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Featured Application: This work has a potential application in biocarpet engineering, which
involves the use of cyanobacterial crusts either in the rehabilitation of damaged land surfaces
or to combat desertification. Attempts to apply cyanobacterial crusts have not been completely
successful so far because the growth of the initial inoculum requires more moisture than arid
and semiarid environments can provide. To accelerate the development of the inoculum, it is
necessary to provide additional moisture for the growth of cyanobacterial cells. Controlled water
delivery could be achieved by using moisture-retentive material that is applied together with the
inoculum in the treatment of damaged surfaces. Biocarpet engineering has the potential to solve
not only some problems of damaged surfaces and desertification but also reduce and prevent air
and water pollution caused by erosion.

Abstract: Raw jute fabric was treated with 0.5, 1.0, or 2.0% chitosan solution to improve its sorption
properties (evaluated through the moisture sorption and adsorption of textile dye Reactive Orange 16
(RO 16)), which are essential for fabric utilization as geo-prebiotic polysaccharide support that should
provide the necessary water for the growth of cyanobacterial communities in biocarpet engineering.
Chitosan-treated fabrics possessed 39–78% higher moisture sorption values than the untreated ones.
Concerning the dye adsorption, with the increase in its initial concentration, the adsorption potential
of raw and fabrics treated with 0.5 or 1.0% chitosan solution was increased up to 1.9 times. The
dye adsorption onto these fabrics was exothermic and enthalpy driven. By increasing the chitosan
solution percentage up to 1.0%, fabric adsorption potential increased up to 2.2 times. An inverse
relationship was observed in the case of the fabric treated with 2.0% chitosan solution, its adsorption
potential decreased with increasing the initial dye concentration and temperature due to the different
dominant binding interactions. Concerning the contact time, dye adsorption onto fabric treated with
1.0% chitosan solution was rapid in the first 2 h, while the equilibrium was attained after 4.5 h. The
isotherm and kinetic data were represented by the Langmuir model and the pseudo-second-order
kinetic model, respectively.

Keywords: polysaccharide-based fabric; jute; chitosan; adsorption; Reactive Orange 16; Lang-
muir isotherm; pseudo-second order; adsorption mechanism; restoration of degraded lands and
substrates; cyanobacteria

1. Introduction

Land degradation is a naturally occurring or human-induced process that affects the
functionality of a land ecosystem. More than 40% of terrestrial ecosystems worldwide
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(mostly drylands) face significant anthropogenic degradation causing a loss of ecosystem
integrity and services, and deterioration of socioeconomic value [1]. The use of induced
biological soil crusts (biocrusts) has been advocated in land restoration [2]. The biocrusts
consist of complex communities of microorganisms, including cyanobacteria, that live on
the top of and in the soil surface. They perform several essential ecosystem functions [3]. Al-
though some research has been invested into restoration by biocrusts, the optimal approach
is still to be found [2,4,5].

A field study showed that complex biocrusts, after artificial cyanobacterial inoculation
on the sand, were developed within seven years [6], but in some other cases, the process
has taken much longer [7]. Therefore, special attention should be paid to the acceleration
of biocrust development and succession through the promotion of inoculum viability, for
instance, by improving water availability, a key limiting factor. Methods promoting the in-
oculum/biocrust survival by habitat modification (i.e., improving water retention, reducing
UV effects, increasing relative humidity) and leading to a higher growth rate of biocrusts
are needed. Based on the results of previous research activities, partially described by the
BLOCDUST hypothesis [8,9], it could be supposed that biocrust inoculum survival and
efficiency of biocrust restoration could be improved by careful selection of cyanobacterial
strains for specific substrates and tailoring geo-prebiotic polysaccharide supports to pro-
mote a sustainable relationship between the microbiota and abiotic constituents on the
degraded land surface.

For this reason, we decided to prepare polysaccharide-based fabrics with improved
sorption properties that were evaluated through the determination of moisture sorption
and textile dye adsorption. Among many natural fibers, jute is chosen since this cheap fiber
represents the second most important natural fiber (after cotton). The most widespread
applications of jute fibers are for the production of packaging materials for agricultural
commodities and carpet backings [10]. However, one of the main concerns of both in-
dustries is a large amount of jute waste in the form of fabric. This raises the idea of
revaluing the discarded jute fabric waste as a valuable polysaccharide-based support.
It has to be emphasized that the presence of additional polysaccharides is essential for
improving the jute fabric sorption properties and providing the necessary water for the
growth of the microbiota. Chitosan as a cheap, biodegradable, biocompatible, nontoxic,
and environmental-friendly amino polysaccharide with multifunctional properties [11]
might be a good choice for enhancing the sorption properties of raw jute fabric. Many
reasons stand behind the decision to select this polysaccharide, whereas the main one
is a high affinity between the jute fiber main component, cellulose, and chitosan, which
comes from their similar chemical and molecular structures. Additionally, the aldehyde
and carboxyl groups present primarily in jute fiber non-cellulosic constituents have an
affinity for binding with chitosan.

In this paper, raw jute fabric was treated with different concentrations of chitosan
solution to improve its sorption properties. The polysaccharide-based fabrics were char-
acterized using ATR-FTIR spectroscopy and electrokinetic measurements. Their sorption
properties were evaluated through the determination of moisture sorption and the ad-
sorption of textile dye Reactive Orange 16, which is used as an indicator for the fabrics’
capability to interact with different molecules participating in different interaction mech-
anisms. The performances of examined fabrics were rated by measuring the adsorption
of Reactive Orange 16 vs. initial solution pH, adsorbent mass, initial dye concentration,
temperature, and contact time. In addition, equilibrium, kinetic, and thermodynamic
studies were performed to establish the most favorable conditions for dye adsorption. The
economic impact of the proposed approach can be considered beneficial for possible real
application of polysaccharide-based supports since the associated costs are very low. Jute
can be used as waste material from the packaging industry, while low-cost chitosan is used
at very low concentrations (up to 2.0%).
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2. Materials and Methods
2.1. Material

Raw jute fabric obtained from a commercial supplier (Dekoteks Trade, Belgrade,
Serbia) with the following chemical composition: 2.45% water solubles, 0.68% fats and
waxes, 1.82% pectin, 13.68% lignin, 16.82% hemicelluloses, and 64.53% α-cellulose was
used in this experiment. All chemicals were p.a. grade and used as received.

2.2. Jute Fabric Treatment with Chitosan

Raw jute fabric was washed with distilled water at boiling temperature for 30 min,
squeezed, and dipped into 0.5, 1.0, or 2.0% chitosan (low molecular weight chitosan,
50,000–190,000 Da, 75–85% deacetylated, Sigma-Aldrich, Burlington, MA, USA) solution,
a material-to-liquid ratio of 1:20. Chitosan dissolution was carried out according to the
method described in the literature [12]. After the treatment with chitosan at 60 ◦C under
constant shaking (Memmert, WNE 14, Büchenbach, Germany) for 60 min, fabrics were
washed with distilled water, dried in an oven for 30 min at 60 ◦C, and thereafter at ambient
temperature. Raw jute fabric was denoted as J, while chitosan-treated fabrics were marked
in accordance with the used chitosan solution concentration, J0.5% CS, J1.0% CS, and
J2.0% CS.

2.3. Fabrics’ Surface Chemistry Characterization

ATR-FTIR spectroscopy (Nicolet™ iS™ 10 FT-IR, Thermo Fisher 2 SCIENTIFIC, Waltham,
MA, USA) spectrometer with Smart iTR™ Attenuated Total Reflectance (ATR) Sampling
accessory) was used for assessing the changes that occurred in the fabric surface chemistry
after the chitosan treatment. The spectra were recorded in the range of 4000–600 cm−1 with
32 scans per spectrum.

The jute fabrics’ zeta potential as a function of pH was determined by a streaming po-
tential method using a SurPASS electrokinetic analyzer (Anton Paar GmbH, Graz, Austria)
according to the procedure described by Ivanovska et al. [13].

2.4. Determination of the Moisture Sorption

Fabrics’ moisture sorption was determined by using an Infrared Moisture Analyzer
MA 35 (Sartorius, Goettingen, Germany), which continuously monitors the drying process
(at 105 ◦C), stops the measurement when the sample has reached a constant weight (the
reproducibility of the weighing system is ±0.2%), and automatically calculates its moisture
sorption. Before the moisture sorption measurement, fabrics were conditioned according to
the procedure described in the literature [14]. The presented results are an average of three
measurements per sample.

2.5. Dye Adsorption Experiments

An appropriate mass of raw and chitosan-treated jute fabrics was immersed in 100 mL
of Reactive Orange 16 (RO 16) (Figure 1) aqueous solution and constantly shaken in the
mentioned water bath. The optimization of RO 16 adsorption was done in two steps. First
step included optimization of the initial solution pH: c0 = 25 mg/L, t = 21 h, T = 25 ◦C,
adsorbent mass of 0.50 g, pH = 2–7. The second step included optimization of adsorbent
mass: c0 = 25 mg/L, t = 21 h, T = 25 ◦C, pH = 2 for fabrics J, J0.5% CS, and J1.0% CS or
pH = 4 for fabric J2.0% CS, an adsorbent mass of 0.25, 0.50, 0.75, or 1.00 g.

Dye removal (R) by studied fabrics was calculated by using Equation (1):

R (%) =
Ao − At

Ao
·100 (1)

where: Ao and At are the absorbances of the initial dye solution and the dye solution after a
certain time, respectively.
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Figure 1. Structure of RO 16.

The fabric adsorption potential, i.e., the mass of dye adsorbed per gram of adsorbent
(q, mg/g), was calculated using Equation (2):

q (mg/g) =
c0 − ct

m
·V (2)

where: c0 and ct (mg/L) are the initial dye concentrations in the solution and in the solution
after a certain time, respectively, m (g) is the adsorbent mass, V (L) is the solution volume.

The RO 16 concentration in the aqueous solution was determined based on the UV-
Vis Shimadzu 1700 spectrophotometer (Shimadzu, Kyoto, Japan) absorbance spectra at
λmax = 493 nm. The presented results are the mean values of three measurements per
sample whereby the coefficients of variation were below 2.04%.

After finishing the optimization, isotherm, thermodynamic, and kinetic experiments
were done under the conditions shown in Figure 2. The obtained data were further modeled
using well-known models.
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3. Results and Discussion
3.1. Characterization of Raw and Chitosan Treated Fabrics’ Surface Chemistry

The ATR-FTIR spectroscopy was used to characterize the fabrics’ surface chemistry
and to assess the changes that occurred due to the treatment with chitosan solution. The
spectra of J and J2.0% CS (chosen as a representative of chitosan-treated fabrics) show
typical bands corresponding to jute fiber main constituents and chitosan (Figure 3).
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Figure 3. ATR-FTIR spectra of selected fabrics in the range: (a) 4000–600 cm−1 and
(b) 1750–1400 cm−1.

Considering both spectra in parallel, it is evident that the major chitosan band at
1560 cm−1 (related to stretching vibration of its -NH2 groups, [12]) appeared, while that
at 1651 cm−1 (corresponding to amide I overlapped with -OH bending of adsorbed wa-
ter [15]), it become intensified after the treatment with 2.0% chitosan solution, Figure 3b.
The formation of the intermolecular hydrogen bonds between the jute hydroxyl groups
(present in cellulose) and chitosan was confirmed by the decreased intensity of the broad-
band between 3000–3600 cm−1 assigned to -O-H stretching vibrations overlapped with
chitosan -NH2 stretching [16], Figure 3a. Furthermore, a high-intensity band at 1735 cm−1

originating from -C = O stretching vibration of carboxyl groups or ester groups present
in hemicelluloses [17], as well as aldehyde groups, can be observed in the spectra of raw
jute fabric (J). Relocation of the mentioned band to lower wavenumber (1729 cm−1) and
a significant decrease in its intensity suggest the formation of Schiff base between jute
aldehyde groups and chitosan -NH2 groups to some extent [18]. In brief, the deposition
of the chitosan onto jute fabric could be ascribed to the different mechanisms involving
interactions, such as ionic and hydrogen bonding, further supported by the cross-linking of
the chains through the chemical bondings to form Schiff bases.

Besides jute fiber groups that participate in the chitosan binding, it should be men-
tioned that the ATR-FTIR spectra of J and J2.0% CS showed bands originating from cellulose,
hemicelluloses, and lignin as the main jute fiber constituents. They are also presented in
Figure 3 and summarized in Table 1.
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Table 1. Wavenumber of IR absorption bands and their interpretation according to the
literature [19–25].

Wavenumber, cm−1 Interpretation Origin

2917, 2852 C–H stretching vibration of CH2 and CH groups cellulose and
hemicelluloses

1332, 1316, 1102 fingerprint region polysaccharides,
especially cellulose

1025 C–O stretching bond structure alcohol’s functional group

1593, 1422 aromatic skeletal
vibrations and ring breathing with C–O stretching

lignin1502, 1454 aromatic ring C = C of the phenylpropane group

1234 ring breathing of guaiacyl “G”

895 β-glycosidic linkages between the glycosidic units cellulose

The previously discussed changes in the fabrics’ surface chemistry caused by chitosan
treatment should undoubtedly affect their surface charge. Therefore, electrokinetic measure-
ments were done (Figure 4) to give information about the fabric surface charge as a function
of pH and indirectly about surface acidic-base functional groups and their reactivity in
an aqueous medium [26]. Exactly, the fabric surface charge represents a key parameter
responsible for dye adsorption, which is chosen as an indicator for polysaccharide-based
fabrics’ sorption properties. The results presented in Figure 4 revealed that after the treat-
ment with chitosan, the pH vs. zeta potential curve was shifted to higher pH values and
the fabric isoelectric point (IEP) was shifted from 2.80 to 3.52 due to the incorporation of
positively charged chitosan -NH3

+ groups (since -NH2 groups of chitosan are protonated
in acidic medium).
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The successful functionalization of jute fabrics with chitosan was confirmed through
the notable changes observed in the fabric surface chemistry and electrokinetic properties.

3.2. Moisture Sorption

Moisture sorption (Figure 5) was studied as one of the essential sorption properties
which are of great importance for the utilization of chitosan-treated jute fabrics as water-
binding geo-prebiotic polysaccharide supports. Theoretically, the moisture sorption values
provide information about the accessibility of the fibers to water vapor [27]. A high
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moisture sorption value of raw jute fabric (J) is due to the presence of hydroxyl groups
(originating from the main jute constituent, cellulose) that are capable of binding water
molecules in the jute fiber amorphous regions as well as on the crystallite surfaces [25].
As the histogram reported, chitosan-treated fabrics J0.5% CS, J1.0% CS, and J2.0% CS
possessed 39.2, 57.7, and 77.6% higher moisture sorption ability than J fabric, respectively
(Figure 5). Their enhanced moisture sorption can be attributed to the hygroscopic nature
of chitosan, i.e., a high ability of its hydroxyl and amino groups to form hydrogen bonds
with water [28]. This is additionally supported by the good linear correlation (r = 0.985)
between the fabric moisture sorption values and chitosan solution concentration used for
fabric functionalization.
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3.3. Adsorption of Reactive Orange 16 (RO 16) as an Indicator for Fabric Sorption Properties

The efficiency of the adsorption of RO 16 onto polysaccharide-based fabrics was
studied by varying the following operational parameters: initial solution’s pH, adsorbent
mass, dye initial concentration, temperature, and contact time. All these experiments were
aimed at maximizing the adsorption potential for selected textile dye.

3.3.1. Optimization of the Initial Solution’s pH to Achieve Maximum RO 16 Removal

The influence of the initial pH value on the removal/adsorption of RO 16 by different
adsorbents was already noted by many authors [29–35]. Therefore, to infer more informa-
tion about the nature of the adsorption process, the removal (in further text: R) of RO 16 by
polysaccharide-based fabrics was studied in the pH range of 2–7 by adding appropriate
amounts of 1 M HCl, or 0.1 M NaOH. As Figure 6 demonstrates, R of RO 16 by J, J0.5%
CS, J1.0% CS is the highest (accounted by about 51, 60, and 76%, respectively) at a pH 2.
Moreover, for fabric J2.0% CS, it can be stated that an optimal solution pH is 4 since there is
no significant difference between the R of dye at a pH 3 and 4 (89.6 vs. 87.6%, Figure 6),
and, additionally, the solution’s pH 4 is easier to adjust since the lower amount of HCl
needs to be added.

Since RO 16 belongs to the class of anionic dyes and is negatively charged in the
investigated pH range (2–7), it should be emphasized that different adsorption patterns of
raw and chitosan-treated jute fabrics originate solely from the changes on the adsorbent
surface caused either by the pH change or chitosan deposition. Firstly, the adsorption of
the untreated jute fabric should be taken into account. According to the zeta potential
measurements, the isoelectric point (IEP) of J is 2.80, indicating that at pH < 2.80 its surface
is positively charged, while above this value, the adsorbent surface converts to negative.
As the maximal adsorption for J is attained at pH = 2, it could be suggested that the
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adsorption is mainly governed by the electrostatic attraction between negatively charged
dye molecules and the positive jute surface. Considering that the molecular structure of
RO 16 bears numerous functional groups (Figure 1), it can be supposed that electrostatic
interactions are strengthened by multiple hydrogen bonds between dye and fabric surface
functional groups, wherein dye can act both as a donor (secondary amino or hydroxyl
groups) or acceptor (oxygen of the sulfone, sulfonyl, and carbonyl groups or nitrogen of
azo bridge) of hydrogen bonds. Nevertheless, interactions with the lignin portion of jute
fabric should not be ruled out since this polymer bears aromatic rings able to interact with
the electron-rich phenyl and naphthyl groups of RO 16 via π-π stacking interactions [36,37].
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Figure 6. The impact of the solution’s initial pH (pHi) on the removal (R) of RO 16 by different
adsorbents (c0 = 25 mg/L, t = 21 h, T = 25 ◦C, the adsorbent mass of 0.50 g).

On the other hand, after the chitosan treatment (i.e., chitosan deposition on the jute
fabric surface), it is obvious that the R of RO 16 by the jute fabric is reinforced. For all
samples, as discussed above, the optimal R of RO 16 by J0.5% CS, and J1.0% CS, is also
obtained at pH 2, as in the case of J, Figure 6. Promoted adsorption could be related to
the increased number of NH2 groups introduced with chitosan deposition [38]. These
groups are protonated in a highly acidic medium, appearing as ammonium groups (NH3

+),
increasing the electro-positivity of the adsorbent at pH 2, thus offering more active sites for
capturing negatively charged dye molecules. Further increase in chitosan concentration
(-NH3

+ groups) does not bring the enhancement of the dye removal by J1.0% CS and
J2.0% CS at pH 2, indicating fabrics’ saturation with RO 16 molecules, i.e., there is a
definite number of the fabric active sites that could be occupied by large RO 16 molecules.
According to Figure 6, it is obvious that in the case of J2.0% CS, governing mechanism that
participates in the R of RO 16 changes, as the optimal R is achieved approximately at the
fabric IEP (between pH 3 and 4, Figure 6). As IEP refers to the pH value for which a number
of positively and negatively charged fabric surface groups equals providing a formally
neutral surface, the optimal R of RO 16 by J2.0% CS in a neutral environment is due to a
governing mechanism other than electrostatic interactions. The key reason for this lies in
the chitosan structure characterized by the abundance of hydroxyl and amino groups and
high content of amorphous regions. Increasing the solution pH value causes deprotonation
of a certain number of the chitosan ammonium groups and obtaining -NH2 groups. Both
-OH and -NH2 groups are able to participate in the effective multiple interactions with
the dye molecules, such as hydrogen bonds (dipole-dipole and Yoshida), and n-π stacking
interactions between lone pairs of the oxygen and nitrogen atoms and aromatic rings
of RO 16 [39–41]. Dipole-dipole hydrogen interactions involve hydrogen atoms of -OH
and -NH2 groups interacting with the oxygen (carbonyl, sulfone, or sulfonyl groups) and
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nitrogen atoms (azo bridge), while Yoshida hydrogen bonding includes interactions of
hydrogen with RO 16 aromatic rings. Furthermore, the higher R or RO 16 by J2.0% CS
with respect to other adsorbents could also be ascribed to the higher content of amorphous
regions present on its surface originating from chitosan that facilitates the trapping of
dye molecules.

Further, an increase in the solution pH value causes the decline of the dye removal for
all samples since the adsorbent surface becomes neutralized and carries an excess negative
charge and thereby repelling the anionic dye. Since the R of RO 16 was found to be highly
pH dependent, further experiments were conducted at a pH of 2.0 (for J, J0.5% CS, and
J1.0% CS) and 4.0 (for J2.0% CS).

3.3.2. Influence of Adsorbent Mass on Dye Removal and Fabrics’ Adsorption Potential for
RO 16

The effect of adsorbent mass on the R of RO 16 and fabrics’ adsorption potential (in
further text: q) for the same dye was investigated by putting 100 mL of RO 16 aqueous
solution (c0 = 25 mg/L) in contact with different amounts (0.25, 0.50, 0.75, or 1.00 g) of raw
or chitosan treated jute fabrics. The results presented in Figure 7a show that increments
of the adsorbent mass (with the exception of J2.0% CS) give rise to an increase in dye
R. The different shape of J2.0% CS curve is the consequence of different dye-binding
mechanisms, reflecting different interactions between dye molecules and fabric surface,
which is described further. By increasing the adsorbent mass by 4 times (from 0.25 to 1.00 g),
the dye R by J, J0.5% CS, J1.0% CS, and J2.0% CS increased for 2.3, 2.0, 1.4, and 1.8 times,
respectively. This behavior is expected since, with increasing the adsorbent mass, there is a
higher number of available adsorption sites capable of interacting with RO 16, leading to
the augmentation in the extent of dye removal [42,43].
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Figure 7. The effect of adsorbent mass on: (a) RO 16 removal (R) and (b) adsorption potential (q) of
studied adsorbents (c0 = 25 mg/L, t = 21 h, T = 25 ◦C, pH of 2.0 (for J, J0.5% CS, and J1.0% CS) and
4.0 (for J2.0% CS), the mass of adsorbent 0.25–1.00 g).

Although the R of RO 16 increased with increasing the adsorbent mass, the fabrics’
q conversely declined (Figure 7b). This downward trend can be explained by the fact
that when larger amounts of adsorbent are used, the fabrics’ adsorption sites remain
partially unsaturated during the adsorption process in the presence of constant solution
volume, resulting in reduced q [44]. Similar observations for the adsorbent mass vs. R of
RO 16 and adsorbent mass vs. q have been reported for different lignocellulosic-based
adsorbents [29,30,33,45,46].
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From Figure 7b, it is apparent that when 0.25 g of J, J0.5% CS, J1.0% CS, or J2.0% CS
was immersed in 100 mL of RO 16 aqueous solution, fabrics’ q accounted for 3.49, 4.09, 6.15,
and 5.08 mg/g, respectively. Based on the findings of this section, in further experiments,
the adsorbent mass of 0.25 g was fixed for effective dye adsorption.

3.3.3. Isotherm Experiments

After adopting the previously optimized pH and adsorbent dose, isotherm studies
were carried out to gain insights into the distribution of adsorbate at the adsorbent-solution
interface [47]. For that purpose, 100 mL of RO 16 aqueous solution of defined concentration
(25, 50, 75, or 100 mg/L) was agitated with studied polysaccharide-based fabrics for 21 h.
Thereafter, the q of each fabric was calculated and presented in Figure 8. Obtained results
revealed that with the increase in initial RO 16 concentration from 25 to 100 mg/L, the
amount of dye adsorbed per gram J, J0.5% CS, or J1.0% CS, increased from 3.49 to 5.22,
4.09 to 7.89, and 6.15 to 11.77 mg/g, respectively. This trend is attributed to the intensified
collision among the dye molecules and adsorbent and lower mass transfer resistance at high
dye concentrations, both contributing to an increased fabrics’ q [33,48,49]. Unexpectedly,
fabric J2.0% CS showed the opposite trend. Its q decreased from 5.08 down to 2.85 mg/g
with increasing the initial RO 16 concentration (Figure 8), which can be attributed to a
high mass of chitosan per mass of fabric and governing binding mechanisms other than
electrostatic interactions, as it was explained above. It is good to mention that at the initial
dye concentration of 50–100 mg/L, among all tested fabrics, the lowest q is observed for
fabric J, which was improved after the treatment with 0.5 or 1.0% chitosan. When the initial
dye’s concentration was set at 100 mg/L, by increasing the chitosan percentage from 0 to
0.5 and 1.0, q of J0.5% CS and J1.0% CS increased by 1.5 and 2.2 times, respectively. For
both J0.5% CS and J1.0% CS, favorable concave-shaped isotherms without strict plateau
were observed, indicating their higher affinity for RO 16 and a saturation trend at high dye
concentrations [32].
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Figure 8. The effect of initial RO 16 concentration (c0) on the adsorption potential (q) of raw and
chitosan-treated fabrics (c0 = 25, 50, 75, or 100 mg/L, t = 21 h, T = 25 ◦C, pH of 2.0 (for J, J0.5% CS,
and J1.0% CS) and 4.0 (for J2.0% CS), the mass of adsorbent 0.25 g).

The data presented in Figure 8 were modeled using linearized forms of Langmuir
and Freundlich isotherm models (Figure 1), and the isotherm parameters calculated from
the intercepts and slopes of the corresponding linear plots (Figure 9) are listed in Table 2.
The values of the correlation coefficients (R2) were compared, and it was found that the
adsorption of RO 16 onto studied fabrics was better represented by the Langmuir than
by the Freundlich isotherm (R2 = 0.996–0.999 vs. 0.914–0.986). The applicability of the
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Langmuir isotherm model means that the adsorption occurs at specific, energetically
equivalent sites of the fabric with monolayer coverage of the dye over a homogeneous
adsorbent surface [36]. This model was also found suitable for describing the adsorption of
RO 16 onto corn cob [32], ethylenediamine modified rice hull [50], cotton fabric loaded with
metal-organic frame material UiO-66 [48], phosphoric acid activated carbon from Melia
azedarach waste sawdust [29], jute stick activated carbon [33], and waste sunflower seed
shells [32].
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Table 2. Isotherm parameters for RO 16 adsorption onto studied adsorbents.

Adsorption
Isotherm

Isotherm
Parameters

Adsorbents

J J0.5% CS J1.0% CS J2.0% CS

Langmuir KL 0.008 0.044 0.080 −0.093
qm 5.996 10.128 14.075 2.525

Freundlich Kf 1.719 1.394 2.838 15.035
1/n 0.254 0.404 0.351 −0.375

KL (L/mg) is Langmuir constant, Kf (mg/g)/(L/mg)1/n is Freundlich constant, and 1/n is a constant related to
the fabric surface heterogeneity.

It should not be neglected that the Langmuir model allows the calculation of the
Langmuir constant, KL, and adsorbent maximum adsorption capacity, qm (Table 2). Much
higher KL values observed for J1.0% CS than for other fabrics suggest a stronger interaction
between that fabric and RO 16 than between other fabrics and dye. Furthermore, based on
the results listed in Table 2, it is evident that fabrics treated with 0.5 or 1.0% chitosan are
characterized by 1.7 or 2.3 times higher qm than untreated fabric. The situation is different
in the case of J2.0% CS. The theoretical monolayer maximum adsorption capacity of this
fabric accounted for 2.525 after the chitosan treatment due to the previously discussed
higher content of chitosan on the fabric surface as well as a different binding mechanism.

Parameter qm is also very useful for the comparison of the adsorption capacities of
different adsorbents for the same dye. Besides the complicated route for obtaining cotton
fabric loaded with metal-organic frame material UiO-66, long reaction time (12 h), used toxic
DMF, and high operation temperature (80 ◦C), its qm for RO 16 is only 5.17 mg/g [48], which
is even lower than that observed for untreated jute (5.996 mg/g, Table 2). Furthermore,
although activated carbons studied in the earlier literature [28,33] have higher qm for RO 16,
they cannot compete with J1.0% CS since during their preparation, high temperatures
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and non-environmental friendly chemicals (like 85% ortho-phosphoric acid) were used,
raising the question regarding the adsorbent cost-effectiveness. The economic impact of
the proposed approach can be considered beneficial for possible real applications since
the associated costs are very low because 1.0% of chitosan solution was used for the
functionalization of fabric that possessed the highest q for RO 16.

3.3.4. Thermodynamic Studies

It is well known that thermodynamic experiments are important for probing the nature
and mechanism of dye adsorption [48], hence, the impact of different temperatures (25,
35, 45, and 55 ◦C) on RO 16 adsorption onto investigated fabrics was examined. The data
shown in Figure 10 point out that temperature has two different effects on the q of fabrics.
Namely, with increasing the temperature from 25 to 55 ◦C, q of J, J.05% CS, and J1.0% CS
decreased by about 46, 43, and 39%, respectively. It has been reported that an increase in
the temperature beyond an optimum value can lead to the breakdown of weak interaction
forces that are involved in the adsorption of the dye onto the adsorbent surface [45].
Interestingly, an inverse relationship between temperature and RO 16 adsorption onto
J2.0% CS was observed. A significant increase (156%) in the q of J2.0% CS with increasing
temperature was visible in Figure 10. Similar conclusions were recently drawn by Srikantan
et al. [45] and Kheradmand et al. [30] for the adsorption of RO 16 onto sunflower hairy
roots, and lignocellulosic biomass waste supported with FeCl3/Zn(NO3)2, respectively.
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Figure 10. The influence of temperature (T) on the adsorption potential (q) of examined fabrics
(c0 = 100 mg/L, t = 21 h, T = 25, 35, 45, or 55 ◦C, pH of 2.0 (for J, J0.5% CS, and J1.0% CS) and 4.0 (for
J2.0% CS), the mass of adsorbent 0.25 g).

The data shown in Figure 10 were used for the calculation of the main thermodynamic
parameters that were employed to determine the feasibility, spontaneity, and nature of
the adsorption process by means of Gibbs free energy (∆G◦), enthalpy (∆H◦), and en-
tropy (∆S◦), respectively. The values of the calculated thermodynamic parameters are
summarized in Table 3. The obtained negative values for ∆G◦ proposed that, in the studied
temperature range, the process under examination is spontaneous and thermodynamically
feasible [51]. Moreover, the ∆G◦ values ranged between –20 and 0 kJ/mol, confirming
the weak and physical nature of the interactions between fabrics and RO 16 [52]. In the
case of the RO 16 adsorption onto J, J0.5% CS, and J1.0% CS, the process is exothermic,
i.e., thermodynamically favored at lower temperatures (as already observed in Figure 10)
and enthalpy driven since the negative ∆H◦ and ∆S◦ values were obtained, Table 3. Gradual
increase of ∆G◦ value with an increase in the temperature from 298.15 to 328.15 K supports
the dominant bonding between RO 16 and J, J0.5% CS, and J1.0% CS as was previously
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proven by the Langmuir model [34]. Contrary to the above-discussed, the positive ∆H◦

and ∆S◦ values obtained for J2.0% CS evidenced that the adsorption of RO 16 onto this
fabric is of endothermic character and some structurally-based dye-fabric complexes during
the adsorption process coupled by an increased state of randomness at the solid/liquid
interface [29]. According to Suteu et al. [32], the positive entropy reflects the release of
high amounts of water molecules due to the sorption of large hydrated dye anions onto
an adsorbent.

Table 3. Thermodynamic parameters for RO 16 adsorption onto investigated adsorbents.

Fabric Temperature, K
Thermodynamic Parameters

∆G◦, kJ/mol ∆H◦, kJ/mol ∆S◦, J/mol K

J

298.15 −10.17

−17.80 −25.81
308.15 −9.73
318.15 −9.59
328.15 −9.37

J0.5% CS

298.15 −11.39

−17.16 −19.40
308.15 −11.12
318.15 −11.02
328.15 −10.78

J1.0% CS

298.15 −12.71

−16.43 −12.58
308.15 −12.47
318.15 −12.52
328.15 −12.27

J2.0% CS

298.15 −8.53

32.14 136.52
308.15 −9.75
318.15 −11.82
328.15 −12.37

The key to different RO 16 adsorption behavior depending on temperature lies in the
different nature of binding mechanisms of J, J0.5% and J1.0% compared to J2.0% CS. In
the case of the RO 16 adsorption onto J, J0.5% CS, and J1.0% CS, electrostatic interactions
represent the main driving force for the adsorption, hence the positive charge of the fabric
surface is neutralized through the interaction with negative moieties of the dye molecules.
As the adsorption is enhanced with the increased number of NH2 groups introduced
with chitosan deposition, it is clear that the adsorption is followed by the entropy decrease
(∆S◦ < 0) since the nature of the process leads to a more ordered system, i.e., the randomness
of RO 16 binding at the solid-liquid interface decreases.

In contrast, due to the formally neutral charge surface of the J2.0% CS, the adsorption
of the RO 16 is established through various interactions other than electrostatic interactions.
As a consequence of their diversity, the interactions are established sporadically and
irregularly, and the organization of the molecules on the solid-solution interface becomes
more random, reflected as a positive value of entropy (∆S◦ > 0). In such a way, the negative
charges of the dyes are not strictly oriented to neutralize the remaining fabric’s NH3

+

groups at pH 4 (as in the case of other jute fabrics) but are mainly directed away from
the surface towards the solution preventing additional adsorption of the dye molecules
through the electrostatic repulsion. As the temperature increases, the kinetic energy of the
dyes is higher, they move faster, collide, rotate, and orientate in a more favorable way to
reduce repulsion. As a consequence, more effective interactions are established, causing
higher adsorption potential at higher temperatures.

3.3.5. Kinetic Experiments

Since the establishment of an adsorption equilibrium is one of the most important
aspects while designing an adsorption process, the effect of contact time on the q of J1.0%
CS was investigated. The UV-V absorption spectra of dye solutions were acquired at time



Appl. Sci. 2023, 13, 2512 14 of 18

intervals of 15 min up to 3 h and 30 min up to 7 h of contact time, as shown in Figure 11. It
is quite evident that the adsorption of RO 16 can be divided into three distinct phases:

(i) rapid dye adsorption during the first 2 h, adsorption process shows 79% of the
equilibrium adsorption capacity of J1.0% CS which is ascribed to a high number of
free available sites capable of binding dye molecules;

(ii) a slower rate of dye adsorption from 2 to 4.5 h reaching about 95% of the adsorbent
equilibrium adsorption capacity, an increased competition of dye molecules present
in the aqueous phase occurred as a consequence of the fewer available binding sites
on the adsorbent surface;

(iii) dye adsorption becomes negligible in the last stage from 4.5 to 7 h, ∆qt is 4.8%, so it
can be stated that equilibrium was reached after 4.5 h of contact time.

The time required for attaining adsorption equilibrium (270 min) is quite similar or
shorter when compared to other adsorbents, such as phosphoric acid activated carbon from
Melia azedarach waste sawdust [29] and waste sunflower seed shells [32].
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Figure 11. Adsorption of RO 16 onto J1.0% CS as a function of contact time, inset: Pseudo-first and
pseudo-second-order kinetic models and calculated kinetic parameters (c0 = 25 mg/L, t = 0–7 h,
T = 25 ◦C, pH of 2.0 (for J, J0.5% CS, and J1.0% CS) and 4.0 (for J2.0% CS), the mass of adsorbent
0.25 g).

To explore the kinetics involved in RO 16 adsorption, the experimental data were
fitted with pseudo-first-order and pseudo-second-order kinetic models, Figure 1. Higher
deviation of qe,cal from qe,exp and lower R2 values were observed for the pseudo-first-order
model compared to the pseudo-second-order model (∆qe = 11.7% vs. 12.1%, R2 = 0.9783 vs.
0.9987), inset of Figure 11. It thus appears that the system under study is more appropriately
described by the pseudo-second-order model, which is based on the assumption that the
rate-limiting step may be chemical sorption or chemisorption involving valency forces
through sharing or exchange of electrons between adsorbent and dye [53].

The findings of this section prove that the adsorption of selected dye can be used as an
indicator for polysaccharide-based fabrics’ sorption properties, as well as their capability
to interact with different molecules participating in different interaction mechanisms.

4. Conclusions

Raw jute fabric (J) was treated with 0.5, 1.0, or 2.0% chitosan solution (J0.5% CS, J1.0%
CS, and J2.0% CS) to improve its sorption properties which are of great importance for the
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utilization of such polysaccharide-based fabrics as water-binding geo-prebiotic supports
that should provide the necessary water for the growth of cyanobacterial biocrusts. The
fabrics’ sorption properties were assessed by the determination of moisture sorption value
and their ability to adsorb textile dye Reactive Orange 16 (RO 16). Chitosan-treated jute
fabrics possessed up to 77.6% higher moisture sorption values than J, which is owed to the
chitosan’s greater capability to form hydrogen bonding with water.

On the other hand, after the optimization of RO 16 adsorption in terms of the initial
solution’s pH (pH 4.0 was found optimal for J2.0% CS, while pH 2.0 was optimal for other
fabrics) and adsorbent mass (0.25 g for all fabrics), the effect of dye initial concentration,
temperature, and time on fabrics’ adsorption potential was investigated. With the increase
in initial RO 16 concentration from 25 to 100 mg/L, the amount of dye adsorbed per gram of
J, J0.5% CS, and J1.0% CS increased by 1.5, 1.9, and 1.9, times, respectively. Furthermore, by
increasing the chitosan percentage from 0 to 0.5, 1.0, fabric adsorption potential increased
by 1.5, and 2.2 times (initial dye concentration of 100 mg/L), respectively. The adsorption
of RO 16 onto all studied fabrics was represented by the Langmuir isotherm model with
a calculated maximum adsorption capacity of 5.996–14.075 mg/g. In the studied temper-
ature range (25 to 55 ◦C), the adsorption process under examination is spontaneous and
thermodynamically feasible. With increasing the temperature to 30 ◦C, the adsorption
potential of J, J0.5% CS, and J1.0% CS decreased by about 46, 33, and 39%, respectively;the
adsorption process is exothermic and enthalpy driven. However, an inverse relationship
between RO 16 adsorption onto J2.0% CS, initial dye concentration, and temperature was
observed. Different behavior of J, J, J0.5% CS, and J1.0% CS, on one side, and J2.0% CS, on
the other side, could be explained by the different dominant binding interactions. In the
first case, governing mechanism is ascribed to electrostatic interactions between negatively
charged dye and positively charged fabrics’ surface, while in the case of J2.0% CS at pH 4,
hydrogen bonds and stacking interactions play a major role in the adsorption of RO 16.

Concerning the contact time, adsorption of RO 16 is rapid during the first 2 h, a slower
rate of adsorption was observed between 2 and 4.5 h, after which the equilibrium was
attained. The kinetic data followed the pseudo-second-order kinetic model.

The findings of this paper confirm that the treatment with chitosan can improve the
jute fabric sorption properties. The economic impact of the proposed approach can be
considered beneficial for possible real-life applications of polysaccharide-based supports
in biocarpet engineering since the associated costs are very low as jute can be obtained as
waste material from the packaging industry while the low-cost chitosan was used in very
low concentrations (up to 2.0%).

Author Contributions: Conceptualization, A.I.; methodology, A.I. and M.M.; formal analysis, A.I.
and M.M.; writing—original draft preparation, A.I. and J.L.; writing—review and editing, J.L., L.P.,
Z.S., M.K. and J.M.; visualization, A.I. and M.M.; supervision, M.K. and J.M.; funding acquisition,
Z.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Fund of the Republic of Serbia, #7726976, Inte-
grated Strategy for Rehabilitation of Disturbed Land Surfaces and Control of Air Pollution-RECAP
and Ministry of Education, Science and Technological Development of the Republic of Serbia [Con-
tract No. 451-03-47/2023-01/200287, 451-03-47/2023-01/200135 and 451-03-47/2023-01/200161].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: A.I.: M.M., Z.S., and M.K. would like to acknowledge financial support from the
Science Fund of the Republic of Serbia, #7726976, Integrated Strategy for Rehabilitation of Disturbed
Land Surfaces and Control of Air Pollution-RECAP. The authors thank Matea Korica (Innovation
Center of the Faculty of Technology and Metallurgy, University of Belgrade) for the measurement of
fabric zeta potential.



Appl. Sci. 2023, 13, 2512 16 of 18

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reynolds, J.F.; Stafford Smith, D.M.; Lambin, E.F.; Turner, B.L.; Mortimore, M.; Batterbury, S.P.J.; Downing, T.E.; Dowlatabadi, H.;

Fernández, R.J.; Herrick, J.E.; et al. Global desertification: Building a science for dryland development. Science 2007, 316, 847–851.
[CrossRef] [PubMed]

2. Chamizo, S.; Mugnai, G.; Rossi, F.; Certini, G.; De Philippis, R. Cyanobacteria inoculation improves soil stability and fertility on
different textured soils: Gaining insights for applicability in soil restoration. Front. Environ. Sci. 2018, 6, 49. [CrossRef]

3. Rossi, F.; Li, H.; Liu, Y.; De Philippis, R. Cyanobacterial inoculation (cyanobacterisation): Perspectives for the development of
a standardized multifunctional technology for soil fertilization and desertification reversal. Earth-Sci. Rev. 2017, 171, 28–43.
[CrossRef]

4. Antoninka, A.; Faist, A.; Rodriguez-Caballero, E.; Young, K.E.; Chaudhary, V.B.; Condon, L.A.; Pyke, D.A. Biological soil crusts in
ecological restoration: Emerging research and perspectives. Restor. Ecol. 2020, 28, S3–S8. [CrossRef]

5. Roncero-Ramos, B.; Muñoz-Martín, M.A.; Cantón, Y.; Chamizo, S.; Rodríguez-Caballero, E.; Mateo, P. Land degradation effects
on composition of pioneering soil communities: An alternative successional sequence for dryland cyanobacterial biocrusts. Soil
Biol. Biochem. 2020, 146, 107824. [CrossRef]

6. Wu, Y.; Rao, B.; Wu, P.; Liu, Y.; Li, G.; Li, D. Development of artificially induced biological soil crusts in fields and their effects on
top soil. Plant Soil 2013, 370, 115–124. [CrossRef]

7. Belnap, J. Recovery rates of cryptobiotic crusts: Inoculant use and assessment methods. Great Basin Natur. 1993, 53, 89–95.
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