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ARTICLE INFO ABSTRACT
Keywords: Innovative solutions that address global challenges such as water scarcity and soil erosion are
Soil amendments critical for maintaining sustainable agriculture. Due to their water-absorbing and soil-binding

water-saving polymers

soil moisture improvement
mean weight diameter
irrigation water

properties, cellulose nanofibers (CNF) can be applied to soil to enhance soil water retention
and aggregate stability. In this study, we analyzed the effects of the drying temperature, dosage,
irrigation water quality, and soil type on the efficacy of CNFs. Our results revealed that CNF dried
at 5°C is more effective at absorbing water than others, and adding 1% CNF enhanced soil water
content up to 98%. The CNF samples absorbed water due to their hydrophilic molecular groups
and morphological structure, as confirmed by Fourier-transform infrared spectroscopy and
scanning electron microscopy. CNF addition increased the soil volumetric water content and
prolonged water retention by 22 days in the paddy soil samples, highlighting its potential for
drought-prone areas. Furthermore, irrigation water quality, such as pH and cation values,
influenced the interactions between CNF and water molecules, suggesting adjustments to the
water retention curve. In its hydrated state, CNF promotes colloid flocculation and binds to soil
particles, thereby strengthening the bonds crucial for aggregate formation and stability. CNF
enhanced macro-aggregate formation by up to 48% and 59% in the masa and paddy soil samples,
respectively. Our study emphasizes the potential of CNF for water conservation, soil health, and
overall agricultural sustainability.

1. Introduction

Climate change, anthropogenic activities, and other environmental factors threaten global agricultural sustainability by aggra-
vating water scarcity and soil erosion (Alsulaili et al., 2022; Ide et al., 2019; Shao et al., 2023a). Soil water availability and aggregate
stability are crucial factors affecting crop productivity by facilitating hydration, nutrient access, and overall soil health (Kang et al.,
2022; Morietal., 2013, 2014; Qi et al., 2022). Soil aggregate stability is among the main physical indicators for plant health as it affects
soil aeration, root growth, water holding, erosion, nutrient cycling, and microbial habitat (Jat et al., 2023). Intensifying droughts,
stronger typhoons, and increasing non-agricultural water usage further deplete the limited water resources (Gharib et al., 2023; Shao

Abbreviations: CNF, cellulose nanofibers; MS, masa soil; PS, paddy soil; 5DC, CNF dried at 5 °C; 25DC, CNF dried at 25 °C; 45DC, CNF dried at 45
°C; DW, distilled water; TW, tap water; MW, masa soil-extracted water; PW, paddy soil-extracted water; MWD, mean weight diameter; SWRC, soil
water retention curve; SA, soil aggregate; SOM, soil organic matter; OM, organic matter.
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et al., 2023a). Moreover, these factors weaken soil integrity, leading to soil cracking and exacerbated erosion (Morioka et al., 2023;
Quintana et al., 2023). Thus, addressing these challenges is critical for ensuring water availability and global food security (Shao et al.,
2023a).

Novel soil amendments, such as water-absorbing polymers, offer innovative solutions to agricultural challenges (Dhiman et al.,
2021; Marczak et al., 2022; Situ et al., 2023; Zhang et al., 2023). Cellulose nanofibers (CNF), derived from plant biomass, have notable
nanoscale dimensions, large surface areas, and hydrophilic properties (Zhang et al., 2023). Apart from enhancing soil water retention
and minimizing evaporation (Barajas-Ledesma et al., 2022), CNF may strengthen soil aggregate (SA) stability and improve soil
structure, making them highly valuable in water-stressed regions. Due to their multiple advantages, including excellent water storage,
and the ability to bind soil particles together along with renewability, biodegradability, and environmental compatibility (Bar-
ajas-Ledesma et al., 2022; Bhattacharyya et al., 2021; Reshmy et al., 2021; Shao et al., 2023a; Zhang et al., 2023), CNF, specifically
TEMPO-CNF (TEMPO stands for 2,2,6,6-Tetramethylpiperidine-1-oxyl), has received increasing attention.

TEMPO-CNF is produced by specific hydrolysis and oxidation techniques (Kaffashsaie et al., 2021; Djafari Petroudy et al., 2018),
and is typically stored in aqueous form due to its inherent hydrophilicity (Sebenik et al., 2020). Changes in the drying process during
synthesis can modify CNF structure (Klemm et al., 2018; Stanistawska et al., 2020), affecting soil water retention performance (Andree
et al., 2021). However, research on the specific effects of different CNF drying methods on soil moisture conservation in agriculture is
limited. Thus, further studies are required to maximize the potential of CNF in improving the water retention capacity of cultivated
soils.

Irrigation water quality and soil texture affect the hydraulic characteristics of CNF-amended soils (Bauli et al., 2021; Qin et al.,
2022; Zhang et al., 2023). Water quality aspects, such as alkalinity and water cations can alter CNF absorption and swelling behaviors
(Chang et al., 2011; Liu et al., 2014). Moreover, soil properties primarily dictate soil’s hydraulic conductivity and moisture retention
(Bui et al., 2022; Dexter, 2004; Mori et al., 1999). Soil texture and organic content are critical for water retention (Qin et al., 2022; Saha
et al., 2020). CNF must be fine-tuned to suit specific soil types (Barajas-Ledesma et al., 2022; Bauli et al., 2021). Therefore, analyzing
the effect of CNFs on water retention in various irrigation scenarios and soil types is crucial to optimize its agricultural application.

Hydrocarbon compounds, such as cellulose, starch, and glucose, contribute to soil organic matter (SOM) content (Chavez-Rico
etal., 2023; Chen et al., 2023; Mizuta et al., 2015). SOM binds to soil particles through cohesive forces, facilitating SA formation. Upon
hydration, these compounds enhance colloid flocculation and adhere to soil particle surfaces, thereby strengthening the chemical
bonds involved in SA formation (Abiven et al., 2009; Shao et al., 2023a; Situ et al., 2022). Although CNF is hypothesized to augment
SA, its specific mechanisms and effectiveness can differ due to soil texture, organic content, and other properties across soil types. This
variability contributes to a limited understanding of the intricate relationship between CNF and SA formation, potentially restricting
its perceived utility as a soil enhancer. Thus, it is essential to investigate the effects of CNF on SA formation and stability in various soil
contexts.

The aim of this study was to assess the improvement of soil water retention and aggregate stability by CNF produced at various
drying temperatures. The specific objectives of this study were to (i) determine the effect of CNF drying methods on the water ab-
sorption capacity, (ii) examine the influence of irrigation water quality on soil water retention, and (iii) analyze the relationship
between CNF dosage and soil type with respect to aggregate stability. Laboratory tests were performed using three CNF drying methods
(cool-, air-, and oven-dried CNF), four CNF dosages (0%, 0.1%, 0.5%, and 1.0%), four irrigation water qualities (distilled, tap, masa
soil-extracted, and paddy soil-extracted water), and two soil varieties (sandy and silt loam soils). Our findings offer an effective
strategy for increasing water availability, enhancing soil stability, and positioning CNFs as viable soil enhancers.

2. Materials and methods
2.1. CNF, soil, and water

The CNF, a commercially hydrated product from Cellulose Lab (Quebec, Canada), was designated as TEMPO-CNF. Its character-
istics, including the unique three-dimensional network structure that significantly contributes to its high water retention and ab-
sorption capabilities, are summarized in Table A.1. Initially hydrated CNF was dried at three temperatures: 5, 25, and 45 °C, resulting
in different dried-CNF products labeled 5DC, 25DC, and 45DC, respectively. Drying at 5 °C was carried out in a refrigerator with a
relative humidity of approximately 20%, at 25 °C in an indoor laboratory environment, and at 45 °C in an oven. The samples were
monitored until their moisture content decreased to approximately 10%. Subsequently, the samples were stored in glass bottles with
lids for further use.

Two soil samples with different textures suitable for plant growth—sandy or masa soil (MS) and silt loam or paddy soil (PS)—were
collected from the cultivated layer (0-200 mm) of two sites in Okayama, Japan: 34° 41°26.0” N, 133° 55’33.5” E for the MS samples
and 34° 41°08.3” N, 133° 54°48.9” E for the PS samples. The samples were air-dried and sieved through a 2-mm mesh. The basic
properties of these soils are listed in Table A.2. Particle size distribution was determined using a laser diffraction analyzer (SALD-3100;
Shimadzu, Kyoto, Japan). Porosity was calculated from the particle and bulk densities (Dane et al., 2002). Organic matter (OM) was
quantified using the loss-on-ignition method (Sparks et al., 1996). A soil sample of 10 g was heated at 450°C for 4 hours to ensure
accurate OM estimation.

Four types of water were used in this study: distilled water (DW), tap water (TW), masa soil-extracted water (MW), and paddy
soil-extracted water (PW). The extraction procedure was adapted from a previously reported saturated extraction method (Sparks
et al., 1996). The pH was determined using a pH meter (Laqua Twin pH-11B; Horiba, Kyoto, Japan). Cations were analyzed using
simultaneous ICP atomic emission spectrometry (ICPE-9820; Shimadzu, Kyoto, Japan). The important quality parameters of water
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used are in Table A.3

2.2. Water absorption

The effect of the drying method on the absorbency of CNF was investigated. MS was selected because of its limited OM content,
which minimizes the nutrient influence. Three dried CNF samples (5DC, 25DC, and 45DC) were mixed separately with MS at a 1% CNF
ratio. Dried CNF and bare soil samples were used as the controls. The samples were placed in 15-mL polypropylene tubes; a 1-mm hole
at the bottom was covered with a cotton pad to prevent soil drainage. The tubes were submerged in DW for 1, 5, 15, 30, and 60 min,
followed by 60-min increments in 480 min. After each immersion, the samples were weighed to determine absorption capacities. The
absorption capacity was calculated using Eq. (1), where W (g) and W, (g) are the weights of the swollen and dried samples,
respectively (El Idrissi et al., 2022).

w,—-Ww,

Absorption capacity(g.g™') = ’T o

2.3. Repeated water absorption

After the initial water absorption experiment, the samples were used for repeated absorption investigations. Each sample was
saturated in DW for 24 h and dehydrated in an oven at 32 °C. The samples were subjected to five wet-dry cycles, alternating between
immersion in DW and oven drying. The repeated absorption capacity in each cycle was measured using Eq. (1).

2.4. Soil water retention curve

The effect of different irrigation water qualities on the soil water retention curve (SWRC) in CNF-amended soil was assessed using
four types of water to cover a broad range of scenarios. DW and TW represented the cleanest irrigation scenarios, while MW and PW
simulated degraded water conditions. This selection strategically encompassed the spectrum of potential irrigation water qualities,
from ideal to highly challenged conditions.

The SWRC of the CNF-amended soil samples was evaluated using the centrifuge outflow method (Bui and Mori, 2021), illustrating
the relationship between soil suction and water content. Initially, 1% 5DC was mixed with 15 g of MS and placed in tubes as described
in Section 2.2. These tubes were then immersed separately in each water type. After saturation, the samples were centrifuged at 100,
300, 500, 800, 1000, and 1500 rpm for 30 min, corresponding to 13, 121, 337, 862, 1346, and 3029 kPa, respectively. Subsequently,
they were oven-dried at 105 °C for 24 h. The volumetric water content was calculated using Eq. (2) (Campbell and Campbell, 2013),
where m,, is the mass of water retention after centrifugation, mq is the mass of oven-dry soil, pgq represents soil bulk density, and py
represents water density (typically, p,, = 1 g.cm™>).

) _ m,
Volumetric water content(cm®.cm™) = Yo% Pa @
mq Py,

2.5. Soil water retention time

The interactive effects of CNF application rates and soil types on soil water retention were analyzed. Two soil types (MS and PS) and
four 5DC dosages (0%, 0.1%, 0.5%, and 1.0%) were used. The soil samples were combined with the specified CNF dosages and placed
in prepared tubes. Subsequently, the tubes were immersed in DW for full saturation before weighing. The tubes were then transferred
to an incubator (CN-40A; Mitsubishi, Tokyo, Japan) at 32 °C. This temperature was selected to simulate the average daytime tem-
peratures common in many agricultural countries, which is pertinent for evaluating the potential real-world application of CNF in
agricultural fields. Daily water retention was measured until reaching a constant weight. The water retention ratio was calculated
using Eq. (3), where W, (g) represents the mass of the control sample at complete equilibrium (Day 0), and W, (g) is the mass of the
treatment samples on Day t (Barajas-Ledesma et al., 2022).

W,
Water retention ratio(WR) (%) = W’ x 100 3)

e

2.6. Soil aggregate stability

SA stability is pivotal for evaluating soil health and its susceptibility to erosion and degradation processes. It reflects the erosion
resistance capacity, water infiltration rate, nutrient cycling, and plant root penetration. Enhanced SA stability is crucial for promoting
sustainable agricultural practices and environmental conservation. Therefore, this study aims to highlight the role of CNF in enhancing
SA stability, which contributes to maintaining soil health and enhancing crop productivity.

A setup was prepared to analyze SA stability, reflecting the experimental conditions of soil water retention tests. Specifically, 500 g
of MS and PS was each mixed with four 5DC dosages (0%, 0.1%, 0.5%, and 1.0%) and placed in the incubator after saturation. Samples
were collected on Days 0, 5, 10, 15, 25, and 45 over the 45-day observation period to determine SA size distribution.

The SA stability was assessed using the mean weight diameter (MWD) index following the wet sieving method (Elliott, 1986). For
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Fig. 1. Water absorption of dried CNF (1a) and CNF-amended soil (1b). Masa soil combined with 1% 5DC (MC5), 25DC (MC25), and 45DC (MC45).
CNF, cellulose nanofibers; MS, masa soil; 5DC, 25DC, and 45DC, CNF dried at 5, 25, and 45 °C, respectively.

this assessment, soil samples weighing 5 g each were subjected to wet sieving using sieves with mesh sizes of 53, 250, 850, and 2000
micrometers. The MWD was calculated using Eq. (4), where X; is the mean diameter of aggregates of each particle size (mm), Wj is the
proportion of aggregates of the corresponding particle size in the total sample, and n is the number of aggregate particle sizes (Situ
et al., 2022).

Mean weight diameter(MWD) = ZL]X,-AW,» 4
2.7. FTIR and SEM analysis

Dried CNFs were analyzed by a Fourier-transform infrared (FTIR) spectrophotometer equipped with an attenuated total reflection
(ATR) (Cary630; Agilent Technologies, Santa Clara, CA, USA). Spectra were obtained from 4000 to 650 cm~ ! at a resolution of 4 em ™.
The surface morphology of the cellulose fibrils was assessed by scanning electron microscopy (SEM) (JSM-6010LA; JEOL, Tokyo,
Japan) in the vacuum mode.

2.8. Data analysis
OriginPro 2023 was used for data processing and graphical representation. Experimental data are presented as mean values from

three replicates (n = 3). Two-way analysis of variance (ANOVA), followed by pairwise comparisons and Tukey’s HSD post-hoc test, was
performed using SPSS 25.0 (IBM Corporation, Armonk, NY, USA).
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Fig. 2. ATR-FTIR spectra of three dried CNFs. CNF, cellulose nanofibers; 5DC, 25DC, and 45DC, CNF dried at 5, 25, and 45 °C, respectively.
3. Results and discussion
3.1. Effect of CNF drying temperatures on the water absorption behavior

3.1.1. Water absorption

The effect of the CNF drying temperature on its water absorbency is shown in Fig. 1. All the samples showed a similar absorption
trend: rapid initial water absorption, followed by a gradual increase until equilibrium. The amended soil samples achieved equilibrium
in water absorption faster than the free CNF samples, consistent with the bare soil pattern. There was no significant difference (p >
0.05) in the water absorption rate within each type of modified and bare soil samples after 15 minutes, or within each category of the
free CNFs after 60 min.

Fig. 1a illustrates the water absorption of the three dried CNF samples. The 5DC sample exhibited the highest absorption of 33.15
(g.g™ 1), expanding 33-fold compared with its dried weight. The water absorption of the three dried CNF samples significantly differed
(p < 0.05) and is ranked as 5DC > 45DC > 25DC. Fig. 1b depicts a similar trend in the amended soil samples; the 5DC-amended masa
soil (MC5) displayed the highest water absorption of 0.56 (g.g~1), representing a 98% increase compared with the control (MS). The
45DC-amended (MC45) and 25DC-amended masa soil samples (MC25) exhibited 69% and 55% improvements, with water absorption
of 0.47 and 0.43 (g.g™1), respectively. Despite the variations in CNF absorption due to drying temperatures, the modified soil samples
demonstrated at least a 1.55-fold increase in water absorption compared with the control, suggesting the potential of CNF in soil
drought management.

FTIR spectral analysis revealed how the drying temperatures affect CNF chemical structure and water absorption. Fig. 2 illustrates
the significant CNF spectral changes upon drying, identifying five distinct groups labeled as bands 1-5. First, drying shifted trans-
mittance and position within the 3400-3200 em ! region (Fig. 2, band 1), such as 3332 and 3281 cm! for 5DC; 3327 cm ! for 45DC;
and 3343 cm™! for 25DC, corresponding to hydrogen-bonded OH stretching vibrations (Shao et al., 2023b; Wang et al., 2015). As the
drying temperature increased, the peak at 3281 cm™! disappeared in the 25DC and 45DC, indicating the reduction in intramolecular
hydrogen bonds. Consequently, this phenomenon released free OH groups (Stanistawska et al., 2020), thus explaining the lower water
absorbency in the 25DC and 45DC samples than the 5DC sample.

Second, the range of 1500-1290 cm ! (Fig. 2, band 4) displayed a rise in peak intensity within 5DG, aligning with the variation in
drying temperature. Multiple peaks in 5DC at 1430, 1366, and 1312 cm ! attributed to the hydrophilic hydroxyl group (Coates, 2006;
Stanistawska et al., 2020), reaffirmed the superior water absorption of 5DC compared with the other types. Interestingly, 45DC,
subjected to a higher drying temperature than 25DC, retained its peak at 1394 cm ™!, whereas 25DC showed no peaks in this range. The
disappearance of these peaks indicated reduced hydroxyl groups, leading to the limited water absorption of 25DC compared with that
of 45DC. However, these observations contradicted the overall trend, wherein the higher CNF drying temperature reduced the ab-
sorption capacity. The drying time discrepancy, with the 25DC sample requiring 12 days compared to only 4 days for both the 5DC and
45DC samples, may suggest changes in its chemical structure or three-dimensional spatial arrangement. This observation serves as a
preliminary hypothesis, encouraging further detailed analysis of the CNF structure.

Third, within the spectral range of 1200-1000 cm?, the identified peaks indicated alcohol groups, specifically the C-O group
inherent in alcohols. These peaks corresponded to primary, secondary, and tertiary alcohols (Coates, 2006; Stanistawska et al., 2020),
with hydrophilic functionalities (Fig. 2, band 5). The number and intensity of the peaks in this region, ranked as 5DC > 45DC > 25DC,
demonstrate the difference in the water absorption of the three dried CNF types.

Fig. 2 (bands 2, 3, and 6) shows the bending of C=C, C-H, and O-H out-of-plane vibrations. The C—C and C-H groups are indicative
of the presence of hydrophobic alkene and alkane groups, respectively, whereas the O-H out-of-plane vibration signals the presence of
hydrophilic groups (Coates, 2006; Gill and Wadso, 1976; Stanistawska et al., 2020). The alkene group (band 3) was observed in all
three dried CNF samples. Interestingly, the 5DC sample showed an additional hydrophobic group (band 2 and 6), which typically
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Fig. 3. Water reabsorption of dried CNF (3a) and CNF-amended soil (3b) with five wet/dry cycles. Masa soil combined with 1% 5DC (MC5), 25DC
(MC25), and 45DC (MC45). CNF, cellulose nanofibers; MS, masa soil; 5DC, 25DC, and 45DC, CNF dried at 5, 25, and 45 °C, respectively.

reduces water affinity. However, the 5DC sample demonstrated enhanced water absorption. This paradox can be explained by the
presence of hydrophilic groups in bands 1, 4, and 5, representing O-H and C-O bonds of C-OH groups, respectively, as previously
mentioned. A greater number of peaks linked to hydrophilic groups suggest higher water absorption potential within the CNF structure
even in the presence of hydrophobic groups.

These findings may serve as the basis for refining CNF preparation to enhance soil water management. Manipulating the CNF
drying temperature could fine-tune its water retention characteristics, thereby promoting CNF formulations with superior water-
holding capacities. Such advancements offer a promising approach for innovative soil amendments to mitigate irrigation water
scarcity. However, the cost-effectiveness of employing CNF is a critical factor for practical application. A comprehensive assessment of
economic viability, including production costs and application at the field scale, is essential to fully realize CNF’s potential in
agriculture.

3.1.2. Water reabsorption capacity

The re-absorption capacity of CNF during wet-dry cycles, which is critical for soil application reusability, gradually decreased by
22-27% over five cycles (Fig. 3a). Specifically, the water absorption capacity of the 5DC sample decreased by 24% from 33.34 to 25.22
(g.g~1) while that of the 45DC and 25DC samples decreased by 22% and 27%, respectively, after five cycles.

The water absorption capacity of the CNF-amended soil samples, labeled MC5, MC25, and MC45, demonstrated a slight decrease
over time. Specifically, the reductions in water absorption capacity were quantified at 16% for MC5, 14% for MC25, and 12% for
MC45, respectively (Fig. 3b).

The sole analysis of CNF’s chemical structure provides an incomplete explanation for the behavior observed in the 25DC sample,
underscoring the need for additional investigative methods. Consequently, SEM analysis was employed to delve deeper into the 25DC
phenomenon, exploring the relationship between CNF morphology, the multi-cycle drying process, and moisture absorption capacity.

SEM images of the 5DC, 25DC, and 45DC samples at the beginning of the multi-cycle process (Fig. 4a, b, and c) reveal visible
variations. The 5DC sample exhibited a delicate, loose, and porous structure, which may indicate a slightly larger pore volume or
surface area compared to the initial structure of the other CNF samples. Despite drying at a lower temperature, the 25DC sample
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Fig. 4. Scanning electron microscopy images of dried CNF before water reabsorption cycles, 5DC (4a), 25DC (4b), 45DC (4c). After five water re-
absorption cycles, 5DC (4d), 25DC (4e), and 45DC (4 f). CNF, cellulose nanofibers; 5DC, 25DC, and 45DC, CNF dried at 5, 25, and 45 °C,
respectively.

displayed a more compact structure than the 45DC sample, slightly reducing porosity. These visible distinctions align with previous
findings (Andree et al., 2021; Barajas-Ledesma et al., 2020; Klemm et al., 2018) and do not provide a definitive explanation for the
structural changes observed in the 25DC sample. Our hypothesis is that the extended air drying time could contribute to the nuanced
differences seen in the 25DC sample.

After five reabsorption cycles, significant structural changes in all three dried CNF samples were evident from the SEM images
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Fig. 5. Soil water retention curve of bare soil and CNF-amended soil. Masa soil mixed with 1% 5DC was saturated with distilled, tap, masa
soil-extracted water, and paddy soil-extracted water are referred to as DMC, TMC, MMC, and PMC, respectively. Masa soil saturated with distilled,
tap, masa soil-extracted water, and paddy soil-extracted water are referred to as DM, TM, MM, and PM, respectively. CNF, cellulose nanofibers;
5DC, CNF dried at 5 °C.

(Fig. 4d, e, and f). The initial soft and porous state of the 5DC sample gradually weakened its three-dimensional framework each cycle,
reducing its ability to withstand the pressure from the absorbed water molecules (El Idrissi et al., 2022; Olad et al., 2020). This led to
hornification, fiber aggregation, and a reduced surface area, resulting in lower water reabsorption efficiency. The denser initial
configuration of the 25DC sample naturally resulted in a diminished reabsorption capacity.

In summary, analyzing the chemical and morphological structures of CNF elucidates the effects of drying practices and multiple
reabsorption cycles on its water absorbency behavior. The findings demonstrate that CNF retains water-holding properties after a
series of wet-dry cycles, which mimic basic aspects of natural rainfall and drought patterns. These characteristics suggest that CNF has
the potential to be a valuable soil amendment for sustainable land management. However, our evaluation of CNF’s water absorption
capacity was limited to five cycles due to time constraints, primarily addressing the short-term durability of CNF in soil. Further
research could explore the long-term longevity of CNF in soil under various environmental conditions, thus contributing to the
development of an effective soil amendment for agricultural practices.

3.2. Effects of irrigation water quality and CNF addition on the SWRC

Fig. 5 shows the combined effects of CNF addition and irrigation water quality on the SWRCs for MS and CNF-amended soils. The
volumetric water content for the bare MS in the saturated state was 0.37-0.39 cm®.cm™3, which increased to 0.58-0.72 cm®.cm ™3, a
156-187% increase after adding 1% CNF.

Significant differences in water retention were determined using two-way ANOVA (Tukey) when examining the effects of water
quality on CNF-amended soil. The water retention values of the soil sample irrigated with DW (DMC) and TW (TMC) were higher than
those irrigated with MW (MMC) and PW (PMC). This finding highlights the profound influence of CNF amendment and irrigation water
quality on water retention, especially at field capacity (y, > —33 kPa).

The impact of water quality on the volumetric water content was observed. For the MS sample, the impact of water quality
remained consistent across the —1to — 300 kPa range, without significant variations at each suction point (p > 0.05). In contrast, the
effect of water quality in the CNF-amended soil samples began to diminish within the same pressure range. By the — 300 kPa mark,
differences attributed to water quality became minimal, highlighting the role of CNF in influencing water retention at this point.

CNF, with its nanoscale fibrous structure in Table A.1, enhances the soil water-holding as shown in Fig. 5. The interactions between
CNF and water involve overlapping processes including hydration, condensation, wetting, and diffusion (Solhi et al., 2023). These
processes are facilitated by various forces, such as hydrogen bonding, electrostatic interactions, and Van Der Waals forces (Huynh
et al., 2023; Reid et al., 2017; Solhi et al., 2023). The isotropic network of CNF contributes to increased water absorption (Solhi et al.,
2023). Specifically, the CNF network swelling increases a larger surface area and the number of available hydroxyl groups (Huynh
etal., 2023; Solhi et al., 2023), which are primary sites for water interaction on the CNF-soil surface, influencing its absorption rate and
volume. Consequently, introducing CNF into soil creates additional absorption sites, enhancing the soil water retention ability.

Apart from CNF, the quality of irrigation water such as ionic profile and pH levels significantly affected soil hydration dynamics
(Table A.3). Concentration and composition of ions can alter the balance between surface and cation hydration, affecting water uptake
and release in CNF-amended soil (Banedjschafie and Durner, 2015; Barajas-Ledesma et al., 2021; Rattan et al., 2022). Native CNF,
which typically have a low negative surface charge (Li et al., 2021), encounter ions in irrigation water that cause thinning of the
electrical double layer surrounding the fibrils, thus encouraging fibril aggregation (Huynh et al., 2023). This results in smaller
interfibrillar distances and larger contact points, diminishing the trapped water molecules between the fibrils (Arola et al., 2022).
Therefore, ions in irrigation water significantly reduce the inherently high water absorption of CNF, emphasizing the complex factors
affecting water absorption in nanocellulose networks.

Regarding water pH, CNF is most effective in retaining water at a neutral pH (around 7) (Mahfoudhi and Boufi, 2016). In the
examined water samples with pH 5.7-7.3, subtle shifts in CNF-water molecule interaction possibly affected the SWRC. However, even
at near-neutral pH, the higher cation concentrations in MW resulted in less water retention of CNF-amended soil than PW (Table A.3).
This suggests the ion concentration and composition in irrigation water might be more influential than pH. Further research is required
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Fig. 6. Water retention ratio of CNF-amended masa soil (6a) and paddy soil (6b). Masa soil mixed with 0.1%, 0.5%, and 1% CNF are referred to as
MC-0.1, MC-0.5, and MC-1.0. Paddy soil with similar dosages are referred to as PC-0.1, PC-0.5, and PC-1.0, respectively. CNF, cellulose nanofiber;
MS, masa soil; PS, paddy soil.

to clarify the combined effects of pH and ion levels on CNF-soil hydration.
Refining the use of CNF in soil management and optimizing irrigation strategies is crucial. Understanding the interactions between
CNF and water qualities and manipulating the ion concentration and pH of irrigation water can maximize the water retention of CNF-

amended soils and reduce irrigation frequency. This approach highlights the potential of CNF in advancing sustainable agricultural
practice and water management.

3.3. Effect of soil types and CNF dosages on soil water retention time

Fig. 6 shows the marked improvements in the water retention capacity of the CNF-amended soils compared with their non-
amended counterparts. The water retention time of PS was longer than that of MS. Fig. 6a illustrates the upward trend in water
retention time with increasing CNF dosage in the MS samples. Specifically, the non-CNF-amended MS samples released all absorbed
water within 15 days, whereas the CNF-amended MS samples retained moisture for up to 31 days. The incremental CNF dosages of
0.1%, 0.5%, and 1.0% extended water retention duration by 3, 8, and 16 days, respectively.

Similarly, the non-CNF-amended PS samples lost moisture after 19 days (Fig. 6b), while the CNF-amended PS samples retained
water for 41 days. The CNF-amended PS samples with 0.1%, 0.5%, and 1.0% CNF retained water for an additional 4, 11, and 22 days,
respectively, highlighting remarkable influence of CNF on PS water retention time.

Barajas-Ledesma et al. (2022) demonstrated the beneficial effect of CNF application on soil water retention time; however, they did
not explore the influence of different soil characteristics. Our findings indicate that the ability of soil water retention is influenced by its
texture and presence of CNF.

Water retention in soil is influenced by a combination of its chemical composition and physical structure. While adsorptive forces
related to the soil type play a crucial role, capillary action within pore spaces, dependent on soil particle size and pore dimensions,
primarily governs water retention physically (Saha et al., 2020; Zhou et al., 2020). Consequently, sandy soils, with larger particles and
wider pores, generally exhibit a lower water retention capacity than silt loam soils. Consistent with this understanding, our results
demonstrated that the bare PS sample had better water retention than the bare MS sample.
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Fig. 7. Aggregate size distribution of CNF-amended masa soil (7a) and paddy soil (7b). Masa soil mixed with 0.1%, 0.5%, and 1% CNF are referred
to as MC-0.1, MC-0.5, and MC-1.0. Paddy soil with similar dosages are referred to as PC-0.1, PC-0.5, and PC-1.0, respectively. CNF, cellulose
nanofiber; MS, masa soil; PS, paddy soil.

Since the addition of CNF, the water absorbed by the CNF structure along with the CNF fibers themselves occupy the soil pores
(Bian et al., 2018; Rahmati et al., 2019). As the CNF application rate increases, the amount of water that retained in the natural soil
pores decreases. However, this decrease is offset by the high water storage capability of the three-dimensional network of CNF, which
is more efficient than the capillary pores in bare soil.

Additionally, observations from Dorraji et al. (2010); Saha et al. (2020), which involved soil amendments similar to CNF, have
demonstrated interactions with smaller soil particles leading to an increase in the specific surface area, a crucial factor for enhancing
water retention. These interactions are notably more pronounced in fine-textured soils. Such evidence supports our findings that the
application of CNF can more effectively prolong water retention time in PS compared to MS.

Interestingly, preliminary observations from the water retention time experiments hinted at an enhanced interaction among finer
soil particles, potentially facilitating the formation of soil aggregates. The subsequent section provides a detailed examination of how
CNF contributes to the promotion of these soil aggregates.

3.4. Effect of soil types and CNF dosages on SA size distribution and stability

3.4.1. SA size distribution

Before CNF application, meso-aggregates (250-850 pm) were predominant in the MS samples, whereas nano-aggregates (< 53 pm)
were abundant in the PS samples (Fig. 7). By Day 5, minor alterations without significant macroaggregate formation occurred in the
bare MS samples. Conversely, changes in the bare PS samples became apparent by Day 25, with macro-aggregates (> 850 pm) making
up to 8% of the total aggregates.

CNF introduction facilitated macro-aggregates formation and reduced nano-aggregates in both soil types. Compared with the
control, the macro-aggregates in the MS samples treated with 1.0% CNF increased by 48% by Day 5 (Fig. 7a). The largest macro-
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Fig. 8. Mean weight diameter of CNF-amended masa soil (8a) and paddy soil (8b). Masa soil mixed with 0.1%, 0.5%, and 1% CNF are referred to as
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aggregates in the CNF-amended PS samples (> 2000 pm) increased from 8% to 70% by Day 25, with total macro-aggregate sizes (> 850
pm) growing by 59% (Fig. 7b).

Recent research by Okebalama & Marschner (2023); Situ et al. (2022) highlights the role of soil amendments similar to CNF (e.g.,
starch and cellulose), which act as nutrient sources and stimulate microbial activity, thereby enhancing soil-binding forces and pro-
moting aggregate stability. In alignment with these findings, the increase in aggregates observed in our study may be attributed to the
soil organic carbon derived from CNF. Additionally, Mizuta et al. (2015) hypothesized that the physical adhesive properties of cel-
lulose with soil water contribute to aggregate formation. In our study, the use of CNF—nanoscale cellulose fibers—may provide more
water contact area compared to regular-sized cellulose, potentially enhancing this adhesive effect and supporting the hypothesis.
Specifically, CNF augments colloid flocculation and adhesion to soil particle surfaces after water absorption, strengthening chemical
bonds in aggregate formation (Shao et al., 2023a; Situ et al., 2022). However, the dynamics of CNF and microbial populations in
various soils require further research to elucidate their complex interactions.

3.4.2. SA stability

MWD served as the primary indicator of aggregate stability. The MWD of the MS samples reached peaked on Day 5, while that of the
PS samples peaked on Day 25 (Fig. 8). This finding highlights the positive effects of CNF on SA formation in different soil types. For
example, SOM facilitates cohesion among soil particles, leading to larger and more resilient aggregates (Mizuta et al., 2015; Okeba-
lama and Marschner, 2023; Situ et al., 2022). Hence, the organic polymer nature and nanoscale characteristics of CNF render its ability
to stabilize SA.

The fast rise of stability for MC and slow rise for PC might be related to the inorganic and organic process of the aggregation, since
biological process usually takes time. Actually, MC shows lower OM while PC shows higher OM (Table A.2).

The MWD of the soil samples exhibited a slight decrease after reaching their peak, yet SA stability was notably maintained. For
instance, improved SA stability persisted for 40 days in the MS samples and 20 days in the PS samples following their peak MWD.
Previous studies (Mizuta et al., 2015; Sarker et al., 2018) reported similar trends of sustained SA stability beyond peak MWD, though
the underlying mechanisms behind SA stability remain unknown. Various hypotheses have pointed to the critical roles of biochemical
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factors, as well as soil nutrients and pH, in influencing microbial activities and root behaviors, thereby impacting SA structures (Abiven
et al., 2009; Kang et al., 2022; Situ et al., 2022). While further study is essential to elucidate the complex relationship between
physicochemical transformations, microbial dynamics, and SA stability, our findings indicate that CNF has the potential to positively
affect SA formation rates and contribute to stability maintenance.

4. Conclusions

In conclusion, this study delves into the multifaceted roles of CNF in soil management, showcasing its effectiveness as a water-
saving and soil-stabilizing agent. CNF significantly improves soil water retention and aggregate stability, positively contributing to
soil health. The interplay of CNF addition, soil properties, and irrigation water quality showed that CNF promoted soil water con-
servation and aggregate formation, offering potential benefits to soil management practices.

Our study lays a solid foundation, emphasizing the immediate benefits of CNF while highlighting the need for further exploration of
its long-term impacts. Critical areas such as soil microbial properties, nutrient conservation, and the durability of CNF under real-world
conditions require in-depth investigation to evaluate the sustainability of CNFs in soil management.

CNF is a promising avenue for promoting environmentally sustainable agriculture. Optimization of CNF application methods can
profoundly impact soil management strategies, contributing to a more sustainable approach to agriculture and enhancing food
security.
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