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Abstract 

It is estimated that global need for food will require a doubling in food production by 2050. To 

meet this demand in a sustainable and environmentally benign way is a major challenge for the 

agricultural industry, especially because irrigated agriculture is limited and consumes about 70% of 

the water available for human use worldwide. Superabsorbent polymers (SAP) appear as an attractive 

strategy to tackle this challenge. These are highly porous, hydrophilic polymers capable of absorbing 

water at hundreds of times their own weight. However, most of the commercial SAP are based on 

polyacrylamide (PAM) or polyacrylate (PA) fossil-fuel derived polymers, which degrade extremely 

slowly into by-products increasingly raising environmental and health concerns. These issues haven 

driven the development of SAP based on natural polymers such as cellulose, the world’s most 

abundant (bio)polymer. Cellulose is readily available, biodegradable, renewable, has inherent 

hydrophilicity and other desirable characteristics to produce superabsorbents. Nanocellulose refers to 

the cellulose fibres with dimensions in the nanometre scale. Apart from the intrinsic properties of 

cellulose, nanocellulose is easy to functionalise into SAP. There are very few reports in the literature 

describing the potential of nanocellulose superabsorbents in agriculture and therefore, the topic 

remains poorly understood. This thesis aims to engineer the physical and chemical properties of 

nanocellulose SAP to develop a performant and biodegradable material for use in soil water retention 

in sustainable agriculture. 

This doctoral thesis is composed of two sections. The first focuses on the engineering of the 

physical and chemical structure of nanocellulose for specific use in agriculture. Nanocellulose SAPs 

are commonly produced in the laboratory through freeze-drying. This technique is not only expensive 

and difficult to perform on a large-scale, but also produces ultra-low density superabsorbents, which 

can severely restrict their application in agriculture. By changing the drying method, we demonstrated 

that superabsorbents of remarkable properties can be produced. Oven-drying at 50 °C achieves 
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superabsorbents with a higher swelling capacity than those freeze-dried. This is attributed to their 

high pore area, which increases the interaction between water molecules and cellulose fibres, leading 

to a stronger physical entrapment of water by capillary forces. Exchanging the Na+ ions present in the 

nanocellulose network for NH4
+ also increases the pore area of the superabsorbents. This is because 

of the unique ability of the NH4
+ ions to rotate, creating additional hydrogen bonds with water.  

In the second section of the thesis, the potential of nanocellulose SAPs, produced through 

different drying techniques, to increase water retention in a sandy soil used as a model is analysed. 

The increase in soil water retention with increasing application rate of SAP confirms the suitability 

of these materials. Soils amended with freeze-dried SAP reach the highest water retention, while 

those with SAP oven-dried at 50 °C remain moist the longest. The performance of the SAPs decreases 

with increasing hydration/dehydration cycles. This is attributed to the SAP biodegradation, which in 

this soil, occurs after 30 days of exposure.  

The development of efficient nanocellulose superabsorbents for agriculture requires to consider 

their effect on the successive stages of plant growth. This is achieved with two comprehensive pot 

trials performed in a greenhouse. In the first, tatsoi plants are grown under water stress in a sandy soil 

amended with 0.5 wt% and 1.0 wt% application of nanocellulose SAP oven-dried at 50 °C. While 

increasing the application rate of superabsorbent decreases the total water consumption, the plant 

biomass significantly decreases with the addition of 1.0 wt% of nanocellulose SAP compared to those 

without superabsorbent. This was attributed to an immobilisation of nitrogen by microbial biomass, 

where the nanocellulose provides a spike of readily available carbon and energy source. The increase 

in soil respiration rates with increasing application of nanocellulose further supports this hypothesis.   

In the second pot trial, spinach plants are grown in two types of soil, a sandy (SD) and a clay loam 

(CL) soil, both amended with 0.5 wt% of nanocellulose SAP oven-dried at 50 °C. This study is 

conducted to evaluate the effect that soil has on the performance of superabsorbent in plant growth. 
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The results are compared with those of a commercial polyacrylamide-based SAP. Plant biomass 

varies widely with the type of soil. Plant biomass is the highest in SD soil treated with the commercial 

SAP, while it significantly decreases in CL soils amended with any type of superabsorbent. This 

effect is magnified when nanocellulose SAP is used, which is attributed to waterlogging stress and 

the fast biodegradation of cellulose, where only 50% of the initial mass remains after 5 days of 

exposure.  

This thesis contributes to sustainable agriculture by expanding our knowledge of superabsorbents 

engineered from natural polymers. Nanocellulose is used as a model to create a performant platform 

material to replace the current fossil fuel-derived and non-biodegradable synthetic SAP. This research 

pioneers in the use of nanocellulosic materials in agriculture and will guide the future studies that are 

needed to modify the nanocellulose SAP structure to provide full benefits for agricultural use. 
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(WUE) of (c) treatments irrespective of soil moisture and (d) soil moisture 

irrespective of treatments. Values are reported as mean ± standard deviation (n=5). 

Means followed by the same letter were not significantly different at the p ≤ 0.05 

level (Tukey’s HSD), see Table 2 for details of ANOVA results and Figure S1 for 

the effects of the interaction on the total water added. 

Figure 5-4 Shoot dry weights (SDW) of Tatsoi plants grown in (a) treatments irrespective of 

soil moisture and (b) soil moisture irrespective of treatment. Shoot fresh weights 

(SFW) of Tatsoi plants grown in (c) treatments irrespective of soil moisture and 

(d) soil moisture irrespective of treatment. Values are reported as mean ± standard 

deviation (n=5). Means followed by the same letter were not significantly different 

at the p ≤ 0.05 level (Tukey’s HSD), see Table 2 for details of ANOVA results, 

Figure S2 for the effects of the interaction on both SDW and SFW. 

Figure 5-5 CO2 emissions of (a) soil treated with different treatments of superabsorbent 

irrespective of soil moisture and (b) CO2 emissions of soil moisture irrespective 

of treatment. Results are reported as mean ± standard deviation (n=5). Means 

followed by the same letter were not significantly different at the p ≤ 0.05 level 

(Tukey’s HSD), see Table 2 for details of ANOVA results. 
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Chapter 6 

Figure 6-1 Pictures of the experimental setup at the time of harvesting, (a) spinach treatments 

in CL soils at 20% of soil moisture and (b) spinach treatments in SD soils at 20% 

of soil moisture. (c) Schematisation of the plant growth experiment. 1: The 

schematisation of the experiment aims to highlight the number of treatments only. 

All plants were arranged in a completely randomised design. 2: Here, treatments 

are referred to as control (C0), nanocellulose at 0.5 wt% (N0.5) and commercial 

superabsorbent at 0.5 wt% (S0.5). 

Figure 6-2 Effect of superabsorbent application on soil properties. (a) soil water retention (b) 

bulk density and (c) soil porosity. Results are reported as mean ± standard 

deviation (n=3). Bars with the same letters, lower case (for SD soil) and upper case 

(for CL soil), were not significantly different at the p ≤ 0.05 level (Tukey’s HSD). 

1: Here, treatments are referred to as control (C0), nanocellulose at 0.5 wt% (N0.5) 

and commercial superabsorbent at 0.5 wt% (S0.5). 

Figure 6-3 Total water required in the growth of spinach under the different treatments and 

levels of soil moisture. For CL soil (in red): (a) water loss in treatments irrespective 

of soil moisture and (b) water loss in soil moisture irrespective of treatment. For 

SD soil (in blue): (c) water loss in treatments irrespective of soil moisture and (d) 

soil moisture irrespective of treatment. Values are reported as mean ± standard 

deviation (n=5). Means followed by the same letter were not significantly different 

at the p ≤ 0.05 level (Tukey’s HSD), see Table 2 for details of ANOVA results. 

Figure 6-4 Water productivity (WP) of spinach grown in two soil types. For the CL soil (in 

red): (a) WP in treatments irrespective of soil moisture and (b) soil moisture 

irrespective of treatment. For the SD soil (in blue): (c) WP in treatments 
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irrespective of soil moisture and (d) WP in soil moisture irrespective of treatment. 

Values are reported as mean ± standard deviation (n=5). Means followed by the 

same letter were not significantly different at the p ≤ 0.05 level (Tukey’s HSD), 

see Table 2 for details of ANOVA results. 

Figure 6-5 Shoot dry weight (SDW) of spinach grown in two soil types. For the CL soil (in 

red), (a) SDW under different levels of soil moisture and treatments, (b) SDW in 

treatments irrespective of soil moisture, and (c) SDW in soil moisture irrespective 

of treatment. For the SD soil (in blue), (d) SDW under different levels of soil 

moisture and treatments, (e) SDW in treatments irrespective of soil moisture and 

(f) SDW soil moisture irrespective of treatment. Values are reported as mean ± 

standard deviation (n=5). For each plot, means followed by the same letter were 

not significantly different at the p ≤ 0.05 level (Tukey’s HSD). Figure a and d 

highlights the difference at the two-way interaction (Treatment X Soil Moisture). 

See Table 2 for details of ANOVA results.  

Figure 6-6 Cumulative CO2 emissions of different soil treatments for: (a) CL soil and (b) SD 

soil. Results are reported as mean ± standard deviation (n=5). The asterisks above 

each data point show the level of significant difference compared to the control, 

C0. Here, * is p ≤ 0.01, and ** shows p ≤ 0.001. 

Figure 6-7 (a) Effect of soil type on the biodegradation of nanocellulose SAP over time. (b) 

Amount of nanocellulose superabsorbent remained at the end of the plant 

experiment for both soils. Results are reported as mean ± standard deviation (n=5). 

Bars followed by the same letter were not significantly different at the p ≤ 0.05 
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level (Tukey’s HSD). The asterisk above day 7 in (b) shows the level of significant 

difference at the p ≤ 0.05. 
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ns = no significant difference, * is p ≤ 0.05, ** represents p ≤ 0.01, and **** is p 

≤ 0.0001. 

Table 6-III Total carbon (%), nitrogen (%) and C:N molar ratio of soil treatments measured 

by elemental analysis. 

 

List of Abbreviations 

(NH4)2SO4 Ammonium sulfate 

3D Three-dimensional 

ANOVA Analysis of variance 

ARC Australian research council 

BEK Bleached eucalyptus kraft  

BTCA 1,2,3,4-butanetetracarboxylic dianhydride  

C Carbon 

C:N Carbon:nitrogen  

C0 Control without fertiliser 

C6 Primary alcohol groups  

CaSO4.½H2O Calcium sulfate hemihydrate  

CEC Cation Exchange Capacity 

CF Control with fertiliser 

CK Control 

CL Clay loam soil 

CMC Carboxylmethylcellulose  

CNC Cellulose nanocrystals 

CNF Cellulose nanofibers  



PREFACE 

 

 

xxvii 
 

CO2 Carbon dioxide  

COO- Carboxylate groups  

CuSO4.5H2O Copper (II) sulfate pentahydrate  

DS Degree of substitution  

DW Deionised water  

ECH Epichlorohydrin  

f Ionic sensitivity  

FID Gc-flame ionization detector  

FT-IR Fourier transform infrared  

GC Gas chromatography 

GC-TCD Gas chromatography – thermal conductivity detector  

GI Germination index  

HCl Hydrochloric acid 

HCNS Elemental analysis  

HEC Hydroxyethylcellulose  

HID  High intensity discharge 

HNO3 Nitric acid  

HPLC High performance liquid chromatography  

HSD Tukey’s honestly significant difference  

ICP-OES Inductively coupled plasma – optical emission spectrometry  

ISO International Organization for Standardization 

K2SO4 Potassium sulfate  

LVR Linear viscoelastic region  

MBA N, N’ methylenebisacrylamide 



PREFACE 

 

 

xxviii 
 

MC Methylcellulose  

MgSO4 Magnesium sulfate anhydrous  

MMt Montmorillonite  

MPS Multipurpose Sampler  

MTG Mean time to germination  

N Nitrogen 

N0.5 Nanocellulose SAP at 0.5 wt%  

N1.0 Nanocellulose SAP at 1.0 wt%  

Na2SO4 Sodium sulfate anhydrous  

NaBr Sodium bromide  

NaClO Sodium hypochlorite  

NaOH Sodium hydroxide  

NFC Nanofibrillar cellulose  

NPK Nitrogen/phosphorus/potassium 

P Phosphorus 

PA Polyacrylate  

PAAm Polyacrylamide  

PALS Processing advance lignocellulosics  

PAM Polyacrylamide  

RCF Relative centrifugal force  

S0.5 Commercial SAP at 0.5 wt%  

SAP Superabsorbent polymers 

SAXS Small angle X-ray scattering  

SD Sandy soil  



PREFACE 

 

 

xxix 
 

SDW Shoot dry weight  

SEM Scanning electron microscopy  

SFW Shoot fresh weight  

SM Soil moisture 

SW Saline  

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl  

TW Tap water  

Weq Swelling properties  

WHC Water holding capacity  

WP Water productivity 

WRV Water retention value  

WUE Water use efficiency 

Zn2+ Zinc 

ZnSOz4.H2O Zinc sulfate monohydrate 

List of Nomenclature 

 

% Percentage 

° Degree 

°C Celsius 

Å Angstrom 

atm Atmosphere 

cm Centimetre 

cmol Centimol 

g Gram 



PREFACE 

 

 

xxx 
 

G' Storage modulus 

G'' Loss modulus 

h Hour 

ha Hectare 

kg Kilogram 

kg Kilogram 

kHz Kilohertz 

L Litre 

M Molar 

m2 Square metre 

m3 Cubic metre 

MPa Megapascal 

mg Milligram 

min Minute 

mL Millilitre 

mm Millimetre 

mmol Millimole 

mV Millivolts 

mV Millivolts 

MW Molecular weight 

nm Nanometre 

ppm Parts per million 

psia Pounds per square inch absolute 

rpm Revolutions per minute 



PREFACE 

 

 

xxxi 
 

s Seconds 

w/v Weight per volume 

wt. Weight 

μg Microgram 

μm Micrometre 

 
  



PREFACE 

 

 

xxxii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK 

 
 



 

 

 

 

 

 

 

 

CHAPTER 1:  

INTRODUCTION AND  

LITERATURE REVIEW 

  



CHAPTER 1 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK 

 

  



CHAPTER 1 

3 

Chapter 1: Introduction and Literature Review 

1.1 Introduction .......................................................................................................................... 4 

1.2 Synthesis of nanocellulose superabsorbents ........................................................................ 7 

1.2.1 Nanocellulose: types and characteristics ....................................................................... 7 

1.2.2 Production of nanocellulose superabsorbent ............................................................... 10 

1.2.2.1 Hydrogel preparation ............................................................................................ 10 

1.2.2.2 Material functionalisation ..................................................................................... 12 

1.2.2.3 Removal of water .................................................................................................. 14 

1.3 Superabsorbent properties for agriculture .......................................................................... 15 

1.3.1 Swelling ....................................................................................................................... 15 

1.3.2 Phytotoxicity ............................................................................................................... 18 

1.3.3 Biodegradability .......................................................................................................... 18 

1.4 Agricultural applications of nanocellulose ........................................................................ 20 

1.4.1 Water retention agent .................................................................................................. 20 

1.4.2 Carrier for agrochemicals ............................................................................................ 23 

1.5 Perspectives........................................................................................................................ 25 

1.6 Gaps in knowledge ............................................................................................................. 26 

1.7 Research Hypothesis .......................................................................................................... 28 

1.8 Research Objectives ........................................................................................................... 28 

1.9 Thesis outline ..................................................................................................................... 29 

1.10 References ........................................................................................................................ 33 

 

  



CHAPTER 1 

4 

1.1 Introduction 

It is estimated that global demand for food will require a doubling in food production by 2050 

[1]. To meet this demand in a sustainable and environmentally benign way is a major challenge 

for the agricultural industry, especially because irrigated agriculture consumes about 70% of 

the water available for human use worldwide [2, 3]. Decreasing availability of water, drought 

and climate change significantly threaten the world’s agricultural development in the coming 

years. According to Müller C. [4], agricultural yields are expected to decline by between 2 – 

15% over the next 30 years due to the impact of climate change. Hence, new strategies are 

needed to optimise the efficient use of the water resources and ensure the long-term 

sustainability of the agricultural industry. 

One possible water conservation strategy is the use of superabsorbent polymers (SAP). These 

are three-dimensional (3D) networks of hydrophilic polymers capable of absorbing water or 

fluids at hundreds of times their own weight and remain stable [5-9]. Superabsorbents have 

been increasingly used in many applications such as biomedical [10], food and beverages [11], 

personal care and hygiene products [12].  

In the agricultural and horticultural industries, SAPs provide an option to prolong water 

availability in soils, semi-arid and arid lands and during droughts, hence allowing the plants to 

survive longer under water stress [13]. Superabsorbents can also increase water retention in 

different types of soil, significantly reducing irrigation water consumption [14]. As soil 

conditioners and nutrient carriers, SAPs can improve soil properties [15]; thereby, increasing 

crop yield [16].   

Despite all these significant benefits, a major drawback that has limited the use of 

superabsorbents in agriculture is that most are fossil-fuel derived polymers such as polyacrylate 

(PA) or polyacrylamide (PAM) [13]. Once exposed to the environment and in soils, these 
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PA/PAM SAPs degrade very slowly into by-products, raising serious environmental concerns 

including the formation of microplastic particles which are not only harmful to the soil biota 

but also to human health [17-19]. Acrylamide-based polymers are known to have carcinogenic 

effects [20] and the continuous use of polyacrylate can induce occupational asthma [21]. These 

environmental and health issues have led to the development of SAPs derived from natural 

polymers such as cellulose [22], chitin [8], starch [23], guar gum [15], and pectin [24] among 

others[5]. Most of these SAP, however, are still produced as composites with PAM or PA, 

reducing their biodegradability and sustainability. 

Cellulose, the most abundant biopolymer worldwide, emerges as a compelling renewable, 

biodegradable, non-toxic and sustainable alternative for producing SAPs. Cellulose is made of 

D-glucose units linked by β-1,4 glycosidic bonds. These bonds determine the structure of this 

polymer, linear or branched, and dictate its hydrogen bonding ability driven by the presence of 

an enormous amount of hydroxyl groups [10]. Hydrogen bonds enables the cellulose chains to 

assemble with each other in a hierarchical structure which dictates their mechanical properties 

and insolubility in water [25]. The H-bonds also confer cellulose its hydrophilicity and water 

absorption. 

Nanocellulose refers to the cellulose fibres that possess dimensions in the nanometre scale [26]. 

Nanocellulose-based superabsorbents have been the focus of significant research in the last two 

decades [27-29]. Its outstanding mechanical properties, low-density, renewability and tunable 

porous structure make nanocellulose a promising material for a range of applications including 

reinforced nanocomposites [30], food packaging [31], coatings, printed electronics[26] and 

biomedical [10].  

Nevertheless, few studies have reported the use of nanocellulose based-SAP in agriculture [32, 

33]. Indeed, some reviews are available that highlights the use and nanocellulose SAPs in 
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agriculture [7, 27, 34]. However, these only describe the potential application of nanocellulose, 

considering other polysaccharides as examples. The effect of nanocellulose SAP in different 

agricultural soils is less well understood. No studies have engineered the physical and chemical 

structure of this material to suit specific agricultural needs nor related those to the effect on soil 

water retention properties and plant growth. This information is crucial for any use in 

agriculture. The effect of nanocellulose SAP on the soil microbial community and how this 

affects the nanocellulose longevity needs to be determined. 

To address this, the main aim of this doctoral research is to engineer the physical and chemical 

properties of nanocellulose superabsorbents for agricultural soils and evaluate their 

performance in several soil types.  

The first part of this thesis introduces nanocellulose superabsorbents as promising materials for 

agriculture. An effective and cheaper method for the production of nanocellulose SAP is 

presented, while improving the structure and physical properties of this material, making it 

more feasible and attractive for agriculture. The effect of different cations on the rheological 

and swelling properties of nanocellulose SAP is determined. This is of particular importance 

in agriculture as many cations exist in the soil environment which will impact the performance 

of the superabsorbent.  

Following optimisation of the structure and properties, the second part of this thesis measured 

the effect of varying application rates of nanocellulose SAP on water retention in different 

soils. The ionic sensitivity of these SAP to the soil solution was measured and related to their 

swelling performance after several cycles. A pot trial in a greenhouse was carried out to 

quantify the impact that different application rates of nanocellulose superabsorbent have on the 

growth of tatsoi under different levels of soil moisture to simulate water stress. Based on the 

best application rate of nanocellulose, a follow up plant study was conducted to systematically 
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compare the performance of nanocellulose with that of a commercially available 

polyacrylamide-based superabsorbent. The effect of these SAP on the growth of spinach in 

different soils was then determined. Finally, the effect of varying application rates of 

nanocellulose SAP and fertiliser addition on the superabsorbent biodegradation was quantified 

and related to the soil microbial activity.  

This research demonstrates how nanocellulose superabsorbents can be engineered to improve 

the agricultural soils properties. It also reports the future studies and functionalisation needed 

to further maximise the potential of these materials for agriculture.  

1.2 Synthesis of nanocellulose superabsorbents 

1.2.1 Nanocellulose: types and characteristics 

Cellulose exists in plants, fungi, bacteria and certain animals. In plants, cellulose is arranged 

in an organised hierarchical structure together with other biopolymers such as hemicellulose 

and lignin. Individual cellulose molecules are brought together to form larger units, also known 

as elementary fibrils or microfibrils which have a diameter in the range of 3 – 4 nm and length 

in the range of 1 – 5 µm. These elementary fibrils are packed into larger units, called 

macrofibrils, which are then assembled into the known cellulose fibres, with diameter ranging 

from 20 – 50 µm (Figure 1). Two types of nanocellulose can be obtained from lignocellulosic 

sources: cellulose nanofibers (CNF) and cellulose nanocrystals (CNC). Each with varying 

dimensions and properties (Figure 2).  
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Figure 1. Hierarchical breakdown of wood biomass to cellulose molecules and their 

characteristic length and structure. Reproduced from [35] with permission from the Royal 

Society of Chemistry. 

Cellulose nanofibers can be extracted from lignocellulosic by mechanical, chemical or 

enzymatic treatments [27, 36]. CNF sustain a large aspect ratio (length/diameter) which is due 

to the diameter in the range of 5-100 nm and length in the range of 1-5 micrometres [37]. CNC 

refers to the crystalline part extracted from the cellulose microfibers by acid, enzymatic, 

oxidation and ionic liquid treatments [38]. The CNC are rod like nanostructures with diameter 

in the range of 5-20 nm and lengths between 100-300 nm [39]. The nanoscale dimensions and 

surface properties of the CNF and CNC allows engineering advanced functional cellulosic 

materials in the forms of suspension, powder, gels [40], thin films [41, 42] and foam [43]. 
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Figure 2. Scanning electron microscopy (SEM) images of (a) CNF and (b) CNC. (a) 

Published by the Royal Society of Chemistry [44] and (b) Reprinted with permission from 

[45]. Copyright 2005 American Chemical Society.  

Another advantage of the nanoscale cellulose is the possibility to functional their surface with 

different chemical groups via physical and chemical interactions [46, 47]. The presence of a 

larger quantity of -OH groups at the nanocellulose fibre surfaces allows functionalising 

nanocellulose surface with carboxyl (COO-) [47], azide [48] and phenolic esters [49]. The 

surface functional groups allow functionality of the nanocellulose for specific applications. For 

example, the presence of carboxyl groups in CNF is responsible for the high swelling ability 

in the production of superabsorbents [43]. Though high performant superabsorbents have been 

prepared using both CNC and CNF, only CNF allows the production of superabsorbents 

composed entirely from this material. This is because its unique ability to create fibre 

entanglement, which allows the formation of the highly porous structure needed to 

accommodate large quantities of water [43]. On the contrary, CNC does not form fibre 

entanglement nor a porous structure; and for this reason, CNC is mostly used as filler, to 

reinforce the structure in the production of SAP composites [50].   

2 µm 500 nm 

A B 
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1.2.2 Production of nanocellulose superabsorbent 

The production of superabsorbent from CNF involves two main steps: first, the preparation of 

a hydrogel from a dispersion; and second, removal of water [26]. The functionalisation and 

chemical modification of the SAP structure is mainly performed in the first step, whereas the 

drying technique dictates the physical structure of the SAP [51] Figure 3). 

 

Figure 3. From nanocellulose to nanocellulose superabsorbents. Nanocellulose processing 

image.   

1.2.2.1 Hydrogel preparation 

Hydrogels are three-dimensional networks (3D) composed of hydrophilic polymers that are 

physically or chemically cross-linked (Figure 4). The production of CNF-based hydrogels often 

requires the modification of the cellulose surface to achieve suspensions with good colloidal 

stability.  Modification of CNF can be accomplished through chemical (carboxylation [35, 43], 

carboxymethylation [52], quaternization [53], etc.) or enzymatic treatments [54]. Of those, the 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation of cellulose, developed by 

Isogai, et al. [35], is considered one of the most effective methods to produce nanocellulose 

fibres. This process selectively converts a significant proportion of the CNF surface primary 

alcohol groups (C6) of the cellulose glucose units into carboxylate groups (COO-). This surface 

modification provides the necessary electrostatic repulsion which allows the liberation of fibres 

upon high shear forces or homogenisation [35], forming nanocellulose hydrogels (Figure 4).  
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Figure 4. (a) Reaction mechanism of TEMPO-mediated oxidation of cellulose to produce 

CNF. Reproduced from [35] with permission from the Royal Society of Chemistry. (b) 

Nanocellulose hydrogel produced through TEMPO-mediated oxidation.  
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1.2.2.2 Material functionalisation 

1.2.2.2.1 Physical cross-linking 

Different to most gels that form a solution in water, nanocellulose hydrogels form a colloidal 

suspension [55]. This is because nanocellulose is insoluble in water, while in the constitutive 

polymer in other gels is water soluble. Because of this, nanocellulose hydrogels network is due 

to an entanglement of fibres that are physically cross-linked by electrostatic forces. This 

structure can be further strengthened by chemical cross-linking [8]. In physical cross-linking, 

interacting forces such as hydrogen bonding, electrostatic, van der Waals, chain entanglements, 

ionic and hydrophobic interactions dominate [56]. Physically crosslinked hydrogels and SAPs 

are not as stable as chemically crosslinked SAPs. The crosslinking strength will depend on pH, 

temperature and concentration [57]. 

Physical cross-linking via hydrogen bonding between carboxyl groups can be achieved by 

freeze-thaw technique. The polymer concentration is increased upon crystallisation of bulk 

solvent which forces polymer chains to align and form a joined network held by hydrogen 

bonding and covalent interaction. An increase in the freeze-thaw cycle affects the hydrogel 

properties, for example, reduction of porosity [58]. High strength PVA hydrogels were made 

by this technique where the strength came from intra and intermolecular hydrogen bonds [59]. 

Metal ions can be nucleated and grow on CNF network where there is metal -carboxylate strong 

interactions between polymer chains and metal ions [60, 61]. Multivalent metal ions (Ca2+, 

Zn2+, Al3+ and Ce3+) were introduced to CNF reinforced polyacrylamide to form ionic 

interaction with CNF [62]. The ion valency also influences the degree of fibrillation of CNF 

hydrogels upon mechanical treatment, changing the rheological and swelling properties of the 

hydrogel and SAP [63]. This is relevant to evaluate the SAP application in soils, considering 

that the soil water environment contains a mixture of soluble salts.  
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Fibre entangled cellulose hydrogels and SAP can be formed by introducing electrostatic 

repulsive COO- groups on cellulose fibre followed by mechanical treatment at a certain fibre 

concentration [64]. These hydrogels showed dependency on salt and pH as polymer matrix 

bound water is affected by salt concentration and system pH [65]. In another study, biohybrid 

hydrogels made from carboxylated cellulose and chitin nanofiber were formed due to the 

electrostatic repulsion and hydrogen bonding between the negatively charged nanofiber and 

positively charged chitin nanofiber [66]. 

Crosslinking by hydrophobic interaction can be formed by introducing hydrophobic groups on 

cellulose chains. Methyl cellulose can be incorporated as hydrophobic end, showing a thermo 

responsive behaviour due to hydrophobic interaction of methyl groups and hydroxyl groups 

upon heating above a specific temperature [67, 68]. The thermal sensitivity is dependent on the 

relative content of the hydrophilic and hydrophobic groups in the polymer [69]. 

1.2.2.2.2 Chemical cross-linking  

In chemical crosslinking, the polymer chains are linked together by covalent bonding. This 

type of cross-linking is stronger and permanent. Chemical cross-linking can be achieved by 

the following ways: (i) using an introduced crosslinker, (ii) reaction between functional 

groups of polymers, (iii) using photosensitive agents, or, (iv) initiation with enzymes [70, 71]. 

Different crosslinkers have been studied to produce strong hydrogels with tunable properties. 

These include: epichlorohydrin (ECH) [72], N, N’ methylenebisacrylamide (MBA) [72-74], 

malic acid, fumaric acid, glutaraldehyde, citric acid, glycidyl ether epoxy compounds  [75] and 

many others [76, 77]. Among them, citric acid is gaining in popularity due to its nontoxicity, 

inexpensive, hydrophilic and safe nature [58]. Demitri, et al. [78] produced citric acid 

crosslinked cellulose hydrogel for agricultural use. There are some recent reports on dual 

crosslinking combining both ionic and covalent bonding. This type of crosslinking is used to 
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prepare SAP with very high mechanical strength, controlled degradation rate, self-healing and 

antibacterial properties [79, 80]. 

Photosensitive groups can be incorporated into a polymer enabling crosslinking under 

irradiation such as UV light. Chitosan with an incorporated photosensitive azide group formed 

hydrogel after exposure to UV light. UV radiated crosslinking can also be formed between two 

polymer chains by introducing photosensitive agents on both polymers. This crosslinked 

material can release encapsulated growth hormone in a control rate [81].  

The preparation method dictates the hydrogel structure and final properties such as mechanical 

and rheological properties, absorption capacity, porosity and many others. Therefore, 

understanding the intended application and requirements is vital in choosing the most 

appropriate method for preparing nanocellulose hydrogels. 

1.2.2.3 Removal of water 

A major challenge in the production of nanocellulose superabsorbents is to maintain their 

porous structure during water removal after the hydrogel has been formed. Different drying 

processes have been evaluated to remove water from hydrogels including supercritical drying, 

freeze-drying and oven-drying. In supercritical drying preceded by solvent exchange, the 

pressure and temperature of the hydrogel are raised above the critical point of the solvent 

employed. Carbon dioxide (CO2) is the commonly used solvent due to its easily accessible 

critical temperature and pressure of 31.3 °C and 7.4 MPa, respectively. Because of this, the 

surface tension and the capillary pressure disappears, conserving the mesoporous structure of 

the nanocellulose. Though this technique is considered to be the perfect method of drying gels, 

supercritical drying is not widely used, mostly because of the complexity of the process and 

the expensive equipment required [26, 82]. 
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Freeze-drying is the preferred method for preparation of  highly-porous, ultralow-density solid 

gels with high water absorption at laboratory scale [26, 82]. Freezing followed by ice 

sublimation avoids the formation of capillary pressure, conserving the structure of the original 

dispersion. However, freeze-drying is difficult to perform on a large-scale and is expensive 

[82]. It also produces ultra-low density superabsorbents [43], which can be difficult to apply in 

the field.  

Oven-drying has also been studied to prepare SAP [83]. This process is generally less desirable 

as cellulosic fibres tend to aggregate during oven-drying, referred to as hornification [84]. 

Aggregation of fibres closes the pores of the material, decreasing its absorption capacity, and 

surface area [85]. However, fibre agglomeration can be minimised if low temperatures are 

employed. Beaumont, et al. [85] showed that cellulose-based gels oven-dried at 60 °C had 

better colloidal stability and higher water retention than freeze-dried gels. This was due to the 

low process temperatures and hydrogel additives, such as carboxylmethylcellulose (CMC) that 

reduced the hornification effect. Introducing high-density anionic charges such as carboxylate 

groups or preparing hydrogels at high pH can also prevent fibre agglomeration by electrostatic 

stabilisation [29, 86].  

1.3 Superabsorbent properties for agriculture  

1.3.1 Swelling  

One of the most important properties of nanocellulose-based superabsorbents for agriculture is 

their high swelling ability. This will determine the capacity of the SAP to effectively hold and 

release water and nutrients to the soil environment. The swelling of this material is attributed 

to the high concentration of carboxylate (COO-) groups enabling hydrogen bonding with water 

molecules. The swelling mechanism is governed by the nature of and mobility of ions between 

the interior of the superabsorbent and the exterior solution, also known as counter-ion entropy, 
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resulting in a differential in osmotic pressure [87]. The fibre surface charge, also measured as 

the degree of substitution (DS), also plays an important role in the swelling ability as it dictates 

the number of participating carboxylate groups able to bind with water [43, 47]. The absorption 

performance and the swelling rate can be engineered by changing the drying method, process 

variables and the nature of cations incorporated to balance the surface charge [43, 51, 63]. 

Mendoza, et al. [43] found that the absorption capacity of freeze-dried nanocellulose SAP can 

be manipulated by the amount of nanocellulose fibres. Superabsorbents with higher amounts 

of fibres (1 wt% compared to 0.3 – 0.5wt%) absorbed less water due to a narrower pore 

distribution which limited the availability of carboxylate groups.  

The ionic strength and the pH of the external solution can also influence the swelling behaviour 

of the superabsorbent [27, 88]. Both elements are of particular importance for agricultural 

applications because of the numerous amounts of natural exchangeable cations present in the 

soil and the variability in soil pH. In general, increasing the concentration of salt results in a 

decrease in swelling [88-90]. This is attributed to the charge screening effect of the carboxylate 

group that decreases the electrostatic repulsion forces [88]. This leads to a decrease in the 

osmotic pressure difference, resulting in a decrease in swelling [29]. A decrease in repulsive 

forces is also observed under acidic conditions, where the low pH enables the protonation of 

carboxylate groups, resulting in charge neutrality [90]. The ion valency also has an effect on 

the swelling performance [63]. Spagnol, et al. [91] studied the effect of the ion valency on the 

swelling of a superabsorbent composite made of CNF and chitosan-graft-poly(acrylic acid). 

They reported a decrease in the SAP swelling with increasing ion valency in the order of 

monovalent > divalent > trivalent. This is because the higher the cation charges, the higher the 

degree of cross-linking. Multivalent ions can not only form additional inter- and intramolecular 

complexes with the carboxylate groups in the SAP, but are also able to neutralise several 

charges inside the polymer network, resulting in a decrease in swelling (Figure 5). 
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Figure 5. (a) Effect of pH on the swelling properties (Weq) of chitosan-graft-poly(acrylic acid) 

and chitosan-graft-poly(acrylic acid)/cellulose nanofibrils hydrogel composite reinforced with 

cellulose nanofibrils. (b) Weq of chitosan-graft-poly(acrylic acid) and chitosan-graft-

poly(acrylic acid)/cellulose nanofibrils hydrogel composites in aqueous solutions with 

different salts (conc. equal to 0.15 mg L−1). Both images are from [91]. 1The salt sensitivity 

factor, f, determines the ionic sensitivity of the SAP to the salt solution, and is calculated as: 

𝑓 = 1 −
𝑊𝑠𝑎𝑙𝑖𝑛𝑒

𝑊𝑤𝑎𝑡𝑒𝑟
. Here, Wsaline is the swelling of the SAP in saline and Wwater is that in water. 

The chemical composition of the cellulose-based SAP greatly influences the swelling capacity 

of these polymers. As previously discussed, the swelling is due to the presence of hydrophilic 

groups such as COO- in the superabsorbent network. Increasing the amount of available 

hydrophilic groups results in an increase in swelling. This can be achieved, for example, by 

grafting the cellulose units onto polyacrylamides or polyacrylates. Suo, et al. [92] reported that 

the swelling of CMC-based SAP increased from about 100 to 900 g water/g SAP when acrylic 

acid and acrylamide monomers were introduced. The extent of cross-linking also affects the 

swelling as it dictates the number of available hydrophilic groups participating in hydrogen 

bonding with water [22].   

A B 
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1.3.2 Phytotoxicity 

The absence of phytotoxicity is the first requirement of superabsorbents to allow their safe 

application involving plants. Early stage seedling growth and seed germination bioassays are 

generally used for determining toxicity effects in plants. Studies have evaluated the levels of 

phytotoxicity of nanocellulosic materials with positive results. Zhang, et al. [33] reported that 

nanocellulose-based hydrogels could be beneficial for seed germination and plant growth. 

These hydrogels also exhibited antifungal activity during the breeding and growth of sesame 

seeds (Figure 6). Barajas-Ledesma, et al. [51] conducted a germination experiment of radish 

and cress seeds grown nanocellulose SAP. Both, the germination index and mean time to 

germination of both species treated with SAP was similar to the control. Similar germination 

studies have been conducted in other cellulose-based SAP such as CMC and 

hydroxyethylcellulose (HEC), all showing positive effects [93].  

 

Figure 6. (a) Sesame seeds grown on the surface of a cellulose nanofiber hydrogel after 7 days. 

(b) Mechanism of seed germination and seedling growth. Both images reprinted with 

permission [33]. Copyright 2017. American Chemical Society. 

1.3.3 Biodegradability 

The low biodegradability of fossil-fuel derived superabsorbents has hindered their use in the 

agricultural field. From this perspective, cellulose is a natural polymer composed of glucose 

a) b) 
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molecules, and the easily accessible carbon (C) is a source of food for microorganisms. Studies 

suggest that cellulose, as it is, can be fully degraded over a period of between 16 – 30 days [94, 

95]. The biodegradability of cellulose-based materials such as films has also been studied 

through several techniques. Vikman, et al. [96] investigated the degradation of nanofibrillar 

cellulose (NFC) films under controlled composting conditions. These films were completely 

degraded after 3 weeks of composting. In a different protocol, Kono and Fujita [97] tested the 

degradability of cellulose SAP cross-linked with 1,2,3,4-butanetetracarboxylic dianhydride 

(BTCA) by enzymatic degradation. The rate of biodegradation was dependent on the 

concentration of BTCA, where around 95% of the superabsorbent with low molar feed ratios 

of BTCA (around 0.5) remained after 7 days of exposure compared to 11% when this molar 

feed ratio was increased to 7.5 BTCA. For TEMPO-oxidised nanocellulose, Homma, et al. [98] 

reported that the degradation rate is also affected by the type of counter-ion present in the 

cellulose fibres and films. After treatment with crude cellulase, the authors found that the 

counter-ion degradation behaviour follows the order of Na+ ≈ NH4
+ ≈ K+ ≈ Cs+ ≫ Ca2+ > H+ 

> Cu2+. A similar trend was observed using soil burial tests (Figure 7). The biodegradation of 

cellulose is also influenced by the soil type and environmental conditions (temperature and 

moisture) [94, 95, 99].   
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Figure 7. Morphological changes and recovery ratios of TEMPO-oxidised nanocellulose 

films after soil burial for 0–30 days. Reprinted with permission from Springer. Copyright 

(2013) [98]. 

1.4 Agricultural applications of nanocellulose 

1.4.1 Water retention agent 

One of the most common applications of superabsorbents is as a water retention agent. The 

addition of cellulose-based superabsorbents to soils has improved soil physical properties such 

as bulk density, porosity, soil permeability, water retention or water holding capacity, among 

others [100-102]. Each of these indirectly affect plant growth. An increase in soil porosity leads 
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to an enhancement in the rate of seedling emergence and seed germination, root growth and 

density, and soil compaction, reducing soil erosion. Most importantly, it also improves soil 

aeration, increasing oxygen availability in the root zone of plants and soil microbial activity 

[15, 23, 93, 102, 103].  

SAPs act as ‘water reservoirs’ in the soil, increasing soil water retention for long periods of 

time (Figure 8a). This effect was observed by Sawut, et al. [104] who reported that even small 

additions of 0.8 g of cellulose-based SAP per 200 g of soil could hold soil moisture for up to 

30 days compared to 11 days in soil without SAP. Increasing soil water retention not only 

reduces irrigation water consumption, but also prolongs plant survival for longer periods, 

delaying the onset of permanent wilting point. Demitri, et al. [22] noticed a controlled and 

sustained release of water in superabsorbents developed from carboxymethylcellulose (CMC) 

cross-linked with hydroxyethylcellulose (HEC) which delayed the onset of the permanent 

wilting point in tomato plants. These plants withered after 22 days of the last irrigation 

compared to 9 days for plants in soil that did not have SAP. The magnitude of these effects 

depends, among other factors such as SAP longevity and soil type, on the application rate of 

the superabsorbent to soils, where, in general, between 0.2 – 2wt% of SAP is applied [105].   

Plants are highly sensitive to water stress. Water stress or drought is one of the most important 

limiting factors that affect plant growth and crop productivity, especially when this occurs at 

critical growth-stages of a cultivated crop [106]. The addition of cellulose-based SAP to arid 

or sandy soils (soils with low water retention) has ameliorated the impact of drought in the 

growth of plants [107]. Montesano, et al. [93] evaluated the effect of water stress in the growth 

of cucumber plants in sandy soils amended with and without a superabsorbent based on CMC 

crosslinked with HEC. The authors reported an increase in the fresh weight of plants grown in 

treatments amended with a superabsorbent which almost doubled compared to that in 

treatments without SAP. A similar response was observed in other plant parameters such as 
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leaf fresh biomass, fruit fresh weight and stem fresh weight, among others. In the same way, 

studies have found that cellulose-based SAP can also promote seed germination in soils with 

limited water availability. Sánchez - Orozco, et al. [108] noticed that the seedling growth of 

beans and pumpkins increased with increasing concentrations of a cellulose-based SAP derived 

from used disposable diapers.  

One of the limitations of cellulose-based SAP is that the absorption capacity decreases with 

increasing number of hydration and dehydration cycles [109] (Figure 8b). This is attributed to 

a blockage of the active negative sites (e.g. carboxylate groups) of the polymer by the metal 

ions in the soil that are released in water [110]. This effect was reported by Spagnol, et al. 

[111], who found an increase formation in crosslinking density by physical interaction of 

multivalent cations (e.g. Mg2+ and Ca2+) with the carboxylate groups of poly(acrylamide-co-

acrylate)-based superabsorbents and cellulose nanowhiskers. SAP biodegradation also 

contributes to the decrease in the swelling performance [93]. 

 

Figure 8. (a) Effect of nanocellulose superabsorbent concentrations on soil water retention 

with time. (b) SAP absorption in deionised water (DW), tap water (TW) and saline (SW) after 

the 1st, 2nd and 3rd cycle. Reprinted with permission from MDPI. Copyright (2012) [110]. 
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1.4.2 Carrier for agrochemicals 

With a rapidly increasing world population, modern agriculture largely depends on the use of 

agrochemicals, such as fertilisers, herbicides and fungicides, to supply the growing demand for 

food.  However, studies suggest that only a small proportion of the fertiliser applied to soils is 

actually used by the plants [112, 113]. Also, agrochemical addition is often inconsistent with 

the plant needs, as 40  to 70% of the total applied fertiliser is lost to the environment, leading 

to a loss of valuable resources; more importantly, this loss pollutes the environment [113]. For 

these reasons, slow release fertilisers have been developed to control the release of nutrients to 

the soil according to plant demand.  

Controlled nutrient release using superabsorbent polymers has been widely studied. The 

application of cellulose-based SAP to deliver agrochemicals to soils has increased plant growth 

and crop yield compared to those amended with fertilisers only [114-116]. Essawy, et al. [117] 

reported that nutrients loaded into SAPs fabricated by grafting polymerisation of acrylic acid 

and chitosan with cellulose, can take up to 60 days to be released in soils compared to only 5 

days without SAP. In general, two approaches are used to load the superabsorbent with 

agrochemicals. The first one is in-situ loading of additives during the preparation of the 

superabsorbent. This is performed either by chemically cross-linking the SAP with the mineral 

nutrient, entrapping and bonding the fertiliser molecules onto the structure of the 

superabsorbent [118, 119], or by forming the superabsorbent in a solution containing the 

desired nutrient dissolved in [115]. Because the in-situ loading involves chemical modification 

of the SAP, which permanently bonds the mineral nutrients to the SAP structure, only a fraction 

of the loaded agrochemical is actually released, leaving the rest attached to the polymer 

network and not accessible to plants [120] (Figure 9a).  

The second approach involves loading the superabsorbent with agrochemicals after 

superabsorbent preparation. This is accomplished by swelling the superabsorbent in a solution 
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containing the active substance, which diffuses into the SAP structure to absorb or be 

entrapped. The loading efficiency is related to the osmotic pressure differential and the 

physical-chemical affinity of the agrochemical for the SAP polymer chains  [5] (Figure 9b). In 

the post-loading approach, the agrochemical loading efficiency correlates directly to their 

concentration in the loading solution, where the efficiency increases with increasing 

concentration in the loading solution. This is because of an increase in nutrient diffusion from 

the outside to the inside of the polymer network [121, 122]. The release of agrochemicals to 

the soil medium increases with increasing loading efficiency. This is because higher loading 

leads to a faster movement of solvent molecules penetrating the surface of the superabsorbent 

[121-123]. In general, the in-situ approach is preferred over the post-loading because of the 

greater loading efficiency [5].  

 

Figure 9. (a) Release behaviour of phosphorus in soil from the control (CK) and cellulose 

modified superabsorbents. Reprinted with permission from Wiley. Copyright (2020) [120]. (b) 

Release behaviours of nitrogen, potassium and phosphorus in soil from a cellulose-based 

superabsorbent polymer formed via graft polymerization of acrylic acid from chitosan-

cellulose hybrid. Reprinted with permission from Elsevier. Copyright (2016) [117]. 

Coating agrochemicals with layers of superabsorbent and other materials such as 

ethylcellulose, carboxymethylcellulose or hydroxyethylcellulose is another physical method 

A B 
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that was developed for slow-release fertilisers [124-126]. This technique also provides a long 

release time of approximately 30 days. However, the water retention capability of these 

materials is lower than that of the other methods and concerns arise regarding the low 

degradation of the coating materials which remain in the soil after the agrochemicals are 

released, thus creating an environmental issue[127].    

The use of clays in the formulation of superabsorbents has improved the SAP ability to load 

agrochemicals, as well as delayed their release to the medium [128]. Bortolin, et al. [129] 

synthetised superabsorbents from methylcellulose (MC), polyacrylamide (PAAm) and 

montmorillonite (MMt). SAPs were loaded with different formulations of urea and the 

controlled release was determined. The presence of MMt favoured the slow release kinetics of 

urea, releasing larger amounts of nutrient at a rate about 200 times slower than pure urea. These 

results agree with those of Bauli, et al. [32], also reporting that adding different types of clays 

as “fillers” reduced the release rate of NPK fertiliser encapsulated in CMC-based 

superabsorbents.  

1.5 Perspectives 

Nanocellulose superabsorbents are a new class of biodegradable, renewable, engineerable and 

non-toxic materials. Simple methods such as TEMPO-mediated oxidation followed by 

mechanical treatment can be used to modify the nanocellulose chemical structure, producing 

superabsorbents with exceptional swelling properties. Their structure can be further 

functionalised via physical or chemical cross-linking to enhance their properties for agricultural 

use. Nanocellulose SAP has the ideal attributes for many applications in agriculture including 

as water retention agents and carrier for agrochemicals. Though several studies have reported 

the remarkable properties of nanocellulose, literature has been restricted to other applications 

of this material such as food packaging or biomedical uses. Few studies have reported the use 
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of nanocellulose in agriculture. These have targeted its synthesis and functionalisation, 

demonstrating only with germination studies that these materials could have application in 

agriculture. Therefore, more research efforts are required to measure and fully understand the 

effect of nanocellulose in agricultural soils and plant growth. The potential areas to explore 

have been described in this review and will be summarised as gaps in knowledge in the next 

section.  

1.6 Gaps in knowledge  

First and foremost, the literature review identified that few studies have reported the use of 

nanocellulose, specifically cellulose nanofibres (CNF), in agriculture. Previous research has 

focussed on the early stage development and synthesis of CNF-based superabsorbents, using 

germination and seedling growth studies to demonstrate that these materials could have 

application in agriculture. This creates several significant gaps in knowledge that have limited 

the application of nanocellulose superabsorbents in agriculture. The most critical to address in 

specific are:  

1. Most studies have focussed on the chemical functionalisation of the superabsorbent 

by cross-linking in the preparation of the nanocellulose hydrogel, employing freeze-

drying as the most common method to produce superabsorbents. This type of drying 

significantly reduces the application range of these materials for agriculture, as 

freeze-drying is not only expensive, but also difficult to perform on a large-scale. 

The effect of different drying techniques on the structure and swelling properties of 

SAP has not been established.  

2. The chemical structure of nanocellulose SAP also needs to be optimised for specific 

applications in agriculture. Superabsorbents produced through TEMPO-mediated 

oxidation result in sodium cations remaining in the cellulose fibre network. Adding 
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sodium to soils can have adverse effects on the soil structure and water availability, 

imposing a stress on growing crops and decreasing crop yield. The exchange of the 

cation with others can tailor this material to function not only as a superabsorbent, 

but also as a nutrient carrier for plants. In addition, understanding the effect that 

different cations have on the superabsorbent properties is essential for applications 

in agricultural soils, where there is a natural mixture of exchangeable cations 

including Ca2+, Mg2+, K+ and Na+. 

3. The effect of nanocellulose SAPs in agricultural soils has not been evaluated in any 

detail. Their potential to increase water retention in different soils, its performance 

after several cycles and how this performance is affected by the longevity and 

properties of the nanocellulose remains poorly understood. There is a limited 

understanding of the relationship between soil microbial activity and nanocellulose 

biodegradation. 

4. Most importantly, the impact of nanocellulose-based SAP on plant growth is not 

well understood, especially under water stress conditions and different levels of 

plant nutrient availability (i.e. fertilisers). Though some studies have analysed the 

effect of cellulose-based SAP on the growth of plants, these have been limited to 

the use of other cellulose derivatives such as carboxymethylcellulose and 

hydroxyethyl cellulose. A few studies have considered superabsorbents containing 

nanocellulose; however, these have measured other variables such as phytotoxicity 

or controlled release of nutrients. None have quantified the effects of varying 

applications of nanocellulose SAP on soil properties, plant growth and associated 

nutrient availability through fertilisers.   

5. Lastly, there is limited literature about the performance and longevity of 

nanocellulose SAP depending on the soil type. Soils vary greatly in texture (the 
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proportions of sand, silt and clay), physical properties (porosity, bulk density), 

cation exchange capacity (available Ca2+, K+, Mg2+), organic matter, microbial 

activity, total soluble salts and pH.  Each of these conditions will significantly 

impact the absorption capacity and biodegradation of nanocellulose SAP. To 

maximise the SAP benefits for agriculture, it is essential to measure the effect of 

the superabsorbent in different soils and plants. An understanding of the impact of 

the microbial community, which changes from soil to soil, is very important as the 

effectiveness of the superabsorbent will be limited by the rate of biodegradation.  

1.7 Research Hypothesis  

The research hypothesis that this thesis aims to validate is that nanocellulose superabsorbents 

produced specifically from the TEMPO-mediated oxidation of cellulose can act as an effective 

water retention agent in agricultural soils. 

1.8 Research Objectives 

The research hypothesis is tested by addressing several key aims. The first aim is to optimise 

the production of nanocellulose superabsorbents for application as soil conditioners in 

agriculture, and to understand how the nanocellulose structure can be engineered to suit the 

agricultural needs. The second aim is to evaluate the effect of nanocellulose SAP in two 

different soils and with selected plants; and how this affects superabsorbent biodegradation.  

The specific research objectives are:  

1. To engineer and fully characterise novel and cheaper nanocellulose superabsorbents 

by controlling the drying rate, given by different drying techniques, with 

appropriate structure and properties for applications in soil 

2. To determine the effect of the nanocellulose cation on the gelation mechanism and 

superabsorbent structure and properties by exchanging the current Na+ ions present 
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in the nanocellulose network for different ions such as Mg2+, NH4
+ and K+. These 

will provide a basis in understanding how the superabsorbent behaves in the soil 

environment where a range of such cations exist.    

3. To demonstrate the suitability of nanocellulose SAPs to increase soil water 

retention; and to measure the biodegradation of these SAPs and determine their 

relationship to the microbial activity.  

4. To quantify the effect of different applications of nanocellulose SAP on plants 

grown under water stress, and to compare the performance of this superabsorbent 

with one commercially available based on polyacrylamide.  

5. To measure the effect of different soils on water retention of the nanocellulose and 

how this affects plant growth, and to determine the relationship between soil 

microbial activity and nanocellulose biodegradation.  

1.9 Thesis outline 

This thesis consists of five experimental chapters of which three are already published and two 

are under review. All published manuscripts have been reformatted to keep a consistent 

presentation whilst the content remains unchanged. The original publications and/or submitted 

manuscripts are provided in Appendix II.  

A chapter-by-chapter outline based on the research objectives, the conducted research studies 

and the outcomes are presented: 

• Chapter 1: Introduction and literature review.  

This chapter provides a revision of our understanding and the current state-of-art 

knowledge of nanocellulose superabsorbents for applications in agriculture. The available 

technologies to produce nanocellulose SAPs, and how the properties of nanocellulose can 

be engineered for a range of applications are discussed. Special consideration is given for 
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applications as a soil conditioner and carrier for agrochemicals. This chapter also outlines 

the existing opportunities for research and future development.  

• Chapter 2. Engineering nanocellulose superabsorbents by controlling the drying 

rate 

BARAJAS-LEDESMA, R.; PATTI, A.; WONG, V.; RAGHUWANSHI, V.; GARNIER, G. 

Engineering nanocellulose superabsorbents by controlling the drying rate. Colloids and 

Surfaces A: Physicochemical and Engineering Aspects, vol. 600, p. 124943, doi: 

https://doi.org/10.1016/j.colsurfa.2020.124943 

Impact factor: 3.990 

The first step in developing the nanocellulose SAP was to determine the relationship 

between the absorption performance and the SAP structure, and how this structure can be 

engineered by controlling the rate of water removal (drying rate). In chapter 2, TEMPO-

oxidised nanocellulose superabsorbents were prepared using five different drying 

techniques, each providing a distinct drying rate: freeze-drying, vacuum-drying, air-drying 

and oven-drying at high and low temperatures. The absorption capacity in deionised water 

was measured as a function of time and the swelling kinetics was determined, modelled 

and related to the superabsorbent structure. The morphology and physical structure of the 

superabsorbents were fully characterised using mercury porosimetry, scanning electron 

microscopy (SEM) and small angle X-ray scattering (SAXS). By conducting phytotoxicity 

tests, this chapter introduced the potential of nanocellulose SAP for agriculture.   

• Chapter 3. Effect of the counter-ion on nanocellulose hydrogels and their 

superabsorbent structure and properties 

BARAJAS-LEDESMA, R.; HOSSAIN, L.; WONG, V.; PATTI, A.; GARNIER, G. Effect of 

the counter-ion on nanocellulose hydrogels and their superabsorbent structure and 

properties. Journal of Colloid and Interface Science, vol. 599, pp. 140-148, doi: 

https://doi.org/10.1016/j.jcis.2021.04.065. 

Impact factor: 7.489 

Once the physical structure of the nanocellulose SAP had been optimised, the next step was 

to measure the effect of different cations on the swelling performance of nanocellulose. 

https://doi.org/10.1016/j.colsurfa.2020.124943
https://doi.org/10.1016/j.jcis.2021.04.065
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This is critical for applications in soil and other possible applications in agricultural sectors, 

considering the numerous amount of natural exchangeable cations that exist in the soil that 

will affect the SAP absorption capacity. Therefore, Chapter 3 determined the effect of 

multivalent ions on the gel stability and the superabsorbent properties. Four ions of valency 

one: H+, K+, Na+ and NH4
+, and three ions of valency two, Ca2+, Mg2+ and Zn2+ were tested. 

The rheology of the hydrogels was characterised and related to the ion valency. The 

superabsorption performance was measured and linked to the pore properties and the 

degree of fibrillation, controlled by the type of ion.  

• Chapter 4. Carboxylated nanocellulose superabsorbent: biodegradation and soil 

water retention properties  

BARAJAS-LEDESMA, R.; WONG, V.; LITTLE, K.; PATTI, A.; GARNIER, G. Carboxylated 

nanocellulose superabsorbent: biodegradation and soil water retention properties. 

(Manuscript under review by Journal of Applied Polymer Science).  

Impact factor: 2.52 

Following the optimisation of the physical properties and chemical structure of 

nanocellulose SAPs, the next step was to evaluate their performance in soil, as one of the 

main applications in agriculture is as soil conditioners. Chapter 4 outlines a series of 

incubation experiments of soil treated with three nanocellulose superabsorbents: freeze-

dried and oven-dried at low and high temperatures. The absorption capacity in soil water 

extracts was measured as a function of time and compared to that in deionised water. The 

sensitivity of each type of superabsorbent to ionic strength was determined. Soil treatments 

were amended with different application rates of these superabsorbents and the effects on 

water retention capacity, microbial community and superabsorbent biodegradation were 

quantified.  
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• Chapter 5. Effect of Nanocellulose-based superabsorbent on the early stage 

growth of tatsoi (Brassica rapa narinosa) 

BARAJAS-LEDESMA, R.; WONG, V.; LITTLE, K.; GARNIER, G; PATTI, A. Effect of 

Nanocellulose-based superabsorbent on the early stage growth of tatsoi (Manuscript under 

review by ACS Agricultural Science and Technology).  

Impact factor: not available 

Throughout the soil incubation studies, it was determined that nanocellulose SAP at 50 °C 

was the performing material to retain soil water and retained soil water for longer periods 

of time. Thus, this superabsorbent was considered to move forward into the next stage: the 

interaction of nanocellulose SAP with plants. Chapter 5 evaluates the effect of different 

application rates of superabsorbent on the growth of tatsoi under water stress conditions. A 

pot trial was carried out in a greenhouse where plants were grown in soils treated with two 

application rates of nanocellulose SAP: 0.5 and 1wt.% and at three levels of soil moisture: 

70, 40 and 20%. Total irrigation and water use efficiency were measured. Plant biomass 

was quantified and correlated to the SAP application rate. All of these parameters were 

used to determine the best application rate of nanocellulose SAP to soils. Results were 

compared to soils amended with a commercially available anionic polyacrylamide-based 

SAP.  

• Chapter 6. Biodegradation of nanocellulose superabsorbent and its effect on the 

growth of spinach 

BARAJAS-LEDESMA, R.; WONG, V.; LITTLE, K.; GARNIER, G; PATTI, A. 

Biodegradation of nanocellulose superabsorbent and its effect on the growth of spinach. 

(Manuscript under review by ACS Agricultural Science and Technology).  

Impact factor: not available  

Thus far, each investigation has contributed to a process level of understanding of the use 

of nanocellulose SAP for agricultural soils and how these superabsorbents can be 

engineered to maximise their feasibility and performance. These findings, however, are 
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dependent on the soil type. Soils vary greatly in texture (the proportions of sand, silt and 

clay), physical properties (porosity, bulk density), and chemical properties such as cation 

exchange capacity (available Ca2+, K+, Mg2+), and pHEach of these conditions will 

significantly impact the performance of the superabsorbent. Therefore, Chapter 6 describes 

the performance of nanocellulose SAP in two different soils: a sandy soil and a clay loam 

soil. A pot trial whereby spinach plants are grown in these two soils treated with one 

application rate of nanocellulose was conducted. The effect of the superabsorbent on the 

soil porosity, soil water retention, water usage and plant yield was measured. The 

nanocellulose biodegradation was quantified and related to the soil type and soil microbial 

activity.  

• Chapter 7. Conclusion and perspectives 

Chapter 7 brings together the overall findings and new knowledge that has been developed 

through this thesis. The perspective for the application of nanocellulose superabsorbents in 

soils and other agricultural sectors and the future research that needs to be conducted is 

addressed.  
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PREFACE 

The use of superabsorbent polymers (SAPs) in soils provides an option to improve the efficient 

use of water and land resources. They can increase water retention in different types of soil, 

significantly reducing irrigation water consumption. Most of the commercially available 

superabsorbents are fossil-fuel derived polymers which are non-biodegradable and non-

renewable. The production of SAPs from the TEMPO-mediated oxidation of cellulose appears 

as an ideal alternative to replace these synthetic polymers. However, the preparation of these 

cellulosic SAP is commonly performed through freeze-drying. This technique is difficult to 

perform on a large-scale, energy intensive and expensive, which can limit their application in 

agriculture. Therefore, this chapter explores the preparation of nanocellulose SAP by 

controlling the drying rate. We raise the hypothesis that the drying rate controls the structure 

of the resulting SAP. Five drying methods, each providing a different rate of water removal, 

were evaluated. The swelling capacity at equilibrium and the swelling kinetics were measured 

and related to the SAP structure. The morphology and pore properties of the SAPs were 

characterised by scanning electron microscopy, mercury porosimetry and small angle X-ray 

scattering (SAXS). Phytotoxicity tests on plants were conducted to confirm the safe application 

of nanocellulose SAPs to soils.   

This published chapter in Colloids and Surfaces A: Physicochemical and Engineering Aspects 

addresses the first objective of this research, which is to engineer and characterise novel and 

cost-effective nanocellulose superabsorbents by controlling the drying rate, producing SAPs 

with appropriate structure and properties for applications in agricultural soils. 
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2.1 Abstract 

Hypothesis: The absorption performance and structure of superabsorbents prepared from 

carboxylated nanocellulose are strongly influenced by the rate of water removal. Their structure 

can be engineered by changing the drying profile.  

Experiments: TEMPO-oxidised nanocellulose superabsorbents were prepared using five 

different drying techniques, each providing a distinct drying rate. The absorption capacity of 

deionised water was measured as a function of time and the swelling kinetics was determined, 

modelled and related to the superabsorbent structure. Superabsorbent phytotoxicity was 

assessed through seed emergence tests. 

Findings: The absorption performance of nanocellulose superabsorbents is controlled by the 

drying rate. In most cases, drying the nanocellulose superabsorbents via evaporation increases 

the absorption capacity compared to freeze-dried superabsorbents. The best nanocellulose 

superabsorbent was the air-dried, absorbing around 230 g water/g dry fibre. The high 

absorption capacity of the evaporative dried superabsorbents is due to their high pore area 

which increases the interaction between water molecules and fibres. This leads to a stronger 

physical entrapment of water by capillary forces. Seed germination studies demonstrated that 
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oven-dried 50 °C superabsorbent increased germination by 40%. Carboxylated nanocellulose 

superabsorbents emerge as high-performance renewable materials which can be used 

extensively in many applications, including agriculture.  

2.2 Keywords  

Superabsorbent, TEMPO-mediated oxidation, Nanocellulose, Structure, Drying, 

Hornification. 

2.3 Graphical Abstract 

 

 

 

2.4 Introduction 

Superabsorbent polymers (SAP) are physically or chemically cross-linked three-dimensional 

(3D) networks made of linear or branched hydrophilic polymers [1]. Superabsorbents can 

absorb water or fluids at hundreds of times their own weight and remain stable in the swollen 

state [1-4]. The degree of swelling is governed by the mobility of ions from the external 

solution toward the centre of the superabsorbent, also known as counter-ion entropy, that 

induces an osmotic pressure difference across the material network [5, 6]. Superabsorbents 

have been used in many applications including biomedicine [5], food and beverages [7], 

Nanocellulose 
hydrogel 

Freeze-drying 

Evaporative drying 

Drying rate 

Agricultural use 
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personal care and hygiene products [8], soil remediation and wastewater treatment [9] and 

agriculture [10]. In agriculture, SAPs can ameliorate water availability for plants [11]. These 

serve as soil conditioners, improving soil properties, reducing the irrigation water consumption, 

and increasing crop yield [12, 13], and as nutrient carriers [13].  

Most of the commercial superabsorbents are synthetic polymers, such as polyacrylamides or 

polyacrylates, which are non-biodegradable. Growing environmental and health concerns have 

driven the search for natural polymer-based superabsorbents, especially those made of 

polysaccharides, such as pectin or starch [14, 15]. Cellulose, the most abundant polymer on 

earth, has also been investigated as a superabsorbent for its availability, low-cost, 

biodegradability, renewability and hydrophilicity [13, 16]. Different synthesis methods have 

been examined to produce cellulose-based SAPs [17]. Among those, the TEMPO-mediation 

oxidation of cellulose is currently considered one of the most effective method for producing 

nanocellulose-based SAPs [6, 18]. This process oxidises the easily accessible primary alcohol 

groups (C6) to the carboxylic acid, resulting in a cellulose structure containing some C6 

carbons in carboxylic acid form. This surface modification provides the necessary electrostatic 

repulsion which assists the liberation of nanocellulose fibres upon mechanical fibrillation [19]. 

The resulting material, also referred to as hydrogel, consists of an entanglement of cellulose 

nanofibres (CNF) creating a porous material of high specific surface area [20]. Several reviews 

on nanocellulose-based material properties, production, structure and applications have been 

published [17, 20-22].  

A major challenge in the production of nanocellulose-based superabsorbents is to retain their 

porous structure during water removal. Different drying rates determined by the drying process 

have been examined to remove the water from hydrogels. Among these, freeze-drying has 

become the preferred method for laboratory preparation of highly-porous, ultralow-density 

solid SAPs of high water retention and swelling properties [20, 23]. These are commonly 
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known as foams or aerogels [20]. Freezing followed by sublimation of ice prevents the 

formation of capillary pressure, preserving the structure of the original dispersion. However, 

freeze-drying is not only expensive and difficult to perform on a large-scale [23], but it also 

produces low-density and fast swelling superabsorbents of limited application range. In 

agriculture, for example, a fast swelling rate can selectively sequester water, thus restricting 

the water availability to plants creating an undesirable water stress environment [12]. Thus, 

controlling the superabsorbent properties and structure which affect plant growth is crucial.  

Evaporative-drying presents an alternative. Buchtová and Budtova [24] reported the 

evaporative vacuum drying at room temperature of microcrystalline cellulose dissolved in ionic 

liquids to produce superabsorbents with a volume shrinkage of 90%, very low porosity and no 

measurable surface area because of the collapse of the porous polymer network. Beaumont et 

al. [25] compared the effects of oven-drying at 60 °C and freeze-drying on the redispersibility 

of TENCEL gel, composed of spherical cellulose II microparticles. Surprisingly, they showed 

that oven-dried superabsorbents had better colloidal stability and higher water retention than 

freeze-dried superabsorbents. This was attributed to the low process temperatures and 

superabsorbent additives, such as carboxylmethylcellulose, that minimises the agglomeration 

and collapse of fibres during drying, referred to as hornification [26]. Hornification can also be 

minimised by preparing superabsorbents at high pH or by carboxylation of cellulose; a high-

density of dissociated carboxylic groups prevents agglomeration by electrostatic stabilization 

[22, 27].  

While several studies have investigated the synthesis and formulation of cellulose-based 

superabsorbents, none have systematically compared the effect of drying rate and profile on 

the structure of nanocellulose superabsorbents nor related those to the absorption capacity and 

swelling kinetics. The effect of the drying rate on the morphology, porosity and pore properties 
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of nanocellulose superabsorbent and how these properties influence plant growth remains 

poorly understood.  

In this study, carboxylated nanocellulose hydrogels were prepared via TEMPO oxidation 

followed by high-pressure homogenization. This standard carboxylated nanocellulose hydrogel 

was dried to create a superabsorbent using five different drying techniques, each providing a 

different drying rate: freeze-drying, air-drying, vacuum drying, and oven-drying at high and 

low temperature. The superabsorbent absorption properties and the swelling kinetics were 

quantified. It is our objective to analyse the effect that drying rate has on the resulting 

superabsorbent structure and to establish the relationship with its absorption characteristics. Of 

special interest is the production of cellulose-based superabsorbents as hydro-retentor materials 

for applications in sustainable agriculture.  

2.5 Materials and Methods 

2.5.1 Materials  

Bleached Eucalyptus Kraft (BEK) pulp, containing around 90% w/w of moisture was provided 

by Australian Paper, Maryvale, Australia. The chemical composition of the BEK pulp is 

displayed in Table I [28]. 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and sodium bromide 

(NaBr) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) and hydrochloric acid 

(HCl) were diluted for solutions as required and purchased from Merck and ACL Laboratories, 

respectively. 12% w/v sodium hypochlorite (NaClO) was purchased from Thermo Fisher 

Scientific and used as received. Radish (Raphanus Sativus) and cress (Lepidium sativum L.) 

seeds were purchased from Mr. Fothergill’s (South Windsor, Australia). 

Table I. Chemical composition of BEK pulp in dry basis. 

Chemical composition Average content (% ± standard deviation) 

Cellulose 78.7 ± 0.8 
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Hemicellulose 17.7 ± 0.4 

Lignin 3.2 ± 0.1 

Extractives 0.3 ± 0.1  

Ash 0.2 ± 0.1 

 

2.5.2 Superabsorbent preparation 

Nanocellulose superabsorbent was prepared following the TEMPO-mediated oxidation process 

developed by Isogai et al. [19]. Briefly, 25 g (dry weight) of BEK pulp was suspended in 2500 

mL of water containing 0.4 g and 2.5 g of dissolved TEMPO and NaBr, respectively. The 12% 

w/v NaClO was initially adjusted to pH 10 through addition of 36% w/v HCl. The oxidation 

process started by adding 100 mL NaClO (6.6 mmol NaClO/g cellulose) drop-wise to the 

suspension under constant stirring. The pH of the reaction was kept at 10 via addition of 0.5M 

NaOH. The reaction was maintained for 3 h or until no decrease in pH was observed. The 

oxidised fibres were washed with deionised water, recovered by filtration. The TEMPO-

oxidised cellulose had a carboxylate content of 1.4 mmol/g as determined by conductivity 

titration [29]. 

The TEMPO-oxidised cellulose was then dispersed in deionised water to achieve a 

concentration of 0.5% w/v. Fibrillation was accomplished by using a high-pressure 

homogeniser (GEA Niro Soavi Homogeniser Panda) at 1000 bar and two passes.  

After fibrillation, five drying techniques were employed to produce the superabsorbent: freeze-

drying, air-drying, vacuum-drying at 50 °C and oven-drying at 50 °C and 105 °C. Freeze-dried 

nanocellulose superabsorbent was prepared by freezing the nanocellulose samples for at least 

12 h at -80 °C. Once frozen, samples were freeze-dried (Christ Alpha 2-4 LD Plus) for 2 days. 

Air-dried samples were allowed to dry at ambient temperature (approx. 23 °C) until no 



CHAPTER 2 

57 

difference in mass was observed. Vacuum oven-dried nanocellulose samples were prepared by 

drying in a vacuum oven (Thermoline Scientific Vacuum drying oven) at 50 °C until no 

difference in mass was observed. Oven-dried nanocellulose samples were prepared by drying 

in an oven at either 50 °C or 105 °C until no difference in mass was observed.   

2.5.3 Characterisation  

The structural morphology of all superabsorbents was analysed by SEM using a FEI Nova 

NanoSEM and a FEI Magellan 400. Samples were mounted on a metal stub coated with an 

Iridium layer less than 2 nm thick. Micrographs were obtained in high vacuum-mode.  

The pore size distribution, porosity (total and at P=1 atm) and pore surface of all samples were 

determined by mercury porosimetry (Micromeritics Autopore IV). Samples were degassed at 

50 °C for at least 24 h prior to testing. Two replicates per sample were conducted. In all 

measurements, the contact angle at the Hg-sample interface was assumed to be 130 ° and a 

testing pressure range from 0.1 to 60,000 psia was applied. The desired values were obtained 

through the Washburn Equation: 

𝐷 =
−4𝛾𝑐𝑜𝑠𝜃

𝑃
       (1) 

where D is the pore diameter, 𝛾 is the surface tension of mercury, 𝜃 refers to the contact angle 

between the mercury and the pore wall, and P is the applied pressure.  

SAXS measurements were performed at the X-ray facility laboratory, Monash University with 

a Bruker N8 Horizon instrument using a CuKα (λ = 1.54 Å) micro-source. The sample to 

detector distance was 0.6 m which covers the q range between∼0.015 to 0.3 Å−1. The scattered 

photons from the sample were collected on a 2D Vantec-500 detector (pixel size ∼70 μm × 70 

μm). Final scattering curves were obtained by radial averaging of scattering images with the 

Bruker EVA software. 
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2.5.4 Swelling and water retention studies 

The swelling capacity of the superabsorbents prepared was evaluated in deionised water. Both 

swelling capacity and swelling rate were measured. The swelling capacity was determined by 

weighing the samples before and after immersion in deionised water for at least 24 h. The 

swelling capacity was calculated as follows: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦, 𝑄 =
𝑚𝑡−𝑚𝑑

𝑚𝑑
      (2) 

where 𝑚𝑡 is the weight of the swollen superabsorbent at time t and 𝑚𝑑 refers to the weight of 

the dried sample.  

The swelling rate was evaluated by monitoring the weight gain of the samples after immersion 

in water over different periods of time and expressed as Q variations. Results are reported as 

the average and standard deviation of triplicates.  

The water retention value (WRV) of all rehydrated superabsorbents was performed in 

triplicates following ISO 17190-6 [30]. The set up was adapted from Qingzheng Cheng [31]. 

Briefly, superabsorbent samples were immersed in deionised water for at least 48 h prior to 

testing. Each wet sample was placed in a polypropylene mesh placed inside empty 

centrifugation tubes (Figure S1, see APPENDIX I). Centrifugation was carried out 3 minutes 

at a relative centrifugal force (RCF) of 250 G at room temperature. After centrifugation, the 

“wet weight” of the samples was measured. The samples were oven dried at 105 °C until they 

reached constant mass. The WRV was calculated as follows: 

WRV =
mc−md

md
      (3) 

where 𝑚𝑐 is the weight of the wet sample after centrifugation and 𝑚𝑑 refers to the weight of 

the dry sample.  
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2.5.5 Seed germination tests 

The impact of the superabsorbents, freeze-dried and oven-dried at 50 °C, on the germination 

and growth of two plant species was assessed. The species selected were radish and cress.  

Superabsorbent effects on seed germination were evaluated at concentrations of 2, 5, 10 g of 

superabsorbent/L. The application rate was within the recommended range for commercial 

superabsorbents [32]. For each treatment, different amounts of the nanocellulose before drying 

were spread on a filter paper according to the desired concentration. The filter paper was later 

freeze-dried or oven-dried at 50°C, assuring even distribution of the superabsorbent on the 

filter paper. Once dried, the filter paper with the superabsorbent was placed in a 90 mm Petri 

dish and 5 mL of deionised water was poured. After the addition of water, 10 seeds of each 

species were placed on the wetted filter paper. Dishes were placed at room temperature in the 

dark. Four replicates of each treatment and the control (0 g/L – 5 ml of deionised water – dH2O) 

were performed. Seed germination, defined as the seed having a radicle length > 5mm [33], 

was evaluated 12-hourly over a period of 7 days. The mean time to germination (MTG) of each 

plant species was calculated as follows: 

MTG = ∑
n x d

N
       (4) 

where n is the number of seeds that germinated between each time period, d is the incubation 

period in minutes at that point and N is the total number of seeds that germinated in the 

treatment.  

The germination index (GI) was determined for each species over a period of 48 h using the 

germination percentage and the radicle length: 

Germination index (GI%) =
Gs

Gc
 x 

Ls

Lc
 x 100   (5) 
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where Gs and Gc are the number of seeds that germinated in the sample and the control and Ls 

and Lc are the root lengths of the sample and the control, respectively. Germination index was 

measured as a percentage of control.  

The germination studies data was analysed statistically using a One-way ANOVA (analysis of 

variance) to evaluate differences between the means of the different treatments. The Dunn’s 

test was used to determine any significant differences (p < 0.05). ANOVA and Dunn’s analyses 

were performed using SigmaPlot 13 (Sysstat, Chicago, IL).  

2.6 Results 

2.6.1 Swelling behaviour  

The swelling capacity of the five nanocellulose superabsorbents was measured in deionised 

water as a function of time (Figure 1). In general, all superabsorbents show a similar behaviour. 

After an initial absorption rate, swelling levels up to reach a plateau. The time required to reach 

maximum capacity ranged from a couple of hours, for freeze-dried superabsorbent, to 48 h for 

air-dried. Lyophilised superabsorbent is characterised by an initial rapid swelling with most of 

it occurring during the first minutes. These results are consistent with literature on freeze-dried 

nanocellulose superabsorbents [6]. For the samples dried via evaporation, the swelling rate is 

slower. Both freeze-dried and vacuum-dried samples reached their equilibrium capacity within 

5 h whereas oven-dried samples at low and high temperature achieved equilibrium after 24 h. 

The absorption capacity at equilibrium of all samples was measured over time until constant 

mass was observed (Figure 1). The swelling at equilibrium is a function of the drying rate 

employed, dictated by the drying technique. Surprisingly, in all cases- except for oven drying 

at 105 °C-, drying the nanocellulose by evaporation increased its equilibrium capacity over 

freeze-dried superabsorbents. Air-dried superabsorbent has the highest water absorption 

capacity at 230 g water/g dry fibre.  
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Figure 1. Swelling capacity of nanocellulose superabsorbents produced using five different 

drying techniques as a function of time. Results are reported as mean ± standard 

deviation (n=3). 

The rate of water removal as a function of time was measured for all the superabsorbents 

(Figure 2). A direct relationship between the absorption capacity and the drying rate is 

observed. Among evaporative-dried superabsorbents, air-dried superabsorbents show the 

slowest drying followed by oven-dried 50 °C and vacuum-dried 50 °C. Oven-dried 105 °C 

superabsorbents display the fastest drying rate and also the lowest swelling capacity. 
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Figure 2. Rate of water removal as a function of time of nanocellulose superabsorbents 

produced using five different drying techniques. Results are reported as mean ± 

standard deviation (n=3). 

2.6.2 Pore size distribution 

Mercury porosimetry was used to measure the pore size distribution of the nanocellulose 

superabsorbents prepared with the different drying techniques (Figure 3). Pore size distribution 

notably changed depending on the drying mode categorized as freeze-drying or evaporative 

drying. Both freeze-dried superabsorbent and oven-dried 105°C superabsorbent are 

characterised by a macroporous structure as defined by IUPAC [34] with no pores observed at 

a scale lower than 50 nm. Air-dried, oven 50 °C and vacuum-dried superabsorbents all present 

a combination of macro, meso and micropores [34].  
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Figure 3. Pore size distribution of nanocellulose superabsorbents using different drying 

techniques. 

The relationship between bulk density, porosity, pore area (surface area) and volume of the 

superabsorbent is shown as a function of the drying technique in Figure 4. Freeze-drying the 

nanocellulose superabsorbent produced an ultralight and highly porous material having a 

density lower than 170 kg/m3 and a porosity higher than 90%. These characteristics are typical 

of freeze-dried superabsorbents also referred to as nanocellulose foams [20]. In all cases, 

evaporative drying produced porous nanocellulose superabsorbents of porosities ranging from 

50 to 60% and with densities in between 1000 and 1400 kg/m3. Vacuum-drying produced the 

superabsorbent of highest density (1400 kg/m3). Freeze-drying and oven-drying at 105 °C 

produced superabsorbents with the lowest pore area. These values were around 7 times lower 

than with the other drying techniques. Freeze-dried nanocellulose superabsorbents have the 



CHAPTER 2 

64 

highest pore volume: around 20 mL/g. This value is 60 times higher than for superabsorbents 

prepared through evaporative-drying.   

 

 

Figure 4. (a) Porosity and bulk density of the different nanocellulose superabsorbents. (b) Pore 

area and pore volume obtained through mercury porosimetry. Total porosity was 

calculated as: Total porosity = (
𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
) 𝑥 100%. 
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2.6.3 Structure 

To analyse the structural morphology of the superabsorbents, scanning electron microscopy 

(SEM) imaging was performed (Figure 5). The visual appearance of each superabsorbent is 

shown in Figure S2, APPENDIX I. The morphology of the superabsorbents strongly depends 

on the drying rate. At low magnification, freeze-dried superabsorbent is characterised by a 

sheet-like network of fibres with interconnected pores of several microns in diameter. This 

morphology is typical of freeze-dried materials [20, 24]. In contrast, evaporative-dried 

superabsorbents present a transparent film-like structure with no visible pores in the 

micrometre scale. For these, increasing the drying rate or temperature leads to an increase in 

surface roughness. Air-dried superabsorbent structure is homogeneous, soft and glassy whereas 

more micro-irregularities become evident as the temperature increases from 50 °C to 105 °C. 

These are due to fibre hornification which increases with temperature. At high magnification, 

freeze-dried superabsorbent forms a three-dimensional nanoporous network of fibres (Figure 

5a). The fibres are clearly visible and pore diameters range from 50 to 200 nm. The 

superabsorbents prepared by evaporation are characterised by two-dimensional structures of 

compact frames made of elemental entangled fibrils stacked on top of each other. Though the 

presence of small pores is observed in these cases, their diameter is difficult to measure by 

SEM due to the high density of fibres (Figure 5b-d). The number of pores in oven-dried 

superabsorbent at 105 °C (Figure 5e) is much lower than for the other evaporative-dried 

superabsorbents.  
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Figure 5. SEM micrographs of the nanocellulose superabsorbent produced by changing the 

drying rate with the drying methods: (a) freeze-drying, (b) air-dried, (c) oven-dried 

at 50 °C, (d) vacuum oven-dried at 50 °C and (e) oven-dried 105 °C.  

Small angle X-ray scattering (SAXS) was used to evaluate the pore structure and their 

distribution in the superabsorbents (Figure 6). SAXS is a non -destructive method providing 

the morphology and distribution of nanoscale structures over a complete volume [35-37]. The 

pore structure and distribution of the superabsorbents are dependent on the drying technique. 

In SAXS, superabsorbents air-dried, oven-dried 50 °C and vacuum-dried at 50 °C display a 

uniform isotropic scattering. The pore size distribution from the SAXS curves were obtained 
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by modelling the scattering using the sphere shape model [38] combined with the lognormal 

pore distribution. The pore size distribution evaluated from SAXS curve fitting is similar to the 

pore distributions from mercury porosimetry (Figure 6d). However, the SAXS images of 

freeze-dried and oven-dried 105 °C superabsorbents show anisotropic scattering (Figure S3, 

see APPENDIX I) revealing the pores are not distributed in a particular direction. In both cases, 

the pore sizes are large and beyond the size range measurement of lab SAXS setup.  

 

Figure 6. Small angle X-ray scattering (SAXs) images of the nanocellulose superabsorbent 

produced at different drying rates: (a) air-dried, (b) oven-dried at 50 °C, (c) vacuum 

oven-dried at 50 °C. (d) Pore distribution of SAXs and mercury porosimetry tests. 

SAXS images of freeze-dried and oven-dried at 105 °C displayed in Figure S3, 

APPENDIX I.   
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2.6.4 Phytotoxicity assays 

To determine the effect of the superabsorbents in plants, a germination experiment was 

conducted. Radish and cress seeds were treated with three different concentrations of 2 types 

of superabsorbents: freeze-dried and oven-dried 50°C (to represent superabsorbents produced 

via evaporation). The mean time to germination (MTG) of both species is shown in Figure 7. 

There was no significant difference in the MTG between the dH2O control (0 g/L) and the 

freeze-dried or oven-dried 50 °C treatments. The MTG remains constant in all cases.  

 

Figure 7. Mean time to germination of (a) radish and (b) cress in the presence of increasing 

concentrations of two different types of superabsorbents: oven-dried 50 °C and freeze-

dried. Results are reported as mean ± standard deviation (n=4). Pictures of the 

phytotoxicity tests are shown in Figure S4, see APPENDIX I. 

The germination index (GI) was calculated by measuring the radicle length of seeds grown on 

the superabsorbents for 48 h (Figure 8). Radish and cress seeds grown over freeze-dried 

superabsorbent show no significant difference between the dH2O control and any of the freeze-

dried concentrations. Radish seeds treated with oven-dried 50 °C superabsorbent exhibit an 

increase in GI between the concentrations of 2 to 5 g/L (compared with the control). In contrast, 

a slight decrease in GI is observed in cress seeds treated with oven-dried 50 °C superabsorbent 

at the highest concentration of 10 g/L.  
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Figure 8. Germination index of radish species treated with (a) oven-dried 50 °C and (b) freeze-

dried superabsorbents, and cress species treated with (c) oven-dried 50 °C and (d) 

freeze-dried superabsorbents. Statistical difference according to ANOVA analysis 

followed by Dunn's test against 0 g/L concentration as control indicated as *P < 

0.05, N=4. 

2.7 Discussion 

2.7.1 Effect of drying rate on the superabsorbent structure and swelling rate 

Nanocellulose-based superabsorbents of varying structures were prepared by adjusting the 

drying rate controlled with the drying mode. We raised the hypothesis that the rate of water 

removal from the hydrogel network controls its micro and nano structure. The effect of the 

structure on the swelling rate and superabsorption of nanocellulose was measured.  
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The structure of the superabsorbents was analysed by scanning electron microscopy (SEM), 

mercury porosimetry and small angle X-ray scattering (SAXS). While SEM provides three-

dimensional and high-resolution images in a wide range of magnification, this technique is 

limited in quantifying material size and distribution [39]. Mercury porosimetry measures the 

pore size distribution which is used to calculate specific surface area and density. However, Hg 

porosiometry cannot quantify closed pores and measures the largest entrance of pores - not the 

actual inner size [40]. SAXS measurement generates the particle size, distribution and shape 

variations [37]. The combination of these three techniques can define the superabsorbent 

structure both at the micro and nanoscale with certainty. 

Freeze-dried superabsorbent achieved the fastest absorption rate (Figure 1). This is due to their 

high porosity with the network of fibres forming pores ranging from 50 nm to 100 µm. 

Kuśtrowski et al. [41] also reported similar pore properties for fast-swelling polysaccharides 

superabsorbents. High porosity polymeric networks allow fast water diffusion across the 

superabsorbent [13]. In general, superabsorbents dried by evaporation have a much slower 

swelling rate, with around 10% of their capacity reached during the first minutes.  

Two distinct regimes are observed in the swelling kinetics of nanocellulose superabsorbents: 

(i) a steep initial uptake of water and (ii) an asymptotical process towards the equilibrium 

swelling ratio. The effect of the drying technique on the swelling ratio was analysed using 

Schott’s second-order kinetics model [42] 

t

Qt
=

1

KsQ∞
2 +

1

Q∞
t     (6) 

where 𝑄∞ denotes the swelling capacity at equilibrium, 𝐾𝑠 is the swelling rate constant, 𝑄𝑡 is 

the swelling capacity at time t. Because 𝐾𝑖𝑠 = 𝐾𝑠𝑄∞
2 , equation (6) can be expressed as: 

t

Qt
=

1

Kis
+

1

Q∞
t      (7)  
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where 𝐾𝑖𝑠 refers to the initial swelling rate constant [43]. Plots of the average swelling rate 

(t/Qt) versus time (t) are displayed in Figure 9; the expected straight lines are achieved (R2 > 

0.99) in all cases. This confirms that the swelling process follows a second-order kinetic model. 

This model successfully described semicrystalline polymers such as cellulose or gelatin [6, 42, 

43].  

 

Figure 9. Plots of t/Qt vs t according to Eq. 7 based on the experimental data displayed in 

Figure 1.  

The swelling kinetic parameters 𝐾𝑠, 𝐾𝑖𝑠 and 𝑄∞ obtained from the slopes and intercepts of the 

plots (Figure 9) are listed in Table II. The theoretical absorption capacity at equilibrium (Qtheo) 

is similar to the experimental absorption capacity (Qactual) in all cases. Both the initial (𝐾𝑖𝑠) and 

actual (𝐾𝑠) swelling rate constants varied accordingly to the drying technique. 𝐾𝑖𝑠 indicates the 

point where the buffer solution has permeated the entire film but before the polymer network 

stress relaxation retards swelling [42]. For freeze-dried superabsorbents, high porosity and pore 

size speed up the diffusion rate of water molecules into the superabsorbent, resulting in the 

highest 𝐾𝑖𝑠. In contrast, air-dried superabsorbents present a 𝐾𝑖𝑠 around four times lower which 

indicates a slower diffusion rate of water molecules induced by the material porosity.  
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The swelling rate constant, 𝐾𝑠, is related to the solvent diffusion and relaxation process of the 

polymer chains [44]. Low values 𝐾𝑠 suggest a rate controlled by stress relaxation in the 

swelling polymer network- not by diffusion-controlled swelling [42]. Air-dried superabsorbent 

presented the lowest 𝐾𝑠. The water molecules in this material diffused throughout the material 

during the first hour of immersion as shown by their soft and transparent appearance; however, 

equilibrium swelling was reached after 24 h. This indicates that the rate determining process is 

stress relaxation of the fibre network driven by the osmotic swelling pressure [42]. The same 

absorption mechanism applies to oven-dried at 50 °C and vacuum-dried at 50 °C. Freeze-dried 

superabsorbent reached saturation during the first minutes of experiment, suggesting a 

diffusion driven process. For the oven-dried superabsorbents at 105 °C, the swelling rate 

constant is higher than those from the other drying evaporation techniques. This indicates 

superabsorbent reaching saturation at a faster rate due to hornification, result in 

superabsorbents of smaller pores and inaccessible carboxylate groups, lowering swelling 

capacity. 

Table II. Swelling kinetic parameters of the different superabsorbents.  

Type Qactual (g/g) Qtheo (g/g) Kis (g/g min) Ks (10-5, g/g min) 

Oven-dried 105 °C 101.16 102.04 3.11 29.94 

Oven-dried 50 °C 207.25 208.33 4.98 11.48 

Freeze-dried 164.13 163.93 17.93 66.73 

Air-dried 233.93 232.55 4.75 8.78 

Vacuum 50 °C 205.43 204.08 9.95 23.91 

 

2.7.2 Swelling capacity and water retention of nanocellulose superabsorbents 

Two main variables are responsible for the superabsorption behaviour of nanocellulose. The 

first is porosity that enables diffusion of water molecules into the fibre network. This leads to 
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the physical entrapment of water loosely held between nanofibres by capillary forces [6]. The 

second is the superabsorbent surface area. This facilitates the interaction between water and 

carboxylate groups (COO-) and promotes hydrogen bonding. The fibre network expands and 

accommodates the influx of water through the relaxation of fibres driven by osmotic pressure 

[22, 42]. The type of cations in the superabsorbent matrix also impacts water uptake [45]. 

However, only Na+ was investigated in this study. Hence, the effects in the swelling capacity 

are directly related to the drying rate defining the structure of the superabsorbents.  

Surprisingly, in all cases – except those dried at 105 °C – evaporative drying resulted in 

superabsorbents of higher swelling capacity than those produced by sublimation/freeze-drying. 

This contrasts from literature which reports that freeze-dried superabsorbent have higher 

absorption capacity than evaporative-dried superabsorbent [20, 22, 24, 46]. This is because 

hornification in evaporative drying produces capillary pressure-induced stresses, shrinking 

pores and decreasing swelling capacity [24, 25]. However, low-temperature drying and 

introducing anionic charges into the cellulose structure, such as carboxylate groups, minimise 

hornification of cellulose fibres [22, 25, 27]. These techniques were selected in our study.  

Nevertheless, the high absorption capacity of our nanocellulose superabsorbents prepared by 

evaporative drying cannot be solely explained by the minimisation of hornification. Such 

performance is due to a combination of factors, all controlled by the drying rate. First, porosity 

and pore size enable physical entrapment of water into the superabsorbent network. This 

property is accentuated in freeze-dried superabsorbent having a porosity of >90%, which partly 

explains its absorption capacity [6]. The high absorption capacity of evaporative-dried 

superabsorbents is attributed largely to their high pore area higher than 45 m2/g (Figure 10). 

This increases the number of accessible COO- groups participating in hydrogen bonding with 

water compared to freeze-dried superabsorbents, increasing the interaction of water adsorbed 



CHAPTER 2 

74 

onto the polymer chains and swelling of the fibre network [47]. This, coupled with the pore 

size, lead to a stronger physical entrapment of water in between nanofibres by capillary forces.  

These characteristics of evaporative-dried superabsorbents are given by rate of water removal. 

A relationship between this rate and the absorption capacity is observed. For these 

superabsorbents, Figures 1 and 2 show that the slower the drying rate, the higher the absorption 

capacity achieved. This is because slow rates lead to a more uniform arrangement of fibres, 

producing superabsorbents with macro, meso and micropores which results in high absorption 

capacity.  

These hypotheses are also supported by the water retention values (WRV) shown in Figure 10. 

A relationship between the pore area and the WRV is observed. Evaporative dried 

superabsorbents – except for those oven-dried at 105 °C – exhibit high pore area and high-

water retention properties, while freeze-dried superabsorbent shows low pore area and low 

WRV. This is attributed to the large pore size which promotes the release of water molecules 

from the superabsorbent matrix.  

 

Figure 10. Relationship between the drying technique, the swelling capacity, pore area and 

water retention value of nanocellulose superabsorbent. 
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2.7.3 Importance of nanocellulose superabsorbent structure in agriculture 

Seed germination is one of the most important phases in the life cycle of a plant and is highly 

dependent on the existing environment [48]. Seed germination bioassays and early stage 

seedling growth studies are commonly used for determining toxicity effects in plants. In the 

development of novel materials as growing media, the absence of phytotoxicity is the first 

requirement [11]. In this study, seed germination and early stage seedling growth tests of radish 

and cress were conducted on two materials: freeze-dried and oven-dried 50 °C. The freeze-

dried superabsorbent was chosen because of its difference in morphology compared to 

evaporative-dried superabsorbents, while oven-dried 50°C was selected to represent 

superabsorbents dried via evaporation – the best condition for industrial scale production. 

Results show that any of the superabsorbents used in this study influenced the mean time to 

germination of either radish or cress seeds compared to the control (deionized water – dH2O). 

This indicates that if seeds were to be grown in soil with nanocellulose superabsorbent, the 

time to emergence is unlikely to be affected, and hence its application in agriculture is safe for 

plants. 

Moreover, radish seeds treated with oven-dried 50 °C exhibit an increase in the germination 

index by 30 – 40%. Such results are not observed in seeds treated with freeze-dried 

superabsorbent. This increase is attributed to the swelling kinetics of evaporative-dried 

superabsorbent being slower than freeze-dried superabsorbent, which increases the water 

availability at the early stage of seed germination. These positive effects confirm the results 

reported on superabsorbents improving seedling growth, regulating plants available water and 

reducing the detrimental effects produced by water stress [11, 49].  
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2.8 Conclusion 

A series of nanocellulose superabsorbents varying in pore properties was characterized in 

structure and swelling behaviour for application as hydro retentor in agriculture. Nanocellulose 

superabsorbents were prepared from TEMPO oxidized cellulose superabsorbents [6]. The 

structure of the nanocellulose superabsorbent was controlled with the drying rate of the 

superabsorbent. This was engineered with the drying process. Five methods, each providing a 

different rate of water removal, were studied. These include: freeze-dried, air-dried, vacuum-

dried at 50 °C, and oven-dried at 50 °C and 105 °C. The effect of drying on the superabsorbent 

structure, swelling capacity, absorption rate, water retention and seed germination was 

analysed.  

The structure of the nanocellulose superabsorbent, measured in terms of porosity, pore volume 

and area, is governed by the drying technique used. This structure directly impacts swelling 

capacity and kinetics. Freeze-dried superabsorbents are characterised by a three-dimensional 

macroporous network of fibres and pores ranging from 50 nm to 100 µm, whereas evaporative-

dried superabsorbents form two-dimensional network of entangled fibrils stacked on top of 

each other. The high porosity and large pore size of freeze-dried superabsorbents are 

responsible for their fastest absorption rate. These superabsorbents exhibit a diffusion-

controlled swelling mechanism. The absorption mechanism of evaporative-dried 

superabsorbents is dictated by stress relaxation of the fibre network. Both mechanisms are 

described by a second-order kinetics model [42]. Air-dried superabsorbents have the highest 

swelling capacity. This is attributed to pore area and strong water bond interaction. 

Superabsorbents oven-dried at 105 °C have the lowest swelling capacity due to fibre 

hornification [25]. 
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Seed germination of radish and cress seeds demonstrates that the nanocellulose-based 

superabsorbents tested in this study are suitable for agricultural use; the SAP performance was 

independent of the drying process. This study identified evaporative drying as the best drying 

technique to produce high capacity superabsorbents. This technique is far easier and cheaper 

than freeze-drying, decreasing production costs of nanocellulose superabsorbents.  
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PREFACE 

The TEMPO-mediated oxidation of cellulose produces a material where a significant number 

of primary hydroxyl groups on the fibre surfaces are oxidised to carboxyl groups. These are 

isolated in the sodium carboxylate form (i.e. COO-Na+). The sodium ion is readily 

exchangeable with other cations. Previous studies have revealed that the swelling performance 

of the SAPs varies depending on the ionic strength of the external solution. However, only 

limited ions such as Mg2+ or Ca2+, and under specific preparation protocols, have been tested. 

Understanding how the superabsorption performance is affected by the type of cation is 

important especially for applications in agricultural soils, where there is a natural mixture of 

exchangeable cations including Zn2+, Mg2+, K+ and Na+. This chapter evaluated the effect of 

different cations on the nanocellulose hydrogel and SAP properties. Four ions of valency one: 

H+, K+, Na+ and NH4
+, and three ions of valency two, Ca2+, Mg2+ and Zn2+ were tested. The 

addition of the desired cations, as well as the amount, was confirmed through Fourier 

Transform Infrared spectroscopy (FT-IR) and Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES). The rheology of the hydrogels was analysed and the pore properties 

of the SAP produced were characterised using mercury porosimetry and scanning electron 

microscopy. The absorption capacity and kinetics were measured and linked to the SAP pore 

properties, which were related to the type of cation. 

This published chapter in the Journal of Colloid and Interface Science addresses the second 

objective, which is to determine the effect of the nanocellulose cation on the gelation 

mechanism and superabsorbent structure and properties by exchanging the current Na+ ions 

present in the oxidised nanocellulose for different ions such as Mg2+, NH4
+ and K+. The 

studies performed in this chapter provided the basis to understand how the superabsorbent 

behaves in the soil environment where a range of such cations exist.  



CHAPTER 3 

86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK 

  



CHAPTER 3 

87 

Chapter 3: Effect of the counter-ion on nanocellulose hydrogels and their superabsorbent 

structure and properties 

3.1 ABSTRACT ....................................................................................................................... 89 

3.2 Keywords ........................................................................................................................... 90 

3.3 Graphical Abstract ........................................................................................................ 90 

3.4 Introduction ........................................................................................................................ 91 

3.5 Materials and Methods ....................................................................................................... 94 

3.5.1  Materials ..................................................................................................................... 94 

3.5.2 Synthesis of carboxylated cellulose ............................................................................ 94 

3.5.3 Ion exchange treatment of carboxylated cellulose ...................................................... 95 

3.5.4  Preparation of nanocellulose hydrogel and superabsorbent ....................................... 95 

3.5.5 Characterisation ........................................................................................................... 95 

3.6 Results ................................................................................................................................ 97 

3.6.1 Ion exchange of carboxyl-group counter-ions ............................................................ 97 

3.6.2 Viscoelastic properties ................................................................................................ 99 

3.6.3 Morphology ............................................................................................................... 101 

3.6.4 Pore size .................................................................................................................... 102 

3.6.5 Swelling ..................................................................................................................... 104 

3.7 Discussion ........................................................................................................................ 106 

3.8 Conclusion ....................................................................................................................... 109 

3.9 Acknowledgement ........................................................................................................... 111 

3.10 References ...................................................................................................................... 111 

 

 

  



CHAPTER 3 

88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK 

  



CHAPTER 3 

89 

Effect of the counter-ion on nanocellulose hydrogels and their 

superabsorbent structure and properties   

 

Ruth Barajas-Ledesmaa, Laila Hossaina, Vanessa N.L. Wongb, Antonio Pattic and Gil 

Garniera* 

 
aBioresource Processing Research Institute of Australia (BioPRIA) and Department of 

Chemical Engineering, Monash University, Clayton, VIC 3800, Australia 
bSchool of Earth, Atmosphere & Environment, Monash University, Clayton, VIC 3800, 

Australia 
cSchool of Chemistry, Monash University, Clayton, VIC 3800, Australia  

 

 

*For correspondence: Gil.Garnier@Monash.edu  

 

 

3.1 Abstract  

Hypothesis: Carboxylated nanocellulose gels and superabsorbents (SAPs) can be engineered 

by ion exchange of TEMPO treated cellulose fibers with different cations prior to shearing, 

thus creating a nanofibrous network ionically cross-linked. The structure and properties of 

these materials are highly influenced by the type of counter-ion used as it controls both the 

degree of fibrillation and crosslinking.  

Experiments: Functionalised nanocellulose SAPs were made using TEMPO-mediated 

oxidation followed by ion-exchange before fibrillation into a hydrogel and freeze-drying. 

Seven different cations were tested: 4 of valency 1 (H, Na, K, NH4), and 3 of valency 2 (Ca, 

Mg, and Zn). The effect of the counter-ion on the gelation mechanism and the superabsorbent 

performance was evaluated. The SAP absorption capacity in deionised water was related to the 

superabsorbent structure and morphology.  

Findings: The gel stability of nanocellulose superabsorbents is governed by the counter-ion 

type and valency. The viscoelastic properties of all nanocellulose hydrogels are controlled by 

its elastic regime, that is storage modulus (G’) > loss modulus (G’’). The type of cation dictates 

mailto:Gil.Garnier@Monash.edu
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the rheology of these gels by altering the fibrillation efficiency due to the extent of ionic cross-

links occurring before and after fibrillation. The driving force for gelation in monovalent gels 

is due to the coupling of nanofibrils by physical interactions, creating an electrostatic 

stabilisation of the ionised COO- groups at high shear forces. Cation – carboxylate interactions 

dominate the gelation in divalent gels by supressing the repulsive charges generated by the 

COO- and also creating interfibril connections via ionic-crosslinks, as confirmed by the zeta 

potentials. The superabsorption performance is dominated by the counter-ion and is in the order 

of: NH4
+ > K+ > Na+ > Mg2+ > Zn2+ > Ca2+. NH4

+-SAPs present the slowest kinetics and the 

highest absorption capacity. Their high pore area, which extends the number of accessible 

carboxyl groups that participate in hydrogen bonding with water, is responsible for this 

behaviour. Nanocellulose SAPs are attractive renewable materials, suited for many 

applications, including as nutrient cation carriers in agriculture.  

3.2 Keywords 

Carboxylated nanocellulose, TEMPO, cation, valency, superabsorbent, gelation, hydrogel, 

foam, aerogel. 

3.3 Graphical Abstract  
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3.4 Introduction 

Hydrogels are characterised by cross-linked networks of hydrophilic polymers that hold large 

amounts of water and remain stable [1-4]. The gelation mechanism is controlled by the density 

and type of cross-linking, physical or chemical. For physically cross-linked hydrogels, gelation 

is due to physical interacting forces such as van der Waals, hydrogen bonding, electrostatic and 

chain entanglements, among others [5]. Chemically cross-linked hydrogels undergo chemical 

reactions that covalently cross-link the polymer network. These hydrogels are typically strong 

and permanent [5]. The formation of ionically-crosslinked hydrogels has been reported when 

metal salts are added to the polymer network, inducing gelation by screening repulsive charges 

[6, 7].  

Hydrogels can be used as superabsorbent polymers (SAPs) by removing the water of the 

network which, for nanocellulose, is often achieved by freeze-drying [8, 9]. The resulting 

material from freeze-drying appears as a foamy-like structure, also referred to as nanocellulose 

foam or aerogel [8, 10]. Their swelling is dictated by the movement of the counter-ions from 

outside to inside the superabsorbent, causing an osmotic pressure difference across the network 

[11]. These materials are found in numerous applications such as hygiene and personal care 

products [12], agriculture [13] and biomedicine [14]. In agriculture, SAPs can act as soil 

conditioners, increasing plant water availability and soil water retention [15, 16], and as slow 

release fertilisers or nutrient carriers [16].  

The majority of the available superabsorbents are fossil fuel derived polymers which degrade 

slowly and raise health and environmental concerns due to the formation of microplastic 

particles that can be harmful to soil biota [17-19]. These environmental issues have driven the 

development of superabsorbents from natural polymers, especially those made of starch [20], 

pectin [21], alginate [22], or cellulose [23, 24]. Among these, cellulose, the most abundant 
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carbohydrate and biopolymer on earth, is often preferred as source material due to its 

biodegradability, availability and hydrophilicity [16, 25]. Cellulose-based SAPs can be 

produced through the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation of 

cellulose followed by (freeze)drying. This process converts the primary alcohol groups of 

cellulose into sodium carboxylate groups [26], and adds the required electrostatic repulsion 

which forms nanocellulose hydrogels upon mechanical fibrillation. Nanocellulose-based SAPs 

are regarded as highly-porous materials with high swelling and water retention properties [8, 

27].  

The sodium ions present in the polymer matrix are not desirable for agricultural related 

applications of nanocellulose superabsorbents. Adding sodium to soils will have an adverse 

effect on soil structure, oxygen and water availability and can impose a stress on growing crops, 

resulting in a decrease of yields or crop failure [28]. The exchange of the counter-ion with 

others can tailor this material not only as a superabsorbent, but also as a nutrient carrier for 

plants. Literature suggests that the cation can significantly influence the properties of cellulose-

based materials. Homma, Fukuzumi, Saito and Isogai [29] found that the biodegradation rate 

of TEMPO-oxidised nanofibril films is greatly influenced by the counter-ion; Na+ is reported 

to have the fastest rate and Cu2+ the lowest. Dong, Snyder, Williams and Andzelm [6] revealed 

that the storage modulus (G’) of cellulose nanofibril hydrogels increases with increasing 

valency of the metal cation and is strongly associated to the binding energy of the COO- groups 

with the nanofibers. Yang, Xu and Han [7] showed that cellulose nanofibers (CNF) covalently 

cross-linked with polyacrylamide (PAM) can be reinforced with multivalent cations to create 

hydrogels of high stiffness and toughness. The addition of these ionic-links between the metal 

cation and CNF improves hardness and elasticity by 600% compared to pristine gels.  

Ionically cross-linked nanocellulose hydrogels can be prepared by subjecting the TEMPO-

oxidised nanocellulose to an aqueous salt solution before or after fibrillation, with most of the 
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studies using the latter. This technique consists on adding the salt solution dropwise to a 

dispersion of TEMPO-oxidised cellulose nanofibers, without stirring, which are left standing 

overnight [6, 7, 30, 31]. This process selectively substitutes the sodium ions present in the 

dispersion with another ion of stronger affinity. However, this technique is not only slow – 

which can sometimes take up to 5 days [30]- but also challenging to scale up, thus limiting the 

application range. 

While several studies investigated the effect that different metal cations have on the gelation 

of nanocellulose-based hydrogels, none have studied the effect of the different cations on the 

viscoelastic properties of nanocellulose hydrogels nor associated those to the superabsorption 

performance. Similarly, while some studies suggested that the addition of salt solution after 

fibrillation results in the formation of heterogenous clumps and the loss of the gel structure 

[32], the effect of the cation on the fibrillation efficiency upon homogenisation is unknown. 

Here, TEMPO-mediated oxidation was used to prepare carboxylated nanocellulose hydrogels. 

The oxidised fibres were subjected to an acid wash with HCl to remove all Na+ cations present, 

followed by fibre re-suspension in different salt solutions, homogenisation and freeze-drying. 

The fibrillation efficiency, hydrogel rheology and SAP structure and swelling properties were 

measured. This study innovates by the technique used to prepare ionically cross-linked SAPs. 

The addition of these cations can not only assist in the transition of the superabsorbent as a 

hydro-retentor material to a nutrient carrier material for applications in sustainable agriculture, 

but can also help in understanding the behaviour of superabsorbent in soils where there is a 

natural mixture of exchangeable cations, including Ca2+, Mg2+ and K+.  
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3.5 Materials and Methods 

3.5.1 Materials  

Bleached Eucalyptus Kraft (BEK) pulp was provided by Australian Paper, Maryvale, Australia 

with a chemical composition of cellulose (78.8% ± 0.8), hemicellulose (17.7% ± 0.4), lignin 

(3.2% ± 0.1), extractives (0.3% ± 0.1) and ash (0.2% ± 0.1)[33]. Sodium hypochlorite (NaClO) 

at 12% w/v was purchased from Thermo Fisher Scientific and used as received. 2,2,6,6-

Tetramethylpiperidine-1-oxyl (TEMPO) and Sodium bromide (NaBr) were purchased from 

Sigma-Aldrich. Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were purchased from 

ACL Laboratories and Merck, respectively, and diluted for solutions as needed. Zinc sulfate 

monohydrate (ZnSOz4.H2O), sodium sulfate anhydrous (Na2SO4), ammonium sulfate 

((NH4)2SO4) and potassium sulfate (K2SO4) were purchased from Sigma-Aldrich. Calcium 

sulfate hemihydrate (CaSO4.½H2O) and Copper (II) sulfate pentahydrate (CuSO4.5H2O) were 

purchased from Westlab. Magnesium sulfate anhydrous (MgSO4) was purchased from Merck. 

70% Nitric acid (HNO3) was purchased from Ajax Finechem.  

3.5.2 Synthesis of carboxylated cellulose  

The oxidation process was based on a previously developed method [26]. In brief, 25 g of BEK 

pulp (dry basis) was dispersed in 2500 mL of water with 2.5 g and 0.4 g of dissolved sodium 

bromide and TEMPO, respectively. Prior to the oxidation process, the sodium hypochlorite at 

12% w/v was adjusted to pH 10 through the addition of hydrochloric acid at 36% w/v. To 

achieve a carboxylate content of 1.4 mmol/g of dry fibre, 100 mL of sodium hypochlorite was 

added drop-wise to the suspension whilst stirring. The pH of the reaction was maintained at 10 

by adding 0.5 M NaOH. The reaction was complete when the change in pH was negligible. 

The oxidised cellulose was washed with deionised water, filtrated and stored refrigerated at 4 

°C until required. The sodium carboxylate content of the TEMPO oxidised cellulose was 1.4 

mmol/g dry fibre and was measured by conductivity titration [34].   
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3.5.3 Ion exchange treatment of carboxylated cellulose  

The ion exchange treatment employed was based on a previously reported method [29]. Briefly, 

1 g of the TEMPO-oxidised fibres, containing sodium carboxylate groups, was suspended in 1 

L of 0.01 M HCl and stirred for 1 h. The oxidised cellulose pulp was later washed with Milli-

Q water and filtrated. The oxidised pulp with protonated carboxyl groups was then re-

suspended in 1 L of salt solution and stirred for 3 h at room temperature. The number of moles 

of salt dissolved in the suspension was fixed to be 10 times as much as the calculated 

carboxylate groups present in the oxidised cellulose. After 3 h, the salt treated cellulose fibres 

were washed with Milli-Q water, filtrated and stored refrigerated at 4 °C until required. The 

following solutions were used for the ion-exchange treatment: hydrochloric acid (HCl), sodium 

sulfate (Na2SO4), zinc sulfate (ZnSO4), potassium sulfate (K2SO4), ammonium sulfate 

((NH4)2SO4), copper (II) sulfate (CuSO4), calcium sulfate (CaSO4), magnesium sulfate 

(MgSO4). Sulfate anion salts were selected to negate the effect of the anion and for its 

suitability for agriculture. 

3.5.4 Preparation of nanocellulose hydrogel and superabsorbent  

To prepare the nanocellulose hydrogel, the TEMPO-oxidised fibres treated with the various 

counter-ions were suspended in Milli-Q water to achieve a concentration of solids of 0.5% w/v 

and fibrillated through high pressure homogenisation (GEA Niro Soavi Homogeniser Panda) 

at 800 bar and two passes. To produce the nanocellulose superabsorbent, the resulting hydrogel 

from homogenisation was stored for at least 12 h at -80°C and freeze-dried for 48 h using a 

Christ Alpha 2-4 LD Plus.  

3.5.5 Characterisation  

Freeze-dried nanocellulose SAP was characterised using a Fourier Transform Infrared (FTIR) 

spectrometer (Agilent Technologies Cary 630 FTIR). 
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The counter-ion content in nanocellulose hydrogels was analysed by either elemental analysis 

(HCNS) using a Perkin Elmer 2400 Series II analyser, for NH4
+ and H+ gels, or by inductively 

coupled plasma – optical emission spectrometry (ICP-OES), for all other ions. For ICP-OES 

analysis, 3 g of nanocellulose hydrogel was placed in crucibles and ashed using a muffle 

furnace, based on a previously reported method [35]. Temperature was ramped to 600 °C over 

3 h and was kept for a further 3 h. The metal residues left in the crucible were dissolved using 

1 mL of 70% HNO3 and diluted with Milli-Q water to achieve a total volume of 15 mL. The 

dissolved metals were then analysed by ICP-OES using a Perkin-Elmer Avio 200. Each sample 

was analysed in triplicate.   

The zeta potential of the nanocellulose hydrogels was measured following the method 

described by Mendoza, Hossain, Browne, Raghuwanshi, Simon and Garnier [36]. Briefly, 1 

mL of each salt treated gel was diluted to a concentration 0.01% and sonicated using an 

ultrasonic homogeniser at 70% amplitude (ON/OFF, 5s) and 19.5 kHz for 2 min. Large 

cellulose fibres were removed by centrifugation for 5 min at 4,400 rpm. The zeta potential was 

measured using a Brookhaven Nanobrook Omni. Each sample was analysed 5 times.   

The viscoelastic properties of nanocellulose hydrogels were evaluated using a rheometer 

(Anton Paar MCR302) at 25 °C. A cone (0.997°) and plate (49.975 mm) geometry was selected 

for Na+, K+ and NH4
+ and a cup and bob for H+, Mg2+, Ca2+ and Zn2+ ions. During the 

measurements, a solvent trap was employed to maintain a constant temperature. The amplitude 

sweep was varied from 0.01 to 100% at a constant frequency of 1 Hz. 

The morphology of the SAPs was observed using scanning electron microscopy (SEM) (FEI 

Magellan 400). Nanocellulose foams were placed on a metal stub and coated with an Iridium 

layer of less than 2 nm thick.  
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The porosity, pore size distribution and pore properties of all SAPs were measured by mercury 

porosimetry (Micromeritics Autopore IV). Samples were degassed at 50 °C for at least 24 h 

prior to testing and analysed in triplicates. A testing pressure ranged from 0.1 to 60,000 psi was 

applied.  

The swelling or absorption capacity of nanocellulose SAPs was quantified in Milli-Q water. 

The swelling rate and absorption were measured by weighing the samples before and after 

immersion in water over different periods of time (1, 5, 15, 30, 60, 90, and 150 minutes) at 

room temperature. The following equation was used to determine the swelling capacity: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦, 𝑄 =
𝑚𝑡−𝑚𝑑

𝑚𝑑
      (5) 

where 𝑚𝑡 refers to the weight of the swollen gel at time t and 𝑚𝑑 is the weight of the dried 

sample.  

3.6 Results 

TEMPO-oxidised BEK pulp, which had a carboxylate content of 1.4 mmol/g dry fibre and was 

washed with acid, was first dispersed into different salt solutions of varying valency and cation 

type and then homogenised under high shear forces, thus forming hydrogels. These hydrogels 

were characterised in chemical structure and ion content. Rheology was used to evaluate the 

cross-linking density and fibrillation efficiency. Hydrogels were then lyophilised and the 

aerogels produced were analysed for morphology, pore size distribution and swelling in water.   

3.6.1 Ion exchange of carboxyl-group counter-ions  

The FT-IR spectra and the zeta potential of the hydrogels prepared with the various counter-

ions is displayed in Figure 1a and b, respectively. The presence of a band at 1720 cm-1 for the 

H+-hydrogel indicates the conversion of the Na+ carboxylate groups from the TEMPO-

mediated oxidation to carboxylic acid groups using the acid treatment (Figure 1a). All samples 
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with monovalent ions (Na+, K+ and NH4
+) and divalent ions (Mg2+, Ca2+ and Zn2+) show a 

sharp peak at 1600 cm-1, distinctive of the C=O stretching groups, which confirms the presence 

of the respective carboxylate counter-ions. Interestingly, the zeta potential of the nanocellulose 

hydrogels decreased with increasing ion valency. Monovalent hydrogels have a zeta potential 

ranging from -80 mV to -74mV; for divalent, it ranges from -50 to -35mV. Ca2+-hydrogels 

have the lowest surface charge of all samples (Figure 1b). The difference among the valencies 

is significant, as previously reported [37]. 

  

Figure 1. (a) FT-IR spectra and (b) zeta potential of TEMPO-oxidised nanocellulose 

pretreated with different counter-ions. The dashed line highlights the absorption 

bands for COO- and COOH groups. Results are reported as mean ± standard 

deviation (n=3). 

The degree of counter-ion exchange from the protonated carboxyl group to other cations was 

evaluated through ICP-OES analysis (Figure 2). NH4
+ ions were determined by HCNS 

analysis, also shown in Figure 2. Except for Zn2+-gels, the measured counter-ion content of all 

ions is similar to that calculated by stoichiometry – 1.4 and 0.7 mmol/g dry fibre for mono and 

divalent cation gels, respectively. This confirms the complete conversion of the protonated 

carboxyl groups to their respective carboxylate salts. Samples with divalent ions formed 
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cationic carboxylate groups with 1:2 (cation-COO-) molar ratio, corresponding to (COO)2-

cation structures ionically cross-linked. The increase in the measured counter-ion content of 

Zn2+-gels, which is higher than the calculated value, can be attributed to an excess of salt 

solution that was not completely removed upon washing.  

 

Figure 2. Counter-ion content of the TEMPO-oxidised nanocellulose sheared after the ion 

exchange treatment. Measurements are determined from ICP-OES and HCNS 

analysis. Results are reported as mean ± standard deviation (n=3). 
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viscoelastic properties of the nanocellulose gels is governed by the elastic regime in all cases, 

noted by a higher G’ than G’’ over the strain range. The storage modulus of the gels decreases 

with increasing ion valency. Monovalent gels, except those with H+ ion, exhibit an elastic 

modulus an order of magnitude higher than all divalent ions providing an indication of fibre 

crosslinking in between the gel matrix [7]. Gel stiffness, described by the G’ values (Figure 

3b), is in the order of NH4
+ >> Na+ > K+ > Mg2+ > Zn2+ > Ca2+ > H+. Similarly, gel relaxation, 

described by G’’ values (Figure 3c), is in the decreasing order of NH4
+ >> Na+ > K+ > Mg2+ > 

Ca2+ ~ Zn2+ > H+. The linear viscoelastic region (LVR) changes for both curves, G’ and G’’, 

depending on the valency and type of counter-ion. Both hydrogels display a similar LVR 

regime that drops at a shear strain of 10%. Finally, the difference between the G’ and the G’’ 

values for monovalent gels is an order of magnitude higher than for divalent gels. This suggests 

that monovalent gels are mostly dominated by the elastic character, whereas divalent and H+ 

gels are dictated by both the elastic and the viscous behaviour in the same proportion.   
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Figure 3. Rheological properties of TEMPO-oxidised nanocellulose sheared with different 

counter-ions: (a) viscosity curves, (b) nanocellulose gel stiffness and (c) relaxation 

represented by the storage modulus (G’) and the loss modulus (G’’), storage (G’) 

and loss (G’’) modulus of (d) monovalent and (e) divalent ions. Results are 

reported as mean ± standard deviation (n=3). 

3.6.3 Morphology 

Nanocellulose-based aerogels were prepared by freeze-drying. SEM imaging was employed to 

analyse the morphology (Figure 4). The internal structure strongly depends on the counter-ion 
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structures, the pore shape, size and fibre arrangement differ. Monovalent ions form SAPs 

characterised by an entanglement of fibres which results in open and porous three-dimensional 

assemblies (Figure 4a-d). Fibres are clearly visible, forming foam structures with pore 

diameters ranging from 10 – 300 nm. In contrast, superabsorbents with divalent ions are 

characterised by a more homogeneous and organised structure. Pores are detected, but the 

cellulose fibres are still connected to each other, not entangled (Figure 4e-g). Pore diameters 

range between 30 – 200 nm.  

 

Figure 4. SEM images of the nanocellulose superabsorbent made from freeze-drying 

nanocellulose hydrogels of TEMPO-treated cellulose sheared with different 

counter-ions: (a) H+, (b) Na+, (c) K+, (d) NH4
+, (e) Mg2+, (f) Ca2+ and (g) Zn2+.   

3.6.4 Pore size 

The pore size distribution of the nanocellulose superabsorbents was evaluated using mercury 

porosimetry (Figure 5a). Pore size distribution is controlled by the counter-ion present in the 
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SAP. Apart from NH4
+, all monovalent and divalent ions form SAP with a microporous 

structure. No visible pores are noted at a scale lower than 2 µm. Superabsorbents made with 

NH4
+ counter-ion display a combination of micro, meso and macropores of size ranging from 

5 nm to up to 100 µm, as classified by IUPAC [40].  

The pore properties of the superabsorbents are expressed as a function of the counter-ion 

(Figure 5a-c). NH4
+-based superabsorbents exhibit the highest pore area, more than 15 times 

higher than any of the other SAPs. They also have the smallest pore diameter, in the range of 

2 – 5 nm, which is about 6 times smaller than for the other materials. Apart from this, there are 

no other major differences observed in the SAPs prepared with the other monovalent and 

divalent ions. The pore volume is slightly smaller for superabsorbents with monovalent ions 

than for divalent ions, ranging from 25 – 30 mL/g and 32 – 37 mL/g, respectively. The porosity 

of all the SAPs is between 90 – 94%, which is typical of freeze-dried superabsorbents [8].  
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Figure 5. Pore properties of the nanocellulose superabsorbents with different counter-ions: 

(a) pore size distribution (b) pore diameter and pore area, and (c) porosity and pore 

volume. Results are reported as mean ± standard deviation (n=3). 
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initial rapid swelling, achieving equilibrium as soon as they are immersed in water. SAP with 

NH4
+ counter-ion is characterised a slow swelling rate. 

The type of counter-ion dictates the SAP swelling at equilibrium (Figure 7). Ammonium-based 

SAP achieves the highest swelling capacity of approximately 130 g water/g dry fibre. This is 

followed by the other monovalent ions, K+ and Na+, in order, respectively. SAPs with valency 

two ions report a lower swelling capacity, with Ca2+ being the lowest of all.    

 

Figure 6. Effect of the counter-ion on the degree of swelling of nanocellulose superabsorbents 

over time. Results are reported as mean ± standard deviation (n=3). 
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Figure 7. Effect of the counter-ion on the swelling capacity of nanocellulose superabsorbents 

at equilibrium. Results are reported as mean ± standard deviation (n=3). 

3.7 Discussion 
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group [29, 41]. This is because of the pH of ZnSO4 and NH4SO4 solutions being 4.8 and 5.5 

respectively, which promotes the partial formation of free carboxylic acid.  

Except for Zn2+-gels, the addition of multivalent ions forms cation carboxylate groups with 

molar ratios of 1:1 and 1:2 for monovalent cations (NH4
+, H+, Na+, K+) and divalent cations 

(Zn2+, Ca2+, Mg2+), respectively. Divalent cations have a higher solvation volume and binding 

energy than monovalent cations which allows interfibril interactions, leading to ionic cross-

linking between multiple fibres [6]. These ionic links generate strong interactions with 

numerous carboxylate groups, bridging cellulose nanofibers by attractive forces that screen the 

electrostatic repulsion between neighbouring nanofibres [7]. This screening effect governs the 

gel stability and increases with increasing concentration and counter-ion valency [42]. This is 

confirmed with the surface charge of the hydrogels, being almost half that of monovalent gels, 

indicating the formation of significant cohesive interactions between nanofibrils due to the 

strength of these interfibril connections [6]. The surface charge, measured by zeta potential, is 

related to the physical stability of these gels by electrostatic repulsion of individual fibres. 

Values higher than ±30 mV can develop enough repulsive force to reach good colloidal 

stability. On the other hand, smaller values can lead to flocculation and particle aggregation 

[43]. In this case, the low zeta potential values of divalent gels, with Ca2+-gels being close to 

the threshold of agglomeration, led to a decrease in the degree of nanofibrillation, exhibited by 

the substantial fibril aggregation observed in the nanocellulose dispersion after fibrillation and 

in the morphology of the aerogels upon drying (Figure 4) [36]. Fibril aggregation was also 

observed in gels with H+ ions. In this case, gel stability is governed by the protonated carboxyl 

groups which decrease the electrostatic repulsion and surface charge, allowing the fibres to 

come closer as the van der Waals forces become dominant, resulting in a decrease in the degree 

of fibrillation [32, 44]. In contrast, monovalent ionic gels lack the interfibril cross-linking 

interactions as observed with the viscoelastic properties. Thus, the driving force for gelation is 
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due to the coupling of nanofibrils by physical interactions that creates an electrostatic 

stabilisation of the ionised COO- groups when high shear forces are applied to the oxidised 

fibres [6, 32], forming stronger and more stable materials.  

The type of counter-ion governs the superabsorption performance. The interaction of the 

counter-ion with the cellulose nanofibers can be explained by two main variables. For 

monovalent ions, the swelling at equilibrium follows the Hofmeister effect. This effect relates 

the behaviour of hydrophilic colloids in the presence of salts and is attributed to the size and 

hydration of ions [45]. According to the Hofmeister effect, stability of hydrophilic particles 

follows the indirect series as: NH4
+ > K+ > Na+ where ions on the left will adsorb more strongly 

to a hydrophilic substrate [45]. This cation specificity coincides with the measured values of 

swelling capacity and is attributed to negative volume exclusion entropy generated by the 

cation hydration. This results in an increase of the strength of the electrostatic repulsive forces 

which increases the entanglement of nanocellulose fibres [46, 47]. Thus, increasing the 

absorption capacity due to the increase in hydrogen bonding between the COO- available to 

interact with water [48] and also contributing to the swelling of the fibre network [10].   

These repulsive forces are screened in the presence of divalent cations, as van der Waals forces 

become dominant and strong cation-carboxylate bonds are created [6]. Cellulose nanofibers 

come closer, decreasing the fibre ability to entangle upon fibrillation and thus, decreasing the 

swelling capacity. In this case, swelling is mainly attributed to the available pore volume, where 

swelling increases with increasing pore volume and decreases in the order of Mg2+ > Zn2+ > 

Ca2+. This difference in pore volume depending on the counter-ion can be associated to the 

cation radii, where the increment in ionic radii of valency two cations results in a decrease in 

swelling (Mg2+ (72 pm) < Ca2+ (100 pm)) [49]. 
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Lastly, of all the cations studied, NH4
+ produced gels and superabsorbents with remarkable 

properties: high gel stiffness and stability, high SAP pore area and swelling, and slow swelling 

kinetics. Such performance is attributed to the unique ability of the ammonium cation to rotate 

[50]. This ability creates additional hydrogen bonds between the water molecules and the 

nanofiber network, resulting in a higher fibrillation efficiency upon homogenisation. This 

increase in fibre entanglement is observed in the small pore size and wide pore distribution of 

this SAP (Figures 4d, 5a and 5b), increasing the pore area by an order of magnitude. This 

expands the number of available carboxyl groups able to participate with hydrogen bonding, 

resulting in a high gel stiffness. This also increases the swelling of the nanofiber network and 

the amount of water adsorbed to the polymer chains, responsible for the high swelling of this 

superabsorbent [51].  

3.8 Conclusion 

A number of nanocellulose hydrogels varying in the extent of cellulose fiberization and ion 

cross-linking was prepared and freeze-dried into superabsorbents (SAPs). Gel and SAP were 

characterized in terms of rheology, aerogel structure, gelation mechanism and swelling 

behaviour. Carboxylated nanocellulose was prepared from TEMPO-oxidized cellulose 

followed by ion exchange in a series of salt solutions prior to high shear homogenization into 

a gel [10]. Seven cations were ion exchanged to the COO- groups. These are: H+, Na+, K+, 

NH4
+, Ca2+, Mg2+ and Zn2+; the anion was sulfate. The effect of the cation on the gelation 

properties and mechanism, superabsorbent structure, swelling capacity and absorption rate was 

analysed.  

FT-IR and ICP-OES analyses confirm the formation of metal carboxylate groups with 1:1 

(metal-COO-) molar ratio for monovalent cations and 1:2 molar ratio for divalent cations, 

which corresponds to (COO)2-metal structures ionically cross-linked. The gel stability of the 
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nanocellulose is governed by the valency and the type of cation. Gelation in monovalent gels 

is due to the coupling of nanofibrils by physical interactions which creates an electrostatic 

stabilisation of the ionised carboxyl groups during the high shear forces of homogenizing [6, 

32]. In contrast, for divalent gels, the driving force for gelation is due to strong interfibril 

connections via ionic-crosslinks which screen the repulsive forces between carboxylate groups, 

enabling fibres to associate together. The type of ion and their interaction with the COO- groups 

determine the efficiency of fibrillation during homogenization, which affects the structure of 

the hydrogels and aerogels made of those. This aerogel structure directly impacts swelling 

capacity and kinetics. Swelling at equilibrium is in order of: NH4
+ > K+ > Na+ > Mg2+ > Zn2+ 

> Ca2+. The swelling capacity of monovalent SAPs follows the Hofmeister effect and is related 

to the size and hydration of ions. For divalent SAPs, absorption is caused by their difference in 

pore volume given by the ionic radii. The remarkable properties of NH4
+ gel and SAP, 

compared to the other cations, are attributed to the ability of the ammonium cation to rotate, 

which increases the number of available carboxyl groups that engage in hydrogen bonding, 

resulting in an increase in pore area, gel stiffness and SAP swelling [51].  

This study not only demonstrates the potential of nanocellulose-based SAPs with different 

cations to suit a range of applications but also innovates on the preparation method, that is by 

performing ion exchange before fibrillation -and not after- resulting in a cheaper and faster 

process than the conventional treatment. The addition of these cations can assist in the 

transition of the superabsorbent as a hydro-retentor to a nutrient carrier material, increasing the 

benefits of this material for agricultural and food use.   
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PREFACE 

One of the main applications of superabsorbents is as water retention agents in agricultural 

soils. Once the physical structure and chemical composition of the nanocellulose SAP have 

been engineered, the next step is to evaluate its performance in soil. In this chapter, a series of 

incubation experiments of soil treated with three different nanocellulose superabsorbents: 

freeze-dried and oven-dried at low and high temperatures - was conducted. The absorption 

capacity of the SAPs immersed in soil-water extracts was measured and compared to those in 

deionised water. The ionic sensitivity of each type of superabsorbent was determined. Soil was 

amended with different application rates of these superabsorbents and the effects on soil water 

retention were quantified. The performance of the SAPs after several hydration/dehydration 

cycles was analysed and related to the SAP biodegradation, measured through soil respiration 

studies and acid digestion methods. 

By addressing the third research objective, this chapter demonstrates the suitability of 

nanocellulose SAPs to increase soil water retention. This chapter was submitted for publication 

to the Journal of Applied Polymer Science and acceptation is pending – following the 

successful second review. 
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4.1 Abstract 

In this study, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-oxidized nanocellulose 

superabsorbents are prepared using three different drying techniques: freeze-dried, and oven-

dried at low and high temperatures. The benefits are investigated by evaluating the 

superabsorbent structure, composition and application rate. The absorption performance of 

nanocellulose superabsorbents is affected by the concentration and type of salts in the soil water 

extracts. Oven-dried at 50 °C SAP presents the highest ionic sensitivity attributed to its large 

number of accessible carboxylate groups. The water retention of the soil treatments increases 

with increasing application rate. Soil treated with the freeze-dried superabsorbent shows the 

highest water retention, whereas those amended with the 50 °C oven-dried SAP remain moist 

the longest. The biodegradation rate of these materials depends on the application rate and 

nutrient availability. Carboxylated nanocellulose superabsorbents emerge as high-performance 

biodegradable materials for agricultural use, able to replace the current non-biodegradable 

petrochemical-based superabsorbents.  
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4.2 Keywords 

Carboxylated nanocellulose, water retention, swelling, biodegradation, agriculture, microbial 

activity. 

4.3 Graphical Abstract 

 

4.4 Introduction 

Fresh water is critical for agricultural production and food security. Irrigated agriculture uses 

about 70% of the water available for human consumption worldwide and accounts for 59% of 

the total fresh water in Australia [1, 2]. Water availability has been impacted by climate change, 

drought and water shortage; its decrease has affected world agricultural development in recent 

years. According to Müller C. [3], agricultural yields will decline between 2 – 15% over the 

next 30 years due to climate change. Hence, the efficient use of water resources is crucial for 

the long-term sustainability of the agricultural industry. 

One strategy to optimize water retention in soils and hence making it more available to crops, 

is the use of superabsorbent polymers (SAPs) [4]. SAPs are three-dimensional (3D) networks 

of linear or branched hydrophilic polymers physically or chemically cross-linked [5]. SAPs can 

absorb and hold water at hundreds of times their own weight and remain stable in their swollen 

state [6-9]. They have been extensively used in many applications including biomedicine [10], 
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food and beverages [11], personal care and hygiene products [12]. In the agricultural and 

horticultural industries, SAPs have a range of applications which includes seed coatings, seed 

additives and root dips [13]. The use of SAPs in soil has improved water availability for plants 

[14]. SAPs have also contributed to water retention in different types of soil, significantly 

reducing the irrigation water consumption [15, 16]. SAPs also serve as soil conditioners and 

nutrient carriers [5], thereby improving soil properties and increasing crop yield [4, 5, 17]. 

Most of the commercially available SAPs in agriculture are petrochemical-based and made of 

polyacrylate (PA) or polyacrylamide (PAM). Such PA/PAM SAPs degrade very slowly into 

by-products increasingly raising health concerns including the formation of microplastic 

particles which can be harmful to soil biota [18-20]. These environmental issues have led to 

the development of superabsorbents from natural polymers such as starch [21], pectin [22], 

chitin, chitosan, alginate, and lignin, among others [23]. Most of these are still produced as 

composites in combination with synthetic polymers, decreasing their biodegradability.  

Some of the major limitations of naturally derived SAPs are their low mechanical resistance, 

high-cost, restricted longevity in soils and also low-absorption capacity [5, 13]. Cellulose, and 

especially nanocellulose, has the potential to overcome these limitations because of its 

availability, low-cost, biodegradability, hydrophilicity and high surface area [5, 24]. 

Nanocellulose refers to the individual cellulose chains, also called elementary fibrils, which 

have a diameter of 3 – 4 nm and a length > 1 – 2 µm [25]. Its low-density, high-strength, 

flexibility and tunable surface chemistry make nanocellulose attractive as a material for 

superabsorbents.  

Nanocellulose-based SAPs can be produced from TEMPO-mediated oxidation of cellulose, 

currently considered as one of the most effective methods [26-28]. This process selectively 

converts the primary alcohols (C6) into carboxylate groups (Figure 1). This surface 
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modification provides the necessary electrostatic repulsion which produces nanoscale fibers 

upon mechanical fibrillation [29]. Recent studies have shown that the resulting material can be 

dried either by freeze-drying or evaporative-drying to create a highly porous superabsorbent 

consisting of an entanglement of cellulose nanofibers (CNF) of high surface area [30]. Despite 

these advantages, few nanocellulose-based superabsorbents have been developed for 

application in agriculture. Though several studies have investigated cellulose-based 

superabsorbents, most of them are crosslinked with acrylamide or acrylic acid [31], reducing 

their biodegradability and sustainability. Few studies have analyzed nanocellulose-based 

superabsorbents for agriculture. Zhang et al. found that chemically cross-linked nanocellulose 

superabsorbent can be beneficial for seed germination. These superabsorbents can be applied 

as soilless culture mediums for plant growth [32]. Mendoza et al. reported that the absorption 

capacity of carboxylated nanocellulose superabsorbents is dictated by the charge density and 

fiber content [26]. Zhou et al. stated that carboxymethylcellulose–acrylamide based 

superabsorbents containing carboxylated CNF have a distilled water absorption capacity higher 

than CNF-free superabsorbent [33]. Yet, none of these studies has evaluated the ability of 

nanocellulose-based superabsorbents as a water retention agent in a controlled soil environment 

nor their biodegradability under realistic conditions.  

 

Figure 1. Schematic representation of the selective TEMPO-mediated oxidation reaction of 

cellulose.  

While some studies have evaluated the synthesis and formulation of nanocellulose-based 

superabsorbents [31, 34, 35], none has systematically compared the effect of application rate 

TEMPO/NaClO/NaBr 

pH 10 



CHAPTER 4 

125 

on soil water retention properties nor related those to soil microbial activity. These steps are 

crucial for any agriculture use, potentially compromising food security, environment and 

human health. The effect of a novel generation of nanocellulose superabsorbent produced from 

different drying methods on the superabsorbent longevity needs to be quantified. 

In this study, carboxylated nanocellulose superabsorbents were prepared via TEMPO oxidation 

followed by high-pressure homogenization. This standard carboxylated nanocellulose was 

dried using three different drying techniques: freeze-drying or oven-drying at high and low 

temperatures. The water retention of the soil treated with these superabsorbents was quantified 

for agriculture use at three different application rates. Our objective is to analyze the effect of 

nanocellulose-based superabsorbents on microbial activity and establish a relationship with its 

biodegradation. This is to enable nanocellulose superabsorbent as a new class of performance, 

cheap and sustainable hydro-retentor for agriculture use.  

4.5 Experimental Section/Methods 

4.5.1 Materials  

Bleached Eucalyptus Kraft (BEK) pulp was provided by Australian Paper (Maryvale, 

Australia). Sodium bromide (NaBr) and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) were 

purchased from Sigma-Aldrich (Melbourne, Australia). Hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) were diluted for solutions as required and purchased from ACL 

Laboratories, (Melbourne, Australia) and Merck (Bayswater, Australia), respectively. 12% w/v 

sodium hypochlorite (NaClO) was purchased from Thermo Fisher Scientific (Scoresby, 

Australia) and used as received. Urea, super phosphate and potassium sulphate of potash were 

purchased from Richgro (Jandakot, Australia).  

Soil was collected from a wheat growing property located in Ouyen, north-west Victoria 

(34°58'0.16"S; 142°20'45.85"E) (alkaline Calcarosol [36]), soil was collected at a depth of 20-
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40 cm, air-dried and sieved to <2 mm. The soil was then characterized for a range of key 

physicochemical properties including pH, electrical conductivity and available and 

exchangeable cations (Table S1). Analysis was conducted by Environmental Analysis 

Laboratories, at Southern Cross University [37], using Rayment and Lyons [38] standard 

methods.   

4.5.2 Superabsorbent Preparation  

Nanocellulose superabsorbent was prepared following the TEMPO-mediated oxidation process 

developed by Isogai et al. [29] to achieve a carboxylate content of 1.4 mmol/g. In brief, 25 g 

(dry weight) of BEK pulp was suspended in 2500 mL of deionized water containing 0.4 g and 

2.5 g of dissolved TEMPO and NaBr, respectively. Before the reaction started, 100 mL of 12% 

w/v NaClO were adjusted to pH 10 through the addition of 36% w/v HCl. The oxidation 

process started by adding the 100 mL of NaClO (6.6 mmol NaClO/g cellulose) drop-wise to 

the suspension under constant stirring. The pH of the reaction was kept at 10 via addition of 

0.5M NaOH [39, 40]. The reaction was maintained for 3 h or until no decrease in pH was 

observed. The oxidized fibers were washed with deionized water, filtrated and stored 

refrigerated at 4 °C.  

The TEMPO-oxidized pulp was dispersed in deionized water to prepare a solution of 0.5% w/v 

which was further fibrillated using a high-pressure homogenizer (GEA Niro Soavi 

Homogenizer Panda) at 1000 bar and two passes. To produce the superabsorbent materials, the 

resulting product from homogenization was either freeze-dried or oven-dried. Freeze-dried 

superabsorbent was accomplished by freezing the nanocellulose for at least 12 h at -80 °C 

followed by freeze-drying (Christ Alpha 2-4 LD Plus) for 2 days. Oven-dried superabsorbent 

was prepared by drying the nanocellulose in an oven (Thermoline BTC-9090) at either 50 °C 

or 105 °C until no mass loss was observed.   
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4.5.3 Soil Water Retention Studies  

(i) Soil water holding capacity. The soil water holding capacity (WHC) or field capacity was 

determined gravimetrically by adding an excess of deionized water to 100 g of soil into a 

Buchner funnel with a filter paper placed at the bottom. Water was then allowed to drain and 

the saturated soil was left covered at room temperature for 48 h. After this period, the saturated 

soil was weighed and oven dried. The WHC was calculated as follows: 

 WHC =  mw − md                      (1) 

Where 𝑚𝑤 refers to the weight of the saturated soil and 𝑚𝑑 is the mass of the dried soil. The 

units of WHC are in g water/100 g of soil.  

(ii) Water retention tests. Soils were subjected to two experiments to test the effect of freeze-

dried or oven-dried superabsorbent prepared at 50 °C or 105 °C. For both studies, 

polypropylene containers (120 mL) were drilled with four holes of 4 mm diameter and a filter 

paper was placed at the bottom of each. Each experiment was then prepared as follows: 

superabsorbent was added to the soil at rates of 0.2, 0.5 and 1 wt.% to prepare a total of 50 g 

of soil treatment. Each treatment was thoroughly mixed and placed in the 120 mL containers 

which were then fully immersed in deionized water for 24 h to allow the superabsorbent to 

reach equilibrium. A control treatment without the superabsorbent was also prepared and 

underwent the same immersion treatment. Five replicates of each treatment were conducted. 

After 24 h, the containers were raised to drain the excess water until no further water was 

observed coming out of the bottom of the container and the weight was recorded. The 

containers were then placed without any covering into a temperature/humidity control cabinet 

(Thermoline L+M – 150-GD) kept at 23 °C and 80% relative humidity. Samples were weighed 

every day. Water retention was calculated as follows: 
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Water retention (%) =
mi

mo
 x 100        (2) 

Where 𝑚𝑖 refers to the mass of the sample at day i, and 𝑚𝑜 is the mass of the control after 

being fully saturated with water (day 0). 

During the first experiment, samples were allowed to dry without any further addition of 

deionized water. This experiment concluded when no further mass loss was detected.  

During the second experiment, samples were prepared and incubated under the same conditions 

as described previously, over a period of 28 days. In this case, further addition of deionized 

water was performed whenever the percentage of the water in the control treatment had 

decreased to 10% or less. This typically required between 10 – 12 mL of water at 8 – 10-day 

intervals. This same volume of water was added to all the other treatments at that point.  

4.5.4 Microbial Activity Studies 

Soil incubation studies were performed with two types of superabsorbent: freeze-dried and 

oven-dried at 50 °C. For each type, treatments were prepared by adding the superabsorbent at 

the same application rates as mentioned in section 4.5.3 to prepare 50 g of soil mixture. 

Deionized water was added to reach 60% WHC. Two different control treatments were 

prepared: one without any superabsorbent and another with a basal application of fertilizer and 

1% wt. of superabsorbent. The fertilizer was applied at an equivalent rate of 60 kg ha-1 of N, 

70 kg ha-1 of P and 60 kg ha-1 of K based on the soil analysis. The fertilizer was thoroughly 

mixed with the soil. Five replicates were conducted for each treatment. Samples were incubated 

at 23 °C and 80% relative humidity in a temperature/humidity control cabinet (Thermoline 

L+M – 150-GD). 

Gas samples were collected at days 1, 3, 5, 7, 14, 21 and 28 using the static chamber method 

adapted from van Zwieten et al. [41]. Briefly, the containers containing the incubated, treated 
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soils were sealed and soil gas emissions were allowed to accumulate for exactly 10 minutes 

(based on a CO2 emission curve previously conducted). A gas tight syringe (SGE Analytical 

Scientific) was used to extract an aliquot of soil gas emissions through a chlorobutyl septum 

and was then introduced into a pre-evacuated Labco® exetainer vial. Collected gases were 

analyzed for CO2 using an Agilent Technologies 7890A Gas Chromatography – Thermal 

Conductivity Detector (GC-TCD) and GC-Flame Ionization Detector (FID).  

The flux rate, FCO2, was calculated using equation 3 and noted as mg CO2/m
2h:  

FCO2
=

b x VCH x MWCO2  x 60 x 106

ACH x MVcorr x 109           (3) 

Where b is the CO2 concentration measured in ppm/minute, VCH is the volume of the measuring 

chamber, 𝑀𝑊𝐶𝑂2
 is the molecular weight of CO2 (44 g/mol), ACH refers to the basal area of the 

measuring chamber and 𝑀𝑉𝑐𝑜𝑟𝑟 is the temperature corrected molecular weight volume 

calculated using equation 4:  

MVcorr = 0.02241 x (
273.15+T

273.15
)           (4) 

Where T is the air temperature during the measurement and 0.02241 is the molar volume of 

an ideal gas at 273.15 K, 1 atm.  

4.5.5 Biodegradation Studies  

Superabsorbent biodegradation was evaluated for two types of superabsorbent: freeze-dried 

and oven-dried at 50 °C. For each type, superabsorbent was added to soil at the application 

rates specified in section 4.5.3 to an overall weight of 10 g. Deionized water was added to reach 

60% WHC. Similar to the microbial activity studies, two different control treatments were 

prepared: one without any superabsorbent and another with a basal rate of fertilizer and 1 wt.% 

of superabsorbent, as previously described. The latter was to review the effect of the fertilizer 

on superabsorbent biodegradation. Five replicates were conducted for each treatment. Samples 

were incubated at 23 °C and 80% relative humidity in a temperature/humidity control cabinet 
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(Thermoline L+M – 150-GD). Samples were destructively sampled at days 1, 3, 5, 7, 14, 21 

and 28, dried in an oven at 60 °C and stored frozen at -20 °C until required.  

Biodegradation was measured using the acid digestion method adapted from Sluiter et al. [42] 

to hydrolyze cellulose in the soil to glucose and glucuronic acid which were then measured. In 

brief, 3 mL of 72% sulfuric acid was added to 5 g of treated soil at room temperature. The 

mixture was placed in a water bath at 30 °C and incubated for 60 minutes. During this time, 

the mixture was occasionally stirred every 5 to 10 minutes to ensure even acid – soil contact. 

Dilution to 4% sulfuric acid was made by adding 83 mL of deionized water followed by 

autoclaving for 60 minutes at 121 °C. After cooling to room temperature, the soil was removed 

by filtration and the supernatant retained and neutralized to pH 5 – 6 using calcium carbonate. 

When neutralization was completed, the solids were separated by centrifugation at 4400 rpm 

for 10 minutes. The supernatant was collected and analyzed through high performance liquid 

chromatography (HPLC) using a BioRad Amminex HPX-87H column, 0.005M sulfuric acid 

as the mobile phase, with a refractive index detector at a temperature of 40 °C and a flow rate 

of 0.4 mL/minute. A scheme of the experimental set up is shown in Figure S1.  

4.5.6 Swelling Studies 

(i) Soil water extract. Water was extracted from the soil according to the saturation extract 

method adapted from Sparks et al. [43]. A mass of 1 kg of air-dried soil was weighed into a 

beaker. Deionized water was added to the soil until it was nearly saturated and the mixture was 

left at room temperature for 3 h to allow the dissolution of the soluble salts. More deionized 

water was added while stirring, until the soil paste shined and a soil-water paste was formed. 

The soil paste was left at room temperature for another 2 h. The soil paste was then filtered 

under vacuum using a Buchner funnel and filter paper. The filtrate (i.e. soil water extract) was 

centrifuged at 4400 rpm for 10 minutes to further separate any remaining solids from the soil 

water extract.  
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The soil water extract was characterized by Environmental Analysis Laboratories, at Southern 

Cross University [37], using Rayment and Lyons [38] standard methods (Table S2).   

(ii) Swelling capacity: The swelling capacity of the superabsorbents was measured in the soil 

water extracts obtained in previous section to simulate real environment conditions, with 

comparison to deionized water. The swelling capacity and swelling rate were determined by 

weighing the samples before and after immersion in the soil water extract over different periods 

of time (1, 5, 15, 30, 60, 90, 150, 250 and 1440 minutes) at room temperature following the 

method described by Mendoza et al. [26]. The swelling capacity was calculated as follows [26, 

44]: 

Swelling capacity, Q =
mt−md

md
           (5) 

where 𝑚𝑡 is the weight of the swollen gel at time t and 𝑚𝑑 refers to the weight of the dried 

sample. Results are reported as the average and standard deviation of triplicates. Photographs 

of the experimental set up are shown in Figure S2.  

4.5.7 Scanning electron microscopy (SEM) 

The morphology of freeze-dried and oven-dried at 50 °C superabsorbents was evaluated by 

SEM on a FEI Magellan 400 and a Nova NanoSEM. SAPs were mounted on a metal stub 

coated with a 2 nm layer of Iridium. Micrographs were obtained in high vacuum-mode. 

Additional pore properties of these SAP are displayed in Table S3.  

Data Analysis: The microbial activity data was analyzed statistically using a One-way ANOVA 

(analysis of variance) to evaluate differences between the means of the control and treatments. 

Dunnett’s test was used to determine any significant differences between the control and the 

treatments. Biodegradation studies were analyzed statistically using a t-test analysis to evaluate 
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differences between the means the treatments. Both analyses were performed using GraphPad 

Prism 9.0.2.  

4.6 Results 

4.6.1 Swelling  

The swelling capacity of the three nanocellulose superabsorbents in soil water extracts is 

expressed as a function of time (Figure 2). All superabsorbents show a similar behavior. 

Swelling uptake reaches a plateau after an initial absorption rate. In all cases, superabsorbents 

required up to 150 minutes to reach maximum capacity. Freeze-dried superabsorbent is 

characterized by an initial rapid swelling with most of it occurring during the first minutes. In 

contrast, superabsorbents dried via evaporation show a slower swelling rate. 

Swelling at equilibrium is dictated by the drying technique used to prepare the superabsorbent 

and the swelling media employed (Figure 3). While SAP oven-dried at 50 °C achieves the 

highest absorption capacity in deionized water, freeze-dried SAP has the highest swelling 

capacity in soil water extracts of 90 g water/g superabsorbent. This is followed by SAP oven-

dried at 50 °C and at 105 °C being 55 and 40 g water/g superabsorbent, respectively.  
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Figure 2. Effect of the drying process on the swelling capacity of nanocellulose 

superabsorbents immersed in soil water as a function of time. Results are reported 

as mean ± standard deviation (n=3). 

 

Figure 3. Effect of the drying process on the swelling capacity of nanocellulose 

superabsorbents at equilibrium. Comparison of deionized water with soil water 

extract. Results are reported as mean +/- standard deviation (n=3). 

4.6.2 Soil Water Retention  

The water retention of the soil amended with the nanocellulose superabsorbents was evaluated 

under two conditions: with and without further addition of deionized water after the initial 

irrigation – day 0 (Figure 4a-f). In all treatments, soil water retention increases as the 

nanocellulose SAP application rate increases. This is independent of the superabsorbent type. 

Soil amended with freeze-dried SAP shows the maximum water retention of 2.3 times higher 

than soils without superabsorbent (control) (Figure 4a). While controls required approximately 

10 days to reach constant weight, soils amended with 1 wt.% application rate of any 

superabsorbent took between 25 to 33 days, 2.3 to 3 times longer time compared to the control.   
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For all treatments, the water retention effectiveness decreases with increasing number of 

irrigation cycles. This is noted via two different indicators. Firstly, the water retention of the 

soil treated with any superabsorbent decreases with increasing irrigation cycles. For example, 

the water retention of the soil treated with 1.0 wt.% oven-dried at 50 °C SAP changes from 

170% in the first cycle to 110% and 85% in the second and third irrigation cycles, respectively. 

Secondly, the difference between the water retention of the soil treatments and the control 

decreases as the irrigation number increases. Both indicators suggest a decrease in the 

superabsorbent efficiency.  
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Figure 4. Water retention of soil treated with different nanocellulose superabsorbents over a 

period of 28 days with and without further addition of deionized water after initial 

irrigation: (a and b) freeze-dried SAP, (c and d) oven-dried 50 °C SAP and (e and 

f) oven-dried 105 °C SAP. Results are reported as mean ± standard deviation (n=5). 

4.6.3 Microbial Activity 

In general, for both types of superabsorbent, CO2 emissions (i.e. respiration rates) increase with 

time and with application rate of SAP (Figure 5). This increase is more statistically significant 

when freeze-dried superabsorbent is used. The difference between the control and soil treated 

with 1 wt.% SAP ranges between 900 mg CO2/m
2h to 1800 mg CO2/m

2h for 50 °C oven-dried 

and freeze-dried SAP, respectively. These respiration rates signify the response of the soil 

microbial community to the presence of this nanocellulose superabsorbent. Similarly, fertilized 

soil amended with 1 wt.% of any SAP exhibits an increase of CO2 emissions compared to the 

soil treatments without fertilizer.  
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Figure 5. Cumulative CO2 emissions of soil treated with different application rates of (a) 

freeze-dried superabsorbent and (b) oven-dried 50 °C superabsorbent. Results are 

reported as mean ± standard deviation (n=5). Statistical difference according to One-

way ANOVA analysis followed by Dunnett's test against control is indicated. Here, 
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ns = no significant difference, * represents p ≤ 0.05, ** denotes p ≤ 0.01 and **** 

is p ≤ 0.0001. 

4.6.4 Biodegradation  

For the soil used in this study, the rate of biodegradation is dependent upon the type and 

application rate of superabsorbent (Figure 6). For soil treated with 0.2 wt.% superabsorbent, 

both freeze-dried and oven-dried SAP follow the same degradation trend and approximately 

40% of the initial SAP remains after 28 days exposure. No statistical difference is observed 

between soil treatments with either 0.2 wt.% or 0.5 wt.% application rate of superabsorbent. 

However, a difference in the biodegradation rate and SAP type is observed when the 

application rate increases. For the 1 wt.% treatment, freeze-dried SAP degradation starts after 

7 days exposure, whereas degradation of oven-dried SAP throughout the 28 days of exposure 

is slow and almost negligible. Fertilizer addition to 1 wt.% treatment significantly increases 

the degradation rate; both nanocellulose superabsorbents exhibit similar rates compared to 0.2 

wt.% treatment.  
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Figure 6. Effect of drying process on the superabsorbent biodegradation overtime in soil. (a) 

0.2 wt.%, (b) 0.5 wt.%, (c) 1 wt.% and (d) 1 wt.% superabsorbent application rate + 

fertilizer addition. Results are reported as mean ± standard deviation (n=5). 

Statistical difference according to unpaired t-test. Here, ns= no significant difference 

between treatments, * is p ≤ 0.05. 

4.7 Discussion 

4.7.1 Effect of Ionic Strength on Superabsorbent Performance 

The swelling capacity of nanocellulose-based superabsorbent was measured in the soil-water 

to evaluate their performance. A decrease in the absorption capacity of the superabsorbent 

results when salt concentration increases, independent of its type. This is because the swelling 

ability is driven by the difference in osmotic pressure inside and outside the polymer network 

caused by the movement of the counterions in the system [26]. These osmotic effects are 

diminished with increasing concentrations of salt, resulting in a decrease in swelling [35]. To 

measure the sensitivity of the superabsorbent materials towards the soil water extracts, the ionic 

sensitivity was measured as follows [45]: 

Ionic sensitivity, f = 1 −
Qs

Qd
          (6) 
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Where Qs refers to the swelling in salt solution and Qd is the swelling in deionized water, both 

in g of water/ g of SAP. Superabsorbents with lower f values are preferred for their 

performance, as higher f values mean a higher absorbency loss of the superabsorbent in salt 

solutions [35].   

The ionic sensitivity (f) value of the superabsorbents studied is displayed in Figure 7. Oven-

dried 50 °C SAP shows a higher ionic sensitivity compared to the others. This is attributed to 

its morphology, characterized by a high pore area and large number of small pores in the 

nanometer scale (Table S3 and Figure S3) [30]. This increases the number of accessible COO- 

groups in the superabsorbent network, whereas the swelling mechanism of freeze-dried SAP is 

mainly driven by physical entrapment of water [26]. A higher number of accessible COO- 

groups indicates a higher anion charge [46], which in the presence of salt solutions, results in 

a higher salt sensitivity and absorbency loss for oven-dried 50 °C superabsorbents. 

 

Figure 7. Ionic sensitivity value of the superabsorbents treated with soil water extracts. A low 

f value indicates a lower drop of swelling capacity when salt solution replace water. 

Results are reported as mean ± standard deviation (n=3). 
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4.7.2 Effect of Application Rate on Soil Water Retention  

Addition of nanocellulose superabsorbent increases the water retention of the soil tested. Soil 

amended with freeze-dried superabsorbent achieved the highest water retention, at all 

application rates, followed by 50 °C oven-dried and 105 °C oven-dried SAP. These results are 

directly related to the SAP porous structure [30]. Such an increase in water content is 

hypothesized to increase the period of water available for the plant, as measured from the soils 

water evaporation rates. The evaporation rates of the soils amended with the highest 

superabsorbent application (1.0 wt.%) were slower than those of the controls. This results in a 

delay of the permanent wilting point by up to 20 days, reducing the water requirement of plants 

[47, 48]. This also confirms that nanocellulose derived SAP can retain water in soils for 

significantly longer periods [49]. The absorption capacity of these SAPs is in the range of what 

other authors have reported for cellulose-based SAP. Cannazza et al. [49] prepared 

superabsorbents based on carboxymethylcellulose and hydroxyethyl cellulose cross-linked 

with citric acid with a swelling capacity of up to 75 and 40 g water/g superabsorbent in 

deionized and tap water, respectively.   

There are three different drying regimes for each type of superabsorbent and application rate. 

The first corresponds to the water evaporating from the soil. This regime starts from day 0 up 

to day 8-10 for freeze-dried and oven-dried SAPs. This is followed by a transitionary phase, as 

the soil is completely dried and the superabsorbent starts to release water. Finally, the last 

drying regime corresponds to the evaporation of water from the superabsorbent itself. This 

regime is indicated by the different slopes of each SAP depending on the application rate and 

lasts from the transitionary phase onwards. These regimes can be used to correlate the soil 

moisture and superabsorbent efficiency over time.  

Interestingly, soil treated with 1.0 wt.% of freeze-dried SAP loses water at a faster rate than 

oven-dried 50 °C SAP. This difference in drying rate is attributed to their difference in SAP 
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structure and the influence of soil structure and how it interacts with the SAP. Freeze-dried 

superabsorbent is a foamy-like material characterized by an open structure, whereas oven-dried 

SAP is a thin-film with pores ranging in the nanometer scale [30]. When the freeze-dried 

nanocellulose SAP dries, its structure collapses, leaving large pores in the soil which increase 

soil matrix porosity and facilitate water evaporation [50].  

Comparing water retention of the soil treatments after several irrigation cycles, all treatments 

presented a similar behavior: high-water absorption in the first cycle which decreased in the 

subsequent cycles. This was independent of the application rate. This decrease is mainly 

attributed to two factors. Firstly, the metal ions in the soil that are released in the presence of 

water. When the superabsorbent absorbs this water, these ions strongly bind to the carboxylate 

groups of the nanocellulose, blocking their active negative sites and decreasing absorbency. 

SAP blockage increases with each further cycle of irrigation and drying [51]. This effect was 

reported previously by Spagnol et al., who found an increase formation of crosslinking points 

due to the physical interaction of multivalent cations (e.g. Mg2+ and Ca2+) and the carboxylate 

groups present in superabsorbents based on poly(acrylamide-co-acrylate) and cellulose 

nanowhiskers [52]. The second main factor affecting the SAP efficiency is its degradation [49]. 

4.7.3 Superabsorbent Effect on Microbial Community and Its Biodegradation 

Respiration rates of the soil amended with nanocellulose SAP increased with increasing 

application rate. This is because the addition of a carbon source to the soil increases the 

population of carbon decomposing microbes which results in an increase in respiration rate 

[53-56]. Adding fertilizer further accelerates soil respiration rates for both types of 

superabsorbent. This is because of the increase in microbial biomass by nutrient addition which 

boosts the decomposition rate of soil carbon [55].  

Respiration rates of each treatment are related to the superabsorbent degradation rate in soil 

which follows the negative exponential function [57]: 
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C(t) = C0e−kt           (7) 

Where C(t) stands for the superabsorbent concentration (mg/g) in the soil at time t of 

incubation, C0 is the superabsorbent concentration at day 0, and k is the rate constant of the 

superabsorbent decay with time (day-1). The decay rate constants, k, for all the treatments are 

listed in Table I. Decay rate constants varied widely from 0.001 d-1 to 0.048 d-1 depending on 

the SAP type and application rate. This model successfully described decomposition rates of 

carbon sources such as cellulose or manure [58-60]. The decay rate constant of the soil 

amended with 0.2 wt.% SAP was similar for nanocellulose freeze-dried and oven-dried 50 °C, 

ranging between 0.042 and 0.048 d-1, respectively. The rate of superabsorbent decomposition 

in soil is independent of the type of superabsorbent (either freeze-dried or oven-dried). 

Considering that the SAP is composed of more than 90% cellobiose units with the remainder 

being oxidized glucose units, its decomposition rate can be compared to that of cellulose, 

reported to range from 0.03 and 0.06 d-1 [57, 60]. The calculated values of soil amended with 

0.2 wt.% SAP correspond to this range. The rate of superabsorbent breakdown is affected by 

soils and incubation conditions: moisture content and temperature. 

This rate is also governed by the initial population of microbes and nutrients available in the 

soil. For example, decomposition of 0.5 wt.% oven-dried SAP in soil is delayed until day 5. 

This is due to the time required to build up the microbial biomass in soil necessary to kick off 

the decomposition process. Such effect is not observed in soil amended with freeze-dried SAP 

because of its porous structure which increases soil porosity. This increases oxygen diffusion 

and air permeability [61], which facilitates the increase in microbial biomass. However, a delay 

in degradation is observed as the application rate increases. This is most likely due to nutrient 

depletion impacting the microbial population. This is supported by the fertilizer addition to 1 

wt.% soil treatments which accelerates SAP breakdown, exhibiting similar rates to 0.2 wt.% 

SAP in soil without fertilizer.   
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Table I. Decay rate constants of freeze-dried and oven-dried superabsorbents. Results are 

reported as mean ± standard deviation (n=5). 

Cellulose application rate 

(wt.%) 

Cellulose initial concentration 

(mg/g) 

Decay rate constant 

(day-1) 
R2 

Freeze-dried 

0.2 wt.% 2.28 ± 0.08 0.042 ± 0.0038 0.97 

0.5 wt.% 4.80 ± 0.25 0.010 ± 0.0006 0.90 

1.0 wt.% 9.33 ± 0.48 0.009 ± 0.0007 0.91 

1.0 wt.% + Fertilizer 9.70 ± 0.41 0.037 ± 0.0022 0.97 

Oven-dried 50 °C 

0.2 wt.% 2.28 ± 0.06 0.048 ± 0.0007 0.99 

0.5 wt.% 5.06 ± 0.58 0.008 ± 0.0009 0.81 

1.0 wt.% 9.48 ± 0.32 0.001 ± 0.0001 0.91 

1.0 wt.% + Fertilizer 10.47 ± 0.99 0.017 ± 0.0052 0.74 

 

4.8 Conclusion 

Carboxylated nanocellulose superabsorbent polymers (SAPs) were evaluated as water 

retention agents for agricultural use. SAPs were made from TEMPO mediated oxidation of 

cellulose followed by high pressure homogenization and drying. Three drying methods were 

studied: freeze-dried and oven-dried at low (50 °C) and high (105 °C) temperatures. The effect 

of the nanocellulose superabsorbents on the soil water retention and microbial community in a 

calcarosol soil was analyzed and the swelling capacity on soil water and biodegradation rate 

were determined. 

The water retention of soil increases with application rate of superabsorbent. The extent of this 

increase in water holding capacity and the profile of water retention over time are dependent 

on the type of SAP. These water retention properties decrease as the superabsorbent degrades. 
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Soil amended with freeze-dried superabsorbent has the highest water retention, followed by 50 

°C oven-dried and 105 °C oven-dried SAP. The high ionic sensitivity of 50 °C oven-dried SAP 

is due to its high pore area and numerous accessible COO- groups. Soil amended with this 

superabsorbent remains moist the longest. This increase in water content prolongs the period 

of water available for the plant, delaying the permanent wilting point by up to 20 days. 

Soil respiration rate increases as a function of superabsorbent application rate. This is related 

to the SAP decomposition rate which, in the calcarosol soil used in this study, mainly occurs 

within 30 days exposure, independently of the type of nanocellulose superabsorbent. This 

decomposition rate is governed by the nutrient availability and the initial microbial biomass in 

the soil. Carboxylated nanocellulose-based superabsorbents are attractive alternatives to 

replace our current non-biodegradable and unsustainable petroleum SAP for agricultural use. 

The full characterization of plant growth, including crop productivity and soil sustainability as 

well as refinements of the SAP structural alteration required to prolong its biodegradability are 

now needed.  
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PREFACE 

Chapter 4 established that the SAPs used in this study have a limited lifetime in terms of 

biodegradability and associated effectiveness in wetting-drying cycles. In the development of 

nanocellulose SAPs for agricultural soils, understanding the effect of these SAP on plant 

growth is vital. Soil incubation studies revealed that the nanocellulose SAP oven-dried at 50 

°C was the best material to retain soil water for the longest period of time. This chapter 

evaluates the effect of different application rates of this SAP on Tatsoi plants grown under 

water stress; thus, addressing the fourth objective in this study; which is to quantify the effect 

of different applications of nanocellulose SAP on plants grown under water stress, and to 

compare the performance of this superabsorbent with a commercial SAP based on 

polyacrylamide 

To do this, a pot trial was carried out in a greenhouse where plants were grown in soils amended 

with two application rates of nanocellulose, SAP: 0.5 and 1 wt.% and at three levels of soil 

moisture: 70, 40 and 20%. The total water added and water use efficiency were determined. 

Plant biomass was measured and related to the SAP application rate. These parameters were 

used to determine the most suitable application rate of nanocellulose SAP to soils. Likewise, 

the performance of this SAP was compared to an anionic polyacrylamide-based SAP which is 

commercially available. 
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Effect of Nanocellulose-based superabsorbent on the early stage 

growth of tatsoi (Brassica rapa narinosa) 

 

 

5.1 Abstract  

In this study, tatsoi plants were grown in soils amended with varying application rates of 

nanocellulose-based superabsorbent (SAP) and under water stress. Total water added, water 

use efficiency (WUE) and plant yield were measured. Results were compared to soils treated 

with a commercially available polyacrylamide-based SAP. WUE significantly increased, by a 

factor of 4, in soils amended with commercial SAP compared to those without superabsorbent. 

While there is no difference in the plant biomass between treatments of 0.5 wt% of 

nanocellulose and the fertilised control, it significantly decreased when the SAP application 

rate was increased to 1.0 wt%. This was attributed to an immobilisation of nitrogen by 

microbial biomass. These results were supported by the microbial activity, where soil 

respiration rates increased with increasing application of nanocellulose SAP. Future studies are 

needed to modify the nanocellulose structure, prolonging its biodegradation and overcoming 

the nitrogen drawdown effect.  

5.2 Keywords 

Nanocellulose superabsorbent, plant growth, tatsoi, brassica rapa narinosa, bok choy, water 

use efficiency, nitrogen drawdown. 
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5.3 Graphical Abstract 

 

5.4 Introduction 

Access to clean water and food security are ranked in the top ten global challenges facing 

mankind today [1]. Both elements are essential for a healthy, dynamic society and to reduce 

extreme poverty. With the increase in world’s population, there is an increasing demand for 

food and fresh water. Irrigated agriculture consumes around 70% of the water available for 

human use worldwide [2, 3]. Water availability has been impacted by drought and water 

shortage; with agricultural yields expected to decline between 2 – 15% over the next 30 years 

due to climate change [4]. Hence, the efficient use of water resources is critical for the long-

term sustainability of the agricultural industry. Any improvements in water efficiency will have 

significant benefits in fresh water availability. 

One water conservation strategy is the use of superabsorbent polymers (SAPs) [5]. These are 

hydrophilic polymers capable of absorbing water at hundreds of times their own weight and 

yet remain stable [6-9]. SAPs have been extensively used in many applications including 

personal care and hygiene products [10], food and beverages [11] and biomedicine [12]. In the 

horticultural and agricultural industries, their use in soil has improved water availability for 
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plants [13]. As water reservoirs, SAPs have increased water retention in different types of soil, 

significantly reducing the irrigation water consumption [14, 15]. Their effect on plant growth 

has also been investigated, showing an increase in crop yield [16]. Reddy Kathi S. [17] reported 

an increase in the growth of tomato plants when soil was amended with different rates of SAP. 

Sivapalan Siva [18] also confirmed an increase in soybean yield using an anionic 

polyacrylamide-based SAP. 

Most of the commercially available SAPs in agriculture are fossil fuel derived polyacrylates 

(PA) or polyacrylamides (PAM) which exhibit poor environmental degradability. This lack of 

sustainability has led to the development of environmentally-friendly superabsorbents from 

natural polymers, including polysaccharides such as starch [19] or pectin [20]. Most of these, 

however, are produced as composites in combination with synthetic polymers, decreasing their 

biodegradability.  

Cellulose, the world’s most abundant biopolymer, has also been studied because of its desirable 

properties such as renewability, biodegradability and hydrophilicity [21, 22]. Several studies 

have developed superabsorbents based on cellulose derivatives such as carboxymethyl 

cellulose (CMC) [23, 24] or hydroxyethyl cellulose (HEC) [25], exhibiting remarkable 

swelling properties. Most of these are crosslinked with acrylamide or acrylic acid [26]. 

Cellulose-based SAP can also be prepared through TEMPO-mediated oxidation [27]. This 

process selectively converts the primary alcohols (C6) groups in the cellulose fibres into 

carboxylate groups. This surface modification provides the required electrostatic repulsion to 

produce nanoscale fibres upon mechanical fibrillation [28]. The resulting material can be oven-

dried, creating a highly porous superabsorbent consisting of an entanglement of nanocellulose 

fibres (NCF) with high swelling properties [29]. Despite these remarkable characteristics, 

limited research on the application of nanocellulose-based superabsorbents has been conducted 

in soils. Few studies have analysed these SAPs for agriculture [30]. Zhang, et al. [31] prepared 
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chemically cross-linked superabsorbents made from NCF that exhibited antifungal activity 

during the breeding and growth of sesame seeds. Zhou, et al. [32] reported that adding NCF to 

CMC–acrylamide based superabsorbents increased water absorption capacity and improved 

salt resistance compared to NCF-free superabsorbent.  

While several studies have prepared and investigated the properties of nanocellulose-based 

superabsorbents [22, 33], none have systematically compared the effect of application rate on 

soil water efficiency nor related those to plant growth and soil microbial activity. A clear 

understanding of these responses is critical for their application in agriculture. 

In this study, we present the results of a greenhouse study in which we sought to determine the 

effect of varying application rates of nanocellulose SAP on the growth of tatsoi (a bok choy 

variety) plants grown under different levels of soil moisture to simulate water-stress conditions. 

Results were compared to plants grown in soil amended with a PAM-based SAP (commercially 

available). It is our objective to measure the effect of these SAPs on water use efficiency (the 

amount of water consumed related to the biomass produced) and to establish a relationship 

with the crop yield and microbial activity.  

5.5 Materials and methods 

5.5.1 Materials 

Bleached Eucalyptus Kraft (BEK) pulp was provided by Australian Paper, Maryvale, Australia. 

Its chemical composition was: cellulose (78.8% ± 0.8), hemicellulose (17.7% ± 0.4), lignin 

(3.2% ± 0.1), extractives (0.3% ± 0.1) and ash (0.2% ± 0.1) [34]. Water$ave BA was purchased 

from Polymer Innovations. This is a commercially available anionic polyacrylamide-based 

superabsorbent polymer (SAP). Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were 

purchased from ACL Laboratories and Merck, respectively, and were diluted for solutions as 

required. Sodium bromide (NaBr) and 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) were 
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purchased from Sigma-Aldrich. 12% w/v sodium hypochlorite (NaClO) was purchased from 

Thermo Fisher Scientific. Urea, super phosphate and sulphate of potash were purchased from 

Richgro (Jandakot, Australia). Tatsoi (Brassica rapa narinosa) seeds were purchased from Mr. 

Fothergill’s (South Windsor, Australia). Seed raising mix was purchased from Yates.  

Soil was collected from a vegetable farm converted from pasture located in Cranbourne, 

Victoria (38°11'6"S; 145°18'50"E). The soil was classified as a Podosol, according to the 

Australian Soil Classification criteria [35]. Soil was collected at a depth of 0 – 20 cm, air-dried 

and sieved to <2 mm. A subsample of 200 g was then analysed for a range of key 

physicochemical properties (Table I) [36]. More physicochemical properties are found in the 

supplementary material (Table SI). 

Table I. Characteristics of the podosol soil selected for the experiments.  

Parameter Podosol  

pH 6.16 

Total Carbon (%) 1.4 

Total Nitrogen (%) 0.06 

C:N 26 

Organic Matter (%) 2.5 

Effective Cation Exchange Capacity 

(cmol+/Kg) 

2.6 

Basic texture Sandy soil 

Water holding capacity (g water/100 g soil) 23 
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5.5.2 Superabsorbent preparation 

Nanocellulose SAP was prepared following the TEMPO-mediated oxidation of BEK pulp 

previously published [37], a method adapted from Isogai, et al. [28]. In brief, to achieve a 

carboxylate content of 1.4 mmol/g, 25 g (dry basis) of BEK pulp were suspended in 2500 mL 

of water containing 0.4 g and 2.5 g of dissolved TEMPO and NaBr, respectively. Prior to the 

oxidation process, sodium hypochlorite at 12% w/v was adjusted to pH 10 through the addition 

of hydrochloric acid at 36% w/v. The oxidation process started by adding the 100 mL of NaClO 

(6.6 mmol NaClO/g cellulose) drop-wise to the suspension under constant stirring. The pH of 

the reaction was kept at 10 via addition of 0.5M NaOH. The reaction was maintained for 3 h 

or until no decrease in pH was observed. The oxidised fibres were washed with deionised water. 

Fibres were then re-dispersed in deionised water to prepare a solution of 0.5% w/v which was 

further fibrillated using a high-pressure homogeniser (GEA Niro Soavi Homogeniser Panda) 

at 1000 bar and two passes. To produce the superabsorbent, the resulting product from 

homogenisation was oven-dried at 50 °C (Thermoline BTC-9090) for at least 48 h or until no 

mass loss was observed.  

5.5.3 Soil water holding capacity 

The soil water holding capacity (WHC) or field capacity was measured gravimetrically 

following the method by Dane and Topp [38]. The value is displayed in Table I as g water / 

100 g of soil. 

5.5.4 Greenhouse tatsoi (Brassica rapa narinosa) pot experiments 

The experimental design was set up in a greenhouse located at Monash University Clayton 

campus to investigate effects of water stress, superabsorbent type and application rate on the 

growth of tatsoi.  

Three treatments of soil amended with superabsorbent were evaluated: nanocellulose at 0.5 

wt% (N0.5), nanocellulose at 1.0 wt% (N1.0) and commercial SAP at 0.5 wt% (S0.5). Each 
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treatment was thoroughly mixed and placed in free-draining plastic pots of 14 cm diameter to 

reach a total weight of 1.5 kg of soil and superabsorbent. The pots were then immersed in 

deionised water for 24 h to allow the superabsorbent to reach equilibrium in water uptake. After 

24 h, the pots were raised and excess water was drained until no further water was observed 

coming out of the bottom of the pot. The experiment also included two control treatments in 

which the soils were not amended with superabsorbent, one without fertiliser (C0) and another 

with fertiliser (CF). Both controls were irrigated to saturation to be in line with the other 

treatments. A basal application of fertiliser was then added to the pots with superabsorbent and 

the fertilised control at an equivalent rate of 100 kg ha-1 of N (from urea), 100 kg ha-1 of P (as 

super phosphate) and 100 kg ha-1 of K (sulphate of potash) based on grower management 

practice [39]. Treatments were then allowed to equilibrate for a further 24 h. Seedlings of tatsoi, 

previously grown in trays with seed raising mix, were then transplanted at the two-leaf stage 

into the pots with soil treatments. Three levels of soil moisture were studied for each treatment: 

70, 40 or 20%. Each treatment had five replicates, giving 75 pots in total. 

Once the seedlings were transplanted, the soil moisture was measured and recorded daily. This 

was done gravimetrically by weighing of the pots and determining the water loss. Treatments 

were then allowed to reach the desired level of soil moisture (70, 40 or 20%) and irrigated 

accordingly to maintain the required level at a range ± 5%. A further fertiliser addition was 

conducted weekly at a rate of 20 kg ha-1 of N, 20 kg ha-1 of P and 20 kg ha-1 of K. Pots were 

all arranged in a completely randomized block design. A schematisation and picture of the 

experimental setup is displayed in Figure 1. In the greenhouse, supplemental lighting was used 

to maintain light levels (12 h day length). The temperature conditions were: 26 °C ± 3 °C day 

and 16 °C ± 2 °C night.  
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Figure 1. (a) Picture of the experimental setup, tatsoi treatments at 70% of soil moisture after 

4 weeks post-transplanting. (b) Schematisation of the plant growth experiment. 1: 

The schematisation of the experiment aims to highlight the number of treatments 

only. All plants were arranged in a completely randomised design. 

5.5.5 Plant harvesting and analysis 

Plants were harvested 4 weeks post-transplanting. This was done by cutting the plant in each 

pot just below the cotyledons. Above-ground biomass or shoots were immediately weighed 

S0.5 N1.0 N0.5 CF C0 

Tatsoi treatments at 70% soil moisture a) 

b) 
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and the mass was recorded as shoot fresh weight (SFW). The fresh shoots were then oven-dried 

for 3 days at 55 °C and the shoot dry weight (SDW) was determined.  

Soil respiration rates were determined by measuring the CO2 emissions from each treatment 

using the static chamber method adapted from van Zwieten, et al. [40]. In brief, soil samples 

of 50 g were collected from each pot immediately after harvesting and placed into 120 mL 

polypropylene containers. The containers were then sealed and soil gas emissions were allowed 

to accumulate for exactly 10 minutes (based on a timed CO2 emission curve previously 

established). A gas tight syringe (SGE Analytical Scientific) was used to extract an aliquot of 

soil gas emissions through a chlorobutyl septum and was then introduced into a pre-evacuated 

Labco® 12 mL exetainer vial. Collected gases were analysed for CO2 using an Agilent 

Technologies 7890A Gas Chromatography – Thermal Conductivity Detector (GC-TCD) and 

GC-Flame Ionization Detector (FID). The detector temperature was 250 °C. Helium was used 

as the carrier gas at 21 mL/min. The temperature of the column and oven was 60 °C.  

5.5.6 Water parameters 

The soil water retention was measured per pot after the 24 h immersion in deionised water 

following equation 1: 

𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) =
𝑚𝑖

𝑚𝑜
 𝑥 100    (1) 

Where 𝑚𝑖  is the mass of the treatment i, and 𝑚𝑜  refers to the mass of the control.  

The total water added was determined at the end of the experiment and values were used to 

calculate the water use efficiency (WUE) per pot [41] as follows: 

 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑠𝑒 𝑒𝑓𝑓𝑖𝑒𝑐𝑖𝑒𝑛𝑐𝑦 (𝑊𝑈𝐸) =
𝑆ℎ𝑜𝑜𝑡𝑠 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑎𝑑𝑑𝑒𝑑
    (2) 
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5.5.7 Data analysis  

All plant growth, soil respiration and water usage data were analysed by two-way ANOVA 

(analysis of variance) with the factors in the analysis being treatment and soil moisture. Where 

significant differences were identified, pairwise comparisons were made with Tukey’s honestly 

significant difference (HSD) test. Analyses were performed using GraphPad Prism 9.0.2.  

5.6 Results 

5.6.1 Soil water retention 

Water retention was calculated for each treatment after 24 h of immersion in deionised water 

(Figure 2). In general, water retention increases with the addition of SAP, independent of the 

superabsorbent type. Soils treated with commercial SAP show the maximum water retention 

of about 2.2 times more than soil without superabsorbent (control). This is followed by 

treatments with nanocellulose at 1.0 wt% and 0.5 wt%, being approximately 1.5 and 1.2 times 

higher than the control, respectively.    

 

Figure 2. Water retention of soil treated with varying application and types of superabsorbent. 

Results are reported as mean ± standard deviation (n=15). 
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5.6.2 Pot trial summary analysis  

In this study, the effect of different applications of superabsorbent on plants grown under 

limited water availability was quantified. For this purpose, the influence of two factors, 

treatment (T) and soil moisture (SM), was measured. Significant two-way interactions were 

found among the different response variables with results shown in Table II.  

Table II. ANOVA summary table for all response variables. Factors in the analysis were 

treatment (T) and soil moisture (SM). Both main effects and interactions are indicated. Here, 

ns = no significant difference, * is p ≤ 0.05, ** represents p ≤ 0.01, and **** is p ≤ 0.0001.  

 T SM T × SM 

Total water added **** **** **** 

Water use efficiency (WUE) **** ns * 

Shoot dry weight (SDW) **** ** ** 

Shoot fresh weight (SFW) **** ns ns 

CO2 emissions **** ns ns 

 

5.6.3 Effect of SAP on water management  

Total water added is calculated for each treatment and soil moisture (Figure 3a and 3b). 

Analysis of the water added to tatsoi plants shows a significant two-way interaction between 

the treatment and the soil moisture (Table II). At all levels of soil moisture, total water added 

in pots with 1.0 wt% of nanocellulose SAP is significantly lower than any other treatment and 

approximately 20% less than the controls.  

The water use efficiency (WUE) is displayed separately for different treatments and levels of 

soil moisture (Figure 3c and 3d). Data analysis reveals significant two-way interactions 

between soil moisture and treatment (Table II). Soils treated with commercial SAP achieve the 

highest WUE, being 3 to 4 times higher than the control, independently of the soil moisture. 
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This is followed by the control with fertiliser and treatment with 0.5 wt% application of 

nanocellulose superabsorbent. No correlation between the total water added and WUE was 

observed.  

 

 

Figure 3. Total water added of tatsoi grown in (a) different treatments irrespective of soil 

moisture and (b) soil moisture irrespective of treatment. Water use efficiency (WUE) 

of (c) treatments irrespective of soil moisture and (d) soil moisture irrespective of 

treatments. Values are reported as mean ± standard deviation (n=5). Means followed 
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by the same letter were not significantly different at the p ≤ 0.05 level (Tukey’s 

HSD), see Table II for details of ANOVA results and Figure S1 for the effects of the 

interaction on the total water added.  

5.6.4 Plant biomass 

Shoot dry weights. For SDW, there is a significant two-way interaction between soil treatment 

and the level of soil moisture (Table II). Considering the soil treatment only, treatments with 

commercial superabsorbent had the highest response in SDW of tatsoi plants, irrespective of 

soil moisture (Figure 4a). Adding 0.5 wt% of nanocellulose SAP to soil shows no significant 

difference with respect to the fertilised control. However, there is a significant decrease in 

SDW when 1.0 wt% nanocellulose is applied. A slight decrease in SDW is observed when soil 

moisture is decreased to 20%, irrespective of the treatment (Figure 4b), which highlights the 

impact in plant growth under water stress.  

Shoot fresh weights. Similar to SDW, the SFW of tatsoi increases when commercial SAP is 

used, irrespective of soil moisture (Figure 4c). The SFW of these treatments is approximately 

two times greater than that of the fertilised controls. The SFW is significantly lower in soils 

treated with 1.0 wt% of nanocellulose superabsorbent. These treatments have an average SFW 

of 2 g, compared to 8 g in fertilised controls. Lastly, soil amended with 0.5 wt% of 

nanocellulose shows no significant difference compared to the control with fertiliser.  
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Figure 4. Shoot dry weights (SDW) of Tatsoi plants grown in (a) treatments irrespective of 

soil moisture and (b) soil moisture irrespective of treatment. Shoot fresh weights 

(SFW) of Tatsoi plants grown in (c) treatments irrespective of soil moisture and (d) 

soil moisture irrespective of treatment. Values are reported as mean ± standard 

deviation (n=5). Means followed by the same letter were not significantly different 

at the p ≤ 0.05 level (Tukey’s HSD), see Table II for details of ANOVA results, 

Figure S2 for the effects of the interaction on both SDW and SFW. 
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5.6.5 Microbial activity 

CO2 emissions (i.e. respiration rates) are expressed as a function of soil moisture and treatment 

(Figure 5a and 5b). No significant interactions between the soil moisture and treatment are 

observed (Table II). However, there is a significant increase in respiration rates with increasing 

application rate of nanocellulose superabsorbent, irrespective of soil moisture (Figure 5a). In 

this case, the difference between the controls and soil amended with 0.5 wt% and 1.0 wt% 

application rate of nanocellulose SAP is between 300 mg CO2/m2h and 600 mg CO2/m2h, 

respectively. These results signify the response of the soil microbial community to the presence 

of this superabsorbent. Soil amended with commercial superabsorbent, however, does not 

exhibit a significant difference with respect to any of the controls which is likely to be related 

to its biodegradation. The change in soil moisture has no impact in the respiration rates 

irrespective of soil treatment.  

 

Figure 5. CO2 emissions of (a) soil treated with different treatments of superabsorbent 

irrespective of soil moisture and (b) CO2 emissions of soil moisture irrespective of 

treatment. Results are reported as mean ± standard deviation (n=5). Means 

followed by the same letter were not significantly different at the p ≤ 0.05 level 

(Tukey’s HSD), see Table II for details of ANOVA results. 
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5.7 Discussion 

Soil water retention significantly increased with increasing application rate of superabsorbent, 

independent of its type. This response is the highest in treatments with commercial 

superabsorbent. This increase in soil water retention with SAP addition has been observed 

before [42, 43] and is attributed to the SAP granules occupying all the empty pore spaces in 

the soil and filling them with additional water [44, 45], increasing the soil water holding 

capacity. The total water added to each treatment significantly decreased with increasing 

application rate of nanocellulose SAP, while treatments with commercial superabsorbent 

showed no difference in this response with respect to both of the controls. Indeed, total water 

added or total irrigation is a useful variable to measure water deficit; however, this variable 

only accounts for the volume of water added to soils and does not consider other factors such 

as the effects on plant growth. Hence, it cannot be solely used to evaluate the efficient use of 

water resources.  

The water use efficiency (WUE) can serve as an indicator to quantify the efficiency. WUE 

relates the total biomass produced per unit of water consumed. Higher WUE values are 

preferred to achieve a maximum throughput. In this study, WUE increased in treatments with 

commercial SAP, while it significantly decreased in treatments with 1.0 wt% nanocellulose 

superabsorbent. Both effects were irrespective of soil moisture and are related to the plant 

biomass. Plant biomass was the highest in treatments with commercial SAP, these results are 

consistent with previous studies and signify the benefits of using superabsorbents in agriculture 

[16, 46]. For treatments with nanocellulose, plant growth significantly decreased compared to 

the fertilised control, which was unexpected and indicated that there were other factors 

operating. 

Both the SDW and the SFW of tatsoi plants were significantly reduced with increasing 

application rate of nanocellulose SAP, irrespective of soil moisture. Though this result differs 
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from literature that suggests the use of SAP to promote plant growth [16, 47, 48], it has been 

observed before when cellulose-based SAP materials are used. For example, studies made by 

Satriani, et al. [46] reveal that the growth of bean significantly decreases in soils amended with 

a superabsorbent made of carboxylmethylcellulose cross-linked with hydroxyethylcellulose 

compared to soils without SAP. The authors attributed this outcome to an irrigation deficit. 

Nevertheless, in this study, the decrease in plant biomass when nanocellulose SAP is applied 

is likely to be associated to an immobilisation of nitrogen, also called a nitrogen drawdown 

effect [49]. This effect occurs when large amounts of materials high in organic carbon and low 

in nitrogen are added to soils. As a natural carbon source, nanocellulose addition to soil leads 

to an increase in the population of carbon decomposing microbes. This increase in microbial 

biomass leads to an increase in nitrogen requirements. Microbes require nitrogen for both 

growth and reproduction. Consequently, soil microbes draw down the nitrogen reserves in the 

soil, leaving limited nitrogen for plant growth. Other plant nutrients may also become limiting 

in these conditions. This results in slower plant growth and nitrogen deficiency. Immobilisation 

of nitrogen has been observed in potting media containing lignocellulosic sources such as 

sawdust or pine bark. Sharman and Whitehouse [49] reported a significant decrease in the shoot 

dry weight of Nephrolepis grown in sawdust media, which required nitrogen addition for an 

optimum plant growth. Similarly, studies made by Handreck [50] exhibited a higher rate of 

nitrogen immobilisation and poor development of cabbage seedlings grown in potting media 

composed of aged pine barks compared to those grown in peat media. Literature suggests that 

nitrogen drawdown appears when the carbon:nitrogen (C:N) molar ratio is higher than 25:1 

[51, 52]. In this study, after the fertiliser addition, the C:N molar ratios changed from 28 to 29 

and 34 with the application of 0.5 and 1.0 wt% of nanocellulose SAP, respectively. This further 

supports our hypothesis, suggesting the plants were nutrient limited and exhibited nutrient 
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deficiency which required additional fertiliser additions beyond what was added in this study 

(Table III).  

Lastly, soil respiration rates significantly increased with increasing application of 

nanocellulose. This not only signifies the fast biodegradation of this SAP, but also further 

suggests that the increase in microbial biomass may have led to nitrogen drawdown. Soil 

respiration has been found to be positively correlated to nitrogen immobilisation. Jackson, et 

al. [53] evaluated nitrogen immobilisation in different substrates with a range of fertiliser 

addition, finding an increase in both carbon dioxide rates and nitrogen immobilisation when 

pine tree chips were used as compared to peat-lite. They also found these to be minimised when 

higher levels of fertiliser were added.     

Table III. Total carbon (%), nitrogen (%) and C:N molar ratio of soil treatments measured by 

elemental analysis. 

Treatment Total carbon (%) Total nitrogen 

(%) 

C:N molar ratio 

C0 1.2 0.05 28 

CF 1.2 0.06 24 

N0.5 1.4 0.06 29 

N1.0 1.7 0.06 34 

5.8 Conclusion 

This study evaluated the effect of nanocellulose superabsorbent polymer (SAP) on the growth 

of tatsoi and its potential for agricultural use. Plants were grown in soils amended with varying 

rates of SAP and at different levels of soil moisture to simulate water stress conditions. Results 

were compared with those grown in soils amended with an anionic polyacrylamide-based SAP 

(commercially available). Total irrigation significantly decreased with increasing application 
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rate of SAP at all soil moisture levels. Plants grown in soils with commercial SAP had the 

lowest amount of water added. Water use efficiency (WUE) significantly increased, by a factor 

of 4, in treatments with commercial SAP compared to the controls. WUE in treatments with 

0.5 wt% nanocellulose SAP was similar to controls with fertiliser, but significantly decreased 

when the application rate was increased to 1.0 wt%. This is associated to the plant biomass that 

significantly decreases with increasing application rate of nanocellulose.  

Both shoots dry weight (SDW) and shoots fresh weight (SFW) were the highest in soils 

amended with commercial SAP, independently of soil moisture. While these remained similar 

in soils with 0.5 wt% nanocellulose SAP compared to the fertilised controls, they significantly 

decreased when the application rate of this superabsorbent increased to 1.0 wt%. This finding 

is attributed to an immobilisation of nitrogen. This hypothesis is supported by the significant 

increase in soil respiration rates when nanocellulose SAP is used which also increased with 

increasing application rate, independently of soil moisture. The high respiration rates also 

signify the fast biodegradation of this superabsorbent. 

There was no significant difference in the CO2 emissions between soils with commercial SAP 

and both controls, which further evidences its slow biodegradation. This study identifies the 

commercial superabsorbent to have a superior performance compared to nanocellulose-based 

SAP. Further studies are now needed to modify the nanocellulose SAP structure, decreasing 

the rate of biodegradation and overcoming the nitrogen drawdown effect.  
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PREFACE 

Thus far, each chapter has contributed to evaluate the potential of nanocellulose SAPs for 

agricultural soils and how these can be engineered, enhancing their feasibility and performance. 

However, nanocellulose SAP performance is dependent on the type of soil. Soils vary greatly 

in texture, structure, chemical composition, cation exchange capacity, pH and many more 

properties. Each of these parameters can significantly affect the behaviour of the 

superabsorbent. Therefore, this chapter analyses the effect of two soils on the performance of 

nanocellulose SAP, and how this effect influences the growth of Spinach plants grown under 

water stress. This directly addresses the last research objective, which is to measure the effect 

of different soils on the water retention of nanocellulose and how this affects plant growth. A 

relationship between soil type and nanocellulose biodegradation was also determined.  

In this study, two soils, a sandy soil and a clay loam soil, were amended with one application 

rate of nanocellulose SAP of 0.5 wt%. This application rate was chosen based on the results 

from Chapter 5 which showed no adverse effects on plant growth at 0.5% SAP. A pot trial 

whereby spinach plants were grown in these two soils with nanocellulose SAP was conducted. 

The effect of the superabsorbent on plant yield was measured. Soil was characterised in terms 

of soil porosity, bulk density and water retention. The effect of soil type on nanocellulose 

biodegradation was quantified through soil respiration and acid digestion methods. 
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 Biodegradation of nanocellulose superabsorbent and its effect on 

the growth of spinach 

 

6.1 Abstract  

In this study, spinach (Spinacea oleracea) plants were grown in two soils, a clay loam (CL) 

and a sandy (SD) soil, amended with nanocellulose superabsorbent at different levels of soil 

moisture. The effect of the superabsorbent on the soil properties, water management and plant 

biomass was measured and compared to soils treated with a commercial anionic 

polyacrylamide-based SAP. Plant biomass is the highest in SD soil amended with commercial 

superabsorbent. However, it decreases in the CL soil when superabsorbent is applied, 

independent of the SAP type. This effect is magnified when nanocellulose SAP is used and it 

is likely attributed to waterlogging stress and the fast biodegradation of this superabsorbent, 

where approximately 50% of the initial mass remains after 5 days of exposure. Future studies 

are needed to modify the structure of nanocellulose SAP to inhibit its biodegradation and 

increase its benefits for agricultural use. 

6.2 Keywords 

Nanocellulose superabsorbent, plant growth, spinach, water productivity, waterlogging, water 

retention, biodegradation. 
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6.3 Graphical Abstract 

 

6.4 Introduction 

Water stress is one of the most important limiting factors that affect plant growth and crop 

productivity, especially when this occurs at critical growth-stages of the cultivated crop [1]. 

The severity and longevity of water stress is influenced by many factors including rainfall 

amount, intensity and distribution [2]. One vital parameter that can help the agroecosystem to 

ameliorate the impact of extreme weather events (e.g. drought or intensive rain) is the soil water 

holding capacity (WHC) which measures the amount of water that a given soil can hold for 

crop use [3]. Hence, any improvements in WHC will have significant benefits in improving 

plant growth by reducing the effect of water stress.  

Superabsorbent polymers (SAPs) can be used to increase soil WHC [4]. SAPs are hydrophilic 

polymers capable of absorbing large quantities of water and yet remain stable [5-8]. Their use 

in the horticultural and agricultural industries has improved soil water availability for plants 

[9]. As water reservoirs, SAPs have increased water retention in different types of soil, 

significantly reducing the irrigation water consumption [10, 11]. SAPs can also reduce 
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compaction tendency, increasing soil aeration and microbial activity [12]; thus, improving soil 

properties [4, 11, 13].  

The effect of varying types and amounts of SAPs on plant growth has also been evaluated. El-

Asmar et al. [14] found that superabsorbent addition to soils prolonged survival time of pine 

seedlings by 90%. Islam et al. [15] and Satriani et al. [16] have demonstrated that the SAP 

effects on plant yield are significantly magnified when plants are grown under deficit irrigation. 

Studies report that the use of superabsorbents can reduce crop evapotranspiration, increasing 

water use efficiency [16, 17].  

One of the main drawbacks of superabsorbent polymers is that most are fossil fuel derived 

polyacrylamides (PAM) which exhibit poor environmental degradability. These SAPs release 

acrylate and acrylamide units when they break down in soil. Acrylamide is known to be 

carcinogenic, imposing a risk to the human health and the environment [18]. These increasing 

concerns have led to the development of environmentally-friendly superabsorbents from 

natural polymers including those made from lignocellulosic agricultural wastes [19], cellulose 

derivatives such as carboxymethyl cellulose (CMC) [20, 21] or hydroxyethyl cellulose (HEC) 

[22]. This is because of cellulose’s desirable properties such as renewability, biodegradability 

and hydrophilicity [23, 24]. Most of these cellulosic based SAPS, however, are produced as 

composites in combination with acrylamide or acrylate which still exhibit poor 

biodegradability.   

TEMPO-mediated oxidation is an alternative method to prepare cellulose-based 

superabsorbents [25]. This oxidation process selectively converts the primary alcohol groups 

in the cellulose fibres into carboxylate groups. The added electrostatic repulsion assists in the 

liberation of nano-scale fibres upon mechanical fibrillation at high shear forces [26]. The 

resulting material can be oven-dried, creating highly porous superabsorbent of high pore area, 
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exhibiting high swelling properties of up to 200 g of water/g of dry fibre [27]. Despite these 

characteristics, few studies have evaluated the application of these nanocellulose SAPs for 

agriculture [28]. Zhang et al. [29] reported that chemically cross-linked superabsorbents made 

from nanocellulose fibres (NCF) can be applied as soilless culture medium for plant growth. 

Bauli et al. [30] encapsulated NPK fertiliser in carboxymethylcellulose (CMC) superabsorbent 

filled with NCF. These authors found that the SAP was effective in slowing the release of 

fertiliser in water and soil. Few studies have measured the effect of nanocellulose-based SAPs 

on plant growth in a controlled soil environment nor their biodegradability. Limited 

information is available that relates the impact of these SAPs on different soils to plant yield 

and soil microbial activity. Singh et al recently reviewed a range of materials with their 

applications in soil and effects on plant growth including SAPs made of cellulosic materials 

[31]. A clear understanding of these responses is critical for application in agriculture. 

Here, we present a greenhouse study in which we quantify the effect of nanocellulose SAP 

on spinach plants grown under different levels of soil moisture to simulate water-stress 

conditions. Experiments were conducted utilising two types of soils in which the total irrigation 

water required and water productivity were quantified. Results were compared to spinach 

grown in the same soils amended with a commercial PAM-based SAP. It was also our objective 

to measure the biodegradation of the novel nanocellulose-based SAP and to establish a 

relationship with the microbial activity.  

6.5 Materials and methods 

6.5.1 Materials and soil characteristics  

Bleached Eucalyptus Kraft (BEK) pulp was provided by Australian Paper, Maryvale, Australia 

with a chemical composition of cellulose (78.8% ± 0.8), hemicellulose (17.7% ± 0.4), lignin 

(3.2% ± 0.1), extractives (0.3% ± 0.1) and ash (0.2% ± 0.1) [32]. Water$ave BA was purchased 
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from Polymer Innovations. This is a commercial anionic polyacrylamide-based superabsorbent 

polymer (SAP). Sulphate of potash, super phosphate and urea were purchased from Richgro 

(Jandakot, Australia). Spinach (Spinacea oleracea) seeds were purchased from Mr. Fothergill’s 

(South Windsor, Australia). Seed raising mix was purchased from Yates.  

Two soil were used in this study. The first, a clay loam soil, was collected from a vegetable 

farm located in Werribee, Victoria (37°55'15"S; 144°42'6"E). The second, a sandy soil, was 

from a vegetable farm converted from pasture located in Cranbourne, Victoria (38°11'6"S; 

145°18'50"E). The soils were classified as a Red Sodosol and a Podosol according to Isbell 

[33], respectively. These soils are referred to as clay loam (CL) and sandy (SD) hereafter. Both 

soils were collected at a depth of 0 – 20 cm, air-dried and sieved to < 2 mm. Subsamples of 

200 g were analysed for a range of key physicochemical properties (Table I) [34]. Additional 

properties are given in the supplementary material (Table SI). 

Table I. Basic characteristics of the soils investigated. A comprehensive soil chemical 

analysis is provided in supplementary information (Table S1). 

Parameter Clay Loam 

(Red Sodosol)  

Sandy 

(Podosol)  

pH 8.1 5.7 

Total Carbon (%) 1.3 1.2 

Total Nitrogen (%) 0.12 0.05 

C:N 10 25 

Organic Matter (%) 2.2 2.0 

Effective Cation Exchange Capacity 

(cmol+/Kg) 

18 2.6 

Basic texture Clay Loam Sandy soil 
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Water holding capacity (g water/100 g soil) 40 23 

 

6.5.2 Superabsorbent preparation  

BEK pulp was used to prepare the nanocellulose SAP following the TEMPO-mediated 

oxidation protocol previously published to prepare oven-dried superabsorbents [35], a method 

adapted from Isogai et al. [26].  

6.5.3 Soil water holding capacity  

The soil water holding capacity (WHC) or field capacity of both soils was determined 

gravimetrically following the method provided by Dane and Topp [3] with values shown in 

Table 1 as g water / 100 g of soil. 

6.5.4 Soil properties 

The soil bulk density and porosity were calculated for both soils and with two types of 

superabsorbent: nanocellulose and commercial superabsorbent. The tests were conducted 

following a method adapted from Fan et al. [36]. Briefly, plastic funnels of 42.5 mm diameter 

with a filter paper placed at the bottom were weighed (W0). For each soil type, 20 g of air-dried 

soil was mixed with 0.5 wt% of either nanocellulose or commercial SAP, added into the plastic 

funnel and then weighed (W1). Treatments were then fully immersed in water for 24 h to allow 

the SAP to reach saturation. A control treatment for each soil type was also prepared and 

underwent the same immersion. After 24 h, treatments were raised and excess water was 

drained for 3 h. The height of the treatment (from the bottom of the funnel to the top of the soil 

– to calculate the total soil volume) and mass was recorded (W2). Treatments were then dried 

in an oven at 65 °C until constant weight (W3). Bulk density (g/cm3) and total porosity (%) 

were calculated as follows:  
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𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
(𝑊3−𝑊0)

𝑉
𝑥 100     (1) 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  
(𝑊2−𝑊3)

𝑉
𝑥100     (2) 

6.5.5 Greenhouse spinach (Spinacea oleracea) pot experiments  

A full factorial experimental design was set up in a greenhouse located at Monash University 

Clayton campus to investigate effects of superabsorbent application and water stress on the 

growth of spinach. The pot experiments involved: two types of superabsorbent, nanocellulose 

and commercial; three moisture levels, 70%, 40% and 20% of soil’s water holding capacity; 

and two soil types, CL and SD soil. Each condition was prepared in replicates of five, giving 

90 pots in total. 

For each soil type, two treatments of soil amended with the dry superabsorbent were evaluated: 

nanocellulose at 0.5 wt% (N0.5) and commercial SAP at 0.5 wt% (S0.5). Each treatment was 

thoroughly mixed and placed in free-draining plastic pots of 14 cm diameter to reach a total of 

1.2 kg and 1.3 kg of soil and superabsorbent for CL and SD soils, respectively. Deionised water 

was then poured on top of the pots until water drops were observed dripping from the bottom. 

The pots were then immersed in a tray with deionised water for 24 h to ensure complete 

saturation of the superabsorbent in water uptake. After 24 h, the pots were raised and excess 

water was drained for 3 h. The experiment also included a control treatment in which both soils 

were not amended with superabsorbent (C0). Controls of both soils were irrigated to saturation 

to be in line with the other treatments. A basal application of fertiliser was then added to all 

pots based on soil analysis. The CL soils received N (from urea) at a rate of 100 kg ha -1. For 

the SD soils, the fertiliser rate was 100 kg ha-1 of N, 50 kg ha-1 of P (from super phosphate) 

and 100 kg ha-1 of K (from sulphate of potash), respectively. Treatments were then allowed to 

equilibrate for a further 24 h. Seedlings of spinach, previously grown in trays with seed raising 
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mix, were then transplanted at the two-leaf stage into the pots with soil treatments. For each 

treatment, three levels of soil moisture were studied: 70%, 40% or 20%. 

Once the seedlings were transplanted, treatments were then allowed to reach the desired level 

of soil moisture. The soil moisture was measured and recorded daily by weighing of the pots 

and determining the water loss gravimetrically. Once they had reached the required soil 

moisture, each pot was then irrigated accordingly to maintain this at ±5%. A further fertiliser 

addition was conducted every two weeks at a rate of 20 kg ha-1 of N, 20 kg ha-1 of P and 20 kg 

ha-1 of K for both the CL and SD soils. All pots were arranged in a completely randomized 

block design. A schematic of the experimental setup is displayed in Figure 1.  

Conditions in the greenhouse were as follows: for CL soils, temperature 27 °C ± 2 °C day and 

19 °C ± 2 °C night. For plants grown in SD soils, temperature 26 °C ± 3 °C day and 16 °C ± 2 

°C night. Light levels were maintained with supplemental lighting (12 h day length). Full 

spectrum high intensity discharge (HID) lights were used, with the illumination level ramped 

from 0-30 klux during the 24 h period. 
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Figure 1. Pictures of the experimental setup at the time of harvesting, (a) spinach treatments 

in CL soils at 20% of soil moisture and (b) spinach treatments in SD soils at 20% of 

soil moisture. (c) Schematisation of the plant growth experiment. 1: The 

schematisation of the experiment aims to highlight the number of treatments only. 

All plants were arranged in a completely randomised design. 2: Here, treatments are 

referred to as control (C0), nanocellulose at 0.5 wt% (N0.5) and commercial 

superabsorbent at 0.5 wt% (S0.5).  
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6.5.6 Plant harvesting and soil analysis 

Plants in the SD and CL soils were harvested 5- and 6-weeks post-transplanting, respectively. 

This was done by cutting the plant just below the cotyledons. Shoots were immediately 

weighed and the mass was recorded as shoot- fresh weight (SFW). These were then oven-dried 

for 3 days at 55 °C and the shoot- dry weight (SDW) was determined. Root biomass could not 

be reliably recovered because of the nature of the treatments. In CL soils, soil particles highly 

adhered to the spinach roots; and in SD soils, roots grew through the superabsorbent particles, 

making them difficult to recover.  

Soil subsamples of 10 g were collected from each treatment to measure the amount of 

nanocellulose superabsorbent remaining at the end of the pot trial. This was done following the 

acid digestion method described in the biodegradation tests.  

Soil water retention was calculated per treatment as follows: 

𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) =
𝑚𝑖

𝑚𝑜
 𝑥 100    (3) 

Where 𝑚𝑖  refers to the mass of the treatment i, and 𝑚𝑜  is the mass of the control. Both after 

24h of being fully saturated with water. 

At the end of the experiment, the total irrigation water required was determined. This value 

was used to calculate the water use efficiency or water productivity (WP) per treatment by 

dividing the shoot- dry weight (SDW) over the total irrigation water as follows: 

𝑊𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑊𝑃) =
𝑆𝐷𝑊

𝑇𝑜𝑡𝑎𝑙 𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑤𝑎𝑡𝑒𝑟
    (4) 

6.5.7 Soil incubation studies 

Soil incubation studies were performed for both soils and with two types of superabsorbent: 

nanocellulose and commercial SAP. For each type, 50 g of soil treatments were prepared with 
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0.5 wt% of application rate of superabsorbent. An additional control treatment was prepared 

without any superabsorbent for both soils. All treatments received a basal application of 

fertiliser based on soil analysis. The CL soils received N (from urea) at a rate of 100 kg ha -1; 

and for the SD soils, the fertiliser rate was 100 kg ha-1 of N, 50 kg ha-1 of P (from super 

phosphate) and 100 kg ha-1 of K (from sulphate of potash), respectively. Each treatment, 

thoroughly mixed, was then placed in polypropylene containers of 120 mL and deionised water 

was added to reach 70% WHC. Treatments were incubated at 23 °C and 80% relative humidity. 

Soil moisture was maintained for the entire duration of the experiment by daily weighing of 

the containers and topping them up with deionised water when necessary. Each treatment was 

replicated five times.  

Gas samples were collected at days 1, 3, 5, 7, 14, 21, 28 and 42 using the static chamber method 

adapted from van Zwieten et al. [37]. Briefly, the containers containing the incubated, treated 

soils were sealed and soil gas emissions were allowed to accumulate for exactly 10 minutes. 

The accumulated gases were then extracted using a gas tight syringe (SGE Analytical 

Scientific) and introduced into a pre-evacuated 12 mL Labco® exetainer vial through a septum. 

Collected gases were analysed for CO2 on an Agilent Technologies 7890A Gas 

Chromatography – Thermal Conductivity Detector (GC-TCD) and GC-Flame Ionization 

Detector (FID), fitted with a Gerstel MultiPurpose Sampler (MPS) autosampler. The detector 

temperature was 250 °C. Helium was used as the carrier gas at 21 mL/min. The temperature of 

the column and oven was 60 °C. 

6.5.8 Biodegradation tests 

Nanocellulose superabsorbent biodegradation was evaluated in both the CL and SD soils. For 

each soil, superabsorbent was added to the soil at 0.5 wt% of application to prepare a total of 

10 g of soil treatment. Similar to the soil incubation studies, an additional control treatment 
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was prepared without any superabsorbent for both soils. All treatments received the same basal 

application of fertiliser specified as the soil incubation studies. Each treatment was thoroughly 

mixed and placed in polypropylene containers of 25 mL. Deionised water was then added to 

reach 70% WHC. Treatments were incubated at 23 °C and 80% relative humidity. Soil moisture 

was maintained for the entire duration of the experiment by daily weighing of the treatments 

and topping them up with deionised water when necessary. Each treatment was conducted in 

five replicates. Treatments were destructively sampled at days 1, 3, 5, 7, 14, 21, 28, and 42, 

dried in an oven at 60 °C and stored frozen at -20 °C until required.  

Biodegradation was measured using the acid digestion method adapted from Sluiter et al. [38] 

to hydrolyse the cellulose and oxidised cellulose in the soil to glucose and glucuronic acid 

which were then measured by High Performance Liquid Chromatography (HPLC). In brief, 3 

mL of 72% sulphuric acid was added to 5 g of treated soil at room temperature. The mixture 

was incubated at room temperature for 60 min. During this time, the mixture was occasionally 

stirred every 5 to 10 minutes to ensure even acid – soil contact. Dilution to 4% sulphuric acid 

was then made by adding 83 mL of deionised water followed by autoclaving for 30 minutes at 

121 °C. After cooling to room temperature, the soil was removed by filtration and the 

supernatant retained and neutralised to pH 5 using calcium carbonate. When neutralisation was 

complete, the solids were separated by centrifugation at 4400 rpm for 5 min. The supernatant 

was collected, filtered and analysed by HPLC using a BioRad Amminex HPX-87H column, 

0.005 M sulphuric acid as the mobile phase, with a refractive index detector at a temperature 

of 40 °C, a column temperature of 60 °C and a flow rate of 0.4 mL/min. Because cellulose is a 

component already present in every soil, the nanocellulose SAP biodegradation was calculated 

as follows: 

 𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) =
(𝑀𝑖 −𝑀𝑐)

𝑀𝑡
 𝑥 100     (5) 
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Where 𝑀𝑖  refers to the mass of cellulose in the treatment at time i, 𝑀𝑐 is the mass of cellulose 

in the control and 𝑀𝑡 means the total mass of cellulose added to the treatment.   

6.5.9 Data analysis 

All plant growth, water usage and biodegradation data were analysed by two-way ANOVA 

(analysis of variance) with the factors in the analysis being treatment and soil moisture. Soil 

respiration and biodegradation data were analysed by one-way ANOVA with factor in the 

analysis being treatment and soil type, respectively. Where significant differences were 

identified, pairwise comparisons were made with Tukey’s honestly significant difference 

(HSD). Analyses were performed using GraphPad Prism 9.0.2.  

6.6 Results 

6.6.1 Effect on soil properties: water retention, total porosity and bulk density 

The effect of superabsorbent application on soil properties was measured for clay loam (CL) 

and sandy (SD) soils, respectively (Figure 2). For both soils, water retention increases with the 

addition of SAP, independently of the superabsorbent type. The water retention in soils treated 

with commercial SAP was significantly higher compared to both the control and treatments 

with nanocellulose SAP. After the 24 h immersion in water, these soils retained approximately 

180% and 220% more water than soils without superabsorbent (control) for the SD and CL 

soil, respectively. For both types of superabsorbent, the increase in water retention is higher 

when these are applied to SD soil than for CL soil.  

For both soils, bulk density decreases with the application of superabsorbent, and soil porosity 

increases with SAP application. This effect is accentuated when commercial SAP is used. For 

SD soils, bulk density decreases from 1.3 to approximately 0.7 g/cm3 with the application of 

commercial SAP with respect to the control. Similarly, the soil porosity in SD soil without SAP 

changes from 45% to 75% with the addition of commercial SAP. Similar effects where 
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observed in both soils treated with nanocellulose SAP but to a lesser extent. These results of 

bulk density and porosity agree with reported literature data about the application of SAP to 

soils [9, 39].  

 

Figure 2. Effect of superabsorbent application on soil properties: (a) soil water retention (b) 

bulk density and (c) soil porosity. Results are reported as mean ± standard deviation 

(n=3). Bars with the same letters, lower case (for SD soil) and upper case (for CL 

soil), were not significantly different at the p ≤ 0.05 level (Tukey’s HSD). 1: Here, 

treatments are referred to as control (C0), nanocellulose at 0.5 wt% (N0.5) and 

commercial superabsorbent at 0.5 wt% (S0.5). 

6.6.2 Plant growth study summary analysis 

In this study, the effect of treating two soil types with nanocellulose superabsorbent on plant 

growth under water stress was determined. The influence of two factors, treatment (T) and soil 

moisture (SM), was measured. Significant two-way interactions were found among the 

different response variables with results shown in Table 2. The following sections describe the 

effect of the superabsorbent on each of the response variables. 
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Table II. ANOVA summary of all response variables. Factors in the analysis were treatment 

(T) and soil moisture (SM). Both main effects and interactions are indicated. Here, ns = no 

significant difference, * is p ≤ 0.05, ** represents p ≤ 0.01, and **** is p ≤ 0.0001. 

 T SM T × SM 

Clay loam (CL) soil 

Total irrigation water * **** ** 

Water productivity (WP) **** **** **** 

Shoot dry weight (SDW) **** **** **** 

Sandy (SD) soil 

Total irrigation water ** **** ns 

Water productivity (WP) **** *** ns 

Shoot dry weight (SDW) **** *** ns 

 

6.6.3 Effect of superabsorbent on water management 

To measure the effect of superabsorbent application on the use of water, two variables were 

evaluated: total irrigation water required, which is the amount of water consumed by the plant 

or lost due to evaporation from the soil during the growing period; and water productivity, 

which is expressed as the ratio of dry biomass to the total water consumed. The total irrigation 

water was calculated for each soil type depending on treatment and soil moisture (Figure 3). 

Considering the soil treatments, the total water required to maintain each of the desired levels 

of soil moisture throughout the growing period is significantly lower in soil amended with 

nanocellulose SAP compared to the control, while no significant difference is observed in the 

water required between the control and commercial SAP. Both effects are independent of soil 

type or moisture (Figure 3a and 3c) and are related to the plant growth. When considered 



CHAPTER 6 

202 

separately from the soil treatments, the total water required in both the CL and SD soils 

significantly decreases with decreasing levels of soil moisture (Figure 3b and 3d).  

  

Figure 3. Total water required in the growth of spinach under the different treatments and 

levels of soil moisture. For CL soil (in red): (a) water loss in treatments irrespective 

of soil moisture and (b) soil moisture irrespective of treatment. For SD soil (in blue): 

(c) water loss in treatments irrespective of soil moisture and (d) soil moisture 

irrespective of treatment. Values are reported as mean ± standard deviation (n=5). 

Means followed by the same letter were not significantly different at the p ≤ 0.05 

level (Tukey’s HSD), see Table II for details of ANOVA results.  

Similarly, the water productivity (WP) was calculated for each treatment and different levels 

of soil moisture (Figure 4). For the CL soils, data analysis reveals significant two-way 

interactions between soil moisture and treatment (Table II). Interestingly, WP significantly 

decreases with the addition of superabsorbent, independent of soil type (Figure 4a). The 

opposite effect is observed in the SD soils, where WP is the highest in pots treated with 

commercial SAP, this is 2 times higher than the control, irrespective of the soil moisture (Figure 

4c). For both soil types, WP at 20% of soil moisture is significantly lower than the other two 

moisture levels, irrespective of treatment (Figure 4b and 4d).  
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Figure 4. Water productivity (WP) of spinach grown in two soil types. For the CL soil (in red): 

(a) WP in treatments irrespective of soil moisture and (b) soil moisture irrespective 

of treatment. For the SD soil (in blue): (c) WP in treatments irrespective of soil 

moisture and (d) WP in soil moisture irrespective of treatment. Values are reported 

as mean ± standard deviation (n=5). Means followed by the same letter were not 

significantly different at the p ≤ 0.05 level (Tukey’s HSD), see Table II for details 

of ANOVA results. 

6.6.4 Plant biomass 

Clay loam soil. In most cases, the shoot dry weight (SDW) of all treatments decrease with 

decreasing level of soil moisture (Figure 5). There is a significant two-way interaction between 

soil treatment and the level of soil moisture (Table II). The SDW of spinach in treatments with 

superabsorbent is significantly lower than the control, at all levels of soil moisture. This effect 

is more accentuated in treatments with nanocellulose SAP. The SDW in these treatments is 

approximately 5 times lower than the control in the pots subjected to 70% of soil moisture. 

This difference is the greatest of all treatments (Figure 5a and 5b). When soil moisture is 

considered, the SDW decreases with decreasing levels of soil moisture, which highlights the 

response of plant growth under water stress.  
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Sandy soil. No significant interactions are observed between treatment and soil moisture (Table 

II). In general, the SDW decreases with decreasing levels of soil moisture, independently of 

treatment (Figure 5f). Considering the effect of treatment only, the SDW in pots with 

commercial SAP are significantly higher compared to the other treatments, irrespective of soil 

moisture. No significant difference in SDW is observed between the control and those with 

nanocellulose SAP (Figure 5e). 

 

Figure 5. Shoot dry weight (SDW) of spinach grown in two soil types. For the CL soil (in red), 

(a) SDW under different levels of soil moisture and treatments, (b) SDW in 

treatments irrespective of soil moisture, and (c) SDW in soil moisture irrespective of 

a 

c 

c 

c 

c c c 

b b 

a 

c 

b 

a 

b 

c 

a) b) c) 

C0 N0.5 S0.5 C0 N0.5 S0.5 C0 N0.5 S0.5

70% 40% 20%

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

S
h

o
o
ts

 d
ry

 w
ei

g
h

t 
(g

)

C0 N0.5 S0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

S
h

o
o
ts

 d
ry

 w
ei

g
h

t 
(g

)

70% 40% 20%

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

S
h

o
o
ts

 d
ry

 w
ei

g
h

t 
(g

)

70% 40% 20%

0.0

0.5

1.0

1.5

S
h

o
o
ts

 d
ry

 w
ei

g
h

t 
(g

)

ab 
a 

bcd 
bcd 

bcd 

ab 

cd 

d 

abc b 

b 

a 
a 

a 

b 

d) e) f) 

C0 N0.5 S0.5 C0 N0.5 S0.5 C0 N0.5 S0.5

70% 40% 20%

0.0

0.5

1.0

1.5

S
h

o
o

ts
 d

ry
 w

ei
g

h
t 

(g
)

C0 N0.5 S0.5

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

S
h

o
o
ts

 d
ry

 w
ei

g
h

t 
(g

)



CHAPTER 6 

205 

treatment. For the SD soil (in blue), (d) SDW under different levels of soil moisture 

and treatments, (e) SDW in treatments irrespective of soil moisture and (f) SDW in 

soil moisture irrespective of treatment. Values are reported as mean ± standard 

deviation (n=5). For each plot, means followed by the same letter were not 

significantly different at the p ≤ 0.05 level (Tukey’s HSD). Figures a and d highlight 

the difference at the two-way interaction (Treatment X Soil Moisture). See Table II 

for details of ANOVA results.  

6.6.5 Microbial activity 

In general, for both soil types, soil respiration rates (measured as CO2 emissions) increase with 

time and application of nanocellulose SAP (Figure 6). After 40 days, the difference in soil 

respiration between the control and soils treated with nanocellulose SAP ranges between 14 g 

CO2/m2 to 28 g CO2/m2 for SD and CL soils, respectively. These results indicate the response 

of the soil microbial community to the presence of nanocellulose. Similarly, for both soil types, 

no significant difference is observed in soils amended with commercial superabsorbent and the 

controls. 

 

0 10 20 30 40

0

1x104

2x104

3x104

4x104

5x104

C
u

m
u

la
ti

v
e 

C
O

2
 e

m
is

si
o
n

s 

(m
g
 C

O
2

/m
2

) 

Day

 C0

 N0.5

 S0.5

Werribee

** 

a) 



CHAPTER 6 

206 

 

Figure 6. Cumulative CO2 emissions of different soil treatments for: (a) CL soil and (b) SD 

soil. Results are reported as mean ± standard deviation (n=5). The asterisks above 

each data point show the level of significant difference compared to the control, C0. 

Here, * is p ≤ 0.01, and ** shows p ≤ 0.001. 

6.6.6 Biodegradation 

Biodegradation tests were conducted on the pots treated with nanocellulose SAP at the end of 

the plant experiment (Figure 7a). Both soils at all levels of soil moisture were tested. For both 

soil types, a minimum amount of superabsorbent remains after more than 35 days of exposure. 

For SD soils, no statistical difference is observed between treatments at any level of soil 

moisture. However, nanocellulose SAP in CL soil shows a significant difference when treated 

at 20% of soil moisture compared to those in 70 and 40%. 

From the soil incubation studies, it is observed that the rate of nanocellulose biodegradation 

is dependent upon the soil type (Figure 7b). For both soils, the degradation of nanocellulose 

shows a similar trend. After an initial exponential increase during the first 7 days of exposure, 

SAP degradation rate decreases to reach a plateau. There is a significant difference in 
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nanocellulose biodegradation in both soils at day 7, where 50% and 30% of the initial mass 

remains in the SD and CL soils, respectively.  

 

Figure 7. (a) Effect of soil type on the biodegradation of nanocellulose SAP over time. (b) 

Amount of nanocellulose superabsorbent remained at the end of the plant experiment 

for both soils. Results are reported as mean ± standard deviation (n=5). Bars 

followed by the same letter were not significantly different at the p ≤ 0.05 level 

(Tukey’s HSD). The asterisk above day 7 in (b) shows the level of significant 

difference at the p ≤ 0.05. 

6.7 Discussion 

Several studies report that the amendment of SAP to soils can alleviate the impact of drought 

on plant growth, especially in arid regions [11]. This is because SAP addition can increase the 

soil water retention, improving plant growth when water supply is limited [40]. Similarly, 

studies suggest that the addition of SAP can improve the soil properties such as bulk density 

and soil porosity. These reflect the soil’s ability to provide structural support, oxygen and 

water. Each of these indirectly affect plant growth.  
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In this study, for both soil types, soil porosity increased with the application of superabsorbent. 

An increase in soil porosity leads to an enhancement in the rate of seedling emergence and seed 

germination, root growth and density. Most important, it also increases soil aeration, increasing 

the oxygen availability in the root zone of plants and the soil microbial activity [9, 39, 41-43]. 

Similarly, for both soils, the addition of superabsorbent increases water retention, 

independently of the type of superabsorbent. This response agrees with previous literature. This 

is because the SAP granules occupy all the empty pores in the soil and fill them with additional 

water [44, 45], increasing the soil water holding capacity. However, for both types of 

superabsorbent, such increase in water retention is lower in the CL soils. This is due to the 

swelling mechanism of the SAP, which is driven by the difference in osmotic pressure across 

the polymer network (difference inside and outside) caused by the movement of the cations in 

the system [25]. These osmotic effects are diminished with increasing concentrations of salt, 

resulting in a decrease in swelling [46]. As noted here, the effective cation exchange capacity 

in the CL soil is higher than for the SD soil, being 18 and 2.6 cmol+/Kg, respectively. In 

addition, the cation exchange capacity (CEC) of the CL soil is dominated by Ca2+ ions which 

are known to cause a greater impact in the swelling capacity of the superabsorbents [47].    

Analysis of the total water required data revealed that the effect of soil moisture induced a 

higher response than the effect of treatment in both soils, where the water required significantly 

decreased with decreasing soil moisture. Differences in water requirement are correlated to the 

plant growth [48] which can be affected by water deficiency. Specially for spinach, studies 

have found a decrease in plant biomass when grown under water stress, leading to a decrease 

in water requirements [49].  

Water productivity (WP) varied widely depending on the type of soil. Data analysis revealed 

that both, the treatment and soil type, had a significant effect. WP measures the ratio of total 
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biomass to irrigation water consumed. Interestingly, WP decreased in the CL soil with the 

addition of either SAP. These results contrast with most of the studies that rather suggest 

superabsorbents to increase water productivity [2, 15, 16, 50]; this observation is accentuated 

in treatments at 70% soil moisture. Because WP is related to plant biomass, its decrease is 

attributed to waterlogging stress which caused a decrease in the growth of spinach; this was 

noted in the reduction of SDW in treatments with SAP, at all levels of soil moisture (Figure 5a 

and 5b).  

Waterlogging occurs when there is an excess of water in the plant’s root zone, decreasing 

oxygen availability and leading to a reduction in plant growth, and in some cases, leading to 

plant death [51]. The waterlogging effect is important especially in clay loam soils. Because of 

the clay content, these soils have a greater water holding capacity than sandy soils. In the 

dispersive soils such as the clay loam, waterlogging can result in a collapse of the soil structure, 

blocking pores and leading to poor aeration. The increase in water retention caused by the 

addition of superabsorbent to CL soil is likely to have led to a waterlogging stress in spinach 

plants at the seedling stage. Previous studies have shown that waterlogging stress can appear 

when high concentrations of SAP to soils are employed [2, 52]. This is because superabsorbents 

can increase soil capillary porosity and decrease the air-filled porosity of soils, resulting in poor 

aeration [15]. This waterlogging stress led to an overall decrease in plant growth as it is 

observed in the reduction in SDW in treatments with superabsorbent, both commercial and 

nanocellulose. Another factor that may have contributed to the reduction in SDW in treatments 

with nanocellulose SAP at 70% soil moisture is the fast biodegradation of nanocellulose, 

occurring during the first week of the study. This effect released all the water taken up by the 

superabsorbent to the soil, likely inducing a higher waterlogging effect and causing a 

breakdown in soil structure which remained through the whole study. Thus, in line with 

previous studies, our findings suggest that the optimal concentration of SAP varies depending 
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on soil texture and dispersibility. SAPs should only be employed in areas with severe water 

stress [15, 50].  

On the other hand, for SD soils, the SDW significantly increased with the application of 

commercial SAP. This is observed at all levels of soil moisture which, for this soil type, 

signifies the suitability of this SAP material as a water retention agent to promote plant growth 

under water stress. The SDW in soil amended with nanocellulose SAP was slightly lower than 

the control at all levels of soil moisture. Though this decrease was not low enough to represent 

a significant difference, the reduction in plant growth can be associated with a nitrogen 

deficiency caused by the immobilisation of nitrogen [53]. This occurs when large amounts of 

labile carbon (C) are added to soils, thereby increasing the activity of the soil microbial 

community. As a result, soil microbes use the available nitrogen in the soil for microbial growth 

and activity, limiting the nitrogen available for plant growth. The immobilisation of nitrogen 

is further impacted when lignocellulosic sources with high C content such as pine bark or 

sawdust are added to soils [53, 54]. The significant increase in soil respiration rates with 

application of nanocellulose SAP indicates an increase in the size of the microbial community 

which likely led to nitrogen drawdown. Immobilisation of nitrogen appears in treatments with 

carbon:nitrogen (C:N) ratios higher than 25:1 [55, 56]. For SD soil, the C:N molar ratio 

changed from 24 to 28 with the addition of nanocellulose SAP; which is a high C:N ratio at a 

level where immobilisation of nitrogen will occur [55, 56] (Table III). 

Soil respiration rates are also related to the superabsorbent degradation in soil, where 

nanocellulose SAP degradation had a half-life of 5 and 7 days for CL and SD soils, respectively. 

The greater decomposition in the CL soils is due to its higher amount of organic matter, being 

able to support a larger microbial community with greater potential to decompose 

nanocellulose compared to that in SD soil [57]. This rate of decomposition supports previous 
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studies reporting the degradation of cellulose to mostly occur within 16 to 30 days [58, 59]. 

The rate of cellulose breakdown will vary between soils and with environmental conditions 

(moisture and temperature) [60], as observed in this study. 

Table III. Total carbon (%), nitrogen (%) and C:N molar ratio of soil treatments measured by 

elemental analysis. 

Treatment Total carbon (%) Total nitrogen (%) C:N molar ratio 

Clay Loam soil    

C0 1.3 0.13 12 

N0.5 1.5 0.13 14 

Sandy soil    

C0 1.2 0.056 24 

N0.5 1.4 0.056 28 

6.8 Conclusion 

This study evaluated the effect of nanocellulose superabsorbent polymer (SAP) on the growth 

of spinach. Two soils, one a clay loam (CL) and the other a sandy soil (SD), were amended 

with nanocellulose SAP and spinach plants were grown at different levels of soil moisture to 

simulate water stress conditions. Soil water retention, porosity, water productivity (WP) and 

plant biomass were measured and the results were compared with those of soils treated with a 

commercial anionic polyacrylamide-based SAP. The biodegradation rate of the nanocellulose 

superabsorbent was determined and related to the soil microbial activity.  

For both soils, porosity increased with the application of superabsorbent, independently of the 

SAP type. This effect was more accentuated in clay loam (CL) soils. Soil water retention 

significantly increased with the application of the commercial superabsorbent, being 

approximately 170% and 220% times more than the control for the clay loam (CL) and the 
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sandy (SD) soil, respectively. For both types of superabsorbent, the increase in water retention 

was lower in the CL soil. This is attributed to the effective cation exchange capacity which is 

about 8 times higher in the CL soil.  

The effect of superabsorbent application on WP and plant biomass varied depending on the 

soil type. For the SD soil, WP and plant biomass were the highest in treatments with 

commercial superabsorbent, independent of soil moisture. For the CL soil, WP and plant 

biomass were significantly lower in treatments with superabsorbent compared to the control. 

This effect was magnified in treatments with nanocellulose superabsorbent and is likely 

attributed to waterlogging and the fast biodegradation of this SAP, where about 50% of the 

initial mass remained after 5 days of exposure in this soil. Immobilisation of nitrogen by the 

increasing microbial activity may have also contributed. This is supported by the significant 

increase in soil respiration rates when nanocellulose SAP is used in both soil types. This study 

identifies the commercial SAP to have a superior performance compared to nanocellulose 

superabsorbent. There is a need to overcome the waterlogging stress induced by SAP 

application. This can be achieved by adjusting the application rate of superabsorbent depending 

on the soil type. In addition, modification of the nanocellulose SAP physico-chemical structure 

is necessary to inhibit its biodegradation and fully increase its benefits for agricultural use.  
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7.1 Conclusion  

Superabsorbent polymers (SAP) are cross-linked networks of hydrophilic polymer chains with 

the ability to absorb water or fluids at hundreds time their own weight and remain stable. Their 

use in agriculture for soil water retention provides a strategy to improve the efficient use of 

water resources, because this industry uses about 70% of the water available for human 

consumption worldwide. However, most of the commercial SAPs are fossil-fuel derived 

polymers which are non-biodegradable and non-renewable. This necessitates the development 

of SAPs based on natural polymers such as cellulose, the world’s most abundant biopolymer. 

Cellulose is 100% biodegradable, renewable and it has inherent hydrophilicity, which are all 

desirable characteristics to produce superabsorbents. Nanocellulose refers to the cellulose 

fibres with dimensions in the nanometre scale. Apart from the inherent properties of cellulose, 

nanocellulose can be easily functionalised and structured into a superabsorbent.  

This thesis has identified nanocellulose superabsorbent as a promising substitute for the current 

fossil-fuel derived SAPs. First, the physical and chemical properties of nanocellulose SAPs 

were specifically designed to form a cost-effective material to use as a soil conditioner in 

agriculture. In the second part of this research, the potential of nanocellulose SAPs to increase 

water retention and improve soil properties and plant growth was measured.   

7.1.1 Engineered nanocellulose superabsorbents for agricultural applications 

7.1.1.1 Physical structure  

Freeze-drying is the most common drying technique used to produce nanocellulose SAPs at 

laboratory scale. Although efficient and easy to control, this technique is expensive and 

difficult to perform on a large-scale, which can limit the application of these SAPs in 

agriculture. In this doctoral study, nanocellulose superabsorbents were therefore engineered by 

controlling the drying rate to produce novel and cost-effective superabsorbents with tunable 
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structures and pore properties. Five different drying methods, each providing a different rate 

of water removal, were tested. We raised the hypothesis that drying rate controls the structure 

of the resulting SAP cellulose network. The structure and pore properties of the SAPs were 

dictated by the drying technique used, which directly impacted the swelling capacity and 

kinetics. Freeze-drying SAPs exhibited a diffusion-controlled swelling mechanism whereas 

stress relaxation of the fibre network governed the absorption rate in oven-dried SAPs. Air-

dried SAPs achieved the highest swelling capacity due to their high pore area and strong water 

bond interaction. Seed germination studies performed on two types of SAP confirmed the safe 

application of nanocellulose SAPs to plants.  

7.1.1.2 Chemical structure  

Another challenge in the production of nanocellulose superabsorbents is the presence of Na+ 

ions in the nanofibre network which are introduced during the TEMPO-mediated oxidation of 

cellulose. Sodium is not desirable for agriculture related applications. Adding Na+ to soils can 

have an adverse effect on water and oxygen availability and soil structure, imposing a stress on 

growing crops. Exchanging the cation with alternative cations can help in understanding the 

behaviour of the superabsorbent in soils where there is a natural mixture of exchangeable 

cations, including Mg2+, Ca2+, and K+. 

In the next engineering step, cellulose pulp was TEMPO-oxidised, ion-exchanged and 

fibrillated to produce nanocellulose hydrogels with varying extent of fibrillation and ionic 

cross-linking. Seven cations were tested. The hydrogels were further freeze-dried into 

superabsorbents (SAP). The type of ion and their interaction with the carboxylate groups 

dictated the fibrillation efficiency, which controlled the structure of the SAPs. The 

superabsorbent swelling at equilibrium was in the order of: NH4
+ > K+ > Na+ > Mg2+ > Zn2+ > 

Ca2+. Both NH4
+-hydrogels and SAPs showed outstanding properties such as low pore diameter 
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and high pore area, achieving the highest swelling at equilibrium compared to the other cations. 

This was due to the ability of the NH4
+ ions to rotate, which increased the number of available 

COO- groups to bind with water, resulting in an increase in hydrogel stiffness, pore area and 

SAP swelling. The addition of NH4
+ ions to the SAP network, also opens the possibility for the 

application of these SAPs as nutrient carriers. Nanocellulose SAP was demonstrated as a novel 

and sustainable alternative. By controlling its physical and chemical structure, this SAP can be 

tailored to suit a range of applications in agriculture.    

7.1.2 Nanocellulose superabsorbent as soil conditioner 

Superabsorbent polymers can be used to increase soil water retention, reduce irrigation water 

consumption to enable plants to survive longer in water limited conditions. Nanocellulose 

SAPs were evaluated as water retention agents for use in soils. A sandy soil was amended with 

three types of nanocellulose SAP at different application rates. The soil water retention 

increased with increasing application rate of superabsorbent. Adding freeze-dried SAP to soil 

resulted in the highest water retention, while soils treated with SAP oven-dried at 50 °C 

remained moist the longest. Such behaviour was attributed to the pore structure of both SAPs, 

as observed previously. For both, the increase in water content prolonged the period of water 

available for the plant by up to 20 days. The SAP performance decreased with subsequent 

hydration/dehydration cycles and as the SAP degraded. In the soil tested, SAP decomposition 

occurred within 30 days of exposure. Increasing the nutrient availability further increased the 

decomposition rate, independently of the type of SAP used. This research identified 

nanocellulose SAP produced through oven-drying at 50 °C as the best candidate for plant 

growth studies as this superabsorbent can retain soil moisture for longer and it is possible to 

produce on a large scale. 
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7.1.3 The role of nanocellulose superabsorbents in plant growth  

Nanocellulose superabsorbents were first developed to optimize soil water retention; however, 

their role in plant growth needs to be determined. This was achieved by growing Tatsoi plants 

in a soil amended with varying rates of SAP. Two application rates of nanocellulose SAP were 

studied: 0.5 wt% and 1.0 wt%. Plant biomass significantly decreased in treatments with 1.0 

wt% of nanocellulose SAP which was attributed to the immobilisation of nitrogen by microbial 

biomass. The increase in soil respiration rates with nanocellulose SAP further supports this 

finding. Plant biomass from treatments with 0.5 wt% of nanocellulose was similar to those 

without SAP. Thus, this application rate was selected for the subsequent studies. 

7.1.4 The role of soil type in SAP performance 

Soil properties, such as structure, water holding capacity, cation exchange capacity, pH and 

other features, vary widely. These features can greatly influence the SAP performance and its 

benefits for plants. To evaluate this, Spinach plants were grown in two soil types, a clay loam (CL) 

and a sandy soil (SD), both amended with 0.5 wt% of nanocellulose SAP. The results were compared 

with those of a commercial polyacrylamide-based SAP. For both soils, the addition of superabsorbent 

improved soil porosity and its water retention. Plant biomass varied widely depending on the type of 

soil. For the SD soils, plant biomass was the highest in treatments with commercial SAP. However, it 

significantly decreased in the CL soils treated with any type of superabsorbent, which was magnified 

using nanocellulose SAP. This finding is likely caused by waterlogging and the fast biodegradation of 

nanocellulose. Biodegradation tests indeed revealed that only about 50% of the initial mass of 

nanocellulose remained after 5 and 7 days of exposure in the CL and SD soils, respectively. This 

research identified the commercial superabsorbent to have a superior performance compared to 

nanocellulose.  
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7.2 Perspectives  

This thesis engineered novel nanocellulose superabsorbents of controlled structure to increase 

soil water retention in agriculture. The production of cost-effective and efficient nanocellulose 

SAP was demonstrated by controlling the drying rate of the hydrogel precursor. The addition 

of multivalent ions confirmed the easy functionalisation of nanocellulose to suit a range of 

applications. For example, superabsorbents with minerals which contain K+, Mg2+, Zn2+ or 

NH4
+ can also function as a controlled release for agrochemicals needed for plant growth.  

The potential for nanocellulose SAPs to increase water retention in two soil types, one with 

low water holding capacity and another with high water holding capacity, was quantified. 

Although these soils were adopted as models, other soil types can be treated with nanocellulose 

superabsorbents and are likely to show similar outcomes. The superabsorbent application rate 

would need to be adapted in those cases. Future work could also explore the performance of 

these SAP as soil conditioners, conducting a full characterisation of the soils amended with 

nanocellulose. This implies analysing the changes in the soil properties including soil porosity, 

bulk density, soil compaction, and oxygen availability to understand how these may affect the 

plant growth. Indeed, this research demonstrated the potential of nanocellulose as a platform 

material for use in agriculture. Further modification of the nanocellulose SAP physical and 

chemical properties is necessary to decrease the rate of its biodegradation, and maximise its 

use for soil water retention. For example, nanocellulose can be cross-linked with other 

materials such as lignin to increase its stability in soil and provide a benign antimicrobial 

activity. The effect of introducing nanocellulose SAP on plant growth requires further 

exploration as well. Even though this thesis identified a potential nitrogen drawdown effect 

occurring with nanocellulose addition, there may be other factors limiting plant growth such 

as anaerobic conditions within the soil profile, or the effects of microbial growth which may 

also inhibit plant development. For this, a comprehensive nutrient analysis of the soil and plants 
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are needed which are beyond the scope of this study. Lastly, economic feasibility studies of the 

production of nanocellulose superabsorbents, which considers their high biodegradability, and 

the cost and ease of applying them in open field conditions, are required as well. 

  



CHAPTER 7 

229 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK 

 

 



 

  

APPENDIX I: 

SUPPLEMENTARY INFORMATION 



APPENDIX I 

I-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK 

  



APPENDIX I 

I-3 

Engineering nanocellulose superabsorbent structure by 

controlling the drying rate 
 

Ruth M. Barajas-Ledesmaa, Antonio F. Pattib, Vanessa N.L. Wongc, Vikram Singh 

Raghuwanshia and Gil Garniera* 

 
aBioresource Processing Institute of Australia (BioPRIA) and Department of Chemical 

Engineering, Monash University, Clayton, VIC 3800, Australia 
bSchool of Chemistry, Monash University, Clayton, VIC 3800, Australia  

cSchool of Earth, Atmosphere & Environment, Monash University, Clayton, VIC 3800, 

Australia 

 

*For correspondence: Gil.Garnier@Monash.edu 

 

 

Figure S1. Schematic of the water retention value set up for the centrifuge.  
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Figure S2. Photographs of nanocellulose superabsorbent produced with different drying 

methods: (a) Freeze-dried, (b) air-dried, (c) oven-dried 50 °C, (d) vacuum oven-dried 50 °C, 

(e) oven-dried 105 °C. 

 

 

Figure S3. SAXS images of (a) freeze-dried and (b) oven-dried 105°C superabsorbents. 
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Figure S4. Radish seeds grown over oven-dried 50°C superabsorbents 
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Tables 

Table S1. Characteristics of the calcarosol soil selected for the experiments.  

Parameter Calcarosol 

Electrical conductivity (dS/m)a 0.022 

pH 6.80 

Nitrate (mg/Kg) 2.2 

Ammonium (mg/Kg) 1.5 

Total Carbon (%) 0.12 

Total Nitrogen (%) 0.03 

Organic Matter (%) 0.20 

Na+ (mg/Kg) 14 

Ca2+ (mg/Kg) 521 

Mg2+ (mg/Kg) 139 

K+ (mg/Kg) 156 

Phosphorus (mg/Kg) 22 

Effective Cation Exchange Capacity 

(cmol+/Kg) 

4.21 

aElectrical conductivity measured in a 1:5 soil:water extract. 
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Table S2. Characteristics of the calcarosol soil water extract used in the experiments.  

Parameter Water extract 

pH 6.80 

Electrical conductivity 

(µS/m) 

536.02 

Aluminium (mg/L) 31.90 

Iron (mg/L) 16.40 

Silicon (mg/L) 63.90 

Calcium (mg/L) 9.27 

Magnesium (mg/L) 4.44 

Potassium (mg/L) 8.39 

Sodium (mg/L) 72.60 

Chloride (mg/L) 39.90 

Sulphur (mg/L) 28.90 

Phosphorus (mg/L) 9.90 

 

Table S3. Comparison of the pore properties of nanocellulose SAP freeze-dried, oven-dried at 

50 °C and at 105 °C [1] 

Superabsorbent 
Porosity 

(% ± S.D) 

Pore area 

(m2g-1 ± S.D.) 

Pore volume 

(mL g-1) 

Freeze-dried 94.5 ± 1.01 6.7 ± 0.44 20.2 

Oven-dried at 50°C 48.7 ± 7.01 44.1 ± 0.30 0.3 

Oven-dried at 

105 °C 

53.9 ± 2 0.2 ± 0.10 0.4 

 

 

  



APPENDIX I 

I-8 

Figures 

Figure S1. Scheme of the experimental set up for the biodegradation studies.  

 

Figure S2. Photographs of the swelling experiments. (a) the superabsorbent sample is placed 

inside a funnel and immersed in deionised water. (b) the superabsorbent immersed in 

deionised water as viewed from the top. (c) After the selected period of time, the funnel is 

raised, and the excess water is allowed to drain and the sample is wiped. 

 

Control 0.2 wt% 0.5 wt% 

1.0 wt% 

23 °C 
70% rel. humidity 

28 days  

60% soil moisture 
maintained. 

Samples taken at days: 1, 3, 5, 7, 14, 
21, 28; and dried at 60 °C. 

1.0 wt% 
+ 

fertiliser 

SAP at different 
concentrations in soil 

 

Incubation Drying 

a) b) c) 



APPENDIX I 

I-9 

 

Figure S3. SEM images of the nanocellulose superabsorbents freeze-dried and oven-dried at 

50 °C.  
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Table S1. Characteristics of the Podosol selected for the experiments. Soil was collected 

from a vegetable farm located in Cranbourne, Victoria, Australia. 

Parameter Podosol  

Electrical conductivity (dS/m)* 0.028 

pH 6.16 

Total Carbon (%) 1.4 

Nitrate (mg/Kg) 2.8 

Ammonium (mg/Kg) 8.5 

Na+ (mg/Kg) 23 

Ca2+ (mg/Kg) 316 

Mg2+ (mg/Kg) 81 

K+ (mg/Kg) <50 

Phosphorus (mg/Kg)(Cowell) 14 

Zinc (mg/Kg) 3.9 

Manganese (mg/Kg) 2.0 

Copper (mg/Kg) 0.77 

Sulphur (mg/Kg) 3.5 

Iron (mg/Kg) 125 

Note: *Electrical conductivity measured in a 1:5 soil:water extract. 
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Figure S1. Total water added to tatsoi plants grown under different levels of soil moisture and 

treatments. Values are reported as mean ± standard deviation (n=5).  
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Figure S2. (a) Shoot dry weights (SDW) and (b) Shoot fresh weights (SFW) of Tatsoi plants 

grown under different levels of soil moisture and treatments. Values are reported as mean ± 

standard deviation (n=5).  
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Table SI. Characteristics of the soils selected for the experiments. Red Sodosol was collected 

from a vegetable located in Werribee. Podosol soil was collected from a vegetable farm 

located in Cranbourne. Both locations in Victoria, Australia. 

Parameter Clay Loam 

(Red Sodosol) 

Sandy 

(Podosol) 

Electrical conductivity (dS/m)* 0.383 0.028 

pH 8.1 5.7 

Total Carbon (%) 1.3 1.2 

Nitrate (mg/Kg) 18 4.9 

Ammonium (mg/Kg) 3.5 0.36 

Na+ (mg/Kg) 254 31 

Ca2+ (mg/Kg) 2,363 302 

Mg2+ (mg/Kg) 417 49 

K+ (mg/Kg) 626 <50 

Phosphorus (mg/Kg)(Cowell) 460 97 

Zinc (mg/Kg) 2.6 2.4 

Manganese (mg/Kg) 7.5 1.9 

Copper (mg/Kg) 6.0 0.43 

Sulphur (mg/Kg) 180 9.7 

Iron (mg/Kg) 26 85 

Note: *Electrical conductivity measured in a 1:5 soil:water extract. 

mailto:Gil.Garnier@Monash.edu
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Abstract 
Hypothesis: The Furacell process involves the slow pyrolysis of plant biomass and yields a 

significant portion of torrefied wood with traces of sulfolane (TWS). Torrefied wood is a 

carbon-rich solid material that has the potential to be used as a soil amendment due to its carbon 

stability and its chemical properties. Sulfolane, on the other hand, can be a potential phytotoxic 

compound. This study investigated the feasibility of TWS as a soil additive and the phytotoxic 

effect of sulfolane and other water-soluble compounds on plant growth was evaluated.   

Experiments: TWS from the Furacell process was characterized physically and chemically. The 

effects of hot water extraction of sulfolane and pyrolysis for reducing TWS toxicity were 

assessed. The phytotoxicity of these materials was estimated by means of standard germination 

and seedling growth tests for assessing the toxicity of soil amendments [1, 2]. Toxicity tests 

were evaluated on radish (Raphanus Sativus) and cress (Lepidium sativum L.) seeds conducted 

in water suspensions (at 2, 20, 40, 100 and 200 g/L).   

Findings: TWS caused a significant delay in germination and inhibited plant growth of radish 

and cress seeds. No germination was observed at concentrations higher than 100 g/L for both 
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species. The inhibition to germination due to TWS was substantially suppressed after hot water 

extraction of sulfolane and other water-soluble elements; however, germination index 

remained low (20% average compared to the control – water only) at concentrations higher 

than 20 g/L. The pyrolysis of TWS to convert the material to char at a temperature of 500 °C 

did not have an impact on reducing the toxicity of the material which suggested that an element 

of toxicity coming from the tars in TWS persevered. Through these findings it was concluded 

that the high phytotoxicity of TWS is partially attributed to the hydrophilic substances derived 

from the process that are removable by water washing such as sulfolane, and to the presence 

phenolic and furanic compounds. Further studies are needed to quantify and evaluate the effect 

of tars in the phytotoxicity of TWS. 
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1.0 Introduction 

Torrefied wood is the brown to black uniform carbonaceous product derived from the 

incomplete combustion of plant biomass through slow pyrolysis. Torrefied wood can be used 

for energy production [3], carbonized nanomaterials [4, 5], waste management [6], gasification 

[3] and soil amendment [7]. Among these, its use as soil additive has attracted vast interest due 

to its capabilities to mitigate agro-environmental stresses through the permanent storage of 

CO2, soil nutrient retention, pH correction, and crop yield improvement [6, 8].  

The physical and chemical properties of torrefied wood are influenced by the properties of the 

feedstock and by pyrolysis conditions such as temperature and residence time [9]. Feedstocks 

differ depending on its elemental composition, moisture content, and lignin, cellulose and 

hemicellulose content. During pyrolysis, plant biomass undergoes a variety of physical, 

chemical and molecular transformations. Pyrolysis involves alterations in the O/C and H/C 

ratios, porosity, surface area [10], and an increase of aromatic ring structures and a decrease in 

O-H and CH3 [9]. The molar H/C ratio is used to correlate the degree of the thermochemical 

alteration of the material. A H/C limit higher than 0.7 is used to distinguish torrefied wood 

from char, a more aromatic plant biomass-derived carbonaceous material.  

In addition, the effects of torrefied wood are highly variable depending on its application rate, 

soil characteristics and plant species that have an impact in the outcomes reported in the 

literature that range from an increase in plant productivity to evident plant growth inhibition 

[9, 11].   

The Furacell process involves the slow pyrolysis of plant biomass and sulfolane, and yields a 

significant portion of torrefied wood contaminated with traces of sulfolane that is used in the 

process [12, 13]. Sulfolane has been recently reported to affect human fertility and the 
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development of unborn children [14-16]. For this reason, its presence in agricultural soils has 

raised concerns related to its possible toxicity impact in plants.  

Few studies have been published that assess the effects of sulfolane in plants. Most of them 

focussed on how sulfolane is taken up by plants and how these plants can be used for soil 

bioremediation. For example, Doucette, et al. [17] showed that sulfolane is significantly 

absorbed by cattails and accumulated in the leaf tips. In their experiment, sulfolane 

concentrations in the leaf tips were as high as 33,000 mg/kg dry weight for exposure of 200 

mg/L of sulfolane in water. The uptake and translocation of sulfolane were found to be a 

function of exposure concentration and water transpired. Similar outcomes were outlined by 

Headley, et al. [18] and Guerrero [19]. These studies were conducted for non-edible plants only 

and did not investigate potential phytotoxicity effects of sulfolane.  

Seed germination is one of the most important phases in the life cycle of a plant, and it is highly 

dependent on the existing environment [11]. Thus, seed germination bioassays and early stage 

seedling growth studies have been commonly used as a basis for determining toxicity effects 

in plants. These studies measure soil toxicity directly, and also consider the indirect impact of 

water-soluble compounds present in the sample [20]. Numerous scientific studies have used 

germination tests for evaluating the toxicity of carbonaceous materials derived from biomass 

pyrolysis [11, 21, 22].  

There are several methods available in the literature for reducing the toxicity of torrefied wood 

as well as for the extraction of sulfolane from solid matter. Rombola, et al. [11] demonstrated 

that inhibition to germination can be suppressed if the biomass-derived material is washed with 

water prior germination studies. Rogovska, et al. [23] observed that the negative effects of 

different biomass-derived materials on seedling growth can be eliminated if they are leached 

with water before the germination tests. Anderson and Richardson [13] demonstrated that 
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sulfolane can be extracted from torrefied wood using pressurised hot water and that the 

extraction rate of sulfolane is doubled when using pressurised hot water compared with using 

ethyl acetate.  

The aim of this study was to evaluate the phytotoxicity of the torrefied wood with sulfolane 

(TWS) formed in the Furacell process by using standard seed germination and seedling growth 

tests, and to identify possible relationships with its chemical characteristics. To this purpose, 

germination tests with radish and cress seeds were executed with the TWS at different 

concentrations. The effects of hot water extraction and pyrolysis on seed germination were 

evaluated on the TWS. Lastly, a comparison of the pyrolysed TWS was made with pyrolysed 

pine sawdust (PS) thermally treated at the same conditions.  

2.0 Materials and Methods 

2.1 Feedstock and torrefied wood preparation.  

Pine sawdust and TWS with approximately 3 wt% of sulfolane residue were kindly provided 

from a pulp and paper company in Tasmania. The TWS was manually ground using a mortar 

and pestle to reduce its particle size from 4 mm in average to less than 500 µm for the 

germination tests.  

2.2 Torrefied wood post-treatments. 

The hot water extraction of sulfolane in TWS was performed in 6 cycles. Each cycle involved 

application of the following conditions: about 20 g of TWS was suspended in 1000 mL of 

deionized water in a 1500 mL beaker at 90 °C and mechanically stirred for 8 h. After extraction, 

the material was sonicated at a power output of 750 Watts and a frequency of 20 kHz for one 

hour using a sonics vibra-cell high-intensity ultrasonic processor. The aqueous phase was 

separated by filtration. After this cycle, fresh deionized water was added to the solid TWS 

product and the process was repeated six more times. The final solid TWS product left (re-
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named as cleaned torrefied wood – CTW) after the seventh hot water extraction was dried 

overnight at 104 °C in an oven and utilized for germination tests.    

Batch pyrolysis experiments were conducted on the PS, TWS, and CTW to produce char. 

About 10 g of the desired feedstock was placed uniformly inside a Tetlow muffle furnace 

initially purged with nitrogen and then kept under a constant nitrogen atmosphere. Pyrolysis 

was performed at 500 °C for 30 min at a heating rate of 8 °C/min. According to the feedstock 

labelling, the samples were named as following: CPS, CTWS, CCTW.    

2.3 Feedstock and TWS characterisation. 

Fourier-transform infrared spectroscopy (FT-IR) was performed with 4 cm-1 resolution 

measuring the absorbance from 4000 to 600 cm-1 on an Agilent Cary 360 FT-IR/ATR 

spectrophotometer equipped with a single-bounce diamond.  

Elemental composition (HCNS) of pine sawdust and TWS were determined by combustion 

using a Perkin Elmer 2400 Series II analyser. The ash composition was calculated by way of 

thermal analysis using a Mettler Toledo GC 200 thermal analyser. About 5 mg of each sample 

was placed in an Al2O3 pan and heated at room temperature to 900 °C under a nitrogen 

atmosphere; thereafter, samples were exposed to an air current. The residual mass left was used 

to determine the ash content. The oxygen content was calculated from the mass balance as 

follows: 

O% = 100 − (C + H + N + ash)% 

The pH was determined following International Biochar Initiative (IBI) guidelines [24]. 

Briefly, a 1:20 (w:v) solution of material:deionized water was prepared and stirred for 90 

minutes prior pH measurement using a 914 Metrohm pH/Conductometer analyser.  

The high heating value (HHV) was calculated according to the following equation based on 

the elemental composition of the material [25]: 
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𝐻𝐻𝑉 (𝐾𝐽𝑘𝑔−1) = 3.55𝐶2 − 232𝐶 − 2230𝐻 + 51.2𝐶𝐻 + 131𝑁 + 20600    (1) 

The composition of sulfolane and other water-soluble compounds in the TWS, the CTW and 

the eluates obtained from the extraction post-treatment were analysed using a SHIMADZU 

GC-2010 Plus gas chromatograph analyser. Table I shows the solvents used as standard for 

each material.  

Table I. Standard solvents used for gas chromatography analysis.  

Sample Standard solvent 

TWS Water 

CTW Water 

Extraction eluates Water 

Thermogravimetric analysis (TGA) and derivative (DTG) curves were obtained using the 

Mettler Toledo GC 200 thermal analyser mentioned above. The method used was as follows: 

moisture was evaporated by heating each sample up to 110 °C using a heating rate of 25 °Cmin-

1 and held for 10 min. Volatile compounds were removed using a heating rate of 25 °C min-1 

up to 900 °C. These steps were performed at a N2 gas rate of 20 mL min-1. The final step 

consisted in introducing an air current at 900 °C for 30 min to oxidize fixed carbon and 

determine ash content. 

Mass and Energy yield, and mass energy density were calculated according to Poudel, et al. 

[26] and Gogoi, et al. [27]: 

Mass yield (Ymass) =
mass after pyrolysis

mass of raw sample 
 x 100%                                            (2) 

Energy yield (Yenergy) = Ymass x 
HHV (pyrolysed sample)

HHV (raw sample)
 x 100%                    (3)       

𝑀𝑎𝑠𝑠 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑

𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑
                                                                  (4)  
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2.4 Seed germination studies 

The impact of both the TWS and CTW and their respective chars on the germination of two 

plant species was assessed. The species considered were radish (Raphanus Sativus supplied by 

Mr. Fothergill’s) and cress (Lepidium sativum L. supplied by Mr. Fothergill’s). Both species 

are considered sensitive to toxic organic compounds such as polyphenols [28].  

The germination effects were evaluated at concentrations of 2, 20, 40, 100, 200 g/L by 

measuring the required amount of solid material and mixing it with 5 mL of deionized water 

depending on the desired concentration. The application rate was within the range of published 

recommendations and experiments [10]. For each treatment, 10 seeds of each species were 

placed on a filter paper wetted with 5 mL of the required concentration in a 90 mm Petri dish. 

Dishes were placed at room temperature in the dark. Four replicates of each treatment and the 

control (0 g/L – 5 ml of deionized water) were performed. Seed germination, defined as the 

seed having a radicle length > 5mm [1], was evaluated 12-hourly over a period of 7 days. The 

mean time to germination (MTG) of each plant species was calculated as follows: 

MTG = ∑
n x d

N
 

Where n is the number of seeds that germinated between each time period, d is the incubation 

period in minutes at that point and N is the total number of seeds that germinated in the 

treatment.  

In addition, the germination index was determined for each species over a period of 168 h using 

the germination percentage and the radicle length: 

Germination index =
Gs

Gc
 x 

Ls

Lc
 x 100 
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Where Gs and Gc are the number of seeds that germinated in the sample and the control and 

Ls and Lc are the root lengths of the sample and the control, respectively. Germination index 

is measured as a percentage of control.  

2.5 Data analysis 

The retrieved data from the germination studies were analysed statistically using One-way and 

Two-way ANOVA (analysis of variance) to determine differences between the means of the 

different treatments. Student-Newman-Keuls (SNK) tests were used where significant 

differences were found (p < 0.05). ANOVA and SNK analyses were performed using 

SigmaPlot 13 (Sysstat, Chicago, IL).  

3.0 Results  

3.1 Material characterisation. 

The characteristics of pine sawdust (PS), torrefied wood with sulfolane (TWS) and clean 

torrefied wood (CTW) are shown and compared with their respective chars in Table II. The 

chemical characteristics of the PS were consistent with typical composition values found in the 

literature [3, 29, 30].  
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Table II. Proximate and elemental analysis of pine sawdust (PS), torrefied wood with sulfolane (TWS), clean torrefied wood (CTW) and their 

respective chars (indicated with the prefix C) produced at 500 °C (indicated in suffix) for 30 min. All on dry basis.  

Sample pH 

Moisture 

(%) 

C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

Ash 

(wt%) 

O 

(wt%) 

S 

(wt%) 

Atomic 

ratio 

H:C 

Atomic 

ratio 

O:C 

PS 4.83 31 46.62 6.54 0.06 0.29 46.49 <0.3 1.684 0.749 

TWS 2.12 2.1 56.84 4.95 0.17 4.15 33.88 <0.3 1.045 0.4448 

CTW 3.07 2 59.02 4.84 0.09 3.58 32.46 <0.3 0.986 0.413 

           

CPS500 7.52 ND 85.45 2.45 0.25 6.66 5.21 <0.3 0.341 0.046 

CTWS500 2.23 ND 75.48 2.10 0.23 7.87 14.32 <0.3 0.333 0.142 

CCTW500 2.69 ND 79.11 1.91 0.19 7.87 10.91 <0.3 0.290 0.105 
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Table III shows the calorific values (HHV), yields and mass energy densities of the torrefied 

woods and the chars produced from the pyrolysis of pine sawdust, TWS and CTW. The yield 

of the chars from TWS and CTW was reported based on pine sawdust as raw material. The 

mass yield of the chars produced was in line with data reported in the literature: around 20-

30% for pine sawdust [6, 31] and between 30-40% for torrefied wood [27, 32]. The energy 

yield (or energy efficiency) indicates the ratio of energy available of the material to initial 

energy content of the raw biomass. In general, the mass and the energy yield decreased with 

the increase in the thermochemical conversion of pine. The decrease in mass was due to its loss 

of moisture and its thermal decomposition to form gaseous products such as CO, CO2, H2O, 

acetic acid and other compounds [26].  

Table III. Calorific value (HHV), mass yield, energy yield and mass energy density of torrefied 

wood with sulfolane (TWS), clean torrefied wood (CTW) and their respective chars (prefix C). 

Sample 

Calorific 

value 

(MJ/kg) 

Mass yield 

(%) 

Energy 

yield (%) 

Mass 

energy 

density 

PS 18.53 - - - 

TWS 22.78 65 79.9 1.23 

CTW 23.12 65 81.1 1.25 

     

CPS500 31.93 21 36.2 1.72 

CTWS500 26.77 38.4 55.4 1.44 

CCTW500 28.01 35.1 53.1 1.51 

Figure 1 shows the thermogravimetric (TG) and the derivative thermogravimetry (DTG) curves 

of PS, TWS, CTW and their respective chars. Differences in the thermo-degradability between 
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the feedstock and their respective chars were evident. All samples exhibited an initial weight 

loss at 100 °C, attributed to moisture loss. The highest changes in the lost fraction of weight 

were observed at a temperature range between 250 – 450 °C. PS displayed 65% of weight loss 

at a temperature between 350 – 400 °C, associated to the decomposition of cellulose occurring 

in the temperature range of 315 – 400 °C [33]. TWS and CTW also exhibited a similar trend at 

this temperature range but to a lower degree. This is because the cellulose in the torrefied 

materials had already been partially modified by the Furacell heating process.   

  

Figure 1. TGA and DTG curves of a) pine sawdust (PS), torrefied wood (TWS) and CTW 

samples. b) TG curves for pine feedstock, TWS and CTW samples.The DTG 

curves of TWS and CTW of in Figure 1a also displayed a distinct weight loss in 

the temperature range of 280 – 320 °C and a difference between these curves of 

approximately 4 %wt was observed. This difference was attributed to the removal 

of sulfolane since TWS showed a peak in the DTG signal at 275 °C, a temperature 

lower than the boiling point of sulfolane of 285 °C [15], and CTW had this peak at 

300 °C.  

Overall, the TG and DTG curves of the chars in Figure 1b produced at 500 °C suggested that 

the pyrolysis underwent complete carbonisation of the initial feedstock since no thermo-

degradable fraction below this temperature was observed. This was also supported by the low 
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values of the H:C ratios [34]. Likewise, the steady weight loss above 530 °C in the chars was 

attributed to the degradation temperature of lignin that occurs slowly between 140 to 900 °C 

[6, 33].      

Figure 2 shows the evolution of the FT-IR spectra of PS, TWS and CTWS as a function of the 

temperature at which they were processed or charring temperature. In principle, pine sawdust 

was characterised for its cellulosic and lignin content exhibited as O–H, C–O and its aliphatic 

(C–H) bonds.  

The evolution of FT-IR spectra of lignocellulosic biomass displayed in Figure 2 shows the 

dehydration of cellulosic and ligneous components (3500 – 3200 cm-1) that increased with the 

charring temperature. The TWS300 spectrum exhibited stronger C=O and C=C stretching 

vibrations (1700 – 1600 cm-1) indicating the formation of lignin/cellulose-derived 

transformation products (multiple peaks at 1600 – 700 cm-1), aromatic components (885 – 750 

cm-1), and a decreased intensity of the 1080 cm-1 band for C–O skeletal vibrations, common in 

the functional groups of cellulose, hemicellulose and lignin [35]. All of these were linked to 

the processing temperature of torrefied wood in the FuracellTM process. This supported the 

hypothesis that this material was torrefied wood or char in transition, where small volatile 

dissociation products are created as a result of dehydration of plant materials and 

depolymerisation of plant biopolymers as described by Keiluweit, et al. [36]. Finally, the 

CTWS500 spectrum was used to verify the effective conversion of the material to char. Heating 

the material to 500 °C resulted in more substantial chemical transformations. Bands due to 

hydrogen bonded O-H stretching (3200 – 3500 cm-1) of water molecules and C-O (1080 cm-1) 

decreased intensity or were completely absent. Absorption of aliphatic C-H stretching (2935 

and 2885 cm-1) declined compared to TWS300 spectrum. An increase of intensity at 885 – 752 

cm-1 relative to 1650 – 1500 cm-1 indicated a larger degree of condensation which suggested 

that smaller aromatic units condensed into larger sheets [37].    
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Figure 2. Stacked FT-IR of pine sawdust (PS), torrefied wood (TWS) and char from torrefied 

wood (CTWS500) samples. 

 

 

 

3.2 Assessment of phytotoxicity of TWS and mitigation methods 

3.2.1. Effect of TWS as received 

In the first germination experiment, radish and cress seeds were treated under five different 

concentrations of torrefied wood as received: 2, 20, 40, 100, and 200 g/L. It was observed that 

the mean time to germination (MTG) and the germination index (GI) in both species increased 

with increasing TWS concentration. No germination was observed at concentrations higher 

than 40 g/L for all species which outlines the heavy toxicity effect TWS had on plant species 

(see Figure 3).  
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Figure 3. Mean time to germination and germination index of radish (a and b) and cress (c and 

d) in the presence of TWS concentrations. Means (+- S.E.) followed by the same 

letter are not significantly different at the P < 0.05 level, as determined by SNK’s 

test. 

Radish seeds showed no substantial difference in MTG or GI between the control and 2g/L. 

However, they showed a significant increase in MTG between 2 and 20 g/L, or greater. A 

similar trend was observed for cress species where MTG increased with increasing 

concentration up to 40 g/L, and no germination was noted at higher concentrations.  

The GI decreased with increasing TWS concentration for all species. For the species considered 

in this experiment, the GI was significantly lower where seeds were treated at high 
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concentrations of TWS in comparison with dH2O control. The GI changed from 100% at dH2O 

control to 1.6% and 1.3% at a concentration of 40 g/L for radish and cress, respectively.   

3.4.2. Extractable compounds 

Hot water was used to extract the chemicals present in the TWS such as sulfolane, acetic acid, 

furfural and levoglucosenone (LGO). Figure 4 presents the concentrations of sulfolane before 

and after the hot water extraction process.  

 

Figure 4. a) Concentrations of Sulfolane before and after extraction. b) Elution profile of 

Sulfolane extracted from the torrefied wood. 

Figure 4b shows that approximately 80% of the sulfolane present in the initial torrefied wood 

was removed in the first extraction cycle which confirms the effectiveness of the method. 

Nevertheless, it was also observed that the remaining material after the extraction had still some 

traces of sulfolane left (see Figure 4a). Overall, the extraction process removed 96% of the 

initial sulfolane in the TWS. Similar yields were reported by Anderson and Richardson [13], 

who used pressurised hot water to extract sulfolane from torrefied wood.  

 The concentration of other specific potentially toxic compounds extracted from the TWS is 

shown in Table IV. Acetic acid, furfural and levoglucosenone (LGO) are products from the 

pyrolysis of biomass in the Furacell process and were expected to be found in the TWS. In 

general, it was observed that the concentration of each compound decreased on each extraction 
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cycle. Apart from sulfolane, the concentration of all of the other compounds was negligible in 

the CTW.  

Table IV. Concentration of extractable compounds in 25 g of torrefied wood.  

Sample/ 

Extracti

on cycle 

Concentration (wt%) Extracted mass (g) 

Acetic 

acid 

Furfur

al 

LGO 

Sulfolan

e 

Aceti

c acid 

Furfur

al 

LGO 

Sulfola

ne 

TWS 0.07 0.067 0.258 2.654 0.017 0.016 0.063 0.65 

1 0.021 0.012 0.025 0.171 0.063 0.036 0.075 0.513 

2 0.002 0.004 0.005 0.021 0.006 0.012 0.015 0.064 

3 0 0 0 0.002 0 0 0 0.02 

4 0.001 0.001 0.001 0.001 0.008 0.01 0.08 0.008 

5 0 0.001 0.001 0.001 0 0.01 0.01 0.01 

6 0 0 0.01 0.001 0 0 0.01 0.01 

7 0 0 0.01 0 0 0 0.01 0 

CTW 0 0 0 0.101 0 0 0 0.024 

 

3.4.3. Germination tests after TWS post-treatment 

Germination assays were performed with the product left after the hot water extraction (labelled 

clean torrefied wood – CTW). Germination tests were also performed with the chars produced 

from the TWS and CTW, and they were compared with char produced from pine sawdust (PS) 

– a clean source. All of the germination tests were conducted at 5 different concentrations of 

solid material mixed with deionized water: 2, 20, 40, 100 and 200 g/L for radish and cress 

seeds. Deionized water was used as a control. Figure 5 shows the results of the germination 

tests performed with CTW.  
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The inhibitory effects of TWS significantly decreased after the hot water extraction process. 

Figure 6 presents pictures of the germinations assays of radish seeds treated with 40 g/L of 

TWS and CTW after 7 days of experiment. More pictures of the treatments are shown in the 

supplementary information.  

The ANOVA tests indicated that MTG for radish seeds was constant over the dH2O control 

and the treatments up to 40 g/L. In this experiment, the lowest MTG observed was 40 hours on 

average, whereas the highest MTG reported was 78 hours at a concentration of 200 g/L. 

Similarly, MTG of cress species was 71 hours in average and the ANOVA tests showed that 

no substantial difference was observed between the dH2O and all the treatments. It should be 

noted that both plant species germinated at concentrations of 100 and 200 g/L, in contrast to 

the results observed for TWS. 

 



APPENDIX IV 

IV-21 

Figure 5. Mean time to germination and germination index of radish (a and b) and cress (c and 

d) in the presence of clean torrefied wood (CTW) concentrations. Means (+- S.E.) 

followed by the same letter are not significantly different at the P < 0.05 level, as 

determined by SNK’s test 

 

 

 

 

 

Figure 6. Germination assays of radish seeds treated at concentrations of 40 g/L of TWS a) 

and CTW b). Photos taken after 7 days of experiment.  

A partial improvement in the GI was also observed for all species treated with cleaned torrefied 

wood (CTW). Though the GI of radish seeds remained constant between the dH2O control and 

the treatments up to 40 g/L, the roots barely grew at 200 g/L. A similar trend was observed for 

cress species. Here, a significant difference was noted between the control and the 

concentrations after 2 g/L which suggested that the clean torrefied wood still had some 

elements of toxicity. These observations are supported by Rogovska, et al. [23], who evaluated 

the effects of chars on seedling growth of corn seeds and found that growth inhibition was 

significantly reduced when the chars were washed with water prior to germination tests.  The 

effect of the chars on seed germination of radish and cress is presented in Figure 7. Additional 

graphs of individual materials can be found in the supplementary information at the end of this 

APPENDIX. 

a) b) 
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Figure 7. Mean time to germination and germination index of radish (a and b) and cress (c and 

d) in the presence of char from pine sawdust (CPS), char from torrefied wood with 

sulfolane (CTWS) and char from clean torrefied wood (CCTW). All at different 

concentrations.  

Figure 7a and 7c show that there was no significant difference in the MTG between the dH2O 

control and the chars produced from PS and CTW. However, both species showed an increase 

in MTG when treated with char produced from TWS where cress seeds did not germinate at 

the highest concentration of 200 g/L.  

On the other hand, Figure 7b and 7d clearly indicates that GI in both species was severely 

affected by the chars produced from the torrefied wood, both TWS and CTW. This impact was 

more acute in cress seeds where germination indexes harshly decreased after a concentration 
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of 2 g/L which indicated that the conversion of the torrefied wood to char did not have any 

effect in reducing the toxicity of torrefied wood. Comparing the GI of chars from TWS and 

CTW with char from pine sawdust, it is clearly observed that an element of toxicity still persists 

in the torrefied wood even after converting it to char, especially when char is produced from 

the torrefied wood as received (TWS) (see figure 8). 

Interestingly, char from pine sawdust exhibited positive effects in the germination of radish 

seeds (figure 7b). This was used to confirm the hypothesis of how an adequate char should 

perform to improve plant growth. Similar results were presented by Gell, et al. [38], who found 

that poultry char produced at 550 °C increased radish root elongation in 134%.  

 

 

Figure 8. Germination assays of radish seeds treated at concentrations of 200 g/L of char from 

pine sawdust (CPS), (b) char from torrefied wood with sulfolane (CTWS) and (c) 

char from clean torrefied wood (CCTW). Photos taken after 7 days of experiment.  

4.0 Discussion  

4.1 Material characterisation  

The H:C atomic ratio shown in Table II displays values of 1.045 and 0.986 of TWS and CTW 

respectively. This validated the hypothesis that the material did not undergo full 

thermochemical conversion to char and therefore it was torrefied wood and not char. According 

a) b) 

c) 
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to the International Char Initiative (IBI) [24], only materials with an H:C atomic ratio less than 

0.7 are recognized as thermochemically converted materials or chars. Looking at the H:C ratios 

of the chars produced, it was observed that for all cases the H:C atomic ratio was less than 0.7 

which confirmed the successful thermochemical conversion of the biomass into char. These 

findings were strengthened by the O:C values of 0.44 and 0.14 of TWS and CTWS 

respectively. a According to Spokas [39], a boundary of O:C atomic ratio of less than 0.2 is 

used to divide thermo-chemical conversion products from combustion residues. Lastly, the 

percent of sulphur of <0.3% in the CTW was used to verified the effective removal of sulfolane 

from the torrefied wood. 

Comparing the calorific values (HHV) in Table III of the chars produced and the torrefied wood 

with the HHV value of pine, it was observed that the HHV increased as the thermochemical 

conversion of pine took place. This was because of the increase in the concentration of C-C 

and C-H bonds in the material after the removal of the C-O bonds verified in the decrease of 

the O:C atomic ratios [27]. However, it should be noted that the higher the HHV, the lower the 

mass and energy yield of the material produced. This indicates a trade-off between the energy 

content in the material and its total available mass which is explained by the mass energy 

density. Hence, it is concluded that the closest the value is to 1 the more energy efficient the 

material is.   

4.2 Assessment of phytotoxicity of TWS and mitigation methods 

4.2.1. Effect of TWS as received 

The significant delay in seed germination and the severe decrease in plant growth for both 

radish and cress seeds suggest that TWS had inhibitory effects in the time to germination and 

germination index of both species. Though the mechanisms of the phytotoxicity are difficult to 

predict, previous studies have shown that both species are sensitive to the presence of aliphatic 

and aromatic hydrocarbons [38] present in the material, and to phenolic compounds derived 
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from the decomposition of lignin [30]. These observations are strongly supported by the results 

of Trifonova, et al. [40], who showed that the phenols and furans present in the torrefied wood 

inhibited germination of tomato seeds. Such compounds were found           to be generated 

during biomass pyrolysis at low temperatures. They found that the phytotoxicity of torrefied 

wood decreases when biological treatment is used. 

Similarly, the presence of sulfolane in TWS is likely to have a phytotoxic impact. Doucette, et 

al. [17] investigated the uptake of sulfolane in plants by growing cattails hydroponically in 

aqueous solutions with sulfolane. They found that sulfolane is taken up passively by cattails, it 

ends in the leaves where it gets accumulated. Though no phytotoxicity effect was reported by 

the authors, the concentrations of sulfolane used in the experiments were much lower than the 

concentrations presented in this study (20 to 200 ppm compared to 50 to 5,300 ppm 

respectively) to eliminate the possibility of sulfolane causing growth inhibition in plants. 

Likewise, in the study by Doucette, et al. [17], the plants were allowed to grow for several 

weeks prior to their exposure to sulfolane meaning that germination tests could not be assessed.  

4.2.2. Germination tests after TWS post-treatments 

Germination assays of CTW indicated that even though MTG results for cress species were 

similar across all CTW concentrations and control, GI results revealed that a high phytotoxic 

effect still persists in cress seeds since the GI decreased as CTW concentration increased (i.e. 

seeds germinated but the plant did not grow). Such observations were reported by Gell, et al. 

[38], who found that thermally treated biomass at low-temperature pyrolysis exhibit more 

phytotoxic effects. These are attributed to the tars present in the torrefied wood. Tars are 

produced during the pyrolysis process and they are mainly composed of a mixture of 

hydrocarbons. They are not water-soluble and therefore cannot be removed with hot water.  

It is not yet known which element(s) of the torrefied wood are likely to be responsible for the 

chronic phytotoxicity observed. Figure 9 compares the germination index depending on the 
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torrefied wood post-treatment for radish and cress. Results showed that CTW and its respective 

char had less inhibitory effects as compared to the others. In fact, char from CTW had little a 

reduction in phytotoxicity compared with CTW alone. This strongly supports the hypothesis 

that the water-soluble compounds such as furfural, phenols and sulfolane present in the 

torrefied wood are partly responsible for inhibiting seed germination as suggested by Buss and 

Masek [21] and Trifonova, et al. [40].  

  

Figure 9. Germination index of radish (a) and cress (b) seeds in the presence of different 

treatments. Means (+- S.E.).  

Soil acidity is known to be a major growth-limiting factor for plants [41]. High acidity levels 

in soils are known to result in inhibited plant growth as they are associated with plant diseases. 

Robson and Abbott [42] suggest that the main effect of unfavourable pH is to prolong the stage 

of growth during which the plant is more susceptible to infection. During the toxicity studies, 

some fungal growth was observed in both species treated with high concentrations of TWS and 

CTW (100 and 200 g/L). It was believed that this fungal growth was due to the acid conditions 

of the experiment (pH < 3); however, the pH of both species treated at lowest concentration of 

both TWS and CTW was between 3 and 3.5, and no fungal growth was detected which 

suggested that the pH was not solely responsible for the observed phytotoxicity.   
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Lastly, it was suggested that some chemical compounds in the residuals tars of the chars may 

have direct toxicity effects in plant growth [43]. Buss and Masek [21] showed that softwood 

char contaminated with high volatile organic compounds totally inhibits cress seed germination 

at concentrations higher than 1 g. They also found that water-soluble constituents of the char 

induced heavy toxicity to germination which was also confirmed in this study. Gell, et al. [8] 

showed that chars from low-temperature pyrolysis exhibit more phytotoxic effects than chars 

produced at high temperatures. This is because pyrolysis at low temperature produces higher 

levels of tars which is likely to occur in this case. The results in Figure 7b and 7d indicates that 

char from pine sawdust did not exhibit any inhibitory effects on plant growth, unlike to what 

was observed for chars of TWS and CTW. Thus, strongly supporting the hypothesis that TWS 

and CTW chars contain more tars than PS char because of their previous thermal treatment that 

happened in the Furacell process. Moreover, Yang, et al. [44] showed that “tar-free” char can 

be achieved if the pyrolysis temperature is higher than 500 °C. Nevertheless, further processing 

of the material with organic extraction or solid-phase adsorption is needed to quantify the 

amount and impact of tars in plant toxicity. 

5.0 Conclusion 

Germination assays of radish and cress seeds were found to be a suitable method for 

determining phytotoxicity. This study demonstrated that the torrefied wood of the Furacell 

process delays the germination and inhibits vegetative growth of radish and cress.  

This study showed that washing the torrefied wood with hot water was a suitable method to 

extract water-soluble compounds such as acetic acid, furfural and sulfolane present in the 

material. The mass of sulfolane in the material before and after the extraction process was 0.65 

g and 0.024 g respectively. Hence, the extraction process successfully removed 96% of the 

sulfolane content in the torrefied wood.  
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Whilst removing the sulfolane and other water-soluble compounds from the torrefied wood 

showed an improvement in the time to germination and early growth of radish and cress 

species, the material remains toxic to plant growth as it impacted the germination index of cress 

seeds.  

The production of char from pine sawdust exhibited positive effects in the germination of 

radish seeds and served as a positive indicator for comparing the toxicity effects of the chars 

produced from the torrefied wood.  

Similarly, no difference was observed between the clean torrefied wood (CTW) and its 

respective char (CCTW) which suggests that converting the torrefied wood to char does not 

reduce its phytotoxicity.  

The data presented in this report indicate that the torrefied wood from the Furacell process is 

negatively affecting the early growth and development of the species tested. This effect is 

attributed to the composition of tars present in the material. However, further studies such as 

organic extraction with ethyl acetate or solid-phase adsorption of tars are needed to quantify 

and evaluate the effect of tars in the material.   
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Supplementary information  

A. Germination assays performed with torrefied wood with sulfolane (TWS) 
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B. Germination assays performed with clean torrefied wood with sulfolane (CTW) 
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C. Mean time to germination (MTG) and Germination index (GI) of radish and 

cress seeds treated with different biochars at different concentrations.  

 

 

 

 

 

  

 

Figure 9. Mean time to germination and germination index of radish in the presence of char 

produced from pine sawdust (CPS) (a and b), char produced from TWS (CTWS) (c and d), and 
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char produced from CTW (CCTW) (e and f). Means (+- S.E.) followed by the same letter are 

not significantly different at the P < 0.05 level, as determined by SNK’s test. 

 

Figure 10. Mean time to germination and germination index of cress in the presence of char 

produced from pine sawdust (CPS) (a and b), char produced from TWS (CTWS) (c and d), and 
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char produced from CTW (CCTW) (e and f). Means (+- S.E.) followed by the same letter are 

not significantly different at the P < 0.05 level, as determined by SNK’s test. 

 




