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Superabsorbent cellulose‑based 
hydrogels cross‑liked with borax
Supachok Tanpichai1,2, Farin Phoothong3 & Anyaporn Boonmahitthisud4,5,6*

Cellulose, the most abundant biopolymer on Earth, has been widely attracted owing to availability, 
intoxicity, and biodegradability. Environmentally friendly hydrogels were successfully prepared 
from water hyacinth-extracted cellulose using a dissolution approach with sodium hydroxide and 
urea, and sodium tetraborate decahydrate (borax) was used to generate cross-linking between 
hydroxyl groups of cellulose chains. The incorporation of borax could provide the superabsorbent 
feature into the cellulose hydrogels. The uncross-linked cellulose hydrogels had a swelling ratio of 
325%, while the swelling ratio of the cross-linked hydrogels could achieve ~ 900%. With increasing 
borax concentrations, gel fraction of the cross-linked hydrogels increased considerably. Borax also 
formed char on cellulose surfaces and generated water with direct contact with flame, resulting in 
flame ignition and propagation delay. Moreover, the cross-linked cellulose-based hydrogels showed 
antibacterial activity for gram-positive bacteria (S. aureus). The superabsorbent cross-linked cellulose-
based hydrogels prepared in this work could possibly be used for wound dressing, agricultural, and 
flame retardant coating applications.

Hydrogels, three-dimensional porous cross-linked network of macromolecular materials made from hydrophilic 
polymers with ability to absorb and retain significant quantities of water and resistance to dissolution, have been 
widely used in many fields such as food, medical, pharmaceutical, agricultural, cosmetic, sensor, and waste 
treatment. Bio-based hydrogels derived from natural resources including cellulose, hyaluronate, alginate, starch, 
gelatin, chitin, and chitosan have recently received much attention due to their biodegradability, biocompat-
ibility, and environmental sustainability1–3. Among these natural resources, cellulose exhibits a very high yield 
and mainly derived from plants which are abundant and can be replenished naturally4,5.

Water hyacinth (Eichhornia crasspies) is an aquatic weed which causes a negative impact on the environment 
due to their extremely fast growth rate, the impediment to water flow, an enormous water loss through evapo-
transpiration, and the blocking waterways, disturbing underwater life such as fish and other plants6–8. Due to its 
porous structure and low lignin content (~ 5–9 wt%) compared with other plants, water hyacinth would be an 
alternative material for cellulose extraction7,8.

Prior to forming a hydrogel, cellulose is required to dissolve in a specific solvent or condition to form a 
liquid solution because cellulose consists of abundant reactive hydroxyl groups (-OH groups) on its structure, 
leading to the strong intra- and inter-molecular hydrogen bonds forming highly crystalline domains. In this 
study, the mixture of NaOH/urea solution was selected to dissolve the extracted cellulose from water hyacinth at 
low temperature due to its low toxicity, quick dissolution time, and low cost5,9. The abundant reactive hydroxyl 
groups (–OH groups) on cellulose molecules lead to high water absorbency and generation of the cross-linked 
structure. The cross-linking in hydrogels can be generated by three main methods: physical, chemical, and radia-
tion methods. The advantages and drawbacks of each method are listed in Table 110–14.

Due to the stability and high strength, the chemical cross-linking method was chosen to prepare cellulose 
hydrogels in this study. However, the main disadvantage of this method is the toxicity of residual cross-linking 
agents. Therefore, there are many efforts to use low toxic crosslinkers such as carbodiimide15, borax12,16,17, sodium 
trimetaphosphate18,19, N,N′-methylene bisacrylamide20, and polycarboxylic acids21–23.

Borax (sodium tetraborate, Na2B4O7.10H2O), known as a non-toxic food additive, is an interesting candidate 
as a chemical cross-linker due to its low toxicity, low cost, and water-soluble ability12,16,17,24. Borax in an aque-
ous solution can be dissociated into trigonal boric acid (B(OH)3) and tetrahydroxy borate ion (B(OH)4

–) which 
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are able to react with functional groups of polymers, and then the didiol cross-linking by either covalent or 
hydrogen bonding is formed12,17,25–27, as shown in Fig. 1. The cross-linking of didiol-borax complexes generated 
by tetrahydroborate ions from borax has been found to be dominated by the pH28–30. Increasing the pH of the 
system, larger amounts of tetrahydroborate ions were generated, and the higher cross-linking reaction could be 
made from these ions28. This resulted in higher mechanical properties (tensile stress and Young’s modulus) of 
the cross-linked poly(vinyl acetate) films when the films were prepared at a pH of 11 in comparison to those of 
the cross-linked films prepared at a pH of 4 owing to a higher degree of cross-linking28.

Although borax has been successfully used to form cross-linking in various hydrogels such as starch25, 
poly(vinyl alcohol)12,17, and guar gum26, studies of the use of borax in cellulose hydrogels have been limited. 
Here, we prepared cross-linked cellulose hydrogels by a dissolution approach using a mixed NaOH/urea solvent 
(a pH of 11) with aids of borax, and effects of borax concentrations on chemical structure change, crystallinity, 
thermal stability, morphology, swelling ratio, gel fraction, and antibacterial ability of the cellulose hydrogels were 
investigated. The utilization of borax as a cross-linking agent would be an environmentally friendly approach to 
yield the cross-linked cellulose-based hydrogels with high water absorption.

Experimental
Materials.  Water hyacinth fibers (Eichornia crassipes) were obtained from the water hyacinth community 
enterprise (Baan Pak Tob Chawa) in Phra Nakhon Si Ayutthaya province, Thailand. Ethanol and toluene (Com-
mercial grade, 95% purity) were purchased from CT Chemical Co., Ltd. Analytical-grade Hydrochloric acid 
(HCl, Conc. 37%) was purchased from JT Baker Chemicals Company, while sodium hydroxide (NaOH, 98% 
purity) and sodium hypochlorite (NaClO, 4–6% available chlorine) were supplied from Loba Chemie Pvt. Ltd. 
Urea and borax (> 99% purity) were purchased from Ajax Finechem Pvt. Ltd. and Quality Reagent Chemical 
Company, respectively. All chemicals and reagents were used as received without further purification.

Purification of water hyacinth fibers.  Water hyacinth fibers were dewaxed with 500 ml mixture solution 
of toluene-ethanol at 2/1 volume ratio at 75 °C for 3 h. The fibers were subsequently washed and dried at 60 °C 
for 24 h. The dewaxed water hyacinth fibers were treated by alkaline treatment, bleaching, and acid hydrolysis. 
10 g of the fibers was bleached using 3 v/v% NaClO at 80 °C for 2 h, and the bleached fibers were later subjected 
to alkaline treatment using 1 w/v% NaOH at 60 °C for 2 h to remove hemicellulose. After that, the bleaching 
process was repeated to obtain purified cellulose, and the purified cellulose was acid-treated using 5 v/v% HCl 
at 60 °C for 6 h. The treated fibers were washed with distilled water to remove the chemical excess. The treated-
cellulose fibers coded as “F” were further used for characterizations and preparation of the cellulose solutions.

Preparation of cross‑liked cellulose‑based hydrogels with borax.  The cross-linked cellulose-based 
hydrogels with borax were prepared by dissolving 3 g of dried chemical-treated cellulose fibers into an aqueous 

Table 1.   Advantages and drawbacks of cross-linking methods to form hydrogels 10–14.

Methods Advantages Drawbacks

Physical cross-linking - No use of chemical crosslinking agents
- Reversible cross-linking

- Poor stability of hydrogels
- Weak cross-linking bonding
- Difficulty to control the cross-linking density
- Poor mechanical strength

Chemical cross-linking
- Stable hydrogels
- Strong cross-linked bonding
- High cross-linking density
- High mechanical strength

- Toxicity of residual cross-linking agents

Radiation cross-linking
- No requirement for catalysts or additives to initiate a reac-
tion
- Possibility to control cross-linking points

- Weak mechanical strength
- High cost and energy consumption

Figure 1.   Cross-linking mechanisms between hydroxyl groups of polymers and borax as a cross-linker.
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solution of 7% NaOH and 12% urea at a low temperature of ~ − 12 °C with vigorous stirring for 3 min to obtain 
a transparent cellulose solution31. After that, the prepared cellulose solution was mixed with various concentra-
tions of borax at room temperature with continuous stirring for 5 min. The weight ratios of cellulose and borax 
were: 1:0, 1:1, 1:2, 1:3, 1:4 and 1:5. These samples were coded as B0, B1, B2, B3, B4 and B5, respectively. After that, 
30 mL of the cellulose-borax solution was poured into a 9 cm-diameter Petri dish and kept at room temperature 
for 3 days to yield a hydrogel. All hydrogel samples were washed in excess deionized water (DI water) to remove 
the unreacted components and kept in a plastic container filled with DI water for further characterization.

Characterization.  Fourier‑transform infrared spectroscopy.  Functional group analysis of the water hya-
cinth fibers, treated cellulose fibers, and cross-linked cellulose-based hydrogels was carried out using a Fourier-
transform infrared spectroscope (FTIR) (Nicolet 6700, Thermo Fisher Scientific Co., Lid, USA) in the range 
from 4,000 to 400 cm-1. The dried samples were ground with KBr, and the mixture was pressed into a clear disk 
for spectrum recording.

X‑ray diffraction.  The crystallinity pattern of the water hyacinth fibers, treated cellulose fibers, and cross-linked 
cellulose-based hydrogels was determined by x-ray diffraction (XRD) (D8 Advance, Bruker Corp., USA) oper-
ated at 40 kV and 40 mA. The samples were scanned over a range of 5 to 60° at 2θ with the count step size of 
0.5 s and a step size of 0.02°. The crystallinity index was determined with Segal’s empirical method32 as followed:

where I200 is the maximum intensity of the principal peak of 200 located at 2θ = 22°, which represents the crystal 
part, and the minimum intensity of the peak located at 2θ = 16.5° and 22.6°, corresponding to the amorphous part.

Thermalgravimetric analysis.  The thermal stability of the water hyacinth fibers, treated cellulose fibers, and 
cross-linked cellulose-based hydrogels was evaluated by thermogravimetric analysis (TGA) (TGA/SDTA 851e, 
Mettler Toledo LLC, USA) under a nitrogen atmosphere with a flow rate of 40 ml  min-1 at a heating rate of 
10 °C min-1 over the temperature range of 50–700 °C to investigate the thermal degradation and residue of the 
samples.

UV–vis spectroscopy.  The optical transmittance of the cross-linked cellulose-based hydrogels was measured at 
wavelength from 400 to 700 nm using a UV–Vis spectrophotometer (CE7000, X-Rite, USA). The data were col-
lected at a scan speed of 240 nm min-1.

Scanning electron microscopy.  The cross-section morphological characterization of the cross-linked cellulose-
based hydrogels was examined by scanning electron microscope (SEM) (JSM-6610LV, JEOL Ltd., Japan) at an 
accelerated voltage of 10 kV. The hydrogel samples after swelling in DI water (to an equilibrium swelling) were 
fractured after lyophilization using a freeze drier (BETA 1–8 LD plus, Martin Christ Gefriertrocknungsanlagen, 
Germany). Prior to each measurement, the fractured surface of the dried hydrogel sample was sputter coated 
with a thin layer of gold to prevent charging during the SEM operation.

Water content, swelling ratio and gel fraction measurement.  The cross-linked cellulose-based hydrogels were 
immersed in DI water for 24 h to achieve equilibrium swelling. After removal of immoderate surface water, a 
fully swollen hydrogel was weighted (ws). Then, the swollen hydrogels were freeze-dried and weighted (wd) to 
calculate the water content and swelling ratio according to the following equations:

The gel fraction of the samples was calculated using the following equation.

where winitial is the weight of the freeze-dried hydrogel, and wfinal is the weight of the dried undissolving part 
obtained by dissolving the freeze-dried hydrogel into the aqueous solvent of 7% NaOH/12% urea at a tempera-
ture of − 12 °C.

Antibacterial activity test.  The antibacterial activity test of the selected cellulose-based hydrogel was evaluated 
using the AATCC 100 standard. Prior to characterization, the dried cellulose-based hydrogel film was prepared 
into 5 × 5 cm. E. coli (gram-negative bacteria) and S. aureus (gram-positive bacteria) were used as a testing strain 
to evaluate the antibacterial activity of the hydrogel films. The surface of the films was applied with 106 CFU/ml 
of those bacterial strains. After that, the prepared films were incubated at 37 °C for 24 h and washed with the 
fresh broth. The broth that recovered from the specimen was dispersed onto the agar plate an incubated at 37 °C 
for 24 h. The antibacterial effectiveness of the samples was determined by the percentage reduction of bacteria 
calculated by the following equation.

(1)Crystallinity index (%) = ((I200−Iam)/I200)× 100

(2)water content (%) = ((ws−wd)/ws)× 100

(3)swelling ratio (%) = ((ws−wd)/wd)× 100

(4)gel fraction (%) = (wfinal/winitial)× 100

(5)% Reduction of bacteria = ((B− A)/B)× 100
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where A and B are the number of bacteria colonies before and after incubation for 24 h, respectively.

Results and discussion
Chemical changes.  Effects of dissolution with a mixed NaOH/urea solvent and different loadings of borax 
on changes in the chemical and crystallographic structure of cellulose were differentiated by FTIR. FTIR spectra 
of water hyacinth fibers and cross-linked cellulose hydrogels with different borax concentrations are presented in 
Fig. 2. Purified cellulose fibers have distinguished peaks initially located at 3,330 and 3,290 cm-1, corresponding 
to OH regions generated by O(3)H–O(5) intramolecular hydrogen bonding33–36. The typical peaks of cellulose 
I located at 1,430 cm-1 (symmetric CH2 bending vibrations), 1,374 cm-1 (C–H deformation), 1,316 cm-1 (CH2 
wagging), 1,160 cm-1 (symmetric ring stretching), 1,060 cm-1 (C–O stretching vibration), and 895 cm-1 (asym-
metric out-of-plane ring stretching) were observed from these purified cellulose fibers35–37. After dissolution in 
mixed NaOH/urea solvent, the differentiation of these typical peaks was observed in comparison to those of the 
purified cellulose. It was found that the regenerated cellulose hydrogels presented the cellulose II characteristic 
with the disappearance or lower intensity of the typical peaks of cellulose I38. The flattening of the 3,330 and 
3,290 cm−1 peak occurred, and two new local maxima appeared at 3,440 and 3,490 cm−1. This was associated with 
an occurrence of a shoulder at 3,130 cm−1. The peak located at 1,430 cm−1, assigned to CH2 stretching of cellu-
lose, shifted to 1,420 cm−1 due to changes of the hydroxymethyl group at the C(6) position33,38,39, while the band 
at 1,110 cm−1 disappeared38. This was an indication of the complete transformation from cellulose I to cellulose 
II caused by the formation of new intermolecular and intramolecular hydrogen bonding.

With the introduction of borax, there were characteristic peaks of borax and borate occurring in the FTIR 
spectra at 1,330 and 1,278 cm−1, assigned to asymmetric stretching relaxation of B–O–C16,40,41. The appearance of 
these peaks could confirm the formation of the covalent cross-linking network between borate ions and hydroxyl 
groups of cellulose27,42. Also additionally, the hydrogen-bonded crosslinking could be formed between the ring 
structures of cellulose chain and borax27. During the hydrogel preparation, the pH of the cellulose solution 
prepared with a mixed NaOH/urea solvent was ⁓11, larger amounts of tetrahydroborate ions generated from 
borax played a vital role in the cross-linking formation. Although the combined cross-linking mechanisms were 
formed in the system, it would be difficult to measure which cross-linking structure mainly occur27,42. Similar 
formation of complexes between hydroxyl functional groups of poly(vinyl alcohol) and cellulose with aids of 
borax as a cross-linking agent has been reported40,43–45.

Crystallinity.  Changes of crystallinity and crystalline forms after dissolution and cross-linking could be dif-
ferentiated from XRD patterns. Figure 3 presents XRD patterns of the purified fibers and cross-linked cellulose 
hydrogels with different concentrations of borax. As expected, the cellulose I structure with the peaks located 
at 14.8, 16.5 and 22.6° lattice planes, corresponding to (1 − 1 0), (1 1 0) and (0 0 2) was observed for the puri-
fied water hyacinth fibers34,39. This cellulose I structure can be generally found in natural fibers such as cotton39, 
pineapple leaves46,47, wood pulp48,49, eucalyptus37, and abaca37. After the water hyacinth fibers were dissolved 
in a mixed solution of NaOH and urea, the XRD patterns of the regenerated cellulose were transformed from 
the cellulose I to cellulose II structure with peaks located at 12.0, 20.2 and 22.5°, attributed to (1 − 1 0), (1 1 0) 
and (0 0 2) lattice planes, respectively. Wei et al.34 found that dissolution temperatures of the mixed NaOH/
urea solution affected an amount of cellulose I and II in cellulose materials. The mixed solution with a lower 
temperature could convert a higher amount of cellulose I to cellulose II. The complete disappearance of the 
peaks related to a cellulose I structure was found when the cellulose was dissolved at temperature of − 12.5 °C, 

Figure 2.   Fourier-transform infrared (FTIR) spectra of purified water hyacinth fibers (F) and cross-linked 
hydrogels with various concentrations of borax in the range of (a) 4,000 – 400 cm-1 and (b) 1,500 – 1,100 cm-1.
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indicating the complete dissolution of cellulose. In this work, the complete conversion of the cellulose structure 
from cellulose I to cellulose II was observed because the temperature during the dissolution was controlled to 
be ~ − 12.5 °C. Moreover, the dissolution treatment time is another factor to dominate the conversion of the cel-
lulose structure48. The crystallinity index of the water hyacinth fibers was 77.1%, and this crystallinity degree was 
reduced to 71.1% after regeneration with the mixed solvent of NaOH and urea. This reduced crystalline regions 
could be owing to the combined mechanisms: the disruption of original inter- and intra-molecular interaction 
of cellulose molecules by NaOH, the reduction of cellulose aggregates in the cellulose-NaOH complex by urea 
hydrates, and rearrangement of new hydrogen bond between hydroxyl groups of cellulose in the cellulose-NaOH 
complex35,39,50. A similar reduction in the crystallinity index of regenerated cellulose was reported in comparison 
with that of original fibers34,35.

When various loadings of borax were introduced into the regenerated cellulose hydrogels, no change in the 
cellulose structure was observed. However, a concentration of borax could increase the percentage of the crys-
talline regions of the cross-linked regenerated cellulose materials. The uncross-linked hydrogel samples (B0) 
had a crystallinity index of 70.25%, and with the addition of borax, the crystallinity of the B1 and B3 samples 
increased to 71.76 and 76.51%, respectively. This increase in crystallinity might be attributed to an increase of 
bonding between cellulose. However, the crystallinity of the cross-linked B5 hydrogels decreased. The similar 
reduction in crystallinity was found by Zhang et al.51. Borax could destroy intermolecular and intermolecular 
hydrogen bonding of cellulose in the crystalline area, and B–O–C bonding would be formed between cellulose 
molecules, and this would restrict the mobility of cellulose chains41. Moreover, it was reported that borax could 
partly change the cellulose structure form cellulose I to cellulose II51.

Thermal properties.  Effects of dissolution and cross-linking on thermal stability of cellulose hydrogels 
were investigated by thermogravimetric analysis (TGA), and the TGA and derivative thermogravimetric (DTG) 
curves of these cellulose samples are presented in Fig. 4. The initial thermal decomposition state at temperature 
of less than 100 °C is caused by the moisture evaporation from cellulose materials52. The second thermal degra-
dation stage occurs between 250 and 400 °C, corresponding to the thermal degradation of cellulose53. It should 
be noted that there are no thermal transition stages of hemicellulose and lignin found in the curves due to the 
removal of hemicellulose and lignin by the chemical treatments during the fiber purification step. This resulted 
in a single peak occurring in a DTG curve. A change in thermal stability of the cellulose materials was noticeable 
after the dissolution of cellulose fibers. The lower thermal degradation of the B0 materials was observed due to 
the decomposition of the re-formed crystalline regions (Cellulose II) by the NaOH/urea solvent34,54. Moreover, 
the char content at 700 °C found in the B0 samples was 20.57%, which was significantly higher than that of the 
cellulose fibers (9.13%). This higher amount of remnants generated from the B0 materials was due to the fact 
that cellulose II would generate larger amounts of graphite carbon than cellulose I34. Additionally, the dissolu-
tion temperature affected thermal stability and char formation of the dissolved cellulose34. Cellulose dissolved at 
temperature of − 12.5 °C exhibited lower thermal stability and a larger content of char residues in comparison to 
those of cellulose materials prepared at the temperature range of 2–10 °C34.

With the addition of borax, there are three thermal decomposition states happening. The first thermal decom-
position state occurs between 50 and 200 °C owing to the moisture evaporation from borax, and the second 
transition state is the cellulose degradation which begins between 250 and 350 °C55–57. The formation of com-
plexes between cellulose and boron is the final thermal step between 360 and 410 °C55. It was found that the onset 
temperature of cross-linked cellulose hydrogels decreased in comparison to those of uncross-linked hydrogels 

Figure 3.   X-ray diffraction (XRD) patterns of purified water hyacinth fibers (F) and cross-linked cellulose 
hydrogels with various concentrations of borax.
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(B0). This could be attributed to the dehydration of moisture from borax. With increasing borax loadings, a per-
centage of the weight loss at this stage became greater54,55. Borax would play a key role to cause the early thermal 
degradation55,56. Moreover, the maximum thermal decomposition temperature (Tmax) of the cross-linked cellulose 
hydrogels decreased when a larger amount of borax was applied into the hydrogels. Tmax of the B0 material was 
339.9 °C, while the addition of borax decreased Tmax of the B1 sample to 330.5 °C. With increasing the borax 
concentrations, Tmax of the cross-linked cellulose materials was shifted towards a lower temperature. The B5 
hydrogels had Tmax of 309.3 °C. This decrease in thermal stabilities of the cross-linked cellulose hydrogels with a 
higher amount of borax could be due to the esterification of cellulose with borax55. A decrease in the DTG peak 
height was observed when borax was introduced, and the cross-linked cellulose hydrogels with higher contents 
of borax presented the lower peak height. This reduction could be attributed to thermal annealing of borax and 
cellulose, which resulted in a slower degradation rate55.

The total char formed at 700 °C was found to be dependent on the borax concentration. With the incorpora-
tion of borax, the total residue increased from 20.57 (B0) to 23.46% (B1). With a higher content of borax loaded 
into the cellulose hydrogels, a greater content of the residue was found. The total residue of the B5 sample was 
28.45%. The combination of the char formation on cellulose surfaces and generation of water from borax residue 
and hydroxyl groups of cellulose is an insulator to delay flame ignition and propagation56,58,59. This was well-
agreed with the fire testing results. The dried B0 sample had a fire growth rate of 1.43 mm s-1, while the fire growth 
rate plummeted to 0.63 mm s-1 for the B1 material. This fire growth rate considerably decreased with increasing 
borax concentrations. The fire growth rate of 0.25 mm s-1 was measured from the B5 sample.

Transparency.  Figure 5 presents transparency of the cross-linked cellulose hydrogels with different loadings 
of borax investigated by UV–vis spectroscopy. 68.8% of the light could pass through the uncross-linked hydro-

Figure 4.   (a) Thermogravimetric (TG) and (b) derivative thermogravimetric (DTG) curves of purified water 
hyacinth fibers and cross-linked hydrogels with various concentrations of borax.

Figure 5.   Transmittance of the cross-linked cellulose hydrogels with borax.
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gels (B0) at 600 nm, and with the introduction borax the B1 sample presented a similar transparency to that of 
B0. However, the transparency of the cross-linked B4 and B5 hydrogels decreased. The transparency of the B5 
materials reduced to 49.4% at 600 nm. This might be because more tetrahydroborate ions could from cross-
linking in the hydrogels, which blocks or scatters the light. A similar decrease in transparency was reported with 
the addition of boric acid (BA) into poly(vinyl alcohol) films41.

Morphology.  The morphologies of cross-linked cellulose hydrogels with various contents of borax are pre-
sented in Fig. 6. The uncross-linked cellulose hydrogel showed a compact structure. This would be due to the 
interconnection of cellulose chains via hydrogen bonding. A similar compact structure was reported for a car-
boxymethyl cellulose-chitosan composite hydrogel without any introduction of cross-linkers60. On the other 
hand, with the introduction of borax the porous structure was observed. The B1 hydrogel presented intercon-
nected network with pore diameters of less than 50 µm. This porous structure might be formed by the dense 
network of cellulose chains with borax. This similar porous structure was also reported for the hydrogels with 
the addition of citric acid and tartaric acid60. The interconnected porous structure was more prominent when 
the borax concentration was higher. The formation of cross-linking between hydroxyl groups in cellulose chains 
induced by borax could generate interconnected pore within the dense network structure of cellulose (B3 and 
B5). This interconnected porous structure induced by borax would affect mechanical properties of the cross-
linked cellulose hydrogels. This would be our future work to study mechanical performances of the cross-linked 
cellulose hydrogels with borax. Figure 7 presents cross-linking reaction between cellulose chains which could 
generate voids within hydrogels at high loadings of borax.

Water content, swelling ratio, and gel fraction.  The water content in the cellulose hydrogels with 
borax is presented in Table 2. The uncross-linked cellulose hydrogels (B0) contained water of 90.8%, while with 
the incorporation of borax, the water content contained in the cross-linked B1 hydrogels increased to 92.6%. 
When the borax loading was higher, a higher content of water in the cross-linked hydrogels could be obtained. A 
value of 93.0% for the water content of the B5 hydrogels was reported. This might be because of higher amounts 
of functional hydroxyl groups generated from borax and cellulose reaction such as monodiol-borax complex 
interacted with water. It should be noted that the solid content plays a key role to dominate the water content 
of hydrogels61. A hydrogel with a higher solid content would contain less water, compared to a hydrogel with a 
lower solid content. The water content in the as-prepared hydrogels in this work was similar to that of the hydro-
gels prepared from poly(vinyl alcohol)61.

Swelling ratio is the capacity of the dried material to absorb water, which is one of the most important param-
eters for hydrogel applications62. Table 2 presents the swelling ratio of the cross-linked cellulose hydrogels with 
borax. The uncross-linked cellulose hydrogels (B0) presented the swelling ratio of 325.2%, which was higher 
than that of poly(vinyl alcohol) hydrogels prepared using a freeze–thaw approach63. This higher swelling ratio 
was attributed to hydroxyl groups on cellulose surfaces which attracted water into the hydrogels62. The swelling 
ratio significantly increased to 553.1% with the introduction of borax. Then, a considerable increase in the swell-
ing ratio was observed for B3 (the swelling ratio of 877%). This increase would be attributed to larger amounts 

Figure 6.   Scanning election microscopy (SEM) images of the cross-linked hydrogels with various 
concentrations of borax after freeze-drying.



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8920  | https://doi.org/10.1038/s41598-022-12688-2

www.nature.com/scientificreports/

of hydroxyl groups on cellulose molecules generated by borax to form hydrogen bonding with water associated 
with the porous structure64. An increment of the swelling capacity of poly(acrylamide-co-acrylic acid) hydrogels 
was found with the introduction of spirulina owing to the formation of hydrogen bonding between functional 
groups on the spirulina surface including hydroxyl, amide, and carboxyl groups64. However, no change of the 
swelling ratio could be observed for the B4 and B5 hydrogels. This might be owing to the limited content of 
cellulose which could be interacted with tetrahydroborate ions. It was worth noting that the swelling ratio of 
the prepared cross-linked hydrogels was higher than that of hydrogels previously reported60,65. When hydrogels 
are stimulated by temperature, pH, ionic strength, magnetic field, and radiation, the hydrogel materials would 
either swell or shrink66,67. For example, an increase or decrease in the electrostatic repulsion between polymer 
chains occurs with a change in environmental pH, resulting in a swell or shrink characteristic of hydrogels62. It 
was reported that the cellulose hydrogels followed the second-order swelling kinetics62,68,69. In the initial swell-
ing stage, the hydrogen bonding formed between adjacent cellulose chains limited the swelling of the cellulose 
networks. While the hydrogen bonds were being broken by water, the expansion of cellulose network was found, 
and water was accommodated in the cellulose network by osmotic pressure. The swelling capacity of this system 
achieves the equilibrium asymptotically68,69.

The gel fraction was investigated to confirm the cross-linking occurring between tetrahydroborate ions and 
hydroxyl groups of cellulose. After immersing in the mixed NaOH/urea solvent, only 2.2% of the dried material 
remained intact, indicating the hydrogen bonding between cellulose chains took place in this uncross-linked 
hydrogels. However, with the addition of borax, the gel fraction increased to 8.8% for B1. This could be attrib-
uted to the occurrence of the cross-linking. With increasing the borax concentrations, a value of the gel fraction 
increased considerably. B5 presented the gel fraction of 21.3%. This increase resulted from large amounts of tet-
rahydroborate ions interacted with hydroxyl groups of cellulose. The low value of the gel fraction obtained from 
the cross-linked cellulose hydrogels prepared in this work might be owing to the lower degree of polymerization 

Figure 7.   Schematic illustration of cross-linking reaction between cellulose chains at a low and high 
concentration of borax.

Table 2.   Water content, swelling ratio, and gel fraction of the cellulose hydrogels with different loadings of 
borax. Different letters indicate significant difference (p < 0.05) among samples measured under the same 
testing condition. Significant values are in [a, b, c, d, e, f].

Materials Water content (%) Swelling ratio (%) Gel fraction (%)

B0 90.8 ± 0.4a 325.2 ± 33.6a 2.2 ± 0.3a

B1 92.6 ± 0.1b 553.1 ± 13.4b 8.8 ± 0.2b

B2 92.8 ± 0.1c 772.4 ± 13.5c 10.3 ± 1.5b

B3 93.5 ± 0.1d 877.3 ± 44.4d 17.3 ± 3.1c

B4 93.2 ± 0.1e 828.2 ± 9.9d 18.0 ± 2.6c

B5 93.0 ± 0.2f 831.0 ± 50.1d 21.3 ± 0.5d
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and molecular weight of cellulose which limited the mobility of the molecular chains. Moreover, Geng et al.28 
reported that the gel fraction of the cross-linked poly(vinyl acetate) with borax was mainly controlled by the pH 
when a concentration of borax was more than a threshold. The gel fraction of cross-linked poly(vinyl acetate) 
hydrogels with borax prepared at the pH of 11 (~ 70%) was higher than that of the hydrogels prepared at the pH 
of 9.3 (~ 64%). Therefore, an increase in the pH during the gel preparation step might fabricate hydrogels with 
a higher degree of cross-linking.

Antibacterial property.  It is known that the cellulose-based hydrogel does not possess antibacterial activ-
ity which is the limitation to use in medical applications. Therefore, there are many attempts to introduce parti-
cles to improve the antibacterial activity, such as silver nanoparticles, and graphene oxide23,70. In this research, it 
was found that the addition of borax not only produced the cross-linked structure of the cellulose-based hydro-
gel, but also enhanced its antibacterial activity as shown the percentage reduction of bacteria in Table 3. The B3 
hydrogel was chosen for the antibacterial activity characterization. The result showed that the incorporation of 
borax into cellulose-based hydrogel showed negative results of % reduction of bacteria for gram-negative bacte-
ria (E. Coli) testing; it could not destroy gram-negative bacteria. On the contrary, The B3 sample exhibited the 
antibacterial activity for gram-positive bacteria (S. aureus) with 20.7 percent reduction. This might be because 
the existence of borax was able to destroy the gram-positive bacteria as compared to that of the gram-negative 
bacteria71.

Conclusion
The cellulose solution was initially prepared from water hyacinth fibers with a mixed solvent of urea and NaOH. 
The transformation from cellulose I to cellulose II was noticed after cellulose dissolution with an aid of the mixed 
solvent of NaOH and urea. This resulted in a lower degree of crystallinity and weaker thermal stability. Cellulose 
hydrogels formed by this cellulose solution had a water content of 90.8% and swelling ratio of 325.2%, and gel 
fraction of this hydrogel is as low as 2.2%. After that, borax was used as a cross-linker to fabricate cross-linked 
cellulose hydrogels, the swelling ratio and gel fraction increased significantly. Due to cross-linking occurring 
between tetrahydroborate ions and hydroxyl groups of cellulose, the cross-linked hydrogels could absorb larger 
amounts of water (900% of the original weight). The architecture of the as-prepared cross-linked hydrogels 
became porous, while the morphology of the uncross-linked hydrogels was compact. With increasing the borax 
content, more cavities were connected. The cross-linked hydrogels presented poorer thermal stability with the 
lower degradation temperature in comparison to the uncross-linked hydrogels. This was due to the esterification 
of cellulose caused by borax. However, a higher char yield of the cross-linked materials was observed. Moreo-
ver, the antibacterial activitiy exhibited the existence of borax effectively destroyed the gram-positive bacteria. 
Therefore, the prepared cross-linked hydrogels would be useful for superabsorbent wound dressing, agricultural, 
and flame retardant coating applications.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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