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ABSTRACT

First-ever study on the adsorption of Acid Violet 49 (AV49) dye, onto nutraceutical industrial chillies
stalk waste (NICSW) is reported. A two-level fractional factorial experiment design and analysis
of variance (ANOVA) were adopted to study how initial concentration of the dye, adsorbent dos-
age, duration of adsorption process, speed of agitation, pH of the reaction mixture and temperature
affect the adsorption process. The adsorption capacity of NICSW at equilibrium was analyzed using
Langmuir, Freundlich, Jovanovic, Temkin, Dubinin—-Radushkevich and Harkins-Jura isotherms. The
pseudo-first-order and pseudo-second-order models were considered for kinetic studies. Maximum
adsorption capacity of 45.40 mg/g was obtained by Langmuir isotherm as against the experimental
value of 29.00 mg/g, with correlation coefficient of 0.979 at near neutral pH. NICSW was characterized
by Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller, scanning electron microscope
and energy dispersive X-ray spectroscopy. Elemental (C, H, N, S) analyses of the adsorbent were con-
ducted. Along with thermodynamic parameter evaluation such as Gibb’s free energy, enthalpy and
entropy and results of the surface characterization showed that the dye adsorption onto the biosorbent
has taken place such as a physical process. These results proved that NICSW is a fast and effective
adsorbent to remove AV49 from water and textile industrial effluent.

Keywords: Nutraceutical industrial waste; Chillies stalk waste; Biosorption; Acid Violet 49 dye;
Adsorption isotherms; Kinetics; Textile industrial effluent

1. Introduction

Chilli (Capsicum annuum L.) or red pepper is an important
condiment or vegetable cultivated in several parts of the world.
There are more than 400 chilli varieties existing all over the
world and it is an important cash crop. Originally it belonged
to tropical America and West Indies from where it was intro-
duced to India in 17th century by the Portuguese [1]. Since
then, it has become an essential part of Indian cuisine and it is
valued for its characteristic pungency, color and aroma.

* Corresponding author.

The total production of chillies around the world is
almost 7 million ton, being cultivated in 1.5 million ha [2].
India is the world’s largest producer of chillies with annual
production of about 1.7 million tonnes and grown as an
annual crop in 1.40 lakh ha [2]. Chillies are exported as dried
produce, chillies powder, pickled chillies and chillies oleo-
resin. Chillies oleoresins are gaining importance as it is con-
venient to standardize the quality and strength of flavour.

Chilli fruit parts are shown in Fig. 1(a). The stalk and
calyx (Fig. 1(b)) comprise 5%—-10% of the total weight of the
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fruit and they are separated prior to processing for extraction
of oleoresin. The stalks have neither fertilizer nor feed value.
Due to traces of pungency incineration and burning is not
feasible. The amount of stalk along with calyx generated as
waste in industries amounts to thousands of tonnes which
need to be disposed properly on priority. The chillies stalk
waste powder is shown in Fig. 1(c).

Textile industry is one amongst the top 10 polluting
industries [3]. About 50,000 tons of synthetic dyes are

(a) Stalls

Calyx

Capsaicin Glands

Placenta

Fig.1.(a) Parts of chillies fruit, (b) chillies stalk and (c) nutraceutical
industrial chillies stalk waste powder.

entering the water systems due to improper processing and
dying methods adopted by textile industries [4]. Synthetic
dyes are mostly carcinogenic, mutagenic and/or teratogenic
and can cause severe damage to human beings [5]. Thus,
removal of dyes from textile effluent before it is discharged
into receiving water bodies assumes paramount importance
[6]. Furthermore, recalcitrance nature and undesirable color
of the dyes will restrict sunlight penetration and obstruct
photochemical and biological metabolism thereby causing
destruction of aquatic life [7].

The techniques, methods and procedures reported in the
literature for remediation of synthetic dyes can be broadly
classified into three major groups; these are biological, chem-
ical and physical methods. Use of microorganisms [8-13],
nano materials [14-18], blends and polymers [19-21] and
degradation techniques such as sonochemical [22], electro-
chemical [23] and oxidative degradation [24] are reported
in the literature. These methods have such problems as high
quantity of cost, operational difficulties including creation of
toxic intermediates, lower quantity of removal and increased
specificity for some dyes and such others [25].

Adsorption, technique being easy to operate and less cost
involvement, regeneration, recovery and recycling possibil-
ities have shown it a prominent technique to separate dyes
from aqueous systems [26-28]. Adsorption by activated car-
bon has proved the best and widely used technique for dye
removal [29-31], but its high cost and regeneration problems,
search for alternatives with low-cost continues. As the waste-
water produced by the textile industries is of large quan-
tity, research at present for novel low-cost and ready-to-use
adsorbent(s) is in progress.

An ideal biosorbent for remediation of dyes from indus-
trial effluents should have the following characteristics:
It should be available in abundance; it should have no or
minimal use(s) which may result in increase in price due to
demand; it should be ready-to-use without any pre-chemical
treatment and it should have pore structure to have better
adsorption. To match the volume of effluents generated in
textile industries, and the parameters listed above, the nutra-
ceutical industrial waste (NIW) and nutraceutical industrial
spent obtained in myriad tons will cater to the demand.

The expansion of nutraceutical sector is fast and accord-
ing to the global nutraceutical product market is expanding
ata compound annual growth rate (CAGR) of 7.3% from 2015
to 2021 which was valued at US$ 182.6 bn in 2015, is going
to reach US$ 278.95 bn by the end of 2021 as per the trans-
parency market research https://www.transparencymarket-
research.com/global-nutraceuticals-product-market.html
(Accessed on 18 April 2019). The nutraceutical industry is
facing a great problem of disposing waste which accounts for
50%—-95% of the total raw materials covering different types
of herbs, shrubs, seeds and/or roots after being processed to
get the active ingredient(s).

Nutraceutical industrial fennel seed spent has been tried
for the remediation of Congo red dye [32], ethidium bromide
[33] and nutraceutical industrial saw palmetto spent for
the remediation of methylene blue [34]. The vast amount
of published reports on adsorption of dyes using low-cost
biological materials did not indicate any methods for the
reuse of resulting “sludge”. A feasible solution to dispose
off the dye-adsorbed “sludge” is to incorporate the same in
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petroleum-based non-biodegradable thermoplastics thereby
generate green composites lowering the use of plastics
and reducing carbon footprint [32,35]. By combining lignocel-
lulosic materials with plastics, it is possible to get many envi-
ronmental friendly benefits including making of light weight
final product, lowering the manufacturing machinery ero-
sion, cost reduction, biodegradability and prevention/mini-
mization of burnt residue production or toxic by-products.
Our research school has reported about this aspect [36-43].

Acid Violet 49 (AV49) dye (Fig. 2) belongs to the class of
triarylmethane dyes, extensively used for dyeing wool, silk
and polyamide fiber for its better color performance. Survey
of literature revealed that no work on remediation of AV49
dye as well as use of chillies stalk waste as adsorbent has
been so far reported. This paper attempts to use nutraceu-
tical industrial chillies stalk waste as an adsorbent for the
bioremediation of AV49 dye which is a toxic dye used in
the textile industries and finally discharged as a pollutant to
the environment.

2. Materials and methods
2.1. Materials

Commercial sample of the dye, Acid Violet 49 dye
(C.I. = 42,640; chemical formula = C,H,N,NaO,S,; molecular
weight = 733.87; absorbance maximum [A__ | = 549 nm) was
procured from local manufacturers, India. AV49 dye is a
bright blue purple powder. It readily dissolves in cold and
hot water and soluble in ethanol. In these three solvents, it
retains its purple color. At higher concentrations of sulfuric
acid, it turns to orange color which upon dilution turns to
mustard color. The AV49 dye stock solution of dye was made
by dissolving exact amount of the dye in distilled water.
Further solutions of needed concentrations were prepared by
diluting the stock solution using double distilled water. The
chemicals used for all these studies were of analytical grade.

2.2. Determination of molar extinction coefficient (&) of AV49

Nine different concentrations (0.20 x 10; 0.40 x 10; 0.60
x 10 0.80 x 104 1.00 x 10%; 1.20 x 10#; 1.40 x 10%; 1.60 x 10*
and 1.80 x 10*) of AV49 dye were prepared in distilled water
and absorbance was measured at 549 nm along with distilled
water as reference using UV-Vis spectrophotometer (Lambda
25, PerkinElmer, USA). A graph of absorbance vs. concen-
tration was plotted (Fig. 3). ¢ was measured from the slope
of the linear portion of the curve or by using mathematical

NaO;,SQ ) (@sog
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N(CH;),

Fig. 2. Structure of Acid Violet 49 dye.

formula € = A/CI where, A is specific absorption coefficient
for concentration C (mol/L) for a path length of 1-cm. Specific
absorption coefficient or absorbency index is the absorbance
per unit path length and unit concentration. In case of the
latter the ¢,  dye was calculated as the mean of nine values:

8AV49 = SI + 82+ 83+ S4-'— 85 + 86 + E7 + 88+ 89/9

€, = 15,844 + 16,238 + 16,443 + 16,758 + 17,120

AV49

+17,487 + 17,867+ 18,275 + 18,250/9 = 17,142
The low value of ¢, dye is attributed to the low content
of azo dye in a commercial sample.

2.3. Adsorbent preparation

Nutraceutical industrial chillies stalk waste (NICSW) was
obtained from a local industry to get sample as close to real
world application as possible. The NICSW was dried in sun-
light and ground by a ball mill to fine powder. The NICSW
powder was sieved to pass through ASTM 80 mesh and the
obtained particle sizes were of <177 um.

2.4. Characterization of NICSW

Characterization of NICSW elemental (C, H, N, S)
analyses was conducted using Euro EA elemental analyzer
(HEKA tech, GmbH, Germany), which gave 68.56%C,
29.67%H, 1.71%N and 0.056%S. Fourier transform infrared
spectra were recorded in the 4,000-600 cm™ region by a
PerkinElmer Spectrum two, USA, Fourier transform infrared
(FTIR) spectrometer.

The surface charge of NICSW was determined by
preparing stock solution of 0.1 M KCl. 50 mL each of 0.1 M
KCl were transferred to seven 250-mL Erlenmeyer flasks
and pH was adjusted initially to 2.0 and 12.0 by using HCl
and NaOH. NICSW (0.05 g) was added to each flask. After
allowing for 24 h, the final pH was measured by pH meter
(Systronics-802, India). Graph of pH,,_, vs. pH, .. was plotted.
The point of zero charge for NICSW was found to be pH 7.20.

Measurement of pore and surface characteristics was
done by N, adsorption at 77 K using a BELSORP, Japan,
surface area analyzer (Fig. 4). Adsorption isotherms were
carried out at saturated vapor pressure of 94.741 kPa.

3.5
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Fig. 3. Determination of molar extinction coefficient of AV49 dye
by spectrophotometric method.
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Fig. 4. Adsorption isotherm of NICSW.

The Brunauer-Emmett-Teller (BET) monolayer volume, V ,
energy constant, C, mean pore diameter, d,, specific surface
area, a4, and total pore volume, Vp was estimated from a rel-
ative pressure of 0.990. The BET values were compared with
values derived from Langmuir plot and MP plot. The dis-
tribution of pore size was constructed for which desorption
data points were analyzed using Barrett-Joyner-Halenda
(BJH) and Dollimore Heal (DH) methods.

The adsorbent surface morphology was visualized by
scanning electronic microscope (SEM; Hitachi S-3400N,
Japan). Scanning electronic microscope energy dispersive
X-ray spectrometer (SEM-EDS) was used in order to deter-
mine NICSW chemical composition (Figs. 5(a)—(c)).

2.5. Batch adsorption experiments

All batch adsorption experiments were done in 250-mL
flasks with 50 mL working aqueous solution of AV49 dye and
50 mg of the adsorbent (NICSW). The flasks were agitated
at a constant speed of 175 rpm for 3 h in a temperature con-
trolled shaker. Various parameters effects at varying levels
such as pH (2, 4, 6, 7, 8, 10 and 12), initial AV49 dye con-
centration (25, 50, 75, 100, 125, 150, 175 and 200 mg/L), time
on adsorption process (15, 30, 45, 60, 90, 120, 150, 180 min),
adsorbent dosage (0.025, 0.050, 0.075, 0.100, 0.150, 0.200,
0.300 g/50 mL ), speed of agitation (75, 100, 125, 150, 175,
200 rpm) and temperature (303, 313 and 323 K) were eval-
uated. After the predetermined contact time, samples were
centrifuged for 5 min at 3,000 rpm till a clear supernatant lig-
uid was obtained. If the solution is not clear, additional 5 min
centrifugation was performed. The concentration of AV49
dye in the supernatant solution was measured at 549 nm
using UV-Vis spectrophotometer (PerkinElmer-Lambda 25,
USA). Controls were maintained using adsorbent in distilled
water and adsorbent-free AV49 dye. The adsorbed amount of

Full scale counts: 106 Base(450)

Full scale counts: 114

Full scale counts: 151 Base(ss1)

150 ¢

100

Fig. 5. Energy dispersive X-ray spectrometric analysis of
(a) NICSW before adsorption, (b) AV49-NICSW and (c) spiked

and dried AV49-NICSW with TIE.

AV49 dye at equilibrium g, (mg/g), at a given time g, (mg/g)
and percentage removal (R%) of the dye from aqueous solu-
tions was determined using the equations:

q,=(C,= C)VIW M
qt = (Co - C,L)V/W (2)
R% = (C,~ C/C,) x 100 )

where C; C, and C, are the concentrations (mg/L) of AV49
dye at initial, at equilibrium and at time ¢, respectively. V is
the volume (L) of the solution and W is the weight (g) of the
adsorbent used. All the adsorption experiments were per-
formed in triplicate and the mean values were used in data
analysis. Control experiments were performed with the addi-
tion of NICSW. The results confirmed that the adsorption of
the dye on the walls of conical flasks was negligible.

2.6. Statistical optimization of process parameters

The factors affecting the final adsorption process studied
included adsorption time (A), process temperature (B), initial
dye concentration (C), agitation speed (D), adsorbent dosage
(E) and pH (F). The statistical FFED chosen covered six factors
at two levels (Table 1). ANOVA was conducted with the
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gig(l:fignal factorial experiment designs —low and high level factors

Factor Name Units Minimum Maximum
A Time of contact between adsorbent and adsorbate Minute 15 180

B Temperature of the process °C 27 50

C Initial dye concentration mg/L 25 200

D Agitation speed rpm 75 200

E Absorbent dosage g/L 0.500 6.000

F pH 2 12
Table 2
Surface characterization of NICSW using different methods

BET analysis Langmuir plot MP plot BJH plot DH plot

v, 0.2689 v, 0.4730 v,  12559E-04 T, 1.29 r, 1.29
Ao 1.1703E+00 g 2.0589 a 0.4459 a, 1.2508 a, 1.3557
C 8.7164 B 5.2907E-02 a, 0.7178 vV,  3.2061E-03 V,  3.2846E-03
Vv 3.0012E-03

=

results which were followed by preparing a general quadratic
regression equation. This equation was used for optimization
as per FFED. The effects of individual parameters and their
interactions on adsorption capacity were indicated by surface
and contour plots.

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

The surface characterization of NICSW and AV49-NICSW
(Fig. 6) was conducted through SEM-EDS (Fig. 5). As can
be seen from Fig. 5, the adsorbent is not only efficient in
adsorbing the dye but also has potential to remove various
constituents including metal ions from the industrial effluent.

BET method is probably the most widely used method
for surface area characterization of agriculture biomass. It
involves the procedure of adsorption of nitrogen at a satu-
rated vapor pressure of 94.741 kPa and temperature of 77 K.
BET method is sensitive and reliable as it is least influenced
by surface chemistry. However, this method is different
from BJH and DH methods as the latter determine pore size
distribution of mesoporous solids based on Kelvin equation.
To enhance the reliability of the results of the above methods,
the authors have also carried out Langmuir plot and MP plot.
The results are tabulated and presented in Table 2. BET plot,
Langmuir plot, MP plot, BJH plot and DH plot of NICSW are
presented as Figs. S1-S5.

3.1.2. FTIR analysis

Infrared spectroscopy, an analytical technique also
known as vibrational spectroscopy is extensively used to
elucidate the functional groups of inorganic and organic
compounds. This technique is used to elucidate the informa-
tion about active surfaces of many lignocellulosic materials.

§3400:5.00kV 5.8mm x2.00k SE,

Fig. 6. SEM image of (a) NICSW and (b) AV49-NICSW.

In the present case, the technique has been used to get the
information about the functional groups and the possibilities
of binding of dye molecule on NIW. This has been done by
recording the spectra of NICSW, AV49 dye and dye-adsorbed
NICSW. The spectra are displayed in Figs. 7(a)—(c).

The broadband between 3,100 and 3,500 cm™ in the IR
spectrum of NICSW is attributed to the hydroxyl groups
of cellulose and adsorbed water molecule. A strong band
observed at 3,339 cm™ testifies to —OH stretching and
possibilities of the formation of various types of hydro-
gen bonds which helps in stabilizing certain conformation
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Fig. 7. FTIR spectra of (a) AV49 dye; (b) NICSW and (c) AV49 dye-adsorbed NICSW.

macromolecules present in NICSW. The bands at 2,924 and
2,851 cm™ are ascribed to aliphatic C-H of carboxylic acid. The
bands at 1,621 and 1,775 cm™ are ascribed to C=O antisym-
metric stretching vibration of lignin. A doublet at 1,390 cm™
and a peak at 1,310 cm™ may be ascribed to C-O-C/C-O
(ester, ether and phenolic groups). A weak band at 2,923 cm™
is due to the C-H stretching and band at 1,607 cm™ is due to
C-O stretching. Further, the bands at 1,365; 1,317; 1,298; 1,258
and 1,026 cm™ are attributed to the C-O-C stretching.

The IR spectrum of AV49 dye adsorbed on NICSW
exhibits broad bands between 3,300 and 34,50 cm™ and these
are attributed to N-H stretching of -N(CH,), group in AV49
dye and the disappearance of the band between 3,100 and
3,500 cm™ is due to the formation of hydrogen bonds with
hydroxyl groups of NICSW and -N(CH,),. In addition,
the disappearance of a strong peak at 1,576 cm™ for C=N
stretching and weak peaks at 1,519 and 1,343 cm™ for C=C
stretching in aromatic ring of AV49 dye also confirm the
strong adsorption of AV49 dye on NICSW. The shift in peaks
of AV49 dye-adsorbed NICSW and vis-a-vis NICSW AV49
dye manifest that interactions have taken place between the
dye and the adsorbent.

3.2. Batch adsorption studies
3.2.1. Effect of initial dye concentration

The rate of adsorption is an important parameter and it
is dependent on the initial dye concentration. The studies
on this parameter were carried out using a fixed adsorbent
dosage (50 mg) in 50 mL of the dye solution at pH 7.0. The g,
value increased from 7 to 30 mg/g as the AV49 dye concentra-
tion in the test solution was increased from 25 to 200 mg/L.
Higher adsorption capacity by NICSW was evident with
increase in dye concentration from 25 to 100 mg/L and there-
after the increase was marginal up to 200 mg/L (Fig. 8(a)).
This observation commensurate with the chemistry of the
adsorbent as the rate of adsorption is faster initially due to the
adsorption of the dye onto the active sites of the adsorbent.
Further increase in dye concentration though enhances
the interaction between the dye and adsorbent apart from

providing necessary driving force to overcome the resistance
to mass transfer of dye, the already partial filled active sites
retard the rate of adsorption and hence dye uptake increase
was marginal with increase in dye concentration from 100 to
200 mg/L.

3.2.2. Effect of adsorbent dosage

Adsorbent dose affects the adsorption process and deter-
mining the adsorption capacity of adsorbent at the operating
conditions. The adsorption percentage and amount adsorbed
increased with the increase in adsorbent dose from 0.025
to 0.500 g/50 mL of dye solution. From Fig. 8(b), it is clear
that increase in dye adsorption capacity was evident when
the adsorbent dose increased from 0.025 to 0.050 g/50 mL
dye solution. This is attributed to increase in the surface
area of the adsorbent. Thereafter, the amount of adsorption
decreased which is attributed to two factors. First, overlap-
ping or aggregation of adsorption sites resulting in a decrease
in the total adsorbent surface area available to AV49 dye and
second, increase in diffusion path length.

3.2.3. Effect of time on adsorption process

The percentage AV49 dye removal as a function of time
was studied in the range of 15-180 min with initial concentra-
tion of 100 mg/L of dye and adsorbent dosage of 0.050 g/50 mL
of 100 mg/L dye solution (Fig. 8(c)). The g, value reached
27.00 mg/g in 120 min. Further increase in contact time up
to 180 min marginally increased the g, value (30.00 mg/g). To
optimize the condition and save energy cost, 120 min of con-
tact time was chosen for all studies.

3.2.4. Effect of agitation speed

Agitation is an important factor for the adsorption of the
dye molecule onto a cellulosic material as it influences the
distribution of dye molecule in bulk solution and formation
of the boundary film. Fig. 8(d) shows the adsorption capac-
ity of NICSW. The agitation speed was increased from 75
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Fig. 8. (a) Effect of initial dye concentration q,and % q; (b) effect of adsorbent dosage; (c) effect of contact time; (d) effect of speed of
agitation; (e) effect of pH on adsorption and (f) effect of temperature with different dye concentration.

to 200 rpm to study the effect on maximum uptake of the
dye by adsorbent. It was found that the adsorption capacity
of adsorbent increased when the agitation speed increased
from 75 to 175 rpm and thereafter decreased. Hence for all
the experiments 165 rpm was chosen.

3.2.5. Effect of pH

The initial pH of the dye solution plays an important role
in the adsorption process. It is likely to have an influence
on the adsorption capacity, surface charge of the adsorbent
and extent of ionization of the dye present in the solution.
It is likely to influence the ionization/dissociation of the
functional group(s) on the active sites of the adsorbent and
solution chemistry of the dyes. In the present study, the
effects of the initial pH of AV49 dye solution were exam-
ined with pH range of 2-12 and the results are presented in
Fig. 8(e). The adsorption uptake was less at lower pH and
increased with increase in pH and maximum adsorption
efficiency was reached at pH 6.0 (9, =29.00 mg/g) and at neu-
tral pH 7.0 (g, = 28.0 mg/g) with initial dye concentration of

100 mg/L. This is in confirmation with the results of the point
of zero charge which is found to be pH 7.20. At lower pH, the
number of positive charged adsorbent surface sites increased
probably due to the formation of -OH," on the cellulosic
adsorbent matrix which increased the electrostatic repulsion
between the positively charged dye molecules. At pH > 7 the
decrease in adsorption efficiency may be due to possibility
of formation of new species as it is observed in many of the
triphenyl class of dyes.

3.2.6. Effect of temperature

Temperature is a significant parameter which has two
major effects on the adsorption process. First, increasing
temperature decreases the viscosity of the dye solution
which accelerates the diffusion rate within the pores. Second,
it alters the equilibrium capacity of the adsorbent and
adsorbate. The studies were carried out at 30°, 40° and 50°C
temperatures to make it easy for commercial application as
the atmospheric temperature may not exceed more than 50°C
in most of the places (Fig. 8(f)). A marginal increase in the
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dye uptake capacity with increase in temperature may be due
to increased mobility of the dye molecules and decrease in
the retarding forces acting on the molecules [44].

3.2.7. Adsorption isotherm

The equilibrium relationship between the concentration
of the liquid adsorbate and that of the adsorbent’s surface
at designed experimental conditions is described by the
isotherm. In the present case, the relationship between
adsorbent (NICSW) and adsorbate (AV49 dye) at equilibrium
was examined. This is achieved by calculating the
maximum adsorption capacity of the adsorbent through the
application of well-established isotherm models namely,
Langmuir, Freundlich, Temkin, Harkins-Jura, Jovanovic and
Dubinin-Radushkevich.

According to Langmuir isotherm [45], adsorption occurs
on a homogeneous surface where all sites are provided equal
energy for adsorption. This applies for the entire mono-
layer of adsorption, where no transmigration of adsorbate
takes place on the surface plane. The Q  value of 45.4 mg/g
obtained for this isotherm has not much deviation from the
experimental value of g,(29.00 mg/g), and R* of 0.979 obtained
shows good fitting between the isotherm and experimental
data (Fig. 9(a)). Hence the separation factor (R,) plays an
important role in Langmuir isotherm [46]. This is helpful in
the verification as to whether the adsorption in the system
belongs to any of these categories; that is unfavorable (R, > 1),
linear (R, =1), favorable (0 <R,< 1), or irreversible (R, =0). In
the present case, the dye concentration studied (25-200 mg/L),
the values coming between 0.67 and 0.20 indicate favorable
adsorption of the AV49 dye by NICSW. The decrease in R,
with increase in the initial concentration indicates that the
adsorption is more favorable at higher concentrations. The
values for maximum adsorption amount (Q, ), correlation
coefficient (R?), chi-square (y?) and other parameters for all
the isotherms are shown in Tables 3 and 4.

Freundlich isotherm is an empirical equation. It is used for
heterogeneous systems where there is interaction between the
molecules adsorbed [47]. The heterogeneity factor #, indicates
the nature of adsorption whether the adsorption is linear (1,=1),
chemical process (1,<1), or a physical process (12,> 1). The values
of 1/n,<1and 1/n>1 indicate a normal Langmuir isotherm and

Table 3

cooperative adsorption. The 7= 2.262 and 1/n, = 0.442 values
show that process is physical and the normaI/ Langmuir iso-
therm is favorable. The experimental data (R? = 0.927) fitted to
the Freundlich isotherm is shown in Fig. 9(a).
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Fig. 9. (a) Fitting of adsorption data to Langmuir and Freundlich
adsorption isotherms. (b) Fitting of adsorption data to Temkin
and Harkins-Jura adsorption isotherms and (c) Fitting of
adsorption data to Jovanovic and Dubinin-Radushkevich
adsorption isotherms.

Calculated isotherm parameters of AV49-NICSW system using different models

Langmuir Freundlich Temkin Harkins-Jura Jovanovic Dubinin—-Radushkevich
Q, 45.40 K f 3.76 b, 750 Ah]. 1,122.62 Q, 34.72 Q, 31.99
K, 0.0192 n, 2.262 k., 29.73 th 4.77 K 2.09E-02 K, 8.59E-05

Table 4

Statistical parameters of AV49-NICSW system

Isotherms Langmuir Freundlich Temkin Harkins—Jura Jovanovic Dubinin-Radushkevich
SSE 12.0 40.1 260.3 109.1 74 51.6

X2 0.63 2.52 20.14 8.66 0.31 3.68

R? 0.979 0.927 0.977 0.815 0.987 0.917
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The interactions between adsorbent-adsorbate mole-
cules are considered by Temkin isotherm (Fig. 9(b)). It pre-
sumes that for all molecules heat of adsorption decrease
linearly instead at logarithmic scale when the layer is
covered. It also presumes that the adsorption has a maxi-
mum uniform distribution of binding energy [48]. The high
positive value of molecular interaction constant (b, = 750)
indicates that there is significant resistance to formation
of multiple layers of adsorbate due to repulsion between
similar molecules. The fit to experimental data (R* = 0.977)
shows that the Temkin isotherm is less adequate to explain
the adsorption of AV49 dye onto NICSW, as compared with
the Langmuir isotherm.

The Harkins—Jura adsorption isotherm accounts to multi-
layer adsorption on a heterogeneous pore distribution [49,50].
According to the authors the adsorptive film is condensed
type and its surface pressure is the difference between the
bare surface and film covered surface tensions and is noth-
ing but linear function of the area per molecule (Fig. 9(b)).
However, very little information is available to extend the
Harkins-Jura equation to the solution-solid systems. Our
attempt to use this model for the adsorption of AV49 dye on
NICSW has not yielded encouraging results.

The Jovanovic isotherm [51] describes a model that is
very similar to that of Langmuir, it has Q, = 34.72 mg/g con-
sidering a monolayer and no lateral interactions. Looking at
the Q , x* (0.31) and R* (0.987) values it could be concluded
that Langmuir is a better fit (Fig. 9(c)).

Dubinin-Radushkevich isotherm is an empirical model and
itis commonly applied to express adsorption mechanism in such
cases where there is a Gaussian energy distribution on a het-
erogeneous surface [52]. This model distinguishes successfully
the physical and chemical adsorption of metal ions. This model
is typically temperature dependent. The fits of Dubinin—
Radushkevich isotherm (R?=0.917) is shown in Fig. 9(c).

Models used to understand the mechanism of adsorption
are of mathematically higher order equations. The validity of
data fitting cannot be confirmed by R? value alone because
it is a statistical evaluation to be used with linear models
only. Hence, y?values are considered as they provide a better
evaluation because the model data are similar to the exper-
imental data. Thus, lower the value of x?is the indication

Table 5

for better fit to the model, while, higher value represents
variation in the experimental data. From the analysis of the
isotherms and the understanding of the most important
parameters (Q,, R*and x?), the isotherms can be arranged
according to their capacity to predict their efficiency in exper-
imental behavior of AV49-NICSW system. With respect to x?
(analysis the models can be arranged in the order): Temkin
> Harkins-Jura > Dubinin—-Radushkevich > Freundlich >
Langmuir > Jovanovic.

3.2.8. Adsorption kinetics

Kinetic models were studied in order to find out the
potential rate-controlling steps involved in the process of
adsorption. The concentrations of AV49 dye used were 50, 100
and 150 ppm for kinetic studies. Kinetic studies conducted at
different temperatures (303, 313 and 323 K) reveal the change
in adsorption rate at different temperature. The adsorption
kinetic data were analyzed by non-linear analyses (MS Excel
2010) using such kinetic models as: pseudo-first-order [53],
pseudo-second-order [54], intraparticle diffusion by Weber—
Morris model [55], Dumwald-Wagner model [56] and film
diffusion model [57]. The estimated parameters are shown in
Tables 5 and 6.

Based on coefficients of determination (R?) and chi-square
values (x?), the pseudo-second-order model fitted better than
pseudo-first-order with the experimental data at all initial
AV49 dye concentrations (50, 100 and 150 ppm) at different
temperature as shown in Figs. 10(a)—-(c). The rate of adsorp-
tion which was very high initially slowed down gradually to
become stagnant when it reached the maximum adsorption.
The adsorption capacity (q,) increased with increase in tem-
perature. These results signify that the adsorption processes
were not rate-limiting. The data also show that adsorption
process occurred in multiple steps where the solute molecules
move from the bulk solution to solid surface followed by dif-
fusion of the solute molecules to the pores of the NICSW.

3.2.9. Adsorption thermodynamics

Energy and entropy are the main factors under consid-
eration in the interaction process design. Gibbs free energy

Experimentally determined and theoretically predicted parameters for absorption kinetics models — AV49-NICSW system

Initial Temperature Pseudo-first-order Pseudo-second-order

concentration (K) g.expt Qepred R? X2 Qepred  k, R? X2

(ppm) (mg/g) (mg/g) (mg/g)

50 303 17 12.11 2.12E-02 091 0.80 15.87 1.26E-03  0.93 0.54
313 18 12.49 2.61E-02 0.88 0.93 15.73 1.74E-03  0.90 0.58
323 19 14.67 242E-02 0.85 1.41 18.53 1.36E-03  0.87 0.95

100 303 30 21.24 295E-02 0.74 2.77 28.72 1.36E-03  0.78 1.84
313 32 23.11 297E-02 076 272 29.06 1.23E-03  0.80 1.77
323 33 24.31 3.60E-02 0.70 2.81 31.87 1.56E-03  0.78 1.71

150 303 31 24.40 2.60E-02 0.77 3.17 30.01 9.78E-04  0.79 2.19
313 33 24.56 3.09E-02 074 294 31.86 1.19E-03  0.79 191
323 36 26.77 3.37E-02 0.82 212 34.39 1.21E-03  0.87 1.18




S.A. Yakuth et al. / Desalination and Water Treatment 155 (2019) 94-112 103

Table 6

Calculated parameters of diffusion models of AV49-NICSW system

Initial Concentration Temperature Film diffusion model

Weber-Morris model Dumwald-Wagner

(ppm) () R' (min") R? k, (mggls®™) R K(minl)  R?
50 303 0.0203 0.95 0.92 0.98 0.018 0.94
313 0.0203 0.95 0.92 0.98 0.018 0.94
323 0.0203 0.95 0.92 0.98 0.019 0.94
100 303 0.0215 0.91 1.47 0.98 0.020 0.89
313 0.0216 0.90 1.47 0.97 0.020 0.88
323 0.0253 0.89 1.59 0.95 0.023 0.88
150 303 0.0192 0.97 0.85 0.97 0.018 0.97
313 0.0208 0.96 1.02 0.98 0.020 0.96
323 0.0228 0.97 1.20 0.99 0.023 0.97
change (AG®) indicates the extent of spontaneity of adsorp-
1 50 bom . tion. When the free energy change (AG°) of adsorption is neg-
w{ (a) PP - ative, significant adsorption occurs. Changes pertaining to
10 ] Gibbs free energy, entropy and enthalpy of adsorption could
I be arrived at by Van't Hoff and Gibbs-Helmholtz equations:
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The thermodynamic parameter estimates are presented
in Table 7. The positive AH® value suggests the endothermic
40 150 nature of adsorption and the negative AG® values indicate
35 (c) ppm the feasibility and spontaneity of the adsorption process.
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Fig. 10. (a) Kinetic model fits for 50 ppm initial concentration of
AV49 dye on NICSW system at different temperatures, (b) kinetic
model fits for 100 ppm initial concentration of AV49 dye on
NICSW system at different temperature and (c) kinetic model
fits for 150 ppm initial concentration of AV49 dye on NICSW
system at different temperatures.

The AG® is negative for all studied temperatures indicat-
ing that the adsorption of AV49 dye onto NICSW would
follow a spontaneous and favorable trend. The AG® value
decreases with increase in temperature indicating increase
in adsorption at higher temperatures. The positive value
of AS°® suggests good affinity of AV49 dye towards the
adsorbent and increased randomness at the solid solution
surface. The extremely low values of AH® suggest that the
adsorption process is physical as the standard enthalpy
change for chemical reaction is normally >200 kJ/mol. This
has been further confirmed by activation energy values of
the adsorption process at different initial concentrations (50,
100 and 150 ppm) which ranged from ~3.35 to 8.73 kJ/mol
using the Arrhenius equation and the kinetic constant from
the pseudo-second order model (Table 7).
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3.2.10. Statistical optimization by fractional factorial
experiment design

Six factors affecting the adsorption process were studied
for their effects on the final adsorption capacity (g,); these
included adsorption time (A), process temperature (B), ini-
tial dye concentration (C), agitation speed (D) adsorbent
dosage (E) and initial pH (F). A standard experiment design
was set up with six factors at two levels with minimum and
maximum values as shown in Table 1 for each independent
factor. ANOVA (Table 8) was conducted based on the results
obtained and significance of factors was decided at con-
fidence level of 95% or with p-value of <0.05%. Among the
factors A, B, C, D, E, AC, BC, A% C?, D* and F* were highly
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Fig. 11. (a) Plot of thermodynamic equilibrium constant vs. 1/T
to determine the enthalpy and Gibbs free energy of the process
and (b) plot of pseudo-second-order kinetic constant vs. 1/T to
determine the activation energy of the process.

Table 7
Thermodynamic parameters of AV49-NICSW system

significant. The goodness of fit for RSM model is evaluated
with model F-value of 185.9 which was highly significant.
Predicted R? value of 93.5 is very close with adjusted R? of
96.0%. High R? value of 96.5% with CV of 5.3% proves that
model can be used to navigate the design space. The compar-
ison graph for actual vs. predicted values (Fig. 12) indicate
a strong relationship between the experiment and predicted
responses. A final quadratic equation based on regression
analysis is shown below:

q,=20.3 +6.5*A +2.2*"B+0.9°C + 6.4*D - 6.1*E + 0.1*F
+0.2*AB +2.1*AC + 1.6"BC — 2.4*A?- 0.03*B> )
—-18.5*C*>-7.2*D? - 0.7*E* - 11.2*F?

The optimal value of each variable was determined by
maximizing the second-order polynomial equation along
with interaction arrived at by multiple regression analysis
which is based on FFED. Maximum adsorption value as
arrived at by statistical optimization was 39.00 mg/g. The
optimized conditions were pH 7, biosorbent dosage 0.600 g/L
and an initial dye concentration 155 mg/L, adsorption time
180 min and orbital shaking of 161 rpm at 50°C temperature.

I; Predicted vs. Actual

Predicted

Fig. 12. Comparison graph for predicted vs. actual values of
absorbance of AV49 dye on NICSW using RSM study.

Initial concentration (ppm) Temperature (K) AG® (kJ/mol) AS° (J/mol/K) AH° (kJ/mol) InA E, (kJ/mol)
150 303 -0.58 7.66 1.74 -5.25 3.35
313 -0.65
323 -0.74
100 303 -0.90 8.88 1.79 —4.50 5.43
313 -1.00
323 -1.08
50 303 -1.05 11.84 2.54 -3.43 8.73
313 -1.16

323 -1.28
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Table 8

ANOVA of AV49-NICSW system
Source Sum of squares Degree of freedom Mean square F-value p-value
Model 3,454.1 15 230.3 185.9 <0.0001**
A 660.8 1 660.8 533.4 <0.0001**
B 188.4 1 188.4 152.1 <0.0001**
C 12.0 1 12.0 9.7 <0.0001**
D 183.0 1 183.0 147.7 <0.0001**
E 149.1 1 149.1 120.4 <0.0001**
F 0.1 1 0.1 0.05 0.8304
AB 0.6 1 0.6 0.5 0.4776
AC 30.2 1 30.2 244 <0.0001**
BC 26.4 1 26.4 21.3 <0.0001**
AN2 47.7 1 47.7 38.5 <0.0001**
B2 0.01 1 0.0 0.0 0.9239
Cc"2 1,325.5 1 1,325.5 1,070.0 <0.0001**
D2 51.4 1 51.4 415 <0.0001**
EN2 0.8 1 0.8 0.7 0.4214
F2 234.5 1 234.5 189.3 <0.0001**
Residual 125.1 101 1.2
Total 3,579.197 116

** Strongly significant p < 0.01
Moderately significant 0.01 <p < 0.05
Suggestive significant 0.05 <p <0.10
Non-significant p > 0.10.

The 3D response surface plots and contour plots as a
function of two independent variables. These helped in
determining the effects of interaction behavior between two
factors keeping other parameters at a fixed value (in this case
the optimum value).

Statistical optimization of process, in a determined
range of values of parameter, allows both for calculating
the optimal condition, and determination of the process
conditions on biosorption. Maximum concentration is nearly
113.00 mg/L beyond which any increase in concentration
shows negative effect but increase of time alone has positive
effect. The regression coefficient values are the indications
of the effect of parameters on adsorption capacity. If the
values are positive they indicate incremental effect, as for
example, the increase in time (A) significantly increases the
adsorption capacity. In contrast, a negative value signifies
detrimental effect, as evident from absorbent dosage (E),
where the increase in dosage lowers the adsorption capac-
ity of adsorbent. Thus, effects of two parameters simul-
taneously by biosorption are presented in the surface and
contour plots (Figs. 13(a)—(c)).

3.2.11. Adsorption mechanism of AV49 dye onto NICSW

The process of adsorption of the dye onto the
adsorbent is governed by mass transfer phenomena.
According to the experimental findings and statistical
optimization of process parameters, the mechanism of
adsorption involves the following steps:

e Mass transfer of AV49 dye from bulk solution onto the
adsorbent is fast at the initial stages till monolayer is
formed.

* Mechanical agitation has profound influence on mass
transfer.

¢ Diffusion is a slow process.

® The hydrogen bonds are formed.

* The influence of weak Van der Waals forces plays a major
role.

e Electrostatic forces of attraction between the cation dye is
due to the process of =f&< ™ and negative charge -OH-
group of NICSW.

On the basis of the above physical model, the interaction
of adsorbent and adsorbate is drawn as shown in Fig. 14.
Similar physical modeling is already reported for malachite
green dye and conch shell powder [58].

4. Application of proposed method to textile
industrial effluent

Different processes employed in textile industry generate
waste water with varied composition containing, large
amounts of suspended solids, highly fluctuating pH, variable
temperature, intense color and COD concentration [59].
Therefore, it is difficult to identify a specific dye in industrial
effluent due to matrix effect [60]. A simple procedure was
developed to compare the remediation of AV49 dye in water
as also in textile industrial effluent.

4.1. Textile industrial effluent

Effluent samples were collected from a local textile
industry which operates in two shifts. Six random textile
industrial effluent (TIE) samples were collected in 10-L
polyethylene containers from the pipe delivering end where
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Fig. 13. (a) Contour plot and 3D surface plot showing the variation of adsorption capacity with time and temperature, (b) contour plot

and 3D surface plot showing the variation of adsorption capacity with time and concentration and (c) contour plot and 3D surface
plot showing the variation of adsorption capacity with temperature and concentration.
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Fig. 14. Schematic representation of hydrogen bonding between
adsorbent and adsorbate.

the effluent enters inside the treatment plant. Among the six
samples, three were collected from first and second shifts
consecutively on three working days. All textile industrial
effluent samples collected were transferred to a 100-L
barrel and stirred manually to get uniform concentration.
The resulting solution was used as control TIE sample for
analyses. Sampling, preparation and preservation methods
followed while collecting the effluent samples from the
industries were in accordance with standard methods [61].

4.2. Preparation of AV49 dye in distilled water

2 g of AV49 dye were transferred to a 2-L standard flask.
The dye was dissolved in distilled water and the solution was
made up to the mark. The resulting solution was stirred to
uniform concentration (Solution 1).

4.3. Preparation of AV49 dye in textile industrial effluent

2 g of AV49 dye were transferred to a 2-L standard flask.
The dye was dissolved in TIE and the solution was made up
to the mark with TIE. The resulting solution was stirred to
uniform concentration (Solution 2).

4.4. Blank experiment

500 mL of distilled water were transferred to a 1-L conical
flask containing 5-cm Teflon-coated magnetic bar. 5 g of
NICSW were added and the solution stirred at about 700 rpm
for 15 min using a magnetic stirrer. The solution was filtered
using No. 42 Whatman filter paper and the filtrate solution
was compared with the solution obtained after remediation
of dye-loaded TIE.

4.5. Procedures
4.5.1. Measurement of the absorbance of stock solutions

An aliquot solution of TIE was filtered through Biichner
funnel apparatus using No. 42 Whatman filter paper

and the absorbance of the filtrate was measured using UV-
Vis Spectrophotometer (PerkinElmer-Lambda 25, USA) with
a maximum absorbance scale of 3.0. All absorbance values
were measured within this range. However, in case of con-
centrated solutions, the absorbance was measured after
appropriate dilution and the resultant absorbance was mul-
tiplied by the dilution factor to get the absorbance of concen-
trated solution. This procedure was repeated to measure the
absorbance of Solution 1 and Solution 2.

Step 1: 500 mL of Solution 1 were transferred to a 1-L con-
ical flask. 5 g of NICSW were added to the conical flask and
the solution was agitated at about 700 rpm using magnetic
stirrer. At the end of 15 min, the agitation was stopped and
solution was filtered through No. 42 Whatman filter paper
using Biichner funnel apparatus. If the filtrate is not clear, the
filtration was repeated and absorbance recorded.

Step 2: The dye-adsorbed NICSW 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 scrapped using spatula and
transferred to a watch glass.

Step 3: Second portion of 5 g NICSW was added to the
conical flask containing filtrate solution from Step 1 and
agitation was continued on a magnetic stirrer at about 700 rpm
for 15 min. At the end of 15 min, the agitation was stopped
and solution was filtered through No. 42 Whatman filter
paper using Biichner funnel apparatus. If the filtrate is not
clear, the filtration was repeated and absorbance recorded.

Step 4: The dye-adsorbed NICSW on the filter paper of
the Step 3 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 spatula and transferred
to a watch glass.

Step 5: Third portion of 5 g NICSW was added to the con-
ical flask containing filtrate solution from Step 3 and agita-
tion was continued on a magnetic stirrer at about 700 rpm for
15 min. At the end of 15 min, the agitation was stopped and
solution was filtered through No. 42 Whatman filter paper
using Biichner funnel apparatus. If the filtrate is not clear, the
filtration was repeated and absorbance recorded.

Step 6: The dye-adsorbed NICSW on the filter paper of
the 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 scrapped using spatula and
transferred to a watch glass.

Step 7: Fourth portion of 5 g NICSW was added to the
conical flask containing filtrate solution from Step 5 and agi-
tation was continued on a magnetic stirrer at about 700 rpm
for 15 min. At the end of 15 min, the agitation was stopped
and solution was filtered through No. 42 Whatman filter
paper using Biichner funnel apparatus. If the filtrate is not
clear, the filtration was repeated and absorbance recorded.

Step 8: The dye-adsorbed NICSW on the filter paper of
the 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 scrapped using spatula and
transferred to a watch glass.

Step 9: Steps 1 to 8 were repeated with Solution 2.

The powder and filtrate solutions after the adsorption of
constituents of Solution 2 on NICSW are shown in Figs. 15(a)
and (b).
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Fig. 15. (a) Powders 1 to 4: Fresh samples of NICSW added to AV49-TIE solution after every 15 min, filtered and the residue dried in
oven. Sample 5: NICSW; (b) 1. Distilled water; 2. AV49 dye in distilled water; 3. TIE; 4. AV49 dye in TIE; Filtrate after adsorption of
dye on NICSW after 5. 15 min; 6. 30 min; 7. 45 min; 8. 60 min; 9. Filtrate of NICSW in distilled water.

Preliminary trial revealed that better results could be
obtained by scaling up to two-orders of the adsorbent and
the adsorbate and to one order of the volume of the solu-
tion. In an interesting observation, Solution 2 showed about
20% decrease in absorbance compared with Solution 1. This
may be due to the absorbance of the dye by various unde-
fined constituents present in TIE. Also, it was observed that
additional fresh samples of the adsorbent after every 15 min
enhanced the efficiency of removal of the dye from TIE. The
recovery of the dye and allied substances from Solution 2
to an extent of 51%, 85%, 92% and 96% after 15, 30, 45 and
60 min, respectively, was observed. This observation is in
accordance with the kinetic results according to which the
solute adsorbs quickly onto the surface of the particles form-
ing a film which then gets retarded further diffusion thereby
bringing change in absorption rates.

The experiment was scaled up to 10, 20, and 50 g of
NICSW using 1, 2, and 5 L of Solution 2 taken in polyeth-
ylene beakers. The solutions were vigorously stirred using
a magnetic stirrer and the procedure repeated as indicated
earlier and the results obtained were almost uniform. All
experiments were carried out in triplicate and the mean of
three replications are reported. The coefficients of variance of
all results did not exceed +2% error.

In brief, an attempt to scale up of the experiment by about
three orders of its initial set up has given promising results.
The industrial effluents may have many variables that may
not be exactly interpreted from the initial data. This is always
a serious limitation in such studies. The outcome could be
pin pointedly focused by resorting to much larger pilot scale
study. However, the fact that the limitations of scale have
been recognized, and that the enhanced scale experimental
data will definitely continue to show promise and reliabil-
ity of the process, which in fact may be sufficient to prove
that the principles of the method when operated on a larger
scale in industries will definitely prove its usefulness. It is

envisaged that the treated textile industrial effluent can be
used for agricultural purpose. However, more investiga-
tions are required for the possible use of water for human
consumption.

4.5.2. Regeneration of the adsorbent and cost analysis

Regeneration of dye-loaded NICSW enables the re-use of
the biomass, and recovery and/or containment of adsorbed
AV49 dye material. However, it is not a feasible proposition
as the cost of the process and the solvents used will be far
higher than the cost of the sorbent (NICSW) used in the pro-
cesses. Besides, it will enhance the E-factor which is highly
undesirable as the planet earth cannot afford the load of
environmental toxicant as it will almost lead to a disaster. In
view of increased stringencies imposed on pollution, a novel
approach has been developed to use the dye-adsorbed bio-
sorbent generated waste to be used as a filler material for the
fabrication of thermosets and thermoplastics. The work in
this direction is in progress in our research laboratory [32,35].

5. Conclusion

High costs of adsorbents used in remediation of dyes
associated with stringent environmental considerations have
led to resurgence of interest to identify low-cost adsorbents
derived from renewable resources. In this context, the advan-
tages of using nutraceutical industrial waste as the source of
new adsorbents is primarily due to their high abundance,
low-cost and as renewable sources. Consequently, the first-
ever study on the use of chillies stalk, a waste which has no
feed, fuel or fertilizer value assumes paramount importance.
The adsorption interactions between nutraceutical industrial
chillies stalk waste as adsorbent and acid violet 49 dye have
been investigated by six two-parameter models and the result
gave 29.00 mg/g adsorption rate. Kinetic and thermodynamic
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studies have established that the process of adsorption is a
physical phenomenon and follows second-order kinetics.
Besides, the research work in progress at our school to utilize
the dye-adsorbed adsorbent as filler material is going to be a
sustainable proposition.

Symbols

n, — Heterogeneity factor

q, —  Adsorption capacity, mg/L

Q, —  Maximum adsorption capacity, mg/g

q, —  Adsorption capacity at time ¢, mg/L

R? —  Correlation coefficient

R, —  Separation factor

X —  Chi-squared

AV49 —  Acid Violet 49 dye

BET —  Brunauer-Emmett-Teller

EDS —  Energy dispersive X-ray spectroscopy
FTIR — Fourier transform infrared spectroscopy
NICSW  —  Nutraceutical industrial chillies stalk waste
NIW —  Nutraceutical industrial waste

SEM —  Scanning electron microscopy

SSE —  Sum of square errors
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Fig. S1. BET plot of NICSW. Fig. 52. Langmuir plot of NICSW.
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Fig. S3. MP plot of NICSW.
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Fig. S4. BJH plot of NICSW.
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Fig. S5. DH plot of NICSW.



