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Catherine Garnier b, Camille Jonchere b, Hicham Ben youcef c, Bernard Cathala b,
Hamid Kaddami a,d,*

a Innovative Materials for Energy and Sustainable Development (IMED-Lab), Cadi Ayyad University, Morocco
b UR1268 BIA, INRAE, F-44316 Nantes, France
c HTMR, Mohammed VI Polytechnic University, Morocco
d SUSMAT-RC, Mohammed VI Polytechnic University, Morocco

A R T I C L E I N F O

Keywords:
Banana fiber waste
Dialdehyde cellulose
Superabsorbent
Hydrogels
Re-swelling property

A B S T R A C T

The study focus is the valorization of banana agriculture by products by the extraction and derivatization of
cellulose and its incorporation in formulations to produce superabsorbent materials endowed with high water
absorption performances. The extracted cellulose (BP) was subjected to a controlled oxidation by sodium peri-
odate to convert it to cellulose dialdehyde (DAC) with controlled aldehyde content. The cellulosic materials were
incorporated into a suspension containing acrylic acid (AA) and itaconic acid (IA) to produce composite hybrid
hydrogels (SA-BP/SA-DAC) by radical chain polymerization in water, using N,N-methylene-bis-acrylamide
(MBA) as a cross-linking agent and potassium persulfate (KPS) as an initiator. The prepared materials were
characterized using techniques such as Fourier-transform infrared spectroscopy (FTIR), scanning electron mi-
croscopy (SEM), and rheological analysis. Additionally, the absorption and re-swelling capacities of the super-
absorbent composites (SAPs) were assessed through kinetic studies in water and NaCl solution. Notably,
dialdehyde cellulose (DAC), due to its low crystallinity index, hydrophilicity (attributed to aldehyde and
hemiacetal functions), and high polarity, holds promise for enhancing the swelling and water retention capacity
of the hydrogel. A water absorption capacity as high as 1240±60 g.g-1 was obtained for SA-DAC with a DAC
content of 5 %wt. Additionally, the reusability of the SAPs was evidenced.

1. Introduction

Water is a precious natural resource that plays a vital role across the
planet (Zheng et al., 2023). The rise in the global human population is
leading to a significant rise in the need for water and agricultural
products and is generating greater pressure on food production and
freshwater resources (Bellù et al., 2018). Today, Morocco as a Medi-
terranean country has limited water resources and is facing the necessity
of reducing water consumption (Zeino-Mahmalat & Bennis, 2012).
Water scarcity in Morocco is further accentuated by the effects of
climate change, including rising temperatures, the instability and
decline of rainfall, and the pressure of agricultural growth (Taheripour
et al., 2020). In this context, using superabsorbents to rationalize water
use in agriculture is one of the promising solutions.

Superabsorbent polymers (SAPs) are high-performance materials

capable of absorbing and retaining water, potentially serving as an
excellent water management solution (Jiménez-Rosado et al., 2023).
Indeed, water SAPs are hydrophilic three-dimensional networks with
the ability to absorb and retain quantities greater than 100 g.g− 1 of
water (Chang et al., 2021; Ostrand et al., 2020). Thanks to their swelling
properties, they are employed in various fields such as agriculture,
biomedical, and sanitary diapers (Olad et al., 2020). Several in-
vestigations have been conducted regarding the agricultural utilization
of SAPs (Krasnopeeva et al., 2022). The outcomes have demonstrated
notable cost reductions in irrigation, significant improvements in plant
survival rates, and a clear enhancement in the retention of fertilizers in
the soil (Zhang et al., 2023). However, a predominant portion of the
commercially available superabsorbents is synthesized using acrylic
acid (AA) or acrylamide (AM) (Chaiyasat et al., 2019; Sawut et al.,
2014). These materials have the drawbacks of their high cost, limited
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biodegradability and negative environmental impact (Oladosu et al.,
2022).

In contrast, natural polymers have garnered significant attention as
potential candidates for fabricating superabsorbents due to their ad-
vantages, such as abundance, low cost, biodegradability, and non-
toxicity (Li et al., 2023). However, the crucial point of the biobased
SAPs reported in the literature, is their lower performances in water
absorption when compared to synthetic ones. Jungmin Lee et al.
embarked on the synthesis of an SAP hydrogel by blending carbox-
ymethyl cellulose with starch dialdehyde, using citric acid as a cross-
linking agent. They obtained an absorption capacity of 87 g.g− 1 in
distilled water (Lee et al., 2018). Cheera Prasad et al. successfully syn-
thesized a superabsorbent polymer (SAP) from carboxymethyl cellulose
and starch cross-linked with a biodegradable agent, citric acid (Prasad
et al., 2023). They achieved a remarkable absorption capacity of 287 g.
g− 1 in distilled water. Md Nur Alam et al. achieved the synthesis of a bio-
SAP using cellulose chitosan cross-linked hydrogels with an absorption
capacity of 610 g.g− 1 in distilled water (Alam & Christopher, 2018). At
this stage, hybrid SAPs may provide the opportunity for an ideal balance
between absorption-retention capabilities and their environmental
impact. Heng-Xiang Li et al. synthesized a hydrogel by grafting cellulose
with acrylic acid, using aluminum hydroxide as a cross-linking agent.
They achieved an absorption capacity of 922 g.g− 1 in distilled water (Li
et al., 2020). Fang Wu et al. synthesized a hybrid superabsorbent based
on cellulose grafted onto a copolymer of acrylic acid and acrylamide,
with an absorption capacity of 875 g.g− 1 in distilled water (Wu et al.,
2012). Xiaoxia Li et al. created a hybrid SAP by grafting poly(acrylic
acid-co-2-acrylamide-2-methyl-1-propanesulfonic acid) onto Abelmo-
schus manihot gum and incorporatingmicrocrystalline cellulose, yielding
an even higher absorption capacity of approximately 1240 g.g− 1 in
distilled water (Li et al., 2022). These results show that the hybrid SAPs
possess high water absorption capacities compared to the fully biobased
SAPs counterparts.

To the best of the authors' knowledge no hybrid SAPs based on DAC
has been reported in literature. In view of the chemical structure,
morphology and properties of DAC we believe that this cellulose de-
rivative is worthy to be investigated as biobased filler to develop hybrid
SAPs with high water absorption capacity and stability. This can also
open new opportunities for the use of DACs and agriculture by products
valorization.

Banana tree fibers are biomass waste arising from the fibrous resi-
dues of pseudostems and leaves that remain after banana culture and
harvesting. This agricultural process results in a substantial amount of
plant waste material primarily composed of lignocellulosic fibers
(Ferdous et al., 2023). Interestingly, the edible fraction, i.e. the fruit
itself, contributes to a mere 12 % of the total plant weight (Elanthikkal
et al., 2010). The banana plant holds significance as an annual agri-
cultural remnant due to its unique life cycle, yielding fruit only once
before being left to decompose in the soil naturally.

This work proposes a new valorization of biomass waste from
southern Morocco, in particular waste generated by banana cultivation.
The aim is to extract cellulose from these wastes which will be chemi-
cally modified and incorporated into new bio-superabsorbent formula-
tions. To this end, the initial phase of this valorization process consists of
extracting the cellulose fibers by bleaching treatment to obtain bleached
pulp (BP). Subsequently, the extracted cellulose undergoes an oxidation
process using sodium periodate to obtain cellulose dialdehydes (DAC)
with a controlled aldehyde content (AC). Following this, different
composite hybrid hydrogels based on cellulose fibers (BP) or cellulose
dialdehydes (DAC) were synthesized by incorporating the cellulose at
various fractions into suspensions containing the acrylic acid (AA) and
the itaconic acid (IA) as a biobased monomer, followed by radical
polymerization in an aqueous medium using N, N-methylene-bis-acryl-
amide (MBA) as a cross-linking agent and potassium persulfate (KPS) as
an initiator (Bora & Karak, 2022). The characterization of the cellulosic
materials (BP and DAC) and the SAP composites (SA-BP and SA-DAC)

was conducted using techniques such as Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and rheo-
logical analysis. Absorption and re-swelling capacities of the different
SAPs through kinetic studies in water and NaCl solution were assessed.
To the authors' knowledge, dialdehyde cellulose (DAC) has rarely been
used in the production of water superabsorbent hydrogels. Due to its low
crystallinity index, its hydrophilicity coming in particular from the
presence of aldehyde and hemiacetal chemical groups, and its high
polarity, DAC should improve the swelling and water retention capacity
of the hydrogel, for the development of efficient and highly superab-
sorbent hydrogels.

2. Experimental

2.1. Materials and reagents

Banana tree fibers (BF) were collected from biomass in the south of
Morocco. Acrylic acid (AA, 99 %), potassium persulfate (KPS, 99 %), N,
N-methylene-bis (acrylamide) (MBA), sodium hydroxide (NaOH), so-
dium chlorite (NaClO2), sodium chloride (NaCl), acetic acid (95 %) and
ethylene glycol were supplied by Sigma Aldrich. Sodium periodate (99
%) and itaconic acid (IA, 99 %) were purchased from Thermo Fisher
Scientific.

2.2. Bleached pulp preparation from Banana fiber

The preparation of bleached pulp (BP) involves the following steps:
banana lignocellulosic fibers are ground and sieved to obtain fiber sizes
of around 400 μm. These fibers were then alkali-treated with a sodium
hydroxide solution (NaOH 3 % w/v) for 2 h at 70 ◦C to remove parts of
hemicelluloses and lignin, and this treatment was repeated three times.
Then, a second oxidative bleaching treatment was carried out with 1.7 %
NaClO2 in a buffer solution (pH = 4.8) containing 27 g NaOH in 500 mL
water, 75 mL acetic acid, and 425 mL distilled water, under stirring for 2
h at 70 ◦C. The protocol was repeated three times. Finally, the bleached
cellulose pulp was obtained by repeated filtrations and washing with
distilled water (Thien et al., 2022).

2.3. Preparation of dialdehyde cellulose

The preparation procedure of dialdehyde cellulose (DAC) underwent
some modifications from that previously described (Ruan et al., 2022).
1 g of bleached banana cellulose pulp suspended in 50 mL of distilled
water was introduced into a 100 mL flask covered with aluminum foil
(to ensure total darkness of the medium), topped with a reflux
condenser, and fitted with a stirring system. The mixture was then
sonicated for 30 min in an ultrasonic bath, and the acidity of the mixture
was adjusted to pH=3 using acetic acid. Oxidation was carried out using
a 0.5 molar equivalent ratio of sodium periodate (NaIO4) to anhy-
droglucose units (DAC-0.5eq), and the reaction lasted 24 h under mag-
netic stirring at a temperature of 50 ◦C. At the end of the reaction, 1 eq of
ethylene glycol was added to consume the residual periodate and stop
the reaction (1 h at room temperature). Finally, the oxidized cellulose
was separated by repeated ultracentrifugations and washings with
distilled water. After each centrifugation procedure, the solutions were
checked by a Tollens test to detect aldehyde functions. A negative
Tollens test indicates that the solutions no longer contain soluble alde-
hyde oligomers. Finally, the cellulose dialdehydes (DAC) obtained are
kept in suspension at a temperature of 4 ◦C.

2.4. Synthesis of BP/DAC-g-P(AA-co-IA) superabsorbents

SAPs were synthesized using the solution polymerization method.
The process involved grafting AA and IA onto the accessible surface
chains of BP or DAC. The polymerization was carried out using KPS as
the initiator and MBA as a cross-linker (Bora & Karak, 2022). To assess
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the impact of various reagents on the resulting SAPs, an optimization
was conducted on the amounts of cross-linker MBA, the initiator KPS,
the AA to IA ratio, and the degree of AA neutralization.

Initially, the carboxylate groups' fraction of AA was adjusted to 30 %
with sodium hydroxide (NaOH). Then, IA was added to 10 mL of
distilled water in a 100mL three-neck round-bottom flask equipped with
a mechanical stirrer under a nitrogen atmosphere. The mixture was
heated to 85 ◦C while constantly stirring. Subsequently, a defined
amount of BP/DAC suspension was added to the mixture. Following this,
the crosslinker MBA and the initiator KPS were added, sequentially. The
polymerization reaction was carried out by stirring the resulting mixture
for the required time duration at 85 ◦C. The hydrogels were washed with
pure ethanol once the reaction was completed and then air-dried at
60 ◦C until a stable mass was achieved before being used in further
research. The sample codes are designated by ‘SA’ which refers to the
copolymer (AA-IA), followed with the termination ‘BPx%’ or ‘DACx%’,
with ‘x’ indicating the percentage of added bleached pulp or cellulose
dialdehydes (Table 3). (See Fig. 1.)

2.5. Fourier transform infra-red (FTIR) spectroscopy

The FTIR spectra were recorded using a Perkin Elmer Spectrum 100
FTIR Spectrometer with a resolution of 4 cm− 1 (16 scans) in the wave-
number range of 450 to 4000 cm− 1. The samples were examined as
pellets made from 2 mg of the substance combined with 198 mg of KBr
for analysis.

2.6. X-ray diffraction (XRD)

The obtained BP and DACs underwent XRD analyses using a Rigaku
SmartLab diffractometer, utilizing copper Kα radiation (λ ≃ 1.54 Å). The
scanning speed was set at 5◦/min, and the range of the 2Ѳ angle
explored was from 2◦ to 50◦. The crystallinity index (Ic) of the cellulose
particles was computed using the Segal method, which can be calculated
using the following equation (Eq. (1)):

IC =
It − Ia

It
×100% (1)

Where It is the total intensity of the (200) peak for cellulose at 22.7◦ 2θ,
and Ia is the amorphous intensity at 18◦ 2θ for cellulose and at 16◦ 2θ for
cellulose II.

2.7. Scanning electron microscopy (SEM) analysis

A field emission gun scanning electron microscope (Quattro S,
Thermo Fischer Scientific) was used to capture images of the SAPs. The
samples were affixed to a metal stub using conductive carbon tape,
coated with a 5 nm layer of platinum using an ion-sputter coater (LEICA
EM ACE600, Germany), and then examined in HI-VAC mode with a
probe current of 30 A at a 5 kV acceleration.

2.8. Rheological characterization of SAPs

Rheological measurements were conducted using an ARES (TA In-
struments) controlled strain rheometer equipped with a 40 mm plate-
and-plate geometry. The gaps used were selected based on the resis-
tance of gels during manipulations, and the details are presented in
Table 1. All experiments were carried out at a temperature of 20 ◦C. To
prevent the samples from evaporating during the measurement process,
a layer of paraffin oil was applied. Rheological tests involved the
exploration of the storage modulus (G') and loss modulus (G") of the
synthesized SAPs over a frequency range extending from 0.001 to 100
rad s− 1 (frequency sweep experiments). The strains employed were

Fig. 1. Synthetic scheme of SAPs preparation from banana biomass.

Table 1
The value of the gap for each SAP.

Sample
Name

SA SA-
BP1%

SA-
BP5%

SA-
DAC1%

SA-
DAC3%

SA-
DAC4%

SA-
DAC5%

Gap
(mm) 0.5 1.6 1.3 1.2 1 0.5 0.5

B. Ahmed Yassine et al.
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deliberately selected to operate within the linear viscoelastic (LVE)
range, ensuring that G' and G" remain independent of the amplitude of
the applied strain.

2.9. Determination of aldehyde content

The aldehyde content was determined using the hydroxylamine hy-
drochloride (NH2OH-HCl) oximation method (Kim et al., 2004).
Following the quantitative reaction between carbonyl groups and hy-
droxylamine hydrochloride, the generated hydrochloric acid was
titrated using a pH-meter method. Specifically, 0.1 g of oxidized cellu-
lose (DAC) was combined with 25 mL of a hydroxylamine hydrochloride
solution (0.2 M), subjected to 30 min of sonication, stirred, and then
heated at T= 40 ◦C for 18 h. To halt the reaction, the mixture was cooled
by immersion in a cold-water bath upon completion of the designated
time. Subsequently, a sodium hydroxide solution (NaOH, 0.2 M) was
employed to titrate the generated hydrochloric acid (oxime). The alde-
hyde content (AC) was calculated using Eq. (2) and confirmed using
elementary analysis.

AC(mmol/g) =
CNaOH × (VDAC − VBP)

md
(2)

where AC is the aldehyde content of cellulose (mmol/g cellulose), CNaOH
is the concentration of sodium hydroxide solution required for titration,
VDAC is the equivalence volume with oxidized bleached pulp, VBP is the
equivalence volume with unoxidized bleached pulp andmd is the weight
of dry cellulose initially dissolved.

2.10. Elemental analysis

The aldehyde content was determined using the oximation method
with hydroxylamine hydrochloride, as described previously (Section
2.9). The results of this method were confirmed by the calculation of the
nitrogen content of oximed DAC using an elemental analyzer, specif-
ically the Flash 2000 organic elemental (CHNS) analyzer.

2.11. Measurement of absorption capacity of SAPs

The tea bag method was employed to determine the kinetic as well as
the maximum water swelling capacity (Qm) of the synthesized SAPs (Lu
et al., 2015). A specific quantity of dried SAPs was placed inside a tea
bag and weighed (m0). The tea bag was then soaked in water or saline
solution (at 0.9 wt%) at 25 ◦C for a duration of time (t) until swelling
equilibrium was reached; at this point, the swollen sample was weighed
(mt). To serve as a control, an experiment was conducted using an empty
tea bag. The water absorption capacity at equilibrium (Qeq) of the SAPs
was subsequently calculated by considering the difference in weight
before and after submersion in water and no further increase of the mass
is observed, as outlined in Eq. (3).

Qeq(g/g) = (mt − m0)
/
m0 (3)

where m0 and mt are the weights of the dried and swollen samples,
respectively.

2.12. Re-swelling tests

Dry SAPs were precisely weighed, submerged in distilled water at
25 ◦C until swelling equilibrium was reached, removed, and weighed
again as described in section (3.10). Qeq was then computed using Eq.
(3). After drying the swelled sample to constant weight in an oven at
50 ◦C, the procedure was repeated three times.

3. Results and discussion

SAPs were synthesized using a conventional free radical

polymerization process with AA, IA as monomers, DAC/BP as filler, KPS
as the initiator, and MBA as the crosslinker. An aqueous medium was
employed to prepare SAPs. The process consisted of three steps: initia-
tion, where sulfate anion radicals were produced; chain propagation,
where macroradicals initiated grafting copolymerization; and termina-
tion, involving deprotonation or combination of living polymeric chains.
This method resulted in the formation of a 3D cross-linked network
structure for the SAPs (Gharekhani et al., 2017; Olad et al., 2018).

3.1. Characterization of bleached pulp and DAC

To prove the efficiency of the oxidation of bleached cellulose pulp by
sodium periodate, and to ensure that the desired DACs were obtained,
analyses by FTIR spectroscopy and X-ray diffraction were performed
(Fig. 2 a and b).

From FTIR spectra, BP shows a broad band at around 3420 cm− 1, and
a band at 1640 cm− 1 corresponding to the stretching and bending vi-
bration bands of OH hydroxyls (Qian et al., 2019). This is followed by a
band at 2910 cm− 1 corresponding to the C-H stretching vibration, as
well as a band at 1057 cm− 1 which is attributed to the C-O-C linkage of
cellulose (Huang et al., 2020). Bands between 1420 cm− 1 and 1320
cm− 1 are attributed to C-H shear and -OH bending vibrations (Kimani
et al., 2016). The DAC-0.5eq spectra shows the same fingerprint as the
bleached pulp, with the same characteristic bands except for the addi-
tional bands at 1730 cm− 1, which is attributed to the vibration of the
aldehyde carbonyl of the DAC (Aitbella et al., 2024), and that at 880
cm− 1 which is characteristic of hemiacetal groups formed between
aldehyde functions and alcohols. Other additional but less significant
changes on the bands at 2900 cm− 1 and 1050 cm− 1 for deformation and
vibration of -CH2 and elongation vibrations of C-O-C were also observed.

To assess the effect of the oxidation on the crystallinity of DAC, the
original (BP) and the oxidized pulp with 0.5 eq of sodium periodate were
examined by X-ray diffraction (Fig. 2b). The characteristic peaks of
cellulose-I at 2θ = 16.3◦ and 2θ = 22.5◦ are clearly observable for the
two samples (Zhang et al., 2018). However, the crystallinity index de-
creases from 65 % to 44 % for BP and pulp treated with 0.5 equivalent of
DAC (DAC-0.5eq), respectively (Table 2). The oxidation process affects
the amorphous regions and progressively affects the crystalline region of
cellulose by breaking C2-C3 bonds and consequently leads to a signifi-
cant decrease in the crystallinity degree.

To evaluate the effect of the oxidation on the cellulose fibers struc-
ture, morphological analyses of the fibers of BP and DAC-0.5eq were
conducted (Fig. 2c). As observed in Fig. 2c (i, ii), The bleached cellulosic
pulp (BP) has a fibrous structure, featuring both rough and smooth
surfaces, with a diameter of approximately 10 ± 2 μm. On the contrary,
the morphology of the oxidized DACs (Fig. 2c (iii, iv)) undergoes a
gradual transformation into microfibrils, leading to a noticeable
decrease in fiber diameter to approximately 6 ± 1 μm giving evidence of
a degradation process (Li et al., 2011).

The quantification of the aldehyde content (AC) resulting from the
oxidation reaction of bleached pulp by sodium periodate was estab-
lished by the method of oximation of the DAC using the equation (Eq.
(2)) and this is confirmed by the elemental nitrogen analysis. The re-
sults, presented in Table 2, show that DAC-0.5eq exhibits an aldehyde
content of 3.3 mmol/g. On the other, the strength of the degrading effect
of the oxidative process is evaluated by the mass yield of cellulose after
oxidation. The results show a degradation percentage of 33 % in the
reaction conditions used.

3.2. SAPs preparation and characterization

Table 3 comprises all prepared SAPs with different reagent compo-
sitions. A water-based medium was employed for SAPs preparation by
mean of radical polymerization. The prepared SAPs were characterized
by FTIR to have an insight on their chemical structure. Subsequently,
morphological analyses were performed using SEM to visualize the
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incorporation of fibers and porosity in the hydrogel structure. Rheo-
logical analyses were also conducted to investigate the effect of BP and
DAC on the hydrogel mechanical strength. Finally, investigations of the

absorption capacities and reusability of the SAPs were carried out.

3.2.1. FTIR analysis
FTIR analysis was conducted to examine the process of grafting

acrylic acid (AA) and itaconic acid (IA) onto the backbone of BP and
DAC (Fig. 3).

As for BP and DAC (Fig. 2a), the FTIR spectra of, AA, IA, and SAPs
reveal a broad band in the range 3300–3400 cm− 1 indicating the pres-
ence of bands related to hydroxyl (OH). Smaller and narrower bands
around 2850 and 2920 cm− 1 are observed for SA samples and are
attributed to the vibration of symmetric and asymmetric stretching of
CH2 groups. In addition, the strong bands around 1720 cm− 1 correspond
to the elongation vibration of the carboxylic carbonyl groups that are
overlapping with the N-H bending vibration band of the cross-linking
agent in the structure of SAPs. On the other hand, the bands around
1560 cm− 1 are due to the stretching vibration of the carboxylate groups.
The bands in the domain 1620–1650 cm− 1 in the AA and IA spectra
correspond to C=C double bands. The intensities of these bands decrease
significantly in the SAPs, and almost disappear in the spectra of SA-
BP5% and SA-DAC5%. Al these observations indicate that the SAPs were
successfully synthesized.

3.2.2. SEM analysis
The surface morphology of the synthesized superabsorbent (SAPs) (i.

Fig. 2. (a) FTIR spectra and (b) XRD spectra of bleached pulp (BP), and DAC-0.5eq, (c) SEM images of the bleached pulp (i, ii) and DAC-0.5 (iii, iv).

Table 2
Aldehyde content (AC), degradation percentage, and crystallinity percentage of
oxidized bleached pulp.

Periodate Equivalent AC (mmol/g) ±0.1 Degradation (%) Crystallinity (%)

0 – – 65
0.5 3.3 33 44

Table 3
Composition (wt%) of the different prepared SAPs.

Sample name AA/MBA IA BP DAC-0.5eq

SA 85 (84.5/0.5) 15 – –
SA-BP1% 84 (83.5/0.5) 15 1 –
SA-BP5% 80 (79.5/0.5) 15 5 –
SA-DAC1% 84 (84.5/0.5) 15 – 1
SA-DAC3% 82 (81.5/0.5) 15 – 3
SA-DAC4% 81 (80.5/0.5) 15 – 4
SA-DAC5% 80 (79.5/0.5) 15 – 5
SA-DAC7.5% 77.5 (77/0.5) 15 – 7.5

B. Ahmed Yassine et al.
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e., DAC copolymer and/or bleached pulp-co-(acrylic acid-co-itaconic
acid) (SA-BP 5 % and SA-DAC 5 %)) was examined using a scanning
electron microscope (SEM) (Fig. 4). It can be observed that the SAPs
exhibit smooth microstructures with closed pores of various sizes and
relief features, along with the appearance of dispersed cellulose fibrils
on the surface. The association between the fibers and the polymer is
strong and no detachment of the fiber is observed.

3.2.3. Rheology measurements
To study the mechanical properties of the network of synthesized

SAPs, G', storage modulus, and G", loss modulus, were recorded in the
angular frequency range of 0.001 to 100 rad s− 1. As shown in Fig. 5 (a,
b), for all the samples, G' consistently exceeds G" throughout the entire
frequency range, evidencing the predominance of elastic behavior in all
the systems (Mohammadbagheri et al., 2021). For SA hydrogel, both G'

and G" increased with the frequency, leading to a crossover between G'
and G" at the highest frequencies, displaying the existence of relaxation
time of the order of the period of the mechanical strain imposed (inverse
of frequencies). The incorporation of bleached pulp, at 1 % and 5 % (SA-
BP1,5 %) concentration, enhances the hydrogel mechanical properties,
with higher values of G' and G", less frequency dependency, and lower
loss factors (tan δ). No crossover between G' and G" is observed in the
presence of BP, G' being over G" at the highest frequency, showing a
better structuration. Subsequently, the addition of DAC (Fig. 5b) dem-
onstrates a significant increase in gel strength at 1 %, followed by a
subsequent decrease compared to the addition of 3 %. Similarly, at 4 %
and 5 %, the properties remain almost identical to those of SA. Addi-
tionally, it is observed that hydrogels prepared with DAC exhibit higher
slopes than those prepared with BP. Furthermore, in contrast to SAPs
with BP, SA-DAC shows crossing points between G' and G", suggesting
different structuring mechanisms between BP and DAC. The introduc-
tion of cellulose fibers at a 5 % rate notably enhances the mechanical
properties of SA-BP hydrogel (Etminani-Isfahani et al., 2020).
Conversely, the inclusion of DACs does not result in any substantial
variance in mechanical characteristics.

3.3. Swelling properties of superabsorbents

3.3.1. Absorption capacity of SAPs
To determine the impact of the BP and DACs in SAPs on the ab-

sorption capacities of the different samples, kinetic studies of swelling
capacity in distilled water (Fig. 6a) and in saline solution (0.9 % w/v
NaCl) (Fig. 6b) were carried out using the “tea-bag method” (Zhang
et al., 2020).

All SAPs exhibit two different kinetic phases in distilled water. A first
phase during which water molecules diffuse rapidly into the pores over
the first five hours. This is followed by a second phase of slower water
diffusion, during which water molecules infiltrate the more confined
spaces and the new spaces created by initial swelling and electrostatic
repulsions. This second phase extends until equilibrium. The equilib-
riums were reached at different times for the different SAPs, with all of
them reaching this state almost after thirty hours of immersion.

The immersion of SAPs in the saline solution demonstrated lower

Fig. 3. Infrared spectra of the reagents AA, IA, and the synthesized superab-
sorbent polymers SA, SA-BP 5 %, and SA-DAC 5 %.

Fig. 4. SEM images of SA-BP 5 % ((a) 500 μm, (b) 100 μm) and SA-DAC 5 % ((c) 500 μm, (d) 200 μm).

B. Ahmed Yassine et al.
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water absorption, primarily occurring during the first phase, followed by
a slight increase during the second phase until reaching equilibrium. It is
worth noting that there the tenfold difference between the water ab-
sorption capacities in distilled water and that in a 0.9 % NaCl solution is
due to the ionic forces generated by the saline solution. The presence of
Na+ and Cl− ions in this solution could produce the screening effect,
which would block the influence of electrostatic repulsions by protect-
ing the carboxylate anions of the polymer chains. This screening effect
might promote the establishment of new physical interactions, such
hydrogen bonds, which make the network more resistant to the osmotic
pressure and leads to a reduction in water absorption capacity.

In distilled water, the addition of BP to the SAPs formulation de-
creases the absorption capacity compared to that of SA (570 g.g− 1).
However, at 1 % BP, a value of 404 g.g− 1 is observed for SA-BP1%,
which increases with the increase in BP percentage, reaching 485 g.g− 1

for SA-BP5%. Similarly, the incorporation of DACs at 1 % reduces the
absorption capacity with SA-DAC1% (435 g.g− 1), but this capacity in-
creases significantly with the increase in DACs percentage: SA-DAC3%
(700 g.g− 1), SA-DAC4% (901 g.g− 1), reaching the maximum value for
SA-DAC5% (1240 g.g− 1), and then decreasing to 960 g.g− 1 for SA-
DAC7.5 %. In saline solution, all SAPs exhibit an absorption capacity of
about 90 g.g− 1, except for SA-DAC5%, which displays a capacity of 112
g.g− 1, and SA-DAC7.5 %, which reaches 102 g.g− 1. In conclusion, SAPs
based on cellulose dialdehydes exhibited significantly higher absorption
capacity performances compared to those based on bleached pulp.

According to Etminani-Isfahani et al., water absorption occurs
through water diffusion in free spaces following a Fickian kinetics
similar to the synthetic SAPs of neat polyacrylate (without DAC)
(Etminani-Isfahani et al., 2020). The entanglements of the polyacrylate
chain interactions between polyacrylate chains and the cellulose fibers
of DACs slow down the mobility of water molecules during this phase.
Furthermore, As reported by Dai et al., the water absorption in these
systems follows a pseudo-second-order kinetic model describing the
swelling as diffusion of water molecules through the polymeric chains
and by mean of pores (Dai & Huang, 2017). In our case, we believe that
DAC increases the porosity inside the SAP and consequently contributes
to improving water absorption capacity, but does not modify signifi-
cantly the kinetic because of the low fraction of DAC used (5 wt%).

3.3.2. Reswelling ability of SAPs
To assess the reusability of synthesized SAPs, an absorption-

desorption study in distilled water was conducted. Their equilibrium
absorption capacity and their stability after three successive dry-wet
cycles were evaluated (Fig. 7).

The SAPs show an average absorption capacity of around 80 % of the
initial capacity after the third absorption-desorption cycle, except for
SA-DAC 5 %, which decreased from 1240 to 832 g.g− 1, representing
around 67 % of its initial capacity. This result is similar to those
described by Xie Ye (Ye et al., 2021) using hydroxypropyl methyl cel-
lulose with the same number of cycles. Indeed, this drop in swelling

Fig. 5. Frequency dependence of storage modulus (Ǵ) and loss modulus (Ǵ́) at a constant strain, a) SAPs with the incorporation of BP, b) with the incorporation of
DAC-0.5eq.

Fig. 6. Kinetic absorption curves of SAPs in (a) distilled water and (b) 0.9 wt% NaCl as a function of time.
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capacity can be interpreted by two possible explanations: the first relates
to a slight loss of mass after the water immersion operation, which can
be explained by a partial detachment and solubilization of aldehydic
oligomers and/or polyacrylic oligomers trapped in the network and
released during swelling. The second concerns a possible reduction in
free spaces with a decrease in flexibility during drying steeps at 50 ◦C,
with a collapse of the pores. There are fewer opportunities for hydrogen
bonding, as drying by eliminating water molecules irreversibly removes
some of the bonding sites (Alam & Christopher, 2018). In addition to
these possible phenomena, the drying of BioSAPs between consecutive
cycles at 50 ◦C in an oven might induce an interfibril hornification of
DAC that contributes to reducing the water sorption (Santmarti et al.,
2020), as well as cross-links between the macromolecular chains which
is favored by the formation of hemiacetals from aldehyde functions and
primary alcohols (inter-chain hemiacetal formation C-2/C-6 and C-3/C-
6, chain cross-linking), which would cause a partial irreversible closure
of certain pores and limit swelling (Mo et al., 2022).

3.4. Discussion

Banana fiber waste derived cellulose, along with cellulose dia-
ldehydes, were successfully employed in combination with itaconic acid
as a biobased acid, acrylic acid, potassium persulfate as an initiator, and
N, N-methylene bisacrylamide as a crosslinker to synthesized hybrid
superabsorbents.

FTIR results revealed characteristic bands of superabsorbent poly-
mers (SAPs), confirming the successful grafting of acrylic monomers
onto BP/DAC chains. SEM images depicted cellulose fibrils between and
on the surface of the (AA-co-IA) copolymer, indicating a porous struc-
ture of the hydrogels as well as a strong interaction between fibers and
polymer. Rheological analysis revealed that the addition of BP
contributed to improving the mechanical properties of hydrogels. In
contrast, the incorporation of DAC did not result in a significant me-
chanical reinforcement. DAC exhibits a less crystalline structure than
BP, leading to more pronounced fibrillation than BP. This suggests dif-
ferences between the two fillers in influencing the mechanical properties
of the SAP scomposites.

The addition of hydrophilic cellulose dialdehydes (DACs) at a per-
centage of 5 % enables the formation of new intermolecular hydrogen
bonds with poly (acrylic acid) chains, providing greater flexibility and
elasticity. This results in a higher swelling capacity in water. SA-DAC5%
exhibited a water absorption capacity in distilled water of 1240 g.g− 1,
significantly higher than that of both the unfilled copolymer, SA (570 g.
g− 1) and SA- BP 5 % (485 g.g− 1) composite, and even higher than that of

SA-DAC7.5 % (960 g g− 1). This demonstrates that 5 % DAC is the
optimal fraction to provide SAPs with the highest water absorption ca-
pacity. The low crystallinity and the porous microstructures of the DAC
fibers, which adhere well to the polymer matrix, significantly contribute
to creating new free spaces that promote the diffusion of water in their
network during the swelling process.

The results show that SAPs SA-DAC exhibit higher absorption ca-
pacities compared to those of SA-BP, leading to the conclusion that the
absorption capacity of the gels is inversely related to the strength
(Etminani-Isfahani et al., 2020). The synthesized hybrid SAP, with an
absorption capacity of 1240 g.g− 1, demonstrates better performance
than those reported in the literature for similar hybrid SAPs (Table 4)
(Sikder et al., 2021). On the other hand, these hybrid SAPs own favor-
able performances in comparison to natural-polymer based SAPs. For
example, a cellulose-based aerogel crosslinked with citric acid showed a
water absorption of 99 g.g− 1 in DI water (Kaya, 2017). Cellulose
nanofibril gel via the ester cross-linking (Li et al., 2018) exhibited water
absorbency of 124 g.g− 1 for water.

4. Conclusion

In summary, biodegradable, inexpensive, and environmentally
friendly superabsorbent composite hydrogels, SA-BP and SA-DAC,
demonstrating advantageous water absorption capacities, were effec-
tively synthesized by radical chain polymerization in an aqueous me-
dium. The incorporation of 20 % of biobased components (Cellulosic
filler and IA monomer) in these new hybrid SAP provide a significant
benefit in terms of swelling in water, improvement of their biodegrad-
ability, their low cost, ecological sustainability, as well as the reduction
of their toxicity. The swelling abilities of the absorbents from all-natural
products are usually lower than the ones containing partly synthetic
materials. The water absorption and swelling mechanisms of the syn-
thesized SA-DAC superabsorbent hydrogels involve several key param-
eters. Firstly, the copolymerization of acrylic acid and itaconic acid leads
to a material carrying several negatively charged carboxylate functions
which causes repulsive forces between the macromolecular chains and
consequently, creates spaces that promote the water mobility in net-
works in the copolymer network. In addition, the incorporation of
highly amorphous and porous dialdehyde cellulose which is signifi-
cantly hydrophilic and capable of creating new hydrogen bonds between
water and aldehyde and hemiacetal functions on the surface of the DAC
increases the swelling capacity of the SAP and improves the flexibility of
the networks. The combination of all these parameters gives these Bio-
based Superabsorbents a remarkable swelling capacity in water and
appear as promising environmentally friendly agricultural superabsor-
bent candidates for the storage and saving of water and its controlled
retention in the soil. This makes it capable to act as an active agent
carrier and soil conditioner. Finally, despite the enormous absorption
capacities provided by hybrid and synthetic systems, we are attempting,
in the ongoing study, to prepare entirely bio-sourced SAPs with high

Fig. 7. Reusability tests in distilled water of different synthesized
superabsorbents.

Table 4
Comparison of the capacity performance of SA-DAC5% to those reported in the
literature.

Type of polymer Swelling/Water
(g g− 1)

References

Poly (acrylic acid) 407
(Cruz et al.,
2020)

Hydroxy ethyl cellulose-co-acrylamide 1220 (Ghobashy et al.,
2023)

Sodium alginate-g-Poly(acrylic-co-
acrylamide)/modified diatomite

505 (Wang et al.,
2024)

poly (acrylic acid) – graft – chitosan 715
(Barleany et al.,
2017)

(chitosan-alginate)-g-poly (acrylic acide) 941
(Medha & Sethi,
2024)

DAC-g-Poly (acrylic-co-itaconic acide) 1240 this work
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performance based on a blend of cellulose and other biobased polymers.
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