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ABSTRACT: Chromium, a highly toxic heavy metal, poses significant risks to both
human health and environmental quality. Its adsorption in wastewater using low-cost,
easily implementable technologies has emerged as a crucial solution for mitigating
its harmful impact. This study explores the effectiveness of a composite adsorbent
made from bentonite and corn waste for chromium adsorption. Experiments were
conducted in a laboratory-scale batch system. The research examined the adsorption
kinetics and equilibrium, process optimization, and the mechanisms of chromium
adsorption. For optimization, a response surface methodology was applied considering
three variables: adsorption time (min), adsorbent dosage (g/L), and initial chromium
concentration (mg/L). The findings suggest that the adsorption kinetics fit best with
the pseudo-first-order model (R? = 0.968), and the adsorption equilibrium fits with the
Freundlich model (R? = 0.997). During optimization, the adsorbent dosage emerged
as the most critical factor for chromium removal. The optimal operating conditions
were determined to be 103 minutes, 29.71 g/L of adsorbent, and an initial chromium
concentration of 31.13 mg/L. The results indicate that chromium adsorption is a
multifaceted process involving diffusion and subsequent interaction at the surface and
edges of the bentonite layers. Chemical analysis, coupled with changes in the FTIR
spectrum, suggests an interaction between chromium and the silicon and aluminum
components of the bentonite. These findings underscore the potential of the composite
adsorbent for effective chromium removal.

RESUMEN: EL cromo es un metal pesado que representa un riesgo para la salud humana
y la calidad ambiental. Su adsorcion de aguas residuales, con tecnologias sencillas y
econémicas, se ha convertido en una solucidn clave para mitigar su impacto. En este
estudio se explord la eficacia de un adsorbente compuesto de bentonita y residuos de
maiz en la adsorcion del cromo. La investigacion analizé la cinética y el equilibrio
de adsorcidn, la optimizacion del proceso y los mecanismos de adsorcion. Para la
optimizacion se empled un disefo de superficie de respuesta considerando: tiempo de
adsorcién (min), dosis de adsorbente (g/L) y concentracién inicial de cromo en solucién
(mg/L). Los resultados indican que la cinética de adsorcién se ajusta al modelo de
pseudo-primer orden (R = 0.968) y el equilibrio de adsorcién se ajusta al modelo
de Freundlich (R? = 0.997). En la optimizacion, la dosis del adsorbente fue el factor
mas critico. Las condiciones 6ptimas de operacién son: 103 minutos, 29.71 g/L de
adsorbente y 31.13 mg/L de concentracion inicial de cromo. Los resultados sugieren que
la adsorciéon del cromo es un proceso multifacético que implica difusiéon y una interaccion
posterior en la superficiey en los bordes de las capas de la bentonita. Elanalisis quimico,
junto con los cambios en el espectro FTIR, apuntan a una interaccién entre el cromo con
el silicio y aluminio de la bentonita.

1. Infroduction

Chromium, recognized both as a transition and heavy
metal, is omnipresent in the environment. Due
to its toxic characteristics and properties, exposure
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significantly heightens human health risks and degrades
environmental quality [1]. A particularly hazardous aspect
of chromium is its toxicity at minimal concentrations
coupled with a worsening cumulative impact [2].

Industrial sources are predominantly responsible for
chromium emissions in the environment, specifically from
sectors like chemical processing and manufacturing,
mineral handling, steel production, metal finishing,
leather tanning, textile dyeing, electroplating, cement
production, metallurgy, and other related fields [3, 4].
Chromium, utilized in these industrial processes, also
features prominently in their effluents and wastes. The
release of untreated wastewater marks a critical pathway
for environmental chromium contamination [5]. Once
in aquatic systems, the hazard of chromium lies in its
mobility and ease of integration into the food chain [1].
Thus, devising an effective method for its removal prior to
environmental discharge is crucial.

In Peru, the contamination of wastewater with chromium
has emerged as a significant environmental and public
health concern.  Following the conventional tannery
process, the chromium concentration of wastewater
can reach 500 mg/L [6]. In Peru, the maximum
permissible concentration of chromium in non-domestic
wastewater discharged into the sanitary sewer system is
10 mg/L of total chromium and 0.5 mg/L of chromium VI.
Consequently, companies are obliged to treat the effluent
prior to its discharge. [7] estimate that between 20 and
40% of the total chromium used by tanneries in cities such
as Lima, Arequipa, and Trujillo is discharged without prior
treatment. A comparable situation is observed in Arequipa
at the Rio Seco Industrial Park in Cerro Colorado [8].

Elimination of chromium from effluents in wastewater
treatment facilities can be accomplished via primary
methods such as precipitation or chemical reduction
[9], secondary methods like bioremediation, or tertiary
methods including ion exchange or adsorption [10]. While
primary treatments are effective, they generate substantial
volumes of hazardous waste [9]. Bioremediation, although
advantageous, might face setbacks due to microorganism
inhibition at high metal concentrations [10]. Conversely,
cation exchange, in spite of its effectiveness, is limited
by its technological and operational demands, requiring
sophisticated machinery and skilled operators [10].

Alternatively, adsorption of heavy metals offers a
straightforward, cost-effective solution that minimizes
waste generation. The technique of chromium adsorption
from wastewater has gained considerable attention as
a feasible treatment option owing to its affordability and
operational simplicity [11]. Promising and economical
adsorbents include those derived from biomass and clay

[12], both readily available and thus cost-effective.

Clays have been exhaustively researched for heavy
metal adsorption [10], including chromium in aqueous
environments [13]. Research in this area has shown
that materials such as bentonite can be effective in
extracting Cr (Ill) and Ni (Il} from industrial wastewater,
with recorded maximum adsorption capacities of 90.91
mg/g for chromium and 9.94 mg/g for nickel, respectively
[14].

Utilizing biomass-based adsorbents offers the potential
for repurposing organic wastes, a matter of paramount
significance given the persistent challenges municipal
waste management poses for local authorities and
enterprises [15].  Multiple studies have delved into
the application of organic residues as adsorbents for
chromium such as cocoa podhusk [16] or plantain peels
[17]. For instance, one study [18] scrutinized the capability
of tea waste in adsorbing Cr (VI). The analysis revealed
the material had a peak adsorption capacity of 75.76
mg/g, coupled with commendable durability, retaining an
adsorption efficacy surpassing 70% over five successive
cycles. Another study [19] employed peanut shell waste
to adsorb Cr (VI} from solutions, observing a zenith
adsorption capacity of 2.36 mg/g.

Conversely, given their ample availability and affordability,
corn by-products have attracted attention as prospective
adsorbents for heavy metals. Research has been
conducted on the efficacy of corn activated carbon in
adsorbing Fe, Cu, and Pb from industrial wastewaters,
reporting maximum removal efficiencies of 80.01%, 79.5%,
and 79.89%, respectively [20]. Investigations into the use of
corn cobs for Cd adsorption determined a peak adsorption
capacity of 126.93 mg/g [21]. Studies have also shown
corn cobs to be effective in extracting Cr (VI) from liquid
solutions, noting a maximum adsorption value of 11.75
mg/g at pH 2 [22].

The enhancement of these natural adsorbents can be
furthered by creating composites [23, 24]. A biocomposite
utilizing Eriobotrya japonica seeds and sodium bentonite
has been developed, exhibiting a robust adsorption
capacity for copper, peaking at 63.56 mg/g [25]. Composite
adsorbent from banana peel waste and silica have been
prepared, targeting the removal of organic compounds.
The adsorbent displayed adsorption capacities of 78.85 and
58.81 mg/g for methylene blue in synthetic wastewater
and real samples, respectively [26].  Additionally, an
adsorbent combining apple seeds and bentonite has
been engineered for dye extraction, achieving maximum
adsorption capacities of 1,439.9 mg/g for Congo red dye
and 706.72 mg/g for malachite green dye [27].
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In this context, repurposing organic wastes as adsorbents
emerges as an avenue for either profitability or cost
mitigation within the circular economy model. The goal of
this study is to address the need for an effective, affordable,
and sustainable method to eliminate chromium from
wastewater, thereby safeguarding the environment and
public health. This research delves into the application
of a novel composite adsorbent formulated from corn
residues for chromium removal. It thoroughly examines
the kinetics and equilibrium of adsorption, employs
the response surface methodology to optimize three
variables of the adsorption process, and investigates the
mechanisms involved in adsorption.

2. Materials and methods

2.1 Adsorbent and

characterization

preparation

The preparation of the adsorbent followed the methodology
outlined elsewhere [25]. Initially, corn waste was left to
air dry for a week. Subsequently, this dried residue was
oven-dried at 50 °C until it reached a consistent weight.
After the drying process, the waste was crushed using a
pestle and mortar, and sieved to achieve a particle size
under 0.25 mm. It was only after this stage that the corn
waste was combined with bentonite in a 1:1 ratio. To
ensure thorough mixing and a homogenous result, a small
amount of distilled water was incorporated. The resulting
mixture was then dried at 50 °C for a 24-hour period.
Upon completion, it was taken out of the oven and allowed
to cool to ambient temperature. This material underwent
a subsequent round of grinding, blending with a small
quantity of distilled water, drying, and sieving. The final
adsorbent was then stored in airtight plastic bags in a dry
setting until required.

The adsorbent characterization involved analyzing its
chemical composition using energy-dispersive X-ray
fluorescence spectrometry (ED-XRF). This process
facilitated the identification of principal elements,
employing a Shimadzu spectrometer, model EDX-800HS.
Measurements were conducted on the ash sample under
standard temperature conditions (22.1 °C) and at a relative
humidity of 64%.

Further analysis to ascertain the functional groups
present in the prepared adsorbent, both pre and post
adsorption, was carried out using Fourier-transform
infrared spectroscopy (FTIR). These FTIR analyses were
performed utilizing a Frontier spectrometer, achieving a
spectrum with a resolution of 4 cm™', and were conducted
at a velocity of 0.2 cm/sec over two scans. The spectrum
spanned from 4,000 to 400 cm™, using a universal ATR
accessory with a diamond crystal/KRS-5 combination for

single-bounce reflection.

2.2 Adsorption tests

For the adsorption experiments, a stock solution was
created using potassium dichromate, formulated to
contain a chromium concentration of 1000 mg/L.
The experiments were executed in beakers, wherein
the solution was agitated using a magnetic stirrer at
ambient temperature. Upon reaching the predetermined
adsorption duration, a 10 mL sample was taken from the
mixture. This sample was then passed through filter paper
and a funnel, separating the solid phase (the adsorbent)
from the liquid phase [the treated solution). Chromium
analysis was performed post-filtration. The concentration
of hexavalent chromium remaining in the solution was
ascertained utilizing a colorimetric method [28].

The efficiency of the adsorption (% Rem) was calculated
using Equation (1), where Co represents the initial
concentration (mg/L), and Ct denotes the concentration
at time t (mg/L). Equation (2) was employed to determine
the equilibrium adsorption capacity (Qe) in mg/g. In this
equation, Ce signifies the equilibrium concentration of
the adsorbate (mg/L), V stands for the total volume of the
solution (L), and m is the mass of the adsorbent (g]. All
adsorption tests were conducted in duplicate.

Co — Cy

%Rem - CO

- 100 (1)

_CO_CE

m

Qe -V (2)

2.3 Adsorption kinetics

The initial adsorption experiments conducted were kinetic
studies, designed to assess the rate of adsorption. For
these tests, 500 mL of a mono-metallic solution with an
initial chromium concentration of 100 mg/L was utilized.
To this solution, 2.5 g of the prepared adsorbent was
added. The mixture was then stirred continuously for a
total duration of 36 hours. At predetermined intervals -
10 min, 20 min, 30 min, 1 h, 4 h, 12 h, 24 h, and 36 h -
samples of the solution were collected for analysis. The
pH was maintained at 6.20 + 0.05 throughout the duration
of the test. The kinetics of adsorption were analyzed using
several models: pseudo-first order, pseudo-second order,
Elovich, film diffusion, intraparticle diffusion, and pore
diffusion models, as outlined in Table 1.

In this table, Qt represents the amount of adsorbate at
equilibrium at time t, expressed in mg/g; t denotes the
elapsed time in minutes; C the intercept and k2, ke, ki,
kl, kp are the parameters of each model. C (mg/g) is
the intercept of both the intraparticle diffusion model and
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Table 1 Adsorption kinetics models

Kinetic model Equation Linear expression
log (Qc — Q1) = log Qe — —
o) - =lo - —
Pseudo-first order Qt = Qe (1 —exp (ks - T)) & Ke £ 8lve 2.303
-T
2. .
Pseudo-second order Qt = % % = ﬁ + Ql
Elovich Qi =2 In(1+ Qe -ke) Qi = InQeke+ = InT

Intraparticle diffusion

Qi=ki-TY24+C

Film diffusion In (1 - %j) - k-T+C
Co
loglog | ————
Co—Qt-m

Pore diffusion

2.303V

ko -
zlog( P m)+alogt

the film diffusion model. This parameter represents the
boundary layer thickness. The parameters of each model
represent the adsorption rate under the specific conditions
for each model. k2 (g/mg.min) is the pseudo second
order rate constant, ke (g/mg) is the Elovich constant, ki
(mg/g.min®®) is the intraparticle diffusion rate constant, kl
(min") is the film diffusion rate constant, kp (L/g.min) is
the pore diffusion rate constant.

2.4 Adsorption equilibrium

The second set of experiments investigated the adsorption
equilibrium, aiming to assess how adsorption changes
with different initial adsorbent dosages. In 1,000 mL
beakers, 500 mL of a mono-metallic solution with an initial
chromium concentration of 25 mg/L was placed. Each test
utilized a varying amount of biochar (1g,2.5g,5g,and 10
g). Each beaker, containing the solution and biochar, was
set on a shaker for four hours. During these experiments,
the initial pH was maintained at 6.50 + 0.2, and the final pH
was maintained at 6.90 + 0.2. The adsorption equilibrium
was examined using four isotherm models: Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich (D-R) (see
Table 2).

In Table 2, Qmax represents the maximum adsorption
capacity in mg/g; and K., Ar, and e denote the model
parameters. The Langmuir constant (K. [L/mgl)
represents the affinity between the adsorbent and
the adsorbate, At (L/g) is the Temkin isotherm constant
and it reflects the maximum binding energy, and e (kJ/mol)

is the D-R isotherm parameter, related to the mean free
energy of adsorption per mole of the adsorbate.

2.5 Optimization of the adsorption process

The third set of experiments focused on the optimization
tests, for which the response surface methodology was
applied utilizing a central composite rotatable design.
This methodology is extensively adopted for tuning the
parameters of adsorption operation conditions [29, 30].
The central composite rotatable design involved three
independent variables at five levels (Table 3). The chosen
levels for adsorption time, initial chromium concentration,
and adsorbent dose are based on findings from previous
studies [31-33].

The integration of three variables across five levels leads
to a total of 20 experiments. Table 4 outlines the levels for
each experiment.

2.6 Statistical analysis

The fitting of the experimental data to the adsorption
kinetics and equilibrium models was analyzed using both
linear and nonlinear regression. Nonlinear regression was
performed using the values found in linear regression,
employing the Solver tool from Excel with the GRG
(Generalized Reduced Gradient] method.  The best
fit of the models was determined by comparing the
determination coefficients (R2).
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Table 2 Adsorption Equilibrium Models

Kinetic model Equation Linear expression
Langmuir | - 1 L 1
9 Qe = Qmax Kz Cc T Qi
Langmuir Il — Qmax K -C Ce o L Ce
angmu QE - % Qe Qmax KL Qmax
: 1
Langmuir 11| Qe = Qmax — 1 - %:

Langmuir IV

L

2e = KLQmax — KLQ.

Freundlich Qe = K - CL/® nQe=mKpr+1/n-1nCe
Temkin Qe = Bt -In (AT . Ce) Qe = Bt -In AT + Bt . lnCe
D-R Qe = Qmax . e_ﬂ82 In Qe =1In Qmax - BEQ

Table 3 Variables and levels of the central composite rotatable
design

Independent variables Levels
A = Contact time (hours) 0.5 1 1.5 2 4
B = Adsorbent dosage (g/L) 5 75 10 20 30
C=Cp Cr(mg/L) 20 30 40 50 60

Table 4 Variables and levels of the central composite rotatable
design

Run Time Adsorbent dosage CoCr
(hours) (g/L) (mg/L)
1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -2 0 0
10 2 0 0
" 0 -2 0
12 0 2 0
13 0 0 -2
14 0 0 2
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0

The experimental data from the optimization tests were

fitted to a second-order polynomial equation (Equation 3).
y="PF0+>_ Bzt

1
Zﬁijﬂfixj + Zﬂjﬁ? +e

i<j J

(3)

Where (8 represents each coefficient of the equation, x
is each of the independent variables, and e is the error.
To fit the experimental data to this equation, multiple
regression analysis was used. Subsequently, analysis of
variance (ANOVA) was performed to evaluate the statistical
significance of the model. Statistical analyses were
conducted using the Minitab software.

2.7 Reusability tests

The reusability tests were conducted with 500 mL of
chromium solution at an initial concentration of 30 mg/L,
using 7.5 g of adsorbent, and an adsorption time of
100 minutes. Using these parameters, the % Rem was
evaluated over five successive cycles.

3. Results and discussions

3.1 Adsorbent characterization

Table 5 details the elements and oxides identified in
the chemical characterization of the adsorbent. These
results include ash, elemental, and oxide contents. The
predominant elements are silicon (62%) and aluminum
(29%). The major oxides present are aluminum oxide and
silicon oxide, constituting 48% and 46%, respectively.

13
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Table 5 Chemical Characterization of the Adsorbent

Parameter Value (%)
Ashes 65.49
Elements

Silicon 62.11
Aluminum 29.19
Calcium 3.90
Sulfur 2.1
Potassium 1.41
Iron 0.77
Phosphorus 0.52
Oxides

Aluminum oxide 48.81
Silicon oxide 46.34
Potassium oxide 2.35
Calcium oxide 1.33
Iron oxide 0.50
Phosphorus oxide 0.49
Sulfur oxide 0.16

Figure 1 displays the infrared spectrum of the prepared
adsorbent, highlighting the values of the identified peaks.
Most of the absorption peaks are observed between the
bands of 1,500 and 500 cm™".

The characterization of the adsorbent (Table 5) reveals
that the predominant elements are silicon and aluminum,
accompanied by minor quantities of calcium, sulfur,
potassium, iron, and phosphorus. The oxides of these
elements are also present, with aluminum oxide and
silicon oxide being notably prevalent (48.81% and 46.34%,
respectively). The silicon oxides might offer active sites
interacting with chromium [34].

The peak at 3673.97 cm™ could correspond to hydroxyl
groups (OH-) linked to clay minerals. This absorption band
spectrum is additionally associated with the contributions
from cellulose, hemicellulose, and lignin within natural
fibers [35, 36]. The peaks at 1,119.04 cm™ and 1,026.41
cm™’ might be linked with the cellulose vibrations in
organic material and the Si-0-Si bonds in the structure
of silicon dioxides. The peak at 945.81 cm™ may denote
Al-OH bonds in aluminum oxide. The peak appearing
at 855.87 cm™' could suggest the presence of carbonate
groups (C03%) in the specimen. The peaks within the
500-800 cm™' range (834.68 ecm™', 797.28 cm™', 778.01
cm™', and 694.74 cm™) are typically indicative of stretching
vibrations of Si-0 and Al-O bonds in the clay composition.
Furthermore, the peaks at 531.61 cm™', 515.24 cm™,
443.11 cm™, and 415.35 cm™" might also be linked with the
Si-0 and Al-0 bonds [37].

FTIR analysis indicates the existence of functional groups
commonly found in clay structures such as bentonite,
corroborating the predominance of silicon and aluminum
in the composition, as evidenced by the chemical analysis.

3.2 Adsorption kinetics

Figure 2 presents the experimental data on chromium
removal percentage. It shows that the adsorption rate is
initially rapid up until around minute 720, after which the
percentage of chromium removal stabilizes.

Table 6 compiles the parameters for adsorption kinetics as
determined by linear and nonlinear regression. This table
also provides R? values to assess how well the regression
models fit the experimental data. Notably, the highest R?
value, 0.968, is achieved by the linear regression of the
pseudo-first-order model. Conversely, the intraparticle
diffusion model exhibits the best fit with an R? of 0.898.

Figure 2 illustrates that the adsorption pace is rapid
up until the 720-minute mark (12 hours), after which
the rate of removal levels off. This pattern implies that
adsorption equilibrium is likely reached around this
timeframe. Studies involving adsorbents comprised of
organic substances and clay materials have documented
stabilization of adsorption within the initial minutes or
hours [25-27].

Referring to the coefficient of determination R? (Table 4),
the pseudo-first order model seems to offer the most
accurate depiction of the data based on linear regression,
exhibiting an R? of 0.968. This model posits that the rate
of adsorption is directly proportional to the concentration
of the adsorbate remaining unadsorbed [38]. Herein,
the parameter Qe denotes the maximal adsorption
capacity and is quantified as 1.593 mg/g in the linear
regression. Nonetheless, despite these findings, metal
adsorption kinetics commonly align more closely with
the pseudo-second order model [25-27]. This alignment
indicates that the adsorption might be governed by a
chemisorption process [39, 40], where the adsorbate
forms stronger chemical bonds with the surface, and the
adsorption rate depends on the adsorbate concentration
and the available adsorption sites, which is consistent with
the assumptions of the pseudo-second order model.

The variances observed among the different diffusion
kinetics models (Table é) can be attributed to the
distinct diffusion mechanisms each model considers.
The intraparticle diffusion model assumes the rate of
adsorption is impeded by the diffusion of the adsorbate
within the adsorbent particles. Here, the parameter
ki represents the intraparticle diffusion rate constant,
standing at 0.017 mgg 'min®®, hinting a moderately paced
diffusion rate within the particles. The constant C, valued
at 0.183, gauges the thickness of the boundary layer. An
R? of 0.898 denotes a substantial fit to the data, indicating
that intraparticle diffusion could be the primary limiting
mechanism in this scenario.
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Figure 1 Block diagram of the system components
Table 6 Linear and nonlinear regression parameters for adsorption kinetics models
Model Parameter Linear regression | Nonlinear regression
Qe [mg/g) 1.593 10
Pseudo-first order k1 (min—1) -0.002 -0.001
R? 0.968 0.902
Qe (mg/g) 0.867 10
Pseudo-second order | ki (g/mg*min) 0.013 479
R? 0.939 0.653
Qe (mg/g) 0.032 0.000
Elovich k1 (min—1) 7.225 50
R? 0.963 0.963
k; (mg*g~T*min—0-5] 0.017 -
Intraparticle diffusion | C 0.183 -
R? 0.898 -
Ky (s~ 0.003 -
Film diffusion C 0.271 -
R? 0.847 -
kp (g 0.000 -
Pore diffusion [ 0.339 -
R? 0.844 -
4.50%

0 500 1000 1500 2000
T (minutes)

Figure 2 Chromium adsorption kinetics

3.3 Adsorption equilibrium

Figure 3 displays the experimental data gathered from the
adsorption equilibrium tests.

Table 7 details the parameter values of the various
adsorption equilibrium models examined. These results
indicate that the Freundlich model, with an R? of 0.997,
exhibits the closest fit to the experimental data, followed
by Langmuir | (R? = 0.988) and Temkin (R? = 0.942).
Table 7 reveals that, within the Langmuir models, type
| yielded the highest accuracy (R? = 0.988), manifesting
a maximal adsorption capacity (Qmax] of 23.202 mg/g

Figure 3 Chromium adsorption equilibrium curve

coupled with a Langmuir constant (K_) of 0.037 L/mg.
The fits for the other Langmuir forms were comparatively
less precise. Meanwhile, the Freundlich model aligned
most closely with the empirical data (R? = 0.997), showing
Ke = 2.494 (mg/g)*(L/mg) and N at 1.918, signifying both
a substantial adsorption capacity and relatively intense
adsorption energy, respectively. The Temkin model
also demonstrated a respectable congruence with the
empirical data (R? = 0.942), and the parameters By and
At were consistent across both linear and nonlinear
regressions. Conversely, the D-R model recorded the
lowest correlation with the empirical data.
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Table 7 Linear and nonlinear regression parameters for adsorption equilibrium models

Model Parameter Linear regression | Nonlinear regression
Qmax (mg/g) 23.202 7.896
Langmuir | Ky, (L/mg) 0.037 1
R? 0.988 0.797
Qmax (Mg/g) 46.948 -
Langmuir Il Ky, (L/mg) 0.015 -
R? 0.652 -
Qmax (Mg/g) 28.49 -
Langmuir lll | K7, (L/mg) 0.029 -
R? 0.710 -
Qmax (mg/g) 44.335 -
Langmuir IV | K, (L/mg) 0.017 -
R? 0.710 -
K [mg/g)*(L/mg) 2.494 2.460
Freundlich N 1.918 1.898
R? 0.997 0.997
B (J/mol) 3.255 3.255
Temkin A (L/g) 1.686 1.686
R? 0.942 0.942
B (mol2/kJ?) 0.938 1.885
D-R Qmax (mol/g) 11.282 11.380
E (kJ/mol) 0.730 0.5156

In the field of metal adsorption systems, both Langmuir
and Freundlich models are frequently employed to
correlate with experimental data [39, 40]. These results
underscore that the Freundlich model offers the most
comprehensive explanation for chromium adsorption in
this particular scenario, indicating that the adsorption
process is intricate, potentially occurring at various
sites each characterized by distinct adsorption energies.
Throughout the duration of the experiment, pH values
fluctuated between 6.50 + 0.2 and 6.90 + 0.2. This
controlled pH range minimized the effects of pH variation
on the adsorption process and the speciation of chromium
in solution.

3.4 Optimization of the adsorption process

Table 8 presents the experimental conditions and
outcomes alongside modeled results from the response
surface experiments. The experimental percentage
removal of chromium represents the mean of two
replications for each run. Table 9 provides a detailed
ANOVA for the response surface model. Equation 4
articulates the model deduced from the regression
analysis, ANOVA, and significance of the coefficients.

—16.4 4 14.9 Time (h) + 7.43 Dosage (g/L)
+1.09 CoCr(mg/L)
%Rem —3.12 Time( h) * Time( h)
Cr —0.1008 Dosage( g/L) * Dosage( g/L)
—0.0183 CoCr(mg/L) * CoCr(mg/L)
—0.599 Time( h)* Dosage( g/L)
+0.219 Time( h) * CoCr(mg/L)
—0.0315 Dosage( g/L) * CoCr(mg/L)
(4)

Figure 4 depicts the response surface plots. The ANOVA
demonstrates that the overall model holds significant
value (p = 0.000), implying that at least one of the
examined predictors effectively forecasts the response
variable. Nonetheless, delving into the p-values of each
individual coefficient reveals that not all predictors carry
equal significance (Table 9).

The time coefficient is affirmative (14.9), suggesting
an increment in the percentage of chromium removal
concurrent with an increase in test duration. Despite
this, its insignificance (p = 0.628) posits that test time
might not be a dependable predictor for chromium
elimination.  Observing the response surface charts
(Figure 4), it becomes evident that chromium removal
rates escalate with time until reaching a plateau. Initially,
the rapid phase of adsorption occurs as pollutants
swiftly occupy accessible adsorption sites. Yet, as the
procedure advances, fewer sites remain unoccupied,
posing a challenge for any additional chromium ions to
find available sites [20].

Regarding the initial coefficient of the concentration,
its positivity (1.09) indicates an increase in the removal
percentage of chromium parallel to the rise in initial
chromium concentration. However, its statistical
insignificance (p = 0.542) cannot be overlooked. The
response surface plots (Figure 4c) indicate a diminishing
efficiency in removal as the initial chromium concentration
in the solution escalates. This phenomenon aligns with
findings from other researchers, attributed to increased
resistance in mass transfer between the liquid and solid
phases as the contaminant concentration in the solution
rises [41]. At lower chromium concentrations, more
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Table 8 Adsorption test results

Run | Time (hours) Adsorbent CoCr % Rem Cr % Rem Cr
(hours) dosage [g/L) [(mg/L) (experimental]l ([modeled)

1 1 7.5 30 73.60% 78.04%

2 2 7.5 30 78.04% 61.81%

3 1 20 30 99.55% 49.67%

4 2 20 30 99.91% 65.77%

5 1 7.5 50 68.84% 35.42%

6 2 7.5 50 78.63% 59.42%

7 1 20 50 87.55% 73.60%

8 2 20 50 90.29% 65.77%

9 0.5 10 40 49.67% 78.63%

10 4 10 40 68.01% 89.77%

1" 1.5 5 40 35.42% 99.91%

12 1.5 30 40 89.77% 87.55%

13 1.5 10 20 61.98% 64.20%

14 1.5 10 60 45.89% 99.55%

15 1.5 10 40 61.81% 61.98%

16 1.5 10 40 65.77% 68.84%

17 1.5 10 40 59.42% 45.89%

18 1.5 10 40 65.77% 68.01%

19 1.5 10 40 64.20% 61.81%

20 1.5 10 40 61.81% 90.29%

Table 9 ANOVA for Optimization Model
Source Sequential Sum of Squares F Value p value
Model 7315.3 6.21 0.000
Lineal 6405.8 2.40 0.088
Time (h) 121.7 0.24 0.628
Dosage (g/L) 5930.9 7.17 0.012
Co Cr (mg/L) 353.2 0.38 0.542
Square 774.5 2.09 0.123
Time (h)*Time (h) 89.2 1.92 0.176
Dosage (g/L)*Dosage (g/L) 542.0 4.96 0.034
Co Cr (mg/LJ*Cq Cr (mg/L) 143.2 1.07 0.308
Two-Factor Interaction 135.1 0.34 0.794
Time (h)*Dosage (g/L) 65.3 0.50 0.485
Time (h])*Cq Cr (mg/L) 14.3 0.1 0.743
Dosage (g/L)*Cq Cr (mg/L) 55.5 0.42 0.520
Error 3926.4
Lack of fit 3827.9 194.17 0.000
Pure error 98.6
Total 11241.8
Standard Deviation 0.114 R? 65.07%
PRESS 0.679 Adjusted R2  54.59%
Predictive B2 39.56%
adsorption sites remain unengaged. However, with Finally, the optimal operating parameters were

increasing chromium levels, the scarcity of available sites
becomes pronounced, impacting the significance of this
factor in adsorption efficiency. Therefore, at a lower initial
concentration, such as 20 mg/L of chromium, adsorption
sites are less saturated and face reduced competition
compared to higher concentrations like 60 mg/L.

The dose coefficient, being positive (7.43), indicates
an augmentation in chromium removal as the dose of
the adsorbent surges, likely due to a greater number of
adsorption sites [26]. Its significant p-value (p = 0.012)
suggests that adsorbent dosage is a crucial predictor for
chromium removal in this setting.

ascertained: a contact time of 103 minutes, an adsorbent
dose of 29.71 g/|, and an initial chromium concentration of
31.13 mg/L.

3.5 Adsorption mechanism

Figure 5a illustrates the infrared spectrum following
chromium adsorption, and Figure 5b compares the spectra
before and after adsorption.

Analysis of the alterations in absorption frequencies within
the FTIR spectrum, both pre- and post-adsorption (Figure
5b), sheds light on the types of chemical bonds engaged
during adsorption. The peak located at 3,673.97 cm™
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Figure 5 FTIR spectrum peaks of the adsorbent after adsorption (a) and comparison between before and after adsorption (b)

is likely linked to the vibrations of hydroxyl (OH) groups
[37]. Observing the spectrum following adsorption, this
peak remains unchanged, leading to the inference that
the OH groups might not be actively participating in
chromium adsorption, or any potential alterations are too
subtle to detect. Frequencies noted at 945.81 cm™' and
1,026.41 cm™ are presumed to correlate with vibrations
of Si-0 and Al-O bonds, respectively. Post-adsorption,

these peaks exhibit a slight shift to 947.09 cm™ and
1,027.58 cm™', respectively. Such shifts may signal the
engagement of chromium with the silicon and aluminum
atoms, conceivably through either coordinated or ionic
bonding. Notably, a new peak emerges at 475.14 cm’’
in the spectrum after adsorption, potentially signifying
the formation of novel bonds or structural modifications
of the material due to chromium adsorption. The
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observed modifications in the FTIR spectra suggest that
the adsorption process of chromium onto the adsorbent
could involve interactions primarily with the silicon and
aluminum constituents in the bentonite structure.

3.6 Reusability of the adsorbent

The outcomes derived from the reusability tests of
the adsorbent are critical for assessing the real-world
application potential of the bentonite and corn waste
adsorbent in actual water treatment scenarios. Figure 6
displays the outcomes from the reusability tests of the
adsorbent over five successive adsorption cycles.

54.48%

36.42%
I 24.93% 24.63% 24.17%
Rl R3 R4 RS

R2
Number of adsorption cycles

/o
/o
§
S 30%
=<
/o
/o
0%

Figure 6 Adsorbent reusability in successive adsorption cycles

In the first adsorption cycle (R1) the adsorbent reached
a %Rem of 54%. However, from the second cycle (R2),
a decrease in efficiency can be observed, which dropped
to 36%. From the third cycle (R3) onwards, the %Rem
remained more or less constant, around 24-25%.

The %Rem observed in the inaugural adsorption cycle
indicates that the adsorbent, upon its production and
initial preparation for use, is highly effective in removing
chromium.  Nevertheless, the pronounced decline in
efficiency observed from the second reuse cycle onward
could stem from the saturation of adsorptive sites within
the material. These sites, once filled with chromium
during the initial cycle, reduce the capacity of the material
to adsorb additional chromium in the subsequent cycles.
During the later reusability cycles (R3 to R5), the %Rem
appears to stabilize at approximately 24-25%. This trend
might imply that, despite the initial drop in efficiency after
the first few uses, the adsorbent retains a sustained,
though reduced, capability to adsorb chromium.

4. Conclusions

In this research, a composite adsorbent was prepared for
chromium removal. Characterization of the adsorbent
demonstrates the effectiveness of the combination of

bentonite and corn waste in creating an adsorbent
with acceptable physical and chemical properties. The
pseudo-first order model and the Elovich model presented
significant fits to the data. The results of the diffusion
models also suggest that intraparticle diffusion may be
the limiting step in the adsorption process. The Freundlich
model provided the best fit to the experimental data. In
the response surface design, the most relevant factor for
chromium removal is the adsorbent dosage. The optimum
operating conditions are 103 minutes of contact, 29.71 g/L
adsorbent and an initial chromium concentration of 31.13
mg/L.

Regarding the adsorption mechanisms, the findings
demonstrate that chromium adsorption may be a
multifaceted process involving chromium diffusion
through the adsorbent matrix and subsequent interaction
with adsorption sites on the surface and possibly at
the edges of the bentonite layers. The FTIR spectrum
after adsorption indicates changes in the Si-O and
Al-O bonds, which suggest that chromium might be
interacting with the silicon and aluminum atoms of
the bentonite.  Confirmation of the effectiveness of
the prepared adsorbent supports opportunities for the
development of low-cost and environmentally friendly
solutions in the field of remediation of water contaminated
with heavy metals.
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