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Abstract. The increasing levels of chromium (VI) ions in textile wastewater pose significant
environmental challenges, necessitating effective treatment methods. This study evaluates
the biosorption potential of sugarcane bagasse (SCB) and lemongrass (LM), both individually
and in blend form, for the removal of chromium (VI) ions. Batch adsorption experiments were
conducted to assess the impact of contact time and adsorbent dosage on removal efficiency.
BET analysis revealed that the blend had the highest surface area (1047.885 m?/g), enhancing
its adsorption capacity, while FTIR spectroscopy identified key functional groups such as
hydroxyl and carbonyl that facilitate metal binding. Results indicated that the blend exhibited
superior adsorption capacity, with kinetic studies showing that the adsorption process
followed a Pseudo-second order model, suggesting chemisorption as the dominant
mechanism. Isotherm analyses indicated that the Langmuir model best-described adsorption
on SCB, while the Freundlich model was more suitable for LM and the blend. This research
recommends the practical application of SCB and LM in wastewater treatment and
encourages further investigation into their potential for removing other heavy metals,
highlighting a sustainable approach to environmental remediation.

Keywords: Chromium, Biosorption, Sugarcane, Bagasse, Lemongrass, Wastewater, Adsorption.

Rezumat. Nivelurile crescande de ioni de crom (VI) in apele uzate din industria textila
reprezinta provocari semnificative de mediu, necesitand metode eficiente de tratare. Acest
studiu evalueaza potentialul de biosorbtie al borhotului de trestie de zahar (SCB) si
lemongrass (LM), atat individual, cat si sub forma de amestec, pentru indepartarea ionilor de
crom (VI). A fost efectuata adsorbtia in loturi pentru a evalua impactul timpului de contact si
al dozei de adsorbant asupra eficientei de indepadrtare. Analiza BET a ardtat ca amestecul a
avut cea mai mare suprafatd (1047,885 m?/g), sporind capacitatea sa de adsorbtie, in timp ce
spectroscopia FTIR a identificat grupuri functionale cheie, cum ar fi hidroxil si carbonil, care
faciliteaza legarea metalelor. Rezultatele au indicat ca amestecul a prezentat o capacitate de
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adsorbtie superioard, studiile cinetice aratand ca procesul de adsorbtie a urmat un model de
ordinul pseudo-doi, sugerand chimisorbtia ca mecanism dominant. Analiza izotermelor a
indicat ca modelul Langmuir a descris cel mai bine adsorbtia pe SCB, in timp ce modelul
Freundlich a fost mai potrivit pentru LM si amestec. Aceasta cercetare recomanda aplicarea
practica a SCB si LM in tratarea apelor uzate si incurajeaza investigarea ulterioara a
potentialului lor de indepdrtare a altor metale grele, evidentiind o abordare durabila a
remedierii mediului.

Cuvinte cheie: crom, biosorbtie, trestie de zahdr, borhot, lemongrass, ape uzate, adsorbtie.

1. Introduction

Water pollution has become one of the most critical environmental challenges, largely
due to the discharge of toxic and hazardous chemicals from industrial activities [1]. As
industrial development accelerates, substantial amounts of wastewater and domestic sewage
containing metal ions are released into water bodies worldwide, significantly contributing to
water pollution [2]. Metals released from industries such as tanning, sewage treatment,
refining, pharmaceuticals, and textiles accumulate in soil ecosystems, adversely affecting the
diversity, density, and physiological functioning of soil microbes [3]. Among numerous heavy
metal pollutants, cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As), and chromium (Cr) have
been identified as top priorities due to their high toxicity and significant implications for
public health [4]. Notably, chromium exists primarily in two forms: trivalent Cr (lll) and
hexavalent Cr (VI). The relationship between these forms is significantly influenced by
environmental pH and oxidative characteristics. Public concern centers particularly on Cr (VI)
ions, which is 100 times more hazardous than Cr (Ill) ions and poses serious health risks due
to its carcinogenic, mutagenic, and teratogenic properties. The U.S. Environmental Protection
Agency (EPA) has established a Llimit of 0.05 mg/L for Cr (VI) in drinking water, while the
maximum allowable concentration in industrial wastewater is set at 0.1 mg/L [5].

To protect environmental and public health, it is essential to eliminate heavy metals,
commonly used in various industries, from water and wastewater through effective treatment
techniques. Several control technologies have been developed to treat metal-contaminated
water, including chemical precipitation, ion exchange, membrane filtration, coagulation-
flocculation, and solvent extraction. However, these methods face challenges such as high
operational costs, significant energy requirements, low efficiency, and the generation of large
quantities of toxic sludge [6]. Consequently, there is an urgent need for more viable and
sustainable approaches to remove heavy metals from wastewater.

Among these methods, biosorption has gained attention as a promising alternative
due to its advantages, including the regeneration of biosorbents, potential for metal recovery,
minimization of toxic sludge, high removal efficiency, and low operational costs. Biosorption
is a physiochemical process that occurs naturally in certain biomass, allowing these materials
to passively concentrate and bind pollutants onto their cellular structures. While the
application of biomass in environmental cleanup has been established for some time,
researchers and engineers aim to harness this phenomenon as an economical solution for
removing toxic heavy metals from industrial wastewater [7]. Recent studies have investigated
various biomass-based adsorbents, including cyanobacterial biomass [8], Streptomyces
rimosus [9], peanut husk [10], eucalyptus bark [11], sugarcane bagasse (SCB), and orange peel
composites [12], as well as Eucalyptus tereticornis composites [13] for effectively removing
heavy metals from wastewater.
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Sugarcane, SCB (Saccharum officinarum) is a lignocellulosic tropical plant extensively
cultivated in regions such as Brazil, India, China, Mexico, and South Africa, making it a vital
component of the global sugar industry [14]. Following sugar extraction through chewing or
refining, large quantities of bagasse are produced, which is often incinerated for energy
generation. Sugarcane bagasse consists of approximately 46% cellulose, 24.5%
hemicellulose, and 19.95% lignin [15]. The biosorbents derived from SCB contain various
functional groups, including -COOH, -OH, -NH2, -OCH3, and -SH, facilitating the attraction
and binding of pollutants through chelation, complexation, coordination, and hydrogen
bonding [16].

Lemongrass (LM), scientifically known as Cymbopogon citratus, is a perennial grass that
can grow up to 1.5 meters tall, with multiple stiff stems arising from rhizomatous rootstock.
Commonly used in local cuisine and in the manufacture of soap and candles due to its citrus
scent, lemongrass belongs to the Cymbopogon section of the Andropogoneae in the family
Poaceae. It contains various compounds, including terpenes, flavonoids, and alkaloids,
depending on its habitat. The oil extracted from lemongrass has been utilized to treat various
ailments, including coughs, colds, rheumatism, digestive issues, bladder problems, and as a
mouthwash for toothaches and sore gums [17]. Additionally, lemongrass (LM) serves as a
biosorbent due to its functional groups, such as carbonyl, carboxyl, and hydroxyl, which
facilitate the removal of hazardous pollutants [18].

Given their unique chemical compositions and availability, SCB and LM were selected
as representative biosorbents for this study. To the best of the author’s knowledge, no data
have been published on the removal of Cr (VI) ions using SCB and LM individually or in
combination. The primary aim of this study is to evaluate the performance of SCB, LM, and
their blend in removing Cr (VI) ions from textile wastewater. The effects of contact time and
adsorbent dosage on adsorption capacity will be determined using batch systems, and the
optimal conditions for Cr (VI) ions removal will be assessed through Response Surface
Methodology (Central Composite Design) utilizing Design Expert version 13. The biosorption
data will be analyzed and reported using various equilibrium isotherm and kinetic models.

2. Materials and methods

2.1. Materials and Chemicals

In this study, all materials and chemicals were of commercial and analytical grade
purity, purchased from BDH Chemicals Ltd. (Poole, England), and were used without further
purification. Aquatron A4000 distilled water was utilized for standardization and
preparation of all samples to mitigate potential interference from other ions and impurities.
The equipment employed included a magnetic stirrer, beakers, filter paper, and sample
bottles.

2.2. Collection of Wastewater

This research focused on two natural and renewable lignocellulosic fibers. Sugarcane
bagasse was collected from a sugarcane juice vendor on the Ahmadu Bello University campus
in Zaria, while lemongrass was harvested in Funtua Town, Katsina State, Nigeria. Both
biomasses were identified at the Herbarium section of the Biological Science Department at
Ahmadu Bello University, Zaria, Kaduna, Nigeria. The sugarcane bagasse (SCB) and
lemongrass (LM) were meticulously washed with tap water followed by distilled water to
eliminate adhering dirt and other particulate matter. The cleaned biomasses were dried at
room temperature and then in an oven at 65°C until a consistent weight was achieved. The
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dried biomass was finely crushed into a powder and sieved to a particle size of € 1.44 mm.
The fine powder was immersed in 0.1 M NaOH for 24 hours to remove impurities, increase
the surface area of the biosorbent, and activate more functional groups. After 24 hours, the
biosorbents were thoroughly rinsed with distilled water until a neutral pH was obtained. The
NaOH-treated biomass was further dried in an oven at 45°C for 6 hours and stored in sealed
polythene bags for subsequent use.

2.3. Collection and Preparation of Biosorbent

Samples were collected from wastewater discharges originating from the textile
industry using a ten-liter plastic jerry can. Collection occurred between 9 AM and 1 PM,
representing peak flow periods due to high production levels. The samples were transported
to the laboratory for heavy metal and biosorption studies, with pH and temperature measured
at the point of collection.

2.4. Characterization of Biosorbents

The surface area, pore size distribution, and pore volume were measured using the
Brunauer-Emmett-Teller (BET) analysis method, based on nitrogen adsorption-desorption at
liquid nitrogen temperature, conducted with Quantachrome NovaWin version 11.3. The
surface morphology of both loaded and unloaded SCB, LM, and their composites was
examined before and after Cr (VI) uptake using Scanning Electron Microscopy (SEM, Thermo
Scientific Quanta 650). The existing chemical functional groups involved in the biosorption
of Cr (VI) onto SCB, LM, and their blend were detected by Fourier Transform Infrared (FTIR)
spectroscopy (240FS, Agilent) before and after uptake, with samples analyzed in the range of
4000-500 cm™ at room temperature.

2.5. Batch Sorption Experiment

2.5.1. Optimization Conditions for Biosorption

The optimum conditions for the biosorption of Cr (VI) ions onto SCB, LM, and their
blend were determined using Central Composite Design (CCD). CCD is commonly employed
under Response Surface Methodology (RSM) due to its suitability for fitting quadratic
surfaces. It involves a combination of factorial points, center points, and axial points, which
are effective for process optimization. Optimization studies investigated the effects of
experimental factors, such as contact time and adsorbent dosage, on the adsorption capacity
of Cr (VI) ions using SCB, LM, and their blend. The effect of contact time was explored within
the range of 20-120 min, while the effect of adsorbent dosage was studied within the range
of 0.1-0.9 g.

2.5.2. Biosorption Experiment

Batch experiments were carried out in 50 mL beakers. A specific amount of SCB, LM,
and their blend, according to the design formulation of CCD, was added to 25 mL of the Cr
(VI) wastewater solution. The resulting solutions were stirred vigorously with a magnetic
stirrer at 150 rpm for a predetermined period until equilibrium was reached. After equilibrium
was achieved, the biomasses were separated from the solutions using Whatman filter paper,
and the concentration of the supernatant was determined using Atomic Absorption
Spectrometry (AAS). The quantity of metals adsorbed was calculated using Equation 1:
) B (1)

Qe = —
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where: qg. is the adsorption capacity (mg/g), C; and C. are the initial and equilibrium
concentration (mg/L) of metal ions, respectively. V and m represent the solution volume and
mass (g) of the adsorbent respectively.

2.6. Equilibrium Adsorption Isotherm Models

Adsorption isotherms describe the equilibrium relationship between the quantity of
sorbate (metal ions) sorbed by the biosorbent and the concentration in the equilibrium
solution at constant temperature [4]. They provide valuable information regarding the
mechanism and nature of the adsorption process and facilitate the evaluation of the
feasibility of the adsorption process for a given application. In this work, commonly used
isotherm models, including Langmuir, Freundlich, and Temkin, were employed to interpret Cr
(V1) ions sorption and understand the mechanism of biosorption on SCB, LM, and their blend.
The experimental data were fitted into these equilibrium isotherm models.

2.6.1. Langmuir Isotherm Model

The Langmuir isotherm model is based on the assumption that sorption occurs over
energetically homogeneous sites of the biosorbent, resulting in a monolayer coverage. The
non-linear form of the Langmuir equation is given in Equation 2:

mbce
Qe = Z+Tce ()

where: Ce is the equilibrium concentration of metal ion (mg/L); g. is the amount of
metal ion adsorbed per unit weight of adsorbent material at equilibrium (mg/g); b is the
Langmuir constant (L/mg) which represents the adsorbate’s degree of adsorption affinity, and
gm is the maximum adsorption capacity (mg/g) associated with full monolayer cover. The
Langmuir isotherm is characterized by essential properties that can be related in terms of a
dimensionless separation factor R.. This factor allows the prediction of the form of adsorption
isotherm, providing insights into whether the sorption process is favorable or not.
Specifically, the process is considered unfavorable when R, >1, linear when R, =1, favorable
in the interval O< R.<1 and irreversible when R, =0 [19]. The separation factor R.can be

calculated using equation 3.
_ 1
T 14bC,

R, (3)

where: G, is the initial metal concentration (mg/L) and b is the Langmuir constant.

2.6.2. Freundlich Isotherm Model

The Freundlich isotherm model assumes an exponential decrease in the biosorption
energy with increasing surface coverage. It is applicable to heterogeneous surfaces with
negligible interactions between sorbed molecules. The model is expressed in Equation 4:

1
qe = KrC,/m(4)

where: C. is the equilibrium concentration (mg/L); g is the amount of metal ion
adsorbed per unit weight (mg/g); Kr and n are Freundlich constants indicating the sorption
capacity. The favorability of the Freundlich model was determined by n. Values of n in the
range of 1-10 indicate favorable adsorption, while n<1 indicates unfavorable adsorption and

the parameter 1/n is an empirical factor that relates to the biosorption intensity [20].
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2.6.3. Temkin Isotherm Model

The Temkin isotherm model assumes a uniform distribution of binding energies over
a number of adsorption sites [21]. The non-linear form of the Temkin is represented in
Equation 5:

RT
qe = Eln(KTCe) (5)

where: B = IZ—T with the universal gas constant, R = 8.314 J/mol.K, and T as the absolute
T

temperature in Kelvin; br is the Temkin isotherm constant; g (mg/g) is the amount of metal
ions absorbed onto the adsorbent at equilibrium. The Temkin parameters A and B are the
equilibrium binding energy and constant heat of sorption respectively.

2.7. Adsorption Kinetic Models

Analyzing kinetic models in biosorption studies is critical for understanding the
reaction pathways, mechanisms, and process dynamics. It aids in determining the
physiochemical interactions, mass transport, and rate-determining phases in the biosorption
process. Additionally, understanding the kinetics of metal sorption is essential for optimizing
sorption processes, reactor dimensions, and residence times [6]. Therefore, to evaluate the
rate and mechanism of metal biosorption, the experimental kinetic data were analyzed using
various reaction rate and diffusion models, including the Pseudo-first-order, Pseudo-second-
order, and Elovich kinetic models.

2.7.1. Pseudo-First-Order Kinetic Model

The Pseudo-first-order (PFO) kinetic model, proposed by Lagergren (1898), is based on
the assumption that the sorption rate is proportional to the number of free available sites
(Lee et al., 2014). It is typically employed to analyze kinetic behavior at the initial stages of
the biosorption process, and its non-linear form is expressed in Equation 6:

qr = qe(1 —e™"1") (6)
where: kq is the PFO rate constant (min 1); g: and ge are the amount of metal ion
sorbed at time t and at equilibrium (mg/g), respectively.

2.7.2. Pseudo-Second-Order Kinetics

The Pseudo-second-order (PSO) model assumes that chemical reactions occur
between the metal ions and the biosorbent, resulting in the formation of strong covalent
bonds [14]. The non-linear PSO kinetic model is mathematically represented by Equation 7:

_ kZ qg t (7)

- 1+k2qe
where: k; is the PSO rate constant in g/(mg/min), qt and g. are the amount of metal
ion adsorbed at time (t), and at equilibrium in mg/g, respectively.

q:

2.7.3. Elovich Kinetic Model

The Elovich kinetic model, which considers the surface as energetically
heterogeneous, is frequently employed to interpret adsorption kinetics. It effectively
describes second-order kinetics and was originally developed to explain the kinetics of gas
chemisorption on solids [22]. The Elovich kinetic model can be expressed in Equation 8:

q¢ = 7In(ab) + >In(t) (8)
where: a is the initial adsorption rate in mg/(g'min) and b is the constant.
Journal of Engineering Science September, 2024, Vol. XXXI (3)
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2.8. Statistical Analysis

In general, the data were fitted into the respective models to obtain corresponding
slopes and intercepts from the plot of g; versus In(t), by non-linear regression method using
R-square values to ascertain to the suitability of the model to fit the adsorption experiment
data.

3. Results and discussions

3.1. Characterization of the Biosorbent

3.1.1. Analysis of Brunauer-Emmet-Teller (BET)

The quality of biosorbents is strongly indicated by a high surface area as it correlates
directly with the adsorption capacity. The Brunauer-Emmett-Teller (BET) technique was
employed to quantify the surface area, pore diameter, and pore volume [23]. The average
values for BET surface area, total pore volume, and pore size for SCB, LM and their blend are
provided in Table 1. For SCB, the surface area, pore volume, and pore size were determined
to be 501.999 m%/g, 0.253 cm®/g and 2.10 nm, respectively. These values were discovered to
be considerably higher reported by [24] and [25], with the exception of the pore size, which
closely aligned with the findings of [25]. LM exhibited a specific surface area of 811.761 m?%/g,
a pore volume of 0.406 cm?/g and a pore size of 2.125 nm. These values were in accordance
with the findings of [26]. Comparatively, the blend of SCB and LM demonstrated a higher
surface area and pore volume, measuring 1047.885 m?/g and 0.544 cm?/g, respectively. This
implies that the composite may possess enhanced metal adsorption capabilities and
increased metal uptake, attributed to its larger surface area [12].

Table 1
Biosorbent surface area, pore volume, pore diameter
Biosorbent BET Surface area (m?%/g) Pore volume (cm?/g) Pore size (nm)
Sugarcane bagasse 501.999 0.253 2.100
Lemongrass 811.761 0.406 2.125
Blend 1067.885 0.544 2.105

3.1.2. Analysis of the Fourier Transform Infrared (FTIR) Spectra

The FTIR spectra of SCB, LM and their blend before and after Cr (VI) uptake were
studied to qualitatively determine the major functional groups on the surface of the
adsorbent. The spectral analysis covered a wavelength range from 4000 to 500 cm™ as shown
in Figures 1 and 2 for SCB, LM and their blend respectively. The infrared (IR) spectrum
obtained from FTIR of SCB displayed a number of different absorption peaks. Distinct peaks
were identified in the FTIR spectra of SCB, specifically at 3292, 2906, 1603, 1379, 1259, 1036,
and 916 cm™. The peak at 3292 cm corresponds to the O-H stretching of hydroxyl groups in
Cellulose 1, as reported by [27]. The presence of peak at 2906 cm™ indicates C-H stretching of
alkane groups, while the increased intensity at 1603 cm™, associated with C=0 stretching,
suggests the uptake of Cr (VI) metals, potential pollutants in wastewater [14]. The peak at
1512 cm™ is linked to the C=C carboxylic groups of aromatic rings, and the range from 2311
to 1841 cm™ indicates C=C stretching vibrations of lignin aromatic rings [12]. The intense
1036 cm™ peak represents C-O stretching vibration of cellulose, lignin, and hemicellulose
[27]. According to the study, these major functional groups, which include hydroxyl, carbonyl,
and aromatic rings, play an important role in Cr (VI) sorption. They are actively involved in
binding interactions with metal ions, and the spectral changes imply the creation of metal
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complexes. Complexation interactions are seen as the primary driving factor underlying the
sorption mechanism, as supported by [14, 27, 28].
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Figure 5. FTIR spectra obtained before and after adsorption of Cr (VI) using sugarcane
bagasse (left) and lemongrass (right).
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Figure 6. FTIR spectra of a blend derived from SCB and LM before and after adsorption of
Cr (VI) ions.

3.1.3. Analysis of the Scanning Electron Microscopy (SEM) Images

Scanning electron microscopy (SEM) analysis was conducted on SCB, LM and their
blend before and after the sorption of Cr (VI) ions to examine the resulting changes in the
surface morphology. The observed changes are shown in Figures 3, 4 and 5 for SCB, LM and
their blend, respectively. The figures illustrate the surface texture and porosity which include
wide openings and large pores both before and after Cr (VI) ions uptake. The uneven surfaces
are attributed to the presence of parallel grooves and cracks, and granules with irregularly
shaped cavities and voids. The rough and porous surface before sorption may offer possible
sorption sites for the uptake of Cr (VI) ions [29]. The analysis of surface morphology indicates
that SCB exhibits larger pore sizes before Cr (VI) uptake (Figure 3 (LHS)) compared to SCB
after Cr (VI) ions uptake, where fewer pores are observed (Figure 3 (RHS)). This reduction in
pore size may be because the pores have been filled due to the uptake of Cr (VI) ions by the
SCB [14]. The surface morphology of LM after Cr (VI) ions uptake, as shown in Figure 4 (RHS),
reveals significant changes, transforming coarse particle sizes into finer ones, when
compared to the rough and uneven surface before Cr (VI) ions uptake in Figure 4 (LHS). These
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changes could be as a result of the deposition of Cr (VI) ions onto the surface of LM. Similar
observation was reported in the work of [15]. The micrographs surface of the blend material
in Figure 5 (LHS) exhibited larger pores, rough and uneven surface because of a hydrolysis
reaction occurring on the surface of the blend material [15]. In Figure 5 (RHS), the surface
became smoother with less porosity, which is likely attributed to the entrapment of Cr (VI)
ions on the surface of the blend material [30].

Ps

Figure 3. SEM micrographs of sugarcane bagasse before

Figure 4. SEM micrographs of lemongrass before (left) and after (right) Cr (VI) uptake.
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Figure 5. SEM mcrographs of a composite derived from SCB and LM before (Left) and after
(right) Cr (VI) uptake.

3.2. Optimization studies of the metal removal
3.2.1. Fitting process model statistical analysis
The optimum level of process parameters, such as contact time and adsorbent dosage

were obtained with the CCD experimental design. The interactive effect of contact time and
adsorbent dosage on the adsorption capacity was subsequently studied. Statistical software,
specifically design expert version 13.5, was used for the regression analysis of the data to
evaluate the statistical significance of the quadratic model. The analysis of variance ANOVA
for the response surface model of Cr (VI) ions adsorption on SCB, LM and their blend are
presented in Table 2. The analysis of variance (ANOVA) results from Table 2 indicates that
the analyzed variables fall within an acceptable range. ANOVA was used to verify the
quadratic models, revealing the ability to predict Cr (VI) ions uptake. The equations of the
models, generated after interpreting the experimental data for the biosorption Cr (VI) ions by
SCB, LM and the blend are presented in Equations 9, 10 and 11, respectively.

qCr =0.408865 + 0.003639A + 0.058496B + 0.000778AB - 0.000022A? - 0.042756B2(9)
gqCr=1.63198 - 0.007455A - 0.410243B - 0.001238AB + 0.000042A* + 0.362925B? (10)
qCr=0.369950 + 0.010817A + 2.31205B + 0.001132AB - 0.000059A? -2.08442B* (11)

where: gPb and qCr are the predicted adsorption capacities for Pb (II) and Cr (VI) ions
respectively, the actual values of the test variables, contact time and adsorbent dosage are
represented by A and B respectively. The coefficient involving two factors, namely (AB) and
(A? and B?) signifies the interaction between these two parameters and the quadratic effect.
The negative sign in front of the term indicates an antagonistic effect, whereas the positive
sign indicates a synergistic effect [31]. The correlation coefficient (R% was used to evaluate
the model fitness. The closer the R? is to 1, the stronger the model and the better it predicts
the response [25]. The P and F values indicate the significance of the regression coefficients
and the overall significance of the model. The model term is considered significant if the P
value is < 0.05 [32]. The results presented in Table 2 showed that the regression was
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statistically significant for the adsorption of Cr (VI) ions using SCB, with an F value of 707.49
and prob > F (<0.0001).

Table 2
Summary of the ANOVA results for the adsorption of Cr (VI) ions using SCB, LM and their
blend as an adsorbent

Parameters Sugarcane bagasse = Lemongrass Composite
Model <0.0001 <0.0001 <0.0001
Standard deviation 0.0067 0.0101 0.0209
Mean 0.5632 1.25 1.28
Coefficient of variance 1.2000 0.8139 1.63

R? 0.9898 0.9955 0.9959
Adjusted R? 0.9825 0.9923 0.9930
Predicted R? 0.9402 0.9783 0.9791
Adequate precision 33.2072 48.7025 51.7078
Lack of fit 0.1277 0.3357 0.2903

In equation 9, the correlation coefficient R? (0.9898) value for the adsorption of Cr (VI)
using SCB, was found to be close to 1 and in reasonable agreement with the adjusted
correlation coefficient (Adjusted R?=0.9825), indicating high model significance. While the
predicted R? (0.9402) is not as high, but the model remains significant.

The term adequate precision (AP) ratio corresponds to the target’s response variable
under varying noise conditions. An AP value greater than 4 is desirable. The reproducibility
of the model is indicated by the coefficient of variance (CV). It is calculated as the ratio of the
stand error of the estimate to the mean value of the response. The model is deemed
reproducible if the value is less than 10% [31]. The model F-value for the adsorption of Cr
(VI) ions was found to be 310.19, implying that the model is significant. Additionally, Prob >
F values less than 0.05 indicate that the model terms are significant at 95% confidence level.
The R? value of Cr (VI) ions was found to be 0.9955, which is close to unity, is desirable and
in reasonable agreement with the adjusted R? value of 0.9923 for Cr (VI) ions. The term
“adequate precision” (AP) ratio refers to the response variable concerning the target under
varying noise conditions. The adequate precision (AP) obtained for the adsorption of Cr (VI)
ions using LM was found to be 48.7025. An AP value higher than 4 is desirable [31]. The
results also from Table 2, for the adsorption of Cr (VI) ions using the blend of SCB and LM
indicate that the regression is statistically significant, with an F value of 343.43 for Cr (VI)
ions, and a prob > F value less than 0.0001. The term is considered significant if the P value
< 0.05. The R? value of Cr (VI) ions was found to be 0.9959, indicating that the values are
desirable and are close to unity.

The value of R? for Cr (V1) ions (0.9959), and the predicted R? of 0.9197 for Cr (VI) ions
adsorption are also in good agreement with the adjusted R? 0.9930. The response variable in
respect to the goal under changing noise levels is referred to as the "adequate precision” (AP)
ratio.

The adequate precision (AP) for Cr (VI) ion adsorption using a blend from SCB and LM
was 51.7078. An AP value greater than 4 is considered desirable [31]. According to the
summary of ANOVA results presented in Table 2, the independent variable (contact time and
adsorbent dosage) are significant terms for the adsorption of Cr (VI) ions from textile
wastewater using SCB, LM and a blend derived from SCB and LM.
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Figure 6. A parity plot showing the actual Figure 7. A parity plot showing the actual
and predicted values for the adsorption of  and predicted values for the adsorption of
Cr (V1) ions using SCB as adsorbent. Cr (VI) ions using LM as adsorbent.

To show the correlation between actual and predicted values, a parity plot is employed
to show the relationship for the adsorption of Cr (VI) ions using SCB, LM, and the blend
derived from SCB and LM in Figures 6, 7, and 8, respectively. For a model to be reliable, it
should accurately predict the response when compared with the experimental data. As
shown, there is a significant correlation between the actual and predicted values, suggesting
that the generated models successfully capture the relationship between the adsorption
variables (contact time and adsorbent dosage) and the metal uptake rate.
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Figure 8. A parity plot showing the actual and predicted values for the adsorption of Cr
(V1) ions using a blend derived from SCB and LM as an adsorbent.

The parity plots of SCB, LM, and their blend reveal that the data points cluster around
the diagonal line, implying a satisfactory agreement between the predicted and the actual
values. This suggests that the models generated successfully capture the relationship
between the independent adsorption variables (contact time and adsorbent dosage) and the
adsorption capacity. The model for SCB exhibits a high correlation coefficient (R?) of 0.9898
for Cr (VI) ions adsorption, indicating the suitability and accuracy of the models in predicting
the adsorption capacity under variable conditions of contact time and adsorbent dosage. The
model equation for Cr (VI) ions is statistically significant, as the Prob. >F values are less than
0.05, and the R? value is 0.9898. Similarly, the high correlation coefficient R? for LM in the
adsorption of Cr (VI) ions indicates the suitability and accuracy of the model, being close to
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unity. The closer the R2 value is to unity, the stronger and better the model predicts the
response. Moreover, the high correlation coefficient R? of 0.9959 for the adsorption of Cr (VI)
ions using the blend further indicates a well-fitted model that can predict the adsorption
capacity with reasonable certainty under independent variables such as contact and
adsorbent dosage. In conclusion, the parity plots exhibit a satisfactory correlation between
the actual and the predicted values for SCB, LM, and the blend derived from SCB and LM.

3.2.2. Effect of Model Variables and Their Interactions
The three-dimensional response surface plots are essential for determining the
optimum values of the variables and illustrating the interaction between contact time (A) and
adsorbent dosage (B) on the adsorption capacity (q, mg/g) of biosorbent during the adsorption
of Cr (VI) ions from textile wastewater using SCB, LM and a blend derived from SCB and LM
at room temperature, as presented in Figure 9 and Figure 10, respectively.

AC Cr (mg/g)
AC Cr (mg/q)
o
a

0. .
; : ¢t Time (mi 0.
B: Adsorbent Dosage . A ConctTime.{frin) B: Adsorbent Dosage ; 40 A: Contact Time (min)

01 20

01 20

Figure 9. 3D response surface plot for the adsorption of Cr (V) ions on SCB (left) and LM
(right).

In analyzing the objective functions in relation to the optimal operating conditions of
the biosorption system, the variation of the process parameters were considered
(independent variables) and the influence on the previously established experimental field,
provided that the biosorption capacity (g, mg/g) are maximized. The primary goal of the
response surface is to efficiently track the optimum values of variables, maximizing the
response. Through the analysis of the plots, the best response range can be calculated. Each
response plot represents an infinite number of combinations of two test variable with the
other maintained constant [33]. Analyzing the 3D plots, the quantities of Cr (VI) adsorbed by
SCB, LM and their blend per unit gram were 0.61, 0.89 and 1.56 mg/q, respectively.

Lemongrass demonstrated a greater absorption of Cr (VI) ions compared to sugarcane
bagasse, attributed to the higher affinity of Cr (VI) ions towards the biosorbent. Significantly,
the blend displayed enhanced performance, surpassing the individual materials, which
indicates improved affinity for Pb (Il) ions when the materials are combined. The plots show
the optimal conditions for the adsorption of Cr (VI) ions from textile wastewater, using SCB,
LM and their blend are observed at a contact time of 82, 69 and 71 min, respectively and at
an adsorbent dosage of 0.62, 0.58 and 0.45 g. A desirability value of 1.00, 0.821 and 1.00 was
obtained after optimizing both process variables i.e. contact time and adsorbent dosage. The
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desired objective of this numerical optimization was to maximize the adsorption capacity too.
The effect of contact time on the adsorption capacity of Cr (VI) using SCB, LM and their blend
was studied within the range 20-120 min and the results presented in Figures 9 and 10 were
analyzed. It shows that the adsorption of Cr (VI) using SCB increased with an increase in
contact time and then slightly decreased after equilibrium was attained at 82 min of agitation.
Subsequently, a decline in the adsorption capacity was observed.

Adsorption Capacity Cr (mg/g)

Figure 10. 3D response surface plot for the adsorption of Cr (VI) ions onto a blend derived
from SCB and LM.

Similarly, using LM as a biosorbent for the adsorption of Cr (VI) ions, the adsorption
capacity increased with an increase in contact time and then slightly decreased after which
equilibrium was attained at 70 min of agitation. Subsequently, a decline in the adsorption
capacity was observed. For the adsorption of Cr (VI) ions using the blend derived from SCB
and LM, the adsorption capacity of Cr (VI) ions increased rapidly with an increase in contact
time, reaching equilibrium at 71 min of agitation, however, beyond this point, there was no
substantial change observed with further increase with time. This finding aligns with the
result reported by [13, 20, 34, 35]. This trend may be attributed to the large number of vacant
sites available at the beginning of the process, which eventually become saturated, resulting
in a constant adsorption capacity. After attaining equilibrium, the adsorption process may
slow down because of the saturation of binding sites on the adsorbent surface [36]. Generally,
the uptake of metal increased with an increase in contact time and then ceased due to the
saturation of the binding sites on the cell surface [37].

The effect of adsorbent dosage on the adsorption of Cr (VI) using SCB, LM, and their
blend was studied by varying the dosage from 0.1 to 0.7 g, as illustrated in Figures 9 and 10.
For the adsorption of Cr (VI) ions using SCB, it was observed that adsorption capacity increases
with an increase in adsorbent dosage until an optimum dosage was reached at 0.62 g.
Similarly, the adsorption of Cr (VI) ions using LM increases with an increase in the amount of
adsorbent dosage until an equilibrium dosage is attained at 0.58. The adsorption capacity of
Cr (VI) increases over time, reaching a plateau at an equilibrium dosage of 0.45 g, and then
becoming constant with no notable changes observed upon increasing the dosage. This
increase could be attributed to the overall increase in the surface area of the biosorbent,
which in turn increased the number of available binding sites for adsorption [38]. However,
as the initial adsorbent dose increases and the number of active sites for ion binding
increases, providing easier penetration of metal into the active sites and consequently, the
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resultant adsorption also increases, and after a certain value, the increase of the amount of
the adsorbent does not affect the adsorption process because of saturation of active sites
[39]. A similar results were reported by [1, 13, 19].

3.3. Adsorption Isotherm and Kinetic Models

The experimental data were fitted into the non-linear isotherms and kinetic models
employed for this study, employing a non-linear curve fitting tool in OriginPro 9 software. In
each case, the best model considered was the one with the highest correlation coefficient R?
and lowest chi-square X2 values. The closer the R? values are to unity, the higher the goodness
of fit, and the lower the Chi-square values, the better the fit [14].

3.3.1. Adsorption Isotherms

The isotherm parameters, as well as the correlation coefficients (R?) and chi-square
(X?) values derived from Figure 11 for the adsorption isotherms of Cr (VI) ions using SCB, as
shown in Table 3, indicating that all three models fit the experimental data. The Langmuir
isotherm offers the best fit among the models, with low reduced chi-square values of 0.00027
for Cr (VI) ions, and large adjusted R? values of 0.9873. This suggests that the Langmuir
isotherm is more suitable for describing the adsorption of Cr (VI) ions using sugarcane
bagasse than the other two isotherm models. This implies that Cr (VI) ions adsorption follows
the monolayer adsorption, in which all metal binding sites have the same energy levels and
there are no interactions between the adsorbed metals, nor is there any transmigration of
sorbate within the surface area plane [40]. Similar results were reported by Pagala on the
adsorption of Pb (II) and Cr (VI) ions using sugarcane bagasse [41]. Additionally, Kumar et al.
reported similar results for the adsorption of Cr (VI) ions onto groundnut shells [42].
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Figure 11. Non-linear models for the adsorption isotherm of Cr (VI) ions using SCB (left)
and LM (right).

The maximum adsorption capacities for Cr (VI) ions were estimated using Langmuir
isotherm and were found to be 2.68 mg/g, with a Langmuir constant of 0.1160 L/mg. The
dimensionless separation factor R.is used to analyze the adsorption process’s favorability,
with Cr (VI) values of 0.7455. These values describe a favorable adsorption isotherm. The R,
values indicate the order of isotherm: R >1signifies an unfavorable isotherm, R,=1 indicates
linear isotherm, R.<1 denotes favorable isotherm while R=0 signifies an irreversible isotherm [43].

Similarly, the adsorption isotherm parameters reported in Table 3 show that Cr (VI)
biosorption follows the Freundlich isotherm as evident by higher values of R?(0.9858) and
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Figure 12. Non-linear models for the adsorption isotherm of Cr (VI) using a blend derived
from sugarcane bagasse and lemongrass.

lower reduced chi-square (0.00082) values when compared to other isotherms. It means
that the fitted model followed heterogeneous and multilayer adsorption of Cr (VI) ions on

the surface of the LM. The findings were consistent with those previously reported by El

Dean et al.’s work on Cr (VI) ions adsorption on SCB [20]. The maximum adsorption

capacities (qm), for Cr (VI) ions were estimated using Langmuir and found to be 4.153 mg/q,

as indicated in Table 3. The separation factor R, ranges from 0O to 1, indicating favorable

biosorption of Cr (VI) ions on LM with values 0.7355. The R, values imply that Langmuir
adsorption is reversible (R.=0), favorable (O<R.<1), linear (R:=1) or unfavorable (R.>1) [17].

Table 3
Adsorption isotherm constants for adsorption of Cr (VI) ions
Qm K.
Biosorbent mg L R? X2
) )
Langmuir SCB 2.6750 0.1160 0.9873 0.00027
LM 4,153 0.1222 09813 0.001
Blend 1.4397 2.1289 0.8698 0.0169
1/n Kf (%) RZ XZ
Freundlich SCB 0.8630 0.2760 0.9835 0.00035
LM 0.8601 0.4492 0.9858 0.00082
Blend 0.4246 0.9237 0.9679 0.0055
b () ki) R? X
Temkin SCB 3.195 2.526 0.9852 0.00032
LM 2.838 41776 0.8867 0.0065
Blend 6.1777 3.1396 0.6954 0.0396

Note: Q,, = maximum monolayer adsorption capacity; K. = Langmuir Constant; K¢ = Freundlich constant; R?=
correlation coefficient; X2= Chi square; n is the adsorption intensity; Kr binding energy; b = heat of adsorption;
L = Liter; mg/g = Milligram per gram; J/mol = joule per mole.

For the blend material, the reduced chi-square and adjusted correlation coefficient (R?)
values obtained from Figure 12 for Cr (VI) ions adsorption using a blend formed from SCB and
LM, as shown in Table 3, indicate that all three models show a good fit with the experimental
data. Freundlich shows the best fit with a higher R? value of 0.9679 and a low reduced chi-
square 0.0055. This shows that the Freundlich isotherm is more suitable for describing the
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adsorption of Cr (VI) ions. This implies the fitted model followed heterogeneous and
multilayer adsorption of Cr (VI) ions on the surface of the adsorbent. Similar results were
previously reported by [20] in their work on the adsorption of Cr (VI) ions on SCB. The
maximum adsorption capacities (qm), as calculated by Langmuir were determined to be
1.4397 mg/g Cr (VI) ions, as shown in Table 3. The dimensionless separation factor R, as
indicated in Table 3, falls within the range of 0-1, showing favorable Cr (VI) ions biosorption
on the blend derived from SCB and LM, with values 0.1376. The value of R, indicates the type
of isotherm to be either unfavorable (R.>1), linear (R.=1), favorable (0<R.<1) or irreversible
(R=0) [20]. The Temkin isotherm has the least fit among the three isotherms as shown in
Table 3 for Cr (VI) adsorption using SCB, LM and their blend.

3.3.2. Adsorption Kinetics
To further understand the adsorption mechanism of Cr (VI) on SCB, LM and their
blend, the kinetic models used in this work were applied to the experimental data. Non-
linear fits of these models are illustrated in Figures 13 and 14, while Table 4 presents the
parameters obtained from the model fits.
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Figure 13. Non-linear adsorption kinetics models applied for the adsorption of Cr (VI) ions
onto SCB (a) and LM (b).
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Figure 14. Non-linear adsorption kinetics models applied for the adsorption of Cr (VI) onto
a blend derived from sugarcane bagasse and lemongrass.
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The parameters extracted from Figure 13 and presented in Table 4 reveal that the
correlation coefficient RZand reduced chi-square X2 values for PFO, PSO, and Elovich kinetic
models indicate that all kinetic models showed a good fit. However, for Cr (VI) ions adsorption
using SCB, the PSO, exhibiting the highest correlation coefficient of 0.9975 for Cr (VI), which
is closer to unity, shows a better fit. This model predicts an equilibrium Cr (VI) ions uptake of
0.57655 mg/g, which is in agreement with the experimentally obtained value of 0.62 mg/g.
The PSO kinetic model shows the best fit with the adjusted R? value of 0.9996, along with a
low chi-square value of 0.00013 for Cr (VI) ions adsorption using LM. This model predicts an
equilibrium uptake of 1.01404 mg/gfor Cr (VI), closely aligning with experimentally obtained
values.

Table 4
Adsorption kinetic model constants for Cr (VI) ions
Biosorbent K. Q. (0 R? X?
PFO SCB 0.1286 0.62 0.576 0.9939 0.0003
LM 0.097 0.89 0.954 0.9991 0.0006
blend 0.108 1.49 1414 0.9947 0.0017
Biosorbent K2 Q. o R? X?
PSO SCB 0.595 0.62 0.602 0.9975 0.00013
LM 0.220 0.89 1.014 0.9996  0.0001
Blend 0.1699 1.49 1.498 09987 0.0004
Biosorbent A B - R? X?
Elovich SCB 2.001 12.402 - 0.9834 0.0009
LM 69.95 11.53 - 0.9971 0.0004
Blend 4904 5.344 - 0.9918 0.00262

Note: Q. = experimental adsorption capacity; Q,= predicted adsorption capacity; K; = PFO constant; K2 PSO

constant; R?= correlation coefficient; X?= Chi-square; L = Liter; mg/g = Milligram per gram; J/mol = joule per
mole.

Similarly, the PSO kinetic model exhibits adjusted R? values of 0.09987, along with
reduced chi-square values of 0.00043 for Cr (VI) ions adsorption using the blend material.
This model predicts equilibrium Cr (V1) ions uptake of 1.497 mg/g which closely aligns with
the experimentally obtained value of 1.49 mg/g. The closer the R? value is to unity, the better
the fit. Notably, The PSO stands out as the best fit among the three models tested (in Figures
13 and 14) for Cr (VI) ions adsorption using SCB, LM, and their blend, implying that the active
sites on the adsorbent surface significantly influence the adsorption capacity. The findings
obtained were in good agreement with previous studies, which also reported that the
adsorption process of Cr (VI) ions followed the PSO kinetic model following the literature [41,
42 44, 45].

4. Conclusions

This study has demonstrated the significant potential of sugarcane bagasse (SCB) and
lemongrass (LM) as effective biosorbents for the removal of chromium (VI) ions from textile
wastewater. The results indicate that both materials exhibit substantial adsorption capacities,
with their blend demonstrating superior performance. Characterization techniques, including
BET analysis and FTIR, provided critical insights into the biosorbents’ properties. The BET
analysis revealed high surface areas for SCB (501.999 m?/g), lemongrass (811.761 m?%/qg), and
their blend (1047.885 m?/qg), which are essential for maximizing adsorption efficiency. The
FTIR analysis identified significant functional groups, such as hydroxyl and carbonyl, crucial
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for binding Cr (VI) ions, suggesting strong chemical interactions that enhance biosorption
effectiveness.

In addition to the characterization results, the kinetic studies showed that the
adsorption of Cr (VI) ions followed the Pseudo-second order model for all biosorbents,
indicating that the process is significantly influenced by the availability of active sites on the
adsorbent surfaces. This model’s high correlation coefficients suggest that chemisorption is
the dominant mechanism for Cr (VI) ions uptake. Moreover, isotherm analysis revealed that
the Langmuir isotherm provided the best fit for SCB, indicating monolayer adsorption on
homogeneous sites, while the Freundlich isotherm was more appropriate for lemongrass and
the blend, suggesting heterogeneous and multilayer adsorption. These findings highlight the
complexity of the interactions between the biosorbents and chromium (VI) ions, underscoring
the diverse mechanisms involved in the adsorption process.

Overall, the findings of this research contribute significantly to the understanding of
biosorption technology and promote the use of sustainable materials in wastewater
treatment processes. SCB and LM emerge as viable options for the remediation of chromium
(V) ions, paving the way for further investigations into their application for other heavy
metals. This study encourages a shift towards environmentally friendly practices in
wastewater management, reinforcing the potential of natural biosorbents in mitigating
pollution and protecting water resources.

Conflicts of Interest: The author declares no conflict of interest.
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