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The treatment of wastewater requires the use of eco-friendly and cost-efficient adsorbents. A hybrid
adsorbent film based on biodegradable polymers (poly(vinyl alcohol) (PVA) and chitosan (Ch) was
developed to remove Acid Orange 7 (AO7), an azo dye from the textile industry present in industrial
wastewaters. The polymeric absorbent material was submitted to a curing process with different time-
temperature combinations which improved its physical stability in aqueous media. This result was
supported by modulated differential scanning calorimetry (MDSC) and thermogravimetric analysis

I:[?{)V;’i‘g‘g{m (TGA). ATR-FTIR also confirmed the electrostatic interactions by hydrogen bonds between PVA and Ch, as
Biosorbent well as among the polymers and the dye. The best curing condition to reach a high removal without
Azo dye weight loss was the combination of 160°C-1h.

Chitosan Dye adsorption depended mainly on pH, adsorbent dose, contact time, temperature, and coexisting

PVA anions. The maximum removal efficiency (>91%) was achieved at pH = 2.5. The adsorption kinetics

Physical cross-linking followed the Lagergren pseudo first-order rate equation and the adsorption isotherm was best described
by the Redlich-Peterson model. As far as the authors know, the maximum adsorption capacity (Qn) of the
adsorbent film obtained in the present work is the highest value reported in literature (Qy, = 678 mg/g at
298 K and pH = 2.5). Physisorption would be the dominant mechanism at pH 4.0 while at pH 2.5 the
process was conducted by chemisorption. Regeneration studies showed that composites could be used
for five consecutive cycles without losing their adsorption capacity.

Thus, the use of the developed eco-compatible biodegradable materials would allow easy regeneration
without losing removal selectivity, a key feature in the development of environmentally friendly sorbent
materials.
© 2022 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Environmental remediation involves different issues, including
the treatment of contaminated industrial wastewater. The textile
industry is one of the most water-intensive industries [1] which
implies that a large volume of dyes and chemical waste is dis-
charged [2].
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Synthetic dyes cause a significant health threat to ecology and
humans due to their high chemical and biological oxygen demands,
carcinogenicity, mutagenicity, potential toxicity, and even terato-
genicity [3—5]. Removal of these contaminants is a challenge since
synthetic dyes exhibit high resistance to biodegradation. They not
only affect aquatic life by blocking the penetration of sunlight into
the water body and hindering photosynthesis but also the dyes
decrease the aesthetic value of the water bodies [6,7].

Azo dyes, characterized by having a chromophore azo group
(-N=N-) and an electron receptor sulfonate group ( — SO3 ), have
participation between 50 and 65% in the industry [8,9]. More
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Abbreviations and nomenclature

AFA After the first adsorption cycle

ALA After the last adsorption cycle

ALD After the last desorption cycle

ANOVA  Analysis of variance

AO7 Acid Orange 7

ATR-FTIR Attenuated total reflection-Fourier transform
infrared spectroscopy

BFA Before the first adsorption cycle

BI Browning index

CA Contact angle

Ch Chitosan

DR Dubinin-Radushkevich model

DTG First derivative of thermogravimetric analysis

E Tensile stress

MAPE Mean percentage error

MDSC Modulated differential scanning calorimetry

MSR-DK Mixed diffusion-adsorption model

NI Not identified

NR Not reported

Ps1 Pseudo-first-order

Ps2 Pseudo-second-order

PVA Poly(vinyl alcohol)

Q Adsorption capacity

Qe Adsorption capacity at equilibrium
R? Coefficient of determination

Re% Removal percentage

RH Relative humidity

RP Redlich-Peterson model

SD Standard deviation

SEM Scanning electron microscopy
Sw% Swelling degree

TGA Thermogravimetric analysis

Wp% Weight loss

b Percent elongation

%2 Chi-square error distribution parameter

specifically, acid orange 7 (AO7) is highly toxic, and its ingestion can
cause eye, skin, mucous membrane, and upper respiratory tract
irritations, nausea, headaches, dizziness, and loss of bone marrow
leading to anemia [10]. Bladder tumors may occur by exposure to 1-
amino-2-naphthol due to the reduction of AO7 [10,11]. Also, inside
the human body, AO7 can form aromatic amines which can cause
methemoglobinemia. The intermediate amines favor the oxi-
dization from the ferrous form of iron (Fe**) to the ferric state
(Fe3*) which makes the heme moiety incapable of carrying oxygen
and thus resulting in some characteristic symptoms such as
cyanosis of the lip and nose, dizziness, and weakness [10]. Several
studies have reported the development of materials for AO7 dye
removal [10,12,13].

A wide variety of technologies have been implemented to
remove synthetic dyes from wastewater, such as biological treat-
ments, coagulation/flocculation, advanced oxidation processes,
filtration processes, and electrochemical techniques [2]. However,
various inadequacies, such as high operational costs, inefficiency,
and generation of toxic byproducts, hinder the applicability of these
techniques for wastewater treatment [10].

The adsorption process is cost-effective, efficient, and easy to
implement at an industrial scale and the dye removed can be
recovered by regenerating the adsorbent material [8,14]. The
adsorption process imparts no side effects or toxicity to the water
achieving a superior removal of inorganic waste constituents as
compared with the conventional treatments. This process is
capable of removing the pollutant in its ionic or molecular form
without breaking or converting it into another product/by-product
[15].

Several studies have been carried out to develop various ad-
sorbents, such as activated carbon [16—18], metal-organic frame-
works [19], polymers [20], and zeolites [21], but the high cost and
environmental toxicity of these adsorbents limit the range of their
applicability. Therefore, there is an urgent need for alternative ad-
sorbents that are environmentally friendly, inexpensive, and widely
available [22]. According to Mittal et al. [15], a low-cost adsorbent
must be abundant in nature, a by-product or waste material from
another industry, and needs very less processing before use. In this
sense, the development of adsorbent materials composed of a bio-
based material and a synthetic biodegradable material could be an
effective strategy to improve the mechanical resistance, controlling
their water sensibility while retaining their adsorption capability.
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Chitosan (poly-f-(1 — 4)-2-amino-2-deoxy-p-glucose) is a
polysaccharide obtained by N-deacetylation of chitin (poly-f-
(1 — 4)-N-acetyl-p-glucosamine) which is extracted from fishing
industry waste [23]. Chitosan is a natural cationic polyelectrolyte
due to the presence of amino groups (NH3) when the pH of the
medium is lower than chitosan pKa (pKa = 6.2).

Chitosan (Ch) has different attributes such as low toxicity, high
biocompatibility, biodegradability, and antimicrobial properties,
among others [24,25]. This biopolymer is used for the generation of
materials and products in biomedical, cosmetic, nutraceutical, food
industries, and environmental remediation applications [24]. In
this last area, Ch is well known for the production of films/mem-
branes as adsorbent materials for synthetic dyes removal [26,27]
and other pollutants such as heavy metals [25], phosphate [28],
fluoride [29], and emergent pollutants [30].

Poly(vinyl alcohol) (PVA) is a hydrophilic biocompatible biode-
gradable polymer formed by vinyl acetate and hydrolyzed vinyl
alcohol units (hydroxyl groups available). This synthetic polymer
has high thermal stability, excellent mechanical properties, and
resistance to extreme pH conditions [31].

Different authors have mentioned chemical crosslinking [14,32]
or blending with other polymers [33,34] as strategies to improve the
performance of biosorbent materials. Similarly, Ch has been coupled
with manganese ferrite biochar [35], amidoxime [36], fluroapatite
[25], and silica/hydroxyapatite [37] to demonstrate high adsorption
capabilities along with improved adsorbent stabilities.

Furthermore, the PVA-Ch blend yields hybrid biocomposite
films with good mechanical and chemical properties due to the
formation of inter/intramolecular hydrogen bonds enhancing the
polymeric network [24,38,39], foams [40], nanoelectrospun fibers
[41], hydrogels [42], and films [33] are different PVA-Ch materials
used as efficient biosorbents for the removal of synthetic dyes.

The use of covalent crosslinkers such as glutaraldehyde or
epichlorohydrin can improve the properties related to water af-
finity (solubility and swelling) but the toxicity limits their useful-
ness in eco-friendly applications [43]. Thermal curing of PVA-Ch
materials decreases the swelling and solubility of the material,
improving the chemical and mechanical resistance [44].

To the best of our knowledge, there is hardly any study
combining the development and application of eco-friendly ma-
terials based on PVA and Ch physically crosslinked as an adsorbent
of synthetic dyes.
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Herein, a hybrid film was developed by assembling PVA and Ch
polymers. Then the biodegradable material was modified by a
curing process and used as an adsorbent of the azo-dye AO7.

The PVA-Ch film was characterized by using attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR),
scanning electron microscopy (SEM), thermal analysis (modulated
differential scanning calorimetry and thermogravimetric analysis),
water resistance (contact angle, swelling), and mechanical prop-
erties. Furthermore, from the point of view of the adsorptive ca-
pacity of PVA-Ch film against the colorant AO7, both, the
percentage removal (Re %) and adsorption capacity (Q) were
studied. The adsorption isotherms were analyzed by using different
models (Langmuir, Freundlich, Temkin, Redlich-Peterson, or
Dubinin-Radushkevich. Pseudo first order, Pseudo second order,
Elovich, intraparticle diffusion, as well as the mixed surface reac-
tion and diffusion-controlled kinetic models were tested to eval-
uate the adsorption kinetics. The effect of different competitive ions
was also studied and consecutive adsorption-desorption cycles
were carried out to evaluate the regeneration and recycling ca-
pacity of the hybrid sorbent.

2. Material and methods
2.1. Reagents

Chitosan flakes from Sigma Aldrich (St.Louis, MO, USA) with a
molecular weight of 2.83 x 10° (SD = 0.56 x 10°) g/mol and
deacetylation degree of 79.5% (SD = 2.7) were used. Poly(vinyl
alcohol) with a degree of hydrolysis of 98% and molecular weight of
7.8 x 10% g/mol supplied from Elvanol T-25 was used. Acetic acid,
sodium hydroxide, and hydrochloric acid were acquired by Anedra
(Buenos Aires, Argentina). Potassium chloride, potassium nitrate,
potassium sulfate, and potassium carbonate were supplied by
BioPack (Buenos Aires, Argentina). Acid Orange 7 azo dye was
provided by Chromeco S.A (Gral. Pacheco, Argentina).

2.2. Preparation of hybrid biosorbent films

The biosorbent material formed from hybrid films of the PVA-Ch
blend was obtained using a 10% (w/v) solution of PVA and 2% (w/v)
Ch. The Ch solution was prepared by dissolving Ch flakes in 1% (v/v)
acetic and PVA was solubilized in water at 90°C for 5 h. The fil-
mogenic solution was a blend of PVA-Ch using the proportion 60/
40 (w/w) of the polymeric solutions.

The PVA-Ch blend was kept under constant agitation at 300 rev/
min using a magnetic hot plate stirrer IKA model RET CV C (IKA Lab,
Germany) at 25°C for 8 h. PVA-Ch hybrid films were obtained by the
casting technique. For this purpose, the polymeric blend was
disposed over rectangular acrylic plates; the amount of polymer
solution corresponded to a solids ratio of 16.1 mg/cm?. The plates
were then dried at 37°C for 24 h using a forced convection oven
model DGH-9123A (Shanghai Fengling Lab. Inst. Co., Ltd China)
until a constant weight was reached. Before characterization and
use, films were conditioned at 20°C and 60% relative humidity (RH).

2.3. Thermal curing treatments

Physical stabilization of PVA-Ch hybrid films was carried out by
a thermal curing process using a forced convection oven DGH-
9123A (Shanghai Fengling Lab. Inst. Co., Ltd China). Two tempera-
tures (120°C and 160°C) and three curing times (1, 3, and 6 h) were
tested. After the thermal treatment, the films were stored in
airtight containers at 20°C and 65% RH prior to the subsequent
tests.
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2.4. Hybrid biosorbent film characterization

Physical properties of the biosorbent films such as weight loss
(Wr%) and swelling degree (Sw%) were determined. A 2 x 2 cm film
sample was placed in 50 mL of distilled water and kept under
constant agitation in a temperature-controlled orbital shaker
MAXQ 400 model SHKA4000-1CE (Barhstead, USA) for 5 h at 25°C.
With the obtained results, Wi% and Sw% were determined ac-
cording to Equations (1) and (2), respectively.

W, %= (M) % 100
mg

(1)

my — My
0

5w%:( ) x 100 (2)

where, mg corresponds to the initial weight of the dry film, my, is
the weight of the wet film after the test, and myg is the weight of the
dry film at the final time.

The surface hydrophobicity (contact angle (CA)) of the material
at room temperature was determined with a Ramé-Hart Model 550
goniometer (Ramé-Har Instrument Co., United States).

Film color was measured by using a Minolta colorimeter model
CR 400 Series (Minolta Chroma Co, Japan). The CIELab scale was
used to measure lightness (L*) and the chromatic coordinates/pa-
rameters a* and b*. For each film, before and after the thermal
curing process, the browning index (BI) was calculated by Equation
(3) [45].

b [100(m—0.31)] .
0.172

Mechanical properties were established by tensile testing using
a TAX texturometer model T2i (Stable Micro Systems, England),
equipped with an A/TG tensile gripping system at a constant rate
(0.5 mm/s). The tensile testing allowed obtaining curves of tensile
force (MPa) vs deformation (mm). These variables were analyzed
using Texture Expert V.1.22 software calculating the tensile stress
(E) and elongation % (e:%).

The interactions between the functional groups of the films
were analyzed through Fourier transforms infrared spectroscopy
technique using a Thermo Nicolet FTIR spectrometer Model iS10
(ThermoScientific, USA), coupled to a diamond attenuated total
reflection (ATR) accessory (nominal angle of incidence = 42°). ATR-
FTIR spectra were obtained in absorbance mode with 4 cm™!
spectral resolution and 32 scans in the range of 400—4000 cm™!
and analyzed using Omnic 8 software (ThermoScientific). The sur-
face and cross-sectional morphology of the biosorbent films was
observed by scanning electron microscopy (SEM) using an FEI mi-
croscope model Quanta 200 (The Netherlands).

Thermal analysis of the material was carried out using ther-
mogravimetric analysis (TGA) and modulated differential scanning
calorimetry (MDSC). TGA was conducted in a thermogravimetric
analyzer STA Thermo Plus model EVO2 (Rigaku, Japan) at a rate of
10°C/ min until 700°C. Dynamic N, inert atmosphere and
aluminum capsules were used. MDSC was carried out using a
controlled DSC model Q100 (TA Instruments, New Castle, Delaware,
USA) and the heating rate was 10°C/min until 300°C.

a"+1,75L

2.5. Batch adsorption tests for the removal of the Acid Orange 7 dye

The adsorption experiments were carried out in batch tests
evaluating different factors such as the effect of the thermal
treatment on the material, the dosage of the adsorbent material,
and the pH of the medium. For these cases, the removal percentage
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(Re%) and the adsorption capacity (Q) achieved by the hybrid bio-
sorbents were calculated using Egs. (4) and (5), respectively.
G —Ce

Re%——1_ -t

@ x 100

(4)

(G -Gy

W x 'V

Q= (5)
where, C; is the initial concentration of the dye in the solution (mg/
L), C¢is the concentration at a given time after starting the process;
V is the volume of the solution (L) and W is the film weight (g).
When the adsorption equilibrium was reached, C; was replaced by
Ce (dye concentration at equilibrium (mg/L)), in Egs. (4) and (5).

Acid Orange 7 (AO) azo dye was selected (CAS Number 633-96-
5; MW = 350.32 g/mol) for the experimental assay. The experi-
mental conditions to evaluate the effect of thermal curing in the
adsorption process were: V = 10 mL, C; = 45 mg/L, agitation speed:
150 rev/min, T = 25°C and adsorbent dose = 0.8¢ fiim/Ldye solution;
for these tests, the pH of the medium was adjusted to 4.0 since in
previous studies it was reported that Ch-based materials present
the maximum Re% at this pH [46,47].

After selecting the most appropriate thermal curing procedures,
the effects of different experimental sorption conditions, such as
adsorbent dose, pH values, and temperature variation, were eval-
uated. Adsorbent doses ranged from 0.6 to 18.2 g fiim/Ldye solution; N
all experiments, pH was adjusted with hydrochloric acid and 0.1 N
sodium hydroxide ranging from 2.5 to 11. The experimental con-
ditions were: V = 10 mL, C; = 25 mg/L, agitation speed: 150 rev/min,
and T = 25°C. In addition, the temperature ranged from 25 to 45°C
for the following experimental conditions: V = 10 mL, C; = 400 mg/
L, agitation speed 150 rev/min.

For the adsorption tests, the ionic strength was controlled using
a potassium chloride solution (1 mM), and the electrical conduc-
tivity was determined with a Seven conductivity meter model
Multi S47 (Mettler Toledo, Switzerland) equipped with a cond
probe InLab model 738 ISM (InLab, USA). The final dye concentra-
tion was recorded by using a UV-visible Spectrophotometer Hach
model DR 2800 (Hach, USA) at a wavelength of 484 nm.

2.6. Study of equilibrium isotherm and adsorption kinetics

To analyze the equilibrium isotherm and adsorption kinetics,
the adsorption capacity (Q) of the PVA-Ch hybrid biosorbent was
determined by Eq. (5). When the test times were long and equi-
librium was reached Q was denoted as Q..

The equilibrium adsorption isotherms of AO7 onto PVA-Ch films
were determined using different initial concentrations of AO7
(Ci = 45—1100 mg/L). The results were analyzed using Langmuir,
Freundlich, Redlich-Peterson (RP), and Dubinin-Radushkevich (DR)
models.

To analyze the results of the adsorption kinetics at 298 K,
pseudo-first-order (Ps1), pseudo-second-order (Ps2), Elovich, and
mixed diffusion-adsorption (MSR-DK) models were used. The
experimental conditions to determine the isotherm and kinetics
were: an initial concentration of AO7 of 45 mg/L, 150 rev/min, and a
volume of 10 mL.

2.7. Effect of competitive ions

The effect of different competitive ions and changes of ionic
strength on the adsorption process were evaluated. The tested ions
were Cl-, NO3~, SO4%~, and HCO3™~ at a concentration of 25 mmol/L.
In all cases, the solutions were prepared with Milli-Q water. The C;
of the dye was 170 mg/L and the salts used were potassium chloride
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(KCI), potassium nitrate (KNOs3), potassium sulfate (K2SO4), and
potassium carbonate (KCO3).

2.8. Regeneration and reuse of biosorbent hybrid material

Five consecutive desorption/adsorption cycles were performed.
During the desorption (regeneration) step, PVA-Ch film saturated
with the dye was placed in contact with Milli-Q water (10 mL) under
alkaline conditions (pH = 12). The regenerated PVA-Ch film was dried
in a forced convection oven at 37°C until reaching a constant weight.
In the adsorption stage, the regenerated PVA-Ch film was kept in
contact with the AO7 solution (C; = 300 mg/L; V = 10 mL; T = 25°C).
Five adsorption/desorption cycles were completed. At the end of each
stage, the adsorbent film was characterized by mechanical properties
(E, £%), contact angle (CA), and browning index (BI).

2.9. Statistical analysis

Analysis of variance (ANOVA) was performed using InfoStat
software (National University of Cordoba, Argentina); means were
compared using Fisher's LSD test (95% confidence level (p < 0.05)).
Origin-Pro 8 software (Origin Lab Corporation, Northampton, MA,
U.S.A.) was used to evaluate the different mathematical models
describing adsorption kinetics, thermodynamics, and equilibrium
isotherms. The goodness of fit of the nonlinear models was per-
formed by analyzing the mean percentage error (MAPE), the coef-
ficient of determination (R?), and the chi-square error distribution
parameter (%2). x?> and MAPE were determined using Eqs. (6) and
(7), respectively, where ye is the experimental value and yj, is the
predicted value.

MAPE — Z‘ <Ye an) /Ye

(e -v)’

Yp

x 100 (6)

=3 (7)

3. Results and discussion
3.1. Effect of thermal curing on physical properties of hybrid films

PVA-Ch films with a thickness of 137.7 uym (SD = 24.1) were
obtained. These films were exposed to thermal curing treatments at
different temperatures (120°C and 160°C) and times (1, 3, and 6 h).
Table 1 shows the results of the different parameters obtained from
the characterization of the properties and the photographs of the
samples.

Aycan et al. [48] reported that 60/40 (PVA-Ch) ratios are the
most appropriate to obtain materials to retain film structure in
solution and film flexibility. Sw% and W% obtained for PVA-Ch
control film (without heat treatment)showed complete dissolu-
tion of the material after 5 h of testing which makes it undesirable
for its use as biosorbent. In contrast, when the films were submitted
to a thermal treatment, W% decreased showing the lowest values
for a curing temperature of 160°C irrespective of the treatment
time (Table 1). Meanwhile, Sw% exhibited the lowest values for a
temperature-time combination of 160 °C-6h (Table 1). These results
suggested that the polymeric structure of the hybrid matrix was
drastically modified by the thermal curing process.

The physical stability (insolubilization) of the hybrid material
and the swelling decrease after thermal treatments could be
explained due to hydrogen bond-type interactions between PVA
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Table 1
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Characterization of hybrid films without heat treatment (PVA-Ch) and after the curing at 120°C and 160°C, showing contact angle (CA), swelling (Sw%), weight loss (W %),
tensile strength (E), elongation (e;%), browning index (BI), removal percentage (Re%), and adsorption capacity (Q).

CA (%) Sw¥% W% E (MPa) % BI Film photography  Adsorption properties
Re% Q (mg/g)
PVA/Ch 78.1 (0.4)2 y - - 41.9(3.97 114.0(6.2)° 8.05(1.43) - -
1200C  1h 77.9(3.9)° - 621(65)°  12.1(3.9)° 57.3(9.8)° 98.0(9.6)  20.50 (0.63) 80.4 (1.8)° 116.7 (4.9)°
3h 733(44)° gmy 442 (11)¢  6.7(0.8)° 57.6 (45)° 91.5(9.7)°  35.63 (2.14)° 823 (0.8)° 1194 (5.8)°
6h 683 (5.8)¢ - 3 (149 8.7(0.3)° 58.9 (9.6)° 895(9.9)°  88.34(4.37) 90.2 (1.2)¢  130.9 (6.9)¢
160°C 1h 598(66)° gy 754 (21> 0.017 (0.008)* 53.1(9.6)° 80.6(8.2)°  107.62 (5.10)° . 91.1 (149 1323 (9.2)¢
3h  498(13)° g 794(9) 0.018 (0.003)* 583 (6.0)° 78.2(49)° 19559 (7.33)f . 60.3 (0.2)> 87.6(1.6)°
6h 371320 _ommm 47077 0.015 (0.001)* 46.0 (5.0 16.7 (6.2) 449 (047 652 (137

273.39 (43.58)¢ .

Reported values correspond to the mean, in parentheses standard deviation.

abpifferent lower case letters indicate significant differences between column values (Fisher LSD comparison test, p < 0.05).

and Ch. Thermal treatment is efficient in comparison to other types
of chemical crosslinkers. Cay et al. [49] informed that for PVA-Ch
nanofibers treated for 3 h at 180°C, the Sw% was 310 %. This value
is lower than those obtained with other crosslinkers such as
methanol (Sw% = 700) and glutaraldehyde (Sw% = 800), and there
was no significant weight loss of the material. Xianda and Anlai [50]
informed that for PVA films, the thermal treatment generated a
decrease in the hygroscopicity of the material due to a decrease in
the permeability of water vapor. Aycan et al. [48] found that the
physical treatment generated a greater decrease in Sw¥% for a curing
temperature of 160°C compared to the chemical crosslinking with
genipin.

The hybrid blend is composed of two polymers, Ch which is
insoluble in water at neutral pH, and highly hydrophilic PVA,
therefore the surface hygroscopicity of the material would be
largely provided by PVA [51]. In the case of the control film (PVA-Ch
without thermal treatment), a higher contact angle (CA) was ob-
tained compared to the films submitted to thermal curing treat-
ments (p < 0.05). Given that CA is a surface property, the nature of
the interaction between the film and the water droplet was
involved. The thermal treatment may contribute to the reor-
ientation of the polar functional groups onto the surface due to the
polymeric rearrangement reactions. The decrease of CA in PVA-Ch
films was due to the existence of polar groups on the surface of
the materials. According to Chen et al. [52], the PVA-Ch films with a
higher PVA content showed a lower CA.

Table 2 shows photographs taken at different times of the CA
evolution. In the case of films without thermal treatment, a decrease
in the CA was obtained after 30 min of testing, because this material
increased its humectability. Moreover, it was found that between 60
and 90 min, the drop of water generated the collapse of the material
surface due to a solubilization process. On the contrary, the CA of the
sample previously exposed to 160°C-1h did not change in the first
30 min (p < 0.05) but after 60 min swelling of the film was observed,
indicating that the curing treatment helped to prevent the structural
collapse of the hybrid film.

Tensile tests were performed on PVA-Ch control and PVA-Ch
films submitted to the curing process. From the mechanical pro-
files, the tensile stress (E) and percent elongation (e;%) of the
samples were calculated. The results are presented in Table 1. Some
authors have mentioned that the PVA-Ch blend generated films
with higher tensile strength compared to control PVA-Ch films
[53,54]. This phenomenon was due to the intermolecular in-
teractions between the polymeric chains of the free hydroxyl
groups (-OH) of PVA, where hydrogen is an electron acceptor, and
the amino protonated (-NH3™) (as electron donors) and hydroxyl
groups from Ch [55].

On the other hand, the addition of PVA provided elastic
properties to the rigid Ch film. In the case of control PVA-Ch, the
highest value of &% was obtained, which decreased as the in-
tensity of the thermal treatment increased. In this way, in films
submitted to the treatment of 160°C-6 h, % presented the lowest
value (p < 0.05) since the thermal over-treatment established
polymeric interactions between the constituents resulting in a
rigid material. The intensity of the thermal curing led to an in-
crease in E. When crosslinking occurs, the reduction of the chain
mobility forms a three-dimensional network with greater poly-
meric interactions [48] and the intermolecular forces became
dominant. In the case of the highest curing intensity (160°C-6 h),
both E and e% significantly diminished as a consequence of
possible degradation of the matrix.

Using the chromatic parameters, the BI values calculated for the
samples are presented in Table 1. As the intensity of the treatment
increased, the BI increased, indicating that the physical appearance
of the film changed becoming browner compared to the PVA-Ch
control film. This change occurred because of the browning re-
actions and can be attributed to the compounds present in the
biopolymer matrices and the high temperatures applied. The pho-
tographs (Table 1) show the physical appearance of the hybrid films
after the thermal curing process. Cay et al. [49] reported that the
alteration of the ordering of the polymeric chains increased with the
treatment time leading to the breaking of the polymeric chains when
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Photographs obtained of the surface interaction between the water droplet and the hybrid film without heat treatment (PVA-Ch) and exposed to thermal curing at 160°C and
1 h. Reported values correspond to the mean, in parentheses standard deviation. Different lower case letters indicate significant differences between row values (Fisher

comparison test LSD, p < 0.05). ND= No detected.

t =60 min t =90 min

t=0 t = 30 min
PVA-Ch a

78.1° (0.4) 48.2° (0.1)°
160°C-1h

45.1° (0.05) 44.8° (0.05)

v = N

_‘.-_
—
ND ND
e i
ND ND

the degradation of the network was reached. This finding supported
the obtained results of the mechanical properties.

3.2. Microstructural and morphology characterization of the hybrid
film

3.2.1. ATR-FTIR analysis

ATR-FTIR spectra (Fig. 1-a) of the hybrid films were obtained,
before and after the thermal curing process. In all spectra, the
characteristic peak of hydrogen bridges established among the
hydroxyl groups of the C2 and C3 of chitosan and the hydroxyl
groups of PVA was observed at 3252 cm™! [56,57].

The PVA-Ch control film showed bands at1646 cm™! attributed
to the stretching of the C=0 carbonyl group of amide-I and the
vibrations of amide-I, 1562 cm~! assigned to the bending vibration
of the amide-II group, which overlaps with the bending of the
amino group at 1549 cm~ . At 1414 cm ™! the signal characteristic of
the interactions between the PVA and Ch affecting the C—H
vibrational motion of the PVA [58] band at 1142 cm™!associated
with the crystalline structure of PVA were also observed [49].

The ATR-FTIR spectra of the PVA-Ch films, after the thermal
curing process (Fig. 1-a), showed significant changes regarding the
control film. The characteristic peaks at 2949 cm™~! and 2854 cm™!
were due to the asymmetric and symmetric stretching vibration of
the —CH, group of the PVA-Ch blend. As the curing time and
temperature increased, the signal at 2949 cm~! became more
pronounced and shifted to 2913 cm ™.

The peak at 1745 cm~! was assigned to the physical cross-
linking of PVA [59]. This signal characteristic of the non-

hydrolyzed ester bonds of the polyvinyl acetate chain (C=O0)
experienced a break during the curing process, decreasing for the
160°C-6h treatment (Fig. 1-a).

The band at 1562 cm™}, attributed to the bending vibration of
the amide-II group of Ch, decreased during the curing treatment
indicating that the amino groups of the chitosan were not present.
Similar results have been reported by Rivero et al. [60].

The bands located at 1424 cm~! and 1336 cm™! corresponding
to the C—H vibrational motion [56] and the —CH, linking —OH
group [61], shifted toward lower wavelengths due to hydrogen
bonding between the Ch and the PVA [56].

The signal at 1147 cm™! attributed to the stretching of groups
that make up the crystalline structure of PVA [62] became more
evident at higher temperatures. Meanwhile, the reduction of the
signal intensity and broadening of the peak at 1088 cm™! was due
to the crosslinking of the PVA polymeric network [55].

3.2.2. SEM observation

SEM cross-section micrographs of the films exposed to thermal
curing as well as the control film are shown in Fig. 1b—e. Fig. 1-e
exhibits the film exposed to the most extreme treatment (160°C for
6 h) showing the complete loss of the porous structure that in-
terconnects the inner part of the material. For this curing condition,
the lowest degree of Sw% was obtained (Table 1). Consequently, the
prolonged exposure of the material to the curing treatment
generated a structural morphology with low interconnectivity
without the presence of pores. This fact would explain that both the
degree of swelling and water retention were minimal. Character-
istics such as no interconnectivity and low degree of swelling are

a
PVA-Ch
s M/\/
E— 120°C-3h
Q
e
© 120°C-6h
e}
S
]
(%]
Q2
<
1 1 ya 1 1
4000 3500 3000 1500 1000

Wavenumber (cm™)

Fig. 1. Microstructural and morphology characterization of the hybrid adsorbent film a. ATR-FTIR spectra of PVA-Ch films before and after the thermal curing. SEM micrographs
obtained from cross-sections of the films: b. PVA-Ch control; after thermal curing treatments: ¢. 120°C —1 h, d. 160°C-1h, e. 160°C-6h.
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not suitable for the generation of polymer-based biosorbents since
these materials must have features like a hydrogel in aqueous
media to retain the pollutant in the bulk of the material [63].

3.3. Effect of thermal curing on the removal process of synthetic dye

The removal of AO7 from PVA-Ch films was evaluated after the
physical crosslinking process achieved by the curing treatment. In
the case of the control PVA-Ch film, adsorption tests were not
carried out because the material without physical crosslinking was
completely dissolved. Table 1 shows the adsorption properties (Re%
and Q) for the films after being subjected to the curing process, in
which it can be observed that the thermal treatment affected the
dye removal. Under extreme temperature and time conditions
(160 °C and 3—6 h) a lower Re% value was attained compared to the
other conditions. In the case of the treatment at 160°C-1h, the best
adsorption performance was comparable to that of 120°C-6h. It is
noteworthy that under these last curing conditions, the material
presented a W% higher than 8% (Table 1), indicating that this
treatment was not sufficient to give physical stability to the film.

The 160°C-1h treatment yielded the best adsorption results for
AO7 (Re% = 91.1 and Q = 132.3 mg/g). This was the best condition
used to generate a physical crosslinking process, because not only
this time-temperature combination did not compromise the
removal properties but also the adsorbent material showed a
controlled swelling. Thus, the diffusion and/or adsorption processes
of the dye molecules took place without dissolution in the aqueous
medium.

Furthermore, concerning the adsorption results, the
morphology observed by SEM (Fig. 1-d) for the 160°C-1h treatment
showed that the material conserved the porous structure, essential
in the adsorption processes. This porous morphology was lost in the
case of 160°C-6h (Fig. 1-e), and the material obtained after this
treatment presented a poor removal of AO7 of 44.9%.

The decrease of Re% for the film treated at 160°C-6h indicated
that the polymeric network lost the ability to interact with the dye
molecules, probably due to the excessive cross-linking of the
polymeric networks that did not allow the input of the adsorbate
into the film. This characteristic was accompanied by the low Sw%
obtained for this film (Sw¥% = 47%, Table 1). According to Crini et al.
[14], in highly cross-linked materials, functional properties such as
adsorption capacity decreased.

3.3.1. Thermal analysis of the films

The results obtained by thermogravimetric analysis (TGA) and
the first derivative (DTG) (Fig. 2a and b) showed three thermal
stages. During the first stage (20°-180 °C), the films submitted to
the curing process showed a higher dehydration temperature,
compared to the control film (PVA-Ch). The latter experienced a
higher weight loss (17.4%) compared to treated samples (8.1% for
160°C-1h) because the substitution of hydrogen bonds by in-
teractions between intra-polymeric —OH radicals [49] reduced the
water content.

The second thermal stage (180°-480 °C) corresponded to the
degradation of the polymeric material and the generation of the
corresponding decomposition residues [64] such as compounds
with aldehyde and alkene functional groups, which would even-
tually lead to the formation of a vinyl ester and polyene residues by
structural rearrangement [52,65]. The third stage was associated
with the total degradation of the polymers and the residual com-
pounds generated in the second stage, finally forming carbon and
hydrogen. The maximum weight losses were 97.1 and 96.5% for the
control and treated samples, respectively (Fig. 2-a).

Peaks of DTG curves indicate the temperatures of the maximum
slope of the three stages as shown in Fig. 2-b and Table 3. In the
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second and third stages, the peaks had higher intensity, which
according to Rana et al. [66] was a signal of higher thermal stability
of the matrix. In this stage, the DTG curves showed a maximum
decomposition peak at 513 °C for PVA and samples subjected to
160°C-1 h.

The modulated differential scanning calorimetry (MDSC)
allowed visualizing the glass transition temperature (Tg) of the
material from the reversible heat flow curves (Fig. 2-c). The T, after
the curing treatment, underwent a shift to a higher temperature
(p < 0.05) probably due to the crosslinking process supporting the
results obtained by ATR-FTIR and TGA.

3.4. Study of the adsorption of the dye AO7: effect of adsorbent
dose, pH, and temperature

According to the results of structural characterization, physical
stability in an aqueous medium, and adsorption performance, the
film treated at 160 °C for 1 h was selected for further analysis. Fig. 3
shows the effects of the adsorbent dose, pH value of the medium,
and temperature containing the colorant (V = 10 mL, C; = 25 mg/L)
on the adsorption capacity (Q) and the removal percentage (Re%) in
a batch test. The dose selected for the adsorption experiments was
0.8g film/Ldyesolution because, at this conditions, the highest removal
of the AO7dye (Fig. 3-a) was reached (Re% = 95.1% (SD = 0.4)) in
comparison to 0.6 g/L (Re% = 85.1% (SD = 1.8)).

Fig. 3-b shows that pH is a critical parameter in the removal
process and affects the adsorption capacity of the material, hence as
pH decreased the dye removal increased. At pH 2.5, the capacity of
the material increased significantly compared to the other pH
values (p < 0.05). At this condition, the film did not experience
weight losses (W% = 0.007 at pH = 2.5) indicating the cross-
linking of the polymeric network and the stabilization of the ma-
terial under acidic conditions. In this medium, it would expect the
dissolution of the material due to the pKa of chitosan
(pKa = 6.3—6.5) [24]. Furthermore, at acidic pH, chitosan has highly
protonated amino groups (NH3), which generates the appropriate
conditions for the interaction with the anionic groups of the dye
(sulfonate and hydroxyl groups).

The pKas of the dye AO7 are 10.6 and 1 [67], indicating that in an
aqueous solution, it can exist in three species:i) at pH lower than 1
the molecule is doubly protonated (H,L), ii) in pH range between 1
and 10.6 the molecule is mono protonated (HL™), and iii) at pH
higher than 10.6 the molecule is not protonated (L?>~). The equi-
librium speciation of AQ7 is given by:

L2~ +H" -»HL™ pKa=10.6 (8)

HL +H" o H,LpKa =1 (9)

At pH = 2.5, when the maximum adsorption occurred (Fig. 3-b),
the predominance of HpL and HL™ species may occur. Thus, the
electrostatic attraction between the dye molecules and the func-
tional groups involved in the removal of the sorbent material
increased [67]. The decrease in the removal percentage at alkaline
pH values was due to the coexistence of two facts, the amine groups
of chitosan are deprotonated (NH;). This phenomenon can be
explained by the competition between the negative charges pro-
vided by dye molecules and hydroxyl groups for the positive sites of
the sorbent material under alkaline conditions.

The photographs in Fig. 3-c show the physically crosslinked
hybrid film before and after the AO7 adsorption assay at pH = 2.5,
acquiring the color of the dye in the solution. In addition, after the
adsorption assay, the material exhibited physical integrity, retained
its structure, and did not show weight loss.



J. Perez-Calderon, D.A. Marin-Silva, N. Zaritzky et al.

Advanced Industrial and Engineering Polymer Research 6 (2023) 239—254

100
a —— PVA<Ch b
80 g — 160°C-1h 344 30¢
X
IS =
< 60 <
= 50
. (7]
.20 2
9 40 o
= ®
2
20 o
—— PVA-Ch o
—— 160°C-1h 98.4°C 513.2°C
O L 1 1 1 1 L L 1 S 1 1 ik &
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (°C)

Temperature (°C)

Cc

3 97.1°C
3 —\*/—\
2
2
S
=
S 105.9°C
<
3 4\/‘\\
(]
o

—— 160°C-1h

—— PVA-Ch

80 100 120 140

Temperature (°C)

Fig. 2. Thermal behavior of the hybrid film without treatment (PVA-Ch) and after the treatment at 160°C-1h. The results correspond to: a. thermogravimetric analysis (TGA), b. first

derivative (DTG) of the TGA results, c. reversible heat flow in MDSC.

Table 3

Weight losses obtained from TGA and maximum temperatures from DTG of hybrid films corresponding to the different stages of the degradation process.

I stage (20—180°C)

Il stage (180—480°C)

Il stage (480—620°C) Residual weight (%)

Tmax (°C) Weight loss (%) Tmax (°C) Weight loss (%) Tmax (°C) Weight loss (%)
PVA-Ch 88.5% 17.4¢ 31032 71.0° 513.22 8.7° 2.9°
160°C-1h 102.4° 8.1" 319.3° 76.4° 513.2% 12.0¢ 3,52
160°C-1h + AO7 107.5¢ 7.0 345.2° 77.1° — 40° 11.9°

2b Different lower case letters indicate significant differences between column values (Fisher LSD comparison test, p < 0.05).

Previous studies have demonstrated that crosslinking processes
of chitosan generate stable hydrogels in an acid medium improving
the adsorption properties of the material. Chitosan hydrogels,
ionically crosslinked by oxalic acid at pH 2.5, achieved the highest Q
and Re% for the adsorption of the azo-dye Reactive Red 195 [68].
Physical crosslinking (thermal curing) has not been reported so far
to generate a polymeric stabilization of matrices composed of Ch
and PVA, making it possible to obtain materials with better
adsorbent properties and physical stability at acidic pH. Similar
results were informed for AO7 removal by polypyrrole/nanosilica
composite [69], kenyan tea pulps in the granular form [70],
aluminum oxide nanoparticles [71], and sugarcane bagasse modi-
fied with cetylpyridinium bromide [67].

Fig. 3-d shows the results of the adsorption temperature at the
pH of maximum adsorption (pH = 2.5, Fig. 3-b). The adsorption
process was less efficient with increasing temperature due to the
decrease in Q and Re%. Akazdam et al. [72] obtained similar results
for the adsorption of AO7 onto Amberlite FPA-98 resin. In the case
of chitosan adsorbent films, Dotto et al. [73] reported the same
tendency for the adsorption of the dye Acid Red 18.
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3.5. Adsorption kinetics

Different pH values (2.5 and 4.0) were studied to know the effect
on the adsorption kinetics. The experimental results were analyzed
mathematically using pseudo-first-order (Ps1 Order), pseudo-
second-order (Ps2 Order), Elovich, intraparticle diffusion, and
mixed diffusion and adsorption (MSR-DCK) models applying non-
linear regressions. The equations of each model are shown in Table 4.

Fig. 4-a shows the results of the adsorption kinetics, in which it
can be observed that at pH = 2.5, the adsorption capacity at equi-
librium, Q. increased by 73.3% compared to the process at pH = 4.0;
the corresponding values being 348.3 mg/g and 93.7 mg/g,
respectively. These results showed that the developed material
presented physical and chemical stability in a highly acid medium
without weight loss. The pH did not affect the time to reach the
saturation and equilibrium conditions which were reached after
contact time.

Taking into account the models applied, the best fitting of the
experimental data was obtained by using the Ps.1 order model.
Table 4 shows the parameters of each evaluated model. According
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Fig. 3. Adsorption removal of AO7 dye in batch test. Effect of: a. adsorbent dose, b. pH on adsorption capacity (Q) and removal percentage (Re%), c. photographs before and after the
adsorption process of the crosslinked hybrid films. d. Effect of temperature variation on Q and Re%. Different letters in the Q bars indicate significant differences among the samples
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Table 4
Equations and parameters of the Acid Orange 7 adsorption kinetic models using PVA-Ch films crosslinked by thermal process. Conditions: C; = 300 mg/L; T = 25 °C; 150 rev/
min.

MODEL pH condition
pH =25 pH = 4.0

Ps. 1 order Q. 348.3 89.0
Q¢ = Qc(1—expkit) (10) kq 0.54 0.33

¥ 34 23

R? 0.99 0.98

MAPE 0.07 2.94
Ps. 2 order Qe 380.5 102.1

Ky Qu2.t Kk, 0.0018 0.0037

=1 5000 7 341 20

R? 0.97 0.98

MAPE 2.58 6.01
Elovich Be 0.015 0.044

1 agx10° 60.7 60.8

Q¢ = Eln(] +ag.fg.t) (12) o2 43 4

R? 0.95 0.90

MAPE 58.3 8.30
Intraparticle diffusion ki 519 17.1
Q¢ = kit®5 + ¢ (13) G 123.6 14.3

%2 2974 126

R? 0.72 0.87

MAPE 8.54 12.19
MSR-DCK k x10—2 1.06 0.0964

- exp@tHd %) _ 1 T 0.05 0.006

Q= Qem (14) 12 156 28

R? 0.98 0.97

MAPE 21.2 5.13

Units of the parameters used in the kinetic models.

t: Time [min] Qe: Adsorption capacity at equilibrium [mg/g] kq: Constants of the first order adsorption [1/min].
Kko: Constants of the second order adsorption [g/mg-min ].

o Initial adsorption rate [mg/g.min] Bg: Related to the surface coverage and activation energy [mg/g].

k;: Intraparticle diffusion [mg/(g.min®%)] ¢: Velocity model coefficient transport [mg/g].

k: Constants of the MSR-DCK model [L/mg.min] 7: Time of the process MSR-DCK model[min].

a: MSR-DCK model coefficients [mg/L] b: MSR-DCK model coefficients [1/min ]

Weq: Relative equilibrium uptake.
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Fig. 4. Experimental (dots) and predicted (lines) results for the adsorption of Acid Orange 7 dye at different pH using PVA-Ch sorbent films crosslinked at 160°C-1h: a. adsorption

kinetics and isotherms at b. pH = 2.5 and c. pH = 4.0.

to Gupta et al. [10], the Ps.1 order model was successfully used to fit
the experimental results of AO7 adsorption of bottom ash and de-
oiled soya. Wu et al. [74] reported that this model fits the adsorp-
tion of methylene blue using chitosan/cellulose nanofibers adsor-
bent films.

3.6. Adsorption isotherms

Non-linear regressions of different adsorption isotherm models
(Langmuir, Freundlich, Redlich-Peterson (RP), and Dubinin-
Radushkevich (DR) were tested (Table 5). The adsorption iso-
therms were analyzed for pH values of 2.5 and 4.0.

By applying the Langmuir model (Eq. 15, Table 5), the maximum
adsorption capacity (Qm) of the hybrid film (present work) was
678 mg/g at pH 2.5 and 273 K. Several authors have reported Q, for
AO7 dye removal. According to the reported results, Qn, of different
adsorbents materials in decreasing order were: 666 mg/g (303 K,
pH = 3.0) for granular activated carbon from spent coffee/calcium-
alginate beads [13], 486 mg/g (298K, pH = NR) for Mg—Al layered
double hydroxide composite [12], 356 mg/g (298K, pH = 2.0) onto
graphene-cetyl trimethyl ammonium bromide [8], 32.1 mg/g
(298 K, pH = 3.0) by using ZnO nanoparticles [75], and 12.5 mg/g
(303 K, pH = 2.0) for bottom ash [10]. Thus adsorption results for
the developed PVA-Ch films crosslinked by thermal treatment
showed the highest value of Q, (0.678 mg/g).

The heterogeneity factor (n) determined using the Freundlich
model (Eq. 16, Table 5) indicated the favorability of the adsorption
process. If n < 1, the adsorption process is poor and unfavorable,
while n > 1 indicates favorable adsorption conditions [76]. As can
be seen in Table 5, the parameter n calculated for all the cases
indicated that the process was favorable.
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The DR model assumes two possible mechanisms (physical or
chemical) to explain the adsorption process; Eq. 17 in Table 4 rep-
resents this model, where ¢ (kJ/mol) is Polanyi's potential, Qpg is the
adsorption capacity from the DR model, and Bpg is the constant
related to the adsorption energy. ¢ is calculated using Eq. 17-1
where R represents the gas constant (8.314 x 10> kJ/K.mol) and T
is the absolute temperature (K). From the value of Bpg (determined
by regression Eq. 17) it was possible to calculate the average free
adsorption energy (E, kJ/mol) using Eq. 17-2, where E defines the
mechanism of adsorption: chemisorption (E > 8 kJ/mol) or phys-
isorption (E < 8 kJ/mol) [77].

The RP model is described in Eq. 18 (Table 5), where Kgp(L/g) and
arp (L/mg) are the isotherm constants and Bgp is an exponent with
values between 0 and 1. According to the statistical parameters (R?,
MAPE, and 72), RP was the model that best fit the experimental
data; Fig. 4b and c shows the predicted (dashed line) and experi-
mental (dots) values.

The Krp parameter decreased with increasing temperature at
both pHs (Table 5), indicating that PVA-Ch sorbent films heat-
crosslinked at 160°C-1 h, presented a higher adsorption capacity
at lower temperatures [73]; the agp parameter followed the same
trend. Similar results were published by Dotto et al. [73] for the
adsorption of Acid Red 18 azo dye onto chitosan films. These
findings are in agreement with the results reported by Pérez-
Calderdn et al. [68] using chitosan hydrogels cross-linked with
oxalic acid for the removal of Reactive Red 195 dye.

3.7. Dye-sorbent interaction

The TGA thermograms corresponding to the heat-crosslinked
film before and after the adsorption process were acquired



J. Perez-Calderon, D.A. Marin-Silva, N. Zaritzky et al.

Advanced Industrial and Engineering Polymer Research 6 (2023) 239—254

Table 5
Equations and parameters of adsorption isotherm models tested for the removal of Acid Orange 7 at different temperatures and pH using PVA-Ch sorbent films crosslinked at
160°C-1h.
Model pH Conditions
pH =25 pH = 4.0
. ~ QmKice Qm 678.0 100.7
Langmuir Qe = 3= . (15) Ki 027 0.06
%2 36.7 0.22
R? 0.90 0.99
MAPE 3.25 0.02
Freundlich Q. = Kpcl/™ (16) K 279.7 349
n 6.22 5.71
%2 17.8 50.2
R? 0.95 0.86
MAPE 2.57 1.66
Dubinin — Radushkevich Q. = Qpg.exp—¢"Box (17) Qor 528.9 91.1
Bpr 0.51 28.7
1 Ex1072 9.9 13
£ = R.T.Ln(l +C) (17-1) 2 366 e
E=1/(2Bp)°° (17-2) R? 0.74 0.87
MAPE 513 50.1
Redlich — Peterson Q. = _ KreCe 5 (18) Krp 4555 >.82
1+ (agp.Cox) OlRP 5.19 0.05
B 0.89 0.99
2 255.2 0.25
R? 0.99 0.99
MAPE 0.02 0.03

Units of the parameters used in the models.

Ce: Equilibrium Concentration [mg/L] Qm: Maximum adsorption capacity [mg/g] Ki: Constant Langmuir model Kg: Adsorption capacity coefficient [(mg/g)(mg.L)-1/n] n:
Adsorption intensity agp: Coefficient of Redlich-Peterson mode [L/mg] Kgp: Coefficient of Redlich-Peterson model.

Bre: Exponent of Redlich-Peterson model Qpg: Maximum adsorp. Capacity [mg/g].
e: Polanyi potential [k]/mol] Bpg: Constant related to the adsorption energy [mol/kJ
E average free adsorption energy [E, kj/mol].

(Fig. 5a and b). The first stage corresponded to the dehydration of
the materials with temperatures close to 100°C. The second ther-
mal stage for the material before adsorption corresponded to
polymeric degradation (result discussed in section 3.3). DTG curves
of films with AO7 exhibited shifts of the maximum temperatures to
higher values in the first and second stages due to the additional
degradation of dye compounds while the maximum of the third
stage practically disappeared. In this latter case, the residual weight
was much higher than for films without adsorption of AO7 due to
the presence of the dye interacting in the system (Fig. 5b, Table 3).

The interactions between the dye and the thermally crosslinked
PVA-Ch films were studied by using ATR-FTIR. The ATR-FTIR spectra
of the PVA-Ch sorbent films thermally crosslinked (160°C-1h),
before and after adsorption at different pH conditions (4.0 and 2.5)
as well as of the AO7 dye, are shown in Fig. 5c.

The characteristic signals of the PVA-Ch film heat-treated at
160°C-1h are described in section 3.2. The AO7 dye spectrum
showed bands at 3673 and 3084 cm™! attributed to the stretching
—NH, —OH groups, and the resonant aromatic structure = CH. The
peaks at 2925 and 2854 cm™! were assigned to asymmetric and
symmetric stretching of aliphatic CH. Other bands located at
1627 cm™! (aromatic ring vibrations) [78], 1598 cm™! stretching of
the C=N, 1556 cm™~! due to stretching of azo group N=N [79], 1506
and 1394 cm™! (vibrational stretching of the C—N bond), 1453 cm ™!
symmetric stretching of the -N-C=N, 1318 cm~! (SO, S=0 group
vibrations), 1180 cm~! (phenolic -C-OH group vibrations),
1032 cm~! (-C-OH and/or —CN stretching, and 697 cm™! (-S=0
stretching) [80] were also observed.

The modifications in the film spectra before the adsorption
process (160°C-1h) and after at different adsorption conditions
(pH = 2.5 and 4.0) were due to the interaction of the protonated
amino groups (-NH%) of the chitosan and the sulfonate group
(R—S03) of the dye. The bands located at wavelengths ranging

2],
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between 3700 and 3000 cm~! underwent changes due to inter-
molecular forces, such as hydrogen bonds.

In the case of dye adsorption at pH 2.5 (Fig. 5¢), the film spec-
trum showed the presence of two signals at 3487 and 3370 cm™!
characteristics of AO7 dye. Also, the intensity of the shoulder at
2885 cm~! decreased due to the —NH35t—S05;~! interaction [81].
The appearance of a small band at 1486 cm~! due to C—N vibra-
tional stretching was observed indicating a displacement of this
radical of the dye originally located at 1506 cm™!; this confirmed
that hydrogen bonds and/or electrostatic interactions were
involved in the adsorption process [78].

When the adsorption process was carried out at pH 4.0, the band
at 2885 cm~! was also observed. The signal located at 1085 cm™!
was modified and amplified after the adsorption process and the
presence of a signal at 1029 cm~! was observed; these two signals
correspond to the vibrations of the stretching of the C—OH alcoholic
group characteristic of polysaccharides such as chitosan [82].

The reported results showed that pH played an essential role
during the adsorption process. The optimum pH for adsorption was
2.5. Under these acidic conditions most of the amino groups of
chitosan were protonated (Eq. 19), and electrostatic interactions
were generated with the sulfonate groups (-SO3) of the dye [83]
(Eq. 20). The proposed interaction mechanism is:

H30* +NH, —R — H,0+ NHj — R (19)

SO; —AO7+NHJ —R — R—NHJ ... SO3 — AO7 (20)

3.8. Effect of competitive ions

The presence of ions affects the adsorption process, hence the
competitive effect of these ions on the removal of the synthetic dye
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AO7 was studied (Fig. 6). At pH 2.5, in the presence of Cl~ ion, the
adsorption capacity (Q) was reduced by 21.2% and the percentage of
removal (Re%) was 8.2% in comparison to the control system
(without the presence of competitive ions); however, the HCO3 ion
generated a reduction by 59.3% for Q and 56.6% for Re%. These re-
sults showed that the presence of highly electronegative species
(5042~ and HCO;~) affected the removal process at pH 2.5
(maximum removal) due to the competition between the sulfonate
groups of the dye and the ions in solution by the vacant active sites
(protonated amino groups) of the sorbent material [84].

Even in systems with the four ions present, the removal process
was not significantly affected at pH 4.0. In all cases, the electrical
conductivity was determined at the beginning of the test (t = 0) and

> SO~
\ NO;
cr

3 Competitive lon

the end (t = 24 h). The results (Table 6) indicated that there was a
decline in the electrical conductivity at the end of the test, thus the
systems showed a decrease of the ions in solution due to their
interaction with the sorbent material.

3.9. Regeneration and reutilization of material

According to Chatterjee et al. [85] and Guibal [86], the sorbent
materials with the presence of chitosan can be efficiently regen-
erated using methodologies such as changes in the pH of the me-
dium to alkaline conditions. Five continuous cycles of adsorption at
pH = 2.5and desorption at pH = 12 were performed; the adsorption
capacity (Q) and physical characterization parameters such as

SO

NO, -
Competitive lon

Fig. 6. Effect of competitive ions on the: a. adsorption capacity (Q) and b. removal percentage (Re%) for dye AO7. Conditions: C; AO7 = 170 mg/L; Cilon = 25 mg/L; T = 298 K;

150 rev/min.
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Table 6

Advanced Industrial and Engineering Polymer Research 6 (2023) 239—254

Variation of electrical conductivity (ms/cm) between initial time (t = 0) and final time (t = 24 h) for the different competitive ions tested. Standard deviation is shown in

parentheses; n = 3.

pH cl- NO3~ Noks HCO;~

t=0h t=24h t=0h t=24h t=0 t=24h t=0 t=24h
25 4.07 (0.02) 3.74 (0.01) 3.93 (0.04) 3.74 (0.11) 5.92 (0.4) 5.59 (0.4) 6.22 (0.08) 6.20 (0.1)
4.0 3.41 (0.08) 3.17 (0.07) 3.24 (0.03) 3.18 (0.09) 4.92(0.5) 4.93(0.3) 5.78 (0.07) 5.71 (0.5)

browning index (BI), contact angle (CA), and mechanical properties
(tensile stress (E) and elongation% (e%)), were analyzed for the
PVA-Ch cross-linked sorbent films at different stages of the
regeneration and reutilization process. The considered stages were:
before the first adsorption cycle (BFA), after the first adsorption
cycle (AFA), after the last adsorption cycle (ALA), and finally after
the last desorption cycle (ALD); the results are shown in Fig. 7-a.
The results obtained from ALD were compared with those found
for AFA. The Re% and Q were only reduced by 14.2% and 15.3%,

] L

respectively. These results indicated that the material was not
affected by the constant adsorption/desorption cycles keeping the
excellent removal properties of the AO7 dye.

Concerning the physical properties evaluated and comparing
the results before the first adsorption cycle (BFA) with ALD, it can be
inferred that the mechanical properties were not degraded. The
ALD films presented higher &%, percent elongation (p < 0.05)
compared to the BFA films. On the other hand, E did not present
significant differences (p > 0.05) showing that the desorption
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Fig. 7. a. Adsorption-desorption cycles and physical characteristics of adsorbent films at different stages of the process: before the first adsorption cycle (BFA), after the first
adsorption cycle (AFA), after the last adsorption cycle (ALA), and after the last desorption cycle (ALD). Adsorption conditions: pH = 2.5; C; = 300 mg/L; 150 rev/min; T = 293 K.
Desorption conditions: pH = 12.5 (NaOH 1 M); 150 rev/min; T = 293 K. b. ATR-FTIR spectra of heat cross-linked PVA-Ch films BFA, AFA, and ALD.
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process did not alter the molecular interactions achieved by the
physical cross-linking treatment (data shown in the Tables inserted
in Fig. 7-a).

The structural changes of the material at the end of the fifth
desorption cycle (ALD) were analyzed by ATR-FTIR spectra (Fig. 7-b).
ALD film spectrum showed a signal at 3260 cm™! similar to the
spectrum of the film before the first removal process (cross-linked
film at 160°C-1h without dye) proving that a considerable amount of
the dye molecules were released in the regeneration of the material.

Considering the ALD regenerated films and AFA films at pH 2.5,
the signal at 2885 cm~! did not change, indicating that although
dye was released from the material produced by the regeneration
process, the —NH3+—SO31' interaction was maintained in the matrix
[81].

In the regeneration process, the alkaline pH conditions led to the
release of dye molecules which interacted electrostatically with the
adsorbent film. This phenomenon was produced by the deproto-
nation of the amine groups of the chitosan generating free amino
groups [87] that was corroborated by the appearance of the peak at
1557 cm~! characteristic of the amide II group in ALD film.

4. Conclusions

A hybrid adsorbent film based on PVA and Ch was developed for
the removal of the azo dye Acid Orange 7 (AO7) used in the textile
industry and present in contaminated industrial wastewater. To
improve the physical stability in aqueous media, the material was
submitted to a curing process with different time-temperature
combinations. The best condition to achieve high removal capac-
ity without weight loss was the combination of 160°C-1h. Charac-
terization studies showed that the polymeric network was
physically cross-linked after the thermal curing process. This
physical crosslinking process was effective to diminish the weight
loss, reaching an average value of 0.007% at pH = 2.5. This char-
acteristic is essential in the development of sorbent materials from
biodegradable polymers.

The material showed chemical and physical stability at highly
acidic conditions due to the crosslinking of the polymeric network.

From the adsorption tests of the azo dye AO7, a high removal
efficiency (>90%) was achieved at pH = 2.5. Results were used to
model the corresponding adsorption kinetics and isotherms; the
Ps.1 order kinetic model and the Redlich-Peterson isotherm gave
the best fit. Using the Langmuir model, it was possible to calculate
the maximum adsorption capacity (Qm) which was as far as the
authors know, the highest value reported in literature.

ATR-FTIR allowed the setting of the interactions between PVA
and chitosan, as well as among the polymers and the dye. At
pH = 2.5 there were electrostatic interactions and hydrogen bonds
between the PVA-Ch sorbent films and the molecules of the dye.

The analysis of the adsorption/regeneration/reutilization
allowed determining that after five cycles, the adsorption capacity
for the removal of the AO7 dye was maintained.

The physical curing treatment avoided the use of chemical
crosslinking agents, generating biosorbent matrices that would
have a low environmental impact related to the generation of
polluting by-products.

Thus, the use of the developed eco-compatible biodegradable
materials would allow easy regeneration without losing removal
selectivity, a key feature in the development of environmentally
friendly sorbent materials.
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