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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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1. 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 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 Miiller 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) *. 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 ¢°. They have been extensively used in many applications including biomedicine *°, food
and beverages !, personal care and hygiene products *2. In the agricultural and horticultural
industries, SAPs have a range of applications which includes seed coatings, seed additives and
root dips 2. The use of SAPs in soil has improved water availability for plants **. SAPs have
also contributed to water retention in different types of soil, significantly reducing the irrigation
water consumption >, SAPs also serve as soil conditioners and nutrient carriers °, thereby
improving soil properties and increasing crop yield 417,

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 2%, These environmental issues have led to the

development of superabsorbents from natural polymers such as starch 2%, pectin 2, chitin,
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chitosan, alginate, and lignin, among others 3. 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 >!3. Cellulose, and
especially nanocellulose, has the potential to overcome these limitations because of its
availability, low-cost, biodegradability, hydrophilicity and high surface area >2*. Nanocellulose
refers to the individual cellulose chains, also called elementary fibrils, which have a diameter
of 3 -4 nm and a length > 1 — 2 pm . 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 2628, This process selectively
converts the primary alcohols (C6) into carboxylate groups (Figure 1). This surface
modification provides the necessary electrostatic repulsion which produces nanoscale fibers
upon mechanical fibrillation ?. 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 *. 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 3!, 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 2. Mendoza et al. reported that the absorption
capacity of carboxylated nanocellulose superabsorbents is dictated by the charge density and

fier content?®®. Zhou et al. stated that carboxymethylcellulose-acrylamide based
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superabsorbents containing carboxylated CNF have a distilled water absorption capacity higher
than CNF-free superabsorbent 2. 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.
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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 31:343% none has systematically compared the effect of application rate 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.

2. Experimental Section/Methods

Materials: Bleached Eucalyptus Kraft (BEK) pulp was provided by Australian Paper

(Maryvale, Australia). Sodium bromide (NaBr) and 2,2,6,6-tetramethylpiperidine-1-oxyl
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(TEMPO) were purchased from Sigma-Aldrich (Melbourne, Australia). Hydrochloric acid
(HCI) and sodium hydroxide (NaOH) were diluted for solutions as required and purchased
from ACL Laboratories, (Melbourne, Australia) and Merck (Bayswater, Australia),
respectively. 12% wi/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 ), soil was collected at a depth of 20-40
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 ¥, using Rayment and Lyons 3 standard methods.
Superabsorbent Preparation: Nanocellulose superabsorbent was prepared following the
TEMPO-mediated oxidation process developed by Isogai et al.?® 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 HCI. The oxidation process started by adding the 100 mL of NaCIO (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 %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
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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.
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 = m,, —mgq Q)
Where m,, refers to the weight of the saturated soil and m, is the mass of the dried soil. The
units of WHC are in g water/100 g of soil.
(if) 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
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(Thermoline L+M — 150-GD) kept at 23 °C and 80% relative humidity. Samples were weighed

every day. Water retention was calculated as follows:

Water retention (%) = % x 100 (2)

Where m; refers to the mass of the sample at day i, and m, 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.
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 2.3 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' of N, 70 kg ha' of P and 60 kg ha* 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.**. Briefly, the containers containing the incubated, treated soils

were sealed and soil gas emissions were allowed to accumulate for exactly 10 minutes (based

85U80] 7 SUOWIIOD 8AITe8.D 3|qeo!|dde aup Aq peusenob afe ssppiie YO ‘@SN JO Sa|nJ 10} A%eiq178UlIUO 8|1/ UO (SUORIPUCD-pUe-SW.BI/L00 A8 1M Aeiq 1 BU1|UO//SANY) SUORIPUOD PUe SWB 18U 88S *[GZ0Z/TT/9T] Uo AkiqiTauljuo A8]IM *[1ounoD yoressay [eOIPBIN PUY UiEsH [euoieN Aq SevTS dde/z00T 0T/10p/woo Asm Arelqipul|uo//sdny wo.j pepeojumoqd ‘g ‘220z ‘8Z9Y.60T



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 lonization Detector (FID).

The flux rate, Fcoz, was calculated using equation 3 and noted as mg CO2/m?h:

F _ bXVCHXMWCOZ)(60)(106
COZ - ACH X Mvcorr X 109

3)
Where b is the CO2 concentration measured in ppm/minute, Vcn is the volume of the measuring
chamber, MW, is the molecular weight of CO2 (44 g/mol), Ac refers to the basal area of the

measuring chamber and MV, is the temperature corrected molecular weight volume

calculated using equation 4:

(4)

Mvcorr =0.02241x (273.15+T)

273.15

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.

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 2.3 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 (Thermoline L+M - 150-GD). Samples were
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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.*? 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.

Swelling Studies: (i) Soil water extract. Water was extracted from the soil according to the
saturation extract method adapted from Sparks et al.*. 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.

10
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The soil water extract was characterized by Environmental Analysis Laboratories, at Southern

Cross University 3, using Rayment and Lyons * standard methods (Table S2).

(i1) 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.?®. The swelling capacity was calculated as follows 264445

Swelling capacity, Q = ——=4 (5)

mg
where m; is the weight of the swollen gel at time t and m, 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.

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
differences between the means the treatments. Both analyses were performed using GraphPad

Prism 9.0.2.

11
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3. Results

3.1. 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).
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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)

3.2. 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 O (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.
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
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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).

3.3. 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?h to 1800 mg CO2/m?h 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
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followed by Dunnett's test against control is indicated. Here, ns = no significant difference, *

represents p < 0.05, ** denotes p < 0.01 and **** is p < 0.0001.

3.4. 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. Discussion

4.1. Effect of lonic 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 6. These osmotic effects are
diminished with increasing concentrations of salt, resulting in a decrease in swelling *. To
measure the sensitivity of the superabsorbent materials towards the soil water extracts, the ionic

sensitivity was measured as follows “°:

Ionic sensitivity, f =1 — % (6)
d
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Where Qs refers to the swelling in salt solution and Qq 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 *°.

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)*°. 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 %', which in the presence of salt solutions, results in a higher

salt sensitivity and absorbency loss for oven-dried 50 °C superabsorbents.
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0.75 4 T

7
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©c o o o o o
A o o o o N
o & e o© o o
1 1 1 1 1 1
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Figure 7. lonic 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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4.2. 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 °. 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
4849 This also confirms that nanocellulose derived SAP can retain water in soils for
significantly longer periods *°. The absorption capacity of these SAPs is in the range of what
other authors have reported for cellulose-based SAP. Cannazza et al.*® 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 *. 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 .

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 2. 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. Mg?* and Ca?*) and the carboxylate
groups present in superabsorbents based on poly(acrylamide-co-acrylate) and cellulose
nanowhiskers 3. The second main factor affecting the SAP efficiency is its degradation *°.
4.3 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 5%
5. 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 .

Respiration rates of each treatment are related to the superabsorbent degradation rate in soil

which follows the negative exponential function &

21

85U80] 7 SUOWIIOD 8AITe8.D 3|qeo!|dde aup Aq peusenob afe ssppiie YO ‘@SN JO Sa|nJ 10} A%eiq178UlIUO 8|1/ UO (SUORIPUCD-pUe-SW.BI/L00 A8 1M Aeiq 1 BU1|UO//SANY) SUORIPUOD PUe SWB 18U 88S *[GZ0Z/TT/9T] Uo AkiqiTauljuo A8]IM *[1ounoD yoressay [eOIPBIN PUY UiEsH [euoieN Aq SevTS dde/z00T 0T/10p/woo Asm Arelqipul|uo//sdny wo.j pepeojumoqd ‘g ‘220z ‘8Z9Y.60T



C = Coe_kt (7
Where C(t) stands for the superabsorbent concentration (mg/g) in the soil at time t of
incubation, Co is the superabsorbent concentration at day 0, and K is the rate constant of the
superabsorbent decay with time (day™). The decay rate constants, k, for all the treatments are
listed in Table 4. Decay rate constants varied widely from 0.001 d! to 0.048 d* depending on
the SAP type and application rate. This model successfully described decomposition rates of
carbon sources such as cellulose or manure °%®1, 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*, 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%, 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 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 ®2, 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 1. Decay rate constants of freeze-dried and oven-dried superabsorbents. Results are

reported as mean = standard deviation (n=5).

Cellulose application rate  Cellulose initial concentration Decay rate constant

(Wi.%) (mglg) (day) R
Freeze-dried
0.2 wt.% 2.28 £0.08 0.042 + 0.0038 0.97
0.5wt.% 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

5. Conclusion

Carboxylated nanocellulose superabsorbent polymers (SAP) 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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