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ABSTRACT

This work investigates the efficacy of fenugreek seed powder (FSP), an agricultural product, as an economical and
sustainable biosorbent for the extraction of crystal violet (CV) dye from aqueous environments. The biosorbent was
analyzed using XRD, FTIR, and SEM-EDX, validating its amorphous structure, surface functional groups, and porous
shape. Batch biosorption tests were adjusted utilizing a Box–Behnken design (BBD), incorporating three independent
variables: FSP dose (0.02–0.1 g/100 mL), pH (4–10), and time (5–60 min). The model exhibited exceptional prediction
accuracy (R2

= 0.99, CV = 2.12%) and recognized all three variables as statistically significant (p < 0.05). The
maximum CV removal attained was 91.8% efficiency at an FSP dose of 0.1 g/100 mL, pH 7, and a time of 60 minutes.
FTIR examination indicated changes in the –OH, C=O, and C–O functional groups, signifying their participation in
dye interaction, whilst SEM pictures validated dye deposition on the biosorbent surface. The biosorption process was
ascribed to electrostatic forces, hydrogen bonding, π–π stacking, and pore filling. These findings underscore FSP as a
viable, economical biosorbent for the removal of cationic dyes in wastewater treatment applications.

Keywords: Biosorption mechanism, Box–Behnken design, Cationic dye remediation, Response surface methodology, Sus-
tainable biosorbent, Wastewater treatment

1. Introduction

Synthetic dyes constitute a major category of en-
vironmental pollutants, mostly due to the substantial
release of dye-contaminated effluents from the tex-
tile, leather, and paper industries [1, 2]. The textile
industry accounts for roughly 60–70% of worldwide

dye wastewater discharge, rendering it the primary
source of dye pollution in aquatic ecosystems [3].
Crystal violet (CV), a cationic triphenylmethane dye,
has garnered significant attention among contami-
nants owing to its remarkable durability, vivid hue,
and possible detrimental effects on ecosystems and
human health [4, 5]. CV is extensively employed
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in textile production, biological staining, and the
paper sector; nonetheless, its refractory properties
and resistance to biodegradation render it a last-
ing environmental threat [6, 7]. The unregulated
discharge of CV-contaminated wastewater results in
less light penetration in aquatic ecosystems, oxygen
depletion, and bioaccumulation, presenting hazards
including mutagenicity, carcinogenicity, and cytotox-
icity to both aquatic creatures and humans [8, 9].
Reported concentrations of CV in untreated textile
effluents can reach 5–100 mg/L, while levels up to
20 mg/L have been detected in surface waters near
dye-manufacturing facilities [10]. Prolonged expo-
sure to such concentrations poses serious ecological
risks and long-term health hazards, underscoring the
urgent need for effective and sustainable removal
strategies [11].

In order to alleviate the environmental impact of
CV and other synthetic dyes, a variety of physico-
chemical and biological remediation strategies have
been investigated, such as adsorption [12, 13], mem-
brane filtration [14], advanced oxidation [15], and
coagulation-flocculation [16]. Adsorption has be-
come a widely recognized method for dye removal
due to its simplicity, efficiency, and economic fea-
sibility, particularly when biosorbents derived from
agricultural waste are used [17]. Biosorption is
acknowledged as a very feasible and successful tech-
nique that offers several advantages, such as cost
efficiency, operational simplicity, environmental sus-
tainability, limited secondary waste production, and
superior pollutant removal efficacy [18]. This method
employs biological matrices as sorbents, which fa-
cilitate the rapid and reversible binding of ions or
pigment molecules from aqueous media to the sur-
face functional groups of the biosorbent [19]. The
biosorption potential of a diverse array of bioma-
terials, such as biopolymers, bacteria, algae, and
agricultural debris, has been the subject of extensive
research. This is due to the abundance of functional
groups that are capable of effectively interacting with
both ionic and non-ionic pollutants [20]. Consider-
ing these attributes, several biomass feedstocks, such
as Olea europaea stones [21], xanthan gum [22],
Macadamia integrifoli shell [23], sugarcane bagasse
[24], Parkia speciosa Hassk peel [25], and Cynara
scolymus [26], have been effectively utilized for pol-
lutant removal. Fenugreek (Trigonella foenum-graecum
L.) seeds produce a significant quantity of solid waste
as a by-product of agricultural and industrial pro-
cessing [27, 28]. This residue has a naturally porous
structure, rendering it a viable low-cost biosorbent for
environmental applications [29]. Due to these prop-
erties, fenugreek seed residue presents considerable
promise for the elimination of hazardous dyes from

aqueous solutions, serving as a sustainable option for
wastewater treatment.

Thus, this study proposes the utilization of fenu-
greek seed powder (FSP), an abundant agricultural
by-product, as a sustainable and low-cost biosor-
bent for the removal of crystal violet (CV) dye from
aqueous solutions. The naturally porous structure
and physicochemical properties of FSP enhance its
suitability as a biosorbent for dye remediation. To
maximize the dye removal efficiency, the experi-
mental conditions were optimized using a statistical
Box-Behnken design (BBD), focusing on key param-
eters such as FSP dosage, contact time, and solution
pH. The BBD approach facilitates the simultaneous
evaluation of multiple variables to identify optimal
conditions for CV removal using FSP. The structural
and surface properties of the FSP biosorbent were
thoroughly characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and
scanning electron microscopy coupled with energy-
dispersive X-ray (SEM-EDX) analysis. Furthermore,
the potential dye removal mechanism of CV onto the
FSP surface was also investigated to better under-
stand the interaction between the biosorbent and dye
molecules.

2. Materials and method

2.1. Materials

Fenugreek seeds were purchased as an agricul-
tural by-product from local sources in Shah Alam,
Malaysia. Crystal violet dye (CV: C25H30ClN3, MW:
407.98 g/mol, λmax: 585 nm) was acquired from
Sigma-Aldrich (USA). Additional chemicals, includ-
ing NaOH (99% purity), CH3COOH (>99% purity),
NaCl (>99% purity), and HCl, utilized in this investi-
gation were sourced from R&M Chemicals, Malaysia,
and employed without additional purification.

2.2. Fenugreek seeds powder (FSP) preparation
steps as a biosorbent

FSP was produced through a series of sequential
procedures to guarantee its purity and appropriate-
ness as a biosorbent. The seeds were meticulously
rinsed with distilled water to eliminate any resid-
ual dust, debris, or contaminants. The purified seeds
were subsequently sun-dried for two days, followed
by oven drying at 100°C for 24 h to guarantee total
moisture elimination. Subsequent to drying, the seeds
were pulverized utilizing a mechanical grinder to get
a fine powder having a consistent particle size of
250 µm. The produced FSP was kept in an airtight
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Fig. 1. Preparations steps of FSP.

container to preserve its purity and avert any con-
tamination before subsequent usage (cf. Fig. 1).

2.3. FSP characterization

The crystalline characteristics of FSP powder was
examined using an X-ray diffractometer (XRD, X’Pert
PRO, PANalytical). To investigate the functional
groups present on the surface of FSP before and
after CV dye adsorption, Fourier Transform In-
frared (FTIR) spectroscopy (Perkin-Elmer, Spectrum
RX1) was employed across the spectral range of
4000–450 cm–1. The elemental composition and sur-
face morphology were evaluated through Scanning
Electron Microscopy (SEM) coupled with Energy-
Dispersive X-ray (EDX) analysis. Additionally, the
point of zero charge (pHpzc) of the FSP was deter-
mined to explore the surface charge behavior of the
biosorbent.

2.4. Experimental design

The RSM-BBD approach was utilized to optimize
the biosorption process of CV dye with FSP while
reducing the number of experimental trials needed.
The Box-Behnken design (BBD) model was utilized to
examine the influence of three independent factors
on CV removal: FSP dose, solution pH, and contact

Table 1. Codes and actual variables and their levels in BBD.

Codes Variables Level 1 (–1) Level 2 (0) Level 3 (+1)

A FSP (g/100 mL) 0.02 0.06 0.1
B pH 4 7 10
C Time (min) 5 32.5 60

time. Optimization and statistical analysis were con-
ducted with Design Expert 13.0 software (Stat-Ease,
USA). The independent variables, together with their
respective ranges and values utilized for CV dye re-
moval by FSP, are presented in Table 1. Table 2
presents the BBD matrix, which comprises 17 ex-
perimental runs and their associated responses (CV
removal %). A quadratic polynomial model was em-
ployed to assess the impact of biosorption factors on
the removal efficiency of CV dye, as delineated by
Eq. (1):

Y = β0 +
∑

βiXi +
∑

βiiX2
i +

∑ ∑
βi jXiX j (1)

In the above equation, Y signifies the % removal
of CV dye, Xi and Xj represent the independent
variables (FSP dose, pH, and contact duration), β0
is the constant term, and β i, β ii, and β ij refer to
the linear, quadratic, and interaction coefficients,
respectively. The correlation between biosorption pa-
rameters and CV dye removal may be elucidated
by examining the coefficients derived from fitting
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Table 2. The 3-variables BBD matrix and experimental data for
removal of CV by FSP biosorbent.

A: FSP dose
Run (g/100 mL) B: pH C: Time (min) CV removal (%)

1 0.02 4 32.5 38.4
2 0.1 4 32.5 77.2
3 0.02 10 32.5 79.3
4 0.1 10 32.5 85.5
5 0.02 7 5 61.9
6 0.1 7 5 83.2
7 0.02 7 60 69.7
8 0.1 7 60 91.8
9 0.06 4 5 59.7
10 0.06 10 5 86.2
11 0.06 4 60 70.6
12 0.06 10 60 88.5
13 0.06 7 32.5 82.7
14 0.06 7 32.5 84.9
15 0.06 7 32.5 86.1
16 0.06 7 32.5 84.1
17 0.06 7 32.5 86.3

the experimental data to the regression model. The
BBD-RSM methodology enables the determination of
optimal operational parameters for enhancing CV dye
elimination while minimizing the necessary experi-
mental trials.

The biosorption tests were performed in 250 mL
Erlenmeyer flasks, each containing 100 mL of CV dye
solution and the specified quantity of FSP according
to the BBD matrix (Table 2). The flasks were stirred in
a thermostatic water bath shaker at 100 rpm for the
appropriate contact time. Following the biosorption
process, the FSP biosorbent was separated from the
solution using a 0.45 µm syringe filter. The remaining
concentration of CV dye in the filtrate was measured
with a UV-Vis spectrophotometer (HACH DR 3900)
at 585 nm. The percentage of CV removal (R%) was
calculated according to Eq. (2):

R % =
(Co −Ce)

Co
× 100 (2)

Where C0 (mg/L) is the initial concentration of CV
dye at time zero, and Ce (mg/L) is the equilibrium
concentration of CV dye after biosorption.

3. Results and discussion

3.1. Characterization of FSP

The X-ray diffraction (XRD) pattern of FSP dis-
played a broad diffraction peak within the range
of 2θ = 20°–22° (cf. Fig. 2), signifying the amor-
phous or semi-crystalline characteristics of ligno-
cellulosic biomass. This property is mostly found
in the disordered parts of biopolymers like cellu-

Fig. 2. XRD pattern of FSP adsorbent.

lose, hemicellulose, and starch [17, 30, 31]. The
lack of sharp crystalline peaks shows that there
are no important inorganic or mineral phases and
that the biopolymeric matrix is naturally disordered.
Such amorphous traits are often seen in plant-based
materials that haven’t been treated, and they are
linked to a larger surface area and better adsorption
properties.

The functional groups present in FSP and their
change following CV dye adsorption were analyzed
using FTIR. As shown in Fig. 3a and 3b, the spec-
tra display the functional features of FSP before and
after dye adsorption. In particular, Fig. 3a shows a
prominent absorption band at 3345 cm–1, attributed
to vO–H stretching vibrations typically associated
with phenolic or alcoholic moieties in lignocellu-
losic biomass [32, 33]. Additionally, bands observed
at 2927 cm–1 (C–H stretching), 1742–1648 cm–1

(C=O stretching), ∼1545 cm–1 (vC–C stretching),
and 1420 cm–1 (N–H bending) suggest the presence
of functional groups such as carboxylic acids, fatty
ketones, and amines [34–37]. The peaks observed
at 1236 cm–1 and 1065 cm–1 correspond to the
C-OH stretching vibrations of amide groups and the
C–O/C–O–C stretching vibrations of alcohol, phenol,
and ether linkages in polysaccharides, respectively,
indicating the presence of proteinaceous and car-
bohydrate functional groups in FSP [38–40]. FTIR
analysis after CV adsorption on FSP (Fig. 3b) reveals
alterations in significant peaks, signifying interac-
tion between the dye and surface functional groups.
The extensive O–H band (∼3345 cm–1) decreases,
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Fig. 3. The FTIR spectra of (a) FSP and (b) FSP after CV biosorption.

indicating hydrogen bonding. Alterations at 1742–
1648 cm–1 confirm electrostatic interactions between
deprotonated carboxyl groups and the cationic dye
[41]. Additionally, alterations at ∼1065 cm–1 sig-
nify C–O and C–O–C stretching, maybe including
C–O–, suggesting more electrostatic interaction. Fur-
ther changes in the 1600–1200 cm–1 range corrob-
orate the involvement of carboxylate and phenolic
groups in binding [42]. The findings demonstrate that
adsorption maybe occurs through electrostatic inter-
actions, hydrogen bonding, and π–π stacking [43].

The surface morphology and elemental distribu-
tion of FSP were examined using SEM-EDX before
and after the biosorption of CV dye Fig. 4a and 4b.
Fig. 4a shows the untreated FSP surface, which ap-
pears rough and irregular, with noticeable porosity
and scattered agglomerates typical of lignocellulosic
biomass. Elemental mapping of the raw sample re-
vealed the dominant presence of carbon (C), oxygen
(O), and nitrogen (N). After CV adsorption Fig. 4b,

the FSP surface appeared smoother and more com-
pact, indicating dye deposition and reduced porosity.
EDX analysis showed the presence of C, O, and N,
along with the appearance of Cl, which is attributed
to the crystal violet structure and confirms the dye’s
presence on the FSP surface.

3.2. Analysis of variance (ANOVA) statistical
validation

An ANOVA study was performed to assess the va-
lidity of the CV removal model, with the findings
displayed in Table 3. The F-model of 126.82, with a
p-value under 0.0001, indicates the substantial signif-
icance of the employed model. The model’s precision
and dependability are highlighted by an R2 value
of 0.99, signifying an exceptional fit and account-
ing for 99% of the variability in the experimental
data [44–46]. The modified R2 of 0.98 aligns closely
with the expected R2 of 0.94, demonstrating that the
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Fig. 4. SEM images at magnification 3kx and EDX results: (a) FSP and (b) FSP+CV dye.

Table 3. Analysis of variance (ANOVA) for CV dye removal onto FSP biosorbent.

Source Sum of Squares df Mean Square F-value p-value Remark

Model 3086.29 9 342.92 126.82 <0.0001 S∗
A-Dose 1067.22 1 1067.22 394.68 <0.0001 S
B-pH 1095.12 1 1095.12 405.00 <0.0001 S
C-Time 141.12 1 141.12 52.19 0.0002 S
AB 265.69 1 265.69 98.26 <0.0001 S
AC 5.76 1 5.76 2.13 0.1878 NS
BC 18.49 1 18.49 6.84 0.0347 S
A2 186.76 1 186.76 69.07 <0.0001 S
B2 273.53 1 273.53 101.16 <0.0001 S
C2 1.10 1 1.10 0.4050 0.5448 NS∗
Residual 18.93 7 2.70
Lack of Fit 10.08 3 3.36 1.52 0.3389 NS
Pure Error 8.85 4 2.21
Cor Total 3105.22 16
R2 0.9939 Adjusted R2 0.9861 Predicted R2 0.9436
Adeq. Precision 44.3234 C.V. % 2.12

S∗: Significant, NS∗: Not significant.
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discrepancy is notably smaller than 0.2. This validates
the model’s resilience, dependability, and significant
predictive capacity [47]. The accuracy of 44.3234,
much over the threshold of 4, indicates that the
model possesses a strong signal-to-noise ratio and is
adept at producing reliable predictions. The coeffi-
cient variation of 2.12 signifies little deviation from
the mean, hence confirming the precision and reli-
ability of the experimental results. The Lack of Fit
(LOF) is not significant (p = 0.3389), further vali-
dating that the model accurately represents the data
without considerable error. All designated statistical
criteria validated the suitability of the created model
for forecasting CV dye removal [48].

The effectiveness of CV dye removal is influenced
by several factors. The p-value, which is less than
0.001, signifies that the impact of these parameters
on CV dye removal is statistically significant, as seen
in Table 3. A quadratic polynomial demonstrated the
statistical correlation between the result and biosorp-
tion factors. The correlation between the principal
factors affecting CV dye removal is seen in Eq. (3).

CV removal (%) = +84.82+11.55A+11.70B+4.2C

− 8.15AB+ 1.2AC − 2.15BC

− 6.66A2
− 8.06B2

− 0.5100C2

(3)

3.3. Diagnostic plots

Employing graphical tools aids in confirming the
accuracy of the model and provides a clear visualiza-
tion of the residuals’ distribution. The distributions
of the residual models were evaluated using standard
probabilistic diagrams, as seen in Fig. 4. A normal
probability plot of residuals is a scatter plot display-
ing the expected normal distribution percentiles on
the x-axis and the residual percentiles on the y-axis.
The diagonal line, intersecting the lower and upper
quartiles of the theoretical distribution, illustrates
the linearity of the connection between theoretical
and sample percentiles [21]. Fig. 5a illustrates a
linear correlation between theoretical and sample
percentiles. The normal probability plot of the resid-
uals demonstrates that the error terms adhere to a
normal distribution [49]. The models’ effectiveness
is demonstrated by the robust linear correlation be-
tween the experimental CV removal data and the
predicted values, as seen in Fig. 5b. The graph
of externally studentized residuals vs run number
(Fig. 5c) displayed values ranging from−3.0 to +3.0,
signifying little deviation of the model, with the dis-
crepancies adhering to a normal distribution [50].
Fig. 5d displays the Box-Cox plot for power trans-

formation, illustrating the relationship between the
natural logarithm of the residual sum of squares
[ln(Residual SS)] and various values of the trans-
formation parameter λ. The analysis identified the
optimal λ value at 1.0, as indicated by the minimum
point on the curve (blue vertical line), corresponding
to the lowest ln(Residual SS) value. The 95% con-
fidence interval for λ was estimated to range from
approximately 0.43 to 1.8, denoted by the red ver-
tical lines. Since the value λ = 1 lies well within
this confidence interval, it can be concluded that the
data satisfies the assumptions of normality and con-
stant variance, thereby requiring no transformation
[51].

3.4. Response surface plots

A detailed response surface analysis was performed
to assess the effects of independent variables and their
interactions on CV removal efficiency. The quadratic
model facilitated the generation of 3D surface and
2D contour plots, enabling a comprehensive visual-
ization of factor interactions. Key interaction effects
and statistical significance are presented in Table 3.
Fig. 6a and Fig. 6b illustrates the significant inter-
action between FSP biosorbent dosage and solution
pH on the adsorption capacity of CV dye. The 3D
response surface (Fig. 6a) and corresponding con-
tour plot (Fig. 6b) demonstrate that increasing both
adsorbent dosage and pH enhances dye removal effi-
ciency. This improvement is attributed to the greater
availability of active binding sites at higher adsorbent
dosages and the electrostatic attraction between the
negatively charged FSP surface and the cationic CV
dye at elevated pH levels [17]. As shown in Fig. 6e,
the point of zero charge (pHpzc) of FSP was deter-
mined to be 6.1, indicating that at pH values above
this threshold, the FSP surface becomes increas-
ingly negative. This facilitates stronger electrostatic
interactions with CV, thereby enhancing adsorption,
as further supported by the adsorption mechanism
described in Eq. (4):

FSP+ O− +CV+ 
 FSP+ O− . . .CV+ (4)

Moreover, Fig. 6c and 6d show how solution pH
and contact time interact to remove CV. As contact
time increased from 5 to 60 minutes, a noticeable in-
crease in removal efficiency was noted at a fixed FSP
biosorbent dosage of 0.1 g/100 mL. The longer time
frame for dye molecules to diffuse into the internal
porous structure of FSP and interact with its active
adsorption sites is responsible for this improvement
[52]. The removal efficiency increased even more
at pH values higher than 7, as the surface of FSP
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Fig. 5. (a) Normal probability plot of residuals (b) the plot of the relationship between the predicted and actual values (c) residual vs run
number (d) Box-Cox plot for CV removal by FSP.

becomes more negatively charged, favoring electro-
static interactions with the cationic dye [53]. These
results highlight how crucial pH and contact time are
for optimizing CV adsorption because they both affect
the biosorbent’s surface charge properties and active
site accessibility.

4. Biosorption mechanism

The findings of this study demonstrate that the
biosorption of CV dye onto FSP biosorbent transpires
through a synergistic interaction of various mech-

anisms, including hydrogen bonding, electrostatic
interactions, π–π stacking, and pore-filling effects, as
depicted in Fig. 7. One of the key mechanisms in the
biosorption of CV onto FSP is electrostatic attraction,
which is primarily caused by the interaction of
positively charged dye molecules with negatively
charged functional groups on the surface of FSP. The
deprotonation of oxygen-containing moieties, such as
hydroxyl (–OH) and carbonyl (C=O) groups, causes
the negative surface charge. These moieties become
more important at solution pH levels higher than the
material’s point of zero charge (pHpzc). Because of
these conditions, the FSP surface has a higher anionic
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Fig. 6. 3D and 2D response surface plots of significant interactions of (a-b) AB (FSP dose × pH), and (c-d) BC (pH vs Time) in the CV dye
removal, and (e) pHpzc of FSP biosorbent.
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Fig. 7. Illustration of the possible interaction between FSP biosorbent and CV dye including electrostatic forces, hydrogen bonding, pore
filling, and π−π interactions. Note that the carboxyl (-COOH) groups are shown in their nonionzed form but would exist in their ionized forms
at pH values above the pKa for these groups.

character, which encourages electrostatic interaction
with cationic dye species. The pH-dependence of the
biosorption process is highlighted by the fact that
the interaction is affected by the ionization levels of
the dye molecules as well as the functional groups
of the biosorbent [54, 55]. Along with electrostatic
interactions, hydrogen bonding is a very important
part of how CV adsorbs onto FSP. The hydrogen
atoms in functional groups on the surface, like
–OH and –COOH, make hydrogen bonds with the
nitrogen atoms in the CV dye molecules. These
specific interactions not only help the adsorption
process, but they also help dye molecules stick
better to the biosorbent surface [56, 57]. A further
significant mechanism that CV adsorbs to FSP is
through π–π stacking. This happens when the

conjugated π -electron systems of the aromatic rings
in both the biosorbent matrix and the dye molecules
interact with each other. These non-covalent π–π
interactions make FSP and CV stickier to each other,
especially when the aromatic domains are more
likely to line up in a flat way. The porous structure
of FSP also allows for pore-filling mechanisms,
which means that CV molecules are physically
trapped inside the biosorbent’s internal cavities and
mesoporous channels. This physical confinement
also helps the system’s overall adsorption capacity
and retention efficiency [58]. The intricacy of the
adsorption process is further corroborated by FTIR
and SEM-EDX investigations, which demonstrate
distinct spectrum shifts and alterations in surface
morphology after CV uptake. These data validate the
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active participation of surface functional groups and
the structural alteration of FSP upon contact with
dye. The findings together illustrate the efficacy and
adaptability of FSP as a sustainable biosorbent for
the removal of cationic dyes.

5. Conclusion

The study effectively proved the usefulness of FSP,
a plentiful and sustainable agricultural product, as an
efficient biosorbent for the removal of CV dye from
aqueous solutions. A comprehensive physicochemical
analysis demonstrated the amorphous characteristics
and abundance of functional groups in FSP, cor-
roborating its significant adsorption capacity. The
adsorption process was methodically refined by Box–
Behnken design, resulting in a maximum CV removal
efficiency of 91.8% at an FSP dose of 0.1 g/100 mL,
pH 7, and 60 min contact time. The statistical analysis
confirmed the model’s high prediction accuracy (R2

=

0.99, CV = 2.12%) and underscored the substantial
impact of adsorbent dose, pH, and contact duration
on dye removal. Mechanistic insights, corroborated
by FTIR and SEM-EDX investigations, established that
CV adsorption onto FSP transpires via a synergis-
tic interplay of electrostatic interactions, hydrogen
bonding, π–π stacking, and pore-filling processes. Fu-
ture research can expand the application of FSP to
other dye classes and complex industrial effluents for
deeper characterization and develop fixed-bed col-
umn studies to assess large-scale feasibility, thereby
further validating FSP as a scalable, cost-effective,
and environmentally sustainable solution for wastew-
ater treatment.
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