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1. Introduction

A practical approach to demonstrate the circular
economy in remediation of textile dyes using
nutraceutical industrial spent

Syed Noeman Taqui,® Usman Taqui Syed,® Rayees Afzal Mir,© Akheel Ahmed Syed,*®
Shareefraza J. Ukkund,® Hemavathi Nagaraju Deepakumari,f.Abdullah l. Al-Mansour,®
Shamshad Alam,? Parveen Berwal @ *" and Hasan Sh. Majdi'

We used Nutraceutical Industrial Coriander Seed Spent (NICSS), a readily available, cheap, eco-friendly, and
ready-to-use material, as an innovative adsorbent for the bioremediation of a bisazo Acid Red 119 (AR 119)
dye, which is likely a mutagen from textile industrial effluents (TIE). A laboratory-scale experiment was
tailored to demonstrate the framework of the circular economy (CE) in the remediation of textile dyes
using Nutraceutical Industrial Spent to align with the principles of sustainability and valorization. An
experimental g. value of 97.00 mg g~! was obtained. For the practicality and effectiveness of the
method, a two-level fractional factorial experimental design (FFED) was employed to determine variables
that influence the adsorption capacity of NICSS. At optimal settings (pH of 1.4, adsorbent dosage of
6.000 g L™, adsorbent particle size of 96 pm, initial dye concentration of 599 mg L™, adsorption
duration of 173 min, orbital shaking speed of 165 rpm, and temperature of 35 °C), the maximum
adsorption efficiency achieved through statistical optimization was 614 mg g~*. Six factors influencing
the adsorption process were examined experimentally and were considered important for
commercialization. Three orders of magnitude were applied to the identified variables in scaling
experiments. Adsorption-equilibrium data were analyzed using nine isotherm models. The best fit was
discovered to be the Vieth—Sladek adsorption isotherm model. The suitable mechanism for the overall
rate of the adsorption process was a pseudo-second-order reaction: mass-transfer mechanistic studies
were predicted to predominate over the diffusion process. NICSS was characterized using SEM and FTIR
spectroscopy. Utilizing plastic trash, the dye-adsorbed NICSS that was recovered as “sludge” was utilized
as a reinforcing material to create composites. Dye-adsorbed NICSS thermoplastic and thermoset
composites were studied and compared with NICSS composites in terms of their physicomechanical and
chemical properties.

emphasizes the significance of embracing a holistic view of
products and processes. Many countries are embracing prac-

The “circular economy” (CE) has become essential to the
sustainability agenda as the world grapples with the need for
more sustainable practices. The CE presents an economic
approach focused on minimizing/eliminating waste while
promoting the optimal use or complete reuse of resources. It
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tices aligned with the principles of the CE to enhance industrial
productivity, competitiveness, and efficient use of resources."
Achieving circularity is a daunting challenge that requires
a systemic approach.” However, the latest Circular Gap Report
paints a worrying picture: adoption of the CE has stalled, and
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material usage has declined yearly.? One of the major reasons is
that the CE is perceived as expensive. CE is a resource-intensive
economy,*® so it is desirable to demonstrate the principles of CE
to all leading industries. Most countries have adopted rules on
management of plastic waste, e-waste, construction, and
demolition waste, as well as metals-recycling policies, to
promote the CE. However, little attention has been paid to
management of textile industrial effluents (TIE). This article
explores how to drive change in this critical area of TIE
management with simple laboratory experiments.

The United Nations has acknowledged water security to be
one of the 17 goals for sustainable development.® Sustainable
development aims to optimize economic growth by severing ties
with wastewater discharge and water usage.® Water, therefore,
represents a significant concern, hindrance, and avenue for the
sustainable growth of enterprises that produce effluents that
contain high concentrations of harmful and hazardous mate-
rials. According to the World Resources Institute, an estimated
5 trillion liters of water are used in the dyeing process, and an
estimated 48-144 billion square meters of fabric from factory
waste end up in landfills each year. Overall, the industry is
responsible for 20% of the world's water pollution, which is
enough water to quench the thirst of 110 million people for an
entire year.” Furthermore, the textile industry dumps effluent
straight into waterways due to lax laws in many developing
nations, gravely harming the ecosystem and environment.® As
a result, metrics for measuring the sustainability of textile
production are crucial.

The sustainable index prioritizes the control of effluents by
taking into account the effects of pollution on human health
resulting from the manufacture of textiles.” The significance of
waste treatment and water management in the textile industries
has been highlighted by these shifts. The latter is seen as one of
the major issues facing the modern economy, and the idea of
valorization attempts to address it.'®"* The process of trans-
forming trash into components for additional use, or valoriza-
tion, adds value above the initial cost of transformation. It
draws attention to procedures and activities that lessen emis-
sions and their negative effects on the environment. In contrast
to linear economics, which prioritizes end-of-life consider-
ations,' the CE envisions the idea of recycling trash from one
process and using it as a resource for another.™ To achieve the
status of a sustainable economic system, both approaches make
an effort to divorce economic growth from natural resources
through the processes of reduction, reuse, recycling, and
return.* Therefore, to change laboratory research in line with
the most recent ideas, valorization and CE have been
postulated.

Azo dyes are reactive dyes, representing about one-half of all
the dyes in common use. They are synthetic compounds made
from two aromatic amines joined by an azo bond. They are
characterized by chemical groups that can form covalent bonds
with textile substrates. They are synthesized by diazotization
and coupling. Most azo dyes are toxic. Azo dyes are non-
biodegradable and harmful to the environment. Some azo
dyes release aromatic amines and generate carcinogenic
metabolites when metabolized in the body.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Azo dyes are widely utilized in the textile and related
industries."® Due to their mutagenic and carcinogenic qualities,
these substances are prohibited worldwide. Even though they
are harmful, their proven benefits have made them indispens-
able to the textile industry. These include: (i) easy and afford-
able ways to synthesize them in aqueous media; (ii) a vast array
of starting materials available; (iii) a wide spectrum of shades;
(iv) high intensity and superior fastness of color; (v) versatility in
applications on various substrates; (vi) an energy-saving dyeing
process at 60 °C compared with the boiling temperature of its
counterparts.” However, these colors are released as TIE
because there are not enough appropriate disposal methods
for the ~4.50 x 10’ tonnes of dyes produced annually world-
wide.”® Thus, remediation of toxic dyes from TIE remains
a daunting task.

AR119 is an azo dye. The published techniques for removal/
remediation/decolorization of AR119 can be broadly catego-
rized as biological,”® chemical,® and physical.*** Biological
techniques cannot be used to break down AR119 dye, which is
intended to withstand microbial breakdown and continue to be
a stable, long-lasting colorant. The financial viability of the
enterprises and sustainability of the environment are compro-
mised by the high operational costs associated with treating
and disposing of significant volumes of chemical sludge
through the employment of chemical treatment methods.*
Adsorption, a physical process, has been used to remediate
AR119 with sewage sludge and ash.”>** Despite being efficient,
the adsorption method has drawbacks, such as high invest-
ment, high operational costs, low efficiency, as well as the
disposal problem of recyclability for real application in waste-
water decontamination. These methods have serious limita-
tions in the disposal of the dye-adsorbed sludge because they
involve the Environmental Impact Factor (E-factor), and have
a carbon footprint.>® Because of these shortcomings, scholars
have chosen to employ Nutraceutical Industrial Coriander Seed
Spent (NICSS) as a superior and innovative adsorbent material
for the bioremediation of AR119 from TIE. NICSS has seven
main advantages: (i) it is readily available; (ii) it is environ-
mentally friendly; (iii) it is abundant; (iv) it is low-cost; (v) it
offers a workable solution for the valorization of Nutraceutical
Industrial Spent (NIS); (vi) it presents opportunities for the
creation of low-cost green composites using plastic waste and
dye-adsorbed spent as filler material; (vii) NICSS has a compet-
itive advantage over reported agriculture waste.

The market for nutraceuticals is expected to reach US$ 336
billion by 2023, growing at a compound annual growth rate of
8%.>* Nonetheless, a substantial 50-95% of waste is produced
during the processing and manufacturing of the main compo-
nents and/or active substances from nutraceuticals. Given the
economics of nutraceuticals, it is possible that the total amount
spent (for which data are not available) could reach millions of
metric tonnes.

Coriander belongs to the Apiceae family and genus Corian-
drum (Coriandrum sativum L.). With a yearly production of
3.15 x 10° tonnes, India holds a larger share of the global export
market for this spice than any other country, making it the top
producer, consumer, and exporter.”® NICSS is a by-product
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Table 1 Comparison of maximum adsorption capacities of various
natural adsorbents

Maximum adsorption

Adsorbent capacity g. (mg g™ ") Reference
Maple sawdust 3.19 26
Hazelnut shell 16.23 27
Jute 17.18 28
Tree fern 39.80 29
Grape stalk waste 49.90 30
Black grain husk 49.97 31

Coriander seed spent 97.00 —

(present study)

obtained by mechanical, thermal, and chemical methods that
extract oleoresins as the main component. Thus, NICSS is not
a useful feed or fertilizer. Currently, it is used as fuel with a low
E-factor. A comparison of maximum adsorption capacities of
various natural adsorbents is shown in Table 1.

The present study explores the porous nature of NICSS as an
outstanding, ready-to-use biosorbent for the remediation of
AR119, a toxic dye from TIE. Furthermore, little information is
accessible on the elimination of colors from aqueous water and/
or industrial effluents via adsorptive remediation and the
appropriate disposal of the dye-adsorbed biosorbent (“sludge”).
Our Research School has made innovative attempts to create
composites using NIS, a filler material®**>** and as adsorbent for
the removal of harmful dyes.**"* Scant literature is available on
the use of the CE concept in textile industries.*”

The current work focused on the treatment of textile effluents
employing the adsorption technique using NICSS. One of the
main goals of this research was to build composites using plastic
waste and dye-adsorbed NICSS, a waste material, as a filler and
reinforcement material to fit into the concept of the CE.

2. Experimental

2.1. Preparation and characterization of the adsorbent

2.1.1. Adsorbent preparation. NICSS was purchased from
a nearby factory that extracts oleoresin from coriander seeds.
The waste was sun-dried, ball-milled, ground, and sieved
following ASTM specifications.

2.1.2. Adsorbent characterization. The apparent composi-
tion of NICSS was scanned and visualized using an electronic
microscope (LEO 435 VP; Japan). The functional groups
included in the adsorbent were recognized using FTIR spec-
troscopy. Both AR119-loaded samples and NICSS before
adsorption had their infrared spectra measured using an FTIR
spectrometer (Inter-spec 2020; Spectro Lab, UK). The point of
zero charge, or pH, was firm enough to evaluate the NICSS
surface charge. A stock solution of 0.1 M KCI was generated for
the pH, determination, and 50 mL of this solution was divided
among seven distinct 250 mL Erlenmeyer flasks. Initially, HCI
and NaOH were recycled to modify the pH of the solutions
between 2.0 and 12.0; 0.05 g of NICSS was added to each solu-
tion. A pH meter (Systronics-802; India) was cast-off to
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determine the final pH of the solutions after these flasks were
left for 24 h. The factors influencing the adsorption efficiency
include pH, adsorbent dosage, adsorbent particle size, initial
dye concentration, contact time, and temperature.

2.2. Studies on composites

2.2.1. Preparation of AR119 dye-adsorbed NICSS. First,
100 g of commercial AR119 dye was applied to a 100 L barrel. Ten
litres of TIE were used to dissolve the colour. A 20 mm plastic rod
was used to manually mix the fluid after 5 kg of commercial
NICSS had been transferred. With periodic stirring, the solution
was left for ~24 h. Using a cloth, the dye-adsorbed NICSS was
separated, and the precipitate was extensively cleaned with
distilled water until the filtrate was nearly colourless. Air drying
was used to absorb the blue dye from the NICSS. The resulting
lump-containing powder was crushed, sieved through a 177 um
mesh, and allowed to dry for 24 h at 60 °C in an oven. The powder
was placed in an airtight-lidded container and allowed to cool.
“Dye-modified NICSS powder” (dm-NICSS) was the term used to
describe AR119-dye adsorbed NICSS.

2.2.2. Preparation of composites. Several procedures were
used to prepare thermoplastic bio-composites of polypropylene
(polymer matrix), NICSS (filler material), and dm-NICSS (filler
material). Reliance (India) provided polypropylene (PP)
(H110MA) (MFI = 11.0 g/10 min). For 12 h, NICSS and dm-NICSS
were oven-dried at 100 °C. As a coupling agent, maleic anhydride-
grafted-PP, or MAg-PP, was employed. The PP/dm-NICSS and PP/
NICSS thermoplastic composites were created in three steps.
First, the PP resin was dry-blended in a tumble mixer with
weights of 10, 20, 30, 40, and 50% (w/w) NICSS and dm-NICSS.
Then, master batches were melted together. Second, the poly-
mer matrix, coupling reagent, and filler material were combined
in a co-rotating, fully intermeshing twin-screw extruder. Third,
after being gathered and allowed to cool, the extrudates were
ground into pellets. Dumbbell examples of the granular blends
were created using injection moulding, and their phys-
icomechanical and chemical characteristics were examined.

Using 2% (v/v) methyl ethyl ketone as a catalyst, thermoset
composites of unsaturated polyester resin (USP) and dm-NICSS
and NICSS in ratios of 2, 5, 10, 15, and 20% (w/w) were created. A
straightforward process was chosen. After the liquid had been
stirred to create a homogenised slurry, it was carefully placed in
a glass frame that met the necessary measurements. We let the
slurry dry in air. A pressure plate was applied to the resulting
thermoset for ~3 h. A sample with the necessary dimensions
was used to examine the chemical and physicomechanical
characteristics of the material. Relevant ASTM procedures were
used to prepare thermoplastic and thermoset composites to
examine their properties: ASTM D 570-98, ASTM D 638-95,
ASTM D 792-00, and ASTM D 2240.

3. Results and discussion
3.1. Surface characterization of the adsorbent

Surface characterization of NICSS was done through SEM, and
exhibited a slightly porous structure (Fig. 1). Upon adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEM of NICSS.

(Fig. 2) of AR119 dye, some pores were filled with the adsorbate,
forming a thin film over the particle. The IR spectra of NIFGS
(Fig. 3) suggested that the absorption at 3339 cm ™" was due to
the stretching of hydroxyl groups of cellulose, hemicellulose,
and lignin present in NICSS. The bands at 2924 cm ' and
2851 cm™ " were due to the C-H stretching of saturated carbon.

$3400 5.00kV 5.8mm x500 SE

100um

Fig. 2 SEM of AR119-NICSS.
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83
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The bands at 1621 and 1775 cm ™" were due to C=0 stretching.
The bands at 1390 cm™*, 1607 cm™ ", and 2923 were assigned to
C-0-C, C-0O, and CH vibrations, respectively. The fingerprint
region of the biological material NICSS indicated complex
bands, and accurate assignment of the peaks was difficult in the
absence of a standard sample. However, the presence of cellu-
lose and lignin indicated that the spent material had hydro-
philic and hydrophobic properties.

3.2. Effect of pH and the initial dye concentration

The pH of the solution affects the adsorption capability of
NICSS. First, the pH affects the properties of the adsorbent
surface. Second, the pH affects the chemistry of the dye solu-
tion. In order to validate the effectiveness of the adsorbent
under investigation and scale it up to commercial levels, the
parameter pH is crucial. A positively charged bisazo dye, AR119,
will be present at lower pH, aiding in the adsorption of NICSS,
a cellulose substance rich in -OH groups. The positively
charged dye eventually loses its positive nature as the pH rises,
which makes the dye adsorb less readily. The curve shape in
Fig. 4 was in line with the anticipated chemistry.

The initial concentration of AR119 dye had a significant
impact on the adsorption capability of NICSS. The findings are
shown in Fig. 5. The curve form indicated that the starting
concentration of the dye in the range under study had little
bearing on the ability of the absorbent (NICSS) to remove the
adsorbate (AR119) according to percent removal. When the
design is changed to improve the commercial viability of the
technique, this observation becomes even more crucial.

3.3. Effect of adsorbent dosage

Due to its ability to determine the economic viability of the
process, the dose parameter will also have a significant impact
on commercialization of the process. The adsorbent dosage
range of 0.025-0.300 g (0.500-6.000 g L™ ') was examined. The
capacity of the

removal dye affected only the lower

AR 119-CSS
AR1197

4 3500 3000 2500

2000 1500 1000 600

cm-1

Fig. 3 FTIR spectroscopy ranges of AR119 dye, NICSS and AR119 dye adsorbed on NICSS.
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Fig. 5 Effect of the initial dye concentration.

concentrations (0.500 to 1.000 g L~ ') and remained nearly
constant up to 6.000 g L. Increasing the number of trials with
minimal amounts of the adsorbent significantly increased the
removal efficiency of the dye by NICSS, an observation that is
likely of scientific and economic importance (Fig. 6).
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Fig. 6 Influence of the amount of adsorbent used.
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3.4. Effect of adsorbent particle size

At neutral pH, the maximal adsorption capability of the AR119
dye was discovered at a preliminary concentration of
100 mg L™ (Fig. 7). This observation aligns with the theory that,
as particle size increases, and surface area decreases. The extent
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range of =125 pm =< 177 pm (80-mesh ASTM) was chosen for
additional research because particles of this size range are
frequently used in the fabrication of composites, and screening
particles with smaller sizes requires more time and money.

3.5. Effect of contact time

Adsorption is a commonly employed separation technique in
the removal of hazardous and toxic materials from industrial
effluents. Using kinetic models, one can analyse adsorption
kinetics by tracking the uptake of the dye by the adsorbent over
time under constant pressure and starting dye concentration.
Fig. 8 shows how contact time affected the adsorption of AR119
dye onto NICSS. Based on those data, we concluded that the
adsorption process proceeded nearly spontaneously and that
the dye was removed with an efficiency of ~80% of the rapid
adsorption seen in the first 60 min. However, a modest increase
in adsorption was seen as the contact period increased to
90 min, after which it gradually achieved equilibrium in
~180 min.

3.6. Effect of temperature

The dye-adsorption process of NICSS as a function of solution
temperature was tested, keeping in mind our goal of scaling up
to commercial applications. Fig. 9 shows how temperature
affected the adsorption of AR119 dye onto NICSS. It may be
concluded from the data that the adsorption process was

View Article Online
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essentially unaffected by the temperature range under study
(30 °C-50 °C).*

3.7. Adsorption isotherms

The parameters of adsorption isotherms reflect the interactions
of adsorbate molecules with adsorbent surfaces. This is ach-
ieved through Langmuir and Freundlich isotherm models by
predicting the adsorption capacity. The Langmuir isotherm
model implies that adsorption is a monolayer process that
occurs on the surface of the adsorbent, and it involves a finite
number of similar adsorption sites processing uniform ener-
gies.** In the Langmuir isotherm model, the separation factor
Ry, has a crucial role.*? The calculated R;, values, between 0.052
and 0.214, remained constant, indicating favorable and nearly
linear AR119 dye adsorption on NICSS.

The Freundlich isotherm model suggests that the adsorption
process takes place on a heterogeneous surface.** However,
from Langmuir and Freundlich models, no definite inference
was obtained for the homogeneity or heterogeneity of the
process of adsorption. Therefore, the Jovanovic isotherm**
model was attempted (Table 2 and Fig. 10).

Redlich-Peterson, Brouers-Sotolongo, Vieth-Sladek, Toth,
Sips, and Radke-Prausnitz were the six other three-parameter
isotherm models we tried for academic interest. The Redlich-
Peterson isotherm model* is an improved version of the
Langmuir-Freundlich isotherm model, and a correction factor

e ——————————————— |
150
_
Contact time in 90 T
(min) ————
45 I
—————————
15 I
120 125 130 135 140 145 150
o B
> é o
Fig. 8 Influence of exposure time on dye adsorption.
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140 { O— g
120
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£ 80
=~ 60 200ppm
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Fig. 9 Impact of temperature on dye adsorption.
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Table 2 Intended limitations for isotherms involving two parameters
Langmuir Freundlich Jovanovic

Om 607.65 Kg 46.62 Om 450.84

Ks 0.037 ng 1.831 K 0.042

(“g”) is included. The Brouers-Sotolongo isotherm* is similar to
the Vieth-Sladek isotherm. The KBS and « in the equation
represent the adsorption power and active-site distribution,
respectively, of the adsorbent-adsorbate system (Fig. 11).

The Vieth-Sladek isotherm®” is useful for such solutes that
are adsorbed because some specific isotherms simplify linear
components (Henry's law) and nonlinear components (Lang-
muir equation) according to the solute dissolved in the amor-
phous region of the adsorbent. The Toth isotherm*® is useful for
heterogeneous adsorption systems. The Sips isotherm,*
depending on the adsorbate concentration, can be either the
Langmuir isotherm equation or Freundlich isotherm equation
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(Fig. 12). The Radke-Prausnitz isotherm® experimentally
observed the Qy, value, and the expected Q,, value was not near
the trial g. value. These models discuss more complicated
equations, but they help make the mechanism of adsorption
clearer. The value of R* alone could not be considered for our
experiment because it can be applied only to linear models. x>
values, however, are applicable only if model data and experi-
mental data are similar. The Qy,, x*, and R* values of all nine
models are presented in Tables 3 and 4. The values of all these
models, as well as the actual experimental data (g.), could
provide useful guidance for further research to develop new
models for solving adsorption phenomena occurring in the
AR119-NICSS system.

3.8. Adsorption kinetics

The pseudo-second-order model proposed by Ho and McKay
had the best fit at all the dye concentrations and temperatures
investigated, as evidenced by the coefficient of determination
(R*) and chi-square (x?) values. The AR119 dye molecules moved
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Fig. 10 Langmuir, Freundlich, and Jovanovic adsorption isotherms.

500
400 -
36300 -
ob
E
g 200 - ¢ Qe (experimental)
— — Qe (Vieth-Sladek)
100 Qe (Brouers-Sotolongo)
X Qe (Radke-Prausnitz)
0 T T T T T T
0 10 20 30 40 50 60 70
Ce [mg/L]

Fig. 11
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Adsorption isotherms of Vieth—Sladek, Brouers—Sotolongo, and Radke—Prausnitz.
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Fig. 12 Sips, Redlich—Petersen, and Toth adsorption isotherms.
Table 3 Designed constraints for isotherms with three parameters
Redlich-Peterson Toth Sips Vieth-Sladek Brouers-Sotolongo Radke-Prausnitz
Agp 17190.5 Om 7679 696 Om 38298.3 Om 151.3 Om 2895200 Om 1.5
Bgrp 368.076 Tro 0.076 K, 4.61 x 10°° Kys 5.045 Kgs 1.61 x 10°° kep 518.505
g 0.454 bro 1.508 mg 0.546 Bys 0.313 o 0.546 M 0.454
Table 4 Numerical limitations for fitting isotherm models
Isotherms Langmuir Freundlich Jovanovic Radke-Prausnitz Redlich-Peterson Toth  Sips Vieth-Sladek  Brouers-Sotolongo
SSE 4163.6 825.8 5927.3 826.2 826.8 957.0 826.2 650.0 825.9
x2 24.937 5.159 37.125 5.161 5.164 5.823 5.158 3.818 5.159
R* 0.97 0.99 0.96 0.99 0.99 0.99 0.99 0.99 0.99

from the solution to the solid surface and then diffused into the
pores of NICSS. Thus, it may be inferred that multi-step
adsorption, which is not rate-limiting, had arisen. For kinetic
investigations, three concentrations of AR119 dye were used:
100, 150, and 200 ppm. The difference in the adsorption rate at
different temperatures was provided by kinetics studies con-
ducted at 303 K, 313 K, and 323 K. The pseudo-first-order
model,”* pseudo-second-order model,** intra-particle diffusion
(Weber-Morris) model,”* Dumwald-Wagner model,** and film
diffusion model* (Table 5) were used as non-linear methods to

examine the adsorption kinetic data (Microsoft Excel® 2010).
Table 6 displays the estimated parameters.

When testing initial AR119 dye concentrations of 100, 150,
and 200 ppm at different temperatures, the pseudo-second-order
model aligned more closely with the experimental results
compared with the pseudo-first-order model (Fig. 13-15). After
reaching maximum adsorption, the initially very fast adsorption
rate gradually slowed down to become stagnant. The tempera-
ture increased along with the adsorption capacity (g.). These
findings suggested no rate limitation caused by adsorption

Table 5 Theoretical and experimental determinations of model parameters

Pseudo-first order

Pseudo-second order

Initial Temp‘ Ge,expt Qmpred Qmpred

concentration [ppm] (K] [mgeg™ [mg g™ k R x’ [mg g™ k> R? x>

100 303 95 89.62 2.53 x 107" 0.66 0.22 92.91 8.27 X 10 0.92 0.38
313 94 92.11 2.85 x 107" 0.82 0.05 94.31 1.24 x 1072 0.98 0.01
323 95 93.00 2.53 x 107! 0.84 0.09 96.00 8.81 x 10° 0.98 0.01

150 303 143 106.13 7.81 x 1072 0.78 4.46 126.44 7.51 x 107* 0.87 2.27
313 143 118.07 1.18 x 10> 0.85 4.77 65.88 1.71 X 10 0.76 1.65
323 144 123.42 6.21 x 1072 0.85 4.97 152.08 4.50 x 10* 0.91 2.69

200 303 186 174.55 3.09 x 107! 0.65 0.15 178.24 7.71 x 1073 0.93 0.03
313 190 176.19 2.91 x 107" 0.66 0.21 180.60 6.36 X 10 0.92 0.05
323 192 183.77 2.49 x 107! 0.50 0.92 191.51 3.57 x 10 0.81 0.35

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Planned restrictions for diffusion representations
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Film diffusion model

Weber-Morris model

Dumwald-Wagner

) Initial Temp. R! Kist K
% concentration [ppm] K] [min "] R? [mgg ' s % R [min~"] R
(]
-él 100 303 0.0277 0.99 1.98 0.99 0.027 0.99
‘g 313 0.0395 0.93 1.29 0.89 0.039 0.93
2 323 0.0452 0.92 1.72 0.87 0.044 0.92
g 150 303 0.0192 0.98 10.06 0.98 0.015 0.96
o 313 0.0275 0.96 12.27 0.99 0.023 0.94
E‘ g 323 0.0320 0.95 12.96 0.99 0.027 0.93
~ E 200 303 0.0584 0.89 2.23 0.96 0.015 0.95
a! I 313 0.0158 0.99 2.71 0.99 0.015 0.99
L,‘O), 8 323 0.0584 0.89 4.77 0.99 0.059 0.89
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Fig. 14 Adaptations of kinetic models for a starting concentration of 150 ppm.

processes. Additionally, this information indicated that in
a multi-stage adsorption process, solute particles transitioned
from the bulk solution to the solid surface, and then proceeded porates adjustments for experimental diffusion (Table 6). Our

to diffuse into the pores of NICSS.

26472 | RSC Adv, 2024, 14, 26464-26483

The Dumwald-Wagner model was employed to determine
the true rate constant of absorption (K) (Fig. 16), which incor-

experimental data clearly showed numerous levels of linearity at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.16 Kinetics data, beginning with an initial concentration of AR119, was modeled according to the Dumwald—-Wagner model: (a) 100 ppm, (b)

150 ppm and (c) 200 ppm.

all solute concentrations, as per the Weber-Morris model
(Fig. 17). The adsorption rate was high at first (100 ppm) and
lower temperatures. After that, it shifted and took a different
linear trajectory before eventually stabilising with time. At
higher temperatures, the rate became more linear. This was
especially true after fitting the film diffusion model with data at
higher temperatures (Fig. 18 and Table 6). These data suggested
that the rate obstruction caused by adsorption was negligible
due to diffusional constraints at higher temperatures. Hence,
diffusion is a mechanism that limits rate. The solute is first
absorbed rapidly onto the particle surface, generating a coating
that subsequently slows down further diffusion and alters the
absorption rate.

3.9. Adsorption thermodynamics

The primary variables of the communication method are energy
and entropy. The spontaneity of adsorption is signified by the

© 2024 The Author(s). Published by the Royal Society of Chemistry

change in Gibbs free energy (AG°). Adsorption was efficient
when the change in free energy (AG°) related to the adsorption
process was negative (Fig. 19 and 20). Table 7 provides esti-
mations of the thermodynamic parameters.

3.10. Statistical optimization using a reduced factorial
experimental framework

Tests were conducted using various combinations of the six
independent factors to analyze their individual and combined
impacts. The variance analysis of the quadratic regression
model, as detailed in Table 8, highlighted the significance of the
singular and interactive impacts of these factors. There was
reasonable agreement between the modified R* value of 89.6%
and projected R? value of 70.7%. The high coefficient of variance
(16.2%) and R value of 91.0% of the model ensure that it could
be utilized to navigate the design space. The expected reactions
and experimental results showed a strong connection, as seen

RSC Adv, 2024, 14, 26464-26483 | 26473
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Fig. 17 Kinetics data, with an initial concentration of AR119, were analyzed using the Weber—Morris model: (a) 100 ppm, (b) 150 ppm and (c)

200 ppm.
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Fig. 18 Kinetics data, with an initial concentration of AR119, were modeled according to the film diffusion model: (a) 100 ppm, (b) 150 ppm and

(c) 200 ppm.

in the comparison graph of actual versus predicted values
(Fig. 21). The following equation displays the regression equa-
tion that was derived from the investigation:

Adsorption = —15.1 +28.0 x 4 +4.6 x B+ 203.1
xC—126xD—757xE—534x F—03
x AB + 8.8 x AC+ 8.6 x BC —22.0 x A>+ 3.7
X B*—42x C*+0.6 x D*+88.6 x E>+39.6 x F*

By applying the second-order polynomial equation, optimal
variable values could be achieved by maximizing the interaction
terms derived from multiple regression analysis, as suggested
by the factorial fixed effects design (FFED). At the optimal
settings, which included a pH of 1.4, an adsorbent dosage of

26474 | RSC Adv, 2024, 14, 26464-26483

6.000 g L', an adsorbent particle size of 96 um, an initial dye
concentration of 599 mg L', an adsorption duration of
173 min, and an orbital shaking speed of 165 rpm at a temper-
ature of 35 °C, the maximum adsorption efficiency achieved
through statistical optimization was 614 mg g '. The final
phase of the investigation entailed generating a 3D response
surface and contour plots to analyze the effects of two inde-
pendent variables within the statistical optimization process.
Fig. 22-25 show 3D graphs revealing the relationship
between time and temperature (AB), concentration (AC),
adsorbent particle size (AD), adsorbent dosage (AE), and pH
(AF), where A is time, B is temperature, C is concentration, D is
adsorbent particle size, E is adsorbent dosage, and Fis pH. Time
was shown to have a beneficial effect on adsorption ability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Plotting the pseudo-second-order kinetic constant as a function of the inverse of temperature (1/7) unveiled the activation energy of the

process.

Adsorption capacity was positively impacted by time according
to 3D graphs that plotted time against all other variables. We
could speed-up the adsorption process by increasing the dura-
tion in addition to the temperature, particle size, and dye
concentration. The “ideal” duration for the adsorption process
was 173 min, and increasing the period further was found to
enhance adsorption. Adsorption capacity was positively
impacted by temperature increases. Adsorption capacity
increased in tandem with temperature over time.

It has been noted that a rise in the starting concentration of
a dye boosts the adsorption capacity. A particle size of 96 pm

© 2024 The Author(s). Published by the Royal Society of Chemistry

was the maximum for adsorption; at larger sizes, the reactivity
decreased. Higher initial dye concentrations led to increased
levels of adsorption. The maximum pH at which the enhanced
adsorption capacity can occur was around 1 and, as time
increased, so did the sorption capacity. Positive numbers
denote an incremental effect; for instance, a substantial
increase in sorption capacity was caused by a temperature
increase (B). Similarly, a negative number denoted a negative
effect; in the case of adsorption dose (D), this meant that a rise
in adsorption dosage resulted in a fall in the adsorption
capacity of the adsorbent. Therefore, the surface and contour

RSC Adv, 2024, 14, 26464-26483 | 26475
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Table 7 Thermodynamic limitations of the AR119-NICSS method

View Article Online

Paper

Initial Temperature AG° AS° AH°
concentration [ppm] K] [kJ mol "] [J mol 'K [kJ mol '] InA E, [kJ mol ']
100 303 -7.55 198.67 —1.31 —3.52 24.08

313 —7.32

323 —8.05
150 303 —7.72 380.26 51.57 —14.74 —165.41

313 —-7.97

323 —8.64
200 303 —6.69 810.74 189.63 —-17.16 —258.96

313 —-7.79

323 —8.64
Table 8 ANOVA®
Source Sum of squares Degree of freedom Mean square F value P-value
Model 380042.7 15 25336.2 63.9 <0.001**
A 4515.5 1 4515.5 8.4 0.0011%**
B 115.2 1 115.2 0.3 0.5913
C 78941.2 1 78941.2 199.0 <0.001**
D 650.8 1 650.8 1.6 0.2034
E 24492.9 1 24492.9 61.7 <0.001**
F 13544.5 1 13544.5 34.1 <0.001**
AB 1.9 1 1.9 0.0 0.9443
AC 221.0 1 221.0 0.6 0.4573
BC 100.9 1 100.9 0.3 0.6152
A? 4373.8 1 4373.8 8.0 0.0013**
B 175.0 1 175.0 0.4 0.5082
c? 31.4 1 31.4 0.1 0.7792
D? 0.4 1 0.4 0.0 0.9750
E* 8991.8 1 8991.8 22.7 <0.001**
P 2812.7 1 2812.7 7.1 0.0091**
Residual 37689.6 95 396.7
Total 417732.3 110

“ Significant figures. + suggestive significance (0.05 < p < 0.10). * moderately significant (0.01 < p = 0.05). ** strongly significant (p < 0.01).

plots (Fig. 22-25) graphically depict the combined outcome of
two limitations on biosorption.

It has been discovered that the quadratic model created for
process optimization is useful for understanding the relation-
ship between independent variables and how it affects the
adsorption method, as well as for forecasting the maximum
adsorption capacity. Adsorption was amplified from 420 mg g~*
to 614 mg g ', a rise of >46.2%, as a result of statistical
optimization.

3.11. Characterization of composites

Thermoplastic bio-composites comprising polypropylene and
unsaturated polyester thermoset composites were investigated
for their physicomechanical characteristics. Furthermore, an
assessment was conducted on the impact of ageing on the
tensile strength and chemical resistance of unsaturated poly-
ester thermoset composites. Tables 9-12 provide more specific
results.

According to a study on the physicomechanical characteris-
tics of thermoplastic polypropylene composites, adding more
NICSS or dm-NICSS filler increased the tensile modulus,

26476 | RSC Adv, 2024, 14, 26464-26483

reduced elongation at break, and increased tensile strength.
However, when compared with plain PP, flexural characteristics
significantly improved. Table 9 illustrates how the inclusion of
hydrophilic NICSS affected the water-adsorption properties by
causing a weight increase.

Our findings indicate that thermoset composites made of
dmNICSS/NICSS and USP had superior dimensional stability
compared with USP. Additionally, it verified enhanced resis-
tance to all chemical reagents examined, with the exception of
sodium hydroxide (10% w/v). On the other hand, the tensile
strength declined as the filler content increased, most likely as
a result of lower interfacial adhesion and decreased interaction
between the filler material and polymer matrix.

3.12. Application of the proposed method to textile
industrial effluent

A simple procedure was developed to compare the remediation
process for AR119 dye in water as well as in textile industrial
effluent, and these are explained elsewhere.*® The detailed
procedure involved nine steps. Step 1 involved 500 mL of
solution 1 being transferred to a 1 L conical flask. Then, 5 g of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NICSS was added to the conical flask and the solution was
agitated at ~700 rpm using magnetic stirrer. At the end of
15 min, agitation was stopped and solution was passed through
number-42 Whatman filter paper using the Biichner funnel
apparatus. If the filtrate was not clear, the filtration was
repeated and absorbance recorded. For step 2, the dye-adsorbed
NICSS on the filter paper of step 1 was carefully transferred from
a Biichner funnel to a watch glass and kept in an oven at 60 °C
for 24 h for drying. The dried powder was scraped using
a spatula and transferred to a watch glass. For step 3, the second
portion of 5 g NICSS was added to the conical flask containing

qe{mgig)

Temperature (°C)

4 20
Time (minute)
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the filtrate solution from step 1, and agitation was continued on
a magnetic stirrer at ~700 rpm for 15 min. At the end of 15 min,
the agitation was stopped and the solution was passed through
number-42 Whatman filter paper using the Biichner funnel
apparatus. If the filtrate was not clear, the filtration was
repeated and absorbance recorded. In step 4, the dye-adsorbed
NICSS on the filter paper of step 3 was carefully transferred from
a Buchner funnel to a watch glass and kept in an oven at 60 °C
for 24 h for drying. The dried powder was scraped using
a spatula and transferred to a watch glass. In step 5, the third
portion of 5 g NICSS was added to the conical flask containing
filtrate solution from step 3 and agitation was continued on
a magnetic stirrer at ~700 rpm for 15 min. At the end of 15 min,
agitation was stopped and the solution was passed through
number-42 Whatman filter paper using the Biichner funnel
apparatus. If the filtrate was not clear, the filtration was
repeated and absorbance recorded. At step 6, the dye-adsorbed
NICSS on the filter paper of step 5 was carefully transferred from
a Biichner funnel to a watch glass and kept in an oven at 60 °C
for 24 h for drying. The dried powder was scraped using
a spatula and transferred to a watch glass. For step 7, the fourth
portion of 5 g NICSS was added to the conical flask containing
the filtrate solution from step 5 and agitation was continued on
a magnetic stirrer at ~700 rpm for 15 min. At the end of 15 min,
agitation was stopped and the solution passed through number-
42 Whatman filter paper using the Biichner funnel apparatus. If
the filtrate was not clear, the filtration was repeated and
absorbance recorded. At step 8, the dye-adsorbed NICSS on the
filter paper of step 7 was carefully transferred from a Biichner
funnel to a watch glass and kept in an oven at 60 °C for 24 h for
drying. The dried powder was scraped using a spatula and
transferred to a watch glass. At step 9, steps 1 to 8 were repeated
with solution 2.

This procedure was also adopted using NICSS as an adsor-
bent. Recovery of the dye and allied substances to the extent of
75%, 85%, 94%, and 96% after 15, 30, 45, and 60 min, respec-
tively, was obtained. This observation was in line with the
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Fig. 22 Fluctuations in the capacity for adsorption over time as influenced by pH.
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Table 9 Physicomechanical properties of thermoplastic polypropylene composites®

Percent composition of polymer matrix and filler material

PP : NICSS PP : dm-NICSS

Properties 100:00 90:10 80:20 70:30 60:40 50:50 100:00 90:10 80:20 70:30 60:40 50:50
Tensile strength (MPa) 30.2 29.2 28.1 26.3 23.9 18.2 30.3 29.3 28.2 25.9 22.8 19.1
Tensile modulus (MPa) 1035 1354 1543 1758 1722 1613 1035 1358 1532 1747 1739 1634
Tensile elongation at break (%) 151 12.7 9.6 5.7 3.3 26 151 12.9 9.9 5.4 34 23
Flexural strength (MPa) 32.8 49.5 51.7 53.6 55.2 NRR 33.8 50.7 52.7 55.1 55.6 NRR
Flexural modulus (MPa) 821 492 1582 1747 2089 NRR 821 1126 1569 1782 2142 NRR
Density (g cm73) 0.894 0.923 0.983 1.009 1.053 NRR 0.899 0.923 0.981 1.009 1.057 NRR
Surface hardness (shores D) 65 69 71 74 79 NRR 65 69 70 73 81 NRR
Water absorption in 48 h (%) 0.009 0.09 0.23 0.75 2.62 NRR 0.009 0.09 0.25 0.76 2.82 NRR
“ NRR: Non-reproducible results.
Table 10 Effect of aging on the tensile strength of unsaturated polyester thermoset composites

Percentage composition

USP : NICSS USP: dm-NICSS
Properties 100: 00 95:05 90:10 85:15 80:20 100:00 95:05 90:10 85:15 80:20
Density (g mL™")
Experimental 1.214 1.216 1.223 1.217 1.234 1.214 1.214 1.223 1.226 1.227
Theoretical — 1.217 1.225 1.235 1.236 — 1.217 1.225 1.235 1.236
Surface hardness (shores) & 2 88.5 89.7 91.3 0.93 1.02 88.5 90.1 90.9 91.5 92.1
Void content (%) — 0.42 0.84 0.89 1.00 — 0.40 0.81 0.91 1.06
Specific tensile strength (kN m kg™')  36.5 25.1 24.6 20.7 18.6 36.5 25.3 24.7 20.7 18.4

Table 11 Physicomechanical properties of unsaturated polyester thermoset composites

Percent composition

USP : NICSS USP : dm-NICSS
Properties 100:00 90:10 80:20 70:30 60:40 50:50 100:00 90:10 80:20 70:30 60:40 50:50
Density (g cm ™ ®) [experimental] 1.213 1.216  1.223 1217 1.234 1.213 1.214 1.224  1.226 1.227 1.214 1.216
Density (g cm ™) [theoretical] — 1.216 1225 1.235 1.236 — 1.216  1.225 1235 1.236 — 1.217
Surface hardness (shores) [+2] 88.5 89.7 91.3 0.93 1.02  88.5 90.1 89.9 91.5 92.1 88.5 89.7
Void content (%) — 0.42 0.84 0.90 1.00 — 0.40 0.81 0.91 1.06 — 0.42
Specific tensile Strength (kN m kgfl) 36.5 25.1 24.6 20.7 18.6 36.5 25.3 24.7 20.7 18.4 36.5 25.1
kinetic results, where the solute is adsorbed onto the surface, 3.13. Regeneration of the adsorbent and cost analysis

quickly forming a film. Later on, the adsorption is retarded due
to the formation of the film, thereby causing a change in
absorption rates. The scaling up of the experiment was done
using 10 g, 20 g, and 50 g of NICSS and using 1, 2 and 5 L of
AR119 dye dissolved in TIE. In all cases, the results did not
exceed £2% error. The scale-up experimental data yielded
promising and reliable results about the process, which could
be extended to a higher scale to operate in an industrial envi-
ronment. The powder and filtrate solutions after the adsorption
of constituents of the solution on NICSS are shown in Fig. 26
and 27.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Dye-adsorbed NICSS could be regenerated for reuse along with
the recovery of the adsorbed NICSS. However, the proposition
may not prove economical because the process and solvent
costs will be much higher when compared with the recovered
adsorbent cost (<1 USS$ for 50 kg of NICSS). In addition,
enhancement of E-factor® is not desirable because it will add to
the unprecedented load of environmental toxicants. However in
our research team, work is in progress to use dye-adsorbed
nutraceutical industrial spent as filler/reinforcing material,
and encouraging results have emerged, some of which have
been published elsewhere.*®
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Table 12 Studies on the chemical resistance of unsaturated polyester thermoset composites

Percentage change in weight after seven days

Neat USP USP : NICSS USP: dm-NICSS
Chemical reagents 100:00 95:05 90:10 85:15 80:20 95:05 90:10 85:15 80:20
Water 1.07 2.15 3.13 3.35 4.94 2.16 3.15 3.41 4.95
10% (v/v) acetic acid 0.26 0.37 0.35 0.38 0.47 0.31 0.34 0.37 0.47
10% (v/v) hydrochloric acid 0.31 0.36 0.45 0.47 0.51 0.35 0.43 0.46 0.47
10% (v/v) nitric acid 0.35 0.40 0.59 0.65 0.67 0.39 0.57 0.63 0.65
10% (v/v) ammonium hypochlorite 0.65 0.72 0.77 0.80 0.84 0.70 0.76 0.79 0.83
10% (v/v) sodium hydroxide 2.87 3.33 4.35 5.94 7.79 3.17 4.27 5.91 7.68

Fig. 26
5: NICSS.

For academic curiosity, preliminary investigations were
carried out to desorb the adsorbed toxicants on NICSS. The
solvents we aimed to use were methyl alcohol, ethyl alcohol,
acetone, and dimethylformamide. However, dimethylformamide
was not used because it is toxic. Use of acetone created turbidity
after three cycles. Methyl alcohol and ethyl alcohol displayed

: Powders 1to 4: fresh samples of NICSS added to AR119-TIE solution after every 15 min, filtered and the residue dried in an oven. Sample

almost similar results. Methyl alcohol was toxic compared with
ethyl alcohol. However, the cost of ethyl alcohol is exorbitantly
high compared with the cost of the material. Five cycles were
carried out with an efficiency of ~90%. However, the idea of
recycling is not a desirable proposition because the cost of recy-
cling is approximately 500-times than the cost of the adsorbent.

Fig. 27 Color of the solutions before and after adsorption. (1) Distilled water; (2) AR119 in distilled water; (3) TIE; (4) AR119 in TIE; (5) filtrate after
adsorption of dye on NICSS after 15 min; (6) 30 min; (7) 45 min; (8) 60 min; (9) filtrate of NICSS in distilled water.

26480 | RSC Adv, 2024, 14, 26464-26483
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4. Conclusions

NICSS has been utilized as a biosorbent for the treatment of
harmful dyes, adding value to the waste produced in the
nutraceutical sector. NICSS showed efficacy as an adsorbent
for AR119 in an aqueous solution. The adsorption mechanism
of AR119 was nearly spontaneous and endothermic. The
results aligned closely with the pseudo-second-order kinetic
model. Intra-particular diffusion was significantly impacted by
the film, and the method was primarily physical. The FTIR and
SEM spectra verified that AR119 was adsorbed onto NICSS.
Using by-products from nutraceutical industries as adsorbents
to tackle pollution offers a more sustainable, cost-effective,
and efficient solution. As an assumption, tonnes of renew-
able trash and waste materials are being produced by the
unprecedently fast ascent of the nutraceutical industries to
prominence in the global economy. The ecosystem is being
adversely affected by this. Under such circumstances, the agro-
industrial sector, which includes the nutraceutical industry, is
unable to sustainably contaminate the environment. Efficient
management of nutraceutical expenditures and/or waste is
urgently needed to maintain the development of the nutra-
ceutical industry. The key elements of recycling include
reutilization, renewal, and retrieval. These are the remedial
strategies used in environmental management employing the
concepts of the CE. In brief, the textile industry is facing new
challenges with emerging trends such as sustainability,
transparency, and new businesses with consumption models
derived from the waste of one industry to be used as a raw
material for another industry and/or a process. This aligns
with the CE model based on product design and development,
waste collection and sorting, and effectively reusing waste as
a starting material for the next process.
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