate molecules (Le-Minh et al. 2018).
The presence of surface functional groups on porous adsorbents greatly influences the interaction
with polar and non-polar adsorbates (H. Ma et al. 2019; S.-J. Park et al. 2003). The oxidation of
porous adsorbents increases the concentration of oxygen functional groups on the surface, which
tend to adsorb polar volatile organic compounds (VOCs) such as acetone, methanol, and ethanol
through hydrogen bonding (Vega et al. 2013). The adsorption capacity of polar adsorbates is
mainly influenced by the number of oxygen functional groups, as observed by Ang et al. (2020)
in their study on the removal of sevoflurane using oxidized activated carbon. Surface functional
groups such as lactone, ether, and carbonyl groups were found to contribute to sevoflurane
adsorption through strong hydrogen bonding and polar interactions, while carboxylic acid and
hydroxyl groups caused repulsive hydrogen-bond interactions and contributed less to adsorption
capacity. In contrast, Lillo-Rddenas et al. (2011) found that the removal of oxygen functional
groups from AC increased their adsorption capacities for non-polar VOCs. This indicated that a
low content of oxygen functional groups is preferred for achieving higher VOCs adsorption for

non-polar adsorbate.

In summary, the use of chemical surface functional groups has been shown to enhance the
performance of porous adsorbents in chemical adsorption. However, studies have reported that the
contribution of chemical functional groups to the total surface area of adsorbents is relatively low
compared to physical properties (Lingli Zhu et al. 2020). Moreover, chemical adsorption is an

irreversible process, which is one of its major drawbacks.
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2.3.3 Competitive adsorption

Recently, competitive adsorption has gained attention, particularly in gas adsorption
applications, where the competition between adsorbates plays a significant role in the adsorption
of VOCs onto carbonaceous adsorbents. In competitive adsorption, the adsorption capacity of the
adsorbent is limited due to the presence of multiple adsorbates with different affinities. The
composition of adsorbates with multiple components having different affinities affects the
availability of adsorptive sites, and thus the adsorption capacity is mainly influenced by adsorbent-
adsorbate and adsorbate-adsorbate interactions (Baytar et al. 2020; Jinjin Li et al. 2022)

Numerous studies have investigated the adsorption of single and multi-component gases
on carbonaceous adsorbents (Lingli Zhu et al. 2020). For instance, Rajabi et al. (2021) reported a
reduction in the adsorption of VOCs on biochar by up to 65% due to competitive inhibition in a
multi-component adsorption process. Similar to that of Ece et al. (2022) found that the adsorption
capacity of toluene-ethylbenzene and toluene-xylene mixtures decreased by up to 45% and 50%,
respectively. Studies have shown that gases with higher boiling points have higher adsorption
selectivity onto porous adsorbents and greater adsorption capacity compared to those with lower
boiling points. Moreover, the chemical and physical properties of the adsorbate molecules, such
as dipole moment, affinity, boiling point, and molecular weight, are significant factors in

competitive adsorption mechanisms (Ece et al. 2022; Le-Minh et al. 2018).

Furthermore, the competition between water molecules and VOCs is also a significant
challenge in practical industrial processes in addition to multi-component VOCs in gas adsorption
systems. According to the Dubinin-Serpinsky theory, the adsorption sites in pores may be occupied
by water molecules, competing through three ways: 1) surface oxygen functional group reaction,
2) hydrogen bonding, and 3) capillary condensation (Lingli Zhu et al. 2020). H.-B. Liu et al. (2016)
reported that the adsorption capacity of benzene onto bare activated carbon decreased by 24% and
51% when the relative humidity increased from a dry condition to 50% and 90%, respectively.
Similarly, Yutong Liu et al. (2019) observed that at high relative humidity, the water molecules
blocked the adsorption active sites of butane, resulting in low adsorption capacity. Therefore,
numerous studies have focused on developing engineered hydrophobic porous adsorbents that
perform effectively under high relative humidity. For example, Xiuquan Li et al. (2020) observed

that the adsorption capacity of benzene on hydrophobic AC was only reduced by 19.3% for 28.85
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minutes. Similar observations have been reported by Yutong Liu and Tian (2019b), where the
adsorption capacity of Pd/TiO2 nanotubes was only reduced by 10% at high relative humidity.

Competitive adsorption is greatly influenced by the physical and chemical properties of
porous materials, and adsorbate properties. The polar VOCs exhibited excellent adsorption affinity
with polar surface adsorbent, while hydrophobic adsorbent tend to have good affinity toward non-
polar VOCs. The selectivity of the adsorption sites prioritizes the VOCs with high boiling point
and heavier molecular weight. Hence, hydrophobic modification technologies and removal of
hydrophilic surface functional group are facile and imperative methods to implement in enhancing
the selectivity of desired VOCs. Further research and understanding of these competitive
adsorption mechanisms are crucial for designing efficient adsorbents for VOC removal in practical

applications.

2.4 Porous material for VOCs adsorption

This section particularly delves into carbonaceous materials due to their cost-effectiveness and
environmentally friendly nature. Lignocellulosic biomass, such as corn stalks, palm leaves, and
pinewood sawdust, has gained significant attention as a feedstock for crafting carbonaceous porous
materials. Researchers actively explore methods to convert these biomass wastes into activated
carbons or porous structures with unique properties. For instance, studies focusing on corn stalks
emphasize the optimization of activation conditions to enhance surface area and adsorption
capabilities (Jinfeng Li et al. 2021; Nguyen et al. 2023). Investigations into the utilization of corn
stalk-derived carbon in composite materials, especially for applications like supercapacitors, gas
storage and adsorption, are actively progressing (K. Yu et al. 2020; Nascimento et al. 2023; Yao
Li et al. 2021) . Similarly, palm leaves undergo carbonization processes to yield porous carbon
materials, with a specific emphasis on tailoring their porous structure for applications in energy
storage devices and air pollution remediation (Le et al. 2020; Almanassra et al. 2022; Bumajdad
et al. 2023). Pinewood sawdust, as a lignocellulosic material, is under study for the creation of
microporous and mesoporous carbons, showcasing potential as catalyst supports and in various
applications (Mallakpour et al. 2021; Q. Yan et al. 2021). While specific percentage content of
cellulose, hemicellulose, and lignin in pinewood sawdust may vary, typical ranges for these

components in wood biomass include cellulose (40%-50%), hemicellulose (20%-30%), and lignin
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(20%-30%) (W.-H. Chen et al. 2023; K. Li et al. 2022). Collectively, these studies underscore the
versatility of lignocellulosic biomass in developing sustainable and adaptable carbonaceous porous

materials, applicable across diverse domains from environmental remediation to energy storage.

2.4.1 Activated carbon

Activated carbon (AC) is part of the big family of carbon with a wide range of categories
such as carbon blacks to nuclear graphite and composites to electrode graphite (Marsh et al. 2006).
AC is generated from various carbon-rich materials such as wood, lignite, coal, petroleum pitch,
and nutshell, whose production cost ranges from $1000 to 1500 t* (X. Zhao et al. 2018). Through
carbonization and activation processes, AC can be fabricated into powder, granule, pellet or sphere
form (Aroldo José Romero-Anaya et al. 2014). AC is considered as one of the most popular
adsorbents due to its large specific surface area (600-1400 m3gt), high VOCs absorption capability
(10-600 mg g), and well developed internal pore structure (0.5-1.4 cm3g*), which are known as
excellent adsorptive properties (X. Zhao et al. 2018). Hence, AC has a wide range of environmental

applications such as soil remediation, wastewater treatment, and air purification.

AC has been widely utilized in adsorption for most VOCs abatement, such as alkane,
alcohols, aldehydes, aromatics, ethers, esters, and ketones. The adsorption performance of ACs on
VOCs removal is heavily influenced by several factors, such as physicochemical properties of the
AC and the adsorption condition. Generally, AC has great VOCs adsorption performance under
N2 environment, low or medium VOCs concentration, and at room temperature (Chiang et al.
2001). In addition, AC with a larger specific surface area and total volume can provide positive
results on the adsorption capacity for VOCs removal. On the other hand, AC works well with
chemisorption mechanism as well due to the presence of chemical function groups on its surface
to react with the polar VOCs. However, there are drawbacks of AC that limit its capacity to adsorb
VOCs. Firstly, AC is a natively nonpolar adsorbent that constrains the adsorption on the
hydrophilic VOCs. Besides, the micropore range of AC's porous structure (pores less than 2 nm)
would restrict VOC molecules, particularly those with larger molecular sizes, from entering the
pores. This will lead to poor adsorption performance. In addition, AC has irregular pore structure
which would lead to greater diffusion resistance, resulted in longer adsorption equilibrium time

(Xueyang Zhang et al. 2017). Furthermore, several studies emphasize that AC is capable of
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igniting fire due to its flammability properties, especially under the exothermic adsorption process
(Jafari et al. 2018).

2.4.2 Graphene

Graphene (Gr) is a two-dimensional atomic crystal that consists of single layer of sp?
hybridized hexagonal carbon atoms (Fatima et al. 2021). The common Gr production methods
include exfoliation, hydrothermal self-assembly, chemical vapor decomposition and nanotube
slicing (Mohan et al. 2018). Gr has two typical derivatives, namely graphene oxide (GO) and
reduced graphene oxide (rGO). GO can be produced by oxidation/functionalization of Gr with
several oxygen-containing groups, such as carboxylic, hydroxyl, and epoxide groups. On the other
hand, rGO is a further derivative of GO, where it is fabricated through elimination of functional
groups of GO via chemical treatment or thermal annealing (S. Yu et al. 2016).Gr and its derivatives
have unique physical and chemical properties, such as superior electrical conductivity, large
theoretical surface area, strong mechanical strength, and chemical functionalization. As such, they
are widely used in the fields of electronics, energy storage, sensors, photonics, and environment
management (L. Yu et al. 2018; Allahbakhsh et al. 2019). Regarding their environmental
applications, Gr and its derivatives have received attention in several fields, such as biomedical,
electronics, nanotechnologies, adsorption, and wastewater treatment (L. Yu et al. 2018; Mohan et
al. 2018; Fatima et al. 2021).

The use of Gr and its derivatives as adsorbents to remove VOCs is novel. As a gas
adsorbent, water resistant capability is one of the most important aspects affecting its commercial
application. GO exhibits strong hydrophilicity owing to the abundance of oxygen groups on its
surface. Hence, the presence of water vapour has a significant negative effect on VOCs removal
by GO. Under similar conditions, Gr and rGO that has lesser oxygen groups on its surface would
results in better VOCs removal efficiency. This is because Gr and rGO have more defect sites,
higher surface area, and posseses hydrophobicity than GO. As a result of the removal of oxygen
groups, more sp? carbon atoms appeared on the adsorbent, thus weakening the interaction between
water vapour and the adsorbent. This makes Gr and rGO have a higher selectivity towards VOCs

than water molecules.
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It can be concluded that rGO possesses extremely hydrophobic properties due to the high
removal of oxygen groups, which promoted better adsorption of nonpolar and weak polar VOCs.
The virgin GO shows the lowest adsorption performance among the derivatives due to the presence
of water vapour during adsorption process. The drawback of Gr and its derivatives is due to the
relatively complicated synthesis and strict aggregation of graphene, which in turn making its
industrial applications challenging (L. Yu et al. 2018). In addition, the production cost of graphene
is relatively high. It requires large-scale industrial production and high energy consumption
(Shadkam et al. 2021; Mu et al. 2021).

2.4.3 Carbon nanotube

Carbon nanotubes (CNTSs) are known as graphite sheets with closed ends, which are rolled
up like paper in the form of a cylindrical structure (Jain et al. 2021). Some common CNTs
fabrication methods are chemical vapor decomposition, arc discharge, and laser vaporization or
ablation (Rashed et al. 2021) Generally, the types of CNTs are categorized into single-walled
carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTS) based on the
arrangement of CNTs (Rathinavel et al. 2021). SWCNTs are formed by rolling a single Gr sheet
into a cylinder. In contrast, MWCNTSs are defined as a stack of concentric layer cylinders with an
interspacing of 0.34 nm that are rolled by at least two graphene sheets (Zare et al. 2015). CNTs
have unique properties, such as high tensile strength, thermal conductivity, stability and resilience,
and variety of electrical characteristics. Besides, it promotes different types of interactions with
organic and inorganic analytes (Herrera-Herrera et al. 2012). In addition, CNTs have large specific
surface area, hydrophobic wall, controlled cylindrical hollow structure, and easily functionalized
surfaces. This makes CNTs a good adsorbent, especially for organic compounds removal (Gupta
et al. 2013).

The adsorption of VOCs by CNTs mainly controlled by physical adsorption in pores,
followed by slight chemisorption between surface functional groups and VOC molecules. This is
because CNTs are make-up of Gr sheets, which are highly hydrophobic. This makes CNTs have
strong adsorption affinities towards aromatic ring VOS. Generally, the primary physical adsorption
of CNTs removes nonpolar VOCs due to its hydrophobicity, whereby the chemisorption of CNTs
adsorb the polar VOCs, which have been proved by the enthalpy changes and desorption activation

energy. Overall, CNTs usually have higher adsorption capacities of organic compounds than AC
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and other carbon adsorbents owning to this unique property (Xueyang Zhang et al. 2017).
However, the chemistry of CNTs leads to challenges in its industry due to the high number of
procedures for the modification of their layers. Besides, CNTs applications are usually limited by
the insolubility properties, which are insoluble in most solvents due to the extreme innertube van
der Wall interactions (Herrera-Herrera et al. 2012). Furthermore, the adsorption of VOCs onto
CNTs could be at a high risk to the environment since CNTSs are toxic nanomaterials that possibly
transport with the VOCs in atmosphere (M.-s. Li et al. 2016).

2.4.4 Metal organic frameworks

Metal organic frameworks (MOFs) have drawn attention as the most promising materials
in adsorption application for the past two decades. The development of these novel hybrid porous
materials involved in the combination of organic ligands and metal-containing cluster or metal
nodes (Ghanbari et al. 2020). They are constructed from clusters coordinated or metal ions with
organic ligands in ordered one, two, or three dimensional frameworks (Lingli Zhu et al. 2020).
Most metal and a variety of organic species can be adopted to generate MOFs, which provides
different structures and properties. The MOFs are commonly synthesized through diffusion
method, evaporation solvent method, ultrasonic, microwave method, and hydrothermal or solvent-
thermal method (Lina Zhu et al. 2019). Additionally, the porous structure of MOFs is flexibly
controlled by selecting matching organic ligands with excellent properties, such as tailorable pore
structure, facile functionalization, ultra-high and surface area up to 3000 m?g?, good thermal
stability (>400 °C) (C. Liu et al. 2021; Lingli Zhu et al. 2020). In terms of adsorption application,
the open metal sites on the pore surfaces of MOFs are effective to improve the VOCs adsorption
process. The MOFs generally maintain their structures and crystalline order with negligible
damage and after the regeneration (C.-H. Yu et al. 2012; Y.-T. Zhao et al. 2018).

Many research studies have been generated MOFs, including MIL series, UiO series, and
ZIF series to act as an adsorbent in the adsorption of VOCs. Vellingiri et al. (2017) reported that
different types of MOFs influenced the adsorption capacity of toluene under ambient conditions.
The adsorption capacities of ZIF-67, UiO-66, MOF-199, and MIL-101 were 244, 166, 159, and
98.3 mg g%, respectively. The results show that ZIF-67 has the highest adsorption capacity might
be due to the large surface area of 1404 m?g*. Most recent studies have modified MOFs depending

on the adsorption conditions to upgrade the VOCs adsorption efficiency. observed that bio-MOF-
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11 composed of abundant exposed nitrogen atoms and amino groups, which promotes the
adsorption of toluene, benzene, acetone, and methanol (polar adsorbates) with the adsorption
capacity of 2.65, 1.86, 1.17, and 0.79 mmol g, respectively. M. Zhu et al. (2017) reported that
hydrophobic MIL(Cr)-Z1 material exhibited high adsorption capacity and selectivity for benzene
series VOCs through grafting naphthalene dicarboxylic acid as the ligand. Similarly, Xiaodong
Zhang et al. (2019) observed that enhance UiO-66 material possessed high adsorption performance
of gaseous toluene.

In summary, the unique properties of MOFs provide a larger range of applications in
industry, such as sensors, catalysts, gas storage, biomedical, and particularly for VOCs adsorption.
Studies reported that the adsorption capacity of MOFs on VOCs is higher compared to that of
conventional adsorbents. Additionally, the adsorption efficiency of MOFs could be enhanced by
modification technologies to increase their hydrophobicity and selectivity. Nonetheless, several
drawbacks are reported, such as weak dispersive force, insufficient open metal sites beneficial for
coordination and catalysis (Lina Zhu et al. 2019; D. Wang et al. 2018). High preparation cost
required for the utilization of MOF for the adsorption of VOC:s is the biggest drawback (Sampieri
et al. 2018).

2.45 Biochar

Biochar (BC) is a group of carbon materials that is being considered as a possible
replacement for commercial AC because of its cheap and abundant feedstocks, and low production
cost. BC is usually synthesized by slow pyrolysis under inert atmosphere and temperature below
700°C (Dissanayake et al. 2020). For the production of BC, a variety of abundant carbon-rich
materials can be employed, such as wood materials, agriculture and forestry waste, and fruit
byproducts. The physicochemical properties of biochar are mainly influenced by the type of
biomass feedstock used and synthesis condition during its production (Kumar and Bhattacharya
2021). Generally, biomass feedstock that contains high lignin and mineral content has a high
tendency to generate a high yield of biochar. However, increasing pyrolysis temperature and time
may result in a decrease in the mineral content, which leads to lower yield (Suliman et al. 2016).
In addition, high production rate of agricultural waste promotes wide applications of biochar
(Inyang et al. 2014), such as CO> sequestration, pollution remediation, soil fertility improvement,

and conversion of syngas into biodiesel (Xueyang Zhang et al. 2017). Although biochar has wide
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applications in environmental remediation, the use of biochar as an adsorbent for VOCs abatement
is still scarce. Besides, BC has distinct differences from AC despite of similar raw material and
production method. Firstly, the production temperature that BC requires is smaller than 700°C,
which is lower than AC. Moreover, the activation step is not necessary for the synthesis of BC,
but is essential for the production of AC. Lastly, the production cost of BC is far cheaper than AC
(Ahmad et al. 2012; Ahmad et al. 2014).

The type of feedstock for BC production has significant influence on its physicochemical
properties, which further affects its adsorption performance. By varying the feedstocks, BCs with
different surface areas can be produced, even under the same synthesis condition. Feedstocks,
including crop residue, woody biomass, and organic wastes contain high lignocellulosic content
that plays a significant role in biochar production (Ben Salem et al. 2021; Ji et al. 2022). Besides,
the pyrolysis temperature also plays a crucial role in affecting the performance of biochar on the
VOC adsorption. The change of pyrolysis temperature directly affects the morphological structure
and surface chemical functional groups of BC. Generally, the surface area and pore size of BC
increase with increasing pyrolysis temperature. Suitable pyrolysis temperature should be traded
off as BC with large surface area and small pore size is more favorable for VOCs removal. In
addition, high pyrolysis temperature facilitates the removal of oxygen containing groups on the
surface of BC during its production. This leads to enhanced aromaticity of BC, which in turn
facilitates adsorption of hydrophobic VOCs (Xueyang Zhang et al. 2017). However, BC has
drawbacks that are similar to AC, such as high hygroscopicity that lead to pore blocking, and high
flammability. Further research on the use of BC for VOC adsorption is needed to facilitate the

implementation of BC in VOC abatement technologies.

2.5 Key factor affecting VOC adsorption by biochar

The adsorption process of VOCs by biochar is a complex phenomenon that is affected by various
factors such as the characteristics of the adsorbent and adsorbate, and the operational conditions
of the abatement process. To make appropriate decisions concerning the design and functioning of
adsorption systems for efficient and effective VOCs control, it is crucial to comprehend the
influence of these variables. The upcoming sections provide a summary of the available

information regarding the key factors that affect the adsorption of VOCs by biochar.
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2.5.1 Adsorbent

2.5.1.1 Specific surface area

The specific surface area of biochar is one of its primary properties, whereas the specific
surface area of an adsorbent refers to the total surface area per unit mass. It is commonly calculated
using the Brunauer-Emmett-Teller (BET) method, which includes the internal and external area of
biochar (L. Leng et al. 2021; Xiuquan Li et al. 2020). Adsorbents with large specific surface area
generally have large adsorption capacity, which led to better adsorption performance (X. Ma et al.
2021; Huidong Liu et al. 2020). This is because the specific surface area of an adsorbent is related
to the number of active sites, which provide a space for the adsorption of VOCs to take place
(Xueyang Zhang et al. 2021). Several studies reported that biochar with higher specific surface
area has greater adsorption capacity. For instance, both Cao et al. (2022) and Xiang et al. (2022)
disclosed that modified biochar that has a larger specific surface area exhibits greater adsorption
capacity, which complies with the discussion above. This indicates that specific surface area
should be taken into consideration to obtain high VOCs adsorption capacity.

In addition, by fitting the adsorption coefficient to the physical properties of the adsorbent
feedstock, the relationship between adsorption efficiency and specific surface area can be studied
(Jianlong Wang et al. 2020). The adsorption coefficient indicates the positive correlation with the
specific surface area, which is also known as t-Plot method (X. Ma et al. 2018). For example,
Ruofei Chen et al. (2020) investigate the relationship of acetone adsorption capacity with the total
pore volume, micropore volume, and specific surface area of activated carbon (AC) by using BET
and t-plot method. They found out that the adsorption capacity of AC is linearly proportional to its
specific surface area, where adsorbent with higher specific surface area has a greater adsorption
efficiency on the VOC molecules. It can be summarized that specific surface area plays a crucial
role in the adsorption of VOCs by carbon-based materials. As biochar is categorized as a carbon-
based material, they have mutual characteristics in terms of specific surface area. The higher the
specific surface area of biochar, the higher the adsorption efficiency of VOCs. However, specific
surface area of biochar is not the only factor affecting the VOCs adsorption efficiency. The
complex interactions that occur during the adsorption of VOCs to biochar indicate that other

factors are involved, which are discussed below.
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2.5.1.2 Pore size

The formation of biochar pore structures involves the carbonization and activation
processes. During these processes, adsorbent pore structures with different size ranges are formed,
which play different roles in the VOCs adsorption process. Pore size can be categorized into three:
micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm) (Palliyarayil et al. 2021).
Micropores serve as adsorption sites for VOCs removal, whereby mesopores and macropores
increase the kinetic process of VOCs adsorption and provide the diffusion transport channels for
VOCs (D. Li et al. 2022). The combination of these pores facilitates excellent intra-particle
diffusion, thereby shortening the adsorption time for VOCs adsorption.

Recent studies have highlighted that VOCs are mainly adsorbed in the micropores of
adsorbents due to intermolecular gravitation, namely Van der Waals force toward VOCs (C. Su et
al. 2020; X. Ma et al. 2021; Ruofei Chen et al. 2020). Hence, the volume of micropores is the main
factor affecting the adsorption capacity of biochar for VOCs. Generally, macropores are only
present on the external surface of porous adsorbents, and they serve as the inlet for VOCs to enter
the internal part of the adsorbent. Then, mesopores act as transport channels for VOCs to reach
micropores. When the micropores are saturated, capillary condensation occurs in the mesopores,
resulting in high VOCs adsorption capacity (Tang et al. 2020; X. Huang et al. 2022; Shengyong
Lu et al. 2021). Therefore, the larger the volume of mesopores, the higher the VOCs diffusion
leading to high VOCs adsorption capacity.

Generally, adsorbents have micro- and mesopores that account for 95% of the surface area,
while macropores contribute little (~5%) to the surface area, which is beneficial for VOCs
adsorption. However, it should be noted that excessively small micropores (size 0.7 nm) could
increase diffusion resistance, resulting in low diffusion rates (Le-Minh et al. 2018; Xueyang Zhang
et al. 2017; Lingli Zhu et al. 2020). On the other hand, too high pyrolysis temperatures can cause
the deformation, collapse, and blockage of micropores, leading to pore widening and a decrease in
the specific surface area of the adsorbent, ultimately resulting in poor VOCs adsorption capacity
(R. Zhu et al. 2021). For example, F. Gan et al. (2021) reported that walnut shell-derived
hierarchical biochar with narrower micropores and well-developed mesopores exhibited higher
toluene adsorption. Similarly, Y. Yang et al. (2022) found that the pyrolysis temperature of

activated biochar above 800 °C effectively enhanced the micropores, mesopores, and macropores
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structures, resulting in higher toluene adsorption. However, not all biomasses will form a good
pore structure at high pyrolysis temperatures due to their natural properties, such as lignocellulosic.
For instance, Mazlan et al. (2016) showed that high pyrolysis temperatures (>700 °C) resulted in
a volume increment of mesopores and macropores of the porous adsorbent, which decreased the
specific surface area of the adsorbent and led to poor VOCs adsorption capacity.

In summary, well-developed micropores, mesopores, and macropores are essential for
achieving adequate adsorption capacity for VOCs. The synthesis conditions, such as biomass type
and pyrolysis temperature, can affect the pore structure of the biochar, and excessively small or
wide micropores can hinder the diffusion rate and reduce the adsorption capacity. Thus, the
optimized adsorbent synthesis temperature could provide excellent pore sizes (nm), which
generates many active sites for higher VOCs adsorption capacity.

2.5.1.3 Surface functional group

The surface functional groups of an adsorbent are responsible for the chemical adsorption
of VOCs (Rajabi et al. 2021). The chemical interaction between biochar and VOCs is significantly
influenced by the functional groups on the surface of biochar. Several factors can affect the surface
functional groups of biochar, including biomass composition, pyrolysis conditions, and different
pre-treatment and activation methods, leading to different adsorption properties (J. Li et al. 2019).
Besides, the functional groups distributed on the surface of biochar are commonly verified by
Fourier transform infrared (FT-IR), near-edge X-ray absorption fine structure spectroscopy
(NEXAFS), and X-ray photoelectron spectroscopy (XPS) (W. Gao et al. 2022; Xiang et al. 2020).

Biochar contains multiple surface functional groups that can be categorized as oxygen (O)-
and nitrogen (N)-containing groups, which lead to different chemical characteristics, such as
acidity, alkalinity, reduction, oxidation, hydrophilicity, and hydrophobicity (J. Xiong et al. 2021).
The O-containing surface functional groups promote surface polarity, known as hydrophilicity,
which tends to adsorb polar VOCs, such as methane, ethanol, and acetone, through the formation
of hydrogen bonds (Fan et al. 2018). In contrast, reduced O-containing functional groups on the
surface of biochar (hydrophobic) promote better adsorption selectivity toward non-polar VOCs,
such as benzene, ethylbenzene, and toluene, due to dispersive interactions between biochar and
non-polar VOCs (X.-F. Tan et al. 2021). Ke Zhou et al. (2019) achieved a higher methanol

adsorption capacity with ZnO-AC than acetone and toluene because of the polarity of the

34



adsorbates; acetone and methanol are polar species, while toluene is non-polar. However, the
polarity of methanol is stronger than acetone, resulting in more methanol molecules being captured
by the oxygen-containing groups on the surface of ZnO-AC. Additionally, ball-milled biochar was
prepared by Xiang et al. (2020) for the adsorption of acetone, ethanol, chloroform, cyclohexane,
and toluene. Ball-milled biochar exhibits good adsorption towards polar acetone, ethanol, and
chloroform because of the abundant oxygen-containing groups on the surface of the biochar, which
provide the adsorption active sites for polar VOCs, such as carboxyl and hydroxyl functional
groups. Moreover, Jin et al. (2020) observed that N-containing functional groups on the surface of
N-doped biochar enhance its hydrophobicity, resulting in an increased affinity for toluene.
Therefore, the introduction of oxygen-containing groups promotes the hydrophilicity of biochar
for polar VOCs, while nitrogen-containing groups increase the hydrophobicity of carbon-based

adsorbents, thus strengthening dispersive forces towards non-polar VOCs.

The adsorption of VOCs by biochar is primarily influenced by its physical and chemical
properties, such as specific surface area, pore structure, and surface functional groups. However,
the properties of the VOCs themselves, including boiling, molecular structure, and polarity, also

play a crucial role in achieving higher adsorption efficiency.

2.5.2 Adsorbate

2.5.2.1 Boiling point

The physical adsorption of gases onto biochar is analogous to vapor-liquid phase
transitions. During this process, adsorbates with higher boiling points are preferentially adsorbed
because of their stronger intermolecular forces compared to those with lower boiling points. For
instance, Xueyang Zhang et al. (2019) investigated the adsorption of cyclohexane and acetone on
highly porous hydrochar and observed that cyclohexane had a higher adsorption capacity than
acetone due to its higher boiling point (80.74°C) compared to acetone (56.53°C). Similar findings
have been reported for biochar, activated carbon (AC), and metal-organic frameworks (MOFs),
where VOCs with higher boiling points exhibit higher saturation adsorption capacity (Xueyang
Zhang et al. 2021; Ruofei Chen et al. 2020; Dobre et al. 2014).

Moreover, high boiling point VOCs show a strong affinity towards adsorbents, enabling

them to outcompete lower boiling point VOCs in competitive adsorption processes. Jahandar
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Lashaki et al. (2023) noted that adsorbates with high boiling point, such as n-decane, 1,2,4-
trimethylbenzene, and 2,2-dimethylpropylbenzene, tend to displace less strongly adsorbed
adsorbates like 1-butanol, n-butylacetate, 2-heptanone, and 2-butoxyethanol because of their lower
volatility. Although high boiling point VOCs tend to have a higher adsorption capacity on biochar,
their desorption is complicated because of their strong affinity towards biochar, which leads to the
formation of permanent bonds. Batur et al. (2022) discovered that these bonds make it challenging
to fully remove VOCs during the desorption or regeneration process. Therefore, a higher

desorption temperature is necessary to break these bonds and release the VOCs from the biochar.

2.5.2.2 Molecular structure

The adsorption capacity of VOCs on biochar is influenced by the molecular structure of
the VOCs, particularly their molecular size. Adsorbents with a pore size similar to or larger than
the molecular diameter of VOCs could potentially become effective adsorption sites, thereby
improving the removal rate of VOCs. On the contrary, pores that are too small or much larger than
the molecular diameter of VOCs will lead to weak adsorption between the adsorbent and the

adsorbate, which is not conducive to the removal of VOCs.

Theoretically, the optimal ratio of the pore size to VOCs molecular size should be between
1.7 - 3.0, which has been shown to result in excellent adsorption performance (Lingli Zhu et al.
2020). For example, X. Shen et al. (2020) demonstrated that banana peel-derived biochar, which
had micropores with a size similar to toluene (0.67 nm), had a higher adsorption capacity for
toluene than benzene. This was due to the strong interaction between the biochar surface and the
toluene molecules, resulting from the specific micropore size of the biochar being closer to the
molecular size of toluene than benzene (0.58 nm). Furthermore, the dispersion and molecular
interaction forces of toluene were stronger than those of benzene, leading to a greater adsorption
force. In addition, X. Zhao et al. (2018) found that coconut shell-derived biochar, with a specific
micropore size of 0.8 nm, had excellent adsorption performance for chlorobenzene (0.78 nm) but
less so for toluene (0.67 nm), which suggests that the specific micropore size of the adsorbent and
the molecular size of the VOCs must be considered when attempting to efficiently remove specific
pollutants. Thus, the molecular size (nm) of the VOCs and the size of the micropores (nm) of the

biochar must be closely matched to achieve effective VOC removal.
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2.5.2.3 Polarity

The efficiency of VOC adsorption by biochar can be significantly influenced by the
polarity of the adsorbate. Polar VOCs such as alcohols, aldehydes, and ketones tend to have a
stronger interaction with polar functional groups such as hydroxyl (-OH) and carboxyl (-COOH)
on the surface of biochar, resulting in higher adsorption capacity. Conversely, nonpolar VOCs
such as benzene and toluene preferentially interact with nonpolar functional groups such as alkyl
and aromatic groups (F. Meng et al. 2019; Lingli Zhu et al. 2020). For instance, Ece et al. (2022)
reported that carbon nanotubes (CNTSs) had the highest adsorption capacity for xylene compared
to ethylbenzene and toluene, which is attributed to the higher dipole moment of xylene resulting
in a stronger adsorption affinity with non-polar CNTs. Similarly, Rajabi et al. (2021) reported that
non-polar biochar had excellent adsorption capacity for toluene compared to hexane, attributed to
the high affinity of toluene towards hydrophobic carbon surface with fewer O-containing
functional group (non-polar) and greater porosity. This trend has also been observed with other
adsorbents such as AC and MOFs (Z. Chen et al. 2023; Jurkiewicz et al. 2022). Thus, the polarity
of both the adsorbent and adsorbate should be considered in designing efficient VOC adsorption

processes.

In a humid system, the polar water molecules have a higher affinity towards the surface
functional groups of biochar, occupying the adsorption sites by forming hydrogen bonds. The
polarity of water is higher than that of VOCs, resulting in a stronger interaction between water
molecules and the polar surface of biochar. This competitive adsorption phenomenon leads to pore
filling, which reduces the adsorption capacity of VOCs as the relative humidity (RH) increases.
Thus, chemical agents containing significant functional groups are often introduced on its surface
to reduce the O-containing functional groups, resulting in improved adsorption efficiency towards
VOCs under humid conditions. In such systems, the hydrophobicity of biochar is the primary
factor that determines selectivity for VOC molecules and reduces the affinity for water molecules
at high RH. This was demonstrated by T. Cheng et al. (2022) modified biomass-derived AC by
using K-COz, which increased the content of non-polar surface functional groups, such as ether,
ester, and alkyl groups and reduced the hydroxyl and carboxyl groups (polar), thereby making the
surface of biochar hydrophobic and improving its adsorption efficiency towards toluene and ethyl
acetate under humid conditions. Similarly, Xiuquan Li et al. (2020) loaded Si-O-Si groups onto

the surface of AC through a hydrophobic coating of polydimethylsiloxane (PDMS), which
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increased the selectivity of benzene at high RH and stabilized its adsorption at low RH. Hence,
decreasing the polar surface functional groups could increase the selectivity of desired VOCs by
reducing the affinity for water molecules. In conclusion, various interactions, such as polar and
non-polar VOC interactions, hydrophilic and hydrophobic interactions, play crucial roles in the
adsorption of VOCs by biochar.

In summary, the physical and chemical properties of biochar, including its specific surface
area, pore structure, and functional groups, are the primary factors that affect the adsorption of
VOCs. In addition, the properties of the VOCs, such as their boiling point, molecular structure,
and polarity, should also be taken into consideration to achieve higher VOCs adsorption. However,
a direct relationship between these properties and the adsorption capacity of VOCs has not yet
been reported. This may be due to the fact that these properties do not work in isolation and can
be influenced by other factors, such as adsorption conditions.

2.5.3 Adsorption conditions

2.5.3.1 Temperature

Temperature is one of the adsorption conditions that influenced the adsorption efficiency
due to the endothermic or exothermic reaction involved upon the elevation of adsorption
temperature (Xueyang Zhang et al. 2017). With the increases of adsorption temperature, the VOCs
adsorption capacity increased until a specific temperature, then decreased at elevated temperature
due to the desorption process (Soliman et al. 2020). Thus, depending on the adsorption
temperature, the adsorption exhibits an endothermic or exothermic process. Endothermic
adsorption involves increases of temperature that promote VOCs adsorption efficiency, this may
attribute to their strong interaction with adsorbent active sites (L. Sun et al. 2020). Whereas
exothermic adsorption results in the decreases of VOCs adsorption capacity with the increases of
adsorption temperature due to the weak interaction between VOC molecules and adsorbent active
sites (S. Wang et al. 2021). For instance, Qian et al. (2015) investigated the effect of adsorption
temperatures on AC for the removal of chloromethanes. Chloromethane adsorption capacities
decreased by 46.2% and 47.4% when adsorption temperature increased from 20 °C to 60 °C.
Elevation of the adsorption temperature resulting in negative values of the enthalpy of adsorption
due to weak forces between the AC and chloromethanes. In addition, Davarpanah et al. (2022)

points out that the increasing of adsorption temperature does not affect the adsorption capacity up
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to 30 °C, however decreased at higher temperature. Similar observations have been reported for
the adsorption of acetone, alkane, toluene, and aromatic vapors by carbon-based adsorbent (S.
Wang et al. 2021; Kutluay et al. 2019). Thus, the adsorption temperature should be kept below 30

°C to maintain the adsorption efficiency.

In the presence of humidity, increasing adsorption temperature reduced relative humidity
due to an increase in the equilibrium water vapor pressure (Kutluay et al. 2019). The water vapor
adsorption isotherm on carbon-based adsorbent follows the type V isotherm. According to the type
V isotherm, the adsorption is negligible at low relative humidity, followed by drastic increases in
the amount of adsorbed before achieving a plateau at high relative humidity. These scenarios are
also known as the interfering region to a non-interfering region by controlling the relative humidity
value in a short period. For example, Davarpanah et al. (2022) evaluated the effect of adsorption
temperature on the relative humidity and adsorption efficiency of 1,2,4-trimethylbenzene (TMB)
on AC. The TMB removal exhibits excellent adsorption when the adsorption temperature increases
from 22 °C to 27-30 °C. Such results are also attributed to decreasing relative humidity in the inlet
gas, which decreases with the transition from an interfering to a non-interfering value (adjusting
the relative humidity in the inlet gas). Further increasing the adsorption temperature to 50 °C, the
removal efficiency was reduced due to the decreased equilibrium adsorption capacity of AC
towards TMB, and the decrease in relative humidity to 20%. To efficiently adsorb VOCs at
different adsorption temperatures under humid conditions, the optimum adsorption temperature

and inlet gas relative humidity should be considered.

It can be summarized that the adsorption temperature is important in the removal of VOCs
because it contributes to the exothermic reaction that results in a negative value of enthalpy,
lowering the adsorption capacity of VOCs. Besides, the elevation of the adsorption temperature is
related to economic and environmental cost, attributed to energy consumption and greenhouse gas
emissions. As a result, the optimal adsorption temperature is critical for striking a balance between
an environmentally friendly adsorption process and an economical cost. In a humid system, the
adsorption temperature and inlet gas relative humidity have a significant impact on VOC
adsorption efficiency. Hence, it could be beneficial to understand the adsorption mechanisms of

VOCs under humid conditions.
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2.5.3.2 Humidity

Humidity is a significant challenge in the adsorption of VOCs onto porous adsorbents. The
presence of water vapor during the VOCs adsorption process leads to the competitive adsorption
mechanisms of VOCs on biochar. Water vapors compete with VOC molecules and occupied the
adsorption sites to form water clusters through hydrogen bonding, resulting in a decrease in
adsorption capacity (Laskar et al. 2019; Xiuquan Li et al. 2020). Studies have shown that the
adsorption capacity of porous adsorbents can decrease by up to 50% when relative humidity
exceeds 60% (Kawamoto 2022; Yin et al. 2022). The adsorption of VOCs in high relative humidity
environments is influenced by various factors, such as pore size distribution, surface functional
groups, and hydrophobicity of the biochar. Narrower micropores (<0.7 nm) exhibit higher
resistance to water vapor, and a lower content of surface oxygen-containing groups increases the
selectivity of desired VOC molecules, resulting in higher VOCs adsorption capacity at high
relative humidity (Jinjin Li et al. 2022; Oh et al. 2019).

Studies have developed engineered hydrophobic porous adsorbents to overcome this
challenge. For example, Yu Zhang et al. (2022) developed a PDMS-coated highly porous metal-
organic framework with superhydrophobic surface properties and a high specific surface area and
pore volume that exhibit excellent adsorption towards toluene. Similarly, Xiuquan Li et al. (2020)
demonstrated that PDMS-coated AC for benzene adsorption only decreased by 19.3% at high
relative humidity of 90% compared to Bare-AC (55%) due to the Si-O-Si groups attached to the
surface of AC, which increased its hydrophobicity and the selectivity of benzene. This approach
could be applied to biochar, as carbon-based and MOF materials exhibit similar characteristics in
terms of their behavior on the adsorption of VOCs in humid environments. Therefore, pore size
distribution, selection of suitable surface functional groups, and the hydrophobicity of carbon-
based adsorbent should all be considered when overcoming the water vapor under humid

conditions.

The relative humidity (Pwater/Pair) is one of the key factors in controlling the adsorption of
water vapor on the porous adsorbent, which can be categorized into low relative humidity
(Pwater/Pair = 0.0-0.6) and high relative humidity (Pwater/Pair = 0.7-1.0). According to Dubinin-
Serpinsky theory, the adsorption sites of a biochar could be occupied by water molecules

competitively via three ways: surface O-containing functional group reactions, hydrogen bonding,
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and capillary condensation (Lingli Zhu et al. 2020). Besides, the characteristics of water adsorption
in microporous carbon-based adsorbents follow an isotherm of type V, which aligns with the
Dubinin-Astakhov (D-A) model. Studies reported that at low relative humidity, a small amount of
water vapor was adsorbed. This is due to the water clusters self-accumulating based on the number
of hydrophilic sites in the biochar and occupied the hydrophilic sites via hydrogen bonding. In
contrast, great amounts of water vapor were adsorbed under high relative humidity. According to
Shuangchun Lu et al. (2021), the increasing relative humidity that leads to pore filling is due to
the high polarity of water molecules, which exhibits higher affinity to the surface O-containing
functional group. Besides, T. Chen et al. (2021) point out that the aggregation of water molecules
occupied the adsorption sites via hydrogen bonding to form large-size water clusters followed by
capillary condensation. This reduces the accessibility of VOC molecules to adsorption sites and
shortens the breakthrough time (Y. Yang et al. 2020). Thus, water vapors greatly decrease the
adsorption capacity of VOCs under high relative humidity, and the mechanisms involved under
these conditions should be taken into consideration.

It is clearly demonstrated that humidity is a critical factor in VOCs removal technology as
the presence of water vapor in the VOC-laden air stream can significantly affect the performance
of biochar. The characteristics of biochar, such as specific surface area, pore structure, and surface
functional groups, as well as the properties of VOCs, including boiling point, molecular structure,
and polarity, all play a crucial role in enabling effective VOCs adsorption under humid conditions.
To overcome this limitation, adsorbents are commonly modified by promoting narrower
micropores, introducing suitable surface functional groups, hydrophobicity for higher selectivity

of desired VOCs, and reducing the affinity of water molecules (W. Zhang et al. 2022).

2.6  Biochar modification technology for VOCs adsorption under humid

conditions

The behavior of biochar in adsorption applications is significantly influenced by its
physicochemical and textural properties. Additionally, the presence of water vapor and the
characteristics of VOCs can also affect its performance. However, the use of biochar in some
industries is limited due to a lack of adsorption selectivity, high temperature sensitivity, and

hydrophilicity (W. Zhang et al. 2022). These limitations can be overcome by implementing
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modification technologies, such as physical and chemical modifications. Physical modification
methods, including COz and steam activation, typically require a high temperature range of 700-
1000°C. On the other hand, chemical modification methods, such as acid and alkali treatment,
nitrogen doping, metal/metal oxide impregnation, and organic polymer, involve in the use of
chemical agents (C. Xu et al. 2018; Gang et al. 2021). Chemical modification has a short
production cycle, flexible operation, and low energy consumption compared to physical activation
methods (Lobato-Peralta et al. 2021). However, physical modification is considered
environmentally friendly since it does not involve corrosive or harmful chemical agents(Lingli
Zhu et al. 2020).

2.6.1 Structural modification

2.6.1.1 Spherical biochar

The use of spherical biochar has become widespread in various applications, including
energy generation, storage, and environmental applications such as gaseous, aqueous, and soil
phases due to its high mechanical strength, wear resistance, good adsorption performance, high
micropores volume, and adjustable pore structure (Wickramaratne et al. 2013; Aroldo José
Romero-Anaya et al. 2014). Spherical biochar (SBC) is a carbon-rich material that is micro-scale
in size and has a spherical shape derived from spherical materials. SBC is generally derived from
sugar sources, such as glucose, sucrose, and xylose, through hydrothermal carbonization (HTC)
and pyrolysis at different temperatures without using any activating chemical agents, making it
more cost-efficient than spherical activated carbon (SAC) (Aroldo José Romero-Anaya et al. 2014;
Binh et al. 2018).

Numerous studies have shown the effectiveness of SBC in water treatment to remove
contaminants, including heavy metals and aromatic pollutants, due to its large specific surface
area, high total pore volume, well-developed internal pore structure, and excellent removal of
water contaminants (Tran et al. 2020; Sajjadi et al. 2018; X. Liu et al. 2021). For gaseous
adsorption, SAC has been evaluated for CO2 removal, and due to its high mechanical strength, low
dusting properties, good spherical form with a diameter of up to 1.5 mm, and high porosity, it
exhibits excellent CO, removal efficiency (N. Sun et al. 2013). Moreover, A. J. Romero-Anaya et
al. (2014) prepared activated SAC with a high specific surface area and narrow micropore volume

of activated SAC leading to high toluene adsorption capacity. This characteristic can also be
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applied to SBC as they have similar controllable pore size distribution. It is observed that the higher
porosity of spherical carbon could be a promising adsorbent in the adsorption of VOCs under

humid conditions.

A two-stage process: hydrothermal carbonization and pyrolysis are the most common
method in synthesizing spherical carbon (C. Qin et al. 2020). Wan et al. (2020) indicates that
carbon-rich SBC could be achieved through hydrothermal carbonization of sugar sources or
biomass wastes, attributed to dehydration, condensation, or aromatization and polymerization
reactions. In addition, Tran etal. (2018) point out that the spherical hydrochar exhibits low specific
surface area, however upon the pyrolysis process at high carbonization temperatures, the porosity
of SBC were greatly enhanced. At high pyrolysis temperature (>500 °C), the SBC possessed great
porosity characteristics than that of non-spherical biochar. In contrast, poor porosity of SBC was
observed at low pyrolysis temperature (<500 °C), which slightly similar to non-spherical biochar
(F. Yang et al. 2018; Weisheng Chen et al. 2021). Moreover, studies reported that higher pyrolysis
temperature more than 900 °C results in collapsed of the micropore structure of biochar, and further
leading to sintering effect, followed by a shrinkage of biochar and could possibly destroyed the
surface O-containing functional groups (Xiang Yang et al. 2018; Weisheng Chen et al. 2021).
Hence, pyrolysis temperature should take into consideration in developing good structure of SBC,

narrower micropores volume, and higher specific surface area.

Furthermore, the main functional groups present on the surface of SBC could affect its
performances for the adsorption of VOCs under humid condition. Similar to AC, the SBC consist
of hydrophilic sites associated to high concentration of reactive O-containing functional groups
and hydrophobic adsorption sites related to the condensed aromatic nucleus (Y. Shen et al. 2021;
B. Song et al. 2019). Studies highlighted that SBC possessed abundant surface O-containing
functional group for the adsorption of water contaminants, however, poor performance in the
adsorption of VOCs under humid condition. This is attributed to the O-containing functional group

increasing the affinity for water molecules and decreased the selectivity of VOC molecules.

It can be concluded that the pyrolysis temperature is a crucial key factor in synthesizing
excellent structure of SBC. Similar to the development of non-spherical biochar, the optimized
pyrolysis temperature is required to achieve narrower micropores, larger specific surface area, and

high total pore volume of SBC. Due to abundant O-containing functional groups on the surface of
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SBC, it potentially exhibits poor adsorption performance under high relative humidity. This could
be enhanced by introducing aromatic functional groups to increase the selectivity of VOC

molecules via surface modification.

2.6.1.2 Honeycomb-like tubular biochar

Honeycomb-like tubular biochar (HT-B) is a unique structure and had become a very
effective host matrix to dope and load substances, attributed to its significant honeycomb-like and
tubular structure. The characteristics of HT-B, such as large specific surface area, superior
porosity, good adsorption performance, and high conductivity have become a key attraction in a
wide range of applications. Commonly, the HT-B is widely used in water treatment, energy storage
devices, soil remediation, and CO> capture (Eshun et al. 2019; Heaney et al. 2018; Xiangping Li
et al. 2021). Although HT-B is still in its research stages, its beneficial to widen its applications,
particularly in the removal of VOCs are still worth to explore.

The HT-B can be synthesized through the impregnation of metal oxide (ZnO, Fe302, MnO,
and CuO) or metal salts (ZnCl,, FeCls, and CoCl») to act as a pore-forming agents and treat the
raw material before the carbonization (Z. Xu et al. 2020; Gopalan et al. 2022). In terms of surface
modification, the impregnation loading of metal oxide or metal salts plays a crucial role in
providing sufficient amount of metal ions attached on the surface of biochar, potentially
developing a honeycomb-like tubular structure. Karimnezhad et al. (2014) prepared treated AC
derived from the walnut shell using ZnCl. with different impregnation ratio of 0.5:1, 1:1, 1.5:1,
and 2:1 (ZnCl: walnut shell) wt/wt. They reported a significant increase in the specific surface
area of the treated activated carbons with an increasing impregnation ratio. Similarly, Lei et al.
(2020) prepared AC impregnated by CuO with loading ranged 0.1-0.8 wt.% for the adsorption of
toluene. Upon the increases of CuO loading, the specific surface area of AC reduced from 1038.5
m? g (bare AC) to 946.7 m? g* (AC impregnated with 0.8 wt.%). Such results implied due to the
blockage and collapse of the pores, including micro-, meso-, and macropores at high CuO loading
leading to smaller specific surface area and intense reaction between the biochar and metal ions.
Nevertheless, AC impregnated with 0.3 wt.% exhibits the highest adsorption capacity of 701.8 mg
gt with specific surface area of 985.2 m? g2, attributed to the sufficient amount of CuO attached
on the surface of AC and created adsorption active sites resulting high adsorption of toluene.

Hence, the higher impregnation ratio fosters a more vigorous reaction between the activation agent
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and the carbon material. This occurs because a greater amount of activation agent is incorporated
into the precursor matrices, leading to pore expansion. In addition, the porosity of biochar
improved with the impregnation of metal oxide or metal salts at optimum impregnation loading,
which could potentially enhanced the adsorption efficiency of VOCs (Adeniyi et al. 2022; L. Yan
et al. 2020; D. Zhang et al. 2021; S. Cheng et al. 2022). Moreover, this could apply to construct a
honeycomb-like structure as it mainly involved in pores forming and requires optimum

impregnation loading of metal oxide or metal salts to produce well-developed HT-B.

Furthermore, the selection of pore-forming agents also correlated with the formation of
honeycomb-like structure. C. Ma et al. (2018) prepared HT-B derived from fargesia leaves and
impregnated with 1 mol L of ZnCly, FeCls, and CoCl,. They observed that HT-B treated with
ZnCl; exhibits excellent structure of honeycomb-like, which constructed from abundant amount
of biochar tubes and uniform distributed fenestration on the surface of biochar. While, incomplete
and irregular honeycomb-like structure was observed in HT-B treated with FeCls and CoCl..
During the carbonization stage, ZnCl> played a role in making pores on the surface of biochar and
improved the breakage of organic matter in the biochar. Then, effectively recombined the solid
matrix to construct a uniform honeycomb-like tubular structure. Thus, ZnCl, with optimum

impregnation loading could perform well in developing a honeycomb-like tubular biochar.

Moreover, the formation of HT-B firstly occurred on macropores, where the arrangement
is formed by thin carbon walls with a gap distance ranged from 10-40 um. These walls are
associated with cellulose, hemi-cellulose, and lignin from biomass materials. Among them, lignin
is the hardest molecule to decompose, which maintains the cell wall structure until a certain
temperature is achieved. Hence, the structure of honeycomb-like tubular is well-developed at
certain ranged of pyrolysis temperature. B. Zhao et al. (2018) indicated that the HT-B constructed
from stable and great amount of honeycomb-like macropores structure with specific surface area
of 384.1 m? g at pyrolysis temperature of 700 °C with heating rate of 1 °C min* for 10 min, as
illustrated in Figure 2.4(a). They also reported that the temperature lower than 700 °C, resulted in
incomplete formation of honeycomb. In addition, heating rate below 20 °C min* and reaction time
more than 60 mins resulted in the development of the pore structure and higher surface area.
Besides, Bataillou et al. (2022) observed similar results, however collapsed of the pores for

honeycomb structure pyrolyzed at 900 °C, attributed to the decreases of its specific surface area
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by 72% (136 m? g?) resulting in lost ordered of honeycomb structure, as presented in Figure
2.4(b)-(c). Moreover, C. Ma et al. (2018) successfully created a honeycomb tubular biochar with
a specific surface area of 461.9 m? g using a pyrolysis temperature of 800 °C, a heating rate of 3
°C min-1, and a duration of 6 h, as shown in Figure 2.4(d). This demonstrates that pyrolysis
temperatures ranging from 700 to 800 °C, heating rates between 1 and 20 °C min™, and reaction
times from 1 to 6 h have the potential to develop well-structured honeycomb tubular biochar. Apart
from that, pyrolysis temperature possessed a great effect on the hydrophilic or hydrophobic
characteristics of HT-B, which is generally investigated by water contact angles. Studies reported
that the increases of pyrolysis temperature also decrease its hydrophobicity with lower water
contact angles due to the decomposition of lignin that could increase the wettability of the HT-B.
Thus, pyrolysis temperature, heating rate, and reaction time should take into account to develop a
honeycomb-like tubular structure with high hydrophobicity that could be used in VOCs adsorption

under humid conditions.

Figure 2.4: SEM images of the related studies.

Similar to synthetic SBC, the preparation of honeycomb-like tubular biochar are also
mainly influenced by the shape and structure of biomass raw material (C. Qin et al. 2020). Studies
showed that suitable biomass raw materials are favorable to develop low cost and green

honeycomb-like tubular biochar. Besides, plant in nature evolve with various microstructure in
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different parts due to variety of pore sizes and morphologies (Z. Su et al. 2022; Bi et al. 2019; Yi
Wang et al. 2020). Biomass material with vascular bundle and fiber can be found in vascular plants
or parts of the plant that contain vascular bundle, such as bamboo, palm leaves, corn stalks, and
other plant species (Boch et al. 2021; Boumediri et al. 2019). C. Ma et al. (2018) point out that
vascular bundle and fiber can act as template for the development of honeycomb-like AC derived
from fargesia leaves due to its superior tubular and pore structure. Upon the pre-treatment and
carbonization, the HT-B exhibits a larger specific surface area, good adsorption capacity, excellent
carrier transportation properties and stable honeycomb-like tubular structure, as illustrated in
Figure 2.5(d). In addition, other biomass wastes have been reported in the literature for the
development of honeycomb-like pore structure via only activation, such as cedar wood, bagasse,
spruce (softwood), coconut shell, rice husk, and rapeseed stem (Bataillou et al. 2022; Kamran et
al. 2020; Kang et al. 2022). Their findings showed that the honeycomb-like structure was
constructed from micropores cubic block and interconnected cylindrical holes of meso- and
macropores. Besides, the specific surface area and total pore volume of honeycomb-like pore
structure was ranged from 223-484 m? g* and 0.33-0.41 cm® g, respectively, which was slightly
similar to the HT-B synthesized via biomass template (462 m? g* and 0.41 cm® g%). Thus, the
HT-B can be produced via two ways: biomass materials act as templates followed by activation or
only by activation, and both promotes larger specific surface area for higher adsorption sites (L.
Leng et al. 2021).

It can be concluded that the shape and structure of biomass materials are one of the key
factors in regulating the pore structure of biochar. Biomass materials with high lignin content and
consist of vascular bundle and fiber are the crucial characteristics in the development of
honeycomb-like tubular structure. Besides, it is beneficial to inherit the excellent structure of its
raw materials. The optimized pyrolysis temperature plays an important role in constructed well-
developed spherical and honeycomb-like tubular structure. However, the HT-B promotes higher
value of specific surface area and total pore volume compared with SBC. In terms of adsorption
process, specific surface area is crucial factor in providing adsorption active sites, adsorption
capability, and interaction between adsorbent and contaminant (R. Li et al. 2020; Mahmoud et al.
2020). Moreover, the large number of pores in the tube wall extremely increase the specific surface
are of HT-B, which further promotes great matrix for supporting other materials and promotes

higher area of contact on the surface of HT-B for other substances, especially for surface
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modification (Tao et al. 2018). Thus, the surface modification on HT-B is worth exploring to wider
its application on gaseous adsorption and enhance its performance under humid conditions.

2.6.2 Surface modification

2.6.2.1 CO; activation

The CO: activation is a widely used physical activation that involves using a typical
activation gas to develop an engineered biochar at high temperatures. CO: is considered as the
preferred gas for activation due to its cleanliness and convenient handling. Besides, CO; has been
selected as the activation gas on the laboratory scale because it enables the control of the activation
process due to the slow reaction rate at high temperatures (T. Zhang et al. 2004). In addition, the
mechanism involved in the formation of micropores structure during the CO- activation is the
development of char-CO. gasification, which CO, act as activating agent during the reaction
known as Boudouard reaction (Zhikai Li et al. 2020). The mechanisms of oxygen exchange
developed by Ergun have been widely adopted to describe the reactions involved. Firstly, CO2is
attached on the free carbon active site (Cs) on the surface of biochar and detached to form a reactive
carbon-oxygen complex (C(O)) and a molecule of carbon monoxide (Eq. (2.1)). Next, the reaction
surface oxide transformed solid to gas phase resulting in the removal of a carbon atom from the
biochar and generates a new adsorption active site (Eq. (2.2)). These reactions are shown as
follows (Shafawi et al. 2021):

Ct+ CO2 <= C(0O) + CO (2.1)

C(0) +C <> CO + Cr (2.2)

This activation process promotes the formation of micropores, attributed to hot corrosion between
the biochar and CO: at high temperature leading to high specific surface area, which is more
desired for VOCs adsorption (Dissanayake et al. 2020).

The parameters that affect CO> activation include activation temperature, holding time, and
CO:- flow rate (Jiang et al. 2020). Among these, activation temperature is the most crucial factor
that affects the physicochemical properties, porous structure, and VOC adsorption efficiency of
biochar (Khuong et al. 2021). Besides, CO- activation promotes narrower micropores for higher

adsorption capacity of VOCs and small mesopores to enhance the diffusion of VOC molecules
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into the pores of biochar (Manya et al. 2020). Studies have reported that high CO. activation
temperatures up to 950 °C have a significant impact on the specific surface area and porosity of
biochar. On the other hand, lower activation temperatures result in an incomplete pore structure,
and less endothermic reaction between biochar and CO: interferes with the porosity development,
especially at holding times less than 60 min (Lang et al. 2017; Z. Xiong et al. 2013). For instance,
Rashidi et al. (2019) prepared activated carbon derived from palm kernel shell exhibits high
specific surface area and micropore volume with the increases of temperatures from 750 to 950 °C
leading to high CO; adsorption. Similarly, Ogungbenro et al. (2018) highlighted that the specific
surface area and micropores volume of activated carbon synthesized from date seeds was enhanced
with the increases of activation temperature from 600 to 800 °C. However, the collapse of the pores
was observed upon further increase of the temperature to 900 °C, attributed to the widening of the
pores at high temperature. Nevertheless, at a temperature of 900 °C, holding time of 60 min, and
CO; flow rate of 150 ml/min, the activated carbon possessed a higher specific surface area and
micropore volume of, resulting in a higher CO2 adsorption capacity. This also could be a
promising biochar activation that can be applied in VOCs adsorption application as biochar and
activated carbon have similar porosity development characteristics. Thus, the activation

temperature, holding time, and CO> flowrate should be taken into consideration in this activation.

Apart from that, activation temperature impacts the surface functional groups of biochar,
which is similar to the effect of pyrolysis temperature. High CO> activation temperature results in
the decreases of the polar functional groups, such as -OH and C=0, which further reduced the
polarity index and hydrophilicity of biochar (Adhikari et al. 2022; Zornoza et al. 2016). This
indicates that at high CO. activation temperature the biochar possessed more hydrophobicity,
which enhance the interaction with non-polar VOC molecules and higher selectivity for its
adsorption due to lower content of -OH functional group, and low H/C and O/C ratios. Besides,
higher hydrophobicity also could increase the selectivity of VOC molecules in the presence of
water molecules (Shafawi et al. 2021). Hence, CO activation could be beneficial in developing
biochar with excellent hydrophobic behavior and high selectivity of desired VOC molecules under

humid conditions.

In summary, it is worth noting that the increases of CO. activation temperature not always

have a positive result for specific surface area and micropores volume. The holding time and CO>
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flow rate also play a role in developing porosity of biochar. The optimum conditions could promote
well-developed pores structure of biochar with higher specific surface area and micropores
volume. Moreover, it is crucial to have a balance the relationship between specific surface area
with surface functional groups and hydrophobicity. Higher activation temperatures result in high
specific surface area and micropores volume, additionally it also results in reducing of O-
containing functional groups, which increases the hydrophobicity of biochar. This hydrophobic
biochar could become a promising adsorbent for the adsorption of VOCs under humid conditions.

2.6.2.2 Nitrogen doping

Nitrogen doping (N-doping) is a method to introduce N-containing functional groups on
the surface of biochar to alter its surface chemical properties (M. Song et al. 2021). N-containing
functional groups, including amide, pyridinic, imide, pyrrolic, graphitic, and lactam groups are
commonly used to increase the surface basicity of biochar, which favor the adsorption of VOCs in
the presence of water molecules (Q. Zhou et al. 2018). N-doping techniques can be categorized
into two types of N sources: natural N source within biomass and impregnation with nitrogen
containing reagent or ammonia purging. Among these, ammonia purging is suitable method to
produced biochar with high hydrophobicity due to the thermal reforming of biomass at high
temperature. Xiong Zhang et al. (2014) point out that ammonia purging successfully introduced
some of N-containing functional group, attributed to ammonia dissociated to form NH2, NH, and
H at high temperature, then react with surface oxides and active sites to form N-containing
functional groups. This similar to the mechanisms that was proposed by Wei Chen et al. (2016).
The ammonia reacted with carboxyl groups on the surface of biochar via Mailard reaction to form
C-NH: and C-NH and accompanied by H> production to promote N-doping as expressed in Eq.
(2.3). Then, further converted into pyridinic N and graphitic N. Thus, ammonia purging produced
microporous structure by removing the oxygen containing functional groups. This reaction as

shown as follows:

(C)Biomass + NH; — C-NH: + C-NH + H: (23)

Among the N-containing functional groups, graphitic-N are the most effective in enhancing
the hydrophobicity of biochar, attributed to wn-n interactions with the VOCs and weaken the
electrostatic interaction with water molecules (C. Zheng et al. 2017). Jinjin Li et al. (2022)

prepared N-doped resin-based activated carbon with high specific surface area and micropores
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volume of 1583 m? g and 0.77 cm?® g2, respectively, thereby superior adsorption capacity of
toluene at high RH. Such results implied due to the formation of pyridinic-N, pyrrolic-N, and
graphitic-N. However, graphitic-N exhibits dominant contributor to increase the selectivity of
weak polar toluene and decrease the affinity for water molecules. In addition, F. Meng et al. (2019)
indicated that the introduction of N-containing functional groups can enhance the hydrophobic
property of the biochar surface by eliminating the O-containing functional groups to promote high
adsorption capacity of non-polar VOCs. On the other hand, Yuan et al. (2020) highlighted that
pyridinic-N and pyrrolic-N species make the dominant contribution to water adsorption capacity
due to the strong polarization on the surface of porous carbon occurs in pyridinic-N and pyrrolic-
N. These species promote strong electrostatic interactions with water molecules, thus high
adsorption of water uptake. Hence, N-containing functional groups provides different surface
chemical characteristics of biochar, which could be implemented depending on the VOCs
adsorption conditions. In the system with humidity, graphitic-N species are highly required.

Apart from that, the activation temperature and holding time play an important role in
determining the porosity development and the content of graphitic-N in the biochar. For instance,
W. Yu et al. (2018) evaluated the effect of activation temperature and holding time of ammonia
purging ranged 600-800 °C and 1-3 h, respectively. The increases of activation temperature and
holding time leading to positive results, which N-doped biochar exhibits larger specific surface
area (418.7 m? g) and high content of graphitic-N (46.4 %). This attributed to the pyridinic-N or
pyrrolic-N was converted into graphitic-N with the increases of activation temperature and holding
time. In addition, Lian et al. (2016) indicates that extremely narrow micropores structure with
pores smaller than 2.0 nm and some ultra-micropores (<1.0 nm) were formed at high activation
temperature over 800 °C and longer holding time. Therefore, N-doped biochar could potentially
improve the adsorption of VOCs under humid conditions and the characteristics of N-doped
biochar could be altered by controlling the operational conditions. It is worth noting that the
optimum conditions of N-doped with larger specific surface area, narrow micropores, and high
hydrophobicity are constructed at activation temperature over 800 °C and holding time more than
2h.
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2.6.2.3 Organic polymer coating

Organic polymer coating is also known as hydrophobic coating, which has been
implemented in the selective adsorption of VOCs under humid conditions. Hydrophobic coating
technique is a modification process with the used of low surface energy materials, such as
polydimethylsiloxane (PDMS), trimethylchlorosilane (TMCS), polyacrylonitrile (PAN), and poly
furfuryl alcohol (PFA) (H.-B. Liu et al. 2016). Among these, PDMS has been widely explored to
graft thin film on the surface of porous materials by thermal evaporation process (Eduok et al.
2017). The heat applied during the modification allows PDMS deposited a hydrophobic coating
on the surface of biochar to increase the selectivity of desired VOC molecules under high RH and
maintains the performance of biochar under low RH (Xiuquan Li et al. 2020). This attributed to
the relatively low surface energies of PDMS thin film with reduced wetness (Kobayashi et al.
2012) . Thus, PDMS coating has been utilized in various protective coating systems for industrial
substrates, however it is beneficial to widen its application in VOCs adsorption technology.

The hydrophobic films form an extremely stable chemical bond on the surface of biochar
and the silica content in the PDMS constructed silica (—Si—0O—) network, which allows the biochar
being incorporated with VOC molecules under high RH (Eduok et al. 2017). Xiuquan Li et al.
(2020) performed PDMS coating on walnut shell-derived activated carbon for the adsorption of
benzene at RH ranged 0-90 %. The adsorption capacity of benzene on PDMS-coated activated
carbon was only decreased by 19.3 %, while bare activated carbon exhibits significantly decreased
on benzene adsorption capacity by 55.6 % at high RH of 90 %. This due to the surface of activated
carbon was coated with Si—O—Si groups resulting in the increases of its surface hydrophobicity,
which reduced the affinity for water molecules. In addition, E.J. Park et al. (2014) indicated that
the effect of water molecules presents at high RH on the adsorption efficiency was reduced due to
the continuous siloxane chains in PDMS on the surface of mesoporous silica leading to high water
resistant. As biochar is categorized under porous materials, which similar to activated carbon and
mesoporous silica, this also could apply to biochar as they have similar physical characteristics.
Besides, the changes in hydrophobicity of biochar can be verified by water contact angle
measurement and fitted by Young-Laplace equation (Akbari et al. 2021). Generally, water contact
angle more than 90 ° is considered to be hydrophobic, and conversely hydrophilic. Studies reported
that the PDMS coating can be range from hydrophobic (>90 °) to super-hydrophobic (>150 °),

which depending on the thickness of PDMS coated on the surface of biochar (Xiuguan Li et al.
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2020; E.J. Park et al. 2014; Z. Gao et al. 2020; J. Liu et al. 2019). Thus, the sufficient thickness of
PDMS should be taken into consideration to promote high hydrophobicity of biochar for higher
adsorption of desired VOC molecules.

Modification temperature is one of the factors that affecting the thickness film of PDMS
coated on biochar. As reported in the literature, the heating temperature of PDMS coating was
positively correlated with water contact angles (Eduok et al. 2017). H.-B. Liu et al. (2016) reported
that PDMS-coated activated carbon at 250 °C exhibits super-hydrophobic with water contact angle
of 159.2° while 133.4, 137.0, and 147.3° were observed for PDMS-coated activated carbon at 80,
150, and 200 °C, respectively. Similar to Lan et al. (2016), they observed that PDMS-coated
biochar at 300 °C has superior hydrophobic property with water contact angle of 165°. However,
further increased the modification temperature to 600 and 900 °C, the water contact angle reduced
to 150 and 145 ©°, attributed to the degradation of the organic groups (CH2 and C—C) at high
temperature, while Si—O groups maintained it film on the surface of biochar as FTIR spectra
showed unchanged sharp peak of Si—O groups. Thus, biochar still maintained its hydrophobic
property at high temperature. Despite the positive results on the water contact angle with the
increases of modification temperature up to 300 °C, negative correlation was reported for the
specific surface area. H.-B. Liu et al. (2016) observed that the specific surface area of activated
carbon was reduced from 868 m? g (bare activated carbon) to 811 m? g** (PDMS-coated activated
carbon) with the increases of temperature up to 250 °C. The decrease was not significant between
the bare activated carbon and PDMS-coated activated carbon. However, Xiuquan Li et al. (2020)
reported that the specific surface area of bare activated carbon and PDMS-coated activated carbon
were greatly reduced from 1553.89 m? g to 1232.71 m? g as the temperature increase up to 250
°C, respectively. Such results implied due to the PDMS being deposited on the surface of biochar,
including micro-, meso-, and macropores. With the increases of temperature, the PDMS film
getting thicker, and more pores were filled, which resulting in the decreasing of specific surface
area of porous materials, including biochar. Nevertheless, studies indicate that PDMS-coated
porous materials at temperature ranged of 200-250 °C with larger specific surface area exhibits
lesser effect on the adsorption capacity of VOCs in the present of water molecules (H.-B. Liu et
al. 2016; Xiuquan Li et al. 2020). Therefore, PDMS coating temperature crucially affects the
thickness of the PDMS film on the surface of biochar, which further affects the water contact angle

and specific surface area of biochar. Furthermore, the optimum condition for the PDMS coating
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on biochar should take into consideration to sufficiently coated the surface of biochar and

maintains its textural properties to initial materials, particularly for specific surface area.

In summary, most of the biomass-derived biochar is naturally hydrophilic, which has
become a drawback to VOCs adsorption technology under humid conditions (Xian et al. 2015).
Besides, structural modification could be applied follows by hydrophobic modification on the
surface of biochar to enhance the porosity development and selectivity of VOC molecules in the
present of water molecule, thereby increase the adsorption efficiency. The honeycomb-like
structure promotes larger specific surface area and higher area of contact on the surface of HT-B
for other substances, such as surface modification compared to SBC. In terms of surface
modification, PDMS coating could be a promising technique to increase the hydrophobicity of
HT-B, attributed to the potential of producing HT-B with super-hydrophobic property. Compared
to CO2 activation and nitrogen doping, PDMS coating required lower modification temperature
and the PDMS thickness on the surface of HT-B is only controlled by modification temperature.
While CO; activation required a high activation temperature of 900 °C, which could cause
collapsed of the honeycomb-like structure as HT-B is well-developed at 800 °C. Moreover, N-
doped biochar contained different amounts of O-containing functional groups resulting in
complication to evaluate the role of N-containing functional groups separately through experiment
data. Thus, PDMS coating is eco-friendly and facile modification that could be applied to HT-B.
Besides, PDMS-coated HT-B could be a promising adsorbent to provides abundant adsorption

sites and reduced the affinity for water molecules for the higher VOCs adsorption efficiency.

2.7 Regeneration of adsorbent

The regeneration of biochar is a reverse process of adsorption. Biochar regenerations are classified
into two principles: adsorbate desorption and adsorbate decomposition (Dai et al. 2019). For
industrial applications, it is important for an ideal adsorbent to exhibit good recycling and
reusability, particularly to reduce the cost of biochar through repetitive sorption-desorption cycles
(Ifthikar et al. 2018; Bamdad et al. 2018). Studies have shown that the biochar can retain between
50 and 95% of the adsorbed chemicals at temperatures of 50-60 °C (Xiang et al. 2020). This
demonstrates the reliability of biochar for managing adsorbed volatile chemicals, even under

extreme operating conditions (Rajabi et al. 2021). In addition, the regeneration and cost-efficient
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of biochar could be achieved by implementing different regeneration technologies depending on
the properties of biochar (Dai et al. 2019). There are several biochar regeneration techniques,
including chemical, microwaves irradiation, and thermal regeneration, each designed for specific

applications related to the adsorption process.

2.7.1 Chemical regeneration

Chemical regeneration is a technique that involves the use of chemical agents to recover
the adsorption capability of biochar that has reached saturation with pollutants, including VOCs.
Various chemical regeneration methods such as steam stripping, solvent extraction, and chemical
oxidation to desorb the pollutants from the surface of biochar (T. Dutta et al. 2019). Solvent
extraction involves the use of solvent to dissolve and eliminate the adsorbed VOCs from the
biochar. Steam stripping involves passing steam through the biochar to desorb the VOCs, whereas
chemical oxidation uses an oxidizing agent to transform the adsorbed VOCs into less harmful
byproducts (W. Zhang et al. 2022).

The solvent extraction can be categorized into inorganic and organic solvent regeneration.
Inorganic chemicals can be regenerated through acid-base regeneration methods, which involve
the use of inorganic acids (HCI and H.SOgs) or alkalis (NaOH) to remove the VOCs from the
surface of the biochar (RongPing Chen et al. 2014). While, organic solvent regeneration using
solvents, such as acetone, benzene, and methanol to extract the VOCs from biochar (Makos-
Chelstowska 2023). For example, EI Gamal et al. (2018) regenerated biochar adsorbed with high
concentrations of phenol using a NaOH solution, which recovered the desorbed phenol in the form
of sodium phenolate. Recently, a novel technology involving ultrasound cultivation and ethanol
extraction co-processing has been developed by Y. Ma et al. (2021) to regenerate KOH + Fe/Zn-
BBC. They reported that this method was effective in maintaining a high adsorption capacity of
up to 96.1% of the fresh biochar, even after five reuse cycles, whereas H.O washing resulted in a
capacity of only 10.2% of the fresh adsorbent after five cycles. Additionally, maintaining an
equimolar mixture of acid and base is essential for achieving optimal regeneration. A study
conducted by Han et al. (2015) exemplifies this principle, where they regenerated HKUST-1 using
a combination of HCI and NaOH at various ratios. Their findings indicated successful regeneration
of HKUST-1 when the amount of base was less than 1 equimolar compared to the acid. However,

adding more than 1 equimolar base led to unsuccessful regeneration of HKUST-1. This suggests
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that adjusting the equimolar ratio or concentrations of the acid and base solution is crucial in
expanding the regeneration capacity. Furthermore, the choice of organic solution (acetone,
benzene, methanol, ethanol, and chloroform) in the regeneration process significantly influences
the surface functional groups of the adsorbent. It is crucial to select the appropriate organic solution
based on the polarity of the adsorbent. Research indicates that polar solvents are not suitable for
regenerating non-polar adsorbents due to alterations in surface functional groups (Reguyal et al.
2017; Ani et al. 2020). Therefore, careful consideration of the organic solvent selection is
necessary when regenerating specific adsorbents. Apart from that, the use of inorganic and organic
solvents in adsorbent regeneration poses challenges, as these solvents are corrosive and have a
high potential to create secondary pollution during the regeneration process (P.-J. Lu et al. 2011).
This situation has caused an environmental footprint attributed to the production of large amount
of waste solvents. This environmental impact stands as a major drawback of this regeneration
technique (T. Dutta et al. 2019).

2.7.2 Thermal regeneration

Thermal regeneration is a technique used to restore the adsorption capability of a
carbonaceous adsorbent that has become saturated with VOCs (Salvador et al. 2015). This process
can be categorized into traditional and non-traditional techniques. Commonly used non-traditional
techniques, such as using microwave, while traditional techniques, including utilizing hot inert
gases and steam (temperature-swing adsorption (TSA) and temperature-programmed desorption
(TPD)) (Salvador et al. 2015; Xueyang Zhang et al. 2017).

Microwave regeneration is a technique used to induce polarization in polar substance
molecules in an adsorbent, which can then be converted into heat energy through an
electromagnetic field (Dai et al. 2019). This method is particularly effective for heating materials
containing mobile electric charges, such as polar solvents and conducting ions in solids. Several
of carbon materials, commonly AC, and BC from various of industry applications adsorbed with
toluene, phenol, high molecular weight VOCs, and xylose were successfully regenerated using
microwave technique of heating (Nigar et al. 2015; Lv et al. 2020). This is because the VOCs
adsorbed in the adsorbent is heated and volatilized, and microwave heating can uniformly heat
both the inside and outside of the adsorbent (Y. Jia et al. 2016; Zubrik et al. 2022). Microwave

regeneration is attractive due to the quick start-up and stopping, short heating rate, contactless
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heating, selectivity, low energy consumption, and effective volume heating process (Kumar N et
al. 2020). The microwave regeneration of adsorbents consists of two techniques: direct heating of
adsorbent containing the VOCs and microwave-assisted solvent desorption (Zubrik et al. 2022).
The first technique involved the attachment of VOCs molecules on the surface of the biochar and
thermally degraded. In terms of physiosorbed, pore-blocking species, including water,
hydrocarbons, and other volatile compounds, the desorption process requires low energy compared
to chemisorbed species, such as pharmaceutical product, dyes, and other reactive organic
compounds (Kumar N et al. 2020; A.J. Shah et al. 2022). For example, A.J. Shah et al. (2022)
performed microwave regeneration of BC derived from corn stalk for the desorption of 4-
chlorophenol at power ranged from 400 to 800 W. They observed that at low microwave power
ranged from 400 to 500 W, the adsorbates are removed effectively, and deformation of the pores
occurred at high temperature. Similarly, Lv et al. (2020) performed regeneration of zeolite by
microwave regeneration technique. They observed that the modified zeolite and hybrid adsorbent

shows good recycling performance at the first and after several rapid microwave regenerations.

The second technique is microwave-assisted solvent desorption, where the adsorbate is
desorbed from the adsorbent using a solvent that is heated by microwave irradiation (W. Zhang et
al. 2022). In this technique, the adsorbent is first saturated with the solvent, and then microwave
energy is applied to the system. The microwave energy heats the solvent and the adsorbent, causing
the VOC molecules to desorb from the surface of the biochar and dissolve in the solvent. The
solvent is then removed from the system, leaving behind a regenerated adsorbent that can be reused
(Peyravi et al. 2022). This technique is particularly effective for desorbing chemisorbed species,
such as pharmaceutical products, dyes, and other reactive organic compounds, which require
higher energy for desorption. For example, Q.B. Meng et al. (2013) and Q.B. Meng et al. (2012)
reported that polymer adsorbent and MOF exhibits higher microwave-assisted desorption
efficiency of benzene. They also indicated that microwave-assisted desorption is favorable for
hydrophilic adsorbents. This is because the adsorbent tends to adsorb water and other polar
molecules that can be removed efficiently with low-energy microwave radiation (Junfeng Li et al.
2022). Hence, microwave-assisted solvent desorption is a suitable method for hydrophilic
adsorbents due to its energy efficiency and effectiveness in removing polar adsorbates.
Nevertheless, the drawback of this technique is similar to chemical regeneration due to the amount

of solvent or chemical waste, which is not eco-friendly approach.
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In TSA, the process involves heating the adsorbent at temperature less than 300 °C for 1 to
3 h to achieve complete desorption of VOCs from the surface of adsorbent. Subsequently, the
system is cooled with an inert gas supply for purging purposes (nitrogen (N2) or argon (Ar)),
resulting in the complete removal of adsorbed VVOCs through desorption. The effectiveness of TSA
is influenced by specific parameters, such as the type of adsorbent and operating conditions.
Certain adsorbents like carbonaceous materials and zeolites exhibit high-temperature resistance,
enabling the complete desorption of VOCs at high regeneration temperature. Conversely, some
polymers have low-temperature resistance, making them unstable at temperatures exceeding
350°C (W. Zhang et al. 2022). For example, Gabru$ et al. (2022) reported that HS zeolite
maintained its porous structure after regenerated at temperature of 800 °C for 1 h, however
exhibited poor regeneration efficiency due to incomplete desorption of hexane. Similarly, Hongli
Liu et al. (2022) observed incomplete desorption of ethyl acetate at temperature of 150 °C for 1 h
attributed to strong interaction between ethyl acetate and MIL-101. This indicated that adsorbents
containing benzene rings in their microporous carbon or material are challenging to desorb due to
n-r stacking interactions. While these interactions offer superior selectivity and stronger bonding
forces for VOCs, desorption can only occur with higher temperature. On the other hand,
hydrophobic adsorbents, such as porous silica required low regeneration temperature due to the
weak interaction, which is hydrogen bonding between VOC molecules and the surface of silica.
For instance, Ramzy et al. (2014) reported that silica gel achieves maximum desorption efficiency
at a regeneration temperature ranging between 90 to 95°C. Similarly, J. Chen et al. (2020) indicated
that the pure silica regenerated by thermal treatment at 80 °C exhibited good desorption efficiency
of toluene. This shows that conducting a thermal analysis of the adsorbent, such as through
thermogravimetric analysis (TGA), can assess the thermal conditions and determine the optimal
regeneration temperature. This approach ensures higher regeneration efficiency while preserving
the physicochemical properties of the adsorbent (L. Tan et al. 2022; T. Dutta et al. 2019).
Therefore, it is important to take into account both the desorption efficiency and the characteristics
of the adsorbent when determining the optimal desorption temperature. However, thermal
regeneration may require a significant amount of energy to generate higher temperature to
complete the desorption process for certain adsorbents, which could result in high operating costs
(Zijian Wang et al. 2023; Yadong Li et al. 2023). Compared to chemical regeneration, thermal

regeneration is eco-friendlier as it requires energy and inert gas for the desorption process, while
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chemical regeneration produced large amounts of chemical or solvent wastes that required a proper

disposal.

2.8 Adsorption kinetic study

Adsorption kinetic study is aimed to investigate the rate and mechanism of adsorption. It involves
measuring the rate at which a VOC is taken up by biochar over time, under specific conditions
such as temperature, pressure, and concentration. The kinetic study usually involves determining
the amount of adsorbate adsorbed by the adsorbent at different time intervals, and then using this
data to calculate the rate of adsorption. The results of the kinetic study can provide important
information regarding the adsorption process, such as the mechanism of adsorption by isotherms,
breakthrough models, and rate-limiting models. This information can be used to optimize the
design and operation of adsorption processes for various applications, such as wastewater

treatment, air pollution control, and gas separation.

2.8.1 Isotherm models

2.8.1.1 Brunauer-Emmet-Teller (BET) model

Brunauer, Emmet, and Teller (BET) proposed an adsorption isotherm model in 1938,
which was based on the multimolecular adsorption theory for gaseous substances. The model
included five different types of isotherms, each of which represented a distinct behavior of the
adsorbate-adsorbent system (Abu-Alsoud et al. 2020). They accounted for two pressure regions in
the adsorption process, and the isotherms showed a concave shape at low pressures and a convex

shape at high pressures, particularly near the point of condensation (S. Zhou et al. 2019).

The convex shape of isotherms at high pressures is likely due to the presence of liquid
molecules that have condensed within the tiny capillaries of the adsorbent, occurring at a molecular
scale. This phenomenon is called capillary condensation and leads to the formation of a
multimolecular adsorption layer in systems where non-polar molecules act as adsorbates and ionic
adsorbents are used. The surface layer of the adsorbent induces electrical dipoles in the first layer
of adsorption, which in turn polarizes the subsequent layers (Adebayo et al. 2020; Buttersack
2019). Several variations of the BET isotherm have been proposed in the literature, with the most

widely used version described by Alyousef et al. (2020) in Eq. (2.4) as follows:
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Where gmeer (Mg g) is the maximum adsorption capacity, Csger is the monolayer saturation
concentration, Cger (L mg?) is the BET adsorption constant, and C. is the equilibrium
concentration. The relative pressure (P/Po) of the BET model ranges from 0.05 to 0.3.

Recently, the BET isotherm has been shown to be effective in predicting the adsorption
behavior of organic compounds on soil (vapor-solid), as evidenced by the excellent fit of
experimental data to the model (R. Zhang et al. 2022). In addition, Ogungbenro et al. (2018)
reported that BET isotherm exhibits the best fit to predict the relationship between VOCs and
nanoparticles with high specific surface area (P25-TiO.) under humid conditions. This is because
the BET isotherm assumes that the surface of the adsorbent consists of a series of homogeneous
sites, each of which can adsorb one molecule. This model also takes into account the multilayer
adsorption phenomenon, which is important in understanding the adsorption of VOCs under humid
conditions where water vapor may also be present. Moreover, the BET isotherm has been shown
to accurately describe the adsorption of VOCs by various types of porous adsorbents, including
activated carbon, zeolites, and silica gel. This is due to the fact that the BET isotherm considers
the specific surface area of the adsorbent, which is an important factor in determining the

adsorption capacity for gas molecules.

In summary, BET isotherm is one of the best techniques in predicting the relationship
between the desired VOC and porous adsorbent. Furthermore, it is important to note that the
suitability of the BET isotherm to predict the behavior of VOCs adsorbed into a porous adsorbent
under humid conditions can vary depending on the specific adsorbent and VOC being studied, as
well as the experimental conditions. Other isotherm models, such as the Toth, Freundlich, and Sips

isotherm, may also be suitable for humidity systems.

2.8.1.2 Toth model

The Toth isotherm model is effective to describe the adsorption of a gaseous adsorbate by
a porous adsorbent in heterogeneous systems. This semi-empirical equation accurately predict the
adsorption phenomena that involve sub-monolayer coverage (Rajahmundry et al. 2021). The Toth

model incorporates both the Langmuir adsorption model and Henry's law and can be simplified to

60



either model depending on the conditions. Specifically, the Toth model can be simplified to the
Langmuir model when the adsorption exponent approaches 1, indicating that the adsorption
process is homogeneous. Conversely, the Toth model can be represented by Henry's law when the
adsorbate concentration approaches zero, indicating that the adsorption process is heterogenous
(Serafin et al. 2023; K.V. Kumar et al. 2021) . Additionally, the Toth model assumes that the
distribution of quasi-Gaussian energy is asymmetrical, and that many active sites have adsorption
energies that are smaller than the maximum value, which contributes to the high accuracy of the
model. The Toth isotherm equation can be expressed in EqQ. (2.5) as follows (Jianlong Wang et al.
2020):

QM.TOCE
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where gm o is the maximum adsorption capacity (mg g?), Kro is the constant model, and Z+o is
the dimensionless parameter, which represents the inhomogeneity of the adsorbent surface (Zro <1). The

Toth model converted to Langmuir model when Zro is equal to 1, indicating homogeneous adsorption.

This model is widely used in investigating the behavior of heterogeneous adsorbent-
adsorbate systems due to its ease of fitting experimental data. Recent studies by S. Huang et al.
(2020) and Adebayo et al. (2020) have shown that the Toth isotherm model was highly effective
in describing the adsorption of various VOCs such as n-hexane, cyclohexane, toluene, 1-hexene,
2-methylpentane, 3-methylpentane, 2,2-dimethylbutane, acetone, butanone, and 2-pentanone by
activated carbon. Compared to Langmuir, Dual-Site Langmuir (DSL), and Dual-Site Sips (DSS)
isotherms, the Toth model provided the best fit to the experimental data, indicating its superiority
in describing the adsorption behavior of these VOCs by activated carbon. Furthermore, Yingshu
Liu et al. (2023) conducted research on the hydrophobicity of zeolites for VOCs adsorption under
humid conditions. Their findings suggest that the Toth isotherm model can be effectively used to
study the water uptake mechanisms of zeolites, with the parameter t serving as an index to
represent surface heterogeneity. A value closer to 1 indicates more homogeneous adsorption, while
a value closer to 0 indicates heterogeneous adsorption. Hence, the Toth isotherm model can be

used to analyze the mechanisms involved in the removal of VOCs under humid conditions.

It can be concluded that the Toth isotherm model is an effective method for investigating

the behavior of heterogeneous adsorbent-adsorbate systems and gaining insights into the
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mechanisms involved in VOCs adsorption by porous adsorbents. The surface heterogeneity
parameter (t) indicates the distribution of quasi-Gaussian energy and the proportion of active sites
with adsorption energies smaller than the maximum value. A value of t closer to 1 indicates more
homogeneous adsorption, while a value closer to O represents heterogeneous adsorption.
Therefore, the Toth isotherm model is a highly valuable tool for investigating VOCs adsorption

and gaining an understanding of the underlying mechanisms involved.

2.8.1.3 Freundlich model

The Freundlich isotherm was originally proposed as an empirical model and has since
become a widely used tool for characterizing the adsorption of VOCs onto porous materials with
heterogeneous or variable affinities for the adsorbate (Zou et al. 2019). The heterogeneity of the
adsorption sites can arise from variations in the adsorption energies, which are influenced by
several factors, including the interactions between the VOCs and the porous materials and
intermolecular interactions among the VOCs themselves. In particular, multilayer adsorption can
lead to complex interactions between the adsorbate molecules and the adsorbent surface, as the
adsorbate molecules form layers on top of each other (Bedane et al. 2019). The Freundlich

isotherm equation can be expressed in Eq. (2.6) as follows (Jianlong Wang et al. 2020):
qZKF . Cl/n (26)

Where q is the amount of VOCs adsorbed per unit mass of adsorbent, C is the equilibrium
concentration of VOCs in the humid gas phase, Kr is the Freundlich constant, and n is the

Freundlich exponent.

This model consists of two parameters: the Freundlich constant Kg, which represents the
adsorption capacity of the adsorbent for the VOCs, and the exponent n, which describes the
adsorption process. When n=1, the process is linear; when n<1, it is chemical; and when n>1, it is
physical adsorption (Ammendola et al. 2017). For example, S. Huang et al. (2020) synthesized a
zeolite and evaluated its performance in adsorbing toluene under humid conditions. They found
that the synthesized zeolite had a higher Kr value, indicating a greater adsorption capacity for
toluene. Furthermore, the Freundlich exponent n was found to be less than 0.5, indicating that the
toluene was primarily adsorbed onto the synthesized zeolite by chemical adsorption processes.

However, Pei et al. (2012) reported that the Freundlich isotherm is not suitable for describing the
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adsorption mechanism of low VOC concentrations under humid conditions, as the process does
not obey Henry's Law, resulting in poor fits to experimental data. Moreover, the model has less
agreement at low temperatures and high pressures but shows good agreement at intermediate
pressure ranges. Therefore, while the Freundlich isotherm is a useful tool for characterizing VOC

adsorption, its limitations must be considered when interpreting experimental results.

Adsorption of VOCs under humid conditions is often challenging because the presence of
water vapor in the gas phase can compete with the VOCs for adsorption sites on the porous
adsorbent. The Freundlich isotherm can still be used to model the adsorption of VOCs in these
conditions. Overall, the Freundlich isotherm provides a useful framework for understanding and
predicting the adsorption behavior of VOCs on porous adsorbents under humid conditions, which

is relevant for applications such as air pollution control and indoor air quality improvement.

2.8.1.4 Sips model

The Sips isotherm model, first proposed by Sips in 1948, is a hybrid of the Langmuir and
Freundlich isotherm models (Sips 1948). This three-parameter model has been widely regarded as
the most effective in predicting monolayer adsorption in both homogeneous and heterogeneous
systems. Its superiority over the Freundlich model lies in its ability to overcome the limitations
associated with high concentrations of the adsorbate (Jianlong Wang et al. 2020). This makes it a
valuable tool in various fields of research, including environmental remediation and separation

processes. The equation for the Sips isotherm model is as follows (X. Chen et al. 2022):

_ GmspKspCe”

T T KeC 2.7)

where gm,sp is the maximum adsorption capacity (mg g?), Ksp is the Sips isotherm constant (L mg-
1, nsp is the Sips isotherm model exponent (heterogeneity factor). Similar to Toth isotherm, when

nsp =1, it is homogeneous adsorption, while nsp>1 the adsorption is heterogeneous.

The Sips model can be converted into Langmuir model to describe the monolayer
adsorption (nsp =1). At low VOCs concentrations, it becomes Freundlich model, which does not
follow Henry’s Law (Jianlong Wang et al. 2020; Feyzbar-Khalkhali-Nejad et al. 2021). This
hybrid model offers higher accuracy in predicting the adsorption process, as it incorporates both

Langmuir and Freundlich models, providing a better fit to experimental data. Several studies have
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demonstrated that the Sips model provides the best fit for describing the adsorption of toluene, 2-
butanone, ethanol, xylene, ethylbenzene, and benzene on various porous adsorbents under humid
conditions, when compared to Langmuir, Freundlich, and Dubinin-Astakhov (DA) models
(Hunter-Sellars et al. 2020; Verma et al. 2019; Uddin et al. 2020). These studies have also
suggested that the adsorption processes were heterogeneous, involving multiple interactions,
which can be attributed to the presence of multiple surface functional groups on the adsorbent
materials. Hence, Sips model is suitable to describe VOCs adsorption under humid conditions
because it is a three-parameter hybrid model that combines the Langmuir and Freundlich models.
It provides a better fit to experimental data by incorporating both monolayer and multilayer
adsorption processes and accounts for heterogeneity in adsorption sites due to the presence of
multiple surface functional groups on the adsorbent materials.

Overall, several isotherm models are favorable to investigate the mechanisms involves in
the adsorption of VOCs under humid conditions. The selection of isotherm model is crucially
depending on the adsorption conditions, the properties of adsorbent and adsorbate. In this study,
the VOCs adsorption by biochar was involved with multilayer and heterogenous adsorption due to
the present of water vapor (humidity). Thus, Toth, Freundlich, and Sips model are selected in
describing the process of VOCs adsorption by biochar due to their assumptions are appropriate for

the present study process.

2.8.2 Breakthrough models

2.8.2.1 Bohart-Adam model

The Bohart-Adams model is widely used in the field of chemical engineering to study the
behavior of adsorbents in a fixed bed. This model has found applications in various fields such as
water purification, air pollution control, and gas separation processes (Hu et al. 2021). The model
operates under the assumption that adsorption reactions are not instantaneous and that the rate of
adsorption depends on the remaining adsorption capacity of the adsorbent and the concentration
of the adsorbate. This assumption is grounded in the surface nature of adsorption, where adsorbate
molecules must come into contact with the surface of adsorbent to be adsorbed (Chu 2020). The
Eq. (2.8) represents the mathematical expression of the Bohart-Adams model, which is widely
used in the industry to predict the performance of fixed-bed adsorption systems (Ang et al. 2020).

This equation is derived from the mass balance equations that describe the transport of adsorbate
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molecules through the adsorbent bed and simplified version of Bohart-Adams model is expressed
as follow (Apiratikul et al. 2021):

c 1

1+exp [kBACO(% - r)]

where Co and C are defined as the inlet and outlet concentration of the adsorbate (mg L), Kga is

(2.8)

defined as kinetic constant, ap is defined as the adsorption capacity per unit volume of the reactor
bed (kg m?), x is defined as column bed depth (m), and uo is defined as inflow gas linear velocity

(m min').

2.8.2.2 Thomas model

The Thomas model is a widely used mathematical model in the field of adsorption, which
takes into account the maximum adsorption capacity of an adsorbent at equilibrium. The model
employs the Langmuir isotherm for equilibrium and second-order reversible reaction kinetics, as
proposed by Thomas in 1948. The simplified Thomas model is presented as follows (Bai et al.
2022):

c 1

0 1+exp[ch0(%—t]]
(2.9)

where K is defined as kinetic constant, g is defined as adsorption capacity (mg g*), m is defined

as adsorbent mass (g), and v is defined as volumetric flow rate (m® min't), and t is defined as total

flow time (min).

2.8.2.3 Yoon-Nelson model

The Yoon-Nelson model, developed in 1984, offers a straightforward approach for
predicting the adsorption and breakthrough of volatile or gaseous adsorbates on adsorbents. The
model is based on the premise that the rate of decrease in the probability of adsorption by an
adsorbate is proportional to its probability for breakthrough, as evidenced by the changes in
breakthrough concentration over time (Yoon et al. 1984). Compared to other models, the Yoon-
Nelson model is less complex and requires minimal inputs related to the characteristics of
adsorbate, the type of adsorbent, or the physical properties of the adsorption bed (Salehi et al.

2020). This makes the model particularly attractive and an effective tool for predicting
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breakthrough and designing adsorption processes. The model is expressed by Eg. (2.10) (Gomez-
Avilés et al. 2021):

1
0 1+explkyn (t—1)] (2.10)

where kyn is the rate constant (min™), t is the time required for adsorbate breakthrough to reached
50%, and t is the time of adsorption (min). The inlet concentration, Co is assumed to achieve the
adsorption breakthrough when the concentration of the adsorbate, C reached 10%. Then, assumed

that the adsorption saturation is achieved when C reached 95%.

Overall, simplified models, including the Bohart-Adams, Thomas, and Yoon-Nelson
models, have been developed based on the principles of mass transfer in adsorption systems. These
models provide a simplified framework for predicting the performance of adsorption processes,
and are widely used for practical design purposes. The Bohart-Adams model assumes that the
adsorption reaction is not instantaneous, and that the rate of adsorption is dependent on the
remaining adsorption capacity of the adsorbent and the concentration of the adsorbate. The
Thomas model, on the other hand, assumes that the adsorbate concentration in the adsorption bed
decreases exponentially with time, and that the rate of adsorption is proportional to the remaining
adsorption capacity of the adsorbent. The Yoon-Nelson model assumes that the probability of
adsorption by an adsorbate decreases at a rate proportional to its probability of breakthrough.
Despite their simplicity, these models have been shown to provide satisfactory predictions of

experimental data for most practical design purposes.

2.8.3 Rate-limiting adsorption mechanisms

Diffusional models are commonly used to explain the adsorption of gas pollutants onto
biochar. These models are built on the assumption that the transport of adsorbate molecules from
the gas phase to the biochar surface occurs more slowly than the actual adsorption process (Largitte
et al. 2016). As such, diffusion is typically considered the rate-limiting step in the overall
adsorption process. Three main diffusional models are often used: interparticle diffusion,
intraparticle diffusion and Boyd's film-diffusion model. These models allow for accurate

predictions of the rate-limiting step involved in the adsorption of VOCs onto biochar.
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2.8.3.1 Interparticle diffusion models

The interparticle diffusion model proposes that interparticle diffusion is the rate-limiting
step in the adsorption process. In practice, this model often assumes that particles are roughly
spherical in shape, which allows for an explanation of the diffusion mechanism in a spherical
coordinate system (Kudahi et al. 2017). By considering an equivalent sphere, this approximation
simplifies the mathematical representation of interparticle diffusion. The model is expressed as
follows (Goel et al. 2021):

dq #’q 20q
a = (W+F§

(2.11)

Then the boundary condition are q(r,0) = qo’, q(rc,t) = o, (g—Z)r=o =0, giving the following solution:

Zi, ]7:”7622& le(i%)

(2.12)

where Dc is defined as the diffusivity in the adsorbent, ry is defined as the radius of the particles.
From the experimental qi/de, the diffusion time constant to = D¢/r?, (min™) can be obtained by Eq.
(2.11). Specifically, when the value of gi/ge exceeds 70%, the higher terms in the summation can
be considered negligible and Eq. (2.12) can be reduced to only the first term:

6 D, t
1= —lexp(—‘—,‘)
3 P

(2.13)

When interparticle diffusion is the rate-controlling resistance, the adsorption process approaches
equilibrium over a long time period. At this stage, a plot of In(1 — qt/qe) versus t should be linear,
with a slope of -D¢/r?,. This slope can be used to calculate the diffusion time constant. Furthermore,
the intercept of this plot should be In(6/7?). If the plot does not follow this pattern, it suggests that

other factors are controlling the adsorption process.

2.8.3.2 Boyd’s films-diffusion model
The Boyd’s film-diffusion models primarily focus on the mass transfer from the bulk gas
phase to the surface of biochar, and it is assumed to be the slowest step in the process attributed to

the diffusion of adsorbate through the boundary layer (Ece et al. 2022). This is also known as
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external resistance to mass transfer. The Boyd’s model is generally used to describe the diffusion

of adsorbate through a boundary layer. This model expressed as follows (Raganati et al. 2019):

6 w« 1
F=1-— —exp(—n°By)

v L (2.14)
where F is defined as the fractional uptake at given time (gt/qe), Bt is a mathematical function of F

based on:
when F more than 0.85,
B, = f(F) = —0.4977 — In(1 — F) (2.15)

when F less than 0.85,

s (ﬁ "y (%)] (2.16)

Plotting Bt against time can provide insight into the mechanism governing the adsorption process,
specifically whether it is controlled by film diffusion or intraparticle diffusion. If the resulting plot
is a straight line that passes through the origin, the adsorption rate is primarily governed by
intraparticle diffusion. Conversely, if the plot deviates from a straight line or does not pass through

the origin, it indicates that the adsorption rate is influenced by film diffusion (Goel et al. 2021).

2.8.3.3 Intraparticle diffusion models

The intraparticle diffusion model describes the mass transfer within the interior of the
particles and can be expressed using the intraparticle diffusion coefficient. The intraparticle
diffusion model (IP) was developed by Weber-Morris and has been widely adopted for the analysis
of adsorption kinetics (Bernal et al. 2020). In this model, the mass transfer inside the adsorbent
particles is described by the intraparticle diffusion coefficient, which is a measure of how easily
the adsorbate molecules can diffuse into the interior of the adsorbent particles. The relationship
between the operating time and the amount of adsorption in the IPD model can be expressed as
follows (G. Zhang et al. 2019):

qr = kptz +C (2.17)
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where @ is the adsorption capacity at time t (mg g?), kp is the IPD rate constant (min), t is
adsorption time (min), and C is related to the boundary layer thickness. A plot of q: against t%°
should result in a straight line with a slope of ke, when interparticle (IP) diffusion is the rate-
limiting step. However, if other factors come into play, C will have a non-zero value and the plot
will not pass through the origin. In such cases, it can be concluded that IP diffusion is not the only

rate-limiting step.

The rate-limiting adsorption mechanisms can be described by interparticle, Boy's film, and
intraparticle diffusion models. Among these models, the intraparticle diffusion model is the most
commonly used to accurately describe the mass transfer within the interior pores of biochar. In
summary, several adsorption kinetic models are beneficial for the study of adsorption mechanisms,
the performance of biochar, and rate-limiting step of the VOCs adsorption under humid condition,
as tabulated in Table 2.3. The selection of the most appropriate kinetic model depends on the
specific conditions of the adsorption process and the properties of the adsorbent and adsorbate.
The use of these models can aid in understanding the adsorption mechanisms and performance of

biochar for VOCs removal under humid conditions.
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Table 2.3: Summary of the adsorption kinetics models.

Model Equation Reference
Isotherm
Brunauer, Emmet, and Teller (BET) QuperCoerCe (Al-Ghouti et al. 2020)

4. =

(Cs.per — Ce) {1 + (Cper — U(Z‘%ﬁ)}

Toth g = Gm10Ce : (Jianlong Wang et al. 2020)
(Kro + Cg©)"r
Freundlich q=Kg.C? (Jianlong Wang et al. 2020)
Sips q m.SPKSPCZSP (X. Chen et al. 2022)
1+ KepCl
Breakthrough
Bohart-Adam ° _ 1 (Apiratikul et al. 2021)
<0 1+ exp[kBAco (@ - t] ]
uco
Thomas < _ 1 (Bai et al. 2022)
0 1+exp [cho(qO - t]]
veQ
Yoon-Nelson £ _ 1 (Shiue et al. 2011; Zhirui Li et al.
co 1+explkyn(t—1)] 2021)
Diffusional
Interparticle q, 6 2Dt (Goel et al. 2021)
l—q—e:‘:—zep[— ?'ﬁ ]
Boyd’s firm 1 (Raganati et al. 2019)
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Table 2.3 (Continue)

Model

Equation

Reference

Diffusional

Intraparticle diffusion

1
q: =kpt2+C

(Bernal et al. 2020)
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In conclusion, adsorption is the most favorable technology for the removal of VOCs due
to its low operating cost, environmental safety, and ability to recycle and reuse adsorbent and
adsorbate compared to other available technologies (P.S. Kumar et al. 2019; Chai et al. 2021;
Bushra et al. 2021). The adsorption process can be categories into physisorption and
chemisorption, which describes the interactions between VOC molecules and surface of biochar.
The selection of porous adsorbent is crucial for adsorption application. Commonly used porous
adsorbent including activated carbon (AC), graphene, carbon nanotubes (CNTs), metal-organic
frameworks (MOFs), and biochar. Among them, biochar is a promising adsorbent for the removal
of VOCs due to its highly porous, low-cost, and abundant feedstocks. The characteristics of
biochar, as well as properties of VOCs and operating conditions, significantly influence the
performance of biochar for VOCs adsorption. To date, only a few literatures study the performance
of biochar for VOCs adsorption under humid conditions. By structural and surface modification,
the pore structure, specific surface area, and surface functional groups of biochar can be altered to
provide honeycomb-like tubular structure, higher specific surface area, and introduce
polydimethylsiloxane (PDMS) on the surface of biochar for higher VOCs selectivity under humid
conditions. Several regeneration techniques, including chemical, microwave, and thermal
regeneration, can be used to desorb the adsorbed VOCs from the biochar. The importance of
biochar regeneration lies in promoting cost-effectiveness, environmental sustainability, improved

efficiency, extended lifespan, and versatility, which are beneficial for various industrial fields.

In addition, to study the adsorption mechanisms and performance of biochar under humid
conditions, various models, such as adsorption isotherm models (BET, Freundlich, Toth, and Sips
models), breakthrough models (Borhart-Adams, Thomas, and Yoon-Nelson models), and
diffusion models (interparticle, Boyd's film, and intraparticle models) can be used to describe the
mechanisms involved. These models are useful in accurately assessing the effect of water vapor

on VOCs adsorption and determining the rate-limiting step of the adsorption process.

Therefore, the development of hydrophobic modified honeycomb-like tubular biochar
(hydrophobic HT-B) aims to address the gaps in VOCs adsorption under humid conditions.
Hydrophobic HT-B has a high specific surface area, honeycomb-like tubular structure, and high
VOCs selectivity, making it capable of promoting higher VOCs adsorption under humid

conditions.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Research experiment flowchart

The research methodology in this study consists of four stages: 1) preparation of
honeycomb-like tubular biochar (HT-B), 2) surface modification of HT-B and parametric
optimization of polydimethylsiloxane (PDMS) coating, 3) acetone adsorption, and 4) regeneration
of PDMS-coated HT-B, as shown in Figure 3.1. Stage 1 described the formation of HT-Bs
synthesized from palm leaves (PL), pinewood sawdust (PWS), and corn stalks (CS). The
preparation of HT-Bs include the impregnation of ZnCl; at different concentrations (0.5 M, 1.0 M,
and 1.5 M), and then carbonized under inert condition (argon gas) at 800 °C for 6 h. This stage
was repeated with different raw materials. Stage 2 illustrates the PDMS coating via the thermal
evaporation method. Three optimization parameters, such as coating ratio (HT-B: PDMS),
modification temperature, and reaction time were studied to obtain the optimum conditions for the
formation of hydrophobic HT-B through water contact angle. Next, the optimized hydrophobic
HT-B was used for acetone adsorption at different relative humidities of 50%, 70%, and 90%.
Lastly, the hydrophobic HT-B was regenerated via thermal regeneration to evaluate its reusability
in the acetone adsorption application. The regeneration process was repeated until the final cycles.
The bare biochars, HT-Bs, and hydrophobic HT-Bs were characterized via BET, SEM&EDS,
FTIR, and DSA to evaluate the changes in its physicochemical properties and were replicates with

average three times.
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Preparation of honeycomb-
like tubular biochar (HT-B)

PL, PWS, and CS

Washed, oven-dried, grounded,
and sieved

Impregnated with ZnCl, at 0.5,
1.0, and 1.5M, and stirred for 30
mins

Oven-dried at 80 °C for 24 h

Carbonized at 800 °C for 6h with
heating rate of 3 °C/min

(a) PL/HT-B
(b) PWS/HT-B
(c) CSIHT-B

Characterization (BET,
SEM&EDS, FTIR, DSA)

Preparation of hydrophobic
HT-B

Mixing of PDMS and curing
agent with a mass ratio of 10:1

HT-B spread evenly on the sieve
and PDMS placed on the the
sieve pan

PDMS coating at different
optimization conditions

Characterization (BET,
SEM&EDS, FTIR, DSA)

Adsorption

Optimized PDMS-coated HT-B
was placed into the adsorption
column

Adsorption were performed at 25
C

Relative humidity of 50%, 70%,
and 90%

The outlet gas were collected by
gas bag and further analyzed by
GC-FID

All experimental data were fitted
to adsorption kinetic models

Figure 3.1: The flow chart of the experimental.
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B used for the acetone adsorption
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coated HT-B before and after
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FTIR, DSA)



3.2 Materials

The ZnCl, (CAS No. 108816.0250-250g), acetone (CAS No. 67-64-1-2.5L), hydrochloric acid
(CAS No. 7647-01-0), and PDMS (CAS No. 761036) were purchased from Sigma-Aldrich. The
corn stalks were collected from the supermarket waste, palm leaves were supplied by Woodman
Sdn. Bhd., and pinewood sawdust were provided by Alex Metalwork Sdn. Bhd. in Miri, Sarawak
(Lat: 4° 23" N, Long: 113° 59" E).

3.3  Preparation of honeycomb-like tubular biochar

The preparation of HT-B is illustrated in Figure 3.2. First, the PL were washed, oven-dried at 80
°C for 24 h, grounded using miller analytical, and sieved into a power form (100-200 mesh). Then,
5 g of PL powder was weighted and impregnated at different concentrations of ZnCl, (0.5, 1.0,
and 1.5 M) under magnetic stirring condition for 30 min. Next, the pre-treated PL powder was
oven-dried at 80 °C for 24 h. After that, 2 g of pre-treated PL powder was weighed and placed in
a ceramic boat, then was carbonized under an inert atmosphere at 800 °C for 6 h with a heating
rate of 3°C min* in a tube furnace. After cooling, the PL/HT-B was refluxed by dilute hydrochloric
acid (HCI) at 80 °C for 2 h, followed by excessive washing with deionized water and oven-dried
overnight at 105 °C. This procedure was repeated for PWS and CS. Then, the HT-Bs were labelled

as HT-B follows by the impregnated concentration as shows in Table 3.1.

Metal salts Remove metal
salts and
l impurities
‘Washed, oven-
) 4 ’( dried for 24 hours,
R‘ i 1/ J grind and sieve
\ A >
Honeycomb tubular
biochar (HT-B)

PWS

Figure 3.2: Schematic diagram of HT-B preparation (C. Ma et al. 2018)
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Table 3.1: The label name of the HT-Bs.

ZnCl concentration (M) Samples Label name
0.5 PL PL/HT-Bosm
PWS PWS/HT-Boswm
CS CS/HT-Bosm
1.0 PL PL/HT-B1m
PWS PWS/HT-Bim
CS CS/HT-Bim
1.5 PL PL/HT-B1sm
PWS PWS/HT-B1sm
CS CS/HT-Bism

3.4  Surface modification of HT-B and parametric optimization of the PDMS

coating

The optimization study was conducted by using the one-factor-at-a-time (OFAT) method and the
optimization parameters are tabulated in Table 3.2. The three main optimization parameters for
the PDMS coating are coating ratio, modification temperature, and reaction time. The range of
these parameters were determined based on recent studies (Xiuquan Li et al. 2020; E.J. Park et al.
2014; Lan et al. 2016). The coating was performed by weighing 25 g of PDMS and placed on the
stainless-steel sieve pan, then the stainless-steel sieve with a pore measurement of 100-200 mesh
was placed over it, as shown in Figure 3.3. Next, 1 g of CS/HT-Bim was placed evenly on the
sieve, and finally the sieve was sealed and heated in the furnace at modification temperature of
200 °C for 1 h (Xiuguan Li et al. 2020). The HT-B coated with PDMS was cooled down at room
temperature, collected and closed storage for the next applications. This procedure was repeated

at different optimization conditions. Then, the yields were labelled as CS/HT-BimPDMS.
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_HT-B

PDMS

Figure 3.3: Schematic diagram of PDMS-coated HT-B preparation

Table 3.2: Optimization parameters for the formation of CS/HT-BimPDMS

No Parameter Unit Range

1  Coating ratio (HT-B: PDMS) g 1:15, 1:20, 1:25, 1:30
2  Modification temperature °C 150, 200, 250, 300

3 Reaction time h 05,1,15,2

3.5 Characterization

The specific surface area, pore volume, and average pore diameter of the bare biochars, HT-
Bs, and hydrophobic HT-Bs were analyzed by Brunauer-Emmett-Telle (BET), with Sorptometric
1990 Series. The samples were degassed at 300 °C for 8 h. Their surface morphology and chemical
compositions were studied by using a Scanning electron micrograph (SEM-EDS), with Thermo
Scientific Quattro S, which operated at 12.5-15 kV.

The surface functional groups of the bare biochars, HT-Bs, and hydrophobic HT-Bs were
analyzed by the Attenuated total reflection infrared spectroscopy (ATR-IR) technique with
transmission mode between 650-4000 cm™ using a Fourier transform infrared spectroscopy
(FTIR), with Cary 630.

The hydrophobicity of the bare biochars, HT-Bs, and hydrophobic HT-Bs were evaluated
by water contact angle using a drop shape analyzer (DSA), with Kruss DSA 100B. The biochar

was fixed with double-sided tape and flattened on a glass slide. Then, approximately 3uL of
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deionized water was pipetted on the surface of each biochar at 3 different sites, and the average
water contact angle from different sites were used as the results and Young-Laplace equation was
adopted to determine the water contact angle measurement.

3.6  Acetone adsorption

Figure 3.4 illustrates the acetone adsorption set-up that consists of three sub-systems. The first
sub-system is the gas generation which composed of air compressor as a carrier gas, and acetone
and water vapors were produced by bubbler. The carrier gas transport acetone and water vapors to
the adsorption column sub-system, where the U-shape tube with a measurement of 127 mm in
height and 10 mm inner diameter was placed in the water bath to maintain the adsorption
temperature at 25 °C. The CS/HT-B1mPDMS was weighted at 1 g and placed at the bottom of the
U-shape tube, then both sides of the opening tubes were closed. The flow of carrier gas was
detected by a gas flowmeter of 25 ml min. The acetone vapors were maintained at concentration
of 8 ml g* and the relative humidity of 50%, 70%, and 90% were detected by humidity hygrometer
(Xiugquan Li et al. 2020). The last sub-system involves analysis by gas chromatography (GC-FID),
with Agilent 8890 and computer for data storage. The inlet and outlet concentration of acetone in

gas stream were constantly measured by GC-FID and the results were labeled as Co and C:.

6 h

v

g - D

S
d =

k =20

oo

Figure 3.4: Scheme of acetone adsorption: a. gas cylinder (compressed air); b. valve; c. mass
flowmeter; d. water bath; e. acetone; f. deionized water; g. mixer; h. humidity hygrometer; i.

adsorption column; j. gas chromatography; k. data collector (Yin et al. 2020)
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3.7  Adsorption kinetic

3.7.1 Isotherm model

The Toth, Freundlich, and Sips models were used to describe the mechanisms of the acetone
adsorption onto CS/HT-BimPDMS under humid condition. The Toth model expression is shown
in Eq. (3.1) (Jianlong Wang et al. 2020):

Jm10Ce

Qo="—"—"——
(Kro + €)™ (3.1)

where gmo is the maximum adsorption capacity (mg g*), Ko is the constant model, and Zo is
the dimensionless parameter, which represents the inhomogeneity of the adsorbent surface (Zto
<1). The Toth model converted to Langmuir model when Zto is equal to 1, indicating

homogeneous adsorption.

The Freundlich equation is shown in Eq. (3.2):
qZKF . Cl/n (3.2)

where @ is the amount of VOCs adsorbed per unit mass of adsorbent, C is the equilibrium
concentration of VOCs in the humid gas phase, Kr is the Freundlich constant, and n is the

Freundlich exponent.
The Sips model expression as shown in Eq. (3.3)

_ Qm,SP‘I(SPCESPI
¢ 14 KSPCES” (33)

where gms is the maximum adsorption capacity (mg g2), K; is the Sips isotherm constant (L mg™),
ns is the Sips isotherm model exponent (heterogeneity factor). Similar to Toth isotherm, when

ns=1, it is homogeneous adsorption, while ns<1 the adsorption is heterogeneous.

3.7.2 Breakthrough model

Fixed bed adsorption is applied in the gas adsorption kinetic of the adsorbent to identify the

characteristics of the acetone adsorption onto CS/HT-BimPDMS at different relative humidity. The
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breakthrough models are adopted and assumed by using Bohart-Adam (B-A), Thomas, and Yoon-
Nelson models (Y-N). The Bohart-Adam equation is expressed as follows (Apiratikul et al. 2021):

c 1

0 1+exp[kBAc0 (@_ t)]
Heo (3.4)

where Co and C are defined as the inlet and outlet concentration of the adsorbate (mg L), Kga is
defined as kinetic constant, ap is defined as the adsorption capacity per unit volume of the reactor
bed (kg m?), x is defined as column bed depth (m), and uo is defined as inflow gas linear velocity

(m min').
The Thomas equation is shown in Eqg. (3.5) (Bai et al. 2022):

c 1

l+&p[kTCD[q]2: —f]] (3.5)

where K is defined as kinetic constant, qo is defined as adsorption capacity (mg g*), m is defined
as adsorbent mass (g), and v is defined as volumetric flow rate (m® min), and t is defined as total

flow time (min).

The Yoon-Nelson expression as shown in Eq. (3.6) (Zhirui Li et al. 2021):

c 1

o 1+explkyn(t—10)] (3.6)

where Co and C are the inlet and outlet concentration of the adsorbate (mg L™), = is the time
required for adsorbate breakthrough to reach 50%, Kyn is the rate constant (min™*) and t is the time
of adsorption (min). The inlet concentration, Co is assumed to achieve the adsorption breakthrough
when the concentration of the adsorbate, C reached 10%. Then, assumed that the adsorption

saturation is achieved when inlet concentration, Co reached 90%.

The adsorption capacity of acetone with CS/HT-BimPDMS under humid conditions can be
calculated by using the following equation (Xiuquan Li et al. 2020):

F.Co 1 Ts
=" (Ts - C_ofg Ce.dTs) (3.7)
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where q is the adsorbed molecule amount mg g%, Coand C; are the inlet and outlet concentration
(mg L), M is the mass of adsorbent (g) and Ts is the saturation time that can be obtained from the
breakthrough curves.

3.7.3 Intraparticle diffusion model

The intraparticle diffusion model (IPD) developed by Weber and Morris has been widely adopted
for the analysis of the rate-limiting step in the adsorption process. The relationship between
operating time and the amount of adsorption can be expressed as follow (Bernal et al. 2020):

where q; is the adsorption capacity at time t (mg g?), kp is the IPD rate constant (min™), t is
adsorption time (min), and C is related to the boundary layer thickness. A plot of g against t%°
should result in a straight line with a slope of ke, when interparticle (IP) diffusion is the rate-
limiting step.

3.8 Regeneration of biochar

The hydrophobic HT-B was regenerated in a tube furnace at 150 °C for 1 h with a constant flow
of inert gas (argon) to desorb the adsorbed acetone and water molecules. Then, the regenerated
hydrophobic HT-B was again used as an adsorbent for the acetone adsorption at relative humidity
of 90% to evaluate its reusability. The regeneration was repeated until the final cycle, where the

regenerated hydrophobic HT-B shows a constant acetone adsorption capacity.
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CHAPTER 4

RESULTS AND DISCUSSION

The characteristics of adsorbent play a crucial role in the adsorption of VOCs under humid
conditions. Honeycomb-like structure of biochar could enhance the reaction rate, increase the
specific surface area, and providing abundant adsorption active sites for the adsorption of VOCs
(L. Yan et al. 2020). Various metal salts such as CoCls, FeCls, CaCl,, and ZnCl, (Lingli Zhu et al.
2020) have been studied to enhance the pore structures. Among, ZnCl is the most favorable in
forming a honeycomb-like structure due to its low melting point of 420 °C (Adeniyi et al. 2022).
The hydrophilic nature of HT-B can be modified by coating surface functional groups such as
trimethylchlorosilane (TMCS), polyacrylonitrile (PAN), and polydimethylsiloxane (PDMS) to
improve the adsorption capacity of VOCs in humid condition. In this section, the physicochemical
changes and its VOC adsorption performance of the hydrophobic modified HT-B are evaluated

and discussed.

4.1  Morphology of the micropores on selected biomasses and its respective
HT-B

The microstructure of the biochars synthesized under different conditions were analyzed
using scanning electron microscopy (SEM). The SEM images provide information about the
surface morphology of the synthesized biochar and its features such as the pore structures, and

pore size.

The morphology and structure of the bare biochar and their respective HT-Bs derived from
palm leave (PL), pinewood sawdust (PWS), corn stalk (CS) are illustrated in Figure 4.1 — Figure
4.3. The SEM images show significant difference between the surface morphology of the bare
biochar and their respective HT-Bs treated at different concentration of ZnCl,. Generally, the bare

biochars show fewer and smaller pores, rougher surface, and demonstrates heterogeneity compared
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to their respective HT-Bs. The nature of the selected biomasses (PL, PWS, and CS) consist of
vascular bundles and fiber which were attributed to the tubular structure. These characteristics
serve as a template for the formation of honeycomb-like tubular structures. The tubular structure
that consists of abundant adsorption active sites further enhanced the attachment of ZnCl> for the
formation of HT-Bs (C. Ma et al. 2018).

Generally, the impregnated HT-Bs at 0.5 M ZnCl, show the formation of incomplete and
asymmetric honeycomb-like tubes, in contrast, at 1.5 M, the pores are collapsed and widened. The
widening of pores occur due to the high concentration of metal ion adsorbed into the precursor
matrix and intensified during the carbonization process, whereas lower concentration results in
insufficient amount of metal ions to develop a complete pore structure (F. Zhao et al. 2021; Cai et
al. 2022). The HT-Bs that were treated at 1.0 M exhibit uniformly distributed fenestrations on the
cellular surface and a more stable honeycomb-like tubular structure. Similar to C. Ma et al. (2018)
and Karapnar (2021), who discovered that activated carbon treated at 1.0 M of ZnCl> exhibited
high specific surface area with abundant adsorption active sites, and showed well-developed
honeycomb-like tubular structure. Hence, 1.0 M of ZnCl; is used for the formation of HT-Bs for

the subsequent studies.

Among the HT-Bs, HT-B derived from CS exhibited superior honeycomb-like tubular
structure with high porosity and better homogeneity compared to PL and PWS. This is mainly
attributed to the lignocellulosic compositions of CS with cellulose, hemicellulose and lignin
content at 27.8%, 10.1%, and 34.1% respectively. CS has a higher lignin content than that of PL
(27.1%) and PWS (25.6%), which promoted the formation of honeycomb-like tubular structure
(X. Lu et al. 2022; Syarifah et al. 2021; Jiong Wang et al. 2022). Hence, it was selected for further
studies. The formation of tubular structure first occurs in macropores, where the arrangement is
formed by thin carbon walls with a gap distance ranging from 10-40 um (S. Dutta et al. 2014).
These walls are associated with percentage of cellulose, hemicellulose, and lignin content from the
biomasses. Lignin helps to maintain the tubular cell wall structure because of its tough
biopolymeric structure and only decomposes at a high temperature (Tian et al. 2020; F. Shi et al.
2021). Then, the pores are formed from the evaporation of metal chloride, leaving a vacant space
and resulted in the pores widening in accordance with the structure of lignin (Thue et al. 2017).

The low melting point of metal chloride favors the formation of HT-B with high specific surface
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area because it evaporates rapidly during the carbonization process. As a result, at 800 °C, CS
impregnated at 1.0 M of ZnCl, successfully synthesized a well-developed HT-B, as show in
Figure 4.3 (c). This indicated that melting point of metal chloride plays a significant role in the
development of micropores structure (Xiaohu Yang et al. 2016; Thue et al. 2017; Ozhan et al.
2014). Moreover, the pore diameter of the HT-Bs does not follow a consistent trend with the
increase in ZnCl, concentration from 0.5 to 1.5 M. This outcome aligns with the findings of
Xueyang Zhang et al. (2022), who observed a similar inconsistency in pore diameter trends as the
impregnation ratio increased. The irregularities were attributed to the formation of micropores
from lignin during the carbonization process. They also further noted that the augmentation of
micropore volume led to a reduction in pore diameter. These observations are consistent with the
BET analysis of the HT-Bs, as presented in Table 4.1 in Section 4.3.
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Figure 4.1: SEM micrographs of a) PL/BC and treated with ZnCl, at b) 0.5 M, ¢) 1.0 M, and d)
15M
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Figure 4.2: SEM micrographs of a) PWS/BC and treated with ZnCl; at b) 0.5 M, c) 1.0 M, and
d)1.5M
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Figure 4.3: SEM micrographs of a) CS/BC and treated with ZnCl; at b) 0.5 M, ¢) 1.0 M, and d)
15M

4.2  Surface modification of HT-B and parametric optimization of CS/HT-
BimPDMS

Humidity is one of the challenges to be resolved for the adsorption of VOCs in the industry,
particularly in the separation process (Yin et al. 2020). In order to overcome the challenge, the
hydrophobicity of the adsorbent plays an important role. The synthesized HT-Bs that have high
porosity requires further modifications to cater for such condition. In general, HT-Bs are
hydrophilic in nature leading to poor VOCs adsorption performance due to the presence of water
molecules. The water molecules compete with VOCs for the adsorption active sites, which
decreased the selectivity of VOCs. Thus, changing the hydrophobicity of the HT-Bs could increase
the adsorption capacity at high relative humidity (Jiaxing Wang et al. 2021; Hunter-Sellars et al.
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2020). In this study, HT-Bs were coated with PDMS, and the water contact angels were analyzed
as an indication of the modified hydrophobicity.

The water contact angles of the HT-Bs were tested to identify the changes in their surface
properties. Prior to the PDMS coating, the CS/BC and CS/HT-B1wm adsorbed the water droplet as
soon as the water dropped on the surface of the samples. This indicated that the CS/BC and CS/HT-
B1wm are super hydrophilic, which have a high affinity for water molecules (Xiuquan Li et al. 2020).
Hence, surface modification is essential to improve the adsorption capacity under humid

conditions.

The optimization of CS/HT-BimPDMS was performed by using One-Factor-At-a-Time
(OFAT) method to investigate the optimum parameters for the formation of CS/HT-BimPDMS
that have promotes high selectivity of acetone that increase the adsorption capacity at high relative
humidity. Three parameters were selected, which include coating ratio, modification temperature,
and reaction time for the PDMS coating. These parameters significantly affect the water contact
angle of CS/HT-BivPDMS, which indicates the hydrophobicity of the coated CS/HT-Bim as
illustrated in Figure 4.4—Figure 4.6.
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Figure 4.4: Effects of the coating ratio (CS/HT-Bim:PDMS) on the water contact angle at 200°C,

1 hour

Based on Figure 4.4, the water contact angle increased by 1.5%, 2.9%, and 2.1% as the
coating ratios increased from 1:15 to 1:20, 1:20 to 1:25, and 1:25 to 1:30 (CS/HT-Bim: PDMS),
respectively. This result implies that the more PDMS deposited on the surface of CS/HT-Bywm, the
higher is the hydrophobicity. The increased in the water contact angle which corresponding to the
hydrophobicity also correlated to the thickness of the PDMS film coated on the surface of CS/HT-
Bim (H.-B. Liu et al. 2016). Thus, the higher the coating ratio, the thicker the PDMS film, thereby
increasing the hydrophobicity. Notably, the coating ratio of 1:25 exhibited the most significant
increase in the water contact angle compared to other ratios. This finding suggests that a 1:25 ratio
represents the optimal condition for hydrophobic coating. Additionally, using a lesser amount of
PDMS at this ratio proves to be more economical due to the expensive nature of the material. This
observation is further supported by the EDS mapping reported in Figure 4.16, where the sample

shown to fully coated with Si—O—Si element from PDMS and hence 1:25 coating ratio is selected.
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To date, there has been a lack of studies evaluating the effect of coating ratio on the properties of
biochar. Therefore, this study provides insight into how the coating ratio influences the
characteristics of biochar, particularly its water contact angle.
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Figure 4.5: Effects of the modification temperature on the water contact angle at 1:25 CS/HT-
Bim: PDMS coating ratio, 1hour

The modification temperatures of PDMS coating were investigated, as illustrated in Figure
4.5. Similar to coating ratio, the water contact angle increases as the PDMS modification
temperature increases from 150 to 300 °C. The water contact angle increased by 16.2%, 3.2%, and
8.6% from 150 to 200 °C, 200 to 250 °C, and 250 to 300 °C, respectively. The low water contact
angle of 114.3° is obtained at modification temperature of 150 °C. It might be attributed to less
amount of PDMS deposited on the surface of CS/HT-Bim (Lv et al. 2020). This is due to
insufficient heat for the PDMS to evaporate and deposit on the surface of CS/HT-Bim. At higher
temperature above 200 °C the PDMS is shown to be successfully deposited on the surface of

CS/HT-Bim by providing a higher water contact angle. A heating temperature of 300 °C has the
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highest water contact angle of 148.9 °, which was considered as super hydrophobic compared to
132.8° and 137.1°. However, H.-B. Liu et al. (2016) and Xiuquan Li et al. (2020) reported that at
higher PDMS coating temperature (above 250 °C) may resulting collapses and blockages in the
pores of activated carbon (AC), particularly micropores. This is attributed to the changes of the
pore structure in the AC, hence decreases the specific surface area. As biochar has mutual porosity
characteristics with AC, it could potentially exhibit similar behavior upon exposure to the high
modification temperature during the PDMS coating process. This indicated that the modification
temperature above 250 °C is not favorable for the PDMS coating process. Moreover, the water
contact angle at 200 °C shows the highest increment by 16.2 % compared to other modification
temperatures. Furthermore, the Sger value of CS/HT-BimPDMS reduced only by 10.4%,
indicating that the pore structure of CS/HT-B1m was maintained. Therefore, 200 °C was selected

as the modification temperature for PDMS coating.
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Figure 4.6: Effects of the reaction time on the water contact angle at 1:25 CS/HT-Bim: PDMS
coating ratio, 200 °C
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The duration of the PDMS coating has shown a significant effect on the water contact
angle, as illustrated in Figure 4.6. The water contact angle increased when the reaction time
increased from 0.5 to 1.5 h, then decreased as it reached 2 h. This might be due to the
decomposition of PDMS at longer coating period. Thus, it is worth mentioning that the favorable
duration for the PDMS coating is ranged from 1—1.5 h, indicating that 1 h is sufficient for the
complete coating of PDMS (Xiuquan Li et al. 2020). In addition, the coating period of 1 h has the
highest increment in water contact angle (8.2 %) than that of 1.5 h (0.8 %), and higher water
contact angle compared to 0.5 h. Hence, 1 h was selected as the optimum time for the PDMS
coating. Besides, the PDMS coating with lower heating temperature and shorter coating duration
is favorable as it is energy efficient. Therefore, the optimum PDMS coating conditions are
determined at 1:25 (CS/HT-Bim: PDMS), 200 °C for 1h to successfully surface modified the
hydrophobicity of the CS/HT-Biwm.

The surface morphology of the CS/HT-Bi:mPDMS synthesized under optimum conditions
is further analyzed using SEM. Figure 4.7 shows the morphological and structural transformation
of CS/BC, CS/HT-Bim and CS/HT-BimPDMS. The coating of PDMS on the surface of CS/HT-
Bim was done through thermal evaporation vapor decomposition method. This method of
depositing a thin layer of PDMS onto biochar surface through the process of thermal evaporation.
The PDMS is first heated to its boiling point (<200 °C), causing it to vaporize. The PDMS vapor
is then directed towards the surface of biochar, where it decomposes and forms a thin layer of Si-
O-Si bonds on the surface (Y.-W. Cheng et al. 2020). The PDMS was coated on the surface of
CS/HT-B1wm at the optimum conditions. Figure 4.7(a)-(d) shows that there were no significant
changes in the pore structure of CS/HT-B1mPDMS upon the coating of PDMS. The smooth surface
shown in Figure 4.7(c) demonstrated the coating of PDMS thin layer on the surface of CS/HT-
Bim (Figure 4.7(b)). However, the PDMS layer filled some of the pores of the CS/HT-Biwm,
resulting in a decrease in porosity, as shown in Figure 4.7(d). This can be attributed to the increase
in coating ratio, modification temperature, and reaction time, as more PDMS was deposited on the
surface of CS/HT-Biwm, leading to the blockage and collapse of pores (X. Zheng et al. 2020).
According to BET results of CS/HT-BimPDMS, the Sger only decreased by 10.4%, which
indicates that the optimum coating conditions are considered acceptable. This observation is
further supported by the EDS mapping analysis, where it shows that the atomic percent of Si
(silicon) and O (oxygen) on the surface of CS/HT-BimPDMS increased from 3.1% to 6.7%.
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Figure 4.7: SEM images of a) CS/BC, b) CS/HT-Buwm, and c-d) CS/HT-BimPDMS

4.3  Microporosity study

The pore structure properties of bare biochars, HT-Bs, and CS/HT-BimPDMS were
analyzed by Brunauer-Emmett-Teller (BET) analysis, and presented in Table 4.1. It is observed
that the concentration of ZnCl; has significant effects on the porosity development of HT-Bs. The
biochar synthesized from PL, PWS, and CS have low specific surface area (Sget) compared to HT-
Bs due to the nature properties of these biomasses. Upon the impregnation, the Sger of PL/HT-Bs
and PWS/HT-Bs gradually increased from 726.59 to 1376.94 m? gtand 1024.39 t0 1890.25 m? g
! as the ZnCl, concentration increases from 0.5 to 1.5 M, respectively. The total pore volumes
(Votar) of PL/HT-Bs and PWS/HT-Bs follows the same trend, where it increased from 0.30 to 0.59
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cm?® gtand 0.42 to 0.77 cm® g, respectively. The increase in Sget and Vo are attributed to the
higher cross-linked of metal ions with the functional groups of the biomasses and evaporated
during the carbonization leaving the vacant space on the surface of biochar (Thue et al. 2017). In
contrast, the Sger of CS/HT-Bs decreases at 1.5 M of ZnCl, which may be due to the deposition
of ZnCl; on the surface of biochar (Lei et al. 2020). This phenomenon leading to the blockage of
the pores and clogged the main channels for the transportation of VOCs to micropores during the
adsorption process (Zubbri et al. 2020). Thus, metal salts concentration capable to act as an
adjustable parameter to regulate the pore structure properties of the biochar (Karimnezhad et al.
2014; F. Zhao et al. 2021). Among HT-Bs, although PWS/HT-B1.5m has the highest Sgetof 1890.25
m? g, the SEM images shown in Figure 4.3(c), indicated that CS/HT-Bim exhibits better
honeycomb-like tubular structure compared to PWS/HT-B1sm Where it is postulated to have higher
adsorption capacity. Hence, CS/HT-B1wm with reasonably high Sger is selected for the hydrophobic
study.

Surface modification of CS/HT-B1m through PDMS coating led to a decrease in Sget from
1825.279 to 1335.567 m? g*. This decrease was attributed to the PDMS coating conditions,
including coating ratio, modification temperature, and reaction time, as discussed in Section 4.2.
These parameters significantly influenced the deposition of PDMS on the surface of CS/HT-Biwm.
A higher coating ratio, modification temperature, and reaction time resulted in more PDMS
deposited on the surface, leading to a higher water contact angle. However, excessive PDMS layer
on the surface of CS/HT-Bum also resulted in pore blockage and collapse of the micropores due to
a higher modification temperature. The results of this study are consistent with those of Haider et
al. (2020) and Mohd Azmi et al. (2022), who reported that the Sger of MOFs and membranes were
decreased significantly as the modification temperature and reaction time of PDMS coating
increased. Compared to recent studies, the CS/HT-BimPDMS prepared in this study has a
competitive Sger value, which suggests that it can achieve a high VOCs adsorption capacity.
Additionally, despite the decrease in Sger value, CS/HT-BimPDMS exhibited significant
hydrophobicity when compared to non-coated HT-Bs. Consequently, CS/HT-BimPDMS has the

potential to perform effectively in VOC adsorption, especially under humid conditions.
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Table 4.1: The porous structural properties of biochars, HT-Bs, and CS/HT-BimPDMS

Sample Sget @ Viota P} St-plot ) Smicro [ Vmicro ) Dp 0]

(m?g™) (em*g™) (m?*g™) (t-plot) (t-plot) (nm)
PL/BC 469.430 0.197 514.461 412.837 0.163 1.675
PWS/BC 587.908 0.259 643.976 486.134 0.193 1.761
CS/BC 528.318 0.201 516.984 493.383 0.192 1.523
PL/HT-Boswm 726.538 0.300 719.009 644.065 0.254 2.820
PL/HT-Brom 1253.212 0.517 1242.537 1102.220 0.536 2.730
PL/HT-Bism 1376.940 0.587 1375.654 1085.719 0.437 2.608
PWS/HT-Bo.sm 1024.394 0.424 1013.572 891.836 0.352 3.340
PWS/HT-Biom 1392.305 0.588 1381.977 1156.545 0.459 2.467
PWS/HT-Bi.sm 1890.252 0.770 1889.234 1550.067 0.621 1.954
CS/HT-Boswm 1111.215 0.473 1104.440 838.760 0.336 2.203
CS/HT-B1.om 1825.279 0.803 1832.585 1370.300 0.557 2.683
CS/HT-Bism 1518.570 0.738 1545.847 672.249 0.304 2.267
CS/HT-B:mPDMS 1335.567 0.608 1051.987 981.543 0.512 1.822

@ BET surface area; ® Total pore volume; ¢ BET surface area plot; ¢ Micropores surface area; ¢ Micropores

volume; f pore diameter.

4.4  Surface functional groups

The FTIR analysis was performed to study the changes of the surface functional groups of
HT-Bs before and after the impregnation at different ZnCl, concentrations, as well as after the
surface modifications. The FTIR spectra of the bare biochars, HT-Bs, and CS/HT-BimPDMS are
shown in Figure 4.8. As can be seen from the FTIR results, the bare biochars and HT-B(s) have
similar surface functional groups. The broad peaks that appeared at around 3300-3347 cm
indicates the presence of the —OH bond of the hydroxyl group due to the dehydration process in
the biomass during the carbonization (Lin et al. 2021). The PL/HT-Bs, PWS/HT-Bs, and CS/HT-
Bs have significant difference in their —OH group upon the increases in the impregnation
concentration. Based on Figure 4.8(a), the PL/HT-B1.sm shows boarder —OH stretching vibration
due to the formation of more stable zinc hydroxide oxide (ZnO—OH) crystalline form derived from
hydrolyzation of Zn(OH)s™ and Zn(OH). (Hadroug et al. 2022). While, the disappearance of the

—OH in PWS/HT-Bs is due to the removal of oxygen content during the carbonization process
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(Tomin et al. 2021). In contrast, CS/HT-Bs maintains its —OH group even at high impregnation
concentration, indicates a complete carbonization process (F. Li et al. 2020).

The narrow peaks observed around 1500-1576 cm, corresponding to the C=C stretching
bonds, are attributed to the stretching of the C—O bond (Khoshnood Motlagh et al. 2021; H.-B.
Liu et al. 2016). Weak and broad peaks are observed at around 1319-1330 cm™ and 1006-1077
cmt, which are related to the CH3 bend and C—O stretching due to the formation of aromatic
structure and the occurrence of deoxygenation reaction, respectively (Khoshnood Motlagh et al.
2021). The disappearance of the CHz bend as the impregnation concentration increases is attributed
to the success of the ZnCl, impregnation process (Luo et al. 2019). In addition, weak peaks
observed at around 700-685 cm™ can be ascribed to the Zn—O bond that only appeared in HT-Bs
due to the decomposition of ZnCl> during the carbonization process (Jung et al. 2016; T. Yang et
al. 2021). The following reactions were occurred during the carbonization process of HT-Bs (Lin
et al. 2021):

ZnCl,. 6H20 — ZnCl,. 2H,0 +4H,0 (4.1)
ZnCl;. 2H,0 — Zn(OH)CI1 + H20 + HCI (4.2)
Zn(OH)Cl — ZnO + HCl (4.3)

Similarly, C. Ma et al. (2018) observed that the Zn-O bond appeared around 400-500 cm™, while
T. Yang et al. (2021) reported that the metal-oxygen stretching (Fe-O and Zn-O) have strong peaks
at around 500-700 cm™.

Upon the PDMS coating on the surface of CS/HT-Biwm, the asymmetric and symmetric
Si—O—Si stretching is observed at 779 and 1028 cm™ due to the introduction of PDMS. Based on
Figure 4.8(d), the CHs peak of the CS/HT-BimPDMS is sharper than that CS/HT-Bim which is
attributed to the asymmetric stretching of Si—O—Si. These observations are further supported by
the EDS mapping results of CS/HT-BimPDMS in Section 4.8. Similarly, H.-B. Liu et al. (2016)
and Xiuguan Li et al. (2020) observed similar surface functional groups on the surface of AC upon
the PDMS coating (asymmetric and symmetric Si—O—Si stretching) with the increases in atomic

percent of Si and O.
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In summary, the appearance of the significant peaks, particularly Zn-O and Si—O—Si could
draw a conclusion that the CS/HT-BimPDMS was successfully synthesized, impregnated with
ZnCl,, and coated with PDMS. It is worth mentioning that the impregnation of ZnCl> is
significantly influenced the oxygenic surface functional group and the pore structure of the
biochar. While PDMS improves the hydrophobicity of the CS/HT-Biwm by the introduction of
siloxane functional group on the surface of CS/HT-Biwm.
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Figure 4.8: FTIR spectra for a) PL/HT-B, b) PWS/HT-B, ¢) CS/HT-B, and d) CS/HT-BimPDMS



4.5 Elemental study

The elemental analysis on the surface of HT-Bs and CS/HT-BimPDMS were performed
using EDS analysis to investigate the chemical reactions involved during the structural and surface
modifications. The EDS spectra and chemical compositions of HT-Bs are tabulated in Table 4.2.
The EDS analyses show the main elements on the surface of HT-Bs are C, O, Zn, and CI (F. Zhao
etal. 2021). This result is similar to that of Xiuquan Li et al. (2020), who investigated the chemical
compositions of AC treated with KOH, where C, O, Cl, and K were reported. Besides, a high
atomic percent of C is observed, indicating the high purity of biochar. In addition, naturally
biomass contains a number of removable O fractions, which valorized during the carbonization
process, leaving a small amount of O remains in the biochar (Bagheri et al. 2020). Moreover, trace
small amounts of Zn and Cl elements might be derived from the ZnCl, and HCI used during the
structural modification and the washing process (Xiuquan Li et al. 2020). Similarly, Bagheri et al.
(2020) observed traces of P and Cl in the biochar impregnated with H3PO4 and upon washing using
HCI. This indicated that the slight deposition of metal salts and impurities from the washing
processes. Similarly, in this study, traces of Zn and CI are observed, where it is further confirmed
by FTIR spectra with a weak peak of Zn-O around 685-700 cm™

During the carbonization process, metal elements present in biomass can undergo thermal
decomposition and produce metal oxides that can act as pore-forming agents, resulting in the
creation of pores in the resulting biochar (E. Leng et al. 2022; Nzihou et al. 2019; Gopalan et al.
2022). This process is similar to the one that occurs when biomass is impregnated with metal salts,
where the metal ions are reduced and converted into metal oxides during carbonization (Gopalan
et al. 2022). Metal elements commonly found in biomass include zinc, sulfur, copper, manganese,
nickel, and cobalt (Giudicianni et al. 2021). However, in this study, the biomasses used were found
to contain only small amounts of zinc (<0.04%), which were not sufficient to develop HT-B as
evidenced by the SEM and BET analyses in Sections 4.1 and 4.3 (Emmanuel Onoja et al., 2017).
Therefore, the impregnation of ZnCl, was performed to promote higher Sger for the development
of HT-Bs. Moreover, PL has a high amount of Si content (9.2%), which could contribute to its

physicochemical properties. Silicon is known to improve the thermal stability, mechanical
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strength, and adsorption capacity of biochar (Q. Liu et al. 2018; Xiaoyun Xu et al. 2019). The
presence of Si in PL/HT-Bs could have contributed to its high Sget value.

The surface modification of CS/HT-Bim by PDMS coating leads to significant changes in
the atomic percent of HT-Bs. The atomic percent of C, Cl, and Zn decreased from 92.7% to 88.9%,
1.6% to 0.5%, and 0.3% to 0%, respectively, upon the coating of PDMS, due to the increase in the
atomic percent of Si and O. The increased atomic ratio of Si (3.8%) and O (6.7%) for CS/HT-
B1mPDMS are close to 1: 1.1, indicating the formation of an ultrathin PDMS film on the surface
of CS/HT-B1m. Other studies have reported that an increase in the atomic ratio close to 1:1.5 and
1:1.2 is considered an ultrathin PDMS film, and a slight increase in the atomic ratio could be due
to incomplete oxidation of silicon dioxide (SiO2) H.-B. Liu et al. (2016) and Xiuquan Li et al.
(2020). They also indicate that the atomic percent of Si is correlated with the thickness of PDMS
deposited on the surface of the carbon-based materials, where the higher the atomic percent of Si,
the thicker the PDMS film coated on the surface. Furthermore, the EDS mapping image shown in
Figure 4.16 of Section 4.8 indicates that the surface of CS/HT-BimPDMS is fully covered by the
Si element. Therefore, both impregnation of ZnCl, and PDMS coating induce significant effects

on the elemental atomic percent of the biochars.
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Table 4.2: The summary of the atomic percent of the HT-Bs and CS/HT-BimPDMS

EDS Analysis (wt%o)

Sample

C O Zn Cl Si S
PL/HT-B
0.5M 89.7 7.0 0.65 8.2 0.26 0.33
1.0M 92.4 7.2 0.3 0.8 11 0.78
1.5M 91.5 12.4 0.9 0.3 0.4 0.3
CS/HT-B
0.5M 87.7 6.3 0.5 2.6 - -
1.0M 92.7 3.1 0.3 1.6 - 0.1
1.5M 84.7 6.3 3.7 4.1 - 0.4
PWS/HT-B
0.5M 90.8 3.8 - 3.3 - -
1.0M 914 5.7 - 5.9 - -
1.5M 88.3 3.9 - 1.2 - -
CS/HT-BimPDMS 88.9 6.7 - 0.5 3.8 -

4.6 Isotherms and surface diffusion of acetone adsorption onto CS/HT-Bim
and CS/HT-BimPDMS

The adsorption behavior of acetone onto CS/HT-Bim and CS/HT-BimPDMS was studied
at different relative humidity (RH) of 50%, 70%, and 90%. To analyze the data, three nonlinear
isotherm models were employed, namely Freundlich, Toth, and Sips models. The adsorption
isotherms of CS/HT-Bim and CS/HT-BivPDMS are presented in Figure 4.9, and relevant
parameters are tabulated in Table 4.3. The Toth and Sips models showed better fitting with the
experimental adsorption data than the Freundlich model, as indicated by the R? values above 0.997.
The Sips model had the best fit, with R? values above 0.999 compared to the Toth model. This
outcome suggested that the adsorption of acetone onto CS/HT-Bim and CS/HT-BimMPDMS at

different RH levels could be described by a combination of Langmuir and Freundlich models,
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indicating heterogeneous surface adsorption (Deng et al. 2020). The heterogeneity factor (ns) of
the Sips models was greater than 1, supporting the hypothesis of a heterogeneous surface. This
heterogeneity could be attributed to the different affinities of acetone and water molecules toward
CS/HT-Bim and CS/HT-B1mMPDMS, as well as competitive inhibition between acetone and water

molecules at higher humidity.

CS/HT-Bim has a hydrophilic surface that interacts with water molecules via hydrogen
bonding at low RH. As the RH increases, the adsorption effectiveness of acetone is reduced due
to pore-filling phenomena caused by the build-up of large water clusters (B. Liu et al. 2021). At
high RH, multi-layer adsorption occurs due to competitive inhibition between acetone and water
molecules. In contrast, the heterogeneity factor of Freundlich, Toth, and Sips models for CS/HT-
BimPDMS decreased as the RH increased. This decrease indicates that the heterogeneous
adsorption active sites of the CS/HT-BimPDMS were reduced (Deng et al. 2020). The introduction
of Si-O-Si surface functional groups by PDMS coating transformed the hydrophilic surface of
CS/HT-Bim to a hydrophobic one, resulting in reduced affinity towards water molecules.
Consequently, its affinity towards acetone increased, and the interaction occurred via van der
Waals forces and n-mt interaction, leading to a higher acetone adsorption capacity (Mohd Azmi et
al. 2022).

The Weber-Morris (W-M) intraparticle diffusion model (IPD) was utilized to predict the
rate-controlling steps for acetone adsorption on CS/HT-Bim and CS/HT-BiMPDMS, as well as to
analyze the impact of water molecules on acetone diffusion at different RH of 50%, 70%, and
90%. The W-M IPD kinetic plots of acetone adsorption on both adsorbents are presented in Figure
4.10, and the fitting parameters are listed in Table 4.4. The entire adsorption process can be divided
into three stages: external surface, intraparticle diffusion, and adsorption equilibrium (Shuangchun
Lu et al. 2021). Moreover, these three linear Kinetic stages do not pass through the origin point,
indicating the complex adsorption process of acetone onto CS/HT-Bim and CS/HT-BimPDMS,
which involves chemisorption interactions and surface diffusion (D. Chen et al. 2022). The fitting
results indicate that the rate-controlling step for the acetone adsorption process on both adsorbents
was intraparticle diffusion, while surface diffusion was a fast step. The values of the pore and
surface diffusivity constants (ke and Cp) decrease with increasing RH for both CS/HT-Bim and
CS/HT-BimPDMS. This can be attributed to the presence of water molecules, which limit the
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intraparticle diffusion of acetone due to competitive diffusion between acetone and water
molecules, with water clusters blocking the adsorption active sites for acetone (Jinjin Li et al.
2023). CS/HT-B1mPDMS exhibits higher ke than CS/HT-B1m due to its low affinity towards water
molecules, which increases the diffusion of acetone. This suggests that the mesopores and
macropores of CS/HT-BivPDMS provide sufficient channels for faster intraparticle diffusion
(Jinjin Li et al. 2022). Therefore, the presence of water molecules primarily affects the intraparticle
diffusion process, resulting in a negative impact on acetone adsorption.

Overall, the Sips model provides a good description of the adsorption behavior of acetone
onto CS/HT-Bim and CS/HT-BimPDMS at varying RH, suggesting that adsorption occurs on
heterogeneous surfaces. The hydrophilic surface of CS/HT-Bim was found to preferentially
interact with water molecules even at low RH, leading to a significant reduction in acetone
adsorption capacity due to pore-blocking by large water clusters. Conversely, the presence of Si-
O-Si surface functional groups in CS/HT-BimPDMS increased its affinity towards acetone over
water molecules, resulting in good performance in adsorbing acetone that remained effective even
at high RH. Moreover, the rate-controlling steps for acetone adsorption on both adsorbents was
intraparticle diffusion, while surface diffusion was a fast step. CS/HT-B1mPDMS provided faster

channels for acetone diffusion compared to CS/HT-Bim due to its high hydrophobicity.
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Figure 4.9: Nonlinear isotherms kinetic plots for acetone adsorption on CS/HT-Bim and CS/HT-BiMPDMS at a) 50 RH%, b) 70
RH%, and c¢) 90 RH%
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Table 4.3: Adsorption isotherm parameters of acetone on CS/HT-Bim and CS/HT-BimPDMS across varying RH.

Adsorbent RH  Freundlich Toth Sips
(%) K& e’ R? Qm,T0° Kro?  ZP R? gm,sP° Ksp® Nsp” R?
50 251535 4422 0.817 1196.952 0.198 142 0.997 463.572 0.236 2.381 0.999
CS/HT-Bim 70 232.006 4.162 0.796 997.353 0.222 1.384 0.997 399.693 0.238 258  0.999
90 175.966 8903 0.745 409.995 0.523 1.181 0.999 225.606 0.523  2.851 0.999
50 264.016 3.559 0.857 1264.952 0.195 1.395 0.999 517.108 0.302  1.926 0.999
CSHT- 70 249.124 4179 0.891 795.849 0.317 1.195 0.999 445876 0.457 1.695 0.999
BimPDMS 90 270.023 1.232 0.893 479.564 0.904 1.066 0.999 364.129 1.241 1.475 0.999

#Freundlich constant; ® homogeneity factor; ¢ maximum adsorption capacity (mg g*); ¢ Toth constant; ¢ Sips constant.

104



600
500 . .
a) CS/HT-B,,, AdsorphoWnum 1 b) CS/HT-By;, EDMS Adsorption equilibrium
g 500 POPPPPY
®
400 AAAA
. . . 400 7 . - . / ;/;\ h &A‘A
300 4 Intraparticle diffusion _ Intraparticle diffusion /
- 'OD o
:g 2 300
E 2004 =
o ® 50 RH% © 200 - * 50RH%
4 70 RH% 4 70 RH%
100 External surface ® 90 RH% External surface ® 90RH%
adsorption 100 adsorption
0 1St Y ond vy 3 0 - '/lsl/v ond v 34
T T T I L I = T * T > T 1 M T M 1 M T Ll T T T
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
time”? (min?) time”® (min®?)

Figure 4.10: The IPD kinetic plot for acetone adsorption onto a) CS/HT-Bim and b) CS/HT-BimPDMS at 50, 70, and 90 RH%
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Table 4.4: IPD model parameters for the adsorption of acetone on CS/HT-Bim and CS/HT-BimPDMS.

Adsorbent RH ke (Mg g1)? Ce (mg gh)P R?
(%) 1 2n 31 1 2n 31 1 2n 3"
50 16.341 64.3 6.423 -2.344  -248.236 370.21 0.965 0.988 0.725
CS/HT-Bim 70 14.564 60.034 3.644 -2.609 -221.01  346.101 0.946 0.995 0.817
90 14.612 42.122 5.053 0 -89.202  175.556 1 0.99 0.948
50 17.106 66.149 0.956 -1.26 -223.395 482.298 0.99 0.975 0.722
CS/HT-BimMPDMS 70 15.843 65.492 2.172 -0.714  -251.997 394.81 0.996 0.983 0.734
90 15.005 65.324 2.301 -0.94 -253.547 326.242 0.993 0.877 0.803

2 IPD rate constant; ® boundary later thickness.
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4.7  Adsorption capacity and dynamic kinetic models of acetone adsorption
onto CS/HT-Bim and CS/HT-BimPDMS

Figure 4.11 shows the acetone adsorption capacity of CS/HT-Bim and CS/HT-BimPDMS at
varying relative humidity (RH) of 50%, 70%, and 90%. The results indicate a reduction in acetone
adsorption capacity for both adsorbents as RH increased from 50% to 90%. This suggests that the
presence of water molecules has a significant impact on acetone adsorption. The acetone
adsorption capacity of CS/HT-Bim decreased by 24.3% and 49.8% when RH increased from 50%
to 70% and 90%, respectively. This can be attributed to the increased amount of water clusters,
which block and compete with acetone for the adsorption active sites. The results of DSA indicated
that CS/HT-B1m has a hydrophilic surface, which means water molecules occupy the adsorption
active sites more easily than acetone, leading to poor adsorption performance at high RH. In
contrast, the acetone adsorption capacity of CS/HT-BimPDMS decreased only by 15.1% and
28.7% when RH increased from 50% to 70% and 90%, respectively, indicating that the presence
of water molecules has a lesser effect on acetone adsorption at high RH. Furthermore, CS/HT-
B:mMPDMS exhibited a hydrophobic surface with a water contact angle of 132.8°. The
hydrophobicity of CS/HT-BimPDMS reduced the affinity of water molecules and increased the
selectivity of acetone adsorption. As a result, CS/HT-BimPDMS showed excellent acetone

adsorption performance at high RH.

The breakthrough curves of acetone adsorption onto CS/HT-Bim and CS/HT-BimPDMS were
investigated using three nonlinear breakthrough models, such as Bohart-Adams (B-A), Thomas,
and Yoon-Nelson (Y-N) model. To determine the values of the parameters, a logistic equation was

used and expressed as follow (Plata-Gryl et al. 2022):

Ct 1
Co - 1+exp (a—bt)

(4.4)

Fundamentally, the abovementioned models are the same and only difference are their parameters,
aand b. Both parameters can be represent as a logistic growth function (Chu 2020). The parameters

a and b for the B-A, Thomas, and Y-N models are presented in Table 4.5.
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Table 4.5: The logistic growth function of the models.

Model Expression Logistic growth function
a b

Yoon-Nelson £ = 1 kynT kyn
co 1+explkyn (t—1)]

Thomas o 1 krqom krco
% 1+exp [chD (% - t)] F

Bohart-Adams c_ 1 kpaNoL kgaco
o 14exp [kBA cu(% — t)] u

0

Table 4.6 displays the results of fitting a logistic growth function model and the associated
parameters for the B-A, Thomas, and Y-N models. The experimental breakthrough data for
CS/HT-Bim and CS/HT-BivPDMS demonstrated a strong agreement with the logistic growth
equations derived from Eq. (9) with a high fitting correlation coefficient of R? above 0.998. In
principle, applying the logistic equation to breakthrough data is adequate to determine the two
fundamental parameters, which can then be employed to calculate the respective values for the
three fixed bed models. Moreover, recent research has mathematically demonstrated the
equivalence of these abovementioned models, resulting in a similar level of fit quality [60].
Consequently, these findings align with the fitting of breakthrough curves observed in this study,
as shown in Figure 4.12. Moreover, the rate constants (Kgea, Kr, and Kyn) for both adsorbents
increased as RH increased, and there is no significant difference between both adsorbents. The rate
constants value represents the steepness of the breakthrough curve, a larger value indicates a
steeper breakthrough curve (B. He et al. 2020). However, based on the 50% breakthrough time (7),
CS/HT-B:mPDMS exhibited longer period to reach breakthrough when RH increased from 50%
to 70% and 90%, this indicated that it performed well under high RH in comparison to CS/HT-
Biwm, resulted in higher acetone adsorption capacity. This observation is consistent with the
increase in go and No values of B-A and Thomas models obtained in this study. Such results implied
due to the CS/HT-B:mPDMS exhibited hydrophobic surface properties, which maintained its

performance at low RH and reduced the affinity of water molecules, which provided more
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adsorption active sites for acetone at high RH (Jiaxing Wang et al. 2021). Consequently, CS/HT-
Bi1mPDMS showed better adsorption performance for acetone than CS/HT-B1wm, as demonstrated
in Figure 4.11.
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Figure 4.11: Acetone adsorption capacity of CS/HT-Bim and CS/HT-BivPDMS at 50, 70, and
90 RH%
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Table 4.6: Breakthrough kinetic parameters of acetone adsorption onto CS/HT-Bim and CS/HT-BimPDMS.

Adsorbent RH  Logistic Y-N Thomas B-A
(%) growth
function
a b kv 1P Texp®  R? kr qo° R? Kag? Ne*®  R?
mint  min  min cm®*mg? mgg? cm® mg! mg
min?t min cm
CS/HT-Bim 50 10.0 0.089 0.089 1121 112.3 0.998 11.1 0.339 0.998 11.1 0.096 0.998
70 10.8 0.104 0.104 1044 1045 0.999 13.0 0.313 0.999 13.0 0.088 0.999
90 9.96 0.175 0.175 56.7 56.8 0.999 21.1 0.171 0.999 21.1 0.050 0.999
CS/HT- 50 124 0.098 0.098 127.0 127.2 0.999 12.2 0.381 0.999 12.2 0.108 0.999
BimPDMS 70 13.0 0.105 0.105 1235 123.6 0.998 13.1 0.370 0.998 13.1 0.105 0.998
90 156 0171 0.171 91.7 91.9 0.999 21.3 0.275 0.999 21.3 0.078 0.999

% rate constant of the model; ® 50% breakthrough time; ¢ experimental 50% breakthrough time; ¢ adsorption capacity; ¢ adsorption capacity per unit

volume of bed reactor.
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4.8 Regeneration of CS/HT-BimPDMS

The regeneration was carried out to evaluate the reusability of CS/HT-BiMmPDMS as an
efficient adsorbent for the removal of acetone under high relative humidity (RH). The
breakthrough curves and the adsorption capacity of regenerated CS/HT-BimPDMS at 90% RH are
presented in Figure 4.13 and Figure 4.14, respectively. The data obtained from the acetone
adsorption experiments on the regenerated CS/HT-BimPDMS showed a good fit to the B-A,
Thomas, and Y-N models, with a high fitting correlation coefficient (R?) exceeding 0.997. The
breakthrough acetone adsorption capacity of regenerated CS/HT-B1imPDMS decreased sharply in
the second cycle by 23.7%, and gradually decreased in third and fourth cycles by 6% and 2%,
respectively. The decreased in the adsorption capacity in the second cycle is more than 10%, might
be attributed to the strong interaction between acetone molecules and Si—O—Si bond of PDMS.
These interactions may be led to the formation of some permanent bonds between acetone
molecules and Si—O—Si bond, which blocked the adsorption active sites for the next regeneration
cycle (Rong et al. 2023; Y. Yang et al. 2021).

The regeneration of biochar is related to the adsorption mechanisms and the characteristics
of the VOCs being adsorbed (Z. Zhao et al. 2022). In the present study, competitive adsorption
occurred, where multiple adsorption mechanisms were involved, including physical and chemical
adsorption. Acetone interacted with the surface functional group of biochar (Si-O-Si bond) via
hydrogen bonding, m-m interaction, and weak van der Waal forces, while water molecules
interacted with hydrophilic sites through hydrogen bonding at low RH and water cluster formation
resulting in pore filling at high RH. This is consistent with the observations by Mohd Azmi et al.
(2022) and H.-B. Liu et al. (2016). Furthermore, studies have reported that increasing the thermal
regeneration temperature to a certain range more than 200 °C can reduce the Sget value and destroy
the surface functional groups of the biochar, particularly the PDMS film (Zhirui Li et al. 2021; Pi
et al. 2017). Thus, the CS/HT-BiMPDMS was regenerated at 150 °C for 1h for four regeneration
cycles; however, a significant decrease in efficiency was observed after regeneration.
Consequently, higher thermal regeneration temperature or a longer regeneration duration might be
required to break the bonds or interactions between the adsorbed acetone and siloxane functional

group of CS/HT-BimPDMS. The boiling point of water molecules is 100°C, which means that
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water molecules readily evaporate at temperatures of 150°C and higher. Therefore, further
investigation is recommended to determine the optimal conditions for regenerating CS/HT-
B1mPDMS for competitive adsorption under humid conditions.

The characterizations of the CS/HT-BimPDMS before and after the regeneration were also
carried out to investigate the changes in their physicochemical properties. The morphology and
structure of CS/HT-BimPDMS before and after the regeneration are illustrated in Figure 4.15. It
can be observed that the pore structure of CS/HT-B:mPDMS collapsed, shrank, and expanded upon
the fourth cycle regeneration. These observations are consistent with the slight decrease in the Sger
results of CS/HT-B:mPDMS after the regeneration from 1335.567 to 1307.904 m? g. This slight
decrease indicates that the regeneration conditions do not significantly affect the porosity of
CS/HT-B1mPDMS; however, the regeneration temperature and duration are not favorable for
desorbing that adsorbed acetone from CS/HT-BimPDMS. Based on the EDS mapping results
before and after regeneration as shown in Figure 4.16-4.17, the atomic percent of Si and O
elements were reduced by 10.5% and 19.4% at the fourth cycle regeneration of CS/HT-B1imPDMS,
respectively. These observations were consistent with the appearance of weak peaks of Si—O—Si
bond and CHsstretching of FTIR results, as shown in Figure 4.18. As the atomic percent of Si and
O elements were reduced, the water contact angle of regenerated CS/HT-BiMPDMS was also
decreased from 132.8 ° to 123.4 °.

The results suggest that the regeneration conditions for CS/HT-BimPDMS were not optimal,
possibly due to the strong interaction between the adsorbed acetone and the Si-O-Si bond of PDMS
or the formation of permanent bonds during regeneration, leading to a reduced amount of active
sites for adsorption in subsequent cycles. However, even after regeneration, CS/HT-BimPDMS
still performed well at 90% RH compared to CS/HT-Bim. To improve the regeneration process, it
may be necessary to increase the thermal regeneration temperature and duration. A method
combining low-temperature and high-temperature regeneration has been proposed for chemical
adsorption, which can maintain the integrity of the biochar and achieve optimal regeneration
conditions (Zeng et al. 2021). Therefore, further studies on the optimal conditions for the
regeneration of biochar for competitive adsorption are needed, which could have significant

applications in the field of separation and purification.
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Figure 4.15: SEM images of CS/HT-BimPDMS before and after regeneration
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Figure 4.16: EDS mapping images and spectra of CS/HT-BimPDMS

117



C Kal_2 Si Ka1

meg © HY 1P det | spot
J8mm 3000« 1250kV 138um ETD 4.0

M Map Sum Spectrum
Wt% o
893 0.1

Powered by Tru-Q®

Si

sicl Cu Cu

o R R AR RN RN

Figure 4.17: EDS mapping images and spectra of regenerated CS/HT-BimPDMS
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Figure 4.18: FTIR spectra of CS/HT-BimPDMS before and after regeneration

Figure 4.19: Water contact angle of CS/HT-BimPDMS after regeneration
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CHAPTER 5

CONCLUSION, CHALLENGES AND LIMITATIONS,
AND RECOMMENDATIONS

Conclusion

In summary, this study successfully synthesized hydrophobic honeycomb-like tubular
biochar (hydrophobic HT-B) from corn stalks (CS) with an impregnation ratio of 1.0 M ZnCly,
resulting in a good structure of HT-B that exhibited a high specific surface area (Sget) of 1825.279
m? g compared to palm leaves (PL) and pinewood sawdust (PWS). The concentration of 1.0 M
was found to be optimal for the development of HT-B. Additionally, the hydrophobicity of CS
impregnated with 1.0 M (CS/HT-Bim) was increased by coating it with hydrophobic
polydimethylsiloxane (PDMS) via thermal evaporation for the introduction of siloxane (Si-O-Si)
surface functional groups on CS/HT-Bim. The optimization parameters for PDMS coating,
including coating ratio (CS/HT-Bim: PDMS), modification temperature, and reaction time. These
parameters played a crucial role in ensuring that a sufficient amount of PDMS was deposited on
the surface of CS/HT-Bim. The CS/HT-B1m coated at coating ratio of 1:25 (CS/HT-B1M: PDMS),
heated at 200 °C for 1 h (CS/HT-Bi:mPDMS) was found to be the optimum condition for PDMS

coating with water contact angle rose from 0 to 132.8 °.

The adsorption of acetone onto CS/HT-Bim and CS/HT-B:mPDMS under different relative
humidity (RH) conditions reveals the significant impact of water molecules on acetone adsorption.
At high RH levels, the presence of water clusters obstructs the adsorption active sites, leading to
competition between water molecules and acetone for adsorption. CS/HT-B1m, with its hydrophilic
surface, exhibits strong affinity for water molecules through hydrogen bonding, resulting in poor
performance in acetone adsorption. On the other hand, CS/HT-BimPDMS, with its hydrophobic

surface and Si-O-Si bonds, demonstrates enhanced acetone adsorption performance by reducing
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the selectivity of water molecules and providing more available adsorption sites for acetone.
Consequently, CS/HT-BimPDMS exhibits a higher capacity for acetone adsorption compared to
CS/HT-Bim.

The adsorption isotherm of acetone onto CS/HT-Bim and CS/HT-BimPDMS exhibited a
Sips model, which combines Langmuir-Freundlich models and indicates heterogeneous surface
adsorption. In order to analyze the rate-controlling step of acetone adsorption, intraparticle
diffusion (IPD) was assessed using the Weber-Morris model (W-M). The findings revealed that
the mass transfer during acetone adsorption on both adsorbents primarily occurred through a
diffusion-based process involving three consecutive steps: external surface adsorption,
intraparticle diffusion, and adsorption equilibrium. The fitting results of the W-M IPD model
demonstrated that intraparticle diffusion was the rate-controlling step for the acetone adsorption
process on both adsorbents, while surface diffusion occurred rapidly. Additionally, the
experimental data exhibited good fit to the nonlinear Bohart-Adams (B-A), Thomas, and Yoon-
Nelson (Y-N) models. These three models exhibited high fitting correlation coefficients (R?) above
0.998, confirming their ability to accurately predict the breakthrough curves of acetone adsorption
onto CS/HT-Bim and CS/HT-BimvPDMS.

The regeneration of CS/HT-Bi:mPDMS showed a decreased in performance after the first
cycle; however, it still exhibited better performance compared to CS/HT-Bywm, particularly at 90%
RH. This decrease could be attributed to the strong interaction between acetone and the Si-O-Si
bond of PDMS, or the formation of permanent bonds that limit the availability of adsorption active
sites for subsequent cycles. Acetone interacts with the Si-O-Si bond through various forces,
including van der Waals forces, hydrogen bonding, and n-n interactions. Hydrogen bonding and
7-T interactions are particularly strong attractions that require high temperatures for bond breaking

during regeneration.

Challenges and limitations

The project encountered several challenges and limitations. The primary challenge was the impact
of the pandemic. In certain states, there was a significant increase in Covid-19 cases, leading to

restrictions on working conditions, domestic flights, courier services, and business hours. These
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restrictions resulted in delays in the delivery of purchased experimental items, especially
chemicals, which took longer than usual to arrive. Consequently, the research progress was
affected.

Recommendation and further research study

There are several recommendations for further research studies that are worth exploring to
enhance the performance of CS/HT-BimPDMS in VOCs adsorption under humid conditions. The
regeneration of CS/HT-B:mPDMS can be further improved by utilizing a combination of low-
temperature and high-temperature regeneration methods, which have been proposed for chemical
adsorption. This approach can preserve the integrity of the biochar and achieve optimal
regeneration conditions. Furthermore, it is crucial to gain a deeper understanding of the
mechanisms underlying the interactions between VOCs and the Si-O-Si bond of PDMS. Exploring
these interactions will provide insights into the adsorption process and guide the development of
more effective regeneration strategies. By implementing these improvements, it is possible to
enhance the regeneration efficiency and extend the lifespan of CS/HT-BimPDMS as an effective

adsorbent for VOC removal under humid conditions.
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APPENDIX

Figure 1: The actual photo of the acetone adsorption process.
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