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ABSTRACT

In this study, citric acid-treated corncob (CATC) was used to remove Eosin Y (EY) from aqueous
solutions by adsorption. The effects of initial solution pH, adsorbent particle size, contact time, and
temperature on the adsorption of EY onto CATC were studied by static experiments. The Henry,
Langmuir, and Freundlich isotherms were used to fit the equilibrium data. Pseudo-first-order, the
pseudo-second-order, and Elovich models were used to test the kinetic data. It was found that the
Henry and Freundlich isotherms gave a good description of the equilibrium process. The equilibrium
capacity of 41.79 mg-g™ was obtained for 300 mg-L™ of EY concentration, pH = 4.0, a temperature
of 323 K, and 2.5 g-L! of CATC dosage. Both the pseudo-second-order and Elovich models could
provide a perfect fit for the kinetic data of the EY on the CATC, indicating that chemical interac-
tions occur during adsorption. Based on the thermodynamic analysis, EY adsorption by CATC was
endothermic and spontaneous. These findings suggested that CATC was highly promising as a

low-cost and efficient adsorbent for the treatment of EY wastewater.
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1. Introduction

Large amounts of dye-containing wastewater come
from many industries, including printing and dyeing, tex-
tiles, food, leather and paper, among others. Due to the
high toxicity, teratogenicity, and carcinogenicity of such
effluents, they have a serious impact on the environment
and can endanger human health [1]. The dye-containing
wastewater must be treated specially to reduce its harm to
the environment before it is discharged. However, many
dyes are difficult to degrade due to their complex aromatic
ring structure. As a result, it has always been a headache
to treat such dye-containing wastewater.

Among all kinds of physical and chemical treatment
technologies for dye-containing wastewater, adsorption is
superior to others because of its low cost, simple design, and
easy operation [2]. At present, activated carbon is widely
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used in the treatment of dye-containing wastewater because
of its high efficiency [3]. However, the processing costs are
still relatively high. Researchers are developing cheaper
and more effective alternatives from different raw mate-
rials to treat dye wastewater, such as banana peel [4], wal-
nut shell [5], seaweed [6], mango pod [7], leaf powder [8],
sawdust [9], rice husk [10], and orange peel [11], among
others. These natural raw materials offer a new and effi-
cient way for adsorption technology to achieve its goals of
low cost and environmental friendliness.

As an agricultural by-product, corncob is often inciner-
ated or simply discarded, creating large amounts of exhaust
and dust that pose an environmental hazard. Because of its
good adsorption property, high mechanical strength, good
chemical stability, and low cost, it’s considered to be an effec-
tive adsorbent for treating organic contaminants in wastewa-
ter, such as methyl red and methyl orange [12], methylene
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blue [13], bromocresol green [14], and crystal violet [15].
Suitable chemical modifications of the adsorbents have been
shown to effectively increase the removal efficiency of dyes.

Activated carbon was prepared by chemical activation of
corncob with concentrated H,PO, to remove methylene blue
and 17.57 mg-g™ of maximum Langmuir adsorption capac-
ity was achieved [16]. Nwadiogbu et al. [17] synthesized
acetylated corncob with acetic anhydride to adsorb crude
oil. They claimed that acetylation resulted in the maximum
monolayer sorption capacities of the prepared hydropho-
bic corncobs increasing by almost 18 times in comparison
with the raw corncobs. Ma et al. [18] studied the methylene
blue adsorption using magnetic carbonaceous adsorbent
derived from corncob. By carbonization under saline con-
ditions and magnetization using iron(IIl) salt, the resultant
adsorbent was synthesized. The resulting adsorbent exhib-
ited a porous structure with a higher specific surface area
and more oxygen-containing functional groups than their
carbonaceous precursors. Corncob lignin was carbonized at
400°C and cross-linked with chitosan in the presence of epi-
chlorohydrin to prepare a composite chitosan-biochar (CS-
BC), and its adsorption capacity of CS-BC was increased by
~2 times when compared with unmodified biochar [19]. In
another study, triethylenetetramine was used to bind with
corncob biochar to produce nanobiochar-modified trieth-
ylenetetramine (NCB-TA), which was then treated with sul-
furic acid to form positively charged nanobiochar-modified
triethylenetetramine (NCB-TA-PC). This nano-biochar was
successfully used to remove anionic dyes such as tartrazine
and sunset yellow [20]. High removal rates of tartrazine and
sunset yellow from actual water samples were obtained,
with 93.73% and 95.42% from tap water. Moreover, research-
ers have discovered that the adsorption performance of the
corncob towards cadmium(II) could be efficiently improved
by citric acid modification [21]. The adsorption capacity of
the modified corncob can be attributed to the carboxylic
sites formed on the surface of natural corncob when the cit-
ric acid reacted with cellulose. During the chemical modi-
fication, each molecule of citric acid that binds to cellulose
adds two more carboxylic sites to the corncob surface.

Eosin Y (EY) is a commonly used anionic dye known
as Acid Red 87 with the formula C,;HBr,NaO,. Studies
have shown that it is harmful to the skin and eyes. Adverse
effects on vital organs like the liver and kidneys have
also been reported as a result of dye ingestion [22].

In this study, citric acid was introduced to prepare a
novel adsorbent citric acid-treated corncob (CATC) based
on a raw corncob, and its removal ability of EY from aque-
ous solutions was studied depending on the initial solution
pH, adsorbent particle size, contact time, EY concentration,
and temperature. In addition, non-linear isotherm analysis
and kinetic studies were performed to reveal the character-
istics of EY adsorption on CATC. This work aims to develop
a cost-effective and promising adsorbent from raw corncob
for the removal of dyes from wastewater.

2. Materials and methods
2.1. Adsorbent

Raw corncob was prepared in Chongqing, China, from
local markets as agricultural waste. It was soaked and

washed thoroughly in deionized water to remove dust and
water-soluble impurities, and dried in an oven at 60°C for
24 h, then grind into powder and sieved into different parti-
cle sizes for subsequent use.

The corncob was chemically modified with citric acid
using a method similar to that proposed by Leyva-Ramos et
al. [21]. A citric acid solution with a concentration of 0.2 M
was prepared from reagent-grade monohydrated citric acid.
The CATC was prepared by the following operations. 2.0 g
of corncob and 125 mL of the citric acid solution were mixed
in a flask and heated at 70°C for 3 h. Subsequently, the mix-
ture was filtered and washed with deionized water several
times until the pH of the effluent was no longer chang-
ing during washing. Finally, the prepared adsorbent was
dried in an oven at 70°C for 24 h and then removed for use.

The EY stock solutions were prepared by dissolving
0.3 g of EY powder in 1,000 mL of deionized water, which
was diluted to the desired concentrations (100-300 mg-L™)
to obtain test solutions.

2.2. Adsorption studies

A certain volume of EY solution (100 mg-L™) was added
in a conical flask with a volume of 250 mL, and the initial
pH of the solution was then adjusted to a certain value with
1.0 mol'L™ of sodium hydroxide or hydrochloric acid solu-
tion. After that, a certain amount of CATC was appended
and stirred at a constant temperature (303-323 K) at 150 rpm
until the equilibrium was reached. The residual EY con-
centration was determined at 515 nm spectrophotomet-
rically (UV1102 Spectrophotometer, Techcomp, China) at
regular time intervals. To ensure the accuracy of the data,
the experiments were repeated, and the mean values were
taken for subsequent calculations.

The amount of adsorption capacity g (mgg™) was
calculated using Eq. (1):

) M

m

where ¢, (mg-L™) is the initial EY concentration, c, (mg-L™)
the concentration at time f, v (L) the solution volume, and
m is the mass of the CATC (g).

The equilibrium and kinetic data were non-linearly
fitted using the Microcal OriginPro 8.5.1 software.

3. Results and discussion
3.1. Characterization of CATC
3.1.1. Fourier-transform infrared spectroscopy

The Fourier-transform infrared (FTIR) spectra of the raw
corncob, CATC and EY-loaded CATC are shown in Fig. 1.
The spectra of the raw corncob and CATC presented simi-
lar characteristics and absorption peaks. This result could
be attributed to similar functional groups in the raw corn-
cob and citric acid. The observed characteristic band around
669 cm™ can be assigned to C-OH bending. The strong
and broad peak at 3,462 cm™ could be assigned to the O-H
groups, carboxylic groups or amide N-H stretching, corre-
sponding to the vibration of functional groups in cellulose
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or hemi-cellulose [23]. The peak located at 1,653 cm™ was
attributed to the stretching vibration of C=0O in carboxylic
acids and the intensity increased remarkably after treatment
by citric acid, suggesting an increase in the number of car-
boxyl groups [24]. From this we can conclude that the raw
corncob surface has been successfully modified by citric
acid. The presence of a large number of carboxyl groups on
the surface of the corncob may contribute to its increased
adsorption capacity compared to the raw corncob.

Fig. 1 also shows the FTIR spectrum of the EY-loaded
CATC. The intensity decreased when compared to that
appeared in the FTIR spectra of CATC at 1,653 cm™ showing
the existence of electron acceptor-donor interaction between
the carbonyl groups on the surface of the adsorbent and
EY molecule [25]. The acid functional group in the case of
adsorbent treated with citric acid is the -COOH group.

3.1.2. X-ray diffraction

The X-ray diffraction of CATC showed similar results
to those of raw corncob with the same diffraction peak
(Fig. 2). The most remarkable highlighted that character-
istic sharp intensity diffraction peaks at 20 values of 17°,
21.8° and 35° which reflect the crystalline nature of type I
cellulose [15]. Treatment with citric acid did not alter the
structure of cellulose.

3.2. Effect of initial solution pH

The effect of solution pH on EY adsorption using CATC
has been examined based on the point of zero charges
(pH,,) of CATC [15]. From Fig. 3 the pH__ of CATC was
established to be 4.30. This implied that the CATC surface
was positively charged when pH was less than pH = 4.30,
and negatively charged when pH was greater than
pH_ =430 [26].

The adsorption capacity increased sharply when the ini-
tial solution pH increased from 2.0 to 4.0 and went down
when the pH was greater than 4.0 (Fig. 4). At pH less than
pH__=4.30, the CATC surface was highly occupied by the
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Fig. 1. Fourier-transform infrared spectroscopy of raw corncob,
CATC and EY-loaded CATC.

positively charged H' ions, which favored and enhanced
the adsorption of the anion EY onto the CATC. At
pH > pH = 4.30, the adsorption capacity decreased sig-
nificantly as the number of negative charges on the CATC
surface increased due to the electrostatic repulsion between
the CATC surface and the negative EY species. Furthermore,
the electrostatic adsorption of OH- on CATC will also hin-
der the adsorption of the dye’s anionic group. Similar
results were found in anion dye adsorption on the maca-
damia seed husk [27].

3.3. Effect of CATC particle sizes

The adsorbent particle size can significantly affect the
surface area available for adsorption. The larger the sur-
face area of the adsorbent, the more adsorption sites, and
the stronger the adsorption capability [27].

As shown in Fig. 5, the EY adsorption steadily increased
as the size of the CATC particles decreased. For instance,
the adsorption capacity increased from 7.41 to 13.63 mg-g™
as the particle sizes decreased from 750~375 um to 150-
125 um. This observation can be attributed to the larger
surface area and therefore larger number of adsorption
sites of the smaller CATC particles compared to larger
ones. But if the size of the CATC particles is too small,
the subsequent separation of the adsorbent from the solu-
tion becomes very difficult. Therefore, the particle size of
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Fig. 2. X-ray diffractograms of raw corncob and CATC.

Fig. 3. The pH of the point of zero charges of CATC.
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Fig. 5. Effect of CATC particle size (c, = 100 mg-L™", T = 303 K,
pH = 4.0 £ 0.1, CATC dosage = 2.5 g'L!, contact time = 5 h,
rpm = 150).

375~250 um was chosen in further studies. These results
were consistent with related research on the adsorption of
crystal violet onto coffee husks [28].

3.4. Effect of contact time and temperature

The adsorption of EY on CATC was investigated at the
concentration of 100 mg-L? and the temperature of 303,
313, and 323 K, respectively (Fig. 6). At the same concentra-
tion, the equilibrium adsorption capacity of EY on CATC
increased slightly with the increase in temperature (from
11.65 mg-g™ at 303 K to 12.25 mg-g™ at 323 K), which indi-
cated that EY adsorption on CATC was an endothermic
process. The increased capacity with increasing tempera-
ture can be attributed to the increased mobility of the EY
molecules and the reduced viscosity of the aqueous solution
allowing more EY molecules to interact with the active sites
on the CATC surface. At the same time, this was also due
to the fact that the force between the EY molecule and the
active adsorption site on the CATC surface was larger than

15

300

Fig. 6. Effect of contact time (c,=100 mg-L7, pH=4.0+0.1, CATC
dosage = 2.5 g-L, rpm = 150). The lines represented the best
non-linear regression fits with the pseudo-second-order kinetics.

the force between the EY molecule and the solvent. A sim-
ilar result has been previously reported in the adsorption
of crystal violet onto a composite adsorbent [29].

It is clear from Fig. 6 that EY removal proceeded very
rapidly for the first 100 min, then slowly decreased, and
finally reached equilibrium around 300 min. At first, the
adsorption of EY proceeded very quickly because there were
many vacant adsorption sites on the surface of the CATC.
As these vacancies were occupied, the adsorption rate grad-
ually decreased. Over time, the repulsive force between
the bulk solution and the EY molecule increased, hinder-
ing the adsorption of EY on the remaining vacancy sites.
Similar findings were also obtained for the adsorption of
Acid Orange 7 and Basic Red 5 by activated carbon [30].

3.5. Adsorption isotherms

The Henry (linear), Langmuir (non-linear), and
Freundlich (non-linear) isotherms were used to describe
the equilibrium system.

q, =K, @)
K,C

qe - Zmax L>~e (3)
+K,C,

9. =kC." )

where C, (mg-L™) is the equilibrium EY concentration,
g, (mg-L™") and g, (mgL") the equilibrium and the maxi-
mum Langmuir adsorption capacity, respectively, K, the
linear distribution coefficient of Henry equation, K; and k,
(L-mg™) the Langmuir and the Freundlich equilibrium con-
stant, n (dimensionless) a constant related to the hetero-
geneity of the adsorbent.

As shown in Fig. 7, with the increase of EY concentration,
the adsorption capacity of EY on CATC increased from
9.18 to 33.9 mg-g™ at 303 K, from 9.69 to 37.49 mg-g™" at
313 K, and from 10.19 to 41.79 mg-g™ at 323 K. At the same
temperature, as the initial EY concentration increased,
the mass transfer driving force increased, and the inter-
action force between EY and CATC was enhanced, thus
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increasing the adsorption capacity of CATC. The results
were in agreement with those described for the adsorption
of Victoria Blue B onto Indian jujube seeds [31]. The equi-
librium adsorption capacity also increased with tempera-
ture for the same concentration, as shown in Fig. 7. Similar
results were obtained in the adsorption of crystal violet
onto sugarcane bagasse [32].

Equilibrium data were used to analyze the adsorption pro-
cess using the above isothermal models. The correlation

50 -
0 323K m313Ko 303K

A303 K unmodified corncob

120
c,/ mg'L’1

Fig. 7. Adsorption isotherms of EY onto CATC. (pH =4.0 + 0.1,
adsorbent dosage = 2.5 g-L™, contact time = 5 h, rpm = 150).
The lines represented the non-linear fits with the Freundlich
isotherm model.

Table 1
Isotherms constants for the adsorption of EY on CATC

T (K) Henry constants Freundlich constants

K, R? K, (107 1/n R?
303 0.18 0.9871 3.24 0.76 0.9670
313 0.16 0.9874 2.98 0.73 0.9812
323 0.22 0.9814 2.73 0.70 0.9682
303¢ 0.12 0.9490 0.158 0.54 0.9782

“Equilibrium data of unmodified corncob.

Table 2
Comparison of adsorption capacities of various adsorbents for EY
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parameters for the Henry and Freundlich isotherms are
listed in Table 1. Although the determined coefficients R?
for the Langmuir model were greater than 0.98, both K,
and g, were less than zero for different temperatures.
Therefore, the Langmuir isotherm was not considered
suitable for the simulation of EY adsorption by CATC,
and the corresponding fitted data are not given in Table
1. The non-linear fits with the Freundlich isotherm for the
adsorption of EY on CATC is shown in Fig. 7. Based on the
simulation results in Table 1, the adsorption equilibrium
of EY onto CATC was well described by the Henry and
Freundlich isotherms. Henry’s law holds for adsorption
on a homogeneous surface at sufficiently low concentra-
tions. The Freundlich isotherm is used for heterogeneous
surfaces. However, it was observed that the “1/n” values
for the Freundlich model were close to 1. When the “1/n”
value is fairly close to 1, the Freundlich isotherm can be
simplified to the Henry model with linear equilibrium data.
Fig. 7 shows that the EY equilibrium data exhibited a simi-
lar behavior to the Henry isotherm. This behavior indicated
that the equilibrium concentration is insufficient for the
available adsorption sites on the CATC surface to be fully
occupied by EY. Similar results can be found in the studies
of methylene blue adsorption by calcinated diatomite [33]
and the Yellow 194 adsorption by tannery solid waste [34].

To compare the adsorption properties on the raw corncob,
the equilibrium adsorption of EY on the raw corncob at
303 K was investigated (Fig. 7) and the fitting results were
also given in Table 1. Compared with the raw corncob,
the adsorption capacity of EY on CATC was significantly
improved, which could be confirmed by increased k, values
from 1.58 x 1073 to 3.24 x 102 (Table 1) due to the enhanced
interaction force between EY and the adsorbent.

The Langmuir maximum EY adsorption capacity of differ-
ent adsorbents was compared in Table 2. g, of CATC for EY
was 41.79 mg-g”, which was comparable to other adsor-
bents. CATC has the potential to be a promising adsorbent
for dye removal from aqueous solutions. However, adsor-
bents with lower or higher g than CATC such as cellulose
acetate-montmorillonite composite [35], sugarcane bagasse
modified with tetraethylenepentamine [39], are expensive
as compared to the cheap corncob, and also their prepara-
tion methods are more complex.

Absorbent Langmuir g (mg-g™) T (°C) References
Cellulose acetate-montmorillonite composite 0.35 60 [35]

De-oiled soya 7.61 40 [36]

Lemon peel 8.24 30 [37]
Unmodified corncob 21.18" 30 Present work
CATC 41.79° 50 Present work
CNT/ZnCo,0, 141.09 25 [22]
Trimethylammonium grafted cellulose foams 364.22 30 [38]
Sugarcane bagasse modified with tetraethylenepentamine 399.04 25 [39]
Polyaniline coated lignocellulose 533.9 [40]

“Equilibrium data of CATC;
YEquilibrium data of unmodified corncob.
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3.6. Adsorption kinetics

The kinetic behavior of EY adsorption by CATC was
investigated using the pseudo-first-order [41], pseudo-
second-order [42], and the Elovich models [43].

g, =q,(1-¢*) 6)
_ kit

%= 1+k,q,t ©)

q, =%ln(aﬁ)+%ln(t) )

where g, (mg-g™) is the calculated equilibrium capacity. k,
(min™) the rate constant for the first-order, k, (grmg™-min™)
the rate constant for the second-order models, o. (mg-g™-min)
the initial desorption rate, and B is (g'mg™) the Elovich
desorption constant.

The non-linear fit of the pseudo-second-order model is
shown in Fig. 6. The results of the fits for these models are
shown in Table 3 together with the determined coefficients
R%. Considering the very low value of R?* and the large
difference between the equilibrium adsorption capacity sim-
ulated by the model and the experimental data, the pseudo-
first-order kinetic model was not suitable to describe EY
adsorption on CATC. At three temperatures, the correlative
coefficients obtained by the pseudo-second-order kinetics
were all close to 1 (>0.99), and the g, values calculated with
the pseudo-second-order kinetics were much close to the
experimental data. These results indicated that the pseu-
do-second-order model could well represent the adsorp-
tion kinetics of EY on CATC. This was further supported
by the finding of Pandey et al. [44] where pine needle bio-
mass was used for methylene blue adsorption. Since all R?
values were greater than 0.99, the Elovich model could also
provide a perfect description of the EY adsorption onto the
CATC. Given this, chemical interactions based on electron
exchange or charge sharing occurred between EY and CATC
during this process. This was in agreement with the previ-
ous study of methylene blue adsorption by corncob [45].

Table 3
Statistical results of the application of the kinetic models

3.7. Thermodynamic parameters

Standard free energy changes AG, enthalpy changes AH,
and entropy changes AS as the thermodynamic parame-
ters were calculated with the help of Eq. (8) [46].

AG =(AH -TAS)=-RTInK, (8)

where K is the equilibrium constant (dimensionless).

The key factor in determining the thermodynamic
parameters with Eq. (8) is the correct calculation of K, which
has been estimated using different methods. But from Eq. (8)
we can see that K should be a dimensionless parameter.
The Freundlich equilibrium constant K, can be converted to
a dimensionless K, with Eq. (8) when K, was expressed as
(mg-g™)(L-mg™)"" [47]. This calculation method was recom-
mended to be more accurate than the direct use of K, [48].
K, calculated with Eq. (8) is listed in Table 4.

©)

1
o)

where p is the density of pure water (~1.0 g-mL™).

The negative AG values derived from the constants
K, (dimensionless) revealed a spontaneous process and
the increase in magnitude with the increasing tempera-
ture showed that the process was more favored at higher
temperature [49]. The positive AH values proved that the
adsorption of EY onto CATC was endothermic, which
was consistent with the experimental data. The calculated

Table 4
Thermodynamic properties of this system

T(K) K, AG AH (R?) AS
(kJ-mol™) (kJ-mol™) (J-mol™-K™)

303  1.02 -0.06

313 124 -0.56 21.20 (0.9745)  69.96

323 172 -146

Model Temperature (K)
303 313 323
k, Rate constant, min™ 1.95 2.40 2.01
Pseudo-first-order Decar Equilibrium capacity, mg-g™* 9.19 10.14 10.64
R? Determined coefficient 0.5222 0.662 0.7108
k, (10%) Rate constant, g-mg’-min* 3.77 6.17 7.27
Pseudo-second-order Do cal Equilibrium capacity, mg-g™ 12.43 12.52 12.79
R? Determined coefficient 0.9935 0.9913 0.9937
o Rate constant, mg-g-min™’ 1.61 4.75 8.34
Elovich B Elovich constant, g-mg™ 0.43 0.51 0.55
R? Determined coefficient 0.9973 0.9954 0.9929
Dpop Experimental data of the equilibrium capacity, mg-g™ 12.26 12.59 12.90
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positive values for AS reflected the affinity EY-CATC and
increased randomness on the CATC surface. Similar results
were reported in the adsorption of Erythrosine B [50].

3.8. Desorption study

To evaluate the reuse of CATC, different eluents were
used to elude the EY adsorbed on CATC, including 1 M
HCI, 1 M KCl, 1 M NH,C], 1 M methanol, 1 M ethanol, 1 M
acetone, and 1 M Na,CO,. Fig. 8 shows that 88.14%, 83.73%,
83.54%, 51.64%, 24.02%, 17.80%, and 0.97% of the adsorbed
EY was desorbed with ethanol, acetone, methanol, Na,CO,,
NH,CI, KCl, and HCI, respectively in the first cycle. It
appeared that ethanol presents the highest desorption effi-
ciency at 88.14%, indicating that the CATC had a good
regeneration capacity for EY adsorption.

4. Conclusions

Corncob treated with citric acid was used as an adsor-
bent to remove EY from aqueous media. It was demon-
strated that the adsorption capacity of EY was affected by
the size of the adsorbent particles, the initial solution pH
value, the temperature, and the initial EY concentration.
The equilibrium and kinetic data obtained were analyzed
using two-parameter non-linear models. It was shown that
the Henry and Freundlich isotherms gave a good descrip-
tion of the adsorption equilibrium data. Both the pseudo-
second-order and Elovich models are able to provide a
perfect fit to the kinetic data, indicating that chemical inter-
actions occur between the CATC surface and the EY mole-
cules during adsorption. CATC can be used as a low-cost
and highly effective adsorbent for EY removal.
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