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dye Acid Blue 80 (AB80) from aqueous solutions, and offered enhanced adsorption capacity
compared to the starting materials. The adsorption was mainly affected by initial AB80 con-
centration, adsorbent dosage, contact time, and slightly influenced by temperature (25-45 °C),
and pH (3.5-10). The pseudo-second-order kinetic model fitted the experimental data, and
pseudo-first order model fitted as well at the highest AB80 concentration, 250 mg/L. The
experimental data agreed with the Langmuir isotherm model, with a maximum adsorption ca-
pacity of 61.64 mg/g at 35 °C. The process was exothermic above 100 mg/L of dye and sponta-
neous up to 200 mg/L (T < 35 °C). The adsorbent could be reused without further treatment at
least 5 times providing >40% removal, whereas the dye could be efficiently recovered by NaOH
desorption. Electrostatic interactions as well as physisorption could explain the adsorption
behavior.
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1. Introduction

Water resources are of utmost importance, in a world facing challenges such as the population growth, the climate change and the
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increasing need for water in agriculture and industry. However, the disposal of contaminants and the scarce effectiveness of water
treatment to eliminate a number of harmful substances can result in reduced water quality, and damage to aquatic environment, but
also to humans. The removal of highly toxic pollutants such as dyes, phenolic compounds, metals, pesticides and drugs, detected not
only in wastewaters, but also in surface and even drinking water, is a challenge, since the conventional methods used in treatment
plants do not allow their elimination [1].

The textile industry faces a serious environmental concern: the amount and the chemical load of water discharged. Water is used as
the principal medium for removing impurities, applying dyes and finishing agents. Although dyestuffs do not represent a significant
load compared to other substances used in the process, they cause the colour of the effluent, and this poses environmental concerns,
since high doses may reduce light exposure to aquatic photosynthetic organisms. Besides the textile sector, the use of dyes has been
incorporated to many industrial processes. Around 20% of global water pollution comes from dyeing and finishing textile products [2].

Anthraquinone and phthalocyanine dyes are widely employed as the primary or secondary compounds in commercial trichromatic
dyeing formulations [3]. Nevertheless, there is significantly less research devoted to the treatment of anthraquinones compared to azo
compounds [4]. Acid Blue 80 (AB80), an anionic anthraquinone dye with two sulfonate groups, has special relevance because of its
widespread use: besides textile industry, it is used in paper chemicals and dyes, inks and toners, leather treatment products, polymers,
cosmetics and personal care products, washing and cleaning products, biocides, among others. This substance is registered under the
REACH Regulation, and the manufactured or imported volume to Europe is in the range 10-100 tonnes per annum [5]. This com-
pound, due to its multi-ring aromatic structure, is rather stable, which can potentially lead to accumulations in the environment and
cause long lasting harmful effects to aquatic life. Concentrations of 10-100 mg/L may cause acute toxicity to aquatic organisms [6].
That is why it is critical to develop methods to remove this compound from wastewaters.

There is intensive research in the topic of dye removal, which includes a wide variety of methods ranging from more conventional
approaches like filtration, precipitation, coagulation or adsorption to more sophisticated ones like photooxidation, ozonation or
biological treatments [7,8]. All these methods applied to textile wastewaters have their own advantages and disadvantages: chemical
ones -like oxidation or ozonation-are very specific but give rise to by-products, such as sludges caused by chemical coagulation;
biological ones, not adequate for most textile wastewaters, may not be effective for all dyes and require elaborate enzymatic pro-
ductions; and physicochemical ones show good removal but tend to be expensive and the materials are often difficult to regenerate [7].
Adsorption stands out because of its efficient ability to cut down hazardous pollutants present in effluents [9]. With this method,
compounds from a liquid or gaseous phase can be extracted by adhesion to the solid surface of the adsorbent. This adhesion can occur
via electrostatic, van der Waals or chemical interactions. Among the main advantages, it requires a relatively simple operating pro-
cedure while offering a broad range of applicability for many pollutants like heavy metals or dyes [10]. That is why in the textile
industry it is common practice to use, for example, commercial activated carbon as an adsorbent. However, ongoing work intends to
find environmentally friendly substitutes that optimize the cost while maintaining efficiency, employing biomass substrates or agri-
cultural and industrial byproducts [11-15]; this approach would allow improving solid waste management, one of the present issues to
be addressed in preserving a healthy environment [10]. Combination of different methods is usually needed to address the treatment of
textile wastewaters owing to the high variability of the effluent characteristics, and the chemical nature of the different colourants. For
example, the adsorption process can be combined with membrane systems, such as nanofiltration [7]; metallic catalysts have been
employed to provide an adsorption surface where the dyes can be degraded photochemically [16]. Indeed, the demand for simpler and
greener adsorbents keeps rising: that is the case of chitosan, a natural adsorbent that is a cheap and eco-friendly alternative [8,17]. This
abundant polymer is being widely studied as a biosupport to synthesize adsorbent materials. The large number of protonated amine
(-NH3) and deprotonated hydroxyl (-O°) functional groups along the linear cationic polysaccharide, provide high availability of active
sites. Hence, it has an excellent adsorption ability, and also a tuneable structure, promoting physical, chemical and/or electrostatic
bonds and allowing modifications that could improve the adsorption properties. A variety of additives have been used to modify
chitosan and form composites or hybrid materials, and more recently, an increasing number of papers deal with combining chitosan
with carbon-based materials [1]. Up to date, scarce studies describe the combination of chitosan with deep eutectic solvents (DESs) in
the preparation of new materials for dye adsorption. DESs are chemicals resulting from the combination of two or more compounds in
their pure states: a compound acting as hydrogen bond donor (HBD) and other compound as hydrogen bond acceptor (HBA), mixed in
specific molar ratios, that lead to the formation of hydrogen bonds and van der Waals interactions between them, and resulting in a
decrease in their respective melting temperature, thus obtaining a solvent in liquid state at wide temperature ranges [18]. DESs are
simple to synthesize, and offer benefits such as cost-effectiveness, most of them are non-toxic and biodegradable, and could be the
substitutes for ionic liquids (ILs) and organic sovents in extraction processes [19], but have been scarcely used for dyes removal [18].

Combinations of DES with polymers offer a promising alternative to obtain eco-friendly adsorbents with enhanced capacity to
remove dyes and other pollutants from wastewaters [19-22]. In this study, we have developed alternative adsorbents by modifying
chitosan beads through impregnation with a DES, choline chloride:urea in a molar ratio 1:2, to improve adsorption capacity of chi-
tosan. Our objective was to modify the chitosan surface by attaching different functional groups acting as chelating sites, such as
carbonyl functional groups, and provide a better performance as a dye adsorbent, as well as recovery and reutilization. We have
prepared, characterized and assayed three chitosan-based adsorbents: unmodified chitosan beads (un-Ch), DES modified chitosan-FeO
beads (Ch-FeO-DES), following a procedure already described [23] and DES-modified chitosan beads (Ch-DES), as new sorbent, and we
have compared the removal of the colourant Acid Blue 80 obtained by the different adsorbents at the same experimental conditions.
Further optimization was carried out, focused on the best adsorption efficiencies. The effects of contact time, adsorbent dose, initial
dye concentration, adsorption kinetics and isotherms were investigated. The structures of the compounds used, and the colourant
ABB8O0, are shown in Fig. S1.
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2. Materials and methods
2.1. Chemicals

The chemicals used in this work, together with the supplier, purity and CAS number, are listed in Table S1. Water Milli-Q quality
(mQ) was used to prepare aqueous solutions. Chitosan used in this work was provided by Acros Organics, the MW was
100,000-300,000, and the deacetylation degree (DD), determined by Fourier Transform Infrared spectroscopy (FTIR), as described in
the Supplementary material, was 84.8% DD.

2.2. Preparation of adsorbents

2.2.1. Unmodified chitosan beads

Unmodified chitosan beads (un-Ch), were prepared by ionic cross-linking procedure between opposite charges as described by
others [23]. Chitosan was dissolved in acetic acid 2% (v/v), in the proportion 40 g/L, and it was mixed for at least 24 h at 60 °C, until a
homogenous gel was formed. Beads were obtained by dropping the gel solution into a volume of NaOH (2.5 M) with a glass syringe.
The beads stayed in the NaOH solution overnight, and were exhaustively washed with tap water to eliminate excess of NaOH, and
rinsed with distilled water, until pH was in the range 6-7. Finally, they were dried at room temperature.

2.2.2. DES-modified chitosan beads

DES preparation: choline chloride:urea in molar ratio 1:2 were mixed and heated at 80 °C under constant stirring until a clear liquid
was formed. The liquid was left to cool at room temperature. DES-modified chitosan beads (Ch-DES) were prepared as follows: the
same procedure was followed to elaborate the chitosan beads, and soon after washing step, water was removed with filter paper, and
immediately, beads were mixed with freshly prepared DES, in a proportion 1/1 (w/w) and stirred under vacuum at 60 °C, overnight,
and let stay 24 h; then, they were washed and dried at room temperature.

2.2.3. DES modified chitosan-FeO beads

The chitosan gel was prepared as described above. A procedure of synthesis of iron oxide nanoparticles by co-precipitation was
applied as described by Patino-Ruiz et al. (2020) [23]. In brief, about 250 mL of FeCls-6H,0 (0.52 M), and FeCl,-4H>0 (0.26 M) were
mixed and heated (80 °C) under continuous stirring (120 rpm), and pH was adjusted to 10 by adding NaOH 1 M dropwise, then it was
stirred for 1 h. The black precipitate was collected and washed several times with distilled water and finally with ethanol, and dried at
70 °C for 24 h. The magnetic FeO particles were added to chitosan gel (1:2 mass ratio), mixed for 1 h, and sonicated for 30 min at room
temperature. The beads of chitosan-FeO were formed as described above, and to prepare DES modified chitosan-FeO beads (Ch-Fe-
O-DES) after washing, excess water was removed with filter paper, and beads were mixed with freshly prepared DES (proportion 1/1,
w/w), vacuum was applied overnight at 60 °C, and finally they were washed and dried at room temperature.

2.3. Characterization

Infrared spectra were obtained by Attenuated Total Reflection (ATR) Spectroscopy using a Nicolet 6700 equipment (Thermo
Scientific) connected to a diamond crystal ATR accessory (Smart Orbit). Sample spectra were recorded at an angle of incidence of 45°
(one reflection) in the range from 400 to 4000 em ! with a resolution of 4 cm ™! and using a DTGS detector. A total of 34 scans were
performed for each sample.

Scanning electron microscopy (SEM) was applied to obtain the surface morphology of the beads. The samples were deposited on the
stubs using conductive self-adhesive carbon tabs and then coated with a thin layer of gold using an Emitech K550 sputter coater.
Structural characterization was performed using a JEOL JSM 6700F field emission SEM microscope.

Brunauer-Emmett-Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume analysis were per-
formed using the system TriStar II Plus 3030 (Micromeritics, Inc.) and data were processed using the software Version 3.00 (Micro-
meritics). The samples were degassed for 3 h at 25 °C and 0.11 mbar using the SmartVacPrep 067 (Micromeritics, Inc). The isotherms
were obtained using nitrogen gas (99.999% purity, Alphagaz-1, purchased to Air Liquide, Spain) at 77.41 K (immersed in liquid
nitrogen).

Point of zero charge of the adsorbents was determined using the salt addition technique [24]: a pre-defined amount of adsorbent
was added to a series of solutions of NaNO3 0.1 M at different pHs (adjusted with 0.1 M NaOH or 0.1 M HCl), in the range 3-11, the
samples were shaken for 16 h and final pH were registered. The point of zero charges were obtained from the plot of ApH against initial
pH.

2.4. Adsorption experiments

Dye solutions were prepared by weight, in the range 25-250 mg/L. The solutions were used without modification of pH. The
experiment series testing the pH effect required previous pH adjustment, and the solutions were adjusted to pH 3.5, 6, 8 and 10 with
NaOH 0.1 M or HCl 0.1 M, alternatively.

Batch adsorption experiments were carried out, varying the different conditions: adsorbent dosage (0.005-0.035 g), initial dye
concentration (25-250 mg/L), contact time (15-480 min), pH (3-10) and temperature (25-45 °C), with continuous shaking at 350 rpm
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in a Ohaus orbital shaker model ISHD16HDG. Four adsorption experiment series were carried out at various conditions of adsorbent
dosage, initial dye concentration, pH and temperature, as indicated in Table 1. The pH of all the solutions was measured at the
beginning of the experiment and at the end, with a pH-meter Hanna, model HI5221. The volume of the solutions was maintained at
5mlL in all the experiments. The variation in the dye concentration was determined by absorbance data obtained at a wavelength of
626 nm, using a UV-VIS spectrometer Jasco V-750.

A preliminary screening of the three adsorbents with AB80 dye was carried out at the following conditions: ratio adsorbent mass/
dye solution volume was fixed at 5 g/L, the initial dye concentration was 100 mg/L, the temperature was 25 °C and the contact time,
6 h. The best adsorbent was selected for further study of adsorption equilibrium and kinetics. A summary of experimental conditions is
shown in Table 1.

The concentration of the dye uptake by the adsorbents at equilibrium (qe, mg/g), and at time t (q¢), and the removal percentage of
the dyes were determined by the equations 1-3:

LY -c) )
m
V(G =C) )
m
oy

Dye removal % = x 100 3

0

where Cy, C, and C,, are the concentrations of dye at the start, at time t, and at equilibrium, respectively. V is the dye volume in L and m
is the adsorbent mass in g. The presented results were the mean of replicate experiments, at least 2, until a variation coefficient lower
than 10% was obtained.

2.5. Adsorption kinetics

Different adsorption kinetics models were used for analyzing the results obtained: pseudo-first and pseudo-second order models
(Egs. S2 and S3, respectively), Elovich kinetic model (Eq. S4) and intraparticle diffusion (Eq. S5) [14,25-29].

2.6. Adsorption isotherm
Diverse isotherm models, including Langmuir, Freundlich, Temkin and Dubinin-Radushkevich have been evaluated [8]. These

models, as well as Elovich isotherm model, were used in present work, to study the affinity, trend, and adsorption mechanism of
analyte towards sorbent. Equations 4-11 represent the mentioned models, respectively [30-34]:

C, 1 C,
Ze e 4
ge  GnKi  Gm
1
logq. = logkr + —log C, 5
n
q.=BInK:T+BinC, 6

where: C, is concentration of adsorbate at equilibrium (final concentration of solute (mg/L)/liquid-phase concentrations of dye at
equilibrium); g is the amount of dye adsorbed at equilibrium (mg/g); K, (L/mg or L/mol) is Langmuir constant related to adsorption
capacity (mg g~ 1), which can be correlated with the variation of the suitable area and porosity of the adsorbent, implying that large
surface area and pore volume will result in higher adsorption capacity. It is calculated from the intercept of the different straight lines
(linear plot of Ce/qe vs. C.) at different temperatures. Ky denotes Freundlich constant, and is adsorption capacity (L/mg) and 1/n is
adsorption intensity; it also indicates the relative distribution of the energy and the heterogeneity of the adsorbate sites. Kt is Temkin
isotherm constant (L g_l). T (°K) is the absolute temperature. R represents the universal gas constant (8.314 J mol 'K™1).B=RT/bisa
constant which is related to the heat of adsorption (J mol™1); g, is the maximum amount of dye adsorbed (mg/g)/maximum
monolayer adsorption capacity (calculated from the slope of the different straight lines at different temperatures).

The value of the dimensionless constant called the separation factor, based on the following equation (7) could be used to predict

Table 1
Summary of the conditions of experimental tests.
Series Dye concentration (mg/L) Adsorbent Adsorbent weight (g) Temperature (°C) pH value
0 100 un-Ch, Ch-DES, Ch-FeO-DES 0.025 25 7
1 100 Ch-DES 0.005, 0.010, 0.015, 0.025, 0.035 25 7
2 25, 50, 100, 150, 200, 250 Ch-DES 0.015 25 7
3 25, 50, 100, 150, 200, 250 Ch-DES 0.015 25, 35, 45 7
4 100 Ch-DES 0.015 25 3.5,6,7,8,10
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the degree of favourability of the Langmuir isotherm for equilibrium data [30]:

1

Ri=————
1 + KLcmm

where Kj, is Langmuir constant and Cpyy is the maximum initial concentration of adsorbate. Ry, values indicate the adsorption to be
unfavourable when Ry, > 1, linear when Ry, = 1, favorable when 0 < R, < 1, and irreversible when R;, =0 [35].
Dubinin-Radushkevich isotherm is expressed as follows (Eq. 8):

In qe:ln qm 7:682 8

e=RTIn( 1+ ! 9

= .

E= ! 10
V28

where ¢ is Polanyi potential, § is Dubinin-Radushkevich constant, R is gas constant (8.31 Jmol ! K1), T is absolute temperature, and E
is mean adsorption energy [35].
The Elovich isotherm linear form is expressed as follows (Eq. 11):

9. qe
InZ=Ink,g, — 2= 11
nce n k.q, C.

Elovich maximum adsorption capacity and Elovich constant can be calculated from the slope and intercept of the plot of In(qe/Ce)
vs Qe [35].

2.7. Thermodynamic study

The adsorption of AB80 was studied at different temperatures: 25, 35 and 45 °C, at original dye pH 7, 0.015 g of adsorbent, and
5 mL of dye solutions at all the concentrations tested, 25, 50, 100, 150, 200 and 250 mg/L. Gibbs free energy change, AG (kJ/mol),
enthalpy change, AH (kJ/mol), and the change in entropy, AS (kJ/mol K), were calculated to obtain information about the adsorption
process. The equations used were (Eq. 12-13):

AG= —RTInk, 12

Where: k. = %e

C=0 (amidel) N-H
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Fig. 1. Fourier transform infrared (FTIR) spectra of the starting materials FeO (—), chitosan (——), choline chloride (—ChCl), urea (—), Deep
eutectic solvent choline chloride:urea (—DES ChCI:U) 1:2, and the chitosan-based adsorbents used in this work: unmodified chitosan (—un-Ch)
beads, DES-modified chitosan (—Ch-DES) beads, and DES modified chitosan-FeO (—Ch-FeO-DES) beads.
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AH and AS were calculated using Van’t Hoff equation (Eq. 13):

AS AH
Ink, = — — — 1
nk, R R 3

2.8. Reusability tests

Desorption experiments and reusability tests were also done, using NaOH 0.1 M and H2SO4 0.1 M, and applying the same exper-
imental conditions as for adsorption tests. Three desorption cycles were performed, then, the adsorbent was tested for reuse.

Additionally, the reusability of untreated adsorbent was examined 5 times using 0.015 g of adsorbent, 5 mL, 100 mg/L initial AB80
concentration for 360 min contact time at 25 °C.

3. Results and discussion
3.1. Adsorbent characterizations

3.1.1. Fourier transform infrared (FTIR) spectrum

Fig. 1 shows the FTIR spectra of the adsorbents and individual components used to elaborate them. Chitosan (as raw material) and
chitosan beads (un-Ch beads) exhibit broad bands at 3352 and 3294 cm_l, corresponding to the stretching vibration of N-H and ~-OH
functional groups. At 2875-2920 cm ™}, the bands correspond to stretching vibration of C-H bonds in CH, CH, and CHj groups. The
bands around 1025 and 1059 cm ™ are attributed to C-O-C and C-OH stretching vibrations, respectively, associated with the carboxyl
and hydroxyl groups in the chitosan structure The characteristic bands observed at 1645 and 1592 cm ™, indicating stretching vi-
bration of C=0 and bending of N-H in amide groups, are representative of primary amine of highly deacetylated chitosan for amide I
(CONHy) and II (N-H), respectively. The appearance of amide I groups has been mainly attributed to the cross-linking process in the
formation of ionic interactions and hydrogen bonding with the acetic acid [23].

Regarding Choline chloride, characteristic bands observed are: the corresponding to stretching vitrations of N-H bonds at 3219,
3006-3026 cm™!; the bands at 1413-1481 cm ™, that may be assigned to alkyl groups (bending of aliphatic C-H groups), or N-H
vibrations in quaternary ammonium groups (bands within the range of 1480-1390cm ~') [36]; bands within the range
1200-880 cm ™}, especially the band at 953 cm™?, corresponding to asymmetric G-N stretching vibration, and bands 2854-2951 cm ™},
assigned to alkyl groups (stretching vibrations of C-H bond in CH, and CHjs).

Urea shows the main bands at 3425-3326 cm ™, assigned to asymmetric N-H stretching vibration of NH, groups, at 3228-
3254 cm™}, assigned to symmetric N-H stretching vibration of NH, groups, at 1674 cm ™, assigned to stretching vibration of C=0 in
amide group (CONHy) (amide I band), 1587 cm’l, assigned to bending of N-H bond in NH; groups (amide II band), and finally, 1459
and 1147, assigned to asymmetric and symmetric stretching vibration of N-C-N bonds, respectively [37].

Concerning Deep eutectic solvent ChCl:Urea (1:2), a broadening of the bands in the 3500-3000 cm ™ region is observed, probably

0.445
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Fig. 2. Fourier transform infrared (FTIR) spectra focused on the spectral differences among the chitosan-based adsorbents used in this work: un-
modified chitosan (—un-Ch) beads, DES-modified chitosan (—Ch-DES) beads, and DES modified chitosan-FeO (—Ch-FeO-DES) beads.



L. Blanco et al. Water Resources and Industry 29 (2023) 100195

caused by the formation of hydrogen bonds between hydrogen bond acceptor (HBA) and hydrogen bond donnor (HBD). Then, bands at
3388 and 3314 cm ! can be assigned to stretching vibration of N-H and O-H bonds, and at 3256 and 3187 cm ™! can be assigned to
stretching vibration of N-H. In addition, C=O stretching vibration band of amide group CONH has shifted to lower frequencies
(1660 cm™h), compared to urea (at 1674 cm™1). Similar findings have been reported by Jakubowska et al. (2020) for DES ChCl:malonic
acid (1:1) [36]. Then, the interaction between the components in DES causing the decrease in melting point of the mixture ChCl:Urea
can be confirmed by the changes in FTIR spectra.

Results from FTIR analysis show spectral differences between DES-modified chitosan beads and unmodified chitosan beads (Fig. 2),
indicating possible attachment of the functional groups. Chitosan showed two bands in the region 1500-1700 cm ', where the
stretching vibration of C=0 and bending of N-H bonds of amide occur (present in urea and also in chitosan). In this region, 3 bands can
be clearly observed now in DES-modified chitosan beads: a band at 1550 cm ™! arises with high intensity, and this new band, together
with the 1600 cm ™! band, are more intense as DES concentrations increase in DES-modified beads (data not shown). This new band at
1550 cm ™}, and the band at 1600 cm™?, could be also assigned to bending of N-H bonds of amide and NHj groups. In addition, the
band at 1646 cm ™! in the chitosan beads (stretching vibration of C=0 of amide I group) slightly shifts to 1649 cm ™! in chitosan-DES
beads, and a significant increase in the area under this peak can be observed in Ch-DES beads compared to Ch beads, indicating that
this band is being contributed by other C—=0 band corresponding to urea from the DES. This change confirms the attaching of DES
molecules to chitosan beads, since the intensity of the bands would reflect a rise of N-H and C—0 groups coming from the urea in DES.

A new peak at around 1750 cm ™! can be observed, although it is a small band, and may correspond to C=0 stretching vibration (in
carboxylic groups characteristic of HBD: urea). This band was also observed in mixtures of chitosan with DES ChCl:malonic acid (1:1)
[36]. Other regions that might show a change in the intensity or shape of the spectral bands are: the region 1400-1500 cm ™! (bending
of aliphatic C-H bonds and asymmetric stretching vibration of C-N bond in urea) and, to a lower extent, in the region 850-770 cm ™!
(symmetric stretching vibration of C-N bonds, in ChCl). There’s also a change in the band around 3200 em™!, more defined in
DES-modified adsorbents, and assigned to stretching vibration of N-H.

The spectra of DES modified chitosan-FeO (Ch-FeO-DES) beads reflects changes in the same bands as described above for Ch-DES
beads, however, these changes occur at a lower intensity. The typical bands described for magnetite, Fe3O4, at 531 cm™ !, corre-
sponding to stretching vibration of Fe-O are observed in our FeO particles, however, it is not detected in the Ch-FeO-DES beads, and
only a very slight increase in the intensity was registered in the adsorbent. Then, FeO particles incorporated in the Ch-FeO-DES beads
were negligible in the adsorbent surface.

3.1.2. Scanning electron microscopy (SEM)

Fig. 3 shows the morphology of the adsorbents un-Ch, Ch-DES and Ch-FeO-DES obtained by scanning electron microscopy (SEM).
The beads are spherical-ovoid in all cases (Fig. S2), the average diameter size was 965.7, 948.5 and 1088.6 pm, respectively. Un-Ch
shows a smooth area with some minor cavities on the surface. By contrast, Ch-DES shows areas with smooth surface, and areas
with rougher surface exhibiting more cavities and small pores. Ch-FeO-DES shows protuberances distributed along the beads smooth
surface, and the FeO nanoparticles are visible only on those particular spots.

3.1.3. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analysis

The surface area, volume and pore size of the beads were determined by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) analysis. Results are shown in Table 2.

The porosity was very low in the three adsorbents. The small pore volume and pore size of the beads used in our work were similar
to the chitosan beads prepared by others [23] or slightly higher [20], as well as the size of the beads. Slightly higher values of pore
volume and pore size were observed in Ch-FeO-DES beads, probably owing to the presence of FeO nanoparticles; however, their
distribution on the beads’surface seems to be restricted to scarce single spots, as commented above (Fig. 3).

3.2. Preliminary screening and selection of the best adsorbent/dye

Fig. 4 shows the AB80 adsorption data obtained after testing the three different adsorbents at an initial AB80 concentration of
100 mg/L and ratio adsorbent mass/dye solution volume of 5 g/L.

Fig. 3. Scanning electron microscopy (SEM) images of the adsorbents unmodified chitosan (a) un-Ch, (b) chitosan-DES (Ch-DES) and (c) chitosan
modified with FeO and DES (Ch-FeO-DES) beads.
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Table 2
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analysis related to the surface area and porosity of the adsorbents unmodified
chitosan (un-Ch), chitosan-DES (Ch-DES) and chitosan modified with FeO and DES (Ch-FeO-DES) beads.

un-Ch Ch-DES Ch-FeO-DES
BET surface area (m?/g) 0.34 0.15 0.27
pore volume (cm®/g) 3.6x107* 1.5x107*% 43%x107*
pore size (nm) 4.16 4.05 6.54
micropore surface area (m2/g) 0.54 0.23 0.42

The Ch-DES beads adsorb the dye AB80 at a relatively high rate, in comparison with the remaining tested beads: a sharp increase in
the adsorption during the first 30 min of the experiment is exhibited, in contrast to the smoother adsorbance increase shown by un-Ch
and Ch-FeO-DES. Afterwards, Ch-DES adsorption continues to increase more moderately until the adsorption capacity achieves
19.6 mg/g at 120 min, with 95.9% removal from water. From this moment, after a slight increase in removal up to the maximum
values, 99.3% removal from water, the Ch-DES adsorption process reaches the equilibrium state. The sharp increase in the removal rate
and adsorption capacities during the initial stage of the experiment could be due to the fast diffusion on the surface and formation of a
film onto the Ch-DES beads, with a higher number of binding sites (functional groups attached during DES modification of chitosan
beads) than the other assayed adsorbents.

Un-Ch and Ch-FeO-DES show a similar adsorption rate, with a faster adsorption by Ch-FeO-DES beads, reaching the maximum
capacity and the equilibrium state at 300 min, with a removal rate of 91.5% and adsorption of 18.2 mg/g, and later, at 360 min, in the
adsorbent un-Ch, with similar removal and adsorption values, 89.7% and 17.7 mg/g, respectively.

The Ch-DES beads adsorption capacity at equilibrium reaches a maximum value (19.6 mg/g) higher than Ch-DES-FeO and un-Ch
(18.2 and 17.7 mg/g, respectively) and faster: at 120 min, compared to 300 and 360 min, respectively, when used with the dye AB80.
Then, the more efficient AB80 adsorbent, Ch-DES, was selected for further study of adsorption equilibrium and kinetics.

3.3. Factors affecting the adsorption process

3.3.1. Adsorbent dose

The adsorbent dosage effect on the removal percentage and adsorption of AB80 in aqueous solution was tested to obtain the optimal
dosage providing the best performance at the lowest adsorbent spent. Fig. 5 shows the results obtained. At increasing doses of
adsorbent Ch-DES beads, more removal rate is obtained, while the adsorption capacity per unit weight (adsorbent) decreases. The
surface area of adsorbent increases when higher adsorbent quantity is used, so the availability of active binding sites on the adsorbent
allows a higher removal efficiency.

The most efficient dose to our objectives was 0.015 g of adsorbent per 5 mL of AB80 solution of an initial concentration of 100 mg/
L, since the removal achieves the maximum value and the equilibrium state. At higher adsorbent doses, there was no further increase in
the dye removal. This finding can be attributed to a screening effect at increasing adsorbent doses due to accumulation of adsorbent
particles and the decrease in the distance between them. Binding sites for AB80 molecules might be hidden by coacervates on the
adsorbent surface; furthermore, adsorbent overlap leads to competition among AB80 molecules for a limited number of available
binding sites, and increased diffusion path length, resulting in a decrease in the adsorption rate [38-40].

3.3.2. Initial dye concentration and contact time

The effect of contact time and initial concentrations of AB80 on the removal efficiency of Ch-DES beads are shown in Fig. 6. It can be
seen that during the first step of the adsorption process, the adsorption was very fast, and then it continued to increase more gradually
during a second step, to finally achieve an equilibrium state where no more adsorption takes place. The duration of each stage and the
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Fig. 4. Effect of the different adsorbents and contact time on the amount of dye adsorbed (q,): (A) un-Ch, (o) Ch-DES, ({)) Ch-FeO-DES; and the dye
removal from the aqueous solution (AB80 removal %) at 25 °C by a ratio adsorbent mass/dye solution volume of 5 g/L: (a) un-Ch, (@) Ch-DES, (¢)
Ch-FeO-DES.



L. Blanco et al. Water Resources and Industry 29 (2023) 100195

60 120
50 - R b 100
40 Fso &

2 g

o0

£ 30 1 Leo E

C}e’ o

] | 8
20 40 o
<

10 4 b 20

0 T T T T T T T
0 0.005 0.01 0.015 002 0.025 0.03 0035 0.04

0

adsorbent weight (g)

Fig. 5. Effect of the different adsorbent Ch-DES dosage on the removal efficiency (@) and the amount of dye adsorbed (q.) (a) for 5h at 25 °C from
5mL of 100 mg/L AB80 solution.

dye elimination rate is dependent on the initial AB80 concentration of the solutions: at the lowest AB80 concentration, 25 mg/L, the
elimination rate is very sharp during the first 60 min, and it continues to increase at a lower rate the next 30 min, until equilibrium is
reached, within the first 90 min. At increasing concentrations, the rate of dye elimination is especially sharp the first 60 min, and the
subsequent increase in the removal is more moderate, the higher the dye initial concentration, the lower the dye removal rate (Fig. 6).
Consistently, the equilibrium state is reached at different times, and the dye removal achieves different efficiencies, depending on the
initial concentration: the more AB80 initial concentration, the more duration of the process until the equilibrium is achieved, and the
lower the removal efficiency. The AB80 removal percentage reached 98-100% at initial concentrations of 25-100 mg/L, within 5 h.
More time was needed at higher initial concentrations, about 8 h to reach 93% (150 mg/L), 80% (200 mg/L) and up to 10-15h to reach
71% (250 mg/L). The rapid removal rate at the beginning of the process could be explained by the high availability of active adsorption
sites on the beads surface. The surface diffusion of the dye molecules onto the adsorbent through the solution that occurs at the first
stage is influenced by the concentration of the dye solution, and the agitation and time [41]. The lower removal at higher initial dye
concentrations may be explained by the mass transfer resistance between the adsorbate and adsorbent caused by the increase in the
concentration gradient. The sites become occupied by the dye molecules and cause an increase in the time of contact between
adsorbate and adsorbent, and repulsion forces increase between the adsorbed dye and the dye molecules in the liquid phase [42].

The adsorption capacity increased very fast at the beginning of the process, the higher the initial AB80 concentration, the faster the
increase and the higher the adsorption value achieved (Fig. S3). This may be explained by the concentration gradient increase with the
increasing dye concentration, that would compensate the mass transfer resistance between the adsorbate and adsorbent [42]. The
adsorption capacity values found were 8.25, 16.80, 33.95, 46.39, 52.91 and 58.39 mg/g for AB80 concentrations of 25, 50, 100, 150,
200 and 250 mg/L, respectively, at 25°C, and pH 7.

3.3.3. Temperature

The influence of the temperature on the removal of AB80 by Ch-DES beads was tested: the adsorption experiments were carried out
at 25, 35 and 45 °C. A slight increase in dye removal, up to 2%, can be observed when the temperature rises from 25 to 35 °C, probably
due to an increase in the diffusion rate. By contrast, a decrease was registered when the temperature rises from 35 to 45 °C, when the
initial dye concentrations were 150, 200 and 250 mg/L (Fig. S4). A removal decrease of around 10% was observed at 45 °C in the
mentioned solutions. The decrease in dye removal at increasing temperatures indicates that the adsorption process is exothermic.
These observations could be explained by the desorption of the adsorbed AB80 molecules caused by the destruction of adsorption

Dye removal (%)

0 200 400 600 800 1000
Time (min.)

Fig. 6. Effect of Acid Blue 80 dye concentrations and contact time on the removal (%) of the dye adsorbed at 25 °C and pH 7 by 15 mg of Ch-DES
beads: (A) 25 mg/L, (®) 50 mg/L, (®) 100 mg/L, () 150 mg/L, (®) 200 mg/L, (®) 250 mg/L. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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forces that were responsable for the elimination of adsorption interactions between active sites of the beads and the dye molecules
[42]. As a consequence, the best temperature for adsorption in this case is 25 °C.

3.3.4. pH

The binding of dye molecules onto adsorbents is affected by the pH, since the degree of dissociation and/or ionization of dye
molecules and the adsorbent surface is influenced by this parameter. The functional groups occurring in the adsorbent, such as amine
and hydroxyl groups, are affected by the pH of the dye solution, as reported [43].

Fig. S5 shows the influence of the initial pH value on the removal of AB80 by Ch-DES beads. The pH effect was tested at a pH range
of 3.5-10, the initial concentration of AB80 was 100 mg/L, and the dye removal was tested at 219 min. The removal percentage was
higher at lower pH: at pH 3.5, 100% of AB80 was removed, while at the highest pH tested, pH 10, the removal was the lowest, 83%. At
intermediate pH values, lower than 7, the removal was higher than 95%.

The adsorption of AB80 onto the Ch-DES beads was affected by pH, with a decrease above pH 7. This observation agrees with the
obtained point of zero charge (pHpzc), 6.98, for Ch-DES beads (Fig. S6): at pH lower than pHpzc, the adsorbent is positively charged,
then, at acidic conditions, amine groups of adsorbent were protonated, and the negative sulfonate ions of AB80 were probably
adsorbed by electrostatic attraction, explaining the highest removal efficiency at pH 3.5 [43]. The decrease in removal with increasing
pH from 3.5 to 7 might be due to the reduction in the amount of protonated amino groups on the adsorbent, leading to a decreasing
electrostatic attraction between the dye molecules and the Ch-DES beads. At pHs higher than 6.98, Ch-DES beads are negatively
charged, so the adsorption capacity decreases at a higher rate owing to repulsions between the anionic dye and the adsorbent surface.

It has been reported that the pH of the dyeing discharge from textile industry generally ranges from 9 to 11 [44]; although lower,
the Ch-DES beads efficiency was significant at pH 10 (83% AB80 removal).

3.4. Adsorption kinetic models

Adsorption kinetics brings information to understand the adsorption process: the potential controlling steps and the adsorption
mechanism. The literature provides a lot of studies applying different adsorption kinetic models for removal of dyes molecules using
chitosan-based adsorbents, such as first-order-kinetic, pseudo-second-order-kinetic, intraparticle diffusion and Elovich [8].

The adsorption of AB80 on Ch-DES beads was studied under different initial concentrations to investigate the most appropriate
adsorption kinetics model. The pseudo-second-order (Fig. 7), pseudo-first order, Elovich and intraparticle diffusion (Weber-Morris
model) (Figs. S7-S9) kinetics linear graphs were represented; linear plots of In (qe-q) Vs t, t/q; Vs t, q; vs In(t), and q; vs t'/2,
respectively, were used to obtain the values. Table 3 shows the adsorption kinetic parameters ky, ko, ks, qe, I, p and a, corresponding to
the different models, calculated using the linear plots, together with the parameter R2.

The linear fit and regression coefficient values obtained for the studied kinetic models point at the pseudo-second order (Fig. 7) as
the more suitable model throughout all the AB80 concentrations. There is also good agreement between the values of calculated qe
(pseudo second-order) and the experimental q. exp, although the model obtains higher g, values, about 25% on average, when the
concentration of AB80 was higher than 100 mg/L (Table 3). At these higher AB80 concentrations, a better agreement between the
calculated qe by the pseudo-first-order model and the experimental q. were obtained (Fig. S7).

The value of the pseudo-second-order rate constant, ko, was inversely proportional to the dye concentration tested, as reported in
different studies [42].

The rate of adsorption of AB80 onto Ch-DES beads is a function of the number of sites available for adsorption and also the
concentration of dye molecules in the solution, as the pseudo-second-order model assumes; surface adsorption is the dominating
process [8]. The rate-limiting step would be determined by the chemical adsorption, depending on the electrostatic forces through the
electrons exchange [23].

Description of the adsorption mechanism using the intraparticle diffusion model: The adsorption of AB80 at low concentrations
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Fig. 7. Pseudo-second order sorption kinetics of AB80 at 25 °C by 15 mg of Ch-DES beads, at different AB80 initial concentrations: (o) 25 mg/L, (x)
50 mg/L, (¢) 100 mg/L, (A) 150 mg/L, (M) 200 mg/L, ({)) 250 mg/L.
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Table 3

Parameters of the kinetic models for AB80 adsorption on Ch-DES beads.
Dye AB80
concentration (mg/L) 25 50 100 150 200 250
Qe €xp (mg/g) 8.25 16.80 33.95 46.39 52.91 58.39
Pseudo-first order kinetic model
k; (1/min) 66.8 x 1072 49.5x107° 17.2x107° 10.9x 1072 9.0x 1072 5.9x 1072
Qe (mg/g) 16.29 33.47 42.42 55.56 63.43 56.40
R? 0.9771 0.9715 0.9700 0.9444 0.9314 0.9917
Pseudo-second order kinetic model
ko (mg/(g min)) 9.1x107° 1.8x1073 0.3x107° 0.1x107° 0.1x107% 0.1x107°
Qe (mg/g) 8.65 19.35 43.51 62.96 62.57 69.15
R? 0.9935 0.9896 0.9812 0.9755 0.9913 0.9961
Elovich kinetic model
B (g/mg) 0.639 0.241 0.103 0.076 0.073 0.0687
o (mg/(g min)) 1.771 1.399 1.154 1.105 1.194 1.174
R? 0.7478 0.8799 0.9791 0.9920 0.9699 0.9782
Intraparticle diffusion kinetic model
ks (mg/(g min'/?)) 0.295 0.819 1.897 2.341 2.012 2.196
I 4116 5.523 2.748 1.038 6.452 4,983
R? 0.5567 0.7156 0.8879 0.9325 0.8438 0.8898

(25-100 mg/L) would take place in two steps (Figs. S10a—c): the first indicates the formation of a film onto the adsorbent, with fast
diffusion on the surface. The second, a decrease in the particle adsorption, since most of the dye molecules were already adsorbed. By
contrast, at higher AB80 concentrations (150-250 mg/L), the process can be divided in three stages (Figs. S10d—f): the first, with the
fast diffusion on the surface and formation of a film onto the adsorbent; the second, with a slow particle diffusion between the AB80
films that were formed during the first stage; and the third stage, with a decrease in the adsorption rate owing to the absence of
available active sites.

At higher concentrations, especially at 250 mg/L, the pseudo-first model would partially explain the experimental data: during the
initial stage, the kinetics is governed by the rate of surface reactions, and when the system approaches equilibrium, there is a change in
the predominant mechanism from surface reactions to intraparticle diffusion [45].

3.5. Adsorption isotherms

The isotherm of dyes adsorption was studied at three different temperatures: 25, 35 and 45 °C (Fig. 8). The adsorption data was
used to construct the linear plots of Ce/qe Vs Ce, l0g (qe) Vs log (Ce), qe Vs In (Ce), In (qe) vs ¢ and In (ge/Ce) Vs qe, and the correlation
coefficient, R, was used to fit the data to the Langmuir (Fig. 9), Freundlich, Temkin, Dubinin-Radushkevich and Elovich isotherm
models (Figs. S11a-d). The values of Ky, K¢, K, B, Ke, qm, 1, B, were calculated from the linear plots and are shown on Table S2.

From the obtained results, we can conclude that the experimental data of AB80 adsorption onto Ch-DES beads fitted with Langmuir
isotherm model with R2> 0.99 at all the temperatures tested, suggesting the adsorption process takes place by the formation of a
monolayer of colourant molecules on uniform distribution of sorption sites in the adsorbent, without interactions among adsorbed
molecules [23]. When the process reaches the equilibrium state, the saturation of the monolayer would be complete [20].

The separation factor constant, Ry, estimating the degree of suitability of adsorbent to dye, increased at increasing temperatures,
but the obtained values, around 0.01 (Table S2), indicated that the adsorption process is very favorable (0 <Ry < 1) [35], in our
conditions.

Our results also fit well with Temkin isotherm at the lowest temperature tested, 25°C (R%>>0.99) and also at 35 and
45°C(R%> 0.97). The parameter B, related to the heat of adsorption, decreases with increasing temperature, from 7.36 (25 °C) to
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Fig. 8. The isotherms of AB80 adsorption on Ch-DES beads at different temperatures: (o) 25, (a) 35 and (A) 45°C.
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Fig. 9. Langmuir isotherm for the adsorption of AB80 by 15 mg of Ch-DES beads at (o) 25, (a) 35 and (A) 45°C, and pH 7.

4.82 J/mol (45 °C). The Temkin isotherm constant, K, increases with increasing temperature, from a value of 0.14 (25°C) to 0.99L/g
(45°C) (Table S2). The Temkin adsorption model describes the interaction between the adsorbate, adsorbent and indirect effects in
adsorption isotherms; Temkin equation introduces the influence of temperature on the adsorption based on Langmuir model.
Therefore, we can conclude that AB80 adsorbs onto Ch-DES beads uniformly on a monolayer, and the heat of adsorption of molecules
in the layer decreases linearly as a result of increase surface coverage [35].

The mean energy of adsorption may be deduced from the Dubinin-Radushkevich isotherm: the low positive value of E (0.3-0.5kJ/
mol) indicates a low potential barrier, suggesting a physical nature of the adsorption process [46].

3.6. Thermodynamic study

Thermodynamic parameters were calculated from the linear plots of In(k.) and 1/T (k. = qe/ce) (Fig. S12), and are summarized on
Table S3. Negative values obtained for the parameter AG at all temperatures and dye concentrations, except the highest (250 mg/L of
AB80), and the concentration 200 mg/L when temperature was 45 °C, indicate that the adsorption process is spontaneous except at the
previously mentioned conditions. At increasing AB80 concentrations, and at increasing temperatures, the AG values shift to more
positive values, meaning that the adsorption process becomes less favorable. A similar trend was described for the adsorption of
metanil yellow dye on a chitosan-based adsorbent [47]. By contrast, at the lowest AB80 concentrations tested, 25 and 50 mg/L, the AG
values shift to more negative values at increasing temperatures (Table S3). The AH values, negative when the concentrations of dye
were above 100 mg/L, confirm the exothermic nature of the adsorption process at those conditions. Then, we can conclude that at
lower concentration of the AB80 molecules in the solution, the process is endothermic, so the increase in temperature helps adsorption.
On the contrary, at higher concentration of AB80 molecules, the process is exothermic, so the adsorption is favoured at lower
temperatures.

The values of AG obtained are in the range (—20) to 0 kJ/mol generally described for physisorption [46]. The negative values of the
enthalpy change, in the range (—13.9) to (—42.6) kJ/mol, would indicate that the adsorption involves weak forces of attraction, of
physical nature, and the process, exothermic at values of dye concentration above 100 mg/L, is energetically stable [46]. The negative

Reusability test - untreated beads
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Fig. 10. Results of reusability of not desorbed Ch-DES beads, during 5 successive adsorption tests, at 100 mg/L initial AB80 concentration, 15 mg of
adsorbent, 25 °C, 350 rpm, and 6 h contact time: (ll) dye removal %, (%) adsorption (mg/g).
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AS values at the mentioned range of dye concentrations reflected the decreased randomness at the solid-liquid interface during the
adsorption of dye onto adsorbent.

3.7. Reusability of the adsorbent

The results obtained during reuse of untreated (not desorbed) Ch-DES beads after each adsorption process is shown on Fig. 10 The
adsorbent partially maintains the adsorption capacity, and continues eliminating the dye AB80 from the aqueous solution, at a lower
rate after the first use, 66.8%, and with a further decrease, around 40%, ater the next uses. It is even capable of removing 33.6% of
ABB8O from the solution after 5 uses.

3.7.1. Desorption

The results of desorption experiments, using NaOH 0.1 M and H2SO4 0.1 M, and applying the same experimental conditions as for
adsorption tests, are shown on Fig. 11. Three desorption cycles were performed, and as it can be seen, the desorption percentage was
very high when NaOH was used, in the range 80-99%, but it was notably lower, from 30 to 6%, when HoSO4 was used. Two cycles of
treatment with NaOH were very effective to desorb the dye AB80 from the Ch-DES beads. It was also shown that at increasing initial
dye concentration used during the adsorption, the percentage of desorption with NaOH also increased, however, the opposite was
observed when H,SO4 was used. During NaOH treatment, a competition between the OH™ ions and the anionic dye molecules adsorbed
to Ch-DES beads might be responsable for the elution of AB80, as described by others [47,48].

Afterwards, the adsorbents treated by both methods were tested for reuse. Fig. 12 shows the obtained results when NaOH 0.1 M was
used to desorb the beads. There was a decrease in the removal of AB80 from the solution, from 98% to 43%. Therefore, the desorption
process with NaOH was not practical for application when the material was intended for reuse, but it could be a very effective way to
recover the dye.

Concerning the adsorbent treated with HoSO4 0.1 M, the results obtained when it was reused for AB80 adsorption are shown on
Fig. 13. Although AB80 desorption was negligible, the Ch-DES beads were still capable of eliminating ca. 100% of the dye AB80 from a
100 mg/L solution, even after 5 successive uses. In addition, the adsorption capacity after each use remains at the same value. This
result suggests that the Ch-DES beads have increased their adsorption capacity after the acid treatment, probably due to protonation of
the amine groups of chitosan, and therefore, improving the electrostatic interaction with the anionic dyes and facilitating their
removal, as reported by others [49].

3.8. Possible adsorption mechanism

The FTIR spectra of Ch-DES beads after AB80 adsorption, shows the Ch-DES beads typical bands together with the characteristic
bands of the dye AB80 (Fig. S13). Some differences are observed in the beads after adsorption, compared to the beads before use, in the
stretching vibration of C-H groups (between 2848 and 2963 cm™!) as well as the stretching vibration of O-H and N-H groups (around
3300 cm™Y), indicating that the dye AB80 was incorporated to the Ch-DES beads. Additionally, several peaks not present in the
adsorbent before use, are observed in the Ch-DES-AB80-adsorbed, and come from the dye: in the region from 400 to 2000 cm™?, the
bands at 1594, 1576, 1491, 1451, 1364, 1075, 994, 841, 820, 801, 726, 673, 625, 579, 555, 512, and 470 cm ™~ *. No obvious new peak
was detected, and peaks in the region 1790-1284 cm ™! decreased after adsorption, this would mean that the interaction adsorbent-
pollutant is mainly of physical nature [48].

The adsorption and desorption behavior of AB80 on the studied adsorbent, Ch-DES beads, was possibly affected by the electrostatic
interactions: when the OH™ ions were present, they would replace the anionic dye molecules adsorbed to Ch-DES beads and eluted
them from the adsorbent, and conversely, when protonation of the amine groups of chitosan takes place by addition of acid,
enhancement of the electrostatic interaction with the anionic dye molecules would improve their adsorption to the Ch-DES surface.

Overall, the adsorption behavior at lower AB80 concentrations appeared to be dominated by chemisorption, depending on the
electrostatic attraction, onto Ch-DES beads surface, with a rapid diffusion from the solution to the adsorbent favoured by increasing
temperature. However, at higher AB80 concentrations, the process seemed also ruled by physisorption, with an initial rapid diffusion
from the solution to the adsorbent followed by a slow particle diffusion caused by mass transfer resistance, and increased repulsion
forces between the dye molecules in the adsorbent and the liquid phase, and finally a saturation of available active sites. Besides, at the
higher AB80 concentration range, the process was exothermic and hence the increase in temperature induced a decreased adsorption.
In addition, the free energy change became less favorable at increasing AB80 concentrations.

3.9. Comparison of Ch-DES adsorption capacities with other adsorbents

The adsorption capacity values (Qm) in the literature, showed differences among different adsorbent materials. Lower values
compared with our adsorbent were obtained for AB80 when a CuTiO; composite was used (22.23 mg/g) [16]. Other adsorbents were
reported to reach higher capacities, such as activated carbon from vegetal residues, with values in the range 88.03-294.7 mg/g [50,
51], chemical modified bentonites, with 126-201 mg/g [52,52,53], and Al-based metal organic framework (MOF), with 200 mg/g
[53].
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Fig. 11. Results of desorption of AB80 from Ch-DES beads applying NaOH 0.1 M or H,SO4 0.1 M during 3 successive desorption cycles (25 °C,
350 rpm): (M) NaOH, 3 desorption cycles sum; (m) NaOH, 1st and 2nd desorption cycles sum; ([J) HoSO4, 3 desorption cycles sum; () HoSO4, 1st
and 2nd desorption cycles sum.
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Fig. 12. Results of reusability of NaOH-desorbed Ch-DES beads, at 100 mg/L initial AB80 concentration, 15 mg of adsorbent, 25 °C, 350 rpm, and
6 h contact time: (ll) dye removal %, (m) adsorption (mg/g).
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Fig. 13. Results of reusability of partially H,SO4-desorbed Ch-DES beads, during 5 successive adsorption tests, at 100 mg/L initial AB80 concen-
tration, 15 mg of adsorbent, 25 °C, 350 rpm, and 6 h contact time: (ll) dye removal %, (m) adsorption (mg/g).

4. Conclusions

This work envisages an opportunity to obtain alternative adsorbents based on chitosan modification with deep eutectic solvents
(DESs) that offered enhanced adsorption capacity compared to the starting materials. The sorbents could be easily recovered and
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reused, and eventual recovery of the dye by desorption was possible. Successful modification of chitosan beads using a deep eutectic
solvent of choline chloride:urea allowed to improve substantially the capacity of chitosan itself to adsorb the dye Acid Blue 80. Below
dye concentrations of 100 mg/L, the removal percentages were as high as 98-100%, and for 250 mg/L -the highest concentration
tested- they were still around 71%. The adsorption process could be described with the pseudo-second-order kinetic model and the
monolayer Langmuir isotherm. Sorbent recovery and reuse was feasible, with an extremely high efficiency (100% dye removal) during
several cycles after acid treatment of the beads. The adsorption process required mild operating conditions: at temperature lower than
35°C, the adsorption was optimum and spontaneous, and worked for a wide pH range, which makes it applicable to typical effluents
discharged from the textile industry. It can also be extended to other anionic dyes (e.g. azo type), and its industrial application could
contribute to the development of alternative green and sustainable technologies for water remediation and circular economy.
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