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Abstract: A set of lab-scale experiments were designed and conducted to remedy Direct Blue
15 (DB15) dye using nontoxic halloysite nanotubes (HNT) with the view to be utilized in a textile
industrial effluent (TIE). The DB15 adsorbed-HNT “sludge” was used as a reinforcing agent and
plastic waste to fabricate the composite. To advance the knowledge and further understand the
chemical phenomena associated with DB15 adsorption on HNT, different factors like pH value,
adsorbate initial concentration, adsorbent dosage, and temperature on the composite were affected
experimentally tested. To estimate the adsorption capacity of HNT, nine isotherm models were
applied, and it was identified that the Brouers-Sotolongo adsorption isotherm model represented the
best accuracy for predicting the adsorption behavior of the HNT. Likewise, the pseudo-second-order
reaction was the predominant mechanism for the overall rate of the multi-step dye adsorption process.
Additionally, it was demonstrated that the mass transfer during the process is diffusion-controlled,
and thermodynamic assessments showed that the process is physisorption.

Keywords: remediation; Direct Blue 15; halloysite nanotubes; diffusive mass transfer; adsorption
isotherm model
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1. Introduction

Our previous studies successfully demonstrate a novel nutraceutical industrial spent
as a new class of bio-sorbents to amputate dyes from water and industrial effluents.
The resultant dye adsorbed waste as a filler material and a plastic waste to fabricate
composites [1]. The ever-growing demands for textile products are by far one of the princi-
pal supporters of ecological contamination. The insatiable consumption of water in textile
industries has also led to a massive water pollution problem as well [2]. This is because, in
this industry, in various stages, the discharge waste contains a variety of dyes that poses a
technical challenge for the treatment of water and is, of course, a threat to the environment
and health of the ecosystem [3]. Accordingly, there is a need to develop innovative, effi-
cient, and cost-effective methods to treat textile industrial effluents. Much effort has been
made to utilize different techniques, including but not limited to biologcal [4], chemical [5],
photo-chemical [6], and physical routes [7-9] Despite some promising results, however,
they have three significant deficiencies such as (1) economically unviable, (2) production of
undesirable degradation products which display more toxicity than the precursors, and
(8) production of undesirable sludge.

Adsorption as a mass transfer technique offers a plausible heat transfer coefficient
and feasible approach for the remediation of dyes [10]. One of the significant drawbacks of
the adsorption techniques, particularly in the remediation of dyes in a textile industrial
effluent, is attributed to the production of highly concentrated sludge, which leads to a
disposal problem. Initiated carbon has generally been utilized for remediation of colors in
the textile industries, which adds to the complexity of the process and the final cost of the
products considering the need for regeneration of active carbon [11]. This is the primary
driver to seek alternative approaches aiming to treat effluents with more cost-effective and
environmentally benign methods.

The requirement of the quantity of adsorbent for remediation in a textile industry
runs into tons of material. Thus, the process for removing dyes from the effluents ob-
tained from textile industries should be economical and eco-friendly. To satisfy these
requirements, clay minerals are most appropriate as adsorbents for the amputation of
dyes from effluents. However, clay minerals need to be optimized as nanomaterials to
enhance several properties targeted for specific applications [12]. Amongst many nan-
oclay minerals available in abundance, halloysite nanotube (HNT) finds applications in
catalysis [13], cosmetics and pharmacy [14], and medicine [15]. We have selected HNT as a
choice of adsorbent to suit the design of the circular economy (CE) concept for two reasons.
Firstly, it has a tubular structure with functional groups on the surface and inside the pore
with different chemistries, enhancing the efficiency of adsorption during the remediation
process of dyes. Secondly, HNT as a reinforcement material has been extensively used to
fabricate nanocomposites [16].

Azo dyes are currently banned from use in industrial and domestic sectors all over the
world. However, they are being processed to produce up to 70% of dyes used in the textile
industry due to their inherent properties, such as (1) simple and cost-effective synthesis in
aqueous media, (2) availability of colossal choice of starting materials, (3) a wide spectrum
of shades, (4) high intensity and superior fastness of the color, (5) versatility in applications
on a variety of substrates and (6) energy-saving dyeing process at 60 °C when compared to
boiling temperature of its counterparts [17].

DB15 is a bis azo dye utilized to dye materials such as cellulose, leather, wool, and
paper. The dye is also utilized for staining biological materials and to tint cinemato-
graphic films. The use pattern for the dye in the USA is 65%, 30%, and 5% for textile
dyeing, paper colorant, and other uses, respectively [18]. Despite such promising appli-
cations, there is a lack of information on using this material for remediation of DB15 by
adsorption technique [19].

Considering the above literature, the primary reason for the current investigation
is to advance the knowledge on remediation of DB15 by adsorption technique and de-
sign an effective technique for the remediation of DB15 from water and textile industrial
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effluent (TIE). The dye adsorbed HNT generated as “sludge” is used to fabricate novel
composites using waste plastic and the CE approach.

2. Materials and Methods
2.1. Materials

Halloysite nanotubes (HNT) and Direct Blue 15 (DB15) dye (C.I. = 24400; CAS registry
number = 2429-74-5; chemical formula = C34H4NgNasO145S4; molecular weight = 992.81)

were obtained from Aldrich, India. The dye is commonly referred to as Direct Sky
Blue 5B (Figure 1).

NH, HoN
OH HO
\ /
SO4Na NaO,S

CHz0 OCHj

Figure 1. Structure of Direct Blue 15 dye used in the present research.

2.1.1. Investigation on Factors Effecting Adsorption of DB15 Dye on HNT

Using batch experiments, the impact of test boundaries such as pH, beginning DB15
color focus, HNT measurements, and the temperature was considered. For setting up the
stock arrangement of DB15 (1000 mg L), refined H,O was utilized. Required arrangement
focuses (25-500 mg L~!) were ready from the sample. To a progression of 250 mL jars,
50 mL watery DB15 color arrangement (25-500 mg L~!) was added. A necessary measure
of HNT was brought into every jar. Assessments were led dependent on the impacts of
fluctuating boundaries like pH (2-12), DB15 color starting concentration (25-500 mg L~1),
and measurements of adsorbent (0.025-0.3 g mL~!; 0.5-6.0 g L~ ). To consider the impact
of temperature on the course of adsorption, three temperatures were chosen to contemplate
the underlying color convergence of 100 mg L~!. The unabsorbed DB15 color in the
arrangement stage was disengaged from HNT for five minutes at 3000 rpm centrifugation.
In the event that the arrangement was indistinct, the centrifugation was rehashed for an
extra five minutes. The DB15 color focus at balance relating to the supernatant centrifuged
arrangement was settled utilizing a UV-vis spectrometer at Amax 602 nm. To contemplate
the impact in a scope of pH 2-12 clump tests were completed. The pH of the arrangement
was adjusted using 0.01-1.00 M HCI or NaOH arrangement. Analyses were finished in
three-fold and the midpoints are accounted for. The constants of variety of outcome did
not surpass in all cases +2% fault.

2.1.2. Characterization Methods

IR spectra were recorded using the FTIR spectrophotometer. The pH meter 802, manu-
factured by Systronics, India, was utilized to quantify pH. The point of zero charge (pHPZC)
of HNT was controlled by carrying out the procedure described by us elsewhere [20,21].

2.1.3. Optimization of Process Parameters

For an adsorption process, several parameters plays vital functions in determining
the dye adsorbing capacity of the adsorbent material. These include time allocated to the
adsorption process, the temperature at which it is being carried out, the concentration
of the adsorbate dye, the quantity of the adsorbent substance, and the pH at which the
adsorption process occurs. Table 1 shows the experimental span for influencing factors
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Table 1. Experimental span for influencing factors [1] (Reproduction with permission from
the publisher).

Factor Name Units Minimum Maximum
A Time min 0 180
B Temp. °C 27 50
C Conc. mgL~! 25 500
D Adsorbent conc. g L1 0.500 6.000
E pH - 2 12
3. Results

3.1. Characterization of HNT and DB15-HNT Surfaces
Scanning Electron Microscopy and FTIR Spectrum

Surface characterization of HNT and DB15-HNT was performed via SEM. Figure 2a,b
shows the surface of HNT covered with the DB15 dye. A comparison of FTIR spectra of
pristine HNT, DB15 dye, and DB15 dye adsorbed on HNT revealed the following: absence
of bands between 2800-3000 cm ! was identified in pristine HNT (Figure 3), whereas a
tiny band appeared at around 3750 cm ™! was ascribed to traces of adsorbed water. The
typical bands around 2830 and 2852 cm ™! were because of C-H stretching asymmetric and
symmetric vibrations, respectively. The vibration band at 1000-1080 cm ! was correlated
to the vibrations of single bonds of 5i-O, Al-O, and C-O molecules.

FTIR spectra for DB15 dye exhibit the distinctive N-H and CH-aromatic stretching
vibrations bands around 2800-3000 and 2900 cm ™!, respectively. The vibration around
1700 cm~! was accredited to S=O of the sulfites group in dyes structure. The triplet bands
generally ascribed to C=C in aromatic rings attached with N=N of the azo cluster are seen
around 1640, 1570, and 1460 cm~!. The multiple bands attributed to N-H and CH bending
vibrations that appear at around 1460-1300 cm ! were also realized.

FTIR spectra of DB15 dye showed a significant band in the range 2800-3000 cm 1.
This band appears to be less intense and tends to vanish due to the interactions between
the NH groups in dyes with Si/Al in HNC as (Si** - “NH and AI** - :NH) in the DB15-
HNT FTIR spectra. Additionally, the disappearance of the N = N stretching band around
1598 cm~! confirms the adsorption of the DB15 dye on HNT. The interaction between
components will affect the property of double bonds and increase the character of the single
bond, which is reflected in a sharp expansion in the force of the band around 1100 cm 1.
Moreover, the disappearance of IR absorption frequencies established the adsorption of
DB15 onto HNT. Determination of pHpzc confirms that HNT at pH 7.61 displays zero
charges (Figure 4).

%

ST shyere om St
(a) SEM image of HNT before adsorption (b) SEM image of DB15-HNT after adsorption

Figure 2. Surface characterization of halloysite nanotubes before and after adsorption studies.
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Figure 3. FTIR spectra of the samples under study.
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3.2. The Impact of Factors on DB15 Adsorption on HNT
3.2.1. pH Value of Solution

The adsorption limit of HNT relies upon the value of the pH solution. The pH value
majorly influences the attributes of the adsorbent surface and the chemistry of the dye
solution [22]. The value of pH, reflects the efficiency of the adsorbent. This boundary is
critical when the interaction is scaled too higher. Technology readiness level (TRL) and
the commercial stage [23]. As depicted in Figure 5a, the shape of the curve was consistent
with the expected results already published in the literature. The primary components of
HNT are the oxides of Al and Si. These oxides have various ionization features and surface
charges because different zeta potential rates when remained in touch with water [24]. At
pH > 1.5, the external surface of HNT has negative charges due to the presence of silica

1000 500400
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in its chemical structure (Figure 6). Conversely, at a lower pH the anionic dye exhibits
a positive charge (see Figure 5a). Thus, adsorption at a higher level occurs in the pH
range of 2—4. A rise is seen in the level of pH the amount of degree of protonation of
NH; and OH groups of the dye decreases. Accordingly, the adsorption capacity of the
substrate decreases sharply from pH 4 to 6. A sharp increase at pH > 10 is likely due to dye
adsorption onto positively charged Al** and Si** ions. Moreover, the degradation of the
dye at pH > 10, resulting in a decrease in absorbance of the experimental solution, cannot
be ruled out.

3.2.2. Initial DB15 Dye Concentration

The effect of this factor has a profound impact on the adsorption capacity of HNT.
This is manifested in the results displayed in Figure 5b. The nature of the curve implies that
the % elimination capability of the adsorbate (DB15) by the absorbent (HNT) is maximum
in the lower concentrations of the dye and declines with a surge in the concentrations, as
seen in most of the cases [25]. Conversely, the g, increases sharply from 25-200 mg L™},
and a marginal rise was noticed with a rise in the conc. level.

3.2.3. Effect of Adsorbent Dosage

For example, the elimination of DB15 dye from the sample enhances with an rise in the
adsorbent dosage from 0.025 to 2.0 g L~ 1. It was noticed, the percent of DB15, the removal
of the dye, grew exponentially from 0.025 to 2.0 g L~! with a rise in the amount of the
adsorbent dosage. Thereafter, the marginal increase in the removal efficiency was observed
(see Figure 5c). This perception accepts significance in the commercialization cycle, where
the quantity of preliminaries with the least measures of the adsorbent considerably builds
the evacuation effectiveness of the dye by HNT.

3.2.4. Effect of Temperature

The impact of temperature on DB15 color adsorption onto HNT is introduced in
Figure 5d. The information obtained for the traditional thermodynamic boundaries, specif-
ically, AG®°, AH®, and AS° show the kind of response. For instance, the +V¢ AH® values
obtained from 303 to 323 K of HNT demonstrate the endothermic interaction. The —"¢
benefit of AG® for the DB15-HNT framework affirm the suddenness and feasibility of the
adsorption interaction. The size of AG® esteems is demonstrative of quick and uncon-
strained adsorption at lower temperatures. Further, it is surmised that +¥¢ upsides of AS°
(entropy) demonstrate the homogeneity of the surface at the interface of the DB15 color
and the HNT [26].

100
9
- 80 .§
&
- 60 B
3
- 40 3
g
- 20 &
| —es—qe —8—% efficiency | °
T T T T T T O
0 2 4 6 8 10 12 14
pH
(a)

Figure 5. Cont.
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Figure 5. Adsorption capacity and percentage of dye removal efficiency: (a) Effect of pH,(b) Effect of initial concentration of
DB15 (adsorbate), (c) Effect of HNT (adsorbent) dosage, and (d) Effect of temperature.
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Figure 6. Structures of Direct Blue 15 dye in an aqueous medium.

3.3. Adsorption Isotherms—Modeling Examination

The data of adsorption of DB15 dye by HNT were analyzed by applying the ad-
sorption isotherm models proposed by Freundlich, Jovanovic, Dubinin-Radushkevich,
Langmuir, Toth, Vieth-Sladek, Radke-Prausnitz, Redlich-Peterson and Brouers-Sotolongo,
isotherm models. To refine the outcomes and to make a differentiation between practically
comparable information acquired by different isotherm models, SSE and x? as two extra
blunder capacities were consolidated in our examination.

Langmuir [27] proposed a model in which the adsorbent was accepted to have dy-
namic locales having practically uniform energies. This was additionally settled on the
possibility that no horizontal collaboration happens between adsorbed atoms. A level in
a two-dimensional diagram with harmony focus (C.) as a free factor and g. (Figure 7a)
as a reliant variable describes the immersion of the adsorbent’s active destinations on a
superficial level [28]. This suggests that further adsorption cannot happen, and the possi-
bility of multi-facet adsorption of the color is precluded. The experimental data, R? = 0.94,
ge = 69.00 mg g’l, and Q;; =97.96 mg g’1 for the DB15-HNT system, indicates a good fit
for the Langmuir adsorption isotherm model. The separation factor (Rr) values of 0.035
and 0.419 indicate favorable adsorption of the DB15 dye onto HNT.

In addition, the adsorption is more likely if the rise in the starting concentrations
reduces the RL. This, however, goes against what is seen in Figure 7a. Furthermore, HNT
has offered motivation to study different models by variations of 98.96 and 69.00 mg g~*,
Qm/Qe ratios.

The Jovanovic model [29] tries to reduce the deviancies from the Langmuir isotherm
Comparing the variance in the values of g, = 69.00 mg g~! and Q,, = 85.67 mg g~ ! with
respect to Langmuir isotherm model.

The adsorption isotherm empirical model proposed by Dubinin—-Radushkevich [30]
describes adsorption by filling the pore of the adsorbent A value of 110.59 mg g~ for g5 con-
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trasts with the Langmuir and Jovanovic models (Table 2). Additionally, a value of 0.97 for
the correlation coefficient (R?) confirms that the process of adsorption is linear (Figure 7b).
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Figure 7. (a-d) The curve fitting was conducted on adsorption data isotherm
for DB15-HNT.

Table 2. Two-parameter isotherms.

Two Parameter Isotherms

Langmuir Freundlich Jovanovic Dubinin-Radushkevich
Qm 97.96 Kr 24.17 Qm 85.67 Qs 110.59
Ks 0.055 ne 3.977 K; 0.046 Ko 446 x 107°

Toth, Radke-Prausnitz, Vieth-Sladek, Redlich-Peterson, and Brouers-Sotolongo, were
also studied [31]. To define a heterogeneous adsorption system, a mathematical correlation
was developed by Toth [32]. Brouers-Sotolongo isotherm model [33] and the Vieth-Sladek
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isotherm model [34], respectively. The results are presented in Figure 7c. Radke-Prausnitz
isotherm model [35]. The Redlich-Peterson isotherm model [36], the a“g” value of 1.063 as
a correction exponent showing similarity to the Langmuir isotherm (see Figure 7d).

Table 2 represents the results obtained with two-parameter isotherms, while, in Table 3,
the parameters were calculated using three-parameter models. Finally, in Table 4, the curve-
fitting results calculated for nine isotherm models are represented. Briefly speaking, the
graphs plotted based on the nine models showed similar trends, including nonlinear and

flat parts.
Table 3. Three-parameter isotherms.
Three-Parameter Isotherms
Toth Brouers—Sotolongo Vieth-Sladek Radke-Prausnitz Redlich—Peterson
Oum 87.60 Oum 84.00 Agp 4.70 Oum 114.80 Arp 4.70
nro 1.876 Kgs 0.027 Brp 0.034 Kip 0.043 Bgrp 0.034
bro 442.37 1% 1.21 g 1.06 Myp 1.06 g 1.06

Table 4. Results of the curve fitting for isotherm models.

. . . Dubinin— Brouers— Vieth— Radke- Redlich-

Isotherms  Langmuir Freundlich Jovanovic g g,chkevich Toth Sotolongo Sladek Prausnitz Peterson
SSE 321.3 1080.3 2974 4324.3 2272 281.7 321.3 306.4 296.9
X2 12.14 40.80 8.02 67.55 6.42 5.59 12.14 10.79 10.15
R? 0.94 0.80 0.94 0.97 0.96 0.95 0.94 0.94 0.95

3.4. Adsorption Kinetics

To offer the difference in adsorption rate, the concentration of 100, 200, and 300 mg L1
of the DB15 dye was utilized to carry out kinetic studies at 303, 313, and 323 K. The used
kinetics limitations are given in Table 5.

Table 5. Parameters used for adsorption kinetic models in the present research.

Initial Dye Pseudo-First Order Pseudo-Second Order

Concentratlion Tﬁr(rip Geexpt Ge,pred k 2 2 Ge,pred k 2 2

[ng mL-1] [mg g~1] [mg g-1] 1 R X [mg g—1] ? R &
303 60 50.18 1.40 x 1071 0.68 0.96 55.64 3.99 x 1073 0.87 1.72
100 313 57 48.58 1.40 x 1071 0.63 1.10 53.92 410 x 1073 0.84 0.46
323 55 45.89 1.54 x 1071 0.58 0.98 50.40 5.07 x 1073 0.81 0.42
303 80 70.67 1.79 x 1071 0.78 0.39 75.69 478 x 1073 0.95 0.08
200 313 76 65.34 6.53 x 10! 0.51 0.54 65.88 1.71 x 1073 0.76 1.65
323 73 64.35 2.19 x 1071 0.51 0.54 67.94 7.39 x 1073 0.80 0.22
303 86 76.28 2.39 x 1071 0.49 047 79.82 7.72 x 1073 0.80 0.19
300 313 80 68.28 297 x 1071 0.40 0.20 70.19 1.54 x 1072 0.71 0.10
323 75 68.07 3.04 x 1071 0.46 0.14 69.78 1.70 x 102 0.79 0.06

Figure 8 represents the results of the kinetic models developed for DB15. The kinetic
data of adsorption of DB15 on minerals were analyzed using a pseudo-1st-order [37] and a
pseudo-2nd-order [38].
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Figure 8. (a—c) Kinetic model developed for DB15 dye on HNT system at different temperatures.

Examination of the kinetics data (Figure 8) represents raise in adsorption with an
increase in adsorbent concentration. Similarly, the adsorption rate increases with time.
However, it is realized that the rate of adsorption decreases as the temperature increases.
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Thus, a high concentration of adsorbent studied for a longer time interval seems more
favorable for future studies.

This was observed in the film diffusion model [39]. As described in Figure 9 and
Table 6, the diffusion constant R’ values of a liquid film are in good agreement with high
R? values. Furthermore, the values of R’ infers, fast adsorption of solute on the atoms’
exterior leaving a thin layer.

t (min)
0 20 40 60

Ln (1-q./q.)

Ln (1-q/ qe)

2
-2.5
-3
t (min)
0 20 40 60
-0.5 -

Ln (1-q./q.)

2
25 -
-3
B 303K 4 313K 0 323K
—— Film model fitted [303 K] = = Film model fitted [313 K] - - - - Film medel fitted [323 K]

Figure 9. (a—c) Energy information fitted to the film diffusion model at different concentrations.
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Table 6. The parameters used in the diffusion models.
Initial Dye Film Diffusion Model Weber-Morris Model Dumwald-Wagner
C trati Te K

([):llf;;{iillfn emp (K] R’ [min—1] R? kig [mg g~1 s~0] R? k [min~1] R?
303 0.0238 0.98 3.05 0.99 0.021 0.98

100 313 0.0285 0.94 2.99 0.98 0.026 0.93

323 0.0234 0.95 2.59 0.98 0.021 0.94

303 0.0225 0.99 2.89 0.98 0.021 0.99

200 313 0.0175 0.98 2.18 0.98 0.016 0.98

323 0.0216 0.97 218 0.98 0.020 0.97

303 0.0193 0.98 218 0.98 0.018 0.98

300 313 0.0096 0.95 1.23 0.94 0.009 0.95

323 0.0138 0.99 1.09 0.98 0.014 0.99

3.5. Mechanistic Study

In this section, mathematical models of adsorption reaction and adsorption diffusion
are proposed to identify the contribution of the diffusion mechanism in the adsorption
process of the DB15 dye by HNT. Results showed that the empirical affiliation of the

acceptance of the substrate at a certain time g; is comparable with t. This was carried out
by fitting an intra-particle diffusion model. As presented, the process of adsorption is not
rate-limiting, and the development of adsorption happens in numerous stages. Thus, it
may be pictured that the movement of DB15 dye molecules onto the peripheral of HNT
precedes the diffusion into the pores of HNT.

For the Weber—Morris model, the solute endorsement differs with t%, As shown
in Figure 10, a straight line was obtained when plotting g; versus t2. Hence, it can be
concluded that intraparticle diffusion is the rate-limiting step for the process of adsorption
of the dye on the adsorbent [37-39]. The results of this model can be seen in Figure 11
and Table 6.

3.6. Thermodynamics of the Adsorption Process

Gibbs free energy change (AG°) and entropy (AS°) of the dye-HNT classification
is assessed in this section as two key thermodynamic parameters. In Table 7, the calcu-
lated thermodynamic parameters are presented. The outcome of AG® proposes that the
adsorption method is almost spontaneous. The decline in the —Y¢ number of AG® with
an increment in the temperature shows that the response is practically unconstrained at
a low temp. The +¥¢ upsides of AS° show the arbitrariness of the dye/HNT interface.
Figure 12 illustrates the (a) Determination of enthalpy and Gibbs free energy: plot of
thermo-dynamic equilibrium constant against 1/T and (b) Determination of activation
energy: plot of pseudo-second order kinetic constant against 1/T.

Table 7. Impact of temperature and beginning color focus on thermodynamic boundaries.

Initial Dye Concentration Temp AG° AS° AH° InA E.
n
[ug mL—1] K] [k] mol—1] [J mol-1 K-1] [k] mol—1] [k] mol—1]

303 —2.14

100 313 —-2.19 3.39 2.04 0.86 9.66
323 —2.31
303 —1.22

200 313 —1.24 5.68 3.31 1.72 16.64
323 -1.29
303 —0.75

300 313 —0.81 8.73 4.80 4.07 32.36

323 -0.87
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Figure 10. (a-c) Energy information fitted to the to the Weber-Morris model at different concentrations.
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Figure 11. (a—c): Energy information fitted to the Dumwald-Wagner model at different concentrations.
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Figure 12. (a) Determination of enthalpy and Gibbs free energy: plot of thermodynamic equilibrium constant against 1/T

and (b) Determination of activation energy: plot of pseudo-second order kinetic constant against 1/T.

3.7. Statistical Process Optimization

The process optimization was conducted using fractional factorial experimental design
(FFED) under various combinations of five self-determining variables. The FEED analysis
and the quadratic regression eq. obtained from ANOVA illustrate the probable specifics
and combined effect of the factors for the DB15-HNT system [39-45]. For the ANOVA
analysis, the p-value < 0.05% with 95% assurance span was considered noteworthy [44-50].

The graphs in Figure 13 represent a strong correlation between the particle data and
the responses calculated with the FFED model. In addition, A, C, D, AZ C2,D?, and E2
are considerable model conditions for the DB15-HNT system. The regression Equation (1)

obtained for DB15-HNT system is shown below:

Responsepps.HnT = 42.1 +185 X A — 6.2 X B+19.5 x C —32.0 x D — 134 X E — 3.4 x AB+11.8 x AC — 3.0 x BC — 19.8 x A2 + 1.6 x B2 — 27.5 x C? + 242 x D? + 23.4 x E? (1)
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Figure 13. The calculated response against the experimental value obtained for adsorption capacity
of DB15-HNT.

The regression coefficient [51-63] indicates the effect of various features affecting
the adsorption capacity on the adsorption capacity [64—67]. The surface and contour
plots represented in Figure 14 show the combined effect of two features on the process of
adsorption. Statistical optimization experiment was 112 mg g~! with conditions optimized
pH = 1, the adsorbent dosage of 0.5 g L1, and an initial dye concentration of 412 mg L~!
for an adsorption time of 177 min with orbital shaking of 165 rpm at temperature 20 °C.

3.8. Adsorption Process for Textile Industrial Effluents

To measure the real-life performance of the prepared DB15, it was utilized to treat an
industrial textile effluent (TIE) [66]. 0.1% (w/v) DB15 color arrangements were ready by
dissolving 5 g of the color in 5L refined water (referred to as solution 1) and in 5 L TIE
(referred to as Solution 2). Preliminary investigations were carried out to evaluate the
effective parameters derived from optimization on the efficiency of the dye using aqueous
matrices. It was observed that the addition of fresh samples at short intervals showed an
effective treatment such that the adsorbent could amputate the dye along with the allied
materials present in Solution 2.

Figure 15 shows a visual comparison between distilled water, DB15 color in refined
water, TIE arrangement, DB15 in TIE arrangement, and filtrate after the adsorption of color
on HNT after 15 min.
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Figure 14. (a—c) 3D-surface plots and 2D-contour plots of variation of adsorption capacity with different parameters.
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Figure 15. (1) Distilled water; (2) DB15 dye in distilled water; (3) TIE; (4) DB15 dye in TIE; (5) Filtrate
after adsorption of dye on HNT after 15 min.

To scale up the experiments by one and two orders, 0.5 and 5.0 g each of the HNT
was transferred to 1L and 10L polyethylene beakers. Next, 500 mL and 5 L Solution 2 was
added to 1 L and 10L polyethylene beakers, respectively. Using a magnetic stirrer, the
solutions were agitated. The procedure was repeated as described earlier [64—67].

4. Conclusions

The adsorption process is a dynamic phenomenon, and various factors seem to in-
fluence the remediation process synergistically. The study sets a new roadmap for the
applied science by amalgamating the experimental analysis with in-depth modeling for
an effective outcome. The connections among HNT as the adsorbent and DB15 color as
the adsorbate displayed a test harmony (g.) worth 96.00 mg g~ ! at pH 2, 69.00 mg g~ ! ata
practically unbiased pH, and 112 mg g~!, which was obtained via statistical optimization.
To further understand the process of adsorption, nine isotherm models were studied. The
adsorption follows Brouers-Sotolongo model, and the interactions between HNT and DB15
were identified to be physical in nature, following the pseudo-second-order kinetics. The
contact time, dye concentration and dosage, and initial pH were the effective operating
parameters influencing the adsorption. Based on the positive outcomes of the statistical
optimization studies, the current work was tested at a laboratory scale for the application
perspective. It was also demonstrated that the dye modified HNT has the potential to
treat effluents from the textile industry. Furthermore, the current case study of the DB15
dye being adsorbed on the lucrative halloysite nanotubes sets a benchmark for remedi-
ation. Any given dye can be tested for its remediation purpose by choosing adsorbate
material such as HNT. It would lead to a sustainable approach for tackling the current
market demands. This study further bolsters the adsorption process by concretizing the
need for modeling studies right from the laboratory scale to an industrial scale for process
optimization. Thus, the work attracts researchers from various fields to address the current
social/market needs by implementing green chemistry and green engineering principles
for a sustainable environment.
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