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ABSTRACT

The aim of this study is to discover the potential use of nutraceutical industrial cumin seed spent (NICUS) as an economical biosorbent for
eliminating acid blue 113 (AB113), an azo dye, from water. The study investigates the influence of pH, adsorbent dosage, temperature, particle
size, and initial dye concentration on the adsorption of AB113. Various isotherm models and kinetic models were studied. At equilibrium
situations, the maximum trial adsorption volume (g.) was found to be 96 mg g~'. The main objective was to determine the suitability of the
pseudo-second-order model for describing the kinetics of adsorption. Thermodynamic parameters AG’ AH® AS’ revealed that the adsorption
process was endothermic and non-spontaneous. The lower value of AH suggests a physical adsorption process. Analysis using FTIR and SEM
spectra confirmed that the NICUS surface effectively adsorbed AB113. NICUS emerges as a promising adsorbent for the efficient deduction
of AB113 from aqueous solutions.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0217877
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I. INTRODUCTION

Cumin seed production is primarily concentrated in India,
which accounts for 73% of global production and 80% of its con-
sumption. Other significant producers include Iran (4%), Turkey
(3%), and Syria (7%), with the remaining 6% coming from vari-
ous other countries.! Annually, ~400 000 metric tons of cumin seeds
are produced.” The cost of cumin seeds varies based on factors such
as quantity, quality, variety, location, season, and demand, typically
ranging from $2.2 to $4 per kilogram.’

Cumin, the dehydrated seed of the Cuminum cyminum L
plant, belongs to the parsley family. The plant features a key
stem branching into up to five subordinate divisions, both with
2-3 sections, resulting in a uniform canopy. The stems are
branched, glabrous, 3-5 cm in diameter, typically dull green in
color, with alternate leaves that are lanceolate, slightly hairy, and
bluish-green petioles.”

The inflorescence of cumin consists of complex umbels of white
or pinkish flowers with thread-like leaflets that are pinnate or bipin-
nate. The small flowers are arranged in umbels with 5-7 umbellates
per umbel. The fruit, a schizocarp, is 4-5 mm long and has two meri-
carps enclosing a single seed. These fruits are oval or fusiform lateral
achenes with eight ridges containing oil tubes.” The seeds, similar in
arrival to fennel and anise seeds but minor and gloomier, may have
noticeable hairs depending on the variety.

The aim of the current study is to subsidize environmen-
tal sustainability by utilizing nutraceutical industrial cumin seed
waste (NICUS) for bioremediation. Specifically, the study focuses
on removing acid blue 113 (AB113) from the effluent of the tex-
tile industry. Recent efforts at our research institute have explored
creating composites using Nutraceutical Industrial Spent (NIS) as a
filler material® and as a bioadsorbent for removing harmful dyes.”*
Pilot-scale demonstrations have highlighted the potential of NIS in
circular economics.’

The primary aim was to evaluate whether the cost-effective
biosorbent NICUS could effectively remove AB113 from
aqueous solutions. This approach highlights the use of nutraceutical
industrial spent as an environmentally friendly and affordable
solution to mitigate dye toxicity in textile industry wastewa-
ter. The study includes modeling studies and a scrutiny of the
economics of biosorbent regeneration to support experimental
findings.

Cumin seeds

Cumin seed spent Cumin seed spent powder

FIG. 1. Images of the process used to obtain the cumin seed spent powder from
unprocessed commercially available cumin seeds.

pubs.aip.org/aip/adv

Il. MATERIALS, PREPARATION,
AND CHARACTERIZATION

A. Materials

The Acid Blue 113 (AB113) dye was procured from Sigma-
Aldrich in the USA.

B. Characterization and preparation of adsorbent
1. Adsorbent

NICUS was sourced from a local factory specializing in oleo-
resin extraction from cumin seeds (Fig. 1). The NICUS underwent
a process involving air drying, pulverization, crushing using a ball
mill, and sieving rendering to American Society for Testing and
Materials (ASTM) standards.

$3400 5.00kV 5.8mm x500 SE

FIG. 3. SEM image of AB113-NICUS.
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FIG. 4. FTIR spectra of NICUS, AB113 dye, and AB113 dye adsorbed onto NICUS.

2. Surface characterization

The surface morphology of NICUS was analyzed with a scan-
ning electron microscope (LEO 435 VP model, Japan). The func-
tional groups present in the adsorbent were identified using Fourier
Transform Infrared Spectroscopy (FTIR). Infrared spectra were
recorded for both control samples (NICUS without AB113 adsorp-
tion) and samples loaded with AB113 using an FTIR spectrometer
(Inter-spec 2020, Spectrolab, UK). The point of zero charge (pHz)
was established as a reference for NICUS.

I1l. RESULTS AND DISCUSSION
A. Adsorbent’s surface Characterization

Due to the occurrence of cellulose and lignocellulose facilities,
NICUS exhibits an obviously amorphous and fibrous morphology. '’
Scanning Electron Microscopy (SEM) investigation of the NICUS
surface exposed a complex porous structure (Fig. 2). Upon adsorp-
tion of the adsorbate (AB113 dye), some of these pores become
completely filled, forming a distinct layer on the surface (Fig. 3).
The functional groups present in NICUS were identified through
IR spectroscopy analysis (Fig. 4). The wideband observed in the
IR spectrum of NICUS between 3100 and 3500 cm™ is due to the
hydroxyl groups in cellulose and adsorbed water molecules. Addi-
tionally, bands at 1600 cm™! (C-H stretching) and a weak, sharp

14
12
E10
-
2 ¢
E 5 —e— initial pH
2 —a— final pH
0]
0 5 10 15
final pH

FIG. 5. The point of zero charge for NICUS.

band at 3000 cm™! (C-O stretching) were also detected. Further-
more, bands at 1330, 1300, 1240, 1210, and 1010 cm™" indicate
C-O-C stretching. After the adsorption of AB113 dye onto NICUS,
changes in the IR spectra were noted. The broadbands between 3200
and 3550 cm ™, attributed to N-H widening in the -NH, group
of AB113 dye, disappeared, indicating hydrogen bonding formation
between -NH, groups of the dye and hydroxyl groups of NICUS.
Similarly, the withdrawal of a prominent peak at 1500 cm™Y, corre-
sponding to N-N stretching in AB113 dye, further approves resilient
adsorption of the dye onto NICUS. Based on the shift in IR absorp-
tion frequencies, it can be concluded that AB113 dye has effectively
adsorbed onto NICUS. The point of zero charge (pHz) of NICUS
was determined to be pH 7.40 (Fig. 5), indicating the pH at which
the surface charge of NICUS is neutral.

B. Impact of initial dye concentration and pH

To achieve maximum adsorption capacity, optimal conditions
must be determined. pH significantly influences the surface proper-
ties of the adsorbent and the ionization state of the dye molecules in
solution, thereby controlling the adsorption process.!! In this study,
the highest adsorption volume was observed at pH 2 (Fig. 6).

C. Adsorbent dosage effect

The number of adsorbent units used directly influences the
adsorption process by determining how much adsorbate can be
removed under specific operating conditions. In this study, the
capacity of NICUS to absorb AB113 dye was investigated across
varying amounts of adsorbent (0.02-0.300 g in 50 ml of solution).
It was witnessed that increasing the amount of adsorbent resulted
in greater removal of AB113 dye.'” As more NICUS was added,
additional AB113 dye molecules were absorbed onto the surface of
the adsorbent, beyond what was shown in Fig. 6, where maximum
adsorption capacity was observed at pH 2. Eventually, a point of sat-
uration was reached where dye molecules began to bind to the outer
layer of the adsorbent once the equilibrium between dye molecules
in solution and adsorbed on the adsorbent was achieved. Figure 6
illustrates these findings.
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FIG. 6. Experimental variables contain (a) pH, (b) initial dye concentration in relation to the percentage of ge, (c) dosage adsorbent, (d) time of contact, and (e) temperature.

D. Impact of contact time on dye uptake

The adsorption of AB113 dye onto NICUS was conducted for
different durations—15, 30, 45, 60, 90, 120, 150, and 180 min—to
evaluate the effect of contact time. It was observed that rapid adsorp-
tion occurred initially, reaching ~80% within the first 60 min. Subse-

quently, adsorption continued at a slower rate, reaching equilibrium
after about 180 min. These results are depicted in Fig. 6. Dyes
molecules gather deeper and more widely inside the adsorbent’s
structure as the contact time rises. However, the effectiveness of
prolonged contact time diminishes as mesopores become filled,
hindering further diffusion of dye molecules into the adsorbent.
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FIG. 7. Suitable adsorption to (a) Jovanovic, Langmuir, Freundlich models,
(b) Brouers—Sotolongo, Vieth-Sladek, Radke—Prausnitz models, and (c) Redlich-
Petersen, Sips, and Toth adsorption isotherm models.

E. Effect of temperature

The adsorption experiments were conducted over a tempera-
ture range of 30-50 °C using three different initial dye concentra-
tions, as illustrated in Fig. 6. It is evident from the results that as the
temperature increases, the adsorption volume gradually decreases,
representing an endothermic nature of the adsorption process. The
dye molecules are more mobile at higher temperatures, character-
ized by lower activation energy and faster intra-molecular diffu-
sion rates, and may contribute to increased adsorption capacities
observed at advanced temperatures."’

F. Adsorption isotherm

Adsorption isotherm models can be used to describe the
adsorption of adsorbate particles onto adsorbent exteriors, each cap-
turing different aspects of the process: Langmuir isotherm model,"

ARTICLE pubs.aip.org/aip/adv

TABLE |. Strategic boundaries of two-structure isotherms.

Langmuir Freundlich Jovanovic
Qm 29554.14 Kr 18.83 Qm 14322.75
Ks 0.001 ng 0.983 K; 0.001

the dimensionless separation factor Ry, Freundlich isotherm
model,'® and Jovanovic isotherm model.'” It provides a more flex-
ible approach compared to the classical Langmuir isotherm model.
The homogeneity or heterogeneity of the system was not entirely
explained by the Langmuir and Freundlich models when it came to
the experimental setting of AB113 dye adsorption on NICUS. There-
fore, more complex models such as the Jovanovic isotherm (Fig. 7)
were explored to better fit the experimental data and understand
the adsorption behavior more comprehensively. Table I shows the
strategic boundaries of two-structure isotherms.

The Redlich-Peterson isotherm model,'® Brouers-Sotolongo
isotherm model,"” and Vieth-Sladek isotherm model?’ are related
and are depicted in Fig. 7 and Table II. The Sips isotherm model,”’
Toth isotherm model,”” and Radke-Prausnitz isotherm model*’
projected a Q, value of 1.80 mg g~', which differed significantly
from the experimentally achieved g. value, indicating limitations
in its applicability to this specific adsorption system. Finally, it is
important to note that higher-order models are utilized to better
describe complex adsorption mechanisms. The determination coef-
ficient R? applies only to linear models and should not be used to
validate data fitting for nonlinear models. Table IIT summarizes the
criteria for the three critical parameters (Qy, XZ ,and R?). Discrepan-
cies between model-predicted values and experimental data (q.) are
of interest to researchers, particularly in developing new models that
can provide a more accurate understanding of adsorption behaviors
in systems involving NIS (Nutraceutical Industrial Spent) and dyes.

G. Kinetics of adsorption

Possible phases of the adsorption series that control rate were
identified through the analysis of kinetic models. AB113 dye concen-
trations of 100, 200, and 300 ppm were used in the kinetic investiga-
tions. The differences in adsorption rates at 303, 313, and 323 K are
demonstrated by kinetic tests. Several kinetic models were applied
to the adsorption kinetics data for non-linear analysis, including the
pseudo-first order,”* pseudo-second order,”” Weber-Morris intra-
particle diffusion model,”® Dumwald-Wagner model,”” and film
diffusion model*® (MS Excel 2010). The computed limits are shown
in Table I'V.

Factors of persistence (R%) and chi-square values (XZ ) show
that at all preliminary AB113 dye concentrations (100, 200, and 300
ppm) at varied temperatures, the pseudo-second order model suited
the experimental data in Fig. 8 restored than the pseudo-first order
model. After reaching its peak, the degree of adsorption progres-
sively dropped until it came to a stop. As the temperature rose, the
adsorption limit grew (g.). These results validate that there is no
rate limitation in the adsorption operations. Additionally, the results
suggest that the solute particles moved from the mass response for
the strong surface to the NICUS pores during the initial stages of the
adsorption interaction.
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TABLE |I. Strategic boundaries of three-structure isotherms.

pubs.aip.org/aip/adv

Redlich-Peterson Toth Sips Vieth-Sladek Brouers-Sotolongo Radke-Prausnitz
Arp 20.4 Qm 480.1 Qm 844.1 Qm 29535.5 Qm 498.3 Qm 1.8
Brp 0.031 nro 22.124 K 1.879 Kys 0.017 Kps 0.007 krp 11.113
g 0 bro 2.27E+30 ms 27.066 Bvs 0.001 A 1.868 Myp 0

TABLE lll. Arithmetical limitations for suitable isotherm model.

Isotherms Langmuir Freundlich Jovanovic Radke-Prausnitz Redlich-Peterson Toth  Sips

Vieth-Sladek Brouers-Sotolongo

SSE 5041.5 5018.6 5041.1 5054.4 5054.4 4382.4 1307.5 5041.5 1231.6

)(2 24939 22.322 24.974 24.082 24.082 26.208 6.156 24.939 4.681

R 0.96 0.96 0.96 0.96 0.96 0.98 0.99 0.96 0.99

TABLE IV. Constraints for theoretically predicted and experimentally determined representations.

Pseudo-first order Pseudo-second order

Initial

concentration Temp qe Expt. Qm pred Qi pred

[ppm] (K) (mgg™')  (mgg™') ki R’ X (mgg™') k2 R? X
303 96 89.08 1.54 x 107" 0.77 4.40 105.62 1.81 x 1073 0.85 10.20

100 313 97 92.05 3.67x 107! 0.60 1.13 98.26 7.79 x 1073 0.79 0.57
323 98 93.28 3.58 x 107! 0.99 0.03 99.05 8.02x 1073 0.96 0.08
303 184 200.71 9.43 x 1072 0.76 19.03 256.36 3.70 x 107* 0.78 15.93

200 313 188 189.37 1.89 x 107 0.97 1.29 65.88 1.71x107° 0.76 1.65
323 191 124.16 2.94 x 107! 0.47 0.30 127.60 8.41 x 107 0.79 0.12
303 284 244.86 9.92 x 1072 0.57 36.85 299.75 3.79 x 107* 0.61 28.16

300 313 286 269.13 230 x 107! 0.66 9.46 303.82 1.12x 1073 0.82 4.87
323 288 285.74 1.55 x 107! 0.96 2.62 347.35 496 x 1074 0.93 4.77

The Dumwald-Wagner model [Fig. 9(a)] calculates the true
absorption rate constant (K), accounting for practical dispersion
parameters (Table V). In the Weber-Morris model [Fig. 9(b)], over
the course of the interaction, the solute approval fluctuates with t1/2.
Adsorption energy is often managed by a variety of factors. Our
investigational results demonstrate that there are multiple linearity
levels at every solute focus. The adsorption rate is strong at lower
temperatures and lower initial fixations (100 ppm). The pace even-
tually equalizes in terms of time after proceeding in a different direct
direction. Nevertheless, the amount is more direct at higher temper-
atures. At higher solute fixations (300 ppm), there is less noticeable
variation in the adsorption rate. This is especially clear when the
Boyd et al. film dispersion model is used to fit data at higher temper-
atures. Figure 9(c) shows excellent values for R and y?, indicating
that the data fit the model well, and it gives the liquid film dif-
fusion constant R| (Table V). This demonstrates that at advanced
temperatures, diffusional constraints only slightly slowed the rate
of adsorption. Distribution is a rate-restricting interaction, as one
might expect. The reason why the retention rates change over time
is because after it is rapidly ingested, the solute coats the outer layer
of the particles.

H. Adsorption thermodynamics

An important role for energy and entropy is assumed in the
connection cycle design. Figures 10 and 11 illustrate how to calculate
AH® and AS°.

Table VI presents the evaluations for the thermodynamic para-
meters. A positive result for AS° demonstrates the acute taste of the
AB113 color for the adsorbent as well as the extended randomiza-
tion at the surface of the strong arrangement. The unusually low
upsides of AH® imply that the adsorption component is physical,
since enthalpy changes of >200 kJ mol™" are frequently observed
during material activities. Table VI shows that, using the dynamic
parameters from the pseudo-second-order model and the Arrhe-
nius equation, the activation energy values for the adsorption pro-
cess increased from ~100.29 to 1055.99 kJmol™" at different initial
concentrations (100, 200, and 300 ppm).

I. Real progress via a disjointed factorial test scheme

Discovering and adapting a reasonable model regression to the
experimental data obtained through the use of a fractional facto-
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FIG. 8. Kinetic model fitting of AB113 dye on the NICUS system of (a) 100, (b) 200, and (c) 300 ppm at various temperatures.
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rial experimental design (FFED) was the most crucial step in the Adsorption = —10.5+69.2% A + 15.6% B + 197.3%C
streamlining process.
The quadratic decline revision of variance (Table VII) kind’s 99.8+D-718+E +212'0 *AB j 70.9:x A(j

manifest just how vital all of these elements are both as distinct and +32.2%BC-67.5%A" - 14.8+B" +0.1xC

group properties. The actual against predicted value analysis figure +104.5 % D? + 53.0  E

(Fig. 12) demonstrates a strong link between the experiment and

expected responses. The relapse condition of the review is displayed The optimal conditions for the statistical optimization experi-

below: ment included a pH of 2.2, an adsorbent concentration of 6.000 gL ™",
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FIG. 9. Kinetic models: (A) Dumwald—Wagner model, (B) Weber-Morris model, and (C) the film model were applied to fit the adsorption of AB113 dye onto the NICUS system
at concentrations of 100, 200, and 300 ppm, across different temperatures.

and an initial dye concentration of 693.00 mgL™'. The adsorp-
tion process was carried out for 132.00 min with orbital shaking
at 165 rpm and a temperature of 55°C. The supreme adsorption
consequence was 810.50 mg g_l.

Statistical process optimization allows one to evaluate the effect
of the process parameters on adsorption as well as calculate the ideal
condition within a predefined range of parameter values. Adsorp-
tion capacity improves with time, as shown by 3D graphs that link
time with other variables. By optimizing temperature, duration, par-

ticle size, and dye concentration, we can accelerate the adsorption
process. The maximum adsorption was achieved at 132 minutes.
Adsorption capacity benefits from an increase in temperature. Tem-
perature increases and the passage of time both increase adsorption
capability. The optimal pH for increased adsorption capacity is
about 2.2; above this, increasing the pH has a negative effect on the
sorption size. Positive values signify an increasing effect; for exam-
ple, an increase in temperature (B) causes a substantial increase in
sorption capacity. As a result, the surface and contour plots offer a
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TABLE V. Strategic boundaries for diffusion illustrations.

pubs.aip.org/aip/adv

Initial concentration (ppm) Film diffusion model Weber-Morris model Dumwald-Wagner
Temp (K)
Rl (min™Y) R? kist [mg g_1 s%9] R? K (min™}) R?
303 0.1009 0.94 11.75 0.94 0.092 0.94
100 313 0.0783 0.80 5.02 0.80 0.075 0.81
323 0.0589 0.82 4.46 0.76 0.056 0.83
303 0.0373 0.99 15.48 0.97 0.033 0.99
200 313 0.0957 0.96 18.18 0.92 0.091 0.95
323 0.0868 0.87 22.10 0.83 0.081 0.87
303 0.0458 0.65 25.94 0.75 0.041 0.62
300 313 0.0710 0.92 19.08 0.92 0.068 0.92
323 0.0711 0.97 27.89 0.81 0.074 0.97
4.5 1/T[KY
4] 000305 00031 000315 00032 000325 00033 000335
-4 1 1 1 1 1
35 1 -4.5 - - ¢ 299ppm
3 . 4 200ppm
5 e W 300 ppm
e 25 A 5.5
£ 2 6
O 100 ppm =
15 - a 300 ppm E45 4
1 W 200 ppm -7 A
05 1 75 4
0 . . , , . 81
000305 00031 000315 00032 000325 00033  0.00335 -85
1/T(K?)

FIG. 10. The enthalpy and Gibbs free energy of the process were determined by
graphing the thermodynamic constants as a function of 1/T.

visual depiction of how two parameters together affect biosorption
(Fig. 13).

The quadratic ideal designed for method development has
been shown to be useful in anticipating the maximum adsorption

TABLE VI. Restrictions of the AB113-NICUS method’s thermodynamics.

FIG. 11. The activation energy of the process was evaluated by plotting the
pseudo-second-order kinetic model vs 1/T.

limit and understanding the interactions between self-regulating
components and their effects on the adsorption cycle. Measurable
progress resulted in an ~70.5% rise in adsorption from 475 to
810 mg g_l.

Initial concentration (ppm)  Temperature (K) AG® (K] mol™) AS° (7! mol ™! K) AH° (5 'mol) In(A)  E. (&' mol)
303 -8.11

100 313 -9.12 993.08 233.95 18.19 508.50
323 -10.50
303 -6.36

200 313 -7.32 816.48 194.55 42.49 1055.99
323 -8.32
303 -7.38

300 313 -7.97 1905.52 97.20 2.90 100.29
323 —8.64
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TABLE VII. ANOVA table.
Source Sum of squares Degree of freedom Mean square F value P-value
Model 666 983.2 13 51306.4 112.1 <0.001"
A 26 505.2 1 26505.2 57.9 <0.001"
B 2659.0 1 2659.0 5.8 0.018"
C 242410.8 1 242 410.8 529.6 <0.001"
D 40 689.5 1 40689.5 88.9 <0.001"
E 24020.6 1 24020.6 52.5 <0.001"
AB 697.7 1 697.7 1.5 0.2201°
AC 20187.6 1 20187.6 44.1 <0.001"
BC 4821.6 1 4821.6 10.5 <0.001"
AN2 26 899.9 1 26 899.9 58.8 <0.0001°
BA2 2656.8 1 2656.8 5.8 0.018"
CA2 0.02 1 0.02 0.000 04 0.9947°
DA2 12378.1 1 12378.1 27.0 <0.001"
EA2 4943.2 1 4943.2 10.8 <0.001°
Residual 41649.8 91 457.7
Total 708 633.0 104

*Strongly significa (p value: p < 0.01).
b L

Moderately significant (p value: 0.01 < p < 0.05).
“Suggestive significance (p value: 0.05 < p < 0.10).

w5
=

Predicted vs. Actual

Predicted
i
l

Actual

FIG. 12. A chart that contrasts actual and predicted values.
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J. Retrieval of the adsorbent and cost investigation

The adsorbed substance can be recovered by recycling dye-
loaded NICUS. This solution might not be cost-effective (less than
$1 US for 10 kg of NICUS), since the solvent and technique will
cost significantly more than the adsorbent employed in the process.
Additionally, it will increase the E-factor, which is harmful consid-
ering the massive number of toxins in the environment (Sheldon,
1992).

IV. CONCLUSIONS

At equilibrium conditions, the maximum experimental adsorp-
tion capacity (q.) achieved for NICUS and AB113 dye was deter-
mined to be 96 mg g~'. This capacity was investigated using nine
different isotherm models to gain a comprehensive understanding of
the adsorption process. Based on the findings, the adsorption kinet-
ics followed the pseudo-second-order model, representing that the
interactions between NICUS and AB113 dye were primarily phys-
ical in nature. This suggests that the adsorption process involved
chemisorption or strong van der Waals forces between the dye
particles and the adsorbent external. The laboratory testing val-
idated the efficacy of NICUS in treating textile sector effluents,
highlighting its potential for practical applications in environmen-
tal clean-up. This ongoing study establishes NICUS derived from
nutraceutical industrial cumin seed as a promising material for
adsorption processes. Moreover, the study underscores the impor-
tance of modeling studies in optimizing adsorption processes across
various scales, from laboratory experiments to industrial applica-
tions. By employing statistical optimization techniques, the research
contributes to advancing the efficiency and effectiveness of using
NICUS for environmental remediation purposes.
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