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A B S T R A C T   

This study was focused on the development of novel bio-based and biodegradable hydrogels constituted of 
xanthan gum (XG) reinforced with wood fibers, to be used as eco-sustainable topsoil covers (TSCs) in support of 
reforestation and agricultural efforts in arid conditions. At this aim, hydrogels were developed by cross-linking 
XG with citric acid (CA), sodium trimetaphosphate (STMP) or tannic acid (TA) at different concentrations. 
Samples cross-linked with CA and TA exhibited the highest dimensional stability and exceptional water ab-
sorption capability, even after multiple absorption/drying cycles. Hydrogels with 50, 60, and 100 phr of CA 
displayed water vapor permeance values of about 9.5⋅10− 6 g/(Pa⋅s⋅m2), i.e., comparable to commercial woven 
PP mulching films. The average penetration resistance of the produced hydrogels was twice that of the com-
mercial one. The presence of wood fibers in the hydrogels provided dimensional stability and minimal shrinkage 
after exposure to outdoor conditions for two months (15.4 % for sample with 60 phr of CA). Furthermore, after 7 
months of exposure, more than 60 % of the sample mass was biodegraded. This research demonstrated the 
potential of xanthan gum/wood fibers based hydrogels as TSCs with superior water-regulating properties, thus 
offering a simple, cost-effective and scalable technology for forestry and agriculture applications.   

1. Introduction 

A critical concern in recent years is the efficient use of land in agri-
culture and forestry, closely linked to problems such as deforestation, 
desertification and land degradation (Mirzabaev et al., 2019; Prigent 
et al., 2018). Agriculture covers more than one-third of the Earth’s 
surface and consumes approximately 85 % of the world freshwater re-
sources (Aznar-Sánchez, Piquer-Rodríguez, Velasco-Muñoz & 
Manzano-Agugliaro, 2019; Foley et al., 2005). Drylands, which consti-
tute 40 % of the continental surface, exacerbate these effects. Nowadays, 
various methods are employed to increase the water use efficiency in 
agriculture and forestry (Dennis et al., 2000; Norton, Malinowski & 
Volaire, 2016). One promising approach involves the use of mulching 
films as topsoil covers (TSCs) to improve soil and water management. 
These TSCs increase soil water retention and temperature, reduce 
moisture consumption, promote plant growth but at the same time 
inhibit weed growth, increase seedling survival rates and enhance crops 
yield (Briassoulis & Giannoulis, 2018; Kasirajan & Ngouajio, 2012; 
Steinmetz et al., 2016; Yang et al., 2015). However, a significant 

drawback is that TSCs are currently manufactured mainly from synthetic 
plastics like polyethylene (PE) and polypropylene (PP), contributing to 
the problem of microplastic pollution, since UV degradation and erosion 
by wind and rain results in the breakdown of these films into small 
pieces that can be released on the soil (Qi et al., 2018; Wang et al., 2016; 
Zhang et al., 2016). Moreover, removing and disposing plastic mulching 
films from field require additional costs and time-consuming operations 
(Abrusci et al., 2011). Due to the rising concerns with plastic pollution 
associated to the use of synthetic TSCs, biodegradable polymers are 
being investigated as a possible alternative, and some of them can be 
already found on the market. Bioplastics already used for this applica-
tion are polyhydroxyalcanoates (PHAs), such as polyhydroxybutirrate 
(PHB) and polyhydroxyvalerate (PHV), and polylactic acid (PLA) (Gao, 
Xie & Yang, 2021; Merino, Zych & Athanassiou, 2022; Tian & Wang, 
2020; Yang et al., 2015). Various natural polymers, including starch, 
alginates, chitosan, proteins, or their combinations, have been consid-
ered for the development of fully biodegradable mulching films (Kay-
serilioğlu, Bakir, Yilmaz & Akkaş, 2003; Menossi, Cisneros, Alvarez & 
Casalongué, 2021; Merino, Gutiérrez, Mansilla, Casalongué & Alvarez, 
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2018; Russo, Malinconico & Santagata, 2007; Zhao, Qiu, Xu, Gao & Fu, 
2017). However, many of these products exhibit inadequate mechanical 
and water barrier properties, and the elevated production costs limit 
their diffusion on the market. 

Xanthan gum (XG) is one of the most promising materials for these 
applications, due to its biodegradability, film-forming ability, high 
water absorption capability and relatively low cost (Abu Elella et al., 
2021; Chang et al., 2020). It is a polysaccharide obtained by 
Xanthomonas campestris in aerobic conditions from sugar cane, corn or 
their derivatives, and it is largely used as thickening agent in food and 
cosmetics. It consists of D-glucosyl, D-mannosyl and D-glucuronyl acid 
residues in a 2:2:1 molar ratio and variable proportions of O-acetyl and 
pyruvyl residues (Becker, Katzen, Pühler & Ielpi, 1998; Garcıa-Ochoa, 
Santos, Casas & Gómez, 2000). Due to its peculiar properties, it can be 
successfully applied as controlled drug delivery system (Shalviri, Liu, 
Abdekhodaie & Wu, 2010; Tao et al., 2016), in separation membranes 
(Jang, Zhang, Chon & Choi, 2015; Vatanpour et al., 2022) or in agri-
cultural applications (mainly as soil conditioners) (Berninger, Dietz & 
Gonzalez Lopez, 2021; Chang, Im, Prasidhi & Cho, 2015; Sorze et al., 
2023). Xanthan gum can be cross-linked in order to produce superab-
sorbent hydrogels able to swell in water due to their hydrophilic tridi-
mensional network. The most promising way to cross-link XG hydrogels 
is through chemical methods, adding cross-linking agents such as citric 
acid (CA) or sodium trimetaphosphate (STMP). In both cases, an ester-
ification reaction occurs between the cross-linking agents and the hy-
droxy group of the XG chains, enhancing thus mechanical stability and 
water resistance of the hydrogels (Patel, Maji, Moorthy & Maiti, 2020). 
Another interesting natural cross-linking agent is tannic acid (TA), 
which is particularly effective in cross-linking polysaccharides and 
proteins due to its phenolic groups and high molecular weight (Maiti, 
Maji & Yadav, 2023; Santos et al., 2018). However, no studies have been 
found on the development of xanthan-based hydrogels cross-linked with 
tannic acid. 

As demonstrated in a previous work of our group (Sorze, Valentini, 
Dorigato & Pegoretti, 2023), to further enhance water retention and 
mechanical stability of xanthan-based hydrogels, fillers based on cellu-
lose microfibers can be successfully incorporated, reaching water ab-
sorption values above 2100 %. However, cellulose microfiber-based 
fillers, although decreasing the volumetric shrinkage during drying 
compared to neat xanthan hydrogels, still undergo considerable volu-
metric shrinkage once used as TSC in practical applications. Moreover, 
they also have a high biodegradability in contact with soil (less than 3 
months) and make the material too rigid. On the basis of these consid-
erations, to provide alternatives to commercial fossil-based materials, 
but with adequate technical performances, the present study is meant to 
improve the mechanical and dimensional stability of these hydrogel 
formulations by changing the type of filler, i.e., by adding longer wood 
fibers. In particular, the aim of the work is to develop novel xanthan/-
wood fibers based hydrogels and to study the effect of three different 
types of cross-linking agents (i.e., citric acid, sodium trimetaphosphate 
and tannic acid) on the morphology, water absorption, water vapor 
permeability and mechanical properties of the resulting materials. These 
optimized hydrogels could be potentially applied as multifunctional 
bio-based and biodegradable topsoil covers in agriculture and forestry, 
becoming valid alternatives to commercial products, and avoiding the 
use of fossil-based polymers. The newly developed mulching films, 
thanks to their high water-absorption capability, will be able to absorb 
and retain water, helping seedlings during dry periods and improving 
the water management in agriculture and forestry. 

2. Materials and methods 

2.1. Materials 

Commercial xanthan gum (XG) was provided by Galeno Srl (Prato, 
Italy) in the form of fine powder, with purity > 91 %, molecular weight 

(MW) of 1⋅106 g/mol, degree of pyruvate = 0.38 and degree of acetyl =
0.41. Wood fibers STEICO® Flex-036, having an aspect ratio in the range 
22.5–75 mm/mm and a bulk density of 60 kg/m3, were provided by 
STEICO SE (Feldkirchen, Germany). Vegetable glycerol (or glycerine) 
produced by Farmalabor Srl (Assago, Italy) was used as plasticizing 
agent in order to confer flexibility to the produced samples. It had a 
purity > 98 % and a MW of 92.1 g/mol. Citric acid monohydrate (CA), 
with purity 99.5 % and MW of 210.14 g/mol, was supplied by Riedel-de 
Haën GmbH (Seelze, Germany). Sodium trimetaphosphate (STMP) was 
provided by Thermo Fisher Scientific Inc. (Massachusetts, USA) in form 
of colorless, nontoxic powder with a density of 2.49 g/cm3 and a MW of 
305.9 g/mol. Tannic acid (TA) was supplied by Galeno Srl (Prato, Italy), 
in form of a nontoxic, water-soluble powder constituted by a mix of 
esters of glucose with gallic acid and 3-galloilgallic acid (purity = 97 %, 
MW of 1701.19 g/mol). All the materials were used as received. 

2.2. Sample preparation 

Samples were prepared by mixing xanthan gum, wood fibers and 
glycerol. Glycerol and XG were used in a 1.2:1 weight ratio, while XG 
and WF were mixed in a 1:1 relative weight ratio. Glycerol and XG were 
mixed together to obtain a paste, then hot water (T ~ 60 ◦C) was added 
to the paste and mixed for 3 min with an industrial mixer (Fama In-
dustries Srl, Italy), until a homogeneous and lump-free solution was 
obtained. Wood fibers were further reduced in size using a JK-IKA 
LABORLINK M20 grinder for 30 s, reaching an average length of 9–30 
mm, and then added to the solution. The compound was then stirred 
again until a homogeneous mixture was obtained. Different composi-
tions were prepared by adding the three cross-linking agents (CA, STMP 
and TA), previously dissolved in 50 ml water solution at different con-
centrations, as reported in Table 1. A reference sample (XG_WF) without 
any cross-linking agent was also produced. The resulting mixtures were 
manually spread on a plate, dried at room temperature and then sub-
jected to a thermal treatment of 165 ◦C for 3.5 min in oven, in order to 
perform the cross-linking reaction. These parameters and the selected 
cross-linking agent concentrations were identified after preliminary 
trials and on the basis of literature studies on xanthan hydrogels (Bueno, 
Bentini, Catalani & Petri, 2013; Sorze et al., 2023). Table 1 reports the 
code identification and the composition, in terms of phr, of the different 
samples obtained. 

2.3. Experimental techniques 

2.3.1. Fourier-Transformed infrared spectroscopy (FT-IR) 
Fourier transform infrared spectroscopy (FTIR) was carried out by 

using a Spectrum One machine (PerkinElmer, Waltham, MA, USA) 
operating in attenuated total reflection (ATR) mode in the wavenumber 
range of 650–4000 cm− 1 and obtaining each spectrum from the super-
position of four scans. The test was conducted in order to identify the 
chemical composition of the produced samples and the effects of cross- 
linking agent concentration. Tested samples were dried in an oven at 50 

Table 1 
Sample coding for the prepared xanthan/wood fibers based samples.  

Code Xanthan Gum 
(phr) 

Wood Fiber 
(phr) 

CA 
(phr) 

STMP 
(phr) 

TA 
(phr) 

XG_WF 100 100 – – – 
CA10 100 100 10 – – 
CA50 100 100 50 – – 
CA60 100 100 60 – – 
CA100 100 100 100 – – 
STMP50 100 100 – 50 – 
STMP60 100 100 – 60 – 
STMP150 100 100 – 150 – 
TA5 100 100 – – 5 
TA20 100 100 – – 20 
TA50 100 100 – – 50  
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◦C before testing. 

2.3.2. Microstructural characterization 
Micrographs of the surface and of the cryofractured cross-section of 

the samples were obtained using a field emission scanning electron 
microscope (FESEM) Zeiss Supra 40, operating at an accelerating 
voltage of 3.5 kV inside a chamber under a vacuum of 10− 6 Torr. Prior to 
the observations, the samples were dried in a fan oven at 50 ◦C for 48 h 
and then coated with a thin electrically conductive Pt/Pd layer. 

The density of the samples was measured to determine the total, 
open, and close porosity. Specifically, the theoretical density (ρth) of 
samples without porosity was evaluated with the rule of mixture, by 
knowing the density and the nominal weight fraction of each constitu-
ent, according to Equation (I) 

ρth =
1

∑
i
Wi
ρi

=
1

WXG
ρXG

+ WWF
ρWF

+ WGLYC
ρGLYC

+ WCX
ρCX

(I)  

where WXG, WWF, WGLYC and WCX are the weight fractions of the xanthan 
gum, wood fibers, glycerol and cross-linking agents, respectively, and 
ρXG, ρWF, ρGLYC and ρCX their densities. ρXG, ρGLYC and ρCX were found on 
the technical datasheet, while ρWF was measured with a pycnometer, as 
reported hereafter for the apparent density. 

The apparent density (ρapp), which identifies the volume together 
with only the closed porosity, was measured using an AccuPyc 1330 
helium pycnometer (Micromeritics Instrument Corporation, GA, USA). 
For every composition, a disk specimen with a diameter of ~8 mm and 
thickness of ~3 mm was tested and inserted in a chamber with a volume 
of 1 cm3. Every measurement was collected at a constant temperature of 
23 ◦C, and 99 measurements were performed for each specimen. 

The bulk density (ρbulk), which comprises both the open and the 
closed porosity, was calculated as the ratio between the mass and the 
volume of disk specimens with a diameter of 15 mm and thickness of ~ 3 
mm. The dimensions of the specimens were measured with a digital 
caliper and the mass with an analytical balance. Three specimens were 
measured for each composition. 

Finally, the total porosity Ptot, the open porosity Popenand the close 
porosity Pclosedwere calculated according to Equations (II), (III) and (IV) 

Ptot = 1 −
ρbulk

ρth
(II)  

Popen = 1 −
ρbulk

ρapp
(III)  

Pclosed = Ptot − Popen = ρbulk

(
1

ρapp
−

1
ρth

)

(IV)  

2.3.3. Evaluation of the water absorption capacity 
Water uptake tests were carried out in order to determine the 

behavior of produced samples under extreme flood conditions. For each 
sample three specimens, approximately 3 × 5 cm2 in size and thickness 
~3 mm, were placed in a container filled with 2–3 cm of water and left 
immersed. Mass variation due to water absorption or hydrogel swelling 
was recorded over time after removing periodically specimens from 
water. Water uptake (WU), or swelling degree, of the samples was ob-
tained according to Equation (V) 

WU% =
Mt − M0

M0
⋅100 (V)  

where M0 is the initial mass of the sample and Mt is the sample mass at 
the time t. The test was carried out until complete rupture of the spec-
imens or after a plateau in the absorption curve was reached. Then, fully 
wet samples were left to dry at RT conditions. All specimens were sub-
jected to three water absorption/desorption cycles, in order to investi-
gate their behavior on a longer time scale. In order to understand the 

diffusion mechanism of water molecules through the hydrogels struc-
ture, the diffusional coefficient n was evaluated, according to Equation 
(VI) (Langer & Peppas, 1981) 

Mt

Me
= ktn (VI)  

where Mt and Me are the masses of water absorbed at a given time t and 
at equilibrium condition, respectively, and k is a constant. For values of 
n equal to 0.5 the diffusion mechanism is Fickian and the diffusion of 
water molecules within the matrix is not characterized by any physical 
or chemical interaction between the liquid and the solid phases. 

2.3.4. Evaluation of the water vapor permeability 
Water vapor permeability (WVP) is a very important property for 

mulching films because it affects the soil water preservation. This 
analysis was performed in accordance to ASTM E96 standard. For each 
sample two circular specimens (diameter ~4 cm, thickness ~3 mm) 
were placed on a small glass container filled with 20 ml of distilled 
water. Vases were closed with a lid presenting a circular hole with a 
diameter of 1.6 cm and sealed with Parafilm®. A commercial woven 
polyethylene (PP) mulching film (Rama S.p.A, RE, Italy) was also tested 
as a reference for this experiment (0.25 mm of thickness). Specimens 
were placed in a climatic chamber at 30 ◦C and 50 % RH. Their mass was 
measured at regular time intervals over the span of two days. The water 
vapor permeance (WVP2) of the tested specimens was thus obtained 
through Equation (VII) 

WVP2 =
ΔM
tA

⋅
1

Δp
(VII)  

where ΔM is the mass variation, A is the exposed area, t is the time over 
which ΔM occurs, while Δp is the differential water vapor pressure 
across the sample. It is important to emphasize that WVP2 is not water 
vapor permeability (usually indicated as WVP). On the contrary, it is a 
thickness-independent parameter and therefore allows a better com-
parison between inhomogeneous samples. From WVP2 it was possible to 
calculate the water vapor permeability (WVP) according to Equation 
(VIII) 

WVP = WVP2⋅d (VIII)  

where d is the sample thickness. The measured WVP values were cor-
rected for the resistance due to the still air layer and the resistance 
offered by the specimen surface, according to ASTM E96 standard 
specifications. 

2.3.5. Evaluation of the penetration resistance 
Penetration resistance tests were performed to simulate the resis-

tance offered by mulching films against weed perforation. The tests were 
carried out according to ASTM F1306 standard with an INSTRON 5969 
machine operating at 25 mm/min and equipped with a load cell of 100 
N. The specimens were fixed with an appropriate sample clamping de-
vice and were perforated by a 3.2 mm diameter hemispherical probe. 
The maximum load to perforate the sample was determined and 
compared with that of a commercial woven PP mulching film. For each 
sample, five specimens with equal dimensions (76 × 76 × 3 mm3) were 
tested. 

2.3.6. Weather conditioning in external environment 
Weather conditioning tests in outside environment were carried out 

in order to qualitatively evaluate the dimensional stability and the 
biodegradability of produced hydrogels. A rectangular area of the gar-
den in the Department of Industrial Engineering of Trento University 
(46.06◦ N, 11.15◦ E, altitude 398 m asl) was cleared from grass and 
weeds, then the selected samples (discs 16 cm in diameter, thickness ~3 
mm) were laid on it at a distance of ~20 cm from one another. Fig. 1 
shows the weather conditions recorded during these tests. 
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The percentage of area lost over time (AL) due to the exposure to 
outside weather conditions was evaluated according to Equation (IX) 

AL =
A0 − Ai

A0
⋅100 (IX)  

where A0 and Ai are, respectively, the initial area and the area at time “i” 
of the specimens. The area of the specimens was measured after a period 
of 1, 3 and 7 months. At the end the experiments the samples residues 
were collected, washed gently to remove attached soil, dried and 
weighed so that to calculate their residual mass. Only two specimens 
were considered, i.e., CA60 and TA5, as they proved to be most 
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Fig. 1. Meteorological pattern recorded during open field experiments. Day 0 corresponds to May 15th 2023.  
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promising compositions in terms of water absorption after multiple cy-
cles, water vapor permeability and penetration resistance compared to 
the other concentrations of CA and TA, respectively. The test was also 
useful to qualitatively observe the ability of the samples to block weed 
growth, which is an important requirement for topsoil covers. 

2.3.7. Statistical analysis 
All the results have been presented as mean±standard error of the 

mean. Data of porosity, water absorption capacity, penetration resis-
tance and weather conditioning in external environment were analyzed 
by using one-way analysis of variance (ANOVA) with significance level 
of 0.05. Pairwise differences between treatments were assessed using the 
post hoc Tukey’s test. 

3. Results and discussions 

3.1. Fourier-Transformed infrared spectroscopy (FT-IR) 

Fig. 2(a–c) present the FTIR spectra of the cross-linked samples with 
CA, STMP and TA and compare them with the reference sample 
(XG_WF). 

For all the samples the broad absorption peak visible at 3300 cm− 1 is 
ascribed to the O–H stretching vibration of hydroxyl groups, while the 
absorbance peak at 1016 cm− 1 is associated to the C–O stretching vi-
bration of the primary alcohol in XG and wood fibers. Peaks at 1410 and 
1609 cm− 1 are ascribed to the symmetrical and asymmetrical C––O vi-
bration of the carboxylate anion (-COO− ), respectively, while absor-
bance peak at 1714 cm− 1 is due to the presence of carbonyl groups of the 
carboxylic acid (-COOH) in XG and wood fibers. From Fig. 2a it can be 
observed that the intensity of the absorbance peak at 1609 cm− 1 grad-
ually decreases with the concentration of cross-linking agent, while the 
intensity of the peak at 1714 cm− 1 increases. This could suggest an in-
crease in the cross-linking degree, since more ester groups are present in 
the chemical structure after the esterification reaction between citric 
acid and xanthan gum (Li et al., 2019). In Fig. 2b samples cross-linked 
with STMP show an absorbance peak between 1250 and 1300 cm− 1 

whose intensity increases with the cross-linking agent content, this peak 
corresponds to the P––O stretching vibrations occurring from the reac-
tion between STMP and XG and it is characteristic of the cross-linked 
polysaccharides (Shalviri et al., 2010). From Fig. 2c it can be noticed 
that the spectra of the TA cross-linked samples are very similar to that of 
the XG_WF sample. However, rising the TA content it is possible to 
observe an increase in the intensity of the peak at 1205 cm− 1, which can 
be associated to the C–O stretching vibration of the carbonyl groups of 

the aromatic esters of the tannic acid (Wahyono, Astuti, Gede Wiryawan, 
Sugoro, & Jayanegara, 2019). 

3.2. Microstructural characterization 

SEM micrographs of the surface and of the cross-section of a dried 
xanthan/wood fibers-based hydrogel are shown in Fig.. 3(a and b). Since 
no morphological differences were found between the samples pro-
duced, only the micrographs of the reference sample (XG_WF) were 
reported. 

Fig. 3a clearly shows that the surface of hydrogels is constituted by a 
network of wood fibers coated with xanthan gum. The result is a 
compact surface with few macropores. From Fig. 3b it can be seen that 
the cross-section is characterized by lots of voids with dimensions 
ranging from 500 µm up to 10 µm. The presence of several pores facil-
itates the penetration and diffusion of water into the hydrogel network, 
resulting in a higher swelling capacity. Once in contact with water, the 
macropores fill with water first, resulting in a high initial water ab-
sorption rate. The micropores are then gradually filled, causing the 
hydrogel to absorb even more water (Thombare et al., 2018). It is also 
possible to clearly distinguish the cross-section of the wood fibers, 
consisting of lumens between 20 µm and 1 µm in size. These channels 
may improve the water storage capability of the hydrogels and increase 
their stiffness due to the formation of an intertwined network consisting 
of wood fibers. 

In Table 2 the values of theoretical density, apparent density, total 
and open porosity of the produced hydrogels, calculated according to 
Equations (I), (II) and (III), are reported. 

From Table 2 it can be observed that the prepared samples are 

Fig. 3. SEM micrographs of dried XG_WF hydrogel, (a) surface and (b) cross-section.  

Table 2 
Values of density and porosity of the xanthan/wood fibers based samples.  

Sample ρth (g/cm3) ρapp (g/cm3) Ptot (%) Popen (%) 

XG_WF 1.38 1.01 ± 0.02 73.3 ± 1.5 63.2 ± 4.7 
CA10 1.39 1.16 ± 0.01 76.9 ± 2.2 72.4 ± 7.4 
CA50 1.40 1.19 ± 0.01 77.2 ± 1.4 73.1 ± 5.2 
CA60 1.40 1.22 ± 0.01 75.8 ± 1.1 72.1 ± 3.8 
CA100 1.41 1.21 ± 0.02 74.6 ± 1.2 70.3 ± 4.5 
STMP50 1.47 1.13 ± 0.02 74.9 ± 2.0 67.3 ± 6.6 
STMP60 1.49 1.21 ± 0.02 71.1 ± 1.3 64.3 ± 4.1 
STMP150 1.61 1.39 ± 0.01 70.8 ± 1.1 66.3 ± 3.0 
TA5 1.39 1.12 ± 0.02 69.1 ± 0.9 61.7 ± 2.8 
TA20 1.41 1.11 ± 0.02 75.9 ± 2.1 69.3 ± 7.4 
TA50 1.45 1.07 ± 0.01 75.2 ± 1.4 66.5 ± 4.3  
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characterized by total porosity values ranging from 69 % to 77 %, with 
no difference at significance level of 0.05. Therefore, there is no clear 
influence of the type and content of cross-linking agent on the porosity. 
In particular, hydrogels are mainly characterized by an open porosity 
formed during the mixing phase in the production process, where air 
bubbles develop in the xanthan-based solution. Moreover, the intro-
duction of wood fibers further contributes to increase the formation of 
pores in the structure, which can positively influence the final water 
absorption capability of the produced samples, but can also negatively 
affect their mechanical properties. 

3.3. Evaluation of the water absorption capacity 

Fig. 4(a–c) shows the water absorption curves of XG_WF sample and 
of the hydrogels cross-linked with CA, STMP and TA. 

All the tested specimen are able to reach a water uptake (WU) 
plateau and to resist in immersion for 8 days. The fact that the reference 
sample is insoluble in water and reaches a plateau (1300 %) confirms 

that an esterification reaction between the xanthan acid groups (pyruvyl 
or acetyl) and OH groups occurred during heat treatment, despite the 
absence of any cross-linking agent. However, for the cross-linked sam-
ples, the plateau achieved is lower than that of XG_WF, meaning that the 
presence of cross-linking agent increases the cross-linking density, 
which is inversely proportional to the swelling capacity (Peppas, 1986). 
Indeed, WU of samples made with CA ranges from 490 % to 740 % and it 
decreases with the cross-linking agent content. The opposite behavior is 
instead observed for samples cross-linked with STMP. This can be 
attributed to the fact that, in addition to the cross-links, the reaction 
with STMP introduces more anionic charges into the XG chains. 
Therefore, the water uptake in STMP cross-linked hydrogels becomes 
greater due to the higher number of negative charges within the phos-
phorus species. Furthermore, the counter ions within these hydrogels, 
which neutralize the fixed charges on the polymer chains, lead to an 
increase of the osmotic pressure and result in a high swelling ratio 
(Shalviri et al., 2010; Tao et al., 2016). WU of these samples reaches 
plateau values ranging from 490 % to 700 %, i.e., lower than that 
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Fig. 4. Water absorption curves of XG_WF sample and hydrogels cross-linked with (a) CA, (b) STMP and (c) TA.  
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observed for CA cross-linked samples. For hydrogels cross-linked with 
TA, the increase of the cross-linking agent content leads to a higher 
concentration of hydrophilic groups in the hydrogel structure. Thus, the 
cross-linking density decreases with a consequent increase in water 
uptake and swelling (Ulu, Birhanlı, & Ateş, 2021). For these samples the 
WU ranges from 360 % to 800 %. Although most of the curves in the 
Fig. 4(a–c) have a parabolic trend, by fitting the data according to 
Equation (VI) it is possible to notice that the values of the diffusion 
coefficient n are lower than 0.5. This means that the diffusion mecha-
nism that drives the water absorption is described as quasi-Fickian, and 
the water molecules pass through a preferential way inside inter-
connected pores of the hydrogel. 

Table 3 reports the values of the final water uptake of the samples 
after multiple water absorption/desorption cycles. During the third 
cycle, the STMP cross-linked samples and most of the TA cross-linked 
hydrogels show instability and leakage due to excessive swelling, 
which lead in some cases to their breakage before reaching a plateau. 

The first notable result is that WU of samples after the second ab-
sorption cycle is almost the double compared to the first one. This is 
related to the fact that, after the first cycle, part of the water soluble 
mass, mainly glycerine, is washed away. However, this is not a problem 
for the intended application of these materials, as the glycerine acts as a 
plasticiser and it has been introduced only to facilitate the sample 
preparation by dissolving the xanthan gum without the formation of 
lumps, and to make the TSCs flexible to ease their placement around the 
plant. Nevertheless, all samples are able to reach again an absorption 
plateau afters 8 days of immersion. In all cases the plateau value reached 
is lower than that of XG_WF sample (2800 %). Ultimate WU of samples 
cross-linked with CA is practically independent from the CA content, 
with values ranging from 1400 % to 1500 % after 8 days. For the STMP 
and TA cross-linked samples the values of WU after the second cycle are 
found to be independent from the concentration of cross-linking agent. 
From the results of the third absorption cycle it is possible to observe 
that the reference sample reaches an elevated WU value (3700 %), 
because of the rupture of the sample, of the continuous leaking of ma-
terial and thus of the continuous absorption of water, which lead to the 
almost complete loss of the sample itself. Samples obtained with CA, on 
the other hand, are all able to resist a full third cycle of immersion and 
show noticeable stability. Final WU values are comparable to those 
obtained during second cycle, and range from 1550 % to 1800 %. From 
these tests, considering the need for a topsoil cover to have good WU 
ability and, most importantly, high stability after different water ab-
sorption/desorption cycles, CA50, CA60 and CA100 are found to be the 
most promising compositions for the intended application. No signifi-
cant difference at 0.05 level can be found between these samples for all 
the cycles. This means that, for the amount of XG used, a threshold value 
of the degree of cross-linking has been reached, above which, no sig-
nificant improvement in properties can be obtained. Also, TA5 should be 
kept into consideration due to its good WU behavior. 

3.4. Evaluation of the water vapor permeability 

Values of WVP2 and WVP of the different xanthan/wood fibers based 
hydrogels, calculated according Equation (VII) and (VIII), are reported 
in Table 4 and compared with those of a commercial woven PP mulching 
film. 

In general, the water-barrier properties of xanthan/wood fibers 
based hydrogels are rather poor due to the presence of hydrophilic 
groups, which increase the water absorption properties but also increase 
the water vapor permeability (Long, Zhang, Zhao, & Ruan, 2023). 
However, positive results can be seen by looking at the WVP2 values of 
the CA cross-linked samples, which are lower than that of XG_WF and 
comparable to that of the commercial woven PP mulch film. This can be 
explained by the fact that the cross-linking reaction between citric acid 
and XG reduces the amount of available hydrophilic groups in the 
structure and thus reduces the water vapor moving through the hydrogel 
structure, thus increasing the water barrier properties. However, the 
WVP values of the xanthan/wood fibers-based hydrogels are still one 
order of magnitude higher than that of the commercial product. This can 
be explained by the fact that the permeability is strongly influenced by 
the thickness of the sample (increasing the thickness, the WVP increases 
(Bertuzzi, Vidaurre, Armada, & Gottifredi, 2007)) and, in this case, the 
thickness of the commercial product is 10 times lower than that of the 
produced hydrogels. Furthermore, the presence of a plasticizer such as 
glycerol in the hydrogels increases the mobility of the polymer chains 
and thus further enhances the water vapor diffusion properties (Guil-
bert, Gontard, & Cuq, 1995). Samples cross-linked with STMP and TA 
show much higher WVP2 and WVP values with respect to the com-
mercial mulching film, without any clear influence of the cross-linking 
agent content. This behavior can be explained by the high swelling 
tendency of these samples once in contact with water (Bertuzzi et al., 
2007). For topsoil cover applications it would be important to have WVP 
values as low as possible, in order to limit the water evaporation rate 
from soil, as in the case of the commercial products. However, it is 
important to underline that the thickness of the hydrogels prepared in 
this work can be adjusted during the preparation phase in order to 
obtain the desired water vapor barrier properties. 

3.5. Evaluation of the penetration resistance 

Fig. 5 shows the results of penetration resistance tests performed on 
the xanthan/wood fibers based hydrogels and on the PP commercial 
film, expressed in terms of maximum load sustained by the samples. 

It can be seen that for all the samples produced the maximum 
penetration load is between 12 N and 20 N, and that their penetration 
resistance is mainly determined by the formation of a network of wood 
fibres that confers stiffness to the hydrogels. Considering the standard 
deviations values, there is no substantial influence of the type and 
concentration of the cross-linking agent on the penetration resistance 
and, overall, there is no significant difference at 0.05 level between 

Table 3 
Values of the final water uptake measured for the prepared hydrogels after 
multiple water absorption/desorption cycles.  

Sample WU (I cycle) (%) WU (II cycle) (%) WU (III cycle) (%) 

XG_WF 1300 ± 71 a 2826 ± 217 a 3669 ± 567 a 
CA10 744 ± 29 b 1569 ± 20 bc 1812 ± 108 b 
CA50 530 ± 30 bc 1425 ± 23 b 1558 ± 61 b 
CA60 540 ± 25 bc 1549 ± 80 bc 1662 ± 138 b 
CA100 491 ± 33 c 1596 ± 29 bc 1730 ± 105 b 
STMP50 486 ± 35 c 2535 ± 49 a – 
STMP60 513 ± 70 c 2082 ± 139 c – 
STMP150 704 ± 114 b 2772 ± 23 a – 
TA5 434 ± 74 c 1301 ± 202 bd 1904 ± 418 b 
TA20 361 ± 23 c 875 ± 53 d – 
TA50 726 ± 188 b 1747 ± 516 b – 

Different letters in a column indicate that results are statistically different (p <
0.05). 

Table 4 
Values of WVP2 and WVP of the xanthan/wood fibers based hydrogels and of a 
commercial PP mulching film.  

Sample WVP2 × 10− 6 (g•m− 2•s− 1•Pa− 1) WVP × 10− 9 (g•m− 1•s− 1•Pa− 1) 

XG_WF 14.7 ± 0.4 37.5 ± 1.2 
CA10 11.4 ± 0.3 32.2 ± 0.7 
CA50 10.2 ± 0.3 30.7 ± 0.1 
CA60 9.9 ± 0.1 29.0 ± 0.1 
CA100 9.1 ± 0.1 27.7 ± 0.1 
STMP50 13.7 ± 0.4 40.7 ± 1.3 
STMP60 14.8 ± 0.5 31.0 ± 2.8 
STMP150 12.0 ± 0.5 34.3 ± 1.2 
TA5 14.8 ± 0.4 31.9 ± 0.2 
TA20 17.2 ± 0.5 38.8 ± 0.4 
TA50 15.0 ± 0.4 37.6 ± 0.5 
PP film 8.1 ± 0.1 2.1 ± 0.1  
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samples. The only significant difference (p < 0.05) cabin be found be-
tween STMP150 and CA50 and CA100. CA50 is characterized by high 
standard deviation, while the behavior of CA100 can be ascribed by its 
high CA content, which leads to a stiffening of the structure and a 
consequent lower penetration resistance. It is interesting to notice that 
most of the samples are statistically different (p < 0.05) with respect to 
the commercial PP woven film, which shows a mean penetration resis-
tance of 6.8 N. This difference may be attributed to the much lower 
thickness of the PP commercial film. However, for the purpose of this 
test, i.e., the assessment of the ability of the TSCs to resist weed perfo-
ration, the absolute maximum penetration load should be considered, 
without any normalization. It is also important to underline that these 
penetration resistance values refer to dry samples which, in a practical 
topsoil cover application, would correspond to the initial condition in 
which the samples are placed around the plant. From this point on, the 
samples will be subjected to substantial variations of the environmental 
conditions (i.e., temperature, humidity, UV radiation) that may alter the 
structure of the hydrogel, causing swelling and thus changing its me-
chanical properties. Therefore, further investigations will be needed to 
study the mechanical resistance of these hydrogels under different 
environmental conditions. 

3.6. Weather conditioning in external environment 

Area loss and residual mass experienced by the hydrogels with 
optimized composition (i.e., CA60 and TA5) in weather conditioning 
tests are reported in Table 5. 

It can be seen that the area loss does not decrease steadily over time, 
but it can also increase. This is due to the fact that, in the presence of 
rainfall, the materials absorb water and swell, increasing their volume. 

In general, the samples show good stability after 2 months, as it has been 
already seen after multiple cycles of water absorption and desorption 
(see Section 3.3), due to the presence of the cross-linking agents. During 
the test, the samples show some warping and deformation, but sub-
stantially maintain their original shape. This is due to the presence of the 
network of long wood fibers (9–30 mm length) in the hydrogels, which 
limits shrinkage during drying periods. The values of residual mass 
indicate that samples underwent biodegradation, which is more prom-
inent for the CA60 sample which shows a greater mass loss at the end of 
the test compared to TA5 sample (p < 0.05). Further biodegradation 
assays and standardized tests will be planned in order to investigate 
more deeply this aspect. The development of fully biodegradable topsoil 
covers is of paramount importance to overcome the problems of end-of- 
use removal of commercial plastic mulch films. By tuning the size of 
TSCs and the cross-linking agent content, it would be possible to tailor 
the biodegradation time of the samples. In agricultural applications the 
maximum time required for the complete biodegradation of TSCs is only 
few months (seasonal planting), while in forestry applications their 
service time could be longer (1 or 2 years). It is also important to note 
that the growth of vegetation was completely inhibited in the area below 
the samples for the first 3 months, while grasses and weeds only grew in 
the area between them. After 7 months, due to weather effects and the 
biodegradation of materials, different weed filaments were able to 
perforate the samples. 

4. Conclusions 

In this work, multifunctional bio-based and biodegradable hydrogels 
constituted of xanthan gum and wood fibers were developed with the 
aim to produce novel eco-sustainable topsoil covers for the agricultural 
and forestry sectors, able to support plant growth and increase their 
survival rate, especially under drought conditions. Different cross- 
linking agents, such as citric acid, sodium trimetaphosphate and tan-
nic acid, were added in different concentrations to obtain cross-linked 
hydrogels with different physical properties. Water absorption tests 
highlighted the capacity of the developed hydrogels to effectively absorb 
water after multiple absorption/desorption cycles, especially in samples 
cross-linked with citric acid. These hydrogels also exhibited water vapor 
permeance values comparable to that of a commercial plastic mulching 
film along with good penetration resistance, an important property for 
mulching films to inhibit weed growth. On the basis of the results of 
outdoor weathering conditioning tests, it was assessed that citric acid 
cross-linked hydrogels manifested a good stability after 2 months and 
suitable biodegradability after 7 months, with a final mass loss of 63.6 
%. An important consideration concerns the economic feasibility of the 
produced materials, as the current market price of xanthan gum (at high 
purity level) is still high and limits their applicability. However, 
considering that high purity materials are generally not required for 
these applications and in view of the future industrial upscaling of the 
products, it is expected that the cost will become more affordable in the 
near future. 
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