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ABSTRACT

Dye-bearing water represents a serious and current drawback that concerns the entire society. An efficient and
growing alternative for its treatment is the use of unconventional adsorbents. This work evaluated the adsorption
of basic red 46 dye (BR46) onto raw corn cob (CC) using statistical tools. Particularly, a 2 factorial design, a
steepest ascent approach and an orthogonal central composite surface design were performed, obtaining an opti-
mized process and the interaction between its factors. A removal of 98.1% under a dosage of 5.5 g L', initial BR46
concentration of 16.6 mg L' and contact time of 201.9 min was achieved. The assessment of the equilibrium and
kinetics of the BR46-CC system showed the best fit with pseudo-second-order kinetics with R? = 0.94, while for
equilibrium, a better fit was observed with the Redlich-Peterson isotherm, with R? = 0.99. Thermodynamic pa-
rameters proved a spontaneous and exothermic process, with an average Gibbs free energy of -10.0 kJ mol™' and
enthalpy of -27.2 kJ mol"'. The entropy of-54.7 J mol™' K-! suggests a reduction in the vibrational capacity of the
molecules involved in the process. Furthermore, chemical oxygen demand was evaluated to verify the improve-
ment in water quality after the adsorption process, obtaining a 29% reduction in organic load. These findings
highlight the potential of corn cob as a promissory and non-conventional adsorbent for environmental remediation
of dye-contaminated water bodies.

Keywords: adsorption, dye-bearing effluents, narrowing path, statistical design, chemical oxygen demand.

INTRODUCTION

Dye-bearing water produced in different eco-
nomic activities such as textile, food, pharmaceu-
tical, and paint industries, is dumped into natural
water resources without prior treatment, compro-
mising the habitat both externally and function-
ally, since life and several processes that take
place there are affected. Such discharges add dye
particles to these water bodies, bringing out, first,
aesthetic deterioration due to the appearance of
a visible color that covers the entire surrounding
(Al-Tohamy et al., 2022; Castro et al., 2019). Sec-
ondly, and with more significant environmental

repercussions, the presence of these pollutants
diminishes underwater light transmission consid-
erably, causing insufficient energy for the aquatic
biota, which results in impaired photosynthesis.
Besides, dyes are highly resistant to light, heat,
and weather conditions given their aromatic struc-
ture, making dye-bearing water a great source of
pollution, where concentrations as low as 1 ppm
affect gas solubility, water transparency, and aes-
thetics of the environment (Li et al., 2025).

With an annual production exceeding
700,000 tons, synthetic dyes have become sub-
stances of massive use in several economic sec-
tors. Particularly, Basic Red 46 (BR46), C.I
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110825, is a cationic dye with molecular formu-
la C ;H, N, a molecular weight of 401.3 g mol™.
Because of its strong affinity for a wide range
of fabrics, BR46 is commonly employed in the
textile industry, and it is also utilized in the food
and yeast trade. However, BR46 is classified
as a highly toxic, mutagenic, and carcinogenic
compound, immediate exposure may result in
allergic reactions and skin irritation, indicating
its potential risk to the human health (Castro et
al., 2019; Pereira and Alves, 2012).

Currently, different physicochemical method-
ologies for dye-contaminated water treatment are
available, such as filtration, a technique based es-
pecially on the use of polymeric membranes that
allow the separation of pollutants through size
exclusion processes (Robinson et al., 2001); ozo-
nation, involves the application of ozone to break
down organic compounds present in water, in-
cluding dyes (Abrile et al., 2020); electrochemi-
cal methodologies that generate oxidizing species
through the appliance of electric current, which
degrades organic compounds due to electrochem-
ical reactions (Ageel et al., 2020); coagulation-
flocculation is another alternative where coagu-
lants are added to the contaminated water, which
promotes the formation of flocs that trap dyes
and other impurities, assisting their subsequent
exclusion through sedimentation (Ihaddaden et
al., 2022); and photocatalysis that is based on the
activation of reactive oxygen species by ultra-
violet radiation or visible light, which attack and
degrade organic compounds (Saeed et al., 2022).

Despite its availability, most of these meth-
odologies have drawbacks compared to adsorp-
tion. For instance, some of them require consid-
erable investment in equipment and materials
for their implementation on a larger scale, which
may limit their applicability. In addition, several
of these methods can generate by-products or
secondary compounds that could be harmful to
the environment (Shinde et al., 2024), underscor-
ing the importance of considering the side effects
of their application. Furthermore, some methods
demand a lot of energy to operate (Aigbe et al.,
2021), which could not only result in consider-
able financial costs but also raise concerns about
long-term sustainability.

Adsorption is considered one of the most
promising alternatives for dye-containing water
treatment since it removes the pollutant without
breaking down the molecule; it is efficient, fast
and a cost-effective methodology (Pavithra et
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al., 2019). In this context, diverse agricultural
byproducts have been explored as potential, eco-
friendly, and non-conventional adsorbents. The
use of such alternative materials has increased
in recent years due to their wide availability, low
cost and removal efficiencies greater than 90%
(Crini, 2006; Echavarria-Alvarez et al., 2014;
Gupta et al., 2009; Srinivasan et al., 2010).

Corn byproducts, such as cobs, leaves and
husks, account for approximately 50% of the
total mass of the plant. Hence, corn cobs (CC)
are readily available as an agricultural byprod-
uct. Particularly, in Colombia, geographical and
wheather conditions have favored the corn pro-
duction throughout the whole territory (Salgar,
2005). In this regard, the Ministry of Agriculture
and Rural Development of Colombia, has re-
ported approximately 1.38 million tons of corn
produced in 2021 (Ministerio de Agricultura
y Desarrollo Rural, 2021). Moreover, accord-
ing to the United Nations Food and Agriculture
Organization (FAO) (FAO, 2009), this product
can be abundantly found in numerous countries,
including the United States, Argentina, Brazil,
and China, registering in 2020 a corn production
that amounted 64.63% of the world production
(Wang et al., 2021).

On the other hand, chemical oxygen demand
(COD) is one of the parameters used to deter-
mine the degree of wastewater pollution. COD is
the amount of oxygen needed to oxidize all oxid-
able compounds in the water through chemical
means (Mafiunga et al., 2010). In this work, the
COD was quantified after the removal process
to determine the extent to which this treatment
improves the quality of dye-containing efflu-
ents. As expected, each country has regulations
establishing the maximum COD values that ef-
fluents must meet before discharge. In the case
of Colombia, the Ministry of Environment and
Sustainable Development, through Resolution
631 of 2015, set the maximum allowable limits
for liquid discharges to protect water resources
and minimize environmental impacts caused by
various industrial activities. For example, in the
textile industry, discharges must have a COD of
less than or equal to 400.00 mg O,L"", total sus-
pended solids (TSS) of up to 50.00 mg L', and
a biochemical oxygen demand (BOD) of 200.00
mg O,L™" (Ministerio de ambiente y desarrollo
sostenible, 2015). According to the report by
Area metropolitana Valle de Aburra (2019), an
evaluation conducted at strategic points along
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the Medellin River revealed concerning levels in
several water quality parameters. The maximum
values recorded included a COD of 274.00 mg
O,L", TSS 0f 298.00 mg L', and a true color of
52.64 UPC. These findings reflect the combined
impact of industrial, domestic, and agricultural
discharges into the river. However, it is important
to highlight that dye-bearing effluents, primarily
from the textile industry, can significantly exac-
erbate these indicators if not properly treated,
increasing the organic load, and affecting the ap-
pearance and quality of this vital water resource.
In this context, the adsorption process emerges
as one of the most effective and sustainable tech-
nologies for the removal of persistent pollutants,
allowing a significant reduction in COD, TSS
and dye-bearing contaminants.

The literature reports a substantial number
of studies on the removal of BR46 dye using
agricultural by-products. Most of these studies
have successfully applied univariate approaches
to evaluate the influence of individual operating
parameters on adsorption performance. While
this methodology has provided valuable insights
into the adsorption behavior of BR46, it inher-
ently focuses on one variable at a time, letting
the remaining factors fixed. Consequently, po-
tential interactions among operational param-
eters and their combined effect on process op-
timization have been less explored. A variety
of agrowastes, such as coconut shells, sumac
leaves, raw cactus fruit, pinecones, raw pome-
granate, princess tree leaves, pine leaves, and
olive pomace, have been reported for BR46
removal using univariate experimental designs
(Akkari et al., 2023, 2024; Aldemir et al., 2023;
Deniz et al., 2011; Graba et al., 2022; Jozwiak
et al., 2018; Kaouah et al., 2013). In addition,
some studies have employed chemical or ther-
mal modifications — commonly pyrolysis — to
enhance adsorption capacity (Jabar et al., 2022;
Kaouah et al., 2013), although these treatments
may increase operational costs and processing
complexity. Rice husk was also evaluated to re-
move BR46 using a statistical design, obtaining
a removal of 95%, however, the study focused
mainly on process optimization and did not in-
clude a comprehensive evaluation of adsorption
kinetics, equilibrium, and thermodynamic be-
havior (Cueva-Orjuela et al., 2017).

Within this framework, this study focused
on the removal of BR46 dye by implementing
statistical tools for the first time to develop a

more accurate, efficient, and reproducible ad-
sorption model. Raw corn cob was selected as
an alternative agricultural adsorbent, offering
an environmentally sustainable process that
promotes the use of waste materials without
structural modification. Initially a 2° factorial
design was conducted, followed by a narrowing
design using the steepest ascent approach and,
finally, an orthogonal central composite surface
design was performed to determine the optimal
conditions. In addition, kinetic, equilibrium,
and thermodynamic studies were conducted to
better understand the interaction between the
adsorbent, CC, and the dye, BR46. These sta-
tistical tools provided valuable insights for the
future scale-up of the process. Finally, water
quality after the removal process was also as-
sessed by measuring the COD.

MATERIALS AND METHODS

Preparation of BR46 solution

BR46, with a purity greater than 99%, was
obtained from Colorquimica S.A, a local dye
company in Medellin, Colombia. A standard
BR46 solution with concentration 100 mg L™ in
distilled water was prepared, which was used to
perform a calibration curve on a Perkin-Elmer
Lambda 35 UV-Vis spectrophotometer under the
dye’s maximum absorbance wavelength, namely
A =1531.9 nm. The structure of this azo dye is

max

shown in Figure 1.

Agricultural by-product pretreatment

Corn cobs (CC) were obtained from a local
market in Medellin, Colombia, and underwent a
milling and sieving process to achieve a particle
size in the range 300 to 500 pum. This particle size
was selected since it was found to be the most suit-
able according to previous studies (Zuluaga Diaz
et al., 2014) and related works (Trivizadakis et al.,
2006). Furthermore, the specific surface area of
the CC was determined to be 79.16 m? g'', as re-
ported in previous research (Velandia-Ciendua et
al., 2019). Subsequently, the material underwent
five consecutive washes with distilled water un-
til the wash water was clear. The washed mate-
rial was then dried in a forced convection oven at
70 °C for 48 hours and stored in airtight contain-
ers for subsequent experimental use.
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Figure 1. Chemical structure of BR46 dye

Characterization of raw CC

Determination of point of zero charge

The point of zero charge (PZC) corresponds
to the pH value at which the surface net charge
of an adsorbent is electrically neutral. The PZC
for CC was determined by mass titration, using
distilled water solutions adjusted to three initial
pH levels (3.0, 7.0, and 11.0) by the addition
of HCl and NaOH. For each pH condition, the
change in pH was measured after 24 hours of
contact with continuous stirring at 130 rpm, us-
ing six different CC dosages ranging from 10 to
120 g-L'. All experiments were carried out in
triplicate at room temperature using a Unimax
1010 shaker. pH measurements were taken with
a Schott pH meter. The PZC corresponds to the
pH value approached by the system as the adsor-
bent dosage increases.

FTIR spectral analysis

To identify the functional groups of greater
participation in the adsorption process, spectra of
the CC samples were taken before and after the re-
moval of BR46 in the range of 4000-500 cm™! with
a resolution of 2 cm!. This analysis was carried
out in a Perkin Elmer spectrometer with attenu-
ated total reflectance Fourier-transform infrared
(ATR FT-IR) spectroscopy, Spectrum Two.

Study of BR46 adsorption through factorial
and response surface designs

The adsorption process was conducted under
a discontinuous system, using 50 mL Erlenmeyer
flasks with the respective dosage of CC and 50
mL of BR46 solution with the corresponding
concentration for each experimental test. The Er-
lenmeyer flasks were stirred in a Unimax 2010
Shaker at 180 rpm. Once the contact time was
over, the dye-impregnated material was separated
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from the residual solution by filtration. To calcu-
late the removal capacity, the absorbances of the
starting and remaining solutions were measured
with a Perkin Elmer UV-Vis Lambda 35 spectro-
photometer at 531.9 nm. The response variable
was removal, calculated as stated in Equation 1,
where C, and Cfcorrespond to initial and final so-
lution concentrations, respectively.

C _
20 T w100 % (1)

%Rem = c
0

Full factorial and narrowing design

A 2? factorial design with a central point was
conducted to evaluate the factors dosage (D),
contact time (T), and initial dye concentration
(C,), at the levels indicated in Table 1, using a
fixed solution volume of 50 mL. Based on prior
analyses, the following variables were kept con-
stant because of their minimal influence on the
adsorption process: pH of 7.0, particle size of
300-500 pm, temperature of 25 °C, and stirring
speed of 180 rpm. A 100 mg L' BR46 dye solu-
tion was prepared, and dilutions were made to get
concentrations of 10, 25, and 40 mg L.

The narrowing design uses the steepest as-
cent path to evaluate the response variable in
the gradient’s direction to have a closer estima-
tion of the optimum conditions (Kowalski et al.,
2005). In this case, dosage steps of 0.5 g L' were
taken since this factor was the most significant
in the factorial design. Steps in the other factors
were determined according to their effect using
Statgraphics 19 software. The conditions of each
experiment are listed in Table 3. A negative con-
trol was performed for each experimental test
with the corresponding dosage of CC and 50 mL
of distilled water. All experiments were carried
out at pH 7.0, with a stirring speed of 180 rpm,
and in triplicate.

Central composite response surface design

A central composite response surface design
was carried out with conditions close to the maxi-
mum removal found in the narrowing design.
The levels and the corresponding values for each
factor are shown in Table 1. A negative control
was performed for each dosage value. The maxi-
mum removal conditions were established using
Statgraphics 19. Finally, the optimal removal,
determined by the previous surface design, was
evaluated in quintuplicate and compared to the
removal predicted by the model.
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Table 1. Factors and levels for the 23 factorial design and the central composite surface design on the removal of

BR46-CC system

23factorial design Central composite surface design
Factor Level Level
Low Medium High -1.68179 -1 0 1 1.68179
T (min) 60 150 240 191.1 195.2 201.3 207.5 211.5
C,(mg L") 10 25 40 13.3 141 15.2 16.4 17.2
D(gL") 1.0 25 4.0 4.5 4.7 5 5.3 5.5

Chemical oxygen demand (COD)
determination

The COD of the aqueous solution was deter-
mined before and after BR46 removal, under the
optimal conditions found in the response surface
design. A negative control experiment using dis-
tilled water and CC was also evaluated. A stan-
dard solution of potassium hydrogen phthalate
with a COD of 500 mg O,L"' was used to per-
form a calibration curve. The methodology for
this assessment corresponds to that described
by Supelco (2020). The measurements were
performed by adding 0.30 mL of Perkin-Elmer
Spectroquant solution A, 2.30 mL of Perkin-El-
mer Spectroquant solution B, and 3.0 mL of the
sample in a 16 mm corrosion and temperature re-
sistant screw lid cuvette. The samples were heat-
ed to 148 °C for 120 minutes in a Perkin-Elmer
Spectroquant TR-420 thermoreactor. After this
time, the samples were allowed to cool down,
then they were manually shaken, and the COD
was measured in a Perkin-Elmer UV-Vis Lambda
35 spectrophotometer at 605 nm and 585 nm. For
this method, a limit of detection (LOD) of 6 mg
O,L"" has been indicated (ISO, 2002).

Kinetics of BR46 adsorption

The adsorption kinetics were evaluated us-
ing 50 mL Erlenmeyer flasks under the opti-
mal adsorption conditions, previously found in
the central composite response surface design.
These Erlenmeyer were sealed and placed in a
Unimax 2010 shaker with an incubator to keep
the temperature constant throughout the process
at a stirring speed of 180 rpm. These solutions
were monitored for 240 min with contact times
ranging from 0 to 240 min at 298 K. These sam-
ples were measured at the maximum absorption
wavelength and in triplicate to establish the re-
sidual dye concentration.

Three nonlinear models were used to fit the data
from the kinetics experiment, namely, pseudo-first
order, pseudo-second order, and Elovich model.

Pseudo-first order kinetics

This model proposed by Lagergren in 1898
is one of the most widely used and is defined by
Equation 2.

dq

E = kl(qeq - q) 2)

where: q,, Tepresents the amount of adsorbate
transferred to the adsorbent surface at equi-
librium (mg g'), while g represents the
amount transferred (mg g') at time ¢, k, de-
notes the rate constant expressed in min ™.

By integrating Eq. (2), a closed form is ob-
tained as shown in Equation 3.

q= Cqu(1 - e_klt) (3)

Pseudo-second order kinetics

Pseudo-second order kinetics is another
frequently used model and has been extensive-
ly reported in adsorption-related experiments
(Wang and Guo, 2020a). This model is defined
by Equation 4.

dq

2
E =k, (Qeq - Q) “4)

An integration of Equation 4 yields Equation 5.

1
q = Qeq (1 - W) (5)

where: k, denotes the rate constant in g mg™.

Elovich kinetics

The Elovich kinetic model is an empirical
model that states that activation energy increases
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as the adsorption process is conducted and that
the adsorbent surface is heterogeneous (Wang and
Guo, 2020a). The mathematical expression that
describes this model is presented in Equation 6.

dq
—_— —bgq 6
ae
T (6)
The integrated form of Equation 6 is Equation 7.
In(abt + 1)
" b @

where: a represents the initial adsorption rate in
milligrams per gram per minute mg g
min' and b has units grams per milli-
gram g mg .

Adsorption isotherms for the BR46-CC system

The isotherm experiments were performed us-
ing 50 mL Erlenmeyer flasks, CC dosage was kept
constant at 5.0 g L', initial dye concentration was
10, 20, 40, 60, 80, 100, 120 and 150 mg L' and
the contact time was set at 24 h. The experiments
were performed in triplicate at temperatures 298,
318, and 328 K. Particularly, Langmuir, Freun-
dlich, Redlich-Peterson, Langmuir-Freundlich,
and Temkin models were evaluated in this work.

Langmuir model

In the Langmuir model, the surface is assumed
to be homogeneous, and the adsorbed molecules
are retained in a monolayer on the surface. The
surface has a finite number of identical adsorption
sites so that one molecule is retained in each of the
sites. Also, this model neglects molecule interac-
tion and is denoted as follows (Langmuir, 1916).

KL Ce

= L 8
qe Qmax 1 + KLCe ( )

where: O is the maximum capacity of adsorp-
tion for the system under the experimen-
tal conditions (mg g'), K, is a parameter
indicating the affinity of the adsorbate for
the adsorbent (L mg™), ¢, is the amount
of dye adsorbed at equilibrium per unit
mass of adsorbent (mg g™'), and C, is the
concentration of the adsorbate in equilib-
rium (mg L™).

Freundlich model

Freundlich adsorption isotherm model char-
acterizes the process as reversible and non-ideal.

356

Freundlich model is not restricted to monolayer
formation, thus it’s also applicable to multilayer
adsorption. This model also works when adsorp-
tion heat and affinities are not uniformly distrib-
uted in a heterogeneous surface (Al-Ghouti et al.,
2020). Freundlich model is given by Equation 9.

1
qe = Kr(C™r ©)

where: K, is a parameter related to the affinity of
the system (mg'"""g"' L'F), while n, is
the Freundlich constant that indicates the
adsorption intensity (non-dimensional).

Redlich-Peterson model

Redlich-Peterson is a model describing ad-
sorption in a real system, considering multi-
layer formation and interaction among adsorbed
particles. It is a combination of Freundlich and
Langmuir models incorporating 3 parameters
(Al-Ghouti et al., 2020). This model is presented
in Equation 10.

aC,

=350 (10)

de

The equation comprises three empirical co-
efficients denoted as a, f, and y. The exponent
y within the equation typically falls within the
range of O to 1.

Langmuir-Freundlich model

The Langmuir-Freundlich isotherm, also
known as the Sips model, constitutes a funda-
mental tool in the analysis of the homogeneity or
heterogeneity of adsorption systems (Wang and
Guo, 2020b). However, it has a limitation asso-
ciated with non-adherence to Henry’s law when
the adsorbate concentration is extremely low or
under low pressure conditions (Al-Ghouti et al.,
2020). The Sips isotherm is defined by Equation
11 (Wang and Guo, 2020Db).

ACLe

=_Cse (11)
1+ K,Cs

de

where: 4 (mg' g 'L™), K (L™ mg™) and n_are
the parameters of the Langmuir-Freun-
dlich isotherm.
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Temkin model

The Temkin isotherm describes a multilayer
adsorption process (Pérez-Marin et al., 2007). This
approach considers the interaction between the ad-
sorbent and the adsorbate, disregarding the depen-
dence on concentration values (Dada et al., 2012;
Hameed et al., 2008; Wang and Guo, 2020b). The
Temkin model is presented by Equation 12.

RT RT
qe = 7—In(Ke) + ——In(C)  (12)
b b,

The constants K, and b, represent the Temkin

constants.

Thermodynamic parameters

Thermodynamic properties play a fundamen-
tal role in an adsorption process given that they
determine its spontaneity. Both entropy (AS°)
and enthalpy (AH®) are necessary considerations
in calculating the Gibbs free energy AG®. If AG®
is negative at a given temperature, the reaction
occurs spontaneously. Adsorption is classified as
exothermic if AH’ is negative, and as endother-
mic, if AH® is positive. The magnitude of the AH®
also indicates whether the process is physisorp-
tion or chemisorption (Tran et al., 2021). The af-
finity of the adsorbent towards the adsorbate is
quantified by an increase in the value of 45° (Al-
Ghouti et al., 2020).

The estimation of thermodynamic parameters
was carried out according to the methodology de-
scribed by Chen et al. (2021). Thus, the reaction
mechanism considered depends on the selected
isotherm. The general reaction mechanism is giv-
en by Equation 13.

mS+ndeopS—A (13)

where: S is the surface, 4 is the adsorbate, and S
— A is the adsorption complex. m, n, and p
are stochiometric coefficients.

The experimental equilibrium constant re-
lated to this general mechanism is presented in
Equation 14.

_ Qeq?
(Qmax - Cqu)m(ceq)n

However, the equilibrium constant must
be dimensionless to be used in the calculation
of thermodynamic properties. To achieve this,
the standard state is implemented. Thus, the

(14)

K exp

dimensionless equilibrium constant is given by
the Equation 15.

Keq = Kexp (qO)m—p(CO)n (15)

where: ¢°and C° represent the charge and concen-
tration at standard conditions respectively.

The relationship between the equilibrium
constant and the Gibbs free energy is given by
Equation 16.

AG® = —RT InK,, (16)

where: AG" is the Gibbs free energy at standard
conditions (J mol'), R is the universal
constant of gases (8.314 J mol! K), T
is the absolute temperature (K) and Keq is
the equilibrium constant of the system.

According to the Van’t Hoff equation, the re-
lationship between the equilibrium constant and
the temperature, assuming low variations of AH°
and AS® with temperature is given by Equation 24
(Atkins, 2022).

AH® AS°

aneq = _ﬁ-l_ R (17)

The Gibbs free energy is also given by Equation 18.
AG° = AH®° —TAS (18)

RESULTS AND DISCUSSION

Characterization of raw CC

Determination of PZC

The results obtained by mass titration are
shown in Figure 2a. As depicted, the final pH val-
ues approach 5.5 as the dosage increases. It is worth
noting that this value is not affected by the initial
pH used in the experiment, indicating that the PZC
is an intrinsic property of the adsorbent material.

FTIR spectral analysis

ATR FTIR spectroscopy analysis was per-
formed to identify the functional groups present
in CC, as well as to observe possible changes in
its structure after BR46 dye removal, shown in
Figure 2b.

A strong band is observed at 3338 cm™! in
CC corresponding to the stretching of the OH
bond associated with hydroxyl functional groups
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Figure 2. (a) PZC by mass titration. (b) FTIR spectra before and after adsorption

(Smith, 2018). Bands at 2920 and 2850 cm™ are
attributed to the vibrations of the CH bond. Then,
small bands appear between 1910 and 2050 cm!
for the aromatic fingerprints. Medium intensity
bands, between 1500 and 1680 c¢m!, are asso-
ciated with the C-C double bonds and the CO
bond, which are present as carboxyl groups in
the glucuronic acid of hemicellulose and the
C=0 stretching in conjugated carbonyl groups of
lignin (Fan et al., 2012). Finally, an intense band
is registered at 1034 cm™' which correlates with
the vibration of the C-O-C bond in ethers (Smith,
2018). Figure 2b corresponds to the CC-BR46
system, changes in the adsorption bands with a
more rounded shape for the OH bond vibration
at 3338 cm! and a higher intensity of the remain-
ing bands are observed, indicating the interaction
between CC and BR46.

Statistical design of experiments

Factorial design and narrowing design

The analysis of variance (ANOVA) for the
2% full factorial design of BR46 adsorption onto
CC is represented by the Pareto chart in Figure
3a, in which the factors are arranged in order of
their statistical significance. It was found that the
most significant factor is the adsorbent dosage,
with a positive effect on the removal percentage,
followed by the initial dye concentration with a
negative effect and in the third place, the contact
time with a positive effect. Furthermore, the in-
teraction DC also had a significant positive effect,
while the interaction 7D had a significant negative
effect. The remaining interaction 7C did not have
a statistically significant effect on the BR46 dye
removal percentage. The presence of significant
interactions shows that this system’s behavior
is non-linear and as such, univariate approaches
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are not ideal. Besides, the non-linearity suggests
there might be optimal operating conditions for
the system. The interaction plot presented in Fig-
ure 3b confirms the assertions obtained from the
pareto chart in Figure 3a.

According to the Tukey’s multiple range test,
which are denoted with a lower-case superscript
letter, the pairs of treatments (4,5), (2,7), and (3,8)
belong to the same homogeneous groups, so there
is not any statistical difference among these pairs
of experiments. The conditions for each treatment
and their corresponding final removal percentag-
es are displayed in Table 2.

The highest removal percentage of 92.70%
was obtained in treatment 5 under the following
conditions, 240 min of contact time, 10 mg L'
of initial dye concentration, and 4.0 g L' of CC
dosage. However, this treatment has no statisti-
cal difference with treatment 4, which achieved a
similar removal percentage and shared the same
values in dosage and contact time but with a high-
er initial concentration of BR46. This shows that
under the specified values of time and dosage, the
performance is similar when changing the initial
dye concentration, and since one of the objectives
of this research is to retain the highest feasible dye
load, the possibility of optimization is opened.

The following mathematical model fit the
data in Table 2 with R? = 0.9457

% Rem = 64.057 + 5.30827 + 6.5313D —
—0.7360C — 1.00437D + 0.1663DC

where: T is the contact time in min, D is the ad-
sorbent dosage in g L', and C is the initial
dye concentration in mg L.

This high R? value shows that it’s suitable for
approximating the expected removal within the
evaluated interval 60 < 7' <240,1 <D <4,10 <
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C <40). Besides, the presence of nonlinear terms
indicates that interactions are relevant.

Afterwards, a narrowing design was imple-
mented to obtain better conditions for the process.
In this design, we started from the center of the
region assessed in the previous factorial design
and evaluated it in a path following the gradient
(Kowalski et al., 2005). Subsequently, an orthog-
onal central composite surface design was per-
formed, which consisted of focusing on this nar-
rower region to develop its mathematical model
and determine the optimal point. In Figure 4, a
diagram of the evaluated areas is shown, whose
methodology is based upon line-search methods
of optimization.

Table 3 shows the average removal percentag-
es obtained for each one of the 11 experiments of
the narrowing design. It is observed that the high-
est removal percentage of BR46 was in the order
0f 97.3 £ 0.2% and corresponds to treatment 6, un-
der a dosage of 5.0 g L', a contact time of 201.3
min, and an initial BR46 concentration of 15.2 mg
L. This value is quite satisfactory; it represents an
increase of approximately 5% compared to the ad-
sorption efficiency obtained in the factorial design

.
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but achieved in this case in a shorter time and
with a higher load of RB46. However, in search
of greater optimization it was decided to carry out
the central composite surface design with level 0
of all the factors under these conditions and with
values for the o and -a levels corresponding to the
adjacent experiments to this maximum (Table 1).
The standard deviation presented in Table 3
validates the consistency and precision of the ob-
tained results. The maximum observed value was
1.67%, indicating that the data is reliable and ad-
equately represents the BR46-CC system. In par-
ticular, the standard deviation for the highest re-
moval percentage was 0.16%, calculated from all
replicates of experiment number 6. This finding
points out that the result, with an average value
of 97.3% removal, is highly precise and reliable.

Central composite response surface design

Adsorption experiments were conducted as
specified in Table 1. In agreement to the analy-
sis performed in Statgrafics 19, a local maximum
was found within the evaluated range and, ac-
cording to the model structure, it’s also a global
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Figure 3. (a) Pareto chart for 23 full factorial design, (b) interaction plots

Table 2. Experimental removal percentages for the 2* full factorial design for the BR46-CC system

Exp T (min) C (mgL") D(gL") Removal (%)
1 60 40 1.0 51.63f
2 150 25 25 88.09 ©
3 240 40 1.0 63.32°¢
4 240 40 4.0 92.28 2
5 240 10 4.0 92.70 2
6 60 10 4.0 90.53°
7 60 40 4.0 86.71°¢
8 60 10 1.0 67.50 ¢
9 240 10 1.0 81.63¢
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Figure 4. Scheme of evaluated zones with experimental designs

Table 3. Conditions for narrowing design on the removal of the BR46-CC system

Exp T (min) C(mglL") D(gL") Removal (%) Std dev. (%)
1 150.0 25.0 25 87.14 0.33
2 160.3 23.0 3.0 90.06 0.28
3 170.5 21.1 35 91.23 0.82
4 180.8 19.1 4.0 93.42 0.04
5 1911 17.2 4.5 94.36 0.59
6 201.3 15.2 5.0 97.25 0.16
7 211.6 13.3 55 94.69 1.67
8 221.9 11.3 6.0 94.98 1.05
9 232.1 9.4 6.5 95.89 0.62
10 242.4 7.4 7.0 95.76 0.59
11 252.6 54 7.5 96.39 0.89

maximum. The optimal operating conditions cor-
respond to D atlevel 1.68178 (nominal value =5.5
g L), C atlevel 1.18366 (nominal value = 16.60
mg L) and T level 0.1034576 (nominal value =
201.93 min) with a predicted removal of 94.86%.
These operating conditions were experimentally
evaluated in quintuplicate way, achieving remov-
als of 97.6%, 95.7%, 99.1%, 99.3% and 98.9%.
The average removal level was 98 + 1%, which
is higher than predicted and surpasses the results
obtained in any other previous work. Thus, these
conditions were taken as optimal and will be used
for subsequent experiments in this study.
Although the contact time under optimized
conditions is 201.93 min, this value is compara-
ble to those reported for other lignocellulosic bio-
sorbents employed for dye removal from aqueous
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solutions (Yadav et.al., 2024). From an industrial
perspective, adsorption processes are frequently
operated in batch or continuous systems, where
process feasibility is mainly governed by adsorp-
tion capacity, removal efficiency, and operational
cost rather than equilibrium time alone. In this
context, the use of raw corn cob as an untreated,
low-cost, and abundantly available agricultural
residue represents a significant advantage, sup-
porting the potential applicability of the proposed
process for wastewater treatment.

Additionally, if contact time represents a lim-
iting factor in industrial application, a removal of
90.53% was achieved in 60 min under the condi-
tions of experiment 6 (Table 2). Adsorbent regen-
eration and reuse were not evaluated in the pres-
ent study and therefore constitute a limitation of
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the proposed process. Nevertheless, given the lig-
nocellulosic nature of raw corn cob and previous
reports on the reusability of similar agricultural
residues, regeneration and multi-cycle adsorption
performance are considered feasible and should
be addressed in future studies to further assess the
long-term applicability of the system.

Figure 5 shows the response surface of the ob-
tained model for this system. As it comprises 3 fac-
tors and a response variable, one of those factors
must be fixed for it to be graphically shown. D, C,
and T are fixed at their optimum values in Figures
Sa, 5b and 5c respectively. In all cases, negative
curvature is observed, proving the fact that the sys-
tem yields optimal results at this operation point.

These results showed a 1% increase compared
to the data previously obtained using the narrow-
ing design, pointing out that the narrowing design
really accelerates and facilitates the identification
of the most efficient improvement path. Further-
more, it is worth highlighting that the application
of the central composite response surface design
allowed the mathematical validation of the opti-
mal point for experimental design.

Evaluation of chemical oxygen demand (COD)

The result obtained for COD was highly satis-
factory as an effective parameter to determine an
improvement in water quality after the removal
process. Thus, from an initial COD of 127.80 mg
O, L, afinal COD 0f 90.80 mg O, L™ was regis-
tered, achieving a decrease in organic load of 37
units, that is a 29% reduction in the COD level,
which is quite significant, pointing out that the
treatment of colored effluents through removal
with non-conventional adsorbents, represents an
efficient, economical, sustainable, and environ-
mentally friendly option that truly helps to im-
prove water quality. This reduction in COD after
BR46 adsorption indicates an improvement in
water quality associated with the removal of or-
ganic dye molecules. However, it is not intended
to imply compliance with discharge regulations,
as COD limit values vary among countries and
depend on local environmental legislation as
discussed in the Introduction. Adsorption using
raw corn cob should therefore be considered as
a complementary or preliminary treatment step
rather than a standalone solution. Nevertheless,

Figure 5. Central composite response surface with dosage fixed at optimal condition for the BR46-CC system:
a) surface response with D fixed at optimum, b) surface response with C fixed at optimum,
¢) surface response with 7 fixed at optimum
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the obtained COD decrease confirms the contri-
bution of the adsorption process to reducing the
organic load of dye-contaminated wastewater.

It should be mentioned that this is one of the
few works where, after optimizing the adsorp-
tive process, the improvement in water quality is
demonstrated by measuring COD. On the other
hand, the ease and speed of this test would allow
companies that generate dye-bearing effluents to
have an accurate criterion for discharging their in-
dustrial effluents in accordance with established
legislation. As far as we know, Kaouah et al.
(2013) report the measurement of COD but under
another methodology, using an automated COD
analyzer. In that work, the COD of a real effluent
containing three dyes was measured, which didn’t
include BR46. Therefore, there are no reports to
compare with our findings.

Adsorption kinetics of BR46-CC

Table 4 presents the experimental data of the
adsorption kinetics for the BR46-CC system at
298 K under the best conditions of the process:
a dosage of 5.5 g L', an initial concentration of
16.6 mg L', and a contact time of 201.93 min.
The selection of the most appropriate model was
based on the criteria of best correlation fit (R?)
and the lowest sum of the squared errors (SSE).

As can be seen in Table 4, the experimental
data show a better fit with the pseudo-second-or-
der model, with a correlation coefficient R?> = 0.94
and an SSE of 0.03. This R? value indicates that
the system corresponds to a chemisorption process
(Zheng et al., 2010). For its part, the Elovich model
displays a R* with a value 8.7 % lower than the best
fit value, while the Pseudo-first order kinetic mod-
el had a poor adjustment with an R* value of 0.59.

It is worth mentioning that research related to
the BR46 removal reports similar results in terms
of the best fit with the pseudo-second-order kinetic
model, which is consistent with the findings of
the present work. For instance, Akter et al. (2021)

Table 4. Kinetics results for the CC-BR46 system

reported a correlation coefficient of R? =0.99 using
banana peel as an adsorbent. Similarly, Akkari et
al. (2023) obtained a correlation of R? = 0.99 when
employing raw pomegranate peel as an adsorbent.
Other studies using adsorbents such as princess
tree leaf (Deniz et al., 2011), olive pomace (Graba
et al., 2022), and pinecone (Aldemir et al., 2023)
have also documented high correlations with this
kinetic model. It is important to highlight that the
pseudo-second-order kinetic model is predominant
in the adsorption processes of different dyes on
low-cost agricultural waste (Bushra et al., 2021).
The plot of the three kinetic models used to evalu-
ate the BR46-CC system is shown in Figure 6.

In the adsorption kinetics, it is observed that
during the initial 20 minutes, the value of ¢, in-
creases rapidly. Subsequently, the rate of increase
in g, slows considerably until approximately min-
ute 100. From this point onward, the value of
g, finds stability, indicating that the system has
reached adsorption equilibrium.

Adsorption isotherms of BR46-CC

The results obtained from adjustment of the
five equilibrium models with their respective pa-
rameters at the three temperatures for the adsorp-
tion of BR46 onto CC are summarized in Table 5.
In general, a good adjustment is seen with all the
evaluated models. Figure 7 shows the experimen-
tal data and the model fitting for temperatures at
298, 308, and 318 K, respectively.

In particular, the best fit was found with
Redlich-Peterson model (R-P), with a cor-
relation coefficient R> = 0.999 at 298 K, R? =
0.995 at 318 K, and R* = 0.999 at 328 K, which
explains that the system follows a combined
mechanism and not ideally a monolayer adsorp-
tion and the existence of interactions between
the adsorbed particles (Tran et al., 2021). The
second-best fit is observed with the Langmuir-
Freundlich model (L-F), with correlation coef-
ficients R? of 0.998; 0.994 and 0.998 at 298 K,

Model K, (min”) q,(mg g") SSE R?
Pseudo-first order 1.55 0.19 0.59
K, (min! mg g’ SSE R2
Pseudo-second order A (i) 9, (Mg g7)
1.29 0.03 0.94
a (mg g’ min”’ b (g mg™) SSE R?
Elovich
8.65 x 10" 12.02 0.07 0.84
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Figure 6. Kinetic models used to evaluate the BR46-CC system: PFO — pseudo-first order,
PSO — pseudo-second order
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Figure 7. Isotherms at different temperatures: a) isotherm comparison at 298 K, b) isotherm comparison at 318 K,
¢) isotherm comparison at 328 K

removed onto activated carbon from wild olive
cores (Kaouah et al., 2013).

Moreover, the Freundlich isotherm also
showed an excellent correlation for all evaluated

318 K, and 328 K, respectively, pointing out the
heterogeneity of the system, according to a more
real process. This good adjustment of the differ-
ent isotherms is also mentioned when BR46 was

363



Journal of Ecological Engineering 2026, 27(5), 351-368

temperatures, with R? greater than or equal to
0.988, placing itself in the third-best fit. No-
tably, as the temperature increased, the model
fitting improved, suggesting that this model
adequately describes the process, especially at
elevated temperatures.

On the other hand, the Langmuir isotherm
ranked fourth with R? = 0.987, indicating that the
system has a behavior similar to monolayer ad-
sorption, which is also supported by the Freun-
dlich isotherm fit with a value of , > 1. It is also
observed that the good correlation for the Lang-
muir isotherm at 298 K (R? = 0.995) decreases
as the temperature increases (R? = 0.983 at 313
K). This behavior can be explained by the fact
that g decreases as the temperature increases,
obtaining greater surface coverage that allows
some molecules to be fixed by physisorption as
they approach the total coverage of the monolay-
er. This hypothesis is reinforced by the increase
in the fitness of the Freundlich isotherm at high
temperatures since this model can fit combined
mechanisms better than Langmuir.

Additionally, even with a good fit, the Tem-
kin model earns fifth place with an average R* =
0.971 for the three evaluated temperatures. This
isotherm model considers chemisorption in which
the adsorption enthalpy of the molecules decreas-
es linearly with the surface’s coverage. This iso-
therm had a slightly lower fit than the Langmuir
model, indicating that the adsorption enthalpy is
constant or decreases very little.

Finally, the Redlich-Peterson and Langmuir-
Freundlich isotherms are designed to take charac-
teristics of the Langmuir and Freundlich isotherms,
interpolating between them. These models had a
marginally better fit than the Langmuir isotherm. It
is important to mention that in the Redlich-Peterson

isotherm the value of y is 0.79, indicating that this
model is closer to the Langmuir isotherm, which
corresponds to a value of y=1.

The results of this study are consistent with
previous research. For example, (Jozwiak et
al., 2018, 2021) reported good adequacy of the
Langmuir isotherm using coconut shells and hen
feathers. Kiani et al. (2021) found that the Lang-
muir isotherm adequately describes the adsorp-
tion equilibrium of BR46 on activated carbon
from palm, while the studies using olive pomace
(Graba et al., 2022), and raw cactus fruit peels
(Akkari et al., 2024), have highlighted the ability
of the Freundlich model to fit the system, better
reflecting the combined adsorption mechanisms
on heterogeneous surfaces.

Thermodynamic parameters of BR46-CC
adsorption

The estimation of the thermodynamic prop-
erties was performed following the procedure
referred to in section: Adsorption isotherms for
the BR46-CC system. The Redlich-Peterson and
Langmuir-Freundlich isotherms were the ones that
presented the best fit at all temperatures. However,
these models are empirical interpolations between
the Langmuir and Freundlich models and, there-
fore, have no associated mechanism, preventing
them from being used for the calculation of thermo-
dynamic properties. Among the remaining models,
Freundlich’s is the one that best adjusts to more
temperatures. For this reason, it was decided to use
it for the calculation of thermodynamic properties.
The specific Freundlich mechanism corresponds to
Equation 14 with values m =0, n =1 and p = n,.
The values of the thermodynamic parameters and
the equilibrium constant are shown in Table 6.

Table 5. Parameters of adsorption isotherms for the CC-BR46 system

Model Temperature: 298 K Temperature: 318 K Temperature: 328 K
Qmax K, B SSE R? Qmax K, - SSE R? Qmax K, B SSE R?
Langmuir
34.9519(0.2252 4.3495 (0.9957 [29.6279(0.1297 10.26750.9837|26.7028[0.1508 10.2675(0.9837
K ng - SSE | R? K ng - SSE | R? Ky ng - SSE | R?
Freundlich
7.7965 (2.1416 11.6995|0.9881| 5.2574 |2.1361 4.2019 [0.9925| 5.4742 |2.3553 2.9412 |0.9945
Langmuir- Ag K ng | SSE | R? Ag K, ng | SSE | R? Ag K, ng | SSE | R?
Freundiich | g 4570 |0.1905(0.7867 | 1.1497 |0.9988| 5.1962 |0.0840|0.6144 | 2.7539 |0.9949| 5.5073 |0.1157 |0.6065| 0.5972 |0.9988
Redlich- a B y SSE | R? a B y SSE R? a B y SSE | R?
Peterson 11.8570(0.6479(0.7924| 0.5707 [0.9994 [11.4240|1.3938|0.6482| 2.2973 |0.9958 | 12.2279 |1.4379|0.6923| 0.4523 |0.9991
K, b, - SSE | R? K, b, - SSE | R? K, b, - SSE | R?
Temkin
3.8465 |385.67 13.4643|0.9809| 2.4732 |507.18 15.6586|0.9602 | 3.3363 592.84 9.7754 |0.9728
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Table 6. Thermodynamic parameters and their values

T (K) AG° (kJ mol) KeJ AH° kd mol ) AS° (J mol'K™")
298 -10.9 81.4
318 -9.8 40.7 -27.2 -54.7
328 -9.3 30.3
Table 7. Comparison of BR46 removal using different raw adsorbents
Raw adsorbent Q... (mgg’) Reference
Almond skin 57.45 (Atmani et al., 2024)
Coconut shells 68.52 (Jézwiak et al., 2018)
Olive pomace 14.15 (Graba et al., 2022)
Princess tree leaf 43.10 (Deniz et al., 2011)
Raw Cactus fruit peels 82.58 (Akkari et al., 2023)
Raw Pomegranate peels 86.13 (Akkari et al., 2024)
Raw corn cob 34.95 This study

Negative values of AG® were obtained, -10.9
kJ mol”, -9.8 kJ mol!' and -9.3 kJ mol-' at 298, 318,
and 328 K respectively, which reflect the spontane-
ity and feasibility of the process. A slight decrease
in its value with increasing temperature suggests
that the process preferably takes places at low tem-
peratures, which is favorable for the purpose of
scaling-up. For the enthalpy change (AH’) a nega-
tive value of -27.2 kJ mol! was found, indicating
that the process is exothermic. Finally, the change
in entropy (AS°) was -54.7 J mol! K. This nega-
tive value can be explained by the loss of degrees
of freedom in the movement of the molecules that,
when adsorbed, experience a significant decrease
in their vibration capacity (Lu et al., 2005; Saha et
al., 2011). Furthermore, a negative entropy change
suggests the formation of a complex between the
adsorbate and the adsorbent, without significant
changes in the structure of the adsorbent during
adsorption (Saha et al., 2011).

Finally, Table 7 shows the maximum removal
load for some raw adsorbents used for RB46 re-
moval, which was obtained under the best remov-
al conditions of each research project. The dispar-
ity in this uptake capacity is probably associated
with the nature of each adsorbent material, that
is, with its bromatological composition, and with
the best conditions found for the effectiveness of
the adsorption process. In this research, a maxi-
mum removal load of 34.95 mg g' was obtained
for raw CC, which is quite satisfactory given the
minimum cost of this agricultural by-product
and its great abundance in our country, so that its

implementation as an adsorbent material in a fu-
ture scaling process would allow its real valoriza-
tion as a by-product, contributing significantly to
a green process for environmental improvement.

CONCLUSIONS

The current work assessed the sorption ability
of corn cob as an alternative, eco-friendly, and in-
expensive adsorbent for removing the BR46 dye
using statistical tools to obtain a more accurate
and reproducible model with greater efficiency. In
this way, initially a 23 full factorial design with a
central point allowed to evaluate the influencing
factors on the adsorption process of BR46, finding
that the adsorbent dosage was the most important
factor, followed by the initial dye concentration
and the contact time. Regarding the interactions, a
statistically significant and positive effect was ob-
served between dosage and initial dye concentra-
tion. Subsequently, with the information provided
by the statistical narrowing design, the best con-
ditions for the BR46 removal were identified as a
dosage of 5.0 g L', an initial BR46 concentration
of 15.2 mg L', and a contact time of 201.3 minutes,
achieving an adsorption efficiency of 97.3%. Final-
ly, process optimization through a central compos-
ite response surface design, enabled the identifica-
tion of the maximum removal point, which reached
98.1%, under the following conditions, a dosage
of 5.5 g L, an initial concentration of BR46 of
16.6 mg L', and contact time of 201.9 minutes.
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Under the optimized removal conditions of
BR46, it was found that the kinetics of the process
present a better fit with the pseudo-second-order
model; regarding equilibrium, a good adjustment
was observed with the Redlich-Peterson and Lang-
muir-Freundlich isotherms, with an average corre-
lation coefficient R? =0.997 and R? = 0.996 respec-
tively. Concerning the thermodynamic characteris-
tics of the process, its spontaneous and exothermic
nature was confirmed with negative values for the
Gibbs free energy and enthalpy, while the negative
entropy indicated a decrease in molecular vibra-
tions by the molecules adsorbed at the interface. All
these results are highly favorable in the future per-
spective of carrying this removal process on a larger
scale. Furthermore, this research demonstrated the
improvement in water quality after the adsorption
process, as evidenced by a 29% reduction in COD.
This result highlights not only the effectiveness of
the adsorption methodology, but also the relevance
of COD as an adequate, efficient, and accessible pa-
rameter for estimating water quality improvement.
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