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char to make hydrogel
composites with improved structural properties,
valorized fromwaste-paper mill sludge and forestry
residues using energy efficient protocols†

Keerthana Ketheeswaran, Shegufta Shetranjiwalla,* Manokararajah Krishnapillai
and Lakshman Galagedara *

The transformation of waste-paper mill sludge into high-value materials with minimized chemical and

energy consumption addresses the 12th United Nations Sustainable Development Goal, Responsible

Consumption and Production. In this study, cellulose was recovered from dewatered sludge (DS),

procured from a local paper mill, using energy-efficient microwave and ultrasonication techniques.

Crosslinked hydrogel composites were synthesized from the recovered cellulose and citric acid, as

agricultural amendments to optimize water consumption. Powdered biochar (BC) was incorporated into

the crosslinked hydrogels, as a biocompatible filler to further enhance thermal stability and water

retention. Four hydrogel composite samples were prepared containing BC compositions of 0 g (CH),

0.5 g (BH0.5), 1 g (BH1.0) and 1.5 g (BH1.5). The physicochemical composition, functional groups,

thermal stability, water retention, gel fraction, and degradation rate of the extracted cellulose (EC) and

prepared hydrogel composites were compared. The energy-efficient extraction process successfully

yielded a high EC yield (81.5%) with a cellulose fraction of 93.8% compared to the raw DS at 66.6%,

resulting in a conversion efficiency of 140.8%. Incorporating 1 g BC into the hydrogel matrix (BH1.0)

improved water absorbency by 992% over CH. Water retention for the hydrogel composites enhanced in

the order of BH1.0 > CH > BH0.5 > BH1.5. BC addition also improved the gel fraction, and the thermal

stability of the composites increased by up to 60%. Biodegradation studies using the soil burial method

showed that cellulose-biochar composites degraded by 40% in 50 days, exhibiting promising potential as

agricultural amendments for podzolic soils in the northern boreal ecosystem.
Sustainability spotlight

The global paper industry, vital for economic growth, faces the signicant challenge of managing paper mill sludge. Our research addresses this challenge by
valorizing PMS in an energy-efficient manner to create cellulose-based hydrogels. Incorporating biochar from forestry biomass into the hydrogel matrix
enhances water retention, thermal stability, and biodegradability. These hydrogel composites offer a circular solution that reduces landll dependency,
improves water retention, and fosters a bioeconomy, aligning with the UN SDGs. This eco-friendly approach not only addresses the challenge of PMS disposal
but also contributes to sustainable agriculture. By utilizing renewable resources and minimizing environmental impacts, our approach aligns with SDG 12
(Responsible Consumption and Production), while also supporting SDG 2 (Zero Hunger) and SDG 3 (Good Health and Well-being).
1 Introduction

The pulp & paper industry is one of the largest and growing
sectors of the world's economy. Large volumes of paper mill
sludge (PMS), rich in cellulose, are generated by pulp & paper
mills at different stages of the papermaking process. Global
population growth and economics predict an increase in PMS
orial University of Newfoundland, Corner
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tion (ESI) available. See DOI:

478–3489
generation by 48 to 86% in the next 50 years.1 Disposing of PMS
in landlls, currently a common practice in some countries, is
costly and resource-intensive in terms of both land and
energy.2,3 This approach is environmentally sensitive, risking
the generation and release of greenhouse gases into the atmo-
sphere and contamination of nearby soil and water systems
through the leaching of harmful substances.4–6 In many devel-
oping nations, these waste materials are incinerated to produce
energy.7 Even though this incineration technique allows for the
recycling of some biomass waste for energy recovery, the high
water content in biomass limits the resulting utilization values.
Although PMS possesses a signicant amount of cellulose, its
© 2024 The Author(s). Published by the Royal Society of Chemistry
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use is limited to land spreading, animal bedding, and energy
recovery through incineration.8–10 The local paper mill in Corner
Brook, Newfoundland, Canada, Corner Brook Pulp and Paper
Ltd (CBPPL), produces 50 000 megagrams of PMS annually. It
faces a signicant challenge in rst treating and then disposing
of the PMS to the landll, incurring signicant economic costs
of approximately $250,000 per annum and environmental costs
from the landlled waste.11 These criteria motivated the valo-
rizing of PMS in a way that was both effective and environ-
mentally friendly, contributing to a circular, local solution,
addressing the 12th United Nations Sustainable Development
Goal (UN SDG).

The boreal ecosystem has dry, acidic podzolic soils.12 This
soil is not suitable for growing crops due to the low water
retention and acidic pH. However, the potential longer growing
season in the boreal ecozone, driven by warmer temperatures
from climate change, presents an oppurtunity. Amendments
that improve water and nutrient retention could make these
soils more productive, contributing to ehnhance food and
nutrient security for communities in these regions. Local solu-
tions in these areas would contribute to UN SDG 2 (zero hunger)
and UN SDG 3 (good health and well-being). Therefore, this
work aims to prepare water-retaining hydrogels from the
recovered cellulose from PMS as agricultural amendments that
enhance soil properties suitable for crop growth. We aim to use
biochar (BC) that is also derived from forestry biomass,
contributing to a circular bioeconomy and promoting a waste-
to-wealth approach but also contributing to water retention
properties that improve pH and soil properties for crop growth.

Cellulose is a linear homopolymer composed of D-anhydro
glucopyranose units (AGUs) that consist of (b 1–4)-glycosidic
bonds (Fig. 1).13–15 It is an essential structural component of the
primary cell wall of plants, numerous species of algae, and
oomycetes.16,17 Cellulose is widely used in various industries,
including those dealing with wood and paper, personal care
products, textiles, and pharmaceuticals, and it is anticipated to
play a major role in the emerging bioeconomy.18,19

Hydrogels are three-dimensional hydrophilic polymers
having a loosely crosslinked hydrophilic network that can
absorb and hold large volumes of water or aqueous solutions
(hundreds of times their weight) without disintegrating.20

Natural polymers such as cellulose have multiple hydroxyl
groups (Fig. 1) that bond with water creating superabsorbent
hydrogels with crosslinking agents.21 That renders them as
promising candidates for storing surplus water and nutrients in
Fig. 1 Chemical structure of cellulose.

© 2024 The Author(s). Published by the Royal Society of Chemistry
agricultural soils.22 In a dry environment, hydrogels can grad-
ually release up to 95% of their stored water, and then rehydrate
when re-exposed to water.23 However, traditional, commercially
available hydrogels are primarily synthetic, acrylate-based
polymers made from non-renewable resources. Although they
currently have a better cost-to-efficiency ratio, they are typically
made from virgin or non-renewable fossil-based resources,24

and are non-biodegradable,25,26 potentially persisting in soil for
decades or fragmenting into toxic compounds.27 The current
state of the climate crisis and need for meeting the UN SDGs
calls for urgently adopting resource-efficient and “greener”
environmentally friendly alternatives. Biopolymers such as
polysaccharides, chitosan, cellulose, alginate, and their deriva-
tives are being studied because of their biocompatibility,
biodegradability, and low cost.28–31 However, hydrogels derived
from biomass have lower mechanical, thermal and structural
properties than hydrogels derived from synthetic polymers.32–34

Therefore, one potential pathway is to increase crosslinking
density of the hydrogels by forming hydrogel composites35,36

that enhance the structural, water-retention and thermal
stability of biomass-derived hydrogels. It is established that
biochar (BC) enhances water retention characteristics of soils
due to BC's relatively high surface area and porosity.37,38

Therefore, integrating BC within the hydrogel matrix has the
potential to enhance its crosslinking density, swelling capacity,
and thermal stability. The current conventional methods for
cellulose extraction and hydrogel composite production, which
can compare to commercial synthetic analogues, involve phys-
ical, chemical, and physicochemical techniques that have
limitations including prolonged processing times, excessive
energy use and low cellulose recovery.39–41

This work aims to
(I) Investigate the energy-efficient cellulose extraction in high

yields from dewatered sludge received from CBPPL using
microwave and ultrasonication methods and

(II) Develop biodegradable cellulose-based hydrogels from
the extracted cellulose and incorporate biochar to produce
hydrogel composites with enhanced water retention, thermal
and biodegradation properties.

Fig. 2 shows the design of experiments that include
pretreatment of the dewatered sludge, cellulose extraction and
recovery, and formation of the hydrogel and hydrogel compos-
ites. Characterization of the derived bioproducts was conducted
comprehensively at all stages, including structural analysis
using Fourier Transform Infrared Spectroscopy (FTIR), thermal
analysis using Thermogravimetric Analysis (TGA), and water
retention and biodegradation potentials with degradation and
swelling ratio studies (Fig. 2).

2 Methodology
2.1. Materials and sample preparations

Sodium hydroxide pellets (NaOH), citric acid, urea, 30%
hydrogen peroxide (H2O2), glacial acetic acid (glacial CH3-
COOH), potassium hydroxide (KOH), acetone ((CH3)2CO), and
sulphuric acid (H2SO4) (99.9% purity) were purchased from
Sigma-Aldrich (Oakville, Ontario, Canada). All chemicals were
RSC Sustainability, 2024, 2, 3478–3489 | 3479
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Fig. 2 The design and experiment framework for the extraction of cellulose from waste-paper mill sludge (PMS) and preparation and char-
acterization of the cellulosic hydrogel composites with biochar (BC).
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used as received and working solutions were prepared with
deionized water (DW).

The powdered BC (Maple Hardwood) used in this study was
purchased from ABRI Tech Inc. Quebec, Canada (slow pyrolysis
of yellow pine wood at 500 °C for 30 min). The DS was collected
from CBPPL, Corner Brook, Newfoundland and Labrador,
Canada. The DS was air-dried at room temperature for one week
and screened to remove plastic, glass, and other contaminating
materials (grid removal). Tiny impurities were removed from DS
samples by washing. The DS sample was lled in a 2 L beaker,
soaked overnight with DW, and washed three times with DW.
Aer washing, excess water was allowed to drain, air-dried at
room temperature for three days, and stored for further use.42
2.2. Extraction of cellulose from dewatered sludge

2.2.1. Pretreatment of dewatered sludge. The dried DS
sample was pretreated with 2.5 M NaOH under microwave
irradiation (Multiwave 5000, Anton Paar GmbH) with a sludge-
to-alkali mass-to-liquid ratio of 1 : 30 (i.e., 1 g of DS was treated
with 30 mL of 2.5 M NaOH). During microwave pretreatment,
the power was kept at 350 W and the sample was treated for
45 min at a temperature of 90 °C. The treated DS was then
cooled to room temperature and subsequently ltered through
Whatman lter paper No. 3 (Sigma-Aldrich, Oakville, Ontario,
Canada). Hereaer, the microwave-treated DS sample was
denoted as pulp. The obtained pulp was washed with hot DW
several times until it reached neutral pH (portable pH/EC/TDS/
Temperature meter-HANNA—HI9813-6 with CAL Check, ON,
Canada).43

2.2.2. Bleaching of pulp. Aer the pulping process, the
color-causing non-cellulosic impurities (lignin and ash) were
eliminated from the pulp via the oxidation process.44 The pre-
treated pulp was bleached using 30%H2O2 solution for 2 h with
3480 | RSC Sustainability, 2024, 2, 3478–3489
(L/S) 10 : 1. The bleaching process was repeated two times until
it was white in colour, as observed visually. The bleached pulp
was rinsed well in extra DW until neutral pH and then oven-
dried at 60 °C overnight and then stored in an airtight
container for further processing.43

2.2.3. Hydrolysis of pulp. The bleached pulp was ultra-
sonicated for 35 min using 1 M H2SO4. The power was kept at
90 W and the temperature at 90 °C. At this stage, 1 g of bleached
pulp was mixed with 20 mL of H2SO4. The EC was freeze-dried
and stored for further use.43
2.3. Hydrogel synthesis

2.3.1. Cellulose dissolution. The solvent used for the dis-
solving of EC was prepared by mixing 7 g of NaOH, 12 g of urea,
and 81 g of DW, resulting in a total solution mass of 100 g.
Subsequently, 6 g of EC was introduced into 100 mL solvent and
dissolved by agitating the solution vigorously using a mechan-
ical stirrer for 1 h at a temperature of 30 °C. Subsequently, the
solution was placed in a freezer overnight. Then, the cellulose
solution in the frozen stage was subjected to thorough agitation
to procure a transparent cellulose solution.45,46

2.3.2. Preparation of cellulose-biochar hydrogel compos-
ites. In order to prepare BC-incorporated hydrogel composites
(BH), 0.5 g, 1.0 g and 1.5 g of BC powder were dispersed in DW
(100 mL) using an ultrasonic bath (Bransonic 40 kHz, power
capacity 110W, USA) at 60 °C for 15 min and in the next step, BC
suspension was gradually added to the 100 mL of cellulose
solutions.

2.3.3. Preparation of hydrogel. Citric acid 40% (mass basis
of natural polymer) was loaded into the 100 mL of dissolved
cellulose solution and 200 mL of BC incorporated cellulose
solution and stirred for 3 h at 70 °C. The combination under-
went two freeze–thaw cycles before the formation of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Appearance of dewatered sludge (DS).
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hydrogel. Specically, it was frozen at a temperature of −20 °C
for 3 h, followed by thawing at a temperature of 30 °C for 3 h.
The obtained hydrogel composites were then freeze-dried.47–49

Four hydrogel samples containing biochar compositions of 0 g,
0.5 g, 1.0 g, and 1.5 g were coded as composite CH, BH0.5,
BH1.0 and BH1.5, respectively. These resulting hydrogel
composites were then powdered and stored in an airtight
container at room temperature for further characterization.
Fig. 3 shows the synthetic pathway of the cellulose-based
hydrogel using citric acid as the crosslinking agent. The pres-
ence of NaOH in the hydrotropic solvent causes the disruption
of hydrogen bonds in cellulose,50,51 whereas urea acts as
a barrier by forming a shell and inhibiting the formation of
hydrogen bonds in cellulose.44,52 The cellulose sites that have
been disrupted are susceptible to nucleophilic attack, where
nucleophile–electrophile interactions occur due to the presence
of citric acid.48,53 This interaction leads to the cross-linking of
cellulose to form three-dimensional hydrogel networks.
2.4. Characterization studies

2.4.1. Chemical composition analysis of dewatered sludge
and extracted cellulose. The composition of cellulose, hemi-
cellulose, and lignin in DS and EC were determined. The
characterization of holocellulose was carried out based on the
method by Wise et al. (1946).54 Approximately, a 5 g sample was
mixed with 160 mL of DW, 10 drops of glacial CH3COOH, and
1.5 g NaOH in a conical ask and placed in an ultrasound bath
at 70 °C. The same amounts of glacial CH3COOH and NaOH
were added into the ask every 30 min for three times. Then, the
sample was ltered, and the funnel and conical ask were
washed with several portions of ice-cold DW to remove adhering
matter. The ltrate sample was washed repeatedly (about ten
times) with ice-cold DW and then with (CH3)2CO. The obtained
Fig. 3 Formation of cellulose-based hydrogel using citric acid as the
crosslinking agent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
holocellulose was air-dried to remove the excess (CH3)2CO and
the dried holocellulose was weighed. The cellulose content was
identied using the TAPPI T 203 om-93 method.55 The obtained
holocellulose was placed in a beaker, and 20mL of 17.5% NaOH
was added to the sample and stirred for a few seconds. The
addition of NaOH was repeated three times. Aer that, 300 mL
of DW was added to the sample, and the mixture was le for
30 min. The obtained cellulose was then washed, ltered, and
oven-dried at 105 °C overnight. Finally, the mass of cellulose
was recorded, and the mass difference between holocellulose
and cellulose was accounted as the amount of hemicellulose.
The amount of lignin was measured using a direct chemical
method.56 A 2 g of sample was boiled in ethanol (1 : 4) for
15 min, ltrated, and washed thoroughly with DW. The ltrate
residue was further treated with 40 mL of 24% KOH for 4 h at
25 °C, and the KOH treated sample was washed thoroughly with
DW and dried at 80 °C overnight. The same sample was again
treated with 50 mL of 72% H2SO4 for 3 h to hydrolyze the
cellulose and then reuxed with 60 mL of 5% H2SO4 for 2 h.
H2SO4 was removed completely by washing it with DW and
dried at 80 °C in the oven overnight and the dried mass of the
sample was accounted as a lignin fraction.

2.4.2. Fourier transform infrared spectroscopy. FTIR (Cary
600 Series FTIR Spectrometer, Agilent Technologies, Victoria,
Australia) was used to characterize the range of functional
groups present in DS, EC, and the prepared composites. The
samples were ground into powder and then mixed with KBr (1 :
100, w/w) followed by pressing the mixture into ultra-thin
pellets. Aer that, the prepared samples were loaded onto the
FTIR instrument. The spectra were obtained in absorbance
mode from a total of 32 scans with a resolution of 4 cm−1 over
600–4000 cm−1.

2.4.3. Thermogravimetric analysis. The thermal stability of
EC and all prepared hydrogel composites were analyzed using
TGA (Pyris 1, PerkinElmer, Shelton, USA). A total of 5 mg of
dried sample was analyzed under nitrogen with a ow rate of 20
mLmin−1, a heating rate of 10 °C min−1 and temperature range
of 30–600 °C.

2.4.4. Measurement of swelling ratio, water retention and
gel fraction of the hydrogel composites

2.4.4.1. Swelling ratio. The prepared hydrogels' network
structure and effective crosslinking density were investigated by
studying their swelling properties in DW.57,58 The swelling ratio
(SR) was determined using the teabag method.59 Fully dried
RSC Sustainability, 2024, 2, 3478–3489 | 3481
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Table 1 Physiochemical characteristics of DS (n = 3)

Moisture (%) 68.03% � 1.08
Bulk density (g cm−3) 0.78 � 0.07
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hydrogel samples, weighing 1.5 g each, were placed in teabags
and immersed in DW. At regular time intervals (time t = 10, 20,
30, 40, 50, and 60 h), the swollen hydrogels were taken out,
placed on a lter paper and gently wiped off the teabags to
remove excess water and then weighed and recorded (Wt). The
dry and wet empty tea bags were weighed separately to do the
mass correction. The SR of hydrogels at the time t was calcu-
lated by applying the following eqn (1).35

SR% ¼ ðWt �W0Þ
ðW0Þ � 100 (1)

whereW0 andWt are the mass of the dry and swollen hydrogels,
respectively.

2.4.4.2. Water absorbency and water retention. The mass of
the hydrogel samples in the teabags was weighed at the equi-
librium state aer removing excess water from the teabags. The
equilibrium water absorbency (WA) was estimated by eqn (2).

WAðg=gÞ ¼ Weq �W0

Weq

(2)

Aer samples reached swelling equilibrium in the water
absorbency test, the swollen hydrogel composites were le in
the open air to study the water retention and weighed at several
time intervals (t = 10, 20, 30, 40, 50, and 60 h). The value of
water retention (WR) was calculated by eqn (3).35

WRðg=gÞ ¼ Weq �Wt

Weq

(3)

where W0, Wt and Weq are the initial dry mass of hydrogel
composites, the mass of swollen hydrogel composites at time t
and themass of swollen hydrogel composites at equilibrium (g),
respectively.

2.4.4.3. Gel fraction. Gel fractions (GF) of the samples were
determined by weighing these samples and putting them in tea
bags. The samples were then immersed in DW until they
reached a swelling equilibrium. Aer reaching equilibrium, the
teabag gels were dried at 50 °C. The mass of the dry samples
before (W0) and aer (Wd) swelling were used to calculate the GF
by eqn (4).60

GFð%Þ ¼ Wd

W0

� 100 (4)

2.4.5. Degradation studies in soil. The degradation ability
of prepared hydrogel composites was done using the soil burial
method.57 A 1.5 g of prepared hydrogel composites were kept in
a geotextile pouch and buried 5–6 cm deep into the soil while
soil moisture was maintained at 40% of its eld capacity. The
samples were taken out every 5 days, and all adhered soil was
removed. They were then dried overnight in an oven at 60 °C
and weighed. The degradation ratio (DR) was determined using
eqn (5).

DRð%Þ ¼ W0 �Wt

W0

� 100 (5)
3482 | RSC Sustainability, 2024, 2, 3478–3489
where W0 is the mass of the sample before degradation, and Wt

is the weight of the sample aer degradation at different time
intervals.
2.5. Statistical analysis

Statistical analyses of the synthesized hydrogel composites was
conducted using analysis of variance (ANOVA). The Fisher's
least signicant difference (LSD) was used to compare the
treatment means at alpha = 0.05. XLSTAT (Addinso (2024),
statistical and data analysis soware, New York, USA) was used
for statistical analyses, and graphical visualization was done
through MS Excel.
3 Results and discussion
3.1. Physicochemical characteristics of dewatered sludge

Table 1 shows the basic physicochemical characteristics of DS.
The gravimetric moisture content value was comparable with

the moisture content of previously studied PMS samples (45–
80%).61–63 High moisture content in DS resulted from water
absorption due to the hygroscopic nature of cellulose bres
present in the sample.64 The bulk density of PMS samples
depends on the pulping process employed and the physical
properties of the source material.65 The pH of DS was alkaline as
expected (8.14, Table 1) and it was comparable with the pH
value of PMS from previous studies.64,66–68 The higher alkalinity
is attributed to the presence of calcium carbonate (CaCO3) in
the sludge from the paper making processes.69

The chemical composition of the DS and the EC are given in
Table 2.

DS showed high cellulose content in proportion to lignin and
hemicellulose. The high cellulose content in the DS can be
attributed, at least in part, to the mechanical and chemical
degradation of wood polysaccharides occurring during pulping,
paper manufacturing, and bleaching processes at the paper
mill.70 Since PMS's cellulose and lignin composition directly
affect cellulose production, a high cellulose and low lignin DS
qualies as a good resource for extractable cellulose.1,62,71–73

As indicated in Table 2 and Fig. 2, the cellulose content
increased as expected upon microwave-assisted alkali pre-
treatment and ultrasonic acid hydrolysis. The results conrm
that the applied method is effective in selectively extracting
cellulose (93%) in high yield from hemicellulose (4%) and
lignin (0.7%) in DS (Table 1) achieving objective 1 of this work.
When the treatment was completed, nearly all of the lignin had
been removed, resulting in almost pure cellulose. This is
attributed to the breaking down of the intermolecular-ether
linkage between lignin and hemicellulose during the micro-
wave alkaline treatment, which facilitates the removal of
pH 8.14 � 0.01
Colour and appearance Grey granulated bers (Fig. 4 below)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Chemical composition (%) of dewatered sludge and extracted
cellulose

Treatment Cellulose Hemi cellulose Lignin

Dewatered sludge (DS) 66.56 � 0.24 19.11 � 0.41 12.31 � 0.33
Extracted cellulose (EC) 93.75 � 0.47 4.22 � 0.11 0.67 � 0.22
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hemicellulose and lignin.74 Subsequent bleaching with H2O2

facilitates the oxidation of the aromatic ring of lignin,
promoting its dissolution.75 This eliminates the chromophore
groups.76 The removal of lignin is crucial to liberate cellulose
bers. However, a trace amount of hemicellulose remained in
the EC, as shown in Table 2. The obtained results were
consistent with reported results, where microwave-assisted
alkali pretreatment followed by ultrasonic acid hydrolysis
completely removed lignin from dry jute stalks.43
Fig. 5 FTIR spectra of (a) extracted cellulose (EC) (A) and dewatered slu

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2. Structural characterization

The FTIR spectra for the structural characterization of DS, EC,
and hydrogel samples are presented in Fig. 5a–c.

Fig. 5a shows the characteristic absorption bands for func-
tional groups of DS and the EC. The broad peak in the 3394–
3390 cm−1 range is assigned to the stretching vibrations of the H-
bonded hydroxyl groups present in cellulose, water, and lignin
(Fig. 1 and 5a). The peaks between 2800 cm−1 and 2900 cm−1

exhibit the C–H stretching vibrations of the cellulose ring struc-
ture.77,78 The C–O–C stretching vibration of the pyranose ring and
glycosidic ether linkage between the glucose unit in cellulose is
observed at 1055 cm−1 for all samples conrming the extraction
of a polysaccharide such as cellulose.79 The peak observed
between 1500 cm−1 and 1510 cm−1 in the DS sample represents
the aromatic ring vibration of lignin.80,81 In addition, the peak at
1734 cm−1 corresponds to the C]O stretching vibration of the
dge (DS) (B); (b) biochar (BC); (c) hydrogel composites.

RSC Sustainability, 2024, 2, 3478–3489 | 3483
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Fig. 6 Weight loss (a & b) and derivative weight loss (c & d) thermograms for the cellulose (a & c) and hydrogel composites (b & d) at various
biochar content.
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acetyl group from hemicellulose/lignin.44 However, the peak in
these regions almost disappears in the FTIR spectrum of EC
conrming the effective removal of lignin with residual hemi-
cellulose remaining in the EC (Fig. 5a). This is attributed to the
process during the microwave-assisted alkali pre-treatment,
where NaOH is expected to penetrate the lignocellulosic struc-
turemore efficiently, thus initiating the disruption of some bonds
associated with lignin and hemicellulose causing degradation.43

Similar observations were previously reported for the microwave-
assisted alkaline pre-treatment and ultrasonic acid hydrolysis of
jute stalk, and oil palm trunk and empty fruit bunch.43,82 In the BC
(Fig. 5b), the peaks between 700 cm−1 and 800 cm−1 represent
C–H wagging vibrations of aromatic and heteroaromatic
compounds while the peak near 1587 cm−1 associated with the
amide group present in the BC.22 The hydrogel composites show
characteristic –NH peaks of BC at 1683 cm−1 and strong C–O and
Si–O vibrations at 1064 cm−1 (Fig. 5c), conrming the successful
integration of the of BC in the hydrogel matrices.

The FTIR spectra of the various hydrogel composites, shown
in Fig. 5c, display the characteristic peaks at 3428 cm−1 for the
O–H stretching of alcoholic, carboxylic, and phenolic groups
from the EC and BC. Additionally, the peak observed at
1570 cm−1 for the C]O stretching indicates the incorporation
of the acid functional groups. The peaks at 1448 cm−1,
1385 cm−1, 1045 cm−1, and 874 cm−1 are attributed to the CH2

scissoring vibrations and C–H asymmetric, aromatic C]C and
C–O stretching vibrations, respectively.83,84 The peaks in the
hydrogel spectra between 950 cm−1 and 1030 cm−1 showed Si–O
stretching vibration peaks. Raw BC (Fig. 5b) showed these
characteristics because silica is a crucial component of plant
phytoliths and can prevent the breakdown of plant carbon.85

The peaks observed in the 990 cm−1–1215 cm−1 region of the
hydrogel spectra are attributed to several overlapping contri-
butions as follows; (i) C–O–C stretching vibrations from the
cellulose and BC surfaces from the polysaccharide matrices (ii)
3484 | RSC Sustainability, 2024, 2, 3478–3489
Si–O stretching vibrations from the BC surface. Therefore, the
peaks observed in the 990 cm−1–1215 cm−1 regions of the
composite hydrogel spectra likely have a combined contribu-
tion from both the C–O–C groups of the cellulose and BC, as
well as the Si–O groups present in the BC component. This
evidence the establishment of an extensive BC-cellulose
network in the hydrogel composites. The presence of all
recognizable peaks for cellulose and BC, together with a clear
integration of the Si–O and C–O–C peaks in the hydrogel
composites (Fig. 6c), further conrms this. This nding was in
line with the ndings of previous studies, such as cellulose/BC
hydrogel,22 carboxymethyl cellulose/graphene oxide
composite,86 and chitosan/BC hydrogel.87
3.3. Thermogravimetric analysis

The TGA results for EC are illustrated in Fig. 6a and c, respec-
tively. The thermal characteristics of the extracted cellulose
were consistent with previous ndings reported in the litera-
ture.71,88,89 There was no residual ash in EC, indicated by the
100% weight loss in Fig. 6a. All the prepared hydrogels showed
weight loss in the near 100 °C corresponding to the samples
typical of hygroscopic cellulose-derived materials (Fig. 6b).85

The second stage of weight loss observed in EC between 200 °C
and 300 °C and can be attributed to the loss of labile functional
groups on cellulose, leading to CO and CO2 evaporation of
volatile components and absorbed water from formation,90 and
the presence of low molecular weight acids and amorphous
components present in BC and cellulose.91
3.4. Swelling ratio, water retention and gel fraction of the
hydrogel composites

The GF, SR, WA, and WR in DW of prepared hydrogel
composites are shown in Fig. 7.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Results of water retention studies and gel fraction. (a) Gel fraction (GF); (b) the water absorbency (WA); (c) the water retention ratio (WR) of
de-swelling; (d) the swelling ratio (SR). Different letters on the bars show significant difference at 0.05 level.

Fig. 8 Biodegradation rate of hydrogel composites in soil.
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The percentage of GF of each hydrogel composite is shown in
Fig. 7a. GF is correlated with the degree of crosslinking in the
structure of the hydrogel polymer network.92 The gel fraction for
the hydrogel composites decreased in the order of BH1.5 >
BH1.0 > BH0.5 > CH. This phenomenon is inuenced by the
concentration of BC. BH1.5 exhibits the lowest WR due to its
higher GF compared to the other composites (Fig. 7b), primarily
due to its higher BC content, which leads to a higher cross-
linking density. Higher crosslinking density within the hydrogel
network corresponds directly to a higher percentage of gel
content, leading to a rigid hydrogel structure.44,93 Higher
crosslinking density in the hydrogel network also lowers water
absorption as increased crosslinking restricts the uptake of
water molecules by the hydrogel, leading to a decrease in
swelling capacity.92,94 Based on the ndings reported in the
literature by Mondal et al. (2022), a greater GF indicates
a superior hydrogel quality.93 A maximum WA of 902.3 ±

14.87% was obtained for BH1.0, whereas CH showed 883.8 ±

12.14%. WA of BH1.0 and CH was signicantly greater than the
BH0.5 and BH1.5 (Fig. 7b). Interestingly, the percentage of
water retained is still as high even aer 3 days, which demon-
strates the superior WR properties of the prepared hydrogels.
WR was maximum for CH and BH1.0 samples. The SR of
different hydrogel composites versus time is illustrated in
Fig. 7d. As shown in Fig. 7d, when BC increased to 1 g, the SR
signicantly increased. Further increase of BC amount to 1.5 g
made the SR decrease to 755.9 ± 12.5%. Within the rst 30 h,
the SR of all hydrogel composites increased rapidly. Aer 30 h,
the increasing rate plateaued as shown in Fig. 7d. As results
© 2024 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 7, the variation in the water retention character-
istics of the hydrogel composites is due to the diversity in their
polarity and hydrophilic functional groups, porosity, and degree
of crosslinking.44 A small amount of BC on the hydrogel
composite surface might combine with the surface functional
group. On the other hand, too much BC in the hydrogel
networks may increase the crosslinking density (Fig. 7a) and
result in a compacted hydrogel matrix. This may stop the
hydrogel from absorbing water, which would limit the
network's expansion and stop it from swelling too much.95–97

Nevertheless, the optimum amount of BC within the hydrogel
matrix improves the network, simultaneously increasing the
presence of hydrophilic groups. This enhancement may further
RSC Sustainability, 2024, 2, 3478–3489 | 3485
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Table 3 Comparison of synthesized cellulose-based hydrogel in terms of cost, performance, and environmental impact

Aspect Details

Cost comparison Used waste-paper mill sludge as raw material
Energy efficient synthesis43

Potentially reducing production costs104,105

Performance comparison The water retention capacity is comparable to that of existing polyacrylamide hydrogels58,105

Degrade more than 40% within 50 days, while polyacrylamide hydrogels degrade less than 20%106

Environmental impact Lower carbon footprint107

Reduced energy consumption108

Sustainable synthesis methods109

Non-toxic byproducts110
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increase the hydrophilic functions of the hydrogel.84 Some
previous studies also reported that several kinds of clay would
increase the swelling capacity of the inorganic polymer-based
hydrogel.98,99
3.5. Biodegradation rate in soils

The rate of weight loss (%) at various burying times (days) is
presented in Fig. 8.

As shown in Fig. 8, the rate of decomposition was initially
modest, but increased rapidly over time, indicating the degrad-
ability of the hydrogel composites. The degradation rates of CH,
BH0.5, BH1.0, and BH1.5 buried in the soil aer 50 days were
58.33%, 53.66%, 46.78%, and 42.89%, respectively. The results
prove that adding BC inhibits the rate of biodegradation and
increases the stability of the hydrogel composites. Besides that,
the obtained results also prove that an increase in the burial time
augments the biodegradation (%) of the hydrogel. The decom-
position of the hydrogel depends on several soil factors that affect
the growth of soil-living microorganisms, such as available
oxygen, moisture content, pH, temperature, humidity, and
mineral nutrient contents of soil.57,100 When the hydrogel
composites were buried in soil, they could slowly absorb available
water from the soil solutions and swell, which facilitated more
interaction and soaking up of more soil microorganisms in the 3-
D network of hydrogel composites with soil microorganisms and
enzymes, which enhanced the degradation.57,101 According to
Wen et al. (2016), the hydrogel composites started to decompose
via the hydrolysis of b-(1–4)-bonds in cellulose, which reduced
their cross-linking density.102 This allowed the interaction of
microorganisms and enzymes that eventually led to the disinte-
gration of the 3-D network. Moreover, microorganisms easily
disintegrate cellulose.103 The obtained results in this present
work were aligned with previous studies and demonstrated that
as-prepared hydrogel composites are degradable and could be
applied in agriculture.99,102 However, long-term biodegradation
studies are essential to fully understand the degradation mech-
anism and the ultimate fate of biodegradation products in
different environmental settings. Therefore, future research
should focus on investigating the long-term environmental
impacts in more detail focusing on the degradation mechanism
and the nal biodegradation product.

Table 3 provides a comparative analysis of the synthesized
cellulose-based hydrogel, evaluating its cost-effectiveness,
3486 | RSC Sustainability, 2024, 2, 3478–3489
performance metrics, and environmental footprint relative to
existing synthetic hydrogel used in similar applications.

4 Conclusion

This study explored a circular and sustainable method for the
preparation of entirely biobased hydrogel composites valorized
from waste-paper mill sludge (PMS) and biochar derived from
forestry residues using energy-efficient microwave and ultra-
sound techniques. Cellulose brils were successfully isolated
from the PMS to create crosslinked hydrogels with enhanced
physical properties, suitable for use in the acidic and dry
podzolic soils of northern Canada's boreal ecosystem. The
hydrogels, crosslinked with citric acid and incorporated with
powdered biochar (BC) in various ratios, demonstrated excel-
lent water retention properties. FTIR analysis conrmed the
presence of characteristic peaks for cellulose and BC, as well as
the integration of Si–O and C–O–C peaks, indicating an exten-
sive cellulose-biochar network within the hydrogel composites.
Thermogravimetric analysis (TGA) revealed that the addition of
BC increased the thermal stability of the composite by 60%. The
optimal composition of 1% BC (BH1.0) signicantly enhanced
the water retention, thermal stability and gel fraction, and
exhibited superior biodegradability with a 46.78% degradation
aer 50 days. These entirely biobased hydrogel composites,
utilizing upcycled cellulose from PMS, show promising poten-
tial as soil amendments for podzolic agricultural environments.

This energy-efficient technique holds signicant potential
for industrial scalability by optimizing process parameters and
scaling up equipment to enhance cellulose extraction while
minimizing energy consumption and operational costs.
However, while the research outcomes are promising on
a laboratory scale, scaling this energy efficient-environmentally
sound method to an industrial level has both opportunities and
challenges. The potential impacts of industrial expansion
include a signicant reduction in PMS and a decrease in reli-
ance on synthetic polymers for hydrogel production. Further-
more, the energy-efficient protocols utilized in this study could
lead to lower operational costs and reduce carbon emissions,
making the process both economically and environmentally
viable. Nonetheless, practical viability will depend on various
factors, such as the safe handling of raw materials, the adapt-
ability of existing industrial infrastructure, and the overall cost-
effectiveness of scaling these techniques. Further research is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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needed to address these aspects, focusing on pilot studies and
cost–benet analyses that could pave the way for large-scale
implementation. In conclusion, the scalability of these
methods holds substantial promise for the industrial produc-
tion of sustainable hydrogels, contributing to broader envi-
ronmental and economic benets.
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