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ABSTRACT

The issue of water pollution caused by nitrate and phosphate ions is becoming increasingly
severe. Developing technologies that can effectively remove such pollutants is essential.
Among the various removal technologies, adsorptive removal overcomes the disadvantages of
high operation costs, high energy consumption, and poor adaptability found in other methods,
making it become a focal point of interest for researchers. To enhance the adsorption
performance of the adsorbent, nitrogen-doped surface modification has been applied in the
preparation process of traditional adsorbent. This thesis was carried out three aspects of
research: (1) The study of the batch adsorption and fixed-bed column adsorption of glucose-
based activated carbon adsorbents for the removal of nitrate ions from aqueous solutions. (2)
The study of glucose-based activated carbon adsorbents for the removal of phosphate ions from
aqueous solutions, using commercially available anion exchange resins as a reference material.
(3) The transition of the preparation materials for carbonaceous adsorbents from dual nitrogen
sources to a single nitrogen source, using glucose without nitrogen-doped surface modification
as a reference material, to study the adsorption performance of the optimized adsorbent for

nitrate ions.

In chapter 2, the glucose-based carbonaceous adsorbent was prepared from glucose,
melamine and urea by using ZnCl; activation and heated at 550°C under N; flow. The sample
was treated for the 1st, 2nd and 3rd activation process, and they were characterized by N,
adsorption and desorption isotherms, elemental analysis and X-ray photoelectron spectroscopy
(XPS). The results showed that the content of nitrogen increased and that of oxygen decreased
with the increasing of the number of activation process. The adsorbent obtained after the 2nd
activation showed the best adsorption properties and was used in batch and fixed-bed column
adsorption studies. In batch adsorption experiments, we investigated the factors affecting nitrate
adsorption such as initial concentration, solution pH, adsorption isotherms and adsorption
kinetics. The isotherm data and kinetic data were fitted well to the Langmuir isotherm model
and pseudo-second-order model, respectively, and the maximum adsorption capacity calculated

by Langmuir model was 1.58 mmol/g at pH 3.0. The adsorption performance of the adsorbent
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in industrial application mode was also investigated by fixed-bed column experiments. The
breakthrough time of the packed column was 160 min for the initial nitrate concentration of
200 mg/L at pH 3.0. The saturated column could be regenerated by 1 mol/L HCI and reused for
at least 5 adsorption-desorption cycles. The column showed good adsorption performance in

both coexisting ions solution and real contamination water.

In chapter 3, aiming to address the issue of phosphate contamination in water, a novel
activated carbon adsorbent with excellent adsorption performance for phosphate ions was
designed and synthesized through the nitrogen-doped surface modification method. The
adsorption experiment results revealed that the sample obtained after the second activation at
600°C (MeUrGlu-600Z0.5-2nd) exhibited a high adsorption capacity of up to 0.42 mmol/g for
phosphate ions. The surface modification method using nitrogen-doped significantly enhanced
the adsorption capacity of the adsorbent for phosphate anions. The surface characteristics of the
sample were analyzed by Brunauer-Emmett-Teller method, elemental analysis, and X-ray
photoelectron spectroscopy (XPS). The characterization results indicated that the increase in
adsorption capacity primarily attributed to the successful introduction of quaternary nitrogen
(N-Q) onto the activated carbon surface. Additionally, the adsorbent demonstrated high
adsorption capacity for phosphate ions in acidic solution (pH < 4.5), overcoming the limitation
of commercial anion exchange resin HP555 which cannot be used effectively in acidic
environment. The Langmuir isotherm model was found to accurately describe the adsorption
process which is a monolayer adsorption. Finally, the regenerability of MeUrGlu-600Z0.5-2nd

and the recovery of phosphate ions were investigated in a continuous flow adsorption mode.

In chapter 4, the transition of the preparation materials for carbonaceous adsorbents from
dual nitrogen sources to a single nitrogen source was achieved. A nitrogen-doped glucose-
derived carbonaceous adsorbent (UrGlu-450Z0.6-2nd) was prepared to enhance nitrate
adsorption from wastewater. The optimization process of the adsorbent revealed the interaction
principles among the raw materials, wherein the special brown porous foam-like intermediate
formed after pre-treatment plays a decisive role in enhancing the adsorption performance of the

adsorbent. In addition to being optimized for using a single nitrogen source, the adsorbent also
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reduced the required preparation temperature by 100°C and exhibited an increased adsorption
capacity in nitrate solutions with a pH greater than 5.0 (compare with chapter 2). UrGlu-
450Z0.6-2nd exhibited a point of zero charge (pHy.c) at the pH of 3.0 and a specific surface
area (Sger) of 6.13 m%g. It was shown that the nitrogen-doped modified adsorbent exhibited a
considerable capacity for adsorbing nitrate over a wide pH range of 2.0-10.0. The Langmuir
isotherm model and the pseudo-second-order kinetic model can accurately describe the nitrate
adsorption process of UrGlu-450Z0.6-2nd, and the maximum adsorption capacity (Xm)
predicted by the Langmuir isotherm model was 1.18 mmol/g. Additionally, UrGlu-450Z0.6-
2nd demonstrated an excellent adsorption capacity in practical applications using a fixed-bed
column adsorption mode, with a breakthrough time of 136 min. The results of nitrate adsorption
studies and surface characterization indicate that the introduction of active quaternary nitrogen
(N-Q) adsorption sites after nitrogen-doped is the primary mechanism for enhancing the

adsorption capacity of nitrate ions.
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Chapter 1 General introduction
1.1 Water pollution

1.1.1 Current situation of global water pollution

The Earth is the home on which humanity depends for survival. It nurtures all living things,
and millions of species thrive and reproduce on it. However, due to the continuous expansion
of human activities, the Earth has been subjected to pollution and destruction from various
factors in many ways. In order to satisfy the desires, humans have recklessly exploited and
expanded land use. To improve their quality of life, people continuously expand industrial and
agricultural production, recklessly discharging toxic and harmful wastewater and gases. These
selfish actions have severely damaged the ecological environment, leading to the continuous
deterioration of habitats for plants and animals. Many species of organisms are on the verge of
extinction or have even become extinct. Protecting the environment is a responsibility that
everyone should fulfill, and researchers, in particular, should take the lead in this endeavor.
Currently, the major environmental issues include water pollution, air pollution, soil pollution,
and radioactive contamination. Since the 1990s, the issue of pollution in rivers, lakes, and even
groundwater caused by industrial wastewater, agricultural irrigation, and domestic sewage has
become increasingly severe and is expected to worsen further [1]. As a result, the threats and
negative impacts on human health and the environment will continue to increase. The World
Economic Forum has listed freshwater resource degradation as one of the top ten global risks
over the past decade [2]. Therefore, it is essential to develop technologies that can effectively
address the issue of global water pollution.

According to statistics, the available water resources for humans, animals, and plants
account for only 0.02% of the Earth's total water resources [3]. However, water pollution caused
by human activities has further exacerbated the already scarce and precious available water
resources. Cases of water pollution are common worldwide. In India, 80% of the water
resources are classified as sewage, and the Ganges River has been listed as one of the most
polluted rivers in the world. A large amount of untreated domestic sewage, industrial
wastewater, and waste from religious activities is discharged into this river, which the river
supports the lives of 400 million people. Every day, over 40 million liters of wastewater are
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released into its water resources, leading to 38 million people contracting waterborne diseases,
with more than 2 million deaths annually [4, 5]. In China, with the continuous advancement of
industrialization and urbanization, the Yellow River and the Yangtze River are also facing
serious pollution problems. The pollution in the Yellow River Basin is particularly severe, with
excessive levels of heavy metals and organic pollutants posing significant threats to the health
of residents along the river. In some downstream sections, the river has even dried up [6]. In
the Yangtze River Basin, the water quality in the Yangtze River Delta has noticeably
deteriorated, and algal blooms have broken out in some tributary areas [7]. According to
research, from 1990 to 2017, the percentage of disability-adjusted life years (DALY) per
100,000 people due to 14 out of 21 non-communicable diseases increased from 4.4% to 117%
[8]. Chen et al. developed a new model system by linking MARINA (Model to Assess River
Input of Nutrient to seAs) with NUFER (Nutrient flows in Food chains, Environment, and
Resource use) to study the impact of crops and livestock on nitrogen inputs in the Yangtze River.
This allows for future regulation of major crop varieties and livestock production to mitigate
nitrogen pollution [9, 10]. The results indicated that in 2012, approximately 6,000 Gg of
nitrogen entered all rivers in the Yangtze River Basin in the form of dissolved inorganic nitrogen
(DIN) from crop production. Half of this nitrogen came from the production of rice, wheat, and
vegetables. In the same year, livestock production resulted in a DIN input of 2000 Gg to the
Yangtze River. Pig farming accounted for 55-85% of the manure-related DIN input.
Additionally, the Danube River, renowned as the second-longest river in Europe, is a major
receiving basin for wastewater discharge, with concentrations of various antibiotics currently
exceeding safe thresholds [11]. The researchers studied the fecal contamination and antibiotic
resistance of different clinically relevant bacteria [ 12-14]. The results indicate that in the upper
Danube River, one-third of the sampled isolates exhibited resistance to one or two antibiotics,
while over 10% of the isolates showed resistance to multiple antibiotics [15]. In addition, the
Danube River Basin was defined as a "reservoir of antibiotic resistance" in the Joint Danube
Survey 3, which is one of the most serious threats to human health [16, 17]. In summary, the
issue of water pollution faced by the world today is extremely severe.

The types of pollutants that cause water pollution include organic pollutants (dyes, fats,

proteins), inorganic pollutants (heavy metals, acids, bases), microbial contamination, and

2



nutrient pollution, among others. Their presence disrupts aquatic ecosystems and threatens the
health and survival of plants and animals. In addition, the pollution of clean water resources by
these sources also affects agricultural productivity and manufacturing productivity, leading to
lower water quality, increased pressure on water resources, and potentially serious

consequences that could trigger global economic risks [18].

1.1.2 Harmful effects of nitrate and phosphate ions pollution

Among various pollution sources, the issue of water pollution caused by nitrate and
phosphate ions is particularly prominent. Since 1920, the nitrogen deposition on land has
doubled due to the development of human society and the demands of agricultural production
[19]. Fertilizers, pesticides, and other chemicals designed to increase and ensure crop yields are
produced and widely applied, thereby artificially interfering with the balance of nitrogen and
phosphorus levels in the original ecosystem. These pollutants are also considered the second
largest chemical contaminant in surface water and groundwater [20]. The permissible discharge
concentrations of nitrate and phosphate ions vary internationally due to differences in countries,
regions, and types of water bodies. The World Health Organization (WHO) states that the
concentration of nitrate ions in drinking water should not exceed 50 mg NO3;/L [21]. The United
States Environmental Protection Agency suggested a mean TP concentration of 10 ug P/L in its
nutrient criteria guidelines for lakes and reservoirs [22]. It is worth mentioning that in many
regions around the world, both in developed and developing countries, the nitrate ions
concentration in drinking water has exceeded 50 mg/L. For example, in the southern Campania
region of Italy, some cities in Iran, urban areas in Brazil, southeastern Australia, and rural areas
in northern Mexico, among others [23-25].

The permissible level was set to prevent further deterioration of the natural environment
and its threat to human health. For phosphate ions, excessive intake can affect calcium
metabolism in the body, leading to an imbalance between calcium and phosphorus, which can
result in osteoporosis. In addition, high phosphorus intake can increase the metabolic burden
on the kidneys, accelerating kidney damage [26]. Elevated phosphate levels can also promote
vascular calcification, increasing the risk of cardiovascular and cerebrovascular diseases.

Excessive phosphorus intake can also interfere with the secretion of thyroid hormones, leading



to endocrine disorders in the body [27]. On the other hand, excessive intake of nitrate has a
more significant negative impact on the human body. Nitrate ions enter the human food chain
through residues in groundwater and vegetables [28]. Nitrate ions ingested by the human body
could convert into nitrite ions, which can easily bind with hemoglobin in the body, impairing
its ability to transport oxygen and leading to methemoglobinemia [29]. This symptom is
common among infants and is often referred to as "blue baby syndrome," which is characterized
by blue-tinged skin and difficulty breathing. In addition, high intake of nitrate ions poses
another significant health threat: cancer. Nitrate ions are precursors to N-nitroso compounds,
many of which are teratogens and carcinogens in nature [30]. Nitrate ions enter the human body
through both exogenous and endogenous pathways. After being reduced to nitrite ions, they can
lead to major diseases such as cancers of the nervous system and colon cancer, as well as
metabolic dysfunction, thyroid abnormalities, and genotoxic damage, among others [23, 31-
33].

Nitrate and phosphate ions pollution, besides being harmful to human health, also pose a
serious threat to the global environment. They can lead to eutrophication, causing excessive
growth of aquatic plants and even algal blooms. This can harm fish and aquatic organisms and
disrupt the balance among species in aquatic environments [34]. A typical algal bloom is a
natural occurrence that results from explosive growth of microscopic algae, primarily due to
seasonal temperature fluctuations, abundant sunlight, and sufficient nutrients in the water [35].
Certain algal blooms are classified as harmful because they produce toxic metabolites and
organic compounds, which can cause various diseases and even death in humans and aquatic
creatures [36]. In addition, although many harmful algae do not produce toxic substances, the
organic matter from algae (AOM) and algal biomass can accumulate in large quantities on the
surface of the water. The bacterial decomposition of these organic components can lead to a
sharp decline in dissolved oxygen levels in the water, severely damaging the habitats of aquatic
organisms [37]. The series of negative impacts caused by harmful algal blooms will ultimately
lead to economic losses in fisheries and aquaculture. In more severe cases, the metabolic
byproducts of algal cells can clog some large operational equipment, such as the filters in
seawater desalination plants, resulting in membrane fouling and even producing unpleasant

odors [38, 39]. The occurrence of algal blooms is often dominated by a specific type or group
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of algae. It has been reported that diatoms, dinoflagellates, and cyanobacteria are three major
types of algae that frequently produce large amounts of blooms. They all have harmful effects,

including toxic blooms and oxygen depletion [40-44].

1.2 Technologies for treating nitrate and phosphate ions pollution

In response to the serious consequences of water pollution caused by nitrate and phosphate
ions mentioned above, various methods have been developed to remove such pollutants from
water. Techniques such as ion exchange, reverse osmosis, electrodialysis, biological treatment
(biological denitrification and biological phosphorus removal), and adsorption methods will be

described in the following sections.

1.2.1 Ion exchange

Ion exchange is a water treatment technology based on ion exchange resins. It works by
using the functional groups in the resin to reversibly exchange with pollutant ions in the water
solution, thereby removing the target pollutants [45]. In general, depending on the type of
pollutants, either anion or cation exchange resins can be selectively used. For example, ion
exchange resins with trimethylamine functional groups exhibit a specific ion exchange trend
during the ion exchange process, with the sequence COs*” < CI" < NOs~ < PO4*" [46]. When
the resin becomes saturated, a regenerant solution can be used to elute the pollutants, thereby
restoring its ion exchange capacity. The disadvantage of this technology is that it requires post-
treatment and the handling of waste brine [47]. At the same time, if the discarded ion exchange
resins are not properly treated in a timely manner, they can also pose serious risks to the
environment. Therefore, how to properly dispose of the resulting waste resins remains an

unresolved issue.

1.2.2 Reverse osmosis

Reverse osmosis is a technology that uses a semi-permeable membrane to separate
pollutants from water. Its working principle involves applying pressure to the polluted water,
allowing only water molecules to pass through the membrane, while dissolved pollutants such
as phosphate and nitrate ions are retained on the concentrated water side, thereby achieving

water purification [48]. This method is suitable for treating wastewater with high concentrations



of nitrate and phosphate ions. The advantages of this technology include high-quality effluent,
making it suitable for the production of drinking water. However, it has some disadvantages,
such as high system costs, significant energy consumption, the need for regular maintenance of
the semi-permeable membrane, and the challenge of further treating the concentrated

wastewater [49].

1.2.3 Electrodialysis

Electrodialysis is a technology that drives ions through selective ion exchange membranes
using an electric field, thereby separating pollutants from water [50]. The main working
principle of this technology is that, under the influence of an electric field, positively charged
cations move toward the negative electrode, while negatively charged anions move toward the
positive electrode. They pass through cation-selective membranes and anion-selective
membranes, respectively, allowing the pollutants to be concentrated in the brine stream [51].
This technology allows for the control of the deionization rate of the treated effluent by
adjusting the system voltage. However, electrodialysis also has its disadvantages, including
additional energy consumption, unsatisfactory treatment efficiency for high-concentration
polluted wastewater, susceptibility of the membrane system to blockage by contaminants, and

the need for regular maintenance [52].

1.2.4 Biological treatment

The biological treatment methods in nitrogen and phosphorus wastewater treatment
mainly include biological denitrification and biological phosphorus removal. They remove
nitrogen and phosphorus from the water through microbial metabolic activities. The biological
phosphorus removal relies on the metabolic activity of polyphosphate accumulating organisms
(PAOs). These microorganisms release phosphate under anoxic and anaerobic conditions and
then store large amounts of phosphate under aerobic conditions [53]. Through this mechanism,
phosphates are removed from the water and converted into polyphosphates in the sludge [54].
Biological denitrification is the process in which denitrifying bacteria convert nitrate (NOs") or
nitrite (NOz") into nitrogen gas (N2), thereby removing nitrogen from water. This process occurs
under anaerobic conditions, where denitrifying bacteria utilize nitrate as an electron acceptor

to reduce it to nitrogen gas, which is released into the atmosphere [55]. Their disadvantages lie

6



in the high operational requirements for technology and poor adaptability. Additionally,
biological denitrification is a lengthy process that typically requires a sufficient organic carbon
source and needs to be accompanied by appropriate disposal of the generated biological sludge

[56].

1.2.5 Adsorption

Adsorptive removal technology has always been regarded as one of the most attractive
methods. Adsorptive removal is based on the interaction between the adsorbent and the
adsorbate, where the adsorbate transfers from the aqueous solution to the surface of the
adsorbent. Adsorption removal has significant advantages, including low operational costs,
ease of operation, regenerability, non-toxicity, cost-effectiveness, and wide applicability. It can
effectively circumvent the shortcomings of the aforementioned methods. As a result, it has
become a research focus for many scholars and is widely used in the treatment of various
pollutants [57-59]. To date, there are various kinds of adsorbents, such as molecular sieve [60],
metal oxides/hydroxides [61], organic polymers [62] and carbonaceous adsorbent [63], have
been prepared and applied for the treatment of wastewater. Among them, carbonaceous
adsorbents are valued for their developed pore structure, wide applicability, excellent

regeneration ability, and good thermal stability and mechanical strength.

1.3 Properties of carbonaceous materials

Carbonaceous materials refer to materials primarily composed of carbon, characterized by
diverse structural forms and performance features. In the field of adsorptive removal, they are
commonly referred to as activated carbon. However, as the porous structure and specific surface
area of the adsorbents described in chapter 4 of this paper do not meet the standards of activated
carbon, they are collectively referred to carbonaceous materials in the introduction section of
this chapter. The adsorption performance of the carbonaceous material is determined by its pore
size, specific surface area, and surface chemical properties. These characteristics can be
optimized by adjusting the structure of the carbonaceous material, which is often determined

by the types of raw materials and preparation methods.



1.3.1 Surface pore structure of carbonaceous materials

The pore structure of carbonaceous materials is a key factor in determining their
adsorption performance. The pore sizes of carbonaceous materials are uneven and can generally
be classified into three types: micropores, mesopores, and macropores by IUPAC classification
[64]. In general, pores with a diameter of less than 2 nm are defined as micropores, and their
presence allows carbonaceous materials to have a larger specific surface area [65]. Structures
with pore diameters ranging from 2 nm to 50 nm are referred to as mesopores [66]. The presence
of mesopores helps enhance diffusivity and serves as channels for mass transfer of reactants
and products during the adsorption process. Pores diameter larger than 50 nm are classified as
macropores [67]. The adsorption of adsorbates in macropores occurs similarly to adsorption on
a flat surface, beginning with monolayer adsorption followed by multilayer adsorption. The
pore structure of carbonaceous materials can be tailored by controlling the precursor materials
and the preparation conditions, such as the activating agents, temperature, and atmosphere.
Common preparation methods of carbonaceous materials include physical activation, chemical
activation and template method. Physical activation involves heating precursors (raw materials)
in an inert gas or gas environment such as CO: for activation. Chemical activation uses chemical
reagents to react with precursors, followed by carbonization and activation at high temperatures,
resulting in a rich microporous structure. Template method involves using hard templates (such
as silica particles) or soft templates (such as surfactants) to control the pore structure within the
material, commonly used for the construction of mesopores and macropores [68]. The pore
structure of carbonaceous materials can be precisely optimized by regulating their preparation

process to meet the requirements of specific applications.

1.3.2 Surface chemical structure of carbonaceous materials

In terms of surface modification of carbonaceous materials, performance optimization can
be achieved not only by adjusting their pore structure but also by improving their surface
chemical structure. The surface chemical properties of carbonaceous materials directly
determine their reactivity, functionality, and ability to interact with external substances.
Therefore, suitable preparation schemes can be designed for different types of target pollutants

by introducing beneficial functional groups or modifying the material's hydrophilicity or
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hydrophobicity, thereby enhancing the adsorption performance of carbonaceous materials [69].
The performance of carbonaceous materials in adsorption can be significantly enhanced by
doping or modifying the surface with specific functional groups or metals. Surface functional
groups or doped heteroatoms (such as nitrogen, sulfur, phosphorus, etc.) often serve as active
sites in the reaction process, effectively regulating the electronic structure and adsorption
characteristics of the carbonaceous materials [70]. In this thesis, nitrogen atoms are introduced
into the lattice of carbonaceous materials through nitrogen-doped surface modification. Due to
the high electronegativity of nitrogen, it attracts surrounding electrons, causing a change in the
electron distribution of the carbonaceous materials [71]. Therefore, in this study, the surface
modification of glucose-based carbon materials differs from the simple synthesis of all raw
materials. The introduction of nitrogen reagents is intended to improve or enhance certain
specific surface functionalities of the carbon materials, such as hydrophilicity, hydrophobicity,
and the increase of surface active sites, rather than synthesizing or grafting them onto the
glucose structure. Depending on the different doping processes and temperatures, various
nitrogen doping sites can be formed. Common nitrogen configurations include pyridinic
nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary nitrogen (N-Q), and pyridine-N-oxide (N-
X) [72, 73] (Fig. 1-1). Among them, quaternary nitrogen is considered as an active site that
facilitates the adsorption of anions such as nitrate and phosphate ions, as it can carry a positive
charge. On the other hand, since N-6 and N-5 are difficult to protonate, they carry a slight
negative charge, which may result in repulsion against anions. [74, 75]. Therefore, improving
the surface chemical properties of carbonaceous materials can be achieved by developing
effective preparation methods that facilitate the loading of quaternary nitrogen on the surface

of carbonaceous materials.



Pyridine-N-oxide
(N-X)

Pyrrolic nitrogen
(N-5)

Pyridinic nitrogen
(N-6) A

Quaternary nitrogen

(N-Q)

Fig. 1-1. Schematic diagram of the four nitrogen configurations introduced by nitrogen-doped

surface modification.

1.4 Evaluation of adsorption performance of carbonaceous materials

The evaluation of the adsorption performance of carbonaceous adsorbents is generally

conducted through two modes: batch adsorption and fixed-bed column adsorption.

1.4.1 Batch adsorption

1.4.1.1 Equilibrium adsorption amount

The batch adsorption experiment is usually conducted in a closed reactor, where the
adsorbent and adsorbate are mixed in a certain proportion until adsorption equilibrium is
reached. The amount of adsorption is measured to evaluate the performance of the adsorbent.

The equilibrium adsorption amount is calculated using the following equation:
_ (Co=Ce)V

Q. == (1-1)
where Q. means the equilibrium adsorption amount (mmol/g). Co and C. represent the initial
and the equilibrium concentration of adsorbate (mmol/L), respectively. V signifies the solution
volume (L) and W expresses the weight of sample (g).
1.4.1.2 Adsorption isotherm

The Langmuir adsorption isotherm assumes that adsorption occurs as a monolayer, the
adsorption sites are homogeneous, and each site can adsorb only one adsorbate molecule. This
model is suitable for ideal adsorption systems, where the adsorption capacity gradually

saturates as the concentration increases. The Langmuir isotherm equation in liner form:
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Q — Kece
€  1+K,c,0 ™M’

(1-2)
where Q. is the adsorption capacity at equilibrium (mmol/g), Xi, is the maximum adsorption
capacity (mmol/g), K. is the adsorption equilibrium constant (L/mmol), and C. is the
equilibrium concentration (mmol/L).

Freundlich adsorption isotherm is an empirical formula that applies to multilayer
adsorption and adsorption processes on heterogeneous surfaces. The Freundlich isotherm is

typically used to describe adsorption behavior at low concentrations. The Freundlich isotherm

equation in liner form:
InQ, = InKy +~InC, . (1-3)

where Kr means Freundlich isotherm constant [(mmol/g) (L/mmol)'®], and I/n is the
heterogeneity of the surface.
1.4.1.3 Adsorption kinetic

Pseudo-First-Order Kinetics Model: This model assumes that the adsorption rate is
proportional to the amount of adsorbate that has not yet been adsorbed. The pseudo-first-order

kinetics equation is:

In(Qe — Q¢) = InQ, — kyt, (1-4)
where 0 is the adsorption capacity at time t (mmol/g), Q. is the equilibrium adsorption capacity
(mmol/g), and k; is the rate constant (min™).

Pseudo-Second-Order Kinetics Model: This model assumes that the adsorption rate is

proportional to the occupancy of the adsorption sites. The pseudo-second-order kinetic equation:

t 1 t
— — 1_5
Q  k20Q2 T Qe’ (1-5)

where k is the pseudo-second-order rate constant (g(mg min)™').

1.4.2 Fixed-bed column adsorption

Fixed-bed column adsorption involves immobilizing an adsorbent in a reactor, while the
adsorbate solution flows through the fixed bed. It is commonly used to simulate continuous
flow processes, making it more closely aligned with practical applications. This method is

particularly suitable for evaluating the performance of adsorbents under continuous operation,
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and is of great significance, especially in industrial-scale applications. The amount of nitrate

adsorption (Q) in the fixed-bed column adsorption is expressed by the following equation [76]:
R t

Q=——[1(Co—Cot, (1-6)

where R is the flow rate (mL/min), W means the molar mass of nitrate (g/mol), m is the weight

of adsorbent (g), ¢ represents the flow time (min), Cp is the nitrate concentration in the influent

(mg/L), C\is the nitrate concentration in the effluent at time ¢ (mg/L).

1.5 The organization of this thesis

This study focuses on addressing water pollution caused by nitrate and phosphate ions by
developing new and effective carbonaceous adsorbents to tackle such environmental issues.
The selection of glucose as the primary carbon source material is due to its widespread
availability in nature and ease of acquisition, as it can be obtained through simple starch or
cellulose hydrolysis. Furthermore, current studies utilizing glucose as the main precursor for
material development are mostly focused on applications such as dye adsorption, heavy metal
removal, carbon dioxide capture, and the development of supercapacitor materials. However,
research on glucose, melamine and urea as the raw material to develop adsorbent for the
adsorption of ionic pollutants, which are more challenging to remove from aqueous solutions,
has not been reported. Therefore, this thesis takes this aspect as the starting point and conducts
in-depth research. Traditional carbonaceous adsorbents have low efficiency in removing ionic
pollutants, appropriate modification methods are needed to enhance their pollutant removal
capacity. Nitrogen-doped surface modification is applied in the preparation process of the
adsorbents to improve their surface physical/chemical properties and adsorption performance.
Meanwhile, the thesis also studied and explained the mechanism by which the adsorbent
interacts towards pollutant ions.

In chapter 2, a novel glucose-based activated carbon adsorbent (MeUrGlu-550Z0.5-1.0-
2nd) with excellent nitrate ions adsorption performance has been designed and synthesized
through nitrogen-doped surface modification. The adsorption study was mainly conducted
under batch adsorption and fixed-bed column adsorption modes, which helped to thoroughly
examining the adsorption performance of the adsorbent. In batch adsorption experiments, the
effects of solution pH, initial nitrate ions concentration, adsorption isotherms, and adsorption

12



kinetics on adsorption capacity were investigated. Through fixed-bed column adsorption to
investigate the adsorption breakthrough curve of the adsorbent, the influence of coexisting ions
on the removal of nitrate ions, the regeneration performance of the adsorbent, and its ability to
remove nitrate ions from real wastewater.

In chapter 3, based on the research on the adsorption of nitrate ions by glucose-based
activated carbon adsorbent, this chapter further explores the adsorption performance on
phosphate ions (MeUrGlu-600Z0.5-2nd). The commercial anion exchange resin (HP555) was
used as a reference material, the effects of different solution pH values on the phosphate ions
adsorption capacity of MeUrGlu-600Z0.5-2nd and HP555 were investigated. Their adsorption
isotherms were also studied and compared to obtain a more comprehensive analysis of the
adsorption principle. At the same time, combined with the characterization results and the
findings from adsorption experiments, the adsorption mechanism of phosphate ions by the
adsorbent in aqueous solution was elucidated. In addition, the regeneration performance of the
adsorbent was evaluated in fixed-bed column adsorption experiments.

In chapter 4, in order to achieve the transition of adsorbent preparation materials to a single
nitrogen source, the interaction between the raw materials in the preparation of glucose-based
carbonaceous adsorbents is further explored. The principles of the brown porous foam-like
intermediate generated during the preparation of the adsorbent in improving adsorption
capacity was emphasized, and the preparation scheme was further optimized. The carbonaceous
adsorbent without nitrogen doping was used as the reference material. Nitrogen adsorption-
desorption isotherm, elemental analysis and X-ray photoelectron spectroscopy (XPS)
characterization were carried out on the adsorbents before and after nitrogen-doped
modification. The pHy.., effects of solution pH, adsorption isotherms and adsorption kinetics
of the adsorbents were investigated. The breakthrough curves of the adsorbent in a fixed-bed
column adsorption were also studied, which further validating the effectiveness of nitrogen-
doped surface modification in enhancing the adsorption performance of the adsorbent.

Finally, chapter 5 summarizes the conclusion of this study, and prospects for future

research are discussed.
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Chapter 2 Nitrate removal from aqueous solution by glucose-based
carbonaceous adsorbent: batch and fixed-bed column adsorption

studies

2.1 Introduction

The contamination of nitrate ion (NOj3") due to the excessive use of agricultural fertilizers
and the discharge of municipal and industrial wastewater has become a significant global
environmental concern [1]. The World Health Organization (WHO) has established a maximum
allowable nitrate concentration of 10 mg N/L (or 50 mg NO37/L) in public drinking water [2].
However, numerous studies have reported groundwater nitrate levels exceeding these limits
across the globe. For instance, Singh et al. [3] highlighted that in India, approximately 108.2
million individuals consume water with nitrate concentrations surpassing 100 mg/L, while
117.93 million rely on drinking water containing 45-100 mg/L of nitrate. Similarly, a study
conducted in the United States found that nitrate concentrations in 20% of 1414 wells located
in agricultural areas exceeded 10 mg N/L [4]. Excessive nitrate levels pose serious risks to both
human health and the environment. On the one hand, NOj3™ serves as a precursor to carcinogenic
nitrite and nitrosamine [5], compromising the immune system and increasing the risk of cancer
[6] as well as methemoglobinemia (commonly known as blue-baby syndrome). On the other
hand, NOs™ contributes to eutrophication in aquatic ecosystems, leading to phenomena like algal
blooms and red tides, which threaten biodiversity and disrupt ecological balance [7,8].
Therefore, developing efficient methods to mitigate nitrate contamination in water and
wastewater is crucial.

Adsorption is recognized as an effective method for removing soluble substances from
water due to the advantages of being simple to operate, requiring no auxiliary equipment and
flexible to remove pollutants [9,10]. Over the past decades, significant attention has been given
to nitrate adsorption using biomass waste-based and carbonaceous adsorbents [11-13].
However, biomass waste-derived adsorbents often exhibit limited nitrate adsorption capacity.
For instance, date palm-based biochar [14] and olive solid waste-based activated carbon [15]
demonstrated adsorption capacities of only 0.07 mmol/g and 0.09 mmol/g, respectively. In

contrast, the modification of carbonaceous adsorbents with quaternary nitrogen (N-Q) through
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thermochemical deposition has shown promise. Yuan et al. [16] reported that N-Q modified
adsorbent achieved a maximum nitrate adsorption capacity of 0.74 mmol/g, which is 10 times
higher than that of the biomass-based adsorbents mentioned above. This indicates that
incorporating N-Q onto the carbon surface is an efficient strategy for improving nitrate
adsorption [17]. According to the literature, incorporating suitable functional groups to target
specific ions is more effective for adsorption than merely increasing the surface area [18]. Since
nitrate is a negatively charged monovalent anion, introducing positively charged adsorption
sites onto the adsorbent’s surface is more favorable to the adsorption of nitrate. Nitrogen doping
on carbonaceous adsorbent surface can generate Lewis acid, which facilitate nitrate ion
adsorption [19]. Specifically, nitrogen doping promotes the formation of N-Q, a functional
group that improves nitrate uptake through electrostatic interactions, as it retains a positive
charge across a broad pH range [20]. Our previous research has demonstrated that
thermochemical deposition is an effective technique for introducing N-Q functional groups
[16,21]. However, this method typically requires high temperatures of approximately 1000°C,
making it less practical for industrial applications. Therefore, exploring alternative methods to
prepare N-Q-enriched adsorbents under milder conditions is necessary. In addition, glucose is
a widely available monosaccharide derived from starch hydrolysis, which offers a sustainable
raw material for developing adsorbents. To the best of our knowledge, there is no glucose-based
carbonaceous adsorbent that has been reported for the applications of nitrate adsorption.
Melamine and urea are rich in nitrogen which are often used as the nitrogen source in the
nitrogen-doped surface modification process. The adsorbent developed in this chapter
combines these two nitrogen-containing reagents to introduce more beneficial nitrogen-
containing functional groups onto the adsorbent's surface. As far as we know, there have been
no reports on the preparation of an adsorbent using glucose as a carbon source, activated by
zinc chloride, with melamine and urea as nitrogen sources, and its application in the adsorption
of nitrate ions from aqueous solutions. Therefore, considering these insights, it can be believed
that incorporating N-Q functional groups onto glucose matrix could obtain a novel and effective
adsorbent for the removal of nitrate ions in aqueous solution.

This study aims to develop a novel N-Q containing glucose-based carbonaceous adsorbent

with efficient adsorption performance for nitrate. The adsorbent was prepared from glucose,
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melamine and urea through pyrolysis at 550°C, with zinc chloride serving as an activating agent.
The nitrate adsorption performance was evaluated using both batch and fixed-bed column
experiments. Batch adsorption experiments examined the influence of factors such as solution
pH and initial nitrate concentration on adsorption efficiency. To gain deeper insights, adsorption
isotherms and adsorption kinetics were studied to elucidate the underlying adsorption
mechanism. Fixed-bed column adsorption was performed to study the practical applicability of

the adsorbent.

2.2 Materials and methods

2.2.1 Materials

All the reagents were obtained from Kanto Chemical Co., Inc Japan, and were used as
received without additional purification. Pure water, processed through ion-exchange and

distillation system, was utilized in all experiments.

2.2.2 Preparation of carbonaceous adsorbent

The preparation process of the adsorbent is shown in Fig. 2-1. A mass of 20 g of glucose,
10 g of melamine and 10 g of urea were mixed in the stainless vessel and 20 g of zinc chloride
was added as activator. During the preparation of the adsorbent, ZnCl; as a strong dehydrating
agent, can break the bonding structure of organic molecules at high temperatures, generating
volatile substances that are released, thereby contributing to the formation of more porous
structures. Then, they were placed in an oven at 110°C overnight for the pre-treatment process.
Subsequently, 10 g of the resulting polymer was transferred to a horizontal tubular furnace for
heat treatment. The temperature was increased to 550°C within 45 min at an N2 flow rate of 20
mL/min and maintained for Y h (Y = 0.5, 1.0, 1.5). During this process, the polymer underwent
carbonization and activation. Afterward, the sample was cooled down and removed from the
furnace under a continuous Nz flow. The activated material was then washed with 3 mol/L HCI,
followed by rinsing with hot deionized water until the pH of the rinse water was no longer
changed. Finally, the washed sample was dried in an oven at 110°C for 2 h. The prepared
adsorbent was designated as MeUrGlu-550Z0.5-Y-1st, where MeUrGlu represents melamine

(Me), urea (Ur) and glucose (Glu), respectively. The notation of 550Z0.5 indicates heating at
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550°C with ZnCl: at 0.5 times the total weight of the reagents. Y corresponds to the maintaining
time during the first activation, and 1st signifies the sample was obtained after the first
activation process.

We compared the effect of different numbers of reaction times on the adsorption
performance. Here, the preparation process employed repeated activation instead of simply
extending the duration of the activation time. This is because the activation of the raw materials
in the horizontal tubular furnace causes their volume to expand, leading to irregular lateral
expansion of the sample, which results in uneven heating. To avoid the negative impact of this
uncontrollable factor, a stepwise activation approach was adopted. The samples obtained were
ground uniformly before undergoing reactivation. The sample obtained after the first activation
(before washing) was pulverized for uniformity and subjected to further activation in the tubular
furnace for second and third cycles. Each activation involved heating to 550°C within 45 min
under an N> flow of 20 mL/min, and the heating process was maintained for 30 min. The
samples were then washed and dried using the same procedures described earlier. The final
sample was labeled as MeUrGlu-550Z0.5-Y-2nd and MeUrGlu-550Z0.5-Y-3rd, where 2nd and

3rd indicate the second and third activation processes, respectively.

Pre-treatment Carbonization Washing Drying

[ ——— ———— ————— —

|| Melamine, 10g 10°c |! ;\I_IIIHHH‘H‘!‘H’?"'&“J 3 mol/L HCI 110°C
o 1 0

: g:ﬁ?&;g %o q overnight : %Il I ni andv?aotte[rmre overnight

| | 10 g of MeUrGlu-110Z0.5, 1

| ZnCl, activation : increasing to 550°C Wlth. 45.m|n,

L __________ | | keptforYh. (1st activation)

45 min, 30 min. (2nd activation) .

MeUrGlu-110Z0.5 | 45 min, 30 min. (3rd activation) | MeUrGIlu-550Z0.5-Y-(1st, 2nd, 3rd)
(with volume expansion)

Fig. 2-1. Preparation process of the adsorbent.

2.2.3 Characterization of prepared samples

The prepared samples were characterized by N, adsorption and desorption isotherms,

elemental analysis and X-ray photoelectron spectroscopy (XPS). The specific surface area and
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pore structure of the prepared carbonaceous adsorbents were determined through nitrogen
adsorption-desorption measurements at -196°C using BELSORP-mini II surface analyzer
(MicrotracBEL Corporation, Japan). Prior to measurement, samples were dried in an oven at
110°C overnight and then degassed under vacuum at 300°C for 1 h. The specific surface area
Sger (m?/g), average pore diameter D,y (nm) and pore volume Viow (cm?/g) will be calculated
using the Brunauer-Emmer-Teller (BET) method. The micropore volume Vicro Was estimated
via as plots, while the mesopore volume Vmeso was determined by subtracting Vemicro from Vigal.
The elemental compositions of C, H and N of the samples were determined by PerkinElmer
CHN analyzer model PE2400II, and O content was calculated by difference. X-ray
photoelectron spectroscopy (XPS) (JPS-9030, JEOL Ltd., Japan) was used to investigate the
configurations of the nitrogen species on the surface of the prepared samples. Surface nitrogen
species such as pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary nitrogen (N-Q)
and pyridine-N-oxide (N-X) on the carbonaceous adsorbent were measured with XPS Nls
signal [22]. Boehm titration [23] was also applied to estimate the amount of positively charged
quaternary nitrogen.

The pH of point of zero charge (pHy..) for adsorbent is a crucial parameter for evaluating
the effect of pH on adsorption performance [24]. The determination method followed our
previous study [17]. Briefly, the pH of 15 mL of 200 mg/L NOs™ solution was adjusted within
the range of 2.0 to 12.0, and 30 mg of prepared sample was added to the above solution. The

pHp.c was identified as the pH at which the equilibrium pH (pH.) equaled to the initial pH (pHo).

2.2.4 Batch adsorption experiments

Batch adsorption experiments were performed to evaluate the adsorption capacity of the
prepared sample. Sodium nitrate was dissolved in deionized water to prepare the nitrate solution.
Prior to starting the experiment, the adsorbent was dried at 110°C for at least 30 min. Then, 30
mg of the dried sample was added into a 30 mL Erlenmeyer flask containing 15 mL of 200
mg/L nitrate solution. The mixture was stirred at 100 rpm for a minimum of 24 h at room
temperature to reach adsorption equilibrium. During the process, the pH of the solution was
adjusted using 0.1 mol/L HCl and 0.1 mol/L NaOH. A portable pH meter (D-71, Horiba, Japan)

was employed to monitor the solution pH. Once equilibrium was achieved, the nitrate
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concentrations (both residual and initial) were analyzed using ion chromatography (ICS-1100,
Nippon Dionex KK, Japan). The equilibrium adsorption capacity was calculated using the

following equation:
— (CO_Ce)V

Qe = L= (2-1)
where Q. means the equilibrium adsorption amount (mmol/g). Cy and C. represent the initial
and the equilibrium concentration of nitrate (mmol/L), respectively. V signifies the solution
volume (L) and W expresses the weight of sample (g).
2.2.4.1 Effect of solution pH and initial nitrate concentration

The experiments were carried out by varying the solution pH and initial nitrate
concentrations. The pH of the nitrate solution was adjusted between 2.0-12.0, and the
adsorption performance was evaluated at initial nitrate concentrations of 40 mg/L and 200 mg/L.
The experiments were conducted using a constant adsorbent dosage of 2 g/L, as described
previously.
2.2.4.2 Adsorption isotherms

Adsorption isotherm experiments were carried out by varying the initial nitrate
concentration between 10 and 600 mg/L at pH values of 3.0 and 5.0. A constant adsorbent
dosage of 2 g/L. was used. The experimental data were analyzed and fitted to both Langmuir
and Freundlich isotherm models.

The linear form of Langmuir isotherm model is described as follows:
Ce 1 1
le o 20— 2-2
e xm e T 2-2)
where Q. is the equilibrium adsorption amount of nitrate (mmol/g). C. is the equilibrium
solution concentration (mmol/L) and X, is the maximum adsorption capacity (mmol/g). K.

represents the Langmuir isotherm constant (L/mmol).

The linear form of Freundlich isotherm model is:

Q. = InKg +~InC, , (2-3)

where Kr means Freundlich isotherm constant [(mmol/g) (L/mmol)1/n], and 1/n is the
heterogeneity of the surface.

2.2.4.3 Adsorption kinetics
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The adsorption kinetics were examined by adding 400 mg of prepared sample into 200 mL
of 200 mg/L nitrate solution at solution pH 3.0 and 5.0. The concentration of nitrate solution
was measured at time ¢t min (¢ =2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30, 40, 50, 60, 70, 80, 90,
100 and 120). The experimental data were fitted and analyzed by pseudo-first-order and
pseudo-second-order models. They are respectively described as follows:

ln(Qe - Qt) = InQ, — kqt, (2-4)

t 1 t
— — 2-5
Qc k202 + Qe’ (2-3)

where Q. is the adsorption capacity at equilibrium (mmol/g). Q; is the adsorption amount at
time ¢ (mmol/g). ki and k; are the Kinetic constant for pseudo-first-order (min™) and pseudo-

second-order model (g(mg min)™'), respectively.

2.2.5 Fixed-bed column adsorption experiments

For experimental purposes, a laboratory-scale flow adsorption device (Fig. 2-2) was
designed using a peristaltic pump (MP-3, Tokyo Rikakikai Co., Ltd., Japan) and a glass column
(internal diameter of 0.7 cm, outer diameter of 0.9 cm, and length of 16 cm). Firstly, 0.8 g of
MeUrGlu-550Z0.5-1.0-2nd was packed into the column, creating a bed with a 100 mm length.
The glass wool was placed at both top and bottom of the bed to prevent the adsorbent from
washing out and to ensure even distribution of the influent solution. The peristaltic pump was
connected to the top of the column to deliver the nitrate solution upward at a controlled and
steady flow rate. Prior to introducing the nitrate solution, deionized water was pumped through
the column for 2 h to stabilize the flow rate and eliminate air bubbles. Then, 200 mg/L of nitrate
solution was introduced into the column at a flow rate of 1.25 mL/min at room temperature.
The pH of the nitrate solutions was 3.0 and 5.0. Finally, effluent was collected at predefined
time intervals using a graduated cylinder, and nitrate concentrations in both the influent and

effluent were analyzed via ion chromatography.
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Fig. 2-2. Systemic diagram of up-flow fixed-bed column adsorption set up.

2.2.5.1. Fixed-bed column adsorption characteristics analysis

The adsorption performance of MeUrGlu-550Z0.5-1.0-2nd as packing material in the
fixed-bed column adsorption for the removal nitrate can be evaluated by the parameters of the
breakthrough curve [25]. The breakthrough curve is usually expressed by plotting Ci/Cy (the
ratio of nitrate concentration in the effluent at time ¢ to the initial nitrate concentration) versus
time ¢. The amount of nitrate adsorption (Q) in the fixed-bed column adsorption is expressed
by the following equation [26]:

Q== J,(Co—Codt, (2-6)
where R is the flow rate (mL/min), /¥ means the molar mass of nitrate (g/mol), m is the weight
of adsorbent (g), ¢ represents the flow time (min), Cj is the nitrate concentration in the influent
(mg/L), Ciis the nitrate concentration in the effluent at time # (mg/L).

The total effluent volumes for reaching the breakthrough point and saturation point are

expressed by the following equations [27]:

Vb = Rtb , (2'7)

V. = Rt,, (2-8)
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where V4 is the total effluent volume up to the breakthrough point (mL), Vs is the total effluent
volume up to the saturation point (mL). #, is breakthrough time when C/Co > 5%. ¢ is the
saturation time when Cy/Cy > 95%.

Nitrate removal rate R% can be determined by:

R% = -2 | (2-9)

RCot

where O expresses the adsorption amount of nitrate (mmol/g) at time ¢.

Commonly used mathematical models to describe adsorption kinetics in fixed-bed column
include Thomas model (Eq. 2-10) and Yoon-Nelson model (Eq. 2-11). The parameters obtained
by fitting the experimental data with the models allow a better assessment of the performance
for the fixed-bed column and help us to scale up for industrial applications. It is clearly
demonstrated in the study of Ansari et al. [28] that, since both models have a similar
mathematical form [29,30], the relevant kinetic parameters can be calculated more conveniently

by a standard logistic equation (Eq. 2-12).

C KThQm
In (C—(t’— )=“‘Tm—KThCOt , (2-10)
C
In (Co_tct) = Kynt — TKyy (2-11)
R (2-12)

Co  1+exp(a-bt) ’
where Kty is the Thomas rate constant (L/min - mg), Om is the model adsorption capacity (mg/g),
m is the amount of adsorbent (g), R is the flow rate (mL/min), Ky~ is the Yoon-Nelson rate
constant (min™), 7 is the time when the adsorbate reaches half of the breakthrough (min). a and
b are the parameters of the standard logistic equation.
2.2.5.2 Effect of coexisting ions on nitrate removal

The fixed-bed column adsorption performance of nitrate in the presence of coexisting ions,
including chloride (CI°), sulfate (SO4%), and phosphate (PO4>), was evaluated. Each coexisting
ion was introduced at a concentration of 200 mg/L, making the total ion concentration four
times higher than the nitrate concentration. A mass of 0.8 g of adsorbent was packed into the
column, resulting in a bed length of 100 mm. The flow rate was set to 1.25 mL/min, and the pH
of the solution was maintained at 3.0. The experimental procedure followed the methods

described previously. These ions were selected due to their common occurrence in surface and
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groundwater [31]. The stock solution was prepared using sodium nitrate (NaNOs3), sodium
chloride (NaCl), sodium sulfate (Na,SO4) and potassium dihydrogen phosphate (KH>POjs). Ion
concentrations in both influent and effluent solutions were determined using ion
chromatography.
2.2.5.3 Regeneration of the column

The regeneration capability of the column is crucial for evaluating its practical application.
A column was prepared by packing 1.0 g of MeUrGlu-550Z0.5-1.0-2nd, resulting in a bed
length of 130 mm. It was loaded with a 200 mg/L nitrate solution at pH 3.0 until saturation.
After the adsorption process, the saturated column was regenerated in siu by introducing 1
mol/L HCI at a flow rate of 1.25 mL/min for 3 h, followed by rinsing with deionized water for
2 h to prepare it for reuse. The adsorption-desorption process was repeated for 5 cycles to
evaluate the column's performance.
2.2.5.4 Nitrate removal from real contaminated water

Given the complexity of real contaminated water, it is essential to evaluate the
performance of the MeUrGlu-550Z0.5-1.0-2nd packed column for nitrate adsorption in such
systems. A sample solution from eutrophic Lake Tega (Chiba Prefecture, Japan) was filtered
using a 0.45 pm membrane. The initial nitrate concentration was adjusted from 23.5 mg/L to
100 mg/L (by concentration), with the solution pH set at 5.7. The column was packed as detailed
in Section 2.2.5.2 and the contaminated water was introduced at a flow rate of 1.25 mL/ min at
room temperature. Nitrate concentrations in the influent and effluent were measured to obtain

the adsorption breakthrough curve for nitrate ions in the real contaminated water system.
2.3 Results and discussion

2.3.1 Characterization of the adsorbents

The physical properties and adsorption capacities of the carbonaceous adsorbents after the
Ist, 2nd and 3rd activation processes are summarized in Table 2-1. With each successive
activation, the hydrogen and oxygen content decreased progressively. This trend can be
attributed to the decomposition of acidic oxygen-containing functional groups, such as carboxyl

groups, which release CO/CO, and H,O from the carbon surface during the prolonged heating
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[32]. Conversely, the nitrogen content consistently increased, exceeding 19% in all products.
These findings confirm the successful incorporation of nitrogen on the adsorbent surface.
Apparently, the specific surface area (Sger) of the adsorbents increased with the number
of the activation processes, while the average pore size (Davy) Was gradually decreased. The
Sger of MeUrGlu-550Z0.5-1.0-3rd increased by 91% and the average pore size decreased by
68% compared to MeUrGlu-550Z0.5-1.0-1st. With the increase in the number of activations,
the activation time of the raw material was correspondingly extended, allowing further etching
of the adsorbent's surface. This process generated more mesopores and micropores, resulting in
a significant increase in the specific surface area of the adsorbent after the third activation. The
results indicate that the continuous activation process would be favored to the expansion of Sger
and the establishment of microporous structure. However, it is notable that the adsorption
capacity did not always increase with Sger and View. For instance, while the Sger of MeUrGlu-
550Z0.5-1.0-3rd was nearly 10 times greater than that of MeUrGlu-550Z0.5-1.0-2nd, the latter
exhibited the highest nitrate adsorption among the three adsorbents. This suggests that an
adsorbent's adsorption capacity is influenced not only by its physical characteristics but also by

the chemical composition of its surface structure.
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XPS Nls spectra were used to analyze the configuration of specific nitrogen-containing
groups on the adsorbent surface. As shown in Fig. 2-2 (a)-(c), the peak areas of each nitrogen
species within the binding energy range of 394-406 eV were examined. The dotted line
represents the original N1s intensity, while the smooth solid line indicates the peak sum. The
high-resolution of N1s spectra for the prepared sample were deconvoluted into four peaks,
corresponding to pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary nitrogen (N-Q)
and pyridine-N-oxide (N-X), located at 398.7 £ 0.3 eV, 400.4 £ 0.3 ¢V, 401.3 £ 0.3 eV and 402-
403 eV, respectively [32]. The corresponding peak for each individual nitrogen species
configuration has been identified on the graph. Combining the results of elemental analysis and
XPS deconvolution, the content of each nitrogen species configuration was quantified. N-6 and
N-5, being poor at accommodating protons (H'), do not contribute to anionic pollutant
adsorption [17]. Conversely, N-Q is always positively charged, so it will play an important role
in removing nitrate ions. Table 2-2 shows that the samples after the first activation had the
highest N-Q content, but their nitrate adsorption capacity was not the greatest. This is attributed
to the reduced oxygen content of the carbonaceous adsorbent after the 2nd activation, which
favors the reduction of some oxygen-containing functional groups such as carboxyl groups.
The 3rd activation resulted in the lowest N-Q content, weakening the nitrate adsorption
performance of MeUrGlu-55070.5-1.0-3rd. This explains why MeUrGlu-550Z0.5-1.0-2nd,
despite a much smaller Sger compared to MeUrGlu-550Z0.5-1.0-3rd, exhibited superior nitrate
adsorption. The results of Boehm titration are shown in Table 2-3. The trend of the N-Q content
measured by Boehm titration was in good agreement with the XPS analysis. Thus, these
fundings are fully demonstrate the successful introduction of N-Q onto the carbonaceous

adsorbent surface.
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Table 2-2 Results of XPS N1s analysis of carbonaceous adsorbents.

Sample Configuration of nitrogen-containing groups (wt%)
N-6 N-5 N-Q N-X
MeUrGlu-550Z0.5-1.0-1st 0.71 11.5 6.51 1.23
MeUrGlu-550Z0.5-1.0-2nd 6.08 11.0 4.28 1.08
MeUrGlu-550Z0.5-1.0-3rd 12.9 8.04 0.88 0.47
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Fig. 2-3. XPS N1s spectra of (a) MeUrGlu-550Z0.5-1.0-1st, (b) MeUrGlu-550Z0.5-1.0-2nd,
(c) MeUrGlu-550Z0.5-1.0-3rd.

Table 2-3 Surface functional groups on carbonaceous adsorbents measured by Boehm titration.

Sample Carboxy and/or N-Q Lactonic Phnolic Basic sites
(mmol/g) (mmol/g)  (mmol/g) (mmol/g)
MeUrGlu-550Z0.5-1.0-1st 1.07 0.17 3.25 0.05
MeUrGlu-550Z0.5-1.0-2nd 0.60 0.27 3.28 0.05
MeUrGlu-550Z0.5-1.0-3rd 0.53 0.70 3.22 0.05

The results in Fig. 2-4 showed that the pH,.. of MeUrGlu-550Z0.5-1.0-2nd was around
4.0. This indicates that the adsorbent performs better adsorption performance at the solution pH
below 4.0, where the adsorbent surface will be positively charged at this pH range. Additionally,
the final solution pH decreased to 4.0 even when the initial pH was 10.0, confirming the
retention of carboxy groups on the sample surface. Therefore, it seems more reasonable to

utilize this adsorbent under acidic conditions for nitrate adsorption.
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Fig. 2-4. The pH of the point of zero charge (pHp.c) for MeUrGlu-550Z0.5-1.0-2nd.

2.3.2 The effect of activation maintaining time and the number of activation processes

As shown in Fig. 2-5, increasing the activation maintaining time from 1.0 h to 1.5 h
resulted in a decrease in adsorption capacity. This would be due to the reduction of active
functional groups on the surface of the adsorbent after extending the activation time. On the
contrary, reducing the time to 0.5 h also resulted in lower performance compared to 1.0 h,
suggesting that a 1.0 h activation time facilitated more effective reactions among the four
reagents during the 1st activation process. Regardless of the activation time in the 1st process,
Fig. 2-5 reveals that the highest adsorption capacity was consistently achieved after the 2nd
activation. This would be explained as the 2nd activation process could realize the removal of
some functional groups that were unfavorable for nitrate adsorption. This improvement is
attributed to the removal of functional groups unfavorable for nitrate adsorption, such as
negatively charged carboxyl groups that repel anions. In summary, the optimal adsorption
performance of the prepared adsorbent was obtained after the 2nd activation process, with a 1.0
h activation time in the 1st process. Therefore, MeUrGlu-550Z0.5-1.0-2nd was selected for

further adsorption studies.
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Fig. 2-5. Effect of activation maintaining time and the number of activation processes.
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2.3.3 Batch adsorption

2.3.3.1 Effect of solution pH and initial nitrate concentration

To further investigate nitrate adsorption performance, experiments were conducted by
varying the solution pH and initial NOs™ concentrations. As shown in Fig. 2-6, it can be observed
that the effect of solution pH on the adsorption capacity of MeUrGlu-550Z0.5-1.0-2nd differed
notably between high initial concentrations and low initial concentrations. At a higher
concentration of 200 mg/L, the adsorbent achieved maximum adsorption capacity at pH 3.0.
This is consistent with the conclusion of the pHy,. analysis that acidic conditions enhance
adsorption. Beyond pH 3.0, Q. decreased sharply with the rise in solution pH. In contrast, in
case of low initial concentration of 40 mg/L, instead of the sharply decrease with the ascendant
solution pH, Q. remained relatively stable. This phenomenon can clarify the existence of N-Q,
as supported by the results of XPS and Boehm titration in the previous section. Because N-Q
is always positively charged, maintains a steady adsorption capacity despite pH changes [20].

However, in the case of 200 mg/L, the sharp decrease in adsorption capacity after the pH greater
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than 3.0 can be explained by the role of C-x sites. C-x site is also a key adsorption site in the
adsorption process of carbon materials. These sites accommodate protons to form positively
charged surfaces that attract nitrate anions [23]. Therefore, as the pH of the solution approaches
neutrality, the protonation ability of C-x sites diminishes, leading to a significant drop in Q. as
the solution pH increased. These results indicate that at high nitrate concentrations, both
protonated C-m and N-Q sites contribute to nitrate adsorption while at lower concentrations, N-
Q primarily governs the process. This highlights that N-Q exhibits a stronger adsorption affinity

for nitrate ions compared to C-m sites.

0.8

@ 200 mg/L

06 F . ¢ 40 mg/L

04 F

Q. [mmol/g]

OO L L L L L

Fig. 2-6. Effect of solution equilibrium pH and initial concentration on nitrate adsorption

amount of MeUrGlu-550Z0.5-1.0-2nd.

2.3.3.2 Adsorption isotherms

Adsorption isotherms provide insight into the interactions between adsorbent and
adsorbate and allow for the prediction of adsorption behavior without additional experiments.
The Langmuir model described that the adsorbate was adsorbed on the uniform surface in a
monolayer, also determined the maximum equilibrium adsorption capacity (Xm). Freundlich

model is an empirical equation representing multilayer adsorption on heterogeneous surfaces
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[33]. Fig. 2-7 presents adsorption isotherms fitted using the Langmuir and Freundlich models
at pH 3.0 and 5.0. The experiments were conducted at two different pH levels to facilitate a
more comprehensive understanding of the adsorption mechanisms of the adsorbent under
different conditions. The results indicate that at both pH 3.0 or pH 5.0, the Q. of MeUrGlu-
550Z0.5-1.0-2nd exhibited a non-linear increase with rising initial nitrate concentrations.
Furthermore, the adsorption capacity of the adsorbent at pH 3.0 was consistently higher than
that at pH 5.0. Table 2-4 summarizes the corresponding parameters of Langmuir and Freundlich
model. At both pH levels, the Langmuir model exhibited higher coefficients of determination
(R?) and lower Sum of Squared Errors (SSE) and Mean Squared Error (MSE) compared to the
Freundlich model. Furthermore, regardless of the solution pH, the values of SSE (Sum of
Squared Errors) and MSE (Mean Squared Error) in the Langmuir adsorption isotherm model
are smaller than those in the Freundlich model. These findings suggest that the Langmuir model
more accurately describes the adsorption behavior, indicating that nitrate ions uniformly cover
the surface of MeUrGlu-550Z0.5-1.0-2nd.

The maximum adsorption amount (X)) was 1.58 mmol/g at pH 3.0, which was larger than
1.03 mmol/g at pH 5.0. However, the K. at pH 3.0 was smaller than that at pH 5.0. The K.
parameter of the Langmuir isotherm is related to the affinity between the adsorbate and the
adsorbent. This can be explained by the assumption, based on the findings of this study, that
the K. of the developed adsorbent was mainly influenced by the N-Q and C-=n sites. Among
them, in comparison to the C-=n site, N-Q exhibited stronger adsorption affinity for nitrate ions
(as discussed in Section 2.3.3.1). Due to the less contribution of C-x sites in the removal of
nitrate ions in the solution of pH 5.0, N-Q served as the primary adsorption site, resulting in a
higher K.. Conversely, in the nitrate solution at pH 3.0, in addition to the role of N-Q, the C-n
sites on the adsorbent surface can also attract nitrate ions as they accept protons from the
aqueous solution. While the involvement of C-n sites increases Xm , their lower adsorption
affinity reduces the overall K. value of the Langmuir isotherm. Consequently, this explains why

the value of K. at pH 3.0 is lower than that at pH 5.0.
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Fig. 2-7. Nitrate adsorption isotherms of MeUrGlu-550Z0.5-1.0-2nd at solution pH 3.0 and 5.0.

2.3.3.3 Adsorption kinetics

The adsorption kinetics study focused on evaluating the nitrate removal rate by the
adsorbent. The experiments were conducted using nitrate solutions at pH 3.0 and pH 5.0, with
the experimental data analyzed using both the pseudo-first-order and pseudo-second-order
models. As illustrated in Fig. 2-8, MeUrGlu-550Z0.5-1.0-2nd demonstrated a rapid increase in
Q. within the first 5 min of the adsorption process due to its extremely fast adsorption rate.
Equilibrium was subsequently achieved in just 10 min. The adsorption capacity stabilized after
reaching equilibrium, indicating that MeUrGlu-550Z0.5-1.0-2nd is an adsorbent with a fast
adsorption rate and high efficiency. Table 2-5 presents the corresponding parameters derived
from the pseudo-first-order and pseudo-second-order model. Regardless of the solution pH, the
R? value for the pseudo-second-order model consistently exceeded that of the pseudo-first-order
model. Furthermore, at both pH levels of the solution, the pseudo-second-order model exhibited
smaller SSE and MSE compared to those of the pseudo-first-order model. This indicates that
MeUrGlu-55070.5-1.0-2nd aligns more closely with the pseudo-second-order model,

suggesting a diffusion-controlled adsorption process [34,35]. The high removal efficiency of
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nitrate by the adsorbent also could be explained by the presence of positively charged nitrate
acceptors on its surface. Although the Sger of MeUrGlu-550Z0.5-1.0-2nd was only 16.6 m?/g
(Qe =0.79 mmol/g, Co = 200 mg/L), it significantly outperformed the olive solid waste-based
activated carbon reported by Heba et al. [15], which had a much higher specific surface area of
1489 m?/g (Qe = 0.09 mmol/g, Cy = 300 mg/L). Despite having an Sger approximately 87 times
smaller, MeUrGlu-550Z0.5-1.0-2nd achieved an adsorption capacity 8 times greater than the
olive solid waste-based activated carbon. This comparison highlights that incorporating
appropriate functional groups is more effective than merely increasing specific surface area in
the modification of adsorbent materials.

The parameters calculated from the pseudo-second-order kinetic model revealed that at
pH 3.0, Q. was greater than that at pH 5.0. However, the kinetic constant (k) was lower at pH
3.0 compared to pH 5.0. The more favorable adsorption kinetics at pH 5.0 can be attributed to
the fact that the adsorption of nitrate ions by the adsorbent is primarily controlled by the N-Q
adsorption sites. It showed a greater affinity for nitrate ions, which consequently led to a higher
value of the k> in the pseudo-second-order kinetic model. While at pH 3.0, both protonated C-
n sites and N-Q sites contribute to the adsorption of nitrate ions. The C-x sites, however, are
more deeply and evenly distributed in micropores and have a lower affinity for nitrate ions

compared to N-Q sites, leading to a lower & at pH 3.0.
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Fig. 2-8. Nitrate adsorption kinetics of MeUrGlu-550Z0.5-1.0-2nd at solution pH 3.0 and 5.0

fitted by pseudo-second-order model. (Cp = 200 mg/L)

2.3.4 Fixed-bed column adsorption

2.3.4.1 Fixed-bed column adsorption of nitrate

Studies on nitrate adsorption in fixed-bed columns were also conducted using nitrate
solutions at pH 3.0 and 5.0. In studying breakthrough curves for fixed-bed column adsorption,
we introduced a key parameter known as the breakthrough point. It refers to the point where
the ratio of nitrate ion concentration in the effluent to that in the influent (200 mg/L nitrate
solution) exceeds 5%, as illustrated in Fig. 2-9. The maximum permissible nitrate ion
concentration in the effluent before reaching the breakthrough point is 10 mg/L, in accordance
with WHO standards. Once the adsorption process exceeds the breakthrough point, the column
becomes progressively saturated, causing the nitrate ion concentration to rise continuously. As
a result, the nitrate ion removal efficiency gradually declines. In Fig. 2-9, the nitrate
concentration in the effluent decreased to nearly zero before the breakthrough point, then rose
rapidly to the saturation point. This indicates effective adsorption, which is beneficial for

achieving purer treated water in industrial applications. Tables 2-6 and 2-7 illustrate the
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influence of solution pH on the column parameters and model parameters, respectively. The
breakthrough point remained unchanged with increasing solution pH, resulting in the same
values for #, V5, and R,%. At both pH 3.0 and pH 5.0, the purified volume of nitrate solution
obtained (V) was 200 mL, and the nitrate removal rate (R,%) was 100%. The rise in solution
pH shifted the saturation point of the breakthrough curve earlier, resulting in a shorter #.
However, the R% at pH 5.0 was higher than that of pH 3.0 at this time due to the total volume
of nitrate solution passing through the column being reduced due to the advancement of the
saturation point. As listed in Table 2-7, both K, and Kyn were observed to increase with the
solution pH. It was indicated that a higher pH accelerated the nitrate adsorption process in the
fixed-bed column, which also decreased t [36]. This finding was consistent with the pseudo-
second-order kinetic model results from batch adsorption, where &, at pH 5.0 was higher than
that at pH 3.0. From these observations, it can be inferred that the breakthrough curve reached
to the saturation point in fixed-bed column adsorption at pH 5.0 was faster than that at pH 3.0,
possibly related to its larger kinetic constant &, during the batch adsorption process.
Interestingly, the adsorption capacity in the batch adsorption study differed significantly
between pH 3.0 (0.79 mmol/g) and pH 5.0 (0.69 mmol/g). However, the adsorption capacity
before the breakthrough point in fixed-bed column adsorption was nearly identical at pH 3.0
and pH 5.0. This result suggested that, in practical applications, the fixed-bed column may
perform better than predicted by theoretical batch studies. In the batch adsorption experiments,
a fixed amount of adsorbent and excess nitrate solution was used to reach adsorption
equilibrium. The pH of the solution was strictly controlled at 3.0 and 5.0 by adding 0.1 mol/L
of HCI and NaOH. In contrast, in the fixed-bed column adsorption studies, excess adsorbent
was packed into the column, so that there were sufficient active adsorption sites to adsorb nitrate
ions before reaching the breakthrough point [37]. As a result, the nitrate removal percentage
before the breakthrough point was not significantly influenced by the solution pH. After the
breakthrough point, the breakthrough curve reached saturation earlier at pH 5.0 due to the
higher Thomas and Yoon-Nelson rate constants, leading to a reduced adsorption capacity at pH

5.0.
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Fig. 2-9. Breakthrough curve of nitrate adsorption on MeUrGlu-550Z0.5-1.0-2nd packed

column at solution pH of 3.0 and 5.0. (m = 0.8 g, R = 1.25 mL/min, Co =200 mg/L)

Table 2-6 Parameters of column experiments.

Solution  # Vo O Rv% ts Vs [0 R%
pH (min) (mL) (mmol/g) (min) (mL) (mmol/g)

3.0 160 200 0.95 100 272 350 1.10 74
5.0 160 200 0.90 100 220 275 1.02 90
Table 2-7 Parameters of Thomas model and Yoon-Nelson model.

Solution R? Thomas Yoon-Nelson

pH Kmx102 (L/mg.min)  Owm(mmol/g)  Kynx10?2(min™) T (min)
3.0 0.935 0.31 0.99 6.38 192.20
5.0 0.862 0.43 0.89 8.81 173.11

46



600

—y
g . L 2 . ® Nitrate ASulfate
= *e #Chloride  OPhosphate
3 *e
S 0
2 .
£
c
S 300 | ¢
g
°© 03
5 200 | ® i ® 2 g Q Q g
5 o 228
-2 8
< 100 } PY
O A
a008aaabd® .
0 50 100 150
Time [min]

Fig. 2-10. Competitive breakthrough curves for nitrate, chloride, sulfate and phosphate on

fixed-bed column adsorption. (m = 0.8 g, R = 1.25 mL/min, Cy = 200 mg/L)

2.3.4.2 Effect of coexisting ions on nitrate removal

Fig. 2-10 illustrates the competitive breakthrough curve for nitrate, chloride, sulfate, and
phosphate ions in fixed-bed column adsorption. The results indicate that sulfate was the least
favorable ion for nitrate adsorption, followed by phosphate and chloride. The high
concentration of chloride appeared at the beginning of adsorption was due to its release from
the carbon surface. Similar findings were reported by Kang et al. [38]. When the adsorbent no
longer adsorbed the other three ions, the chloride ion concentration returned to its original level
in the solution. Phosphate was detected in the effluent at 24 min, while nitrate and sulfate were
not present at that time. Sulfate and nitrate ions appeared almost simultaneously because sulfate
ions have higher hydration energy (Sulfate ions carry two negative charges, while nitrate ions
carry one negative charge.), which reduced the nitrate adsorption capacity. Although the
breakthrough time of nitrate in the presence of coexisting ions was reduced by half compared
to that in Section 2.3.4.1. However, it is important to note that the adsorbent still maintained

some capacity for nitrate removal under these challenging conditions.
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2.3.4.3 Regeneration of the column
Table 2-8 presents the parameters of the breakthrough curves for the adsorbent after each

adsorption-desorption cycle. The volume of effluent obtained before the breakthrough point (%)
directly reflects the effectiveness of the column’s adsorption performance. The results showed

that the V; of effluent obtained before the breakthrough point in the five adsorption-desorption

cycles were 230 mL, 165 mL, 195 mL, 195 mL and 180 mL, respectively. After the 5th

regeneration, V; decreased by 50 mL compared to the initial value. This decrease may be

attributed to the incomplete desorption of nitrate ions from deeper or stronger adsorption sites

during regeneration. Despite the reduction in /%, the regenerated column still retained a certain

degree of nitrate ion adsorption capacity. Fig. 2-11 presents the breakthrough curve and

adsorption capacity of the column after each adsorption-desorption cycle. Over five adsorption-

desorption cycles, there was no significant decrease in adsorption capacity, except for some

fluctuation during the second cycle. Repeated experiments confirmed that the amount of
adsorption always decreased in the second cycle then rose to a similar value to the initial

adsorption amount in the third cycle. This could be explained by the N-Q sites contained on the

adsorbent surface is one of the strong adsorption sites. As a result, nitrate was not easily
desorbed during the first regeneration. After completing a new adsorption-desorption cycle, the

regeneration process weakened some of the exposed N-Q sites, allowing nitrate to detach.

Consequently, after the 5th cycle, the adsorption capacity remained nearly the same as the initial

value. This result clearly demonstrates the reusability of MeUrGlu-550Z0.5-1.0-2nd in

practical applications [39].
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Table 2-8 The parameters after each adsorption-desorption cycle.

Number oft o O Rv% ts Vs 0Os R%
cycles (min) (mL) (mmol/g) (min) (mL) (mmol/g)

1 180 230 0.77 100 320 400 0.85 66
2 132 165 0.54 100 324 405 0.68 52

3 156 195 0.67 100 324 405 0.83 63
4 156 195 0.67 100 324 405 0.82 62
5 160 200 0.90 100 324 405 0.80 61

2.3.4.4 Nitrate removal from real contaminated water
The adsorption performance of MeUrGlu-550Z0.5-1.0-2nd as packing material for nitrate
removal was further evaluated using real contaminated water. The nitrate concentration in the

sample solution was adjusted to 100 mg/L, which is twice the WHO safety limit. As seen in
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Fig. 2-12. The breakthrough curves for nitrate removal from real contaminated water. (m = 0.8

g, R =1.25 mL/min, Cp = 100 mg/L)
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Fig. 2-12, the dotted line represents the WHO standard of 50 mg/L for the allowed nitrate
concentration. The MeUrGlu-550Z0.5-1.0-2nd packed column could effectively remove nitrate
for up to 308 min from the start of adsorption. The nitrate concentration in the sample solution
was half that of Section 2.3.4.1, resulting in a delayed breakthrough point. The #, required to
reach the WHO standard of 50 mg/L for nitrate concentration was 350 min. While the
composition of real contaminated water is more complex, nitrate adsorption may be influenced
by certain substances that could hinder the adsorbent's effectiveness. Nevertheless, the findings
demonstrated that MeUrGlu-550Z0.5-1.0-2nd is capable of effectively removing nitrate ions
from real contaminated water, making it a promising candidate for future practical applications.
2.3.5 Adsorption mechanism

The proposed mechanism that controls the adsorption of nitrate on the carbonaceous
adsorbent is illustrated in Scheme 1. Initially, the active adsorption sites on the surface of
MeUrGlu-550Z0.5-1.0-2nd are occupied by chloride ions (CIY). Upon the introduction of nitrate
solution, the conjugation effect and polyatomic structure of nitrate ions allow them to exhibit
higher affinity in chemical reactions. As a result, nitrate ions can effectively displace chloride
ions through competitive adsorption, thereby reoccupying the surface adsorption sites. Based
on the adsorption characteristics of nitrate, it can be inferred that the adsorption may be
controlled by the active N-Q and C-r sites. On the one hand, nitrate adsorption is influenced by
electrostatic attraction between negatively charged nitrate ions and the positively charged N-Q
sites on carbonaceous adsorbents. On the other hand, at low pH, C-x sites attract protons,
becoming positively charged and capable of adsorbing nitrate ions. However, as the pH of the
solution increases, the ability of C-m sites to bind protons diminishes, resulting in a reduced
adsorption capacity. Based on the surface functional group content of MeUrGlu-550Z0.5-1.0-
2nd obtained through Boehm titration listed in Table 2-3 of this chapter, a quantitative analysis
of nitrate ion adsorption on N-Q active sites can be conducted. Boehm titration determines the
types and amounts of surface acidic or basic functional groups by measuring the reaction of the
sample surface with different acid or base solutions. According to Table 2-3, the maximum
content of N-Q on the surface of MeUrGlu-550Z0.5-1.0-2nd is 0.60 mmol/g, with an adsorption
capacity of 0.79 mmol/g. Therefore, it can be calculated that each N-Q active site can adsorb

up to 1.31 nitrate ions. Additionally, in the adsorption kinetics study, the Q. value from the
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pseudo-second-order kinetic model in Table 2-5 represented the theoretical saturation
adsorption capacity, which was 0.74 mmol/g for the 200 mg/L nitrate solution at pH 3.0.
Meanwhile, in the adsorption isotherm studies showed a maximum adsorption capacity (Xm) of
1.58 mmol/g with increasing the initial nitrate concentration. It is reasonable to assume that the
higher initial concentration of the nitrate solution provides a greater mass transfer driving force,
facilitating the diffusion of adsorbate into the narrow pores of the adsorbent. N-5 and N-6 are
poor at accommodating protons (H+), so they could not contribute to the adsorption of nitrate
ions. Oxygen-containing functional groups, such as carboxyl and hydroxyl groups, dissociate
in aqueous solutions to form negative charges, which hinder the adsorption of nitrate ions on

the surface of MeUrGlu-550Z0.5-1.0-2nd.
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\\ 3

e 4
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Scheme 1. The proposed mechanism that controls the adsorption of nitrate onto MeUrGlu-

550Z0.5-1.0-2nd.

2.3.6 Comparison of adsorption capacity of MeUrGlu-550Z0.5-1.0-2nd with other

adsorbents

The prepared adsorbent was compared with other previously reported adsorbents in terms
of nitrate removal through batch and fixed-bed column adsorption. Table 2-9 lists some

adsorbents obtained with different precursors and prepared by different modification methods.
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MeUrGlu-550Z0.5-1.0-2nd had an excellent adsorption performance. It could be deduced that

MeUrGlu-550Z0.5-1.0-2nd will be an efficient adsorbent for the removal of nitrate in the future.

2.4 Conclusion

In conclusion, a novel glucose-based carbonaceous adsorbent with high nitrate adsorption
capacity was successfully developed. MeUrGlu-550Z0.5-1.0-2nd demonstrated excellent
adsorption performance in terms of both batch adsorption and fixed-bed column adsorption.
Batch adsorption experiments revealed that in case of low initial NO3™ concentration, quaternary
nitrogen (N-Q) served as a strong adsorption site that kept the Q. without significant reduction.
As the pH of the solution increased, the ability of C-r sites to accommodate protons weakened,
leading to a decline in adsorption capacity. The isotherm and kinetic data were fitted well to the
Langmuir model and pseudo-second-order model, respectively, with the Langmuir model
estimating a maximum adsorption capacity of 1.58 mmol/g. The results of fixed-bed column
adsorption studies further validated the potential of the adsorbent in industrial applications.
Effective removal of nitrate could be achieved even in solutions containing high concentrations
of coexisting ions. The adsorbent was also regenerable using 1 mol/L HCl and maintained
efficiency for at least five adsorption-desorption cycles. These findings highlight MeUrGlu-

550Z0.5-1.0-2nd as a promising candidate for practical nitrate removal applications.
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Chapter 3 Preparation of nitrogen-doped glucose-derived activated
carbon and its application for the efficient removal of phosphate ions

from aqueous solution

3.1 Introduction

Phosphorus is an essential nutrient for living organisms and plays a key role in modern
agriculture. However, the excessive use of fertilizers has led to an accumulation of phosphate
ions in rivers and lakes. According to the United States Environmental Protection Agency (US-
EPA), phosphate concentrations in streams entering lakes or reservoirs should not exceed 0.05
mg/L [1]. Elevated phosphate levels in natural water bodies can trigger eutrophication, causing
rapid algal growth, reducing oxygen availability for aquatic life, and resulting in the death of
various species due to oxygen depletion [2]. Moreover, excessive phosphate ions in drinking
water pose a health risk due to their toxic effects. Phosphate deposition in human tissues can
cause cardiovascular calcification, a potentially life-threatening condition [3]. Moreover,
phosphate mainly comes from phosphate rock, a finite and non-renewable resource. Therefore,
developing effective methods to remove and recover phosphate ions is essential.

Generally, compared to methods like electrodialysis, biological denitrification, and reverse
osmosis, etc., adsorption [4,5] is not only an effective method for removing phosphate, but also
has the advantages such as simple operation and cost-saving. Moreover, adsorbents are easy to
regenerate, and the adsorbates can be easily recovered, making adsorption particularly suitable
for treating phosphate pollution. During adsorption, the functional groups on the activated
carbon surface govern various interfacial reactions, and the number of active functional groups
influences the adsorption capacity for the target pollutants [6]. Therefore, effective functional
groups can be introduced to the surface of activated carbon through suitable surface
modification methods. To remove positively charged cationic pollutants, it can be achieved by
introducing carboxy and sulfonic groups onto the carbon surface to create a negatively charged
surface. For the adsorption of anionic pollutants, attractive sites such as quaternary nitrogen
(N-Q) can be created by introducing nitrogen heteroatoms. HP555 is a well-established
commercial anion exchange resin known for its excellent performance in removing anions like

phosphate. Its excellent adsorption capacity is due to its functionalized with only quaternary
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amine groups (-N*(CH3)3). Based on the above findings, it is anticipated that activated carbon
adsorbents rich in N-Q could also exhibit improved adsorption performance. Introducing
nitrogen could facilitate the formation of N-Q. Generally, the types of nitrogen typically
introduced onto the carbon surface include pyridinic nitrogen (N-6), pyrrolic nitrogen and
pyridone-N (N-5), quaternary nitrogen (N-Q), and pyridine-N-oxide (N-X) [7]. N-6 and N-5
are inefficient at accommodating protons (H"), so they do not contribute to the adsorption of
anionic pollutant [8]. However, N-Q remains positively charged across a wide pH range [9],
making it an effective exchange site for anionic pollutants like phosphate ions. Therefore,
exploring effective methods for introducing N-Q is essential. It is well documented that some
surface nitrogen can be gradually converted into N-Q at temperatures of 500°C or higher [10].
Sakamoto et al. successfully enhanced the N-Q content of activated carbon fiber (ACF) from
0.47% to 1.58% using thermal chemical vapor deposition (CVD) method at 950°C [11]. The
modified ACF exhibited over five times higher phosphate ion adsorption capacity, increasing
from 0.05 mmol/g to 0.27 mmol/g, compared to the unmodified ACF. Sun et al. reported a
quaternary nitrogen-grafted granular activated carbon for removing trifluoroacetate (CF;:COQO),
which was prepared through a four-step modification process which took at least 7 days [12].
The adsorption capacity of the modified activated carbon for CF3COO" significantly increased
from 11.1 mg/g to 32.9 mg/g, marking a substantial improvement. However, these methods
have the shortcomings of complexity, time-consuming, and required high temperature around
1000°C, which limits their practical applications. Therefore, it is essential to develope simpler
and milder methods for preparing efficient N-Q-containing adsorbents to remove phosphate
ions.

In this study, taking the advantages of N-Q, new preparation conditions were explored to
introduce N-Q adsorption sites onto the activated carbon derived from glucose for the removal
of phosphate ions in aqueous solution. The carbonaceous adsorbent developed in this study
demonstrated excellent performance in removing phosphate ions, with its adsorption capacity
surpassing that of the commercially available anion exchange resin HP555 under low solution
pH and initial concentration conditions. The impact of temperature gradients on the formation
of N-Q adsorption sites on the carbon surface was thoroughly discussed. A series of

experimental results clearly demonstrate that N-Q is crucial for phosphate adsorption on the
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activated carbon surface. Additionally, since the adsorption of ionic pollutants like phosphate
ions is strongly influenced by solution pH, the adsorption performance of the prepared activated
carbon was evaluated in phosphate solutions at different pH levels. The adsorption isotherm
was studied to estimate the maximum adsorption capacity and adsorption affinity of the
prepared adsorbent. Additionally, the adsorbent's regeneration ability and phosphate ion

recovery were assessed through continuous flow adsorption experiments.

3.2 Materials and methods

3.2.1 Preparation of glucose-derived activated carbon

In this chapter, the preparation method of activated carbon is generally similar to that
described in chapter 2. In chapter 2, we determined the optimal activation maintaining time (1st
time) and the number of activation process of the adsorbent. Based on the conclusion, this
chapter further investigates the effects of different activation temperatures on the performance
of the adsorbent. The preparation procedures of the adsorbent are shown in Fig. 3-1. In the
process of preparing activated carbon, using zinc chloride as the activator can effectively
promote the carbonization process and improve the structure and properties of activated carbon.
In this study, a mass of 10 g of melamine, 10 g of urea, 20 g of glucose, and 20 g of zinc chloride
(equivalent to 0.5 times of the total mass of the three reagents) were mixed and pre-treated in
an oven at 110°C for 12 h to obtain the sample MeUrGlu-110Z0.5. Then, 10 g of MeUrGlu-
110Z0.5 was taken into a horizontal tubular furnace for the heat treatment of raising temperature
from room temperature to Y°C (Y = 500, 550, 600, 650, 750) within 45 min at the N, flow rate
of 20 mL/min and maintained for 60 min. After cooling down, the obtained sample was
designated as MeUrGlu-YZ0.5-1st. Subsequently, the obtained MeUrGlu-YZ0.5-1st was
thoroughly ground in a mortar to make it more uniform and prepared for the second activation
process. The sample was heated in a tubular furnace to Y°C within 45 min and kept at Y°C for
30 min for the second activation process. The resulting sample was designated as MeUrGlu-
YZ0.5-2nd. Similarly, MeUrGlu-YZ0.5-2nd was further activated for the third activation
process by heating it in a tubular furnace from room temperature to Y°C in 45 min and
maintained for 30 min to obtain the sample which was designated as MeUrGlu-YZ0.5-3rd. The
samples obtained after each activation were thoroughly washed with 1 mol/L HCI for three
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times to remove the residual zinc in the samples. Then, boiled pure water was added to wash
off the HCI until the pH of the filtration was neutral. Finally, the washed samples were dried in

an oven at 110°C overnight and prepared for the adsorption experiments.

Pre-treatment Carbonization Washing Drying
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Fig. 3-1. Preparation procedures of the adsorbent.

3.2.2 Characterization of glucose-derived activated carbon

The textual and surface properties of the prepared activated carbon were further examined.
The specific surface area and pore distribution of the activated carbon were obtained by N>
adsorption-desorption isotherms at -196°C in liquid nitrogen using BELSORP-mini II surface
analyzer (MicrotracBEL Corporation, Japan). The specific surface area Sger (m?*/g), average
pore diameter Daye (nm) and pore volume Vi (cm?/g) were calculated by Brunauer-Emmer-
Teller (BET) method. The micropore volume Vmicro Was obtained by os plots. The mesopore
volume Vmeso Was calculated from the difference between Vipw and Vmicro. The elemental
compositions of carbon, hydrogen and nitrogen of the samples were determined by PE2400I1
CHN analyzer (PerkinElmer, Inc., US-MA), and the content of oxygen was calculated as the
difference between 100% and the sum of C, H and N carbon. The configurations of the nitrogen
species on the surface of the prepared samples were investigated by X-ray photoelectron
spectroscopy (XPS, JPS-9030, JEOL Ltd., Japan). Cls and O1s XPS spectra were also obtained

through XPS analysis.

3.2.3 Phosphate ions adsorption and determination

The adsorption of phosphate ions on the surface of activated carbon was mainly studied in

batch systems, and a slightly extended continuous flow adsorption experiment was carried out
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to investigate the reusability of the adsorbent. Before use, the sample was dried in an oven at
110°C for 2 h. Phosphate solution was obtained by dissolving potassium dihydrogen phosphate
in pure water.

In batch adsorption experiments, 30 mg of dried sample was added into 15 mL phosphate
solution with an initial concentration of 3.0 mmol/L and initial solution pH of 4.5 at room
temperature, and then stirred for at least 24 h to establish adsorption equilibrium. In this process,
an appropriate amount of 0.1 mol/L hydrochloric acid was added to adjust the pH of the solution
to maintain it at 4.5 + 0.2. Subsequently, the solution was filtered and diluted. The
concentrations of phosphate ions before and after adsorption can be measured by molybdenum
blue absorption spectrophotometry using a UV-visible spectrophotometer (UV-2550, Shimadzu
Corporation, Japan) at the wavelength of 710 nm [13,14]. The equilibrium adsorption amount

(Q., mmol/g) of phosphate ions was calculated using the following formula:

Co—Ce)V
Q. = LtV (3-1)

W >
where Q. means the equilibrium adsorption amount (mmol/g). Co and C, represent the initial
and the equilibrium concentration of phosphate (mmol/L), respectively. V signifies the solution
volume (L) and W expresses the weight of sample (g).

In continuous flow adsorption experiments, a phosphate solution with a concentration of
3.0 mmol/L and a pH of 4.5 was introduced into a glass column (inner diameter of 0.7 cm,
length of 16 cm) at a flow rate of 1.25 mL/min, and 1.0 g of the optimal sample was packed
into the column. The effluent at the outlet of the device was collected at pre-set time intervals.
The time when the ratio of the phosphate ions concentration in the effluent to that in the influent
exceeded 5% was defined as the breakthrough time (), and the corresponding effluent volume
(Vv) and adsorption amount (Oy) at the breakthrough point can be obtained. In addition, the
moment when the ratio of the concentration of phosphate ions in the effluent to that in the
influent exceeded 95% was defined as the saturation time (#), and the corresponding effluent
volume (¥s) and adsorption amount (Qs) at the saturation point can be obtained. The amount of
phosphate adsorption (Q) in the continuous flow adsorption is expressed by the following

equation [15]:
R t
Q== (Co—CYat . (3-2)
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where R is the flow rate (mL/min), # means the molar mass of phosphate (g/mol), m is the
weight of adsorbent (g), ¢ represents the flow time (min), Co is the phosphate concentration in
the influent (mg/L), and C; is the phosphate concentration in the effluent at time ¢ (mg/L).
The total effluent volumes for reaching the breakthrough point and saturation point are
expressed by the following equations [16]:
V, = Ry, | (3-3)
Vs = Rt (3-4)
where V4 is the total effluent volume up to the breakthrough point (mL), V5 is the total effluent
volume up to the saturation point (mL). #, is breakthrough time when C/Cy > 5%, and ¢, is the
saturation time when Cy/Cy > 95%.
Phosphate removal rate R% can be determined by:
R% = Q,RC,t |, (3-5)

where O, expresses the adsorption amount of phosphate (mmol/g) at time ¢.

3.2.4 Effect of solution pH

In the experiment to investigate the effect of different solution pH on phosphate ions
adsorption, an initial concentration of 3.0 mmol/L was selected, and the pH range of the solution
was adjusted from 2.0 to 12.0. The other adsorption conditions in batch system were performed
as described in Section 3.2.3. During the adsorption process, 0.1 mol/L. HCI and NaOH were
used to maintain the initial pH of the phosphate solution for each gradient. Depending on the
solution pH and ionic strength, phosphorus presents in aqueous solution as one of the
orthophosphate anions (PO.*", HPO4* or H,PO*) [17]. This distinction will be made in the latter
section. Furthermore, for comparison purpose, the effect of solution pH on the adsorption of

phosphate ions by the commercial anion exchange resin HP555 was also studied.

3.2.5 Adsorption isotherms

In the study of the adsorption isotherms, the initial phosphate ions concentration was in
the range of 0.1-10 mmol/L with a constant solution pH at 4.5. The other adsorption conditions
in batch system were also conducted according to the description in Section 3.2.3. The
equilibrium concentration (Ce) and equilibrium adsorption amount (Qc) was determined after

the adsorption was completed. The resultant equilibrium data were fitted by both Langmuir and

64



Freundlich isotherms to evaluate the adsorption parameters. In this section, the commercial
HP555 was also used as a reference material.
The linear Langmuir isotherm model is described by the following equation:

Cem 14—, (3-6)

Qe Xm XmKe

where Q. is the equilibrium adsorption amount of phosphate ion (mmol/g). C. is the equilibrium
solution concentration (mmol/L) and Xy, is the maximum adsorption capacity (mmol/g). K-
represents the Langmuir isotherm constant representing adsorption affinity (L/mmol).

The linear form of Freundlich isotherm model is:

Q. = InKg +~InC, (3-7)

where Kr means Freundlich isotherm constant [(mmol/g) (L/mmol)'®], and I/n is the

heterogeneity of the surface.

3.2.6 The regeneration and reusability of adsorbent

The regeneration performance of the prepared adsorbent was evaluated using 7 desorption
reagents in batch adsorption experiments, and the optimal reagent was selected for continuous
flow adsorption to assess reusability in practical applications. A phosphate solution of 3.0
mmol/L at pH 4.5 was prepared for the experiment. A mass of 200 mg sample was added into
100 mL of the phosphate solution and stirred at 100 rpm for at least 24 h at room temperature
to ensure full phosphate loading. During this time, 0.1 mol/L HCl was used to maintain the
initial pH of the phosphate solution. Once adsorption equilibrium was reached, the sample was
filtered, and then filter paper was used to remove any remaining solution from the sample.
Subsequently, the sample was subjected to desorbed in 200 mL of 0.1 mol/L and 1 mol/L
hydrochloric acid, sodium hydroxide, sodium chloride solutions, and 200 mL of pure water
with stirring at 100 rpm for 24 h at room temperature. After the desorption process was
completed, the desorbed sample was filtered and then washed with 500 mL of pure water
multiple times. The washed sample was dried with N, gas at atmospheric pressure and then
further dried to a constant weight under vacuum. The dried sample was reused for phosphate
ion adsorption in the batch system, following the procedure outlined in Section 3.2.3. The
optimal regenerant was selected based on the difference in phosphate adsorption by the sample

before and after desorption in batch adsorption experiments. The optimal regenerant was then
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applied in the continuous flow adsorption experiment, which was conducted as described in
Section 3.2.3. After the first flow adsorption process, the optimal regenerant was introduced
into the column at a rate of 1.0 mL/min for 3 h for the purpose of column regeneration. Pure
water was then passed through the column at the same rate for 5 h to remove any residual
regenerant and prepare the column for the next adsorption cycle. The optimal regenerant was

used for 3 cycles of adsorption-desorption process.
3.3 Results and Discussion

3.3.1 Characterization of activated carbon

The surface properties and elemental composition of activated carbon are closely related
to its adsorption performance. Therefore, the physicochemical properties of the adsorbents
under different preparation conditions were thoroughly examined to understand how the surface
properties of activated carbon change under varying conditions. Table 3-1 shows the surface
characteristics and elemental composition of the samples prepared under varying temperature
gradients and activation cycles, while Fig. 3-2 illustrates the adsorption capacity of the samples
for phosphate ions in batch systems. The effect of activation temperature on the adsorption
performance of activated carbon showed that as the temperature increased, the Sger, Viow and
Vmicro Of the adsorbents showed an upward trend with the increase of temperature. This suggests
that higher activation temperatures enhance the dehydrating ability of zinc chloride, leading to
the formation of more developed pore structures and larger specific surface areas [18]. When
the activation temperature rose from 500°C to 750°C, the Sger of increased by 28.1 times, and
the Viotal and Vmicro grew by 10 times and 13 times, respectively. The decrease in Day, could be
attributed to the expansion of the microporous structure on the surface of the activated carbon.
When investigating the effect of activation cycles on the performance of the adsorbent, it was
observed that at a constant activation temperature of 600°C, the Sger, Viowl, and Vmicro 0f the
adsorbents were proportional to the activation cycles. The Sger of MeUrGlu-600Z0.5-3rd was
35.6 and 1.2 times higher than that of MeUrGlu-600Z0.5-1st and MeUrGlu-600Z0.5-2nd,
respectively. Therefore, increasing the activation temperature and activation cycles during the
preparation of glucose-derived adsorbents enhances the expansion of their specific surface area
and the development of pore structures. Typically, a more developed porous structure in an
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adsorbent is conducive to increasing its adsorption capacity [19]. However, as shown in Fig. 3-
2, the adsorption capacity (Q.) of each adsorbent did not strictly follow this trend. The
adsorption capacity of the adsorbents from the first, second, and third activation cycles initially
increased with temperature but decreased when the activation temperature surpassed 600°C.
Specifically, the adsorption capacity of MeUrGlu-600Z0.5-2nd was 50% higher than that of
MeUrGlu-500Z0.5-2nd, and 100% higher than that of MeUrGlu-750Z0.5-2nd after two
activation cycles. From Fig. 3-2, it can also be observed that the adsorption capacity of the
products consistently peaked during the second activation cycle, regardless of activation
temperature. For instance, MeUrGlu-600Z0.5-2nd always exhibited the highest adsorption
capacity, which was 14% and 5% greater than MeUrGlu-600Z0.5-1st and MeUrGlu-600Z0.5-
3rd, respectively. In conclusion, MeUrGlu-600Z0.5-2nd demonstrates the best adsorption
performance, despite its specific surface area not being the largest. This indicates that the
adsorption mechanism cannot be fully explained solely by examining the textural properties of
the adsorbent.

The elemental compositions of each sample, shown in Table 3-1 , reveal that MeUrGlu-
600Z0.5-2nd consistently exhibited the highest nitrogen content and the lowest oxygen content,
regardless of activation temperature or cycle number. Notably, this sample also achieved the
highest phosphate adsorption capacity. The elevated nitrogen content indicates that these
preparation conditions are optimal for effectively incorporating nitrogen into the carbon
framework. It can be inferred that certain nitrogen-containing functional groups primarily
influence the adsorbent's capacity for phosphate ion adsorption, while some oxygen-containing
functional groups hinder the process. The reduction in oxygen and hydrogen contents at
temperatures below 600°C is likely due to the decomposition of hydroxyl (-OH) and carboxyl
(-COOH) groups on the carbon surface [20]. In particular, the decline in acidic oxygen-
containing functional groups, such as carboxyl groups, is beneficial for the adsorption of anions
on the carbon surface. Studies have shown that carboxyl groups on activated carbon decompose
within the temperature range of 100-700°C [21]. Carboxyl groups will hinder the accessibility
and affinity of activated carbon by forming water clusters through hydrogen bonding, which

generates a repulsive force against anions. As the temperature increased, the carboxyl group
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Fig. 3-2. The equilibrium adsorption capacity (Q.) of each sample at different activation

temperature and activation cycles.

content continued to decrease, while the oxygen content increased by 1.79 times. This
phenomenon can be attributed to the formation of more non-hydrogen-containing groups of
lactone (-COO-) on the carbon surface at elevated temperatures. Although lactone groups
exhibit weak adsorption properties, the overall adsorption capacity did not improve with their
increased presence. This is primarily due to the decline in nitrogen content of the sample, which
reduced the availability of effective adsorption sites. Consequently, it can be concluded that the
superior adsorption performance of MeUrGlu-600Z0.5-2nd is a result of achieving an optimal
balance between functional groups that favor or inhibit adsorption.

XPS analyses were conducted on the prepared activated carbon to further investigate the

chemical composition. The N1s, Cls and Ols XPS spectra of the samples prepared under
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varying conditions are presented in Fig. 3-3. The N1s signal obtained by XPS measurements
was deconvoluted into four peaks corresponding to different nitrogen species: N-6 (pyridinic-
N, 398.6 + 0.3 eV), N-5 (pyrrolic-N and pyridone-N, 400.5 + 0.3 eV), N-Q (quaternary nitrogen,
401.3 £ 0.3 eV) and N-X (pyridine-N-oxide, 402-405 eV). These peak assignments and binding
energies align well with previously reported values in the literature [10, 23-25]. As explained
by Pels et al., the term quaternary nitrogen does not correspond to a classical quaternary
nitrogen structure, such as the ammonium ion (NH4"). Instead, it refers to nitrogen atoms with
a relatively higher positive charge compared to pyridinic-N, including protonated pyridinic-N
ammonium ions and nitrogen atoms replacing carbon atoms in the graphene structure [10].
Consequently, N-Q is distinct from the tertiary nitrogen reported in some literature, which
typically occupies similar positions. The term N-Q more accurately describes nitrogen-
containing functional groups located within the basal plane of graphene layers in carbonaceous
materials during pyrolysis processes. Moreover, in the XPS N1s spectrum, the N-5 peak appears
broader, with a full width at half maximum (FWHM) of approximately 3.0 eV, compared to the
peaks of N-6, N-Q, and N-X. This broadness arises because N-5 encompasses both pyrrolic-N
and pyridone-N [10], which have very similar peak positions (pyrrolic-N at 400.4 eV and
pyridone-N at 400.6 eV). Additionally, pyridone-N exists in two tautomeric forms, further
complicating its distinction from pyrrolic-N, contributing to the broader FWHM of N-5. By
integrating XPS results with the total nitrogen content from elemental analysis, the distribution
of different nitrogen species in each sample can be determined. The results, as summarized in
Table 3-2, demonstrate a clear positive correlation between the content of N-Q active sites and
the adsorption capacity of the adsorbent. Among all the samples prepared, MeUrGlu-600Z0.5-
2nd exhibited the highest N-Q content, reaching 7.10%. Despite not having the largest Sger, it
achieved the highest equilibrium adsorption capacity (Q. = 0.42 mmol/g). The finding
highlights that during the surface modification of adsorbents, the introduction of effective active
adsorption sites plays a more critical role than merely increasing the specific surface area [26].
With the significant increase in N-Q content, the adsorption capacity of MeUrGlu-600Z0.5-2nd
surpassed all other samples, being 1.5 times higher than that of MeUrGlu-500Z0.5-2nd, which
contained only 0.72% N-Q. This clearly establishes a positive correlation between the

adsorption capacity and the N-Q content.
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Fig. 3-3. Nls, Cls and Ols XPS spectrum of the samples obtained at different activation
temperatures, (a) MeUrGlu-500Z0.5-2nd, (b) MeUrGlu-550Z0.5-2nd, (c) MeUrGlu-600Z0.5-
2nd, (d) MeUrGlu-650Z0.5-2nd, (¢) MeUrGlu-750Z0.5-2nd, peak sum was drawn in dotted
line and N1s original intensity was described in solid line.
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Table 3-2 Results of XPS N1S analysis and adsorption amount of prepared adsorbents.

Sample Configuration of nitrogen-containing groups N-Q ratio Q.
[wtve] [%] [mmol/g]
Niotat ~ N-Q N-6 N-5 N-X
MeUrGlu-500Z20.5-2nd =~ 159  0.72 7.28 7.90 0.00 4.54 0.28
MeUrGlu-550Z20.5-2nd ~ 21.3 3.29 7.94 10.08 0.00 15.4 0.35
MeUrGlu-600Z0.5-1st 21.5 3.40 6.59 11.23 0.28 16.0 0.37
MeUrGlu-600Z0.5-2nd =~ 25.4 7.10 7.36 10.46 048 279 0.42
MeUrGlu-600Z20.5-3rd ~ 22.6  0.31 13.46 8.68 0.15 1.37 0.40
MeUrGlu-650Z20.5-2nd ~ 13.5 1.30 4.62 7.58 0.00 9.63 0.26
MeUrGlu-750Z0.5-2nd ~ 12.1 0.63 4.04 7.12 032 521 0.21

Moreover, although MeUrGlu-750Z0.5-2nd exhibited the highest specific surface area, the N-
Q content accounted for only 5.21% of its total nitrogen, which is approximately one-eleventh
of that in MeUrGlu-600Z0.5-2nd. Consequently, its adsorption capacity was reduced by 50%
compared to MeUrGlu-600Z0.5-2nd. A similar trend was observed in the products obtained by
increasing the activation cycles at a constant activation temperature. These findings clearly
demonstrate that N-Q present in the basal plane of graphene layers serves as the primary active
site for phosphate ion adsorption. Thus, even though a substantial amount of nitrogen was
incorporated into all the samples, some of them lacked effective binding sites, leading to a
deficiency in adsorption capacity. No clear correlation was found between the content of N-6
and N-5 with temperature, suggesting that N-Q is not derived from N-6 or N-5 during the
formation process, but is more likely directly doped onto the carbon framework. Additionally,
it could be observed that the content of pyridine N-oxide (N-X) was minimal in all samples
obtained after pyrolysis. It could be explained in terms of the nitrogen heteroatoms of N-X
located at the periphery of the graphite structure that can be easily eliminated in the form of
ammonia (NH3). The Cls signal obtained from XPS measurements was deconvoluted into five
peaks with binding energies centered at 283.8 eV (C-H, pentagon), 284.5 eV (C=C), 285.0 eV
(C-C), 285.5 eV (C-N), 286.5 €V (C-0), 288.0 eV (C=0) and 289.2 eV (0O-C=0, COs%). The
assignment of these characteristic peaks is consistent with the results reported in the literature
[27-29]. It is important to note that the peak position of C-N varies based on the bonding state

of C-N, as explained by Yamada et al. [28]. It was consistently observed that for all samples
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synthesized at different temperatures, the best-fitting C-N bond in the Cls XPS spectrum
appeared at 285.5 eV. Therefore, we propose that the predominant bonding state of C-N in the
samples was likely to be the quaternary-tertiary (Q-T2). The C-N peak in the C1s XPS spectrum
of the sample further confirms the successful nitrogen incorporation on the surface of the
activated carbon (Fig. 3-3, Table 3-3). The Ols XPS spectrum for the samples was
deconvoluted into five peaks that can be assigned to 530.7 eV (0O=C), 531.7 eV (O-C), 532.5
eV (COs%), 533.6 eV (0=C-0) and 534.9 eV (O-N). The results are in good agreement with the
findings reported in the literature [30,31]. Although high-temperature decarboxylation typically
reduces carboxyl group content, some carboxyl groups may remain in the samples, possibly
due to ester group hydrolysis during HCI washing. Despite the presence of these unfavorable
groups, the sample treated at 600°C demonstrated the highest adsorption capacity. This can be
attributed to the balance between the favorable and unfavorable functional groups on the
surface of adsorbent, further emphasis the crucial role played by N-Q in the process of anionic
adsorption. In general, the series of characterization results highlighted how the modification
steps of heating at 600°C for twice activation effectively preserved the N-Q adsorption sites

and indeed enhanced the adsorption capacity of the activated carbon.

Table 3-3 Cls and Ols XPS data for the prepared sample.

Peaks MeUrGlu- MeUrGlu- MeUrGlu- MeUrGlu- MeUrGlu-
500Z0.5-2nd  550Z0.5-2nd  600Z0.5-2nd  650Z0.5-2nd  750Z0.5-2nd
Cc-C 17.9 12.7 8.12 22.3 22.0
Cc=C 22.4 27.1 25.2 25.0 22.9
Cls C-N,C-O 292 38.0 40.2 31.4 30.5
Cc=0 20.2 14.1 15.4 13.5 16.3
0-C=0,
10.2 8.14 11.0 7.71 8.35
CO32’
0=C 23.1 7.96 17.7 16.8 20.0
0-C 20.4 21.7 20.2 25.6 30.1
Ols COs* 29.9 27.9 25.3 27.5 25.0
0-C=0 19.0 29.8 25.3 21.7 16.7
O-N 7.75 12.6 11.6 8.33 8.18
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3.3.2 Influence of equilibrium solution pH on phosphate adsorption

Solution pH is a key factor influencing the adsorption of ionic pollutants. Therefore, this
section examines the effect of solution pH on the adsorption of phosphate ions. Fig. 3-4 presents
the results showing how solution pH affects phosphate adsorption using the representative
prepared adsorbent (MeUrGlu-600Z0.5-2nd) and commercial anion exchange resin (HP555).
The initial concentration of phosphate solution was kept constant 3.0 mmol/L. MeUrGlu-
600Z0.5-2nd exhibited its highest phosphate adsorption capacity of 0.42 mmol/g at pH 4.5.
This adsorption capacity was the best result for phosphate adsorption in the present studies,
which is higher than that of the modified activated carbon fiber-based adsorbent by 0.15 mmol/g
[11]. Additionally, there was a fluctuation in the adsorption amount below pH 4.5, with a
gradual increase. However, when the solution pH surpassed 4.5, the phosphate adsorption on
MeUrGlu-600Z0.5-2nd was significantly influenced by pH changes, with a sharp decrease in
adsorption as the pH rose from 4.5 to 12.0. The peak adsorption at pH 4.5 may be due to the
ionization state of phosphate in the solution, as the pH determines the form of phosphate species.
Considering the acid dissociation constants (pKa) of the triprotic phosphoric acid (2.12, 7.21,
and 12.67), it can be inferred that as the pH of the solution reaches to 4.5, the presence of
phosphorus gradually changes from H3;PO4 to H.PO4, which carries a negative charge. This
transition enhanced its adsorption on adsorbents with positively charged adsorption sites (N-
Q). As the pH continues to rise, the dominant species in the solution will change from H,PO4
to HPO4*, which has a lower negative charge density and a weaker affinity for the adsorbent.
The decrease in adsorption at higher pH values can be attributed to the shift of phosphate
species to HPO4>, which has a lower affinity for the adsorbent. Moreover, the fluctuation in
adsorption amount before pH 4.5 could also be explained by the competition between phosphate
anions and excess chloride ions. This is due to the fact that more 0.1 mol/L HCI needs to be
added to adjust the solution pH within the acidic range, which causes the adsorption capacity
of phosphate anions to fluctuate within the pH range of 2.0-4.5. Similarly, in more alkaline
solutions, the increasing concentration of OH" also leads to a reduction in the adsorption of
phosphate ions.

The adsorption capacity of the commercial anion exchange resin HP555, which is

functionalized with only N-Q (trimethylammonium, -N*(CH3)s) site, also followed a trend of
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increase and then decrease as the pH of the solution changed. HP555 is commonly used as a
reference material to evaluate the performance of adsorbents due to its strong anion removal
performance [8]. In Fig. 3-4, it is evident that Q. of HP555 is always greater than MeUrGlu-
600Z0.5-2nd above pH 4.5. However, surprisingly, below pH 4.5, the adsorption capacity of
MeUrGlu-600Z0.5-2nd is consistently higher than that of HP555. This difference in adsorption
behavior is attributed to the structural variations between the two materials. MeUrGlu-600Z0.5-
2nd has N-Q groups embedded within the carbon framework, while HP555 has N-Q groups
located outside the carbon framework (as shown in Fig. 3-5). Below pH 4.5, HP555’s
performance drops significantly, but MeUrGlu-600Z0.5-2nd can still exhibit a high adsorption
capacity of 0.34-0.41 mmol/g. Therefore, it can be anticipated that MeUrGlu-600Z0.5-2nd is a
practical activated carbon adsorbent in low pH range solutions, and sufficient performance can
be expected. HP555 maintained a certain adsorption capacity in solutions with a pH greater
than 7.0 because, in addition to ion exchange, it might exhibit strong electrostatic attraction and
van der Waals interactions with nitrate ions. These interactions enable HP555 to retain its
adsorption capacity for nitrate ions, which is not entirely diminished by the competitive

adsorption of OH "~ ions.
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Fig. 3-4. Influence of equilibrium solution pH on the phosphate adsorption of MeUrGlu-

600Z0.5-2nd and HPS555. Solid and dotted lines; speciation diagram of H3POs. (Initial

phosphate concentration of 3.0 mmol/L, dosage of 2 g/L, room temperature)
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Fig. 3-5. Chemical structure of commercial anion exchange resin HP555.

3.3.3 Adsorption isotherms

Fig. 3-6 shows the phosphate adsorption isotherms for MeUrGlu-600Z0.5-2nd and HP555
at room temperature. HP555, known for its high anion adsorption capacity, was also used for
comparison purposes. The equilibrium concentration (C.) of phosphate solution varied between
0.1-10.0 mmol/L, and the pH of the equilibrium solution was 4.5. The experimental data
obtained were analyzed using Langmuir and Freundlich adsorption isotherm models. The
parameters obtained from fitting the experimental data reflect adsorbent's affinity and surface
properties under specific pH and temperature conditions, as shown in Table 3-4. The Langmuir
equation is used for monolayer adsorption on surfaces with a limited number of uniform sites
[32]. The Freundlich isotherm model describes the adsorption on heterogeneous surfaces,
where stronger binding sites are occupied first, with binding strength decreasing as more sites
are occupied [33]. The experimental data for MeUrGlu-600Z0.5-2nd indicated that phosphate
adsorption initially increased with the rising equilibrium concentration. However, the rate of
increase gradually slowed until the adsorption capacity reached a plateau. This behavior can be
attributed to the strengthening electrostatic forces as phosphate concentration rises, which
enhances phosphate adsorption on the adsorbent surface. As the limited active adsorption sites
become increasingly occupied, the adsorption capacity gradually stabilizes. Similarly, the
adsorption capacity of HP555 for phosphate showed a similar trend as MeUrGlu-600Z0.5-2nd,
with an initial increase followed by gradual stabilization. Both Langmuir and Freundlich
models seem to fit the experimental data well based on their fitting curves (Fig. 3-6). However,
based on the parameters in Table 3-4, the Langmuir isotherm model for MeUrGlu-600Z0.5-

2nd had a regression coefficient (R?) of 0.992, while the Freundlich isotherm model had an R?
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of 0.984. The Langmuir model provided the best fit for the phosphate adsorption equilibrium
data, with a correlation coefficient R? > 0.99. For HP555, the Langmuir model also had a higher
R? value of 0.993, compared to 0.925 for the Freundlich model. In conclusion, the Langmuir
isotherm model better describes the adsorption characteristics of the two phosphate removal
materials, suggesting that their adsorption of phosphate ions is a monolayer adsorption.
Additionally, the basic characteristics of Langmuir isotherm can be expressed by the

dimensionless separation factor Ry, which is given by Eq. (3-8).
1

RL = (3-8)

T 1+CoKe

where Cy and K. were obtained from the experimental data and Langmuir isotherm parameter.
When 0 < Ry < 1, the adsorption process between phosphate and adsorbent is favorable. Based
on experimental data and calculated parameters, Ry values for HP555 ranged from 0.05 to 0.46,
while those for MeUrGlu-600Z0.5-2nd ranged from 0.05 to 0.45. These results confirm the
suitability of the prepared samples for achieving equilibrium adsorption of phosphate ions.
Additionally, from Fig. 3-6, at a phosphate ion concentration of 0.42 mmol/L, the
adsorption capacity of MeUrGlu-600Z0.5-2nd reached 0.28 mmol/g. However, when the
phosphate ion concentration increased to 0.48 mmol/L, the adsorption capacity of HP555 was
limited to 0.23 mmol/g. Furthermore, in the phosphate ion concentration range below 0.48
mmol/L, the Q. value of HP555 consistently remained slightly lower than that of MeUrGlu-
600Z0.5-2nd. This indicates that the prepared adsorbent would exhibit excellent adsorption
performance when phosphate ions in contaminated water sources are present at extremely low

concentrations (less than 0.48 mmol/L).
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Fig. 3-6. Phosphate ions adsorption isotherms of MeUrGlu-600Z0.5-2nd and HP555 fitted by

(a) Langmuir isotherm and (b) Freundlich isotherm. (Solution pH at 4.5, dosage of 2 g/L., room

temperature)

Table 3-4 Langmuir and Freundlich isotherm parameters for phosphate adsorption onto

MeUrGlu-600Z0.5-2nd and HP555.

Sample Langmuir isotherm model Freundlich isotherm model
Kr
Xm K. 2
[mmol/g] [L/mmol] i/ Hr?rgln(;léﬁ]l m R
MeUrGlu-600Z0.5-2nd ~ 0.52 2.03 0.992 0.27 0.32 0.984
HP555 0.69 0.92 0.993 0.58 0.27 0.925

3.3.4 Regeneration of the adsorbent and recovery of phosphate

The ability of regeneration is a crucial factor in assessing the properties of adsorbents.

Moreover, recovering phosphate ions removed from wastewater could significantly promote

the recycling and sustainable use of this finite resource. In this study, 1 mol/L and 0.1 mol/L

solutions of hydrochloric acid, sodium chloride, and sodium hydroxide were employed as

regenerants to evaluate the adsorbent's regeneration efficiency. The desorption in pure water

was also used as a reference to assess the effectiveness of the regenerants. The regenerant
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demonstrating the highest regeneration efficiency was subsequently employed in a continuous
flow adsorption experiment, followed by 3 cycles of adsorption-desorption experiments. As
illustrated in Fig. 3-7, HCI and NaCl exhibited superior regeneration performance compared to
NaOH. While 0.1 mol/L HCI and NaCl can achieve similar regeneration effects as those at 1
mol/L, the standard deviations of the adsorbent after three parallel experiments were generally
higher, leading to inconsistent regeneration performance. Therefore, it is recommended to avoid
using regenerants with a concentration of 0.1 mol/L. Moreover, after regeneration with 1 mol/L
NaCl, the adsorbent's phosphate ion adsorption capacity was 0.03 mmol/g higher than that
achieved with 1 mol/L HCI. Additionally, NaCl exhibited more attractive features than HCI,
such as being environmental-friendly and more suitable for the desorption of adsorbent. Hence,
1 mol/L NaCl is identified as the optimal regenerant for MeUrGlu-600Z0.5-2nd. The
regeneration performance of MeUrGlu-600Z0.5-2nd using NaOH was poor, even less effective
than desorption in pure water. This could be attributed to changes in the adsorbent's surface
properties, such as its pore structure, caused by NaOH during the desorption process [34]. The
good regeneration performance exhibited by NaCl may be attributed to the to the abundance of
chloride ions in the solution, which displace phosphate ions from the N-Q adsorption sites,
facilitating the phosphate ions to be desorbed. Furthermore, the NaCl solution used for
regeneration contains desorbed phosphate ions that can be used as fertilizer to support plant
growth [35].

Fig. 3-8 presents the outcomes of the 3 cycles of adsorption-desorption experiments using
1 mol/L NaCl as the regenerant for the regeneration of MeUrGlu-600Z0.5-2nd packed column.
The corresponding flow adsorption parameters are detailed in Table 3-5. During the first
adsorption cycle, the breakthrough time for the column packed with MeUrGlu-600Z0.5-2nd
was 48 min, outperforming the second (24 min) and third adsorption cycles (32 min). During
the first regeneration of the phosphate-saturated column with 1 mol/L NaCl, the excess chloride
ions introduced into the column displaced the phosphate ions from the N-Q adsorption sites.
Studies have shown that N-Q sites bound with chloride ions possess greater ion exchange
capacity and stronger adsorption affinity [12]. As a result, when a new round of phosphate ions
adsorption cycle begins, the introduced phosphate ions will still be adsorbed onto the activated

carbon surface, displacing the chloride ions and maintaining a certain adsorption capacity. The
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decrease in breakthrough time (#,) after the adsorption-desorption cycles suggests that not all
phosphate ions adsorbed on the strong N-Q sites were successfully desorbed. On the other hand,
the removal efficiency of phosphate before breakthrough point (R,%) during the three
adsorption-desorption cycles was 100%, surpassing the 91.3% reported by Alemu Gizaw et al.
[36]. This also highlights the practical value for the reusability of MeUrGlu-600Z0.5-2nd in
removing phosphate ions. Additionally, while regenerating the MeUrGlu-600Z0.5-2nd packed
column, the collected NaCl solution containing phosphate ions as nutrient can be applied as a

soil fertilizer for plant growth [37].
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Fig. 3-7. Results of the effect of different regenerants on the regeneration performance of

MeUrGlu-600Z0.5-2nd.

80



10 L Adel e P
Pe© $%
o®
® o
08 |
8 ®
o
06 |
S
S Q g
04 |
o
(o) @ 1st-adsorption
02 F ¢ Y O2nd-adsorption
'®) ® # 3rd-adsorption
0.0 .-Q-.-‘-.. : -
0 50

100 150
Volume [mL]
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Table 3-5 Parameters of continuous flow adsorption experiments.

[min] [mL] [mmol/g] [min] [mL] [mmol/g]
Ist-adsorption 48 60 0.26 100 136 170 0.37 58
2nd-adsorption 24 30 0.13 100 96 120 0.20 48
3rd-adsorption 32 40 0.18 100 104 130 0.23 50
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3.4 Conclusion

This study developed the optimal N-Q-containing glucose-derived adsorbent, MeUrGlu-

600Z0.5-2nd, for the efficient removal of phosphate ions from aqueous solution. The main

conclusions are summarized as follows:

1.

MeUrGlu-600Z0.5-2nd demonstrated excellent phosphate ion equilibrium adsorption
capacity (Q.) of 0.42 mmol/g at a phosphate concentration of 3 mmol/L and a solution pH
of 4.5.

The Langmuir isotherm model can well describe the adsorption process which is a
monolayer adsorption, with the maximum adsorption capacity (Xm) calculated to be 0.52
mmol/g.

Surface characterization results indicated that introducing effective adsorption sites was
more beneficial than simply increasing the specific surface area.

In acidic solutions (pH < 4.5), MeUrGlu-600Z0.5-2nd showed a strong equilibrium
adsorption capacity (Q.) of 0.34-0.44 mmol/g, overcoming the limitation of the commercial
anion exchange resin HP555, which is ineffective in acidic environments.

In the continuous flow adsorption, MeUrGlu-600Z0.5-2nd can be regenerated for at least 3

cycles, and using NaCl as the regenerant was beneficial for the recovery of phosphate ions.
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Chapter 4 Enhancement of nitrate adsorption from aqueous solutions

by glucose-derived nitrogen-doped carbonaceous adsorbent

4.1 Introduction

There is an increasing demand for food as the expansion of population. Since the invention
of Haber-Bosch process in 1920, the synthesis of ammonia has accelerated the process of
fertilizer production [1]. The adequate supply of fertilizer made a great contribution to the high
yield of crops and indirectly brought benefits to the survival of mankind. The use of fertilizers
has been extended up-to now. Although chemical fertilizer brings nutrients to crops and satisfies
people’s demand for food, it will also bring environmental concerns. The major component of
almost fertilizers includes nitrogen [2]. Nowadays, the excessive and inappropriate use of
fertilizer has caused serious nitrate contamination. In fact, the agricultural and atmospheric
systems have low accumulation ability but high transfer ability toward nitrate. The final
destination of nitrate is transfer to the surface and groundwater resources through precipitation
and surface runoff. Due to its high solubility and stability, nitrate is hard to precipitate and
always keeps widespread presence [3]. The regulation of maximum concentration level of the
World Health Organization (WHO) for nitrate-nitrogen (NO3-N) is 10 mg/L in public supply
drinking water [4]. High concentration of nitrate in drinking water triggers several health
ailments. Brain tumors, hypertension, goiter, stomach cancer, nasopharyngeal and thyroid
disorders caused by nitrate are reported in adults [2]. In addition, methemoglobin and other
birth defects will occur in infants [5]. High concentration of nitrate not only threatens human
health, but also destroys the ecological environment. The presence of nitrate in high
concentrations in lakes and reservoirs is one of the main reasons for the eutrophication in
surface water, resulting in kinds of environmental problems including algal blooms [6].
Therefore, the development of effective and feasible technologies has become an urgent
requirement to meet the current status.

For the remediation of nitrate, several kinds of methods have been established, such as
electrodialysis, biological denitrification, reverse osmosis, adsorption and so on. Among these,
electrodialysis has been described as a widely used technique in the practical application

because it has the advantages of greater accuracy than others. However, this technique requires
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detailed design to achieve nitrate removal. Midaoui et al. [7] reported that when the membrane
potential was increased from 10 V to 15V, the nitrate removal efficiency was elevated from 87%
to 93%. Apparently, the efficiency of nitrate removal by this method is strongly dependent on
the applied external voltage, which consumes extra cost and energy for treating water. Apart
from this, the high ion concentration in conventional electrodialysis concentrate will lead to
increased transmembrane resistance, hindering the removal efficiency [8]. Moreover, direct
degradation of nitrate to molecular nitrogen can be mentioned as an advantage of the biological
denitrification [9]. However, this process is complicated to some extent which requires an exact
monitoring of carbon/nitrogen ratio and is only applicable for full time operation [10]. The
reverse osmosis device is usually operated under high pressure conditions [11]. Besides, the
membrane surface of reverse osmosis is easily to get polluted, which reduces the removal
efficiency of pollutants [12]. Different from the methods mentioned above, the adsorption
method for collecting soluble substances from water has advantages of being simple to operate,
requiring no auxiliary equipment and low cost to remove pollutants [13]. This is a promising
method that can be used to remove nitrate.

To achieve the purpose of effectively removing target pollutants by adsorption, surface
modification of the adsorbent to make it more suitable for the adsorption of a given pollutant is
an effective method. In general, there are two types of modification strategies. One is to improve
the pore structure of the adsorbent and increase the specific surface area. The other is to improve
the surface chemistry of the adsorbent by introducing specific functional groups [14].
According to the relevant literature, for the adsorption of specific ions, the introduction of
suitable functional groups is more advantageous than increasing the specific surface area [15].
For nitrate, it is a negative monovalent anion. Thus, the introduction of positively charged
adsorption sites on the surface of the adsorbent is more favorable to the adsorption of nitrate.
The introduction of nitrogen onto the carbonaceous adsorbent surface will generate Lewis
acidity which benefits to nitrate adsorption. The method facilitates the formation of quaternary
nitrogen (N-Q). The existence of N-Q will improve the adsorption amount of nitrate by
electrostatic forces, because it is always positively charged in a wide range of solution pH [16].
Inspired by the mentioned above, it is possible to design a new type of nitrogen-containing

carbonaceous adsorbent with good abilities to capture nitrate from water. Nitrogen-doped
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surface modification can be achieved in one way by directly treating nitrogen-containing
polymer precursors. Another method involves post-treatment of pristine carbon with certain
nitrogen-containing reagents. As reported, Yuan et al. directly treated nitrogen-containing
carbon fiber using a thermal chemical vapor deposition method, increasing its nitrate adsorption
capacity from 0.09 mmol/g to 0.79 mmol/g [17]. However, this preparation process requires
stringent temperature conditions, with high temperatures around 1000°C, which increases
operational risks and is not conducive to industrial production. On the other hand, based on the
previous research described in chapter 2, an adsorbent with excellent nitrate adsorption
properties by post-treating glucose with nitrogen-containing reagents was obtained. This
preparation method successfully improved the production process of activated carbon, reducing
the required temperature from 1000°C to 550°C [18]. Therefore, post-treatment of the raw
materials with a nitrogen-containing reagent is an effective nitrogen-doped surface
modification method.

Based on the theoretical analysis and previous research described in chapter 2 and chapter
3, one can conclude that heteroatom-doped carbonaceous adsorbents can serve as a scalable,
cost-effective, and excellent adsorbent material for addressing water pollution problems caused
by nitrate contamination. In this chapter, in order to achieve the transition from dual nitrogen
sources to a single nitrogen source, the interaction between the raw materials in the preparation
of glucose-based carbonaceous adsorbents is further explored. The novelty of this chapter lies
in further optimizing the preparation conditions of the adsorbent, and the enhancement of its
adsorption performance (UrGlu-450Z0.6-2nd). Additionally, an explanation was provided for
the formation of the special brown porous foam-like intermediate that emerged during the
optimization process and its distinct role. For comparison, glucose precursor without nitrogen-
doped surface modification treatment (Glu-450Z0.6-2nd) was also prepared as a reference
material, aiming to provide a clearer description of the effectiveness of this modification
strategy. A series of batch adsorption experiments and a slightly extended fixed-bed column
adsorption experiments were conducted to investigate the effects of various parameters on
nitrate adsorption. By combining the characterization results of the adsorbent with the findings
from the adsorption studies, the adsorption characteristics and mechanisms of the adsorbent

were revealed. The results of the fixed-bed column adsorption demonstrated the excellent
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performance of the developed adsorbent in practical application mode. Therefore, the present
method of preparing nitrogen-doped adsorbents offers a new approach for addressing water

pollution issues caused by nitrate contamination.
4.2 Materials and methods

4.2.1 Preparation of adsorbent

The developed adsorbent was prepared following the steps described below and shown in
Fig. 4-1. (1) Firstly, for pre-treatment, 20 g of glucose as the carbon source was mixed with a
certain mass of urea nitrogen source (10 g, 15 g, 20 g), followed by the addition of a certain
mass of zinc chloride (15 g, 20 g, 25 g) as the activator. After thoroughly grinding the mixture
in a mortar, the sample was transferred to a stainless steel container and placed in an oven at
110°C overnight. During this pre-treatment process, glucose and urea will undergo activation
by ZnCl, to form a special porous foam-like intermediate, accompanied by volume expansion.
(2) Subsequently, for post-treatment, the resulting intermediate was grounded uniformly. Then,
10 g was taken and placed in a horizontal tubular furnace for the first activation step. The
activation conditions involved raising up the temperature to Y°C (400, 450, 500°C) within 45
min under a nitrogen gas flow rate of 20 mL/min and maintaining it for 60 min. After the
temperature was cooled down to room temperature, the sample was kept under a nitrogen gas
flow and slowly removed it from the horizontal tube furnace. The obtained sample was washed
3 times in a 3 mol/L boiling HCI solution, followed by rinsing with boiling distilled water until
the filtrate is neutral. The washed sample was then placed in an oven at 100°C for 2 h to dry for
the subsequent use. Here, the sample was labeled as UrGlu-YZX-1st, where UrGlu represents
urea and glucose, Y stands for the activation temperature (for example, 400°C is denoted as
4.0), Z is the abbreviation for the activator ZnCl,, X indicates the proportion of ZnCl; to the
total mass of urea and glucose, and 1st denotes the first activation process. In the experiments
examining the addition of ZnCl, and urea, a special notation was used for clearer understanding.
The actual mass of ZnCl, and urea added was indicated after the reagent abbreviation. For
example, 15 g of ZnCl, was denoted as Z(15g), and 10 g of urea was denoted as Ur(10g).
Subsequently, the sample obtained after the first activation (without washing process) was
uniformly ground and then subjected to a second activation process in a horizontal tube furnace.
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The activation conditions involved raising up the temperature to Y°C within 45 min under a
nitrogen gas flow rate of 20 mL/min and maintaining it for 30 min. After activation, the sample
was similarly cooled under a nitrogen flow and slowly removed. At this point, the sample was
labeled as UrGlu-YZX-2nd, where 2nd indicates the second activation process. To find the
optimal activation conditions, further activation of UrGlu-YZX-2nd will be conducted for the
third time, using the same activation conditions as the second time. Similarly, the sample
obtained in this process was labeled as UrGlu-YZX-3rd, where 3rd denotes the third activation
process. For further comparison, the reference material without nitrogen-doped surface
modification was also prepared. It was labeled as Glu-YZX-2nd. The sample which used
melamine (Me) as the nitrogen source was denoted as MeGlu-YZX-2nd.

At the same time, in order to find the optimal adsorbent preparation scheme, reagents
MgCl, and Na,COs were also used to replace ZnCl, as the activator in the activation step for
the preparation of adsorbents. Samples prepared after two activation processes were
respectively labeled as UrGlu-YMX-2nd and UrGlu-YNX-2nd, where M represents MgCl, as

the activator and N represents Na,COs.
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Fig. 4-1. Preparation process of the adsorbent.

4.2.2 Characterization

The prepared samples were characterized through N, adsorption-desorption isotherms,

elemental analysis, and X-ray photoelectron spectroscopy (XPS). The specific surface area and
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pore structure of the samples were tested using a BELSORP-mini II surface analyzer
(MicrotracBEL Corporation, Japan), and obtained through N, adsorption-desorption method.
The specific surface area (Sger, m?/g), average pore diameter (Dave, nm) and pore volume (Vioal,
cm®/g) were calculated by Brunauer-Emmer-Teller (BET) method and N; adsorption isotherm.
The micropore volume (Vmicro) Was obtained by o plot. Meanwhile, the mesopore volume (Vimeso)
was calculated from the difference between Viotl and Viicro. The bulk elemental composition of
the samples was determined using a PE2400I1 CHN analyzer (PerkinElmer, Inc., USA). The O
content was obtained by subtracting the sum of the C, H, and N contents from the total amount
[19]. The configurations of the nitrogen species on the surface of the prepared samples were

investigated using X-ray photoelectron spectroscopy (XPS, JPS-9030, JEOL Ltd., Japan).

4.2.3 Batch adsorption

The adsorption studies of the samples were primarily conducted in batch adsorption mode,
while a small portion of extended fixed-bed column adsorption experiments were also carried
out to investigate their adsorption characteristics under the practical application mode. In batch
adsorption studies, the effect of solution pH on the adsorption of nitrate by the prepared
adsorbents was investigated. Additionally, adsorption isotherms and kinetics were studied to
elucidate the mechanisms governing the adsorption process. The specific operational steps of
the adsorption experiments involved weighing 30 mg of dried samples into a 30 mL conical
flask. Then, 15 mL of sodium nitrate solution was added to the flask, and the mixture was stirred
at room temperature and 200 rpm for at least 12 h to reach adsorption equilibrium. Afterward,
the mixture was filtered using filter paper, and the filtrate was retained. The initial concentration
of nitrate ions in the solution and the residual nitrate ion concentration in the filtrate were both
measured using ion chromatography (model ICS-1100, Nippon Dionex KK, Japan). The
adsorption capacity per unit mass of adsorbent at equilibrium was obtained from the following

equation:
_ (Co=Ce)V
=0,

Qe

where, Q. is the equilibrium adsorption amount (mmol/g). Coand C. represent the initial and

(4-1)

the equilibrium concentration of nitrate (mmol/L), respectively. V' is the solution volume (L)
and W expresses the weight of sample (g).
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The effect of solution pH on nitrate adsorption was studied in nitrate solutions (Co= 200
mg/L) over a pH gradient ranging from 2.0 to 12.0. The pH at the point of zero charge (pHp.c)
was determined using the pH drift method [20, 21]. Specifically, nitrate solutions with pH
gradients ranging from 2.0 to 12.0 were prepared in advance (Co = 200 mg/L). During this
process, appropriate amounts of 0.1 mol/L and 1 mol/L HCI or NaOH were used to adjust the
solution pH to the desired values, and the final pH of the solution was measured using a portable
pH meter (model D-71, Horiba, Japan). Afterwards, a certain number of sets of 30 mg of dried
prepared samples were weighed into the 30 mL conical flasks. Then, 15 mL of the nitrate
solutions with specified pH values were added separately to each conical flask. The pHp,. was
determined as the point where the equilibrium solution pH equals the initial solution pH.

The investigation of adsorption isotherms of the adsorbent was conducted by preparing
nitrate solutions with initial concentrations ranging from 10 to 600 mg/L (pH 3.0) at room
temperature (25 + 0.5°C). All other experimental procedures remained consistent with the
description above (dosage of 2 g/L). The final conclusion was drawn by determining the nitrate
concentration before and after reaching adsorption equilibrium at each initial concentration. In
this study, the adsorption isotherms of the adsorbent for nitrate ions at room temperature (25 +
0.5°C) were fitted and analyzed using the Langmuir and Freundlich adsorption isotherm models
to obtain insights from the experimental data.

The investigation of the adsorption kinetics of the adsorbent for nitrate ions was examined
by adding 400 mg of the prepared sample into a 200 mL nitrate solution (Co= 200 mg/L, pH
3.0). Subsequently, at predefined time intervals (¢ = 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30,
40, 50, 60, 70, 80, 90, 100, and 120 min), 1 mL of solution was sequentially collected to measure
the nitrate ions concentration in the solution at each designated time point. The experimental
data obtained were fitted and analyzed using pseudo-first-order and pseudo-second-order

models, respectively.

4.2.4 Fixed-bed column adsorption

The adsorption study of nitrate ions in a fixed-bed column was conducted using a hollow
glass column with an inner diameter of 7 mm. The column was filled with 0.8 g of prepared

sample between two supporting layers of glass wool. At room temperature, a nitrate solution
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(Co= 200 mg/L, pH 3.0) was supplied from the bottom to the top of the packed column at a
constant rate of 1.25 mL/min using a peristaltic pump (MP-3, Tokyo Rikakikai Co., Ltd., Japan).
The effluent at the end of the device was collected at regular intervals (every 8 min, collecting
10 mL of nitrate solution) to determine the concentration of nitrate ions (C;) at the particular
time. The breakthrough curve was expressed as Ci/Cy as a function of time ¢. The adsorption
capacity (Q) of the sample for nitrate in the fixed bed column was calculated using the following

equation:
= ["(Cy—Cpd 4-2
Q=7—J,(Co—Codt, (4-2)
where, R is the flow rate (mL/min),  means the molar mass of nitrate (g/mol), m is the weight

of adsorbent (g), ¢ represents the flow time (min), Cp is the nitrate concentration in the influent

(mg/L), and Ci; is the nitrate concentration in the effluent at time # (mg/L).

4.3 Results and discussion

In the practical production process of adsorbents, achieving the transition from dual
nitrogen sources to a single nitrogen source in the preparation of raw materials can bring many
benefits, such as cost savings, process simplification, and improved resource utilization. Fig.
4-2 shows the nitrate adsorption capacity of carbonaceous adsorbents obtained by surface
modification of glucose with two different nitrogen reagents. The results indicate that the
carbonaceous adsorbent obtained using urea as the nitrogen source exhibits better adsorption
capacity, and its intermediate product after pretreatment shows the same volume expansion
phenomenon as described in previous sections. Therefore, the preparation method using urea
as the nitrogen source will continue to be optimized. A series of key factors in the preparation
process of the adsorbent were investigated to explore the optimal preparation scheme.
Additionally, the special brown porous foam-like intermediate formed after the pre-treatment
was described and reasonably explained. Further studies were conducted using the adsorbent
prepared under the optimal condition (UrGlu-450Z0.6-2nd) and the reference adsorbent (Glu-
450Z0.6-2nd) to more clearly assess the effectiveness of the nitrogen-doped surface

modification method.
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Fig. 4-2. Nitrate adsorption capacity of carbonaceous adsorbents obtained by surface
modification of glucose with two different nitrogen reagents. (pH 3.0, Co = 200 mg/L, dosage

of 2 g/L)

4.3.1 Optimal preparation conditions of the adsorbent and analysis of the brown porous

foam-like intermediate

To develop the optimal preparation conditions for the adsorbent, the effects of factors such
as activation process, amount of activator ZnCl,, amount of nitrogen-containing reagent urea,
activation temperature, and type of activating agent on the adsorption performance of the
adsorbent were investigated. Fig. 4-3 displays the nitrate adsorption capacities (Co =200 mg/L,
pH 3.0) of the reference adsorbent and the nitrogen-modified adsorbent under different
activation processes. Evidently, the adsorbent using only glucose as the carbon source exhibited
lower nitrate adsorption capacity, with the highest Q. observed in the second activation process
being only 0.36 mmol/g (Glu-550Z0.5-2nd). After nitrogen-doped modification, the Q. of
UrGlu-450Z0.6-2nd for nitrate ions significantly increased. Moreover, whether the samples
were activated once, twice, or three times, there was little difference in their adsorption
capacities, indicating that the composition of the adsorbent remained relatively stable during
the thermal decomposition process. The proportion of unreacted raw materials was high in the
sample obtained after the first activation, and the Q. of the sample after the third activation did
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not show significant improvement. Therefore, considering factors such as raw material

utilization and energy conservation, the second activation process was optimal.
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Fig. 4-3. Effect of different activation processes on nitrate adsorption. (pH 3.0, Co =200 mg/L,

dosage of 2 g/L)

The influence of the amount of activator ZnCl, and nitrogen-containing reagent urea on
the Q. (Co =200 mg/L, pH 3.0) of the adsorbent can be seen in Fig. 4-4 (a) and (b). One can
be concluded that the addition of ZnCl, has little effect on the Q.. In the process of increasing
the mass of ZnCl, from 15 g to 25 g, there was only a slight difference of 0.02-0.03 mmol/g in
Q.. Simultaneously, after undergoing pre-treatment at 110°C, all intermediates exhibited a
porous foam-like structure accompanied by volume expansion. From the results regarding the
influence of urea on (., it can be observed that the Q. exhibited a trend of initially increasing
and then decreasing with the increasing usage of urea. However, when the amount of urea
continued to increase to 25 g, Q. decreased from 0.73 mmol/g to 0.64 mmol/g. It is worth noting
that at this point, the intermediates after pre-treatment did not exhibit a porous foam-like
structure. This indicates that the specific macroscopic changes in the appearance of these
intermediates to some extent affect the final Q. of the adsorbent. To explain the special
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phenomenon, it is necessary to start from the composition of the raw material reagents. When
only glucose was used as the raw material (without ZnCl; activation) for pre-treatment at 110°C,
a flowable brown viscous liquid was obtained. However, when ZnCl, activator was added to
the glucose, the product after pre-treatment changes from a viscous liquid to a black hard solid.
This is due to the strong dehydrating action exhibited by ZnCl during the pre-treatment process.
However, at this point, there was no appearance of the brown porous foam-like intermediate,
and Q. was only 0.36 mmol/g. However, it is worth noting that when an appropriate amount of
nitrogen-containing reagent urea was added, this special intermediate structure appeared.
Simultaneously, the adsorption capacity of nitrate ions by the adsorbent also pleasantly
increased, with Q. rising to 0.73 mmol/g. Moreover, when the urea content was too high, the
intermediate did not exhibit a porous foam-like structure but instead became a hard solid. The
adsorption capacity also significantly decreased (Q. was 0.64 mmol/g) at the same time. The
results indicated that urea was the primary factor influencing the formation of the porous foam-
like intermediate in the reactant system, and this particular intermediate structure directly
affected the (. of the adsorbent. Therefore, it could be explained that this particular
phenomenon may be attributed to the self-decomposition of urea, as well as the interaction
between urea and glucose, which likely acted similarly to the initial stages of the classic

Maillard reaction, such as the following reaction formula:

NH,CONH, - NH; + HNCO (4-3)
CoH1,04 + NH; — Glucosamine + H,0 (4-5)

Therefore, the glucose, presenting as a viscous liquid at 110°C, in which bubbles were formed
due to the release of gases resulting from the partial decomposition of urea and the reaction of
glucose with ammonia. Subsequently, under the activation of ZnCl, at 100°C, it underwent
sugar-blowing [22], drying, and shaping, ultimately forming the brown porous foam-like
intermediate that we observed. However, an excess amount of urea in the reactant system leads
to an increase in viscosity, and at this point, the rate of gas generation exceeds their diffusion
and escape rate within the system, preventing the formation of the stable foam structure, thus
restricted the volume expansion. In summary, the pre-treatment process ensures a more uniform

distribution of nitrogen within the carbon source, which facilitates the subsequent fixation of
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nitrogen onto the carbon framework during the post-treatment process, subsequently enhances

the adsorption capacity of the adsorbent for nitrate ions.
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Fig. 4-4. Effect of different amounts of (a) ZnCl, and (b) urea on nitrate adsorption. (pH 3.0,
Co =200 mg/L, dosage of 2 g/L)

The experiment also investigated the effects of different activation temperatures (400, 450,
500°C) and various activating agents (ZnCl,, MgCl,, Na,CO3) on the adsorption capacity of the
adsorbent. Fig. 4-5 (a) and (b) show the adsorption performance of the adsorbents prepared
under different conditions in nitrate solutions at pH 3.0 and pH 5.0, respectively. The results
showed that when the temperature increased from 450°C to 550°C, Q. exhibited a decreasing
trend, with Q. dropping from 0.78 mmol/g to 0.73 mmol/g at pH 3.0 and from 0.76 mmol/g to
0.64 mmol/g at pH 5.0. There was no significant difference in Q. between 400°C and 450°C.
However, considering that the sample at 450°C had a more balanced Q. in nitrate solutions at
both pH 5.0 and pH 3.0, the optimal activation temperature for the post-treatment was chosen
to be 450°C. MgCl; and Na,COs3 are also commonly used as activating agents in the preparation
of carbon materials. Therefore, for comparison, they were also adapted in this part of the
experiment. As shown in Fig. 4-5 (b), compared to MgCl, and Na,COj3, the adsorbent activated
with ZnCl, exhibited the most effective nitrate adsorption performance. At pH 3.0, the Q. of

Urglu-4.5M0.6-2nd and Urglu-4.5N0.6-2nd decreased by 24% and 88%, respectively,
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compared to Urglu-450Z0.6-2nd. Under pH 5.0 conditions, the decrease was 43% and 91%,
respectively. It can be inferred that ZnCl,, as the activating agent, played a decisive role in
successfully introducing nitrogen functional groups onto the carbon surface during the

activation process after pre-treatment.
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Fig. 4-5. Effect of different (a) activation temperatures and (b) activators on nitrate adsorption.

(Co =200 mg/L, dosage of 2 g/L)

In summary, the appearance of the special brown porous foam-like intermediate during
the pre-treatment process can aid in a more uniform distribution of nitrogen within the carbon
source. Consequently, this facilitates the subsequent fixation of nitrogen onto the carbon
framework in the post-treatment. The adsorbent UrGlu-450Z0.6-2nd, obtained under the
optimal preparation conditions, exhibited a Q. of 0.78 mmol/g in nitrate solution at pH 3.0 and
0.76 mmol/g at pH 5.0. UrGlu-450Z0.6-2nd showed a significant improvement in Q. compared
to the adsorbents reported in chapter 2 at pH 5.0 (0.69 mmol/g) [18]. The adsorbent UrGlu-
450Z0.6-2nd prepared under the optimal conditions and the reference sample Glu-450Z0.6-2nd

were used as the main research subjects in the subsequent sections.

4.3.2 Characterization

The structural characteristics and surface chemistry of Glu-450Z0.6-2nd and UrGlu-
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450Z20.6-2nd were determined and analyzed. The results of their specific surface area and
porous structure are listed in Table 4-1. Glu-450Z0.6-2nd had a Brunauer-Emmett-Teller (BET)
surface area (Sger) of 1675 m*/g, which sharply dropped to 6.13 m?%g (UrGlu-450Z0.6-2nd)
upon modification by the nitrogen-doped surface modification method using ZnCl, as the
activator. With the Sger of UrGlu-45070.6-2nd decreasing by 273 times, both Vieta and Vimicro
decreased by 74 times as well. It can be inferred that during the surface modification process,
nitrogen deposition blocked the micro and mesopores on the carbon surface, restricting the
entry and adsorption of N, consequently reducing the Sger and Viicro obtained from the BET
analysis. The Vineso of modified UrGlu-450Z0.6-2nd also decreased from 0.076 cm?/g to 0.004
cm®/g. Although the Vieso decreased by 0.072 ¢cm?/g, based on the percentage of Vineso t0 Viotal,
it did not decrease. The mesopore volume percentage in Glu-450Z0.6-2nd was 10%, while in
UrGlu-450Z0.6-2nd it was 40%. At the same time, with the increase in the percentage of Vimeso,
the D,y increased from the original 0.78 nm to 6.81 nm. This was also due to the disappearance
of the majority of micropores in the reference material and the well-preserved mesoporous
structure in the modified material. The structure of mesopores (2-20 nm) can provide sufficient
pathways for internal reaction spaces between pollutants and adsorbents, allowing nitrate ions
to move rapidly to adsorption sites, thereby accelerating the adsorption process [23]. Therefore,
excellent adsorption rates of UrGlu-450Z0.6-2nd can be expected during the adsorption process
of nitrate ions. In general, the Q. of carbonaceous materials is positively correlated with their
Sser. However, based on the Q. listed in Table 4-1, despite the Sger of UrGlu-450Z0.6-2nd
became 273 times smaller than that of Glu-450Z0.6-2nd, its adsorption capacity was 8.8 times
higher than that of UrGlu-450Z0.6-2nd. This indicates that during the surface modification of
carbon materials, while micropores are being blocked, effective active sites are introduced.
Introducing effective active sites is more beneficial for enhancing the adsorption performance

of carbonaceous materials than attempting to increase the Sger of the adsorbent.
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Table 4-1 The specific surface area and porous structure of carbonaceous adsorbents.

Sample Qe SBET Viotal Vnicro Vinesox 10 Davg

(mmol/g)  (m%g) (cm¥g)  (ecm’/g)  (cm’/g) (nm)
Glu-450Z0.6-2nd 0.09 1675 0.74 0.74 0.76 1.78
UrGlu-450Z0.6-2nd 0.79 6.13 0.01 0.01 0.04 6.81

Table 4-2 represents the surface bulk elemental content and nitrogen distribution of Glu-
450Z0.6-2nd and UrGlu-450Z0.6-2nd. Clearly, the chemical composition of Glu-450Z0.6-2nd
indicated a low nitrogen content. After surface modification with nitrogen-doped, the nitrogen
content of UrGlu-450Z0.6-2nd significantly increased from 1.18% to 17.0%. At the same time,
the nitrogen modification process was accompanied by the decomposition of hydrogen and
oxygen elements. The hydrogen content had decreased by 0.06%, and that of oxygen content
decreased by 1.6%. This indicates that during the modification process, while the beneficial
nitrogen-containing functional groups were introduced, some unfavorable functional groups
containing hydrogen and oxygen were also decomposed. For example, carboxyl and hydroxyl
groups may decompose into CO; and H»O, leading to a decrease in the content of hydrogen and
oxygen elements in the sample. Therefore, there was also a slight decrease in the carbon content.
It is worth noting that acidic oxygen-containing functional groups such as carboxyl and
hydroxyl groups typically dissociate in aqueous solutions, generating negative charges. These
negative charges then form a negatively charged layer on the carbon surface, which repels
nitrate anions that also carry negative charges. Additionally, such acidic oxygen-containing
functional groups also exhibit strong hydrophilicity, resulting in the formation of a hydration
layer. It will further weaken the accessibility and affinity of the carbon material surface [24].
Therefore, acidic oxygen-containing functional groups on the surface of carbon materials
inhibit the adsorption of nitrate anions through charge repulsion and competitive adsorption.
The decrease in the content of acidic oxygen-containing functional groups in carbonaceous
materials after modification with nitrogen-containing reagents is beneficial for enhancing the
adsorption performance of the adsorbent towards nitrate ions.

To further demonstrate the success of nitrogen-doped and the detailed atomic environment

of nitrogen on the surface of carbon materials, XPS measurements were conducted. The original
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XPS spectra of the N1s signal for the two types of adsorbents are shown in Fig. 4-6. Through
peak deconvolution, four types of nitrogen-containing functional groups can be identified in
the sample: pyridinic-N (N-6, 398.7 £ 0.3 eV), pyrrolic-N (N-5, 400.4 + 0.3 eV), quaternary-N
(N-Q, 401.3 + 0.3 eV), and pyridine-N-oxide (N-X, 402.0-403.0 eV) [25]. By comparing the
two spectra in Fig. 4-6, it is evident that the N1s feedback intensity of UrGlu-450Z0.6-2nd was
much higher than that of Glu-450Z0.6-2nd. Additionally, it can be easily observed that the peak
of N-Q for UrGlu-450Z0.6-2nd has significantly increased. Combining the bulk elemental
analysis of the adsorbents with the XPS Nls analysis results, the relative content of each
nitrogen configuration can be obtained, as shown in Table 4-2. By comparing the relative
content of each nitrogen functional group in the table, it can be observed that the content of the
four nitrogen functional groups on the surface of the modified adsorbent has indeed increased.
Specifically, the content of N-6, N-5, N-Q, and N-X has increased by 10.0, 12.3, 343.0, and
172.7 times, respectively. Although N-6 and N-5 dominated in both samples, their presence
creates a slight negative charge due to their ability to provide electrons and form conjugated
systems with the carbon ring, which can repel anions [26]. Therefore, they did not contribute
to the adsorption of nitrate anions on the carbonaceous adsorbent. Furthermore, since N-X
exists in various oxidation states depending on different chemical environments, and most of
these forms of nitrogen atoms exhibit neutral or negative charges, they also cannot participate
in the adsorption process of nitrate ions. It is worth noting that the content of N-Q has the
biggest increase among the four nitrogen functional groups. It is considered to be quaternary
nitrogen doped within the graphene plane, connected to three carbon atoms, and typically
carrying a positive charge. Therefore, this particular and stable nitrogen-doped form is bound
to be beneficial for enhancing the adsorption of nitrate anions on the surface of carbon materials.
This also provides strong theoretical support for the previous hypothesis that explains why there
is a qualitative leap in Q. despite the dramatic decrease in the Sger of carbon materials. It is
convinced that introducing effective functional groups suitable for the adsorption of target
pollutants is more advantageous than attempting to increase the specific surface area of

carbonaceous materials.
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Table 4-2 Bulk elemental composition and configuration of nitrogen species of carbonaceous

adsorbents.

Sample Bulk elemental composition Configuration of nitrogen species
(Wt%) (Wt%)
C H N O* N-6 N-5 N-Q N-X

Glu-450Z0.6-2nd 78.2 243 118 182 0.43 0.74 0.01 0.00
UrGlu-450Z0.6-2nd  64.0 237 17.0 16.6 4.31 9.07 3.43 0.19

*By balance
75 550
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Fig. 4-6. XPS N1s spectra of (a) Glu-450Z0.6-2nd and (b) UrGlu-450Z0.6-2nd.

4.3.3 Effect of solution pH

Different solution pH values can cause ionization and changes in the surface charge of the
adsorbent, thereby affecting the nitrate adsorption process. Therefore, specific experiments
were designed to investigate the adsorption performances of the adsorbent in nitrate solutions
with an initial concentration of 200 mg/L over a pH range of 2.0-12.0 (dosage of 2 g/L, room
temperature, 25 + 0.5°C). Fig. 4-7 shows the results of the zero point of charge of the adsorbent
and the effect of solution pH on the adsorption capacity. The specific zero point of charge value

of the adsorbent reflects the protonation/deprotonation behavior of surface functional groups
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under certain pH conditions. Through the pH drift method, it was found that Glu-450Z0.6-2nd
and UrGlu-450Z0.6-2nd have the same pHp,. of 3.0, as shown in Fig. 4-7 (a). From the figure,
it can also be observed that even the initial pH of the solution was 10.0, the final pH of the
solution always decreased to around 3.0. This may be because the adsorbent surface may still
contain acidic functional groups that are easily protonated, such as hydroxyl and carboxyl
groups. These groups are easily protonated under low pH conditions, resulting in a positively
charged surface. As the pH increases, these acidic groups gradually lose protons, causing the
surface to become negatively charged. Therefore, it can be inferred that the adsorbent exhibited

the highest nitrate adsorption capacity under specific acidic conditions.
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Fig. 4-7. (a) The pH of the point of zero charge (pHy.) and (b) effect of solution pH on the
adsorption of nitrate. (Co =200 mg/L, dosage of 2 g/L)

According to the results listed in Fig. 4-7 (b), it was clear that the Q. of UrGlu-450Z0.6-
2nd was much higher than that of Glu-450Z0.6-2nd at all solution pH levels. Regarding the Q-
of UrGlu-450Z0.6-2nd, at the extremely low initial solution pH (pH < 2.0), its adsorption
capacity was only 0.65 mmol/g. This could be due to the presence of a large amount of chloride
ions in the solution, which may hinder the adsorption of nitrate ions. Subsequently, as the
solution pH increased to around 4.0, its Q. showed an increasing trend. This could be attributed
to the decrease in the concentration of competing ions in the solution at this pH. Additionally,
in this situation, the solution pH was lower than the pHy,., making the functional groups on the

adsorbent surface more prone to protonation, thereby increasing the Q. of UrGlu-450Z0.6-2nd.
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It exhibited a peak Q. at pH 4.0, reaching 0.79 mmol/g. Hereafter, as the pH continued to rise
to around 10.0, Q. was surprisingly maintained a relatively stable level. On the one hand, even
though the solution pH has surpassed the pHp.c, the functional groups on the adsorbent surface
are more prone to deprotonation. On the other hand, another widely present C-= sites on the
carbon material surface can contribute to the adsorption of nitrate ions by attracting protons and
converting from negative to positive charge. Therefore, the adsorption capacity of the C-x sites
largely depends on the pH of the solution. In alkaline solutions, the weakening of its ability to
attract protons leads to a decrease in Q.. The same conclusion was also reported in chapter 2 of
this thesis [27]. However, as shown in Fig. 4-7 (b), under the combined influence of these two
factors, the Q. value of UrGlu-450Z0.6-2nd did not undergo a sharp decrease as the solution
pH gradually increased; instead, it remained relatively stable. This result undoubtedly validated
the conclusions drawn from the physical characterization of the adsorbent, revealing that the
introduction of N-Q through nitrogen-doped surface modification methods is an effective
nitrate adsorption site. It can maintain the Q. of the adsorbent for nitrate ions within a certain
pH range. Finally, when the solution pH exceeded 10.0, Q. values experienced a sharp decline,
reaching as low as 0.1 mmol/g. This could be explained by the fact that when the solution pH
was too high, the concentration of hydroxyl ions in the solution became excessive, leading to a
preference for hydroxyl ions to occupy the adsorption sites on the adsorbent surface.
Consequently, this resulted in a sharp decrease in Q.. Considering the zero point of charge
depicted in Fig. 4-7 (a), it can be observed that after the initial pH of the solution (pHo) exceeded
10.0, the corresponding equilibrium pH (pH.) also shifted from its previous relatively stable
trend to a sharp increase. This indicates that the excessive concentration of hydroxyl ions in the
solution weakened the deprotonation capacity of the functional groups on the adsorbent surface.
To further validate the significance of N-Q in the adsorption process of nitrate ions, experiments
were conducted on adsorbents that had not undergone nitrogen-doped to investigate the effect
of solution pH on the adsorption capacity of nitrate ions. From Fig. 4-7 (b), it can be observed
that Glu-450Z0.6-2nd, due to its extremely low adsorption capacity, exhibited less obvious
changes in Q. with variations in solution pH. Its optimal adsorption capacity at pH 5.13 was
only 0.13 mmol/g, which may cause bias into the conclusions. Therefore, we will introduce the

optimized sample Glu-550Z0.5-2nd into this section of the discussion to more intuitively
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elucidate the mechanism of the adsorbent. The bulk elemental composition and XPS Nls

analysis results of Glu-550Z0.5-2nd can be found in Table 4-3. Fig. 4-8 shows the results of

pHp.c and the influence of solution pH on Glu-550Z0.5-2nd, it can be observed that the Q. of

Glu-550Z0.5-2nd exhibited a continuous decrease trend over the pH range of 2.0-12.0.

According to Table 4-3, it was evident that the surface content of N-Q in Glu-550Z0.5-2nd was

extremely low, only 1/52 of UrGlu-450Z0.6-2nd content. Therefore, in the absence of effective

N-Q adsorption sites, the Q. of the adsorbent cannot maintain relative stability. This result

further illustrated the effectiveness of nitrogen-doped surface modification and the dominant

role of N-Q active adsorption sites in the adsorption process.
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Table 4-3 Bulk elemental composition and XPS N1s analysis of Glu-550Z0.5-2nd.

Sample Elemental analysis [wt%] XPS (N1s) analysis [wt%]
C H N o N-6 N-5 N-Q N-X
Glu-5.570.5-2nd 85.0 1.87 1.08 12.1 0.56 0.42 0.08 0.01
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4.3.4 Adsorption isotherms

The study of adsorption isotherms plays a significant role in both scientific research and
industrial application. Adsorption isotherms provide information about the interactions between
adsorbent and adsorbate when the adsorption process reaches equilibrium at a specific
temperature. After fitting experimental data using the Langmuir [28] and Freundlich [29]
isotherm models, the obtained parameters can assist in describing the adsorption equilibrium
process, determining adsorption capacity, and understanding adsorption mechanisms. Nitrate
adsorption on Glu-450Z0.6-2nd and UrGlu-450Z0.6-2nd was conducted in nitrate solutions
with the equilibrium concentration range from 0.1 to 10.0 mmol/L at the solution pH of 3.0
(dosage of 2 g/L, room temperature, 25 + 0.5°C). As shown in Fig. 4-9, the experimental results
indicated a significant increase in the Q. of UrGlu-450Z0.6-2nd with the increasing equilibrium
concentration (C.) of nitrate ions. After that, as C. continued to increase, the rate of increase in
Q. slowed down. The Q. of Glu-450Z0.6-2nd shows a slight upward trend with the increase in
C.. This is because when the amount of adsorbent is constant, effective adsorption sites are
abundant in low concentration nitrate solutions, leading to a rapid increase in Q.. In relatively
high concentration ranges of the solution, empty adsorption sites are quickly occupied. At this
point, the high mass transfer driven by the high concentration solution propels the nitrate ions
into the deep and narrow pores. Consequently, the rate of increase in Q. slows down.

The parameters obtained by fitting the experimental data using the Langmuir and
Freundlich isotherm models are listed in Table 4-4. The results indicated that the coefficient of
determination (R?) of the Langmuir isotherm model for UrGlu-450Z0.6-2nd was 0.991, which
was higher compared to the Freundlich isotherm model (0.965). Moreover, the corresponding
sum squares due to error (SSE) and mean square error (MSE) obtained from fitting the Langmuir
isotherm model were smaller compared to those of the Freundlich isotherm model. Thus, the
Langmuir isotherm model can effectively describe the adsorption process, suggesting that
nitrate adsorption on UrGlu-450Z0.6-2nd could occur in a monolayer adsorption. The
maximum adsorption capacity (Xm) predicted by the Langmuir isotherm mode of UrGlu-
450Z0.6-2nd was 1.18 mmol/g, which exceeded the experimental Q. (1.11 mmol/g) at the initial
nitrate concentration of 500 mg/L. This indicates that the adsorbent did not reach saturation at

this concentration of the nitrate solution. The Xi of Glu-450Z0.6-2nd was 0.30 mmol/g, which
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was not significantly different from the experimental Q. (0.29 mmol/g) at the initial nitrate
concentration of 500 mg/L. This indicates that Glu-450Z0.6-2nd was already saturated at this
point, and the nitrogen-modified adsorbent exhibited a certain enhancement in adsorption
potential. Additionally, the K. value of UrGlu-450Z0.6-2nd was 1.54 L/mmol, which is 6.16
times higher than that of Glu-450Z0.6-2nd. This reveals that the nitrogen-doped modified
adsorbent, due to the introduction of effective functional groups, significantly improved the
affinity between the adsorbent and the adsorbate, thereby enhancing the adsorption capacity of

the adsorbent for nitrate ions.

1.2 —
- @

1.0
S 08 0  Glu-45020.6-2nd
o
g ®  UrGIu-45020.6-2nd
— 0.6
O"f Langmuir isotherm model

- = Freundlich isoterm model

0.4
o _-
0.2 —_
0.0 :
0 2 4 6 8 10

C. [mmol/L]

Fig. 4-9. Adsorption isotherms of nitrate on Glu-450Z0.6-2nd and UrGlu-450Z0.6-2nd by

Langmuir and Freundlich isotherm models. (pH 3.0, room temperature, 25 £ 0.5°C)

4.3.5 Adsorption kinetics

The study of adsorption kinetics allows for the assessment of adsorption efficiency,
thereby aiding in better control of the adsorption process. Furthermore, fitting the experimental
data using pseudo-first-order and pseudo-second-order kinetic models enables further
description of the adsorption process and facilitates analysis of the adsorption mechanism. Fig.

4-10 displays the experimental data of Glu-450Z0.6-2nd and UrGlu-450Z0.6-2nd, along with
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the fitting curves of the two kinetic models for their adsorption processes. From the figure, it is
evident that there was a significant difference in the adsorption behavior of the two adsorbents
over time. The Q. of UrGlu-450Z0.6-2nd sharply increased within the first 5 min of adsorption,
followed by a gradual slowing of the upward trend after 5 min. After 15 min, the Q. gradually
approached equilibrium, and thereafter, the change in Q. remained constant over time. Within
the first 5 min of adsorption, the adsorbent surface contained numerous N-Q active adsorption
sites, facilitating rapid nitrate ion adsorption. However, in time nitrate ions occupied part of the
active sites, and they are also subjected to electrostatic repulsion from the adsorbed nitrate ions,
resulting in a slower increase in Q.. UrGlu-450Z0.6-2nd achieved a nitrate adsorption capacity
of 0.72 mmol/g within just 5 min and reached adsorption equilibrium within 15 min (Co was
200 mg/L, dosage of 2 g/L), making it an adsorbent with excellent adsorption rate. According
to Shen et al., the kinetic study of polypyrrole-modified plastic-carbon reported a Q. of 0.73
mmol/g for nitrate ions after 350 min (Co was 30 mg/L, dosage of 10 g/L) [30]. Zhang et al.
studied the equilibrium time for nitrate ions adsorption using modified straw, which was
approximately 2 h (Co was 100 mg/L, dosage of 1 g/L) [31]. Thus, the adsorbents developed in
this study exhibit highly attractive adsorption efficiency.

Table 4-5 displays the corresponding kinetic parameters obtained by fitting using the two
models. By analyzing Table 4-5, the R?, SSE, MSE can be used to evaluate the fitting accuracy
of the models to the data. As a result, the pseudo-second-order kinetic model yielded the closest
R? value to 1 (0.993), with lower SSE and MSE values (0.42x102, 0.02x107?), indicating that
the pseudo-second-order kinetic model could more reasonably describe the adsorption of nitrate
on UrGlu-450Z0.6-2nd. The rate of this adsorption process was directly proportional to the
concentration of the adsorbate and the number of adsorption sites. Simultaneously, it can be
inferred that the Q. and k» predicted by the pseudo-second-order kinetic model are closest to
the intrinsic properties of the adsorbent. It is noteworthy that the theoretical saturation
adsorption capacity predicted by the pseudo-second-order kinetic model was 0.82 mmol/g,
whereas in Section 4.3.4 of the adsorption isotherm study, the X of UrGlu-450Z0.6-2nd
obtained from the Langmuir adsorption isotherm fitting was 1.18 mmol/g. Therefore, it can be
inferred that the increasing concentration of nitrate ions in the solution provides a higher mass

transfer driving force, allowing pollutant ions to move and be adsorbed towards deeper
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Fig. 4-10. Adsorption kinetics of nitrate on Glu-450Z0.6-2nd and UrGlu-450Z0.6-2nd fitted by

Pseudo-first-order and Pseudo-second-order kinetic models. (Co =200 mg/L, pH 3.0)

adsorption sites on the surface of the adsorbent. Through the modified adsorbent, it is evident
that the adsorption rate constant k, increased from 0.96 g/mmol min to 1.39 g/mmol min. This
confirms that the introduction of effective active sites N-Q in UrGlu-450Z0.6-2nd makes it
more conducive to the adsorption of nitrate ions, despite the decrease in the adsorbent's Sger by
several orders of magnitude. The above conclusions further indicate that N-Q is an effective

type of nitrate adsorption site.

4.3.6 Fixed-bed column adsorption

The preliminary investigation into the adsorption performance of Glu-450Z0.6-2nd and
UrGlu-450Z0.6-2nd for nitrate ions under fixed-bed column mode was conducted. The fixed-
bed column adsorption approached closely resembles the actual operational conditions in
industrial applications. Through this mode of study, the performance of adsorbents in practical
applications can be more accurately reflected. Additionally, the conclusions drawn from this
study can provide guidance on the feasibility and effectiveness of adsorbents in large-scale
applications. The experiment was conducted in a nitrate solution with a concentration of 200

mg/L and a pH of 3.0. The breakthrough curves of nitrate ions adsorbed by the two adsorbents
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in fixed-bed column adsorption are depicted in Fig. 4-11. The breakthrough curves are typically
represented by plotting Ci/Cy (the ratio of the concentration of nitrate in the effluent at time ¢ to
the initial nitrate concentration) versus time . When assessing the effectiveness of breakthrough
curves, the definition of the breakthrough point is an important parameter. If the breakthrough
point occurs later as time progresses, it indicates that the material is more effective in purifying
pollutants. Clearly, the breakthrough point for Glu-450Z0.6-2nd occurred at the beginning of
the adsorption process, while UrGlu-450Z0.6-2nd continued to exhibit an excellent adsorption
characteristic under the fixed-bed column adsorption mode. Combining the corresponding
parameters listed in Table 4-6, the breakthrough times (#,) for the adsorbents increased from 8
min to 136 min after nitrogen-doped modification, extending by 17 times. Additionally, the
corresponding adsorption capacity (Oy) of Glu-450Z0.6-2nd before the breakthrough point
increased from 0.08 mmol/g to 0.70 mmol/g, amplifying by 8.8 times. Before the breakthrough
point, the removal efficiency (R,%) of nitrate ions for both adsorbents were 100%. This is
because there were sufficient adsorption sites available to adsorb nitrate ions effectively. As the
adsorption time progressed, the effective adsorption sites were gradually occupied by nitrate
ions, and the adsorbents tended toward saturation. When their adsorption processes reached
saturation points, the adsorption capacities (Qs) of Glu-450Z0.6-2nd and UrGlu-450Z0.6-2nd
were 0.14 mmol/g and 0.77 mmol/g, respectively. Hence, it can be observed that the adsorbent
UrGlu-450Z0.6-2nd still exhibited an excellent performance under this simulated industrial
application fixed-bed column adsorption mode. Therefore, promising application prospects can

be anticipated for it in the field of water purification.
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Fig. 4-11. Breakthrough curve of nitrate adsorption on Glu-450Z0.6-2nd and UrGlu-450Z0.6-

2nd packed column. (Co= 200 mg/L, pH 3.0, m = 0.8 g, R = 1.25 mL/min)

Table 4-6 Parameters of fixed-bed column adsorption experiments.

Sample to Vo O Rv% ts Vs Os R%
(min)  (mL) (mmol/g) (min)  (mL) (mmol/g)

Glu-450Z0.6-2nd 8 10 0.08 100 136 170 0.14 20

UrGlu-450Z0.6-2nd 136 170 0.70 100 192 240 0.77 80

4.3.7 Comparison of the adsorption capacity and N-Q amount with the previously

developed adsorbents

The comparison of the preparation temperature of the previously developed adsorbent and

the relationship between the adsorption capacity and N-Q amount of then was listed in Table

4-7. The results indicate that in the previous preparation methods involving the introduction of

N-Q, a preparation temperature of over 800°C was typically required to shift the thermal

equilibrium from pyridinic nitrogen (N-6) on carbon to N-Q. However, in the experimental

system of this chapter, we found that a sufficient amount of N-Q could be directly generated at

a processing temperature below 500°C. The preparation process of UrGlu-4.5Z0.6-2nd not only
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significantly reduced the required preparation temperature but also exhibited a considerable
adsorption capacity. This finding is beneficial for expanding its scope in practical industrial

applications.

Table 4-7 Comparison of the Q. and N-Q content with the previously developed adsorbents.

Sample Preparation N-Q content Q. at pH 3.0 Reference
temperatures at each (wt.%) (mmol/g)
stage (°C)

PYR-77Z4-9.5HT10 700, 950 2.90 0.60 [16]

KF-8ST10-8AN20-

800, 800, 950, 800 1.86 0.74 [17]
9.5HT30-8ST30
Py-7.0Z4-9.5HT10 700, 950 1.91 1.02 [26]
BAP6-8AN20-9.5HT30-

800, 950, 800 2.12 0.46 [32]
8ST30
UrGlu-450Z0.6-2nd 450, 450 3.43 0.78 This chapter

4.3.8 Evaluation of the preparation cost of UrGlu-450Z0.6-2nd

The preparation cost of UrGlu-450Z0.6-2nd mainly includes the cost of reagent purchase
and energy consumption. The primary raw materials required for the preparation of UrGlu-
450Z0.6-2nd include glucose, urea, and zinc chloride. According to the adsorbent preparation
process described in this chapter, 20 g of glucose, 15 g of urea, and 20 g of ZnCl, undergone
pre-treatment process to obtain the brown porous foam-like intermediate, which can be used
for three rounds of carbonization process. Therefore, based on the market prices of the reagents,
the calculated raw material cost for producing each gram of adsorbent is approximately $0.67
(glucose: $31.32/500 g, urea: $10.90/500 g, zinc chloride: $19.82/500 g). The tubular furnace
used in the laboratory has a power of 1.5 kW, so the electricity consumption for a single
preparation of UrGlu-450Z0.6-2nd is 4.5 kWh. According to investigations, the electricity price
in the laboratory is relatively high, making it unsuitable for accurately assessing the electricity
cost in an industrial setting. Considering that the energy required for adsorbent preparation can

be supplemented by additional energy from the carbonization of coal and wood in industrial
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production, UrGlu-450Z0.6-2nd can regarded as a low-cost adsorbent with promising

application potential.

4.4 Conclusion

This study successfully optimized a nitrogen-doped carbonaceous adsorbent, UrGlu-
450Z0.6-2nd, which efficiently utilizes a single nitrogen source, and investigated its capacity
for nitrate ions pollution remediation. The special brown porous foam-like intermediate
facilitates the uniform distribution of nitrogen within the reactant system during the
modification process, as well as the subsequent fixation of nitrogen on the carbon framework.
In addition to being optimized for using a single nitrogen source, the adsorbent also reduced
the required preparation temperature by 100°C and exhibited an increased adsorption capacity
in nitrate solutions with a pH greater than 5.0 (compare with chapter 2). Adsorption studies
results indicate that UrGlu-450Z0.6-2nd maintained high adsorption capacities for nitrate ions
within a wide solution pH range of 2.0-10.0, which attributed to the positive role of N-Q
adsorption sites. The Langmuir adsorption isotherm model and pseudo-second-order kinetic
model can well describe the adsorption process of nitrate by UrGlu-450Z0.6-2nd, indicating
that the adsorption occurred as monolayer adsorption on a homogeneous surface with the
adsorbent having a limited and uniformly distributed number of adsorption sites. The Langmuir
adsorption isotherm model predicted the maximum adsorption capacity (Xm) of 1.18 mmol/g
for nitrate ions by UrGlu-450Z0.6-2nd, which is a favorable result. Furthermore, the adsorption
performance of modified UrGlu-450Z0.6-2nd showed significant improvement under the
fixed-bed column adsorption mode, which simulated practical application conditions. This
further demonstrated the effectiveness of the nitrogen-doped surface modification method and

the promising application prospects of UrGlu-450Z0.6-2nd in the field of water purification.
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Chapter S Conclusions and outlooks

5.1 Conclusions

This study aims to address water pollution caused by nitrate and phosphate ions by
preparing effective carbonaceous adsorbents using glucose as a precursor through nitrogen-
doped surface modification methods. The nitrogen-doped surface modification method
effectively introduced active functional groups that facilitate the adsorption of anionic
pollutants, significantly enhancing the adsorption performance of the carbonaceous adsorbent.
Through continuous optimization of the preparation process of the carbonaceous adsorbent,
along with characterization results and adsorption studies, the following main conclusions were
drawn.

In chapter 2, a novel glucose-based carbonaceous adsorbent (MeUrGlu-550Z0.5-1.0-2nd)
with efficient nitrate ions adsorption capacity was successfully developed. It exhibited good
adsorption performance in terms of both batch adsorption and fixed-bed column adsorption. In
the batch adsorption experiments, the results indicated that in case of low initial NOj3
concentration, quaternary nitrogen (N-Q) became a strong adsorption site that kept the Q.
without significant decrease. As the pH of the solution increased, the ability of C-m sites to
accommodate protons weakened, resulting in a decrease in adsorption amount. The isotherm
data and kinetic data were fitted well to the Langmuir model and pseudo-second-order model,
respectively, and the maximum adsorption capacity calculated by Langmuir model was 1.58
mmol/g. The results of fixed-bed column adsorption studies well demonstrated the potential of
the adsorbent in industrial applications. Effective removal of nitrate could be achieved even in
solutions containing high concentrations of coexisting ions. The saturated columns could be
regenerated by 1 mol/L HCI and reused for at least 5 adsorption-desorption cycles. Therefore,
MeUrGlu-550Z0.5-1.0-2nd could be a promising adsorbent for the practical nitrate removal in
the future.

In chapter 3, the optimal N-Q-containing glucose-derived adsorbent MeUrGlu-600Z0.5-
2nd was achieved for the efficient removal of phosphate ions from aqueous solution. MeUrGlu-
600Z0.5-2nd exhibited an excellent phosphate ions equilibrium adsorption amount (Q.) of 0.42

mmol/g at a phosphate concentration of 3 mmol/L and solution pH of 4.5. The Langmuir
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isotherm model can well describe the adsorption process which is a monolayer adsorption, and
the maximum adsorption amount (X)) obtained by Langmuir model was 0.52 mmol/g. Based
on the results of surface characterization, the introducing of effective adsorption sites was more
advantageous than increasing the specific surface area. In acidic solutions (pH < 4.5),
MeUrGlu-600Z0.5-2nd exhibited good equilibrium adsorption capacity (Q.) of 0.34-0.44
mmol/g, overcoming the limitation of commercial anion exchange resin HP555 which cannot
be used effectively in acidic environment. In the continuous flow adsorption mode, MeUrGlu-
600Z0.5-2nd can be regenerated for at least 3 cycles, and using NaCl as the regenerant was
beneficial for the recovery of phosphate ions.

In chapter 4, a highly efficient nitrogen-doped carbonaceous adsorbent (UrGlu-450Z0.6-
2nd) was successfully optimized for nitrate pollution remediation by efficiently utilizing a
single nitrogen source. The special brown porous foam-like intermediate facilitates the uniform
distribution of nitrogen within the reactant system during the modification process, as well as
the subsequent fixation of nitrogen on the carbon framework. In addition to being optimized
for using a single nitrogen source, the adsorbent also reduced the required preparation
temperature by 100°C and exhibited an increased adsorption capacity in nitrate solutions with
a pH greater than 5.0 (compare with chapter 2). Adsorption studies results indicate that UrGlu-
450Z0.6-2nd maintained high adsorption capacities for nitrate ions within a wide solution pH
range of 2.0-10.0, which attributed to the positive role of N-Q adsorption sites. The Langmuir
adsorption isotherm model and pseudo-second-order kinetic model can well describe the
adsorption process of nitrate by UrGlu-450Z0.6-2nd, indicating that the adsorption occurred as
monolayer adsorption on a homogeneous surface with the adsorbent having a limited and
uniformly distributed number of adsorption sites. The Langmuir adsorption isotherm model
predicted the maximum adsorption capacity (Xm) of 1.18 mmol/g for nitrate ions by UrGlu-
450Z0.6-2nd, which is a favorable result. Furthermore, the adsorption performance of modified
UrGlu-450Z0.6-2nd showed significant improvement under the fixed-bed column adsorption
mode, which simulated practical application conditions. This further demonstrated the
effectiveness of the nitrogen-doped surface modification method and the promising application

prospects of UrGlu-450Z0.6-2nd in the field of water purification.
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5.2 Outlooks

Through the research presented in chapters 2 to 4, it can be concluded that the developed
glucose-based carbon adsorbent can effectively remove nitrate and phosphate ions from
aqueous solutions. However, due to time and condition limitations, further research and
outlooks were suggested to develop more efficient carbonaceous adsorbents.

1. Although the preparation process of the adsorbent was verified through three parallel
experiments, the adsorption capacity of the adsorbent obtained under the same preparation
conditions still showed some differences. Excluding operational errors, equipment errors, and
external environmental factors, this may be due to various random factors during the
carbonization process. These factors can lead to the formation of different types and quantities
of functional groups in different batches of the adsorbent, resulting in fluctuations in adsorption
capacity. If the reaction process between raw materials during carbonization can be better
controlled, it will improve the stability of the adsorbent's performance in batch production.

2. Selective adsorption, which prioritizes the adsorption of a specific pollutant among
multiple contaminants, significantly improves removal efficiency and extends the service life
of the adsorbent. To further enhance the selective adsorption capacity of glucose-based
adsorbents, future studies could explore to achieve selective adsorption of pollutant ions.

3. Based on the research in chapters 2 to 4, although the developed carbonaceous
adsorbents can be regenerated by eluting with regeneration agents, a worthwhile future research
topic would be to find better and more appropriate methods to treat these elution solutions
containing pollutant ions. For example, whether it can be converted into a recyclable solution

could also be worthwhile research in the future.
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