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CHAPTER | INTRODUCTION

1.1 Background

Due to recent population growth, agricultural activities have been dramatically
intensified by applying chemical pesticides and fertilizers to ensure food security [1].
These activities have posed considerable challenges to environmental quality as well
as to human health.

Atrazine, a commonly used herbicide, is applied to control the photosynthetic ability
of broadleaf weeds and grasses [2]. Its popularity is because of its practical and no
harmful effects on economically useful plants. Therefore, atrazine residue has been
commonly detected in sediments, groundwater, and surface water [3]. Atrazine could
be transported into the food chain and then causes serious health problems as well as
affects other living organisms in the environment [2, 4]. Moreover, this herbicide is
difficult to degrade under natural conditions. Atrazine residue has been found in
agricultural areas where it was applied 20 years ago [5]. As a result of its persistence,
mobility, and toxicity, atrazine removal from contaminated regions has drawn
significant interest amongst researchers.

In the case of fertilizers, nitrogen fertilizer (N-fertilizer) is one of the essential nutrient
sources for plant growth. Currently, the efficiency with which N-fertilizer application
can enrich soil nutrient levels is very low. Significant amounts of N-fertilizer are lost
to the environment through nitrate (NOgz’) leaching due to runoff or irrigation,
ammonia (NHs) volatilization, and nitrous oxide (N2O) gas emissions [6-8]. Such
incidents lead to decreased soil quality and increased greenhouse gas emissions;

further, they promote surface water eutrophication [9, 10]. Therefore, reducing the



loss of N-fertilizers from agroecosystems has become a critical aspect of sustainable
agricultural development and crop productivity.

Adsorption was applied in this study to prevent atrazine transportation and reduce the
loss of N-fertilizer from agroecosystems. Agricultural residues are promising
adsorption materials due to their availability and low cost. With proper treatments,
these treated-agricultural biomass residues could be effectively increased the
contaminant adsorption capacity. Slow pyrolysis has been commonly applied to
improve the adsorption abilities of agricultural residues. Nevertheless, the high
moisture content in such biomass is a crucial problem in the slow pyrolysis process.
Thus, drying agricultural residues are recommended as the pre-treatment. To
overcome this problem, an alternative hydrothermal carbonization treatment, which
uses wetted biomass under moderate temperature and pressure, was selected in this
study. Hydrochar, a solid product of the hydrothermal carbonization of biomass, is
considered a promising adsorbent for various applications. The material has attracted
attention in recent years because of its low cost and low environmental impact [11].
Hydrochar possesses porous structures with abundant oxygen-containing functional
groups on its surface [12, 13]. Therefore, the ability of hydrochar to adsorb organic
and inorganic pollutants has been widely investigated [14-17]. In addition, hydrochar
can potentially be developed as a sustained-release fertilizer, which could prevent
over-application of fertilizers and instead will consistently release nutrients based on
crop demand [18, 19].

However, the specific surface area and pore volume of hydrochar are relatively low
compared to other adsorbents [20, 21]. Chemical activation has been successfully

proven to improve hydrochar physicochemical properties, directly associated with the



enhancement of adsorption capacity [17, 22, 23]. Thus, potassium hydroxide (KOH)
and hydrogen peroxide (H202) solutions were used to modify the physicochemical
characteristics of rice husk hydrochar and enhance its adsorption of atrazine and
ammonium.
The Box-Behnken method in response surface methodology (RSM) was employed to
see the interaction effects between MHTC parameters and adsorption capacity
responses. Many studies have suggested that the RSM technique can achieve better
performance over the traditional manner by reducing the number of experimental
runs, saving time and costs [24, 25].
1.2 Objectives
Developing rice husk hydrochar to adsorb atrazine and ammonium was the main
objective of this study.
e To optimize the microwave-assisted hydrothermal carbonization conditions
of hydrochar production for atrazine and ammonium adsorption
e To investigate the effect of hydrochar activation using KOH and H2O> on
atrazine and ammonium adsorption
e To characterize physicochemical properties of hydrochar and chemical-
activated hydrochar

e To determine the desorption behavior of atrazine-adsorbed hydrochar



1.3 Hypotheses

e Specific surface areas and oxygen-containing surface functional groups of
hydrochar will be dramatically influenced by the operating temperature

e KOH treatment is expected to increase the porosity and surface area of
hydrochar, which will enhance the atrazine and ammonium adsorption
capacities of hydrochar

e Enhancing the amount of oxygen functional groups on the hydrochar
surface will be achieved using H202 solution.

e Improvement of physicochemical properties of rice husk hydrochar after
activation treatment will enhance atrazine and ammonium adsorption.

e Atrazine will be partly desorbed from the adsorbed material owing to
reversible chemical reactions between the contaminant and oxygen-

containing functional groups of adsorbent surfaces.



1.4 Scope of study

Herein, the developed rice husk hydrochars were evaluated for their adsorption

properties of atrazine and ammonium in the liquid solution. It should be noted that

application in soil did not include in this study.

This study can be divided into three main parts, including hydrochar production,

activation, and desorption. In the first part, hydrochar was produced at varied MHTC

conditions and investigated its adsorption capacity of atrazine and ammonium. In the

next part, hydrochar with the highest adsorption capacity of these compounds was

activated using KOH and H20 solutions with different concentrations. These

prepared hydrochars were determined adsorption isotherms and adsorption kinetics

for atrazine and ammonium. The desorption behaviors from activated hydrochar were

conducted later in the last part (Figure 1).

Part I: Hvdrochar production

Box-Behnken Design

!

Temperature

| l =
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L Atrazine‘
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Part I11: Desorption

»
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Figure 1. Scope of this current study
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CHAPTER Il LITERATURE REVIEW

2.1 Atrazine

2.1.1 Physicochemical properties of atrazine

Atrazine  (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is widely used
herbicide in agricultural activities and belongs to the triazine class. It enables to
control pre- and post-emergence weeds in various crops such as corn, sugarcane,
pineapple, roses, and sorghum [2, 3]. The physical and chemical properties of atrazine
are shown in Table 1 [26]. The maximum contaminant levels (MCLs) of atrazine in
drinking water regulated by the US EPA and European Union are 3 ppb and 0.1 ppb,
respectively [2, 27]. The maximum residue limit (MRL) for atrazine in agricultural
commaodities, including sweet corn, baby corn, maize, pineapple, and sugarcane, is 0.1
mg/kg [28]. According to the US EPA, the reference dose for chronic oral exposure to

atrazine is 3.5x10°2 mg/kg-day [29].



Table 1. Physicochemical properties of atrazine

Properties Atrazine
Molecular formula CsH14CINs
Molecular weight 215.68
Density 1.23 g/cm?® (22°C)
Melting point 173 -175°C
Vapor pressure 2.89x10”" mmHg
pKa 1.68
Log Kow 2.60-2.71
Log Koc 1.96 — 3.38
Boiling point 200°C

Henry’s law constant
Solubility in water
Diameter

Structural formula

2.96 10t atm.m® mol™?
33 mg/L at 20°C

04-09nm

2.1.2 Atrazine application and contamination

Atrazine is ranked the second most widely used pesticide in the world, with an annual

production of about 70,000 — 90,000 tons [30]. For instance, 30,000 tons of atrazine is

applied annually in the United States, which is six times higher than the amount used



in China [2, 31]. Atrazine is in the top ten imported herbicides, insecticides, and
fungicides into Thailand by over 4,200 tons in 2013 [32].

Due to such large-scale application of atrazine, this herbicide has been detected not
only in terrestrial but also in aquatic ecosystems. According to the Crop Protection
Chemicals Reference [33], an average of 200 to 400 mg/m? of the active ingredient is
typically applied to soil depending upon soil properties, type of crop, temperature,
and/or an irrigation program. However, not all field-applied atrazine would be
absorbed by crops; approximately 3 percent of that total is lost to freshwater streams
from contiguous land [34, 35]. Atrazine showed a low sorption capacity on Ultisols
under humid tropical conditions and potentially transport to water bodies [36]. The
loss of atrazine would be non-point source contamination causing an increase in
herbicide in deeper soil, groundwater, and other water bodies [3]. In Thailand, the
average concentration of atrazine present in topsoil is 133.59 pg/kg, which is lower
than that in subsoil by 183.23 pg/kg [37].

The transport of atrazine in the environment is strongly dependent on its
characteristics, such as its ability to resist microbial decomposition and stability in
soil and water. Its half-life ranges from 14 days to 4 years in soil and from 6 months
to a few years in aqueous media [38, 39]. In Germany, atrazine was banned in 1991
because of its presence over the threshold regulation limits in drinking and
groundwater. Nevertheless, 20 years after this ban, atrazine concentration in
groundwater was detected to be close to the threshold value (0.1 pg/L) without any
significant decrease [5].

Due to its indiscriminate application and persistence, atrazine has posed a potential

threat to ecosystem imbalance and human health. While the International Agency for



Research on Cancer (IARC) has included atrazine in the list of pesticides that are
possible carcinogens (Group 2B), the United States Environmental Protection Agency
(US EPA) has categorized atrazine as an endocrine-disrupting compound [2, 4].
Besides, it was reported that atrazine exposure has been closely associated with an
increase in the risk of intrauterine growth retardation, reduced semen quality, and
spontaneous abortions in humans, as well as hermaphroditism and demasculinization
in frogs [40-42].

Although atrazine is banned in some European countries because of all
aforementioned properties and toxicity, the herbicide is still prevalent in many areas,
especially Asia, such as India [43], China [31], Thailand [32, 37]. Therefore, many
researchers have stepped up efforts to find more proper solutions to clean up the
contaminated areas and prevent atrazine’s dispersion into groundwater and surface
water.

2.2 Overuse of nitrogen fertilizers

Nitrogen (N) is an essential and irreplaceable nutrient for plant growth and maintains
life on earth. When nitrogen fertilizers (N-fertilizers) are applied to soil, the nutrient is
absorbed directly by plants or transformed into various forms through oxidation
processes. Ammonium (NH4*) and nitrate (NOs’) are the two main nitrogen types that
are easily available for crop absorption [44]. Naturally, nutrients would be
synthesized through biogeochemical cycles and are enough for plant growth. In
contrast, for degraded soils, nutrients are no longer sufficient to meet the needs of
crops, and therefore the application of inorganic fertilizers is required [23]. In
approximately 48% of crop cultivation, including maize, rice, and wheat production

from 1960 to 2010, nitrogen was supplied through inorganic fertilizers [45].
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Moreover, N-fertilizer application in Asia has increased significantly by about 17-
folds in the last 40 years [46].

However, excessive application of N-fertilizer beyond plant requirements would
result in low acquisition efficiency and environmental issues. According to a study by
Donner and Kucharik [47], when N-fertilizer consumption increases by 30%, corn
production increases by 4%, but the amount of NOs™ loss also increases by 53%. This
quantity could be lost and transferred into the surrounding environmental phases in
many forms, such as NOs™ leaching, NHs volatilization, and N2O emissions [6-8].
Nitrogen transported into surface water is one of the main drivers of eutrophication of
freshwater and estuaries [9, 10].

According to a study in Thailand, 6 out of 11 groundwater samples collected at
asparagus farms had NOz™ concentrations over the drinking water safety limit of 50
mg NOz/L regulated by the World Health Organization (WHO) [8]. The deposition
of nitrogen in groundwater is a serious threat to human health because groundwater is
an important source of water in developing countries especially where there is no tap
water supply system. Although high NH4* concentration does not pose a direct threat
to human health, this form of nitrogen can be converted into NOs™ via nitrification.
Exposure to NOs™ could lead to methemoglobinemia in infants under 6 months of age
[48]. Therefore, the US EPA regulates the MCL for NOs™ in drinking water sources at
10 mg NOz-N/L [49]. Total ammonia, including non-ionized (NHs) and ionized
forms (NH4"), is regulated below 0.2 mg/L in surface and groundwater by the WHO

[50].
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Ammonium nitrogen can be present in two forms including ionized (NH4*) and
nonionized (NHz) forms depending on pH and temperature of the solution. If solution
pH is below 7, ammonium ion is predominantly without considering temperature [51].
NHs emissions in the air can cause the formation of light-scattering aerosols, leading
to haze and impairment of visibility; it can also cause the formation of inhalable
aerosol particles, which directly result in deterioration of human health [6]. In
addition, agricultural activities contribute about 60% of N.O to the annual
atmospheric emissions of greenhouse gases [7].

In summary, such negative environmental consequences are directly related to the
inefficient use of inorganic fertilizers. It has emphasized the need for the development
of technological methods to improve current issues in modern agriculture.

2.3 Current treatment technologies for agricultural contaminants

Due to the development of science and technology, there are many techniques
available for atrazine remediation in polluted water, wastewater, and soil. However,
these solutions still have several limitations and need to achieve greater efficiencies.
These widely known methods include chemical treatment [52], incineration [53],
adsorption [54-56], phytoremediation [57], and biodegradation [58]. Photolysis,
hydrolysis, dehalogenation, and oxygenation are chemical methods applied to atrazine
contaminated environments [59]. The incineration method can destroy over 99.9% of
organic pesticides and forms toxic and corrosive gases [53]. Some studies have
chosen advanced oxidation processes for atrazine-contaminated soil remediation, and
they have shown high and quick removal efficiencies [52]. However, these processes
are not economically efficient because of their cost and the formation of unwanted

products [60]. Phytoremediation is considered a useful treatment method for the
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restoration of contaminated soil because it is cost-efficient, saves land resources, and
does not cause secondary pollution. After sowing maize for 60 days, atrazine
concentration in sterilized soil was reduced from 1 ppm to 0.09 ppm [57]. Regarding
the application of biodegradation methods, the removal percentage of atrazine by
Klebsiella variicola strain FH-1 under optimal condition (i.e., 25°C, pH 9, and 50
mg/L of initial atrazine concentration) was 81.5% after 11 days [58]. Although
phytoremediation and bioremediation can achieve high removal rates of atrazine in
contaminated sites, these methods require a long operation time and are susceptible to
external environmental factors [14].

In this context, adsorption is a promising effective treatment to prevent atrazine
transport in the environment. Adsorption is the process by which molecules of
adsorbates are adhered to an adsorbent surface [61]. This process immobilizes
contaminants on the surface of adsorbents, which simultaneously reduces their ability
to move into the surrounding environment. It also creates favourable conditions for
the activity of decomposing organisms. Adsorption has many outstanding advantages
over other methods, such as low cost, ease of operation, simplicity of design, and
avoidance of harmful by-products [62]. Several studies have investigated the
adsorption of atrazine by different types of adsorbents; their results are briefly

summarized in Table 2.



Table 2. Recent studies on the adsorption of atrazine by different adsorbents
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Sorption capacity/

Adsorbent Feedstock Activation Ref.
Removal percentage
Biochar Dairy 53-77T% [54]
manure -
1-butyl-3- 11.76 pol/g
Iron
_ Black tea methylimidazolium [55]
nanocomposite
bromide
Pyro-hydrochar 1.29 - 3.20 mg/g
Hydrochar Corn straw - [63]
Biochar
Biochar Rice husk - 8.2 mg/g [56]
Organobentonite Clay Nanoscale zero 63.5 % [64]
valent iron
Biochar Moringa 0.1M CH30H, 10.32 mg/g [22]
oleifera Lam. 0.1M HNOs
Seed husks
Biochar Corn straw Graphene oxide 67.55 mg/g [65]
Biochar Soybean - 3.05 mg/g [66]
Biochar Rice straw H3PO4 37.5-70.7% [67]
Biochar Peanut husk 4N H2SO04 0.42 mgl/g [43]
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Atrazine removal has been widely studied on various materials such as biochar [22,
43, 54, 56, 65-67], nanocomposite material [55], pyro-hydrochar [63],
organobentonite [64], and metal-organic framework [68]. Biochar derived from dairy-
manure under 450°C was incubated with atrazine-contaminated soils, which showed
effectiveness in immobilizing atrazine as well as reducing its bioavailability to
earthworms [54]. The iron composite material was studied about atrazine adsorption
ability in contaminated water and achieved 95% of removal efficiency [55]. In recent
years, atrazine adsorption capacity has been expanded for novel materials such as
pyro-hydrochar, with adsorption capacities ranged 1.29 - 3.20 mg/g [63]. It is proved
that adsorption is an effective and practical approach for atrazine contaminated water
and soil remediation.

2.4 Solutions for overuse of fertilizers

Due to the negative consequences of excessive application of fertilizer, it is necessary
to study technologies that can tackle this problem. Smart fertilizer has been proposed
as a sustainable solution that can meet all current requirements to improve fertilization
strategies.

Smart fertilizer with controlled nutrient release promises to be a sustainable solution
because of its ability to increase food production and ensure environmental quality
compared to conventional fertilizer practices. According to Trenkel (1997),
slow/controlled-release fertilizers may delay the availability of nutrients or steady
supply for plant uptake with a longer time than the conventional nutrient fertilizer
[69]. The rate of nutrient release is slowed down, leading to an adequate response to

plant growth and reduced loss to the environment [11].
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Various materials have been studied to act as carrier matrices for nutrients in the
development of smart fertilizer such as clays and nanoclays [70], nondegradable and
degradable polymers [71, 72], and agricultural residues [73-75]. However, the issues
of cost, toxicity, and potential environmental impacts are major factors that are always
considered for materials used for smart fertilizers. Biomass-based char has the
potential to be an effective carrier or coating material for the smart fertilizer because
of its cost efficiency and limited environmental impacts [11].

Due to the physicochemical properties of biochar, it has exhibited the potential in
slow-release and reducing the loss of fertilizers such as ammonium [73], phosphate
[74], nitrate [75]. For instance, Cai et al. investigated the potential application of corn
cob, pomelo peel, and banana stalk obtained biochars for nitrogen fertilizer sustained-
release materials. These biochars exhibited excellent performance in capturing NH4*
over 90% after 21 days, which were attributed to the presence of abundant oxygen-
containing functional groups on the material surfaces [73]. Hagemann et al. reported
the ability of biochar derived from three different feedstocks to prevent nitrate loss
into the ecosystems and develop as slow-release fertilizers in agricultural activities
[76]. In addition to the above benefits, biochar also is capable of retaining water and
carbon sequestration. However, the effectiveness of this material is particularly
dependent on feedstock and production conditions [77].

2.5 Adsorption mechanisms of organic and inorganic contaminants

Adsorption is an effective method for the removal of organic and inorganic
contaminants. The adsorption mechanisms are strongly dependent on physiochemical

properties of contaminants and adsorbents and environmental conditions. It is
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necessary to understand the behaviors of atrazine and ammonium onto adsorbents,
which allows to predict the efficiency of these adsorbents in the practical application.
Partitioning

Bio-based materials includes carbonized fractions (i.e., graphene and crystalline-like
fractions) and uncompleted carbonized fractions (i.e., organic carbon, noncrystalline,
amorphous fractions). The partitioning of organic solutes occurs on the amorphous
fractions of adsorbents containing aliphatic and polyaromatic compounds [78]. It may
play an important role in the organic contaminant adsorption to the adsorbent
produced at low temperature where the non-carbonized fractions present more
prominent [79]. For instance, corn stalk hydrochar produced at 250 and 200°C
exhibited a high organic phase, which suggested the dominance of atrazine
partitioning [17].

Pore filling

Pore filling mechanism is the diffusion of contaminants into pores of the carbonized
fractions of biomass-derived materials [56]. This mechanism is driven by the presence
of micropore (<2 nm) and mesopore (2 — 50 nm) systems on the adsorbent surface and
contaminant molecule’s size. Moreover, it is a dominant mechanism for the
adsorption of organic contaminants at low concentration [80]. At higher contaminant
concentration, micropores of adsorbents are easily saturated, and no more adsorption
can happen at these sites [81].

Due to the moderate molecular diameter of atrazine (0.43 — 0.89 nm), it is likely to
access microporous and mesoporous areas of carbonaceous materials [56]. The
importance of the pore-filling mechanism in atrazine adsorption to various materials

has been reported in several previous studies. The study of Hao et al. [82]
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demonstrated that corncob biochar produced at the higher temperature (350 — 650°C)
showed higher atrazine adsorption, which was attribute to its higher pore volume. It
suggested that pore filling was contributed to the adsorption of atrazine. Pig manure-
obtained biochar was applied to remove atrazine and carbaryl in the aqueous
environment and better atrazine adsorption efficiency was reported because of its
smaller molecular size [83].

7 - electron donor acceptor interaction (EDA)

EDA describes the interaction between the aromatic contaminant and the aromatic
surface of the adsorbent's carbonized fraction. A carbonaceous material produced at
low temperature (< 500°C) can act as an electron acceptor due to the high contents of
electron-withdrawing groups. In contrast, that material produced at a higher
temperature may act as an electron donor [82, 84]. Therefore, the importance of - =
EDA interaction is controlled by the aromaticity and polarity of the adsorbent.

It is able to occur © - © EDA interaction between carbonaceous materials and atrazine
because of the presence of an aromatic ring in atrazine molecule [85, 86]. For
example, the FT-IR result of corncob biochar showed more aromatic carbon with
higher pyrolytic temperature. It suggested the interaction between n-electron acceptor
of the aromatic material and =-electron donor of atrazine [82]. = - = EDA interaction
was a dominant mechanism responsible for the adsorption of atrazine to corn stalk
biochar [17].

Hydrophobic interaction

Hydrophobic interaction is non-specific adsorption occurring between a hydrophobic
organic molecule and the hydrophobic surface of an adsorbent [87]. It means that both

adsorbate and adsorbent have to present hydrophobicity. Typically, biomass-based
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adsorbents produced at high temperature have low polarity (low O:C ratio) and high
aromaticity (low H:C ratio). It is therefore suggested more hydrophobic effects [56].
The higher hydrophobicity of organic compounds enhances their adsorption to the
adsorbents through hydrophobic interaction [88].

Hydrogen bonding

Hydrogen bonding is the reaction between an O or N atom of a molecule and a H
atom bonded to an O or N atom of another molecule [66, 89]. It is likely to bind
contaminants strongly compared to hydrophaobic effects [73]. Due to atrazine is a
weak base (pKa 1.68), it can form H bonds to clay surface or carboxyl groups via its
heterocyclic N atoms, as shown in Figure 2 [83]. Figure demonstrated atrazine

molecule could act simultaneously as H bond donor and acceptor [90].
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Figure 2. Hydrogen bonding between atrazine and carboxyl group
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The changes in carboxyl (-COOH) and carbonyl (C=0) after adsorption of corn stalk
biochar have concluded the contribution of hydrogen bonding in atrazine adsorption
[17]. Similar findings were also found in the atrazine adsorption to modified Moringa
oleifera Lam. Seed biochar produced at 300°C [22]. Several studies have proved that
hydrogen bonding plays a more critical role than hydrophobic effects in atrazine
adsorption [56, 87]. For instance, sludge-derived biochar possessing low polarity
exhibited lower atrazine adsorption efficiency than the material with higher polarity
[87].

Adsorption of atrazine to biomass-derived materials can be the combination of
different interactions. However, the dominance of adsorption mechanisms is
dependent on physiochemical properties of adsorbents and contaminants and
environmental conditions. Therefore, it is necessary to understand the removal
mechanisms, which help predict the effectiveness of the adsorbent.

2.6 Utilization of agricultural wastes

A tremendous amount of agricultural organic waste is annually generated due to
strategies to enhance agricultural production worldwide. In 2008, approximately 661
million tons of rice grain was produced throughout the world, and rice husk accounted
for 20 — 25 % of the total rice grain weight [20]. The copious amount of rice husk is
regularly burned openly or dumped in landfills [20, 91]. These improper disposal
techniques have resulted in adverse environmental impacts. Hence, it has raised an
interesting research topic of effectively using harvesting residues as a potential
resource. Recent studies have applied biological and thermochemical pre-treatment
processes such as pyrolysis, torrefaction, gasification, hydrothermal carbonization,

anaerobic digestion, and compost to enhance the combustion efficiency of biomass
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[92, 93]. Thermochemical treatments are more common than biological methods
because they require a shorter reaction time and higher conversion performance [94].
Many researchers have studied using agricultural residues, such as green wastes [10],
corn straw [65, 95], rice straw [67], and rice husk [56], as precursors of adsorbents.
Due to their lignocellulosic structure, agricultural residues have many functional
groups such as aldehydes, alcohols, carboxylic acids, ketones, ethers, and phenolics,
which are suitable for biosorption [96]. Therefore, biomass-based materials are
considered the most suitable choices that coincide with sustainable development goals
worldwide.

In this study, rice husk was developed as an adsorbent for atrazine and N-fertilizer.
The composition of rice husk is 35% cellulose, 30% hemicellulose, 18% lignin, 13%
silica, and 4% miscellaneous components [97]. This feedstock is available abundantly
and is very cheap or even free cost. It can reduce the production cost [56]. Several
previous studies related to rice husk-derived materials have been done and proved the
efficiency of this feedstock in the adsorption application. For instance, under a similar
pyrolysis condition (600°C), rice husk biochar showed better atrazine removal
efficiency (11.8 — 42.6%) than eucalyptus bark biochar (23.4 — 40.1%), corn cob
biochar (18 — 30.4%), and bamboo chip biochar (12.3 — 26.9%) [67]. In another study,
rice husk biochar produced under 550 and 700°C had atrazine adsorption capacities of
6.9 and 8.2 mg/g, respectively [56]. With all the benefits mentioned above, rice husk

IS a very promising precursor to produce adsorbents.



21

2.7 Hydrochar

2.7.1 Hydrothermal carbonization and hydrochar

Among the available technologies for the valorization of agricultural wastes,
hydrothermal carbonization has gained significant attention because of its outstanding
advantages. Hydrothermal carbonization refers to the thermochemical conversion of
biomass surrounded with water at a mild temperature or under over-saturated pressure
[98]. This method is considered a safe, simple, effective, and environmentally friendly
solution to solve current environmental issues [20, 99].

Hydrothermal carbonization can convert wet biomass into carbonaceous products
without the requirement of pre-drying feedstocks [98]. The hydrothermal temperature
is much lower than that used in other conventional carbonization methods such as
pyrolysis and gasification; therefore, this method achieves economic efficiency and is
less energy-intensive [20]. Heavy metals detected in orange pomace hydrochar are
below the European biochar certificate; besides, there was no detection of
polyaromatic hydrocarbon compounds [100]. The liquid phase in hydrothermal
carbonization has facilitated the solid product with abundant surface functional
groups, established rich pore structure and dissolves some off-gases leading to a
reduction of air pollutants [16, 20]. After completing the hydrothermal carbonization
process, this liquid fraction can be separated and reutilized effectively.

The liquid fraction from the hydrothermal carbonization process contains many
valuable substances, such as phenols, carboxylic acids, and monosaccharides.
Therefore, various technologies such as chemical separation, anaerobic digestion, and
bio-electrochemical systems have been developed for energy recovery as well as the

recovery of valuable chemicals from this liquid fraction [101].
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Hydrochar is a carbonaceous product of hydrothermal carbonization. Due to the low
cost and less energy consumption of this process, hydrochar has been investigated for
its application in multidisciplinary areas such as solid fuel, soil amendment, and
adsorbents [20, 98, 99].

2.7.2 Hydrochar application

Hydrochar has abundant functional groups and forms aromatic structures on its
surface that make it an alternative adsorbent [16]. Hydrochar obtained from cellulose
and hemicellulose via a series of reactions during the hydrothermal carbonization
presents a polyaromatic structure with polyfuranic rings [99]. Furthermore,
hydrochar’s surface contains a high concentration of oxygen-containing functional
groups such as -OH, -C=0, and -COOH, as shown in Figure 3 [98]. These
characteristics of hydrochar have made it an excellent potential adsorbent for various

inorganic and organic contaminants [15-17].
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Figure 3. Various functional groups on the surface of hydrochar
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For instance, hydrochar obtained from male oil palm flower showed a maximum
adsorption capacity of 42.92 mg/g for methyl blue at 30°C [15]. Hydrochar derived
from pinewood and rice husk were proven to be quite effective for lead removal with
capacities of 4.25 and 2.40 mg/g, respectively [16]. Liu et al. reported the removal
efficiency of atrazine to corn stalk hydrochar produced at 250°C higher than at 200°C
because of its higher C content [17]. Similarly, corn straw-derived hydrochar
generated under 200°C exhibited atrazine removal, with the adsorption capacity of
1.30 mg/g, but it was lower than that of biochar produced at 500°C [63]. To improve
the performance of hydrochar, corn straw-obtained hydrochar was chemically
activated using potassium oxalate and achieved fast removal of atrazine with an
adsorption efficiency of 93.6% [95].

In addition to the studies about organic adsorption, hydrochar has attracted attention
to develop as a slow-release fertilizer. Zhang et al. reported that a high content of
ammonium nitrogen in compost leachate was absorbed by KOH-activated hydrochar
of 260°C, with the maximum adsorption capacity of 140 mg/g. This saturated
adsorbed hydrochar was proposed to apply as an ammonium-rich fertilizer [102]. In
another study, KOH-activated hydrochar successfully captured ammonium from
digestate (108.57 mg/g) owing to the interaction between ammonium and oxygen-
containing functional groups on the surface of the studied material. Following five
interval extractions, the total ammonium nitrogen released from the saturated
hydrochar was upto 12.06 mg N/g at pH 8.5, which suggests the potential to be an
ammonium slow-release fertilizer [103]. Significant ammonium adsorption was
exhibited by oak-obtained hydrochar at 250°C compared to oak-based biochar at

450°C and 650°C [104].
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So far, only a few studies have investigated the removal of atrazine for rice husk-
derived hydrochar and develop this adsorbent as nitrogen-show-release fertilizer.
Hydrochar is a promising adsorbent as it is cheap and eco-friendly; thus, more studies
are required to thoroughly understand the adsorbent’s properties before it is
introduced to practical application.

2.7.3 Hydrochar and biochar

According to the International Biochar Initiative (IBI) guidelines, biochar is defined
as “a solid material obtained from the thermochemical conversion of biomass in an
oxygen-limited environment.” The physicochemical properties of biochar strongly
depended on feedstocks and production conditions. Therefore, to ensure the quality of
biochar, the contaminant contents of the feedstock have lower than 2% by dry weight
[105].

While hydrochar is produced in slurry conditions (a mixture of biomass and liquid)
via hydrothermal carbonization, biochar is made in a dry carbonization condition like
pyrolysis [106, 107]. Moreover, hydrothermal carbonization of biomass typically
operates at a lower temperature (150 — 350°C) compared to the pyrolysis condition
(300 - 650°C) [77, 99]. It has resulted in the significantly different physicochemical
properties of chars produced from these processes.

To distinguish biochar from other materials, the molar H:Corg ratio is typically used
because it is related to the degree of carbonized completion of feedstock to form
aromatic ring structures. Biochar possesses the below H:Corg 0f 0.7 and greater fused
aromatic ring formations. Feedstocks that have not been thermochemically altered or

partially thermochemically altered would be upper 0.7 of the H:Corg ratio [105].
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Biochar has been studied for many applications such as energy production,
agriculture, carbon sequestration, wastewater treatment, and bio-refinery [77]. In
terms of adsorption application, biochar derived from various biomass such as peanut
husk [43], corn straw [63, 65], rice husk [56] has been found to be an effective
adsorbent for atrazine removal. Although hydrochar has shown potential absorbent for
the contaminant removal, a few studies have been done (Table 2). In terms of the
production process, hydrochar produced by hydrothermal carbonization offers some
benefits over biochar produced by pyrolysis for economic efficiency. In particular, the
hydrothermal carbonization treatment to produce hydrochar can eliminate the
requirement for pre-drying feedstock.

Moreover, the contents of alkali and alkaline earth and heavy metal in hydrochar are
lower than these of biochar under the same operating temperature. It is attributed to
the formation of acetic acid during the hydrothermal carbonization process, which can
solubilize and leach out these inorganic elements [108, 109]. Interestingly, the
adsorption efficiency of hydrochar has been illustrated higher than that of biochar in
some studies. For example, hydrochar derived from the greenhouse and municipal
wastes under 250°C had the ammonium nitrogen adsorption capacity of 121.7 and
146.4 mg N/g, respectively. Meanwhile, biochar obtained from these feedstocks under
600 — 650°C achieved the ammonium nitrogen adsorption of 99.3 — 128.3 mg N/g
[10]. Finally, the benefits of hydrochar over biochar have drawn an opportunity to
consider an alternative adsorbent for removing atrazine and as ammonium-based

fertilizer.
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2.8.1 Effects of hydrothermal carbonization conditions on hydrochar properties

The thermochemical conversion of biomass is to cleavage the rigid structure of

OFG/gchar

biomass into smaller and less complex molecules. The effectiveness of this process

depends on the reaction time, temperature, and liquid to solid ratio (L-S). Jain et al.

reviewed and plotted trends of oxygen functional groups as a function of temperature,

residence time and biomass concentration [99], as shown in Figure 4.

Higher residence
time

Lower residence
time

OFG/gchar

v

Temperature

Higher temperature

Lower
temperature

OFG/ g char

~

Ca
Residence time

Lower temperature

Higher
temperature

S
Ca

Concentration

OFG/gchar

Lower concentration

v

OFG/gchar

Temperature

Higher
concentration

Lower concentration

.

OFG/ g char

-
Residence time

Higher
concentration

Lower residence time

S

Higher residence
time

>
Concentration

OFG/gchar

OFG/gchar

OFG/g char

Lower lignin content

Higher lignin
content

S
>

Temperature

Lower lignin content

Higher lignin
content

.

Cal
Residence time

Higher lignin
content

Lower lignin
content

L

-
Concentration

Figure 4. Trends of oxygen-containing functional groups versus temperature,

residence time and biomass concentration with various parameters



27

Temperature

The operating temperature in hydrothermal carbonization plays a vital role in
governing the thermochemical conversion of biomass and the formation of products
for different applications [99]. Firstly, the hydrothermal carbonization temperature
can prevail the dehydration and condensation of hydrochar. For example, Liu et al.
confirmed a reduction in the O/C and H/C atomic ratios with an increase in
temperature of hydrothermal carbonization treatment from 200 to 250°C [17]. This
result is consistent with that of Zhang et al., who reported that the decrease in O/C and
H/C atomic ratios of corn cob derived hydrochar was happened with the increase in
synthesis temperature from 230 to 260°C [103]. Therefore, higher temperature has
resulted in extensive dehydration and condensation of hydrochar.

Secondly, the different compositions of each feedstock have been recognized their
effects on the decomposition of hydrochar. Falco et al. reported the presence of
cellulose signals of rye straw hydrochar obtained lower than 200°C, whereas these
signals were disappeared at 200°C. It was explained by the presence of lignin in the
starting biomass, which limited the disintegration of cellulose at lower temperature
[110]. In another study by Kang et al., the decrease in ion exchange capacity is
attributed to an increase in hydrothermal carbonization temperature from 225 to
265°C for woodmeal, lignin, cellulose, and D-xylose [111].

According to the prediction of Jain et al., higher hydrothermal carbonization
temperatures can facilitate higher oxygenated functional groups with lower residence
times, higher biomass to liquid ratio and greater lignin content (Figure 4) [99]. These
factors directly influence on the reaction rate of the decomposition of lignocellulosic

biomass in the synthesis process.



28

Residence time

Although the temperature is the dominant factor governing hydrothermal
carbonization, the properties of hydrochar simultaneously depend on other factors
such as residence time. There was a decrease in the contents of oxygen-containing
functional groups with an increase in residence time [99, 112, 113]. It was attributed
to the immoderate dehydration or carbonization or the formation of gaseous products
[114]. For instance, there was a drop in oxygen contents of beech wood-obtained
hydrochar from 27.99 to 24.98 wt.% as residence time increased from 2 to 17 h under
220°C [112]. Longer residence time has resulted in more condensed products (i.e.,
low O/C and H/C atomic ratios) because of excessive hydrolysis and polymerization
or the conversion of oxygen-containing functional groups to stable oxygen groups
[113].

As shown in Figure 4, greater oxygenated functional groups can be achieved at
higher residence time with higher biomass concentration. It is the results of better
reaction performance and the production of secondary solid product [99]. In addition
to the contribution of temperature and biomass concentration, higher contents of
lignin of starting feedstock can generate higher amount of oxygenated function groups
because longer exposure. Nevertheless, it is only achieved if hydrothermal
carbonization temperature is sufficient to degrade the lignin structures.

L-S ratio

The L-S ratio refers to the liquid to biomass ratio or biomass concentration in the
synthesis process. This ratio can prevail the cross-reactions of the species in the
hydrothermal carbonization, especially the polymerization process. It can be seen in

Figure 4, higher biomass concentration can produce higher oxygenated functional
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groups combined with higher temperature, residence time and fewer lignin content.
Because these conditions can facilitate the hydrolysis is conducted easily [99].

2.8.2 Microwave-assisted hydrothermal carbonization (MHTC)

Microwave technology has been widely studied because of its energy efficiency
compared to conventional heating methods. It is suggested that this technology offers
selective, fast, and homogeneous heating, which helps to reduce operating time and
bring cost efficiency [115, 116]. In the study of Elaigwu and Greenway [117],
Prosopis Africana shell hydrochars were prepared by microwave-assisted and
conventional hydrothermal carbonizations at 200°C. Hydrochar produced by MHTC
for 20 min showed a comparable degree of decomposition pattern made by
conventional hydrothermal carbonization for 240 min. A similar result is found in a
study about hydrothermal carbonization of cellulose [118]. Hydrochar produced by
MHTC with equivalent energy properties can be generated 5 — 10 times faster in
reaction time than the conventional hydrothermal carbonization. The maximum rice
straw hydrochar (57.9%) was obtained by MHTC at 180°C for 20 min [119].
Additionally, the conventional treatment generates high heat loss and heat transfer
resistance, resulting in damage to the reactor [120].

2.9 Chemical activation

Although hydrochar has the potential to capture contaminants present in the
environment, its surface area and porosity are relatively moderate compared to those
of other materials such as biochar and zeolite [20, 21]. For instance, the specific
surface area of corn straw-derived hydrochar (6.37 m?/g) was much lower than that of
corn straw biochar (327.7 m?/g) [63]. Liu et al. demonstrated the moderate specific

surface area of corn stalk-obtained hydrochar by 3.8 m?/g [17]. Numerous studies
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have proven that these limitations can be tailored using chemical and physical
activation [75, 121-123]. Chemical activation is a favourable method because it
enhances the material performance, can be conducted at a lower temperature and
produces less amount of burn-off char than the physical method does [124]. Various
chemical activating agents such as KOH, NaOH, H3sPOa, and H>O> have been widely

studied for their effects on the characteristic of biomass-derived hydrochar [99].

Potassium hydroxide (KOH) is a popular activating agent to improve the properties of
adsorbents [121-123]. In this process, potassium from the activating chemical
separates the lamellae of crystallites that establishes the carbon structure. After
washing the activated adsorbent, potassium is washed away and leaves behind high
surface area and porosity [121, 122]. The improvement of the physical properties of
materials has resulted in the highly efficient application. Cornstalk biochar produced
at 500°C was activated by 2M KOH with the solid to liquid ratio of 1:250 (g/mL) for
4h; then, the atrazine removal efficiency of KOH activated biochar was increased by
46.4% compared to that of the pristine biochar. It can be attributed to the higher
specific surface area of the material from 32.9 to 59.2 m?/g [123]. Hydrochar from
green waste treated with a 2:1 KOH/char (w/w) showed good mesoporosity and
adsorbed 385 mg/g of methylene blue [122]. Mesoporous is considered a critical
factor influencing atrazine adsorption; higher mesopore volume results in higher
removal efficiency [123]. For ammonium adsorption, alkali modification has shown
promising performance [102, 103, 125]. A high amount of ammonium (140.3 mg/qg)
was successfully adsorbed on KOH-activated hydrochar, and increased hydroxyl and
carboxyl groups on the hydrochar surface was responsible for bonding and

coordination with pollutants. In this study, hydrochar obtained from corn cob at
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260°C was activated by 3M KOH with the solid to liquid ratio of 1:20 (g/mL) for 3h
at room temperature [102]. The successful improvement of the material performance

after chemical activation in some recent studies is summarized in Table 3.
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H>0> solution has been widely used as an oxidizing agent to increase the quantity of
oxygen functional groups on hydrochar surfaces [17, 126]. Xue et al. confirmed that
the oxygen concentration on peanut hull-derived hydrochar surface was improved
from 16.4% to 22.3% after 10% H>O, modification [128]. Enhancing surface oxides
after activation by H>O> can facilitate contaminant capture performance [124]. Liu et
al. [17] showed that corn stalk-derived hydrochar was synthesized at 200°C and
250°C were able to adsorb atrazine in the aqueous environment. After oxidizing with
H>0>, atrazine adsorption on hydrochar increased, while biochar efficiency decreased.
It proved that oxidation with 5% H>O. could increase oxygenated functional groups
on hydrochar surface. This change promotes atrazine partitioning into the organic
phase, which is the dominant adsorption mechanism [17], as shown in Figure 5.
Wang et al. [129] explored that peanut shell biochar oxidized by 2M H.O, was
achieved a greater ammonium adsorption capacity (123.23 mg/g) in an aqueous

environment.
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Besides using heat to activate materials, cold activation is also of interest to scientists
in recent years because of its outstanding economic efficiency. Jelena et al. have
reported that the removal of Pb?* using KOH-modified grape pomace hydrochar was
increased approximately 5 times in comparison to untreated hydrochar. The KOH
activation was conducted by mixing hydrochar, and 2M KOH for 1h at room
temperature, which increased surface area by removing impurities blocked pores and
possessed more oxygen-containing functional groups than the untreated hydrochar
[127]. Switchgrass hydrochar activated using 2N KOH solution for 1h at room
temperature achieved approximately 100% of copper and cadmium removal
efficiencies [130]. KOH-cold activation efficiency was also proved by the 2 — 3 times
increase in cadmium sorption capacity of sawdust, wheat straw, and corn stack
hydrochar [131]. A similar result of these studies is an increase in aromatic and
oxygen-containing functional groups on surfaces of KOH-treated hydrochar. Cold
activation has applied not only KOH but also other activating agents like H2O. Xue
et al. activated peanut hull hydrochar by 10% H>0O- solution at room temperature for
2h. The considerable increase in the oxygen-containing functional groups on the
hydrochar surfaces has resulted in a 20-time rise in lead sorption compared to un-
treated hydrochar [128]. Therefore, in this current work, hydrochar activation using
KOH and H20, at room temperature was performed to improve physicochemical
properties that are preferable for contaminant adsorption.

2.10 Response surface methodology

Response surface methodology (RSM) is one of the common statistical and
mathematical methods to figure out the interaction between independent parameters

and target responses. Its results can help develop a predicted model for achieving a
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maximum value of the responses [132]. The conventional method to analyze the
interaction between parameters is changing one factor at a time. Compared to this
traditional method, the RSM method suggests outstanding benefits such as fewer
experimental runs, less time consuming, and less experimental cost [25]. Besides, it
was reported that the single factor experiment is incapable of providing the effects of
process parameters on the target responses as well as crucial information about the
experimental process [24]. Also, the RSM includes ANOVA results to evaluate the
adequacy of the developed models [25]. Box-Behnken and central composite designs
are the two common experimental designs applied in RSM [24, 25, 132].

Due to its benefits mentioned above, RSM has been widely applied in many studies to
optimize the thermochemical conversion process. For example, [132] used this
method to optimize pyrolysis conditions for rice husk biochar production with
maximum vyield, fixed carbon contents, and minimum ash content. RSM was
successfully applied to optimize the vanadium (IV) extraction from stone coal
leaching solution using an emulsion liquid membrane [25]. Moreover, this tool was
also used to optimize hydrothermal carbonization conditions (i.e., reaction
temperature, reaction time, and biomass to water ratio) to achieve maximum palm
shell hydrochar yield [133]. Similarly, [134] optimized these MHTC process
parameters for maximum calorific value of green waste hydrochar to develop this
material as a fuel source and an adsorbent material.

Although the RSM has been successfully applied in many previous studies, no
optimization studies have been done about rice husk hydrochar, with a view to

generating absorbent with maximum atrazine and ammonium adsorption capacities.
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CHAPTER 111 MATERIALS AND METHODS

3.1 Chemicals

Atrazine (analytical grade, > 97% purity) and NH4Cl (analytical grade, > 99.5%
purity) were used as adsorbates in this study. Potassium hydroxide (KOH), hydrogen
peroxide (H20., 30%) and acetonitrile were analytical grades without further
purification. Deionized (DI) water (18.2 MQ.cm) was used throughout all
experiments.

3.2 Hydrochar production

Rice husk was received from a rice mill in Nan province, Thailand and then washed
with deionized (DI) water twice to remove impurities and dirt. The feedstock was
dried at 105°C in an oven for 12 h. The dried rice husk was fractionated using a 35
mesh to get a uniform size (lower than 0.5 mm) and then stored in a polypropylene
plastic bag for further use.

The ground rice husk and DI water were added to reaction vessels at the liquid to
solid (L-S) ratio of 5:1, 10:1 and 15:1 (mL/g). These vessels were tightly sealed and
placed in a microwave oven (Ethos Easy, Milestone) operated at a power of 980W.
The samples were heated to 150, 175 and 200°C and held at a specified temperature
for 20 - 60 min. After completing the reaction, the system was fan-cooled down to 25
+ 0.5°C for 30 min. The carbonized solid was separated from liquid fraction using
Whatman filter paper 41 and rinsed several times with DI water. The filtered
hydrochar was finally dried at 105°C in an oven for 12 h. The prepared hydrochar was

stored in polypropylene plastic bags and placed in a desiccator for future studies.
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3.3 MHTC optimization for atrazine and ammonium adsorption

The MHTC process parameters for hydrochar production were optimized using Box-
Behnken design. Three input variables, including temperature, time and L-S ratio, and
their values are presented in Table 4.

Table 4. Experimental values of MHTC parameters used in Box-Behnken design

Factor Unit Low value Center value  High value
Temperature °C 150 175 200
Time min 20 40 60
L-S ratio mL/g 5:1 10:1 15:1

With these three input variables, 15 experimental runs were suggested to optimize
MHTC process parameters for maximum atrazine and ammonium adsorption
capacities using STATISTICA software (version 10). The complete design matrix for
the MHTC variables and the responses are given in Table 5.
Regression analysis was employed to develop a polynomial equation for predicting
the atrazine and ammonium adsorption capacity (q), as presented in Equation (1):
p=by+b;A+b,B+b3C+b,;A%?+b,,B2+b33C2+b;,AB+b,3BC+b;3AC (1)
where p is the response value (mg/g); A, B, C are the values of temperature, residence
time and L-S ratio, respectively; b, is the coefficient at the center, b;,b,,b; are the
linear coefficients, b;q,b,,,b33 are the quadratic coefficients, bq,,b,3,bi3 are the
interaction coefficients.
The ANOVA analysis and goodness of fit for the predicted data also conducted using

STATISTICA software.
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3.4 Preliminary atrazine and ammonium adsorption

The preliminary adsorption was conducted to determine atrazine and ammonium
adsorption capacities of 15 different hydrochars and then contributed to optimizing
MHTC conditions. This process was completed as follows: 0.1 g of hydrochar was
mixed with 25 mL of atrazine or ammonium and then placed on an orbital shaker at
200 rpm; after 24 h, the supernatant was withdrawn and filtered through a 0.45-um
nylon filter; the filtrate subsequently analyzed for atrazine or ammonium
concentration. The initial concentration of atrazine or ammonium nitrogen applied in
this step was 20 mg/L.

The amount of atrazine or ammonium nitrogen adsorbed per unit mass of the

adsorbent was calculated using Equation (2):

Al (Co'ce)v

qesarn— - (2)

m
where g is the amount of atrazine or ammonium nitrogen adsorbed per unit mass of
adsorbent (mg/g) at equilibrium; C, and Ce are the initial and equilibrium
concentration of adsorbates (mg/L), respectively; V is the volume of aqueous solution
(L) and m is the mass of hydrochar used (g).

3.5 Hydrochar activation

Two types of hydrochar were selected from 15 kinds of hydrochar generated
previously corresponding to the highest adsorption capacity of atrazine and
ammonium were activated using H.O2 and KOH solutions.

To make the H2Oz-activated hydrochar, 1 g of hydrochar was placed into 25 mL of
H20, solution (i.e., 5%, 10%, 20%) and shaken for 1h at room temperature. The

mixture was filtered by the Buchner funnel, and the solid was retained. The H2O»-
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treated hydrochar was rinsed with DI water until reaching a neutral pH. To complete
the activation step, treated hydrochar was dried in the oven under 105°C for overnight
and then stored in the desiccator for later studies. The prepared H»O.-activated
hydrochars at 5%, 10%, or 20% H>O, were labelled as 5HHC, 10HHC, or 20HHC,
respectively.

KOH-activated hydrochar was produced similarly with various concentrations of the
activating agent. The obtained KOH-activated hydrochars at 5%, 10%, or 20% KOH
were labelled as 5KHC, 10KHC, or 20KHC, respectively.

3.6 Adsorption kinetic and isotherm studies

3.6.1 Preliminary atrazine and ammonium adsorption

This preliminary adsorption was performed to select the chemical-activated
hydrochars with the most efficient removal of atrazine or ammonium. For atrazine
adsorption, there were 6 types of chemical-activated hydrochar. The 0.1 g of each
activated hydrochar was added into 25 ml of atrazine solution (20 mg/L). The
mixtures were shaken at room temperature using the shaker for 24 h. The supernatant
was withdrawn and analyzed to determine the adsorption capacity of atrazine for each
activated hydrochar.

Similar adsorption conditions were repeated for ammonium with the initial
concentration of 500 mg N/L. The adsorption capacity of ammonium for each
hydrochar was measured. Following the comparison of atrazine or ammonium
adsorption capacity between different adsorbents, the activated hydrochar with the
highest removal of atrazine or ammonium was chosen for adsorption kinetic and

isotherm studies.
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3.6.2 Adsorption kinetics

Regrading to atrazine adsorption kinetics, 0.1 g of each hydrochar was mixed with 25
mL of 20 mg/L atrazine in 40 ml glass vials. The vials were closed tightly and shaken
at 200 rpm at room temperature. The supernatants were then collected at different
time intervals ranged from 1 — 24 h and passed through 0.45 pum syringe filters.
Kinetic studies for ammonium adsorption were conducted in similar conditions for
atrazine, but the initial concentration was 500 mg N/L.

The experimental data of adsorption kinetics was fitted to the pseudo-first-order
model, pseudo-second-order model, and intraparticle diffusion given by Equation (3),

(4), and (5), respectively.

Pseudo-first-order model: q,=q, [1 - e™!] (3)
. kpgdt

Pseudo-second-order model: q,= ‘. 4)

Intraparticle diffusion: q=k;t"2+C (5)

where gt (mg/g) is the amount of adsorbed contaminant at time t (min); ge is the
amount of adsorbed contaminant at equilibrium (mg/g); k1 (1/min), k2 (g/(mg.min)),
and kz are the pseudo-first-order, pseudo-second-order, and intraparticle diffusion rate
constants, respectively; C is a constant represented for the thickness of the boundary
layer (mg/g).

The values of ge and ki for the pseudo-first-order model were calculated from the
intercept and the slope of the linear plot of log (ge — qt) versus t, respectively. The
linear plot of t/qt versus t for the pseudo-second-order model allowed to calculate ge

and ko.
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3.6.3 Adsorption isotherms

To study atrazine adsorption isotherms, 0.1 g of each hydrochar was transferred into
25 mL aqueous solution with varying concentrations of atrazine (2 - 30 mg/L). All
samples were shaken for 24 h at 200 rpm using the orbital shaker at room
temperature. After shaking, the supernatant was collected using 0.45 pum syringe
filters.

Regarding ammonium adsorption isotherms, hydrochar was mixed with the same ratio
as atrazine adsorption and shaken for 48 h at room temperature. The initial
concentration of ammonium was varied from 30 — 3000 mg N/L. When the adsorption
process was completed, the supernatant was withdrawn using 0.45 pm syringe filters
and analyzed.

The experimental isotherms were fitted using two isotherm models (i.e., Freundlich

and Langmuir models) given by Equation (6) and (7), respectively.

Freundlich model: q = K¢C.”™ (6)
Langmuir model: e:% @)
1L

where ge (mg/g) represents the sorption number of pollutants at equilibrium; gm
(mg/g) is the maximum sorption capacity; K. (L/mg) is the Langmuir constant; Kr is
the Freundlich constant; n is the empirical parameter depend on the degree of
heterogeneity of adsorbing sites.

3.7 Atrazine and ammonium determination

To ascertain accuracy of the results, all atrazine adsorption experiments were
conducted triplication and ammonium experiments were run in duplicate. Then the

average values and standard deviation were reported for the experimental results.
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Atrazine concentration in the filtrates was analyzed by a high-performance liquid
chromatography-ultraviolet (HPLC-UV, Agilent) [135]. The last filtrate (2 mL) was
injected into a vial ready for the HPLC analysis using a C18 hypersil column (5 pum,
250x4 mm). Operating conditions were as follows: 60:40 (v/v) of the acetonitrile to
DI water ratio, 1 mL/min of flow rate, 25°C of a column temperature, 20 pL of
injection volume, and 220 nm of detection wavelength. The retention time for atrazine
was 4.5 min.

Ammonium concentration was analyzed using Kjeldahl nitrogen in an automated
distillation unit (Buchi, Switzerland).

3.8 Hydrochar characterization

The specific surface area was measured by N> adsorption using the Brunauer -
Emmett-Teller (BET) method (Thermo Finnigan, USA). The functional groups
presented on hydrochar surfaces were determined by Fourier Transform Infrared (FT-
IR) Spectroscopy (Perkin Elmer, USA) recording in the region of 4000 to 400 cm™
and analyzed by X-ray photoelectron spectroscopy (XPS) (Kratos, USA). Cation
exchange capacity (CEC) was analyzed by the saturation exchange sites with 1M
ammonium acetate (NHsOACc) at pH 7.0 [136].

3.9 Desorption

Desorption of atrazine from hydrochar was studied. Following adsorption, the
atrazine-adsorbed hydrochar was filtered and dried at 60°C in the oven. The atrazine-
adsorbed hydrochar was mixed with DI water with the ratio of 1:250 (g/mL) and
shaken for 24 h. Finally, atrazine concentration was determined in the supernatant.
Hysteresis (H) for atrazine desorption was calculated as Equation (8):

H = Nrads/NFdes (8)
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where Nrags and nNrges represent the nonlinearity factor of Freundlich models for
adsorption and desorption, respectively [67].

3.10 Statistical analysis

SPSS (version 20) was used to implement the ANOVA test and compare the means of

the adsorption capacity at 95% confident interval.
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CHAPTER IV RESULTS AND DISCUSSION

4.1. Effect of MHTC conditions on atrazine and ammonium adsorption of
hydrochar

The adsorption efficiency of biomass-derived adsorbents to organic and inorganic
pollutants depends dramatically on their physicochemical properties controlled by the
MHTC conditions. In this study, the impact of MHTC process parameters (i.e.,
temperature, residence time, and L-S ratio) on atrazine and ammonium adsorption
capacities of hydrochar was determined.

4.1.1 Atrazine and ammonium adsorption capacities of hydrochar

Thirteen hydrochars produced under different MHTC conditions were designed by the
Box-Behnken method, as illustrated in Table 5. These rice husk hydrochars were, in

turn, adsorbed atrazine and ammonium for 24h in the single-solute system.
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Table 5. Experimental matrix by Box-Behnken design and corresponding responses

Adsorption capacity

Temperature Time L-S ratio
Run Ammonium Atrazine
(°C) (min) (mL/g)
(mg N/g) (mg/g)

1 150 20 10 0.08 +0.23 0.41+0.02
2 200 20 10 0.30+0.45 1.23+£0.01
3 150 60 10 0.45+0.35 0.53+0.01
4 200 60 10 0.89 +0.43 1.37+£0.01
5 150 40 5 0.25+0.34 0.39+0.01
6 200 40 5 0.07+0.19 1.07 £ 0.00
7 150 40 15 -0.63+0.44 0.43+0.02
8 200 40 15 0.54 +0.35 0.95+0.02
9 175 20 5 0.57+0.22 1.40+£0.01
10 175 60 5 0.18 +0.24 1.85+0.04
11 175 20 15 -0.27 £0.45 0.19+0.01
12 175 60 15 -1.57+£0.25 0.55+0.01
13 175 40 10 -1.02 £0.75 0.95+0.00
14 175 40 10 -0.53+0.32 0.60 +0.01
15 175 40 10 -0.54+£0.13 0.74 +0.00
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4.1.1.1 The atrazine adsorption capacities of different rice husk hydrochars

The results showed that the adsorption capacities of thirteen rice husk hydrochars to
atrazine ranged from 0.19 to 1.85 mg/g. Rice husk hydrochar with the highest atrazine
adsorption performance was produced at 175°C for 60 min with the L-S ratio of 5:1
(mL/g). The atrazine adsorption to the material can be controlled by the
physicochemical properties of the adsorbent. Previous studies suggested that organic
contaminant sorption to adsorbents produced at the low temperature is attributed to
the partitioning mechanism [137, 138].

The atrazine partitioning shows a positive relation to the aliphatic polymer fraction of
adsorbents [17, 137]. Cao et al. observed better atrazine adsorption of biochar
produced at 200°C compared to that made at 350°C, which was attributed to a
reduction in its aliphatic fraction. The organic phase of the adsorbent changed from a
flexible aliphatic phase (H/C ratio of 1.32) to a rigid and condensed aromatic structure
(H/C ratio of 0.79) [137]. Moreover, a decrease in the specific surface area of corn
stalk hydrochar was determined when increasing the operating temperature from 200 -
250°C, with the reduction of 4.9 to 3.8 m?/g, respectively [17]. It can be proved for
the higher atrazine adsorption capacity of hydrochar produced at 175°C compared to
that obtained at 200°C. However, the physicochemical properties of hydrochar are
also influenced by other MHTC parameters such as residence time and the L-S ratio.
4.1.1.2 The ammonium adsorption capacities of different rice husk hydrochars

While all produced hydrochars showed atrazine adsorption abilities, nine out of them
absorbed ammonium, with the adsorption capacity ranging from 0.07 to 0.89 mg N/g.
The most moderate ammonium adsorption was hydrochar produced at 200°C for 40

min with the L-S ratio of 15:1 (mL/g); Meanwhile, hydrochar with the highest
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ammonium adsorption capacity was generated under 200°C for 60 min with the L-S
ratio of 10:1 (mL/g). Similarly, in the study of Yao et al. [139], there were nine of the
thirteen biochars recorded ammonium sorption abilities with removal rate ranged 1.8 -
15.7%. According to Qu et al., rice husk contains 0.68% nitrogen of total elemental
compositions [140]. The hydrothermal carbonization treatment has been widely
applied to convert organic or insoluble nitrogen of digestate [103] and compost
leachate [102] to inorganic or soluble nitrogen form. Therefore, the increase in
ammonium concentration after adsorption can be explained by the nitrogen element in
rice husk and ammonium formation attributed to the hydrothermal carbonization.
4.1.2 Optimization of atrazine adsorption capacity

The results of ANOVA analysis for atrazine adsorption capacity of hydrochar were
shown in Table 6. The temperature had a significant effect on the atrazine adsorption
capacity of hydrochar (p < 0.05), while residence time and L-S ratio did not
significantly affect the adsorption capacity (p > 0.05). Furthermore, the atrazine
adsorption capacity was significantly affected by the interaction effect of temperature

and L-S ratio (p <0.05).
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Sum of Mean
Factor DF F value p-value
squares square
Temperature (A) 1.03 1 1.03 35.09 0.03*
Time (B) 0.09 1 0.09 2.93 0.23
L-S ratio (C) 0.35 1 0.35 12.00 0.07
Temperature (A?) 0.03 1 0.03 0.90 0.44
Time (B?) 0.16 1 0.16 5.34 0.15
L-S ratio (C?) 0.003 1 0.003 0.10 0.78
AB 0.0002 1 0.0002 0.01 0.95
AB? 0.03 1 0.03 0.94 0.43
A’B 0.04 1 0.04 1.28 0.38
AC 0.006 - 0.01 0.21 0.69
AZC 0.74 = 0.74 25.18 0.04*
BC 0.002 1 0.002 0.07 0.82
Error 0.06 2 0.02
Total SS 3.07 14

*p-value < 0.05
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The predicted equation of atrazine adsorption capacity of hydrochar was generated
using the MHTC process parameters and the observed atrazine adsorption capacity of
each hydrochar, as follows:
Atrazine adsorption capacity (mg/g) = -53.6971 + 0.6085A — 0.0016A? — 0.2029B —
0.0015B2 + 5.8773C + 0.0011C? + 0.0029AB — 0.0684AC + 0.0002A%C — 0.0002BC
9)
where A, B and C denote the coded values of temperature (°C), residence time (min),
and L-S ratio (mL/qg), respectively.
The quadratic polynomial model passed the goodness-of-fit test (p-value = 0.99 from
Chi-Square test), which had a coefficient of determination (R?> = 0.98) and adjusted
determination coefficient (R%aq = 0.87) at the 95% confidence interval. It is observed
that there were synergistic effects between the atrazine adsorption capacity of
hydrochar and temperature and L-S ratio. At the same time, residence time showed an
antagonistic effect on the adsorption ability of hydrochar. Moreover, the interactive
effect of temperature and L-S ratio on atrazine adsorption capacity was significant (p
< 0.05), which had a synergistic effect.
The three-dimensional response surface plots exhibit the effect of the L-S ratio and
temperature with varying residence times on the atrazine adsorption capacity, as
shown in Figure 6. The atrazine adsorption capacities of rice husk hydrochar
increased with the increase in residence time of the MHTC process ranged from 20 to
60 min. Higher atrazine removal (q > 1.2 mg/g) was found in the operating
temperature ranges of 175 — 200°C, lower L-S ratio and higher residence time. As
illustrated in Figure 6(b,c), the atrazine adsorption capacity of hydrochar at higher the

L-S ratio with the residence time of 40 and 60 min was greatly decreased. When the
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operating temperature was lower than 160°C, the atrazine adsorption capacity (q < 0.6

mg/g) was significantly reduced without considering the L-S ratio.
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Figure 6. The response surface plots showing the effects of temperature and L-S
ratio on atrazine adsorption capacity with varying residence time (a) 20 min, (b) 40

min, (c) 60 min
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4.1.3 Optimization of ammonium adsorption capacity

The ANOVA analysis results for ammonium adsorption capacity on hydrochar
produced at various MHTC conditions are given in Table 7. Like the atrazine
adsorption capacity, the temperature of MHTC significantly affected the ammonium
adsorption capacity of hydrochar (p < 0.05). However, there was no significant
influence of other factors of MHTC on the adsorption ability to ammonium.

Table 7. ANOVA results for ammonium adsorption capacity of hydrochar

Sum of Mean
Factor DF F value p-value
squares square
Temperature (A) 0.27 1 0.27 3.39 0.21
Time (B) 0.003 1 0.003 0.03 0.87
L-S ratio (C) 0.59 1 0.59 7.37 0.11
Temperature (A?) 1.96 1 1.96 24.56 0.04*
Time (B?) 0.58 1 0.58 7.32 0.11
L-S ratio (C?) 0.003 1 0.003 0.03 0.87
AB 0.01 1 0.01 0.16 0.73
AB? 0.01 1 0.01 0.17 0.72
A’B 0.88 1 0.88 10.99 0.08
AC 0.46 1 0.46 5.76 0.13
A%C 0.60 1 0.60 7.50 0.11
BC 0.21 1 0.21 2.59 0.25
Error 0.159 2 0.08
Total SS 6.265 14

*p-value < 0.05
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The ammonium adsorption capacity of each hydrochar produced at different MHTC
conditions was applied to develop the quadratic polynomial model presented in
Equation 10, which had an R? of 0.97 and an adjusted R?aqj of 0.82.

Ammonium adsorption capacity (mg N/g) = -74.4054 + 0.9106A — 0.0027A? +
1.4083B + 0.0024B? + 4.8211C + 0.0011C? — 0.0178AB + 0.0001A’B — 0.0585AC +
0.0002A2C - 0.0023BC (10)

where A, B, and C denote the coded value of temperature (°C), residence time (min),
and L-S ratio (mL/qg), respectively.

This equation passed the goodness of fit between observed and predicted data (p-
value = 0.99). Based on the predicted equation, there are synergetic effects between
ammonium adsorption capacity and the particular impacts of MHTC process
parameters. In contrast, the combined effects of temperature, time, and L-S ratio were
antagonistic to the ammonium adsorption capacity of hydrochar.

The response surface plots showing the effects of temperature and L-S ratio on
ammonium adsorption capacity with varying residence time are illustrated in Figure
7. With the residence time of 20 min in Figure 7a, high ammonium adsorption
capacities (q > 0.4 mg N/g) were found in two different conditions as follows: low
temperature (160 — 180°C) combined with low L-S ratio or higher temperature
(200°C) with greater L-S ratio (>10:1 mL/g). Meanwhile, when increasing the
residence time to 40 and 60 min (as shown in Figure 7b and c, respectively),
hydrochar produced at the higher temperature and lower L-S ratio achieved better
ammonium adsorption capacity (> 1 mg N/g).

According to Takaya et al., the surface functionality may play a crucial role in

ammonium adsorption capacities of various biomass-derived hydrochars produced at



54

250°C and biochars generated at 400 — 450°C and 600 — 650°C than their surface area
and porosity. In addition, there was a positive relationship between the number of
functional groups, CEC and ammonium adsorption in that study [10]. However, this
result did not coincide with the findings of Zhang et al. Corn cob-derived hydrochars
were produced at 230 and 260°C, the material at higher synthesis temperature with
higher specific surface area achieved higher ammonium adsorption capacity (7.2 and
7.4 mg N/g, respectively). Although the higher specific surface area caused by higher
synthesis temperature has resulted in the different ammonium adsorption capacity of
these hydrochars, abundant oxygen functional groups (C=0, C—O bonds) acts as a
proton donor and significantly interact with ammonium ions [103]. Thus, the presence
of oxygen-containing functional groups has high impacts on the ammonium removal
of biomass-obtained materials controlled by the synthesis temperature, residence time
and L-S ratio. According to the prediction of Jain et al., the lower L-S ratio can
facilitate higher oxygen-containing functional groups combined with higher
temperature and residence time because the hydrolysis can easily occur under this
condition [99]. This is consistent with the effects of MHTC process parameters on

ammonium adsorption capacities in this study.
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4.2 Effects of surface activation of rice husk hydrochar on adsorption capacity
Based on the above results, two types of rice husk hydrochar corresponding with the
best atrazine and ammonium adsorption performance were chosen for chemical
activation. Hydrochar used for the atrazine study was made under 175°C for 60 min
with the L-S ratio of 5:1 (mL/g). Another hydrochar produced under 200°C for 60
min with the L-S ratio of 10:1 (mL/g) for ammonium adsorption. The effect of
activating agent concentration on the adsorption efficiency was considered.

4.2.1 Atrazine adsorption of activated rice husk hydrochar

The atrazine adsorption capacity of rice husk hydrochar before and after activation
using different concentrations of H>0, and KOH solutions is shown in Figure 8a.
Prior to activating, the adsorption capacity of atrazine onto rice husk hydrochar (HC)
was 1.51 + 0.05 mg/g. There was an enhancement in hydrochar performance for
atrazine removal after chemical activation. It is notable that the concentration of
activating agents influenced the atrazine adsorption of each hydrochar. When the
concentration of H>O. solution was varied from 5 — 20%, rice husk hydrochar
activated using 10% H2O> solution (10HHC) was exhibited the most effective for
atrazine adsorption (1.63 = 0.06 mg/g). However, the similar pristine hydrochar
activated by 20% KOH solution (20KHC) had a higher atrazine adsorption capacity
(1.68 = 0.08 mg/g). The effectiveness of H20> treatment in the activation of corn stalk
hydrochar showed an increase in atrazine adsorption (3.98 mg/g), which was caused
by an increase in oxygen-containing functional groups. However, H>O> oxidant was
believed a cause of reduction of atrazine adsorption to corn stalk biochar obtained at
500 and 650°C (the adsorption capacity of 2.02 and 2.10, respectively). Because this

oxidant reduced aromatic compounds on biochar, the bonds between atrazine and
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biochar through m-n electron donor acceptor decreased [17]. Tan et al. investigated
the maximum adsorption capacity of corn straw to atrazine after KOH treatment. Its
capacity increased to 2.84 mg/g, resulting from a higher BET surface area after
activation [123]. Consequently, H>O> and KOH treatments enhanced atrazine
adsorption of rice husk hydrochar, and the effectiveness of these treatments was

varied between the studies.
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The result of statistical analysis showed that there was no significant statistical
difference in the atrazine adsorption capacity between 10HHC and 5HHC. Similarly,
there was no significant difference in the atrazine adsorption for 20KHC and 10KHC.
It is considered about the economic efficiency of the material production, so 5SHHC
and 10KHC were selected for further atrazine adsorption in this study.

4.2.2 Ammonium adsorption of activated-rice husk hydrochar

Pristine and chemical-activated hydrochars under different concentrations of KOH
and H2O> solutions were adsorbed ammonium at 500 mg N/L for 24h. The
ammonium adsorption capacity of pristine and activated hydrochars ranged from 0.03
to 2.44 mg/L, as showed in Figure 8b. There was a significant improvement in the
ammonium adsorption efficiency after KOH treatment, which is approximately 24
times higher than the efficiency of the pristine hydrochar (0.1 + 0.0 mg N/g).
Especially, 10KHC showed the highest ammonium adsorption capacity with 2.44 +
0.2 mg N/g for 24h. The effect of KOH activation in improving ammonium
absorption has been reported in previous studies. For example, corn cob hydrochar
activated using 3M KOH achieved ammonium adsorption from digestate about two
times higher than hydrochar without activation [103]. The effectiveness of ammonium
adsorption from the compost leachate using KOH-activated hydrochar was proven
[102]. These studies are in general agreement with an increase in oxygen contents of
the adsorbents after KOH activation. This facilitates the adsorption of ammonium
because oxygen-containing functional groups can act as proton donors.

Nevertheless, the chemical activation of rice husk hydrochar using H>O- solution did
not show a promising result in ammonium adsorption. There was a considerable

reduction in the ammonium adsorption capacity of H»Oz-activated hydrochar.
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Especially, 10HHC and 20HHC released 1.20 + 1.1 and 0.07 + 0.5 mg N/g,
respectively. It was reported that activation could disrupt N-containing compounds
present in carbonaceous materials, which has resulted in an increase in N contents in
the solution [104]. According to the study of Teng et al., rice husk hydrochar
produced under 180°C contained 0.8% of the nitrogen content [141]. Thus, it may
cause a slight increase in ammonium concentration after mixing H2O-activated
hydrochar and contaminated solution.

Takaya et al. figured that there was no significant difference in either increase or
reduction in ammonium adsorption of oak-based hydrochar and biochar after KOH,
H202, H2SO4, H3PO4 treatments. There was an apparent decrease in ammonium
adsorption of KOH and H20,-treated hydrochar and biochar, although these materials
possessed high cation exchange capacity (CEC). They concluded that CEC is not a
major drive to absorb ammonium onto the material [104]. The same conclusion was
drawn in the methylene blue adsorption study [142].

In this study, HC and 10KHC were ultimately selected to investigate more about
ammonium adsorption kinetic and isotherm models.

4.3 Kinetic adsorption studies

4.3.1 Kinetic adsorption of atrazine

The time-dependence of atrazine adsorption onto HC, 10KHC, and 5HHC is shown in
Figure 9. The atrazine adsorption capacity of these prepared absorbents was generally
increased over time. These absorbents exhibited rapid increases in atrazine adsorption
in the first 2.5 h and the following lower adsorption rates until reaching the final
equilibrium state. Notably, 10KHC showed substantially faster increases in atrazine

adsorption in the first 45 min than 5SHHC and HC do. When the material reaches the
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equilibrium state, there is no notable fluctuation in its adsorption capacities. It is
explained by the decrease in available active sites on the adsorbent over time, which
prevents the diffusion of a new molecule into pores as well as the adsorption of this

molecule [143].
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Figure 9. Adsorption Kinetic fitting results of pseudo-first-order and second-order

models for atrazine onto (a) HC, (b) 10KHC and (¢) 5SHHC
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At the equilibrium state, atrazine adsorption capacities of HC, 10KHC, and 5HHC
were 1.40 £ 0.06, 1.41 + 0.06, and 1.52 + 0.05 mg/g, respectively. The performance
of 5HHC in atrazine adsorption was better than that of HC and 10KHC. The
adsorption capacity of 5SHHC at equilibrium was higher than some materials that were
evaluated before. For instance, chemical-activated peanut husk biochar produced at
300°C achieved the atrazine adsorption capacity of 0.42 mg/g at the equilibrium state
[43]. In the study of Liu et al., corn straw hydrochar generated at 200°C was applied
to absorbed atrazine in an aqueous solution for 137h, with the capacity of 1.29 mg/g
[63]. Biochars derived from six different feedstocks, including soybeans, corn stalks,
rice stalks, cattle manure, and pig manure, at 450°C had the atrazine adsorption
capacity of 1.42, 1.04, 1.33, 1.25, and 0.99 mg/g at the equilibrium stage, respectively
[66]. Moreover, hydrochar produced in this study showed higher adsorption efficiency
at the equilibrium than iron-nanocomposite material (11.4 pg/g) [55].

The plots of atrazine adsorption kinetics with the pseudo-first-order and pseudo-
second-order models are illustrated in Figure 9, with the calculated kinetic parameters
showing in Table 8. The adsorption of atrazine onto pristine and chemical-activated
hydrochars was best fitted with the pseudo-second-order model with the coefficient of
determination (R?) in the range of 0.9987 to 0.9998. The experimental and calculated
values of the adsorption capacity at the equilibrium were 1.40 and 1.39 mg/g for HC;
1.41 and 1.41 mg/g for 10KHC; 1.52 and 1.54 mg/g for 5SHHC, respectively. Due to
the highest values of R? (> 0.99) and the closeness of calculated and experimental
adsorption capacity values, the pseudo-second-order kinetic was suitable for the
predicted kinetics and chemisorption can be a predominant mechanism controlling

atrazine adsorption on both pristine and activated hydrochars. In addition, the
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adsorption rate constants (k) of atrazine to 10KHC (k. = 0.09 g mgmin?) were
higher than that of HC and 5HHC (k2 = 0.03 g mg™min). This result is consistent
with atrazine adsorption on various absorbents such as HzPOs-activated corn straw
biochar [144], pyro-hydrochar [63]. The aromaticity of carbonaceous material is
positively related to the organic contaminant adsorption through n-n electron donor-
acceptor interaction. In which, atrazine can act as a n-electron donor and aromatic
carbon can act as m-electron donor or w-electron acceptor [63, 66]. Additionally,
oxygen-containing functional groups on the adsorbent material can bind with atrazine
via H-bonding interaction and electrostatic interaction [17, 56].

Table 8. Kinetic parameters of atrazine adsorption on pristine and activated

hydrochars
Pseudo-first-order
Pseudo-second-order model
e, exp. model
Absorbents
(mg/g) Qe, cal. ki1 Qe, cal. k2
R? R?
(mg/g) (1/min) (mg/g) (g mg*'min™)
HC 1.40 0.81 0.01 0.8689 1.39 0.03 0.9987
10KHC 1.41 0.50 0.01 08654 141 0.09 0.9998
5HHC 1.52 0.93 0.01 09312 154 0.03 0.9989

NB: e, exp. — Je, experimental; Je, cal. — Je, calculated
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The intra-particle diffusion model was applied to determine the diffusion of atrazine
onto three adsorbents (Figure 10 and Table 9). There were two linearity correlations,
which means that the adsorption process can include two consecutive processes. In
the first linear process, the R? values of the three absorbents were higher than 0.98,
which indicates a strong interaction between adsorbate and adsorption sites on both
pristine and activated hydrochars. It assumes that the boundary layer diffusion rate is
faster than intraparticle diffusion in this first process. The active sites on the outside
layer are all occupied; thus, atrazine would move into the inside pores and deeper. It
is known as intra-particle diffusion. However, the R? value of the second process was
relatively high (R? > 0.87). It is also recommended that atrazine is absorbed to the
deeper pores and controlled by the intraparticle diffusion process [144]. The C
constants of the two linearities were larger than zero; hence, there was not only a
single rate-limiting process. Finally, intraparticle diffusion and boundary layer

diffusion also affect the adsorption process [43, 145, 146].
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Table 9. Kinetic parameters of the intra-particle diffusion model for atrazine

adsorption on HC and activated HC

Instantaneous adsorption stage Slow adsorption stage
Kp1 C1 R? Kp2 C> R?
HC 0.1125 0.2393 0.9904 0.0115 0.9756 0.8706

10KHC 0.0747 0.6647 0.9821 0.0039 1.2608 0.9905

SHHC 0.1099 0.2768 0.989 0.009 1.1875 0.9214

4.3.2 Ammonium adsorption Kinetics

Ammonium adsorption to HC and 10KHC was obtained at different time intervals
ranged from O — 24h with the initial concentration of 500 mg N/L, as illustrated in
Figure 11. The adsorption capacities of ammonium to HC and 10KHC generally
increase over time. However, there was no adsorption of ammonium to these
adsorbents for the first 15 min. The ammonium concentration in the solution then
began to decrease and remained constant at approximately 24h. Takata et al. observed
that many biochars derived from oak wood and greenhouse wastes released
ammonium rather than adsorbed at initial concentrations lower than 400 mg N/L.
However, when the initial ammonium concentration was increased up to 1000 mg
N/L, oak wood-based biochars produced at 450 and 650°C released ammonium by 6.2
and 11.9 mg N/g, respectively. It concluded that the lower initial ammonium
concentrations did not be a reason because biochar can absorb ammonium at low
concentrations [10]. Therefore, it can be deduced that the ammonium release from HC

and 10KHC in the first 15 min took place faster than adsorption did.
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Figure 11. Ammonium adsorption kinetics of HC (a) and 10KHC (b) at 500 mg N/L
for 24h
At the equilibrium time, the adsorption capacity of HC (3.89 mg N/L) was more
effective than that of 10KHC (3.25 mg N/g). The comparison of ammonium
adsorption capacity between various materials was summarized in Table 10. The
ammonium adsorption capacity of the two adsorbents in this study was comparable
with other adsorbents such as pine sawdust biochar (1.27 — 4.66 mg/g) and wheat
straw biochar (0.82 mg/g) [147], and corn straw biochar (2.3 mg N/g) [148].

Nevertheless, several studies exhibited dramatically higher ammonium adsorption
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capacities of other adsorbents compared to those of this study. For instance, Zhang et
al. reported ammonium adsorption capacities of KOH-activated corn cob hydrochar
produced at 230 and 260 °C to be 11.3 and 11.6 mg N/g, respectively [103].
Hydrochar derived from oak wood and greenhouse wastes under 250°C showed the

ammonium adsorption capacity of 65.8 and 48.1 mg N/g, respectively [10].



Table 10. Ammonium adsorption capacities of various materials
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No. Absorbent Feedstock Activation Qe (mg N/g) Ref.
1 Hydrochar Corn cob KOH 11.3-13.6 [103]
2 Hydrochar Oak wood - Hydrochar: 48.1 — 65.8 [10]
Biochar Greenhouse Biochar: 0 —18.4
wastes
3 Biochar Pine sawdust - 1.27 - 4.66 [147]
Wheat straw 0.82
4 Hydrochar Corn cob KOH 8.4-8.9 [102]
5 Biochar Rice straw Potassium 12.8-19.3 [23]
iron
6 Biochar Corn straw - 2.3 [148]
7 Biochar Cotton stalk NaOH 93.4 [125]
8 Brown coal NaOH 0.55 [149]

9 Hydrochar Rice husk KOH 3.25-3.89 This study
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Kinetic parameters of the pseudo-first-order and pseudo-second-order models for
ammonium adsorption were presented in Table 11. The coefficients of determination
obtained from the pseudo-second-order model for HC and 10KHC (R? = 0.84 and
0.96, respectively) were higher than the pseudo-first-order model (R? = 0.68 and 0.21,
respectively). The calculated ammonium adsorption capacities using the pseudo-
second-order model for HC (Qe,ca = 4.06 mg N/g) and 10KHC (Qe,cal = 3.26 mg N/g)
were consistent with their corresponding experimental data. Thus, the pseudo-second-
order model represented ammonium adsorption Kinetic better than the pseudo-first-
order model in this study. This finding is consistent with many previous studies about
ammonium adsorption on various materials such as corn cob hydrochar [102, 103],
pine sawdust and wheat straw biochars [147].

Table 11. Kinetic parameters of ammonium adsorption on HC and 10KHC

Pseudo-first-order model Pseudo-second-order model

Ce, exp.
Absorbents Qe, cal. k1 Qe, cal. k2
(mg/g) R? R?
(mg/g) (L/min) (mg/g) (g mg™*min)
HC 3.89 406  0.015 0.6871 4.06 0.004 0.8426
10KHC 3.25 255 0.005 0.2148 3.26 0.008 0.9672

It suggested that chemical reaction was the rate-limiting step for ammonium
adsorption to HC and 10KHC. It can suggest ion exchange and electrostatic
interactions between the material and the functional groups on the adsorbent surface
[150]. According to the result of the pseudo-second-order kinetic model, adsorption
rate (k2) of 10KHC (0.008 g.mgt.min) was slightly higher than that of HC (0.004

g.mgt.min?).
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4.4 Isotherm adsorption studies

4.4.1 Atrazine adsorption isotherms

The adsorption of HC, 10KHC, and 5HHC was evaluated at different initial
concentrations of atrazine ranged from 2 — 30 mg/L for 24h. Adsorption efficiency
corresponding with each adsorbent significantly increased with the increase in initial
atrazine concentration, as illustrated in Figure 12. 10KHC with the atrazine
adsorption capacity ranges of 0.21- 2.21 mg/g was higher than pristine hydrochar
(HC) with the capacity ranges of 0.19 — 2.05 mg/g. The positive relation between the
atrazine removal performance of the adsorbents and initial contaminant concentration
was attributed to the concentration gradient driving force [140]. It can be seen that the
atrazine adsorption capacities of these adsorbents have not reached the plateau stage.
Due to atrazine’s low water solubility (33 mg/L), the maximum initial concentration
used in this study was 30 mg/L. 10KHC showed the best performance of atrazine
adsorption, with the adsorption capacity of 2.21 + 0.15 mg/g. It is followed by HC
and 5HHC, with the adsorption capacities of 2.05 + 0.13 and 2.04 + 0.09 mg/qg,

respectively.
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Freundlich and Langmuir models were applied to consider the interaction between
absorbents and atrazine at different initial concentrations. As shown in Figure 12 and
Table 12, the Freundlich model was better fitted with experimental data for all three
types of adsorbents (R? > 0.99). It assumes that the adsorption of atrazine onto these
adsorbents are the multilayer adsorption onto heterogeneous active sites. This finding
is in agreement with many previous studies such as P-doped corn straw biochar [144],
B-cyclodextrin functionalized rice husk-based cellulose [140], and H2O2-oxidized
corn stalk biochar [17]. The nonlinearity factors (n) of HC, 10KHC, and 5SHHC were
1.28, 1.32, and 1.29, respectively. It reveals that atrazine adsorption was a ready and
favorable process [17, 55]. Therefore, hydrophobic partitioning, pore filling, and
surface adsorption may be responsible for the adsorption of atrazine onto hydrochar
and activated hydrochar. The surface sorption includes hydrogen bonding and n-n
electron donor-acceptor interaction [151, 152].

Moreover, it was notable that HC, 10KHC, and 5HHC displayed a linear isotherm
model (R% > 0.98). It implies the presence of solute partitioning in atrazine adsorption
mechanisms. It is suggested the primary sorption mechanism of organic contaminants
onto materials produced at the low temperature [17, 137]. The sorption isotherm
results of atrazine onto corn cob biochar showed a combined effect of linear and
nonlinear adsorption. This corn cob biochar produced at different operating
temperatures (350 — 650°C), which was not completely carbonized. Thus, corn cob
biochar includes the carbonized and non-carbonized fractions characterized by non-

linear and linear adsorption, respectively [82].
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The fit of experimental data to the Langmuir model (R? > 0.95) was lower than those
of the linear and Freundlich models. The Langmuir model suggests monolayer
adsorption to finite homogenous active sites. 10KHC achieved the highest maximum
adsorption capacity of atrazine (qm = 4.06 mg/g), followed by HC (gm = 4.03 mg/qg)
and HHC (gm = 3.89 mg/qg).

The results of atrazine adsorption capacity in this study are compared with other
available materials, as illustrated in Table 13. Many materials have been studied to
remove atrazine in the aqueous environment as well as the development of treatments
to improve their efficiency. In general, the efficiency of rice husk-derived hydrochar
and chemical-activated hydrochar exhibited quite comparative with some biochars
produced at the higher temperature. For example, the maximum adsorption capacity
of atrazine onto peanut husk biochar produced at 300°C for 2h was 1.44 mg/g [43].
However, the efficiency of hydrochar achieved in this work is relatively moderate

compared to HsPOs-activated biochar [144], graphene oxide biochar [65].
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4.4.2 Ammonium adsorption isotherms

The effects of initial ammonium concentration on the adsorption of HC and 10KHC
were investigated for 48h, as presented in Figure 13. The results showed that the
adsorption capacity of these adsorbents followed a different pattern. Ammonium
release happened in rice husk hydrochar (HC) with the release range of 0.41 — 6.39
mg N/g. Meanwhile, the adsorption capacity of 10KHC climbed up with the
increasing ammonium concentration owning to higher initial concentration gradients.
However, the removal of ammonium using 10KHC only remained to a certain point.
Specifically, the adsorption capacity of 10KHC increased from 1.24 to 1.94 mg N/g
with initial concentrations ranging from 30 — 500 mg N/L; However, these capacities
dropped to 0.41 and 0.35 mg N/g at the initial concentration of 1000 and 1800 mg
N/L, respectively. Takaya et al. reported results similar to those in this study. The
ammonium adsorption capacity of oakwood hydrochar and greenhouse waste biochar
increased with an increase in initial concentration. However, when the initial
concentration reached 1100 mg N/L, the adsorption capacity of these two materials
simultaneously decreased sharply. The author has not given a specific explanation of
this phenomenon. In another study, there was a decrease in ammonium adsorption
capacity of NaOH-treated corn stalk biochar when initial concentrations exceeded 400

mg/L [125].
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Figure 13. Effect of initial ammonium concentration on adsorption of HC and
10KHC for 48h
The adsorption efficiency of ammonium using different adsorbents is strongly
defended on many factors, generally categorized into aspects: preparation conditions
and adsorption conditions [153]. In terms of preparation conditions, it encompasses
many factors such as types of feedstock and thermochemical parameters that
significantly affect the effectiveness of adsorbents. For instance, in the study of
Takaya et al., the ammonium adsorption capacity of oak wood hydrochar decreased
when the initial concentration was over 800 mg N/L. At the same time, that of
greenhouse waste hydrochar was continuously increased. Moreover, the influence of
pyrolysis temperature on the ammonium removal efficiency of greenhouse waste
biochar was clearly shown in this paper [10]. The effectiveness of the material in
removing pollutants depends not only on its physicochemical properties but also on
the influence of environmental conditions. The removal efficiency of adsorbent

decreased once higher ammonium initial concentration [10, 154]. Higher ammonium
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removal efficiency (70 — 80%) was achieved using rice husk and biochars under
medium range concentration (250 — 1000 mg N/L) and dropped to 50% once over
1000 mg N/L of the initial concentration [154]. It can be attributed to the low
adsorption capacity of biochar [153].

Moreover, pH plays a vital role in the ammonium adsorption capacity of each
adsorbent. In the study of Liu et al., the optimum pH for this adsorption was neutral
(pH = 7) [125]. There was a lower ammonium removal efficiency at the lower or
higher optimum pH ranges. When pH is larger than 7, most ammonium can be
converted to NHs.H2O, resulting in the reduction of ammonium adsorption [155].
Conversely, when the pH solution is very low, the competition between ammonium
ions and hydrogen ions for adsorption sites occurs in the aqueous solution that has
resulted in less effectiveness of the adsorption process [125]. The influence of specific
surface area of the adsorbent on ammonium adsorption has not been answered clearly
and consistently. For instance, Takaya et al. found a similar ammonium adsorption
capacity onto presscake and commercial oak biochars, although their specific surface
areas were very different (2.5 and 280 m?/g, respectively) [10]. Meanwhile, Kizito et
al. reported the important role of larger specific surface area to higher ammonium
adsorption of wood biochar over rice husk biochar [154].

Therefore, the decrease in adsorption capacity with the overloading of ammonium
concentration in this study is probably because of its moderate adsorption capacity. It
can be attributed to the chemical composition of rice husk and MHTC conditions. Or
it could be a combination of the effect with the pH leading to a deterioration of the

effectiveness of the adsorbent.
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The linearized Freundlich isotherm model did not fit the experimental data for HC
and 10KHC, but the Langmuir model can better present this study. The plot of
Langmuir isotherm of ammonium adsorption onto HC and 10KHC is shown in

Figure 14, and the corresponding parameters are presented in Table 14.
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Figure 14. Langmuir model for ammonium adsorption of (a) HC and (b) 10KHC
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The ammonium adsorption was better fitted with the Langmuir isotherm model, with
R? values of HC (0.98) and 10KHC (0.96). It is suggested that there was a monolayer
formation between the contaminant and a homogenous surface area [103, 156]. The
maximum adsorption capacity of 10KHC (gm = 0.35 mg N/g) calculated from the
Langmuir model was lower than the observed experimental data. It can be the result
of the lower adsorption capacity of ammonium at the higher initial concentration
(greater than 500 mg N/L). The study of Shin et al. reported the better fit with the
Langmuir model for ammonium adsorption onto biochar, with the R? value of 0.93
[156]. Similarly, the sorption of ammonium onto the oakwood and greenhouse waste
hydrochar obtained under 250°C was best fitted to the Langmuir model with the R?
values of 0.97 — 0.99. However, the maximum ammonium adsorption capacity of
these adsorbents was negative [10]. Nazari et al. showed the increase of Na* and K*
contents in solution after ammonium adsorption by Victorian brown coal, by 0.1 to
49.2 mg/L and 5.2 to 57.2 mg/L, respectively [157]. It can be deduced that ion
exchange is the dominant adsorption mechanism to eliminate ammonium by the
adsorbent in the aqueous environment.

Table 14. Ammonium adsorption parameters of HC and 10KHC fitting to Langmuir

model
Langmuir
Sample
gm (mg N/g) KL (L/mg) R?
HC -1.14 0.015 0.9761

10KHC 0.35 -0.0088 0.9581
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4.5 Hydrochar characterization

4.5.1 Surface properties

Physical properties of the adsorbent play a critical role in controlling the behavior of
the prepared materials in the adsorption process. The specific surface area, total pore
volume and pore diameter of pristine hydrochar and chemical-activated hydrochar are
shown in Table 15.

Table 15. Surface properties of chemical-treated and untreated rice husk hydrochars

SSA Total pore volume Pore diameter
Sample
(m?g) (cm®/g) (nm)
HC 13.09 0.033 11.43
10KHC 5.16 0.016 12.66
5HHC 11.51 0.037 11.39

The activation of rice husk hydrochar changed in its porous properties depended on
the catalysts. The specific surface of rice husk hydrochar (HC) produced at 175°C for
60 min with the L-S ratio of 5:1 (mg/L) was 13.09 m?/g. Notably, this hydrochar
produced under moderate temperature showed a higher specific surface area than
other materials such as corn stalk hydrochar (produced at 250°C, 3.8 m?/g) [17], rice
husk biochar (produced at 600°C, 6.1 m?/g) [67]. After activation using H.O2 and
KOH solutions, the specific surface areas of 10KHC and 5HHC were decreased down
to 5.16 and 11.51 m?/g, respectively.

The average pore diameters of HC, 10KHC, and 5SHHC were 11.43, 12.66, and 11.39
nm, respectively. It showed that mesopores were dominant in these three adsorbents.

The total volume of HC was 0.033 cm®/g, which was higher than that of 10KHC
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(0.016 cm®/g) and slightly lower than that of SHHC (0.037 cm®g). Due to the
molecular diameter of atrazine (0.4 — 0.9 nm), the presence of mesopores in the
adsorbents is facilitated the atrazine diffusion into the inner pores, which enhances the
adsorption ability of the materials [123].

Jaramillo et al. observed similar changes in the porous properties of cherry stone-
derived biochar after activation using the H20> solution. Notably, while the specific
surface area of originated biochar decreased from 604 to 591 m?/g after H.O;
treatment, its total mesopore volume increased from 0.069 to 0.087 cm®g. It
concluded that H.O; oxidant did not work effectively than HNOs, O, and Oz [158].
The decrease in specific surface area of H3POgs-activated rice straw biochar (192.3
m?/g) was reported, which was attributed to the increase in functional groups inside its
pores [67]. However, the specific surface area of corn stalk biochar was dramatically
increase after H20, treatment (169.8 m?/g) [17]. Therefore, the differences in the
effectiveness of activation treatment between studies varied by types of feedstocks or
catalyst concentrations [17, 158].

4.5.2 Surface functional groups

FT-IR spectra of untreated and treated hydrochars before and following atrazine
adsorption is illustrated in Figure 15. The results showed that many peaks represented
aromatic and oxygen-containing functional groups were observed on the surfaces of
HC, 10KHC, and 5HHC. The peak at 1100 — 1000 cm™ was assigned to the antisym
stretching of Si—O—Si [159, 160]. A broadband peak was presented for both untreated
and treated hydrochar at around 3400 — 3300 cm™ exhibited the —OH stretching
vibration [119]. This group has obtained either alcohol from cellulose, hemicellulose,

lignin, carboxylic acids, silanol group (Si—OH), or the water adsorbed by rice husk
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throughout the MHTC [161]. Peaks at around 1275 and 800 cm™ were represented to
aliphatic C—H stretching and aromatic C—H stretching, respectively [66]. The C=0
vibration of the esters, ketones, and aldehydes in hemicellulose was observed at
around 1726 cm™ [162]. The peak around 1603 and 1382 cm™ were attributed to the
C=C stretching vibration and —COOH, respectively [17, 163]. It can be observed that
the surface functional groups had not been dramatically changed between untreated
hydrochar and KOH or H20>-activated hydrochar.

The adsorption of atrazine onto both treated and untreated hydrochars has resulted in
changes in some vibration peaks. The C=0 peak became less intense and flatter for
hydrochar and H»O»-activated hydrochar after atrazine adsorption. This result is in
accordance with the results of atrazine-adsorbed biochar produced from different
feedstocks [66]. Besides, the presence of the polar groups such as —COOH, C=0,
—OH on both untreated and treated hydrochar has suggested the contribution of H-
bonding interactions. In this case, atrazine can act as an H-bond donor and H-bond
acceptor [85]. Aromatic peaks were observed on the surfaces of three materials. The
presence of the aromatic groups can affect the hydrophobicity of the materials, which
simultaneously influences atrazine adsorption via w-rt electron donor-acceptor [85,

86].
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4.5.3 XPS analysis

The results of FT-IR have indicated the presence of various functional groups on the
surface of adsorbents which could be quantitatively investigated using XPS. The C1s
core level of HC, 10KHC and 5HHC before and after atrazine adsorption could be
deconvoluted into four different peaks, as illustrated in Figure 16 and Table 16 [17,
63, 66, 164].

Table 16. Binding energy of functional groups for C1s

Functional groups Binding energy
C=C, CHxand C—C 284.7+0.2eV
C—OR 285.7+0.2eV
C=0, O=C—0O 288.0+0.2eV
—COOR 289.2+0.2eV

The chemical compositions of the rice husk hydrochar had been differently changed
after activation treatment using KOH and H20> treatment, as illustrated in Figure 16
(a,b,c). With pristine hydrochar, the total contents of aromatic compounds and
oxygen-containing functional groups were 54.6% and 45.4%, respectively. There was
a remarkable increase in the content of oxygen-containing functional groups after
KOH treatment. The total abundance bonds of C—OR, C=0 (C=0—0), and —COOR
increased from 34.4 to 56.1%, 7.8 to 10.7%, and 3.3 to 5.2% between HC and
10KHC, respectively. The corresponding decrease in the carbon contents (C=C, CHx
and C—C) occurred from 54.6 to 28.0% of HC after KOH treatment. With the similar
performance of KOH treatment, the content of C=C, CHx and C—C bonds in SHHC

(53.3%) was slightly lower than that of HC (54.6%). Simultaneously, there was an
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increase in —COOR bonds from 3.3% to 4.8% between SHHC and HC. Thus, the
changes in the contents of functional groups on the adsorbents after the activation

treatments could affect the atrazine removal.
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Figure 16. XPS survey spectrum of (a,d) HC, (b,e) 10KHC and (c,f) 5SHHC before

and after atrazine adsorption
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The quantitative contents of surface functional groups of the pristine and activated
hydrochar before and after atrazine adsorption were shown in Figure 17. There was a
significant decrease in oxygen-containing functional groups of the pristine hydrochar
after atrazine adsorption for 24h, from 34.4 to 30.2% for C—OR groups, 7.8 to 6.9%
for C=0 groups, and 3.3 to 2.6% for —COOR groups. A similar reduction of these
functional groups was found in 10KHC after atrazine adsorption. The contents of
C—OR, C=0, and —COOR groups were diminished from 56.1 to 35.9%, 10.7 to 9%,
and 5.2 to 3.0%, respectively. It indicated that oxygen-containing functional groups
played a crucial role in atrazine adsorption of HC and 10KHC. Meanwhile, the
decrease in carbon compounds (C=C, CHx and C—C) and C=0 occurred in SHHC
from 53.3 to 50.3% and 9.8 to 9.7%, respectively. Therefore, the presence of oxygen-
containing functional groups plays a vital role in atrazine adsorption onto HC and
10KHC, but aromatic compounds (C=C, CHx and C—C) significantly enhanced this

adsorption performance of 5SHHC.
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Figure 17. Integrated areas of functional groups on pristine and activated hydrochar
before (a) and after (b) atrazine adsorption
4.5.4 Cation exchange capacity (CEC)
CEC analysis was investigated with two rice husk hydrochars (i.e., HC and 10KHC)
used in the ammonium adsorption kinetic and isotherm studies, as presented in Table

17. The CEC value of rice husk hydrochar after KOH treatment was increased over
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two-time than that of the original material. Although KOH treatment substantially
improved CEC of rice husk hydrochar, this value is still lower than other available
materials. For instance, hydrochar derived from oak wood, greenhouse waste,
municipal waste, and presscake from anaerobic digestate under 250°C had the CEC
values of 88.3, 83.1, 44.5, and 62.6 cmol/kg, respectively [10]. The CEC values of
biochar obtained from pine sawdust and wheat straw biochars under 550°C were 29.0
and 30.5 cmol/kg, respectively [147]. It was reported that negative surface charge of
the adsorbent had a greater role than the specific surface area in ammonium
adsorption [10]. The effectiveness of cation adsorption has a positive relation to CEC
values [10, 137, 147].

Table 17. CEC of pristine and KOH-activated hydrochar

Sample CEC (cmol/kg)
HC 8.11
10KHC 16.38

4.6 Implication of adsorption mechanisms

4.6.1 Possible atrazine adsorption mechanisms

The effectiveness of the carbonized material in the adsorption application is generally
controlled by many factors such as large specific surface area and numerous surface
functional groups [63]. The atrazine adsorption mechanisms on pristine and chemical-
activated rice husk hydrochar are presented in Figure 18. According to the XPS data,
KOH treatment significantly enhanced the contents of oxygen-containing functional
groups on the 10KHC. The decrease in these compounds (C—OR and C=O

(C=0—0)) after atrazine adsorption has proven their crucial role in the 10KHC
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performance. Although HC and 5HHC possessed a comparative specific surface area
(13.09 and 11.51 m?/g, respectively), the atrazine adsorption capacity of SHHC was
slightly better than that of HC. It can be explained by the presence of aromatic
compounds like C=C, CHx, and C—C, which can act as m-electron acceptor and
atrazine acts as m-electron donor. The formation of new bonds between atrazine and
aromatic compounds of 5SHHC enhanced the atrazine removal. In general, both the
oxygen-containing functional groups and aromatic groups contribute to the atrazine
adsorption of the material. However, the atrazine removal of KOH-activated
hydrochar was slightly effective than the other prepared hydrochar. It means that
these oxygen-containing functional groups predominate in the chemical reaction to

atrazine.

Besides, these rice husk hydrochars were produced under low temperature, which has
resulted in the existence of non-carbonized fractions. It is possibly deduced that

atrazine can partly partition into this fraction [17, 137].
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Figure 18. A schematic diagram of atrazine adsorption mechanisms on pristine and
chemical-activated rice husk hydrochar

4.6.2 Possible ammonium adsorption mechanisms

According to Tan et al., the ammonium adsorption mechanisms can encompass
electrostatic attraction, ion exchange and physical adsorption [165]. In this study, the
ammonium adsorption of these hydrochars was fitted with the pseudo-second-order
kinetic model. It is suggested that chemisorption was a predominant mechanism for
ammonium sorption. In addition, ammonium adsorption capacities of pristine and
KOH-activated hydrochars were positively related to CEC. Therefore, ion exchange
can be the main reaction between ammonium and rice husk hydrochars. It is
consistent with the adsorption mechanism between ammonium and wheat straw

biochar [147] and corn cob hydrochar [103].
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4.7 Atrazine desorption

The atrazine desorption capacity from rice husk hydrochar was from 0.09 — 0.82 mg/g
after 24h, as presented in Table 18. According to Maldal et al., the amount of atrazine
desorption depends on the adsorbent properties and the pollutant concentration [67].

Table 18. The Freundlich isotherm parameters of atrazine desorption from hydrochar

Freundlich Qldes H
KFdes 1/NFdes R? (mg/g) [(1/nFdes)/(1/NFags)]
HC 0.248599 0.9987 1 0.09 -0.82 1.27

The experimental data exhibited a good fit with the Freundlich model (R? = 1), with
the Freundlich constant (1/nrdes) of hydrochar smaller than 1, as shown in Table 18
and Figure 19. The hysteresis (H) for atrazine desorption from hydrochar was
calculated based on the Freundlich constants of adsorption and desorption. When H
value is larger than 1, the hysteresis is negative. In contrast, positive hysteresis occurs
when the H value is smaller than 1. In this study, the desorption of atrazine from
hydrochar was negative hysteresis (H = 1.27). Atrazine adsorption showed the best
fitted with the Freundlich model, which suggested the multilayer atrazine adsorption
onto the heterogeneous surfaces. This similar result was reported in the study of
atrazine desorption from biochars derived from bamboo chips (H = 1.16), corn cob (H
= 1.09), eucalyptus bark (H = 1.09), and rice straw (H = 1.14) [67]. The positive
hysteresis of pollutant desorption is attributed to irreversible interaction or
sequestration of pollutant and organic carbon content of the adsorbent [166] and/or

the capture of this pollutant in meso- and micro-pores of the adsorbent [167].
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However, it is difficult to point out which one more prominent contribution to the

hysteresis of the adsorbent.
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Figure 19. Freundlich isotherm for atrazine desorption from hydrochar

To develop a biomass-based material into nitrogen slow-release fertilizer, the
desorption study is required. However, the prepared adsorbents in this study had low
ammonium adsorption capacity (by 3.25 - 3.89 mg N/g) compared with materials
available on the market. For example, cotton stalk biochar was activated using 1M
NaOH extremely adsorbed ammonium with 93.4 mg N/g [125], or KOH-activated
corn cob hydrochar had the ammonium adsorption capacity at the equilibrium time by
approximately 9 mg N/g [102]. Therefore, the desorption study for ammonium-
adsorbed hydrochar was not performed in this study.

4.8 Comparison of atrazine adsorption between hydrochar and biochar

The atrazine adsorption capacity of pristine and activated rice husk hydrochar was

compared with that of commercial biochar (BC), as illustrated in Figure 20. This
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biochar was purchased from the farmer who produced it from various agricultural
residues in the Nan province, Thailand. The result showed that both pristine
hydrochar and activated hydrochar significantly adsorbed higher atrazine in the
aqueous environment than biochar. The atrazine adsorption capacity of this biochar
was low by 0.41 £ 0.1 mg/g, which was approximately 6 times lower than 10KHC.
The most effective adsorbent for atrazine adsorption was 10KHC, followed by 5SHHC

(2.10 £ 0.0 mg/g) and HC (1.97 £ 0.1 mg/qg).
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Figure 20. The atrazine adsorption capacity of studied rice husk hydrochar and
commercial biochar

Means in each bar graph followed by the same letter are not significantly different (p
<0.05)

The physical properties of this biochar were characterized by BET analysis and
presented in Table 19. It can be seen that the specific surface area of this biochar
(31.15 m?/g) was dramatically higher than that of 10KHC (5.16 m?/g), 5HHC (11.51

m?/g), and HC (13.09 m?/g). The commercial biochar also possessed greater total pore
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volume than other pristine and activated rice husk in this study. It can be deduced that
the physical properties of the material such as specific surface area, pore volume, and
pore size did not play a controllable role in the removal of atrazine. This finding was
consistent with the study of Liu et al. corn stalk hydrochar with higher specific
surface area (4.9 m?/g) did not adsorb better atrazine than the hydrochar with lower
surface area (3.8 m?/g) [17].

Table 19. Physical properties of commercial biochar

SSA Total pore volume Pore diameter
Sample
(m?*/g) (cm®/g) (nm)
BC 31.15 0.068 8.72

4.9 Potential utilization of rice husk hydrochar

The sorption and characterization results revealed that rice husk hydrochar is a
promising candidate for atrazine-contaminated soil remediation. When rice husk
hydrochar is added to the soil, this material would fix atrazine onto its surface through
the adsorption process. Such phenomenon reduces the leaching into groundwater or
surface water and the surrounding areas. Nevertheless, this method cannot remove or
reduce the contaminant concentration in the environment. Therefore, a material
considered to be efficient and highly applicable should either be attached to atrazine-
degrading bacteria or be able to hold atrazine for long periods.

Although rice husk hydrochar exhibited potentially atrazine adsorption, how it would
be applied into contaminated sites is another interesting topic. The suggestion for
possible rice husk hydrochar used in soils is presented in Figure 21. The prepared

adsorbent would be applied to the topsoil of agricultural areas to prevent atrazine
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leaching into groundwater or the surrounding environment. In the study of Cao et al.,
biochar was mixed with soils (from 0 — 20 cm) that effectively reduced atrazine
concentration after extraction by 66% [54]. Moreover, Shen et al. mixed soil, biochar
and compost, and then applied to the soils to immobilize contaminants and
revegetation of contaminated areas [168].

In addition to its adsorption performance, rice husk hydrochar also represents cost
efficiency. The ammonium releasing properties found in the rice husk hydrochar in
this study should be considered the promising nitrogen source, which is regarded as
the majority cost in agriculture. Therefore, it is recommended that further studies
should be conducted about the effects of soil organic contents and pH on the atrazine
adsorption to rice husk hydrochar as well as its nitrogen releasing behavior before

full-scale application.



100

Humus P

Topsoil —[

Subsoil  ——

Groundwater
Weathered rock fragments

Bedrock

=== g

h_g-.ﬁg‘ax &

® Atrazine
© Ammonium

Figure 21. Suggested rice husk hydrochar application into the soils
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CHAPTER V CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The activation of rice husk hydrochar to enhance atrazine and ammonium adsorption
was investigated in this study. Rice husk hydrochars produced under various MHTC
conditions showed promising atrazine adsorption capacities, while only some of them
could remove ammonium in the aqueous environment. Rice husk hydrochar produced
under higher temperature (175 - 200°C) and residence time (60 min) and lower L-S
ratio (5:1 to 10:1 mL/g) achieved better atrazine and ammonium adsorption
capacities. Activation treatment using H2.0> and KOH solutions was exhibited
different influences on the physicochemical properties of the rice husk hydrochar.
KOH treatment increased oxygen-containing functional groups on the rice husk
hydrochar, while increased aromatic compounds of H.O»-activated hydrochar were
observed. These changes have proved the dominant role of H-bonding interaction and
n-1 electron donor-acceptor interaction for atrazine adsorption mechanisms of KOH-
activated hydrochar and H»O.-activated hydrochar, respectively. The results of
atrazine desorption from rice husk hydrochar demonstrated a negative hysteresis.
Conversely, only KOH activation treatment effectively enhanced the ammonium
adsorption of the pristine hydrochar. Although both pristine and activated hydrochars
showed an increase in ammonium adsorption capacity over time, they did not present
a promising performance at higher initial ammonium concentration. Moreover,
several rice husk hydrochars released ammonium instead of adsorption. This might be
due to the hydrolysis of lignin of rice husk during the hydrothermal process.
Therefore, these novel properties of rice husk hydrochar could be used as a

sustainable atrazine adsorbent to limit contaminant mobility in the environment and
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simultaneously be used as a nitrogen fertilizer, which could reduce the fertilizer cost

in agriculture.

5.2 Recommendations

KOH treatment improved atrazine and ammonium adsorption capacities of
rice husk hydrochar, but its effectiveness is still moderate. Further study is
recommended to determine the effect of activation time and temperature.

Rice husk hydrochar showed a promising result for atrazine adsorption in the
aqueous environment. To effectively apply into the soil, the effect of pH and
soil organic matter on the atrazine adsorption is recommended.

There was a positive relation between CEC values of the adsorbent and
ammonium adsorption. However, rice husk hydrochar prepared in this study
was low even after the KOH activation process, so another activation
treatment to enhance CEC values of rice husk hydrochar is suggested. For
example, the material can be coated with positive charge chemicals (i.e., the
amalgamation of iron and potassium) or activated at a higher temperature.

In addition to increasing CEC, pH solution is also an essential factor that can
affect ammonium adsorption. Thus, it is suggested to study the effect of pH in
a future study to apply this material as a slow-release fertilizer.

The release of ammonium from pristine and H.O-activated rice husk
hydrochar has been drawn as an interesting idea. These materials have the
potential to apply as a soil conditioner by providing essential nutrients for

plant development.
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e Rice husk has become a green treasure in other industries by its silicon (SiO>)
contents; thus, the cost analysis for rice husk hydrochar application is needed

the future study.
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APPENDICES

Appendix A. Rice husk hydrochar produced under different MHTC conditions

Table Al. Hydrochar yield produced under different MHTC conditions

Treatment Temperature Time L-S ratio Hydrochar yield
°C) (min) (mL/g) (%)
1 150 20 10:1 88.25
2 200 20 10:1 66.60
3 150 60 10:1 83.69
4 200 60 10:1 65.15
5 150 40 5:1 91.13
6 200 40 5:1 73.19
7 150 40 15:1 89.36
8 200 40 15:1 72.32
? 175 2 5:1 69.66
10 175 60 5:1 67.82
11 175 20 15:1 82.84
12 175 60 15:1 72.99
13 175 40 10:1 66.13
14 175 40 10:1 72.42
15 175 40 10:1 69.50
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Figure Al. Rice husk hydrochar produced under different MHTC conditions
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Appendix B Optimization of MHTC condition

Table B1. Regression analysis of the atrazine adsorption capacity

Factor Regression  Std. Error t(2) p -95% Cnf. +95%
coefficient Limt Cnf.Limt
Mean/Intercept -53.6971 17.54861  -3.05991  0.092 -129.203  21.80849
(1) Temperature (L) 0.6085 0.19940 3.05142 0.093 -0.249 1.46641
Temperature (Q) -0.0016 0.00057 -2.89820 02101 -0.004 0.0008
(2) Time (L) -0.2029 0.34139 -0.59423  0.612 -1.672 1.26603
Time (Q) -0.0015 0.00213 -0.72161  0.545 -0.011 0.00764
(3) L-Sratio (L) 5.8773 1.18483 4.96047 0.038 0.779 10.97524
L-S ratio (Q) 0.0011 0.00357 0.31309 0.783 -0.014 0.01647
1L by 2L 0.0029 0.00353 0.82430 0.496 -0.012 0.01812
1L by 2Q 0.0000 0.00001 0.96845 0.434 0.00 0.00006
1Q by 2L 0.0000 0.00001 -1.13109  0.375 0.00 0.00003
1L by 3L -0.0684 0.0136 -5.03414  0.037 -0.127 -0.00995
1Q by 3L 0.0002 0.00004 5.01762 0.038 0.00 0.000366

2L by 3L -0.0002 0.00086 -0.26077 0.819 -0.004 0.00347
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Table B2. Regression analysis of the ammonium adsorption capacity

Regression -95% +95%
Factor Std. Error t(2) p

coefficient Cnf. Limt Cnf.Limt
Mean/Intercept -74.4054 28.8762 -2.57671  0.123 -198.650  49.83878
(1) Temperature (L) 0.9106 0.3281 2.77537  0.109 -0.501 2.32241
Temperature (Q) -0.0027 0.0009 -2.89546  0.101 -0.007 0.00131
(2) Time (L) 1.4083 0.5618 2.50695 0.129 -1.009 3.82536
Time (Q) 0.0024 0.0035 0.69245 0.560 -0.013 0.01754
(3) L-Sratio (L) 4.8211 1.9464 24728 0.131 -3.568 13.20972
L-S ratio (Q) 0.0011 0.00587 0.1812 0.873 -0.024 0.02633
1L by 2L -0.0178 0.00582 -3.0523 0.092 -0.043 0.00727
1L by 2Q 0.0000 0.00002 -0.4116 0.721 0.0 0.00008
1Q by 2L 0.0001 0.00002 3.3157 0.080 0.0 0.0012
1L by 3L -0.0585 0.02237 -2.6147 0.120 -0.155 0.03776
1Q by 3L 0.0002 0.00006 2.7393 0.111 0.0 0.00045

2Q by 3L -0.0023 0.00141 -1.6113 0.248 -0.008 0.0038
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Table B3. The results of observed and predicted adsorption capacity onto different

Run Atrazine adsorption capacity Ammonium adsorption capacity
(mg/g) (mg N/g)
Observed Predicted Observed Predicted
1 0.41 0.41 0.08 0.08
2 1.23 1.23 0.30 0.30
3 0.53 0.53 0.45 0.45
4 1.37 1.37 0.89 0.89
5 0.39 0.39 0.25 0.25
6 1.07 1.07 0.07 0.07
7 0.43 0.43 -0.63 -0.63
8 0.95 0.95 0.54 0.54
9 1.40 1.40 0.57 0.57
10 1.85 1.85 0.18 0.18
11 0.19 0.19 -0.27 -0.27
12 0.55 0.55 -1.57 -1.57
13 0.95 0.76 -1.02 -0.69
14 0.60 0.76 -0.53 -0.69

=
(6]

0.74 0.76 -0.54 -0.69
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Appendix C Statistical analysis between pristine and activated hydrochars

Table C1. Atrazine adsorption between pristine and KOH-activated hydrochars

Duncan
Samples N Subset for alpha = 0.05
1

HC 3 1.5122

5KHC 3 1.5170

10KHC 3 1.5778 1.5778
20KHC 3 1.6820
Sig. .349 138

Means for groups in homogeneous subsets are displayed.

a. Uses Harmonic Mean Sample Size = 3.000.

Table C2. Atrazine adsorption between pristine and H20O.-activated hydrochars

Duncan
Samples N Subset for alpha = 0.05

1 2
HC 3 1.5122
20HHC 3 1.6142 1.6142
5HHC 3 1.6226
10HHC 3 1.6281
Sig. .057 779

Means for groups in homogeneous subsets are displayed.

a. Uses Harmonic Mean Sample Size = 3.000.
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Table C3. Atrazine adsorption between studied materials and commercial biochar

Atrazine adsorption capacity

Duncan
Adsorbent N Subset for alpha = 0.05

1 2
BC 2 4123
HC 2 1.9705
S5HHC 2 2.1028
10KHC 2 2.1773
Sig. 1.000 106

Means for groups in homogeneous subsets are displayed.

a. Uses Harmonic Mean Sample Size = 2.000.
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Table D1. Activation effects of rice husk hydrochar on atrazine adsorption capacity

Sample Mean (mg/g) SD

No activation HC 151 0.05
S5HHC 1.62 0.06

H>0, treatment 10HHC 1.63 0.06
20HHC 1.61 0.06

5KHC 1.52 0.07

KOH treatment 10KHC 1.58 0.10
20KHC 1.68 0.08
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Figure D1. Linear plots for atrazine adsorption fitting to pseudo-first-order and

pseudo-second-order models of (a,b) hydrochar, (c,d) 10KHC, and (e,f) 5SHHC
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Table E1. Activation effects of rice husk hydrochar on ammonium adsorption

capacity

Adsorption capacity

SD
(mg/g)

No activation HC 0.10 0.01
5HHC 0.03 1.34

H.O, treatment 10HHC -1.20 1.06
20HHC -0.07 0.50

5KHC 2.33 0.18

KOH treatment 10KHC 244 0.20
20KHC 1.99 0.59
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Appendix F Characterization of rice husk hydrochar
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Figure F1. BET surface analysis of N2 adsorption — desorption isotherm of (a) HC,

(b) 10KHC, (c) SHHC, (d) BC
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