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This research proposes the use of a novel hydrogel made from cellulose and sodium acrylate using the
Interpenetrating Polymeric Network (IPN) approach for biodiesel dehydration process. In this work, some
experimental conditions of the hydrogel production were investigated. Firstly, the immersion time of the cellulose
hydrogel into the solution with the compost of the second network were evalueted. Then, the initiation
mechanism (thermal or photoinitiation) and the use of a catalyst was analyzed. The concentration of monomer
(sodium acrylate) and crosslinking (methylene bis-acrylamide) on the second network was evalueted in a tow-
level factorial design. The swelling degree was used as the response at 95 % confidence. The best performance
was achieved by the IPN hydrogel prepared by immersing the cellulose hydrogel in a solution with 1 mol.L! of
AS and 0.03 mol.L"? of MBA for 48 h and using a photoinitiation process in the absence of a catalyzer. In this
condition, the IPN reached a swelling degree of 19 g.g'%, which is almost twice the value reached by the single-
network cellulose hydrogel. In addition, the IPN hydrogel reduced about 42 % of the water concentration in the
saturated biodiesel, achieving an efficiency value between those reached by the single-network hydrogel
synthesized with cellulose (35 %) and sodium polyacrylate (56 %). Furthermore, the IPN may have improved
mechanical resistance. Thus, this research demonstrates the potential to apply cellulose-sodium acrylate IPN
hydrogel in biodiesel dewatering process, addressing the key point in the synthesis of this novel material.

1. Introduction

Polymeric hydrogels are three-dimensional networks made of hydrophilic macromolecules. These materials
have various applications, including fuel dehydration (Bashir et al., 2020; Goncalves et al., 2021). Cellulose is
an advantageous polymer for hydrogel synthesis due to its widespread availability and low production cost
(Kundu et al., 2022). However, cellulose hydrogels have limitations such as reduced hydrophilicity and moderate
swelling capacity compared to synthetic polymeric hydrogels (Qureshi et al., 2020). These limitations can be
overcome by adding hydrophilic polymers to cellulose. One of the most used approaches for this is the synthesis
of hydrogels grafted onto cellulose (Bayramgil, 2018). This manuscript suggests an innovative alternative to
improve the hydrophilicity of cellulose hydrogels: the addition of a second network using sodium acrylate to
create an Interpenetration Polymeric Network (IPN). The literature points that this strategy can improve the
hydrophilicity and impart greater mechanical properties (Niu et al., 2020) to make the material suitable to be
applied for water uptake from biodiesel.

There are different methods for synthesizing IPN hydrogels, either through simultaneous or sequential steps.
Simultaneous synthesis occurs when monomers and crosslinkers are mixed, and both the primary and
secondary networks are synthesized at the same time through independent routes. Meanwhile, the sequential
method involves the synthesis of a single-network hydrogel, which is then swollen into a solution containing the
precursors for the second network, followed by the synthesis of the second network into the primary one (Zoratto
and Matricardi, 2018). The synthesis of cellulose-based IPN typically utilizes the sequential approach due to
better control of synthesis conditions and the superior performance of the resulting materials (Naseri et al.,
2016). Parameters influencing the properties of IPN hydrogels include the swelling time of the hydrogel in the
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solution containing the compounds of the second network, the type and concentration of these compounds, and
the synthesis method of the second network (Niu et al., 2020). The second network can be synthesized through
the free radical polymerization method. In this process, an active species (radical) undergoes division into two
equal parts, each possessing unpaired electrons. This initiates a chain reaction as these radicals bind with other
monomers, ultimately leading to the formation of the polymer (Santos et al., 2022). Radical formation can occur
through thermal or photochemical decompositions. Although both processes allow for the formation of cellulose
based IPN hydrogels, the literature suggests that IPN synthesized by photopolymerization exhibits greater
homogeneity (Zoratto and Matricardi, 2018).

This research aims to investigate the synthesis of cellulose-sodium polyacrylate IPN hydrogels and determine,
for the first time, its effectiveness in removing water from biodiesel. It was evaluated the time required for the
proper entrance of the precursors of the second network inside the cellulose hydrogel, the initiation method, and
the concentration of monomers and crosslinker of the second network, evaluating the swelling degree and the
water removal from biodiesel. Thus, it assessed the benefits of introducing the second network for the intended
application, comparing water removal efficiency in biodiesel using IPN and single-network hydrogels. Therefore,
a novel hydrogel for biodiesel treatment is proposed.

2. Methodology
2.1 Synthesis of the single network cellulose hydrogel

The single network cellulose hydrogel was synthetized according the methodology described by Estevam et al.
(2023) using microcrystalline cellulose. Initially, a solution of NaOH/urea/water was prepared following a mass
proportion of 7.5/11.5/81. The solution was placed in an ice bath until it reached a temperature of 5 °C and then
4 % (in weight) of cellulose was added to the mixture and stirred at 750 rpm for 2 hours to ensure complete
dissolution. Subsequently, the solution was cooled to -18 °C for 30 minutes and then stored at 2.5 °C for 24 h.
After this period, the volume was measured, and the solution was gradually warmed until it reached 30 °C. Then,
10 % (in volume) of epichlorohydrin was added and stirred for 1 h. The mixture was transferred to Petri dishes
and placed in an oven for 4 hours at 60 °C to complete the hydrogel formation. Then, the hydrogel samples
were cut into discs with a diameter of 1.0 mm and washed by immersion in distilled water for 24 h, with periodic
changes of water, to remove impurities and excess reactants. Finally, the hydrogel was dried in an oven at 60 °C
for 24 hours and stored in silica desiccator until use.

2.2 Synthesis of the single network sodium polyacrylate hydrogel

The sodium polyacrylate hydrogel was synthetized following the methodology developed by Fregolente et al.
(2023). For this process a solution was prepared with 9.2 % (in weight) of sodium acrylate (SA), 0.015 mol of
N,N’-methylene-bis-acrylamide (MBA) per mol of AS and 0.011 mol.L? of N,N,N,N’-tetramethylethylenediamine
(TEMED) as catalyzer. The solution was bubbled with N2 during 10 minutes at room temperature. Then, 0.4 g.L-
1 of potassium persulfate was added as initiator. The solution was maintained with N2 bubbling until gel
formation. The hydrogel was left to rest for 24 h to assure high monomer conversion, than cut and dried in an
oven at 60 °C for 24 h.

2.3 Optimization of the synthesis of the cellulose-sodium acrylate IPN hydrogel

The IPN hydrogel was synthesized by sequential method, in which the cellulose hydrogel (prepared as
described in section 2.1) was immersed in a solution containing SA, MBA and the initiator. Primarily, it was
evaluated the time required for the proper entrance of the precursors of the second network into the cellulose
hydrogel. In this set of experiments, 0.2 g of cellulose hydrogel was immersed in 10 mL of solution with 3 M SA,
0.09 M of MBA, and 0.4 g.L™! of photoinitiator (Irgacure-2959). The samples were kept at a refrigeration (around
2.5 °C) and in absence of light. The mass of the hydrogels was measured after 24, 48 and 72 h to identify the
equilibrium time of swelling into the monomeric solution. This methodology were based on the studies of Niu et
al. (2020).

Once the swelling time was determined, the synthesis of the IPN hydrogel was evaluated regarding the initiation
method, either thermal or photoinitiation, following the literature recommendations (Lin et al., 2019; Santos,
2020; Song et al., 2021). For these experiments, a 10 mL solution with the precursors of the second network
was prepared maintaining the concentration of SA e MBA at 3 M and 0.09 M, respectively. In the case of thermal
initiation, it was added potassium persulfate; and for photoinitiation Irgacure-2959 was used; both in the
concentration of 0.4 g.L ™. In the case of photoinitiation it was also verified the use of TEMED (0.011 mol.L) as
catalyzer, as proposed by Santos (2020). Both solutions were prepared with a total volume of 10 mL, mixed with
0.2 g of cellulose hydrogel and kept at a refrigerator for 48 h. Then, the samples with thermal initiator were
placed in an oven at 60 °C for 6 h. Meanwhile, the samples with photoinitiator were kept in a photoreactor at
365 nm ultraviolet light intensity under nitrogen atmosphere. The nitrogen atmosphere was created by gas
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injection for 30 minutes before starting the process and maintained for another 1 hour after the beginning of light
irradiation. The samples were kept at rest for 72 h under light, then washed by immersion in distilled water during
24 h, to remove any excess reactants, and dried in an oven at 60 °C for 24 h. The IPN hydrogels prepared using
both methods were evaluated regarding the mass of the IPN hydrogel and the swelling degree in water at room
temperature (25 °C) during 72 h. With this, the initiation method was selected.

The concentration of the monomer and crosslinker used in the synthesis of the second network was assessed
using a 22 full factorial design, with the levels detailed in Table 1. The other synthesis conditions, such as
swelling time and initiation method, were maintained as previously described and selected. The swelling degree
was used as a response, which was evaluated in duplicate and analyzed in the Statistica® 10.0 software using
95 % confidence and pure error. For swelling, 0.1 g of hydrogel was immersed in 200 mL of distilled water and
kept in a thermostatic bath at 37 °C for 72 hours. The results obtained were also compared with those reached
by the single network cellulose and sodium polyacrylate hydrogels.

Table 1: 22 factorial design used to investigate the concentration of monomer and crosslinker in the synthesis
of the IPN hydrogel

Factors Levels

-1 1
AS concentration (mol/L) 1 3
MBA concentration (mol per mol of AS) 0.03 0.05

2.4 Water removal from saturated biodiesel

The IPN hydrogel that reached greater swelling degree, according to the evaluation detailed in section 2.3, was
investigated regarding water removal from biodiesel. For this, the commercial biodiesel was mixture with 5 %
(in volume) of distilled water by magnetic stirring at 750 rpm for 30 minutes. Afterward, the mixture was
transferred to a decantation funnel and left for 72 h at room temperature to remove the free water. Then, 25 mL
of saturated biodiesel was mixture with 0.1 g of hydrogel and stirred at 150 rpm for 72 h at 305 °C. With
comparative propose, the single network cellulose and sodium polyacrylate hydrogels were also submitted to
the same experimental conditions. Control samples (saturated biodiesel without hydrogel) was used to identify
any water losses by other mechanism than hydrogel sorption. The water content in the oil prior and after the
hydrogel treatment was determined by Coulometric Karl Fischer method (D6304-20 ASTM, 2021).

3. Results and discussion
3.1 Optimization of the synthesis of the cellulose-sodium polyacrylate IPN hydrogel

The analysis of the mass gain over time of the cellulose hydrogel immersed in the solution with the precursors
of the second network revealed that the equilibrium was reached after 24 h. In this condition, the hydrogels with
initial mass of 0.2 g presented a swollen mass of 2.20 g. This value remained similar after 48 h and 72 h,
indicating that the 24 h time is sufficient to ensure the entrance of the precursors of the second polymeric
network into the cellulose hydrogel. Similar results were obtained by Niu et al. (2020), who report that that after
24 h of immersion of cellulose hydrogels in a solution with acrylamide and bis-acrilamida, there was no mass
gain and the resulting hydrogels presented equal mechanical resistance. To ensure that all the compounds
necessary for the second network entered the cellulose hydrogel, a swelling time above the equilibrium (48 h)
was applied in subsequent tests, according to the recommendations of Lin et al. (2019).

Regarding the initiation method, it was observed that all hydrogels had a similar increase in the dry mass, from
0.2 g in single network, to around 0.3 g in the IPN hydrogels prepared for both by thermal and photoinitiation.
However, there were differences in the swelling degree reached by the prepared hydrogels. The IPN hydrogels
synthesized by thermo initiation showed similar swelling degree (at 25 °C) to the single network cellulose
hydrogel, remained around 7.4+0.7 g.g™t. Meanwhile, the hydrogels synthesized by photoinitiation presented a
higher swelling degree, reaching 9.1+0.4 g.g* in the absence of TEMED catalyst and 8.6+1.1 g.g™* with the use
of the catalyst. Santos (2020) evaluated the synthesis of poly(acrylamide-co-sodium acrylate) hydrogels using
thermal and photochemical initiation methods. Their results showed that the hydrogels synthesized by
photoinitiation exhibited 1.6 times greater efficiency in removing water from biodiesel than those synthesized by
thermal initiation. According to the author, this difference could be attributed to variation in the three-dimensional
configuration generated by each initiation mechanisms, resulting in the exposure of hydrophilic groups in
different regions of the hydrogels. Additionally, with the methods used, the photoinitiation technique allowed for
greater control of the nitrogen atmosphere, which reduced the occurrence of parallel reactions between
monomers and oxygen. Regarding the addition of the catalyzer, the addition of a TEMED can result in the
immediate formation of free radicals, leading to a more compact entanglement (Huang et al., 2017). However,
in the case of photoinitiation, the use of this catalyst did not have a significant impact on the synthesis of the
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IPN hydrogel. In this condition, the time required for the light to permeate within the hydrogel seems to have a
greater effect on the synthesis process than the instantaneous generation of free radicals. Therefore, further
research should focus on determining the optimal photopolymerization time for synthesizing cellulose-sodium
polyacrylate IPN hydrogels. Based on the results obtained, the photoinitiation method without adding a catalyst
was applied for synthesizing IPN hydrogels in subsequent experiments.

Based on the Pareto chart (Figure 1A), both the concentration of AS and MBA have a significant impact on the
swelling degree of the IPN hydrogel at 95 % confidence. The negative effect of both factors indicates that the
response (swelling degree) is more favorable at lower levels of both factors. This result is also supported by the
graph of marginal means (Figure 1B), which shows that the best condition was achieved when using the
concentration of AS and MBA at level -1. However, it is worth noting that the standard deviation bars overlap for
different MBA levels, indicating that the responses may be similar, with a less relevant effect. The addition of
monomers in the second network can increase the amount of hydrophilic groups of the hydrogel. Nevertheless,
it creates a denser network, which can hamper the mobility of the hydrogels chains, reducing its expansion and
the amount of water that the material it can retain (Singh et al., 2023). Despite this, the swelling degree obtained
by the IPN hydrogel (synthesized with 1 mol.L** of AS and 0.03 mol L! of MBA) was 19.5+0.8 g.g™, which is
approximately twice that of the single-network cellulose hydrogel subjected to the same conditions (10.510.1
g.g1), but still much lower the value reached by the sodium polyacrylate hydrogel (161.2+13.7 g.g™%).

%
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Figure 1: Pareto chart (A) and graph of marginal means (B) indicating the effects of the parameters evaluated
in the 22 full factorial design using the maximum swelling degree as a response.
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The reduction in the swelling degree with the increase in the concentration of composts of the second network
was also reported by Lin et al. (2019) using cellulose-polyacrylamide IPN hydrogels. They observed that as the
concentration of acrylamide increased from 1 to 5 mol.L™", the swelling degree was reduced from 24 to 7 g.g™".
Chang et al. (2011) also varied the weight ratio of the compounds used in the second network (N-isopropyl
acrylamide and bis-acrylamide) incorporated in cellulose hydrogel and reported that doubling the ratio of the
compost of the second network, the swelling degree decrease from 60 g.g™" to 17 g.g™". Therefore, the obtained
results agree with the literature and emphasize the significance of assessing the concentration of compost of
the second network in IPN hydrogels. Despite this study focused on the analysis of the swelling degree as a
response parameter to evaluate the IPN hydrogels, it is worth highlighting that this parameter may not imply a
direct correlation with the removal of water from oils (especially for non-free water) as swelling can be influenced
by chain mobility, regardless of its intrinsic hydrophilicity. Therefore, the relationship between the degree of
swelling and effectiveness in water removal under specific conditions requires a thorough analysis, considering
factors such as molecular mobility, for a more comprehensive understanding of the phenomena involved.

3.2 Water removal from saturated biodiesel

The creation of the second network into the cellulose hydrogel benefited the removal of water from the biodiesel
(Figure 2). While the cellulose hydrogel presented the water removal efficiency of 31.32+5.27 %, the IPN
hydrogel synthesized with 1 mol.L* of AS and 0.03 mol.L! of MBA using a photoinitiator process achieved a
water removal efficiency of 41.94+0.98 %. In this condition, the water concentration in biodiesel reduced from
1,934+21 ppm to 1,114+18 ppm. The efficiencies reached with the IPN hydrogel is between the value achieved
by the single-network hydrogel synthesized with cellulose (31.32+5.27 %) and sodium polyacrylate
(56.26+3.33 %). This evidence that the addition of dissociated ionic charges from the sodium acrylate to the
cellulose hydrogel structure can improve its water uptake from fuels. As far as we know, this is the first study
that use IPN hydrogels to remove water from biodiesel. However, the advantages of adding sodium acrylate to
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hydrogels for water removal was also explored by Gongalves et al. (2021), who achieved an efficacy of around
53 % in removing water from saturated biodiesel using poly(sodium acrylamide-co-acrylate) hydrogels. These
results suggest that the cellulose-sodium acrylate IPN hydrogel performs comparably to single-network synthetic
hydrogels. In addition, the development of a second network may provide other advantages, such as enhanced
mechanical strength, warranting further investigations. Furthermore, economic analyses should be applied to
assess the feasibility of the process.
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Figure 2: Efficiency of water removal from saturated biodiesel using different types of hydrogels.

4. Conclusions

This research demonstrates that incorporating an additional polymeric network of sodium polyacrylate into the
cellulose hydrogel can enhance the hydrophilicity of the material, leading to increased swelling degree and water
removal from biodiesel. The investigation of the synthesis conditions reveals that the cellulose hydrogel should
remain in the solution with the precursors of the second network for at least 24 h, and the photoinitiation process
allows for better material performance. A higher swelling degree was achieved by using 1 mol.L*? of AS and
0.03 mol.L* of MBA in the synthesis of the second network. Under these conditions, the IPN hydrogel reached
a swelling degree of around 19 g.g* and removed 42 % of the water diluted in the biodiesel. Thus, this research
demonstrated for the first time that the cellulose-sodium polyacrylate IPN hydrogel performs comparably to other

synthetic polymeric hydrogels used for water removal from fuels and can be potentially applied as fuel desiccant
after further technical and economic assessment.
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