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Abstract: The first-ever use of halloysite nanotube (HNT), a relatively low-cost nanomaterial abun-
dantly available with minor toxicity for removing brilliant green dye from aqueous media, is reported.
The factors affecting adsorption were studied by assessing the adsorption capacity, kinetics, and
equilibrium thermodynamic properties. All the experiments were designed at a pH level of around
7. The Redlich-Peterson isotherm model fits best amongst the nine isotherm models studied. The
kinetic studies data confirmed a pseudo model of the second order. Robotic investigations propose
a rate-controlling advance being overwhelmed by intraparticle dispersion. The adsorbent features
were interpreted using infrared spectroscopy and electron microscopy. Process optimization was
carried out using Response Surface Methodology (RSM) through a dual section Fractional Factorial
Experimental Design to contemplate the impact of boundaries on the course of adsorption. The
examination of fluctuation (ANOVA) was utilized to consider the joined impact of the boundaries.
The possibilities of the use of dye adsorbing HNT (“sludge”) for the fabrication of the composites
using plastic waste are suggested.
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1. Introduction

The global sustainable fabrics market report mentions a compound annual growth
rate of 11.4%, valued at USD 58.3 billion [1]. However, manufacturing textures by ma-
terial enterprises appallingly affect the climate because of the tremendous exhaustion of
engineered colors; most of them increment BOD and COD., disable photosynthesis, upset
plant development, give hard-headedness, and advance the cancer-causing nature and
mutagenicity [2]. Additionally, unquenchable water utilization hurrying by trillions of
gallons for every annum and a lot of handled color effluents containing a large number of
huge loads of unconsumed colors represent a critical danger to nature and the climate [3,4].
Notwithstanding the rigid guidelines forced on the material ventures in wastewater treat-
ment, the results have been horrifyingly baffling [5,6]. One of the essential reasons is
the shortfall of an economical remediation strategy technique and the methodology for
eliminating poisonous colors.

Supportability as a framework resolves financial matters, climate, and, thus, social
concerns [7]. The various techniques and methods reported in the literature may be
broadly classified into four types—namely, biological [8,9], chemical [10-12], physicochem-
ical [13,14], and physical methods [15-17]. The methods described above have severe
limitations: the time of completion of the remediation process, the cost of the technique
and/or method; the fall-out of chemical, electrochemical, and photochemical degradation
processes, resulting in toxic substances [18]. Besides, one of the major problems associated
with all the reported techniques is the disposal of sludge.

Adsorption as a technique addresses many of the problems described above with sub-
stantial answers for the remediation of colors from modern effluents [19]. Notwithstanding,
this technique also falls short of the disposal of “sludge” produced after the adsorption of
the adsorbate onto the adsorbent. Hence, address the issue to give an amicable answer for
ooze removal [20]. One of the options is to utilize an inorganic class of adsorbents which
will affect less the climate and environment [21].

The textile industry requires an enormous quantity of adsorbent for the process
of remediation of dyes and allied materials for the treatment of effluents. Thus, the
adsorbent must have the following characteristics: availability in abundance, cost-effective,
environmentally friendly, prepared to use with no pretreatment, and ought to have a pore
structure. The latter assumes importance, as the adsorption technique is a physical method
and requires an enormous surface region for the cooperation of the adsorbent with the
adsorbate [22].

Halloysite nanotube (HNT) as an adsorbent qualifies as a candidate to meet the above
requirements. Moreover, the tubular structure of HNT with different chemistries inside the
pore and on the surface suits our present study. Additionally, HNT has been extensively
used as filler material providing strength to the composites fabricated [23]. This information
helps us to address the issue of disposal of the sludge as a reinforcement material.

Brilliant green (B.G.) is the triarylmethane class of dyes. It is widely utilized in the
paper industry to dye wool, biological staining, and dermatological agents. However, it is
a hazardous contaminant that causes diarrhea, eye irritation, nausea, and vomiting [24].
Besides, scant literature is available to remove the triarylmethane class of compounds using
HNT [25]. There are about a dozen research articles described in review studies relevant to
imbibing inorganic materials. However, none of the papers have used nanomaterials and
addressed the adsorption of brilliant green dye.

The present research work is oriented towards the experimental optimization of
the state of the features influencing the process of adsorption, model studies for better
understanding, and carry out RSM studies based on a fractional factorial experimental
design (FFED) for possible commercialization. Lastly, the novelty of this work lies in the
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amalgamation of the experimental studies of the brilliant green dye remediation with
halloysite nanotubes and the detailed modeling studies, including the isotherm, kinetic,
thermodynamic, mechanistic, and process optimization.

2. Constituent and Process Sequence
2.1. Constituents

Halloysite nanotubes (H.N.T.) and brilliant green (B.G.) dye were obtained from
Aldrich, Delhi, India. The dye was commonly referred to as Emerald Green. C.I. = 42,040,
CAS registry number = 633-03-4, chemical formula = Cy7H33N,HO,S, and molecular
weight = 482.64. Amax was 625 nm. Figure 1 is a schematic of the BG atomic design.
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HSO.
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o

Figure 1. Brilliant green atomic structure.

2.2. Parametric Influence of BG on HNT

The influential test variables (pH grade of solution, concentration of BG initially,
adsorbent quantity, and thermal changes) were considered utilizing group tests. For
preparing the stock solution of BG (1000 mgL '), water distilled twice was utilized. This
was used to prepare concentrations of 25-200 mgL’l. To numerous 250-mL Erlenmeyer
flasks, 50 mL of prepared solution and a calculated quantity of HNT was added. Parametric
variations included for evaluation were, pH (2, 4, 6, 7, 8, 10, and 12); BG concentration
in beginning (25-200 mgL~!), and adsorbent amount (0.5-6 gL.~!). Thermal influence
on process of adsorption was investigated for three temperatures were selected with an
underlying color centralization of 100 mgL . Test solution under static thermal conditions
was stirred for 180 min at a rotational speed of 165 rpm in an orbital shaker. BG color not
adsorbed by HNT was separated by subjection to high-speed centrifuging (3000 rpm) for a
duration of 5 min. Centrifugation is reprocessed for 5-min durations till a clear solution is
obtained. The equilibrium concentration centrifuged solution was not set in stone utilizing
a Perkin-Elmer Lambda EZ-201 UV-vis spectrometer. To consider the impact in the scope
of pH 2-12 the group tests were performed. To achieve the desired pH grade, 0.01-1 M
HCI or NaOH was utilized. Solution concentration (100 mgL 1), kinetics were investigated
at 303 K, 313 K and 323 K at time-variant conditions. Analyses were recreated threefold,
and the mean qualities are considered.
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2.3. Characterization Methods

IR spectra were recorded using the FTIR spectrophotometer (Perkin Elmer 3 lambda).
A JEOL model 3300 scanning electron microscope was used to record SEM images. A pH
meter Model 802-Systronics, India, was used to measure the pH.

2.4. Statistical Optimization of the Process Parameters

An experimental design [26] for optimizing five process parameters at two levels, as
mentioned in Table 1, was prepared for the BG-HNT system to obtain a quadratic regression
equation using the ANOVA model.

Table 1. Test range for singular components [27] (adapted with permission from the publisher).

Dimensional

Feature Variable Value Valuepin Valuemax
A Duration minute 0 180
B Temperature °C 27 50
C Concentration mgL~! 25 200
D Adsorbent quantity gL_1 0.5 6.0
E pH - 2 12

3. Test Data Analysis
3.1. HNT/BG-HNT Surface Syntesis
Analyses of SEM Images and FTIR Spectrum

SEM images showing HNT and HNT with BG dye adsorbed are shown in Figure 2a,b.
The dye adsorption onto the HNT surface can be depicted from these pictures. The pores
in HNT texture resembles a honeycomb shape. The substrate adherence to the adsorbent
is enhanced by this surface structure. Figure 2b affirms the adsorption of the color on the
outside of HNT as the pores appear to be filled. The FTIR spectra for BG dye (Figure 3)
exhibit distinctive peaks at 3500 and 3200, and 3100 cm ! refers to N-H and CH-aromatic
elongation caused by periodic disturbances. The maximum vibration noticed at 1700/cm
recognizes S=0O of the sulphites group in dyed structures. The triplet peaks exist in the
spectrum between 1620, 1590, and 1480/cm and C=C, related to the aromatic ring, which
couples with N=N of the azo group in the dye structure. The multiple peaks that appear at
1460-1337 /cm are orient by bowing, a periodic vibrational motion relevant to N-H and
CH individually. Other than the range of the halloysite, 3660/cm addresses the extending
movement on the inward surface OH gatherings, and 1010/cm handles the extension of Si-
O. The inward surface -OH bunches concerned the aluminum-focused sheets of octahedral
stature and hydrogen-oxygen bonding in a bilayer structure.

The FTIR spectrum showing complex BG-HNT in Figure 3 displays a significant
change in the vibration modes compared to pure BG. It is noticed that the vibrational peaks
at 3500-3200 cm !, which are referred to as the -OH and -NH groups in BG dye, tend
to vanish. This indicates HNT’s strong interactions with functional groups and modifies
the morphology of the structure of the dyes in BG-HNT. Similar behaviors can also be
witnessed at 3000 cm !, 1600-1450 cm ! and 1260-1030 cm !, confirming that HNT has
high adsorption and good interaction with BG dye.
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Figure 2. Halloysite nanotube surface characterization pre- and post-adsorption studies. (a) HNT pre-adsorption SEM

image and (b) BG-HNT post-adsorption SEM image.
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Figure 3. FTIR spectra of BG dye, HNT, and BG-HNT.

3.2. Parametric Impact
3.2.1. pH Effect

HNT adsorption upon pH arrangement. It influences the process as follows: it pri-
marily affects surface features of the adsorbent and, secondly, BG chemical alterations [28].
The efficient utilization of selected adsorbents is exclusively influenced by pH. It is thus
critical to have a thorough understanding of pH effect when commercialization of the
process is desired [29]. The shape of the curve displaced in Figure 4a was consistent with
the expected chemistry. The principal constituents of HNT are the oxides of aluminum and
silicon. These oxides display different ionization properties and surface charges due to
different zeta potentials when kept in contact with water [30]. The external surface of HNT
showed negative charges due to silica above pH values of 2. Accordingly, the adsorption
capacity of cationic BG dye decreased from pH 2 to 4. The pH has a profound influence
on BG’s structure and its characteristic feature as a cationic dye. Thus, with an increase in
the pH, the BG dye loses its positive charge and also changes its color. A marginal rise in
ge from pH 6 to 12 is attributed to the positive charges of alumina in neutral and alkaline
media, which attract the possibly negatively charged BG dye.
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Figure 4. Effect of (a) the pH, (b) initial dye concentration, (C,) with percent removal efficiency,
(c) adsorbent dosage, and (d) temperature of BG-HNT.

3.2.2. Initial BG Dye Concentration

Initial color focus affects the adsorption limit of H.N.T. This is manifested in the
results displayed in Figure 4b. The shape of the curve suggests that the percent removal
capacity of the adsorbate (B.G.) by the absorbent (H.N.T.) remains almost constant within
25-100 mgL ! and diminishes with an increment in the concentrations, as is observed in
most cases [31].

3.2.3. Quantity of Adsorbent

Measurements as a boundary will significantly impact the commercialization of the
cycle since it chooses monetary achievability [27]. The expulsion of BG color from the
arrangement diminishes the following adsorbent enhancement up to 6.00 gL~!. Then
again, it was observed that the percent of BG color evacuation expanded pointedly with an
increment in adsorbent measurements from 0.50 to 1.00 g L~!. From that point forward,
minute expansion in the efficiency of eradication was observed (Figure 4c). Observations
were made from a process commercialization perspective. Several attempts using minimum
adsorbent quantity extensively improvised adsorbent dye removal efficiency.

3.2.4. Thermal Influence

Process thermal evaluation distinctly motivated for commercial applications was
considered when utilizing Table 1. The impact of temperature on BG dye adsorption onto
HNT are presented in Figure 4d. The test readings relevant to thermodynamic parameters—
AG°®, AH®, and AS° reveal the reaction features. Indicatively, the negative AH® (enthalpy
change) for selected temperatures specify exothermic interaction. Negative AG® (free
energy change) affirm the suddenness and suitability of the adsorption interaction. The
magnitude of AG® projects fasts and extensive adsorption at low thermal conditions.
Further, it was inferred that the negative values of AS° (entropy) suggest minimum changes
in the internal structure of HNT. A similar observation has been reported elsewhere [32].

3.3. Adsorption Isotherms-Modeling Analysis

The study of the isotherm models wereintended to provide a view of the efficiency
of HNT for the remediation of the dye for commercial applications. With a focus on the
degree of economic advantages. The adsorption of BG dye onto HNT was evaluated
employing the isotherm models of adsorption proposed by Langmuir, Freundlich, Jo-
vanovic, Dubinin-Radushkevich Toth, Brouers-Sotolongo, Vieth-Sladek, Radke-Prausnitz,
and Redlich-Peterson. The main criteria of the adsorption isotherm study specified the
selection of a model, g, (test equilibrium), closely equivalent to Q,, (single layer adsorption
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capacity), coefficient of determination (R?) > 0.9. Data accuracy improvement was imbibed
by including error correction factors, SSE and x>.

Langmuir [33] assumed uniform energy sites available on the adsorbent, with no trans-
verse interactions among molecules. 2D graph (Figure 5a), of C, (independent variable) and
ge (dependent variable), flattening specifies energy locality of the adsorbent surface satura-
tion. This condition resists process continuation and rules out the occurrence of sorption in
multilayers. The experimental data, R?2=0.82, ge = 87.00 mg g_l, and Q;; = 124.15 mg g_1
for the BG-HNT system, indicate a close fit to the Langmuir adsorption isotherm model.
The separation factor (R 1) values of 0.039 and 0.247 indicate the favorable adsorption of

BG dye onto HNT.
150
120
-1“ 90 -
vy
E
o 60 1 .:’ —— Qe (experimental)
' —=#—— Qe (Langmuir)
30 - ——m —- Qe (Freundlich)
O T T T T
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Ce (mgL?)
(a)
150
120 -
—'un 90 T
oo
E
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O T T T T
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(b)

Figure 5. Cont.
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Figure 5. BG-HNT adsorption fit with (a) Langmuir and Freundlich; (b) Jovanovic and Dubinin-
Radushkevich; (c) Vieth-Sladek and Brouers-Sotolongo; and (d) the Redlich-Peterson, Radke-
Prausnitz, and Toth adsorption isotherm.

Moreover, the adsorption was considered more favorable if the increase in the initial
concentrations decreases the Ry value. This is in contradiction to our results displayed
in Figure 5a. Additionally, the variances between the Q,; and g, values of 124.15 and
87.00 mg g~ !, respectively, for HNT has given the impetus to explore other models.

Contrary to the above discussion, Freundlich professed diversity of surface sites with
different adsorption energy and demonstrated relevance to multilayer adsorption [34].
np = 4.060 and 1/np = 0.246 (Table 2) of HNT indicate that the course of adsorption is
physical and suits the behavior of the Langmuir isotherm.
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Table 2. Calculated parameters of the adsorption isotherms.

Two-Parameter Isotherms

Three-Parameter Isotherms

Langmuir  Freundlich

Jovanovic

Radke-
Prausnitz

Redlich-
Peterson

Brouers-
Sotolongo

Dubinin-

Radushkevich Toth

Vieth-Sladek

124.2 379

4.06

Qum
Ks

Kp
0.12 ng

Qﬂl
Ky

109.7
0.09

124.2
1x 1077
0.12

Qs 110.6
Kaa

Om 106.4 Qm 1071
nro 12.50 KBS 0.02
bro 113x10% @ 1.61

in
Kys
Bvs

Qn 7748 App 78
kp 001  Bgp 001

-6
6.43 x 10 my 289 g 164

The Jovanovic model [35] attempts to minimize the deviancies of the test results from
the Langmuir isotherm model by introducing the exponential term K;. On comparing
the differences in the values of g, = 87.00 mg/g and Q,;, = 109.71 mg/g with the values
obtained by the Langmuir isotherm model, one may surmise that the values obtained in
the Jovanovic isotherm were better compared to the Langmuir isotherm model.

The adsorption isotherm empirical model proposed by Dubinin-Radushkevich [36] de-
scribes adsorption process through the filling of the pore of the adsorbent. g; = 110.59 mg/g,
comparatively with the Langmuir and Jovanovic models, is more (Table 2). Furthermore, a
value of 0.97 coefficient of determination (R?) confirms that the adsorption process is linear
(Figure 5b).

To identify specific model(s) with a smaller gap between experimental g, and Qm
values, five isotherm models are Radke-Prausnitz, Vieth-Sladek, Redlich-Peterson, Brouers-
Sotolongo, and Toth—were also studied. The importance of these models is described
by us elsewhere [37]. To describe the heterogeneous adsorption system, the empirical
mathematical equation was developed by Toth [38]. Brouers-Sotolongo isotherm model [39]
and the Vieth-Sladek isotherm model [40]. The results are presented in Figure 5c. The
isotherm model of Radke-Prausnitz [41]. The Redlich—Peterson isotherm model [42].
Table 2 has a “g” value of 1.638 as the correction exponent, which shows similarity to the
Langmuir isotherm (Figure 5d).

The data obtained using five three-factor models are tabulated in Table 2. The study of
nine isotherm models and the evaluation of statistical parameters were obtained in Table 3.
In brief, the graphs obtained by nine models have the similarity that it contains two parts,
viz., a nonlinear part and a plateau. The former indicates that the dye molecule adheres
to the active site of the porous H.N.T., and the latter characterizes the saturation of the
adsorption process. Considering the values of R?, S.S.E., and x?, the Redlich-Peterson
isotherm model fits best.

Table 3. Model fit factual boundaries.

Isotherms Langmuir

Freundlich

Vieth-
Sladek

Radke-
Prausnitz

Redlich-
Peterson

Brouers-
Sotolongo

Dubinin-

Radushkevich Toth

Jovanovic

SSE 1581.8
X 31.28
R2 0.91

3506.7

777.9
12.84
0.99

544.4
7.82
0.94

311.1
447
0.96

311.8
3.61
0.96

1581.8
31.29
0.82

244.5
7.70
0.98

140.7
4.63
0.98

77.08
0.92

3.4. Adsorption Kinetics

The kinetic models provide an insight into the performance of adsorption of DB15
dye on HNT with time as an independent variable. Therefore, the studies will have a
significant impact to scale for commercial applications. To provide the variation in the
adsorption rate concentrations of 50, 100, and 150 g mL~! of BG dye were used to carry
out kinetic studies at temperatures of 303 K, 313 K, and 323 K. The output data secured are
depicted in Figure 6 and tabulated in Table 4. The kinetic data of the adsorption of BG on
minerals were analyzed using pseudo-first-order [43] and pseudo-second-order [44]. The
R? and x? values suggest the pseudo-second request model is well-fitted, contrasted with
the pseudo-first request for the BG-HNT system.
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Figure 6. BG adsorption on HNT fittings for (a) 50 pug/mL, (b) 100 ug/mL, and (c) 150 png/mL at

thermal variations.
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Table 4. Unsettled and hypothetically anticipated boundaries for the adsorption energy formats.

Pseudo-First-Order Pseudo-Second-Order
Initial Concentration ~ Temp e, expt
(ug mL-1) (K) (mgg1) e, pred K 2 2 e, pred K 2 2
(mg g1) 1 R X (mg g1) 2 R X

303 40 35.96 6.63 x 1072 0.94 0.59 44.26 1.64 x 1073 0.97 3.94

50 313 44 117.53 2.28 x 102 1.00 14957 48.08 1.79 x 1073 0.96 0.32
323 47 45.09 5.32 x 1072 0.96 0.80 57.85 9.04 x 10~* 0.97 0.48

303 86 38.86 1.02 x 1071 0.91 8.51 44.68 312 x 1073 0.91 0.48

100 313 89 43.90 439 x 1071 0.93 1.54 65.88 1.71 x 1073 0.93 1.65
323 93 43.32 1.07 x 1071 0.94 1.58 49.70 294 x 1073 0.94 0.76

303 110 77.79 1.95 x 107! 0.91 0.36 82.43 5.33 x 1073 0.95 0.07

150 313 117 85.27 476 x 1072 0.94 1.65 111.58 401 x 10°* 0.97 0.92
323 122 96.90 404 x 102 0.96 4.99 127.72 295 x 107 0.90 3.61

Analysis of the adsorption kinetics data confirmed multiple levels of linearity, which,
in turn, suggests multiple mechanisms. Higher concentrations and higher temperatures
lead to higher adsorption rates, which lead to different linear routes. However, the process
of adsorption gets stabilized over time. This was observed in the film diffusion model [45].
From Figure 7 and Table 5, the diffusion constant values of R’ of a liquid film agree with

high R? values.
t (min) t (min) (min)
0 20 40 60 t(min
| . | 0 20 40 60 0 20 20 60
0 O 1 1 1
O 1 1 1
-0.5 1 -0.5 H -0.5 -
{ -1 4 { -1 4 i 1 4
3 § 3
=15 A =15 2-15 4
s 5 5
-2 A -2 A -2 A
-2.5 1 \
-2.5 N -2.5 4 150 -1 =
i - ml
50 pg ml? 100 pg ml* 3 e
-3 -3
(a) (b) (c)
m 303K 4 313K ® 323K
Film model fitted [303 K] —-—--Film model fitted [313K] ~ ----- Film mecdel fitted [323 K]

Figure 7. Energy information fitting to format the film dissemination starting with BG focus: (a) 50 pug/mL and
(b) 100 ug/mL and (c) 150 pg/mL.

Table 5. Determined boundaries for the dissemination models.

Film Diffusion Model Weber-Morris Model Dumwald-Wagner
Initial Concentration Temp R % %
-1 2 2 ist 2 2 2 2
(ug mL-1) (K) (min-1) R X (mgg 15 05) R X (min-1) R X
303 0.0372 0.98 0.511 3.73 0.99 0.050 0.032 0.97 0.057
50 313 0.0397 0.99 0.682 3.88 0.99 0.045 0.035 0.98 0.045
323 0.0437 0.99 0.111 5.12 0.97 0.273 0.038 0.98 0.178
303 0.0055 0.99 5.158 3.08 0.98 0.056 0.032 0.99 0.201
100 313 0.0078 0.99 2.191 4.49 0.99 0.078 0.005 0.99 0.030
323 0.0060 0.99 5121 3.42 0.97 0.117 0.004 0.98 0.192
303 0.0066 0.90 4.282 2.67 0.94 0.086 0.005 0.90 2.156
150 313 0.0171 0.99 0.762 9.95 0.99 0.204 0.012 0.99 0.387

323 0.0202 0.96 0.477 11.09 0.96 1.314 0.023 0.97 0.907
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Furthermore, the values of R’ infers the fast adsorption of a solute onto the outside of
the particles, leaving a flimsy film. The phenomena is retarded to the process of diffusion,
which affects the rate of adsorption. This step confirms that the diffusion phenomenon
limits the adsorption process.

3.5. Mechanistic Study

Mathematical models of the adsorption response and adsorption dissemination are
proposed to recognize the importance of diffusion in the adsorption process of the BG dye
onto H.N.T. We resorted to a functional empirical relationship of the uptake of the substrate
at a given time g; varying almost proportionally with t!/2. This was done by fitting an
intraparticle diffusion model. These results demonstrate that the process of adsorption is
not rate-limiting, and the progression of adsorption takes place in multiple steps. Thus, it
may be envisaged that the development of BG color particles onto the outside of HNT goes
before the dispersion into the pores of H.N.T.

As indicated by the Weber-Morris model [32], the solute take-up fluctuates with the
t1/2. Therefore, a straight line was obtained on plotting g; versus t'/2. The dissemination
rate was consistent determined from a straight line incline, as displayed in Figure 8. From
the information, we presumed that intraparticle dispersion is the rate-restricting advance
for the course of adsorption of the color on the adsorbent. Henceforth, the qt versus /2
plot should give a straight line whose slant (kint) will be a consistent dissemination rate
(Figure 8). In any case, the state of the bend construes that the intraparticle dissemination
is not the sole rate-restricting advance. Conversely, the Dumwald-Wagner model [46]
calculates the actual absorption rate. The data is presented in Table 5 and Figure 9.

100 100 100 .
80 5
80 80 - _ 4 ,
_ 50 pg ml? _ 100 pg ml? _ /Tr‘
@ 60 - % i b 60 - ¥ |
oo o o0 4 X
£ £ E o
= 40 —= 40 - = 40 ~ 4
[~ o o
20 - 20 - 20 11150 pg ml?
O T T T T 0 T - T - 0 T T T T
0 2 4 6 8 10 0 ) 4 6 8 10 0 2 0;1 ) gs 8 10
105 (min°-5) 05 (min°-5) t%> (min®3)
(a) (b) (0
H 303K A 313K ® 323K
— WM model fitted [303 K] — — -WM model fitted [313 K] ----- WM model fitted [323 K]

Figure 8. Energy information fitting to format the Weber-Morris model with the beginning BG focus (a) 50 pg/mL,
(b) 100 ug/mL, and (c) 150 ug/mL.
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Figure 9. Energy Information fitted to the format of Dumwald-Wagner model with initial BG focus (a) 50 pg/mL,
(b) 100 ug/mL, and (c) 150 ug/mL.

3.6. Thermodynamics of the Adsorption Process

The change in free energy (AG®) and entropy (AS°) of the dye HNT system are
credited with thermodynamic process design parameters. The thermodynamic parameters
presented in Table 6 were summarized through plots of In (K;) v/s 1/T shown in Figure 10.
AG® values suggest that the adsorption process is almost spontaneous. The reduced
AG°-negative upsides related to thermal enhancement signifies the response is practically
unconstrained at a lower temperature. AS°-positive readings commemorate the fall in
dynamic interaction at the dye/HNT conjugate surface.

3
e ® 50 pg ml-1
. o 4150 pug mi-1
] N W 100 pg ml-1
-] S -
= ~m -~
E =\ ~ . T~ -
2 N T~ - o= - -..
k-‘_____-i -
1.5 - TT A~
TTT--aA
1 T T T T T
0.00305  0.0031  0.00315  0.0032  0.00325  0.0033  0.00335
1/T(KY)

Figure 10. Graph signifying the enthalpy and free energy of BG-HNT.
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Table 6. Thermodynamic boundaries of BG-HNT framework.
Initial Temp AG® AS® AH® E,
Concentration InA
(ug mL~-1) (K) (kJ mol1) (J mol—1 K—10) (k] mol—1) (k] mol—1)

303 —6.54

50 313 —6.37 486.19 120.45 290 38.33
323 —6.15
303 —5.95

100 313 —5.74 645.33 233.61 451 59.69
323 —5.14
303 —3.93

150 313 —3.62 862.91 432.70 6.46 73.76
323 —3.31

3.7. Process Optimization

In recent years, halloysite nanotubes have been widely researched as a “green resource”
for their applications as drug carriers, for sustained drug release, and catalysis, to name
a few [47,48]. Their function as an adsorptive material [49] is an application of great
interest. To optimize the extent of adsorption in HNT for BG remediation statistically, a
quadratic model in Fractional Factorial Experimental Design under RSM was used [50].
The following general equation can explain the model.

Y =Bo+Y BiXi+ Y BiX>+ Y BiiXiX;

where Y addresses the reliant reaction variable, f is a relapse coefficient, i is the direct
impact, Bii is the squared impact, and fij is the collaboration impact of autonomous variable
X. Plan master (7.0.0), measurable programming was utilized for RSM study and graphical
portrayal (3D and shape plots) for the impact of the free factors on the reaction [51-56]. The
quadratic regression equation derived from ANOVA shows the possible individual and
combined effect of the factors for the BG-HNT system (Table 7) [57,58]. The p-esteem < 0.05%
with 95% certainty span was considered huge.

Table 7. ANOVA table of BG-HNT framework.

Source Sum of Degree of Mean F-Value p-Value
Squares Freedom Square

Model 60,415.24 13 4647.33 30.12 <0.001

A 18,483.5 1 18,483.5 119.8 <0.0001
B 66.8 1 66.8 0.4 0.5128

C 17,876.0 1 17,876.0 115.8 <0.0001

D 6660.9 1 6660.9 43.2 <0.0001
E 479.8 1 479.8 3.1 0.0821
AB 217.6 1 217.6 1.4 0.2389
AC 1176.8 1 1176.8 7.6 0.0073
BC 1.32 1 1.3 0.0086 0.9265
A2 736.5 1 736.5 4.8 0.0322
B2 100.7 1 100.7 0.7 0.4218
c2 223.0 1 223.0 1.4 0.2333
D2 2437.6 1 2437.6 15.8 0.0002
E2 494.3 1 494.3 3.2 0.0777
F2 552.6 1 736.5 4.8 0.0322

Residual 10,955.8 71 154.3

Total 71,371.0

0]
=~
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The regression Equation obtained for the BG-HNT system is shown below:

BG — HNT System = 4.2 + (26.1 x A) + (1.4 x B) + (37.1 x C)—
(40.9 x D)(10.2 x E) + (3.2 x AB) + (11.4 x AC) — (0.4 x BC)—

(11.3 X A2) n (3.3 X 132) n (8.3 x CZ) n (46.5 x D2) n (16.8 x E2>

In this examination A, C, D, AC, A2, and D? are significant factors, and the other
variables are inconsequential. Cross-items AD, AE, BD, BE, BE, CD, CE, CF, DE, DFE, and
EF are zero and, thus, are avoided to build the previously mentioned relapse condition.
The RSM format is exceptionally critical concerning the F-value model of 30.12. The
examination diagram for real versus anticipated qualities (Figure 11) demonstrate a solid
connection between the experimental and anticipated reactions.

gelmg/g):
145
16 Predicted vs. Actual
150 —]
=} P ~
113 . = EE
| P
(| ...J,.-"' ]
|
§ T _]
) -
ag _|
o e
.
" m
[ 1
[ [ [ [ [
=5 44 T8 112 146

Actual

Figure 11. Actual versus predicted values of BG-HNT.

The regression coefficient values indicate the effect of the parameter(s) on the ad-
sorption capacity. The graphs showing the contour and surface response illustrate the
combined influence caused by two factors in the process of adsorption, and the results
were graphically presented in Figures 12 and 13. Based on the selected results obtained
by employing the conditions of the study evolved through statistical modeling, a value
of g. = 203 mg/g was obtained for an initial dye concentration of 344 mg/L at pH 12,
adsorbent quantity = 0.52 g/L for the duration, 180 min along 165 rpm orbital shaking at
27.7 °C.
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Figure 12. 3D surface plot and contour plot depicting a capacity variation of the adsorption with
(a) time versus temperature, (b) time versus concentration, (c) time versus the adsorbent dosage,
(d) time versus pH, and (e) temperature versus concentration.
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Figure 13. 3D surface plot and contour plot depicting the capacity variation of adsorption with (a) the
temperature versus adsorbent dosage, (b) temperature versus pH, (c) concentration versus adsorbent
dosage, (d) concentration versus pH, and (e) adsorbent dosage versus pH.
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The measurable cycle enhancement in a given scope of boundary esteems permits for
ascertaining the ideal condition, yet, deciding the impact of the interaction conditions on
the adsorption. Figures 12 and 13 presents the collaborated impact of two boundaries of
the process.

Figure 12 resembles 3D plots of time versus various factors revealing the positive
impact of the duration of adsorption on the extent of adsorption. The advancement of time
supported by the pH and the concentration of BG increment improvises adsorption. The
maximum period of 180 min showed the maximum adsorption. The optimum temperature
is 29 °C and an increase in time with increased time motivates the capacity of a process. As
the temperature increases with time, the adsorption capacity increases. The increase in pH
beyond 1 decreases the adsorption capacity even if the time is increased. Graph (Figure 12c)
plotted against time, and adsorbent dosage indicates that adsorbent measurements ve an
adverse effect on adsorption.

Nonetheless, expanded time can work on the course of sorption. Figures 12e and 13a,b
12 h for temperature against other autonomous factors, demonstrate that the temperature
has a beneficial outcome with any remaining variable on the reaction. Figure 13c—e plotted
for the initial dye concentration against other variables indicate that an increase in the
initial concentration has a positive effect on adsorption capacity.

The process optimization studies enabled us to estimate the peak adsorption extent by
employing a quadratic model. It further provided a tool to comprehend the relationships
between the independent variables that play a significant role in the adsorption studies.
Using statistical optimization studies, the value of adsorption was enhanced from 156 mg/g
to 203 mg/g.

3.8. Mechanism of Adsorption of BG Dye onto H.N.T.

According to the literature, the studies establish the high surface area of H.N.T., such
as 65 m? /g and specific weight = 2.53 g/cm? [59]. The HNT particles surface gap depends
on the factors recognized with measurements, shape, cross-segment, and appearance,
and length (20-10,000 nm), and the unpredictable state of cross-segments prompt the
outside surface of HNT particles to expand the surface region. Moreover, the HNT particles
present as individuals, with no lump formation causing surface regional expansion [59,60].
Additionally, Shu et al. assert that HNT have significant porosity and, thus, forms an entity
of interest with the (50 nm) qualities [61].

The plausible mechanism of cationic BG dye adsorption onto Halloysite Nanotubes is
likely to occur due to the progression of a multi-step activity. The factors having a credible
influence on adsorption are solution acidic level (pH), the concentration of dye, amount
of adsorbent used, and variation in the temperature. Moreover, monolayer formation is
initiated for the mass transfer of BG onto Halloysite Nanoclay. Additionally, the process
of diffusion is likely to be a slow process. Therefore, the strong adherence of BG dye into
Halloysite Nanoclay is probably by the bonds established between dye HSO4+ anions and
the -CHj group. Lastly, weak interactions are due to attract Vander Waal forces, and strong
electrostatic forces of attraction of BG dye are because of the HSO4+ cationic group and
—-CH; group. Thus, Halloysite Nanoclay contributes substantially to the adherence of the
BG dye.

4. Conclusions

The process revelation with HNT (adsorbent) and BG dye (adsorbate) provided
ge = 91 mg/g at pH = 2, 84 mg/g at almost neutral pH and 203 mg/g at statistically
optimized conditions. To understand adsorption, nine isotherm models were studied.
Redlich-Peterson isotherm model governs the process. HNT and BG interacted physically
and followed kinetics of second-order. Contact duration, concentration of dye, amount, and
initial value of pH profoundly influence the adsorption process. Preliminary investigations
to regenerate dye-adsorbed HNT were carried out. It was observed that the cost of the
regeneration process was higher than the cost of the adsorbent. Moreover, the dye-modified
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HNT was observed as a promising reinforcing material for fabricating the composites using
plastic waste.

In brief, the present research is relevant to textile, clay minerals and plastic industries.
Production in industries adopts a linear model to escalate the product value. The prod-
uct lifecycle terminates with the disposal of the good after use. This model has serious
implications concerning the depletion of resource. To encounter this witnessed problem,
cultural shift in industries is recommended, where recycled and/or reuse of materials is
promoted, rather than utilization of virgin raw goods. The research article presented is a
step in this direction.
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