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Abstract

This study investigated luffa as a bioadsorbent for removing Cr (VI) from synthetic wastewater. Luffa was characterized by
scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR), which mainly revealed a composition
of carbon and oxygen, as identified via SEM. The morphology showed cylindrical fibers arranged in a network, with diameters
ranging from 200 to 300 um and surface fissures between 25 and 100 um. FTIR analysis detected hydroxyl, carbonyl, and
carboxyl functional groups responsible for adsorbing HCrO;l. The composition of luffa was found to be 14% lignin, 76%
cellulose, and 10% hemicellulose. Adsorption kinetics were evaluated at pH 2 using 0.5 g of luffa in 100 mL of synthetic
wastewater, with Cr (VI) concentrations varying between 15 and 50 ppm. Sampling followed the NMX-AA-044-SCFI-2014
protocol, and Cr (VI) quantification was performed by UV-Vis spectrophotometry, achieving a removal efficiency of 100%. The
adsorption kinetics were adjusted to a pseudo-second-order model using parameter estimation. Luffa demonstrated an adsorption
capacity of 10.0 mg Cr (VI)/g, with energy-dispersive X-ray spectroscopy (EDS) revealing 1.21% Cr in dry luffa and 48.23% in
calcined luffa, indicating Cr incorporation within the luffa structure. X-ray fluorescence (XRF) analysis detected 8.72% Cr in dry
luffa and 75.07% in calcined luffa.
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Resumen

Se estudio la luffa como bioadsorbente para remover Cr (VI) de aguas residuales. La luffa se caracterizé6 mediante microscopia
electrénica de barrido (SEM) y espectroscopia infrarroja (FTIR), encontrando con SEM, C y O principalmente. En la morfologia
se encontraron fibras cilindricas en red con didmetros entre 200-300 um y fisuras superficiales entre 25-100 um. Con FTIR se
encontraron grupos hidroxilo, carbonilo y carboxilo que adsorben HCrO4'1. La composicién de la luffa fue 14 % lignina, 76%
celulosa y 10% hemicelulosa. También, se determiné la cinética de adsorcién a pH 2, con 0.5 gr de luffa en 100 mL de agua
residual, empleando concentraciones de 15-50 ppm de Cr (VI). Se muestreé con NMX-AA-044-SCFI-2014 y se determing el
Cr (VI) por Espectrofotometria UV-Vis, obteniéndose una remocién del 100%. La cinética de adsorcion se ajusté al modelo
de pseudo-segundo orden con estimacién de pardmetros. La luffa adsorbi6é 10.0 mg Cr (VI)/ g de luffa, se encontré con EDS,
1.21% de Cr en la luffa seca y 48.23% en la luffa calcinada, indicando que el Cr se encuentra en la estructura de la luffa. Con
fluorescencia de rayos X (XRF) en muestra seca de luffa se tiene 8.72% de Cr 'y 75.07% en luffa calcinada.

Palabras clave: Cr (VI), Luffa, Cinética de Bioadsorbente, Aguas residuales.
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1 Introduction

A demanding issue in Guanajuato state, Mexico, is
wastewater contamination with Cr (VI), primarily
from the leather tanning industry associated with shoe
production. This industry generates large volumes
of wastewater containing significant amounts of
Cr (VI). Prolonged exposure to Cr (VI) originates
serious health risks, including mutagenic and
carcinogenic effects (Vaskova and Kolomaznik, 2016).
Among various methods for removing Cr (VI)
from wastewater, adsorption is notable for its cost-
effectiveness, particularly when using bioadsorbents
made from organic or biological materials, often
derived from waste. These bioadsorbents are
inexpensive, easily available, and relatively easy to
handle as waste management (Hasanzadeha et al.,
2024). Some examples are the use of artichoke packed
in bags as a chromium VI bioadsorbent (Rubio-
Campos et al., 2022; Diaz-Rodriguez et al., 2025),
biomass fungus as azo dyes adsorbent (Jiménez-
Gonzalez et al., 2024), and the use of avocado seed
for the removal of textile dyes (Gonzales-Condori et
al., 2023).

During adsorption, atoms, ions, and molecules
are retained on the surface of a material until an
equilibrium is established between the dissolved solute
and the solute bound to the sorbent (Khadir et
al., 2020). This process can involve three types
of interactions: physisorption, chemisorption, and
electrostatic sorption (Arroyo and Cervantes, 2018).
In this study, bioadsorption focuses on removing
heavy metals from wastewater using biological-
adsorbent sources. These materials are economically
advantageous, as many are byproducts or waste
materials. Their effectiveness is due to functional
groups within proteins, carbohydrates, and phenolic
compounds, such as carboxyl, hydroxyl, sulfate,
phosphate, and amino groups (Tejada et al., 2018).
Bioadsorbents have shown a high capacity to remove
trace metals from aqueous solutions. The functional
groups on their surfaces, such as hydroxyl and
carboxyl, play a crucial role in binding chromium ions.
Studies highlight luffa’s high surface area, porosity,
and eco-friendly nature, making it an efficient and
sustainable option for chromium removal compared
to conventional methods (Nwosu-Obieogu and Okolo,
2020, Diaz-Rodriguez et al., 2025).

Luffa (Luffa cylindrica) known as vegetable
sponge gourd, is an herbaceous plant with a fibrous
vascular network. It has potential as a bioadsorbent
due to its lignocellulosic composition, consisting
of 50-70% cellulose, 8-22% hemicellulose, and 10-
23% lignin (Laidani et al., 2020). Luffa contains
various functional groups, such as aliphatic hydroxyl,
phenolic methoxyl, and carbonyl, which play a

significant role in its bioadsorptive properties. These
functional groups can be analyzed using Fourier-
transform infrared spectroscopy (FTIR), allowing the
identification of changes in the characteristic bands
of the bonds associated with these groups. Such
changes can indicate the occurrence of chemisorption,
as they reveal chemical interactions between the
Luffa functional groups and the adsorbed substances
(Miretzky and Cirelli., 2010; Rahman et al., 2014).

The pH of the solution controls the adsorption
processes of metals on different adsorbents. The
adsorption of metal ions depends on the nature of the
surface as well as the distribution of chemical species
of the metal in the aqueous solution. The adsorption
of cations favors pH values greater than 4 and the
adsorption of anions at pH values ranging from 1
to 4 (Kuyucak and Volesky, 1989; Tejada-Tovar et
al., 2018). Cr (VI) has anionic sorption behavior. Its
adsorption decreases with an increasing pH, and when
competing dissolved anions are present. Depending on
the pH, Cr (VI) in aqueous solutions occurs in anionic
form as HC1rOZ1 or CrOZ2 (Richard and Bourg, 1991;
Tejada-Tovar et al., 2019).

The pH also affects the change in the surface
area and the groups' protonation degree functionalities
of the adsorbent, by having an organic material in
contact with an acidic solution the functional groups
are protonated, leaving the surface of the bioadsorbent
with a positive charge, which favors the adsorption
of HCrOZ1 anions which have a negative charge.
It has been reported that in the range of 1-2, with
increasing pH, the percentage of adsorption of Cr (VI)
as an anion increases HCrOZl, while in the range of
2-8, as the pH increases, the adsorption decreases,
and the optimal pH was 2. It is explained that the
increase in removal from pH 1 to 2 is due to the
conversion of Cr (VI) species in which neutral HyCrOg4
was formed at pH less than 2. A higher pH causes
the degree of protonation of the functional groups to
decrease, reducing the adsorption capacity (Sun and
Hong, 2011).

When the aqueous solution of Cr (VI) has an
alkaline pH, it tends to have a high concentration of -
OH ions that compete with HCerZ1 ions on the active
sites of the sorbent's surface, drastically affecting
removal.

In this study, we examined the application of
luffa as a bioadsorbent for Cr (VI) removal from
wastewater. Various characterization techniques were
used to analyze the luffa fibers before and after
the Cr (VI) adsorption process. Energy Dispersive
Spectroscopy (EDS) and X-ray Fluorescence (XRF)
were used to identify the elements present and
corroborate the adsorption of Cr (VI). The EDS
coupled with a scanning electron microscope (SEM),
allowed a point analysis of the elemental composition
in specific areas and at the micrometer scale. XRF
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provided an average sample analysis, confirming the
presence of Cr (VI) in a global technique (Komatani et
al., 2013).

Furthermore, the morphological analysis using
SEM allowed us to observe the structural and surface
characteristics of the luffa fibers before and after
adsorption, highlighting changes in texture and the
presence of depositions attributable to Cr (VI). For its
part, Fourier Transform Infrared Spectroscopy (FTIR)
was used to identify the functional groups present
in the fibers and evaluate the chemical interactions
between the Cr (VI) species and the adsorbent surface.
These coupled techniques provide a comprehensive
understanding of the chemical composition and
structural characteristics of Luffa fibers, strengthening
the interpretation of adsorption processes.

The selection of pH in this study was based
on evidence widely documented in the literature,
which establishes that the optimal value for Cr
(VD) adsorption using Luffa cylindrica and other
lignocellulosic materials is approximately 2. This
value is explained by the interaction between
the surface properties of the adsorbent and the
chemical speciation of Cr (VI) in aqueous solution.
The adsorption kinetic parameters, including the
adsorption equilibrium concentration of Cr (VI) on
luffa (g.) and the rate constant (k), were calculated
by parameter optimization using Excel™ Solver. A
kinetic model was also developed to describe the
adsorption of Cr (VI) on Luffa as a function of time.

2 Materials and methods

2.1 Preparation of luffa for use as a
bioadsorbent

First, the luffa was washed with tap water and then
dried at 90 °C for 24 hours. Subsequently, it was
soaked in distilled water at 90 °C for 30 minutes and
then soaked in distilled water at 25 °C for 24 hours.
Later, the luffa was rinsed again with distilled water
and dried to a constant weight. The luffa was cut
into cubes approximately 5 mm in size to facilitate
grinding and then ground using a blender to obtain
luffa filaments ranging from 2 to 7 mm.

2.2 Methodology for the determination of
lignin, cellulose, and hemicellulose in

luffa

Nine crucibles were weighed using an analytical
balance (RADWARD) and dried to a constant weight
at 120 °C in an oven (Felisa, Mexico). These crucibles
were then used to determine the lignin, cellulose, and

hemicellulose content in the luffa samples, following
the methodology outlined by Dominguez (2018).

2.2.1 Determination of lignin in luffa

A 0.2 g luffa sample was weighed, and 3 mL of 72%
m/v HySO4 solution was added. The mixture was
stirred for 2 hours. Then 70 mL of distilled water
was added. The sample was then placed in an oven
(Felisa, Mexico) at 20 °C for 1 hour. Later the sample
was filtered, and the residue was dried to a constant
weight. The lignin percentage by weight in the luffa
was determined using Equation (1).

P x 100
% Lignin = LT (1)

P weight of the lignin, g
W weight of the luffa sample, g

2.2.2 Determination of cellulose and hemicellulose
in luffa

Holocellulose, which includes the combined cellulose
and hemicellulose content, was first extracted from the
luffa. This holocellulose was then used to determine
cellulose content directly, with hemicellulose
calculated indirectly by weight difference. First,
1 g of luffa (previously extracted from any other
components) was weighed and placed into a 300 mL
ground-glass stoppered flask. Then, 32 mL of distilled
water, 0.4 g of NaClO;, and 0.2 mL of CH;COOH
were added. The mixture was then heated in a Felisa
oven at 70 °C for 6 hours, with an additional 0.4 g of
NaClO; and 0.2 mL of CH3COOH added every hour.
After the heating, the sample was vacuum-filtered
and dried at 105 °C. The holocellulose content was
calculated using Equation (2).

P 100
% Holocellulose = % 2)

Pp, weight of the holocellulose, g

2.2.2.1 Determination of cellulose

To determine cellulose content, 0.3 g of holocellulose
was weighed, and 1.5 mL of a 17.5% NaOH solution
was added to the sample. The mixture was allowed
to stand for 5 minutes, followed by adding another
1.5 mL of NaOH. This process was repeated three
times. Afterward, the mixture was left to stand for 30
minutes, and then 5 mL of 17.5% NaOH was added.
The mixture was allowed to stand for one hour before
being vacuum-filtered. The cellulose retained on the
filter paper was then washed with a 17.5% NaOH
solution, followed by a rinse with 100 mL of a 5%
CH;3COOH solution. Finally, the cellulose was dried,
and its percentage was calculated using Equation (3).

Pc x 100 100
% Cellulose = ( 0.3 )(% Holocellulose) 3
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Pc weight of cellulose, g

2.2.2.2 Determination of hemicellulose

Hemicellulose content was determined by subtracting
the cellulose percentage from the holocellulose
percentage, as holocellulose represents the combined
content of cellulose and hemicellulose. Hemicellulose
was calculated using Equation (4).

% Hemicellulose = % Holocellulose — % Cellulose

“)

2.3 Characterization of luffa

A square luffa sample (1x1 cm) was placed under a
Stemi DV4 optical microscope and observed at 32x
magnification to analyze the luffa morphology. For
elemental composition analysis via energy-dispersive
X-ray spectroscopy (EDS), luffa filaments were
mounted on a copper pin with carbon tape. Their
morphology was examined using a scanning electron
microscope (Thermo Fisher Phenom).

For elemental composition analysis after Cr (VI)
adsorption, 2.5 g of luffa was added to 100 mL of
a 500 ppm Cr (VI) solution, achieving a removal
efficiency of 97.45%. Two samples were prepared:
one dried at 60 °C to a constant weight and cut
manually into cubes, and another calcined at 650 °C
in a Thermolyne muffle furnace. The morphology
and elemental composition of both samples were
subsequently analyzed using SEM.

X-ray fluorescence (XRF)

The luffa beads used in the adsorption of Cr (VI)
were rinsed with deionized water adjusted to a pH of
2 to remove unadsorbed residues, dried in a Felisa
brand oven at 70 °C until reaching constant weight,
and prepared for analysis by X-ray fluorescence (XRF)
spectroscopy. For this purpose, they were uniformly
distributed on a support designed to form a compact
layer and ensure adequate contact with the detector in
the window of the XRF equipment. An empty support
was used as a blank for the initial calibration, and three
measurements were taken at different points of the
sample to ensure representative results. The analysis
was performed via a portable XRF spectrometer Delta
Prof model, configured with specific parameters for
detecting heavy metals, such as chromium.

In FT-IR analysis (Thermo Fisher Scientific), luffa
samples before Cr (VI) adsorption (LN) and after Cr
(VD) adsorption from synthetic wastewater containing
500 ppm Cr (VI) (LNCr%*) were placed directly on the
diamond ATR crystal. Good contact was ensured by
applying pressure. Twenty-five scans were performed
within a wavelength range of 650 to 4000 cm’!.

2.4 Experimentation to obtain the kinetics
of Cr (VI) adsorption using luffa as a
bioadsorbent

According to the NMX-AA-044-SCFI-2014 standard,
used for the measurement of Cr (VI) in natural, saline,
wastewater, and treated wastewater, the preparation of
a stock solution, a calibration curve in the range of
0 to 1 mg/L, and the determination of Cr (VI) in the
analyzed samples were carried out.

Preparation of the stock solution (500 ppm of Cr
(V)

A total of 141.4 mg of potassium dichromate
K>Cr,O7 (Karal S.A. de C.V,, Leon, Gto., Mexico)
with 99% purity (CAS 7778-50-9, Catalog Number
K5081.0500) was weighed and previously dried at 105
°C for 2 hours. Potassium dichromate was dissolved
in distilled water, and the final volume was adjusted to
100 ml in a volumetric flask.

This procedure was followed to ensure accurate
measurements and compliance with the standards
established by the norm. Cr (VI) 15, 20, 30, 40, and
50 ppm solutions were prepared via dilutions from
a 500-ppm stock solution. The pH of each Cr (VI)
solution was adjusted to 2 by adding 50 pL of a
1:1 HNOj solution and diluted to a final volume
of 100 mL. These solutions were transferred into
125 mL Erlenmeyer flasks for batch experiments. 0.5
g of previously prepared luffa was added to each
volumetric flask, following the methodology described
in section 2.1. The mixtures were agitated at 210 rpm
in a shaker (IKA model KS 260-C SI).

From each flask, 0.4 mL samples were taken from
the initial time until 100% removal was achieved, with
sampling intervals of 24 hours. Cr (VI) determination
for each sample was performed in triplicate, following
the NMX-AA-044-SCFI-2014 standard. A 0.1 mL
aliquot from each sample was diluted with 4.9 mL
of deionized water to prepare a 2:100 dilution. The
pH was adjusted to 9 using 50 uL buffer solution and
30 uL of 1N NaOH solution. Then, a drop of H3POy4
was added to adjust the pH below 2, adding 100 uL
of diphenyl carbazide. After a 10-minute development
period, the absorbance of each sample was measured
at 540 nm using a UV-Vis spectrophotometer (VELAB
VE-5600UV), and Cr (VI) concentrations in ppm were
determined from a previously established calibration
curve.

2.5 Kinetic parameters estimation for Cr
(VI) adsorption using luffa as a
bioadsorbent

To perform nonlinear optimization of the kinetic
model parameters for Cr (VI) adsorption, the
reaction rate equation (Equation 5) was formulated,
incorporating the solution volume and luffa dose, as
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described in Equations (6) and (7). This setup allowed
for the deduction of the adsorption rate equation
(Equation 8), with Cr (VI) considered as the limiting
reactive. Initial and boundary conditions were defined
for each experiment at t = 0 (C; =C; and q; = 0) and
t =1t (C, = C; and q; = q¢). These conditions were
substituted into Equation (9) to obtain an analytical
expression for ¢, ,, which was then compared to the
experimental values Gtexp- (Sahoo and Perlot, 2020)

The method of separation of variables was applied
to derive the analytical solution for estimating the Cr
(VD) concentration adsorbed by the luffa versus time
and to solve Equation (8).

dCau

ar kCa )
Ci-C,)V
go= GV ©)
m
Ci-C)V
gr = g (7N
m
dq;
——— =kd 8
(ge —q)" ! ®

]t 1
f Lﬂ:fkd; )
0 (Qe_CIt) 0

To integrate, a variable change was performed,
and the initial and final conditions were evaluated
(Equation 9). The yielded Equation (10) allows the
estimation of the concentration of Cr (VI) adsorbed by
the luffa ¢; at a given time:

1
a1 = qe— [kt = 1)+ (@)™ (10)

Where
C4 Concentration of the limiting reagent,
mg Cr(VI)
L

C, Equilibrium concentration, mg Cr(vl)

C; Initial concentration, w

k Adsorption rate constant, g luffa/mg Cr
(VD) h

m  Luffa mass, mg

n Order of the adsorption reaction

qe Concentration of Cr (VI) adsorbed by the

luffa at equilibrium, 2507

q:  Concentration of Cr (VI) adsorbed by the
luffa at time t, %
Time, h

V' Volume of Cr (VI) solution, L

~

Parameter estimation was performed using the
experimental data to obtain the combined model.
Given the parabolic behavior observed in the data,
it was assumed that the process followed second-
order kinetics, n = 2 in equation (10). Using this
equation, the initial values of k and g, were estimated
for each experiment. At equilibrium, the time tends
to be infinite, to find g, a numerical limit of 1x10°
was used. Subsequently, the calculated values of ¢,

were plotted against the initial Cr (VI) concentration
in solution C, showing linear behavior. Thence, the
following linear model is displayed in equation (11).

qe=qo0+q1C (11)

Where:

qo = Interception on the g, axis.

q1 = Slope of the line.

C = Concentration initial of Cr (VI) in the solution
(mg/L).

Similarly, the estimated values of k were plotted
against C and an exponential behavior was observed.
This allowed the following model to be proposed,
which is presented in Equation (12).

k = k1€ (12)

Where:
ko = First rate constant
k1 = Second rate constant
ko = Solution concentration exponent

Finally, the g, and k models were combined
and a estimation of the parameters gg, g1, ko, ki
y kp was performed. The parameters were optimized
using Excel's Solver tool, minimizing the square
error (Equation 13), allowing to determination of the
optimized parameters for the estimation of g, and k as
functions dependent on the initial concentration of Cr
(VD) used in synthetic wastewater.

o (‘Ilexpi 4 esti)z
P

E=

(13)

Where:
qi,,, Estimated concentration of Cr (VI)
adsorbed by the luffa at time t, (ﬁf—%
Gtexp Experimental concentration of Cr (VI)
adsorbed by the luffa at time t, %
E Mean Square Error

p Number of experiments

3 Results and discussion

3.1 Luffa components

The analyses show that the main components of
luffa, in terms of average weight percentage, are
76% cellulose, 10% hemicellulose, and 14% lignin.
These values coincide with those reported in previous
studies by Tanobe et al. (2005), Laidani et al. (2020),
Adeyanju et al. (2020), and Behera et al. (2024),
which supports the consistency of the data obtained.
Furthermore, the results are contrasted with those
presented in Table 1 for further comparison and
validation.
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Table 1. Comparison of the weight percentage of Luffa components.

Author % Cellulose % Hemicellulose % Lignin
Tanobe et al., (2005) 63 19.4 11.2
Laidani et al., (2020) 60 22 10.6

Adeyanju et al. (2020) 57-74 1-22 0-12.8
Behera et al., (2024) 57-74 14-30 1-22
This work 76 10 14

Figure 1. Luffa cords under the light microscope at 32x
magnification.

SEl  10kV

WD9mm S$S50

Figure 2. Luffa cord observed in SEM magnification
a) x50 and b) x680 (Thermo Fisher Phenom).

3.2 Luffa morphology before Cr (VI)
adsorption

Optical microscopy observation at 32x magnification
revealed that Luffa has a cylindrical fiber structure
with irregular dimensions and rough surfaces. These
fibers are interconnected, forming a network with
irregular nodes, which facilitates the recovery of the
bioadsorbent after the adsorption process (Figure 1).

Scanning electron microscopy (SEM) analysis
provided detailed information on the Luffa bead
structure, revealing fissures and diameter variations
identified as potential adsorption sites for Cr (VI).
A micrograph of a luffa bead is presented in Figure
2a at 50x magnification, where an average diameter
of 272.119 um is observed, along with variations
in the diameters of the beads. On the other hand,
Figure 2b shows the surface structure of the luffa
at 680x magnification, highlighting a rough surface
with fissures. This morphology is favorable for the
adsorption of Cr (VI) in wastewater.

3.3 Elemental composition of luffa before
Cr (VI) adsorption

Using the technique of energy dispersive X-ray
spectroscopy (EDS) coupled with SEM, the main
elements in luffa were determined, the results are
found in Table 2. This composition highlights the
predominance of organic material in the structure of
luffa, which confirms its capacity as a bioadsorbent
for the remotion of Cr (VI). Figure 3 shows a
scanning electron microscopy (SEM) micrograph of
the surface of the cylindrical luffa. The micrograph
shows a fibrous structure with irregular and rough
surfaces, characteristics of natural materials such as
luffa, suggesting high porosity and many potential
sites for adsorption. The region delimited by the
box (highlighted in magenta) corresponds to the area
where the EDS analysis was performed. This analysis
allowed the elemental composition of the sample to be
determined.
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Table 2. Elemental composition of luffa before Cr
(VD) adsorption.

Element Weight %

C 49.31
O 50.69

! 100pm A

Electron Image 1

Figure 3. Micrograph for elemental composition
determination of luffa.

3.4 Kinetics of Cr (VI) adsorption
from wastewater using luffa as a
bioadsorbent

Five experiments were conducted with initial Cr
(VD) concentrations ranging from 15 to 50 ppm at
a pH of 2. This acidic pH level was selected to
favor the adsorption process due to the presence of
HCrOZ] ions, which are effectively attracted to the
protonated surface of the luffa. In each experiment,
0.5 g of luffa was used as the bioadsorbent to facilitate
adsorption, achieve equilibrium, and practically reach
100% Cr (VI) removal. A solution volume of 100
mL was utilized, and complete removal of Cr (VI)
was achieved in all cases. The time required to reach
100% removal varied between experiments due to
differences in initial concentration, with longer times
observed at higher concentrations: 336 hours for
15 ppm, 432 hours for 20 ppm, 864 hours for 30
ppm, 1104 hours for 40 ppm, and 1416 hours for
50 ppm. During the initial 120 hours, a significant

increase in removal efficiency was observed, with
removal rates of 80%, 68%, 55%, 47%, and 45% for
initial concentrations of 15, 20, 30, 40, and 50 ppm,
respectively.

The parameters obtained for the equations
representing the equilibrium concentration (g,) and
the adsorption rate constant (k) were determined via
parameter estimation. These parameters are included
in equations (14)-(15).

qe = —0.29044 + 0.2437C (14)

With MAE = 0.0261, MSE = 0.00133, RMSE =
0.03642, R? = 0.99986, and Error = 0.6167%

k = 1.46x10¢20-9004C00507 (15)

With MAE = 0.00003, MSE=0.00000, RMSE =
0.00003, R? = 0.99965, and Error = 5.6075%

Combined model forn=72
1

1
kt + %

qr =qe = (16)

Where:

qg. Concentration at equilibrium of Cr (VI)

adsorbed by Luffa, %
k  Adsorption rate constant
C Initial concentration of Cr (VI) in the
solution, mg/L
These equations describe the behavior of the

adsorption process and were validated through
experimental data, showing their reliability for
predicting both the equilibrium capacity and
adsorption rate for diverse initial concentrations of
Cr (VD). The equilibrium concentrations in luffa (mg
Cr (VD)/g luffa) obtained from equation (15) are
shown in Table 3, where it can be observed that the
equilibrium concentration of Cr (VI) increases as
the initial concentration increases. This indicates a
good adsorption capacity of the material. However,
as the initial concentration of Cr (VI) increases, the
adsorption rate obtained with equation (16) decreases.
This data was obtained using the pseudo-second-order
model through parameter estimation.

Table 3. Optimized parameters for each initial concentration.

Removal Legend Initial Cr (VD)  Final (VI) Equilibrium Adsorption rate
time (h) concentration (mg concentration (mg concentration of constant (g luffa)/(mg
Cr (VI))/L Cr (VI))/L Cr (VD) in luffa. (mg Cr (VI)*h) kx103
Cr (V]))/(g luffa)
336 g 15 0 3.365 5.196
432 qn 20 0 4.583 2.691
840 qn 30 0 7.019 1.036
1080 g4 40 0 9.455 0.515
1416 qs5 50 0 11.891 0.296
WWW.rmiq.org
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—— qt,, mod
—qt,, mod
—— qt,, mod
—qt,. mod
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Figure 4. Predictions of combined model versus
experimental values in Luffa Cr (VI) adsorption.

Figure 4 shows the evolution of the amount of
Cr(VI) adsorbed per unit mass of Luffa (g;, in mg Cr
(VI)/g de luffa) as a function of time, for different
initial concentrations of Cr(VI): ¢;; (15 ppm), gn
(20 ppm), g3 (30 ppm), g (40 ppm) y gss (S0
ppm). Figure 4 depicts the experimental data (points
and symbols) and the estimated values (continuous
curves) obtained from the adsorption kinetics model.
In general, an increase in the amount of Cr (VI)
adsorbed is observed as time progresses, until an
equilibrium is reached. This behavior is characteristic
of adsorption processes, where, during the initial
stage, the adsorption rate is fast due to the high
availability of active sites on the adsorbent surface.
As these sites become saturated, the adsorption rate
gradually decreases until equilibrium is achieved.

The curves estimated by the model generally
follow the tendency observed in the experimental
data. However, small discrepancies are noted in
certain time intervals, suggesting that while the model
adequately describes the adsorption kinetics for the
initial concentrations studied, additional adjustments
may be required to improve its accuracy during
the intermediate stages of the process. The results
demonstrate that the adsorption capacity of Cr (VI)
increases with the initial concentration and aligns
well with the proposed kinetic model, validating the
performance of Luffa as an effective adsorbent within
the evaluated concentration range.

3.5 Luffa morphology after Cr (VI)
adsorption

Figure 5a presents a 100x magnification SEM
micrograph of luffa cylindrica before the Cr(VI)
adsorption process. The image reveals a rough and
irregular structure on the bead surface, with evident
porosity details and non-uniform textures. These
physical features, such as the observed roughness
and porosity, are important factors that favor the
adsorption capacity of the material by offering a higher

SEI  10kV WD10mm SS50

SElI  20kV WD10mm  SS50
1

b)
Figure 5. Luffa before a) and after b) Cr(VI) adsorption
observed in SEM at 100x magnification.

specific surface area and active sites available for
interaction with contaminants in liquid solutions, such
as Cr(VI). Figure 5b shows the SEM micrograph at
100x magnification of Luffa cylindrica after the Cr
(VI) adsorption process. We observed that luffa fibers
exhibit an irregular and rough surface, with material
accumulations in certain regions. These deposits could
correspond to adhered particles resulting from the
adsorption, confirming that Cr (VI) was retained on
the material's surface.

Figure 6 shows a SEM micrograph at 1000x
magnification, providing a more detailed analysis of
Luffa fibers after adsorption. In this image, particles
are observed to be uniformly distributed over the
surface of the fibers, along with an increase in surface
irregularities. These particles can be attributed to
deposits of Cr (VI) compounds, indicating that the
adsorption process was concentrated in these specific
regions. This finding suggests an efficient interaction
between the HCrO‘I1 chemical species in solution and
the functional groups on the luffa's surface at pH = 2.
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Figure 6. Luffa after Cr (VI) adsorption observed via
SEM at 1000x magnification.

‘Spectrum 1

60um ' Electron Image 1

Figure 7. Micrograph for elemental composition
determination of luffa after Cr (VI) adsorption.

3.6 Elemental composition of luffa after Cr
(VI) adsorption obtained with EDS

The elemental composition of Luffa following Cr
(VI) adsorption from wastewater was determined
using two different procedures due to the complex
structure of luffa. Luffa consists of multiple filaments
with external and internal surfaces, which makes it
difficult to characterize its morphology and elemental
composition completely. Consequently, the analysis
focused on the external surface, complemented by an
examination of the luffa ash after Cr (VI) adsorption.

3.6.1 Elemental composition of dried luffa after Cr
(VI) adsorption obtained with EDS

Figure 7 presents a micrograph obtained by SEM of
the luffa after the Cr (VI) adsorption process. The
image reveals a heterogeneous surface with elongated
textures, where residues are randomly adhered. These
residues may have originated during the adsorption
process and could correspond to compounds related to
the adsorbed Cr (VI) or traces of impurities.

Table 4. Elemental composition of Luffa obtained
with EDS after adsorption of Cr (VI) in synthetic

wastewater.
Element Weight %
C 43.73
0] 48.51
Al 0.73
Si 2.32
Cr 1.29
Fe 343

IS pectrum 1

30um ' Electron Image 1

Figure 8. Micrograph for determination of the
elemental composition of calcined luffa after Cr (VI)
adsorption.

The elemental composition analysis was
performed on the region marked as Spectrum 1.

The luffa elemental composition before adsorption
consisted primarily of carbon (C) and oxygen
(0O). Following adsorption, additional elements were
detected, including chromium (Cr) at 1.29% by
weight, confirming that luffa effectively adsorbed Cr
(VD) from the laboratory-prepared wastewater (Table
4).

3.7 Elemental composition of calcined
Luffa after Cr (VI) adsorption obtained
with EDS

Figure 8 depicts a micrograph obtained by SEM of the
luffa calcined at 650 °C after the Cr (VI) adsorption
process. The image reveals the sample morphology,
featuring a porous and heterogeneous structure with
particles of irregular morphology. The region for
elemental analysis using EDS is highlighted via a
rectangle in the image.

The elemental composition analysis of calcined
Luffa after Cr (VI) adsorption revealed a Cr content
of 48% weight, confirming Iuffa's effectiveness
as a bioadsorbent for Cr (VI) from wastewater.
Additionally, a decrease in oxygen (O) content and
the absence of carbon (C) were observed compared
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to the uncalcined sample, likely due to the thermal
degradation of the bioadsorbent (Table 5).

Table 5. Elemental composition of calcined luffa after
adsorption obtained with EDS.

Element Weight %
o 41.04
Na 1.21
Si 0.65
K 8.86
Cr 48.23

Table 6. Elemental composition by XRF of dried and
calcined Luffa after Cr (VI) adsorption in synthetic

wastewater.
Element Dry Luffa Calcined Luffa

Mg 4.76 3.29
Al 0.79 1.32

Si 3.57 2.04
K 2.06 14.22
Ca 0.81 2.31
Cr 8.73 75.07
Mn 0.08 0.58
Fe 0.12 0.45
Low Energy 78.99 0.00

3.8 Elemental composition of luffa after Cr
(VI) adsorption in wastewater by XRF

XRF analysis of Luffa after Cr (VI) adsorption
revealed a Cr content of 8.73% by weight, along with
78.99% by weight of low-energy elements. These low-
energy elements, which emit X-rays at lower energy
levels, typically include light elements such as carbon
(C) and oxygen (O), consistent with the organic nature
of luffa. In the ash samples of luffa post-adsorption and
calcination, a Cr content of 75.07% by weight was
observed, with no detectable low-energy elements,
attributed to the thermal degradation that occurred
during calcination (Table 6).

The Cr content is significantly higher in the
luffa ash after Cr (VI) adsorption from wastewater
compared to the surface analysis results obtained
through EDS and XRF elemental composition
determination. This suggests that the entire luffa
structure participates in the adsorption of Cr (VI) in the
wastewater. The difference in Cr percentages between
EDS and XRF is that EDS only analyzes a small region
of the luffa sample, whereas XRF provides averaged
elemental information over a larger volume of luffa.

FTIR spectra of luffa were obtained to understand
its structure. In Figure 9 the normalized FTIR
spectra of luffa fibers before adsorption (LN) and
after adsorption (LNCr*%) can be observed. The
normalization criterion used was by maximum
intensity (Min-Max Scaling), which scales the

~LNCr*6
N 2919 1732 1242 829
) | |
|

Absorbance (u.a.)

4000 35‘00 30‘00 25‘00 20‘00 1 5‘00 1 0‘00
Wavenumber (cm™)

Figure 9. Normalized FTIR spectrum of luffa before

and after Cr (VI) adsorption on wastewater at

wavenumber 4000-450 cm! .

absorbance values between 0 and 1, Ajom= (A-
Amin)/(Amax-Amin)- A is the original absorbance and
the Anax value was associated with the band with the
highest intensity, which in both spectra corresponded
to the C-O vibration at 1030 cm’! and A, was
assigned the value of O associated with the baseline
of the graph.

In the LN spectrum, a broad band between ~3700
cem~! and 3000 cm™! (~3334 cm™), corresponds to
the stretching vibration of hydroxyl groups (-OH).
This functional group is present in the three molecules
that make up luffa fibers. The peak at ~2919 cm™!
corresponds to the asymmetric stretching of CH» in
cellulose. The sharp peak at ~1732 cm™! is attributed
to the C=0 stretching in lignin (guaiacyl group). Peaks
at ~1646 cm™! and ~1506 cm™' correspond to the
stretching of the C=C bond in the aromatic ring of
lignin. The peaks at ~1456 cm™!, ~1423 cm™', and
~1370 em™! are associated to the deformation of
CH; and CHj3 bonds (scissoring). The peak at ~1316
cm™! is due to C-H bending vibrations, while the
peak at 1242 cm™! corresponds to C-O asymmetric
stretching in the guaiacyl ring. The peak at ~1159
cm™! represents C-O symmetric stretching vibrations
and the peak at 1103 cm~! for aromatic skeletal
vibrations. Also, the peak at 1031 cm™! is due to the C-
O stretching in cellulose and hemicellulose, while the
peak at 897 cm™! corresponds to the C-O-C stretching
in 3-(1-4) glycosidic bonds between monosaccharides
in cellulose and hemicellulose (NagarajaGanesh and
Muralikannan, 2016; Varban et al., 2021).

After Cr (VI) adsorption, several differences were
observed in the FTIR spectra. One of these is the peak
increasing at 2919 cm™!, inferring that C-H groups are
involved in the adsorption of Cr (VI). Additionally,
the intensities of the peaks at 1732 cm™! and 1242
cm™! decreased, indicating that C=0 and C-O bonds
are affected in the adsorption of Cr (VI). In the FTIR
spectrum, no new peak was observed at 829 cm™! after
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the adsorption process, which typically corresponds to
the Cr—O bond. This suggests that the adsorption of
Cr (VD) on cylindrical luffa does not directly involve
the formation of a covalent bond with chromium, but
that the process may be dominated by electrostatic
interactions, hydrogen bonds, or surface complexation
between the functional groups present in the surface of
luffa and Cr (VI) chemical species. (Perry et al., 1999).

3.9 Comparison of the adsorption capacity
of Luffa with other materials

In this section, the results obtained for the
adsorption capacity of Luffa are compared with
other lignocellulosic materials reported in the
literature. Table 7 describes the maximum adsorption
capacities (mg/g) and the composition of cellulose,
hemicellulose, and lignin for each reported material.
As can be seen in Table 7, the adsorption capacity
is variable and depends on various factors such as
pH, temperature, internal structure, and functional
groups present in the biomaterial studied. The low
adsorption capacity of Cr (VI) in Luffa cylindrica can
be explained by its chemical composition, the nature
of its functional groups, and its morphology. Luffa
has a relatively low lignin content (14%), whereas
other lignocellulosic materials, such as walnut hull

(48.3% lignin) and coconut husk (43% lignin), have
demonstrated higher adsorption capacities. Lignin
contains functional groups such as phenols, carboxyls,
and methoxyls, which facilitate both adsorption and
Cr (VD reduction to Cr (III), enhancing removal
efficiency. Additionally, although pH 2 favors Cr (VI)
adsorption in the form of HCrOZ] , the positive surface
charge of luffa may not be sufficiently high to attract
efficiently these anions. This suggests that electrostatic
interaction plays a limited role in the adsorption
process.

The morphology of luffa, as observed by SEM,
reveals a fibrous structure with relatively large pores,
which reduces the available specific surface area for
adsorption compared to microporous materials. The
lower density of active sites limits Cr (VI) retention
on the bioadsorbent’s surface. Finally, competition
with other anions present in the solution may affect
the material’s selectivity for Cr (VI) adsorption. To
improve removal efficiency, chemical modifications
such as controlled oxidation or functionalization with
amino and carboxyl groups, as well as physical
treatments to increase porosity, could be explored.
These combined factors explain the lower Cr (VI)
adsorption capacity of luffa compared to other
bioadsorbents and suggest that its performance can be
optimized through appropriate pretreatment strategies.

Table 7. Comparison of different lignocellulosic materials on Cr (VI) adsorption and its elemental composition.

Adsorbent ~ Maximum % Cellulose % Hemicellulose % Lignin Reference
material Capacity

(mg/g)
Luffa 10 76 10 14 This work
Ground 29.98 60 22 10.6 (Laidani et al.,2020)
Luffa
Coconut 29 40 0.2 43 (Tan et al., 1993)
husk
Sugarcane 23 32-48 19-24 23-32 (Krishnani et al., 2009)
bagasse
Rice husk 52.1 35 25 20 (Krishnani et al., 2007)
Walnut 98.3 33.2 9.6 48.3 (Wang et al., 2008)
hull
Orange 16.66 13.08 6.47 6.5 (Tejeda-Tovar et al.,
peels 2015)
coffee 0.827 wE wok wk (Rubio-Campos et al.,
waste 2022)
biomass
Activated 2.5-13 *x *k *k (Leyva-Ramos et al.,
Carbon 2008)
Fiber

** Not applicable or not reported
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Conclusions

This research achieved the removal of 100% Cr (VI)
from laboratory-prepared wastewater using Luffa as
a bioadsorbent which had an adsorption capacity of
10 mg/g luffa. The characterization of dried luffa
revealed a composition of 76% cellulose, 14% lignin,
and 10% hemicellulose by weight, highlighting its
high cellulose content, a key component in the
adsorption of contaminants. Lignin, with its carboxyl,
methoxyl, and carbonyl functional groups, plays a
crucial role in Cr (VI) reduction to Cr (III), which
contributes significantly to the effectiveness of the
material in heavy metal adsorption processes. This
agrees with previous studies, such as those of Dupont
and Guillon (2003), who demonstrated that, under
acidic pH conditions, lignin is more effective than
cellulose in the adsorption and reduction of Cr (VI).
In this sense, the lignocellulosic composition of
dried luffa, with a significant proportion of lignin,
is decisive in its ability to adsorb and reduce Cr
(VD) in aqueous solutions, since the largest amount of
lignin is found in the outer surface of Luffa fibers.
Scanning electron microscopy (SEM) with energy-
dispersive X-ray spectroscopy (EDS) confirmed an
elemental makeup primarily of carbon (56% by
weight) and oxygen (38% by weight), consistent with
its structural components. Fourier-transform infrared
spectroscopy (FTIR) analysis identified functional
groups on the luffa surface, including carbonyl,
carboxyl, hydroxyl, and methoxyl groups. At a pH
of 2, these groups become protonated, enhancing the
chemisorption of Cr (VI) ions. Microscopy analysis
revealed a rough, fissured surface structure, facilitating
the physisorption of Cr (VI) onto the luffa.

An essential preparatory step involved boiling the
luffa for 30 minutes, as omitting this step significantly
reduced its adsorption efficiency. In experiments
with synthetic wastewater containing initial Cr (VI)
concentrations between 15 and 50 ppm, and using 0.5
g of luffa, complete removal of Cr (VI) was achieved.
Specifically, up to 10 mg of Cr (VI) were adsorbed
per gram of luffa at 50 ppm initial concentration.
Adsorption time was increased with higher Cr (VI)
initial concentrations, highlighting a dependence on
concentration. The kinetic models indicate that Cr
(VI) adsorption follows a pseudo-second-order model,
with a rate constant inversely related to the initial
concentration.

Finally, this study demonstrates that luffa is an
effective and sustainable bioadsorbent for removing Cr
(VI) from synthetic wastewater at concentrations of up
to 50 ppm, achieving a 100% removal rate using 0.5 g
of Luffa fibers. These findings highlight the potential
for further research to assess its performance at higher
concentrations, aiming to expand its application in

contaminated water treatment. The findings suggest
that the adsorption process involves chemisorption (as
indicated by FTIR) and physisorption (as observed
through SEM).

As observed in the micrographs obtained by
SEM and optical microscopy, the three-dimensional
structure of the luffa, formed by intertwined fibers,
presents an important advantage for the recovery of
the adsorbent material. Its morphology facilitates the
manipulation of luffa after the adsorption process,
allowing a simple separation of the aqueous medium.
Additionally, the Luffa firmness prevents collapse or
compaction of the fibers during the adsorption process,
ensuring that the material maintains its original
structure. This is especially relevant in recycling
the luffa after chemical or thermal regeneration.
Compared to other adsorbent materials, such as
nanoparticles or fine powders, the fibrous form of
luffa offers an additional advantage: it significantly
reduces material loss during its recovery, making it
a practical and sustainable option for water treatment
applications.

These insights are the basis for future research
and assessment of potential industrial applications
of Luffa in wastewater treatment, contributing to the
sustainable removal of heavy metals from water and
addressing a significant environmental issue.
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