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Abstract

Low biodegradability of several dyes leads to their accumulation in water,
causing ecological and health damage. The adsorption and, in particular,
biosorption processes are widely applied for the wastewater treatment.
This article presents the first comparative study of the Allura red dye re-
moval under neutral pH at 25 °C applying novel biosorbents: carboxyethyl
chitosan hydrogel (CEC) and cryogel of carboxyethyl chitosan cross-linked
with butanediol-1,4 diglycidyl ether (DEB-CEC). The gels were synthesized
in “green” manner, and the characterization revealed porous structure and
high swelling for both biopolymer compositions, which are the properties
important for adsorption. The kinetic studies demonstrated that the ad-
sorption rate for DEB-CEC is better represented by pseudo-second-order,
while CEC followed better pseudo-first-order kinetics. The adsorption iso-
therm of Allura Red suited the Temkin model for both samples, with the
maximum adsorption capacity of 22.523 mg/g (45.4 pmol/g) and 10.482
mg/g (21.1 umol/g) for CEC and DEB-CEC, respectively. The results
demonstrated that CEC and DEB-CEC polymers can be used as biodegrada-
ble and eco-friendly biosorbents for Allura Red dye removal from aqueous
solutions, making these biosorbents promising for wastewater treatment
and prevention of the azo-dye environmental pollution.
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e Adsorption process of Allura Red dye for CEC and DEB-CEC fits pseudo-first-order and pseudo-second-order kinetic

models, respectively.

e Maximum adsorption capacity of 22.523 mg/g (45.4 pmol/g) and 10.482 mg/g (21.1 pmol/g) was determined for CEC

and DEB-CEC, respectively.

e The adsorption isotherm of Allura Red suited the Temkin model for both biosorbents.

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction
surfactants [1-3].
Sustainable development requires modern approaches to

heavy metals, dyes,

plastics, o0il products and

Dye-containing wastewater with a pollutant concentra-

recover natural resources used for industrial purposes. In
this context, lack of pure water appears to be crucial for
humanity, threatening millions of lives worldwide. Pollu-
tion is generally caused by industries actively applying

tion ranging typically from 100 to 250 mg/L is discharged
either from plants or from households in an amount of
50,000 tons annually. It has become a global problem push-
ing the development of water treatment techniques forward
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[4]. Most dyes are synthetically derived, and they are able
to penetrate the environment, predominately contaminat-
ing water, demonstrating low biodegradability and high ac-
cumulation ability [5, 6]. Some dyes are harmful for biolog-
ical objects and humans causing toxicological [7], carcino-
genic effects [8, 9], hypersensitivity reactions [10], allergic
reactions [11], behavioral and neurocognitive effects [12].
About 60-70% of dyes are azo dyes, characterized by the
presence in their structure of a chromophore group
(-N=N-) conjugated with aryl radicals [13].

According to classification, Allura Red AC, also known
as FD&C Red 40 or E129, is the monoazo dye [4]. It is pre-
sented in the form of dark red powder or granules obtained
through diazo coupling of aminomethyl toluenesulfonic
acid with naphthol sulfonic acid [14]. The structural for-
mula of Allura Red AC is shown in Figure 1.

Back in 1980 the Joint Food and Agriculture Organiza-
tion of the United Nations and the World Health Organiza-
tion Expert Committee on Food Additives established the
tolerable daily intake of Allura Red AC in the range of o-
7 mg/kg body weight/day, later approved by the EU Scien-
tific Committee on Foods in 1984 and 1989, and remained
unchanged since then [15]. At the same time, it was re-
ported that in vivo Allura Red AC causes the DNA damage
in the colon at an uptake level of 10 mg/kg body weight 3
hours after administration in pregnant mice, which was
confirmed by the Comet assay [16]. No damaged DNA was
observed in other organs or the embryo. At a dose equiva-
lent to the accepted daily allowance (7 mg/kg) Allura Red
AC promotes DNA damage in the colon cells in vitro and in
vivo [17]. It was also reported that the combination of E129
with preservative sodium benzoate results in hyperactivity
among children aged 8 to 9 years [18]. Moreover, Allura Red
AC had a neurotoxicity effect on rats in both low
(7 mg/kg/day) and high (70 mg/kg/day) doses, which was
causes impairment in spatial learning, memory and rats'
medial prefrontal cortex structure [19].

Across the years, dye release into the environment re-
mains a global challenge, causing environmental and social
dangers. The presence of dyes in water severely declines
the chemical and physical water quality; it has an adverse
effect on aquatic organisms and can lead to the inhibition
of biological systems by causing a scarcity of light.

Many techniques were developed in order to remove the
dye pollutants from water, including membrane filtration,
ozonation, coagulation/flocculation, electrochemical oxida-
tion and adsorption [20].
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Figure 1 Structure of Allura Red AC.
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Generally, the adsorption is considered to be the most
cost-effective and simple approach [21], involving either
conventional adsorbents such as carbon materials [22, 23],
mineral adsorbents [24], chemical waste derived product
[25], biomass [26, 27] or food waste [28] as well as wood
sawdust [29] or biosorbents, such as alginate [30] or chi-
tosan [31]. The adsorption parameters for some of these ob-
jects towards Allura Red AC are presented in Table 1.

According to the data in Table 1, biosorbents exhibit
strong adsorption properties towards E129, which makes
its use promising for dye removal. This follows the current
trends in biosorbent application and their potential to dis-
place carbon and other conventional adsorbents [39].

The biosorbents are especially attractive due to their
modification capacity so that one can target the adsorption
properties making the adsorbent more selective and effi-
cient [40]. Another benefit of using biopolymers is their
ease of processing; hence, the modifications can be carried
out by various methods, including mechanical and thermal
processes to create pores and chemical processes to im-
prove the surface area [41]. This approach also reveals the
potential for plant waste valorization by isolating biopoly-
mers from biomass and producing renewable substances
applying green technologies [42].

In the context of Allura Red adsorption, chitosan demon-
strated perfect adsorption capacity compared to inert ad-
sorbents due to the specific adsorption mechanism of chi-
tosan. This amino-polysaccharide contains both hydroxyl
and amine groups in its structure, which allows enhanced
adsorption due to acid-base interactions or the formation of
hydrogen bonds (Figure 2) [33].

Table 1 Allura Red AC adsorption depending on the sorbent.

Adsorp- Adsorption condi-
Sorbent 2;:;;- tions Ref.
’
umol/g T, °C pPH

];;lg:la sapida seed 30.55 26 4 [32]
Sawdust (microsized) 50.98 25 3 [29]
Activated carbon 146.75 25 7 [23]
Sawdust (nanosized) 151.46 25 3 [29]
Modified clays 121.77 25 5 [24]
Biosponges of chitosan
cross-linked with epichlo- 122.7 25 5 [33]
rohydrin supported by ’
Luffa cylindrica
Biosponges of chitosan
cross-linked with glu- 179.38 25 5 [33]
taraldehyde supported :
by Luffa cylindrica
Chitosan/Polyurethane 217 25 B [34]
foam
Pseudoevernia furfura- 221 25 8 [35]
cea biomass
Chitosan 604.33 25 5.7 [36]
Chitosan nanoparticles
and beads cross-linked
with sodium tripoly- 746.07 25 4 [37]
phosphate
Spirulina platensis 944 25 4 [38]
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Figure 2 Pathways of interaction between chitosan and Allura Red
dye.

Moreover, Figure 2 demonstrates high adsorption de-
pendence on the pH due to the activation of different groups
of chitosan and Allura Red dye. A number of publications
for various azo dyes proves this statement. It’s proved that low
PH stimulates the adsorption, while it demonstrates a down-
ward trend upon pH increase, reaching the values of adsorp-
tion capacity of about 50 for native chitosan [36, 43, 44].

Besides its numerous benefits such as renewability, low
cost and toxicity, reusability, extended life cycle and rabid
adsorption kinetics, chitosan requires its structure modifi-
cation to enhance adsorption [45]. The modification usually
represents incorporating additional chemical groups into
the chitosan backbone. In most cases derivatization is car-
ried out via amino-groups in such chemical reactions as
acetylation, quaternization, Schiff base formation with al-
dehydes and ketones, alkylation, and carboxyalkylation
[35]. Another approach is cross-linking, which allows form-
ing the three-dimensional network by covalent bonds be-
tween linear chains of chitosan, enlarging the contact sur-
face and providing biosorbents with a high capacity to-
wards dyes in water [46]. Both derivatization and cross-
linking affect the adsorption mechanisms involving physi-
cal adsorption or chemical interactions, such as ion-ex-
change, acid-base and
bonding [47].

In the present work, we made the first attempt to eval-

interactions, hydrogen

uate the potential of novel biosorbent candidates carbox-
yethyl chitosan (CEC) hydrogel and cryogel of carboxy-
ethyl chitosan cross-linked with diglycidyl ether of bu-
tanediol-1,4 (10:1) (DEB-CEC) in removal of Allura Red dye
from water.

2. Materials and methods

2.1. Gel preparation

Chitosan (degree of acetylation 16%, molecular weight
500 kDa) by Orison Chemicals Limited, China was used for
CEC-based gels production.

2.1.1. CEC hydrogel preparation

CEC hydrogel preparation was carried out according to the
procedure discussed previously [48]. In brief, a mixture of
1.65 g (0.01 mol) of chitosan and 1.35 ml (0.02 mol) of
acrylic acid was prepared in 5.5 ml of water and kept at
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room temperature until gelation, followed by heating at
70 °C for 12 h. The resulting hydrogel was washed to neu-
tral reaction and dried at the ambient temperature until
constant weight.

2.1.2. DEB-CEC cryogel preparation

DEB-CEC cryogel was obtained by cross-linking of carboxy-
ethyl chitosan obtained according to the previous procedure
with diglycidyl ether of butanediol-1,4 at the “poly-
mer:ether” molar ratio of 10:1, temperature -19 °C and
pH 4 for 10 days.

The comprehensive scheme of the chitosan carboxyeth-
ylation and further cross-linking reaction is presented in
Figure 3.

2.2. Gel characterization

2.2.1. FT-IR spectroscopy

The Fourier-transform infrared spectroscopy (FT-IR) was
carried out using the spectrometer “Spectrum One” by Per-
kin Elmer (USA). The measurement was performed in trip-
licate.

2.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed with a
Zeiss EVO50 microscope (Germany) after metallization of
the samples with a cuprum layer 20 nm thick using a JEOL
JFC-1600 auto fine coater (Japan) at a pressure of no more
than 8 Pa for 40 seconds.

2.2.3. Swelling capacity

The ability of samples to swell was determined using the
gravimetric approach presented in various sources [49] and
well recognized for biopolymer compositions. Before the
test, the gel samples were dried to the constant mass, des-
ignated as Wa. Afterwards, the samples were immersed in
10 ml of distilled water at a temperature of 25 °C and kept
for 30 min. Then the samples were retrieved, followed by,
removing the excess medium on the surface with tissue pa-
per and recording the weight (Ww).
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Figure 3 Scheme of the chitosan carboxyethylation and further
cross-linking reaction with diglycidyl ether of butanediol-1,4.
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The swelling (S) in percent was calculated applying the fol-
lowing equation (1):

W, — W,
S (%) =WT“‘-100 %. (1)
d

2.2.4. Porosity

The porosity was measured by the liquid displacement
method described in [50]. In the present study we chose
ethanol as the displacement fluid; hence, it penetrates the
sample without swelling or disrupting the structure. In
brief, the dried sample of a mass recorded as Wa was im-
mersed in ethanol under vacuum for 30 min, and the weight
of the sample in ethanol was recorded as Wi. Next, the sam-
ple was removed and the liquid on its surface was removed
with filter paper. The weight of the wet sample was desig-
nated Ww. The porosity (¢) was calculated according to
equation (2):
(Ww B Wd)

£ (%) = ————°2.100 %.

Wy — W) 2)

2.2.5. Deacetylation degree

Deacetylation degree was evaluated via proton nuclear mag-
netic resonance spectroscopy (*\H NMR) using AVANCE 500,
Bruker BioSpin (USA). The sample preparation was made
through the treatment of gels with an aqueous solution of so-
dium hydroxide in order to destroy the cross-links and solu-
bilize them, further recording the *H NMR spectrum.

2.3. Adsorption experiment

The experiment was performed using a stock solution of Al-
lura Red AC (E129) prepared at 25 °C and neutral pH with a
concentration of 5000 mg/L. The following concentrations
were used to determine gel absorption kinetics: 100 mg/1
(50 times dilution), 200 mg/1 (25 times dilution), 300 mg/1
(16.7 times dilution), 500 mg/l (10 times dilution),
600 mg/1 (8.3 times dilution). 1 ml of each solution was
added to Eppendorf vial containing the samples (0.05 g of
gel each); then the measurements were made using a spec-
trophotometer Biobase BK-EL10C (China) after 10, 20, 40,
60, 120, 180 min at a A = 450 nm. To do this, 100 pl of sam-
ples from experimental tubes were transferred into a 96-well
plate compensating the sample volume with distilled water;
water was used as a negative control, and a solution of intact
dyes (0.5 mg/ml) was used as a positive control. The measure-
ments were performed in triplicate. The following calibration
curve was used to determine the concentration (Figure 4).

2.4. Adsorption kinetics study

The adsorption study was performed using three models,
assessing the best fit of the experimental data with each of
them. The presented models are widely applied to describe
including dyes,
wastewater using various biopolymers [30]:
—  Pseudo-first order kinetic model (PFOM);
—  Pseudo-second order kinetic model (PSOM);

the adsorption of substances, from

— Intraparticle interaction model (IDM).
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Figure 4 Calibration curve for E129 absorbance at A = 450 nm.

The PFOM and PSOM were initially proposed to evaluate
the homogeneous chemical reactions. Later on, these mod-
els were applied to heterogeneous systems including the ef-
fects of diffusion mechanisms within rate parameters.

2.4.1. Pseudo-first order kinetic model

Adsorption was initially described as a first-order reaction
using a model proposed in 1898 by Lagergren, based on the
adsorption of substances from solution onto the surface of
coal. According to common opinion, it is the earliest model
of kinetics. To distinguish kinetic equations based on ad-
sorption capacity from equations and taking into account
the concentration of adsorbate in solution, it is customary
to denote these equations by the term “pseudo-first order”.
The description of the kinetics within the framework of this
model can be presented taking into account the occurrence
of adsorption of sorbate molecules (M) on adsorption cen-
ters (A), equation (3):
kq
A+M 2 AM,
ka

(3)

where A are the active centers on the surface of the sorbent,
M is the sorbent in solution and AM is the sorbate associ-
ated with the active center; k; and k- are the rate constants
of adsorption and desorption, respectively.

The adsorption from liquid medium can be described by
the equation (4):

3—;’ =kp1 (q, —q) (4)
where ge and gt are the amount of sorbed substance at equi-
librium and at time t, respectively (mmol/g); kp: - pseudo-
first order rate constant (min™).

When integrating equation (4) with boundary and initial
conditions gt = 0 and gt = Q: for t = 0 and t, the expression
takes the form of equation (5) [40]:

k
Ig Qe = @) =g (@) = 5355t (5)

2.4.2. Pseudo-second order kinetic model

In 1998, Ho and Mackay presented a description of the ki-
netic process of adsorption of divalent metal ions by peat. Ion
retention occurs due to the formation of a chemical bond
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with the polar carbonyl, carboxyl and alcohol functional
groups of peat. The reaction is described by the equation (6):

2A" + M2t o A,M. (6)

The main assumption in this model is the use of the
above equation, taking into account that adsorption is de-
scribed by a second-order kinetics equation, and the limit-
ing stage is adsorption with electrostatic interactions of
functional groups of peat with metal ions. The adsorption
isotherm is described by the Langmuir equation, the inte-
gral form of which for the dependence of the amount of ad-
sorbed substance Q:on time t has the form of equation (7):

t
Q=7 1

+
k,-Q2 Qe

where k- is the pseudo-second order sorption rate constant

(7)

(g-(mmol-min)™); t - time (min).

Equation 7 does not require determination of the effec-
tive parameter Qe., as in the pseudo-first order Kkinetics
model. The applicability of the pseudo-second-order kinet-
ics model for describing the sorption process is often
demonstrated by the linearity of the dependence in the t/Q:
versus t coordinates. Using the tangent of the angle of in-
clination and the free term of the straight line, Qe and k-
can be calculated [52].

2.4.3. Intraparticle diffusion model

The kinetic results were also analyzed by the IDM to explain
the adsorption behavior of E129 on both polymer systems
and to understand the rate determining step. The dye ad-
sorption may pass generally via liquid phase mass transport
rate or through the intraparticle mass transport rate. The
rate-limiting step may be as the boundary layer (film) so
the intraparticle diffusion (pore) of the solute on the adsor-
bent surface from the bulk of the solution. In diffusion stud-
ies, the rate is generally expressed in terms of the square
root of time. According to the IDM proposed by Weber and
Morris [53], the time dependence can be determined from
equation (8):

g =kt+ C . (8)

where q: is the amount of solute on the surface of the
sorbent at time t (mg/g), ki is the rate constant of the intra-
particle diffusion model (mg/g min2 ), t is the time and C
is the intercept (mg/g). The ki values can be determined
from the slopes of plots gt versus t *.

2.5. Isotherm analysis

Understanding the adsorption equilibrium is the key for
evaluating the applicability of adsorption processes. The ad-
sorption isotherms describe how solutes interact with adsor-
bent and are vital for optimizing the adsorption process con-
ditions in regard to each polymer [54]. The batch adsorption
experiment was done to obtain the adsorption curve. In brief,
various solutions of Allura Red dye were prepared at 25 °C
and neutral pH within a concentration of 100, 150, 200, 250,
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300, 350, 400, 450, 500, 550 and 600 mg/L. 1 ml of each
solution was added to Eppendorf vials each containing 0.05
g of gel samples; the measurements were made using the
spectrophotometer Biobase BK-EL10C (China) after 180 min
ataA = 450 nm in triplicate. The resulting concentration was
recalculated using the calibration curve obtained previously
for the adsorption kinetic study (Figure 3). Various equilib-
rium isotherm equations were applied to describe the exper-
imental sorption data obtained in this study, such as Freun-
dlich, Langmuir and Temkin isotherms.

Langmuir isotherm model is the most known adsorption
isotherm that is extensively used for the adsorption from
liquid solutions. This model applies to the adsorption pro-
cess onto a surface with a finite number of similar adsorp-
tion sites. The linearized form of Langmuir model is repre-
sented by equation (9) [55]:

Ce 1 ap,

(9)
“=—_-=cC.,
e K. K. ¢

where Ce (mg/L) and ge (mg/g) are the liquid phase concen-
tration and solid phase concentration of solute at equilib-
rium respectively. K1 (L/g) and ar (L/mg) are the Langmuir
isotherm constants. The constants K. and aL can be calcu-
lated based on the intercept (1/Kv) and the slope (ar/Kv) of
the linear plot of Ce/qe versus Ce. The maximum adsorption
capacity of the polymer, gmax, is defined as Ki/ar.

The essential characteristic of Langmuir isotherm can
be represented within the dimensionless constant (RL), a
so-called separation factor, and is given as equation (10):

1

R,=———,
LT 1+ a6

(10)
where Co is the initial concentration of dye (mg/L) and au. is
the Langmuir constant related to the adsorption energy
(L/mg). Depending on the value of Ri, the adsorption pro-
cess can be an unfavorable process (R.>1), linear (RL= 1),
favorable (RL between 0 and 1) or irreversible (RL = 0) [61].
Another isotherm model proposed by Freundlich considers
that the adsorption occurs on heterogeneous surfaces and
multilayer sorption. This model suggests that adsorption
energy exponentially decreases upon the adsorbent sorp-
tion centers completion, and it is employed to describe het-
erogeneous systems via building the linear form of the
Freundlich expression, equation (11) [57]:

1
Ing. = InKg +ﬁln Ce, (11)

where @e is the amount of solute (dye) adsorbed at equilib-
rium time (mg/g), Ce is the equilibrium concentration so-
lute in solution (mg/L), Kr is the Freundlich constant (L/g)
related to the energy of bonding and 1/nF is the heteroge-
neity factor. The 1/nF and Kr values are generated as the
slope and intercept of plots Inge versus InCe, respectively.
Temkin model comprises the effects of indirect so-
lute/adsorbent interactions on adsorption isotherms and
suggests that the heat of adsorption of all molecules in the
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layer decreases linearly with coverage because of their in-
teractions [62]. The adsorption is characterized by the uni-
form distribution of bond energies until the bond energy
reaches its maximum. The linear form of Temkin equation
is presented as equation (12) [58]:

RT RT
e = =Inar +-——=InC,,

bT bT (12)

where T is the absolute temperature in Kelvin, R is the uni-
versal gas constant (8.314 J/mol K), ar is the constant of
Temkin isotherm (L/g) and bT is the Temkin constant, re-
lated to the heat of adsorption (kJ/mol). The Temkin con-
stants ar and B (RT/bT) are calculated from the slope and
intercept of the linear plot of ge versus InCe.

2.6. Statistical analysis

Statistical analysis was performed using IBM SPSS Statis-
tics software (version 25.0). For all collected kinetics data
we built linear regression models. The presented model
data includes linear regression coefficient value R?, root
mean square error (RMSE) and significance level p-value.
The models were considered reliable if both R* > 0.80 and
a significance level was less than the designated alpha
value. In the text of the manuscript, the significance levels
are indicated either as absolute values or (for exponential
values) as p < 0.0001.

3. Results and Discussion

Compared with chitosan, which is widely used for various
purposes, CEC has a number of advantages, including solu-
bility over the entire pH range [48], reduced toxicity [59],
[60], mechanical

safety for biomedical applications
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controllability [61], drug and bacterial carrier [63, 64],
wound healing [65] and tissue engineering [66]. It is now
also agreed upon that cryotechnology allows producing a
specific type of hydrogels called cryogels with porous struc-
ture, which have wide surface area, attractive for adsorp-
tion application.

3.1. Gel characterization

Except for external conditions, the adsorption process
highly depends on different physical-chemical characteris-
tics of adsorbent, the type of polymer prepared, and its
chemical structure and functional groups. In this regard, we
characterized the polymer systems as follows.

3.1.1. FT-IR spectroscopy

The FT-IR spectroscopy data show (Figure 5) that, for
CEC aside from the main IR-bands at 3291 (O-H, N-H), 2856
(C-H), 1314 (0-H), 1062, 1022 (C-N, C-0) cm™ typical of chi-
tosan, new bands appear at 2918 (C-H), 1775, 1734 (0=C-
OH), 1561 (O=C-0-) and 1419 (C-H) cm™, which indicate
successful functionalization of chitosan with 2-carboxyethyl
groups. Moreover, the more intense absorption band at
1561 cm™ compared to the bands at 1775 and 1734 cm™ in-
dicates the predominant zwitterionic form of the polymer.

The lack of solubility of CEC enables the formation of a
hydrogel due to the crosslinking by amide bonds that are
formed during the addition of chitosan to acrylic acid [48].
The small amount of amide bonds is confirmed by a new
absorption band at 1658 (O=C amide) cm™. Treatment of
CEC with an aqueous alkali solution leads to the destruction
of these bonds and polymer becomes soluble. Further treat-
ment of the polymer with diglycidyl ether of butanediol-1,4
forms a new type of cross-linking with ether bonds.

—— CEC
—— EGDE cross-linked CEC

3000 2000

Figure 5 FT-IR spectra for CEC (down) and for DEB-CEC (up).
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For this reason, the spectrum of DEB-CEC does not
change fundamentally, except for the disappearance of the
absorption band at 1658 cm™ - a band appears at
1649 cm™, which corresponds to the amide bond in the ac-
etyl group, and changes in the relative intensity of the ab-
sorption bands.

3.1.2. Scanning electron microscopy

The CEC-based structures were studied in both dried and
swollen states. The results presented in Figure 6 showed
that both samples have heterogeneous pore structure in the
dried state. However, we detected the hole formation inside
of the already existing pores in the swollen CEC hydrogel,
which happened due to swelling increasing the distance be-
tween CEC layers and can increase the effective surface. On
the contrary, DEB-CEC cryogel showed excellent pore for-
mation resulting in regular structure with the pore size
from 18 up to 50 nm, which comes in agreement with cur-
rent opinion on the cross-linked cryogels [67, 68]. In this
regard, DEB-CEC cryogel can demonstrate good adsorption
properties towards different objects.

3.2. Gel characterization

In the context of the adsorption evaluation, we consider
swelling and porosity as key parameters of CEC-based struc-
tures, which influence the adsorption, hence they determine
the surface area available for contact with solution. Also, due
to the possible binding of the ARD by free amino-group, their
content is also important for adsorption evaluation. As a re-
sult, the swelling and porosity values were 244.97% and
54.50%, respectively, for CEC hydrogel and 429.91% and
148.00% for DEB-CEC. So far, structure characteristics of
the samples demonstrated that the adsorption capacity of
DEB cross-linked CEC should be higher compared to CEC
hydrogel. Our next step was to check this hypothesis.

3.3. Adsorption kinetics

Adsorption depends on several factors, such as surface
area, adsorbent and adsorbate properties, their mass ratio,
the temperature of the system, the nature of the solvent,
and the pH [69]. The adsorption data for the removal of
E129 versus contact time at different concentrations of dye
(from 99.4048 to 627.2619 mg/L) for the polymers are pre-
sented as a function of gt versus time, measured in minutes,
presented in Figure 7.

Figure 7 demonstrates that the adsorption of dye on the
polymer achieved saturation. This means that the amount
of adsorbed dye inside the polymer was in a dynamic equi-
librium with the amount of dye released after 120 min. At
this point the amount of dye removed by adsorbent at a cer-
tain time indicates the maximum adsorption capacity of
each polymer under investigated conditions. According to
data the adsorption gradually increased during the initial
period between the dye and polymer due to swelling. At the
next step the adsorption was continuous until the equilib-
rium was reached.
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Figure 6 SEM micrographs of CEC and DEB-CEC gels in different
states: a) CEC hydrogel dried, b) CEC hydrogel swollen, c) DEB-CEC
cryogel dried, d) DEB-CEC cryogel swollen.

20.0000
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201.4683
6.0000 ~6-99.4048
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E 5.0000
= 4.0000
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0.0000 '
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Figure 77 Adsorption curves as a function of dye concentration in
mg/L for a) CEC hydrogel, b) DEB-CEC cryogel.
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All curves were asymptotic after approximately 120 min
of contact time. In this regard the adsorption process could
be considered moderate. However, upon the concentration
growth, both biopolymers tend to adsorb higher amounts of
the dye, confirming the strong interaction between the dye
and adsorbent.

Next, to test the experimental data obtained in the ad-
sorption of Allura Red and carboxyethyl chitosan-derived
polymers, the pseudo-first-order, pseudo-second-order and
the intraparticle diffusion models were employed with the
purpose to determine the different mechanisms implicated
in the adsorption process, such as adsorption surface, mass
transfer or intraparticle diffusion.

3.3.1. Pseudo-first order kinetic model

Using the resulting equation 6, it is possible to determine
the adsorption rate (k:) graphically, expressing the depend-
ence of log(ge - qt) on t (Figure 8), which allows one to cal-
culate the adsorption rate in the form of a constant ki, as
well as analyze experimental data within the framework of
the pseudo-first order kinetics model. Description of kinet-
ics within the framework of this model allows us to con-
sider the sorbate-sorbent or sorbate-sorbate interactions.

The experimental data fits to the pseudo-first-order plots,
which is shown in Figure 8, and the corresponding parame-
ters and linear regression coefficient R* values are given in
Table 2.

The linearity of the model (log(ge — qt) versus t) was
plotted for 120 min of contact for both polymers. The re-
gression coefficient values for CEC ranged from 0.364 to
0.996, while for DEB-CEC the correlation coefficient varied
from 0.954 and 0.993.

Theoretical values of ge were compared with the ex-
perimental data. Taking into account the sufficient dif-
ference between the geexp and gecal, we considered the re-
sults obtained for CEC demonstrated poor fit to the PFOM
model, while for DEB-CEC the fit was acceptable. Because
of these results, it was appropriate to study the pseudo-
second-order model with the experimental data ob-
tained.

ARTICLE

3.3.2. Pseudo-second order kinetic model

In the case of the data obtained, the pseudo-second order
adsorption graphs look as follows (Figure 9). The experi-
mental data fits to the pseudo-second-order plots better for
DEB-CEC, which is shown in Figure 9 and the corresponding
parameters and R? in Table 3. The linearity of the model t/qt
versus t was plotted for 180 min of contact and the R? values
for CEC ranged from 0.364 to 0.996. At the same time for
DEB-CEC the linear regression coefficient R* values were
from 0.954 and 0.993.

Theoretical values of ge are similar to those obtained
during the adsorption experiment, which confirms better
fit of the data to PSOM. However, there is a small difference
between @eexp and gecal, which pushed us to evaluate the data
using the intraparticle diffusion kinetic model.

1.5000 (a) 4627.2619

8. 0553373

X 335.7937

201.4683
©99,4048

B,
10000 X 5 g

0.5000

fxg B
%0 b

Log(qle)-alt)

0 20 40

-0.5000

Time (min)

£ 627.2619
[1553.373
*335.7937
201.4683
99,4048

140

Logla(e)-alt)

-0.7500

1.2500 . .
Time (min)

Figure 8 Pseudo-first order adsorption plots as a function of dye
concentration in mg/ml for a) CEC hydrogel, b) DEB-CEC cryogel.

Table 2 The kinetic parameters of the PFOM for the adsorption of Allura Red onto CEC and DEB-CEC polymers.

C, Qe exp PFOM parameters

Name (mg/g) (mg/8) k: (min-) Gecu (Mg/g) R RMSE p-value
627.262 16.140 -0.010 6.701 0.990 0.313 <0.0001
553.373 17.181 -0.020 21.883 0.996 0.221 <0.0001

CEC 335.794 10.871 -0.015 15.008 0.759 2.141 <0.0001
201.468 5.140 -0.010 8.083 0.364 11.135 0.008
99.405 1.519 -0.007 2.798 0.819 26.993 <0.0001
627.262 6.137 -0.012 8.932 0.993 0.698 <0.0001
553.373 8.153 -0.007 14.624 0.961 1.109 <0.0001

DEB-CEC 335.794 5.390 -0.007 9.860 0.993 0.720 <0.0001
201.468 4.006 -0.015 5.509 0.954 2.390 <0.0001
99.405 1.898 -0.012 2.808 0.979 4.294 <0.0001
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Table 3 The kinetic parameters of the PSOM for the adsorption of Allura Red onto CEC and DEB-CEC polymers.
Co e exp PSOM parameters
Name (mg/g) ;
(mg/g) k: (min—) qeca (Ng/8) R> RMSE p-value
627.262 16.140 -0.010 6.701 0.989 0.042 <0.0001
553.373 17.181 -0.020 21.883 0.846 0.228 <0.0001
CEC 335.794 10.871 -0.015 15.008 0.919 0.134 <0.0001
201.468 5.140 -0.010 8.083 0.668 0.105 <0.0001
99.405 1.519 -0.007 2.798 0.488 0.292 0.001
627.262 6.137 -0.012 8.932 0.994 0.039 <0.0001
553.373 8.153 -0.007 14.624 0.992 0.027 <0.0001
DEB-CEC 335.794 5.390 -0.007 9.860 0.995 0.019 <0.0001
201.468 4.006 -0.015 5.509 0.962 0.098 <0.0001
99.405 1.898 -0.012 2.808 0.728 0.204 <0.0001
better linear regression values compared to CEC, ranging
140.0000
(a) £627.2619 from 0.820 to 0.988 and from 0.603 to 0.968, respectively.
120.0000 i;i:::; It can be seen that the results obtained for each curve
100.0000 o 201.4683 do not cross the origin, which allows one to conclude that
80.0000 ©99.4048 the IDM is not the rate-limiting step besides its involvement
_ 60.0000 into the adsorption process. This means that different pro-
g 40.0000 cesses control adsorption rate and the adsorption in the
20,0000 present case passes through different stages.
P The C (intercept) values of Table 4 demonstrates how
0.0000 | FyiE . . 3 5
S o . 200 thick the boundary layer is. A higher intercept correlates
-20.0000 with the higher effect of the layer. In this experiment, the
~40.0000 C (intercept) values increased for both polymeric systems,
100.0000 and CEC has a higher effect of the boundary layer compared
soooos (P 2627.2619 to DEB-CEC polymer.
0.0 0983373 Summarizing the adsorption kinetics data we concluded
.0000 ® 335,7937
70,0000 201.4683 that the adsorption rate for DEB-CEC is better represented
60,0000 o 994048 by PSOM with a rapid growth at the initial adsorption step
£ s50.0000 with further saturation, while for CEC hydrogel the adsorp-
= 40,0000 tion process is rather complex with a closest fit to PFOM
- Eed
30.0000 o_..---" with relatively low regression coefficient meaning.
<> 20,0000 L 6212619
20-0000 ¢ RIS e (a) 0553.373
10.0000 éﬁ Qﬁ 15,0000 ) _ ) h Iy ® 3357937
0.0000 ' ' o
0 50 100 150 200 A o
Time (min) 10,0000 . R
Figure 9 Pseudo-second order adsorption plots as a function of dye E N Q 2o
concentration in mg/ml for a) CEC hydrogel, b) DEB-CEC cryogel. 5.0000 P e
. . . *® [ S -
3.3.3. Intraparticle diffusion model 0.0000 .
. i . 0.000 2.000 Odb% o GD@ . 30900 10,000 12000 14000 16000
Generally, adsorption represents a process with different
stages that implicates a transport of solute molecules from the e Sartlt)
solution and further diffusion thereof onto the adsorbent sur- £.0000 (b) g7 268
face. Taking into account the polymeric structure of the adsor- 8.0000 —
bent, we considered that the intraparticle diffusion influences 7.0000 014653
the adsorption process. We studied this effect through plotting 6.0000 : S ; e
the amount of Allura Red adsorbed versus the square root of g“m s
. . - . . - - 4.0000 [
time, which represents the intraparticle diffusion model (Fig- o000 & g
ure 10). The kinetics results obtained can be used to investi- a'nm T
. L —
gate whether the intraparticle diffusion is the limiting step in 1,000 2 g S &
the adsorption of the dye inside the polymer matrix. 0.0000 ¢
The intraparticle diffusion constant (ki) values are rep- b0 oo 4o0e 6000 ;ﬁ; 1000 1eoen 16000

resented in Table 4. These values increased along with con-
centrations of Allura Red. DEB cross-linked CEC showed

Figure 10 Intraparticle diffusion model plots as a function of dye
concentration in mg/ml for a) CEC hydrogel, b) DEB-CEC cryogel.
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Table 4 The kinetic parameters of the IDM for the adsorption of Allura Red onto CEC and DEB-CEC polymers.

C. ; nli:;pg ) IDM parameters :
Name (mg/g) kr*n(fn/l f:‘)g Geca (Mg/g) R RMSE p-value ¢ (‘r':ltge/rgpt’
627.262 16.140 1.190 17.150 0.968 0.814 <0.0001 1.186
553.373 17.181 0.619 18.209 0.603 1.899 <0.0001 9.905
CEC 335.794 10.871 0.867 12.137 0.805 1.612 <0.0001 0.510
201.468 5.140 0.718 5.942 0.821 1.266 <0.0001 -3.693
99.405 1.519 0.361 1.313 0.709 0.875 <0.0001 -3.532
627.262 6.137 0.636 5.198 0.918 0.528 <0.0001 -3.331
553.373 8.153 0.508 3.706 0.970 0.427 <0.0001 -3.115
DEB-CEC 335.794 5.390 0.803 7.560 0.988 0.175 <0.0001 -3.214
201.468 4.003 0.853 8.569 0.910 0.414 <0.0001 -2.880
99.405 1.902 1.876 21.8383 0.820 0.221 <0.0001 -3.335

This observation can be described by the structural dif-
ference between the biopolymers because of cross-linking.
We suppose that the key adsorption mechanism of Allura
Red dye by CEC involves hydrogen bond formation between
an increased number of carboxyethyl groups which are fur-
ther partially blocked by the cross-linking resulting in ge
decrease.

3.4. Adsorption equilibrium

The experimental data of adsorption equilibrium between
Allura Red and CEC as well as DEB cross-linked CEC poly-
mers were studied applying Langmuir, Freundlich and
Temkin isotherm models within plots and constants pre-
sented at Figure 11 and Table 5, respectively.

The Freundlich isotherm is presented as the plot of Inge
versus InCe. The linear are given for both polymers is pre-
sented at Figure 10.

The key parameters obtained for CEC hydrogel and DEB
cross-linked CEC, respectively, follows:
Kr =56.371L/g and 15.529 L/g, nr=1.480 and 2.445,
R? = 0.964 and 0.853. The adsorption process is considered

are as

favorable when the value of nr fits into the range between
1-10, which is confirmed for both biopolymers. Temkin iso-
therm obtained as the plot of ge versus InCe (Figure 11). The
meaning of at, br parameters were calculated as 161.500 and
535.483 for CEC hydrogel with R? = 0.932 and 347.501 and
1391.660 for DEB-CEC with R? = 0.816.

Langmuir isotherm was obtained as the plot of Ce/ge versus
Ce. For both polymers the ar/K1 can be determined as the slope,
the intercept is a 1/K1. and Ki/au is the parameter gmax which is
the maximum adsorption capacity of each polymer (mg/g).

The Qqmax
22.523 mg/g and for DEB-CEC the value was 10.482 mg/g,
which are rather close to experimental ge of 18.209 mg/g

value obtained for CEC hydrogel was

and 9.560 mg/g, respectively. Comparing the theoretical
and experimental values demonstrates that the saturation
was achieved for both biopolymers. Transferring the ob-
tained meanings into molar adsorption we received the
values of 45.4 pmol/g for CEC and 21.1 pmol/g for DEB-
CEC, indicating that CEC demonstrated better adsorption
capacity towards Allura Red compared to DEB-CEC.
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Within the analysis of the obtained data one can suggest
low adsorption capacity of CEC-based biopolymers. How-
ever, it should be mentioned that the adsorption experi-
ment was performed in unfavorable conditions of neutral
pH, and the results are less than the capacity of an acti-
vated carbon (146.75 pmol/g) [23].
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Figure 11 Adsorption isotherms plots for a) Langmuir model, b)
Freundlich model, ¢) Temkin model.
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Table 5 Adsorption constants for Langmuir, Freundlich and Tem-
kin models.

Isotherm Parameter CEC DEB-CEC
Langmuir K. 14.323 35.333
Qmax 22.523 10.482
R? 0.675 0.967
RMSE 0.001 0.002
p-value 0.006 <0.0001
Freundlich Kr 56.371 15.529
ng 1.480 2.445
R? 0.964 0.853
RMSE 0.213 0.435
p-value <0.0001 <0.0001
Temkin a 161.500 347.501
by 535.483 1391.660
R? 0.932 0.816
RMSE 0.296 0.487
p-value <0.0001 <0.0001

Adsorption capacity of chitosan at the same pH was es-
timated as 131.74 pmol/g [31]. So far, we can conclude
that the amino-group interaction with dye is crucial for
Allura Red adsorption, hence the carboxyalkylation led to
adsorption capacity decrease. Moreover, we suppose that
the hydrogen-bonding mechanism is also involved in the
Allura Red adsorption process because of further decrease
of gmax for cross-linked CEC. Based on the calculated pa-
rameters, we applied the experimental data of ge obtained
within the batch adsorption experiment to the corre-
sponding adsorption isotherms (Figure 12) proving that
the Allura Red dye adsorption fits best Temkin isotherm
and that the dye forms a monolayer involving the inter-
molecular interaction between biopolymers and the ad-

sorbate.
25.000
(a)
20.000 m  CEC experimental
data
— — —Freundlich
15.000
= = =Langmuir
10.000
= = =Temkin
5.000
0.000
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(b)
10.000 = DEB-CEC
experimental data
8.000 - = =Freundlich
6.000 .
= = = Langmuir
4.000 .
— — = Temkin
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0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350

Figure 12 Adsorption isotherms for a) CEC, b) DEB-CEC.
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4. Limitation

The adsorption process of Allura Red dye on carboxyethyl
chitosan derivatives was performed in the unfavorable
conditions, which limited the adsorption rate. We believe
that, further investigation is required to specify the opti-
mal adsorption conditions including pH, temperature,
particle size and functionalization degree of carboxyethyl
chitosan.

5. Conclusions

New carboxyethyl chitosan based adsorbents were pre-
pared by “green” carboxyalkylation approach and further
cross-linking with butanediol-1,4 diglycidyl ether. The ad-
sorbents were characterized with FTIR, SEM, estimation of
porosity and swelling capacity and further successfully ap-
plied for removal of Allura Red dye from aqueous solutions
at neutral pH at 25 °C varying initial dye concentrations
from 99.4 up to 627.3 mg/L. Adsorption isotherms and ki-
netic models were used to investigate the interaction mech-
anism between biosorbents and Allura Red.

Adsorption data best fitted with Temkin isotherm for
both polymers; gmax was 22.523 mg/g (45.4 pmol/g) for CEC
and 10.482 mg/g (21.1 pmol/g) for DEB-CEC, while the ki-
netics was different. The adsorption rate for DEB-CEC is
better represented by PSOM with a rapid growth at the ini-
tial adsorption step with further saturation, while for CEC
hydrogel the adsorption process is rather complex with a
closest fit to PFOM. The Temkin model was found to be the
best to describe the adsorption isotherm of Allura Red dye.

The observed decrease of the adsorption capacity com-
pared to chitosan was correlated with its carboxyalkyl deri-
vatization and further cross-linking, affecting the interac-
tion of amino-groups with Allura Red and hydrogen bond-
ing formation, respectively. So far, the present study
demonstrated that CEC and DEB-CEC polymers can be ap-
plied as biodegradable and eco-friendly biosorbents for Al-
lura Red dye removal from aqueous solutions, and extra ex-
periments are required to find the optimal conditions for
Allura Red dye adsorption by biopolymers. This gives the
opportunity to use these adsorbents in wastewater treat-
ment to prevent environment pollution by azo-dyes.
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