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ABSTRACT

Fertilizers and irrigation are the primary components for upland rice cultivation to increase
the quality and yield of the rice crops. Most farmers apply conventional fertilizers, however,
low efficiency of plant uptake (<50%) is often reported due to nutrient losses through heavy
leaching, surface run-off, undesirable reaction with organic compound in the soils, and
vaporization and volatilization processes. A promising agricultural alternative to address
these challenges is the encapsulation of fertilizers in superabsorbent hydrogels as controlled-
release fertilizers to minimize fertilizer losses, extend nutrient supply for a longer period and
enhance nutrient uptake efficiency. Therefore, this study fabricates an eco-friendly cellulose-
based hydrogel as a controlled-release fertilizer (CRF) derives from waste papers, with a
focus on evaluating the effect of the fabricated cellulose hydrogel CRF on the growth
performance and production of upland rice, as well as nitrogen uptake and nitrogen use
efficiency of the rice plants. To perform the study, a series of cellulose-based cellulose
hydrogels were synthesized by crosslinking cellulose fibers extracted from waste papers and
carboxymethylcellulose (CMC) with epichlorohydrin (ECH). Fourier transform infrared
(FTIR) characterization at 400-500 cm™ wavenumber using attenuated total reflectance
(ATR) technique showed that cellulose fibers and CMC were successfully crosslinked with
ECH to form hydrogel. Field emission scanning electron microscopy (FESEM) micrograph
of 1000x-magnification displayed highly porous structures. Maximum swelling ratig of
>2000% was obtained in C3 cellulose hydrogel (3% (w/v) cellulose, 1.75% (w/v) CMC, 5
mL ECH). Soil moisture retention increased in the presence of C3 cellulose hydrogel (36.5%
in topsoil, 30.1% in wet clayey soil, 23.4% in sandy soil) after 7 days, relative to soil without
C3 cellulose hydrogel. Urea as a model fertilizer was loaded onto the cellulose hydrogels

with maximum loading capacity recorded at 0.51 g g*. The urea release profile of C3



cellulose hydrogel demonstrated gradual release in soils within 42 days (74.71% in topsoil,
73.37% in wet clayey soil, 71.84% in sandy soil) relative to conventional urea within 7 days
(97.32% in topsoil, 95.09% in wet clayey soil, 98.47% in sandy soil). The effects of cellulose
hydrogel as CRF in upland rice cultivation were evaluated using Maswangi (MRQ74) Mardi
rice variety. The study was conducted at Pusat Penyelidikan Tumbuhan (PPT), University
Malaysia Sarawak (UNIMAS), Kota Samarahan, Sarawak (1°28'09.3”"N, 110°25'41.3"E).
The application of cellulose hydrogels CRF at an optimum rate of nitrogen (N) fertilizer,
T4H (790 kg N ha* = 75%) resulted in maximum grain yield, increasing by 71% relative to
control. Maximum nutrient uptake of 0.25 g kg was also observed in the rice plants treated
with T4H CRF. Further analysis revealed that T4AH CRF recorded the highest harvest index,
HI (45.5%); nitrogen harvest index, NHI (67.9%); nutrient use efficiency, NUE (52.6%) and
nutrient agronomic efficiency, NAE (12.8 kg kg™), respectively. Observations show that
CRF with only 75% N applied (T4H) in soil improved grain yield when compared to CRF
with 100% N and 100% recommended dose of fertilizer (RDF) in farmers’ conventional split
application. This suggested that CRF with a moderate N application might produce the
highest potential yield and improved N efficiencies while enhancing crop production and
further increase in N supply did not increase yield and N efficiencies. The results suggest
that the application of T4H CRF for upland rice would enhance HI, N efficiencies and
improve the yield of upland rice. Also, all growth parameters and yield were positively
influenced by the application of CRF as a basal dose compared to split application of

conventional urea fertilizers.

Keywords:  Controlled-release fertilizer, cellulose, upland rice, nitrogen application,

nitrogen use efficiency



Hidrogel Selulosa Mesra Alam sebagai Baja PelepasanTerkawal untuk Pengeluaran
Mampan Padi Tanah Tinggi di Sarawak

ABSTRAK

Baja dan pengairan merupakan komponen utama untuk penanaman padi tanah tinggi bagi
meningkatkan kualiti dan hasil tanaman padi. Kebanyakan petani menggunakan baja
konvensional, walau bagaimanapun, kecekapan penyerapan tumbuhan yang rendah (<50%)
sering dilaporkan disebabkan oleh kehilangan zat makanan melalui larut lesap berat, air
larian permukaan, tindak balas yang tidak diingini dengan sebatian organik dalam tanah,
dan proses pengewapan dan volatilisasi. Pengkapsulan baja dalam hidrogel superabsorben
sebagai baja pelepasan terkawal merupakan alternatif untuk mengurangkan kehilangan
baja, memanjangkan bekalan zat makanan dan meningkatkan kecekapan pengambilan zat
makanan. Oleh itu, kajian ini menghasilkan hidrogel berasaskan selulosa mesra alam
sebagai baja pelepasan terkawal (CRF) yang diperbuat daripada kertas buangan, untuk
menilai kesan hidrogel selulosa CRF terhadap prestasi pertumbuhan padi tanah tinggi.
Kajian dilaksanakan melalui sintesis hidrogel selulosa dengan memaut silang gentian
selulosa yang diekstrak daripada kertas buangan dan carboxymethylcellulose (CMC)
dengan epiklorohidrin (ECH). Pencirian penjelmaan infra merah fourier (FTIR) pada 400—
500 cm* nombor gelombang menggunakan teknik jumlah pemantulan dilemahkan (ATR)
menunjukkan gentian selulosa dan CMC berjaya dirangkai silang dengan ECH untuk
membentuk hidrogel. Mikrograf daripada mikroskop electron pengimbasan pelepasan
medan (FESEM) pada 1000x memaparkan struktur yang sangat berliang. Nisbah
pembengkakan tertinggi dalam hidrogel selulosa C3 (3% (w/v) selulosa, 1.75% (w/v) CMC,
5 mL ECH) melebihi 2000%. Pengekalan kelembapan tanah meningkat menggunakan

hidrogel selulosa C3 (36.5% tanah atas, 30.1% tanah liat basah, 23.4% tanah berpasir)



selepas 7 hari, berbanding dengan tanah tanpa hidrogel selulosa C3. Urea sebagai model
baja dimuatkan ke dalam hidrogel selulosa dengan kapasiti pemuatan maksimum
direkodkan pada 0.51 g g*. Profil pelepasan urea hidrogel selulosa C3 secara beransur-
ansur dalam tanah dalam tempoh 42 hari (74.71% tanah atas, 73.37% tanah liat basah,
71.84% tanah berpasir) berbanding urea konvensional dalam masa 7 hari (97.32% tanah
atas, 95.09% tanah liat basah, 98.47% tanah berpasir). Kesan hidrogel selulosa sebagai
CRF terhadap prestasi pertumbuhan padi tanah tinggi telah dinilai menggunakan varieti
padi Maswangi (MRQ74) Mardi. Kajian telah dijalankan di Pusat Penyelidikan Tumbuhan
(PPT), Universiti Malaysia Sarawak (UNIMAS), Kota Samarahan, Sarawak (1 28 09.3"N,
110 2541.3E).Penggunaan hidrogel selulosa CRF sebagai baja nitrogen (N) pada kadar
optimum, T4H menghasilkan hasil bijirin tertinggi, meningkat sebanyak 71% berbanding
kawalan dan serapan nutrien tertinggi sebanyak 0.25 g kg~. T4H CRF juga mencatatkan
kadar tertinggi dalam indeks penuaian, HI (45.5%), indeks penuaian nitrogen, NHI (67.9%),
kecekapan penggunaan zat makanan, NUE (52.6%), dan kecekapan agronomik zat
makanan, NAE (12.8 kg kg?). Kajian menunjukkan CRF dengan hanya 75% N digunakan
(T4H) dapat meningkatkan hasil bijirin jika dibandingkan dengan CRF dengan 100% N dan
100% RDF dalam aplikasi pecahan konvensional petani. Oleh itu, CRF dengan aplikasi N
sederhana mampu meningkatkan pengeluaran tanaman dengan peningkatan kecekapan N
dan kenaikan kadar N tidak meningkatkan hasil dan kecekapan N. T4H CRF untuk padi
tanah tinggi juga mampu meningkatkan kecekapan HI, N dan hasil padi tanah tinggi. Selain
itu, semua parameter pertumbuhan dan hasil dipengaruhi secara positif oleh penggunaan

CRF sebagai dos basal berbanding penggunaan berpecah baja urea konvensional.

Kata kunci: Baja pelepasan terkawal, selulosa, padi tanah tinggi, aplikasi nitrogen,

kecekapan penggunaan nitrogen



TABLE OF CONTENT

Page
DECLARATION i
ACKNOWLEDEGEMNT i
ABSTRACT ii
ABSTRAK %
TABLE OF CONTENTS vii
LIST OF TABLES Xiii
LIST OF FIGURES Xiv
LIST OF ABBREAVIATIONS Xviii
CHAPTER 1: INTRODUCTION 1
1.1  Study Background 1
1.2 Research Issues and Problem statement 7
1.3 Research Objectives and Research Questions 14
1.3.1 Research Objectives 14
1.3.2 Research Questions 14
1.4 Scope of the Study 15
1.5  Significance of the Study 16
1.6 Motivation of the Study 18
1.7 Chapter Summary 20
CHAPTER 2: LITERATURE REVIEW 21
2.1 Overview 21
2.2  Cellulose-based Hydrogels 21

Vi



2.3

2.4

2.5

2.6

2.7

Synthesis of Cellulose-based Hydrogels

2.3.1 Physical Crosslinking

2.3.2 Chemical Crosslinking

2.3.3 Dual-network Polymer

Key Characteristics of Agricultural Hydrogels

2.4.1 Bulk or Core Crosslinking

2.4.2 Surface Crosslinking

Categories of Cellulose-based Hydrogels

2.5.1 Carboxymethylcellulose (CMC)-based Hydrogels

2.5.2 Hydroxymethyl Cellulose (HEC)-based Hydrogels

2.5.3 Cellulose-Alginate-based Hydrogels

2.5.4 Cellulose-Starch-based Hydrogels

2.5.5 Cellulose-Chitosan-based Hydrogels

Cellulose-based Hydrogels as a Controlled-released Fertilizer

2.6.1 Controlled-release Fertilizer

2.6.2 Mathematical Models for Nutrient Release Profile
2.6.2.1  Nutrient Release Profile from Hydrogels
2.6.2.2  Nutrient Release Profile from Polymer Granules

Applications of Hydrogels in Agriculture

2.7.1 Controlled-release Fertilizer

2.7.2 Water Reservoir

2.7.3 Potting Medium

2.7.4 Pesticide Carriers

2.7.5 Hydrogel Baits

vii

22

23

25

27

30

31

32

35

35

37

39

41

43

44

44

47

48

51

53

53

56

59

62

65



2.8 Rice
2.8.1 Maswangi (MRQ74) Mardi Rice Variety
2.8.2 Performance Evaluation of Cellulose Hydrogels CRF on the
Rice Plants
2.8.2.1 Effects of Cellulose Hydrogels CRF on Growth
Parameters
2.8.2.2 Effects of Cellulose Hydrogels CRF on Yield and
Yield Component Data
2.8.2.3  Effects of Hydrogel CRF on Nutrient (N) Uptake
and Nutrient Use Efficiency (NUE)
2.8.2.4  Correlation Regression Study
2.8.3 Nitrogen (N)
2.8.3.1. Nitrogen (N) in soils
2.8.3.2. The Importance of Nitrogen (N) in Rice Cultivation
2.8.2.3. Influencing Factors of Soil N Availability for the
Rice Plants
2.9  Chapter Summary
CHAPTER 3: MATERIALS AND METHODS
3.1  Introduction
3.2 Summary of Methods Involved in the Research
3.3 Fabrication of Urea-loaded Cellulose Hydrogels
3.3.1 Chemical Reagents and Materials
3.3.2 Soil Properties

3.3.3 Extraction of Cellulose Fibers

viii

68

69

70

70

70

72

72

75

75

77

80

82

82

83

85

85

85

86



3.4

3.5

3.6

3.7

3.34 Preparation of Cellulose Hydrogels

3.35 Sample Characterization

3.3.6 Swelling Ratio

3.3.7 The Soil Moisture Properties

3.3.8 Loading of Urea Determination

3.3.9 Release of Urea in Water and Soils
3.3.10  Release Kinetics of Cellulose Hydrogels
Greenhouse Experiments

34.1 Materials

34.2 Experimental Details

3.4.3 Rice Growth Performance

344 Yield and Yield Component Data
Analyses of Nitrogen (N) Uptake and Nitrogen Efficiency Estimation
(NUE)

351 N Uptake and NUE

3.5.2 Correlation Regression Study

3.5.3 Degradation of Cellulose Hydrogels CRF
Statistical Analysis

Chapter Summary

CHAPTER 4: RESULTS AND DISCUSSION

4.1

Fabrication of Urea-loaded Cellulose Hydrogels as a Controlled
Release Fertilizer
4.1.1 Fourier Transform Infrared Spectroscopy (FTIR): Spectra

Analysis

87

88

89

89

90

91

92

92

92

93

97

97

98

98

99

101

101

101

103

103

103



4.2

4.3

4.1.2 Differential Scanning Calorimetry (DSC)
4.1.3 Morphology and Swelling Behaviors of Cellulose
Hydrogels
4.1.3.1 Effects of Cellulose Concentrations
4.1.3.2  Effects of Various Concentrations of CMC
4.1.4 Effects of Cellulose Hydrogels on the Soil Moisture
4.1.5 Loading of Urea in Water and Soils
416 Release of Urea Water and Soils
4.1.7 Kinetic Studies of Urea Release
Evaluation and Fine-tuning the Loading Capacity and Release Rate
of Fertilizer to Match the Needs of the Rice Plants
421 Rice Growth Performance
4.2.1.1 Plant Height (cm)
4.2.1.2  Number of Tillers
4.2.1.3 Leaf Chlorophyll Content (SPAD)
4.2.2 Yield and Yield Component Data
4.2.3 Harvest Index (HI)
Analyses of Nitrogen (N) Uptake and Nitrogen Efficiency Estimation
(NUE)
431 N Uptake of the Rice Plants
4.3.2 Nitrogen Harvest Index (NHI)
4.3.3 Nitrogen Use Efficiency (NUE)
434 Agronomic Nitrogen Efficiency (NAE)

4.35 Dry Matter Partitioning

107

108

108

112

116

118

119

122

124

124

124

126

127

128

132

133

133

135

136

137

139



4.3.6 Correlation Regression Analysis 142

4.3.7 Degradation of Cellulose Hydrogels CRF 147
4.4  Chapter Summary 149
CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 151
51  Conclusion 151
5.2  Recommendations for Future Research 154
REFERENCES 156
LIST OF PUBLICATIONS 215
APPENDICES 217

Xi



Table 1.1

Table 1.2

Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 4.1

Table 4.2

LIST OF TABLES

Rice production by states, 2021 (Zainol Abidin, 2023)

Land area and rice production in Sarawak

Summary of the applications of chitosan-based hydrogels in
agriculture

Summary of hydrogel CRF applications on crops
Composition of cellulose-based hydrogels

List of treatments with different N fertilizers doses

The parameters of diffusion Korsmeyer and Peppas model for
urea release from C3 cellulose hydrogels in water and soil
1000-grain weight (g) and percentage filled grain (% F) of

different N treatments

Xii

Page

44

71
88
96

122

131



Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

LIST OF FIGURES

(a) Molecular structure of cellulose, and (b) intermolecular
and intramolecular hydrogen bonding in cellulose (Acharya et
al., 2021)

Graphical representation of physical crosslinking in hydrogel
network (Xu et al., 2018)

Graphical representation of chemical crosslinking in hydrogel

in hydrogel network (Xu et al., 2018)

Schematic representation of bulk or core crosslinking within
materials (Behera & Mahanwar, 2019)

Schematic representation of the swelling and flow of solutions
through the (a) un-crosslinked and (b) surface crosslinked
hydrogel particles (Jockusch et al., 2009)

Graphical representation of CMC-based hydrogel crosslinked
by PEDGE (Xiao et al., 2014)

Graphical representation of cellulose-based hydrogels using
CMC/HEC and citric acid as crosslinker (Das et al., 2023)
Graphical representation on the fabrication of cellulose-
alginate-based hydrogels (Martinez-Cano et al., 2022)
Graphical representation of starch-based superabsorbent
hydrogel composite reinforces with cellulose nanocrystals

(Olad et al., 2020)

Xiii

Page

25

31

33

36

38

40

42



Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Graphical representation on the formation of cellulose-
chitosan-based hydrogel (Peers et al., 2020)

Classification of controlled-release fertilizers (CRF)
Schematic representation of encapsulated urea fertilizer
system absorbing water and releasing nutrients to soil
Schematic representation of applying hydrogels CRF in soil
Hydrogels as water reservoir system for agricultural
applications (Das et al., 2020)

Hydrogels as potting medium (Bashir et al., 2020)

Argentine ants feed from alginate hydrogel bead filled with
toxic liquid bait (Merill et al., 2018)

Experimental design involved throughout the research
Graphical representation of pot experiments indicating pots
were arranged in a block design

A group of the rice plants in pots

Locality map of experimental site at UNIMAS, Kota
Samarahan (Google maps, n.d)

An ECH crosslinked cellulose hydrogel with CMC

FTIR spectra of (a) cellulose, and (b) an ECH-crosslinked
cellulose hydrogel

DSC curve of C3 cellulose hydrogel

FESEM images of (a) cellulose and cellulose hydrogels at

various cellulose concentrations (b) C1, (c) C2, (d) C3, (e) C4,

Xiv

43

45

47

54

57

60

66

84

93

04

94

105

106

100

111



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

and (f) C5 cellulose hydrogels, and 1.75 % (w/v) CMC at
1000x magnifications

Maximum swelling percentage of cellulose hydrogels at
varied concentrations (% w/v) of cellulose fibers. Different
letters indicate significant differences (p < 0.05) between
hydrogels. Error bars represent the standard deviations from
triplicates (n=3)

FESEM images of cellulose hydrogels at various CMC
concentrations (a) 1.75, (b) CMC2.0, (c) CMC2.5, (d)
CMC3.0, (e) CMC3.5, (f) CMC4.0, and (g) CMC5.0 cellulose
hydrogels, and 3.0 % (w/v) cellulose at 1000x magnification
Maximum swelling percentage of cellulose hydrogels
consisted of various CMC concentrations (% w/v). Different
letters indicate significant differences (p < 0.05) between
hydrogels. Error bars represent the standard deviations from
triplicates (n=3)

Soil moisture in different types of soils using C3 cellulose
hydrogel. Different letters indicate significant differences (p
< 0.05) between soils. Error bars represents the standard
deviations from triplicates (n=3)

Loading capacity of C3 cellulose hydrogel. Error bars show

the standard deviations from triplicates (n=3)

XV

112

115

116

117

118



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Release behavior of C3 cellulose hydrogel and free urea in
water. Different letters indicate significant differences. Error
bars show the standard deviations from triplicates (n=3)
Release behavior of C3 cellulose hydrogel and free urea in
soils. Different letters indicate significant differences. Error
bars show the standard deviations from triplicates (n=3)
Korsmeyer and Peppas model of urea release from C3
cellulose hydrogel in (a) water, and (b) soils

The rice plant growth (treated with T4H) from day 15 to 130
The effect of N level on the plant height (cm). Different letters
indicate significant differences. Error bars represent the
standard deviation from 5 replications (n=5)

The effect of N level on the number of tillers per plant.
Different letters indicate significant differences. Error bars
represent the standard deviation from 5 replications (n=5)
The effect of N level on the leaf chlorophyll content (SPAD)
of the rice plant. Different letters indicate significant
differences. Error bars represent the standard deviation from
5 replications (n=5)

The effect of N treatments on the number of panicles per
plant, number of grains per panicle, grain, and straw yield.
Different letters indicate significant differences (p < 0.05).
Error bars represent the standard deviation from 5

replications (n=5)

XVi

121

121

123

125

125

126

128

131



Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Harvest index of rice with different N treatments. Different
letters indicate significant differences (p < 0.05)

The effect of N levels on the N uptake of the rice plants.
Different letters indicate significant differences (p < 0.05).
Error bars represent the standard deviation from 5 replications
(n=5)

The effect of N levels on Nitrogen Harvest Index (NHI) of the
rice plants. Different letters indicate significant differences (p
< 0.05). Error bars represent the standard deviation from 5
replications (n=5)

The effect of N levels on Nitrogen Use Efficiency (NUE) of
the rice plants. Different letters indicate significant
differences (p < 0.05). Error bars represent the standard
deviation from 5 replications (n=5)

The effect of N levels on the Agronomic Nitrogen Efficiency
(NAE) of the rice plants. Different letters indicate significant
differences (p < 0.05). Error bars represent the standard
deviation from 5 replications (n=5)

Dry matter accumulation in rice as influenced by N rates
application over the crop growth stages.

Pattern of dry matter partitioning to different parts of rice as
influenced by time course and nitrogen levels.

Linear relationship of grain yield with (a) number of grains

per panicle, (b) panicle number/pot, (c) harvest index (HI) and

Xvii

133

134

135

137

138

140

141

146



Figure 4.26

linear relationship of N uptake with (e) panicle number and
(f) number of grains per panicle at p < 0.05**

Weight loss of cellulose hydrogels CRF during the
degradation time throughout the rice cultivation period. Error

bars show the standard deviation from 5 replications (n=5)

Xviil

147



AGU

%

% F

°C

3D

AAM

AUL

AW

CA

CEN

cm

CMC

CONHz2

COOH

CRF

CRP

Cu

DAS

DMSO

DP

DSC

LIST OF ABBREVIATIONS

Anhydro-D-glucopyranose ring unit
Percentage

Percentage filled

Degree Celsius
Three-dimensional

Acryl amide

Absorbency under load
Alginate—waste papers
Citric acid

European Standardization Committee
Centimeter

Per centimeter
Carboxymethylcellulose
Amide

Carboxylic acid
Controlled-release fertilizer
Controlled-release pesticide
Copper

Days after sowing

Dimethyl sulfoxide

Degree of polymerization

Differential Scanning Calorimetry

XiX



ECH
ESFA
Fe
FESEM

FTIR

ha
HEC
HI
HPMC
Kg

Kg Kg*

MARDI
MBA
MCA
mg/Kg
mL

mm

Mn

Epichlorohydrin

Extended Substance Flow Analysis

Iron

Field Emission Scanning Electron Microscope
Fourier Transform Infrared Spectrometer
Gram

Gram per kilogram

Gram per pot

Gram per gram

Hour

Hectare

Hydroxyethyl cellulose

Harvest Index

Hydroxypropyl methylcellulose

Kilogram

Kilogram per kilogram

Cubic meter

Malaysian Agricultural Research and Development Institute
N, N, -methylene bis-acrylamide
Monochloroacetic acid

Milligram per kilogram

Milliliter
Millimeter
Manganese

XX



MRQ74

N2H4CO
Na-CMC
NaCl
NAE
NaOH
NH2
NHI
NPK
NPS
NU
NUE
OH
P4VP
PAM
PEGDE
PLA
PPK
PVA

RZ

RC
RDF

rnm

Maswangi MARDI Rice Variety
Nitrogen

Urea

Sodium carboxymethylcellulose
Sodium chloride

Nitrogen Agronomic Efficiency
Sodium hydroxide

Ammonia gas (amino group)
Nitrogen Harvest Index
Nitrogen-Potassium-Phosphorus
Non-point source

NaOH/urea

Nutrient/Nitrogen use efficiencies
Hydroxyl group

4-vinylpyridine

Polyacrylamide

polyethylene glycol di-glycidyl ether
Poly lactic acid

Area Farmers Organization
Polyvinyl alcohol

Coefficient of determination
Regenerated cellulose
Recommended dose of fertilizers

Rotation per minute

XXi



SAH

SFA

SOszH

SRF

wiv

wt %

Zn

Superabsorbent hydrogel
Substance Flow Analysis
Sulfonic acid
Slow-released fertilizer
Temperature

Weight per volume
Weight percent

Zinc

XXii



CHAPTER 1

INTRODUCTION

1.1  Study Background

Consumers, industry, and government have growing demand for products derived
from renewable and sustainable resources that are biodegradable (Ahmed et al., 2022; Song
et al., 2022), environmentally friendly (Luo & Zhang, 2013; Zainal et al., 2019), non-
petroleum based (Dalmazzo et al. 2019), carbon neutral, and generate low environmental
impacts and minimum human health and safety hazards (Bao et al., 2020; Arun et al., 2021).
Cellulose, which is a highly biodegradable substance and nature’s most abundant
biopolymer, has promising potential as an alternative functional material for a variety of

applications (Chang & Zhang, 2011; Etale et al., 2023).

Cellulose was first introduced by Anselme Payen in 1838 when he found a residue
obtained from the acids and ammonia treatments on plant tissues and water extraction
process (Khan et al., 2022). Cellulose is the primary component of plants and is found in the
protective cell walls of plants, including stalks, stems, trunks, and all organic parts (Kabir et
al., 2018; Dutta et al., 2019). In addition, animals, fungi, and a few bacteria also can produce
cellulose (Dutta et al., 2019). Cellulose can be utilized in numerous forms including woods,
natural textile fibers, panels, papers, packaging materials, and other industries (Alam et al.,
2021). Further, cellulose is a stable polysaccharide that is resistant to hydrolysis by weak
acids and bases, as well as the hydrolytic activity of enzymes, because the glycosidic

linkages are not readily accessible from microorganisms and fungi.



For the past few years, new advanced materials derived from cellulose have been
developed due to increasing demand for environmentally friendly and biocompatible
materials (Kashmitha & Sunil, 2022). For instance, the modern-day agriculture system has
evolved to employ cellulose-based materials as an effective approach to greener fertilizers.
This is because, conventional agriculture is deemed as non-sustainable due to common
farmers’ fertilizer practices that use synthetic fertilizers which may intensify environmental
pollution (Shennan et al., 2017; Kilig et al., 2021). Therefore, ensuring a sustainable world
from the agricultural perspective has motivated the usage of sustainable and biodegradable
materials as an alternative. For this reason, much research has been focused on cellulose

which offers veritable prospects for future survival.

The utilization of cellulose, a naturally occurring resource that is cheap and widely
accessible, will be efficient and have greater economic appeal in practical ways, especially
in the sustainable fertilizer industry. However, despite their promising potential for many
applications, dissolution is a major concern when using cellulose due to their insolubility in
water and other common solvents (Acharya et al., 2021). This is mainly attributed to their

structural architecture which makes cellulose challenging to be processed (Figure 1.1).

Cellulose is a hydrophilic linear homopolymer and is made up of anhydro-D-
glucopyranose ring unit (AGU) (Gupta et al., 2016; Dutta et al., 2019). Each unit is bonded
via f3-1,4-glycosidic bonds between C1 of one glucose ring and Cs of another glucose ring
(Sorieul et al., 2016; Baharin et al., 2019). Each AGU in the cellulose chains contains three
reactive hydroxyl groups (-OH) per AGU, except at the terminal ends (Baharin et al., 2019).
Within the cellulose chain, intermolecular and intramolecular hydrogen bonds held the -OH

group of the AGU, the oxygen atom of AGU ring, and the glycosidic linkage to one another



(Gupta et al., 2016; Baharin et al., 2019). The cellulose molecule is stabilized by hydrogen

bonds, which allow it to be functionally active biomolecule (Kamel et al., 2008; Sannino et

al., 2009).
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Figure 1.1: (@) Molecular structure of cellulose, and (b) intermolecular and
intramolecular hydrogen bonding in cellulose (Acharya et al., 2021)

Furthermore, cellulose I or native cellulose is the natural form of crystalline cellulose
and exists as cellulose I and cellulose Ig allomorphs (Poletto et al., 2014; Hindi, 2017). One
of the main factors affecting the behavior of cellulose structure was the hydrogen bonding
that existed within the repeating units of molecules. Besides, cellulose is densely packed due

to the greater intermolecular and intramolecular hydrogen bonding which resulted in higher



crystallinity, thermal stability, and inhibition of thermal expansion (Hidaka et al., 2010;
Poletto et al., 2014; Hangasky et al., 2020; Jospeh et al., 2022). Also, the cellulose behavior
is significantly associated with different molecular weights resulting from their various

resources (Qi et al., 2008).

In other words, higher molecular weight of cellulose will cause lower solubility in
water and common solvents and lower the activation energy during cellulose dissolution
(Shrotrietal., 2013; Chen et al., 2019; Acharya et al., 2021). In addition, cellulose is a highly
crystalline polymer which reduces the accessibility of solvent into their networks (Acharya
et al., 2021). Therefore, cellulose solubility is also influenced by the cellulose crystallinity
which affects cellulose dissolution for high molecular weight cellulose (Lindman et al.,
2010; Park et al., 2010; Parviainen et al., 2014). De-crystallization of cellulose might make
it more soluble, facilitating solvent entry into their network and enabling cellulose

dissolution (Park et al., 2010; Ghasemi et al., 2018).

Additionally, cellulose dissolution is attainable through non-derivatizing process by
dissolving cellulose in the aqueous NaOH/urea solution and form a regenerated cellulose
(RC), which is also known as cellulose-based hydrogel (Dutta et al., 2019; Zainal et al.,
2019; Wang et al., 2021). The RC-based hydrogel is a green and sustainable material owing
to its biocompatibility and biodegradability for better alternative in agriculture. For instance,
controlled-release and slow-release media, water reservoir, seed germination medium,
enhanced soil properties, and biosensors for agricultural purposes (Treesuppharat et al.,

2017; Mohamed et al., 2022).



Furthermore, RC-based hydrogel is conveniently prepared because they are
compatible with a wide range of polar and nonpolar solvents as well as compatible with other
materials to increase the fabricated products (De France et al., 2020). The preparation of RC-
based hydrogel may include a few steps including native cellulose dissolution, cellulose
regeneration, crosslinking and drying. RC-based hydrogel can be prepared by two methods
which are physical crosslinking and chemical crosslinking (Kabir et al., 2018; Fatima et al.,

2021; Ul-Islam et al., 2021).

Generally, upon contact with water, RC-based hydrogels may absorb and retain a
huge amount of water in their polymeric networks (Behera & Mahanwar, 2019; Wei et al.,
2021; Ahmad et al., 2023). Their significant properties are exceptional physicochemical and
hydrophilic properties, high swelling ratio and high compatibility (Thivya et al., 2022). Their
compatibility with natural polymers is even more promising (Sun et al., 2020; Zhang &
Huang, 2020; Amiri et al., 2021). In addition, the RC-based hydrogel will maintain their
shapes even after swelling and absorbing a huge amount of water (Maitra & Shukla, 2014;
Kundu et al., 2022; Thivya et al., 2022). Also, the RC-based hydrogel conserves their shape
due to the intermolecular crosslinks which inhibit movement of polymer chains (Kundu et
al., 2022; Thivya et al., 2022). For this reason, previous studies suggested that the absorbed
water by RC cellulose-based hydrogel can be made readily accessible for plants especially
in water-scarce region (Sanchita et al., 2010; Abd EI-Wahid & Ali, 2013; Deshmukh &

Hardaha, 2014; Maitra & Shukla, 2014).

Further, extensive research has shown the use of RC-based hydrogels as water
reservoir in agriculture (Montesano et al., 2015; Abobatta, 2018; Saini et al., 2020). This is

significant given that agriculture consumes over 70% of fresh water (Doungmanee, 2016;



D’Odorico et al., 2020; Heinke et al., 2020). The modern approach of water-deficit irrigation
system may assist the agriculture sectors use water more efficiently. Hence, the agriculture
sector can endure the rising need for fresh water. Not only that, but certain water-scarce area
may be able to survive by incorporating cellulose hydrogels into their agricultural activities.
RC-based hydrogels are also employed in agriculture as agrochemical releasers

(Ranganathan et al., 2018; Hao et al., 2020; Ahmad et al., 2023).

As a result, cellulose hydrogels may facilitate plants obtaining sufficient nutrients
according to their requirement (Kabir et al., 2018; Ahmad et al., 2023). Subsequently, excess
nutrients and potential agrochemical waste could be minimized. Therefore, RC-based
hydrogel is a green and sustainable alternative and might be suitable for potential use in
agriculture. For these reasons, RC-based hydrogel could be potentially used as controlled-
release fertilizer (CRF) as an advanced alternative to conventional fertilizers in modern

agriculture.

Controlled-release fertilizer (CRF) contains plant nutrients encapsulated in their
polymer networks which delay their availability for plant absorption and post-application
usage (Trenkel, 2010). They allow sustained availability of nutrients to the plants
significantly longer than ‘rapidly available nutrient fertilizer’, for instance, ammonium
nitrate or urea, ammonium phosphate, or potassium chloride (Trenkel, 2010). The release of
nutrients is controlled by the coating materials that encapsulate the nutrients (Lawrencia et
al., 2021). Besides, CRF permits the release of nutrients in a controlled pattern and duration

(Sempeho et al., 2014), which would be a huge advantage in agricultural applications.



In this study, a series of cellulose-based hydrogels were fabricated by crosslinking
cellulose fibers extracted from waste papers and carboxymethyl cellulose (CMC) with
epichlorohydrin (ECH). The fabrication process used NaOH/urea aqueous solution, eco-
friendly, catalyst free and does not need any energy-intensive post-purification step rather
than a simple water washing of the cellulose hydrogel. The cellulose fibers were derived
from waste papers, because waste papers are readily available precursor materials, abundant

and cheap, biocompatible, and non-toxic (Ahmad et al., 2023; Riseh et al., 2023).

Crosslinking of cellulose is essential to enhance the non-solubility, increase
mechanical strength, stability, and rigidity of cellulose hydrogel. Cellulose-based hydrogels
were developed and optimized for potential use as a controlled-release fertilizer for upland
rice. After, the optimized cellulose-based controlled-release fertilizers hydrogels (CRF)
were evaluated and fine-tuned to match the needs of the rice plants. The effects of cellulose
based CRF hydrogels on the growth performance and yield of upland rice was studied
extensively. Also, the effect of cellulose based CRF hydrogels on the nitrogen uptake and

nitrogen use efficiencies (NUE) on upland rice was determined.

1.2 Research Issues and Problem Statement

In Malaysia, rice is normally cultivated either as wet paddy (Peninsular Malaysia) or
upland rice (Sabah and Sarawak). Under wet paddy cultivation, rice production has been
reduced from 1.80 million tons in 2017 to 1.51 million tons in 2021 (Zainol Abidin, 2023).
As shown in Table 1.1, the largest production area for paddy cultivation is in Kedah,

followed by Sarawak, Kelantan, and Perak (Zainol Abidin, 2023).

Sarawak state opened more than 83,143 hectares of land for paddy cultivation (Table

1). However, Table 1.1 shows that the rice production in Sarawak is the lowest, amounting



to only 1.79 ton ha*. The low rice production in Sarawak has reduced the national average

of rice production in Malaysia (Zainol Abidin, 2023).

Table 1.1: Rice production by states, 2021 (Zainol Abidin, 2023)
States Production Production (tons) | Productivity (ton/ha)
(ha)
Johor 2505.00 9,031.00 3.61
Kedah 214,945.00 907,076.00 4.22
Kelantan 74,972.00 333,829.00 4.45
Melaka 3,462.00 10,287.00 2.97
N. Sembilan 1,480.00 4,662.00 3.15
Pahang 13,497.00 37,817.00 2.80
Perak 74,949.00 244,397.00 3.26
Perlis 60,478.00 256,034.00 4.23
Pulau Pinang 24,210.00 136,919.00 5.66
Selangor 35,885.00 155,631.00 4.34
Terengganu 19,601.00 72,023.00 3.67
Peninsular Malaysia | 525,984.00 2,167,706.00 4.12
Sabah 38,732.00 112,284.00 2.90
Sarawak 83,143.00 148,903.00 1.79
Malaysia 647,859.00 2,428,893.00 3.75




Upland rice cultivation is generally performed by rural communities, particularly in
Sarawak (Sinton 1t al., 2019). It is still a significant agricultural activity for household
consumption, and farmers occasionally sell their surplus to generate income (Hanafi et al.,
2009; Sinton et al., 2019). Table 1.2 shows land area the upland rice production in Sarawak,
located at Batang Lupar, in Sri Aman Sarawak. Batang Lupar is one of the twelve granary
areas in Malaysia (Zainol Abidin, 2023). It can be observed that, between 2017 and 2021,
upland rice production did not differ significantly. The upland rice cultivation area was the
same from 2017 to 2021 at 1,121 ha, but there was 10.5% increase in production in
2021compared to the previous year. The upland rice production is slightly increase from
2,252 tons in 2017 to 3,220 tons in 2021. However, the upland rice production is still below

the target of 6 ton/ha (Zainol Abidin, 2023).

Table 1.2:  Land area and rice production in Sarawak

Land area (ton ha?)

1,121

1,121

1,121

1,121

1,131

Rice production (ton ha't)

2,252

2,794

3,087

2,913

3,220




Chemical fertilizers, herbicides, and insecticides are currently used in upland rice
cultivation (Hu et al., 2016; Shennan et al., 2017). Chemical fertilizers are most preferred by
farmers to increase agricultural productivity (Ali et al., 2021; Zhu et al., 2020). However,
the long-term use and excessive usage of chemical fertilizer has generated non-point source
(NPS) contamination, environmental degradation, and ecosystem disruption (Shen et al.,

2012; Chen et al., 2018; Li et al., 2019; Kilig et al., 2021).

Moreover, water quality has also been degraded because of fertilizers leaching from
common farmers’ practices (Shennan et al., 2017; Tal, 2018; Alcamo, 2019; Cueff et al.,
2020). Water of irrigation from any sources will be supplied to the crops which concurrently
hoisting the contaminants and chemicals elicited from fertilizers (Alcamo, 2019). Following
that, the water from the irrigated cropland will drain back to the stream and freshwater
bodies, bringing with it the elicited chemical fertilizers and contaminants (Gil-Ortiz et al.,

2020; Messiga et al., 2020; Ahmad et al., 2023).

Whereas nitrogen (N) is a critical component that influences upland rice growth and
productivity (Kichey et al., 2007; Momesso et al., 2020). Urea is the most often used nitrogen
(N)-based fertilizer due to its high N content and low cost (Xiaoyu et al., 2013; Versino et

al., 2019; Gil-Ortiz et al., 2020). Farmers used a lot of N to increase rice output. HOWeVer,

Other studies found that farmers’ fertilizer practices in rice cultivation resulted in
low nutrient use efficiency and approximately 50% of nutrients loss to the environment due
10
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However, there is another prominent issue with the CRF that is currently accessible

on the market.

broad application in agriculture (Zhao'etali 2013)! As a result, their prospective application

is limited to high-value crops to minimize fertilizer loss due to leaching, dosing frequency
and irrigation frequency (Naruetharadhol et al., 2022; Roth et al., 2023). Unless and until
the expenses are significantly reduced, CRF applications are limited to the government and
other well-funded organizations, leaving out the individual farmers and agriculturists who

could gain from its prudent usage.

In addition, the currently available CRF in the market are made of petroleum based-

synthetic polymers such as starch-polyacrylonitrile based materials, vinyl-alcohol acrylic
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acid-based materials, and acrylamide-based materials (Abobatta, 2018; Li et al., 2020;
Lawrencia et al., 2021). Therefore, their application in agriculture may have major
environmental repercussions due to their toxicity (Elsayed, 2019; Sennakesavan et al., 2020;
El Sayed, 2023). After the fertilizers are released, their carriers may be hazardous to the
environment since they are not easily biodegradable and may accumulate in the soil over
time (Lawrencia et al., 2021; El Sayed, 2023). Consequently, soil deterioration and
contamination of surface water by agrochemicals due to surface run-off or transfer of
undesired contaminants on eroded soil may occur (Cueff et al., 2020). Furthermore, the
release characteristics of CRF developed by other countries might not work best under our
local soil and weather conditions. [Thus, there is an urgent need to develop cost-effective and
eco-friendly CRF from our locally available cellulosic waste and could meet the growing

needs for our local paddy under the local soil and weather conditions.

Further, waste papers are critically seen as a prominent issue with serious
environmental repercussions. According to data suggest, Malaysian produce more than
55,000 tons of paper and waste papers every month, which can occupy 456,000 m? of landfill
space (Zainal et al., 2019). Waste papers are thought to constitute most of the municipal solid
waste produced each year (Yong et al., 2019; Zainal et al., 2019). This may increase
environmental problems including flash floods and stagnant pools where mosquitoes thrive
due to winding up in drains and water ways (Yong et al., 2019). Consequently, various issues

such as sickness, landslides, and traffic congestion may occur.

One feasible strategy to reduce the number of waste papers discarded at landfill is by
increasing paper recovery rate, which is still low in Malaysia (less than 40%) (Zainal et al.,

2019). Waste papers have received a lot of attention as an important part of solid waste.
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Further, the growing demand for cellulosic substances, the concerns about deforestation, the
development of environmental laws and policies, and the interest in lowering production
costs have made waste papers recycling more appealing (Monte et al., 2008; Sabazoodkhiz

etal., 2017; Amiri et al., 2019).

Waste papers are recycled by passing them through a paper recycling mill machine,
which produces various recycled paper grades (Scheel et al., 2019). However, when the
number of recycling times increased, this method could damage lignocellulosic or cellulose
fibers by reducing their length (Kermanian et al., 2013) and increase the fines content of
fibers. Consequently, the large fines of fibers would impair the structure of the paper by
lowering interlocking of the paper web, decreasing the drainage of water from paper web,
and therefore increasing production costs (Min et al., 2015; Scheel et al., 2019). Generally,
most paper recycling mills segregate fiber fines residues from the process and wastewater to
improve the process and product quality (Min et al., 2015; Scheel et al., 2019). These

segregated fiber fines residues are considered waste, and their disposal is a serious

environmental concern (Min etal., 2015). Given theconcerns; it could be more advantageous
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1.3 Research Objectives and Research Questions

Considering the discussion in the preceding parts, this section presents the research
objectives and research questions for this study. Research objectives are divided into main
objective and specific objectives, followed by the formulation of main research questions

and specific research questions.

1.3.1 Research Objectives

The main objective of this study is to fabricate and develop an eco-friendly cellulose-
based hydrogels from waste papers for agricultural application. The specific objectives of
this study are as follows:

1. To synthesize and characterize cellulose-based hydrogels CRF from waste
papers.

2. To investigate the loading and release capacity, as well as the release kinetics of
urea-loaded cellulose-based hydrogels in water and soils.

3. To analyze and optimize fertilizer loading capacity and release rates in
accordance with the rice plant requirement, as well as studying the effect of
cellulose hydrogels on the growth performance and yield of upland rice in
Sarawak.

4. To Investigate the effects of cellulose-based hydrogel CRF on nitrogen (N)

uptake and nitrogen use efficiency (NUE) of upland rice in Sarawak.

1.3.2 Research Questions
Correspondingly, the following research questions have been developed:
1. Would it be possible to fabricate eco-friendly cellulose-based hydrogels CRF

from waste papers as an advanced material for agricultural application?
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2. What is the loading and release capacity of urea-loaded cellulose-based
hydrogels in water and soils?

3. Could cellulose-based hydrogel CRF improve upland rice growing performance
and yield of upland rice in Sarawak?

4. Could cellulose-based hydrogel CRF improve upland rice nitrogen uptake and

nitrogen use efficiency (NUE) of the upland rice?

1.4  Scope of the Study

It is common to set the scope of the study to ensure that the objectives specified in
the previous section can be achieved in examining the extend of cellulose-based hydrogel
CRF performance in upland rice cultivation. To achieve the research objectives, this study
has been divided into two phases — Phase 1 for the research and development of cellulose-
based hydrogel CRF, and Phase 2 for the quantitative research design on upland rice
cultivation. Phase 1 is conducted to achieve the first two research objectives formulated
earlier. In Phase 1 of this study, it focuses on the fabrication and development of cellulose-
based hydrogel CRF, i.e., an optimized cellulose-based hydrogel CRF and its influencing
factors. Several parameters were evaluated including the surface morphology of cellulose-
based hydrogel, the swelling capacity, soil moisture properties, and loading and release of
fertilizers from cellulose-based hydrogel CRF. Further, a cellulose-based hydrogel was
characterized using several instrumentation techniques including Fourier transform infrared
(FTIR) spectrometer, field emission scanning electron microscope (FESEM), differential
scanning calorimetry (DSC), Kjeldahl procedure and the Nessler method. The optimized
cellulose-based hydrogels CRF were administered in field study for upland rice cultivation

to evaluate their performance.
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In Phase 2, quantitative research involving a mini field trial for growing upland rice
was conducted to achieve the remaining research objectives. The field trial was conducted
in a mini greenhouse using the optimized cellulose-based hydrogel CRF developed in Phase
1 for growing upland rice. Several studies provided general recommendations on the amount
of N fertilizers applied to grow the rice plants according to farmers’ fertilizer practices in
split application. Therefore, different treatments of N fertilizers and recommended dosage
fertilizers (RDF) in single basal application and in split application were applied to fine tune
the loading capacity and release rates of fertilizer to match the needs of upland rice. The N

uptake and N use efficiencies of upland rice were also determined.

The analysis of results and findings of this study were restricted to the application of
cellulose-based hydrogel CRF for upland rice cultivation in Sarawak context. The
interpretation of the results must be wisely and carefully applied in another context. It is also

unreasonable to generalize the findings of this study to other cultivation in agriculture.

1.5  Significance of the Study

This study is important for the agricultural sector in various ways. First, it contributes
to the body of knowledge as an additional know-how to the literature towards the
understanding of the extend of cellulose-based hydrogel CRF on the agricultural sector.
There were limited literatures reported on the preparation and characterization of regenerated
cellulose hydrogels derived from solid municipal waste and their applications in agriculture.
As far as Malaysian government is concerned, conventional agricultural sector is regarded
as non-sustainable subjected to farmers’ fertilizers practices and how it is being governed.
As this study examines on the influencing factors determining the optimization of cellulose-

based hydrogels, particularly for agricultural applications, these factors are established as a
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contribution to the body of knowledge as well as agricultural sector. Therefore, this work
might provide insights into the fundamental principles of utilizing abundantly available

resources towards developing a feasible sustainable alternative for agricultural applications.

Second, despite the recognized application of cellulose-based hydrogel CRF in
agriculture, which has been investigated in isolated research and academic papers, cellulose-
based hydrogel CRF continue to struggle to find widespread applications in agriculture,
particularly upland rice production. Rice production is significantly influenced by the
availability of N fertilizers. A major concern evolved as only half of the recommended dose
of fertilizers can be absorbed properly by the rice plants due to leaching and surface run-off.
This resulted in poor growing of the rice plants, low rice production, and poor quality of rice
grains due to insufficient amount of nutrient absorbed by the rice plants. This resulted in
excessive use of fertilizers as most farmers tend to increase the fertilizer inputs to meet the
needs of the rice plants and generate more yields and in fact, resulted in a lot more fertilizers
leached from the soil. It will be costly to apply such unnecessary amounts of fertilizer to
compensate for fertilizer loss that should be absorbed by the rice plants. Therefore, cellulose-
based hydrogels act as a controlled-release fertilizer, which is an important strategy for
improving fertilizer use efficiency by limiting nutrient loss through leaching and minimizing
potential environmental repercussions. The application of developed functional materials for
fertilizer use potency may become necessary throughout the time to increase fertilizer use

efficiency and rice production.

Third, cellulose-based hydrogel CRF may improve growth performance of the rice
plants and grains and increase rice productivity. Currently, rising food demand has led to a

mass agricultural practice, whereas crops productivity and quality is one of the major
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concerns for farmers. However, poor management of nutrients and ignorance of the Liebig’s
Law of Minimum serves as a hurdle in efforts to increase rice production. Cellulose-based
hydrogels as a carrier for agricultural inputs could enhance nutrient uptake by the rice plants
with sufficient nutrients availability over longer period. This promotes healthier growing of
rice and improves rice grains quality and productivity. Furthermore, rice self-sufficiency in
Malaysia remains a major concern, hovering around 70% from 2008 to 2017. For this reason,
they may contribute and are in line with the National Agriculture Policy, from which the
government intends to increase rice self-sufficiency in Malaysia up to 75% by 2025 and 60%

by 2030 in Sarawak to ensure food security for people.

1.6 Motivation of the Study

This study is conducted to identify the root causes from which research designs in
Phase 1 and Phase 2 were developed to find answer to uncertainties and fill in the research
gaps. Studies are conducted because there are uncertainties about a phenomenon that either
has or has not occurred. In this study, it is well acknowledged that farmers’ fertilizer
practices in rice cultivation resulted in low nutrient efficiency and approximately half of
nutrients loss to the environment due to heavy leaching, surface run-off, volatilization,

denitrification, and undesirable organic compounds in the soil (Li et al., 2019).

These phenomena might lead to various issues including substantial environmental
problems and excessive use of conventional fertilizers which may cause spike in toxicity
levels in both plants and soils (Cameron et al., 2013; Lawrencia et al., 2021). Subsequently,
biodiversity might be substantially affected and may lead to biodiversity imbalance. Not

only that, but conventional farmers’ fertilizer practices may also result in poor harvest and
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significant financial loss (Cameron et al., 2013). Therefore, there is an urgent need to

minimize fertilizer loss by increasing fertilizer use efficiency.

For these reasons, this study aims to employ a systematic research method to solve
problems by conducting a deep analysis and studies of relevant factors. The performance of
cellulose-based hydrogel CRF in upland rice cultivation forms an important part of the
evaluation to ensure that the results obtained from this study are reasonable and reliable
which are supported by the quantitative and qualitative data (both in Phase 1 and Phase 2).
The process also involves designing the relevant research method employed, collecting, and
describing data, making data analysis and reporting data. Thus, research might find answers
that resolve the uncertainties of problems as previously discussed. Further, this study is
conducted to establish, by analyzing the performance of cellulose-based hydrogel CRF in
upland rice cultivation, whether the CRF formulations enhanced the growth of the rice plants

and met the needs of the rice plants, thus fulfilled the gaps in this study.

This study also explores the introduction of a novel approach of administering
cellulose-based hydrogel CRF as a greener alternative to conventional farmers’ fertilizer
practices, i.e., in upland rice cultivation. This is because, how the upland rice cultivation
system is being governed with conventional practices has led to many issues. For instance,
non-point-source (NPS) contamination, environmental degradation, and ecosystem
degradation (Li et al., 2019). For these reasons, the administration of an eco-friendly
cellulose-based hydrogels CRF is a novel approach to cater the root causes, i.e., low
absorption and low fertilizer use efficiency by the rice plants from conventional farmers’
fertilizer practices. Therefore, fertilizer losses could be minimized, while rice production and

profits for farmers could be increased. In addition, the introduction of cellulose-based

19



hydrogel CRF for upland rice cultivation in Sarawak is a kind of novelty in this study. This
is because, no study reported any application of cellulose-based hydrogel CRF in rice

cultivation in Sarawak.

1.7  Chapter Summary

This chapter began by describing the background research on the cellulosic materials
used to create a value-added novel functional material, i.e., in this study, cellulose-based
hydrogels for agricultural applications. It went on to suggest extracting cellulose using waste
papers as precursor materials, which are inexpensive and abundantly available. Research
issues and problems have been identified and thoroughly discussed.

After, research objectives and research questions have been formulated to address
the issues and problems. This chapter also includes the scope of the study, significance of

the study, and motivation of the study.
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CHAPTER 2

LITERATURE REVIEW

2.1  Overview

The previous chapter provides insights on the introductory explanation on the
background of study, research issues and problems, research objectives and research
questions, as well as significance contribution of the study. This chapter reviews past
literature related to the study. Section 2.2 provides an overview of cellulose-based hydrogels
and section 2.3 explains the synthesis of cellulose-based hydrogels which were used to
explore the method of preparation of cellulose-based hydrogels used in this study. Next,
section 2.4 offers a review of prior literature which focuses on the key characteristics of
agricultural hydrogels. Section 2.5 describes the categories of cellulose-based hydrogels for
agricultural applications. As this study examined the nutrient release profile of cellulose-
hydrogels, review of past literature related to this area is presented in section 2.6. In line with
the advancement of functional hydrogels, their increasing adoption in agriculture and the
insights into the use of hydrogels as advanced functional materials are presented in section
2.7. Following the review of the use of hydrogels in agriculture, section 2.8 reviews the
studies of rice variety used in this study. Section 2.8 also includes prior studies on the

performance evaluation of hydrogels on crops.

2.2 Cellulose-based Hydrogels

Cellulose-based hydrogels are three-dimensional (3D) network structures made of
highly crosslinked linear or branched hydrophilic cellulosic polymer chains (Kabir et al.,
2018; Behera & Mahanwar, 2019; Ahmad et al., 2023). Upon contact with water, cellulose

hydrogels may absorb and retain large amounts of water in their polymeric networks,
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swelling up to 99% (Behera & Mahanwar, 2019; Wei et al., 2021; Ahmad et al., 2023).
Furthermore, cellulose hydrogels may retain their polymeric networks stable even in swollen

state (Guilherme et al., 2015).

These characteristics are significantly associated with the presence of polar
hydrophilic moieties, such as SOsH, OH, NH2, COOH and CONH3 (Zainal etal., 2021; Khan
et al., 2022). These characteristics also assure the stability of cellulose hydrogels in various
mediums and environments due to physical or chemical entanglement in the structures of
cellulose hydrogels polymer chains (Guilherme et al., 2015; Berradi et al., 2023). Many
hydrogels are developed for specific applications such as transdermal drug delivery, wound
dressing, and contact lenses (Berradi et al., 2023). In addition, hydrogels have been utilized
in agriculture as water reservoir, soil conservation, drought stress relief, and controlled

release fertilizer (Lawrencia et al., 2021; Berradi et al., 2023).

2.3 Synthesis of Cellulose-based Hydrogels

Crosslinking can be categorized as chemical crosslinking, physical crosslinking, or
both, simultaneously (hybrid) (Guilherme et al., 2015; Bashir et al., 2020; Zainal et al., 2021,
Liu et al., 2022). Crosslinking is a process of stabilization that allows multidimensional
extension of polymeric chain, resulting in a network structure (Maitra & Shukla, 2014). In
other words, crosslinking can occur by the polymerization of monomers with two or more
functional groups (Maitra & Shukla 2014). Crosslinking is governed by covalent bonds,
hydrogen bonding, van der Waals interactions, mechanical interlocking and other physical

entanglement (Nath et al., 2023).
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The crosslinking process is important for improving the solubility, stability,
thermostability and glass transition temperature of polymer network, as well as increasing
mechanical strength and molecular weight. Moreover, crosslinking may enhance the
swelling, rigidity, elasticity, viscosity, permeability and stiffness of the polymer networks
(Maitra & Shukla, 2014; Zainal et al., 2021). The resulting crosslinking structure is critical
in determining the major characteristics and properties of cellulose-based hydrogels that are

best suited for specific applications (Zainal et al., 2021).

In terms of synthesis method, crosslinking is of two kinds: in-situ crosslinking and
post-crosslinking (Mane et al., 2016). In-situ crosslinking is a direct crosslinking method
between functional monomer and crosslinker that results in a macromolecular chain of
polymer. Post-crosslinking, on the other hand, is a process of crosslinking that occurs after

polymerization (Niu et al., 2015, Mane et al., 2016).

2.3.1 Physical Crosslinking

Physically crosslinked hydrogels (Figure 2.1) are also known as reversible or
physical gels (Konieczynska & Grinstaff, 2017). It is formed by molecular entanglement
and/or secondary forces including ionic interactions, hydrophobic interactions, hydrogen
bonding interactions, crystallization, stereo-complexation and supramolecular chemistry
(Ullah et al., 2015; Parhi, 2017). Physical crosslinking is a reversible process that occurs as
a result of conformational changes caused by physical, chemical, or biological stimuli (Ullah

et al., 2015; Parhi, 2017).
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Functional group

Figure 2.1: Graphical representation of physical crosslinking in hydrogel network (Xu
etal., 2018)

Examples of physical stimuli include change in temperature, pressure, light intensity,
electricity, magnetic field, stress and solvent composition (Mane et al., 2016). Meanwhile,
chemical or biochemical stimuli include change in pH, ions and specific chemical
compositions (Mane et al., 2016). This means that once the triggers are removed, physically

crosslinked hydrogels may return to their initial state.

Beside, physical crosslinking may produce hydrogels that are insoluble in aqueous
solutions (Maitra & Shukla, 2014). This means with physical crosslinking, solubilization is
not possible because water can enter without disrupting or breaking the strong interaction
that binds the polymer chains. Furthermore, dissolution is prohibited by physical interactions
between different polymer chains (Kabir et al., 2018). As a result, physically crosslinked
hydrogels can hold and retain an unaltered 3D polymeric network structure during swelling
(Kabir et al., 2018). This can be achieved by crystallization using the freeze-thaw cycle

technique (Bustamante-Torres et al., 2021; Xu et al., 2023).

In freeze-thaw cycle, cryogenic treatment is used by the association of strong

hydrogen bond. The strong hydrogen bond could be formed during one of the freeze-thaw
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stages, which include freezing of the initial system, storing the samples at a very low
temperature, or thawing the frozen sample. Guan et al. (2014) recently reported on the
preparation of novel superabsorbent cellulose-based hydrogels by repeating the freeze-thaw
cycle, which produced physically chain packing in the polymer chains. Furthermore, a phase
separation caused the formation of a densely packed structures from multiple freeze-thaw
process, resulting in high mechanical strength and thermal stability. This technique has been
reported in other studies including Dai et al. (2017) and Ahmad et al. (2023). In addition,
hydrogels prepared using physical crosslinking have been reported in other studies (Chen et

al., 2015; Cao et al., 2018; Yang et al., 2021; Bai et al., 2022). state.

4.3.2 Chemical Crosslinking

Chemical crosslinking (Figure 2.2) refers to intermolecular and intramolecular
joining of two or more molecules through a covalent bond (simultaneously or post
polymerization) in which hydrogen bonding will be replaced by a stronger and stable

covalent bond (Ullah et al., 2015; Arora et al., 2017; Xu et al., 2018).

PN/

w — Covalently bonded

Cross-linker

Figure 2.2: Graphical representation of chemical crosslinking in hydrogel network (Xu
etal., 2018)
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There are several methods that can be used to prepare chemical crosslinking,
including aqueous solution polymerization, inverse-phase suspension polymerization and
microwave irradiation polymerization (Guilherme et al., 2015; Bustamante-Torres et al.,
2021). Chemically crosslinked hydrogels are made using both natural (i.e., cellulose,
chitosan, hyaluronic acid, collagen, fibrin) and synthetic materials (i.e., polyacrylic acid,
polyethylene glycol, polyvinyl alcohol, polyphosphazene, polypeptide) (Konieczynska &

Grinstaff, 2017).

Moreover, chemically crosslinking produced permanent gels that are irreversible due
to configurational changes (Ullah et al., 2015; Bustamante-Torres et al., 2021). Chemical
crosslinking also produced hydrogels with high mechanical strength, making them more
resistant to heat and pressure (Mane et al., 2016). Further, chemically crosslinked hydrogels
have a better water absorption capacity than physically crosslinked hydrogels (Nasution et
al., 2022; Ahmad et al., 2023). This is due to the chemical crosslinking process breaking the
compact chain packing in cellulose, resulting in increased movability of macromolecules

and hydrophilicity (Salleh et al., 2018).

However, it is important to note that the prepared hydrogels must be able to maintain
and retain their structure without bursting upon swelling, therefore, hydrogels must have
excellent strength and stability. According to studies, excessive swelling capacity may do
considerable harm to the mechanical properties of hydrogels in some circumstances because
they cannot withstand stress from intense swelling (Gupta & Shivakumar, 2012; Guilherme
et al., 2015). This is significantly associated with permanent and irreversible damage of
hydrogels due to ruptured covalent bonds when hydrogels break (Lawrencia et al., 2021).

For this reason, researchers regarded this as a significant disadvantage of chemically
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crosslinked hydrogels. Previous studies have reported using chemical crosslinking to make

hydrogels, including Han et al. (2020), Lawrencia et al. (2021), and FitzSimons et al. (2022).

2.3.3 Dual-network Polymer

Over the past century, significant progress has been achieved in developing fancy
hydrogels with better properties for the intended applications. However, there is a major
concern in preparing hydrogels using solely physical crosslinking or chemical crosslinking.
Chemically crosslinked hydrogels are tough but damage-irreversible, whereas physically
crosslinked hydrogels are damage-recoverable, nonetheless, the resulting hydrogels have

poor mechanical strength (Xin, 2022).

For this reason, researchers have devised another mechanism, namely dual-networks
or double-network polymer hydrogels (Ullah et al., 2015; Ning, et al., 2022; Xin, 2022).
Dual-networks polymer was developed by combining chemically-physically crosslinked
hydrogels (Ullah et al., 2015), dual physically crosslinked hydrogels (Yuan et al., 2016; Xu
et al., 2018) and dual chemically crosslinked hydrogels (Chen et al., 2015) with enhanced

and coupled mechanical properties (Ullah et al., 2015).

According to research, dual-networks polymers are ideal for gradual drug release,
drug delivery carriers, wound dressing and tissue scaffolding (Ning et al., 2022; Xin, 2022).
This is because the hydrogels made from single mechanism tend to have poor strength and
toughness, limiting their development (Ullah et al., 2015). Moreover, a few mechanical
properties of common hydrogels are inconvenient for possible applications (Ullah et al.,

2015).

One of the major problems is, the crosslinking points in their polymeric networks

have soft flexibility but muscular rigidity (Ullah et al., 2015). This will cause lower buffering
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effect and damage the hydrogels due to stress impact. Next, the hydrogels have a poor
flexible crosslinking force, hence they may not be able to expand but retain their shape, i.e.,
in their swollen state, and are difficult to cover after deformation (Ullah et al., 2015). Third,
hydrogels are unable to disperse energy effectively due to insufficient dissipation capacity,

which may damage their networks (Ullah et al., 2015).

Therefore, researchers have focused on developing hydrogels with great mechanical
strength and toughness using dual-networks polymers. They use of a dynamic covalent bond
in chemical crosslinking and the stability of physical crosslinking to enhance the mechanical
properties of hydrogels for various applications (Ullah et al., 2015). The idea is to use step-
by-step approaches in the preparation of hydrogels (Ullah et al., 2015). The first step is
highly crosslinked polymeric network but poor mechanical properties, followed by a second
step of loosely crosslinked polymeric networks to fill the first structure’s internal gap (Ullah

etal., 2015).

The dual-networks technique will enhance the stability, strength and mechanical
properties of hydrogels while preserving their original properties (Beckett et al., 2020).
Hydrogels, for instance, as a controlled release fertilizer system, require long-term stability,
nevertheless, hydrogel polymers often have poor strength and toughness due to chemical
crosslinking (Beckett et al., 2020). Therefore, reinforcement is necessary to maintain
structural stability of hydrogels for prolonged release. Hence, dual-networks crosslinking
was used to prepare hydrogels with excellent mechanical properties and multifunctional

capabilities (Chen et al., 2019).

For instance, Qin et al. (2019) prepared starch-based hydrogels using one-pot

technique by crosslinking corn starch with polyvinyl alcohol (PVA) and borax as a
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crosslinker. The first network structure of hydrogels prepared was hydrogen bonds between
starch and PVA, followed by dynamic borate bond crosslinked network. The addition of
borax as a crosslinker ensured the interpretation, tangling, and crosslinking of starch-PVA
via covalent bonds, resulting in the formation of hydrogel suspension. Following that, a
starch-PV A hydrogel was formed from the freezing-thawing cycles of the second physically
crosslinked network. Hydrogels prepared show excellent stretchability and toughness, as
well as good self-healing and self-recoveries capabilities, making them promising for

agricultural and biomedical applications, as well as pollutant adsorbents (Qin et al., 2019).

Likewise, Ai et al. (2021) used one-pot technique by crosslinking xylan
hemicellulose with PVA and borax as a crosslinker to prepare hydrogels. The hydrogen
bonds and related tangles between PVA and hydroxyl groups on xylan hemicellulose were
used as crosslinking points to make the first network. Following that, borax was added into
the xylan-PVA, which induced chemical crosslinking networks and formed hydrogel
suspension. The freeze-thaw cycles that comprise the second physically crosslinked network
formed hydrogels. This dual chemical/physical crosslinking produced hydrogels with free
deformation and recycling capabilities, as well as good self-healing and high mechanical

properties (Ai et al., 2021).

Further, Fan et al. (2021) developed polyacrylamide/gelatin (PAM-gel) based
hydrogels in a one-pot approach using dual chemical/physical crosslinking. The PAM-gel
hydrogels showed high thermal stability, high swelling ratio up to 1400%, and good shape
memory function under warm water (Fan et al., 2021). The PAM-gel hydrogels have the

potential to be used as drug-release agents in wound dressing application. Preparation of
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hydrogels using dual-networks crosslinking was also reported by Abdolmaleki et al. (2021),

Guo et al. (2021), Liu et al. (2021), Chen et al. (2022) and Yang et al. (2022).

2.4  Key Characteristic of Agricultural Hydrogels

Swelling is the most important characteristics of agricultural hydrogels. The
significance of hydrogels in different fields, including agricultural applications, was
primarily studied through swelling and deswelling test (Hocine et al., 2023). The hydrogels
swell-dry-swell multiple times depending on the external environmental condition.
Furthermore, they can function effectively at temperatures ranging from 40 °C to 60 °C,
making them suitable for semiarid and arid regions (Kalhapure et al., 2016). Agricultural
hydrogels should have high absorbency under load (AUL) rather than a high absorption rate

(Ranganathan et al., 2018).

A good superabsorbent hydrogel can absorb large and retain large amount of water
or aqueous solution and gradually release it in response to the crops’ need (Behera &
Mahanwar, 2019; Wei et al., 2021; Ahmad et al., 2023). Conventional absorbent materials
can only absorb water up to 100 times of their dry weight, but superabsorbent hydrogels
increase this feature up to 1000 times (Braihi et al., 2014; Guilherme et al., 2015). The
crosslinked hydrogels may retain their polymeric networks shape even in swollen state
(Guilherme et al., 2015). There are two main types of crosslinking that are specifically
related to the high absorption capacity and swelling ability of superabsorbent hydrogels: bulk

or core crosslinking and surface crosslinking.

Moreover, they must be highly durable and stable in the swelling environment as
well as during storage. High water absorption capacity and swelling rate are significantly

associated with highly porous structure of polymeric networks hydrogels (Ahmad et al.,
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2023). Therefore, highly porous hydrogels were also most preferred as a crucial

characteristic for agricultural hydrogels (Ahmad et al., 2023).

2.4.1 Bulk or Core Crosslinking

Bulk or core crosslinking is part of chemical crosslinking which occurs during the
polymerization stage of the preparation of hydrogels (Braihi et al., 2014; Behera &
Mahanwar, 2019). During the polymerization step, a crosslinking agent is incorporated into
the back bonds of polymer chains. For instance, polyunsaturated crosslinkers such as

diacrylates or bis-acrylamides are frequently used.
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Figure 2.3: Graphical representation of bulk or core crosslinking within materials
(Behera & Mahanwar, 2019)

The reactivity ratios will be determined to measure the proclivity of reaction
components to react with each other (Braihi et al., 2014). High reactivity crosslinker will be
consumed during the early stages of polymerization reaction (Braihi et al., 2014). Whereas
any polymer chains generated later in the process are less likely to crosslinked and existed
as extractable chains. Extractable chains are also known as low molecular weight polymer

chains.
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Low reactivity crosslinkers, on the other hand, have the opposite tendency, and the
types of crosslinker used are critical in determining the final structure of polymer network
(Braihi et al., 2014). This suggests that the concentration of crosslinker added has a
substantial influence on the polymeric network of hydrogels formed and determines the

swelling properties of hydrogels (Tholiban et al., 2019; Rico-Garcia et al., 2020).

As reported by Das et al. (2020), cellulose-based hydrogels were prepared by
crosslinking carboxymethylcellulose (CMC) and hydroxyethyl cellulose (HEC) with citric
acid (CA) as the crosslinker. Various CA concentrations, i.e., 1%, 2% and 3% were added
in the preparation steps. Their findings show that low crosslinker concentrations resulted in
poor swelling ability due to insufficient crosslinked network formation. They also proposed
that high crosslinker concentrations resulted in low swelling ability due to the formation of
densely packed crosslinked networks, which reduces water permeability into the polymer
network (Das et al., 2020). The optimum 2% CA crosslinker gave the highest swelling ratios
of 600% due to sufficient crosslinked network formation to absorb and retain water. The as-
prepared cellulose hydrogels have the potential to be used as controlled-absorb-release water
materials to enhance water utilization efficiency for agricultural applications (Das et al.,

2020). This finding was also reported by Salleh et al. (2018).

2.4.2 Surface Crosslinking

Surface crosslinking is a newer technique which produced hydrogels with high
absorption capacity against pressure and enhanced swelling rate (Braihi et al., 2014; Behera
& Mahanwar, 2019). Hydrogels with low crosslinking concentration had poor gel strength,
poor absorbency under load, and the swelled particles deformed easily and clustered together

under load. The capacity underload decreased as swelling underload increases. As a result,
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gel blockage occurs. Therefore, post-treatment is necessary to resolve this condition. Post-
treatment is normally performed on dried, milled, and sized hydrogels as the final stage of

the process.

Untreated particle Surface crosslinked particle
Solution blocked Solution flows

Uncontrolled swelling / gel blocking Controlled swelling / high permeability
(a) (b)
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In agricultural application, superabsorbent hydrogels exist with neutralization
(Ranganathan et al., 2018). Therefore, they do not affect nutrient availability, soil chemical
composition, or the action of other agrochemicals such as fertilizers, herbicides fungicides,
insecticides, and others. Furthermore, hydrogels may improve the physical properties of soils
including porosity, bulk density, water retention, and local soil humidity (Ramezani et al.,
2013), as well as soil permeability and aeration, thus enhanced nitrogen retention by plants
(Ramos Campos et al., 2015). Moreover, hydrogels may increase biological or microbial
activities in the soil, improving air availability in root zone of the plant (Ekebafe et al., 2011).
Therefore, cellulose-based hydrogels could be deemed as environmentally friendly and
inexpensive, as well as gradually biodegradable without the formation of toxic species

(Ahmad et al., 2023).

2.5  Categories of Cellulose-based Hydrogels

Various types of hydrogels including alginate, starch, chitosan, and cellulose-ether-
based hydrogels have been used for agricultural applications (Nasution et al., 2022).
Crosslinkers, such as epichlorohydrin, aldehydes, aldehyde-based reagents, urea derivatives,
carbodiimides, and multi-functional carboxylic acids are used in the synthesis of hydrogels
(Sabbagh et al., 2018; Nasution et al., 2022). Moreover, crosslinking reactions are triggered
by chemical agents and may occur in water solutions, organic solvents, or in the dry state
(Guilherme et al., 2015; Bustamante-Torres, et al., 2021). As prepared cellulose hydrogels
have high water absorption capacity and water retention ability, which are important features
for water and nutrients release in arid and semi-arid conditions, as well as throughout
growing cycle phases. Cellulose-based hydrogels with excellent properties, low toxicity and

low cost are appealing for agricultural applications.
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2.5.1 Carboxymethylcellulose (CMC)-based Hydrogels

CMC is made from cellulose derived from wood or cotton linters. CMC is
inexpensive and soluble due to a chemical reaction between cellulose and monochloroacetic
acid (MCA) and sodium hydroxide (NaOH) (Ranganathan et al., 2018). Besides, CMC has
a high number of polar carboxyl groups on their backbone polymer chains, which contributes
to their solubility, chemical reactivity, stability, and strong chelating properties

(Ranganathan et al., 2018).

These features make CMC suitable for water absorption and retention. In addition,
CMC is also easily available and often used as sodium salt, Na-CMC, which is a cellulose
polyelectrolyte polysaccharide derivative (Ranganathan et al., 2018; Sabbagh et al., 2018).
Therefore, they are sensitive to changes in pH and ionic strength, and have a good swelling
capacity (Ranganathan et al., 2018). These advantages have led to the widespread

applications of CMC-based hydrogels in agriculture.

In a study, Xiao et al. (2014) have prepared biodegradable cellulose-based hydrogels
with Na-CMC as a polymer and polyethylene glycol di-glycidyl ether (PEGDE) as a
crosslinker (Figure 2.5). The swelling behavior of hydrogels was influenced by crosslinker
concentrations and the ratio of Na-CMC to cellulose. The ideal 9:1 Na-CMC/cellulose and
3% (w/v) PEGDE blend can swell to 230 g/g. Further increase in Na-CMC and crosslinker
did not result in a higher swelling ratio. The prepared hydrogels also have low swelling
ability in sodium chloride (NaCl) solution due to decrease in osmotic pressure between the

inside of hydrogels and the outer medium.
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Figure 2.5: Graphical representation of CMC-based hydrogel crosslinked by PEDGE
(Xiao et al., 2014)

Likewise, Ibrahim et al. (2007) also have developed cellulose-based hydrogels using
Na-CMC by copolymerization with acrylamide (AAm) induced by electron beam
irradiation. The optimum 9:1 CMC/AAm hydrogels have the highest swelling ability, and
the swelling percentage increases with increasing temperature. Besides, higher doses of
CMC did not result in higher water absorption due to dense and compact gel formations.
Also, their findings suggest that the hydrogels have high thermal stability and water retention
for up to 30 days. Furthermore, these hydrogels are widely acknowledged around the world

due to their economic benefits and environmental friendliness.

Moreover, Mohamed et al. (2022) developed biodegradable cellulose-based
hydrogels using CMC and 4-vinylpyridine (P4VP) using N, N, -methylene bis-acrylamide

(MBA) as a crosslinker. These hydrogels have highly porous structures and achieve a
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maximum swelling ability up to 1400%. They also have high thermal stability, which is due
to the incorporation of urea into the hydrogels systems and resulted in the formation of stable
cyclic compounds in hydrogels. Moreover, hydrogels have a high loading capacity (62%) of
urea due to their porous structure and high-water absorption capacity. This resulted in
controlled-release fertilizer effects, which were confirmed by Korsmeyer-Peppas model via

the quasi Fickian.

Many studies have developed cellulose-based hydrogels using CMC for agricultural
applications which have been reported by Raafat et al. (2012), Alkalin and Pulat (2019),
Durpekova et al. (2020), Klein and Poverenov (2020), Bauli et al. (2021), Miljkovi¢ et al.

(2021), and Watcharamul et al. (2022).

2.5.2 Hydroxyethyl Cellulose (HEC)-based Hydrogels

Literature has reported that HEC is normally used in conjunction with CMC to
prepare hydrogels (Durpekova et al., 2020). These combinations sought to enhance
intermolecular crosslinking and stability (Ahmed, 2015; Durpekova et al., 2020). They have
been used in many agricultural applications, especially for water storing. Duperkova and co-
workers have developed biodegradable cellulose-based hydrogels using CMC/HEC and acid
whey with citric acid as a crosslinker. The optimal 3:1 CMC/HEC ratio and citric acid (3%
(w/v)) results in a high swelling ratio (1700%) as well as good thermal stability and
viscoelasticity. Besides, these hydrogels also can sustainedly absorb water even after 5
drying-swelling cycles. They also have higher swelling ability at high pH and a lower
swelling ability at low pH. These findings indicate that CMC/HEC hydrogels are suitable
for water retention in arid and semi-arid areas and could be used as a replacement for

synthetic acrylic-based hydrogels.
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Figure 2.6: Graphical representation of cellulose-based hydrogels using CMC/HEC and
citric acid as crosslinker (Das et al., 2023)

Similarly, Das et al. (2023) have prepared cellulose-based hydrogels from HEC and
CMC using citric acid as a crosslinker. The ideal CMC/HEC ratio is restricted to 3:1, with a
maximum swelling ability of 1070%. As-prepared hydrogels also can absorb water and
soluble fertilizer without dissolution, and they also have controlled nutrients release effects.
These features make CMC/HEC hydrogels suitable for arid and semi-arid acreage to

preserve soil moisture and supply nutrients to crops in those areas.

Likewise, Calcagnile et al. (2019) developed biodegradable and low-cost CMC/HEC
hydrogels with the addition of poly (lactic acid) (PLA) into the system for water reservoir
function and fertilizer reservoir. As prepared hydrogels are effective at fine-tuning water
retention capabilities in sandy soils and retain the soil moisture. Besides, the addition of PLA
into the system enhanced the prolonged release effects of hydrogels. In addition, these

hydrogels show high thermal stability at temperature 200 °C and degrade at 300 °C. These
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findings suggest that these hydrogels have promising potential as water and fertilizer

reservoir in agricultural applications.

Other studies have developed cellulose-based hydrogels using CMC/HEC with
similar findings as reported by Seki et al. (2014), Montesano et al. (2015), Fekete et al.
(2017), Baldino et al. (2020), Noreen et al. (2020), Das et al. (2021), Tuan Mahamood et al.

(2021), Kang and Yun (2023).

2.5.3 Cellulose-Alginate-based Hydrogels

Alginate is a natural polysaccharide containing mannuronic and glucuronic acid
residues as well as calcium ion crosslinking (Martinez-Cano et al., 2022). Crosslinking can
occur at physiological pH and room temperature. These characteristics enable cellulose
alginate hydrogels to be used in variety of industries, including the food industry, as a
thickener, stabilizer, and binder (Martinez-Cano et al., 2022). In addition, alginate hydrogels
offer important properties for food and products, such as water retention capacity, gelling
and the ability to form capsules and films (Martinez-Cano et al., 2022). They are safe to
consume because they are intoxicant, highly biodegradable, and human-degradable
(Martinez-Cano et al., 2022). For these reasons, cellulose alginate hydrogels have been used

in agricultural applications for healthier crops.

Gomaa and Aldaby (2023) prepared biodegradable hydrogels from alginate (A) and
cellulose derived from wastepaper (W) as soil conservation and moisture retention in
sunflowers. The alginate-wastepaper (AW) hydrogels prepared from this study are durable
and stable, with a swelling ratio of up to 313%. Besides, the swelling ratio (424%) increases
with increasing temperature (50 °C). Also, the effects of AW hydrogels on sunflower growth

under drought stress conditions were studied.
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This study found that sunflowers treated with AW hydrogels have higher height,
increased in root length by 32% and 41% in moderate drought stress and extreme drought
stress, respectively, and similar stem length under moderate drought stress compared to
controls. Besides, sunflowers treated with AW hydrogels generated greater fresh roots and
dry weight when compared to controls. Healthier sunflowers growth is associated with better
absorption of phosphorus by sunflowers and less phosphorus loss to the environment due to
leaching. Therefore, the authors suggested that AW hydrogels ameliorate drought stress by

enhancing water retention in soils and minimizing phosphate leaching.
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Figure 2.7: Graphical representation on the fabrication of cellulose-alginate-based

hydrogels (Martinez-Cano et al., 2022)
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In addition, alginate hydrogels have been used as a sustained-release fertilizer and
for water retention (do Nascimento et al. 2022), primarily in wheat (Wang et al. 2021), as
well as for the controlled release of nitrogen, phosphorus, potassium chemical (Liu et al.,
2021), sulfur and oxygen (Ranganathan et al. 2018). Moreover, alginate/glutaraldehyde
hydrogels have been investigated as a carrier and delivery device for the controlled release
of liquid pesticide neem seed oil (Ranganathan et al. 2018). Further, a starch-alginate clay
composite was used as a matrix for the controlled release of fungicide thiram (Singh et al.
2009). Similarly, starch-alginate crosslinked with calcium ions has been used as a matrix to

controlled-release and deliver pesticide chlorpyrifos to the targeted zone (Roy et al., 2009).

2.5.4 Cellulose-Starch-based Hydrogels

Starch is one of most abundant and naturally occurring plant polysaccharides
(Ranganathan et al., 2018; Qamruzzaman et al. 2021). Many hydroxyl groups in starch
enable hydrogels networking (Ranganathan et al., 2018; Qamruzzaman et al., 2021).
Furthermore, starch is a low-cost, non-toxic, and highly biodegradable material
(Qamruzzaman et al., 2021). These features make cellulose/starch hydrogels a viable
alternative to synthetic hydrogels. Moreover, microorganisms can degrade cellulose/starch
hydrogels (Jiang et al., 2020; Adjuik et al., 2023). Therefore, they can potentially be used
for sustainable soil conservation as a highly biodegradable matrix for nutrients carriers and

controlled release (Adjuik et al., 2023).

Cellulose/starch blends can be used to prepare superabsorbent hydrogels by
dissolving starch in water to form suspension, followed by modification and reinforcement
with cellulose (Olad et al., 2020). Superabsorbent hydrogels have been prepared using

carboxymethyl starch and CMC with high water absorption capacity, i.e., 350 g/g and 815.2
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g/g (Fekete et al., 2017). Findings from both studies show potential applications of
cellulose/starch hydrogels in agriculture as water reservoir and retain soil moistures. Some
studies also investigated the applicability of cellulose/starch hydrogels to improve soil

condition and promote healthy plants growth (Nnadi & Brave, 2011; Bai et al., 2023).

COOK CONH, COOH CONH

Cellulose Cellobiose
Acid hydrolysis
Sulfuric acid (64 wt%)
Cellulose

nanocrystals

Starch-graft-poly(acrylic acid-co-acrylamide) RO k

o
OH

Hydrogel composite reinforced
with cellulose nanocrystals

Figure 2.8: Graphical representation of starch-based superabsorbent hydrogel
composite reinforced with cellulose nanocrystals (Olad et al., 2020)

Parvati et al. studied the effect of saponified cassava starch-based superabsorbent
hydrogels on the physical, chemical, and biological properties of soil. Also, the effects of
the same hydrogels on the growth performance of chili (Capsicum annuum L.) at different
water irrigation intervals were studied. Their findings suggested that the water retention

capacity in the soil depends on the concentration of superabsorbent hydrogels which control
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the release of water to soils. Moreover, starch-based hydrogels were designed for controlled
release of pesticides such as fluometuron, thiophanate, thiophanate methyl and trifluralin

(Abd EI-Mohdy et al., 2011).

2.5.5 Cellulose-Chitosan-based Hydrogels

Chitosan is the second most abundant polysaccharides which can be used to prepare
hydrogels through non-covalent polyelectrolyte complexation and covalent Schiff-based
formation (Peers et al., 2020; Duceac & Coseri, 2022). Chitosan is essential as a precursor
material due to its biocompatibility, biodegradability, and antimicrobial properties.
Chitosan-based hydrogels have been extensively used in biomedical applications including
drug administration, wound healing, cell culture, bioimaging and others (Pella et al., 2018;
Peers et al., 2020). However, there are limited chitosan-based hydrogels formulations

adapted for agricultural applications (Ranganathan et al., 2018).
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Figure 2.9: Graphical representation on the formation of cellulose-chitosan-based
hydrogel (Peers et al., 2020)
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Some studies have focused primarily on the applicability of chitosan-based hydrogels

for agricultural uses, as shown in Table 2.1.

Table 2.1:  Summary of the applications of chitosan-based hydrogels in agriculture

Agricultural applications Previous studies involved

Water reservoir and carrier device to deliver | Narayanan et al. (2018), Said et al. (2018),
active ingredients and fertilizers Iftime et al. (2019), Lopez-Vleazques et al.

(2019), Perez Bravo and Francois (2020).

Growing tomato and watermelon Juarez-Maldonado et al. (2016), Gomez et
al. (2017).

Soilless plant cultivation Zhang et al. (2023)

Seed Germination Nayan et al. (2018), Jong et al. (2023)

2.6 Cellulose-based Hydrogels as a Controlled-release Fertilizer
2.6.1 Controlled-release Fertilizer

The terms slow-release fertilizer (SRF) and controlled-release fertilizer (CRF) are
frequently used interchangeably, although there is no significant difference between SRF
and CRF (Trenkel, 2010). SRF and CRF fertilizers contain plant nutrients encapsulated in
their polymer networks which delay their availability for plant absorption and post-
application usage (Trenkel, 2010). They allow sustained availability of nutrients to the plants
significantly longer than ‘rapidly available nutrient fertilizer’, for instance, ammonium

nitrate or urea, ammonium phosphate, or potassium chloride (Trenkel, 2010).
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In the literature, different definitions of SRF and CRF are found. SRF are compounds
with low solubility, high molecular weight structure that release nutrients to plants by
microbial or chemical decomposition (Lawrencia et al., 2021). SRF is a system of
condensation products of urea-aldehydes that can be coated, incorporated into matrix, and
super granules (Trenkel, 2010; Ramli, 2019). Besides, SRF only concerns the slow release
of nutrients, with no control over the release rate, durations, and patterns as influenced by

environmental conditions such as soil and climate (Naz & Sulaiman, 2016).

In contrast, CRF refers to materials containing plant nutrients, the release of which
is controlled by the coating materials that encapsulate the fertilizers (Lawrencia et al., 2021).
CRF permits the release of fertilizer in a controlled pattern and duration (Sempeho et al.,
2014). CRF is a subset of SRF and is regarded as fertilizer with a physical barrier or
encapsulated products (Trenkel, 2010). Classification of CRF is shown in Figure 2.2
(Lawrencia et al., 2021). Studies suggest that the similarity of SRF and CRF is on their
encapsulated polymer application as a slow-release or controlled-release fertilizer (Davidson
et al., 2013; Lawrencia et al., 2021). This type of formulation is also best applied for

agricultural purposes (Davidson et al., 2013; Zanin et al., 2020; Lawrencia et al., 2021).

CRF
COATED MATRICES
ORGANIC INORGANIC HYDROPHOBIC HYDROPHILIC
POLYMER MATERIALS (RUBBER, (HYDROGEL)
(THERMOPLASTIC, (MINERAL, CLAY) POLYOLEFIN)

RESIN, NATURAL)

Figure 2.10: Classification of controlled-release fertilizers (CRF)
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The required nutrient release rate by CRF varies for each plant depending on the
metabolic requirements of the crop for a specific period. However, the European
Standardization Committee (CEN) Task Force has made some recommendations on the
criteria of CRF. First, the nutrient release rates must be slower than that of common
fertilizers, with no more than 15% nutrient released in 24 hours, no more than 75% released
in 28 days, and at least approximately 75% release within the specified released time

(Trenkel, 2010).

In the preparation of SRF and CRF, the slow-release and controlled-release
properties can be obtained through various processes. One of the possible ways is by
modification of conventional fertilizers (Trenkel, 2010). Their solubility and release
properties can be modified chemically or physically. The conventional fertilizers are
encapsulated or coated using a protective polymer coating that allows water to penetrate
their polymer network and dissolve the loaded fertilizers (Ahmad et al., 2023). Fertilizers
will be released gradually from the surface membrane when the polymer coating swells,

synchronized to the plant’s requirement.

Figure 2.11 shows an illustration of urea fertilizers encapsulated in hydrogel. As
hydrogel is a hydrophilic crosslinked polymer, they aid in the initial stages of water
absorption and penetration, as well as the release of loaded nutrients (Guilherme et al., 2015;
Li et al., 2020; Ahmad et al., 2023). Fertilizers loaded in the hydrogel will be diffused and
begin to disperse due to the concentration gradient differences between inside and outside
of hydrogels (Ahmad et al., 2023). Subsequently, the exchange of water in hydrogels and

fertilizers occurs (Rashidzadeh & Olad, 2014). There would be steric effect present, which
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inhibits the adsorption of fertilizer by dispersing fertilizer into the soil (Li et al., 2016).
Therefore, the nutrients-released varied in a controlled pattern and duration (Li et al., 2016).

Swollen hydrogels Swollen hydrogels

Water penetration Constant release of fertilizer

;' E " . .
Hydrogels ¥ o \ T - ﬂ
a Steady state
— —_—
condition

Fertilizer granule ¢

Figure 2.11: Schematic representation of encapsulated urea fertilizer system absorbing
water and releasing nutrients to soil
2.6.2 Mathematical Models for Nutrient Release Profile
The dried, pre-application CRF hydrogels are typically rigid, which may influence
the swelling of hydrogels and release of nutrients from hydrogels. The release rate of
nutrients from CRF is determined by diffusion, swelling, erosion or a combination of these
factors. When hydrophilic CRF is involved, the release occurs by diffusion, whilst when

hydrophobic CRF is involved, the release is due to swelling or erosion in the matrix.

Therefore, it is crucial to select the appropriate modelling approach for each CRF
formulation to obtain realistic theoretical assumptions and comprehend the transport
mechanism to prepare optimal CRF designs. The following mechanisms and mathematical
models for nutrients release from hydrogels were discussed, with an emphasis on agricultural

applications.
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2.6.2.1 Nutrient Release Profile from Hydrogels

Many mathematical models developed for controlled-release fertilizers are focused
on the nutrients released from the coated polymers in the granules form as reported in
previous study (Basu et al., 2010; Guilherme et al., 2015). However, those models are less
suitable for controlled-release fertilizers from hydrogels due to difficulties to obtain certain
parameters required in the mathematical equations, as well as relationship between the
release rate and the properties of carrier materials (Zheng et al., 2009; Guilherme et al.,

2015).

Fortunately, chemically crosslinked hydrogels are easily prepared and have more
reliable release patterns than other nutrient carriers (Zheng et al., 2009). Their nutrient
release is driven by the concentration gradients between the inside and outside of hydrogels,
therefore, they respond and fine-tune precisely according to the plants’ requirement (Zheng
et al., 2009; Guilherme et al., 2015; Ahmad et al., 2023). The nutrients release can be best
described using three methods. First, water is absorbed via diffusion through the porous
structure of polymeric networks of hydrogels. Second, controlled release of nutrients via
diffusion and/or convective flows (Wang et al.,, 2011). Third, macromolecular chain

relaxation during swelling and deswelling of hydrogels.

These methods are best fit by either Fickian or non-Fickian diffusion model
employing the Ritger-Peppas and Korsmeyer-Peppas model equations as follows

(Guilherme et al., 2015; Lawrencia et al., 2021; Ahmad et al., 2023).

— = Kgpt® Equation 2.1
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where Kkp, t, and n are diffusion constant (m?/s), time (s), and diffusion exponent of the
release mechanism, respectively. Mi/M.(9/g) Is the fraction of fertilizer released at the time,
t. The nutrient release mechanism is classified based on the values of n. The value of n <
0.45 indicates that the fertilizer release mechanism is a Fickian model, whilst 0.45 <n < 0.89
indicates that the fertilizer release mechanism is a non-Fickian diffusion transport. When n

> 0.89, the nutrient release follows the case Il transport.

Fickian or non-Fickian diffusion model is the most reliable approach to improving
synchronism between the nutrients release and the plants’ requirement (Guilherme et al.,
2015; Ahmad et al., 2023). This model would be the most useful when the release mechanism
is unknown or when more than one release mechanism is involved (Lawrencia et al., 2021).
Therefore, this model could aid in the development of controlled-release fertilizers for
agricultural use. Other studies have used this model to describe swelling and release
mechanisms (Chetouani et al., 2014; Liang et al., 2014; Wei et al., 2019; Hermida &

Augustin, 2019; Bi et al., 2020; Ahmad et al., 2023).

Next, the Higuchi model describes the release mechanism of soluble or less soluble
nutrients from hydrogels (Phang et al., 2020; Babadi et al., 2021). Some parameters must be
considered when adopting this model. For instance, in the release environment, the initial
concentration of nutrients in hydrogels must be greater than their solubility, diffusion occurs
in only one direction, negligible swelling, nutrient particles must be much smaller than the
thickness of coating, constant diffusivity, and perfect sink condition must be achieved
(Phang et al., 2020; Babadi et al., 2021). The Higuchi model can be calculated using the

following mathematical model.

49



’ Dt .
Q= zcogE = Kyt Equation 2.2

where Q is the cumulative amount of fertilizer released at time, t per unit area (g cm2), Cois
the concentration of diffusing liquid in a porous matrix (g cm3), & is porosity, D is the
diffusion coefficient in the matrix medium (cm? day™?), t is capillary tortuosity factor, t is

time (day), and Kn is the release constant of Higuchi.

Further, nutrients release from hydrogels can be described using a logistic growth

model using mathematical equation 2.3 (Zheng et al., 2009).
C .
— = kg <1 — —) Equation 2.3

where C, IS the equilibrium nutrient concentration (mol), similar to the carrying capacity of

the environment in logistic growth model and kp is the release rate.

This model was developed based on logistic growth, which describes the change in
the nutrients concentration over time in given volumes of water or nutrient solution. The
increase in nutrients concentration with time may be compared to the logistic growth of

population in the environment with limited resources (Zheng et al., 2009).

Another diffusion-based model was developed which is related to the distribution of
the solute into hydrogels and considering the mathematical development using Fick’s

Second Law in equation 2.4 (Reis et al., 2007).
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Fmax -
a=— Equation 2.4
1- Fmax q

where a is the physical and chemical affinities of the solute for the hydrogel matrix and for
the external fluid. The diffusion of solute from hydrogel into external fluid occurs even when

a > 0. The higher the o value, the higher the affinity of solute for the external fluid.

This model provides an insight on affinity of the solute for its environment and
prediction of 100% in vitro release. However, this model has two main limitations: the
application is limited to short release, and this model does not account for erosion. The
application of this model in release mechanism has been reported in other studies (Piai et al.,

2008; Valente et al., 2010; Bossoni et al., 2014).

2.6.2.2 Nutrient Release Profile from Polymer Granules

Substance Flow Analysis (SFA) is an analysis of the total flow of nutrients through
a system at a specific duration (Guilherme et al., 2015). This method of analysis is commonly
used in conventional agriculture to monitor nutrients in natural systems (Saruchi et al.,
2013). This method, however, does not provide a systematic measurement method for
nutrient release in soils, expensive, time-consuming, and simplistic (Chen et al., 2010).
Therefore, this method is regarded as unreliable for quantifying the nutrient release

mechanism in soil.

For this reason, another method, extended substance flow analysis (ESFA), was
developed (Chen et al., 2010). The ESFA method is divided into six steps: (i) system
definition, (ii) model development, (iii) database development, (iv) model validation, (v)

results interpretation, and (vi) uncertainty analysis. Reports show that leaching of fertilizer,
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herbicide, and pesticide contributed to eutrophication and groundwater nitrate enrichment
(Basu et al., 2010). Coated fertilizer granules and crosslinked hydrogels may be used to
address the issues (Basu et al., 2010; Bortolin et al., 2013). Coated fertilizer granules for the
controlled-release nutrients in soils have been reported in previous studies (Trenkel, 2010;

Basu et al., 2010).

The nutrients release profile from coated fertilizer granules can be classified into
three stages, i.e., (i) initial stage with no nutrient release, (ii) constant release from medium
at time intervals, and (iii) gradual decline of the release rate from the longer release time
(Guilherme at el., 2015). Based on these release profiles, a mathematical model based on
Fick’s Second Law was developed to predict the release rate using a numerical solution and
Fourier series expansion (Guilherme et al., 2015). The release time at the initial stage can be
estimated using equation 2.5, and the second and third release profiles can be derived using

equations 2.6 and 2.7, respectively.

¢ Equation 2.5
= ion 2.
3pLAP i
3 (D(t-t/ 1 5 i
gt=§( (1 )Cs_g)fort<th Equation 2.6
Cs 3D
ge=1—-"exp (—;(t - Y)) fort>Y Equation 2.7

where v is the total granule porosity, pn is water permeability of the membrane, AP is the
vapor pressure difference between water and saturated nutrient solution (in Pa), r is the radius

of diffusion (in mm) in the coated granule, Y is the time when all solid nutrients are
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dissolved, ps is the nutrient density (kg m=), D is the constant coefficient diffusion, and Cs

is the saturated concentration of nutrients (kg m-3).

Various mathematical models used to describe nutrients release mechanisms have
been studied and reported in previous publications. For instance, models based on mass
transfer (Arkhincheev, 2019; Susanti et al., 2019; Anarbaev et al., 2021; Heyland et al.,
2021), single granules (Irfan et al., 2018; Irfan et al., 2020; VVakal et al., 2020), and molecular
and ionic diffusion (Guilherme et al., 2015; Tredenick et al., 2019; Griffiths & York, 2020).
Other mathematical model, such as van Genuchten’s equation to describe soil water retention
and water transport from hydrogels to plants was reported in other studies including

Ghanbarian-Alavijeh et al. (2010), Yang and You, (2013) and Pan et al. (2019).

2.7  Applications of Hydrogels in Agriculture
2.7.1 Controlled-release Fertilizer

Regenerated cellulose has attracted many researchers for developing CRF or SRF for
the agriculture sector. Hydrogels as CRF are a multifunctional fertilizer that can reduce
fertilizer loss due to leaching, surface run-off, volatilization, denitrification, and other
chemical processes, thereby improving fertilizer use efficiencies for plant uptake (Wen et
al., 2017; Versino et al., 2019; Zhang et al., 2020; Ahmad et al., 2023). Besides, hydrogels
CRF are cellulose-based, therefore they are environmentally friendly and highly
biodegradable (Ahmad et al., 2023). Figure 2.12 shows an illustration of the application of

hydrogels as CRF in agricultural applications.
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Figure 2.12: Schematic representation of applying hydrogels CRF in soil

As reported by Ramli et al. (2019), superabsorbent hydrogels SRF were prepared
using cellulose derived from coco peat fiber using an in-situ solution polymerization
technique grafted-poly (acrylic acid)/Nitrogen-Potassium-Phosphorus (NPK). The coco peat
cellulose-hydrogels SRF have homogenously porous structures, thicker, smaller pore sizes,
and interconnected capillaries between channels, all of which contribute to their higher
mechanical strength. A maximum absorption capacity of 165 g/g was attained with a five-
week slow release of fertilizer in water. The slow-release effect was due to effective
encapsulation of NPK in the polymeric networks of coco peat cellulose hydrogels. In
addition, as-prepared hydrogels are environmentally friendly due to significant increase in
their biodegradability. The coco peat cellulose-based hydrogels have promising properties

as SRF for potential use in agriculture.

54



Further, Zhang and others also used grafting copolymerization to prepare cellulose-
based hydrogels from sawdust (Zhang et al., 2020). The sawdust cellulose-based hydrogels
SRF have improved mechanical strength and achieved a maximum water absorbency of 210
g/g due to the presence of hydroxyl groups. The cumulative release rate was 82.4% within
20 days, with a release pattern characterized by slow release at the beginning, quick release
in the middle, and slow release at the end, which closely matches the plant’s growth
requirement. As a result, the sawdust cellulose-based hydrogels SRF are potentially suitable

for wide-use applications in agriculture.

Another study by Kareem et al. (2021) reported the preparation of hydrogels SRF by
crosslinking cellulose derived from blended paper and hydroxypropyl methylcellulose
(HPMC), polyvinyl alcohol (PVA) and glycerol. The blended paper cellulose hydrogels SRF
have porous spongy-like particles in their structure which facilitate water penetration and
improved water absorption capacity and water retention in soil. Further, the blended paper
cellulose hydrogels SRF are highly degradable, with an effective slow-release rate of 87.01%
in soil within 44 days. The prepared hydrogels are not only environmentally friendly and
inexpensive, but they also have promising properties as a reliable SRF for sustainable

agricultural applications.

Mohamed et al. (2022) prepared hydrogels CRF Dby crosslinking
carboxymethylcellulose (CMC) and poly(4-vinylpyridine) (P4VP) with N, N-methylene bis-
acrylamide (MBA) as a crosslinker. The CMC-P4VP-MBA-hydrogels CRF have highly
porous structure that allows water to penetrate the hydrogel structures and achieve a
maximum swelling capacity of 1400%. The controlled-release effect was achieved using the

best-fitting super case Il transport mechanism for urea and the Fickian mechanism for
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calcium nitrate. The CMC-P4VP-MBA-hydrogels CRF showed significant biodegradability
(50% of their initial weight), making them environmentally friendly and appropriate for

agricultural applications.

Other controlled-release system using hydrogels as nutrients carrier in agriculture
were reported in several studies including Elbarbary and Ghobashy (2017), Satriani et al.
(2018), Suresh et al. (2018), Wrdblewska et al. (2018), Kenawy et al. (2021) and Didgenes

et al. (2022), compared to conventional fertilizers (Chen et al., 2017).

2.7.2 Water Reservoir

Superabsorbent hydrogels (SAH) have become the center of attention among
researchers for developing water reservoir for agricultural systems (Montesano et al., 2015;
Abobatta, 2018; Saini et al., 2020). This is significant given that agriculture consumes over
70% of fresh water (Doungmanee, 2016; D’Odorico et al., 2020; Heinke et al., 2020). The
modern approach to water-stressed irrigation systems may assist the agriculture sectors use
water more efficiently. For this reason, SAH can be utilized in agriculture to optimize water
resources and reduce water usage. Hence, the agriculture sector can withstand the increasing
demand for fresh water. Furthermore, certain water-stressed areas may be able to survive by

introducing cellulose hydrogels into their agricultural activities.

In agriculture, SAH, as a water reservoir system, begins to ooze water, the release of
which is initiated by a humidity gradient between the inside and outside SAH and is driven
by a slow diffusion mechanism (Sabbagh et al., 2018; Das et al., 2020). The SAH water
reservoir system works similarly to the nutrients released from hydrogels, as demonstrated
in Figure 2.4. Water irrigation applied during cultivation will be absorbed by dried

hydrogels, and hydrogen atoms in the polymeric networks of hydrogels will emerge as
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positive ions. Following that, several negative ions were left throughout the length of the
polymeric chains of hydrogels. The negative ions oppose each other, causing the polymeric
networks of hydrogels to generate free passable passages, attracting water molecules, and

binding them with hydrogen bonds (Kalhapure et al., 2016).

Water uptake during night Water release &
Slow release of fertilizer during day

0) H,0 . CaCl, “~~ Polymer chains ‘ Hydrogel at night . Hydrogel at day

Figure 2.13:  Hydrogels as water reservoir system for agricultural application (Das et al.,
2020)

The hydrogels can absorb and store large amounts of water and act as a reservoir
(Das et al., 2020), allowing water to be available to plants for a longer period (Akhter et al.,
2011). When the root zones surrounding began to dry, the hydrogels gradually oozed up to
95% of their stored water for plant absorption (Das et al., 2020). When exposed to another
watering condition, rehydration begins and the process of absorbing and storing water into
hydrogels continues. This system may improve water availability and enhance water
utilization efficiency, as well as maintain soil humidity for longer period (Das et al., 2020).

Besides, other molecules incorporated in the polymeric network of SAH, such as fertilizer,
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herbicides, and others, can be controlled-released by simple diffusion according to the
plants’ requirement (Sabbagh et al., 2018; Ahmad et al., 2023). These characteristics make
SAH applicable for cultivation in arid and semi-arid regions (Demitri et al., 2013; Sabbagh

et al., 2018; Ahmad et al., 2023).

Furthermore, SAH as water reservoir may prevent the drainage or evaporation of
water immediately following irrigation (Sabbagh et al., 2018). Besides, swelling ability of
SAH is a key feature that is advantageous for soil application which is significantly
associated to the size of SAH before and after swelling. Upon contact with water, the dried
SAH will absorb a substantial amount of water (Ahmad et al., 2023) and expand in size
(Sabbagh et al., 2018). Hence, they will create porosity, as well as increase pores and air
pockets in the soil which may improve oxygenation of the roots of the plant and enhance
soil aerating (Abobatta, 2018). For this reason, studies found that large hydrogels are better

than smaller hydrogels for cultivation (Sabbagh et al., 2018).

In the agriculture industry, cellulose-based hydrogels are most preferred over the
other types of hydrogels such as acrylate-based hydrogels (Abobatta et al., 2018; Li et al.,
2020; Lawrencia et al., 2021). A novelty in this new functional SAH is their ability to absorb
and retain large amounts of water, as well as their stable mechanical properties (Behera &
Mahanwar, 2019; Wei et al., 2021; Ahmad et al., 2023). Soils mixed with a small quantity
of hydrogels can retain soil humidity for a longer time than moist soil without hydrogels
(Sabbagh et al., 2018). Hydrogels can act as buffers against temporary drought stress during

cultivation period in severe weather conditions.

As reported by Das et al. (2020), cellulose-based hydrogels were prepared by

crosslinking carboxymethylcellulose (CMC) and hydroxyethyl cellulose (HEC) with citric
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acid (CA) as a crosslinker. The CMC-HEC-CA hydrogels achieved a substantial swelling
ratio of 600%. The CMC-HEC-CA hydrogels swell and release water into plants via
diffusion, improving water availability to the plants during cultivation period. This shows
that the prepared hydrogels have a promising potential as water reservoir for agricultural
use. Similar findings have been reported by Demitri et al. (2013), Wali et al. (2019), Chin et

al. (2022) and Mohamed et al. (2022).

In addition, hydrogels have been recently used in fruits and vegetables planting with
a significant reduction in water irrigation frequency, such as melon, citrus, strawberry,
gerbera, and others (Verma et al., 2018; Jeyabaskaran et al., 2021; Mohammad Padzil et al.,

2020). farming.

2.7.3 Potting Medium

Hydrogels have been used as a potting medium in modern agriculture due to their
biodegradability and lightweight (Bashir et al., 2020; Mohammad Padzil et al., 2020; Qin et
al., 2022). Potting media is a material used for plants cultivation and established roots in an
optimum condition (Mehmood et al., 2013; Agarwal et al., 2021). The potting medium is
crucial for healthier plants growth. Soil is the most common potting medium in conventional
agriculture. This is because, soils are readily available, nevertheless, there are certain
drawbacks to their use, such as difficulty in handling and transportation for large-scale

production, such as in glasshouses (Rollon et al., 2018).
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Figure 2.14: Hydrogels as potting medium (Bashir et al., 2020)

Plants in conventional agriculture are susceptible to soil-borne diseases caused by
pathogens and parasites (Hayati & Lestari, 2020). Agricultural soils have poor aeration,
drainage, and water retention capacity, and they may contain a wide variety of
microorganisms and debris on the surface (Olubanjo & Yessoufou, 2019). Besides, soil
might potentially be contaminated with heavy metals from some industrial areas (Wuana &
Okieimen, 2011). Further, conventional farming is more expensive than urban farming
approaches, for instance hydroponics in the long run of operation (Alshrouf, 2017).
Therefore, farmers are eager to flee from the constraints of conventional soil-based farming,

preferring a better alternative approach through urban farming.

A lightweight potting medium has attracted researchers for soilless modern
agricultural approaches due to easy handling. Agricultural-industrial by-products such as
rock wood, coco peat, sphagnum moss and perlites have been used as an alternative
lightweight potting media (Tm et al., 2020; Agarwal et al., 2021; Gbollie et al., 2021).
However, their applications are limited due to ecological and environmental concerns, and

some are harmful to plants (Agarwal et al., 2021).
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In-depth research on advanced functional materials has led to the development of
hydrogels as potting medium (El-Kazzaz & El-Kazzaz, 2017; Zhang et al., 2020; Sikder et
al., 2021). Hydrogels are lightweight, highly biodegradable, and environmentally friendly;
therefore, they are suitable as potting media in agriculture. Some important features for an
ideal potting medium are the ability to hold large amount of water (Xu et al., 2018;
Dhanalakshmi et al., 2020), to provide water and nutrients sustainedly over a longer period,
porosity (Verma et al., 2018), and cation exchange abilities (Giree & Shrestha, 2018). Since
the 1950s, hydrogels have been utilized as a potting medium to enhance root establishment
of seedlings (Abobatta, 2018). Several studies on the use of hydrogels as a potting medium

have demonstrated that they have a significant positive effect on plants and seedling growth.

In a study by Peyrusson (2021), hydrogels were used as a potting medium for radish
seedlings. The hydrogels increased water retention significantly in both sandy soils (27%)
and clay soils (44%), compared to sandy soils (16.8%) and clay soils (37.5%) without
hydrogels. These properties have led to a significant improvement for healthier radish
seedlings. Radish plants increased by 110% in hydrogel-clay soils and 78% in hydrogel-
sandy soils, compared to untreated soils which are 3% (clay soils) and 6% (sandy soils).
Furthermore, hydrogel potting medium increased radish seeds germination by 27%, whilst

radish seedlings failed to germinate in soil analogs.

As reported by Melo et al. (2019), cellulose-based hydrogels prepared have excellent
water absorption capacity and have been used to grow tomato seedlings. Their data indicate
that the root superficial area and root volume have increased significantly. Therewithal, de
Vasconcelos et al. (2020) observed a significant improvement in melon seedlings with larger

roots size. Moreover, extensive studies have been conducted on different crops with similar
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findings such as chrysanthemum (Anupama et al., 2007), barley, wheat, and chickpea
(Ahkter et al., 2011), cucumber (Gholamhoseini et al., 2018), black gram (Dhanalakshmi et
al., 2010), Korean mint (Xu et al., 2018), gerbera (Verma et al., 2018) and marigold seeds

(Giree & Shrestha, 2018).

2.7.4 Pesticides Carriers

Researchers have motivated to adopt a translational concept of hydrogels as a nutrient
carrier into a delivery device for insecticides and fungicides. In agriculture, pest management
is crucial to protect crops by applying pesticides (Huang et al., 2018). Statistical report
analysis demonstrated that roughly 3.5 million tons of pesticides were applied to crops yearly
worldwide (50-60% herbicides, 20-30% insecticides, and 10-20% fungicides) (Hayes et al.,
2017; Syafrudin et al., 2021; Tudi et al., 2021). However, less than 1% of the pesticides were
precisely reached the targeted pests (Huang et al., 2018; Tudi et al., 2021), and the remaining
pesticides were lost to the environment through leaching, evaporation, and volatilization

(Campos et al., 2015).

As a result, large number of crops productions are lost due to pests (78% fruits, 54%
vegetables, and 32% grains) (Campos et al., 2015; Tudi et al., 2021). Moreover, the loss
pesticides reached non-targeted plants, leached into the streams, and accumulated in the
sediment soils and bodies of aquatic organisms, posing a health risk to humans, and having
an environmental repercussion (Sharma et al., 2019; Syafrudin et al., 2021). Also, it has been
reported that the pesticides that are lost to the environment may contaminate drinking water
(Yadav etal., 2015; Sharmaet al., 2019; Syafrudin et al., 2021). Therefore, there is an urgent
need for effective pest management to prevent pesticides loss by increasing their utilization

efficiency and ensuring that the pesticides reach the targeted pests.
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One feasible approach for effective pest management is using hydrogels as a
pesticide delivery matrix. Optimized formulations for pesticide delivery device should be
able to provide controlled-release effects to the pesticides, large water holding capacity,
prolong residual effects and enhance biological efficacy of pesticides on pest, longer
applications intervals, reduce pesticides dosage, be inexpensive, easy availability and
biodegradability, as well as safe for human, non-targeted organisms, and the environment

(Roy et al., 2014; Campos et al., 2015; Shah et al., 2022).

Meanwhile, hydrogels can be prepared from abundantly available resources,
inexpensive, highly biodegradable, high absorption capacities with controlled-release
ability, and are environmentally friendly (Lawrencia et al., 2021; Ahmad et al., 2023). This
is an essential industrial pesticide delivery technology, especially in agriculture. Studies
show that polysaccharide-based hydrogel formulations as pesticides carriers have been
extensively explored and widely used in the agriculture sector (Huang et al., 2018; Shah et

al., 2022).

Hydrogels, as a controlled-release pesticides (CRP), deliver active ingredients and
biocontrol agents to the specified target at an optimal release rate for a longer period
(Campos et al., 2015; Huang et al., 2018; Michalik & Wandzik, 2020; Shah et al., 2022). As
a result, hydrogels CRP may reduce environmental repercussions by minimizing loss due to
leaching, volatilization, and vaporization (Campos et al., 2015). Therewithal, this approach
has the potential to increase pesticides loading, enhance the dispersibility and stability of
active ingredients, and precisely reach the designated target without affecting non-target

organisms (Huang et al., 2018; He et al., 2019).
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Reports suggest that the encapsulation of pesticides in the hydrogel matrix enhanced
the safety and handling of pesticides (Campos et al., 2015). The more volatile and
combustible pesticides were encapsulated in the hydrogel matrix for easy handling and
transport, reducing the likelihood of inflammation and evaporation (Campos et al., 2015).
Following this, Dailey (2004) has reported a significant reduction in vertical mobility
(44.7%) of imidacloprid insecticides encapsulated in hydrogel matrix when applied to soil,
compared to the initial technical products (82.3%). Moreover, the volatilization of active
ingredients has decreased using hydrogel matrix system (Dailey, 2004). This is consistent

with findings as reported in other studies (Wlodarczyk, 2014, Wlodarczyk & Siwek, 2016).

During seed germination, for instance, the initial release of pesticides is not desired
because they may harm the germinating seeds due to residual pesticides in the soils (Campos
et al., 2015). In this treatment, hydrogel matrix has been designed for controlled release of
pesticides in soils. This hydrogels CRP system regulated the initial release of pesticides at a
desired rate and dose, reducing the residual pesticides in soils and reduced phytotoxicity

(Campos et al., 2015).

Furthermore, studies show that polysaccharide SAHs were developed for controlled
release of chlorpyrifos and carbaryl insecticides for control approximately 100 species of
insects in soils and several types of crops such as citrus, coffee, cotton, nuts, corn foliage,
shade trees, as well as other crops including poultry, livestock, and pets (Baloch et al., 2021).
Findings from these studies also highlighted that the hydrogels CRP are highly
biocompatible with Escherichia coli, thereby resolving a biosafety concern (He et al., 2019).

Therewithal, other studies have developed super sorption pesticide hydrogels for insecticides
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(Shah et al., 2022), fungicides (Xiang et al., 2018; Supare & Mahanwar, 2022), and

herbicides for agricultural applications (Xu et al., 2021; Supare & Mahanwar, 2022).

Further, recent development for hydrogels CRP is formulated for natural pesticide
compounds (Gharbi & Tay, 2022) and bioagents (Ropek & Kulikowski, 2009) for potential
applications in some organic farming systems that require biocontrol. Several studies have
also discussed the applications of hydrogels CRP against pests (Stefan et al., 2020), plants
root-feeding insects (Shetty & Prakash, 2020), Phytophthora capsici infestation in capsicum
(Changetal., 2021), and ant populations in trees (Stefan et al., 2020). Comprehensive studies
have demonstrated the applicability of hydrogels as CRP and have shown encouraging

results, indicating that they have a high potential for wide-area agricultural applications.

2.7.5 Hydrogel Baits

Highly porous structure of hydrogels contributes significantly to their high
absorption capacity and results in high swelling ability, while preserving their stability
without rupturing their shape in the swollen state (Lawrencia et al., 2021; Ahmad et al.,
2023). Therefore, they can be used as a potential carrier for liquid sucrose baits (Tay et al.,
2020). Their highly porous structures allow absorption of various liquids and deliver various
active ingredients to specific sites (Tay et al., 2020). This system is an advanced alternative
for ant baiting (Tay et al., 2020). For instance, optimized hydrogels can be immersed in
conditioning liquids containing active ingredients and sucrose solution bait, which can be

controlled-released to invasive ants (Rust et al., 2015; Tay et al., 2020).
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Figure 2.15:  Argentine ants feed from alginate hydrogel bead filled with toxic liquid bait
(Merill et al., 2018)

As reported in previous studies, hydrogels have been used to deliver liquid bait to
control several sugar-fed ant species for fruit crops (Rust et al., 2015; Tay et al., 2017,
Cooper et al., 2019). Conventional liquid baiting requires the use of a bait station to store
and dispense the sucrose bait (Hogg et al., 2018). Hydrogels, on the other hand, do not
require bait stations and dispensers (Rust et al., 2015; Tay et al., 2017; Cooper et al., 2019).
Hydrogels could controlled-release the liquid sucrose bait and may sustain the bait palatable
for longer period by retaining water (Rust et al., 2015). The liquid sucrose that oozed from
the hydrogel matrix triggers ants and attracts them to feed on the liquid sucrose from the
surface of the hydrogels without consuming the hydrogel matrix. Liquid sucrose-fed ants
will then share the liquid bait with the rest of the colony (Rust et al., 2015). Hydrogels may
lose water over time, but they will be rehydrated by irrigation or rainfall, thus resuming their

insecticidal activity, and attracting urban pests (Tay et al., 2020; Shah et al., 2022).
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Hydrogels as a liquid sucrose bait delivery device is still unrecognized as compared
to pesticides carrier (Tay et al., 2020), therefore, only few research on the usage of such
applications have been reported. However, according to certain studies, hydrogel baits have
been practiced in agricultural fields for almost a decade (Tay et al., 2020). For instance,
spherical shapes hydrogels and irregular shapes hydrogels have been used to deliver liquid
baits to several ant species including argentine ants (Rust et al., 2015, Cooper et al., 2019),
yellow crazy ants (Peck et al., 2017), and western yellow jackets (Rust et al., 2017; Choe et

al., 2018).

In a massive scale practice in the conservation areas of the Californian Channel
Islands (Rust et al., 2015; Boser et al., 2017; Merill et al., 2018), hydrogels containing liquid
sucrose bait and insecticides thiamethoxam were manually hand-spread, as well as using
farm fertilizer spreaders and all-terrain vehicles with a motorized hopper. Moreover, a plane
carrying hundreds of kilograms of hydrogels baits and insecticides, released and dispersed
the hydrogels to inaccessible wild areas. Argentine ant activity was significantly reduced

over 74 hectares (Boser et al., 2017) and 177 hectares (Merill et al., 2018).

As reported by Tay et al. (2017), hydrogel baits containing sucrose solution and
0.0001% thiamethoxam insecticide reduced ant activity by 79% over 24 hours. This
demonstrates that hydrogels baits have the potential for area-wide applications. Several
studies have demonstrated encouraging results in the elimination of invasive ant populations
using hydrogels baits in urban, agricultural, and environmental areas such as in Hawaiian
Islands (Krushelnycky, 2019), California (Schall et al., 2018; McCalla et al., 2020), and

Florida (Tay et al., 2020).
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The application of hydrogels not only for ants, but also have been evaluated for
control of other pests such as wasp (Choe et al., 2018; Tay et al., 2020; Shah et al., 2022)
and cockroaches (Oladipupo et al., 2020; Shah et al., 2022). Most of the research used
alginate hydrogels and polyacrylamide hydrogels as ant baits, with encouraging results in
wide-area applications. This could serve as a steppingstone to creating natural hydrogels
from different polysaccharide sources, which could become a novelty as a new functional

ant baiting strategy.

28 Rice

Rice is a basic essential food for over 3 billion people globally. More than two billion
Asians consume rice-derived goods for 60-70% of their energy needs (Mohd Fairulnizal et
al., 2015; Tan et al., 2023). Malaysians of all socioeconomic backgrounds eat rice as part of
their daily diet. In Malaysia, rice is the primary food crop, occupying an area of 685,548
hectares and producing roughly 2.57 million tons in 2017 and decreased to 2.34 million tons

in 2020 (Abu Bakar et al., 2020; Zakaria et al., 2022).

At the same time, the rice self-sufficiency level in Malaysia remained around 62.6%
in 2022 (Yiau, 2023). In accordance with the National Agricultural Policy, the government
intends to raise the rice self-sufficiency to 75% by 2025, 80% by 2030 to ensure food security
for people (Radin et al., 2022; Yiau, 2023). Meanwhile, Sarawak has just 38% rice self-
sufficiency, with the rest imported from other countries (Aubrey, 2022). The rice self-
sufficiency level is significantly low that the Sarawak government has targeted increasing it

to 60% by 2030 (Aubrey, 2022; Tawie, 2023).

Meanwhile, as mentioned in the previous section, Sarawak is the second largest

production area (83,143 ha) for upland rice cultivation (Zainol Abidin, 2023). However, the
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average Yyield of upland rice in Sarawak is the lowest in 2021, amounting to 1.79 ton ha,
compared to Sabah (2.90 ton ha!) (Zainol Abidin, 2023). The low upland rice production in
Sarawak has reduced the national yield average of rice production in Malaysia (Yiau, 2023;

Zainol Abidin, 2023).

Upland rice varieties have not been largely commercialized due to their low grain
yields (Radin et al., 2022). However, the low grain yields upland rice is caused by the poor
management of farmer during the cultivation period, weed infestation, insect-pest attack,

lack water availability and lack mineral supply (Radin et al., 2022; Zainol Abidin, 2023).

2.8.1 Maswangi (MRQ74) MARDI Rice Variety

Maswangi, also known as MRQ74, is a Malaysian Agricultural Research and
Development Institute (MARDI) specialty rice variety that was first introduced in February
2005. MRQ74 rice was characterized with long and thin rice shape, a high amylose content,
a moderate soft gel consistency, a moderate alkali spreading value, and a high gamma-amino
butyric acid (Suhaimee et al., 2009; Mohd Yusof et al., 2014). Furthermore, local consumers
favored MRQ74 rice as they are flaky, non-sticky, and aromatic rice, with a low glycemic

index (Suhaimee et al., 2009; Mohd Yusof, et al., 2014; Abd Rahman et al., 2021).

In 2005, the Area Farmers Organization (PPK) Kangkong, Kelantan, and PPK
Langkawi, Kedah were granted licenses for MRQ74 rice. This licensing allows local farmers
to plant, process, pack, and sell rice while MARDI provides technical supports and pure
seeds for agricultural exposition and promotion to local society purpose (Suhaimee et al.,
2009). Residences from small-sized households were the target consumers for MRQ74 rice

(Suhaimee et al., 2009). Commercialization of MRQ74 rice may increase the rice self-
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sufficiency level and provide an alternative to other specialty rice from Pakistan, such as

Ponny and Basmathi rice (Suhaimee et al., 2009; Mohd Yusof et al., 2014). 2022).

2.8.2 Performance Evaluation of Cellulose Hydrogels CRF on the Rice Plants
2.8.2.1 Effect of Cellulose Hydrogels CRF on Growth Parameters

Rice growth is dependent on cell division and cell expansion, which require enough
water and fertilizer inputs (Guo et al., 2017; Hashim et al., 2017) and are regularly hampered
by low soil moisture and water levels, especially in upland rice cultivation. Hydrogels CRF
might improve rice growth by delivering uniform and adequate nutrients supply and
extending it until maturity and harvest. Moreover, improved growth is associated with higher
plant height (Ahmad et al., 2023). This is because the incorporation of hydrogels CRF in the
soil may enhance nutrients uptake by the rice plants near the root zone, hence increasing the
accessible nutrients for the rice plants and enhancing the rice growth (Ransom et al., 2020;

Leite et al., 2021; Ayadi et al., 2022).

In order to study the effect of hydrogels CRF on the rice growth, growth performance
parameters were evaluated including the height (cm) of the rice plants, number of tillers, and
the SPAD reading on leaf chlorophyl content (Ho et al., 2009; Hashim et al., 2017; Rea et
al., 2019). The data must be collected at specific time intervals (15, 35, 55, 75, 90, 115 and
130 days after days of sowing (DAS)) throughout the rice growing cycle (Ahmad et al.,

2023).

2.8.2.2 Effect of Cellulose Hydrogels CRF on Yield and Yield Component Data
In rice cultivation, higher N rates may be related to greater N availability during the
tillering stage, which is crucial for cell division (Wang et al., 2018). N-induced cell division

promotes panicle formation during reproductive phases of the rice crops (Jahan et al., 2022).
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Also, the increased number of grains with increasing N rates could be attributed to a high
number of panicles, resulting in a high rice yield (Koutrubas & Ntanos, 2003). During
harvest, the number of panicles, number of grains per panicle, grain yield, straw yield, 1000-
grain weight, and percentage (%) filled grains were collected to study the effect of hydrogels

CRF on yield and yield component.

Several findings have shown positive effects on yield and yield component data of
various crops with the applications of hydrogels CRF (Table 2.2). This includes pearl millet
seed (Singh 2012), sunflower seed (Nazarli et al., 2010) and chrysanthemum seed (Allahdadi

et al. 2005), orange trees (Bey et al., 2021), and parsley (Karipcin, 2023).

Table 2.2: Summary of hydrogel CRF applications on crops

Yield component and yield
ez Effective tillers | Yield (ton hal) | Harvest
/stem shoot index (%)
Pearl millet seed (Singh, 2012) 3.09 1.98 30.79
Sunflower seed (Nazarli et al., 2010) | 4.0 0.25 19.53
Parsley (Karipcin, 2023) 3.3 ns ns
‘Maltaise Ballerin’ orange trees (Bey | ns 24.1 ns
etal., 2021)
Chrysanthemum (Allahdadi et al., | 15 11.96 ns
2005)
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2.8.2.3 Effect of Cellulose Hydrogels CRF on Nutrient (N) Uptake and Nutrient Use

Efficiency (NUE)

Hydrogels CRF acts as a nutrients carrier which can control the release of nutrients
in soils near the root zone and thus better matching the rice needs (Lawrencia et al., 2021).
In comparison to conventional farmers’ fertilizer practices, hydrogels CRF may prevent
nutrients loss to the environment through leaching and surface run-off by encapsulating
nutrients in their polymeric networks (Lawrencia et al., 2021). Hydrogels CRF will control
the release of nutrients according to the requirements of the rice plants and sustainedly
supply nutrients throughout the rice growing cycle. Therefore, rice may absorb sufficient
nutrients for better N uptake, increased nutrient use efficiency, healthier rice growth, and

increase rice output (Lawrencia et al., 2021).

In order to study the effect of hydrogels on nutrient uptake and NUE in rice, the
vegetative parts and rice grains will be collected to determine their nutrient content. The
nutrient content of rice plant materials will be determined by the modified Kjeldahl acid-
digestion method using concentrated sulfuric acid (Ho et al., 2009; Sarfraz et al., 2017,
Hanafi et al., 2009). Formulae to calculate nutrient uptake, NUE and NAE indices will be

discussed in Chapter 3.

2.8.2.4 Correlation Regression Study

In regression analysis study, the independent variable has a significant relationship
with the dependent variables, assessing the relative intensity of the effect of independent
variables on the dependent variable and making predictions (Hastini et al., 2019). The
coefficient of determination (R?) is a measure of the accuracy or deviation of prediction in

regression analysis. The coefficient of determination (R?) indicates the size of the model
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corresponds to the dependent variable in comparison to the mean. The measure R? can be

determined using the following equation:

RZ = 35k Equation 2.8
SSt '

where SSt (total variation or sum of squares) is the total number of all square difference of
between each observation and the average. Whereas SSr (sum of squared regression) is the
variation in the data described using regression analysis R? and has a value between 0 and
1. When the value of R? approaches 1 (i.e, R? = 0.998), it shows the best fit to the model,

hence it can be assumed that more variation in y can be explained by variation in x.

In addition, R2 is used to measure the magnitude of the regression equation strength.
R2 value indicated the variability percentage of the dependent variable that was explained

by the model. R2 or coefficient of determination gave the information on how high the
dependent variable variation was due to the independent or predictor variable (Hastini et al.,

2019).

To execute correlation regression analysis, it is assumed that the dependent and
independent variables have a mathematical relationship. The relationship can be described
as either a straight line (linear regression), a polynomial curve (polynomial regression), or a
non-linear relationship (non-linear regression) (Badaruzaman & Tiong, 2022). Following
that, a scatter plot of the dependent and independent variables was plotted, and the most
likely values for the coefficient of determination (R?) were obtained (Putri et al., 2020; Han

etal., 2022). The relationship between two or more variables is established using regression
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analysis. Besides, regression analysis demonstrates how the standard value of the dependent
variable varies with the change of any independent variables while the other independent
variables remain constant (Kang et al., 2021). Linear regression is one of the most commonly

used mathematical modelling techniques.

In other words, correlation and regression analysis were the common techniques used
to elucidate the relationship between two quantitative variables. How strong the relationship
between two quantitative characters could be analysed using correlation, while regression
analysis gave the information about the direction and causal-effect relationship in the

equation form (Hastini et al., 2019).

The common issues in the correlation relationship of the rice agronomical characters
were grain yield, plant height, number of tillers per plant, panicle length, number of grains
per panicle, 1000-grains weight, and number of filled grains per panicle (Hastini et al., 2019).
Number of grains per panicle usually had a positive correlation with the panicle length, and

number of filled grain per panicle (Hastini et al., 2019).

As many studies had shown that the grain yield showed a positive and significant
correlation with the number of grains per panicle, then the number of grains per panicle

could be used as the dependent variable in a regression with other traits (Hastini et al., 2019).

This study aimed to understand the correlation and regression relationship between
the number of grains per panicle with other traits of rice panicle branching. The other traits
would be used as a predictor in the regression analysis. Furthermore, this study could give
the information on the panicle branching traits contribution to the total grains number per

panicle.
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Previous study by Sun et al. (2017) on the correlation and regression of rice reported
that, rice traits being studied showed the striking positive correlations among the panicle
length, grains number per panicle, primary panicle branch, and secondary panicle branch.
Moreover, Bagheri et al. (2011) and Norain et al. (2014) reinforced the statement that there
was a high significant and positive correlation between the number of grains per panicle and

panicle length.

Meanwhile, Karim et al. (2014) reported that the number of primary panicle branches
per panicle had a highly significant and positive correlation with the number of filled grains
per panicle. The total number of grains per panicle was used as the main trait as it is expected

to reflect the potential yield of tested rice genotypes.

In line with this expectation, Devi et al. (2016) found that the relationship between
the number of grains per panicle and the grain yield per plant was positively and highly
significantly correlated. In the other case, the filled grains per panicle indicated positive and
highly significant indirect correlation with the yield per ha in phenotypic and genotypic level

(Oladosu et al. (2018).

2.8.3 Nitrogen (N)

2.8.3.1 Nitrogen (N) in Soils

Nitrogen (N) is an important nutrient that plants need to grow. It helps them make
proteins and chlorophyll, which are necessary for their growth and health. The nitrogen cycle
is a repeating cycle of processes during which nitrogen moves through both living and non-
living things: the atmosphere, soil, water, plants, animals and bacteria. In order to move

through the different parts of the cycle, nitrogen must change forms. In the atmosphere,
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nitrogen exists as a gas (N2), but in soil, N comes in different forms, such as organic nitrogen,

inorganic nitrogen, ammonium (NH4"), and nitrate (NOs").

Organic nitrogen comes from dead plants and animals. Plants are unable to use the
organic nitrogen until it is broken down by tiny organisms in the soil. In comparison,
inorganic nitrogen comes in two forms that plants can use immediately when available.
Whereas, ammonium (NH4") is a form of nitrogen that plants may absorb easily, while nitrate
(NOs") is another form of nitrogen that plants can absorb, however it can easily be washed

away by water.

N moves through the soil in a cycle, involving several key steps including nitrogen
fixation, mineralization, nitrification, denitrification, leaching and volatilization. Nitrogen
fixation occurs when some plants, such as beans and peas, have bacteria that could turn N
from the air into a form that plants can use. Mineralization occurs when tiny organisms in
the soil break down dead plants and animals, releasing nitrogen as ammonium. Meanwhile,
nitrification occurs when ammonium changes into nitrate, which is another form that plants
can use. Other cycle such as denitrification which may occur in areas without much oxygen
(like waterlogged soil), some bacteria turn nitrate back into nitrogen gas, which escapes into
the air. Other process involves leaching and volatilization, which means that N could be lost
from the soil to the environment when nitrate gets washed away by water or when nitrogen

gas escapes into the air.

Nitrogen often used as a source of fertilizer. Farmers often add N fertilizers to soil to
help crops grow. These fertilizers include things like urea or ammonium nitrate. However,
using too much N fertilizer can lead to problems, such as pollution of rivers and lakes, or the

release of gases that contribute to climate change. However, N deficiency may occur,
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especially when plants receive insufficient N fertilizers. Symptoms such as plants that turn
yellow (especially the older leaves), grow slowly, and produce fewer fruits or vegetables
could be observed. This may happen if there is insufficient N available in the soil due to poor
fertilization, excessive water which may wash N fertilizer away, or not insufficient organic
matter. However, excessive use of N fertilizers may also cause harm to the environment as
discussed in the previous section. Therefore, it is important to apply the right amount of N
fertilizers to soils, according to the needs of the crops to prevent wasting N fertilizers and

harming the environment, thus increasing the crops production.

2.8.3.2 The Importance of Nitrogen (N) in Rice Cultivation

N fertilizer is crucial for rice cultivation because which influences the growth, yield,
and quality of the rice plants. Sufficient supply of N fertilizer to the rice plants may boost
growth and development of the rice plants, thus producing taller rice plants. Besides, taller
rice plants is associated with sufficient N availability to make enough proteins for the rice
plants growth. Besides, the rice plant may grew stronger and develop more tillers, panicles
and leaves. Moreover, N is essential for making proteins to promote the formation of enough
chlorophyll on the rice leaves, which allows them to perform photosynthesis. Further,
sufficient N availability helps the rice plants to produce proteins and enzymes, which are
important for cell growth and overall rice plant health. In addition, N promotes the initiation
of more tillers, which means more rice-producing stems or panicles, thus more space for the
formation of grains per rice panicle (the cluster where grains form) and improves grain size,

leading to higher yields. Therefore, this may increase the rice yield and better quality harvest.

As reported in other studies, the rice plants need different amounts of N at different

stages of growth. Proper management ensures that N is applied at the right time to maximize
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the rice plants development. Excessive use of N may lead to excessive leaf growth, making
the rice plants more vulnerable to pests and diseases, while also wasting resources and
causing environmental issues like water pollution. Therefore, in rice cultivation, N is key for
healthy plant growth, higher yields, and better-quality grains. Proper nitrogen management

ensures that rice gets what it needs without harming the environment.

2.8.3.3 Influencing Factors of Soil N Availability for the Rice Plants

Soil nitrogen (N) availability is influenced by several factors that affect how nitrogen
is cycled, retained, or lost in soils. These factors determine how much N is available for the
rice plants to absorb and use for growth. The N availability in soils can be influenced by soil
organic matter. Organic matter is a primary source of N in soils. As soil organisms break
down organic material, such as dead plants and animals, N is released in a process called
mineralization. Mineralization occurs when organic N is converted into ammonium (NHa4")

and nitrate (NOs"), which are forms that the rice plants can absorb.

Next, soil N availability can be influenced by the soil temperature. Temperature
influences microbial activity, which is crucial for N cycling. Warmer temperatures accelerate
the breakdown of organic matter and may increase mineralization rates, producing more N,
thus increasing N availability in soils. In contrast, cold temperatures may slow down these

processes, thus reducing N availability in soils.

Further, soil moisture may affect the N availability in soils. The presence of water in
the soils affects N dynamics. In other words, optimal soil moisture enhances microbial
activity and the mineralization of organic N. Whereas, excess soil moisture may lead to N

loss through leaching or denitrification.
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Another common condition that may influence soil N availability is drought. Drought
conditions limit N availability by reducing microbial activity and N movement to the rice
plants roots. For this reason, many farmers have to apply N fertilizers multiple times to cover

the loss N fertilizer throughout the rice cultivation period.

Soil pH may affect N availability in soils because soil pH will directly affect the
chemical form of N and any microbial activity in soils. For instance, in acidic soils,
ammonium (NH4") tends to be the dominant form of N. Whereas, in neutral or alkaline soils,
nitrate (NOs") tends to be the dominant form of N. Another condition such as extremely
acidic or alkaline, this condition may inhibit microbial processes, such as nitrification, thus

limiting N availability.

Furthermore, human factor such as fertilization and manure application will
inevitably affect soil N availability. For example, N fertilizers such as urea, ammonium
nitrate, and organic materials such as manure and compost will increase soil N levels.
However, poor application timing or excessive use of N fertilizer may lead to N losses

through leaching, surface run-off, volatilization, and denitrification.

Other factor such as soil texture may also influence soil N availability. Soil texture,
or the proportion of sand, silt, and clay, influences N retention. In other words, sandy soils
tend to have higher drainage, thus would not be able to hold and retain N in soils. Thus, this
will cause faster N loss through leaching. Soils such as clay-rich soils which have denser
texture, this type of soil may hold and retain water and nutrients more effectively, reducing

N loss, thus improving N availability to the rice plants.
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In summary, factors like soil organic matter, temperature, moisture, pH, fertilization, texture,
biological fixation, and soil management practices play important roles in determining how

much nitrogen is available in soils for plant uptake.

2.9  Chapter Summary

This chapter provides an in-depth review of past literature related to this study.
Firstly, the earlier studies on cellulose-based hydrogels and their methods of synthesis were
reviewed to gain a better understanding of the concept of hydrogels formulations. It was then
followed by the discussion of prior literature focusing on the key characteristics of
agricultural hydrogels, where crucial factors determining their characteristics and optimum

formulations for agricultural applications were identified.

This chapter also reviewed the categories of cellulose-based hydrogels which have
been extensively studied primarily for agricultural applications. As nutrient release from
cellulose-based hydrogels is the unit of analysis of this study, this study also provides the
review of literature on the definition of controlled-release fertilizer, as well as possible
mathematical models for nutrient release profile from hydrogel and polymer granules

context.

As a respond to the increasing use of hydrogels for agricultural applications, this
chapter was then presented the review of several studies that investigated the use of
hydrogels in agriculture. Review of literature on rice variety and the variables used in this
study were also provided in this chapter. The review of literature on responsive variable —

the effects of hydrogels CRF on rice growth performance was discussed.

The following chapter — Chapter 3 explains research methodology used in this study.

Discussion on both quantitative and qualitative research design will be presented. This
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chapter presents all parameters used to develop and achieve research objectives. The
development of measurements of each variable used in this study will be discussed in more
detail. The chapter also includes the discussion of data collection and data analysis for both

quantitative and qualitative phases.
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CHAPTER 3

MATERIALS AND METHODS

3.1  Introduction

The purpose of this chapter is to introduce the research methodology and techniques
applied for the fabrications of cellulose hydrogel CRF for upland rice cultivations in
Sarawak. This approach allows for a more in-depth understanding on the optimal
formulations to meet the key characteristics of cellulose hydrogel CRF for rice cultivation,
as well as simulating the real field trials to develop theory from data to understand how
hydrogel CRF affects growth performance and yield of rice. The applicability of cellulose
hydrogel CRF and a constructivist approach for this study are discussed in-depth in this

chapter.

The research framework, research methodology, and analysis method used in this
study are also primary components of this chapter. This chapter consists of four sections.
The first (Section 3.2) described the summary of various methods and analyses involved in
this study. In section 3.3, optimum urea-loaded cellulose-based hydrogels as a controlled
release fertilizer is fabricated. The following section (3.4) is about conducting greenhouse
experiments. The experiments were conducted to evaluate and fine-tune fertilizer loading
capacity and release rates to match the needs of the rice plants, as well as studying the effect
of cellulose hydrogels on the growth performance and yield of upland rice in Sarawak.
Finally, Section 3.5 studies the nitrogen (N) uptake and nitrogen use efficiency (NUE)
estimation of rice cultivation using hydrogel CRF. This section also includes determining

the dry matter accumulation and dry matter partitioning of the rice plants. Additionally,
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correlation regression analysis was studied to determine the relationship between dependent

and independent variables which affect the rice growth performance and production.

3.2  Summary of Methods Involved in the Research

In this study, three materials of interest; wastepaper, sodium carboxymethyl cellulose
(CMC) and epichlorohydrin (ECH) were used to synthesize urea-loaded cellulose hydrogels.
Procedures and tests employed in this study were summarized as in Figure 3.1. Firstly, the
synthesis of cellulose hydrogel of various cellulose and CMC concentrations were conducted
via crosslinking reaction. After, the synthesized cellulose hydrogels underwent various

characterization techniques to identify the optimum formulation to be used as CRF.

Thirdly, the optimum formulation of cellulose hydrogel was selected for further
analysis to make cellulose hydrogel CRF such as soil moisture test, loading and release of
urea, and kinetic release of urea in water and soil. Subsequently, the cellulose hydrogel CRFs
were employed in upland rice cultivation to fine-tuning and evaluate their performance in
rice cultivation. Various analyses throughout the growing stages of rice cultivation were

conducted as depicted in Figure 3.1.
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39 Figure 3.1:  Experimental design involved throughout the research
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3.3  Fabrication of Urea-loaded Cellulose Hydrogels
3.3.1 Chemical Reagents and Materials

Cellulose fibers extracted from wastepaper (sorted office papers) were used as a
precursor material which was collected from the Faculty of Resource Science and
Technology (FRST), at University Malaysia Sarawak (UNIMAS). Sodium carboxymethyl
cellulose (CMC, molecular weight = 262.9) was supplied by Sigma Aldrich (Wisconsin,
United States of America). Epichlorohydrin (ECH, > 99% GC, molecular weight = 92.52)
was supplied by R&M Chemicals (Essex, United Kingdom). Sodium hydroxide (NaOH,
molecular weight = 40) was supplied by Sigma Aldrich, while urea (N2H4CO, molecular
weight = 60) was supplied by HmbG Chemicals (Hamburg, Germany). Reagent solution for
the Kjeldahl procedure and the Nessler method was purchased from Hach Company/Hach
Lange GmbH (United States of America). All chemicals were used without further

purification (Ahmad et al., 2023).

The upland rice seeds were provided by the Malaysian Agricultural Research and
Development Institute (MARDI). Soils (topsoil, wet clayey soils and sandy soils) were

collected from Plant Research Centre (PRC), UNIMAS.

3.2.3 Soil Properties

Topsoil is characterized as red or yellow podzolic soil (as defined by the Sarawak
Soil Classification System). The soil is acidic (pH 4 — 5) and sandy clay-like (30 — 50% clay)
(Tanaka et al., 2009; Sellan et al., 2021). The cation exchange capacity (CEC) clay value of

topsoil is greater than 24 cmol kg™ (Tanaka et al., 2009; Sellan et al., 2021).
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Wet clayey soil is classified as gley soil (as defined by the Sarawak Soil
Classification System) (Perumal et al., 2015). The soil is alkaline (pH 8 — 10) and contains
clay minerals, with the gleied layer occurring within the reach of the root systems or
cultivated plants, i.e., the gleied horizon or 50% gleiing within 50 cm below O horizon (top
of the soil structure which made up of mostly organic matter) (Perumal et al., 2015). Wet
clayey soil is sticky and has a plastic texture when wet, can become hard, brittle, and non-

plastic when dried (Perumal et al., 2015).

Sandy soil is classified as arenaceous soil (as defined by the Sarawak Soil
Classification System) and has pH levels ranging from 5.8 to 6.3 (Ho et al., 2009). Mineral
soil content with a sandy particle-size class is present in the upper 50 cm or more of the

profile (Ho et al., 2009).

3.3.3 Extraction of Cellulose Fibers

Shredded waste papers (250 g) were pulverized, soaked in distilled water (2000 mL)
in a2 2000 mL beaker (HMbG borosilicate glass beaker) with continuous stirring at 2000 rpm
for 2 h. Following that, the filtered waste papers were treated with 12% (w/v) NaOH under
constant stirring for 12 h (Chin et al., 2018). After, the extracted cellulose pulps were rinsed
with distilled water multiple times to eliminate excess NaOH before drying in an oven at 60
°Cin 3 — 5 days or to a constant weight. The dried cellulose fibers were ground and sieved

through a 60 mesh.
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3.3.4 Preparation of Cellulose Hydrogels

Cellulose hydrogel was prepared by adopting the procedure used by Chin et al.
(2018) and Alam et al. (2019). Prior to usage, a 7:12% (w/v) NaOH/urea (NU) solvent was
prepared (using a 500 mL HmbG borosilicate glass beaker) and precooled (-20 °C).
Cellulose fibers (obtained from 3.3.3) were dissolved in the NU solution and agitated at 2000
rpm for 1 h. Different concentrations of cellulose fibers (wt%) and CMC (Table 3.1) were
added to the NU solvent to form a suspension. For instance, to make a C1 cellulose hydrogel,

1% (w/v) cellulose was dissolved in the NU solvent for 1 h before adding 1.75% (w/v) CMC.

The suspension was well agitated until the CMC had completely dissolved (until
there is no more clumping CMC powder observed in the beaker). Following that, 5 mL of
99% ECH was gently added to the mixture and agitated at 1800 rpm for 15-25 min at room
temperature, until the mixture formed a highly viscous gel (Muharam et al., 2017). The
viscous gel was then frozen at -20 °C overnight to facilitate crosslinking and the formation
of hydrogels (Chin et al., 2018). After that, the hydrogel was retrieved by thawing at room
temperature, soaked in excess distilled water, and thoroughly washed to remove excess ECH.
Finally, the hydrogel was oven dried at 50-60 °C to a constant weight, stored in a closed

vials and placed in a humidity control dry cabinet (Hengkai 250 L) for further analysis.
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108 Table 3.1:  Composition of cellulose-based hydrogels

C1 1.0 1.75
C2 2.0 1.75
C3 3.0 1.75
C4 4.0 1.75
C5 5.0 1.75
CMC2.0 3.0 2.0
CMC2.5 3.0 2.5
CMC3.0 3.0 3.0
CMC3.5 3.0 3.5
CMC4.0 3.0 4.0
CMC4.5 3.0 4.5
CMC5.0 3.0 5.0

109
110 3.3.5 Sample Characterization

111  Dried cellulose hydrogel was analysed using Fourier Transform Infrared (FTIR)

112 Spectrometer (Thermo Scientific Nicolet iS10) with a Wavenumber range of 400 to 500 cm
113 Tusing ATR technigue. The surface morphology of the specimen was examined using a

114 1000x magnification Field Emission Scanning Electron Microscope (FESEM) (JEOL JSM-
115 IT500HR). Differential Scanning Calorimetry (DSC) (Netzsch-Geratebau GmbH-DSC 200

116  F3 Maia Thermal Analyzer) was used to assess the thermal stability of the specimen in the

117 _ VELP Scientifica Kjeldahl equipment was used for
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Kjeldahl nitrogen determination throughout this study. The Nessler method (method 8075
reagent solution) using Hach (an EPA approved method for TKN following the sSTKN

method using TNT880) was used to analyze data.

3.3.6 Swelling Ratio

The swelling behavior of cellulose hydrogels was examined using an immersion
technique in distilled water at room temperature. A pre-weighed, dried regular-shaped
hydrogel specimen was immersed in a 250 mL distilled water (using 500 mL beaker) in a
controlled condition. Mass of the hydrogel were recorded until they were constant. The

swelling ratio (%) was calculated using Equation 3.1 (Kirchmajer et al., 2013).

Swelling ratio = Ml\;—:”x 100 Equation 3.1

where M and Mf are mass (g) of the swollen and dried specimens, respectively.

3.3.7 The Soil Moisture Properties

The soil moisture properties were determined by adopting procedure used by Panescu
etal. (2022) and Jong et al. (2023). Soil moisture was measured using an Extech Instruments-
MO750 digital soil moisture meter. A 200 g sample of each type of soil was placed in a 90
mm petri dish borosilicate glass and dried to a constant weight in the oven at 60 °C. After,

the dried soils were collected and transferred into a 200 mL beaker. /A"0:25¢, 15 mm

porosity on their morphological structure and the highest swelling percentage) was then
buried in dried soils. The hydrogel was placed approximately 5 cm beneath the dried soil

surface. Right after, initial soil moisture content was measured. The moisture content of each
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soil was measured again after 1 week to determine the moisture properties of cellulose
hydrogels in soils. A control treatment involving soils without cellulose hydrogel was also

included.

The moisture content of each soil was determined again after 1 week period, because
most soils should take about 1 week to dry out after normal watering (Panescu et al., 2022).
If soils are still wet for more than a week, without outside contributing factors, such as rain
or flooding, there might be a waterlogging or drainage problem (Panescu et al., 2022).
Therefore, in this study, control treatments without hydrogels were conducted to ensure that
there will be no outside factors affecting the soil moisture contents. Whereas the presence of
hydrogels in each type of soil are expected to increase and retain the soil moisture content

after 1 week.

3.3.8 Loading of Urea Determination
The optimized cellulose hydrogel was selected for the fabrication of urea-loaded
cellulose hydrogels as a controlled-release fertilizer (CRF). The selection criteria were based

on their porosity, swelling and soil moisture properties.

Urea-loaded cellulose hydrogel was fabricated by adopting the method used by Li et
al. (2016). A pre-weighed, dried regular shape hydrogel sample was soaked in a 2.5% (w/v)
urea solution for 48 h in a controlled condition. [The swollen urea-loaded hydrogels were
dried in an oven (60 °C) to a constant weight, The loading capacity (g/g) of fertilizers was

computed using the following equation.

_ (Total amount of urea) — (Nonbound urea)
B Weight of hydrogel

Loading capacity (2) Equation 3.2
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The total N in the solution was measured using Kjeldahl procedure and the Nessler
method (Li et al., 2016) (Appendix 1). This method was conducted by adopting the methods

from Hach et al. (1987) and Rossi et al. (2004).

3.3.9 Release of Urea in Water and Soils

The release of urea in water and soil was established by adopting the procedure used
by Li et al. (2016) and Liu et al. (2019). The urea-loaded, dried hydrogel was immersed in
100 mL distilled water (using a 250 mL beaker) and incubated at 20 °C to estimate the
nitrogen release. Solution (2 mL) was collected (using a 5 mL syringe) at intervals 1, 3, 5,
7,11, 14, 22, and 30 days, or the time when the total release of the fertilizers reached over
80%. Following that, 2 mL of fresh distilled water was added to maintain the total liquid
volume at 100 mL. A control treatment involving free urea was also conducted. The total N
concentrations of the collected solution were measured using Kjeldahl procedure and the

Nessler method (Rossi et al., 2004) (Appendix 1).

To investigate the release of urea from cellulose hydrogel in soils, the dried, urea-
loaded, cellulose hydrogel was placed in non-woven plastic mesh bags and buried 5 cm
beneath the surface of the soil in a beaker containing 200 g of dried soil. Water (70 mL) was
irrigated to the soil twice daily as control, and to allow urea oozes from cellulose hydrogel.
A small amount of soil specimen (0.25 — 0.30 g) were collected at 1, 3, 5, 7, 11, 14, 22, 30
and 42 days. A control treatment involving the release of free urea in the soils was also
included. The N content in the soil was determined using Kjeldahl procedure and the Nessler
method (Rossi et al., 2004) (Appendix 1). Each treatment was performed in triplicates. To
study the release behavior of the cellulose hydrogels in different soils, three types of soils

were used: topsoil, wet clayey soil, and sandy soil.
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3.3.10 Release Kinetics of Cellulose Hydrogels
The release behavior of urea from cellulose hydrogels in water and soils was
analyzed using the Korsmeyer-Peppas equation (Korsmeyer et al., 1983) given in Equation

3.3:

—L = K pt" Equation 3.3

where Kk, t, and n are diffusion constant, time, and exponent of the release mechanism,
respectively. M/M. is the fraction of fertilizer released at the time, t. The nutrient release
mechanism is categorized based on the value of n. The value of n < 0.45 indicates that the
fertilizer release mechanism is a Fickian model, whereas 0.45 < n < 0.89 indicates that the
fertilizer release mechanism is a non-Fickian diffusion transport. When n > 0.89, nutrient

release follows case Il transport (Korsmeyer et al., 1983).

3.4  Greenhouse Experiments
3.4.1 Materials

In this study, the Mardi rice variety (MRQ74) was used. Malaysian Agricultural
Research and Development Institute (MARDI) provided the MRQ74 rice seeds for this
study, which allows the use of the rice seeds for rice cultivation and collection of seeds and
vegetative parts of the rice plants for analysis, reports, publications, and other purposes, as
well as agricultural exposition and promotion to local society. The experiment was
conducted in accordance with corresponding institutional, national, and international rules

and legislation.
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3.4.2 Experimental Details

A pot experiment (Figure 3.2 and 3.3) was used to examine the effects of urea-loaded
cellulose hydrogels-controlled release fertilizer on rice growth and yield. The experiment
was conducted during the year of 2022 (June—December) in a mini greenhouse located at
Pusat Penyelidikan Tumbuhan (PPT), Universiti Malaysia Sarawak (UNIMAS), Kota
Samarahan, Sarawak (1°28'09.3”"N, 110°2541.3"E) (Figure 3.4). The climate was tropical
rainforest characterized by high temperature (31-33 °C) and rainfall (which may vary from

nearly nothing to 70 mm) during the entire rice growth period.
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Figure 3.2: Graphical representation of pot experiment indicating pots were arranged in
a block design

93



219
220 Figure 3.3: A group of the rice plants in pots
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Topsoil (0-30 cm depth) was collected from the same location, air-dried, ground,
and sieved through a 0.2 mm mesh for soil analysis (Ho et al., 2009). Soil pH and available
total N in topsoil of the experimental site were measured (Rea et al., 2019, Chen et al., 2018).
Total N in topsoil was 0.141%, with 0.6% P, 0.83% K, 1.5 mg kg* Zn, 23.7 mg kg* Fe, 2.7
mg kg Mn, and 1.36 mg kg* Cu (Lawrencia et al., 2021). Soil pH was 4.83 and measured

using Sonkir Soil pH meter MS02.

Planting pots with an inside top diameter of 30.5 cm, a bottom diameter of 26.6 cm,
and a height of 30 cm were used. Each pot was filled with 12 kg of uniform topsoil. The
experiment comprised of 6 treatments (Table 3.2), each with 5 replications to account for
variance amongst the rice plants in a completely randomized block design. Each treatment
was arranged in a separate block of pots at different coordinates in the greenhouse. The
experiment was executed with different treatments to minimize the effect of variation from

the experiment occurring at different periods.

In addition, treatments consisted of the recommended dose of fertilizers (RDF)
according to the nutrient requirement for upland rice cultivation in previous studies (Ho et
al., 2009; Munda et al., 2016; Hashim et al., 2017; Karki et al., 2018). Therefore, a series of
RDF was selected, including T1 with no fertilizer applied as a control, 30 kg N ha! in T2H
(25% RDF), 60 kg N hatin T3H (50% RDF), 90 kg N ha*in T4H (75% RDF) and 120 kg
N halin T5H (100% RDF). As an initial study, RDF for 12 kg of soil in pots was computed
using equation 3.4 (Sarfraz et al., 2017) and applied as in Table 3.2. Urea (46% N) was used

as a source of fertilizer.

Paddy seeds were soaked in water to remove unfilled seeds floating on the surface of

water, while the filled seeds were collected and dried. After, 6 filled seeds were inserted to
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a soil depth of 5 cm in the pots. Before rice sowing, dried urea-loaded cellulose hydrogels
were placed in a pail of topsoil (8-10 cm soil depth), for T2H, T3H, T4H, and T5H treatment.
The urea-loaded cellulose hydrogels were covered with topsoil, and the soils in the pots were

hydrated with water.

The rice plants growth experiment lasted for 130 days. Throughout the study, there
was no standing water observed during the entire growing period of the rice plants to
simulate the actual field conditions. Water irrigation was applied 10 days after sowing and
at 2-day intervals to reduce water scarcity on the rice plants and allow the rice plants to reach
the maturity stage (Elbarbary & Ghobashy, 2006; Davidson et al., 2013). Manual weeding

and insect, pest, and disease management practices were executed to minimize crop losses.

Amount of Fertilizer per pot = (Recommended Dose of Fertilizer Equation 3.4
(RDF) / 1 ha) x weight of soil in a pot

Table 3.2: List of treatments with different N fertilizers doses

Treatment Amount of N fertilizers
Tl 0 N (control)
T2H 1.6 g N pot* hydrogels = 25 % RDF
T3H 3.2 g N potthydrogels = 50 % RDF
T4H 4.8 g N pot* hydrogels = 75 % RDF
T5H 6.4 g N pott hydrogels = 100 % RDF
T6U 6.4 g N pot*urea (100 % RDF) applied with three split applications at
15, 35 and 55 DAS
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3.4.3 Rice Growth Performance

Plant heights (cm), number of tillers, and SPAD meter readings were collected as the
components of rice growth performance data. Data were collected at 15, 35, 55, 75, 90, 115
and 130 days after sowing (DAS) (Ho et al., 2009; Munda et al., 2016; Hashim et al., 2017,
Karki et al., 2018). At 90 DAS, culm height was measured, and panicle numbers were
counted. The height of seedlings or young plants was measured from the ground to the tip
of the tallest leaf. The height of the mature plants was measured as the distance from the
ground level to the tip of the tallest panicle. Culm height was measured from the ground to
the node of the tallest panicle. Panicle length at harvest was determined by subtracting the

plant and culm heights.

Furthermore, the number of tillers was manually counted, and tiller with at least one
visible leaf were included until harvesting time. The number of unproductive tillers (if any)
and panicles at maturity (before harvest) were also counted. The chlorophyll levels in leaves
were measured using a SPAD meter (Minolta SPAD-502DL model, Minolta, Japan), a probe
that provides a quick and non-destructive approach that allows for in situ assessment (Halim
et al., 2018). The SPAD measurements were taken in the center of each leaf and averaged.
All growth data were collected in compliance with the treatments, replicates, and

measurement times.

3.4.4 Yield and Yield Component Data

At maturity, panicles from each plant within each sampling were plucked, kept in
different bags, and labelled appropriately for the determination of yield components. The
filled and empty grains were separated accordingly and counted. Total filled grains and

1000-grains weight, as well as its moisture content were determined. Grain yields for each
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treatment were adjusted to a standard moisture content of 14% of fresh weight. This can be
done by drying rice grains in an oven (60 °C) to 12-14 % moisture content, which was

determined using a digital moisture meter.

Following that, the harvested samples were oven-dried at 70 °C for three to five days
and recorded as a total biomass. The percentage (%) of filled spikelet was estimated by
multiplying the number of filled spikelet per panicle by a factor of 100 over the total number
of spikelets per panicle (Wiangsamut et al., 2013). The following equation was used to

calculate the grain harvest index (HI) (Wiangsamut et al., 2013).

Harvest Index (HI) = [Grain yield / (Grain yield + Biomass)] Equation 3.5

3.5  Analyses of Nitrogen (N) Uptake and Nitrogen Efficiency Estimation (NUE)
3.5.1 N Uptake and NUE

The N content of plant materials was measured by the modified Kjeldahl acid-
digestion method using concentrated sulfuric acid (Hanafi et al., 2009; Ho et al., 2009;
Sarfraz et al., 2017) (Appendix 1). After collecting final growth performance and harvesting
the panicles, each plant from each sampling pot was cut at the ground for the determination
of N content. Leaves were removed from the stem and placed in different plastic zip lock
bags (with tiny holes) according to the treatments. The fresh weight of the leaves and stems

were recorded prior to drying.

After, all samples were oven-dried for three to five days at 70 °C to a constant weight.
Each sample was weighed and pulverized with a mechanical grinder before subsamples were
taken for N determination. The N content of the vegetative parts and grains was measured

by the Kjeldahl method (Appendix 1). Total N uptake in grain and straw was estimated by

98



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

multiplying the N concentration (%) in grain and straw by their respective yields (Hammad
et al., 2017). The following equations were used to determine the N harvest index (NHI), N

use efficiency (NUE), and N agronomic efficiency (NAE) (Abbasi et al., 2012).

NHI = N uptake in grain / N uptake in plant Equation 3.6

NUE = [N uptake (added) — N uptake (control)] / Total N applied x 100  Equation 3.7

NAE =(Yn-Yo0)/N Equation 3.8
where N is nitrogen (g pot?, N uptake is nitrogen uptake (g kg), Yn is grain yield (g pot?)

at N =x, and Yo is grain yield (g pot?) at N = 0.

In addition, plant samples of rice were collected for dry matter estimation at different
growth stages (tillering, panicle initiation, heading, flowering and grain filling, dough, and
maturity stages) from different N treatments. Dried plant samples were weighed to determine

the dry matter accumulation and dry matter partitioning.

3.5.2 Correlation Regression Study

Correlation regression study was conducted by adopting a method designed in
previous research including Putri et al. (2020), Varghese et al. (2020), Kang et al. (2021),
Badaruzaman & Tiong (2022), and Han et al. (2022). In this study, correlation regression
analysis was performed using GraphPad Prism 9 v9.4.1 (2022), which analysed the

relationship between variables and fit mathematical models to the data.

To execute correlation regression analysis, it is assumed that the dependent and
independent variables have a mathematical relationship. The relationship can be described

as either a straight line (linear regression), a polynomial curve (polynomial regression), or a
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non-linear relationship (non-linear regression) (Badaruzaman & Tiong, 2022). Following
that, a scatter plot of the dependent and independent variables was plotted, and the most
likely values for the coefficient of determination (R?) were obtained (Putri et al., 2020; Han
etal., 2022). The relationship between two or more variables is established using regression
analysis. Regression analysis demonstrates how the standard value of the dependent variable
varies with the change of any independent variables while the other independent variables
remain constant (Kang et al., 2021). Linear regression is one of the most commonly used

mathematical modelling techniques.

In regression analysis study, the independent variable has a significant relationship
with the dependent variables, assessing the relative intensity of the effect of independent
variables on the dependent variable and making predictions. The coefficient of determination
(R?) is a measure of the accuracy or deviation of prediction in regression analysis. The
coefficient of determination (R?) indicates the size of the model corresponds to the dependent
variable in comparison to the mean. The measure R? can be determined using the following

equation:

R? = S5k Equation 3.9
= 5s, a '

where SSt (total variation or sum of squares) is the total number of all square difference of
between each observation and the average. Whereas SSr (sum of squared regression) is the
variation in the data described using regression analysis R? and has a value between 0 and
1. When the value of R? approaches 1 (i.e, R? = 0.998), it shows the best fit to the model,

hence it can be assumed that more variation in y can be explained by variation in x.
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3.5.3 Degradation of Cellulose Hydrogels CRF
After harvest, the degraded hydrogels CRF fragments were retrieved from the soils
and washed with distilled water to remove excess soils (Cui et al., 2019). The weight of the

degraded hydrogels CRF fragments was measured using a weighing balance.

3.6  Statistical Analysis

ANOVA was used to analyze significant differences in the mean, as well as the
correlation regression analysis, and the differences presented throughout are significant at p
< 0.05 or 0.01 using SAS software package 9.2. All diagrams were generated using the

software GraphPad Prism 9 v9.4.1 (2022).

3.7 Chapter Summary

This chapter discussed the research design and technical approach underlying the
research methodology in relation to achieving research objectives. The optimum formulation
of cellulose hydrogel CRF was influenced by porosity in their structure, water absorption
capacity and swelling ratio, moisture retention ability, loading capacity of fertilizer and
release profiles in water and soils. In addition, extensive studies were conducted to
demonstrate the applicability of cellulose hydrogels CRF, i.e., fine-tuning the application
rates of N fertilizers to match the needs of rice plants, thus improving the growth
performance and yield of rice. The growth performance of the rice plants was recorded (plant
height, number of tillers, SPAD values), rice grain yield and yield component data were
calculated including 1000-grain weight, percentage of filled grains, panicle number, number
of grains per panicle and straw yield. In addition, dry matter accumulation and dry matter

partitioning of the rice plants throughout the growing period were computed.
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Furthermore, studies on the nutrient uptake and NUE by the rice plants treated with
cellulose hydrogel CRF were also included. Degradation rates of cellulose hydrogel CRF
were determined at the end of the growing period. After, the correlation regression study
was conducted to assess the relationship between dependent and independent variables
involved in this study, as well as to predict the relative strength between those variables.
Similar previous studies that employed the research approach for agricultural applications
have been identified. Data collection method, measurement of parameters and data analysis
have been identified. The next chapter presents the results and discusses the findings of the

study.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Fabrication of Urea-loaded Cellulose Hydrogels as a Controlled Release
Fertilizer
4.1.1 Fourier Transform Infrared Spectroscopy (FTIR): Spectra Analysis
The preparation of ECH crosslinked cellulose hydrogel with CMC is presented in
Figure 4.1. The FTIR spectra of (a) cellulose fibres, (b) CMC, and (c) an ECH-crosslinked
cellulose hydrogel are presented in Figure 4.2. The wavenumber ranges 3360 cm™ and 2900
cm were assigned to polysaccharides -OH and C-H bonds (Figure 4.2a) (Lawrencia et al.,
2021). The large peak at 3335 cm*was caused by the hydroxyl group stretching vibration in
polysaccharides, which also included intermolecular and intramolecular hydrogen bond
vibration in cellulose (Lawrencia et al., 2021). Meanwhile, the peak at 2920 cm was
attributed to the -CH stretching vibration of all polysaccharide hydrocarbon constituents

(Lawrencia et al., 2021).

Further, cellulose bands were identified in the range of 1630 cm™ to 900 cm™* (Figure
4.1a). The vibration of water molecules absorbed in cellulose caused the peak at roughly
1633 cm* which was due to vibration of water molecules absorbed in cellulose. In addition,
the absorption bands at 1428 cmt, 1367 cm™, 1334 cm™, 1027 cm%, and 896 cm™ correspond
to the stretching and bending vibrations of -CHa, -CH, -OH and C-O bonds in cellulose
(Salleh et al., 2018). The vibration bands at 1420 em* to 1430 cm™, also known as the
crystallinity band, were associated with the amount of the crystalline structure of the
cellulose (Salleh et al., 2018). The band at 897 cm™, on the other hand was attributed to the

amorphous region in cellulose (Salleh et al., 2018).
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Figure 4.2 (c) depicts the crosslinking reaction in the cellulose hydrogels, with the
transmittance peak at 1060 cm™* due to the stretching vibration of C-O-C which formed from
the reaction component ECH and CMC (Zhang et al., 2017). Furthermore, the presence of
the carbonyl group (C=0) at 1720 cm* confirms the successful incorporation of the carbonyl
group in the structures (Zhang et al., 2017). This result also confirms the presence of COOH
groups in CMC and hydrogels. Meanwhile, a new peak at 1328 cm™ in the crosslinked
hydrogel showed the presence of crosslinking (Zhang et al., 2017). Finally, the intended

product, a chemically crosslinked cellulose hydrogel, was successfully formed.

104



OR
. 0 o
OR Oo
R 0 n
H c/
o) o) 2
. o~  /\ NaOH |
o) + H,C—— CHCH,Cl ————> H,C——CH
o 0°C, 48h
R OR

n

b
cellulose ECH %
. 0 o
R = H or CH.COONa o ]\
e OR n

423 Figure 4.1:  An ECH crosslinked cellulose hydrogel with CMC.

422

424

105



Transmittance (%)

| | | | | ’
3500 3000 2500 2000 1500 1000

Wavenumber (cm?)
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4.1.2 Differential Scanning Calorimetry (DSC)

The DSC curve of C3 cellulose hydrogel is shown in Figure 4.3. The phase
transformation of C3 cellulose hydrogel occurs in two steps: (i) melting or fusion, and (ii)
formation or crystallization. Correspondingly, one endotherm and one exotherm were

observed in the DSC curve.

The endotherm dip in the temperature region 90-100 °C is melting or fusion of
cellulose hydrogel, which corresponds to loss of absorbing water or solvent. Also, the
molecules in the cellulose hydrogel polymeric network are randomly oriented. Second, the
exothermic peak can be observed in the temperature range of 130-170 °C due to
crystallization of cellulose hydrogel. In other words, exothermic peak corresponds to heat
release due to conformational energy, i.e., crystallization of cellulose hydrogel. At low
temperature, the molecules in the hydrogel polymeric network are randomly oriented. At
high temperature where crystallization occurred, molecules in the hydrogel polymeric
network release excess free energy because the molecules are no longer in random
configuration. This means that heat flows out of the hydrogel specimen crystallized or semi-

crystallized amorphous molecules in hydrogel polymeric network formed.

Further, the exothermic peak continued to drop (T = 290 °C) and translated to an
endothermic peak from which the crystallized amorphous molecules in hydrogel polymeric
network melts (with random-oriented molecules again). This means that energy flows into
the hydrogel specimen to generate a phase change from crystalline to amorphous molecules

(melting). In this case, possibly the hydrogel specimen has melted.

Additionally, the DSC curve analysis as evidence for transformation behaviors of

hydrogels have been reported in other studies (Yang et al., 2010; Jayaramudu et al., 2016;
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Liu et al., 2017; Treesuppharat et al., 2017; Dai et al., 2018; Butylina et al., 2020; de Lima

et al., 2020; Harada et al., 2021).
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Figure 4.3:  DSC curve of C3 cellulose hydrogel

4.1.3 Morphology and Swelling Behaviors of Cellulose Hydrogels
4.1.3.1 Effects of Cellulose Concentrations

The FESEM images of cellulose fibers (Figure 4.4a) appeared as long fibers,
flattened shapes. Figure 4.4 (b)-(f) depicts and compares the microstructures of successfully

synthesized cellulose hydrogels at various cellulose concentrations (% (w/v)).

The swelling behaviors of dried cellulose hydrogels of various cellulose
compositions were studied (Figures 4.5) (Appendix 2). Among all formulations, the C3
cellulose hydrogel with 3% (w/v) cellulose and 1.75% (w/v) CMC demonstrated the highest
swelling percentage of 2055% (Figure 4.5). The high swelling percentage of C3 cellulose
hydrogel could be due to their highly porous microstructure with many channels and

interconnected capillaries (Figure 4.4d), which allows water molecules to diffuse into the
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cellulose hydrogel network (Chetouani et al., 2014; Voon et al., 2016). Phase separation in
the polymer solution formed during the freeze-thaw preparative multiple cycles, allowing

the formation of porous C3 assembles (Jampi et al., 2021; Kareem et al., 2021).

Lower swelling ratios were observed for C4 and C5 cellulose hydrogels, implying
that increased cellulose content in the hydrogels contributes to stronger polymer chain
entanglement via intra and intermolecular hydrogen interactions (Jampi et al., 2021).
Furthermore, low swelling percentages in distilled water were identified in C1 and C2
hydrogels, owing to the weaker hydrogels formed from lower cellulose concentrations,
which displayed uneven granular surfaces and rod-like morphology in FESEM micrographs

(Figure 4.4 b and c).
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Figure 4.4: FESEM image of (a) cellulose fibers, and cellulose hydrogels at various cellulose concentrations (b) C1, (c) C2, (d) C3, (e) C4,
and (f) C5 cellulose hydrogels, and 1.75 % (w/v) CMC at 1000x magnification
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4.1.3.2 Effects of Various Concentrations of CMC
FESEM images of cellulose hydrogels at various CMC concentrations are shown in

Figure 4.6. Figure 4.6(a)-(f) depicts and compares the microstructures of the successfully

synthesized cellulose hydrogels at various CMC concentrations.

Also, the swelling behaviors of cellulose hydrogels at various CMC compositions
were further characterized (Figures 4.7) (Appendix 3). Figure 4.6 shows the maximum
swelling percentage of cellulose hydrogels synthesized at various concentrations of CMC.
The highest swelling percentage (2038%) was observed in CMC5.0 cellulose hydrogels,

followed by CMC4.5 cellulose hydrogels (2023%).

Generally, the swelling percentage increases with CMC concentrations due to its

polyelectrolyte properties (Wei et al., 2019). This can be observed from the increasing
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swelling percentage from lower to higher CMC concentrations, i.e., from CMC2.0 (1073%)
to CMC4.0 (1685%) as shown in Figure 4.7. This is due to their high hydrophilic nature, as
well as the wide and flat thread-like interconnecting capillaries and channels in their
structure (Figure 4.6 b-g). These structures increase the contact surface area of cellulose
hydrogels polymeric networks and may absorb more water into their structures (Olad et al.

2018).

However, the presence of ions in the system (i.e., Na*), which may withhold water
absorption could potentially influence hydrogel swelling. In other words, due to the
increasing amount of Na* ions at high CMC concentrations (i.e., CMC4.5 and CMC5.0), no
significant changes in water absorption were observed (Figure 4.6) (Quesada-Perez et al.,
2011). This indicates that further increase in CMC concentration would not increase the

swelling percentage, as reported in other studies (Ibrahim et al. 2007; Mohamed et al. 2022).

Herein, the swelling behavior in cellulose hydrogels could be described using the
Flory-Rehner theory, which states that the equilibrium volume of the cellulose hydrogel
networks is determined by the balance of osmotic pressure and elastic restorative force
(Brandt et al., 2017). Previous studies that demonstrated findings in accordance with the
presence results include Sannino et al. (2009), Raafat et al. (2012), Raucci et al. (2012), Xiao

et al. (2014), Ranganathan et al. (2018) and Kareem et al. (2021).
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Figure 4.6: FESEM image of cellulose hydrogels at various CMC concentrations (a) 1.75, (b) CMC2.0, (c) CMC2.5, (d) CMC3.0, (e)
CMC3.5, (f) CMCA4.0, and (g). CMC5.0 cellulose hydrogels, and 3.0 % (w/v) cellulose at 1000x magnification
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4.1.4 Effects of Cellulose Hydrogels on the Soil Moisture
Soil moisture of three different types of soil is shown in Figure 4.8 (Appendix 4).
The addition of the C3 cellulose hydrogel to the dry soils increased the moisture content
significantly and retained the moisture for 7 days before the hydrogel dried out. Topsoil had
the maximum soil moisture of up to 36.5% after 7 days, followed by wet clayey soil (30.1%)
and sandy soil (23.4%). Also, the moisture of topsoil was 26.62% higher with C3 cellulose

hydrogel than without C3 cellulose hydrogel, whereas wet clayey soil and sandy soil were

22.13% and 23.6% higher, respectively.
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Compared to the topsoil, the decreased moisture content in the wet clayey soil might
potentially be due to the sluggish infiltration of water from cellulose hydrogel through the
compact soil profile of clayey soil with small particle size. In the presence of C3 cellulose
hydrogel, the soil moisture content in the sandy soil was 23.4%, which is higher than the
threshold moisture value of sandy soil, which ranges between 3% to 10% from the driest

condition to the wettest condition (Khoo et al., 2016).

These results suggest that the presence of C3 cellulose hydrogel increases the soil
moisture content while decreasing water transpiration. The application of C3 cellulose
hydrogel in soil may reduce water irrigation frequencies in farming while increasing plant

survival and crop yield during dry seasons.
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Figure 4.8: Soil moisture in different types of soils using C3 cellulose hydrogel.

Different letters indicate significant differences (p < 0.05) between soils.
Error bars represents the standard deviations from triplicates (n=3)
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4.1.5 Loading of Urea in Water and Soils

Based on the analysis reported in this study and included in the previous section, the

ideal formulation to prepare cellulose hydrogel was observed in C3 composition. Hence, C3

cellulose hydrogel composition was selected for the fabrication of urea-loaded cellulose

hydrogels as a controlled release of fertilizers.

Figure 4.9 (Appendix 5) depicts the urea loading capacity of C3 cellulose hydrogel.

The urea loading for C3 cellulose hydrogel was rapid, and equilibrium was attained in 48 h.

The maximum loading capacity of urea (nutrient content) of C3 cellulose hydrogel was 0.51

g g% The rapid encapsulation of urea by C3 cellulose hydrogel was induced by the high

initial concentration gradient of urea in the water as well as the easy diffusion of urea into

the porous structures of C3 cellulose hydrogel (Liang et al., 2014).
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loading of urea
0.51 g/g

N

®- Loading of urea
over time

o
S 0.6
|
o
>
=
L
o
> _04
[ I
58
B =
|
2] .
2902
© O
e
=
o
o
o
g 0.0
]
@
o
-l
Figure 4.9:

1
0 24 48 72 96 120
Time (h)

Loading capacity of C3 cellulose hydrogel. Error bars show the standard
deviations from triplicates (n=3)
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4.1.6 Release of Urea in Water and Soils

Urea release profiles of C3 cellulose hydrogel in water and soils are shown in Figure
4.10 (Appendix 6) and 4.11 (Appendix 7), respectively. In control studies, 98.7% free urea
was released in water within 1 day (Figure 4.10). In comparison, urea release from C3
cellulose hydrogel in water in a controlled and slower pattern, with only 50.77%, 71.26%,
and 80.46% release after 1 day, 1 week and 1 month, respectively. Furthermore, “burst
release” can be observed at the initial stage of the studies (within 1 h) for all types of fertilizer
due to the high initial concentration gradient of loaded urea in the cellulose hydrogels and
the release of urea towards the surface (Ding et al., 2016). The term “burst release” is
uncontrolled release which occurs when a large proportion of urea is rapidly release in the
first few minutes or hours (Lawrencia et al., 2021). Following burst release, a more constant,

controlled, or slow release is then achieved (Lawrencia et al., 2021).

The controlled-release behaviors of free urea and C3 cellulose hydrogel in various
soils were evaluated to assess the possible applicability of C3 cellulose hydrogel for
precision agriculture (Figure 4.11). Free urea (control) release was more than 95% in topsoil,
wet clayey soil, and sandy soil within 1 week. In comparison, the urea release by C3 cellulose
hydrogels in those soil samples was significantly reduced to less than 60% after 7 days. For
the wet clayey soils, the N-nutrient content released was 42.14% (1 day), 56.32% (1 week)
and 73.37% (1 month). Meanwhile, N-nutrient release in C3 cellulose hydrogels in topsoil
was 47.70%, 56.34% and 74.71% within 1 day, 1 week and 1 month, respectively. C3
cellulose hydrogels in sandy soils showed a similar urea release trend, with 45.98%, 55.17%,

and 71.84% urea release in the soils at 1 day, 1 week and 1 month, respectively.
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The possible release mechanism of C3 cellulose hydrogels may involve a
combination of absorption, dissolution, and diffusion (Trenkel, 2020; Ding et al., 2016).
High urea release (>70%) from C3 cellulose hydrogels within 1 month could be induced by
the excellent hydrophilic properties of the extracted cellulose from blended wastepaper and
CMC polyelectrolyte (Kareem et al., 2021). These features facilitate water diffusion and
penetration into the hydrogel networks from the soils, causing the hydrogels to swell. The
dynamic exchange of free water is anticipated between the cellulose hydrogels and the urea

solution (Arbona et al., 2005; Chin et al., 2018).

Hence, this gradually improves urea solubility within the hydrogels and accelerates
urea diffusion from the porous hydrogels to the surroundings. The main driving force of the
nutrient release from cellulose hydrogels are differences in the osmotic pressure between the
cellulose hydrogels and their surroundings (Kareem et al., 2021). Based on these preliminary
findings, the release profiles of urea from C3 cellulose hydrogels in water and various soil
conditions (<80%) within 30 days demonstrate promising compliance with the Committee
of European Normalization (CEN) requirements for controlled release of fertilizer (Trenkel,

2010; Olad et al., 2018).
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4.1.7 Kinetic Studies of Urea Release

Table 4.1 shows that, among all diffusion types in the Korsmeyer-Peppas model, the
Fickian diffusion is most suited to describe the control-release mechanism of fertilizer in
water and soils (R? > 0.85 and n < 0.45). This suggests that the fertilizer release of C3
cellulose hydrogels was driven by diffusion through their pores and channels, which was

regulated by the concentration gradient and degree of swelling of the hydrogels (Hermida et

al., 2019; Wei et al., 2019; Bi et al., 2020).

—
QD
S
)
b
=

Korsmeyer-
Peppas model
(Fickian

diffusion)

R? 0.9565 0.9734 0.9935 0.9575
n 0.1452 0.1284 0.1245 0.2574
Kkp 1.7103 1.653 1.6727 1.3608
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4.2 Evaluation and Fine-tuning the Loading Capacity and Release Rate of
Fertilizer to Match the Needs of the Rice Plants

4.2.1 Rice Growth Performance
4.2.1.1 Plant Height (cm)

Plant height increased with time in all treatments until maturity was reached at 130
DAS (Figure 4.13 and 4.14) (Appendix 8). Treatment T4H (4.8 N g pot* = 75% RDF) had
the highest rice plant height (129.6 cm) compared to the treatment with common urea dosage
(T6U, 122.4 cm) and control treatment (T1, 86.1 cm). Plant height using T5H (120.7 cm)
was comparable to the treatment T6U (122.4 cm). Whereas plant heights in other treatments

were 109.4 cm (T3H) and 94.1 cm (T2H).

The curve (Figure 4.14) shows that the growth of the rice plants in T4H initially
delayed behind those given common urea (T6U) and higher dose of N (T5H). Nevertheless,
from 30 to 45 DAS, the rice plants were almost of the same height, and after this point, the
rice plants in T4H outpaced the rice plants in T6U and T5H. Besides, T4H was able to sustain
the plant height, however T5H did not show a significant improvement in the plant height.
These findings indicate that CRF with 75% N (T4H) has a more sustained fertilizer release

in soil than common urea (T6U).

In general, N increases the protein content in plants (Dellero, 2020; Leite et al., 2021;
Ayadi et al., 2022). When the plants receive an adequate amount of N, protein may be
available at an optimal level to establish metabolic processes, which increases the vegetative
and reproductive growth of the plant and the plant yield (Lawlor, 2002; Masclaux-Deubresse
et al., 2010; Ransom et al., 2020). Higher plant height is significantly related to improved

growth. Similar findings have been reported with rice using encapsulated urea, which results
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203  in higher plant height than rice treated with common urea (Davidson et al., 2013; Fazlina et

204  al., 2014; Hashim et al., 2017).
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4.2.1.2 Number of Tillers

Following that, treatment T4H (4.8 N g pot* = 75% RDF) generated the most tillers
per plant (12) compared to the treatment given common urea dosage (T6U, 9 tiller per plant)
and control treatment (T1, 5 tillers per plant) (Figure 4.15). Other treatments have 11 tillers
(T5H), 9 tillers (T3H), and 6 tillers per plant (T2H). The higher number of tillers in CRF
confirmed the findings of another study, which found that the application of CRF may
improve the number of tillers in rice compared to conventional urea (Hashim et al., 2017,
Ghosh et al., 2020). This is most likely owing to prolonged release and sufficient N

availability to the rice plants (Hashim et al., 2017; Ghosh et al., 2020).

No. of tillers per plant

T T2H T3H T4H T5H T6U
Treatments (N applied)

Figure 4.15: The effect of N level on the number of tillers per plant. Different letters
indicate significant differences. Error bars represent the standard
deviations from 5 replications (n=5)
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4.2.1.3 Leaf Chlorophyll Content (SPAD)

Additionally, measurement of leaf chlorophyll content is an important parameter for
assessing overall plant health and enhancing NUE (Cortazar et al., 2015). It denotes the
physiological states of the rice plants as indicated by photosynthetic pigment and leaf N
content (Zhang et al., 2022). Furthermore, N availability in soil has a substantial effect on
the chlorophyll level of leaf tissue (Li et al., 2017; Zhang et al., 2022). In this study,
maximum SPAD reading was 39.5 in T4H (4.8 N g pot! = 75% RDF) and the order was
TAH>TS5H>T3H>T2H>T6U>T1 (Figure 4.16) (Appendix 9). CRF at 75% N (T4H) and
100% N (T5H) led to a significant improvement in the leaf photosynthetic rate compared to

the rice plants given common urea dosage (T6U) and control treatment (T1).

This indicates that SPAD readings were related to and linearly correlated with the
chlorophyll and N levels in the plants (Loh et al., 2002; Xiong et al., 2015). A greater SPAD
value suggests a higher chlorophyll content due to improved N uptake. Increased N uptake
by the rice plant increases the protein content in the plant (Ayadi et al., 2022), which supports
better photosynthetic rates and subsequently improves the plant growth (Masclaux-

Deubresse et al., 2010).

According to Dobermann and Fairhurst (2010), the optimal SPAD threshold for the
rice plants is between 29 and 32. In this study, T4H (39.5) and T5H (38.1) elevated the SPAD
values in rice plants above the optimum SPAD threshold. Meanwhile, the rice plants given
common urea dosage (T6U) resulted in a SPAD reading of 31.7 which is still within the
optimal threshold range. Increased SPAD readings suggest that the application of CRF, i.e.,

T4H and T5H improved N uptake by the rice plants while minimizing N loss to the
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environment (Ransom et al., 2020). Similar results have been reported in other studies (Yang

etal., 2012; Geng et al., 2015; Li etal., 2017; Chen et al., 2020; Zhao et al., 2023).
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Figure 4.16: The effect of N level on the leaf chlorophyll content (SPAD) of the rice
plants. Different letters indicate significant differences. Error bars
represent the standard deviations from 5 replications (n=5)

4.2.2 Yield and Yield Component Data

The N treatments had a significant effect on the yield and yield parameters of rice
plants (Table 4.2 and Figure 4.17 (Appendix 10)). Grain yields were estimated using yield

components such as 1000-grain weight, percentage filled grains (PFG), panicle number, and

number of grains per panicle.

The highest 1000-grain weight was 24.85 g in T4H (4.8 N g pot™* = 75% RDF), but
it did not differ substantially from other treatments (T3H, T5H and T6U) (Table 4.2).

Previous studies found that N management has no significant effect on 1000-grain weight
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(Mauad et al., 2003; Kamara et al., 2010; Alam et al., 2021). Furthermore, further increases
in N may decrease 1000-grain weight, most likely due to inadequate carbohydrates to
support the increased number of grains produced. PFG varied with N treatments, with T4H

having the highest PFG, followed by T5H and T6U, and T1 having the lowest.

Figure 4.15 shows that the number of panicles in each pot ranged from 6 to 12 panicle
pott. The most panicles were produced by T4H (12 panicles pot?), followed by T5H (10
panicles pott). The rice plants given common urea dosage, T6U, and T3H (CRF 50% N)
produced the same number of panicles (8 panicles pot?) and T1 produced the fewest panicles
(6 panicles pot?). These results corroborated with previous research which found increased
panicle number with increased N rates (Manzoor et al.,, 2006; Zhang et al., 2020).
Furthermore, increased N rates may imply greater N availability during the tillering stage,
which is crucial for cell division (Wang et al., 2018). During the reproductive stages of the
rice crops, sufficient N availability could induce cell division and stimulate the formation of

panicles (Jahan et al., 2022).

The highest number of grains was observed in T4H (134 grains) compared to the rice
plants given common urea dosage (T6U, 123 grains) and control treatment (T1, 110 grains).
The number of grains in other treatments was 128 grains (T5H), 118 grains (T3H), and 116
grains (T2H). The increased number of grains with increasing N rates could be attributed to
a greater number of panicles, resulting in high grain yield in rice (Parida et al., 2022; Ye et

al., 2022; Wang et al., 2023).

In terms of grain yields, T3H, T4H, T5H, and T6U all showed significant
improvements in rice grain yield as depicted in Figure 4.15. T4H increased rice grain yield

by 71.1% when compared to the control treatment, T1. Furthermore, T4H increased rice
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grain yield (%) significantly greater than in other treatments, with T2H increasing by 14.5%,

T3H increasing by 31.1%, T5H increasing by 57.9%, and T6U increasing by 46.7 %.

In this study, CRF with only 75% N (T4H) application in soil increased the rice grain
yield when compared to the CRF with 100% N (T5H) and 100% RDF, i.e., common urea
dosage (T6U) by farmers’ fertilizer practices. This suggested that the application of CRF to
soil may minimize N fertilizer consumption and frequency of dosing while increasing crop

yield (Hashim et al., 2015; Ke et al., 2017; Li et al., 2017).

Moreover, these results were comparable with those of other studies (Qiao et al.,
2012; Yao et al., 2012; Wu et al., 2013), indicating that a moderate N application, i.e., T4H
in this study, may produce the highest rice grain yield potential, and that further increasing
N supply did not increase rice grain yield. Furthermore, observations indicate that CRF may
provide a prolonged N supply to the rice plants through sustained N release, which is crucial
for improving N uptake at late growth stages of rice, hence increasing rice grain yields

(Wang et al., 2018; Pratiwi et al., 2021).

This was further supported by Zhang et al. (2020) who found that increasing N rates
significantly increased rice grain yields; nonetheless, this increase in rice grain yield is
restricted to a particular range of N rates. Thus, the favorable effects of CRF on the yield
and yield-attributing factors compared to that of T6U (common urea) were consistent with
earlier findings (Qiao et al., 2012; Wu et al., 2013; Hashim et al., 2017; Ke et al., 2017; Li
etal., 2017; Liu et al., 2019; Gil-Ortiz et al., 2020; Alemu, 2021; Yuan et al., 2021; Yan et

al., 2022).
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310 Table4.2:  1000-grain weight (g) and percentage filled grain (% F) of different N
311 treatments

- Treatment 1000-grain weight (g) Percentage filled grains (% F)
T1 20.46% 71.742
T2H 20.522 73.362
T3H 21.76% 77.69°
T4H 24.85° 89.59¢
T5H 24.06° 87.9¢
T6U 23.25° 72.382

313  Different letters indicate significant differences (p < 0.05)
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317 Panicle number/pot Bl Grain yield (g)/pot Straw yield (g)/pot 4@ Number of grains/panicle
318 Figure4.17: The effect of N treatments on the number of panicles per plant, number of
319 grains per panicle, grain, and straw yield. Different letters indicate
320 significant differences (p <0.05). Error bars represent the standard deviation
321 from 5 replications (n=5)
322
323
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4.2.3 Harvest Index (HI)

Higher HI implies that more of the aboveground components of rice collected were
grains (Jiang et al., 2018). For this reason, higher HI is preferable when CRF is applied to
the paddy field as the grain yield is the most significant aspect of rice farming. Figure 4.18
(Appendix 11) depicts that all CRF treatments improved rice HI, with T4H attaining the
highest HI (45.5%). T5H demonstrated a slight improvement in HI, however not

substantially different from T4H and other treatments.

The rise in HI for T4H could be related to an increase in total N uptake in the rice
plants, which peaked during the 11t week of grain formation (Oikeh et al., 2008; Hashim et
al., 2015). After the 11" week, during the grain filling and maturity stage, most of the N
required for rice emerges from the culm, leaves, and panicles rather than from the soil
(Hashim et al., 2015; Shrestha et al., 2020). This shows that N uptake from the soil was
minimal (Shrestha et al., 2020). This is most likely the most significant component that
improves HI. Since the rice plants received sufficient N before the 11" week, more N is

likely be transmitted to the grains, thus increasing HI and grain yield over biomass.
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Figure 4.18:  Harvest index of rice with different N treatments. Different letters indicate
significant differences (p < 0.05)

4.3  Analyses of Nitrogen (N) Uptake and Nitrogen Efficiency Estimation (NUE)
4.3.1 N Uptake of the Rice Plants

Figure 4.19 (Appendix 12) shows the effect of N treatments on the rice N uptake and
N use efficiencies over field studies. The optimum N uptake rate was shown in the presence
CRF hydrogels at different N rates (%). The rice N uptake in different treatments showed
significant differences at p < 0.05. The highest N uptake of rice was observed in T4H (0.25
g kg) compared to rice given common urea dosage (T6U, 0.19 g kg) and control treatment
(T1, 0.03 g kgt). The second highest N uptake of rice was 0.22 g kg™* (T5H). Observations
from this study shows that the CRF applications, i.e., T4H and T5H significantly improved
the rice N uptakes compared to those treated with conventional urea (T6U) at higher N

applied. However, crop N uptake was relatively lower in T2H (0.88 g kg™!) and T3H (0.09 g

kgl).
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The trend of rice N uptake is comparable with the findings by Hashim et al. (2015).
In general, increasing N uptake is directly correlated with increasing aboveground yield
(Figure 4.17) because the crop N uptake followed a similar trend as plant biomass.
According to Nong et al. (2020), an increase in N uptake with CRF application could be
attributed to N translocation from vegetative parts of the rice plants to grain during the final
phases of the rice plant growth. Furthermore, urea-loaded hydrogels were observed to
facilitate the gradual release of nutrients that closely matched the N requirements of the rice
crops, resulting in improved N use efficiencies. These findings were consistent with those
reported by Fazlina et al. (2014), Liu et al. (2019), Gil-Ortiz et al. (2020), Yuan et al. (2021),

Yan et al. (2022).
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Treatments (N applied)
Figure 4.19:  The effect of N levels on the N uptake of the rice plants. Different letters

indicate significant differences (p < 0.05). Error bars show the standard
deviation from 5 replications (n=5)
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4.3.2 Nitrogen Harvest Index (NHI)

In Figure 4.20 (Appendix13), the highest NHI was observed in T4H (67.9%) of all
N treatments. T5H had the second highest NHI (61.3%), followed by T6U (60.5%). The NHI
values for T2H, T3H and T1 were estimated to be 53.0%, 58.9% and 50.4%, respectively.
These findings suggest that the highest NHI in T4H indicates positive synchronization
between improved rice grain yield (Figure 4.16) and HI (Figure 4.17). Further, higher NHI
was positively correlated with total N uptake of the rice plants (Padhan et al., 2023). Higher
NHI resulted in higher N uptake (Padhan et al., 2023). Besides, other treatments

demonstrated positive synchronization with NHI patterns comparable to T4H.

70+

Nitrogen Harvest Index, NHI (%)

0 T
T1 T2H T3H T4H T5H  TeU

Treatments (N applied)
Figure 4.20:  The effect of N levels on Nitrogen Harvest Index (NHI) of the rice plants.
Different letters indicate significant differences (p < 0.05). Error bars show
the standard deviation from 5 replications (n=5)

A preliminary study from Wang et al. (2017) showed an increase in NHI of the rice

plants at average of 73.3% when 75% of N fertilizer encapsulated in CRF was applied. In
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addition, their findings reported that NHI declined with increasing N rates; 68.9% NHI (165
kg hat N/100%) and 65.1% NHI (247.5 kg hat N/120%). Also, their findings found that the
highest number of grains was observed in 75% N fertilizer treatment. This suggests that the

highest NHI in their study indicates positive synchronization with improved rice grain yield.

Other study by Padhan et al. (2023) reported an increase in NHI values of the rice
plants ranging from 45% to 89% using N fertilizer encapsulated in CRF hydrogel. In their
study, the highest NHI (89%) was recorded at 120% N rate, meanwhile 75% N rates recorded
64.6% NHI. Their findings also showed a positive synchronization between increased NHI

values with that of higher grain yield and harvest index.

4.3.3 Nitrogen Use Efficiency (NUE)

In Figure 4.21 (Appendix 14), treatment T4H (4.8 N g pot! = 75% RDF) had the
highest NUE (52.6%), while treatment T6U had the lowest NUE (31.2%). In general, the
NUE of CRF treatment increased with increasing N application rate up to 4.8 N g pot
(T4H), after which NUE began to decrease with increasing N rate (6.4 N g pot*in T5H and
6.4 N g pot in T6U). This is consistent with prior research demonstrating that a moderate
N rate may lead to higher NUE potential because further increase in N rate may not further

increase the NUE levels (Qiao et al., 2012; Yao et al., 2012).

Furthermore, investigations have revealed that conventional urea used in farmers’
practices has resulted in a low NUE (Chen et al., 2015), resulting in poor synchronization of
N supply and crop demand. In other words, this is associated with the main contributing
issues, i.e., over 50% fertilizer loss to the environment due to leaching and surface run-off
(Lawrencia et al., 2021; Ahmad et al., 2023). This was confirmed in current study, in which

T6U exhibited the lowest NUE of all N treatments.
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Figure 4.21:  The effect of N level on Nitrogen Use Efficiency (NUE) of the rice plants.

Different letters indicate significant differences (p < 0.05). Error bars show
the standard deviation from 5 replications (n=5)
4.3.4 Agronomic Nitrogen Efficiency (NAE)

Figure 4.22 (Appendix 15) shows the influence of N treatments on NAE. NAE
ranged from 3.33 kg kg* to 12.78 kg kg* for various N rates. The highest NAE was observed
in T4H (12.78 kg kg') compared to rice given common urea dosage (T6U, 5.73 kg kg™).
NAE increased with increasing N rate for CRF up to 4.8 N g pot* in T4H (90 kg N ha'l), but
after that decline with increasing N rates in T5H and T6U. The NAE values in T5H and T6U
were still higher than in T2H (3.33 kg kg*) and T3H (6.15 kg kg') because of greater rice
grain yields in TSH and T6U (Figure 4.14). Similar findings were observed by Barbieri et

al. (2008), with NAE declining as the N application rates increased.
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Figure 4.22:  The effect of N levels on Agronomic Nitrogen Efficiency (NAE) of the rice
plants. Different letters indicate significant differences (p < 0.05). Error bars
show the standard deviation from 5 replications (n=5)

One of the primary objectives of N fertilization is to improved N uptake and
efficiencies in upland rice cultivations by the application of cellulose-based hydrogels as
controlled release fertilizers. In this study, rice plants given with CRF at 4.8 g N pot™ (T4H;
75% RDF) recorded the highest N efficiency when compared to the traditional farmers’
nitrogen fertilization practices and 100% N CRF application. This could be explained by the
level of N rate in T4H which corresponds to the optimal crop N requirement. This also
indicates that the application of CRF to soil may minimize N losses to the environment,
reduce fertilizer consumption as well as frequency of dosing while increasing crop yield and

N efficiency (Hashim et al., 2015; Ke et al., 2017; Li et al., 2017).
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Additionally, findings from this study are consistent with data from other studies, including
Wang et al. (2018), Gil-Ortiz et al. (2020), Qi et al. (2020), Pratiwi et al. (2021), Yuan et al.

(2021), Tian et al. (2022), Yan et al. (2022).

4.3.5 Dry Matter Partitioning

Dry matter progression in the rice plants increased steadily throughout the growth
phases and peaked at maturity (Figure 4.23) (Appendix 16). The dry accumulation pattern
in the rice plants demonstrated a modest exponential growth, period of linear growth, and a
period of constant weight. The highest dry matter (109.9 g pot*) was obtained in T4H, while
the lowest (62.3 g pot™) dry matter was obtained in control treatment, T1. Dry matter in T5H
and T6U was 107.9 g pot* and 107.1 g pot™!, respectively. Results thus indicate that response

was more pronounced with higher N rate applications than lower N rate applications.

Higher N rates can increase dry matter content due to higher protein content in the
rice plants, which promotes higher photosynthetic rates on leaves (Leite et al., 2021; Ayadi
et al., 2022). This enhanced the rice plants growth during vegetative stage and later
distribution of assimilates to the reproductive organs (Leite et al., 2021; Ayadi et al., 2022).
Furthermore, dry matter production is profoundly associated with intercept

photosynthetically active radiation (Xiong et al., 2015).

Low N supply in the rice plants have been identified as a limiting factor in alleviating
radiation usage efficiency and biomass productivity, resulting in lower dry matter yield (Loh
et al., 2002; Xiong et al., 2015). Information on dry matter production and partitioning
between different plant sections as influenced by N rates application is crucial to develop

rice growth models (Loh et al., 2002; Xiong et al., 2015; Leite et al., 2021; Ayadi et al.,
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459  2022). Dry matter partitioning to the reproductive organs depends on number, capacity, and

460  activity of physiological sinks (Loh et al., 2002).

461 The distribution of dry matter into leaf, leaf sheath, stem and panicles of the rice
462  plants was nearly identical across the treatment levels (Figure 4.24) (Appendix 17). The
463  portioning of dry matter into leaf, leaf sheath, and stem increased up to 65 DAS, while

464  panicle dry weight rose until 75 DAS.

465 After 65 DAS, dry matter partitioning into vegetative parts reduced, indicating
466  remobilization of assimilates from vegetative parts towards flowering stages and forming
467  grains (Xiong et al., 2015). N fertilization induced a considerable variation in the pattern of
468  dry matter partitioning of the rice plants at all growth stages, where low N rates stimulate

469 allocation of least dry matter to all plant sections.
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472  Figure 4.23:  Dry matter accumulation in rice as influenced by N rates application over
473 the crop growth stages.
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Figure 4.24:  Pattern of dry matter partitioning to different parts of rice as influenced by time course and nitrogen level
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4.3.6 Correlation Regression Analysis

Grain yield is determined by yield-attributing components such as the number of
panicle and number of grains per panicle. The relationship between growth characteristics,
yield-attributing factors, and grain yield was evaluated using a simple correlation coefficient

(p < 0.05) (Figure 4.25) (Appendix 18).

Figure 4.25 (a) and (b) illustrate that there is a positive relationship between the grain
yield and yield-attributing components. Similarly, as illustrated in Figure 4.25 (c), the
associated between the grain yield and HI was both positive and significant (R?> = 0.7881, P
< 0.001). Grain yield accounted for 78.8% of the increase in HI, with other variables

accounting for the remaining 21.2% of the increase in rice grain yield.

Sui et al. (2013) demonstrated that the increase in grain yield was attributable with
the increased panicle number and number of grains per panicle, which corresponds with
findings from this study that the panicle number and number of grains per panicle were the
most variable yield components identified (Figure 4.17). The highest rice grain yield for
T4H could be associated with the increased panicle number and number of grains. This was
further confirmed by a substantial and positive relationship between grain yield and both the
number of grains per panicle (R? = 0.9607, P < 0.05) and panicle number (R? =0.9722, P <

0.05), as illustrated in Figures 4.25 (a) and (b).

Further, similar study by Karki et al. (2018) demonstrated a positive correlation
between number of grains per panicle with yield attributing factors such as panicle number,
number of tillers and test weight. Similarly, their findings suggest that the relationship
between grain yield and harvest index was positively correlated and significant (R?= 0.453).

The number of tillers/m? contribute approximately 25.4% (R?= 0.254) on the grain yield.
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Whereas the remaining 74.60% increase in grain yield may be due to variable other than
number of tillers. Similarly, approximately 31.5% (R?= 0.315) contribution was given by
number of filled grains per panicles on grain yield. And the remaining 68.50% part was
contributed by the variables other than filled grains per panicle. Again, test weight input
about 7.1% (R?= 0.071) share on grain yield and left over 92.9% increase in grain yield was
due to other variables except test weight. Whereas grain yield contributed about 45.3% (R?
= 0.453) towards increase in the harvest index. And the remaining 54.70% contribution for

increasing yield was given by the variable other than harvest index.

Previous study by Sun et al. (2017) on the correlation and regression of rice reported
that, rice traits being studied showed the striking positive correlations among the panicle
length, grains number per panicle, primary panicle branch, and secondary panicle branch.
Moreover, Bagheri et al. (2011) and Norain et al. (2014) reinforced the statement that there
was a high significant and positive correlation between the number of grains per panicle and

panicle length.

Meanwhile, Karim et al. (2014) reported that the number of primary panicle branches
per panicle had a highly significant and positive correlation with the number of filled grains
per panicle. The total number of grains per panicle was used as the main trait as it is expected

to reflect the potential yield of tested rice genotypes.

In line with this expectation, Devi et al. (2016) found that the relationship between
the number of grains per panicle and the grain yield per plant was positively and highly
significantly correlated. In the other case, the filled grains per panicle indicated positive and
highly significant indirect correlation with the yield per ha in phenotypic and genotypic level

(Oladosu et al. (2018).
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The common issues in the correlation relationship of the rice agronomical characters
were grain yield, plant height, number of tillers per plant, panicle length, number of grains
per panicle, 1000-grains weight, and number of filled grains per panicle (Hastini etal., 2019).
Number of grains per panicle usually had a positive correlation with the panicle length, and

number of filled grain per panicle (Hastini et al., 2019).

As many studies had shown that the grain yield showed a positive and significant
correlation with the number of grains per panicle, then the number of grains per panicle

could be used as the dependent variable in a regression with other traits (Hastini et al., 2019).

Moreover, panicle number is one of the determining components that influence rice grain
yield. This is because increasing the number of panicles has a similar effect as increasing
grain yield (Lee et al., 2010; Jahan et al., 2022). Furthermore, current findings revealed that
the number of panicles and the number of grains per panicle were both positively correlated
with N uptake (Figure 4.25 d, €). This demonstrates that greater N uptake improved grain

formation, resulting in higher grain yield.

This study aimed to understand the correlation and regression relationship between
the number of grains per panicle with other traits of rice panicle branching. The other traits
would be used as a predictor in the regression analysis. Furthermore, this study could give
the information on the panicle branching traits contribution to the total grains number per

panicle.
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4.3.7 Degradation of Cellulose Hydrogels CRF

The soil test was used to assess the biodegradability of cellulose hydrogels CRF
throughout the rice cultivation period. The weight of cellulose hydrogels CRF lost during
the degradation time throughout the rice cultivation period is shown in Figure 4.26
(Appendix 19). The graph shows that the weight of cellulose hydrogels CRF gradually
decreasing over time (a decreasing linear function), indicating that biodegradation of
cellulose hydrogels CRF occurs in soils. Following harvest, only small fragment of cellulose
hydrogels could be found, and weight loss reached up to 97% of their initial weight. This

shows that the cellulose hydrogels CRF had nearly 100% degraded after 135 days.

150 Bl Weight (9)

100

Weight (g)
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The remaining 3% of
t hydrogel retrieved after
ks 135 days

15,0 35.0 75.0 95.0 135.0
Days after sowing (DAS)

Figure 4.26:  Mass loss of cellulose hydrogels CRF (with images of hydrogels retrieved
accordingly) during the degradation time throughout the rice cultivation
period.
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In conclusion, CRF treatments have significantly increased rice yields, which was
also observed in the current study, particularly in T4H (4.8 N g pot = 75% RDF). A possible
explanation for this might be due to sufficient N supply from the sustained release of
hydrogels CRF closely matched the N requirements of the rice crop. Urea fertilizers
encapsulated in cellulose hydrogels were observed to facilitate gradual and uniform N
release over the growing cycle, allowing rice plants to absorb adequate N efficiently while
minimizing N losses through leaching, surface run-off, and ammonium volatilization

(Lawrencia et al., 2021; Ahmad et al., 2023).

A single basal application of CRF significantly reduced N leaching compared to split
application of the traditional farmers’ nitrogen fertilization practices, with no loss of crop
yield. Yang et al. (2012) and Ni et al. (2011) also reported that CRF delivered controlled N
release over time to better met crop N requirements throughout the growing season.
Therefore, CRF could be an advanced alternative to ameliorate environmental N losses in
rice cultivation, thus improving N efficiencies compared to rice given conventional urea

(Giroto et al., 2019).

According to Cao et al. (2018) and Yi et al. (2019), increased N efficiencies in rice
were attributed to higher N assimilatory activity. Furthermore, an important element of N
assimilatory enzyme, glutamine synthetase activity is highly favorable in order to enhance
N utilization of rice crops (Masclaux-Deubresse et al., 2010; Wang et al., 2022). These
findings further support the results from this study that CRF treatment, i.e., urea-loaded

cellulose-based hydrogels increased grain yield and enhanced N efficiencies.

It is noted that although T2H and T3H were both CRF, both treatments did not give

considerably higher yields unlike T4H, presumably due to insufficient N application rate to
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meet the N requirements of the rice crop. Another factor that may have contributed to the
excellent performance of T4H was that the urea-loaded cellulose hydrogels (CRF) remained
longer in soil at high enough N content and existed in the N form that the rice plants could
absorb throughout the cultivation period. This could potentially be related to the rate of N in
the soil before and after rice cultivation. In this study, the rate of N release in the soil prior
to rice cultivation was 75% (Ahmad et al., 2023), whereas the rate of N release after rice
cultivation was 87%. The remaining 13 % N existed in CRF, where it was retained in the

soil and degraded over time.

Following rice cultivation, small fragments of CRF hydrogels were retrieved and the
CRF weight decrease (up to 97%) relative to their initial weight. This shows that CRF
hydrogels had nearly 100% degraded after 135 days. Thus, CRF with this ability could be
highly advantageous for upland rice cultivations, such as reduced N losses and frequent
dosing, resulting in healthier rice growths, higher rice yields, and greater N efficiency
(Lawrencia et al., 2021). Furthermore, CRF can be applied as a single basal dose, making it
convenient for farmers to implement in their farming practices, owing to less frequent dosing

and hence lower labor cost.

4.5 Chapter Summary

This chapter presented the results for the optimized urea-loaded cellulose hydrogels
as a controlled release fertilizer and their effects on the growth performance of upland rice.
Results presented in this chapter were used to achieve all four research objectives. For the
fabrication of urea-loaded cellulose hydrogels, the results were first presented from which it
was observed that the extent of nutrients released from hydrogels in soils were 74.7% release

in topsoil, 73.37% release in wet clayey soil, and 71.84% release in sandy soil within 42
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days compared to common urea which was about 97.32% release in topsoil, 95.09% release
in wet clayey soil, and 98.47% release in sandy soil. The optimized urea-loaded cellulose

hydrogels achieved a maximum swelling capacity of 2000%.

Urea-loaded cellulose hydrogels as a controlled release fertilizer (hydrogels CRF),
were administered in upland rice cultivation and their effect on the rice growth performance
were discussed. Biometric observations on the rice plants shows healthier rice growth with
hydrogels CRF at an optimal N rate (T4H: 4.8 g N pot! hydrogels = 75% RDF) compared
to the rice plants treated with conventional fertilizer. Rice yield and yield attributing
components, as well as harvest index increased significantly with the N application of only
75% RDF compared to the rice plants treated with. conventional fertilizer. Furthermore,
significant increase in N uptake by the rice plants and enhanced NUE were observed. Lastly,
correlation regression analysis confirmed the positive correlation between the growth

parameters, yield attributing factors and grain yield.

This chapter provides the results which could potentially be evidence of the positive
effects of cellulose hydrogels as CRF, which the novelty lies in their application in upland
rice cultivation in Sarawak. Biodegradability test after harvest shows that hydrogels CRF
have nearly 100% degraded after 135 days. This proves that these hydrogels CRF are

environmentally friendly and safe as an advanced functional CRF for upland rice cultivation.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1  Conclusion
This study is aimed to achieve four research objectives through two phases of
research design — Phase 1 for the research and development of cellulose-based hydrogel

CRF, and Phase 2 for the quantitative research design on upland rice cultivation.

The first research objective was achieved through the fabrication and development
of optimized formulation of cellulose-based hydrogels as a controlled release fertilizer
(CRF). Cellulose-based hydrogel CRF was successfully synthesized by crosslinking
cellulose fibers extracted from waste papers and carboxymethyl cellulose (CMC) with
epichlorohydrin (ECH). The fabrication process is aqueous based using pre-cooled
NaOH/urea solution, eco-friendly, catalyst free and does not need any energy-intensive post-
purification step rather than a simple water washing of the cellulose hydrogel. The physical,
chemical, and thermal properties of synthesized cellulose hydrogel were analyzed using
several instrumentation techniques including Fourier Transform Infrared (FTIR)
Spectrometer, Field Emission Scanning Electron Microscope (FESEM), and Differential
Scanning Calorimetry (DSC). The chemical characterization of synthesized cellulose

hydrogel was performed via FTIR spectrometer, whereby the formation of crosslinking in

group in the structures: Moreover, the DSC analysis of synthesized cellulose hydrogel CRF
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showed a drastic heat loss (T > 290 °C) due to dehydration or decomposition of cellulose.
This means that the synthesized cellulose hydrogel may endure high temperature and
decompose at temperature of more than 290°C.Besides, the FESEM analysis indicated that
the synthesized cellulose hydrogel had highly porous microstructure with many channels

and interconnected capillaries in their structure. This allowed water molecules to diffuse into

the cellulose hydrogel network. Therefore, the

fibers, 1.75% (Wiv) CMC). Moreover, the effects of the optimum formulation of cellulose

hydrogel, C3 on the soil moisture were successfully determined using soil burial method.

The second objective was achieved by conducting further analysis on the loading
capacity and release behavior of fertilizer from cellulose hydrogels in water and soil (topsoil,
wet clayey soil, sandy soil). The optimized formulation, C3 cellulose hydrogel was selected
for the rest of analysis throughout this study. Urea as a model fertilizer was loaded onto the
C3 cellulose hydrogel. The loading and release of urea from C3 cellulose hydrogel was

successfully determined using Kjeldahl procedure and the Nessler method. C3 cellulose

temperature. Furthermore, C3 cellulose hydrogel was observed fo facilitate gradual released

in topsoil, wet clayey soil, and sandy soil! Furthermore, analysis on kinetic model to study
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the release mechanism of urea from C3 cellulose hydrogel revealed that the Fickian diffusion

>10.85 and n'< 0.45)] This suggests that the fertilizer release of C3 cellulose hydrogels was
driven by diffusion through their pores and channels, which was regulated by the

concentration gradient and degree of swelling of the hydrogels.

The third research objective of this study was to evaluate and fine-tune fertilizer
loading capacity and release rates to match the needs of the rice plants, as well as studying
the effect of cellulose hydrogels on the growth performance and yield of upland rice in
Sarawak. As with the initial research, nitrogen (N) treatments were applied as CRF
treatments; T2H (30 kg N ha't), T3H (60 kg N hat), T4H (90 kg N ha), T5H (120 kg N ha-
1) and recommended dose of fertilizer (RDF) at 120 kg N ha* RDF (T6U) in split application

and T1 (0 N) as control. Study found that the application of N fertilizer at an optimum rate,

Finally, the fourth research objective was to study the effects of cellulose-based
hydrogel CRF on nitrogen (N) uptake and nitrogen use efficiency (NUE) of upland rice in
Sarawak. N uptake and NUE were determined using Kjeldahl procedure and the Nessler

method. From the analysis, study shows that the rice plant in T4H treatment resulted in the
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and N agronomic efficiency (NAE) at 12.8 kg kg™, Further analysis on correlation regression
study revealed that N uptake was positively correlated with panicle number (78.6%
correlated) and the number of grains per panicle (86.4% correlated) which contributed to
increased grain yields. Therefore, this study suggests that the panicle number and number of

grains per panicle were the most variable yield components identified.

In addition, degradation of cellulose hydrogel CRF (T4H) was successfully
determined using analytical and precision weighing method. Result shows that T4H
displayed a significant weight loss (up to 97%) relative to their initial weight. This shows
that the cellulose hydrogel CRF had nearly degraded after 135 days. In conclusion, the
advancement of cellulose-based hydrogel CRF as a greener alternative to conventional
farmers’ fertilizer practices in upland rice cultivation system plays a crucial and promising

role in a sustainable agriculture.

5.2  Recommendations for Future Research

Despite valuable results and findings on the cellulose hydrogel CRF in this study, it
is yet subjected to several limitations. Recommendations for future research are also
addressed pertaining to those limitations. First, this study only examined on the cellulose
hydrogels as CRF in relative to conventional urea and control treatment, thus ignoring the
potential differences of cellulose hydrogel CRF formulated in this study and other reported
CRFs. For future research, it would be meaningful if both CRFs could be incorporated and
administered during the upland rice cultivation. Furthermore, comparison of results

generated in this study and potential future studies can be made.

The second limitation of this study is that this study examined on N content only.

Therefore, only urea as a model fertilizer was loaded onto the cellulose hydrogel network as
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a source of N. Although N is the primary component and the most essential element which
contributes to the rice growth performance, however, nutrients such as phosphorus (P) and
potassium (K) might have affected the rice plants growth. For instance, K is essential for
early flowering stage (1-3 days) and might aid in reducing the severity of common diseases
in the rice plants (i.e., spot on the rice leaves and stem rot). Whereas P might stimulate root
growth of the rice plant. Hence, it is suggested that the future research incorporates the
loading of NPK fertilizer onto cellulose hydrogel CRF, and their utilization and effects on

the rice growth performance.

Third, analysis on the rice growth performance, N uptake and efficiencies was
conducted in a mini greenhouse during the year of 2022 (June—December). The study was
conducted by following the existing recommendations which are the legitimate protocols for
pot experiments to simulate the actual fields. In addition, the transferability of the
experimental results to natural conditions is not restricted and may represent the actual
results. However, there are broader range of parameters that might influence the rice growth
performance in the actual field. For instance, the growing season, different types of soils,
mineral content in soil, soil pH, weather conditions, pesticides and insecticides and others.
Although the results and findings are considered reliable, however, they represent the rice
growth performance, N uptake and efficiencies during the period when it is under study in a
mini greenhouse. Hence, cannot be generalized to represent overall rice growth performance
in agricultural sector. It is recommended that for future research, this study can be replicated
to examine the rice growth performance in actual field and future period, so that potential
similarities or comparison between the effects of cellulose hydrogels CRFs on upland rice

cultivation in a mini greenhouse and actual field can be observed.
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Abstract

In this study, an eco-friendly controlled release fertilizer cellulose-based hydrogel was prepared from cellulose fibers
derived from wastepaper, epichlorohydrin (ECH) as a crosslinker and carboxy methyl cellulose (CMC) as a gelling
agent. A maximum swelling capacity of 2000% was achieved for cellulose hydrogel with optimum compaosition. The
soil moisture contents in the presence of optimized cellulose hydrogels were determined using the digital moisture
meter. Maximum soil moisture of 36.5% was abtained in topsoil, followed by 30.1% in wet clayey soil and 23.4% in
sandy soil after 7 days. Urea as a model fertilizer was loaded onto the cellulose hydrogels to control the release of
fertilizer. The maximum loading capacity of urea in cellulose hydrogel is 0.51 g/g. The urea-controlled release prafiles
of the cellulose hydrogel in distilled water and various types of soils were investigated. The formulation of cellulose
hydrogels was observed to facilitate the gradual release of urea, with about 74.71% release in topsoil, 73.37% release
inwet clayey soil and 71.84% release in sandy soil within 42 days when compared to the free urea which was about
97.32%, 95.09% and 98.47% release in topsoil, wet clayey soils and sandy soils, respectively within 7 days. The result of
this study shows that the urea-loaded cellulose hydrogel could be a promising controlled-release fertilizer.

Keywords Controlled-release fertilizers, Carboxymtehyl cellulose, Swelling ratio, Water retention, Sustainable
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Eco-friendly cellulose hydrogels
as controlled release fertilizer
for enhanced growth and yield
of upland rice

Dayang Fazirah Binti Abg Ahmad®, Mohd Effendi Wasli%, Cindy Soo Yun Tan?, Zaki Musa® &
Suk-Fun Chin*

The effect of urea-loaded cellulose hydrogel, a controlled-release fertilizer (CRF) on growth and

yield of upland rice were investigated in upland rice. As with the initial research, nitrogen (N)
treatments were applied as CRF treatments; T2H (30 kg N ha™), T3H (60 kg N ha™*), T4H (90 kg N ha™%),
T5H (120 kg N ha™*) and recommended dose of fertilizer (RDF) at 120 kg N ha* RDF (T6U) in split
application and T1 (0 N) as control. Results from this study indicated that applying CRF at the optimum
N rate, T4H resulted in maximum grain yield, increasing by 71%. The analysis of yield components
revealed that higher grain yield in TéH CRF was associated with an increase in panicle number and
number of grains per panicle. Maximum grain N uptake of 0.25 g kg™ was also observed in T4H CRF.

In addition, T4H CRF recorded the highest harvest index (HI) and N harvest index (NHI) of 45.5% and
67.9%, respectively. Application of T4H CRF also recorded the highest N use efficiency (NUE) and

N agronomic efficiency (NAE), 52.6% and 12.8 kg kg™?, respectively. Observations show that CRF

with only 75% N applied (T4H) in soil improved grain yield when compared to CRF with 100% N and
100% RDF in farmers’ conventional split application. This suggested that CRF with a moderate N
application might produce the highest potential yield and improved N efficiencies while enhancing
crop production and further increase in N supply did not increase yield and N efficiencies. The results
suggest that the application of T4H CRF for upland rice would enhance Hi, N efficiencies and improve
the yield of upland rice. Also, all growth parameters and yield were positively influenced by the
application of CRF as a basal dose compared to split application of conventional urea fertilizers.

Rice {Oryza sativa L.) is one of the basic staple foods for more than 3 billion people worldwide. Over two bil-
lion people in Asia consume rice and rice-derived products for 60-70% of their energy needs"*. Rice is a staple
food for Malaysians of all socioeconomic background. In Malaysia, rice is the main food crop which occupied
an area of 685,548 hectares with a production of approximately 2.57 million tons in 2017 but decreased to 2.34
million tons in 2020 *. The self-sufficiency level in Malaysia for rice hovered around 70% from 2008 to 2017°. In
line with the National Agricultural Policy, the government wishes to increase the rice self-sufficiency level up to
75% by 2025 to ensure food security for people’. Meanwhile, in Sarawak, the rice self-sufficiency level was only
38%, while the rest was imported from other countries®. The rice self-sufficiency level is significantly low that
the Sarawak government has targeted increasing the rice self-sufficiency to 60% by 203057,

The increase of rice production can be achieved by efficient and good agricultural practices, water® and fer-
tilizer inputs® ', However, poor management of plant nutrients and ignorance of the Liebig’s Law of Minimum
serves as a hurdle in increasing rice production'!. Most farmers apply conventional fertilizers; it was found that
the efficiency of plant uptake of the conventional fertilizers applied is below 50%'% Some of the contributory
factors that lead to nutrient deficiencies found in crops are due to losses through heavy leaching, surface run-
off, reaction with organic compounds in the soils, vaporization and volatilization'*~"*. Better fertilizer man-
agement is required as it is known that long-term cropping will alter the availability of soil nutrients'™ "7, A
promising strategy to overcome these challenges is the encapsulation of fertilizers in superabsorbent hydrogels

*Faculty of Resource Science and Technology, Universiti Malaysia Sarawak, 94300 Kota Samarahan, Sarawak,
Malaysia. *Faculty of Applied Science, Universiti Teknologi MARA, 94300 Kota Samarahan, Sarawak,
Malaysia. *Malaysian Agricultural Research and Development Institute (MARDI), Jalan Santubong, Petra Jaya,
93050 Kuching, Sarawak, Malaysia. ““email: sfchin@unimas.my
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APPENDICES

Appendix 1: Kjeldahl Procedure and the Nessler Method
Objectives:
To determine the available nitrogen in the water and soil sample by Kjeldahl procedure and
the Nessler method.
Introduction:

The test for Kjedahl nitrogen, also referred to as crude protein, is used to determine
ammonia and organic nitrogen present in a sample. Only small fractions of nitrite and nitrate
nitrogen are included in the test. A preliminary digestion is used to oxidize carbon
compounds to carbon dioxide, and to convert organic forms of any nitrogen present (amino
acidsn proteins, peptides) to ammonia. The traditional digestion uses sulfuric acid and
various combinations of metallic catalysts and salts. Digestion of at least 2 hours is followed
by addition of sodium hydroxide to the digest and then distillation of the ammonia into a
boric acid or buffer solution. Ammonia in the distillate is measured with the back titration
or nesslerization. This procedure requires several hours for reagent preparation, digestion,
distillation, and final measurement.

The Hach Digesdahl Digestion Apparatus and the Peroxide Digestion Method allow
completion of the Kjeldahl test within 15 minutes, depending on the nature of the sample.
First, the sample is charred in the concentrated sulfuric acid. 50 % hydrogen peroxide is fed
into the reaction mixture, where it oxidizes organic carbonaceous matter and converts

organic nitrogen into ammonium bisulphate.
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Digestion apparatus

The Digesdahl Digestion Apparatus includes a fractioning column. Hydrogen peroxide,
added slowly, trickles into the reaction mixture in the flask. The temperature of the reaction
is maintained near the boiling point of sulphuric acid (300 °C). vapours from the reaction
rise to the column where SO2 and water vapours are drawn off by an aspirator. Hydrogen
peroxide vapours condense in the column and return to the reaction mixture.

It should be noted that no metal catalysts or salts are used in the digestion. The digest is
suitable for nesslerization for final measurement without an intermediate distillation step.
The digest is also suitable for mineral analysis of Ca, Mg, Mn, K, P, and Zn. See Nitrogen,
Ammonia for more information about the Nessler method.

Significance of Soil Analysis:

1. Itincreases the knowledge of what nutrients are especially available in our soil.

2. Itreduces the environmental impacts due to soil amendments.

3. Itincreases the efficiency of resource inputs such as fertilisers and water.

4. It helps to predict the nutritional values needed for crop production.

5. It helps to evaluate the fertility status of soils of a country or a state or a district.
Procedure for Taking Good Soil Samples:

1. Determine the soil unit (or plot).

2. Make a traverse over the soil unit (or plot).

3. Clean the site (with spade) from where soil sample is to be collected.

4. Insert the spade into soil.

5.  Standing on the opposite side, again insert the spade into soil.

6. A lump of soil is removed.
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7. A pit of ‘V’ shape is formed. Its depth should be 0-6" or 0-9" or 0-12" (i.e., Depth of
tillage).

8.  Takeoutthe soil-slice (like a bread slice) of % inch thick from both the exposed surface
of the pit from top to bottom. This slice is also termed furrow-slice. To collect the soil-
slice spade may be used. Collect the soil samples in a polyethylene bucket.

9.  Collect furrow-slices from 8-10 or sometimes 20-30 sites. Select the sites at random
in a zigzag (or criss-cross) manner. Distribute the sites throughout the entire soil unit
(plot). In lieu of spade auger may be used. Do not take the prohibited samples and local
problem soils.

10.  Furnish the following information in two sheets of thick paper with the sample. One
sheet is folded and kept inside the bag. Another sheet is folded and attached to the bag.

Apparatus:

Kjeldahl Digestion Assembly, Ammonia Distillation Assembly.

Principle:

The Kjeldahl method permits the available nitrogen to be precisely determined in the plant

and in the soil. The method of determination involves three successive phases which are,

1.  Digestion of the organic material to convert nitrogen into HNOs.

2.  Distillation of the released Ammonia into an absorbing surface or medium.

3. Volumetric analysis of the Ammonia formed during the digestion process.

Digestion:

Digestion of the organic material is carried out by digesting the sample with Con.

H2SO04 in the presence of CuSO4.H20 as a catalyst and K2SOa which raise the digestion

temperature. The organic material decomposes into several components, i.e.,

C — CO2, O — H20 and N — NH3s
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In the organic matter, some nitrates are present, most of which are lost during the digestion.
The loss may be disregarded for most soils. Since the amount of NO3™ - N is far lesser than
the Organic Nitrogen.

2 CsH3z (OH) NH2COO + 26 H2SO4 — (NHa) 2S04 + 25 SO2 + 14 CO2 + 28H20
Distillation:

The Ammonia content of the digest is determined by distillation with excess NaOH and
absorption of the evolved NHs is in standard HCI.

(NH4)2SO4 + 2 NaOH — Na2SO4 + 2 NH3 + 2 H20

NHz +HC1 — NH4Cl

Volumetric Analysis:

The excess of standard HCI is titrated against standard NaOH using Methyl Red as an
indicator. The decrease in the multi equivalence of acid as determined by acid-base titration,
which gives a measure of the N content of the sample. The end point is determined by a
change of colour from pink to yellow.

2 HC1 + 2 NaOH — 2 NaCl + H20

Significance:

The chemical analysis of the soil for nitrogen is less precise when the requirement for this
element needs to be forecast over a longer period of time, as they vary not only with species,
but with the phase of growth and season as well. Therefore the chemical test for
NOs™ and NH4"signifies the momentary status when the sample is taken and measures must
be taken instantaneously. The analysis of the extractableNitrogen content of the soil using a
given extractable method.

In reaction to crop response study provides a basis of Nitrogen fertility levels, which will

rationalize the use efficiency of Nitrogen fertilizer content of the soil are also needed for the
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evaluation of C-N ratios of soils which give an indication of the process of transformation

of organic Nitrogen to available Nitrogen like ammoniated nitrate Nitrogen.

Procedure:

a.

Digestion of Water and Soil:

1.

2.

Water and soil sample were taken and placed in a 500 mL Kjeldahl flask.

30 mL of concentrated sulphuric acid (H2SOa4), 10 mL of hydrogen peroxide
(H202), and 2 boiling chips were added into the Kjeldahl flask containing soil
sample.

The mixture in the Kjeldahl flask was mixed well and allowed to stand for at
least 30 minutes with frequent shaking or until complete solution results.

The solution was digested at 450-500 °C using Kjeldahl digestion apparatus in a
fume hood. The solution was digested until greenish colour of the solution (upon
heating) turns clear.

After, the digested sample was cooled to room temperature and transferred into
a 100 mL conical flask. The digested solution was diluted with distilled water
until 100 mL. The solution was shaken and mixed well.

The digested solution sometimes contain impurities and appeared yellowish. The
solution was filtered using filtered paper several times until the solution turned

clear.
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b.  The Nessler Method

The digested solution (from no. 6 in step a) was used in the Nessler method.

Instrument — specific information

Table 1 shows all of the instruments that have the program for this test. The table also shows
sample cell and orientation requirements for specific instruments.

To use the table, select an instrument, then read across to find the applicable information for

this test.
Table 1: Instrument — specific information
Instrument Sample cell orientation Sample cell

DR 6000 The fine line is to the right

DR 3800 2495402

DR2800

DR 2700 T

DR 1900

DR 5000 The fill line is toward the user

DR 3900

DR 900 The orientation mark is towards the user 2401906
F
—25m
—2om
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Before starting

Hach no longer offers the Digesdahl Digestion Apparatus. Hach does offer an EPA
approved method for TKN following the TKN method using TNT880.

Install the instrument cap on the DR 900 cell holder before ZERO or READ is pushed
For the best results, measure the reagent blank value for each new lot of reagent. Replace
the sample with deionized water in the test procedure to determine the reagent blank value.
Subtract the reagent blank value from the sample results automatically with the reagent
blank adjust option.

If the Pour-Thru Cell is used (for applicable instruments), clean the cell periodically. Pour
a few sodium thiosulphate pentahydrate crystals into the cell funnel or rinse the cell with
a solution of sodium thiosulphate. Flush the crystals through the funnel and cell with
enough deionized water to dissolve. Rinse the cell with deionized water.

The Nessler reagent contains mercuric iodide. Both the reacted sample and blank will
contain mercury. Do not pour these solutions down the drain. Collect the reacted samples
and the blank for proper disposal.

Hold the reagent droppers and dropper bottles vertically, not at an angle, when the reagent
is added.

Use the standard adjust option with each new lot of reagent for the best results. Refer to
the standard solution method in accuracy check.

Review the Safety Data Sheets (MSDS/SDS) for the chemicals that are used. Use the
recommended personal protective equipment.

Dispose of reacted solutions according to local, state and federal regulations. Refer to the
Safety Data Sheets for disposal information for used reagents. Refer to the environmental,
health and safety staff for your facility and/or local regulatory agencies for further disposal

information.
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Items to collect

Description

Boiling chips, silicon carbide

Cylinder, graduated mixing, 25 mL

Finger cots

Digesdahl Digestion Apparatus (Obsolete, no replacement available)
Safety shield

Hydrogen Peroxide, 50 %

Mineral Stabilizer

Nessler Reagent

Polyvinyl Alcohol Dispersing Agent

Potassium Hydroxide (KOH) Standard Solution, 1.0 N
Potassium Hydroxide (KOH) Standard Solution, 8.0 N
Sulfuric Acid, ACS, concentrated

TKN Indicator Solution

Pipette, TenSette, 0.1 — 1.0 mL, plus tips

Sample cells

Quantity
2-2
2
2
1
1
20 mL
6 drops
2mL
6 drops
Varies
Varies
6 mL
2 drops
1

2
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Sample collection and storage

1.

2.

samples were collected in clean glass or plastic bottles.

If the sample contains chlorine, one drop of 1.0 N sodium thiosulfate was added for
each 0.3 mg/L chlorine in 1 L of sample.

To preserve samples for later analysis, the sample pH was adjusted to less than 2
with concentrated H2SO4 (approximately 2 mL per L). no acid addition is necessary
if the sample is tested immediately.

The preserved samples were kept at or below 6 °C (43 °F) for a maximum of 28 days.

The sample temperature was allowed to increase to room temperature before

analysis.

6. Before analysis, the pH was adjusted to ~7 with 5 N sodium hydroxide solution.

7. The test result was corrected for the dilution caused by the volume additions.

Test procedure

Start

1. Program 399 N, 2. The sample was

TKN was started.

The
Digesdahl Digestion

prepared.

Apparatus
Instruction Manual
was used to digest

the sample amount.

=
L

3. The blank was
prepared. An
amount of deionized
water was digested

for use as the blank.
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CCO=

4. A pipette was
used to move an
analysis volume of
the digested sample
to a graduated

mixing cylinder.



C-C=

5. A pipette was
used to transfer an
equal amount of
digested deionized
water ta a second

graduated cylinder.

9. Both cylinders
were filled to the 20
with

mL  mark

deionized water.

CO=

6. 1 drop of TKN
indicator was added

to each cylinder.

COC=

10.

mineral

Three drops of
stabiliser
were added to each

cylinder.

7. If the aliquot is
less than 1 mL, go to
step 8. If the aliquot
is greater than 1 mL,
drops of 8.0 KOH
must be added to
each cylinder until
the first flesh of blue
colour  shows.the
stopper was added
in the cylinder and
inverted after each

addition.

11. The  stoppers
were put in the
mixing  cylinders

and inverted to mix.
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CO=

8. 1.0 N KOH was
added to
cylinder, one drop at

each

a time. The solution

was mixed after
each addition. The
step was continued
until the  first
permanent blue

colour shows.

CO=

12.  Three drops of
polyvinyl  alcohol
dispersing agent

were added to each

cylinder.



(17D

13. The  stoppers
were put in the
mixing  cylinders

and inverted to mix.

17. The  stoppers
were put in the
mixing cylinders

and inverted to mix.
The solution should

not be hazy.

14. Both cylinders
were filled to the 25
with

mL  mark

deionized water.

01:00

18. The

timer was started. A

instrument

2 minute reaction

was started.
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CO=

15. The stoppers 16. A pipette was
were put in the used to add 1.0 mL
mixing  cylinders of the  Nessler
and inverted to mix. reagent to each
cylinder.
A i(‘
O
AN
19.  When the 20. The blank

timer expires, the sample cell was
of

cylinder was poured

content each cleaned.

into separate sample

cells.



21. The blank was

inserted into the cell

holder.

Read
25. READ was
pushed. Results

were shown in mg/L
TKN.

Zero

22. ZERO was
pushed. 0 mg/L
TKN was shown in

the display.

26. The

TKN was calculated

sample

in ppm:
TKN=(75x A)/ (B
x C)

A: mg/L read from
display

B: g (or mL of
water) sample taken
from the digestion
C: mL

volume  of

analysis
the

digested sample

23. The

sample was cleaned.
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prepared 24. The prepared

sample was placed

into the cell holder.



Digested sample volume

Table 2: Aqgueous samples (solutions or suspensions in water — less than 1 % solid
Expected nitrogen concentration (mg/L) Analysis volume (mL)
05-26 10
2-112 5
11 -560 2
45 — 2250 1
425 — 22500 0.5
Table 3: Dry samples

Expected nitrogen concentration (mg/L)

Analysis volume (mL)

42 — 2200 10
106 — 5600 5
350 — 18,000 2
1000 —- 56,000 1
4200 — 220,000 0.5
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Accuracy check
Digestion method

To validate the digestion method, the Primary Standards for Kjeldahl Nitrogen that are given
in the Accuracy Check section of the Digesdahl® Digestion Apparatus Instruction Manual2

were used. The accuracy check procedure was used to find the digestion efficiency and the

amount of bound nitrogen that is released during digestion.

The digested Kjeldahl standard in the Nessler test procedure was used to measure the TKN
of the primary standard. The TKN value should be within £ 3% of the value of the

prepared Kjeldahl standard.
Standard solution method
Items to collect:

e 1.0-mg/L NH3-N standard solution

o TKN indicator

e Dropper

o 25-mL graduated mixing cylinders (2)
o Deionized water

o Mineral Stabilizer

o Polyvinyl Alcohol Dispersing agent

1. One drop of TKN Indicator was added to each 25-mL graduated mixing

cylinder.
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2. One cylinder was filled to the 20-mL mark with deionized water. The other

cylinder was filled to the 20-mL mark with a 1.0-mg/L NH3-N standard

solution.

3. 3 drops of Mineral Stabilizer was added to each cylinder. The solution was
inverted several times to mix.

4. 3 drops of Polyvinyl Alcohol Dispersing agent was added to each cylinder. The
solution was inverted several times to mix.

5. Thesteps were continued with the TKN procedure to measure the concentration

of the standard solution. Accurate calibrations will show 26-27 mg/L TKN.

Note: The factory calibration can be adjusted slightly with the standard adjust option so
that the instrument shows the expected value of the standard solution. The adjusted
calibration is then used for all test results. This adjustment can increase the test accuracy

when there are small variations in the reagents or instruments.

Method performance

The method performance data that follows was derived from laboratory tests that were
measured on a spectrophotometer during ideal test conditions. Users can get different results

under different test conditions.

Program Standard Precision (95 % Sensitivity (Concentration
confidence interval) change per 0.010 Abs
Change)
399 76 mg/L NHz—N | 70 —82 mg/L NHz— N 1 mg/L NHs—N
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Summary of method

The term Total Kjeldahl Nitrogen refers to the combination of ammonia and organic
nitrogen. However, only the organic nitrogen compounds that are present as organically
bound nitrogen in the trinegative state are determined in this test. Nitrogen in this form is
converted into ammonium salts by the action of sulfuric acid and hydrogen peroxide. The
ammonia is then analyzed by a modified Nessler method test. The measurement wavelength

is 460 nm for spectrophotometers or 420 nm for colorimeters.

Pollution prevention and waste management

The Nessler reagent contains mercuric iodide. The reacted samples and blanks will contain
mercury and must be disposed of as a hazardous waste. Dispose of reacted solutions

according to local, state and federal regulations.
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Appendix 2: Maximum swelling percentage of cellulose hydrogels at varied concentrations (% w/v) of cellulose fibers.
Cellulose Maximum swelling Mean Variance, s2 Standard Deviation, o 95 9% Confidence Level
hydrogels percentage (Statistical significance of 5 %)
(%)
C1 1533.255
1530.371 1534.633 25.99 5.0978 1534.633 £ 5.769 (+ 0.38 %)
1540.282
C2 1885.801
1890.191 1885.611 21.84 4.6728 1885.611 + 5.288 (+ 0.28 %)
1880.854
C3 2054.072
2060.151 2055.093 0.87 0.9309 2055.093 £ 1.053 (£ 0.05 %)

2065.091




Appendix 2  continued

C4

1701.171

1710.223

1700.972

1704.136

27.86

5.2781

1704.127 £ 5.973 (£ 0.35 %)

C5

1286.123

1290.014

1280.991

1285.710

20.47

4.5242

1285.707 £ 5.12 (£ 0.4 %)
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Appendix 3: Maximum swelling percentage of cellulose hydrogels at various concentrations of CMC

Cellulose | Maximum swelling Mean Variance, s Standard Deviation, ¢ 95 % Confidence Level
hydrogels percentage (Statistical significance of 5 %)
(%0)
CMCL.75 2054.019
2060.158 2055.093 0.87 0.9309 2055.093 + 1.053 (£ 0.05 %)
2065.099
CMC2.0 1072.656
1071.915 1073.172 2.65 1.6276 1073.173 +1.842 (£ 0.17 %)
1075.018
CMC25 1107.543
1110.239 1107.600 6.66 2.5815 1107.600 + 2.921 (+ 0.26 %)

1105.077




Appendix 3

continued

CMC3.0

1200.558

1205.016

1203.356

1202.953

5.06

2.2501

1202.953 + 2.546 (£ 0.21 %)

CMC3.5

1485.452

1480.534

1490.016

1484.331

22.48

4.7411

1485.331 + 5.365 (+ 0.36 %)

CMC4.0

1685.557

1690.074

1680.167

1685.261

24.62

4.9614

1685.261 + 5.614 (+ 0.33 %)

CMC4.5

2023.881

2020.185

2028.027

2024.030

15.383

3.9221

2024.027 £ 4.438 (£ 0.22 %)
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Appendix 3 continued
CMC5.0 2038.555
2040.097 2039.041 0.83 0.9099 2039.041 £+ 1.03 (£ 0.05 %)
2038.486
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Appendix 4:

Soil moisture content

Cellulose hydrogels Soil moisture Mean Variance, s | Standard Deviation, o 95 % Confidence Level
(%) (Statistical significance of 5 %)
Topsoil 36.511
35.992 36.497 0.25 0.5001 36.497 + 0.566 (+ 1.55 %)
¥ 36.996
)
S | Wetclayey soil 30.094
o
P
= 30.213 30.133 0.003 0.0577 30.133 £ 0.065 (+ 0.22 %)
[72)
°
=) 30.115
8
= Sandy soil 23.421
=
23.533 23.433 0.003 0.0578 23.433 £ 0.065 (+ 0.28 %)
23.412
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Appendix 4 continued

Cellulose hydrogels Soil moisture Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
(%) (Statistical significance of 5 %)
Topsoil 28.991
28.515 28.826 0.08 0.2743 28.827 £ 0.31 (+ 1.08 %)
o
O 28.982
S
é Wet clayey soil 24.428
<
§ 24.385 24.642 0.18 0.4219 24.643 £ 0.477 (£ 1.94 %)
E
2 25.137
5 .
5_.5 Sandy soil 18.913
= 18.9952 18.927 0.003 0.0569 18.927 + 0.064 (£ 0.34 %)
18.881

238




Appendix 5: Loading capacity of cellulose hydrogel C3

Duration Loading capacity Mean Variance, s° Standard Deviation, o 95 % Confidence Level
(h) (gg?) (Statistical significance of 5 %)
24 0.382
0.381 0.381 3.3333 0.0006 0.381 £ 0.0007 (£ 0.17 %)
0.381

48 0.511
0.523 0.511 0.0002 0.0140 0.509 £ 0.016 (£ 3.12 %)
0.495

72 0.517
0.503 0.514 0.0001 0.0103 0.514 + 0.0166 (+ 2.26 %)
0.523
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Appendix 5

continued

96

0.517

0.531

0.493

0.514

0.0003

0.0192

0.514 + 0.022 (+ 4.23 %)

120

0.517

0.512

0.515

0.515

6.3333

0.0025

0.515 + 0.003 (+ 0.55 %)
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Appendix 6: Release behavior of cellulose hydrogel C3 and free urea in water
Duration Release rate Mean Variance, s? | Standard Deviation, o 95 % Confidence Level
(days) (%) (Statistical significance of 5 %)
1 98.702
99.797 98.737 1.09 1.0429 98.737 +£1.18 (£ 1.20 %)
3 97.712
©
=
£ 3 98.981
S
= 98.799 98.558 0.34 0.5822 98.558 + 0.659 (+ 0.67 %)
8
e 97.894
o
&
8 5 98.898
x
98.765 98.907 0.02 0.1462 98.907 £ 0.165 (+ 0.17 %)
99.057
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Appendix 6

continued

7

98.376

98.875

98.447

98.566

0.07

0.2699

98.566 + 0.305 (£ 0.31 %)

11

98.228

98.176

99.467

98.623

0.53

0.7308

98.624 + 0.827 (+ 0.84 %)

Release of free urea in water

14

98.845

98.172

98.771

98.598

0.14

0.3691

98.596 + 0.418 (+ 0.42 %)

22

97.999

98.472

99.109

98.527

0.31

0.5570

98.527 + 0.630 (+ 0.64 %)
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Appendix 6

continued

30

98.099

98.941

99.166

98.721

0.29

0.5549

98.721 + 0.617 (£ 0.62 %)

48

98.869

98.914

98.817

98.867

0.002

0.0485

98.867 £+ 0.055 (£ 0.06 %)

Release of free urea in water

60

98.844

98.726

97.952

98.507

0.23

0.4845

98.507 + 0.548 (+ 0.56 %)

72

98.772

98.845

98.536

98.718

0.03

0.1615

98.718 + 0.183 (+ 0.19 %)

243




Appendix 6 continued

Duration Release rate Mean Variance, s? | Standard Deviation, o 95 % Confidence Level
(days) (%) (Statistical significance of 5 %)
c 1 50.711
o™
O 50.788 50.767 0.002 0.0494 50.767 £ 0.056 (+ 0.11 %)
>
o 50.803
©
)
e
o 3 57.471
°
% % 57.309 57.394 0.007 0.0813 57.394 £ 0.092 (+ 0.16 %)
=
S 57.402
=
et 5 66.099
-}
o 66.103 66.134 0.003 0.0577 66.134 + 0.065 (£ 0.10 %)
g
& 66.201
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Appendix 6

continued

7

71.259

71.221

71.313

71.264

0.002

0.0462

71.264 + 0.052 (£ 0.07 %)

11

75.291

75.302

75.111

75.235

0.011

0.1072

75.235£0.121 (£ 0.16 %)

14

76.445

76.312

76.510

76.422

0.010

0.1009

76.422 + 0.144 (+ 0.15 %)

Release of urea from cellulose hydrogel C3 in water

22

79.317

79.212

79.427

79.319

0.011

0.1075

79.319 + 0.122 (+ 0.15 %)
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Appendix 6

continued

30

80.468

80.421

80.501

80.463

0.002

0.0402

80.463 + 0.045 (£ 0.06 %)

48

80.491

80.481

80.428

80.467

0.001

0.0339

80.467 £ 0.038 (£ 0.05 %)

60

80.389

80.516

80.499

80.468

0.005

0.0689

80.468 + 0.078 (+ 0.10 %)

Release of urea from cellulose hydrogel C3 in water

72

80.464

80.421

80.528

0.471

0.003

0.0538

80.471 + 0.061 (+ 0.08 %)
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Appendix 7: Release behavior of cellulose hydrogel C3 and free urea in soils

Duration
(days)

Release rate
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

Release of free urea in topsoil

95.022

95.114

95.109

95.082

0.003

0.0517

95.082 + 0.059 (£ 0.06 %)

95.049

95.121

95.117

95.096

0.002

0.0405

95.096 £ 0.046 (£ 0.05 %)

95.127

95.129

95.053

95.102

0.002

0.0427

95.102 + 0.048 (+ 0.05 %)

96.002

95.129

95.112

95.414

0.259

0.5090

95.414 + 0.576 (+ 0.60 % )
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Appendix 7

continued

11

96.013

96.237

96.242

96.164

0.017

0.1308

96.164 + 0.148 (£ 0.15 %)

14

96.021

96.242

96.258

96.174

0.017

0.1325

96.174 + 0.15 (+ 0.16 %)

Release of free urea in topsoil

22

97.011

96.247

96.312

96.523

0.179

0.4236

96.523 + 0.479 (+ 0.50 %)

30

96.338

97.002

96.427

96.589

0.123

0.3604

96.589 + 0.408 (+ 0.42 %)
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Appendix 7  continued

48 97.102

96.387 96.833 0.151 0.3894 96.834 + 0.441 (£ 0.46 %)

97.012

60 96.792

96.321 96.705 0.122 0.3496 96.706 £ 0.396 (£ 0.41 %)

97.004

72 97.249

Release of free urea in topsoil

96.684 96.831 0.142 0.3770 96.831 + 0.427 (+ 0.44 %)

97.259
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Appendix 7  continued

Duration
(days)

Release rate
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

Release of free urea in wet clayey soil

95.031

95.115

95.011

95.052

0.003

0.0518

95.052 + 0.062 (£ 0.07 %)

95.102

95.127

95.035

95.088

0.002

0.0476

95.088 £ 0.054 (£ 0.06 %)

95.119

95.136

95.121

95.125

8.633

0.0093

95.125 + 0.011 (+ 0.01 %)

95.124

95.137

96.104

95.425

0.260

0.5101

95.425 + 0.577 (+ 0.60 % )
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Appendix 7

continued

11

96.124

96.138

96.142

96.135

8.933

0.0095

96.135 + 0.011 (£ 0.01 %)

14

96.275

96.243

96.047

96.188

0.015

0.1231

96.188 £ 0.139 (£ 0.14 %)

22

97.309

96.251

96.047

96.536

0.197

0.4438

96.536 + 0.502 ( 0.52 %)

Release of free urea in wet clayey soil

30

96.511

96.472

97.038

96.674

0.099

0.3161

96.674 + 0.358 (+ 0.37 %)
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Appendix 7  continued

48 97.024

96.372 96.832 0.159 0.3998 96.832 + 0.452 (£ 0.47 %)

97.099

60 97.016

96.768 96.708 0.116 0.3409 96.708 £+ 0.386 (+ 0.40 %)

96.341

72 97.074

96.732 96.972 0.044 0.2089 96.972 + 0.236 (+ 0.24 %)

Release of free urea in wet clayey soil

97.111
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Appendix 7  continued

Duration Release rate Mean Variance, s?2 | Standard Deviation, o 95 % Confidence Level
(days) (%) (Statistical significance of 5 %)

1 95.031

95.115 95.052 0.003 0.0518 95.052 + 0.062 (£ 0.07 %)

95.011

3 95.102

95.127 95.088 0.002 0.0476 95.088 £ 0.054 (£ 0.06 %)

95.035

95.119

95.136 95.125 8.633 0.0093 95.125 + 0.011 (£ 0.01 %)

95.121

Release of free urea in sandy soil
()]

7 95.124

95.137 95.425 0.260 0.5101 95.425 +0.577 (+ 0.60 %)

96.104
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Appendix 7

continued

11

96.52

96.119

96.141

96.137

0.0003

0.01680

96.137 + 0.019 (£ 0.02 %)

14

96.241

96.101

96.284

96.209

0.009

0.0957

96.209 £ 0.108 (£ 0.11 %)

Release of free urea in sandy soil

22

96.247

96.097

97.269

96.538

0.407

0.6378

96.538 + 0.722 (+ 0.75 %)

30

96.271

96.415

97.209

96.632

0.255

0.5051

96.632 + 0.572 (+ 0.59 %)
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Appendix 7  continued

48 97.101

96.388 96.872 0.176 0.4194 96.872 + 0.475 (£ 0.49 %)

97.127

60 97.115

96.712 96.063 0.108 0.3281 96.063 £ 0.371 (£ 0.38 %)

96.361

72 97.084

Release of free urea in sandy soil

96.195 96.766 0.246 0.4956 96.766 + 0.561 (+ 0.58 %)

97.019
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Appendix 7  continued

Duration
(days)

Release rate
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

Release of urea from cellulose hydrogel C3 in topsoil

47.712

47.698

47.701

47.703

5.433

0.0074

47.704 £ 0.008 (£ 0.02 %)

52.923

52.799

52.895

52.872

0.004

0.0650

52.872 £ 0.074 (£ 0.14 %)

55.901

55.897

55.912

56.903

6.033

0.0078

55.903 + 0.009 (+ 0.02 %)

56.341

56.339

56.347

56.342

1.733

0.0042

56.342 + 0.005 (+ 0.01 %)
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Appendix 7

continued

11

63.223

63.219

63.211

63.218

3.733

0.0061

63.218 + 0.007 (+ 0.01 %)

14

66.091

66.103

66.085

66.093

8.400

0.0092

66.093 = 0.010 (£ 0.02 %)

22

71.842

71.838

71.851

71.844

4.433

0.0067

71.844 +0.008 (+ 0.01 %)

Release of urea from cellulose hydrogel C3 in topsoil

30

74.711

74.699

74.722

74.711

0.0001

0.0115

74.711 +0.013 (¢ 0.02 %)

257




Appendix 7  continued

E 48 75.998

o™

O 75.977 76.182 0.114 0.3376 76.182 + 0.502 (+ 0.66 %)
>

o 76.572

©

)

e

@ 60 75.981

3

= 73 75.989 76.184 0.118 0.3441 76.184 + 0.389 (+ 0.51 %)
e £

S 75.581

s

o 72 75.993

>

o 75.996 76.184 0.107 0.3276 76.184 + 0.371 (+ 0.49 %)
g

@ 77.562
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Appendix 7  continued

Duration
(days)

Release rate
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

Release of urea from cellulose hydrogel C3 in wet clayey soil

42.141

42.139

42.148

42.143

2.233

0.0047

42.143 £ 0.005 (£ 0.01 %)

47.893

47.897

47.886

47.892

3.099

0.0056

47.892 + 0.006 (+ 0.01 %)

51.724

51.721

51.729

51.724

1.633

0.0040

51.724 +0.005 (+ 0.01 %)

56.322

56.326

56.319

56.322

1.233

0.0035

56.322 + 0.004 (+ 0.01 %)

259




Appendix 7

continued

11

60.544

60.541

60.537

60.541

1.233

0.0035

60.541 + 0.004 (£ 0.01 %)

14

63.222

63.218

63.231

63.224

4.433

0.0067

63.224 £ 0.008(+ 0.01 %)

22

68.972

68.981

68.971

68.975

3.033

0.0055

68.975 + 0.006 (+ 0.01 %)

Release of urea from cellulose hydrogel C3 in wet clayey soil

30

73.372

73.371

73.378

73.374

1.4333

0.0038

73.374 +0.004 (+ 0.01 %)
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Appendix 7  continued

= 48 73.375

o™

C_) 73.381 73.375 4.233 0.0065 73.375 £ 0.007 (+ 0.01 %)
>

o 73.368

©

>

e

L = 60 73.379

S 3

% § 73.366 73.372 4.233 0.0065 73.372 £ 0.007 (£ 0.01 %)
o 1]

£ ©

g g 73.372

4]

et 72 73.385

>

8 73.374 73.377 4.433 0.0067 73.377 +0.008 (£ 0.01 %)
g

¥ 73.373
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Appendix 7  continued

Duration

(days)

Release rate
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

Release of urea from cellulose hydrogel C3 in sandy soil

45.985

45.981

45.979

45.982

9.333

0.003

45.982 £ 0.003 (£ 0.01 %)

46.931

46.936

46.928

46.932

1.633

0.0040

46.932 + 0.005 (+ 0.01 %)

49.809

49.811

49.815

49.812

9.333

0.0031

49.812 +0.003 (+ 0.01 %)

55.165

55.175

55.181

55.174

6.5333

0.0091

55.174 + 0.009 (+ 0.02 % )
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Appendix 7

continued

11

59.779

59.765

59.773

59.772

4.933

0.0070

59.772 + 0.008 (+ 0.01 %)

14

61.302

61.312

61.299

61.304

4.633

0.0068

61.304 = 0.008 (£ 0.01 %)

22

67.822

67.831

67.817

67.823

5.033

0.0071

67.823 + 0.008 (+ 0.01 %)

Release of urea from cellulose hydrogel C3 in sandy soil

30

71.841

71.835

71.849

71.842

4.933

0.0070

71.842 +0.008 (+ 0.01 %)
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Appendix 7  continued

- 48 71.844

™

O 71.851 71844 | 4899 0.0069 71.844 +0.008 (+ 0.01 %)
>

o 71.837

e

)

e

5 60 71.847

S (@]

= 2 71.848 71.851 3.033 0.0055 71.851 + 0.006 (- 0.01 %)
e e

5 g 71.857

©

@ 72 71.845

=}

2 71.855 71.854 8.133 0.0090 71.854 +0.010 (+ 0.01 %)
g

< 71.863
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Appendix 8: The effect of N level on the plant height (cm)

Days after sowing

(DAS)

Plant height
(cm)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

15

30.061

30.064

30.065

30.072

30.079

30.068

8.933

0.0095

30.068 + 0.011 (+ 0.04 %)

35

39.229

39.235

39.239

39.232

39.237

39.234

2.533

0.0050

39.234 £ 0.006 (£ 0.01 %)

55

45.097

45.099

45.104

45.108

45.111

45.104

4.899

0.0069

45.104 + 0.008 (+ 0.02 %)
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Appendix 8

continued

T1

75

58.361

58.363

58.367

58.369

58.372

58.367

3.233

0.0057

58.367 + 0.006 (+ 0.01 %)

85

80.304

80.301

80.299

80. 302

80.302

80.301

6.333

0.0025

80.301 + 0.003 (+ 0.00 %)

99

86.241

86.237

86.223

86.235

86.235

86.234

8.933

0.0095

86.234 + 0.011 (+ 0.01 %)
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Appendix 8 continued

T1 115 86.009
86.017
86.038 86.021 0.0002 0.0149 86.021 + 0.017 (£ 0.02 %)
86.022
86.022

130 86.117
86.201
86.125 86.148 0.002 0.0464 86.148 £+ 0.053 (£ 0.06 %)
86.199
86.197
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Appendix 8 continued

(DAS)

Days after sowing

Plant height
(cm)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T2H

15

28.019

28.022

28.149

28.054

28.061

28.063

0.006

0.0742

28.063 + 0.084 (+ 0.30 %)

35

41.014

41.073

41.045

41.044

41.044

41.044

0.001

0.0295

41.044 + 0.033 (= 0.08 %)

55

48.991

49.073

49.011

49.022

49.025

49.025

0.001

0.0428

49.025 + 0.048 (£ 0.10 %)
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Appendix 8 continued

T2H 75 67.324
67.336
67.341 67.333 7.633 0.0087 67.333 £ 0.009 (+ 0.01 %)
67.331
67.335

85 90.587
90.661
90.698 90.649 0.003 0.0565 90.649 £ 0.064 (£ 0.07 %)
90.641
90.646

99 94.056
94.073
94.015 94.048 0.001 0.0298 94.048 + 0.034 (£ 0.04 %)
94.047
94.049
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Appendix 8 continued

T2H 115 94.002
94.113
94.037 94.051 0.003 0.0567 94.051 + 0.064 (£ 0.07 %)
94.044
94.051

130 94.105
94.113
94.197 94.138 0.002 0.0509 94.138 £ 0.058 (£ 0.06 %)
94.127
94.133
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Appendix 8 continued

Days after sowing
(DAYS)

Plant height
(cm)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T3H 15

33.661

33.658

33.674

33.662

33.663

33.664

7.233

0.008

33.664 + 0.010 (+ 0.03 %)

35

53.333

53.331

53.343

53.335

53.335

53.336

4.133

0.0064

53.336 £ 0.007 (£ 0.01 %)

55

65.114

65.237

65.321

65.222

65.222

65.224

0.011

0.1041

65.224 £ 0.118 (£ 0.18 %)
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Appendix 8 continued

T3H 75 90.669
90.588
90.689 90.649 0.003 0.0535 90.649 + 0.061 (+ 0.07 %)
90.649
90.649

85 100.327
100.339
100.346 100.337 9.233 0.0096 100.337 £ 0.011 (£ 0.01 %)
100.338
100.338

99 109.113
109.072
109.247 109.144 0.008 0.0915 109.144 + 0.104 (+ 0.09 %)
109.142
109.142
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Appendix 8 continued

T3H 115 109.521
109.317
109.223 109.353 0.023 0.1523 109.354 + 0.172 (+ 0.16 %)
109.227
109.228

130 109.541
109.328
109.274 96.381 0.019 0.1412 96.381 £ 0.16 (+ 0.15 %)
109.325
109.325
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Appendix 8 continued

Days after sowing
(DAYS)

Plant height
(cm)

Mean

Variance, s?2 | Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T4H 15

30.121

30.127

30.119

30.120

30.120

30.122

1.733 0.0042

30.122 + 0.005 (+ 0.02 %)

35

53.333

53.331

53.343

53.335

53.336

53.336

4.133 0.0064

53.336 £ 0.007 (£ 0.01 %)

55

70.557

70.567

70.571

70.565

70.564

70.565

5.199 0.0072

70.565 £ 0.008 (£ 0.01 %)
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Appendix 8 continued

T4H 75 121.329
121.334
121.341 121.335 3.633 0.0060 121.335 + 0.007 (+ 0.01 %)
121.334
121.327

85 125.201
125.211
125.205 125.206 2.533 0.0050 125.206 £ 0.006 (£ 0.00 %)
125.203
125.203

99 129.533
129.597
129.621 129.584 0.002 0.0455 129.584 + 0.052 (+ 0.04 %)
129.535
129.537
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Appendix 8 continued

T4H 115 129.542
129.602
129.618 129.587 0.002 0.0401 129.587 + 0.045 (+ 0.03 %)
129.585
129.585

130 129.562
129.613
129.627 129.601 0.001 0.0342 129.601 £ 0.039 (£ 0.03 %)
129.602
129.601
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Appendix 8 continued

Days after sowing
(DAYS)

Plant height
(cm)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T5H 15

32.309

32.311

32.298

32.306

32.306

32.306

4.899

0.0069

32.306 + 0.008 (+ 0.02 %)

35

69.337

69.329

69.373

69.344

69.344

69.346

0.001

0.0234

69.346 £ 0.027 (£ 0.04 %)

55

89.333

89.341

89.336

89.335

89.335

89.337

1.633

0.0040

89.337 £ 0.005 (£ 0.01 %)
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Appendix 8 continued

T5H 75 105.019
105.124
105.228 105.124 0.0109 0.1045 105.124 + 0.118 (+ 0.11 %)
105.124
105.124

85 114.121
114.119
114.112 114.122 1.733 0.0042 114.122 £+ 0.005 (£ 0.00 %)
114.120
114.120

99 129.621
120.557
120.639 129.606 0.002 0.0431 129.606 + 0.045 (+ 0.04 %)
120.605
120.605
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Appendix 8 continued

T5H 115 129.632
129.561
129.647 129.613 0.002 0.0459 129.613 + 0.052 (+ 0.04 %)
129.614
129.617

130 120.631
129.563
129.642 129.612 0.002 0.0428 129.612 £+ 0.048 (£ 0.04 %)
129.610
129.615
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Appendix 8 continued

Days after sowing
(DAYS)

Plant height
(cm)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T6U 15

36.331

36.298

36.345

36.323

36.325

36.325

4.001

0.0241

36.325 + 0.027 (+ 0.08 %)

35

75.412

75.379

75.451

75.410

75.414

75.414

0.001

0.0360

75.414 + 0.041 (£ 0.05 %)

55

91.012

91.037

91.067

91.038

91.041

91.039

0.001

0.0275

91.039 £ 0.312 (£ 0.03 %)
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Appendix 8 continued

TeU 75 109.988
110.032
110.049 110.023 0.001 0.0315 110.023 + 0.036 (+ 0.03 %)
110.021
110.025

85 115.213
115.801
115.412 115.475 0.089 0.2991 115.475 £ 0.338 (£ 0.29 %)
115.474
115.476

99 122.433
122.427
122.442 122.434 5.699 0.0075 122.434+ 0.009 (£ 0.01 %)
122.432
122.432
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Appendix 8 continued

TeU 115 122.417
122.438
122.462 122.439 0.001 0.0225 122.439 + 0.026 (+ 0.02 %)
122.432
122.435

130 122.411
122.442
122.459 122.437 0.001 0.0243 122.437 £ 0.028 (£ 0.02 %)
122.435
122.436
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Appendix 9: The effect of N level on the chlorophyll content (SPAD) of the rice plants

N treatments

Chlorophyll
content (SPAD)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

28.592

28.543

28.589

28.575

28.575

28.575

0.001

0.0275

28.575 + 0.031 (+ 0.11 %)

T2H

34.352

34.433

34.971

34.584

34.585

34.585

0.113

0.3364

34.585 £ 0.381 (£ 1.10 %)

T3H

35.147

35.162

35.191

35.167

35.167

35.167

0.001

0.0224

35.167 £ 0.025 (£ 0.07 %)
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Appendix 9 continued

T5H

37.991

38.192

38.137

38.105

38.105

38.107

0.0108

0.1039

38.107 + 0.118 (+ 0.31 %)

TeU

31.721

31.687

31.733

31.712

31.712

31.714

0.001

0.0239

31.714 £ 0.027 (£ 0.09 %)
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Appendix 10:

The effect of N treatments on the number of panicles per plant, number of grains per panicle, grain, and straw yield

N treatments | Number of panicles Mean Variance, s? Standard Deviation, o 95 9% Confidence Level
per plant (or pot) (Statistical significance of 5 %)

T1 6
6

6 5.7 0.3 0.58 57+0.3 (£5.8%)
5
3)
T2H 7
-

7 6.7 0.3 0.58 6.7+ 0.3 (£5.0%)
6
6
T3H 8
9

9 8.7 0.3 0.58 8.7+ 0.3 (£5.0%)
8
8
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Appendix 10

continued

T4H

11

12

13

12

12

12.0

1.0

1.0

12.0+ 0.6 (+ 4.81 %)

T5H

10

11

11

10

10.7

0.3

0.58

10.7 + 0.3 (¢ 3.13 %)

TeU

~N| | ~| oo o

7.6

0.33

0.58

7.6+0.3 (+ 4.35 %)
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Appendix 10

continued

N treatments

Number of grains

per panicle

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

110

112

108

110

110

110.0

4.0

2.0

110 + 1.2 (£ 1.7 %)

T2H

117

112

120

116

116

116.3

16.3

4.0

116.3 £ 2.3 (+ 2.0 %)

T3H

117

117

119

115

117

117.7

1.3

1.2

117.7 £0.7 (£ 0.6 %)
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Appendix 10

continued

T4H

134

134

135

135

134

134.3

0.3

0.6

134.3+0.3 (+ 0.3 %)

T5H

123

129

133

128

128

128.3

25.3

5.0

128.3 2.9 (+ 2.26 %)

TeU

119

123

127

123

123

123.0

16.0

4.0

123.0 £2.3 (+ 1.9 %)
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Appendix 10

continued

N treatments

Grain yield
(9 per pot)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

19.659

19.674

19.667

19.666

19.666

19.667

5.633

0.0075

19.667 % 0.009 (+ 0.04 %)

T2H

22.509

22.512

22.551

22.523

22.523

22.524

0.001

0.0234

22.524 +0.027 (£ 0.12 %)

T3H

25.788

25.781

25.797

25.785

25.785

25.789

6.433

0.0080

25.789 £ 0.009 (£ 0.04 %)
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Appendix 10

continued

T4H

33.649

33.651

33.658

33.653

22.653

33.653

2.233

0.047

33.653 + 0.005 (+ 0.02 %)

T5H

31.045

31.051

31.041

31.045

31.045

31.046

3.099

0.0056

31.046 £ 0.006 (£ 0.002 %)

TeU

28.845

28.851

28.843

28.845

28.345

28.846

1.733

0.0416

28.846 + 0.005 (+ 0.02 %)
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Appendix 10

continued

N treatments

Straw yield
(9 per pot)

Mean

Variance, s2 Standard Deviation,

95 % Confidence Level
(Statistical significance of 5 %)

T1

29.987

29.993

30.103

30.027

30.027

30.028

0.004 0.0659

30.028 + 0.075 (+ 0.25 %)

T2H

34.749

34.751

34.763

34.752

34.752

34.754

5.733 0.0076

34.754 £ 0.009 (£ 0.02 %)

T3H

35.089

35.107

35.091

35.095

35.095

35.096

9.733 0.0099

35.096 £ 0.011 (£ 0.03 %)
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Appendix 10

continued

T4H

39.136

39.128

39.121

39.127

39.127

39.128

5.633

0.0075

39.128 + 0.008 (+ 0.02 %)

T5H

40.147

40.128

40.132

40.135

40.135

40.136

0.0001

0.0100

40.136 + 0.011 (£ 0.03 %)

TeU

36.754

36.757

36.746

36.753

36.753

36.752

3.233

0.0057

36.752 + 0.006 (£ 0.02 %)
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Appendix 11:

Harvest index (HI) of rice with different N treatments

N treatments

Harvest index
(HI)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

36.624

36.621

36.625

36.623

36.623

36.623

4.333

0.0021

36.623 £ 0.002 (+ 0.01 %)

T2H

39.018

39.002

39.012

39.010

39.010

39.011

6.533

0.0081

39.011 £ 0.009 (£ 0.02 %)

T3H

40.891

40.887

40.897

40.891

40.891

40.892

2.533

0.0050

40.892 + 0.006 (£ 0.01 %)
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Appendix 11

continued

T4H

45.489

45,512

45.537

45.513

45,513

45.513

0.001

0.0240

45.513 + 0.003(+ 0.06 %)

T5H

42.864

42.861

42.866

42.864

42.864

42.864

6.333

0.0025

42.864 £ 0.004 (£ 0.01 %)

TeU

42.027

42.095

42.013

42.045

42.045

42.045

0.002

0.0439

42.045 £ 0.049 (£ 0.12 %)
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Appendix 12:  The effect of N levels on the N uptake of the rice plants

N treatments N uptake Mean Variance, s? Standard Deviation, o 95 9% Confidence Level

(9 Kg™h) (Statistical significance of 5 %)

T1 0.034
0.031
0.033 0.033 2.333 0.0015 0.033 £ 0.001 (£ 2.70 %)
0.033
0.033

T2H 0.084
0.089
0.091 0.088 1.333 0.0036 0.088 £ 0.002 (+ 2.37 %)
0.088
0.088

T3H 0.091
0.089
0.097 0.092 1.733 0.0042 0.092 £ 0.002 (+ 2.60 %)
0.091
0.091
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Appendix 12

continued

T4H

0.253

0.251

0.258

0.253

0.254

0.254

1.333

0.0036

0.0254 + 0.002 (+ 0.82 %)

T5H

0.223

0.219

0.231

0.224

0.224

0.224

3.733

0.0061

0.224 +0.004 (+ 1.57 %)

TeU

0.194

0.182

0.197

0.191

0.191

0.191

6.333

0.0079

0.191 + 0.005 (+ 2.40 %)
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Appendix 13:

The effect of N levels on Nitrogen Harvest Index (NHI) of the rice plants

N treatments

N Harvest Index
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

50.428

50.417

50.441

50.428

50.428

50.429

0.0001

0.0120

50.429 + 0.014 (+ 0.03 %)

T2H

53.047

53.019

53.026

53.031

53.031

53.031

0.0002

0.0146

53.031 £ 0.017 (£ 0.03 %)

T3H

58.894

58.902

58.907

58.901

58.901

58.901

4.2999

0.0066

58.901 £ 0.007 (£ 0.01 %)
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Appendix 13

continued

T4H

67.928

67.916

67.942

67.928

67.928

67.928

0.0002

0.0130

67.928 + 0.015 (+ 0.02 %)

T5H

61.327

61.318

61.348

61.331

61.331

61.331

0.0002

0.0154

61.331 £ 0.017 (£ 0.03 %)

TeU

60.504

60.517

60.498

60.505

60.505

60.506

9.4333

0.0097

60.506 + 0.011 (+ 0.02 %)
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Appendix 14:

The effect of N level on nitrogen use efficiency (NUE) of the rice plants

N treatments

N use efficiency
(%)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T2H

40.112

40.098

40.042

40.83

40.083

40.084

0.0014

0.0370

40.084 + 0.042 (+ 0.10 %)

T3H

46.214

46.407

46.112

46.242

46.242

46.244

0.0225

0.1498

46.244 + 0.170 (£ 0.37 %)

T4H

52.621

52.613

52.631

52.621

52.621

52.622

8.1333

0.0090

52.622 £ 0.011 (£ 0.02 %)
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Appendix 14

continued

T5H

35.473

35.467

35.478

35.473

35.473

35.473

3.0333

0.0055

35.473 + 0.006 (+ 0.02 %)

TeU

31.172

31.153

31.198

31.172

31.172

31.174

0.001

0.0226

31.174 £ 0.026 (£ 0.08 %)

300




Appendix 15:  The effect of N levels on agronomic nitrogen efficiency (NAE) of the rice plants

N treatments

N agronomic efficiency
(Kg Kg)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T2H

3.331

3.337

3.335

3.335

3.335

3.334

9.333

0.0031

3.334 % 0.003 (+ 0.10 %)

T3H

6.153

6.147

6.156

6.152

6.152

6.152

2.099

0.0046

6.152 + 0.005 (+ 0.08 %)

T4H

12.784

12.786

12.781

12.84

12.784

12.784

6.333

0.0025

12.784 £ 0.003 (+ 0.02 %)
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Appendix 15

continued

T5H

7.501

7.506

7.512

7.506

7.605

7.507

3.233

0.0057

7.507 % 0.006 (£ 0.09 %)

TeU

5.733

5.735

5.729

5.732

5.732

5.732

9.333

0.0031

5.732 +0.003 (= 0.06 %)
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Appendix 16:

Dry matter accumulation in rice as influenced by N rates application over the crop growth stages

level

Growing

stage

Total dry matter
(9 per pot)

Mean

Variance, s2

Standard Deviation, o

95 % Confidence Level
(Statistical significance of 5 %)

T1

15

1.987

2.081

2.054

2.041

0.002

0.0484

2.041 + 0.055 (+ 2.68 %)

30

25.579

25.683

25.641

25.634

0.003

0.0523

25.634 £ 0.059 (£ 0.23 %)

45

40.908

40.923

40.967

40.933

0.001

0.0307

40.933 + 0.035 (+ 0.08 %)

60

79.697

79.714

79.708

79.706

7.433

0.0086

79.706 % 0.009 (+ 0.01 %)
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Appendix 16

continued

T1

75

122.235

122.262

122.207

122.235

0.001

0.0275

122.235 + 0.031 (+ 0.03 %)

90

116.112

116.107

116.288

116.169

0.011

0.1031

116.169 £ 0.117 (£ 0.10 %)

105

108.084

108.116

108.072

108.091

0.001

0.0227

108.091 + 0.026 (= 0.02 %)

120

90.127

90.238

90.132

90.166

0.004

0.0627

90.166 + 0.071 (+ 0.08 %)
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Appendix 16  continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T2H 15 3.102
3.110 3.107 1.733 0.0042 3.107 £ 0.005 (+ 0.15 %)
3.108
30 25.731
25.732 25.735 3.033 0.0055 25.735 £ 0.006 (+ 0.02 %)
25.741
45 41.714
41.702 42.042 0.334 0.5779 42.042 £ 0.654 (+ 1.56 %)
42.709
60 100.299
100.312 100.304 4.633 0.0068 100.304 £ 0.008 (+ 0.01 %)
100.302
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Appendix 16

continued

T2H

75

131.128

131.102

131.147

131.126

0.001

0.0226

131.126 + 0.026 (+ 0.02 %)

90

126.107

126.142

126.156

126.135

0.001

0.0252

126.135 £ 0.029 (£ 0.02 %)

105

120.088

120.035

120.072

120.065

0.001

0.0272

120.065 % 0.031 ( 0.03 %)

120

107.121

107.187

107.205

107.171

0.002

0.0442

107.171 + 0.050 (& 0.05 %)
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Appendix 16  continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T3H 15 3.248
3.179 3.211 0.001 0.0348 3.211 £ 0.040 (+ 1.23 %)
3.205
30 25.711
25.704 25.711 4.899 0.0069 25.711 £ 0.008 (= 0.03 %)
25.718
45 41.472
41.518 41.501 0.001 41.501 41.501 £ 0.028 (x 0.07 %)
41.512
60 107.102
107.089 107.082 0.001 0.0237 107.082 + 0.027 (+ 0.03 %)
107.056
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Appendix 16

continued

T3H

75

137.097

137.112

137.108

137.106

6.033

0.0078

137.106 + 0.009 (+ 0.01 %)

90

129.051

129.097

129.101

129.083

0.001

0.0278

129.083 £ 0.031 (£ 0.02 %)

105

123.112

123.102

123.214

123.142

0.004

0.0619

123.142 +0.070 (% 0.06 %)

120

114.089

114.102

114.135

114.109

0.001

0.0237

114.109 + 0.027 (+ 0.02 %)
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Appendix 16  continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T4H 15 9.112
9.067 9.095 0.001 0.0247 0.095 £ 0.028 (£ 0.31 %)
9.107
30 35.556
35.608 35.592 0.001 0.0312 31.592 + 0.035 (+ 0.01 %)
35.612
45 74.357
74.402 74.393 0.001 0.0329 74.393 + 0.037 (£ 0.05 %)
74.421
60 125.397
125.128 125.213 0.025 0.1595 125.213 £ 0.18 (£ 0.14 %)
125.114
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Appendix 16

continued

T4H

75

171.116

171.128

171.134

171.126

8.399

0.0092

171.126 + 0.010 (+ 0.01 %)

90

169.069

169.083

169.021

169.058

0.001

0.0325

169.058 £ 0.037 (£ 0.02 %)

105

151.098

151.102

151.108

151.103

2.533

0.0050

151.103 % 0.006 ( 0.00 %)

120

149.141

149.132

149.089

149.121

0.001

0.0278

149.121 + 0.031 (¢ 0.02 %)
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Appendix 16  continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T5H 15 8.992
9.102 9.069 0.0045 0.0669 9.069 + 0.076 (+ 0.83 %)
9.113
30 34.251
34.248 34.251 1.233 0.0035 34.251 £+ 0.004 (= 0.01 %)
24.255
45 62.311
62.289 62.317 0.001 62.317 62.317 £ 0.04 (£ 0.06 %)
62.352
60 117.128
117.112 117.158 0.004 0.0669 117.158 + 0.08 (+ 0.06 %)
117.235
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Appendix 16

continued

T5H

75

162.113

162.077

162.132

162.107

0.001

0.0279

162.107 + 0.032 (+ 0.02 %)

90

159.099

159.053

159.111

159.088

0.001

0.0306

159.088 £ 0.035 (£ 0.02 %)

105

149.011

149.056

149.072

149.046

0.001

0.0316

149.046 + 0.36 (+ 0.02 %)

120

137.051

137.101

137.092

137.081

0.001

0.0267

137.081 % 0.030 ( 0.02 %)

312




Appendix 16  continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
TeU 15 8.102
8.107 8.035 0.014 0.1198 8.035+0.14 (*+ 1.69 %)
7.897
30 34.221
24.218 34.223 3.233 0.0057 34.223 £ 0.006 (= 0.02 %)
34.229
45 57.291
57.304 57.299 4.633 0.0068 57.299 + 0.008 (+ 0.01 %)
57.301
60 116.113
116.121 116.121 5.633 0.0075 116.121 + 0.009 (+ 0.01 %)
116.128
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Appendix 16

continued

TeU

75

148.751

149.133

149.187

149.024

0.0565

0.2377

149.024 £ 0.27 (£ 0.18 %)

90

145.151

145.103

145.107

145.120

0.001

0.0266

145.120 £ 0.030 (£ 0.02 %)

105

139.991

139.998

140.102

140.030

0.004

0.0622

140.030 = 0.07 (£ 0.05 %)

120

134.054

134.061

134.019

134.045

0.001

0.0225

134.045 + 0.026 (+ 0.02 %)
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Appendix17:  Pattern of dry matter partitioning to different parts of rice as influenced by time course and nitrogen level
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T1 15 1.024
Leaf 1.012 1.041 0.002 0.0403 1.041 + 0.046 (+ 4.38 %)
1.087
30 6.612
6.618 6.613 2.100 0.0046 6.613 + 0.006 (£ 0.08 %)
6.609
45 9.588
9.597 9.595 4.433 0.0067 9.595 + 0.008 (+ 0.08 %)
9.601
60 8.697
8.703 8.705 7.433 0.0086 8.705 + 0.010 (+ 0.11 %)
8.714
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Appendix 17

continued

T1

Leaf

75

8.799

8.794

8.831

8.801

0.001

0.0268

8.801 £ 0.03 (+ 0.34 %)

90

8.418

8.423

8.411

8.417

3.633

0.0060

8.417 +0.007 (+ 0.08 %)

105

6.189

6.201

6.205

6.198

6.933

0.0083

6.198 % 0.009 (+ 0.15 %)

120

5.503

5.509

5.519

5.508

2.533

0.0050

2533  0.006 (+ 0.10 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T1 15 1.128
Sheath 1.134 1.145 0.001 0.0239 1.145 + 0.027 (£ 2.36 %)
1.172
30 6.512
6.509 6.507 3.233 0.0057 6.507 + 0.006 (£ 0.10 %)
6.501
45 9.788
9.791 9.794 5.433 0.0074 9.794 + 0.008 (£ 0.09 %)
9.802
60 22.597
22.605 22.604 3.733 0.0061 22.604 + 0.007 (= 0.03 %)
22.609
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Appendix 17

continued

T1

Sheath

75

21.215

21.209

21.217

21.214

1.733

0.0042

21.214 + 0.005 (£ 0.02 %)

90

18.896

18.905

18.915

18.905

9.033

0.0095

18.905 + 0.011 (+ 0.06 %)

105

18.701

18.705

18.711

18.706

2.533

0.0050

18.706 + 0.006 (+ 0.03 %)

120

14.299

14.301

14.307

14.302

1.733

0.0042

14.302 £ 0.005 (+ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T1 15 1.104
Stem 1.113 1.117 5.033 0.0071 1.117 £ 0.008 (£ 0.72 %)
1.118
30 7.293
7.305 7.302 6.299 0.0079 7.302 £ 0.009 (£ 0.12 %)
7.308
45 25.197
15.199 25.201 3.433 0.0059 25.201 £ 0.007 (+ 0.03 %)
26.208
60 26.809
26.812 26.814 4.633 0.0068 26.814 + 0.008 (+ 0.03 %)
26.822
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Appendix 17

continued

T1

Stem

75

35.191

35.199

35.207

35.199

6.399

0.0080

35.199 + 0.009 (£ 0.03 %)

90

30.021

30.025

30.028

30.025

1.233

0.0035

30.025 £ 0.004 (£ 0.01 %)

105

22.334

22.341

22.328

22.334

4.233

0.0065

22.334 +0.007 (+ 0.03 %)

120

16.697

16.705

16.711

16.704

4.933

0.0070

16.704 + 0.008 (+ 0.05 %)

320




Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T1 15 1.891
Panicle 1.997 1.967 0.004 0.0659 1.967 + 0.038 (+ 1.94 %)
2.012
30 10.129
10.115 10.125 8.233 0.0091 10.125 + 0.005 (£ 0.05 %)
10.132
45 24.909
24.912 24.914 4.633 0.0068 24.914 + 0.008 (+ 0.03 %)
24.922
60 36.799
36.803 36.803 2.033 0.0045 36.803 + 0.005 (+ 0.01 %)
36.808
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Appendix 17

continued

T1

Panicle

75

55.124

55.129

55.132

55.128

1.633

0.0040

55.128 + 0.005 (£ 0.01 %)

90

43.501

43.505

43.513

43.506

3.733

0.0061

43.506 + 0.007 (£ 0.02 %)

105

33.703

333.705

33.710

33.706

1.299

0.0036

33.706 + 0.004 (+ 0.01 %)

120

23.211

23.202

23.207

23.207

2.033

0.0045

23.207 + 0.005 (+ 0.02 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T2H 15 1.112
Leaf 1.105 1.104 8.233 0.0091 1.104 + 0.010 (£ 0.93 %)
1.094
30 4.722
4.728 4.727 2.533 0.0050 4.727 + 0.006 (£ 0.12 %)
4.732
45 8.209
8.204 8.204 3.033 0.0055 8.204 £+ 0.006 (+ 0.08 %)
8.198
60 7.892
7.905 7.903 9.433 0.0097 7.903 + 0.011 (+ 0.14 %)
7.911
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Appendix 17

continued

T2H

Leaf

75

8.902

8.907

8.914

8.908

0.0060

3.633

8.908 + 0.007 (+ 0.08 %)

90

9.111

9.115

9.125

9.117

5.199

0.0072

9.117 +0.008 (+ 0.09 %)

105

6.206

6.214

6.218

6.213

3.733

0.0061

6.213 + 0.007 (+ 0.11 %)

120

6.897

6.901

6.907

6.902

2.533

0.0050

6.902 + 0.006 (+ 0.08 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T2H 15 1.367
Sheath 1.322 1.341 0.001 0.0225 1.341 + 0.026 (+ 1.90%)
1.325
30 8.698
8.707 8.707 7.233 0.0085 8.707+ 0.009 (£ 0.11 %)
8.715
45 9.319
9.336 9.339 0.001 0.0227 9.339 £ 0.026 (£ 0.28 %)
9.364
60 20.204
20.210 20.178 0.003 0.0509 20.178 + 0.058 (£ 0.29 %)
20.199
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Appendix 17

continued

T2H

Sheath

75

27.312

27.338

27.367

27.339

0.001

0.0275

27.339 £ 0.031 (£ 0.11 %)

90

21.778

21.806

21.827

21.804

0.001

0.0246

21.804 £ 0.028 (£ 0.13 %)

105

19.299

19.316

19.347

19.321

0.001

0.0243

19.321 + 0.028 (+ 0.14 %)

120

14.905

14.932

14.952

14.929

0.001

0.0236

14.929 + 0.003 (+ 0.18 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T2H 15 1.781
Stem 1.822 1.827 0.050 0.0025 1.827 +0.029 (£ 1.59 %)
1.881
30 9.218
9.222 9.222 0.005 2.033 9.222 £ 0.005 (£ 0.06 %)
9.227
45 13.801
13.807 13.807 3.033 0.0055 13.807 £ 0.006 (£ 0.05 %)
13.812
60 30.016
30.019 30.021 3.233 0.0057 30.021 + 0.007 (£ 0.02 %)
30.027
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Appendix 17

continued

T2H

Stem

75

40.038

40.075

40.098

40.070

0.001

0.0303

40.070 £ 0.034 (£ 0.09 %)

90

35.198

35.218

35.246

35.221

0.001

0.0241

35.221 £ 0.027 (£ 0.08 %)

105

31.122

31.125

31.129

31.125

1.233

0.0035

31.125 + 0.004 (+ 0.01 %)

120

20.114

20.119

20.123

20.120

5.033

0.0071

20.120 + 0.008 (+ 0.04 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T2H 15 1.712
Panicle 1.718 1.718 4.233 0.0065 1.718 + 0.007 (% 0.43 %)
1.725
30 9.798
9.801 9.803 3.233 0.0057 9.803 £ 0.006 (£ 0.07 %)
9.809
45 18.333
18.327 18.326 5.699 0.0075 18.326 £ 0.009 (£ 0.05 %)
18.318
60 45.504
45.510 45.509 1.733 0.0042 45.509 + 0.005 (x 0.01 %)
45.512

329




Appendix 17

continued

T2H

Panicle

75

60.705

60.712

60.717

60.711

3.633

0.0060

60.711 + 0.007 (£ 0.01 %)

90

55.509

55.513

55.518

55.513

2.033

0.0045

55.513 £ 0.005 (£ 0.01 %)

105

41.097

41.102

41.104

41.101

1.299

0.0036

41.101 +0.004 (+ 0.01 %)

120

30.001

30.011

30.014

30.009

4.633

0.0068

30.009 + 0.008 (£ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T3H 15 1.327
Leaf 1.343 1.341 0.0002 0.0136 1.341 + 0.008 (+ 0.58 %)
1.359
30 2.981
2.985 2.986 2.5333 0.0050 2.986 + 0.006 (£ 0.19 %)
2.991
45 5.013
5.017 5.016 9.3333 0.0031 5.016 £+ 0.003 (£ 0.07 %)
5.019
60 8.793
8.799 8.799 3.0333 0.0055 8.799 £ 0.006 (£ 0.07 %)
8.804
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Appendix 17

continued

T3H

Leaf

75

9.211

9.215

9.219

9.215

1.5999

0.0039

9.215 + 0.006 (+ 0.06 %)

90

9.281

9.285

9.293

9.286

3.7333

0.0061

9.286 + 0.007 (+ 0.07 %)

105

7.110

7.114

7.117

7.114

1.2333

0.0035

7.114 + 0.004 (+ 0.06 %)

120

7.485

7.497

7.504

7.495

9.2333

0.0096

7.495 +0.011 (+ 0.15 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T3H 15 1.495
Sheath 1.507 1.505 7.6333 0.0087 1.505 + 0.009 (+ 0.66 %)
1.512
30 6.709
6.712 6.712 1.2333 0.0035 6.712 + 0.004 (£ 0.006 %)
6.716
45 9.401
9.407 9.407 3.0333 0.0055 9.407 + 0.006 (+ 0.07 %)
9412
60 14.398
14.407 14.407 7.2333 0.0085 14.407 + 0.009 (£ 0.07 %)
14.415
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Appendix 17

continued

T3H

Sheath

75

17.312

17.318

17.326

17.319

4.9333

0.0070

17.319 £ 0.008 (£ 0.05 %)

90

16.293

16.299

16.305

16.299

3.6000

0.0060

16.299 + 0.007 (+ 0.04 %)

105

13.512

13.516

13.521

13.516

2.0333

0.0045

13.516 + 0.005 (+ 0.04 %)

120

19.211

19.219

19.233

19.218

3.7333

0.00611

19.218 + 0.007 (+ 0.04 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T3H 15 1.903
Stem 1.907 1.908 2.5333 0.0050 1.908 + 0.006 (% 0.30 %)
1.913
30 7.397
7.401 7.405 1.6666 0.0040 7.405 £ 0.005 (£ 0.06 %)
7.405
45 12.202
12.206 12.206 1.2333 0.0035 12.206 + 0.004 (£ 0.03 %)
12.209
60 30.011
30.014 30.014 1.2333 0.0035 30.014 + 0.004 (+ 0.01 %)
30.018
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Appendix 17

continued

T3H

Stem

75

43.199

43.206

43.208

43.204

2.2333

0.0047

43.204 £+ 0.005 (£ 0.01 %)

90

40.881

40.884

40.889

40.885

1.6333

0.0040

40.885 £+ 0.005 (£ 0.01 %)

105

32.104

32.109

32.112

32.108

1.6333

0.0040

32.108 + 0.005 (+ 0.01 %)

120

27.809

27.813

27.817

27.813

1.5999

0.0039

27.813 + 0.005 (+ 0.02 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level level (g per pot) (Statistical significance of 5 %)
T3H 15 1.781
Panicle 1.784 1.784 1.2333 0.0035 1.784 + 0.004 (+ 0.22 %)
1.788
30 8.299
8.301 8.302 9.3333 0.0031 8.302 £ 0.003 (£ 0.04 %)
8.305
45 19.897
20.002 19.969 0.0039 0.0621 19.969 + 0.007 (£ 0.35 %)
20.007
60 46.208
46.213 46.213 3.0333 0.0055 46.213 + 0.006 (+ 0.01 %)
46.219
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Appendix 17

continued

T3H

Panicle

75

63.321

63.327

63.331

63.326

2.5333

0.0050

63.326 + 0.006 (£ 0.01 %)

90

49.899

49.901

49.905

49.902

9.3333

0.0031

49.902 + 0.003 (£ 0.01 %)

105

40.013

40.016

40.021

40.017

1.6333

0.0040

40.017 + 0.005 (+ 0.01 %)

120

33.512

33.517

33.527

33.519

5.8333

0.0076

33.519 + 0.008 (+ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T4H 15 2.781
Leaf 2.785 2.786 2.7333 0.0061 2.786 + 0.007 (+ 0.25 %)
2.793
30 4.913
4.915 4.916 9.3333 0.0031 4.916 + 0.003 (£ 0.07 %)
4.919
45 6.211
6.217 6.218 49333 0.0070 6.218 + 0.008 (+ 0.13 %)
6.225
60 10.102
10.112 10.110 5.8333 0.0076 10.110 £ 0.009 (£ 0.09 %)
10.117
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Appendix 17

continued

T4H

Leaf

75

13.713

13.715

13.719

13.716

9.3333

0.0031

13.716 £ 0.003 (£ 0.03 %)

90

10.909

10.912

10.915

10.912

8.9999

0.0029

10.912 + 0.003 (+ 0.03 %)

105

9.312

9.317

9.322

9.317

2.4999

0.0049

9.317 % 0.006 (+ 0.06 %)

120

8.712

8.715

8.717

8.715

6.3333

0.0025

8.715 % 0.003 (+ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T4H 15 2.812
Sheath 2.815 2.815 6.3333 0.0025 2.815 +0.003 (+ 0.10 %)
2.817
30 8.099
8.102 8.103 1.6333 0.0040 8.103 £ 0.005 (£ 0.06 %)
8.107
45 14.698
14.703 14.703 2.4999 0.0049 14.703 + 0.006 (£ 0.04 %)
14.708
60 29.277
29.298 29.297 0.0004 0.0190 29.297 £ 0.022 (+ 0.07 %)
29.315
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Appendix 17

continued

T4H

Sheath

75

35.409

35.413

35.419

35.414

2.5333

0.0050

35.414 + 0.006 (£ 0.02 %)

90

30.004

30.006

30.112

30.041

0.0038

0.0618

30.041 £ 0.069 (£ 0.23 %)

105

25.495

25.499

25.508

25.501

4.4333

0.0067

25,501 + 0.008 (+ 0.03 %)

120

19.717

19.722

19.728

19.722

3.0333

0.0055

19.722 + 0.006 (+ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T4H 15 2.853
Stem 2.862 2.865 0.0002 0.0132 2.865 + 0.015 (+ 0.52 %)
2.879
30 8.731
8.722 8.756 0.0005 0.0217 8.756 £ 0.025 (£ 0.28 %)
8.764
45 18.412
18.448 18.442 0.0008 0.0279 18.442 +0.032 (£ 0.17 %)
18.467
60 35.114
35.127 35.124 8.6333 0.0093 35.124 + 0.011 (+ 0.03 %)
35.132
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Appendix 17

continued

T4H

Stem

75

52.805

52.811

52.824

52.813

9.4333

0.0097

52.813 + 0.011 (£ 0.02 %)

90

53.337

53.345

53.352

53.345

5.6333

0.0075

53.345 £ 0.008 (£ 0.02 %)

105

35.889

35.905

35.914

35.903

0.0002

0.0127

35.903 + 0.014 (+ 0.04 %)

120

30.104

30.117

30.123

30.115

9.4333

0.0097

30.115 + 0.011 (+ 0.04 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T4H 15 2.781
Panicle 2.785 2.786 3.7333 0.0061 2.786 + 0.007 (+ 0.25 %)
2.793
30 9.117
9.124 9.123 3.0999 0.0056 9.123 +£ 0.006 (£ 0.07 %)
9.128
45 24.297
24.304 24.304 42333 0.0065 24.304 £ 0.007 (+ 0.03 %)
24.310
60 50.012
50.018 50.018 4.2333 0.0065 50.018 + 0.007 (+ 0.01 %)
50.025
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Appendix 17

continued

T4H

Panicle

75

70.088

70.093

70.097

70.092

2.0333

0.0045

70.092 + 0.005 (£ 0.01 %)

90

62.312

62.328

62.337

62.326

0.0002

0.0127

62.326 £ 0.014 (£ 0.02 %)

105

58.697

58.712

58.718

58.709

0.0001

0.0108

58.709 + 0.012 (+ 0.02 %)

120

57.209

57.218

57.231

57.219

0.0001

0.0111

57.219 + 0.013 (+ 0.02 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T5H 15 1.891
Leaf 1.896 1.899 9.6999 0.0098 1.899 + 0.011 (£ 0.59 %)
1.910
30 3.347
3.365 3.361 0.0002 0.0129 3.361 + 0.015 (£ 0.43 %)
3.372
45 5412
5.423 5.423 0.0001 0.0115 5.423 £ 0.013 (£ 0.24 %)
5.435
60 9.101
9.114 9.114 0.0002 0.0135 9.114 +£0.015 (£ 0.17 %)
9.128
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Appendix 17

continued

T5H

Leaf

75

13.895

13.908

13.921

13.908

0.0002

0.0130

13.908 £ 0.015 (£ 0.11 %)

90

9.712

9.725

9.739

9.725

0.0002

0.0135

9.725 +0.015 (+ 0.16 %)

105

9.297

9.309

9.318

9.308

0.0001

0.0105

9.308 + 0.012 (+ 0.13 %)

120

8.214

8.223

8.2352

8.224

0.0001

0.0105

8.224 +0.011 (+ 0.14 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level level (g per pot) (Statistical significance of 5 %)
T5H 15 1.989
Sheath 2.032 2.026 0.0012 0.0344 2.026 £+ 0.02 (+ 0.98 %)
2.057
30 6.308
6.317 6.318 0.0001 0.0100 6.318 £ 0.011 (£ 0.18 %)
6.328
45 14.794
14.805 14.806 0.0002 0.0125 14.806 + 0.014 (+ 0.10 %)
14.819
60 27.218
27.232 27.232 0.0002 0.0135 27.232 £ 0.015 (+ 0.06 %)
27.245
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Appendix 17

continued

T5H

Sheath

75

32.404

32.421

32.439

32.421

0.0003

0.0175

32.421 +0.019 (£ 0.06 %)

90

29.328

29.344

29.361

29.344

0.0003

0.0165

29.344 £ 0.019 (£ 0.06 %)

105

25.019

25.033

25.056

25.036

0.0003

0.0189

25.036 + 0.021 (+ 0.08 %)

120

19.899

19.910

19.935

19.915

0.0003

0.0184

19.915 + 0.021 (+ 0.10 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level level (g per pot) (Statistical significance of 5 %)
T5H 15 2.287
Stem 2.293 2.293 3.6666 0.0060 2.293 £ 0.007 (+ 0.30 %)
2.299
30 2.978
2.991 2.989 0.0001 0.0106 2.989 £ 0.012 (£ 0.40 %)
2.999
45 17.112
17.124 17.124 0.0002 0.0125 17.124 + 0.014 (£ 0.08 %)
17.137
60 31.712
31.728 31.728 0.0003 0.0165 31.728 £ 0.019 (+ 0.06 %)
31.745
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Appendix 17

continued

T5H

Stem

75

48.424

48.441

48.472

38.446

0.0006

0.0006

38.446 + 0.028 (£ 0.06 %)

90

40.891

40.905

40.923

40.906

0.0003

0.0160

40.906 + 0.018 (£ 0.04 %)

105

35.111

35.129

35.147

35.129

0.0003

0.0180

35.129 + 0.020 (+ 0.06 %)

120

30.024

30.041

30.063

30.043

0.0004

0.0196

30.043 + 0.022 (+ 0.07 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
T5H 15 2.435
Panicle 2.445 2.449 0.0003 0.0164 2.449 +0.019 (+ 0.76 %)
2.467
30 9.978
9.981 9.981 1.2333 0.0035 9.981 + 0.004 (£ 0.04 %)
9.985
45 25.112
25.127 25.127 0.0002 0.0145 25.127 £ 0.016 (= 0.07 %)
24.141
60 47.331
47.348 47.347 0.0002 0.0155 47.347 +£0.018 (+ 0.04 %)
47.362
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Appendix 17

continued

T5H

Panicle

75

66.434

66.452

66.478

66.455

0.0005

0.0221

66.455 + 0.025 (£ 0.04 %)

90

58.712

58.728

58.741

58.727

0.0002

0.0145

58.727 £ 0.0164 (+ 0.03 %)

105

56.222

56.239

56.252

56.238

0.0002

0.0150

56.238 + 0.017 (+ 0.03 %)

120

52.299

52.309

52.323

52.310

0.0001

0.0121

52.310 + 0.014 (+ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
TeU 15 1.723
Leaf 1.734 1.738 0.0003 0.0168 1.738 + 0.009 (% 0.56 %)
1.756
30 3.331
3.339 3.338 3.7333 0.0061 3.338 £ 0.007 (£ 0.21 %)
3.343
45 3.368
3.379 3.377 7.4333 0.0086 3.377 £ 0.009 (+ 0.29 %)
3.385
60 8.801
8.812 8.812 0.0001 0.0110 8.812 £ 0.012 (£ 0.14 %)
8.823
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Appendix 17

continued

TeU

Leaf

75

10.899

10.901

10.921

10.907

0.0002

0.0122

10.907 £ 0.012 (£ 0.13 %)

90

8.201

8.209

8.213

8.208

3.7333

0.0061

8.208 + 0.007 (+ 0.08 %)

105

8.112

8.116

8.121

8.116

2.0333

0.0045

8.116 % 0.005 (+ 0.06 %)

120

7.302

7.309

7.314

7.308

3.6333

0.0060

7.308 £ 0.007 (+ 0.09 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
TeU 15 1.667
Sheath 1.674 1.673 3.6333 0.0060 1.673 +0.007 (£ 0.41 %)
1.679
30 6.213
6.219 6.219 4.9333 0.0070 6.219 £ 0.008 (£ 0.13 %)
6.227
45 13.201
13.205 13.208 7.8999 0.0089 13.208 + 0.010 (£ 0.08 %)
13.218
60 26.978
26.983 26.984 4.2999 0.0066 26.984 + 0.007 (£ 0.03 %)
26.991
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Appendix 17

continued

TeU

Sheath

75

29.211

29.218

29.223

29.217

3.6333

0.0060

29.217 + 0.007 (£ 0.02 %)

90

28.298

28.305

28.311

28.305

4.2333

0.0065

28.305 £ 0.007 (£ 0.03 %)

105

24.211

24.218

24.221

24.217

2.6333

0.0051

24.217 +0.006 (= 0.02 %)

120

17.212

17.219

17.223

17.218

3.0999

0.0056

17.218 + 0.006 (+ 0.04 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, o 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
TeU 15 2.347
Stem 2.355 2.358 0.0002 0.0128 2.358 + 0.014 (+ 0.61 %)
2.372
30 8.278
8.283 8.284 5.0333 0.0071 8.284 +0.008 (£ 0.10 %)
8.292
45 12.581
12.587 12.587 42333 0.0065 12.587 + 0.007 (£ 0.06 %)
12.594
60 30.014
30.019 30.019 3.0333 0.0055 30.019 + 0.006 (+ 0.02 %)
30.025
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Appendix 17

continued

TeU

Stem

75

45.299

45.307

45.314

45.307

5.6333

0.0075

45.307 £ 0.008 (£ 0.02 %)

90

40.101

40.107

40.115

40.108

4.9333

0.0070

40.108 + 0.008 (£ 0.02 %)

105

35.097

35.104

35.110

35.104

4.2333

0.0065

35.104 + 0.007 (+ 0.02 %)

120

27.602

27.609

27.615

27.609

4.2333

0.0065

27.609 + 0.007 (+ 0.03 %)
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Appendix 17 continued
N Growing Total dry matter Mean Variance, s> | Standard Deviation, ¢ 95 % Confidence Level
level stage (g per pot) (Statistical significance of 5 %)
TeU 15 2.437
Panicle 2.445 2.447 0.0001 0.0106 2.447 £ 0.012 (+ 0.49 %)
2.458
30 10.001
10.005 10.005 2.0333 0.0045 10.005 + 0.005 (£ 0.05 %)
10.010
45 20.007
20.009 20.010 1.7333 0.0042 20.010 £ 0.005 (+ 0.02 %)
20.015
60 47.107
47.111 47.112 3.7333 0.0061 47.112 +£0.007 (x 0.01 %)
47.119
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Appendix 17

continued

TeU

Panicle

75

62.299

62.306

62.309

62.305

2.6333

0.0051

62.305 + 0.006 (£ 0.01 %)

90

55.101

55.108

55.114

55.108

4.2333

0.0065

55.108 £ 0.007 (£ 0.01 %)

105

53.214

53.219

53.225

53.219

3.0333

0.0055

53.219 + 0.006 (+ 0.01 %)

120

49.699

49.705

49.712

49.705

4.2333

0.0065

49.705 + 0.009 (£ 0.02 %)
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Appendix 18:

Correlation Regression Analysis

Graph Equation R? P value 95 % Confidence Level Slope standard
(Statistical significance of 5 %) error
(@ Number of grains /
panicle vs. grain| y=0.4753x-31.35 0.9607 0.0001 0.4244 — 0.5263 0.0240
yield (g per pot)
(b) Panicle number / pot
vs. grain yield (g per | y=0.1968x + 7.714 0.8544 0.0001 1.538 - 2.399 0.2031
pot)
(c) Grain yield (g per
pot) / harvest index | y=0.6090x + 24.83 0.7881 0.0001 0.4415-0.7763 0.0789
(HI)
(d) N uptake (g Kg?t) /
y =2.072x + 5.592 0.7885 0.0001 1.498 — 2.646 0.2708

panicle number

363




(€)

N uptake (g Kg?) /
number of grains per

panicle

y =9.172x + 105.2

0.8643

0.0001

7.245-11.0

0.9086
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Appendix 19:

Weight loss of cellulose hydrogels CRF during the degradation time throughout the rice cultivation period

Wi Wt Percentage Mean, % Variance, s’ | Standard Deviation, ¢ 95 % Confidence Level
difference (Statistical significance of 5 %)
(%0)
104.357 2.548 97.56
104.359 2.551 97.56 97.56 1.000 0.001 97.56 + 0.001 (£ 0.00 %)
104.361 2.551 97.56
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