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Abstract

In this study, the adsorption capacity of Allura Red (AR) dye by chitosan cross-linked tripolyphosphate beads (BCS) and
nanoparticles (CSNPS) was compared. The adsorbents were characterized by FTIR, SEM, TEM, SD, and Pszc- The evalu-
ation of adsorption parameters was carried out in a batch processing system and under acidic conditions, using kinetics
and adsorption isotherms models. Pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic models were
analyzed. The experimental adjusted data were compared to the Langmuir, Freundlich, Dubinin—Raduskevich, Tempkin,
and Redlich—Peterson adsorption models using the coefficient of determination (R?) for the linear and nonlinear methods,
and the chi-square value (y°) for the nonlinear method. FTIR confirmed the sodium tripolyphosphate (TPP) cross-linking
and the AR adsorption. The surface morphology observed by SEM was similar for both adsorbents. The diameter of CSNPS
(27.64 nm £ 0.05 nm) was smaller than the beads (2.23 +0.248 mm). The CSNPS showed the highest swelling degree
(127.265%), and the behavior pH,,. for CSNPS and BCS was equivalent to 4.8 and 4.7, respectively. The results of adsorp-
tion kinetics showed that the chemisorption governs the AR adsorption process on both adsorbents (BSC and CSNPS). The
best-fitting isotherm models for the adsorption of AR on CSNPs and BCS were Tempkin and Langmuir, respectively. The
CSNPS showed a higher adsorption capacity (370.37 mg g~!) than the BCS (13.60 mg g~!) because of their smaller particle
size, which increases the adsorption capacity and reduces the time to reach adsorption equilibrium.
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Introduction

A high population growth rate, the over-exploitation of natu-
ral resources, and the immoderate use of chemical products
have caused a strain on the planet’s natural resources and
its ability to support a growing human population. Among
the range of products increasingly used in the food, chemi-
cal, pharmaceutical, and cosmetic industries are dyes. These
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industries use more than 100,000 commercial dyes and
approximately 10,000 tons, per year [1, 2].

Approximately 10-50% of the total amount of reactive
dyes remain in the effluent after the dyeing processes are
completed [3, 4]. Dyes in water can be toxic, recalcitrant,
potential carcinogens and can cause visible damage to the
environment. If released to the environment without a proper
management, they may also affect the health of all living
organisms [5]. In order to minimize the contamination of
water with dyes and to ensure the quality of the discharged
water, it is necessary to know the contamination source, its
characteristics, and applied treatments [6]. Flocculation,
adsorption, redox processes, biological degradation, and
membrane separation are among the methods being used to
remove dyes from water [7]. However, the adsorption tech-
nique using low-cost adsorbents is one of the most efficient
and financially viable [8]. Furthermore, it is well known
that this technique provides better results than commercially
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available adsorbents because of their ability to be regener-
ated, resulting in a lower cost to benefit rate [9].

Chitosan is a natural biopolymer originated from the dea-
cetylation of chitin in the exoskeleton of crustaceans such as
shrimp, crab, lobster, and squid [10]. Chitosan is an excel-
lent, low-cost adsorbent, whose global industrial production
relies on the use of shrimp shell scrap. Numerous studies
have been published emphasizing the chemical compounds
that can improve the adsorbent qualities of chitosan by add-
ing new functional groups [6], for example, glutaraldehyde,
sodium alginate, sodium tripolyphosphate, and epichloro-
hydrin. Sodium tripolyphosphate (TPP) is a multivalent
polyanion and water-soluble agent with a low toxicity, it
can interact with its phosphates groups (P30105 7) with the
cationic chitosan (NH3") by electrostatic force to improve
chitosan characteristics [11, 12]. Hence, pure, and improved
forms of chitosan (microparticles, nanoparticles, beads, and
membranes) have been prepared and widely used for the
adsorption of a great variety of dyes.

For example, Hasan et al. [13] studied chitosan as an
adsorbent for the removal of acid dyestuff, namely acid
green 25, acid orange 10, acid orange 12, acid red 18, and
acid red 73 from aqueous solution resulting in adsorption
capacities of 640-730 mg g~'. Foruzin et al. [14] removed
Congo red dye using chitosan-TPP nanoparticles with a
maximum encapsulation efficiency of 5107 mg g~!. The
reports made by Bevziuk et al. [15] showed that orange 11
dye and methylene blue were removed by using magnetic
calcium-modified chitosan microparticles in aqueous solu-
tion reached to 350-962 mg g~! adsorption capacity. Sadegh
et al. [16] by using functionalized chitosan nanocomposites
adsorbed methyl orange and Congo red acquiring an adsorp-
tion capacity of 551.2 and 274.7 mg g~ . Such studies dem-
onstrated the use of derived of chitosan in removing dyes is
possible and likely to be a good option. Although there is a
wide variety of dyes, azo dyes are the main industrially syn-
thesized organic-colored compounds, and they have the par-
ticularity to contain one or more azo groups (N=N). These
dyes are used as coloring agents in the cosmetic, textile,

Table 1 Comparison of adsorbents used for Allura Red dye

plastic, paint, paper, food, and pharmaceutical areas. One of
the dyes mostly used in the industries is Allura Red, which
is an azoic type of colorant, and has been proven in previ-
ous studies that it is carcinogenic and mutagenic [17]. Due
to its azo structure is a risk to the human being as it has
been confirmed to possess clear toxic effects on the liver
and kidney of humans, likewise the discharge of Allura Red
to bodies of water can bring about numerous environmental
problems coloration and low oxygenation [18], hence the
importance of treating this contaminant. Table 1 shows a list
of adsorbents and its adsorption capacity for Allura Red dye.

The research studies listed above present very varied
ranges of adsorption capacities for Allura Red dye and
some of them with very expensive techniques to be pro-
duced, most of which consider linear methods and describe
one single adsorbent. This study analyzes and compares the
behavior of adsorption of Allura Red (AR) dye using beads
and nanoparticles of chitosan cross-linked with sodium trip-
olyphosphate in a batch system. Kinetics studies were used
to correlate the experiments based on the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models. In
addition, the modeling of the adsorption behavior was car-
ried out using the Langmuir, Freundlich, Dubinin—Radusk-
evich, Tempkin y Redlich Peterson isotherms models. This
study is further to clarify the adsorption of Allura Red dye
as a water pollutant on chitosan adsorbents and this could
be applied in real-life situations.

Experimental
Materials

Chitosan was obtained and characterized in previous stud-
ies by Avila-Martinez et al. [21]. It was derived by alka-
line deacetylation of chitin contained in shrimp shells, at
a 92.16% degree of deacetylation, a molecular weight of
3.16x10° g gmol™!, and 5.64 +0.045% of moisture con-
tent. Allura Red dye (AR) at 80% CI 16,035; molecular

Adsorbent

Adsorption capacity References

Activated carbon produced from peanut hulls

Silver nanoparticles deposition on silica, magnetite, and alumina surfaces

Activated charcoal based on walnut shells

Biosponges of Luffa-glutaraldehyde and Luffa-epichlorohydrin with chitosan

Zirconia fibers
Activated carbon from carboxymethyl cellulose

Chitosan nanoparticles and beads cross-linked with Sodium Tripolyphosphate

28.36 mg L! Torres-Perez [2]

71.68 mg g~ Salem et al. [7]

9.990 mg g~ Herrera-Garcia et al. [19]
89.05 mg g~! Schio et al. [20]

60.91 mg g~!

0.895 mg g~ Blackburn, Harvey [3]
2232mgg™! Wang et al. [18]

370.37 mg g~ This work

13.60 mg g~
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weight =496.42 g mol~! was purchased from Sigma-Aldrich
and used as the adsorbate.

Sodium tripolyphosphate (TPP: NasP,0,,) 85% rea-
gent grade, sodium hydroxide (NaOH) 97% reagent grade,
and hydrochloric acid (HCL) 98% were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Glacial acetic acid
(CH;COOH) 99.5% reagent grade was acquired from Fer-
mont (Monterrey, Mexico). Standard solutions of 0.1 N
sodium hydroxide (NaOH), 0.1 N hydrochloric acid (HCL)
and 0.1 N sodium chloride (NaCl) were used to adjust the
pH.

Adsorbents characterization

Chitosan beads (BCS) and chitosan nanoparticles (CSNPS),
both TPP cross-linked, were prepared in accordance with
previous studies conducted by Sanchez-Duarte et al. [22]
and Villegas-Peralta, et al. [23], respectively. The method
for the preparation of CSNPS consisted in the mixture of
two solutions. A solution of 0.14% TPP was poured in a
0.2% chitosan solution (10 mL/min) under agitation. Later
the mixed solution was frozen and centrifuged at 6000 rpm

Beads (BCS)

L > -~ =

KQ

Chitosan 1.5%

(

TPP 1%

with two repeated washes and then was lyophilized (Lab
Conco Free zone 1). The method for production of cross-
linked chitosan tripolyphosphate beads (BCS) is described
to continuation. Briefly, a solution of chitosan (1.5 wt%) was
added drop by drop from a pipette into an aqueous solu-
tion of TPP (1 wt%) in a relation 1:10, then the formation
of spherical beads of chitosan tripolyphosphate (BCS) was
spontaneously. Figure 1 shows the sequence of preparation
of beads and nanoparticles by using a photographic scheme.

Functional groups of the adsorbents were taken with Fou-
rier transform infrared spectroscopy (FTIR) in a range of
4000-400 cm™! (Thermo Scientific Spectrum model Nicolet
iS5). An accessory of transmission iD1 was used to collect
the sample. The OMNIC software was used to manipulate
the data. SEM images were obtained by using a scanning
electron microscope (HR-SEM, JEOL JSM-7600F, 15 kV,
25,000x), EVO LS 15 (Carl Zeiss SMT, 25 kV, 3790x) for
CSNPS and BCS, respectively. A transmission electron
microscope (TEM, JEOL JEM-2010) operated at 200 kV
was utilized to measure the diameter of the nanoparticles
and a digital Vernier calipter (Fisher Scientific, Mexico) was
used to determine the diameter of beads.

Chitosan nanoparticles (CNSPS)

Al
o

L = «

o

TPP 0.14%

o

Chitosan 2.0%

Fig. 1 Sequence of preparation of nanoparticles chitosan cross-linked with sodium tripolyphosphate (CSNPS) and beads chitosan cross-linked

with sodium tripolyphosphate (BCS)
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The point zero charge (pH,,.) of the adsorbents was ana-
lyzed through a drift method of Sharma et al. [24]. pH solu-
tions were prepared in a range of 2—11, by using a 50 mL
Falcon tube with the help of HCI (0.1 N) and NaOH (0.1 N).
Then, to each tube, 25 mL of NaCl was added under nitrogen
atmosphere to avoid CO, interferences. A mass of 0.05 g
sample was then added. After that, the tubes were placed in
an incubator during 24 h at 120 rpm. At the end of the cycle,
the pH was measured and registered as final pH. A plot of
initial (X) and final pH (Y) was created, the value of ApH
where the charge was zero was taken as pH,..

The swelling degree (SD) was obtained by following
the method described by Gongalves et al. [25] and Sharma
et al. [26]. A mass of adsorbent (5 mg) was submerged in
distillated water, and it was kept under constant agitation
during 24 h at 120 rpm and 25 °C. Equation 1 is applied to
determine the swelling degree; where M, is the weight of
the initial mass and M, is the weight after the water contact.

Mi
%Swelling = <Tf> x 100 )

Adsorption kinetics

Pseudo-first-order (Lagergreen), pseudo-second-order (Ho
y McKay), and intraparticle diffusion (Webber and Mor-
ris) kinetic models were used to understand the adsorption
processes taking place among BCS, CSNPS, and Allura Red
dye. Equations and descriptions of each variable are shown
in Table 2.

The concentration’s range of Allura Red dye was
25-100 ppm and 10-200 ppm for beads and CNSPS, respec-
tively. These concentrations were prepared with an optimum
adsorbent mass and a pH value resulting from adsorption
tests described in previous studies (pH =4, dry weight of
beads=0.25 g and nanoparticles=0.02 g). The dye solutions
and adsorbents were mechanically stirred for various time
intervals (“time of contact’) until an equilibrium concentra-
tion was reached. For tests using beads, a minimum time

(tmin) Of 360 min and a maximum (¢,,,) of 720 min were

Table 2 Equations and descriptions of variables of the kinetic models

used. For the test using CNSPS, 7, ;. and ¢, were 18 min
and 1440 min, respectively. The concentration values used
for these tests are listed in Tables 4 and 5. After the time of
contact, the adsorbents were separated from the solution.
The BSC were removed by decantation, while the CSNPS
were separated using a microfiltration equipment (Kontes
Ultra-Ware Microfiltration). The absorbance of the remain-
ing solutions was determined using a spectrophotometer
(Thermo Spectronic Genesys 20 (4001/4) at 510 nm, and
the resulting value was used to calculate the final concentra-
tion (Cin mg L"), using Eq. 5.

. (Cc,-¢C)v 5
m

where g, is the adsorption capacity (mg g™'), V represents
the solution volume (L), and m is dry weight of adsorbent
mass (g). The adsorption capacity resulting from the equa-
tion was used to determine the equilibrium adsorption capac-
ity represented by g, and expressed in mg g~!. Once these
values were defined, equations were applied to define the
kinetic models (Table 2) and isotherm models (Table 3). Fig-
ure 2 shows the physical process to determine the removal
capacity, the nanoparticles and beads after adsorption can
be appreciated as well.

Adsorption isotherms

Identifying the type of adsorption in a process is crucial
because it may indicate how the adsorption system is struc-
tured. It also shows how an adsorbent and adsorbate interact
with each other. In this study, Allura Red dye adsorption
tests were performed on BCS and CSNPS using Lang-
muir, Freundlich, Dubinin—Raduskevich, Tempkin, and
Redlich Peterson models. The relevant equations are listed
in Table 3.

Langmuir

The Langmuir isotherm (Eq. 6, Table 3) describes a
gas—solid adsorption onto activated carbon. It is an empirical

Kinetic model Equations Variable References
_ _ k t o s -1
Pseudo-first-order Lagergreen log ( 4o — q) =loggq, — k,, Lagergreen constant, min [27]
(@)
Pseudo-second-order Ho y McKay L=l 413 k,, Ho y McKay constant, mg min~! g~! [28]
ka: g

t

Intraparticle diffusion q, = kptl/ 2+ B@4)

k,, intraparticle diffusion constant of Webber and Mor-  [29]

ris, mg min'? g~!

g.» adsorption capacity at equilibrium, mg g~

g,» dye adsorption at equilibrium, mg g™!
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0.02g
10, 25, 40, 60, 100, 200 ppm

400
300

qemgg-1

100

-20 0 20 40 60
Cemg L1

statistical analysis

510 nm R
190.5 nm } qp=2Co2 COIV

BSC:  360-720 min

CSNPS: 18-1440 min Wavenumber T

0.25g
25, 35, 50, 65, 80, 100ppm

r—— BEFORE — ADSORPTION T AFTER 1

CSNPS CSNPS-AR BCS-AR

Fig. 2 Physical laboratory process to determine the removal capacity. Nanoparticles (CSNPS) and beads (BCS) before and after adsorption

Table 3 Equations and descriptions of isotherm models variables

Isotherm Lineal form equation Equation Variables References
Langmuir ge = ‘Im/axﬂ (6) C., dye concentration at equilibrium, mg g~' [35]
1/K.C.

ky , Langmuir constant, L g_1

Freundlich q. = KfC;/ n 7 Ginax> Maximum adsorption capacity, mg g=! [36]
q.» adsorption capacity at equilibrium, mg g~!
Dubinin—Raduskevich de = gy €Xp ( K, dgz) 8) g, adsorption capacity of saturation, mg g [8]
¢ =RTIn (1 41 /e ) () k,q, Dubinin-Raduskevich constant, mol¥/kJ?
€
E= 1 (10) E, free energy, per molecule of adsorbate, kJ mol™!
V2K,
R, gas constant, 8.314 J mol™ ' K™!
T, temperature, 298.15 K
Tempkin ge = ? In (ATCe) (11) b,, Tempkin constant, kJ mol™! [33]
A,, equilibrium binding constant, L mg~!
Redlich—Peterson q. = K, C. (12) K,, Redlich—Peterson isotherm constants L g_1 [37]
1+a,CS

a,, Redlich-Peterson isotherm constant, (L mg™!) g
g, exponent Redlich—Peterson isotherm constant
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Table 4 Statistical analysis

Error analysis Equation Variables References
Coefficient of deter- > > (4.-7) (13) g, adsorption capacity at equilibrium 1, mg g~ [39]
mination T Y (4-2)+3 (0.-9.)
q.. adsorption calculated capacity using the equation of each
model, mg g~!
Chi-square (14) g7, average adsorption capacity at equilibrium, mg g~ [40]

2=Y (fic;qu)

model that assumes that a monolayer adsorption occurs only
at a limited number of locations, which are identical and
equivalent, and that lateral interactions between the adsorbed
molecule and adjacent sites do not occur [30].

Freundlich

The Freundlich isotherm (Eq. 7, Table 3) is an empirical
equation that relates to heterogeneous adsorbent surfaces
[31]. It represents a multilayer adsorption that takes place on
surfaces with different adsorption energy levels [32].

Dubinin-Raduskevich

The Raduskevich equation is widely used for the interpola-
tion of an adsorption process that takes place on a porous
material and describes the mechanism with a Gaussian
energy distribution [20]. The equation is shown in Eq. 8 in
Table 3.

Tempkin

This isotherm (Eq. 11, Table 3) takes into consideration the
interactions between the adsorbent and adsorbate. It also
shows that the adsorption heat of all molecules will decrease
linearly, and it is not restricted to low or high concentrations
[33].

Redlich—Peterson

The equation describing the Redlich—Peterson isotherm is
shown in Eq. 12 of Table 3. It is mostly used as a combina-
tion of the Langmuir and Freundlich models. The process of
adsorption does not adhere to the ideal monolayer adsorption
[34]. The constant g is an exponent with a value between
0 and 1. When g is closer to 1, the behavior resembles the
Langmuir model. When g is closer to 0, it resembles the
Freundlich isotherm.

@ Springer

Statistical analysis

In this study, the coefficient of determination (R?) was used
to identify the isotherm model that best fits the experimental
data obtained. R> was calculated using linear and nonlinear
methods (Eq. 13, Table 4). Chi-square y,> [38] was used to
evaluate the variable isotherm models with the a nonlinear
method. The information obtained was then used to compare
each curve fitted to the experimental data. The software used
to model the equations of adsorption was Origin Pro 9 and
Microsoft Excel using its Solver complement.

Results and discussion
Adsorbents characterization

FTIR measurements were conducted to demonstrate the
nature functional groups of the adsorbents, and its interac-
tion with the cross-linker, therefore, the possible interaction
between Allura Red dye after adsorption is identified. As
it is shown in Fig. 3, the representation of strong peaks for
CSNPS in 1636.54, 1539.01 1402.79 cm™! and 1399.84,
1539.01 and 1648. 48 cm™! for BCS is attributed to the
C=0 of the amino groups of chitosan (-CONH), the bend-
ing vibration of N-H and the O—H deformation, respectively
[41]. The results of the spectra after adsorption showed

w\
N

BCS-AR

o

4000 3500 3000 2500 2000 1500 1000 500

>
]

Transmittance (a.u)

4999

wavenumber (cm™)

Fig.3 FTIR spectra of the raw adsorbents (CNSPS and BCS) and
after Allura Red dye adsorption (CSNPS-AR and BCS-AR)
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slight displacement of the amino groups, the N-H and
O-H groups but particularly new bands at 1539.01 cm™" in
CSNPS-AR and 1544.93 cm™! in BCS-AR, these functional
groups are presumed to be responsible for the adsorption
of AR. Also, the peaks rising at 2376.14 and 2373.19 cm™!
can be presumed that the -NH, present in the surface of
both adsorbents were reliable for binding negatively charged
AR through electrostatic forces. The intense broad peak
range of 3100-3200 cm™! was a peculiar characteristic of
the hydroxyl group (O-H) that was present at all spectra
[42, 43]. The cross-linking with TPP is recognized as the
band in the stretching of 515.52 and 518.48 cm™! in BCS
and CSNPS, respectively, which was ionically cross-linked
with phosphates groups (P =0), a slight displacement of the
phosphates groups was detected for the adsorbed spectrums,
and it is attributed to the adsorption of the dye (CSNPS,
655.44 cm™! and BCS, 657.51 cm™") [44].

The scanning electron microscopy technique was devel-
oped to determine the surface morphology in the adsor-
bents, which it is shown in Fig. 4. For BCS (Fig. 4a), it was
observed micrometric size spherical particles. The surface
can be interpreted as porous and with deep channels that
can be related to the adsorption capacity for pollutant. For
CSNPS (Fig. 4b), it is noted that the cover of the nano-
particles is homogeneous with cracks along the surface,
the same performance was reported by Thirumalaikumar
et al. [45] and Villegas-Peralta et al. [46]. The standard-
ized surface behavior of CSNPS and BCS can be positively
related to the capacity to adsorb the pollutant, and this is
associated with adsorption capacity reported in this study
(CSNPS > BCS) of both adsorbents. The diameter of the
CSNPS was 27.64 nm +0.05 nm. This was measured by
using a transmission electron microscopy. The diameter of
the BCS was 2.23 +0.248 mm, which was determined by
using a digital Vernier caliper. According to Tsotetsi et al.
[47], the small size of particles is related with higher specific
surface area and therefore in a high adsorption capacity.

The potential zero charge pH,,. is a measurement in
which a balance between positive and negative charges is
zero [48].When pH_,. higher than pH, the surface of the

pzc

3790 X 10kV 2pm

adsorbent acquires a positive charge, consequently anions
are attracted [49]. In contrast, when pH,,, is lower than the
pH, the surface of the adsorbent acquires a negative charge
attracting cations. The pH of the adsorption essays was
pH=4 and the pH,,,. of CSNPS and BCS was 4.8 and 4.7,
respectively, which implies an attraction of negatives charges
of the dye in the surface of adsorbent in this research. Simi-
lar behavior was also reported by Verma et al. [50]. This
parameter is a very important property because it is used to
find the solution pH where the maximum pollutant removal
is achieved [51]. Other studies made by Ngah, Fatinathan
[52] found that the pH,,, for BCS is at pH=4 and informed
by Ghiorghita et al. [53], the pH,,,. was equal to 4.95. Swell-
ing degree (SD) was calculated to verify the water absorp-
tion capacity of the adsorbents. CSNPS (127.265%) obtained
a higher SD than BCS (72.31%), and these values show a
high-water absorption capacity because of the hydrophilic
property of chitosan. Hydroxyl groups of chitosan have affin-
ity for polar structures [20]. The difference of SD between
the materials can be attributed to chitosan concentration,
according to Poon et al. [54], the cross-linking is directly
interrelated with swelling degree. The lower SD value for
BCS may be related to excessive cross-linking and, conse-
quently, higher stiffness [24]. Chaudhary et al. [55] reported
that a high SD is a property that should possess an effective
adsorbent for the decontamination of water, and this is ascer-
tainable with the capacity adsorption result for nanoparticles
and beads.

Kinetics

The kinetic models used to define the mechanism of adsorp-
tion of AR dye using BCS and CSNPs were pseudo-first
order, pseudo-second order, and intraparticle diffusion. The
constants of these models, as well as the calculated and
experimental adsorption capacity at different concentration
values, at pH=4 and dry mass of 0.02 g for CSNPS and
0.25 g for BCS are presented in Table 5.

Tables 5 and 6 show that the adsorption capacity of BCS
and CSNPS increases as the dye concentration increases.

25,000 X 2.0 kV Tpm

Fig.4 SEM micrographs of BCS (a) and CSNPS (b). TEM micrographs for CSNPS (c)
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Table 5 Kinetic parameters of pseudo-first order, pseudo-second order and intraparticle diffusion obtained from AR adsorption at different con-

centrations using CSNPS

CSNPS parameters g, (mg g™ Pseudo first order Pseudo second order Intraparticle diffusion
demee H  Kign H R Gemes ) Komeming H K ki mgmin' " 87 R
Concentration (mg L™!)
10 26.100 1.529 0.068 0.710 26.385 0.359 1 0.215 0915
25 65.310 6.610 0.280 0.754 67.114 0.062 1 2.120 0.689
40 104.147 53.223 0.286 0.978  109.890 0.010 0.999 7.498 0.928
60 159.640 166.188 0.142 0963  181.818 0.001 0.994  18.044 0.866
100 243411 119.895 0.006 0.924  243.902 0.00025 1 4.341 0.749
150 328.244 208.833 0.003 0.955  344.828 0.000036 0.984 7.651 0.828
200 366.852 204.268 0.003 0936  370.37 0.000048 0.995 7.220 0915

Conditions of the AR solution: pH=4, dry weight of adsorbent CSNPS =0.02 g

Table 6 Kinetic parameters of pseudo-first order, pseudo-second order and intraparticle diffusion obtained from AR adsorption at different con-

centrations using BCS

BCS parameters g, (mg g™")  Pseudo-first order Pseudo-second order Intraparticle diffusion
qc (mg g_l) kl (min_l) Rz qc (mg g_l) k2 (mg min g_l) R2 kl (mg minI/2 g_l) Rz
Concentration (mg L)
25 5.00 0.124 0.009 0.777 5.020 0.144 1.000  0.006 0.745
35 6.940 6.346 0.017 0.584 7.262 0.006 0.995 0.081 0.786
50 9.990 0.441 0.000 0.476 9.960 0.015 0.999  0.001 0.582
65  12.950 4.140 0.061 0.982  10.299 0.008 1.000  0.221 0.655
80  13.060 4.545 0.007 0.740  13.661 0.002 0994  0.167 0.856
100 16.250 5.093 0.160 0.298 16.474 0.001 0970  0.193 0.514

Conditions of the AR solution: pH=4, dry weight of adsorbent BCS=0.25 g

This could be because at low concentrations, there are more
adsorption sites available to capture dye molecules. This
phenomenon was also observed by Gongalves et al. [56].
Once superficial diffusion of the dye that occurring on the
surface of the active sites of the pores has ended, diffusion
to the internal sites of the adsorbent begins. At this point,
there is less availability of active sites, resulting in a longer
time required for adsorption to occur.

Figure 5 describes the procedure of the production of
the adsorbent structure and the interaction with the dye. In
the first step, (Fig. 5a) is the initial interaction between the
polymer (CS) and the cross-linker (TPP). This step present
CS as a continuous chain polymer, and TPP as a frees ions
agent cross-linker around the solution. In the second step
(Fig. 5b), the reaction of cross-linking was accomplished,
and the formation of the adsorbent was completed, dur-
ing this process, the amino (—NH,) groups of the polymer
were protonated in acidic medium (-NH, to+ NH;) and by
electrostatic forces, they were attached with the negative
groups of the sodium tripolyphosphate (PO,~) forming a
network (CSNPS and BCS). In the third step (Fig. 5c¢), it
is the interaction between the adsorbent and the dye. The

@ Springer

electrostatic forces involved causing an attraction between
the existing positive groups of chitosan and the sulfonic
negatives groups of the dye (SO;7). Shajahan et al. [57]
and Sadiq et al. [58] also imply that this interaction occurs
and affirm that, under acidic conditions, there is a positive
ion surplus, which favors protonation of the amino groups
in the main chitosan chain and increases the adsorption
of the dye, as the electrostatic forces create an attraction
between these groups and the sulfonic groups in the dye.

After the fitting of the experimental data was com-
pleted, the pseudo-second-order model best described the
process of adsorption of AR on BCS and CSNPS, which
confirms that it is a chemisorption and indicates the forma-
tion of a chemical bond resulting from electron exchange.
Similar phenomena were reported by Wang et al. [18] and
Tsotetsi et al. [47]. The validity of the model was deter-
mined by an R? value of 1 or close to 1 for all concen-
trations used in this study. Furthermore, the calculated
adsorption capacity values (g.=mg g~') were like the
experimental adsorption capacity values.

The adsorption capacity values obtained from the adsor-
bent CSNPS were higher than those obtained from BCS, at
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CS+TPP

NHz"  NH3*

CS+TPP=CNSPS=BCS

CS+TPP+AR=CNSPS-AR=BCS-AR

Fig.5 Procedure of the reaction of cross-linking of the adsorbent and the adsorption reaction of the Allura Red dye on BCS and CSNPS. AR

Allura rey dye, CS chitosan and TPP sodium tripolyphosfate

all concentrations used. The adsorption capacity is directly
proportional to the concentration of the dye (the higher the
concentration, the higher the adsorption capacity). Addition-
ally, when the adsorption capacity increases, the contact time
also increases. In this study, 0.02 g of CSNPS and 2.5 g of
BCS, comparison (1-125) was used to enhance the adsorp-
tion capacity and optimize the required quantity (mass) of
the adsorbent. The use of nanomaterials is beneficial because
they have a larger contact area than other types of adsorbents
[34]. Therefore, less adsorbent is required.

Considering the data obtained from the pseudo-sec-
ond-order model as a reference (Table 6), it is observed
that the adsorption rate k, (mg min~! g~!) for BCS and
CSNPS decreases as the concentration increases (BCS from
0.144 to 0.001 mg min~! g~! and CSNPS from 0.359 to
4.8E7° mg min~' g7!). Nanoparticles provide a higher sur-
face area and availability of adsorption sites than beads and,
as a result, their adsorption rate is higher.

In contrast, after analysis of the data obtained from the
intraparticle diffusion model, it was noted that most of the
calculated data did not fit the experimental data, with R?
values ranging from 0.928 to 0.689; the adsorption rates did
not show a constant behavior. Therefore, it was concluded
that this model is not suitable for explaining the adsorption
process for both adsorbent types.

In Table 6, it is shown that the pseudo-first-order model
is more suitable than the intraparticle diffusion model. How-
ever, the fit is not better than pseudo second order (pseudo
second order > pseudo first order > intraparticle diffusion) as
represented by R? values. This indicates that mass transfer

adsorption is not predominant for the adsorbents (BCS,
CSNPS) used in this study.

Isotherms

Equilibrium models describe the phenomenon that prevails
in the retention of substances from an aqueous to a solid
phase at a constant temperature and pH [59]. In this work,
experimental data were fitted to Langmuir, Freundlich,
Dubinin—Raduskevich, Tempkin, and Redlich—Peterson
isotherms. The obtained values of the parameters for each
equilibrium model are listed in Table 7, also the values of
the coefficient of determination (R?) for each adsorption iso-
therm model are shown in bold.

The coefficient of determination (R?) and chi-square
(X?) values, obtained for CSPNS and BCS from the Lang-
muir isotherm, behave similarly. This indicates that the
process of adsorption in BCS and CSNPS occurs in the
same way, regardless of particle size. However, the maxi-
mum adsorption capacity is significantly higher for CSPNS
(320.5-370.37 mg g~") than for BCS (12.494—-13.6 mg g™!).
Bevziuk et al. [15] state that the maximum adsorption capac-
ity for dye molecules depends on the geometrical dimensions
and spatial configuration of the adsorbent. This proves that
the adsorption capacity of a dye decreases as particle size
of the adsorbent increases. This is because either the dye
cannot penetrate the particle of the adsorbent particle or
it remains on its surface[60]. Additionally, the adsorption
capacity is improved for both BCS and CSNPS, compared to
similar studies [61, 62]. This is because the adsorbents used
in this study were produced from chitosan with a high degree
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Table 7 Results of variables of
adsorption isotherms of Allura
Red dye using chitosan beads
and nanoparticles cross-linked
with Sodium Tripolyphosphate
(CSNPS)

Isotherm Parameters CSNPS BCS
Linear No linear Linear No linear
R? R? X2 R? R? X2

Langmuir Qunax (Mg g7h) 370370 320.510  2422.397 13.600 12494 5157

b (L mg™") 0.711 2.153 2.730 7.486

R? 0.993 0.860 0.999 0.812
Freundlich n 3.419 4.283 1019.652  6.900 7.511 2.853

Ky (mg g™ 130.380  146.894 8.850 9.028

R? 0.862 0.941 0.769 0.772
Dubinin—Raduskevich Q,(mgg™) 258320 305412 3791.616 11.237 11970  5.798

K,y (mol>kJ?) 3.0E-08 6.0E—08 1.0E-08 1.9E—08

E 4082.483 2880.323 7071.068  5129.892

R? 0.876 0.781 0.497 0.537
Tempkin A, (Lmg™) 68311  68.300 894.269 1148.026 1147.835 2.600

B, 58.355 42478 1861.125  1861.125

B mol™") 42478 58355 1.332 1.332

R? 0.957 0.948 0.883 0.792
Redlich—Peterson A (Lmg™")  26E+08 32E+10 1284.709 1.6E+11 2.7E+11 3.805

g 0.675 0.766 0.853 0.867

K. (Lg™h 3.1E+10 4.7E+12 4.00E+12 2.4E+12

R? 0.985 0.926 0.991 0.696

of deacetylation (92.16%), which promotes the formation of
H™ bonds between some of the elements in the AR molecule
(N, S, O, and C¢Hy) and the -CH,OH groups in the chitosan
molecule, via hydrogen bonds or van der Waals forces [17].
A high degree of deacetylation provides a greater number of
amino groups, which are able to protonate in acidic media,
facilitating a better adsorption [63, 64]. This investigation it
is shown how CSNPS and BCS are effective adsorbents to
AR compared with others enlisted in Table 1.

Table 6 and Fig. 6 show that the best correlations of
the adsorption models for CSNPS are in the following
order: Tempkin > Redlich—Peterson > Langmuir > Freun-
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Fig. 6 Isotherms of adsorption of a BCS and b CSNPS
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dlich > Dubinin—Raduskevich. The values of the coefficient
of determination (R?) (which were calculated using linear
and nonlinear methods for Allura Red dye on CSNPS and
BCS) showed values above 0.9 in all five analyzed iso-
therms. The lowest values of y* were used to determine the
best adsorption model. The Tempkin isotherm was the best
model for CSNPS, and the Langmuir isotherm was the best
for BCS, as these isotherms showed the highest R? values
and the lowest )(2 values. For CSNPS, this indicates that
there are direct correlations between the adsorbate and
adsorbent that are related to the maximum heat of adsorp-
tion, and it is expected that a uniform distribution will occur

B/
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Table 8 Studies on adsorption of dyes using modified chitosan as adsorbent
Adsorbent Particle size Dye Isotherm References
Chitosan 0.10-26 mm Red No. 40 Langmuir Redlich—Peterson [8]
Chitosan/polyamide nanofiber 100-500 nm Reactive Black 5 Ponceau 4R Langmuir [70]
Micro-nanofibrous chitosan sponges 86 nm Acid Blue-113 Langmuir [56]
Poly (AA-co-VPA) hydrogel cross-linked — — Methylene Blue Crystal Violet Langmuir Redlich—Peterson [71]

with N-maleyl chitosan
Chitosan film - Acid red 18 and FD&C blue no. 2 Redlich—Peterson [72]
Cross-linked chitosan/oil palm ash com- - Reactive Blue 19 Redlich—Peterson [18]

posite beads
Fungal nanoparticles 2-30 nm Brilliant Blue, Methyl Orange Disperse Langmuir [61]

Red Naphthol Blue Black Chicago Sky

Blue 6 B

as energetic bonds are generated [59, 65]. The best model
to explain the adsorption process on BCS is the Langmuir
model. It is noted that in the Redlich—Peterson model, the
values of the g constant were close to 1. This indicates that
the adsorption can also be explained by the Langmuir model
in its linear form (CSNPS, R>=0.993; BCS, R*=0.999)
where a monolayer adsorption with constant energy values
occurs.

In contrast, the Dubinin—Raduskevich model for Allura
Red on CSNPS and BCS had the lowest values of R> and the
highest values of y*. Therefore, the mechanism of adsorp-
tion with a Gaussian distribution of the energy on a hetero-
geneous surface can be excluded [66]. Consequently, the
mechanisms of Tempkin isotherm for CSNPS and Langmuir
for BCS are confirmed. The RL factor of the Langmuir iso-
therm indicates a favorable adsorption process (0 <R; <1)
for both adsorbents used. Ho, Ofomaja [67] indicated that
the adsorption of dye-chitosan nanoparticles is compatible
with the Langmuir model and the order of attraction forces
is TPP>H,;0" >S0O;™ > hydrogen bonding under acidic
conditions occurs.

In this study, it was concluded that anionic dyes such as
Allura Red dye are adsorbed by ionic bonding and electro-
static interactions. Piccin et al. [68] found that Langmuir
and Redlich—Peterson isotherms best describe the behavior
of AR adsorption on chitosan; similar findings were reported
by C [69]. A summary of relevant studies on adsorption
processes, where chitosan was used as the adsorbent matrix,
is shown in Table 8 as a complement of the background of
this study.

Conclusions

The adsorption system was evaluated using two adsorbents:
CSNPS and BCS. The adsorption essays were tested at
acidic conditions (pH =4). The adsorbents were character-
ized by FTIR, SEM, and TEM. The cross-linking of the

TPP and the adsorption of AR were proved by FTIR. Also,
swelling degree and potential zero charge were determined
for both adsorbents. The pH,,,. was adequate for CSNPS
and BCS in 4.8 and 4.7, respectively, supporting the attrac-
tion of negative charges of the dye. The particle size of the
adsorbents was crucial in increasing the adsorption of the
anionic dye, Allura Red. CSNPS exhibited a significantly
higher adsorption capacity (g,,,, =370.37 mg g~!) than that
of the BCS (g, = 13.60 mg g~"). Furthermore, CSNPS
adsorbent mass was 125 times smaller than that of beads.
The Tempkin isotherm model had the best fit for the nano-
particle adsorbent (CSNPS), while the Langmuir isotherm
was the most suitable for BCS. It was suggested that in both
cases, there is a monolayer adsorption with constant energy
levels. An error analysis applying the nonlinear method per-
mitted a more precise discernment of the isotherm model.
Chemisorption by an equation of pseudo-second-order rate
predominated as the adsorption mechanism of the dye on
both adsorbents (BCS, CSNPS). The results of this research
showed that the adsorption is possible under acidic condi-
tions and with different concentrations of dye.
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