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Abstract

In the current society, due to the rapid advancement of agriculture and industry, the
excessive buildup of heavy metal ions, particularly cadmium, in the soil poses a severe
threat to plant growth environments. The highly toxic nature of cadmium heavy metal
negatively impacts plant absorption and growth, with potential repercussions on human
health through the food chain. Consequently, effectively tackling the issue of cadmium
ion pollution in soil has become an urgent concern within the environmental science field.

We successfully synthesized DMAPAA (N-(3- (Dimethyl amino) propyl)
acrylamide)/ DMAPAAQ (N, N-Dimethyl amino propyl acrylamide, methyl chloride
quaternary) hydrogels via free radical polymerization and assessed their capacity to
capture cadmium under various cadmium ion concentrations and pH values using
inductively coupled plasma emission spectroscopy (ICP). Findings reveal that under pH
7.3 conditions, DMAPAA/DMAPAAQ hydrogels demonstrate optimal cadmium capture
performance, fitting well with the Langmuir model. The application of this hydrogel
fosters vegetable growth in cadmium stress conditions, particularly at a 4% hydrogel
addition, resulting in the highest dry weight of vegetables. Overall, the successfully
synthesized hydrogel proves effective in immobilizing cadmium ions in soil, positively
influencing vegetable growth and yield, and offering practical significance in mitigating
heavy metal ion pollution.

The noteworthy promotional effect exhibited by DMAPAA/DMAPAAQ hydrogels
has had an exceedingly positive impact on vegetable growth. Its internal tertiary amine
protonation characteristics in aqueous solutions, along with the formation of hydroxyl
(OH-) characteristics on the surface, efficiently encapsulate cadmium ions internally,
resulting in insoluble cadmium hydroxide precipitates. This mechanism successfully
alleviates cadmium pollution in the soil, providing a cleaner and more favorable growth
environment for vegetables. In our study, we applied two distinct types of hydrogels,
DMAPAA/DMAPAAQ ion-type hydrogel and DMAA (N, N-Dimethylacrylamide) non-
ion-type hydrogel, for vegetable cultivation in uncontaminated soil. DMAPAAQ
promotes nitrate ion adsorption through ion exchange mechanisms, releasing nitrate ions

for plant absorption. This combined effect not only further enhances the hydrogel's ability



to alleviate soil cadmium pollution but also supplies necessary nutrient support for plants.
Conversely, the promoting effect of DMAA non-ion-type hydrogel on vegetables is
relatively limited, underscoring the critical role of hydrogel composition in its interaction
with plants under cadmium stress conditions.

Finally, we successfully synthesized potassium polyacrylate (KMAA) hydrogel
through free radical polymerization to address high concentrations of sodium ions in
industrial wastewater and saline-alkali soil. Experimental results demonstrate that KMAA
hydrogel exhibits outstanding performance in removing sodium ions from aqueous
solutions and providing potassium ions. At pH 7, the maximum adsorption capacity of
sodium ions reaches 70.7 mg/g, while at pH 4, the maximum exchange capacity for
potassium ions is 243.7 mg/g. This successfully synthesized hydrogel provides valuable
practical insights for addressing high sodium ion concentrations in water sources and
promoting potassium fertilizer supply. In summary, the three hydrogels studied in this
research present feasible technical solutions for addressing heavy metal and ion pollution

in different environments.
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Chapter 1 Introduction

1.1 Current Situation of Heavy Metal Pollution

As global industrialization continues to progress, the severity of soil pollution,
encompassing heavy metal contamination and soil salinization, has escalated. These
changes exert a detrimental impact on the human living environment [1]. Cadmium (Cd),
a non-essential and toxic heavy metal element for animals and plants, naturally occurs in
ores, often coexisting with zinc, lead, and other minerals. The cadmium content in the
Earth's crust is approximately 18 milligrams per kilogram, while the fluctuation in soil
ranges from 0.01 to 0.7. In China, the presence of heavy metal elements such as cadmium
(Cd), mercury (Hg), arsenic (As), lead (Pb), chromium (Cr), and copper (Cu) in soil has
garnered significant attention, as indicated in Table 1 for their threshold values [2].
Exceeding these thresholds may pose potential hazards to agricultural production and

human health [3].

Table 1.1 Agricultural land soil pollution risk screening

. risk screening value
number | Pollutant Project 5 oo 155 s 6.gS<pH§7.5 pH>7.5
1 cd paddy 0.3 0.4 0.6 0.8
others 0.3 0.3 0.3 0.6
paddy 0.5 0.5 0.6 1.0
2 He ™ thers 1.3 1.8 24 3.4
3 As paddy 30 30 25 20
others 40 40 30 25
4 b paddy 80 100 140 240
others 70 90 120 170
5 Cr paddy 250 250 300 350
others 150 150 200 250
6 Cu orchard 150 150 200 200
others 50 50 100 100
7 Ni 60 70 100 190
8 Zn 200 200 250 300

Table 2 provides a detailed description of heavy metal pollution in key Chinese
cities, such as Beijing, Guangzhou, and Hainan. Other city heavy metal pollution in

China sees Figure 1.1. In these urban centers, the problem of heavy metal pollution is



notably severe, exerting considerable repercussions on the environment and human health,

demanding careful consideration.

Table 1.2 Heavy metal pollution in China(mg-kg ')

Place As Pb Cd Zn Cr Ni Cu Hg | Reference

Beijing - 1848 | 0.18 | 81.10 | 75.74 - 28.05 - [4]
Guangzhou | 4.5 | 60.4 | 0.16 | 146.3 - - 17.5 | 045 [5]

= | Yangzhou | 10.2 | 35.70 | 0.30 | 98.10 | 77.20 | 38.50 | 33.90 | 0.20 [6]
- Wuxi 143 | 46.7 [ 0.14 | 1129 | 58.6 - 404 | 0.16 [7]
g Gansu 11.5 | 314 - - 12.8 - 16.4 | 0.02 [8]
= Tai hang 6.16 | 18.80 | 0.15 | 69.96 | 57.77 | 25.04 | 21.22 | 0.08 [9]
;:)D Zhengzhou | 6.69 | 17.11 | 0.12 - 60.67 - - 0.08 [10]
© Kunshan 12.0 | 28.63 | 0.16 | 98.57 | 67.41 | 35.83 | 26.0 | 0.21 [11]
Xuzhou 11.11 | 21.68 | 0.59 | 74.34 | 61.64 - 27.34 | 0.06 [12]
Shanghai | 7.47 | 23.8 | 0.11 - 41 28.3 | 0.13 [13]

Hainan 5.64 | 21.28 | 0.06 | 40.93 | 47.96 | 8.67 | 14.89 | 0.05 [14]

Table 3 comprehensively outlines the state of heavy metal pollution in several
countries globally, encompassing nations such as India and South Korea in Asia, the
United States and Canada in North America, and the United Kingdom and Poland in
Europe. This demonstrates that heavy metal pollution has deeply permeated every corner

of the world, becoming a global environmental challenge.

Table 1.3 Mean concentrations of major heavy metals in road dust of all over the

world (mg-kg™)

Pb Zn Cu Ni Cd Cr reference
Delhi, India 1899 370.5 1016 - 19.35 - [15]
Shiraz, Iran 36.8 160.9 49.81 39.4 0.31 31.6 [16]
Uslan, Korea 117.55 | 226.85 135.85 23.2 2.35 - [17]
Paris, France 1450 840 1075 25 1.7 50 [18]
Aviles, Northern 514 4892 - - 22.3 - [19]
Birmingham, UK 48 534 466.9 411 1.62 - [20]
Oslo, Norway 180 412 123 41 1.4 - [21]
Lublin, E Poland 44.1 241.1 81.6 16.5 5.1 86.4 [22]
Delta, Egypt 308 1840 102 38.5 2.98 85.7 [23]
Benin city, 189 - 21,525 | 22125 | 5775 | 61.52 [24]

Nigeria

Ottawa, Canada 39.05 112.5 65.84 15.2 0..37 433 [25]
Bogota, Colombia | 29.2 152 324 8.23 0.25 20.7 [26]




Due to the ongoing increase in industrial and agricultural activities, a significant
release of heavy metal elements into the soil surpasses the natural environment resilience,
giving rise to a global environmental issue. These heavy metals present potential risks to
both plant growth and human health, entering the human body through the food chain
[27]. Conversely, alkali soil pollution primarily results from improper fertilizer use,
causing the excessive accumulation of salts and heavy metals in the soil, hindering
normal crop growth. As the global population expands rapidly, soil, being essential for
human survival, is paramount. Widespread soil salinization and heavy metal
contamination threaten the cultivability of land, ultimately endangering humanity itself.
In various regions, soil heavy metal and alkali soil pollution have become urgent
environmental problems, demanding prompt, and effective measures to control and
restore affected land, ensuring environmental protection and preserving human health

[28].
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Figurel.1 Distribution data map of heavy metal content in agricultural soil in China [29].

1.2 Causes of Heavy Metal Pollution in Soil

During industrial production, various activities release wastewater containing heavy
metals. Elements like mercury, cadmium, and lead are inherent in coal and oil. When
these fossil fuels undergo combustion, these heavy metals are emitted into the atmosphere
and subsequently deposited in soil and water through particles in the exhaust gas [30].

Additionally, fertilizers and pesticides used in agriculture may carry certain heavy metal



elements. These substances can leach into the soil during application, eventually finding
their way into water bodies or crops [31]. Landfills may contain waste materials with
heavy metals, and as these materials decompose or leach, heavy metals can be released
into the soil and water [32]. The extraction and smelting processes of ores may discharge
a substantial amount of heavy metal pollutants, infiltrating the surrounding soil and water
bodies. Medical waste may also contain heavy metal substances, and improper handling
can lead to heavy metal pollution [33]. Acid rain contributes to soil acidification,
facilitating the transformation of heavy metals from insoluble forms to soluble forms,
making it easier for them to enter water bodies and organisms. Due to the adverse effects
of heavy metal pollution on the environment and human health, it is imperative to
implement measures to reduce the emission of heavy metals and enhance the regulation

and control of heavy metal pollution [34].

1.3 Methods for Remediation of Heavy Metal Contaminated Soil

1.31 Physical remediation

At present, the remediation of contaminated soil predominantly relies on physical
methods (see Figure 1.2). These approaches encompass soil replacement, soil amendment,
deep ploughing, thermal desorption, and electrochemical remediation. The primary aim
of these techniques is to diminish or eradicate pollutants in the soil, lowering their
concentrations to safe levels. This restoration process is crucial for reinstating the
ecological functions of the soil and establishing a secure soil environment [35, 36]. Soil
replacement involves substituting the contaminated soil with clean soil, swiftly reducing
harmful substance levels, and enhancing soil quality. Soil amendment introduces treated
high-quality soil, mixed with the contaminated soil, thereby boosting soil fertility, and
improving its structure. Deep ploughing entails thorough tilling to intermingle the
contaminated soil layer with clean soil, dispersing and degrading harmful substances.
Thermal desorption employs elevated temperatures to eliminate volatile organic
compounds, mitigating their environmental impact. Electrochemical remediation utilizes
electrochemical reactions to eliminate or diminish pollutants in the soil, ensuring the

health of the soil ecosystem. These physical methods share the common objective of

4



reducing pollutant concentrations to safe levels or minimizing contact between pollutants

and plant roots, thereby safeguarding the health of the soil ecosystem.

1.32 Chemical remediation

Chemical remediation methods aim to address heavy metal pollutants in soil by
utilizing chemical reactions to reduce, stabilize, or eliminate them. Various additives,
surfactants, and metal chelating agents are commonly employed in soil remediation.
Phosphates, lime, and silicates are widely recognized substances for treating soil
cadmium contamination. The incorporation of phosphates facilitates the formation of
insoluble cadmium phosphate precipitates, diminishing the bioavailability of cadmium
[37]. Lime, alternatively, adjusts soil pH, influencing the solubility and adsorption of
cadmium, thus mitigating its toxic effects on plants [38]. Additionally, the introduction of
silicates can react with cadmium, forming insoluble silicates that restrict the migration of
cadmium [39]. Other frequently used amendments, such as steel slag and furnace slag,
have found application in soil remediation. These substances not only enhance soil
structure and foster plant growth but also exhibit adsorption and precipitation effects on
heavy metals like cadmium, contributing to the improvement of environmental quality in
contaminated soils [40]. This integrated approach, incorporating various chemical
substances, provides a diverse array of options for remediating heavy metal-contaminated

soil, effectively reducing pollution levels, and safeguarding the health of soil ecosystems.
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Figurel.2. Comparison of different heavy metal contaminated soil remediation methods.
Soil remediation methods can be broadly divided into three categories: physical, chemical,

and biological [36].

1.33 Biological remediation

Biological remediation, a soil purification method, revolves around specific animals,
plants, and microorganisms that either absorb or degrade pollutants in the soil (see Figure
1.3). It is primarily categorized into two types: phytoremediation and microbial
remediation. Phytoremediation employs hyperaccumulating plants to absorb heavy
metals from the soil, accumulating pollutants within the plant through its biological
mechanisms. Subsequently, these plants are harvested to concentrate and reduce
pollutants in the soil. On the other hand, microorganisms establish chemical bonds or
electrostatic interactions with heavy metals via their surface-charged functional groups,
facilitating the adsorption of heavy metal ions. Furthermore, certain microorganisms can
absorb heavy metals into their cells, while others can secrete specific organic substances
to form insoluble precipitates with heavy metals, thereby reducing their migration in the

soil [41]. Microbial remediation is relatively gentle during the restoration process, aiding



in maintaining the stability of the soil ecosystem and providing a sustainable option for
soil remediation. Therefore, the comprehensive application of phytoremediation and
microbial remediation technologies can more effectively and comprehensively address
various types of soil pollution [42,43].
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Figruel.3 Diagram of the adsorption mechanism of microorganisms [44].

1.4 Soil Heavy Metal Pollution Remediation Materials

1.41 Carbon-based materials

Carbon-based materials, such as activated carbon, carbon nanotubes, and graphene,
exhibit significant potential for broad application in addressing heavy metal pollution,
owing to their outstanding adsorption performance. Activated carbon, known for its
porous structure, surface area, and functional groups, efficiently adsorbs various heavy
metal ions in water bodies. Carbon nanotubes, with their one-dimensional structure and
high conductivity, demonstrate highly selective properties in electrochemical sensors and
wastewater treatment [45]. When functionalized, graphene can efficiently adsorb specific

heavy metals based on its two-dimensional structure, conductivity, and large surface area



[46]. Guo et al. successfully adsorbed Cd (II) and Cu (II) using a magnetic graphene
oxide adsorbent [47]. Zhao et al. effectively extracted Pb*" using a TiO> and CNT hybrid
adsorbent, demonstrating efficient metal adsorption with capacities of 137 mg/g and
78.74 mg/g, respectively [48]. The successful application of these materials in
environmental remediation, water treatment, and resource recovery offers sustainable
solutions to global heavy metal pollution. Future research should prioritize the
engineering optimization and environmental adaptability of these materials to facilitate

their widespread use in practical applications.

1.42 Mineral materials

Natural minerals like zeolite and clay have proven to be excellent adsorbents for
heavy metals, thanks to their abundant surface functional groups, large specific surface
area, and porous structure. Zeolite, a crystalline aluminosilicate, possesses notable ion
exchange properties, a high surface area, and hydrophilicity, making it well-suited for
extracting heavy metals from wastewater [49]. Rad et al. synthesized NaX nano zeolite
through microwave heating and prepared polyvinyl acetate/NaX nanocomposite fibers to
explore their potential for Cd** adsorption. They discovered that the maximum adsorption
capacity was 838.7 mg/g at the optimum pH of 5.0, achieving an 80% removal rate [50].
Additionally, Jiang et al. investigated the adsorption efficiency of kaolin clay on Pb?,
Cd*, Ni** and Cu*' in wastewater, demonstrating rapid metal absorption with the
maximum adsorption achieved within 30 minutes. They successfully reduced the Pb**
concentration in real wastewater from 160.00 mg/L to 8.00 mg/L [51]. These natural
adsorbents not only have diverse sources but also exhibit good renderability, offering

support for sustainable resource utilization and environmental protection.

1.43 Metal oxide materials

Metal materials play a crucial role in environmental management and water
treatment, particularly those with unique surface properties like iron oxide, copper oxide,
and zinc oxide, widely utilized for the removal of heavy metal ions from water sources

[52]. LI et al. achieved a remarkable removal rate of 98.5% for cadmium ions using
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calcined iron oxide nanoparticles. The study identified -OH, -COOH, and FeOH sites in
the synthesized iron oxide nanoparticles as the primary adsorption sites for cadmium ions
[53]. On the other hand, Sharma et al. successfully synthesized mesoporous ZnO and
TiO2@ZnO materials using nano casting techniques, enhancing the adsorption capacity
for Cd*" ions from 643 to 786 mg/g. This notable improvement was attributed to the
effective increase in the surface area of ZnO by TiO2[54]. The functional groups and
active sites on the surface of these metal materials can form robust coordination bonds
with heavy metals, enabling efficient adsorption. They can be conveniently and
effectively applied in wastewater treatment and environmental remediation, offering

practical and viable solutions for addressing heavy metal pollution.

1.44 Resin materials

Ion exchange resins play a crucial role in water treatment and wastewater
management, enhancing their adsorption capacity for heavy metals through surface
functionalization. These resins find widespread applications in wastewater treatment,
drinking water purification, and mining wastewater treatment. Researchers, Roy P K et al.
have successfully synthesized chelating resins using polystyrene-divinylbenzene as raw
materials. The adsorption capacities for Cu?*, Ni**, Fe** and Pb*" were measured at 0.55
mmol/g, 0.63 mmol/g, 0.52 mmol/g, and 0.11 mmol/g, respectively, with removal rates of
98.5%, 96.3%, 97.5%, and 98.65% [55]. On the other hand, Singh A K et al. achieved
successful adsorption of Zn?', Cd**, Pb*" and Ni*" using resins containing oxygen and
sulfur functional groups, with recovery rates exceeding 97% and the ability to be reused
[56]. Future research will focus on modifying and optimizing biomass materials to
enhance their adsorption performance and provide practical solutions to global heavy

metal pollution.



1.5 Adsorption Model

1.51 Langmuir isothermal adsorption

The Langmuir isothermal equilibrium adsorption equation (see Figure 1.4) is used to
describe the process of hydrogel adsorbing heavy metal ions at a specific temperature. It
is typically expressed as follows:

_ qmaxk; Ce
€ 1+K.C,

The parameter q, represents the adsorption capacity of the unit mass of hydrogel
(Mmg/g). qmax denotes the maximum adsorption capacity according to the Langmuir
isotherm, indicating the highest adsorption capacity per unit mass of hydrogel when all
adsorption sites are fully occupied (mg/g). K; is the Langmuir constant, reflecting the
binding ability of adsorption. Ce is the concentration of heavy metal ions in the solution
at equilibrium (mmol/L). The Langmuir isotherm equilibrium adsorption equation
assumes that the adsorption process occurs on single-layered molecules at adsorption
sites and that adsorption is reversible. This equation is derived under ideal conditions,
assume all adsorption sites have equal affinity, and there is no interaction between
adsorbates. The Langmuir isotherm equilibrium adsorption equation is commonly
employed to fit data and obtain the Langmuir equilibrium constant, as well as the

maximum adsorption capacity [57].

1.52 Freundlich isothermal adsorption

The Freundlich isotherm equation posits that adsorption takes place on the uneven
surface of the adsorbent, and the extent of adsorption correlates with the concentration of
the pollutant. With an escalating pollutant concentration, the adsorption capacity of the
adsorbent tends to increase indefinitely. In this model, each adsorption site features
distinct binding energies and affinities, displaying the characteristics of multilayer

adsorption. The Freundlich isotherm equation is expressed as follows:

qe = KFCel/n
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In the equation, K and n are constants associated with the adsorption capacity and
adsorption strength, respectively. Generally, a 1/n value between 0.1 and 0.5 signifies a
favorable adsorption process. A larger 1/n value indicates poorer adsorption performance,
whereas a smaller value suggests better adsorption performance. For more information,

please consult reference [58].

1.53 The first-order adsorption Kinetics

First-order adsorption kinetics is typically used to describe the change in adsorption

amount over time during the adsorption process. The adsorption expression is as follows:

qe = qe(1 —e™"4%)

In this context, g, signifies the adsorption capacity at time t, g, denotes the
maximum adsorption capacity at equilibrium, and k, represents the first-order adsorption
kinetic constant. The first-order kinetic model posits that the rate of adsorption is
proportional to the number of available adsorption sites on the adsorption surface. This
model facilitates comprehension of the kinetic behavior during the adsorption process
and enables a more precise prediction of the adsorption process by fitting k; and g,

through experimental data. For additional details, please refer to reference [59].

1.54 The second-order adsorption kinetic

Secondary adsorption kinetics is a model that describes the change in adsorption
amount over time during the adsorption process. Its kinetic equation can be expressed as
follows:

Kyqst
I = ¥ Kyqot

In this context, g, represents the adsorption capacity at adsorption equilibrium, g,
signifies the maximum adsorption capacity at time t, and k, is the second-order
adsorption kinetic constant. In comparison to the first-order kinetic model, the second-
order adsorption kinetic model is more intricate as it comprehensively considers the

saturation of adsorption sites and molecular interactions during the adsorption process.
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The first-order kinetic model typically overlooks the possibility of multilayer adsorption
or interactions between adsorption sites in the actual adsorption system. For more details,

please refer to references [60, 61].

1.55 Adsorption thermodynamics

The VantHoff equation describes the relationship between the thermodynamic

equilibrium of adsorption. This equation is expressed as:

1 AH®
In—=Ink; — —
Ce RT

In this equation, C, represents the concentration of the solution at equilibrium,
AH®denotes the standard enthalpy change, T represents the temperature, and kg is the
constant of the van Hoff equation. By plotting In(1/Ce) against T and fitting the equation,
the enthalpy change AH? can be calculated. The change in Gibbs free energy AG?under

standard conditions can be represented by the following formula:

AG® = —RTInK,

In the equation, AGY represents the Gibbs free energy change under standard
conditions, R is the gas constant 8.314 J/(mol-k), T represents temperature, and
K, represents the thermodynamic equilibrium constant for adsorption. This equation
elucidates the thermodynamic characteristics of the adsorption process, with the negative
sign indicating that the adsorption process is spontaneous under standard conditions. The
relationship between the Gibbs free energy change AGY, enthalpy change AH?, and

entropy change AS%is expressed as follows:

AGY = AH® — TAS®
The equation for calculating AS®can be derived using the formula. This relationship
delineates the connection between the change in Gibbs free energy, enthalpy, and entropy
under standard temperature and pressure conditions. This equation holds significant
importance in comprehending and optimizing the thermodynamic properties of diverse

chemical and physical systems [62].
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Figurel.4 Different types of adsorption isotherm models [63].

1.6 Types of Hydrogels

1.61 Natural polymer hydrogels

Natural polymer hydrogels find widespread applications in industries such as
agriculture, food, healthcare, and environmental purification, thanks to their exceptional
adsorption properties. They are particularly favored for wastewater treatment,
environmental purification, and addressing heavy metal pollution. These hydrogels
predominantly consist of natural polymers or biopolymers, including chitosan-based
hydrogels, starch-based hydrogels, cellulose-based hydrogels, and sodium alginate
hydrogels. Chitosan-based hydrogels, with chitosan as the primary component, are
modified to form a highly porous structure, imparting excellent adsorption capabilities
[64]. Conversely, starch-based hydrogels are processed to enhance their adsorption
properties, making them suitable for removing heavy metals in various environments [65].
Additionally, Soon Hong Yuk et al. reported a biodegradable superabsorbent polymer that
can be decomposed by microorganisms in natural soil. However, once sodium alginate
hydrogels degrade, acrylic acid cannot be completely biodegraded [66]. Furthermore, Li
et al. synthesized carboxymethyl cellulose/polyethyleneimine hydrogels using a simple
one-step method, exhibiting highly efficient adsorption capacity for Cr under slightly

acidic conditions [67].
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1.62 Synthetic polymer hydrogels

Synthetic polymer hydrogels, as artificially synthesized materials, exhibit
outstanding adsorption properties in the treatment of heavy metal pollution. Comprising
polymers or inorganic materials such as polyacrylic acid and polyacrylamide, these
hydrogels contain common hydrophilic functional groups like -COOH that contribute to
their affinity for water molecules. Non-ionic hydrophilic functional groups present in the
resin, such as -OH, -C-O-C-, and -NH>, enable them to maintain excellent adsorption
performance even in high salt environments [68]. In a study by Kasgoz et al., amine-
functionalized, and sulfonated polyacrylamide hydrogels were examined, revealing that
amine-functionalization enhanced selectivity for Cu (II) adsorption rate of 68.5%, while
sulfonation exhibited good selectivity for Pb (II) adsorption rate of 78.2% [69].
Furthermore, Chibowski et al. discussed the adsorption mechanisms of PAMs on the
surfaces of montmorillonite and kaolinite for Cr (VI) or Pb (II), emphasizing the crucial
influence of the internal structure and interlayer spacing of layered aluminosilicates on

the adsorption capacity. Montmorillonite demonstrated a higher adsorption ability [70].

1.7 Synthesis Methods of Hydrogels

1.71 Physical synthesis method

Physical crosslinking is a gelation method achieved through non-covalent
interactions between molecules, including hydrogen bonding, van der Waals forces, and
physical entanglement mechanisms (see the Figurel.5). These interactions facilitate the
formation of crosslinks between polymer chains, constructing a spatial network structure
that imparts unique properties to the material. Hydrogen bonding, a potent force, occurs
through attractive interactions between hydrogen atoms and electronegative oxygen,
nitrogen, or fluorine atoms. Van der Waals forces, conversely, are attractive forces
resulting from the momentary polarization between molecules, while physical
entanglement involves the intertwining of polymer chains, enhancing the material's
mechanical stability. The advantage of physical crosslinking lies in its relatively mild
preparation process, without the need for introducing chemical crosslinking agents [71].

In a study by Yang et al., a hydrophobic hydrogel was successfully synthesized with
14



hydrophobic methacrylic acid and hydrophilic N-hydroxyethyl acrylamide as monomers
using a solution crosslinking method. Although this hydrogel exhibited excellent
performance with a fracture stress of 700 kPa, its gel strength was relatively low. This
research outcome provides valuable insights for optimizing the performance of physically

crosslinked hydrogels [72].

1.72 Chemical synthesis method

Chemical crosslinking involves introducing crosslinking agents or facilitating
chemical reactions to form covalent bonds, resulting in a more stable gel structure, and
showcasing superior performance compared to physical crosslinking. Copolymerization
crosslinking, a common method, enables gel formation through crosslinking agents in the
presence of one or more monomers, providing high tunability to the material [73, 74].
Water-soluble polymer crosslinking is a significant research direction, particularly
utilizing water-soluble polymers like polyacrylamide and polyvinyl alcohol to create
hydrogels under radiation, widely applied in the biomedical field. Graft copolymerization
introduces new side chains onto polymer chains via initiators or photoirradiation,
modifying the material's surface properties and performance, with broad applications. In
a study by Walaiporn et al. a polyacrylamide/poly pyrrole hydrogel was prepared using N,
N'-methylenebisacrylamide as a crosslinking agent through free radical polymerization.
The study investigated the effect of polypyrene content on the loading and sustained
release properties of salicylic acid. By adjusting monomers, crosslinking agents, and
initiators, hydrogels with diverse properties can be prepared to meet the requirements of

various fields [75].
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Figurel.5. Different methods for synthesizing hydrogels [76].

1.8 Hydrogel Functional Groups

1.81Nitrogen-containing functional groups

Nitrogen-containing functional groups are structural units in organic compounds that
incorporate nitrogen atoms, including amino groups, amide groups, and quaternary
ammonium groups [77]. Amino groups are fundamental components of biomolecules,
commonly found in amino acids and basic compounds, participating in biological
processes through the formation of amino acid chains and protein structures. Amide
groups, composed of an acyl group and an amino group, play a crucial role in proteins
and peptides, influencing their structure and function. The stability of amide bonds is an
important structural element in protein main chains, directly affecting the folding and
stability of biomacromolecules. Quaternary ammonium groups, with a positive charge,
exhibit outstanding performance in heavy metal adsorption, as they can interact with
negatively charged heavy metal ions, enabling efficient adsorption and fixation. This
offers broad application prospects in wastewater treatment, environmental protection, and
resource recovery. By designing and synthesizing adsorbents with nitrogen-containing
functional groups, it is possible to efficiently remove heavy metal pollutants from water,
address environmental issues, and effectively recover valuable metals. Nitrogen-

containing functional groups play a significant role in environmental protection and
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sustainable development. Lu et al. developed cellulose nanofiber aerogel adsorbent,
functionalized with quaternary ammonium, and chemically cross-linked, has
demonstrated high efficiency in removing hexavalent chromium from water, with easy
separation and reusability [78]. Arshad et al. synthesized calcium alginate beads,
embedded with graphene oxide and functionalized/reduced with polyethyleneimine, have
successfully enhanced the adsorption capacity for heavy metal ions, showing outstanding
removal effects [79]. Tadanori et al. synthesized 2,20-dipyridylamine-functionalized
graphene oxide (GO-DPA) using a simple and low-cost method, for the simultaneous
adsorption of lead, cadmium, nickel, and copper ions in aqueous solutions, exhibiting

high adsorption capacity under optimal conditions [80].
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Figurel.6 Adsorption mechanism of heavy metals by functional groups containing N or O

atoms [81].

1.82 Oxygen-containing functional groups

Oxygen-containing functional groups refer to specific structures or groups in a
molecule that contain oxygen atoms, with hydroxyl groups and carboxyl groups being the
two most common types (see the Figure 1.6). Hydroxyl groups consist of an oxygen atom

bonded to a hydrogen atom, typically represented as -OH, while carboxyl groups consist
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of a structure where a carbon atom is bonded to an oxygen atom and a hydroxyl group (-
OH), usually represented as -COOH. These functional groups are widely present in
organic molecules, particularly in compounds such as carboxylic acids. Hydroxyl groups
play an important role in heavy metal adsorption due to their hydrophilic nature. Their
hydrophilicity allows them to form strong hydrogen bonds or coordination bonds with
heavy metal ions in water, enabling efficient adsorption of heavy metals. Carboxyl groups,
on the other hand, are another common hydrophilic functional group that exhibits strong
polarity. Carboxyl groups can form stable complexes with heavy metal ions through
electrostatic interactions and coordination bonds. The carboxyl functional group is widely
applied in the design of functional materials and adsorbents, particularly in the fields of
water treatment and environmental remediation [82]. Huang et al. successfully
synthesized potassium polyacrylate (KMAA) hydrogel, demonstrating excellent
performance in removing sodium ions from water and supplying potassium ions,
providing a valuable solution for addressing high sodium ion concentrations and
promoting potassium fertilizer supply [83]. Wang et al. research shows that the oxygen
functional groups generated by the aging of microplastics play a key role in improving
the adsorption performance of heavy metals, especially the adsorption of uranium (U).
Experiments and theoretical calculations reveal the mechanism of uranium adsorption by

PS microplastics due to aging and oxygen functional groups (C=—O, —OH, phenolic
hydroxyl, and — COOH). The results showed that aged PS microplastics showed

significant advantages in uranium adsorption. This in-depth study has important
implications for assessing the risks of coexisting radionuclides and microplastics in the
environment [84]. Gabriela et al. research explored the effect of carbon surface oxidation
on the adsorption of Cu (II) ions and found that moderate oxidation treatment can
significantly increase the adsorption capacity. This provides a feasible way to prepare

efficient Cu (II) adsorbents [85].
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1.83 Sulfur-containing functional groups

Sulfur-containing functional groups involve the incorporation of sulfur into organic
compounds, with the thiol group as a crucial structural unit consisting of sulfur and
hydrogen atoms. In organic chemistry, thiols play a pivotal role and exhibit diverse
chemical properties. Due to the presence of sulfur atoms, thiol groups have a strong
affinity for metals and can efficiently adsorb heavy metal ions through coordination
bonding or chemical adsorption. Additionally, sulfonic acid groups, derivatives of thiol
groups, contain bonds formed by sulfur and oxygen in their molecular structure. Due to
their strong electron-attracting and oxidative properties, sulfonic acid groups find wide
applications in pharmaceutical synthesis, materials science, and organic electronics. They
also possess unique characteristics for adsorbing heavy metals [86, 87]. For instance,
Wang et al. demonstrated the potential application of microwave-assisted preparation of
sulfur-functionalized fiber adsorbents in efficiently removing Hg*" and Cd** from water,
offering prospects for their use in water treatment [88]. Furthermore, Amr El-Hag Ali et
al. synthesized CMCA-MPS copolymer hydrogels through vy-radiation-induced
copolymerization and cross-linking, exhibiting excellent metal ion recovery performance
and chemical stability [89]. These technologies provide powerful tools for environmental

protection and sustainable development.

1.84 Phosphorus-containing functional groups

Phosphorus-containing functional groups, such as phosphate and phosphoramidate,
play a vital role in functionalizing hydrogel surfaces, providing crucial support for
biomedical and heavy metal adsorption research. In the biomedical field, phosphate-
based functional groups are extensively used to construct biocompatible materials,
enhancing material stability and controllability. These functional groups enable precise
control of drug delivery systems through specific interactions with biomolecules, offering
innovative solutions for biomedical applications. Moreover, due to their electrophilic and
chelating properties, phosphate functional groups strongly interact with heavy metal ions,
achieving efficient adsorption. Research conducted by the Estonian Agricultural Research

Institute revealed a significant decrease in lead, cadmium, and mercury concentrations in
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plants with the application of organic and phosphate fertilizers, while the application of
lime fertilizer on acidic soil led to a reduction in heavy metal concentrations
[90].Additionally, surface modification of biochar with phosphoric acid (H3POs)
increased surface area and the abundance of oxygen functional groups, significantly
enhancing the adsorption capacity for Cu (II) and Cd (II), providing an effective approach
for efficient heavy metal adsorption. Similarly [91]. Chen et al. successfully prepared
phosphoric acid-functionalized graphene hydrogel electrodes, demonstrating superior
performance in uranium adsorption [92]. These studies indicate the wide-ranging
potential applications of phosphate functional groups in various fields, offering valuable

insights for materials science and environmental research.

1.85 Other functional groups

Silicon functional groups typically consist of silicon atoms, forming molecular
structures by introducing silicon elements. These groups are pivotal in materials science
and chemistry, imparting unique functionality and chemical reactivity to materials. Like
silicon functional groups, hydrazine groups are crucial functional groups widely used,
containing amine and oxime groups with diverse chemical properties. Both silicon
functional groups and hydrazine groups play vital roles in adsorbing heavy metals.
Silicon functional groups, owing to the high affinity and chemical inertness of silicon, are
critical in designing heavy metal adsorbents [93]. On the other hand, hydrazine groups
also demonstrate excellent performance in heavy metal adsorption. For instance, Wu et al.
illustrated that Na-Sic HAP adsorbents, prepared by ultrasonic coprecipitation, exhibited
outstanding performance in adsorbing Pb*" and Cd**, achieving 698.68 mg/g and 129.60
mg/g, respectively [94]. Moreover, PVA hydrogels cross-linked with glutaraldehyde,
modified with acrylonitrile grafting initiated by ammonium persulfate (CPVA-PAN) and
hydroxylamine hydrochloride (CPVA-AO-PAN), demonstrated an adsorption capacity of
40.7 mg/g for Cu** [95]. The flexibility and diversity of these functional groups offer
abundant possibilities for designing efficient and sustainable heavy metal adsorbent
materials, presenting potential sustainable solutions for environmental management and
resource recovery. These research findings offer valuable insights for designing

environmentally friendly and efficient adsorbent materials.
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1.9The Adsorption Mechanism of Superabsorbent Hydrogels

Superabsorbent hydrogels, a type of polymer material, often feature various
functional groups like quaternary ammonium, carboxyl, hydroxyl, phosphate, or silicate
groups. These functional components confer unique physical and chemical properties to
superabsorbent hydrogels, making them valuable tools for soil remediation and heavy
metal adsorption [96, 97]. The positive charge attributes of quaternary ammonium groups
empower superabsorbent hydrogels to demonstrate exceptional adsorption capacity for
heavy metal anions. This occurs through electrostatic attraction (see the Figure 1.7),
bolstering affinity and mitigating pollution risks. Carboxyl and hydroxyl groups elevate
the hydrophilicity and adsorption capacity of superabsorbent hydrogels, enabling them to
physically absorb water molecules and engage with soil particles. Simultaneously, they
release beneficial cations for plant uptake, achieving dual regulation of the soil.
Phosphate and silicate groups form stable complexes with heavy metals through ion
exchange and chelation reactions, effectively reducing the activity of heavy metals in the
soil and minimizing threats to the ecological environment and groundwater. In the realm
of soil remediation, superabsorbent hydrogels can act as carriers for remediation agents,
such as chelating agents and reducing agents, facilitating the remediation of heavy metals
in the soil. In summary, with their diverse functional groups and thoughtful structural
design, superabsorbent hydrogels showcase outstanding adsorption and remediation
performance, offering innovative and viable solutions for managing heavy metal-
contaminated soil. Through the rational design of superabsorbent hydrogels, efficient
adsorption, and remediation of heavy metals in the soil can be achieved, providing robust
support for environmental protection and sustainable development. While ensuring the
effectiveness of superabsorbent hydrogel remediation, it is essential to fully assess its
potential impact on the soil ecosystem, including comprehensive evaluations of soil
microorganisms, plant growth, and soil texture, to ensure that the remediation process
does not cause adverse ecological reactions. This comprehensive assessment and

management approach is crucial for achieving sustainable soil remediation solutions.
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Chapter 2 Dual benefits of hydrogel remediation of
cadmium-contaminated water or soil and promotion of

vegetable growth under cadmium Stress

2.1 Introduction

The current global situation of heavy metal contamination in soil has raised
widespread concerns [1-4]. Different regions universally face varying degrees of heavy
metal pollution, primarily caused by the release of heavy metal waste during industrial,
mining, and agricultural processes. These pollutants enter the soil through processes such
as atmospheric deposition and water leakage, causing the accumulation of heavy metals
in the soil to exceed safety standards [5-7]. Heavy metal pollution has severe implications
for the environment and human health. It not only hampers crop growth and yield, but
also permeates the food chain, ultimately negatively impacting human health and giving
rise to a range of health issues. Consequently, there is an urgent need to seek efficient
methods for addressing heavy metal pollution [8-11].

Currently, addressing soil pollution primarily relies on employing physical and
chemical methodologies. Among these, soil displacement stands out as an effective
means to significantly reduce the proportion of heavy metal content in contaminated soil
[12]. On the other hand, thermal treatment techniques can be utilized to heat the polluted
soil to extremely high temperatures, causing the metals to melt into a vitrified form,
thereby mitigating their impact on the environment [13]. Additionally, the introduction of
animal manure demonstrates efficacy in immobilizing heavy metal components in the soil,
thereby diminishing their potential environmental hazards [14]. Meanwhile, the
application of chemical agents that react with heavy metals to form precipitated
compounds represents another potent remediation approach [15]. Moreover, bacteria
exhibit promises by directly interacting with sites of heavy metal contamination through

adherence to metal salts, resulting in metal dissolution [16]. However, these treatment
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technologies are not without their drawbacks, including relatively high costs and the
potential generation of byproducts leading to secondary soil contamination issues.

Hydrogels are a type of polymer material with a three-dimensional network structure,
exhibiting excellent adsorption properties, particularly in the removal of heavy metals.
They employ surface functional groups such as carboxyl and hydroxyl moieties to engage
in ion exchange with excess heavy metal ions in wastewater, securely immobilizing them
within the hydrogel matrix [17, 18]. Li et al. research team successfully synthesized a
magnetic hydrogel featuring NH: functional groups that, through coordination
interactions, efficiently adsorb copper [19, 20]. This coordination, facilitated by the
formation of chemical bonds, effectively reduces the concentration of heavy metals in
both aqueous solutions and soil environments [21]. Moreover, Zhang et al. engineered a
dual-network hydrogel composed of alginate and polyvinyl alcohol. Relying on the active
sites on the hydrogel surface with charges opposite to those of metal ions, they
successfully removed heavy metals such as Pb (II) and Cr (VI) through electrostatic
adsorption [22, 23].

Liu et al. developed a composite material comprising FeS nanoparticles
encapsulated within a lignin hydrogel matrix. The adsorption mechanism primarily
involved the chemical reaction precipitation of cadmium sulfide, lignin complexation,
hydrogel swelling, and nanoparticle adsorption [24]. Zhou et al. fabricated a novel
composite hydrogel (LR-g-PAA/MMT/urea) that enhances soil fertility and mitigates the
toxicity of heavy metals to organisms [25]. Dhiman et al. irrigated spinach with
wastewater and incorporated water-absorbing gel-biochar to reduce the uptake of heavy
metals by spinach [26]. Additionally, Zhou et al. devised a novel hydrogel that, upon
pesticide release, undergoes the breaking of disulfide bonds on the hydrogel, generating
thiol groups capable of complexing with heavy metals in the soil, thereby mitigating their
toxicity to plants [27].

In this study, we synthesized DMAPAA/DMAPAAQ hydrogels using free radical
polymerization and investigated their adsorption capabilities towards cadmium in
aqueous environments. Furthermore, their introduction into soil was assessed to evaluate
the growth of vegetables under cadmium stress. The aim of this research was to

investigate the cadmium adsorption capacity of DMAPAA/DMAPAAQ hydrogels at
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varying pH levels, along with relevant thermodynamic and kinetic attributes. To simulate
the adsorption process, we employed isotherm models such as Langmuir and Freundlich,
while pseudo-first and pseudo-second-order models were utilized to analyze the
adsorption kinetics [28]. Additionally, the uptake of cadmium by vegetables in soil with
the addition of DMAPAA/DMAPAAQ hydrogels under cadmium stress was evaluated, as
well as the content of various elements in vegetable leaves under the influence of both

hydrogels and cadmium.

2.2 Experimental Methods
2.21 materials

The monomer DMAPAA/DMAPAAQ was obtained from KJ Chemicals Corporation
(Tokyo, Japan), and N, N-dimethyl ethylenediamine (TEMED) was purchased from
Nacalai Tesque Co., Ltd. (Kyoto, Japan). N, N'-methylenebisacrylamide (MBAA),

ammonium persulfate (APS), and CdN>Os4-H,O, CdCL2.5-H>O were acquired from
Sigma-Aldrich, Inc. (St. Louis, MO, USA). In addition, the 1 mol-L™' HCI and NaOH
solution was purchased from Sigma-Aldrich Japan (Tokyo, Japan). The soil was
purchased from NAFCO (Fukuoka Japan). All the reagents used were of analytical grade
and employed as received. The distilled water used in the experiments was produced in

the laboratory.

2.22 synthesis of hydrogel

To synthesize the hydrogel, 1.953 g of DMAPAA and 2.584 g of DMAPAAQ
monomers were weighed along with 0.193 g of MBAA crosslinker and 0.058 g of
TEMED accelerator; this was added to a 20 mL volumetric flask (see Table 4). Distilled
water was added to the flask, and the resulting mixture was stirred using a magnetic
stirrer. In a separate 5 mL volumetric flask, a solution of 0.114 g of APS initiator was
prepared using distilled water. Both the monomer solution and initiator solution were
purged with nitrogen for 45 minutes to eliminate any oxygen and prevent the inhibition of

free radicals. The initiator solution was then added to the monomer solution and stirred
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for 20 s. The resulting mixture was transferred to three plastic tubes using a pipette and
immersed in an aqueous solution at 25°C for 24 hours. The resulting gels were removed
from the tubes and cut into uniform cylindrical shapes, and then washed with methanol
for 24 hours using Soxhlet extractor (Asahi Glass plant Inc., Arao City, Japan) equipment
to remove any unreacted components. The gels were subsequently air-dried at room
temperature and further dried in a 50°C oven for 24 hours. Finally, the dried gels were

ground into a powder using a grinder.

Table 2.1 Synthesis condition of the DMAPAA/DMAPAAQ hydrogel

Materials Component Molar weight Concentration Mass(g)
Type (g/mol) (mol/m?)
DMAPAA Monomer 156.22 500 1.953
DMAPAA-Q  Monomer 206.71 500 2.584
MBAA Linker 154.17 50 0.193
TEMED Accelerator 116.21 20 0.058
APS Initiator 228.19 20 0.114

2.3 Swelling Properties of Hydrogels

2.31 Swelling degree of hydrogel in water solutions

A hydrogel weighing 0.02 g (Md) was added to 40 ml of water solution. The
mixtures were allowed to equilibrate at room temperature for 24 h to achieve swelling
equilibrium. The swollen gels were subsequently filtered through filter paper and their
weight recorded as Ms, calculated using the following formula:

W _ (Ms —Md)
@ Md

2.32 Soil water holding rate.

Weighed soil of 10 g was combined with 0.1 g of hydrogel and recorded as m..

Subsequently, an appropriate amount of water was added to the beaker at room
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temperature, allowing the complete saturation of the mixture. The mass of the resulting
mixture and water was measured via filtration using filter paper and recorded as mo,

calculated using the following formula:

m, —m
w, (2 =m)
my

2.4 Adsorption Experiment

2.41 Adsorption thermodynamic experiments with different pH values

First, 1000 ppm of cadmium solution was diluted to a concentration of 5, 50, 100,
300, and 500 mg-L~!. Then, 25 ml of each diluted solution was transferred into 50 ml
plastic centrifuge tubes. The pH of the solutions was adjusted to 7.3 by adding 1 mol-L™
NaOH solution to a final volume of 40 ml. Furthermore, 20 mg of the adsorbent was
introduced into each tube. The tubes were placed in a water bath constant-temperature
shaker at 25 °C, with continuous shaking at 150 rpm for 24 h. Following the adsorption
period, the samples were filtered through a 0.22 pm membrane filter and analyzed using

ICP.

2.42 pH effect experiment

The process began with the dilution of a 1000 ppm cadmium solution to a
concentration of 100 mg-L™'. Then, 25 ml of this diluted solution was carefully
transferred into a 50 ml plastic centrifuge tube. To adjust the pH values to 2.0, 3.0, 4.0,
5.0, 6.0, and 7.0, 1 mol-L™' of NaOH or HCI solution was added until the final volume
reached 40 ml. Subsequently, 20 mg of the adsorbent material was introduced into the
mixture. The entire system was placed in a water bath constant-temperature shaker, where
continuous adsorption was conducted at 25 °C and 150 rpm for a duration of 24 h.
Following adsorption, the samples were filtered through a 0.22 pum membrane filter and

analyzed using ICP.
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2.43 Adsorption kinetic experiment

The procedure began with the dilution of a 1000 ppm cadmium solution to achieve a
concentration of 100 mg-L™!. Following this, 40 ml of the diluted solution was prepared,
and the pH levels were adjusted to 5.7 and 7.3 using 1 mol-L™! NaOH solution. Next, 20
mg of the adsorbent material was introduced into the system. The entire setup was placed
in a water bath constant-temperature shaker, maintaining a constant temperature of 25 °C
with a shaking rate of 150 rpm. The adsorption process was conducted for specific time
intervals (12, 48, 72, 120, 180, 240, 300, 1200, 1320 and 1440 min). At each
predetermined time point, samples were withdrawn from the system and subsequently
filtered through a 0.22 pm membrane filter. The filtered samples were then analyzed

using ICP.

2.44 Adsorption thermodynamics at different temperatures

The 1000 ppm original cadmium solutions were diluted to concentrations of 5, 50,
100, 300, and 500 mg-L™!, respectively. For each concentration, 25 ml of the diluted
solution was transferred into a plastic centrifuge tube with a volume of 50 ml.
Subsequently, the pH of each solution was adjusted to 5.7 and 7.3 using 1 mol-L™! of
NaOH solution to reach a final volume of 40 ml. Next, 20 mg of the adsorbent material
was added to each solution. The prepared samples were placed in a water bath constant-
temperature shaker, maintaining constant temperatures of 25 °C and 35 °C, respectively,
with a shaking rate of 150 rpm. The adsorption process was conducted continuously for
24 h. After the adsorption period, the samples were filtered through 0.22 um membrane
filters to remove any particulate matter. The filtrates were subsequently analyzed using

ICP to measure the desired parameters.

2.5 Vegetable Planting Experiment

2.51 Experimental design

A total of 800 g of wet soil was carefully weighed and transferred to a 1/10000a
neubauer pot. Subsequently, the DMAPAAA/DMAPAAQ hydrogels were added to the

38



soil at concentrations of 0%, 2%, and 4% (w/w). CdCl. solutions were added to the soil at
concentrations of 0, 5, 50 and 500 mg/kg. The mixture was thoroughly mixed to ensure
the uniform distribution of the cadmium and gel in the soil. The soil was then allowed to
attain a semi-moist state over a few days and subsequently divided into two equal
portions. Small holes were made in each of the four directions of the pot, and four seeds

of Swiss chard (Beta vulgaris L. var. cicla) were placed in each hole.

2.52 Dry weight of swiss chard

After two months of cultivation in the greenhouse, eight Swiss chard plants were
harvested by cutting the roots with scissors and washing the soil from the roots with

water. Harvested plants were placed in envelope bags and dried in a drying oven at 70°C

for several days until completely dried. The dry weights of Swiss chard were measured

using an electronic balance.

2.53 Plant digestion

Dried plants were crushed using a magnetic grinder (BMS-A20TP, Biomedical
Science Corp., Tokyo, Japan) for 15 minutes at 700 rpm/min, after which approximately
50 mg of each sample was weighed and recorded. Subsequently, 2 ml of nitric acid was
added to each of the centrifuge tubes, followed by 0.5 ml of hydrogen peroxide, and then
subjected to digestion using a heat block incubator (DTU-2BN, Taitec Corp., Saitama,

Japan). The digestion process began at 80°C for 30 min, followed by a further increase in
temperature to 120°C for 2 hours, and left overnight in a fume hood. After digestion, the

resulting solution was filtered through filter paper and made up to 25 ml in a volumetric
flask. Finally, the concentration of various elements in the vegetables was determined

using ICP.

2.54 Characterization

The concentration of the heavy metal cadmium in the solution was measured using

ICP (SPS-3500, Shimadzu Corp., Kyoto, Japan). The daily growth of the vegetable was
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monitored and recorded using a high-resolution camera (Xiaomil2 Technology Co., Ltd.
China). The elemental concentration of the vegetable was analyzed using ICP. The pH of
the soil was measured using a precise pH meter (Hanna Groline Soil PH Tester
HI981030). The soil properties were further characterized using EDX (EDX-7000,
Shimadzu Corp., Kyoto, Japan) analysis. The structure of the gels was analyzed using IR
(FTIR, IRTracer-100, Shimadzu Corp., Kyoto, Japan).

2.6 Result

2.61 Swelling degree of hydrogel

This study investigates the swelling behavior of hydrogels in both aqueous and soil
environments. The results indicate that the addition of hydrogels significantly enhances
the swelling capacity of both hydrogels and soil, whether placed in water or soil, as
shown in Figure 2.1b. In aqueous conditions, the swelling capacity of hydrogels
increased 18.6 times, while the incorporation of hydrogels into soil resulted in a 1.7 times
enhancement in the soil volumetric water content. This demonstrates the remarkable
water retention capabilities of hydrogels. The water-absorbing property of hydrogels is
primarily attributed to the three-dimensional network structure formed by their polymer
structure, which provides sufficient space for water molecules, leading to an expansion in
the volume of the hydrogel. As shown in Figure 2.1a, the elemental analysis of the soil
using EDX (EDX-7000 energy dispersive XRF spectrometers) revealed that the elements
present were Si, Fe, Ca, Al, K, S, Ti, P, Mn, Zn, Sr, Cu, Rb, and Zr, with respective
contents of 33.3%, 25.5%, 15.8%, 7.8%, 7.8%, 3.0%, 2.8%, 1.5%, 0.84%, 0.81%, 0.29%,
0.27%, 0.19.%, and 0.18%, some of which are beneficial for plant growth. Furthermore,
when hydrogels are added to the soil, soil particles adhere to the surface of the hydrogel.
The expansion of the hydrogel provides additional space for water in the soil, making it

easier for plants to absorb water and acquire these crucial elements.
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Figure 2.1 (a) Main elements contained in soil, (b) Swelling degree of hydrogel in

water and soil.

2.62 Effect of pH on gel adsorption

The aim of this study was to investigate the capture characteristics and effects of
DMAPAA/DMAPAAQ hydrogels on cadmium ions under different pH conditions, as
shown in Figure 2.2 The experimental results indicate that the capture capacity of the
hydrogel for cadmium ions increases with increasing pH at pH 7, that the hydrogel
exhibits the maximum capture capacity for cadmium, reaching 50 mg/g, while at pH 2,
and that the capture capacity is minimal, at only 5 mg/g. Under acidic conditions, the
high concentration of H" ions enhance the protonation degree of the hydrogel and
increases its surface positive charge, resulting in repulsion, with the positive charge
carried by cadmium ions. At this point, Cl" forms stable complexes with Cd**, which
exists in the solution as CdCI*, CdCI. When the pH is equal to 7, the tertiary amine in the
hydrogel undergoes a protonation reaction in the aqueous solution, generating OH- ions
that form cadmium hydroxide precipitates, which are encapsulated within the hydrogel.
This is the main mechanism by which the hydrogel effectively adsorbs the heavy metal

cadmium.
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Figure 2.2 Effect of hydrogel adsorption capacity on cadmium ions at different pH

values.

2.63 Isothermal adsorption

The experimental results in Figure 2.3 show that, as the concentration of cadmium in
the solution increases, the adsorption capture of the DMAPAA/DMAPAAQ hydrogels for
cadmium ions also increases. In the Langmuir model, when pH=7.3, the adsorption
capacity of the hydrogel is 121 mg/g, significantly higher than that at pH=5.7. This
indicates that under acidic conditions, the adsorption of cadmium ions is mainly achieved
through the Cl" and Cd*>" from a stable complex. However, the adsorption capacity is
limited. In neutral conditions, the amino groups on the hydrogel undergo protonation in

water, and OH- becomes the main adsorption group.
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Figure 2.3 Hydrogel isothermal adsorption curve for cadmium ions at pH=5.7, 7.3

(a) Langmuir simulation fitting curve (b) Freundlich simulation fitting curve.

In the Freundlich model, Table 2.2 shows that the value of parameter n is between 1
and 10, indicating a spontaneous adsorption process. However, the correlation coefficient
of the Langmuir model is higher than that of the Freundlich model at different pH values,
indicating that the Langmuir model is more suitable for describing the adsorption process

of the hydrogel on cadmium ions.

Table 2.2 Parameters of Langmuir and Freundlich isotherm model by

DMAPAA/DMAPAAQ gel at pH=5.7 and pH=7.3 cadmium adsorption capacity

Isotherm Initial pH
model Parameter 5.7 7.3
Qmax (Mg/g) 23.7 121
Langmuir K (L/mg) 0.0098 0.0027
R? 0.8537 0.9526
Kr (mg/g) 1.55 1.13
Freundlich n 2.397 1.492
R? 0.8164 0.9515

43



2.64 Adsorption kinetics

By calculating the thermodynamic parameters, including the adsorption enthalpy
(AH?), adsorption free energy (AG?), and adsorption entropy (AS?), the adsorption
mechanism on the hydrogel was studied. Thermodynamic analysis was conducted on the
adsorption experiments to elucidate the influence of different temperatures on the
adsorption behavior of cadmium ions, as shown in Figure 2.4 It was found that, when the
temperature increased from 298 to 318 K, AG? was consistently less than 0, indicating
that the adsorption of cadmium ions by DMAPAA DMAPAAQ hydrogels is spontaneous

and feasible.
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Figure 2.4 adsorption isotherm fit curves of hydrogel at different temperatures (a) Cd>*
Adsorption Langmuir model simulated fit curve, (b) Cd** adsorption Freundlich model

simulated fit curve.

For the adsorption process of cadmium, AH? is positive, and the adsorption capacity
of cadmium ions increases with temperature, indicating that the adsorption of cadmium
ions by the hydrogel is an endothermic reaction. At the same time, as shown in Table 2.3,
AS? is also positive, indicating an increase in disorder between the surface of the
hydrogel and the interface with cadmium ions during the adsorption process.
Thermodynamic studies help to understand whether the adsorption behavior of adsorbent
materials is an exothermic or endothermic process, thereby expanding the practical

applications of adsorbents.
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Table 2.3 DMAPAA/DMAPAAQ hydrogel adsorption thermodynamic parameters for

Cadmium
T/K AGY /(kJ-mol™) AH? /(kJ-mol™) AS® /(J-mol K™
298.15 -3.082 4.677 26.025
308.15 -3.342 4.677 26.025

2.65 Adsorption kinetics

The experimental results in Figure 2.5a show that the entire adsorption process can
be divided into two stages. In the initial stage, the adsorption rate is fast. After 200
minutes of adsorption, the DMAPAA/DMAPAAQ hydrogels’ capacity for absorbing
cadmium has reached 90% of the equilibrium adsorption capacity. As time increases, the
cadmium ion adsorption rate gradually decreases and basically reaches an equilibrium
state after 24 hours. This is because, in the initial stage, the amine groups on the hydrogel
are protonated in water to form many OH- ions, which combine with cadmium ions to
form cadmium hydroxide precipitation. Under the condition of pH=5.7,7.3, the
coefficients of the pseudo-first-order kinetic model for cadmium ion adsorption are
higher than those of the second-order kinetic model. This shows that the hydrogel
adsorption process is related to its concentration, and that the adsorption sites mainly
come from the amine groups on the hydrogel. The pseudo-first-order kinetic model is
more suitable for the process of absorbing cadmium ions via hydrogels. Figure 2.5b
shows the adsorption process of the ion internal diffusion model. The first stage is surface
adsorption. At this stage, there are many active sites on the hydrogel. Under acidic
conditions, adsorption mainly occurs through the chelation of chloride ions and cadmium
ions on the hydrogel. Under neutral conditions, it is mainly the OH- ions formed by the
protonation of the amine group on the hydrogel that adsorb cadmium. The second stage is
the internal diffusion adsorption stage of the hydrogel, which mainly occurs in the gaps
of the hydrogel material. The adsorption rate at this stage decreases, and finally the

adsorption equilibrium is reached.
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Figure 2.5 Pseudo-first-order and pseudo-second-order dynamic model diagrams of

cadmium adsorption by hydrogel; (b) Hydrogel adsorption and diffusion model

Table 2.4 Fit results of Cd** adsorption kinetics by DMAPAA/DMAPAAQ hydrogel.

Isotherm Initial pH
Parameter
model 5.7 7.3
ki (min™") 0.007 0.007
Pseudo-first order qe (mg/g) 22.52 32.87
R? 0.967 0.979
K> (g/mg/min) 3.818 2.539
Pseudo-second
qe (mg/g) 24.76 36.37
order
R? 0.951 0.939

2.66 Characterization of hydrogel structure

In this study, the structural changes in the DMAPAA/DMAPAAQ hydrogels after
adsorption were thoroughly analyzed using infrared spectroscopy. Figure 2.6 reveals
distinct absorption peaks in the adsorbed hydrogels: 1726 cm™ corresponding to the
stretching vibration peak of the amide C=0, 1514 cm™ corresponding to the stretching
vibration peak of C-N, 1311 cm™ corresponding to the characteristic absorption peak of

tertiary amine groups, and 3711 cm™ corresponding to the characteristic peak of O-H. It
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is worth noting that the tertiary amines on the hydrogel undergo protonation in aqueous
solution, forming hydroxyl groups that bind with cadmium ions to form cadmium
hydroxide precipitates, thereby enabling the hydrogel to encapsulate the cadmium. The
hydrogel can be potentially applied in the form of tea bags for the removal of cadmium

from soil through adsorption and precipitation, without altering the soil's acidity and

alkalinity characteristics.
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Figure 2.6 FTIR spectrum of hydrogel after adsorption at 600-4500

2.67 Physical picture of vegetable growth

This study recorded the growth status of plants using cameras, as shown in Figure
2.7. The results indicate that the addition of the hydrogel significantly improves the
growth conditions of Swiss chard, presenting a larger growth status. This suggests that
the application of the hydrogel has a positive promoting effect on plant growth under
normal conditions and cadmium stress. This promoting effect has two main aspects:
firstly, the hydrogel possesses a three-dimensional network structure. When added to the
soil, it can absorb a large amount of water, keeping the soil moist, which is conducive to
the reproduction of microorganisms and provides a more favorable growth environment.
At the same time, the expansion of the hydrogel in the soil increases the gaps between

soil particles, facilitating the respiration of roots, thus enhancing the growth rate of Swiss
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chard. Secondly, the DMAPAA/DMAPAAQ composite hydrogels could adsorb cadmium,
reducing the biotoxicity of cadmium to vegetables and significantly improving the

growth condition of vegetables.

Figure 2.7 Physical image of vegetable growth, (a), (b), and (c); the addition of hydrogel
is 0%, 2%, 4%. From left to right, the amount of cadmium added is 500, 50, 5 mg/kg, 0
mg/kg.

2.68 Shoot dry Weight.

The dry weight of Swiss chard shoots was measured using an electronic balance, as
shown in Figure 2.8. The results revealed that, with an increase in the amount of hydrogel
added, the dry weight of Swiss chard shoots also exhibited an increasing trend. Under
low cadmium concentration conditions (less than 50mg/kg), when the hydrogel addition
was 4%, the maximum dry weight reached 0.765g, which was 2.5 times higher compared
to the situation without hydrogel addition. However, at a cadmium concentration of
500mg/kg, with 4% hydrogel addition, the dry weight increased with the amount of
hydrogel used, reaching a maximum value of approximately 0.503g and a minimum
value of 0.145g. This indicates that the hydrogel not only possesses a capacity for
cadmium adsorption, but also enhances the moisture retention ability of soil, thereby
increasing the vegetable’s yield. The dry weight of plants mainly comprises organic
matter and trace elements. By assessing the dry weight of plants, we can accurately
determine the content of elements such as carbon, hydrogen, and oxygen. This further

contributes to a comprehensive evaluation of plant growth conditions and soil fertility.
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2.69 Cadmium uptake in swiss chard

The cadmium content in Swiss chard was measured using ICP, as shown in Figure
2.9. As the amount of hydrogel added increased, the absorption of cadmium in Swiss
chard gradually decreased. Under low cadmium concentration conditions (less than
50mg/kg), the absorption of cadmium by Swiss chard was undetectable when no
hydrogel was added, indicating that the soil had a certain fixation effect on cadmium.
When the cadmium concentration increased to 500mg/kg, the absorption of cadmium by
Swiss chard increased significantly, but as the amount of hydrogel added increased, the
absorption of cadmium by Swiss chard gradually decreased. Specifically, without the
addition of the hydrogel, the absorption of cadmium by Swiss chard was 0.075mg/g,
while when the hydrogel addition was 4%, the absorption of cadmium by Swiss chard
decreased to 0. This indicates that the addition of a hydrogel can effectively inhibit the
absorption of heavy metal cadmium by Swiss chard. These results demonstrate that the
application of hydrogels has a significant effect on reducing the absorption of cadmium in
soil by vegetables and plays a positive role in reducing the phytotoxicity of heavy metal

cadmium to plants.
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Figure 2.9 Cadmium absorption by Swiss chard shoots.

2.7 Other Elements

In this study, the content of elements in Swiss chard was analyzed utilizing
Inductively Coupled Plasma (ICP) measurement techniques. Among them, potassium (K),
phosphorus (P), and magnesium (Mg) emerged as pivotal elements in the photosynthetic
process, and it is possible that the chemical reactions involved in these elements

increased the sugar content in the plant. The main elements in sugar are C, H and O.

Plants convert light energy into organic matter and store it in their bodies through
photosynthesis. The introduction of hydrogels in the study holds significance regarding
the exploration of their impact on plant photosynthesis. The application of hydrogels may
enhance the efficiency of plant photosynthesis. This revelation holds substantial
implications for future studies relating to the accumulation of organic compounds within
plant organisms. In particular, there is broad applicative potential for using hydrogels in
the cultivation of plants such as corn near mining areas. Furthermore, the study found that,
in soil with a raised iron content, plants exhibited a notable deficiency in iron absorption
when the hydrogel was not incorporated, resulting in leaf chlorosis. Contrastingly, with
the introduction of the hydrogel, there was a significant increase in the iron content
within plant tissues (Figure2.10). This indicates that the addition of hydrogels induces a

shift in the utilization pattern of soil-bound iron, potentially by facilitating the adhesion
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2.8 Discussion

The use of hydrogels for the adsorption of heavy metals in water primarily relies on
the functional groups on the surface of the hydrogel. Cadmium is a harmful heavy metal
substance. Cadmium salts undergo hydrolysis in water, typically resulting in an acidic
solution. In acidic solutions, the amine groups on the surface of the hydrogel sequester
protons from the solution, increasing the positive charge on the hydrogel surface. Due to
the same charges, this leads to hydrogel expansion [29-31]. At this point, the hydrogel
primarily complexes and adsorbs cadmium with chloride ions. Under alkaline conditions,
the hydrogel volume contracts, exhibiting pH responsiveness. This property finds
widespread application in areas such as drug antimicrobial compounds and fertilizer
release [32-36]. In neutral solutions, the tertiary amine group of DMAPAA is protonated
in water to form OH- ions. DMAPAAQ will exchange cadmium-containing anion
compounds through ion exchange, such as nitrate ions and phosphate ions. These ions are
useful nutrients for plants in the soil. Chloride ions are also released. Then chloride ions
and OH- through the ion exchange method let OH- ions combines with the protonated
tertiary amine group of DMAPAA. Finally, OH- ions adsorb Cd ions to form cadmium
hydroxide precipitate, which is wrapped by hydrogel. The adsorption mechanism is
shown in Figure 2.11. This method exhibits good responsiveness to different pH
conditions in the process of remediating the heavy metal cadmium. Additionally, this
strategy holds broad applicative potential in areas such as drug antimicrobial compounds
and fertilizer release. Introducing the hydrogel into soil, which is rich in elements like
iron and manganese, leads to its expansion due to its water-absorbing properties. This, in
turn, enlarges the gaps between soil particles, promoting oxidation reactions. During the
oxidation process, the manganese and iron in the soil undergo oxidation reactions,
forming manganese oxide (MnO2/Mn>03) and iron oxide (Fe (OH)3/FeOOH) [37]. In this
process, some heavy metal ions, such as cadmium, precipitate together with the oxides.
Furthermore, the silicon and cadmium in the soil also undergo chelation, forming a Si—Cd
structure to stabilize the cadmium ions [38]. The application of a hydrogel to the soil
mainly enhances the plant yield via two processes: Firstly, plant growth relies on the
process of photosynthesis, where chlorophyll absorbs sunlight and converts it into

chemical energy through a series of chemical reactions, storing it in the form of biomass.
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Introducing a hydrogel into the soil forms a colloidal structure, widening the gaps
between soil particles and enhancing the plant's ability to absorb water. Additionally,
hydrogels possess certain water-retaining properties, gradually releasing water to pro-
vide plants with more moisture and nutrients. Secondly, under neutral conditions,
hydrogels exhibit a certain capacity for adsorbing heavy metals. Furthermore, they do not
alter the pH value of the soil, effectively preventing soil acidification. Moreover,
considering that soil is a highly complex environment with a diverse range of microbial
species, the water-retaining property of hydrogels provides favorable conditions for
microbial activity. For instance, microorganisms like Rhizobium pusense and Bacillus
spp. can not only dissolve metals but can also participate in the oxidation and reduction
processes of metals [39]. In summary, the application of hydrogels to soil plays a crucial
role in promoting plant growth and increasing yield. Additionally, it provides favorable

conditions for the environmental protection and microbial activity of soil [40].
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Figure 2.11 Mechanism diagram of hydrogel adsorption of heavy metals.

2.9 Conclusion

In this study, DMAPAA/DMAPAAQ hydrogels were successfully synthesized using
the free radical polymerization method, and their adsorption performance was
comprehensively evaluated under different pH values and cadmium concentrations. The
results show that the hydrogels exhibited an excellent cadmium capture performance

under neutral conditions. we used the Langmuir model to fit the data and obtained a
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correlation coefficient as high as 0.97, indicating that the Langmuir model is more
suitable for describing the process of capture cadmium in hydrogels. Under neutral
conditions, cadmium is wrapped to the hydrogel mainly through the precipitation of
cadmium hydroxide formed by OH-, which is generated via the protonation of the tertiary
amine on the hydrogel structure in water. We added the hydrogel to soil and observed the
growth of Swiss chard under cadmium stress. Under low-concentration cadmium
conditions (less than 50 mg/kg), when the added amount of hydrogel was 4%, the dry
weight of Swiss chard reached up to 0.765 g, which is 2.5 times higher than when no
hydrogel was added. When the cadmium concentration reached 500 mg/kg and the
hydrogel addition amount was 4%, the dry weight of Swiss chard increased with the
increase in the amount of hydrogel, reaching a maximum of 0.503g and a minimum of
0.145g. Under high-cadmium concentration conditions (500 mg/kg), when no hydrogel
was added, the cadmium absorbed by Swiss chard was 0.075 mg/g. After adding 4%
hydrogel, the absorption of cadmium by Swiss chard dropped to an undetectable level. In
summary, the results of this study show that in a cadmium-polluted environment, the use
of DMAPAA/DMAPAAQ hydrogels can effectively promote the growth of vegetables
and enhance the cadmium immobilize capacity of hydrogel in soil. To further enhance the
soil adsorption capacity of cadmium, future research could consider the combined
application of hydrogels with microorganisms or various wastes, such as steel slag,

seaweed, animal manure, and plant ash.
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Chapter 3 Functional hydrogel promotes vegetable growth

1n cadmium-contaminated soil.

3.1 Introduction

The escalating process of global industrialization has given rise to a concerning
surge in the presence of heavy metals in soil [1, 2]. Among these metals, cadmium, a
member of the second group of the periodic table, stands out for its pronounced toxicity
and classification as one of the most hazardous elements. While the concentration of
cadmium in natural soil has a limited impact on human health, anthropogenic activities
such as atmospheric pollution, sewage irrigation, and excessive use of chemical fertilizers
have led to the accumulation of cadmium in soil, heightening the risk it poses to human
health [3, 4]. Recent scientific reports reveal that heavy metal pollution has affected
approximately 500,000 sites in Europe and over 60,000 hectares of land in the United
States [5-7]. Given that heavy metals enter the food chain through soil and plant uptake,
they present a severe threat to human health. Consequently, maintaining unpolluted soil is
paramount for safeguarding the overall ecological environment and ensuring human well-
being [8].

Addressing cadmium contamination in soil has underscored the growing importance
of soil remediation techniques. Various methods, including physical, chemical, and
biological approaches, have been employed, utilizing a diverse range of materials such as
household discards, nanomaterials, and biomass materials. Among these, living discards
like eggshells, shells, oysters, and oyster shells have garnered attention for their calcium
content, offering a potential substitute for cadmium in plants [9-11]. Research has
demonstrated that the addition of shell powder to cadmium-contaminated soil can elevate
soil pH and diminish cadmium accumulation in crops, as exemplified by the synergistic
application of biochar and oyster shell [12, 13]. For instance, introducing coconut shell
biochar into soil alongside earthworms resulted in the removal of 94.38% of total
cadmium from soil samples [14]. These findings highlight the promise of these materials

as effective tools for remediating cadmium-contaminated soil.
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The detrimental impact of cadmium contamination in soil has spurred the
exploration of novel materials for its remediation, with nanoparticles gaining significant
attention due to their substantial specific surface area and numerous surface-active sites
[15, 16]. For example, Watanabe et al. applied zero-valent iron to Cd-contaminated rice
fields, observing a 10-20% decrease in Cd concentrations in seeds and leaves [17].
Similarly, Natasha Manzoor et al. utilized FeO nanoparticles to treat Cd-contaminated
soil, resulting in a notable 72.5% reduction in Cd uptake by wheat plants [18]. CuO
nanoparticles have also exhibited potential in mitigating Cd toxicity, with low
concentrations (5 mg/L) leading to reduced Cd uptake in rice and barley plants [19].
Additionally, the use of zinc sulfate has demonstrated a 19-28% reduction in Cd
concentrations in spinach leaves and a substantial 42% reduction in roots [20]. These
findings underscore the efficacy of nanoparticles and other materials in remediating Cd-
contaminated soil.

Biomass, derived from organic matter through photosynthesis, encompasses a
diverse array of materials, including plants, animals, their excreta, garbage, and organic
wastewater. The presence of hydroxyl and carboxyl groups in biomass materials renders
them excellent adsorbents for heavy metals. For example, sludge, rich in organic
materials and soluble ions, can effectively enhance soil pH. Bovine manure biochar,
characterized by its porous structure and negatively charged surface, has demonstrated
efficacy in removing heavy metals from soil through electrostatic adsorption [21, 22].
Field experiments conducted by Atsushi Sato et al. showed that the addition of animal
manure resulted in a 34-38% reduction in cadmium concentration in spinach compared to
the use of chemical fertilizers [21]. Furthermore, the addition of humic acid and stainless-
steel slag to soil led to a 16.30% reduction in total cadmium concentrations and a 58.04%
reduction in available cadmium concentrations, as reported by Lin et al. [23]. Research
by Evanise Silva Penido et al. revealed that the addition of wood biochar and biochar
derived from sewage sludge to soil increased soil pH, effectively mitigating the impact of
cadmium contamination [24]. These studies underscore the potential of various biomass
materials in the remediation of cadmium-contaminated soil.

While various materials show promise in mitigating cadmium contamination in soil,

certain limitations hinder their widespread application. Some materials are not produced
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on a large scale, and their adsorption of cadmium may alter its form in the soil without
complete removal. Moreover, these materials often serve a singular function, primarily
fixing cadmium without actively promoting plant growth. Additionally, under conditions
such as acid rain or elevated carbon dioxide concentrations, the form of cadmium may
change, potentially leading to its release into the environment. The emergence of
superabsorbent gel as a novel polymer material for soil remediation presents a promising
solution. Its hydrophilic three-dimensional mesh structure enables it to absorb and retain
water solutions up to hundreds of times its weight. Beyond its capacity to adsorb heavy
metals in the soil, this gel improves soil moisture, providing plants with ample water to
expedite their growth cycles [25, 26]. Studies have highlighted the potential effectiveness
of this material in mitigating cadmium contamination in soil. For instance, Liu et al.
developed a ferrous sulfide (FeS) nanoparticle lignin hydrogel composite with a Cd
adsorption capacity of 833.3 g/kg. Wei et al. applied FeS@LH to Cd-contaminated rice
fields, resulting in the removal of 36.6% of Cd in soil and 34.5% of cadmium in water
spinach after 30 days of treatment [27, 28]. Zhou et al. also introduced a novel soil
remediation agent, a composite hydrogel (LR-g-PAA/MMT/urea), demonstrating
significant reduction rates of Cu, Pb, and Zn in the residual state [29].

In this study, we successfully synthesized two types of hydrogels, namely
DMAPAA/DMAPAAQ and DMAA, using a free radical polymerization method. The
main objective of this research was to explore the effects of incorporating these hydrogels
into soil and comprehensively evaluate the growth of vegetables under cadmium stress or
without cadmium. Specifically, we focused on investigating the impact of adding
DMAPAA/DMAPAAQ ionic hydrogel on vegetable growth under cadmium stress, as
well as the effects of DMAA non-ionic hydrogel and DMAPAA/DMAPAAQ ionic
hydrogel on vegetable growth without cadmium. We conducted a comprehensive
assessment of the influence of these two hydrogels on plant growth by measuring the dry
weight of the vegetables. Additionally, we evaluated the amount of cadmium absorbed by
the vegetables when DMAPAA/DMAPAAQ was added to the soil under cadmium stress.
Finally, we conducted an in-depth study on the content of elements in plants under the
combined influence of hydrogels and cadmium. This comprehensive research aims to

provide a deeper understanding of the application of hydrogels in vegetable cultivation
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and to provide scientific evidence for regulating plant growth under cadmium stress in

soil.

3.2 Materials and Methods

3.21 materials

The monomer DMAPAA/DMAPAAQ was obtained from KJ Chemicals Corporation
(Tokyo, Japan), while N, N-dimethyl ethylenediamine (TEMED), HNO3, and H,O> were
procured from Nacalai Tesque Co., Ltd. (Kyoto, Japan). DMAA is purchased at Tokyo
chemical industry Co., LTD. (Tokyo, Japan), N, N'-methylenebisacrylamide (MBAA),

ammonium persulfate (APS), and CdN,Os4-H,O, CdCl»2.5-H>O were obtained from
Sigma-Aldrich, Inc. (St. Louis, MO, USA). Additionally, 1 mol/L HCI solutions were
purchased from Sigma-Aldrich Japan (Tokyo, Japan). The soil used in the study was
acquired from NAFCO (Fukuoka, Japan). All reagents utilized were of analytical grade

and used as received. Distilled water for the experiments was produced in the laboratory.

3.22 Synthesis of DMAPAA/DMAPAAQ hydrogel

To synthesize the hydrogel, 1.953 g of DMAPAA and 2.584 g of DMAPAAQ
monomers were accurately weighed, along with 0.193 g of MBAA crosslinker and 0.058
g of TEMED accelerator. These components were combined in a 20 mL volumetric flask
(refer to Table 3.1). Distilled water was then added to the flask, and the resulting mixture
was stirred using a magnetic stirrer. In a separate 5 mL volumetric flask, a solution
containing 0.114 g of APS initiator was prepared using distilled water. Both the monomer
solution and the initiator solution underwent a 45-minute purge with nitrogen to eliminate
any oxygen and prevent the inhibition of free radicals. Subsequently, the initiator solution
was added to the monomer solution and stirred for 20 seconds. The resulting mixture was
transferred to three plastic tubes using a pipette and immersed in an aqueous solution at
25°C for 24 hours. Afterward, the formed gels were removed from the tubes, cut into
uniform cylindrical shapes, and washed with methanol for 24 hours using a Soxhlet

extractor (Asahi Glass plant Inc., Arao City, Japan) to eliminate any unreacted
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components. The gels were then air-dried at room temperature and further dried in a 50°C

oven for 24 hours. Finally, the dried gels were ground into a powder using a grinder.

3.23 Synthesis of DMAA hydrogel

In the hydrogel synthesis process, 2.478 g of DMAA monomers were precisely
measured and combined with 0.193 g of MBAA crosslinker and 0.058 g of TEMED
accelerator in a 20 mL volumetric flask (refer to Table 3.2). Distilled water was added to
the flask, and the resulting mixture was stirred using a magnetic stirrer. Concurrently, a
solution containing 0.057 g of APS initiator was prepared in a separate 5 mL volumetric
flask using distilled water. To eliminate any oxygen and prevent the inhibition of free
radicals, both the monomer solution and initiator solution underwent a 45-minute
nitrogen purge. Subsequently, the initiator solution was added to the monomer solution
and stirred for 20 seconds. The resulting mixture was transferred to three plastic tubes
using a pipette and immersed in an aqueous solution at 25°C for 24 hours. After the
immersion period, the formed gels were extracted from the tubes, shaped into uniform
cylindrical forms, and subjected to a 24-hour methanol wash using a Soxhlet extractor
(Asahi Glass plant Inc., Arao City, Japan) to remove any unreacted components.
Following this, the gels were air-dried at room temperature and further dried in a 50°C

oven for 24 hours. Finally, the dried gels were finely ground into a powder using a

grinder.
Table 3.1 Synthesis condition of the DMAPAA/DMAPAAQ hydrogel.
Materials Component Molar weight concentration mass(g)
Type (g/mol) (mol/m?)

DMAPAA monomer 156.22 500 1.953

DMAPAA-Q  monomer 206.71 500 2.584

MBAA linker 154.17 50 0.193

TEMED accelerator 116.21 20 0.058

APS Initiator 228.19 20 0.114
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Table 3.2 Synthesis condition of the DMAA hydrogel.

Materials Component  Molar weight concentration mass(g)
Type (g/mol) (mol/m?)
DMAA monomer 99.13 1000 2.478
MBAA linker 154.17 50 0.193
TEMED accelerator 116.21 20 0.058
APS Initiator 228.19 20 0.114

3.24. Experimental design

A total of 800 g of moist soil was accurately measured and transferred to a Neubauer
pot with a precision of 1/10000a. Subsequently, varying concentrations (0%, 2%, and 4%
w/w) of DMAPAA/DMAPAAQ and DMAA hydrogels were introduced into the soil.
Additionally, CdCI2 solutions at concentrations of 0, 2, and 500 mg/kg were incorporated
into the soil which only containing DMAPAA/DMAPAAQ hydrogel. Another
experimental group, the DMAPAA/DMAPAAQ and DMAA group, did not include
cadmium. Thorough mixing was conducted to ensure the even distribution of cadmium
and the hydrogel within the soil matrix. The soil was then allowed to reach a semi-moist
state over a span of several days, following which it was divided into two equal portions.
To facilitate plant growth, small holes were made in each of the four directions of the pot.
Subsequently, four seeds of Swiss chard (Beta vulgaris L. var. cicla) were carefully

placed in each hole.

3.25 Dry weight of vegetables

Following a two-month cultivation period in the greenhouse, the roots of eight Swiss
chard plants were harvested by cutting them with scissors. The soil adhering to the roots
was washed away with water. Subsequently, the harvested plants were carefully arranged
in envelope bags and subjected to drying in an oven set at 70°C for several days until
complete dryness was achieved. The electronic balance was then employed to measure

the dry weights of the Swiss chard.
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3.26 Plant digestion

The dried plant samples underwent crushing for 15 minutes at 700 rpm/min using a
magnetic grinder (BMS-A20TP, Biomedical Science Corp., Tokyo, Japan). Subsequently,
approximately 50 mg of each crushed sample was carefully weighed and recorded.
Following this, 2 ml of nitric acid and 0.5 ml of hydrogen peroxide were added to each
centrifuge tube, and the mixture underwent digestion using a heat block incubator (DTU-

2BN, Taitec Corp., Saitama, Japan). The digestion process initiated at 80°C for 30
minutes, followed by a gradual increase in temperature to 120°C for 2 hours, and was left

overnight in a fume hood. After digestion, the resulting solution was filtered through
filter paper and adjusted to a volume of 25 ml in a volumetric flask. Finally, the

concentration of various elements in the vegetables was determined using ICP.

3.27 Experiment on cadmium precipitation from soil

First , by preparing two separate 40-milliliter solutions utilizing 1 mol/L

hydrochloric acid (HCl) and adjust their pH values to 2 and 7, respectively. Then,
incorporate 4 grams of soil into each solution, achieving a solid-to-liquid ratio of 1:10.
Stir the mixture on a shaker at 25°C for 18 hours to ensure comprehensive and uniform
mixing. Following this, filter the mixture through a 0.22-micrometer syringe filter to
obtain a clear solution. Lastly, utilize inductively coupled plasma (ICP) mass

spectrometry to measure the concentration of cadmium in the solution.

3.28 Characterization

The concentration of the heavy metal cadmium in the solution was determined
through ICP (SPS-3500, Shimadzu Corp., Kyoto, Japan). The daily growth of the
vegetables was monitored and recorded using a high-resolution camera (Xiaomil2
Technology Co., Ltd., China). Additionally, the elemental concentration of the vegetables
was analyzed using ICP. The pH of the soil was measured with precision using a pH

meter (Hanna Groline Soil pH Tester HI981030). Further characterization of the soil
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properties was conducted through EDX analysis (EDX-7000, Shimadzu Corp., Kyoto,
Japan).

3.3 Result and Discussion
3.31 Detection of elements in soils

For elemental composition analysis of the soil, we employed EDX (EDX-7000
energy dispersive XRF spectrometers) detection method, and the detection results are
illustrated in Figure 3.1. Silicon and iron emerged as the predominant elements in the soil
samples, collectively constituting over 50% of the total composition. It is noteworthy that
the presence of manganese and iron can exert an influence on the availability of cadmium
in the soil. This influence is facilitated through the oxidation process of these elements,
resulting in the formation of manganese oxide (MnO2/Mn>0O3) and iron oxide (Fe
(OH)3/FeOOH). In this process, heavy metal ions of cadmium coprecipitate with
manganese oxide and iron oxide, impeding their release from the soil and consequently
diminishing the toxicity of cadmium to plants. Moreover, silicon reacts with cadmium,
leading to the formation of cadmium silicate precipitates. This reaction effectively
diminishes the content of highly active exchangeable cadmium in the soil, thereby
mitigating its biological toxicity. This series of processes contributes to the optimization

of the soil environment, ultimately enhancing the health of the plant growth environment.
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3.32 Soil pH

The pH value of the soil, depicted in Figure 3.2 and measured using a pH meter,
exhibited a slight increase with the addition of hydrogel, indicating that the introduction
of the polymer contributes to an improvement in soil pH. The hydrogel, being a three-
dimensional network polymer, possesses the capability to absorb water exceeding its own
weight, thereby aiding in the maintenance of soil moisture. As the cadmium concentration
in the soil increased, a slight decrease in pH was observed, signifying that cadmium
induced hydrogen ion exchange within the soil. This exchange led to the release of
hydrogen ions, resulting in a subtle decrease in soil pH. However, overall, the variation in

soil pH remained minimal, consistently maintaining a balanced state at pH 7.
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Figure 3.2 pH value of soil.

3.33 Cadmium precipitation experiments in soils.

In an experiment examining cadmium desorption in soils with varying cadmium
concentrations, the pH of the solution was adjusted across different conditions, as
illustrated in Figure 3.3. In a solution with a pH of 2 and cadmium concentrations in the
soil at 0 or 2 mg/kg, the cadmium concentration in the filtrate remained at 0 mg/L.
However, when the cadmium concentration in the soil was elevated to 500 mg/kg, the

cadmium concentration in the filtrate gradually decreased with an increase in the amount
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of gel added. In the control group without gel addition, the Cd concentration in the
solution was 0.015 mg/L, whereas after adding 4% gel, the Cd concentration in the
filtrate reached 0 mg/L. In a solution with a pH of 7, the desorption values of Cd in the
soil were consistently 0. This suggests that at low cadmium concentrations, Si, Fe, and
Mn in the soil can form insoluble compounds with cadmium. However, at high cadmium
concentrations, the negative charge on the soil surface and certain metal colloids cannot
absorb sufficient cadmium. The addition of gel proves effective in absorbing excess
cadmium. DMAPAA water gel protonates its surface in water, generating hydroxyl
groups that react with cadmium to form insoluble cadmium hydroxide precipitates,

ultimately encapsulated by the gel.
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Figure 3.3 Cadmium precipitation values of soil in different pH solutions.

3.34 Growth state of vegetable under cadmium stress

The growth status of vegetables under cadmium stress was recorded using a camera
after the addition of DMAPAA/DMAPAAQ hydrogel to the soil (Figure 3.4). The results
revealed a positive correlation between the growth condition of vegetables and the
quantity of hydrogel added, suggesting a beneficial impact on vegetable growth under
cadmium stress. The hydrogel serves two pivotal roles: firstly, its three-dimensional

network structure absorbs a substantial amount of water, enhancing root respiration and

70



promoting photosynthesis, thereby accelerating vegetable growth. Secondly, the
DMAPAA/DMAPAAQ composite hydrogel can adsorb cadmium, stabilizing more
cadmium in the soil and significantly reducing the biotoxicity of cadmium to vegetables,

ultimately improving their growth condition.

Figure 3.4 Physical image of vegetable growth, (a), (b), and (c) the addition of hydrogel
is 0%. 2%. 4%. From left to right, the amount of cadmium added is 0,2mg/kg,500mg/kg.

3.35 vegetables growth status under two types of hydrogels

We conducted experiments with two distinct control groups utilizing different types
of hydrogels, namely DMAA and DMAPAA/DMAPAAQ hydrogels, with a focus on
understanding their impact on plant growth under cadmium-free conditions (Figure 3.5).
DMAA represents a non-ionic polymer, while DMAPAA/DMAPAAQ falls into the
category of ionic polymers. Despite some structural similarities, both containing amide
groups and exhibiting the ability to absorb a substantial amount of water for soil moisture
retention, these hydrogels differ in their functionalities. The experimental results clearly
demonstrate that an increasing amount of DMAPAA/DMAPAAQ hydrogel leads to more
vigorous vegetable growth, indicating a positive impact on plant development.
Specifically, DMAPAA undergoes protonation in water, resulting in a positively charged
surface capable of electrostatically adsorbing certain cations in the soil, such as K and
Ca—soluble ions known to promote plant growth. Conversely, DMAPAAQ hydrogel
engages in the exchange of NO3- and PO43- ions in the soil through ion exchange,
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subsequently releasing them gradually for plant absorption, further promoting plant
growth. In contrast, the DMAA hydrogel, utilized as the control group, despite its water
absorption properties, did not exhibit any notable promotion of plant growth based on the
experimental results. These findings offer valuable insights for selecting suitable

hydrogels to enhance plant growth under cadmium-free conditions.

Figure 3.5 Physical image of vegetable growth, (a) from left to right the
DMAPAA/DMAPAAQ hydrogel addition amount is 4%,2%,0%. (b) from left to right the
DMAA hydrogel addition amount is 4%,2%,0%.

3.36 Cadmium element in vegetable

Based on the ICP determination results depicted in Figure 3.6, we conducted a
meticulous examination of the cadmium content in vegetables. Notably, with an
increasing amount of gel added, there is a gradual decrease in the absorption of cadmium
by vegetables. In the absence of gel addition, the cadmium absorption by vegetables is
measured at 0.07 mg/g, which is three times higher than the amount absorbed when 4%
gel is added. However, with the addition of 4% gel, the accumulation of cadmium in
vegetables diminishes to only 0.03 mg/g. This observation underscores that the
incorporation of DMAPAA/DMAPAAQ hydrogel effectively reduces the absorption of
cadmium by vegetables. Hence, the DMAPAA/DMAPAAQ hydrogel not only
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demonstrates efficacy in promoting plant growth but also exhibits significant potential in
mitigating the absorption of harmful metal elements in soil. These findings provide
valuable empirical support for the utilization of hydrogels in agricultural production,

contributing to the enhancement of soil environmental quality.
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Figure 3.6 The amount of Cd absorbed by vegetables.

3.37 vegetable uptake of elements

We employed ICP analysis to assess the concentrations of essential elements,
including Na, Mg, K, Ca, P, Fe, Mn, Cu, and Zn, in vegetables (Figure 3.7). These
elements are pivotal for the normal growth and development of vegetables, serving as
integral components of enzymes, vitamins, and hormones. Notably, iron contributes
directly to chlorophyll synthesis, and manganese plays a crucial role in protein and
organic acid metabolism. Additionally, these elements serve as critical parameters for
evaluating soil fertility. A substantial portion of the nutrient elements in plants originates
from the soil, with soil organic matter primarily deriving from deceased organic materials
of animals and plants. Over time, microorganisms break down these large organic
molecules into smaller molecules or even inorganic substances, which are subsequently
absorbed by plants. Consequently, the measurement of essential element concentrations
in vegetables allows us to assess not only whether hydrogels facilitate nutrient transport

to promote plant growth but also indirectly evaluate soil fertility. Observations from the
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Figure7 indicate relatively high concentrations of K, P, Mg, and Na in vegetables,
suggesting corresponding elevated levels in the soil. Additionally, the addition of
hydrogels aids in the absorption of these elements by plants, particularly benefiting the
normal growth of plants, as elements like K, P, and Mg are essential for most plant
species. However, sodium, while harmful to most plants, exhibits a promoting effect on
some C4 plants at low concentrations. Interestingly, despite the soil contain high iron
content, the iron concentration in plants is not significant. This observation suggests that

iron primarily exists in the soil in a non-ionic form rather than an ionic form. Notably, the

addition of hydrogels does not enhance the absorption of iron from the soil by plants,
indicating that hydrogels may exert selective effects on the absorption of different forms
of elements in the soil. These detailed observations provide valuable insights for a deeper

understanding of the mechanisms through which hydrogels influence nutrient absorption
in the soil and plant growth.
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Figure 3.7 Contents of various trace elements in vegetable leaves: (a) Potassium; (b)
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3.38. Dry weight of vegetable

Utilizing an electronic balance to measure the dry weight of the aboveground parts
of vegetables (Figure 3.8), we observed a progressive increase in dry weight
corresponding to the escalating content of DMAPAA/DMAPAAQ gel. Specifically, with
the addition of water gel at a concentration of 4%, the maximum dry weight of the
vegetables reached 1.46g, surpassing the value observed in the absence of gel. This
unequivocally demonstrates that the incorporation of gel significantly enhances vegetable
yield, creating favorable conditions for plant growth and development. In stark contrast,
the addition of DMAA gel revealed a distinct decreasing trend in vegetable dry weight as
the gel content increased. This trend suggests that DMAA, functioning as a non-ionic gel,
does not promote plant growth and appears to exert a negative impact on vegetable dry
weight. This sharp disparity underscores the superior efficacy of DMAPAA/DMAPAAQ
gel in promoting plant growth and increasing yield. These observational results provide
crucial experimental support for a more comprehensive understanding of the diverse

effects of different types of gel on plant growth.
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Figure 3.8 Dry weight of Swiss chard shoots.

3.39. Hydrogel repair cadmium soil mechanism

In the soil, manganese and iron undergo oxidation, giving rise to manganese oxide

(MnO2/Mn203) and iron oxide (Fe (OH)3;/FeOOH). This process facilitates the
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coprecipitation of specific heavy metal ions, including cadmium. Notably, iron, silicon,
and cadmium in the soil possess chelating properties, allowing them to form Fe-Cd and
Si-Cd structures, effectively immobilizing cadmium. DMAPAA/DMAPAAQ hydrogels,
as ion-type polymers, play a pivotal role in these processes. Conversely, DMAA hydrogel,
functioning as a non-ionic polymer, operates differently. DMAPAA undergoes
protonation in water, generating hydroxyl groups on its surface that enable the adsorption
of metal cations. Subsequently, it forms hydroxide precipitates with heavy metals,
encapsulating them within the hydrogel and providing an effective mechanism for
cadmium immobilization. Additionally, DMAPAA can adsorb potassium and calcium in
their ionic forms, forming soluble compounds that facilitate plant uptake. On the other
hand, DMAPAAAQ, as a cationic polymer, engages in the exchange of anions in the soil,
such as NO* and PO4*, through ion exchange (see Figure 3.9). Given that these anions
are typically not adsorbed by the soil and are prone to leaching away with rainfall,
DMAPAAQ adsorbs them and gradually releases them for plant uptake, promoting plant
growth. Simultaneously, the release of chloride ions by DMAPAAQ has a promoting
effect on certain plants, such as corn. The mechanisms of action elucidated for these
hydrogels highlight their versatility in regulating heavy metal ions and providing
essential nutrient elements in the soil. This versatility positions them as a potential

environmentally friendly solution for enhancing soil quality and promoting plant growth.
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Figure 3.9 The removal mechanism of heavy metal cadmium by

DMAPAA/DMAPAAQ composite hydrogel.

3.4 Conclusions

We investigated involving two distinct hydrogel types: DMAA non-ionic hydrogel
and DMAPAA/DMAPAAQ ionic hydrogel. Within cadmium-contaminated soil, our
focus was on assessing the influence of these hydrogels on vegetable growth. We
observed a progressive enhancement in the soil immobilization capability of cadmium,
particularly in high-iron soil, with the addition of DMAPAA/DMAPAAQ hydrogel. In a
hydrochloric acid solution with a soil pH of 2, the cadmium leaching value in the soil
reached zero at a 4% hydrogel addition, indicating an optimal effect on soil
immobilization for cadmium. Simultaneously, plant cadmium absorption decreased to a
minimal value of 0.03 mg/g. In comparison, the ionic hydrogel demonstrated significant
advantages in vegetable cultivation. Its capacity to absorb nutrients in the soil, such as
nitrate ions and phosphate ions, which are not easily adsorbed by the soil, the ionic
hydrogel can slowly release these nutrients through ion exchange, thereby fostering

vegetable growth. Conversely, the incorporation of the non-ionic hydrogel DMAA led to
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a reduction in vegetable dry weight. Overall, our research findings underscore the
potential of applying ionic hydrogels in soil, not only for promoting plant growth but also
for effectively immobilizing the heavy metal cadmium. Future studies may explore
natural ionic polymers that are safe and non-toxic, capable of absorbing heavy metals

while providing essential nutrients for plant growth.
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Chapter 4 A novel composite hydrogel material for sodium

removal and potassium provision

4.1Introduction

Sodium ions, an essential nutrient for human health, can lead to various health
problems such as hypertension and cardiovascular diseases when excessively consumed.
The World Health Organization (WHO) has recommended a daily sodium intake not
exceeding 2 grams per day [1-3]. Nevertheless, natural water sources like rivers, lakes,
and groundwater can contain elevated concentrations of sodium ions due to the
weathering of rocks and leaching from soils. This excessive sodium content can lead to
soil salinization, posing a serious threat to crop growth. Consequently, it is imperative to
develop efficient methods for removing sodium ions from aqueous solutions and
mitigating soil salinization. [4, 5]

Currently, existing methods for sodium removal from water solutions, such as ion
exchange resin, reverse osmosis, distillation, electrodialysis, and vacuum evaporation,
have limitations [6]. Some require high energy consumption, leading to environmental
damage, while others are inefficient and less effective [7-9]. To overcome these
challenges, hydrogels are promising due to their unique properties as high-molecular-
weight materials with a three-dimensional network structure. hydrogels have porous
architecture and large surface area, making them efficient in adsorbing harmful
substances in water and soil. Additionally, hydrogels can rapidly absorb significant
amounts of water. Moreover, hydrogels are environmentally friendly, posing minimal
pollution risk when applied in ecosystems [10, 11].

Hydrogels, both natural and synthetic, offer promising solutions for sodium ion
removal and soil salinization challenges. Recent advances in hydrogel research include
superabsorbent hydrogels, salt-tolerant polymers, and innovative composites with
improved soil water retention [12, 13]. KMAA hydrogel adsorbent demonstrates
exceptional water adsorption characteristics. It effectively captures trace sodium ions

while concurrently releasing abundant potassium ions, thus serving as a valuable source
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of potassium fertilizer for plants with potassium requirements in the soil. Nonetheless, it
is important to acknowledge that certain limitations exist within the methanol cleansing
stage of the hydrogel preparation process. This becomes particularly relevant in the
context of large-scale hydrogel synthesis, where a staged approach to cleansing might be
warranted. Hydrogels also show positive effects on plant growth under drought and salt
stress. Guo et al. work showcased successful synthesis of a cellulose-based
superabsorbent hydrogel. This hydrogel exhibited extraordinary water uptake capacities
of 604% in distilled water and 119% in saltwater. Notably, the hydrogel demonstrated a
remarkable ammonia nitrogen adsorption capacity of 30 mg/g, effectively mitigating
nutrient leaching in soil [14]. Zhang et al. contributions led to the development of a salt-
tolerant superabsorbent polymer (ST-SAP) that exhibited exceptional swelling ability
(69.04 g/g) under high salinity conditions [15]. Xiong et al. pioneering work involved the
synthesis of a novel superabsorbent polymer composite, wherein the addition of calcium
alginate significantly enhanced soil water retention and facilitated controlled water
release. Consequently, this composite exhibited increased water uptake rates of 25.8%
and 10% in distilled water and saltwater, respectively. The study highlights the immense
potential of this approach in mitigating soil water evaporation and its application in
saline-alkali soils in agriculture [16]. Tian et al. research resulted in an exceptional
superabsorbent polymer composite with outstanding water uptake abilities in various
solutions, promising for water management and agriculture [17]. Shi et al. investigation
employed two hydrophilic polymers, Stockosorb and Luquasorb, to enhance the growth
of one-year-old poplar cuttings under drought and salt stress conditions. Remarkably, the
addition of 0.5% Stockosorb or Luquasorb significantly alleviated growth inhibition
induced by drought and salt stress [18]. Islam et al. study revealed that the combined
application of salicylic acid (SA) and trehalose (Tre) had a more pronounced positive
impact on mustard plants under sodium chloride (NaCl) stress compared to individual
treatments [19]. Fathy et al. pioneering work involved the synthesis of a stable composite
cation exchange adsorbent through suspension polymerization, which exhibited an
impressive 4.22meq g ' exchange capacity for Na" ions. This research holds significant
potential for further advancements in water purification and soil salinity management

[20].
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In this study, we synthesized KMAA hydrogel using free radical polymerization and
explored its sustainable application strategies for sodium removal from water resources,
sodium elimination in saline-alkali soils, and enhancement of potassium content as
expressed in Figure 4.1. The primary aim was to investigate the sodium adsorption
capacity and potassium exchange capacity of KMAA hydrogel under varying pH
conditions, along with relevant thermodynamic and adsorption kinetic properties. To
simulate the adsorption process, we employed isotherm models such as Langmuir and
Freundlich, while pseudo-first and pseudo-second-order models were utilized to analyze
the adsorption kinetics. Additionally, we assessed the impact of KMAA application in soil
on sodium and potassium ion leaching, providing valuable insights for agricultural
practices. Through these investigations, we aim to establish a theoretical foundation for
effective sodium removal and potassium enrichment, offering feasible solutions for

environmental restoration and agricultural production.
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Figure 4.1 Schematic diagram of the mechanism of KMAA hydrogel to adsorb

sodium and provide potassium in water and soil.

4.2 Experimental Methods

4.21 materials

The monomer KMAA was obtained from KJ Chemicals (Tokyo, Japan). N, N'-
dimethyl ethylenediamine (TEMED) was purchased from Nacalai Tesque Co., Ltd.
(Kyoto, Japan). N, N'-methylenebisacrylamide (MBAA), ammonium persulfate (APS),

and sodium chloride were acquired from Sigma-Aldrich, Inc. (St. Louis, Missouri, USA).
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Hydrochloric acid (HCI) was purchased from Sigma-Aldrich Japan (Tokyo). The soil is
purchased from NAFCO supermarket, the main elements are Si, Fe, Ca, Al, Mn. The
element contents detected by EDS are 49.1%, 18.8%, 10.2%, 9.6%, and 0.5%,
respectively. All reagents used were of analytical grade and employed as received.

distilled water used in the experiments was produced in the laboratory.

4.22 Synthesis of hydrogel

A mass of 3.105 g of the monomer KMAA, 0.193 g of the cross-linking agent
MBAA, and 0.058 g of the accelerator TEMED were weighed using an electronic balance
and transferred into a 20 ml volumetric flask. Distilled water was added to the volumetric
flask, and the mixture was stirred using a magnetic stirrer. Simultaneously, a mass of
0.057 g of the initiator APS was weighed and dissolved in 5 ml of distilled water to form
an initiator solution. Both the monomer solution and the initiator solution were purged
with nitrogen gas for 45 minutes to eliminate oxygen and prevent inhibition of free
radicals. Subsequently, the initiator solution was poured into the monomer solution while
stirring for 25 seconds. The resulting mixture was transferred into three plastic tubes
using a pipette. The monomer solution and the initiator solution were then immersed in a
water solution at 25°C for 24 hours. The resulting gels were removed from the tubes and
cut into uniform cylindrical shapes, and then washed with methanol for 24 hours using a
Soxhlet extractor (Asahi Glass plant Inc., Arao City, Japan) equipment to remove any
unreacted components. The gel was then air-dried at room temperature and further dried
in an oven at 50°C for 24 hours. Finally, the gel was pulverized into powder using a

grinder. The synthesis condition of the gel is summarized in Table 4.1.

Table 4.1 Synthesis condition of the KMAA hydrogel

Materials Component Molar weight ~ concentration mass(g)
Type (g/mol) (mol/m?®)
KMAA monomer 124.18 1000 3.105
MBAA linker 154.17 50 0.193
TEMED accelerator 116.21 20 0.058
APS Initiator 228.19 10 0.057
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4.3 Swelling Properties of Hydrogels

4.31 Swelling degree of hydrogel in sodium chloride solution

A hydrogel weighing 0.02 g (Md) was added to 40 ml of sodium chloride solutions
with concentrated of 10, 50, 100, 300, and 500 mg/L. The mixture was allowed to
equilibrate at room temperature for 24 hours to achieve swelling equilibrium. The
swollen gel was subsequently filtered through filter paper and its weight recorded as Ms.
Calculated by the following formula:[21]

W =(Ms—Md)*

0,
a Md g

4.32 Soil water holding rate.

Weighed 10 g of dry soil and combined with 0.1 g of hydrogel, recorded as m,.
Subsequently, an appropriate amount of water was added to the beaker at room
temperature, allowing complete saturation of the mixture. The mass of the resulting
mixture and water was measured by filtration using filter paper, recorded as m, .

Calculated by the following formula:

4.4. Adsorption Experiment

4.41 Adsorption thermodynamic experiments with different pH values

The solutions were prepared by diluting the 1000ppm NaCl solution to
concentrations of 10, 50, 100, 300, and 500 mg/L. Subsequently, 25 mL of each diluted
solution was transferred to a plastic centrifuge tube with a capacity of 50 mL. The pH of
the solutions was adjusted to 4.0 and 7.0 by adding 1 mol/L HCI solution to a final
volume of 40 mL. Additionally, 20 mg of the adsorbent was added to each tube. The
tubes were then placed in a water bath constant temperature shaker at 25°C with
continuous shaking at 150 rpm for 24 hours. After the adsorption period, the samples

were filtered through a 0.22 pm membrane filter and analyzed using ICP.
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4.42 pH eftfect experiment

The 1000ppm sodium chloride (NaCl) solution was diluted to a concentration of 100
mg/L. Subsequently, 25 mL of the diluted solution was transferred into a plastic
centrifuge tube with a total volume of 50 mL. To adjust the pH values to 2.0, 3.0, 4.0, 5.0,
6.0, and 7.0, 1 mol/L HCI solution was added until the final volume reached 40 mL. Next,
20 mg of the adsorbent material was added to the mixture. The entire system was placed
in a water bath constant temperature shaker, where continuous adsorption was conducted
at 25°C and 150 rpm for a duration of 24 hours. Following adsorption, the samples were

filtered through a 0.22 um membrane filter and analyzed using ICP.

4.43 Adsorption kinetic experiment

The 1000ppm NaCl solution was diluted to a concentration of 100 mg/L.
Subsequently, 40 mL of the diluted solution was adjusted to pH 4.0 and 7.0 using a 1
mol/L. HCI solution. Next, 20 mg of the adsorbent material was introduced into the
system. The entire setup was placed in a water bath constant temperature shaker,
maintaining a constant temperature of 25°C with a sharking rate of 150 rpm. The
adsorption process was conducted for specific time intervals (1, 10, 60, 180, 240, 300,
1200, 1380, 1440 minutes). At each predetermined time point, samples were withdrawn
from the system and subsequently filtered through a 0.22 um membrane filter. The

filtered samples were then analysis using (ICP) to measured.

4.44 Adsorption thermodynamics at different temperatures

The 1000ppm NaCl solutions were prepared by diluting the original solution to
concentrations of 10, 50, 100, 300, and 500 mg/L. For each concentration, 25 mL of the
diluted solution was transferred into a plastic centrifuge tube with a volume of 50 mL.
Subsequently, the pH of each solution was adjusted to 4.0 and 7.0 using a 1 mol/L
hydrochloric acid (HCI) solution reached the final volume to 40 mL. Next, 20 mg of the
adsorbent material was added to each solution. The prepared samples were placed in
water bath constant temperature shaker, maintaining a constant temperature of 25°C and

35°C, respectively, with a sharking rate of 150 rpm. The adsorption process was
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conducted continuously for 24 hours. After the adsorption period, the samples were
filtered through 0.22 pm membrane filters to remove any particulate matter. The filtrates

were subsequently analysis using ICP to measure the desired parameters.

4.45 Adsorbent dosage experiment

The 1000ppm NaCl solution was diluted to a concentration of 100 mg/L.
Subsequently, 25 mL of the diluted solution was transferred into a plastic centrifuge tube
with a volume of 50 mL. The pH of each solution was adjusted to 4.0 and 7.0 by adding 1
mol/L HCI solution until the final volume reached 40 mL. Next, different amounts of the
adsorbent 3, 5, 10, 15, and 20 mg were added to the samples. The prepared samples were
subjected to continuous adsorption for 24 hours in a water bath constant temperature
shaker at 25°C with a sharking rate of 150 rpm. After the adsorption period, the samples
were filtered through a 0.22 ym membrane filter to remove any particulate matter. The

filtrates were then analyzed using ICP.

4.5 Soil Experiment
4.51 Preparation of soil containing NaCl

Three separate beakers, labeled as Al, A2, and A3, were used for the soil sample
analysis. A total of 10 g of soil was weighed and placed into each respective beaker.
Beaker Al served as the blank control, while beaker A2 received the addition of 5 mL of
a 1000 ppm NacCl solution. Similarly, beaker A3 also received 5 mL of a 1000 ppm NaCl
solution, along with added of 0.2 g of KMAA hydrogel. To ensure proper mixing, an
appropriate amount of water was added to each beaker, and thorough stirring was

conducted. Subsequently, the beakers were transferred to an oven for drying.

4.52 pH value affects the precipitation of sodium and potassium ions in soil.

Two aqueous solutions with pH values of 4 and 7 were prepared by measuring out
40 mL of each solution. Subsequently, 4 grams of soil samples (Al, A2, and A3) were
individually added to separate beakers, followed by the addition of 40 mL of the
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respective pH solution. The solid-to-liquid ratio was maintained at 1:10. The soil-solution
shark for 24 hours in a water bath constant temperature at 25°C with a sharking rate of
150 rpm. Afterward, the mixtures were filtered through a 0.22 pm membrane filter and
analyzed using ICP.

4.53 Amount of hydrogel affects precipitation of sodium and potassium ions in soil

Two aqueous solutions were prepared by combining 40 mL of pH 4 and pH 7
solutions. Subsequently, 4 grams of soil samples containing 2% and 4% hydrogels were
individually added to separate containers. The mixtures were then placed in a water bath
constant temperature shaker at 25°C with continuous shaking at 150 rpm for 24 hours.
Following this, the mixtures were filtered using a 0.22 pm membrane filter and

subsequently analyzed ICP.

4.6 Result and Discussion

4.61 Swelling degree of hydrogel

This study investigates the water retention capacity of a hydrogel prepared for soil
application. Upon incorporation of the hydrogel into the soil, a remarkable enhancement
in water-holding capability was observed, as depicted in Figure 4.2(a). The soil's water
retention capacities were measured to be 187% without hydrogel and 452% with
hydrogel. However, after 6 days in the presence of the hydrogel, the soil's water-holding
capacity diminished to zero. The superior water retention ability of the soil can be
attributed to the hydrogel's three-dimensional network structure and surface hydrophilic
groups, which facilitated the diffusion of water molecules into the hydrogel's internal
matrix. Furthermore, the hydrophilic groups within the polymeric network of the
hydrogel underwent ionization with the internal solution, leading to the generation of
osmotic pressure and continuous diffusion of water molecules into the interconnected
network of the hydrogel until reaching the equilibrium swelling state. Consequently, the
introduction of the hydrogel significantly strengthened the soil's water retention capacity.

From Figure 4.2(b), it can be observed that the swelling capacity of the hydrogel in

90



sodium chloride solution decreased with increasing sodium chloride concentration. At
500 ppm sodium chloride concentration, the hydrogel exhibited the lowest swelling
capacity, measuring 135%. This decline in swelling can be attributed to the formation of
osmotic pressure both inside and outside the hydrogel, thereby suppressing the inward
diffusion of water. At high concentrations of sodium chloride, the hydrogel's structure
could even be compromised, resulting in a reduction of its water absorption performance.
In summary, this study reveals the potential of hydrogels in improving soil water
retention, thereby providing valuable insights for future applications in agriculture and

water management [22].
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Figure 4.2 (a) water retention capability of hydrogel in soil, (b) swelling behavior of
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4.62 pH affects the adsorption of the gel.

This study investigates the performance of KMAA hydrogel in the removal of Na*
and the exchange of K" under different pH conditions, as depicted in Figure 4.3a. The
removal efficiency of Na" decreases with increasing sodium chloride concentration when
the same KMAA hydrogel is added. At a 10ppm sodium chloride concentration, the
highest removal efficiency for Na* reaches 62%. Conversely, the exchange rate of K*
increases with higher concentrations of sodium chloride, with the maximum exchange
rate of 48% observed at 500 ppm sodium chloride concentration. Figure 4.3b illustrates
the adsorption of Na“ and the exchange of K' by KMAA hydrogel under various pH

conditions in a 100ppm sodium chloride solution. The adsorption of sodium ions by
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KMAA hydrogel increases with higher pH values. However, at pH 2 and 3, the hydrogel
exhibits no adsorption of Na*. This phenomenon can be attributed to the competition
between the highly concentrated hydrogen ions (H") in the strong acid condition and the
carboxylic acid groups on the hydrogel, leading to a further increase in the protonation
degree of carboxylic acid. Consequently, the quantity of negatively charged carboxylate
ions on the hydrogel surface is fundamentally reduced, resulting in diminished binding
capacity with sodium ions in the solution. Therefore, under strong acidic conditions, the
KMAA hydrogel exhibits minimal capacity to adsorb Na'. On the other hand, the
exchange capacity of K by KMAA hydrogel decreases with increasing pH of the
solution. At pH=2, the hydrogel displays the highest K" exchange capacity, reaching
249mg/g. As the solution's acidity increases, the concentration of hydrogen ions also rises.
These hydrogen ions (H") form associations with carboxyl groups (COO-) and create a
repulsive force with potassium ions, enhancing the exchange capacity of K+ on the

hydrogel surface.
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Figure 4.3 (a)Na" removal efficiency and K" exchange rate of hydrogel under
various initial NaCl concentrations. (b)effect of different pH values on Na+ adsorption

and K" exchange capacity of hydrogel.

4.63 Isothermal adsorption

The adsorption of sodium ions and the exchange of potassium ions by KMAA

hydrogel at pH=4 and pH 7 were investigated, and the isotherms are depicted in Figure
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4.4. To analyze the adsorption behavior, two isothermal adsorption models of Langmuir

and Freundlich are used for fitting.

— qmaxKLCe
9 =77k,
de = KFCel/n

In the equations, g, represents the adsorption capacity at equilibrium (mg/g), Gmax
is the maximum adsorption capacity calculated from the Langmuir model (mg/g), K is
the Langmuir constant (L/mg), and 1/n and K are the constants of the Freundlich model
(mg/g). With increasing sodium chloride concentration, the adsorption of sodium ions
and the exchange of potassium ions by KMAA hydrogel both increases. The Langmuir
model assumes that the adsorption of the adsorbent to the target is only a single-layer
adsorption, and the interaction force between the adsorbed molecules can be ignored. The
Freundlich model assumes that the adsorption of the adsorbent to the target is
heterogeneous multilayer adsorption. According to the Langmuir model calculation, the
maximum adsorption capacity of KMAA hydrogel for sodium ions at pH=7 reaches 80.5
mg/g, while the actual maximum adsorption capacity is 70.7 mg/g. From the Freundlich
model calculation, the maximum exchange capacity of potassium ions at pH=4 reaches
254.6 mg/g, and the actual maximum exchange capacity is 243.7 mg/g. The KMAA
hydrogel exhibits a three-dimensional network structure with high selective adsorption
properties. The value of parameter n in the Freundlich model ranges from 1 to 10,

indicating a spontaneous adsorption process.
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Figure 4.4 isothermal adsorption of Na" adsorption and K" exchange by hydrogel at

pH=4 and 7 (a) Langmuir model simulated fit curve, (b) Freundlich model simulated fit

curve.

Table 4.2 shows that the correlation coefficients of the Langmuir model are higher

than those of the Freundlich model at different pH values. At pH=4 and 7, the correlation

coefficients of the Langmuir model are 0.98 and 0.97, respectively, indicating that the

Langmuir model is more suitable for describing the adsorption process of sodium ions.

Table 4.3 reveals that the correlation coefficients of the Freundlich model are higher than

those of the Langmuir model. At pH=4 and 7, the correlation coefficients of the

Freundlich model are 0.9934 and 0.9936, respectively, suggesting that the Freundlich

model is more appropriate for describing the exchange of potassium ions.
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Table 4.2 Parameters of Langmuir and Freundlich isotherm model by KMAA gel at pH=4

and pH=7 sodium ion adsorption capacity

Isotherm Initial pH
model Parameter 1 -
Qmax (Mg/g) 72.9 80.5
Langmuir Ki (L/mg) 0.0264 0.0265
R? 0.98 0.97
Kr (mg/g) 11.54 13.47
Freundlich n 3.448 3.571
R? 0.909 0.905

Table 4.3 Parameters of Langmuir and Freundlich isotherm model by KMAA gel at pH=4

and pH=7 potassium ion exchange capacity

Isotherm Initial pH
model Parameter 7 -

(max (Mg/g) 254.6 238.4

Langmuir Kr (L/mg) 0.0358 0.0361
R? 0.8964 0.8931

Kr (mg/g) 52.37 52.26

Freundlich n 3.937 4.016
R? 0.9934 0.9936

4.64 Adsorption thermodynamic

To investigate the thermodynamic properties of the adsorption of sodium ions and
the exchange of potassium ions by KMAA hydrogel at pH 4= and 7, the calculations of
Gibbs free energy AG, enthalpy change AH, and entropy change AS were performed. The

formulas for these calculations are as follows:[23]



AG® = —RTInkK,

AGY = AH® — TAS®

In the equations, Kj represents the distribution coefficient, R is the ideal gas
constant (8.314 J mol!' K™), T is the thermodynamic temperature (K), AGY represents
the Gibbs free energy (kJ/mol), AH?represents the enthalpy change (kJ/mol), and
AS% represents the entropy change (J mol! K'). By calculating the thermodynamic
parameters, including the adsorption enthalpy AH?, adsorption free energy AG?Y, and
adsorption entropy AS® | the adsorption mechanism on the hydrogel was
studied. Thermodynamic analysis was performed to elucidate the effect of different
temperatures on the adsorption of sodium ions and the exchange of potassium ions on
KMAA hydrogel, as shown in Figure 4.5. Tables 4.4 and 4.5 show the KMAA hydrogel
adsorption thermodynamic parameters for sodium and for potassium, respectively. It was
found that when the temperature increased from 298 K to 318 K, AG? remained negative,
indicating that the adsorption of sodium ions and the exchange of potassium ions on
KMAA hydrogel are spontaneous and feasible processes. For the adsorption of sodium
ions, AH® was positive, and the adsorption capacity of sodium ions increased with
temperature, indicating an endothermic reaction. Additionally, AS 9 was positive,
indicating an increase in disorder at the interface between the hydrogel surface and
sodium ions during the adsorption process. Regarding the exchange of potassium ions on
the hydrogel, as the temperature increased from 298 K to 318 K, AH?was negative,
suggesting that the exchange process is exothermic. Simultaneously, AS? was also
negative, indicating a decrease in randomness at the solid/liquid interface during the
exchange process. Thermodynamic investigations provide insights into whether the
adsorption process is endothermic or exothermic, thereby expanding the practical
application of adsorbents. Overall, the thermodynamic study enables a better
understanding of the adsorption behavior of the hydrogel, including whether it is

exothermic or endothermic, and contributes to the broader application of adsorbents.
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Figure 4.5 adsorption isotherm fit curves of KMAA hydrogel at different

temperatures (a) Na" Adsorption Langmuir model simulated fit curve, (b) Na" adsorption

Freundlich model simulated fit curve, (¢) K" exchange Langmuir model simulated fit

curve, (d) K* exchange Freundlich model simulated fit curve.

Table 4.4 KMAA hydrogel adsorption thermodynamic parameters for sodium

T/K AGY/(kJ-mol")  AHO/(kJ-mol")  ASY/(J-mol!-K™)
298.15 -2.965 2.762 19.21
308.15 -3.157 2.762 19.21
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Table 4.5 KMAA hydrogel exchange thermodynamic parameters for potassium.

T/K AGY /(KJ'mol)  AH®/(kJ-mol')  AS?/(J-moll-K)
298.15 -1.406 -1.589 -44.21
308.15 -0.964 -1.589 -44.21
4.65 Adsorption kinetics

The study of adsorption kinetics can reflect the rate and mechanism of the
adsorption target of the adsorbent material. The exchange kinetics of KMAA hydrogel for
the adsorption of sodium and potassium is shown in figure 4.6. Two kinds of isotherm
adsorption models, pseudo-first-order kinetic model and pseudo-second-order kinetic

model, were used for fitting [24].
qr = qe(1—e71f)

_ (K2q5t)
1+ K,q,.t

t

In the equations, q; represents the adsorption capacity at time t (mg/g),

q. represents the adsorption capacity at equilibrium (mg/g), k, is the rate constant of the
pseudo-first-order kinetics (min'), k, is the rate constant of the pseudo-second-order
kinetics (g'mg'-min™'), The entire adsorption process can be divided into two stages. In
the initial stage, the adsorption rate is rapid, and the adsorption capacity of sodium ions
and the exchange of potassium ions by KMAA hydrogel reaches approximately 90% of
the equilibrium adsorption capacity after 10 minutes. As time progresses, the rate of
sodium ion adsorption and potassium ion exchange gradually decreases, and equilibrium
is nearly reached after 24 hours. This may be attributed to the dissociation of -COOK
groups on the hydrogel surface, leading to the formation of many COO- and K ions in
the solution during the initial stage. The COO- sites bind extensively with sodium ions.
With the increase of time, many Na ions bind to COO-sites, resulting in an equilibrium in
the osmotic pressure of the solution and the hydrogel. Lead to the adsorption of sodium
ions, and the exchange of potassium ions decreased, and finally reached the adsorption

equilibrium.
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Figure 4.6 (a)dynamic modeling of pseudo-first order and pseudo-second-order Na*
Adsorption by KMAA hydrogel at Initial NaCl concentration of 100 mg/L; (b) dynamic
modeling of pseudo-first-order and pseudo-second-order K" exchange by KMAA
hydrogel at initial NaCl concentration of 100 mg/L

From table 4.6, it can be observed that, at pH=4 and 7, the coefficients of the
pseudo-second-order kinetic model for sodium ion adsorption are consistently higher than
those of the pseudo-first-order kinetic model, indicating the presence of chemical
adsorption during sodium adsorption. Thus, the pseudo-second-order kinetic model is
more suitable for describing the adsorption process of sodium ions. From Table 4.7, it is
evident that, at pH=4 and 7, the coefficients of the pseudo-second-order kinetic model for
potassium ion exchange are lower than those of the pseudo-first-order kinetic model. This
suggests that the exchange process of potassium ions is mainly governed by electrostatic
repulsion, indicating that the pseudo-first-order kinetic model is more appropriate for

describing the exchange process of potassium ions.
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Table 4.6 Fit results of Na* adsorption kinetics by KMAA hydrogel.

Isotherm Initial pH
Parameter

model 4 7
ki (min™) 0.049 0.084
Pseudo-first order qe (mg/g) 52.94 54.13
R? 0.872 0.631
K> (g/mg/min) 0.00133 0.0312

Pseudo-second
qe (mg/g) 55.34 57.31
order

R? 0.90191 0.714

Table 4.7 Fit results of K" adsorption kinetics by KMAA hydrogel.

Isotherm Initial pH
Parameter
model 4 7
ki (min-1) 0.00044 0.04131
Pseudo-first order qe (mg/g) 136.82 130.28
R? 0.92195 0.935
ko (g/mg/min) 0.000467 0.04468
Pseudo-second
ge (mg/g) 150.41 144.08
order

R? 0.89644 0.89122

4.66 The effect of hydrogel dosage

In practical applications of adsorption materials, the quantity of added material is a
critical parameter. As depicted in Figure 4.7, the initial sodium chloride concentration
was 100 mg/L, and the amount of KMAA hydrogel added varied from 3 mg to 20 mg.
The results reveal that with an increase in the amount of KMAA hydrogel, the removal
efficiency of Na' rose from 13% to 32%, while the exchange capacity for K decreased
from 37% to 26%. Notably, at an addition of 3 mg of hydrogel, the adsorption capacity
for Na" and K exchange reached their lowest values of 20 mg/g and 25 mg/g,
respectively. Conversely, at a higher addition of 20 mg, the KMAA hydrogel exhibited its
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maximum adsorption capacity for Na® 60 mg/g and K" exchange 130 mg/g. These
findings underscore a significant enhancement in adsorption and exchange performance
with the increasing quantity of KMAA hydrogel. These results hold paramount

importance for guiding the practical application of adsorption materials.
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Figure 4.7 (a) Effect of different dosages of KMAA Hydrogel on Na" adsorption
capacity and sodium removal efficiency. (b) effect of different dosages of KMAA

hydrogel on K" exchange capacity and potassium exchange rate

4.7 Hydrogel Applied Soil Experiments.
4.71 Soil precipitation liquid experiment

The addition of KMAA hydrogel experiments in sodium-containing soils was
studied, as shown in Figure 4.8. The concentration of sodium in the soil filtrate decreased
with the addition of the hydrogel. In the control group without hydrogel and the group
with added sodium, the concentration of sodium in the soil filtrate was 120 ppm and 116
ppm at pH=4 and pH 7, respectively. When 2% hydrogel was added, the concentration of
sodium in the soil filtrate decreased to 88 ppm and 85 ppm, representing a reduction of
26%. Conversely, the concentration of potassium in the filtrate increased with the
addition of the hydrogel. In the control group without hydrogel and the group with added
sodium, the concentration of potassium in the soil filtrate was 184 ppm and 180 ppm at
pH=4 and pH 7, respectively. When 2% hydrogel was added to the soil, the concentration

of potassium in the filtrate increased to 317 ppm and 309 ppm, showing a 72% increase.
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These results indicate that the addition of KMAA hydrogel effectively reduces the
concentration of sodium in the soil filtrate while increasing the concentration of
potassium. This suggests that the hydrogel acts as a selective adsorbent, selectively
adsorbing sodium ions and promoting the release of potassium ions into the filtrate. This
finding has significant implications for soil remediation and nutrient management in

agricultural practices.
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Figure 4.8 (a) Na" leaching in soil solution at different pH levels. (b) K" leaching in soil

solution at different pH levels.

4.72. Effect of different gel amounts on precipitate.

The experiment of adding different amounts of gel to the soil and recording the
concentration of sodium and potassium in the filtrate was studied. From Figure 4.9, it can
be observed that, with an increase in the amount of hydrogel, the concentration of sodium
in the soil filtrate did not decrease at pH=4 and pH 7. This suggests that sodium may have
been replaced by other ions present in the soil. However, at pH=4 and pH 7, the
concentration of potassium in the soil filtrate increased with the addition of the hydrogel.
Sodium is known to be a harmful element for plant growth, while potassium is an
essential nutrient for plant growth. By examining the sodium and potassium content in
the filtrate, it is possible to determine the appropriate amount of hydrogel to add. This
approach can help mitigate the harmful effects of sodium on plants while providing an

adequate supply of potassium for plant growth.
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4.8 Structural Characteristics of Hydrogel

The chemical structure of KMAA was detected by Fourier transform infrared
spectroscopy (FTIR). Figure 4.10 shows the infrared images of KMAA hydrogel before
and after adsorption in 100ppm sodium chloride solution. The pristine KMAA hydrogel
exhibited distinct absorption peaks: the C-C bond displayed a peak at 1128 cm™, the C=C
double bond featured at 1517 cm™!, the C=0 moiety of the carboxyl group manifested at
1720 cm™!, and the O-H band of the carboxyl group was evident at 3579 cm™'. After
adding the KMAA hydrogel to a 100-ppm sodium chloride solution for adsorption, the
ensuing alterations were observed: the C-C single bond peak shifted to 1186 cm-1, the
C=C double bond peak shifted to 1537 cm™l. The C=O peak of the carboxyl group
exhibited a marginal redshift to 1639 cm™!, the C-H peak of the methyl group emerged at
2927 cm’'. The O-H peak of the carboxyl group exhibited a redshift to 3269 cm™'[25].
These changes collectively suggest the adsorption of sodium ions from the solution by
the hydrogel, coupled with the concomitant release of potassium species. These structural
transformations can be attributed to the adsorptive interaction of the hydrogel in the
sodium chloride solution, leading to an augmented intermolecular irregularity.
Consequently, an enhanced hydrogen bonding effect between the solution and the
hydrogel is invoked, thereby inducing the redshift phenomena observed in the O-H and
C=0 bands.
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Figure 4.10 FTIR spectrum of gels before and after adsorption at 600-4500

4.9 Mechanism of KMAA Hydrogel Adsorbing Sodium and Exchanging

Potassium

Potassium methacrylate polymer is a kind of high water-absorbing polymer, which
will dissociate into carboxylate ions and potassium ions in solution, and the pH value will
affect the dissociation degree of hydrogel. Potassium ions and sodium ions belong to the
same group of elements, and their atomic radii are very similar. In the solution, through
the form of cation exchange, sodium ions are adsorbed by the hydrogel, and potassium
ions will be replaced into the aqueous solution. In addition, the stronger the acidity, the
more H' value in the solution, which is more conducive to the release of potassium ions
into the solution, but at the same time the amount of sodium adsorption is reduced [26].
The novelty of the experiment is an in-depth study of the experimental evaluation of the
Na ion adsorption and potassium ion release of the KMAA hydrogel in acidic and neutral
solutions, providing tangible evidence to bolster their potential utility in soil applications.
Looking forward, KMAA hydrogels exhibit promise as a plausible potassium fertilizer
for soil application, addressing the crucial need for essential potassium nutrients in plants.
This application holds promise for various crops, encompassing maize cultivation, among
others. Moreover, these hydrogels display the capability to mitigate mildly saline-alkaline

soils to a certain extent, making them suitable for cultivating crops like rice. These
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insights open fresh avenues and possibilities for innovating soil amendments within the

realm of agricultural practices.

4.10 Conclusions

In this study, we successfully synthesized potassium polyacrylic acid (KMAA)
hydrogel using free radical polymerization and investigated its pH-sensitive properties.
The results demonstrated that the hydrogel exhibited remarkable efficiency in sodium ion
adsorption under neutral conditions (pH=7), while it demonstrated significant potassium
ion release under acidic conditions (pH=4). To gain a deeper understanding of the
adsorption process, we employed Langmuir and Freundlich isotherm models, as well as
pseudo-first order and pseudo-second-order kinetic models, to conduct a comprehensive
analysis. For pH=7 conditions, the Langmuir model provided a good fit to the
experimental data with a correlation coefficient of 0.98, indicating its suitability for
describing the adsorption of sodium ions. On the other hand, for pH=4 conditions, the
Freundlich model exhibited a better fit with a correlation coefficient of 0.99, suggesting
its appropriateness for describing the exchange of potassium ions. Thermodynamic
analysis revealed that the standard free energy change AG?for sodium adsorption and
potassium exchange by KMAA hydrogel was negative at both pH=4 and pH=7,
indicating the spontaneity and feasibility of these processes. Upon introducing 2%
hydrogel in soil, we observed a 26% reduction in sodium concentration and a 72%

increase in potassium concentration in the filtrate. [27, 28].
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Chapter 5 Conclusion

The main goal of this study is to investigate the efficiency of DMAPAA/
DMAPAAQ composite hydrogels in removing cadmium from aqueous solutions and
assess their potential application in cadmium-contaminated soil. Additionally, a
comparative analysis was conducted to evaluate the impact of two types of hydrogels
ionic hydrogels DMAPAA/DMAPAAQ, and non-ionic hydrogel DMAA on plant growth
when utilized in soil for vegetable cultivation. Lastly, the ion exchange behavior of
KMAA hydrogel for potassium ions was studied to gain insights into its applicability in
rice cultivation in saline-alkali soil.

During the experimental phase, DMAPAA/DMAPAAQ hydrogels were successfully
synthesized using free radical polymerization, and their adsorption performance was
comprehensively evaluated under varying pH values and cadmium concentrations. The
results demonstrated excellent cadmium capture performance of the hydrogel under
neutral conditions, with a high correlation coefficient of 0.97 when fitted to the Langmuir
model. This underscores the suitability of the Langmuir model in describing the cadmium
capture process in the hydrogel. The experiments also revealed that under neutral
conditions, cadmium ions were encapsulated by the precipitation of cadmium hydroxide
formed by OH- on the hydrogel, with OH- generated through the protonation of tertiary
amine in water.

Furthermore, the growth of Swiss chard under different cadmium stress conditions
was observed after introducing hydrogels into the soil. Under low cadmium
concentrations, the addition of 4% hydrogel resulted in a dry weight of Swiss chard
reaching 0.765g, which was 2.5 times higher than that without hydrogel. As the cadmium
concentration increased, the dry weight of Swiss chard showed an increasing trend after
the addition of hydrogel, with a maximum of 0.503g and a minimum of 0.145g. Under
high cadmium concentrations, the addition of hydrogel significantly reduced cadmium
absorption by Swiss chard to undetectable levels.

In addition, a comparative study was conducted to assess the effects of two types of
hydrogels (non-ionic hydrogel DMAA and ionic hydrogels DMAPAA/DMAPAAQ) on

vegetable growth in contaminated soil. The results showed that the ionic hydrogel
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exhibited significant advantages over the non-ionic hydrogel in vegetable cultivation. The
ionic hydrogel had the ability to absorb nutrients such as nitrate and phosphate ions in the
soil that are not easily absorbed by the soil, and slowly release these nutrients through ion
exchange, thereby promoting vegetable growth. In contrast, the incorporation of non-
ionic hydrogel DMAA resulted in a decrease in vegetable dry weight.

Furthermore, the potassium polyacrylate (KMAA) hydrogel was also studied. The
experimental results showed significant adsorption efficiency of the hydrogel for sodium
ions under neutral conditions, and significant release of potassium ions under acidic
conditions. Temperature analysis indicated that the adsorption and exchange processes of
sodium and potassium by the hydrogel were spontaneous and feasible. After introducing
2% hydrogel into the soil, the sodium concentration decreased by 26%, while the
potassium concentration increased by 72%.

Future research will primarily focus on two aspects. Firstly, we plan to select natural
polymers and apply them to soil to investigate their effectiveness in removing heavy
metal ions. In this study, we aim to induce flocculation of the hydrogel in soil-water
solutions through agitation, followed by effective separation of soil and hydrogel through
filtration. Secondly, we will concentrate on studying the effects of ionic hydrogels, non-
ionic hydrogels, and amphoteric hydrogels on vegetable cultivation. We will evaluate the
promoting effects of these hydrogels on plant growth and delve into the mechanisms of
water molecules and elements within them. This will help determine whether water
molecules or elements are more crucial under hydrogel application, thereby providing a

strong scientific basis for further optimizing hydrogel application in cultivation.
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