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Micro/nanoparticles generated after the combustion of coal/lignite in the thermal power plants were modified with amino groups
of (3-aminopropyl) triethoxysilane (APTES). These silane-based functional particles were applied in textile dye (xylenol orange,
XO and methyl orange, MO) removal process to deal with an industrial wastewater problem. The maximum adsorption
efficiencies of APTES coated micro/nanoparticles for MO and XO dye molecules were calculated to be around 98% and 75%,
respectively. The adsorption behavior of the LCFA against dyes is also assessed by investigating the effect of adsorbent dosage,
contact time, pH, and temperature. The optimum dye removal was observed at a pH of 4.0, and the equilibrium was achieved
within 5min. The maximum uptake capacities of LCFA-APTES for MO and XO dye molecules were calculated to be around
17.91 and 14.72 mgg ", respectively. This value is approximately 3 — 5 times higher than the similar adsorbent in the literature.
The uptake mechanism of MO and XO dyes onto LCFA-APTES is governed by electrostatic interaction and hydrogen bonding
between dye molecules and APTES. The surface chemical modifications and the nature of functional groups were ascertained
by scanning electron microscopy (SEM), thermogravimetric analysis (TGA), X-ray fluorescence (XRF), and X-ray
photoelectron spectroscopy (XPS). The application of recovered micro/nanoparticles from solid wastes and their utilization for
wastewater treatment is important not only for economy of developing countries but also for protecting the environment.

1. Introduction

Fly ash is a byproduct generated by coal/lignite-based thermal
power generation has been the backbone of power combus-
tion. It is mainly generated in coal burned power supplier
plants and composed of several micro- and nanoscale ingredi-
ents. By virtue of those components, fly ash establishes a lot of
concerns about the environment, economy, safety, and public
health [1]. Although the residual ashes compose of many ben-
eficial components, up to now, these wastes have not been
used effectively in areas other than the construction sector.
In 2016, around 1.143 billion tons of fly ash were produced
worldwide [2], and this number is increasing exponentially
every decade. The recycling of fly ash is around 68-70%
worldwide [2]. More than 13 million tons of fly ash are

produced every year in Turkey [3] with a utilization rate
of only 16.7% of which is used mainly in construction sec-
tor. Similarly, approximately 25 million tons of fly ash res-
idues have been turned to beneficial applications in the
United States [4] mostly in the concrete and cement indus-
try. Fly ash residues were mostly utilized to improve the
quality of concrete and to reduce carbon footprint. Nowa-
days, fly ash started to be used as a cost-effective adsorbent
due to its adsorptive features for the removal of various pol-
lutants (i.e., chlorine, mercury) and organic compounds that
are hazardous for the environment [5-8].

Textile wastewater effluent is another industrial byproduct
which has a negative influence on environmental health. They
are discharged in large volumes into the river and streams.
Synthetic dyes from textile industry effluent are the main
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contaminants. These dyes can be toxic, carcinogenic, and
allergenic as well as mutagenic and highly resistant to biodeg-
radation [9]. When these dyes discharge to water resources,
they damage to biological diversity and ecosystem. Therefore,
the pollution of water resources by textile dyes has been crucial
environmental issue. Textile dyes are distinctively categorized
such as acidic, basic, reactive, vat, direct, and disperse dyes.
Xylenol orange (XO) and methyl orange (MO), the studied
dyes, are belong to acidic dyes are often used in textile industry
and can adversely affect aquatic environment because it can
prevent the sunlight dispersion [10] Because of these facts,
some hazardous dyes are on account of the aquatic life by
reducing the light infiltration and exceeding the limit values
of chemical oxygen demand (COD) [11, 12].

Various techniques have been investigated to remove
these hazardous substances including coagulation, floccula-
tion, chemical oxidation, decolorization, ozonation, mem-
brane filtration, and adsorption [12-17]. Among these
techniques, owing to its simplicity, efficiency, and economic
viability, adsorption is advised as the most prevalent and
proficient method for removing dye from water [18]. Exten-
sive variety of adsorbents has been investigated to treat dye-
based effluents. Activated carbon, silica (SiO,), alumina
(AL,O;), magnetic nanoparticles (such as Fe;O,), graphene,
and carbon nanotubes (CNTs) are most extensively
employed synthetic examples as adsorbents [19-24]. Also,
several adsorbents based on ashes including bottom ash, coal
fly ash, rice husk ash, bagasse ash, and tobacco stem ash as
well as volcanic ash have also been studied for the adsorp-
tion of dyes [25-29]. Furthermore, modification of fly ash
assists to strengthen the potential of fly ash as a promising
adsorbent for even drinking water treatment [30-32]. Sur-
face modification results in adding new active adsorption
sites specific to adsorbate of interest.

Nowadays, many research groups focus solely on the
improvement of adsorption capacity. In fact, many new
adsorbents have been developed and reported with a dye
removal efficiency higher than 80%. However, design of
low-cost adsorbents, a very short adsorption time that can
operate in more environmentally friendly conditions (for
example, at neutral pHs) and long-term regeneration ability
is also needed for real field application. One of the main
motivations of this study is to demonstrate the reuse of a
byproduct of thermal power plant as an inexpensive source
of nanoparticles. We have tried to show how these particles
can be useful absorbents with a simple one-step surface
modification, taking advantage of the high surface area.

Recently, the surface functionalization of mesoporous
silica has been explored for water remediation application
due to specific interaction between surface amino groups
with anionic dye molecules [33]. Various physical and
covalent approaches were utilized to succeed amine-
functionalized mesoporous silica (MS) [34-37]. Nayab
et al. [33] have reported that branched polymer brush-
based polyethyleneimine functionalized mesoporous silica
reached a very high absorption efficiency (q,,,, =186.92 +
2.78 mgg™!) toward the anionic dyes. These results highlight
the relevance of the developed surface modified nanostruc-
tured adsorbents for environmental remediation by proving
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the high removal efficiency, short adsorption time, and reus-
ability performances.

Herein, we report a facile and economical one-pot sur-
face modification of the lignite coal fly ash (LCFA) for
removal of anionic dyes from industrial wastewater. In pre-
vious studies, agricultural biomass-based fly ash was also
used as organic dye removal [7]. However, biomass ash res-
idues were consisting of irregular-shaped flake-like structure
with large pore sizes (from 20 to 500 nm) and pore distribu-
tions. Besides, SiO, was the major component of ash while
herein the composition of LCFA is based on varying
amounts of oxides of aluminum, iron, magnesium, and silica
nanoparticles. LCFA nanoparticles were functionalized with
an amine group, APTES (3-aminopropyltriethyoxysilane) by
silanization process. APTES was chosen due to (i) ease of
hydrolysis in many solvents (water, ethanol etc.), (ii) ease
of self-assembly on oxide surfaces, (iii) high chemical stabil-
ity upon chemisorption, and most importantly, (iv) residual
NH, groups that are available as reactive sites for adsorption
(i.e., attachment of dyes, biomolecules). Adsorption behavior
of LCFA-APTES evaluated against two different anionic
dyes (xylenol orange (XO) and methyl orange (MO)) and
compared with pristine LCFA. The effects of process param-
eters such as adsorbent dosage, contact time, solution pH,
temperature, and dye concentration were studied in detail
to find the maximum uptake capacity of each adsorbent.
The mechanism of the adsorption process was predicted by
employing the nonlinear Langmuir, the Freundlich iso-
therm, and modified Langmuir-Freundlich (MLF) models.
In addition, the thermodynamics and kinetic parameters
affiliated with the adsorption process were also investigated.

2. Materials and Methods

2.1. Materials. LCFA was obtained from a Turkish thermal
power plant that is possessive about sharing its name. Nev-
ertheless, LCFA obtained from this company contains
approximately 53.19% SiO,, 27.86% Al,O;, 7.02% Fe,0,,
and 11.93% the other oxides. Phosphoric acid (H,;PO,,
>85%), 3-aminopropyltriethoxysilane (APTES, 98%),
sodium hydroxide (>98%), hydrochloric acid (>37%), tolu-
ene (99%), and xylenol orange tetrasodium salt (XO) were
purchased from Sigma-Aldrich, Germany. Methyl orange
and ethanol (>99%) were purchased from Merck, Germany.
Also, molecular sieves, 3 A (beads, 4-8 mesh), was obtained
from Sigma-Aldrich to dry toluene, and Whatman filter
paper was used for filtering processes.

2.2. Activation of LCFA. LCFA (100 g) was dried at 110°C in
an oven overnight to release moisture. Then, LCFA was
washed with distilled water three times at 50°C with
400rpm to remove water soluble impurities. After each
washing operation, the mixture is filtered by the Whatman
filter paper (12-25 um). Afterwards, the washed LCFA was
dried at 120°C in a vacuum for 3 hours. The activation of
LCFA was achieved by immersing in phosphoric acid
(H;PO,, >85%), stirring (50°C, 600 rpm) for 1h, and then
washing with distilled water several times until neutralize
the supernatant. Finally, the slurry was centrifuged
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(20 min, 6000 rpm) and oven-dried at 100°C in a vacuum for
40 min. The activated LCFA was then subjected to further
surface characterization analysis.

2.3. Amine Functionalization of LCFA. After the activation
process, APTES functionalized lignite coal fly ash (LCFA-
APTES) was prepared according to literature [33]. LCFA
(1.0g) was refluxed at room temperature for 16 hours in
dry toluene (100mL) containing 0.04mol (9.36mL) of
APTES. The product was filtered, washed with toluene by
centrifugation for 20min at 4000 rpm, and oven-dried at
110°C in vacuum for 18 h.

2.4. Chemical and Morphological Analysis. Scanning electron
microscopy (SEM) images and energy dispersive X-ray anal-
ysis (EDAX) spectroscopy results were obtained using a
Zeiss Evo 50 scanning electron microscope equipped with
Oxford EDAX detector. The thermal properties of the
LCFAs were analyzed by thermogravimetry using a Q500
V20.13 Build 39 TGA analyzer in N, atmosphere at a heat-
ing rate of 10°C/min from room temperature to 900°C, and
changes in mass were recorded for determination of the
organic matter content. The BET-specific surface area of
pristine LCFA, activated LCFA, and APTES coated LCFA
(LCFA-APTES) was analyzed by an Autosorb iQ Automated
Gas Sorption Analyser (Quantachrome Instruments) by
measuring N, isotherms at 77 K. Before the measurement,
the samples were outgassed under an applied temperature
(40°C for LCFA-APTES, 150°C for pristine LCFA and acti-
vated LCFA) and under vacuum for 19h. Dry and degassed
samples were then subjected to BET for surface area assess-
ment. Cumulative surface area of the pores and mesopore
diameter was determined from BJH analysis of the adsorp-
tion data. The micropore volume was deduced from ¢-plot
analysis (de Boer method). XRF (Rigaku model ZSX Primus
II XRF) was used to determine the elemental composition of
the LCFA during surface modification steps. X-ray photo-
electron spectroscopy (XPS) for elemental compositions
and chemical bonding study was performed using Thermo
Scientific K-Alpha. The Mg Ka (1486.6eV) X-ray source
was operated at 300 W. The survey scans were carried out
with pass energy of 117.40eV. The spectra were recorded
using a 60° take-off angle relative to the LCFA located sub-
strate normal. The UV/vis absorption spectra of the dyes
were analyzed using a Hitachi U-5100 spectrophotometer.
The zeta potential of the LCFAs was measured at 25°C with
a Malvern ZetaNano ZS using a helium-neon laser source of
5mW at a 633 nm wavelength. The LCFA suspensions were
prepared at a concentration of 10mgmL™" in deionized
water. The solution pH range varied between 2 and 12 using
0.IM HCl and 0.1M NaOH. The suspension was not
sonicated.

2.5. Adsorption and Desorption Studies. The dye uptake
capacities of activated LCFA and LCFA-APTES were inves-
tigated by using various quantities of adsorbents. Specimens
(5-25mg) of both units were stirred at room temperature
(350rpm) with 10mL aqueous dye solutions of known
initial concentration (15ppm for both dyes) at optimized

contact time (t) and pH. Optimization of contact time, tem-
perature, and pH was obtained by series of analyzes. pH =4,
t =5 min, and T =25°C are defined as the optimum param-
eters for each dye. At the end of the adsorption process, the
filtrate was centrifuged (7 min, 6000 rpm), and the concen-
tration of each dye in the supernatant liquid before and after
the adsorption was obtained by using a calibration curve
investigated by employing a UV/vis spectrophotometer at
Amax Of 436 nm for XO and A, ,, of 470 nm for MO.

The amount of dye adsorbed at equilibrium g, (mgg™)
can be calculated by Equation (1):

(1)

Here, g, is the adsorption capacity (mgg™) of the LCFA
or LCFA-APTES at equilibrium, C, and C, (mgL™") are the
initial and equilibrium concentrations of solute, V is the vol-
ume of the aqueous solution, and W is the mass in grams of
the LCFA or LCFA-APTES.

The desorption of dyes was carried out by separately
washing the dye (t+=5 min, T =25°C) loaded adsorbents
with 10 mL of 1M NaOH (at pH = 12). The concentrations
of desorbed dye in solutions were spectrophotometrically
quantified.

2.6. Adsorption Isotherms. Adsorption of MO and XO onto
LCFA and LCFA-APTES was investigated by two-
parameter (Langmuir and Freundlich) and three-parameter
(modified Langmuir—Freundlich, MLF) nonlinear models.
In the Langmuir model, adsorption is assumed to be a
dynamic and reversible process, meaning that the adsorbed
molecules do not move on the surface, whereas they can
go back to the solution. Each adsorbent sites have identical
energy, and surface is made up of a single layer of molecules
[38]. The nonlinear form of the Langmuir model is shown in
Equation (2):

K C
q,= Lqmax e (2)

¢ 1+K,C,~°

where C, is the equilibrium concentration of the adsorbate
(mgL™), g, is the amount of adsorbate adsorbed per unit
amount of adsorbent at equilibrium (mgg"), and q, .
(mgg') and K; (Lmg') are the maximum amount
adsorbed and the Langmuir constants (function of energy
of adsorption), respectively [31].

The dimensionless factor (R;) can be used to predict the
possibility of adsorption. The value of R; indicates the
direction of the isotherm to be either unfavorable (R; > 1),
favorable (0 <R, < 1), or irreversible (R, =0) and can be
estimated from Equation (3):

1

Ri=——,
LK. Cy+1

(3)

where C, (mgL™) is the adsorbate initial concentration.
The Freundlich isotherm is suitable for heterogeneous
surfaces. This model also takes into account lateral
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TaBLE 1: Chemical content of LCFA before and after surface activation measured by XRF.

. 0, H i
Oxide wt % (excluding oxide Pristine LCFA

After washing (distilled water

After surface activation (H;PO, at

compounds below 1%) at 50°C) 50°C for 1h)
Sio, 53.193 53.571 55.301
AL O, 27.860 28.377 27.612
Fe,O, 7.018 6.400 6.161
K,0 4.500 5.347 5.113
MgO 2.068 1.925 2.057
CaO 1.818 1914 1.885
TiO, 1.232 1.412 1.331

FIGURE 1: SEM images of (a) pristine LCFA, (b) activated LCFA, and (c) LCFA-APTES (scale bars: 20 ym).

interactions among adsorbed molecules. The nonlinear
Freundlich equation as a function of concentration (C) can
be mathematically represented by (Equation (4)):

q.= Kng’ (4)

where K is the Freundlich constant (mg g"), C, is the con-
centration of adsorbate at equilibrium (mgL™) and the slop,
1/n with favorable range between 0 and 1. It is also measure
of the relative distribution of the energy and surface
heterogeneity.

The modified Langmuir—Freundlich (MLF) is a three-
parameter empirical model. Since it is a combination of
the Langmuir and Freundlich isotherms, it reduces to the
Freundlich model at low adsorbate concentrations, while
at high concentration, it transforms to the Langmuir model
(Equation (5)).

_ qmon KMLF Ce”n (5)

1 1+ Ky s CV" 7

where g, is the dye uptake capacity (mgg™), and Ky p
(Lmg") and n are the modified Langmuir—Freundlich
(MLF) constants. The value of 1/n lies between zero and
unity.

The sum of squares of residues (SSE) is used as error
functions in order to determine the best adsorption iso-
therms and kinetic models (Equation (6)).

m

1 2
SSE = a z <qe,pre - qe,exp) : (6)

i=1

The computation tools of data-fitting for nonlinear form
of Langmuir, Freundlich, and MLF adsorption isotherms as
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FIGURE 2: XPS survey scan of (a) pristine LCFA, (b) activated LCFA, and (c) LCFA-APTES.

well as adsorption kinetics models were employed with the
support of MATLAB® R2019b.

2.7. Adsorption Kinetics. The kinetics analysis of the adsorp-
tion process is essential for having a preliminary information
about the progress of adsorption and the maximum adsor-
bent capacity. The nonlinear pseudofirst-order model was
described as in Equation (7):

q, = qe(l - eXP”‘”), (7)

where g, and g, are the equilibrium and at time ¢ adsorption
capacities (mgg'), respectively, whereas k, is the
pseudofirst-order rate constant of adsorption (L min™).

The nonlinear pseudosecond-order rate equation is as in
Equation (8):

‘lzkzt
9= 1takit
+ qek2t

(8)

where the equilibrium adsorption capacity is g,, and the
pseudosecond-order rate constant is k, (gmg ' min™).

3. Results and Discussion

3.1. Chemical and Structural Characterization of LCFA and
LCFA-APTES. The chemical composition of the LCFA was
analyzed with XRF before and after surface activation is
given in Table 1. Since APTES also contains Si-O, XRF mea-
surement was not conducted for LCFA-APTES. Surface acti-
vated LCFA has slightly higher SiO, compared to pristine
LCFA, while other oxide compounds either remained
unchanged or slightly decreased. According to XRD analysis
results, approximately 89wt% active sites (SiO,+ Al,O,+
Fe,0,) are eligible for the adsorption study.

The specific surface area of the pristine and surface mod-
ified LCFAs measured with BET analysis and Figure Sl
shows the N, adsorption-desorption isotherms of the fly
ash samples. According to the IUPAC classification [39],
all samples present a type IV adsorption isotherm with a
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TaBLE 2: Atomic percentages of the pristine and surface functionalized LCFA.

Sample Atomic %

P O1ls Cls N1s Si2p Al 2p Fls K2p P 2p Fe 2p
Pristine LCFA 45.15 2491 — 12.54 7.8 1.59 1.7 — 0.64
Activated LCFA 51.31 14.45 0.83 22.74 8.34 0.79 0.28 0.88 0.38
LCFA-APTES 30.28 40.49 8.91 15.9 3.78 0.64 — — —
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Ficure 3: Effect of amount of adsorbent on dye removal percentage: (a) MO (pH=4, t =5 min, T =25°C), (b) XO (pH=4, t=5 min, T
=25°C), removal by LCFA (red symbol), and LCFA-APTES (black symbol). The error bars represent the standard deviation of at least

three repeated measurements.

type H3 hysteresis which does not completely close at low
relative pressures (except washed fly ash). This indicates
that the LCFAs have mesoporous characteristics. H3-type
hysteresis curve, which is caused by capillary condensation
in mesopores, indicates the formation of mesopores with
slit-shaped cavities.

The activated LCFA has larger surface area (3.95m’g")
followed by the pristine LCFA (2.97 m? g’l) and LCFA-
APTES (2.07m”g"). The surface activation of fly ashes
resulted in increased surface area in comparison to the
washed pristine LCFA, indicating successful surface activa-
tion with the -OH group. The lower surface area of LCFA-
APTES might be due to the fact that surface NH, groups
can simply fill the small mesopores and restrict the access
of N, to the pores at liquid nitrogen temperature [40, 41].
It is clearly seen that the N, adsorption resulting from the
filling of small pores is considerably reduced in the P/P,
range of 0-0.2 (Figure Sle).

The morphology of LCFAs was investigated by SEM
which reveals smooth spherical particles (Figure 1 and
Figure S2). The LCFA has very broad particle size, and size
distribution was calculated using Image]J® counting
particles in the 100 um” area. Particle diameter was ranging
from 0.5 to 14 um, and the average diameter was 2.23 +
2.17 ym (Figure S2). Washing and acid activation steps
(Figures S2b and S2c) ensure that the particles were still in

spherical shape, and size does not change significantly;
only some water-soluble impurities were removed.
Furthermore, grafting of APTES on the LCFA surface did
not change the dimensional size and shape of the particles
(Figures 1(a) and 1(c)). The thickness of APTES layer was
hard to determine from SEM analysis.

In order to better probe the surface composition of
LCFAs before and after APTES layer formation, energy dis-
persive X-ray spectroscopy (EDX) and XPS were employed.
According to EDX analysis results (Table S1), the oxygen
content of both pristine and active LCFA is quite high
(44.12 and 60.22%, respectively), whereas it decreases by
almost half after the silanization. In contrast, the Si content
increased slightly after the surface modification, which is
due to extra Si atom from the silane molecule. In addition,
two new elements (C and N) were observed in LCFA-
APTES, which belong to the silane molecule. Elemental
composition is further investigated by XPS and bonding of
the functional groups on LCFA, and the results are shown
in Figure 2 and Table 2. The survey scan of LCFA-APTES
indicated signals at 152.4 and 102.23 eV, which belong to
the binding energy of Si2s and Si2p orbitals. The signal for
N1s was observed at 399.3eV in the survey scan of LCFA-
APTES confirms the amine functionalization, while
pristine LCFA did not show any presence of signals for N
orbitals (Figure 2(a)), whereas the signal for the Cls and
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Ols orbitals of the carbon and oxygen contents of LCFA-
APTES was identified at 284.89 and 531.91eV (Figure 2(b)).
The success of immobilization process was determined by a
change in the N/C atomic ratio (Table 2). Comparison of
elemental compositions between EDX and XPS may not be
healthy. Because while EDX analyses is local, XPS gives more
detailed and reliable results because it contains the average of
three different regions on the sample. On the other hand, we
can compare the trends of the change of elemental content
before and after surface treatments. In this context, the first
thing that stands out in both analyses is the decrease in
oxygen content by silanization, because the organic coating
placed on the surface covers the oxide surface. Another
similarity is the increasing amounts of N and Si elements
after the silanization. In this respect, both techniques yielded
consistent results.

TGA analysis performed to compare the amount of
APTES layer on the LCFA surface (Figure S3). LCFA-
APTES samples showed slight weight loss (~1.15% at 800°C,
respectively). After achieving surface functionalization on
LCFA, the adsorption performance of LCFA-APTES was
tested against two anionic dyes (MO and XO) using batch
procedures.

3.2. Effect of Adsorbent Quantity. The effect of adsorbent
dose on the anionic dye adsorption was studied at 25°C with
LCFA particles of various amounts (5, 10, 15, 20, and 25 mg)
using 10 mL of 15ppm dye solutions at pH = 7. MO almost
did not adsorb on LCFA in all adsorbent doses and LCFA
and did not show any correlation between the increasing
amount of adsorbent and adsorption capacity (Figure 3(a)),
whereas LCFA-APTES attained to its maximum adsorption
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Ficurek 5: Effect of temperature on dye removal percentage: (a) MO (pH =4, t =5 min, amount of adsorbent 10 mg) and (b) XO (pH =4,
t=5 min, amount of adsorbent 20 mg) by LCFA and LCFA-APTES. The error bars represent the standard deviation of at least three

repeated measurements at each temperature value.

Dye removal (%)

pH

u LCFA
W LCFA-APTES

(a)

moval (%)

Dye re!

pH

m LCFA
= LCFA-APTES

(®)

FiGure 6: Effect of pH on dye removal percentage: (a) MO (t =5 min, T =25°C, amount of adsorbent 10 mg) and (b) XO (=5 min, T
=25°C, amount of adsorbent 20mg) by LCFA and LCFA-APTES. The error bars represent the standard deviation of at least three

repeated measurements at each pH value.

capacity of 98% at 10 mg for MO (Figure 3). The adsorption
mechanisms of dyes on adsorbents are likely to be the ionic
interactions between negative groups of the dyes (SO, and
COOQ") and the amine groups (NH,-) at this pH. Because
the amine groups are protonated at acidic condition, the
net charge of LCFA-APTES is positive. The charge states
of the samples were measured with zeta potential and
reported in Table S2. In addition to electrostatic
interaction, the adsorption of MO and XO dyes onLCFA-
APTES might also governed by H-bonds between dye
molecules and APTES.

It was also observed that LCFA-APTES is more selective
in MO adsorption against XO as adsorption capacity at
10 mg is 98% for MO and 75% for XO. The better adsorption
capacity of MO over XO can be explained by size effect [42].
MO has a very small molecular size (1.2nm) compared to
XO facilitating dye molecules to be packed more closely on
the LCFA [43]. Hence, such small molecular size might
improve the diffusion of MO that leads to higher mass trans-
fer rate from bulk to the boundary layer around the LCFA

particle surface. Besides, the monovalent nature of MO
enables one to one interaction among ionic groups, while
bulkier XO reduces the electrostatic interaction of adjacent
ionic groups with amine groups on the adsorbent surface.

3.3. Effect of Contact Time. The optimum contact time was
determined adding 10mg for MO and 20mg for XO to
10mL of 15ppm dye solutions for time durations ranging
from 1 to 5min at pH=4. The maximum % age of dye
remove was obtained between 4 and 5min for both dyes.
The adsorption efficiency of LCFA-APTES was increasing
with time, while pristine LCFA did not show significant
change until 4 min (Figure 4). The maximum adsorption of
LCFA-APTES was 98% for MO and 75% for XO, whereas
for pristine LCFA, maximum capacity was 13% for MO
and 26% for XO.

3.4. Effect of Temperature. It is well known that temperature
is the most important adsorption parameter. To investigate
the influence of temperature on the LCFA adsorption
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TaBLE 3: Performance evaluation of LCFA-APTES with aforementioned adsorbents for MO dye adsorption as a function of maximum

adsorption capacity, equilibrium time, and medium pH.

Adsorbent Adsorption capacity (mgg™)  Equilibrium time (min)  Solution pH Reference
Muscovite_supported Fe;O, nanoparticles 149.25 75 3.0 [10]
Mn-rich synthetic mica 107.3 120 3.0 [47]
ZnO-PANI nanocomposite 240.84 15 4.0 [48]
Multiwalled carbon nanotubes 64.7 120 2.3 [49]
Protonated crosslinked chitosan 89.30 720 3.0 [50]
Aminated pumpkin seed powder (APSP) 200.30 60 3.0 [45]
Calcined Lapindo volcanic mud 333.3 30 3.0 [51]
Bottom ash 3.618 240 3.0 [46]
LCFA-APTES 17.91 1-2 4.0 Current study
24 TaBLE 4: Adsorption isotherm parameters of MO and XO removed

qe (mg/g)

== []
T T
40 50
Ce (mg/L)

« XO-LCFA » MO-LCFA

o XO-LCFA-APTES +« MO-LCFA-APTES

—— Langmuir

- - - Freundlich

--- MLF isotherm

FIGURE 7: Adsorption isotherms and nonlinear curve fits of
Langmuir (black solid line), Freundlich (blue dash line), and MLF
(black dots)) for XO-LCAFA (red circle), XO-LCFA APTES (blue
hexagon), MO-LCFA (orange triangle), and MO-LCFA APTES
(green diamond), respectively. The error bars show the standard
deviation of at least three repeated measurements.

performance, temperature is varied between 25°C and 65°C
systematically. Equal amounts of adsorbents (10mg for
MO and 20mg for XO) were employed into 10mL and
15 ppm dye solutions. No correlation with temperature was
observed for MO adsorption on pristine LCFA. Adsorption
performance of XO remained almost the same when the
temperature is increased. For LCFA APTES, although MO
showed higher adsorption capacity in all temperature
ranges, gradual decrease in adsorption was observed as tem-
perature increased for both dyes (Figure 5). The maximum
percentage of dye removal was observed at room tempera-
ture with LCFA-APTES (98% for MO and 75% for XO).
The better adsorption at low temperature might also indicate

by LCFA and LCFA-APTES.

Parameters MO X0
LCFA
Qo (Mg 740.683 3.250
Langmuir R, 619.831 1.269
SSE 7.977 0.116
K (mg gh 9.65x107° 1.122
Freundlich 1/n 2.766 0.189
SSE 0.214 0.158
Ky (Lg™h 2.28x10™* 1.35x10™*
MLE Gon (Mg ™) 946.535 2.238
Un 0.719 6.274
SSE 0.502 0.057
LCFA-APTES
Qo (Mg g™ 17.906 14.723
Langmuir R, 0.924 0.786
SSE 1.994 0.641
K, (mgg™") 11.222 2.394
Freundlich 1/n 0.191 0.504
SSE 8.593 0.921
Kyr Lgh 0.005 0.046
-1 3
MLE Gmon (MEE™) 1.64x10 13.253
1/n 0.3423 1.642
SSE 21.703 0.8506

the exothermic nature of the interaction; even so, the mobil-
ity of the dye molecule decreases with decreasing tempera-
ture. This trend indicates that interaction between dyes
and adsorbents is a physical adsorption rather than chemi-
sorption. Parida et al. [44] demonstrated that the solubility
limits commonly decrease with the increase in temperature
and reduces the adsorption capacity preventing the physical
interactions between dyes and adsorbents.
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FIGURE 8: Adsorption kinetic and nonlinear curve fits (black dash line) of (a) pseudofirst-order and (b) pseudosecond-order kinetics for the
adsorption of MO-LCFA APTES (red circle), MO-LCFA (blue hexagon), XO-LCFA APTES (orange triangle), and XO-LCFA (green
diamond). The error bars represent the standard deviation of at least three repeated measurements for each time value.

3.5. Effect of pH. Solution pH value is a governing parameter
to control adsorption capacity when adsorption mechanism
is based on ionic interaction. pH variation accounts for the
degree of ionization of the dyes and the nature of the adsor-
bent surface charge groups. The solution pH range varied
between 2 and 12 using 0.1 M HCI and 0.1 M NaOH. The
adsorption capacity of LCFA-APTES initially raised as pH
switched from 2 to 4 (Figure 6). The maximum adsorption
capacity of LCFA-APTES was obtained at pH =4 for each
dye (98% for MO and 76% for XO). More increase in pH
led to a reduction in the efficiency of the adsorbents.

After all these parameters are optimized, the adsorption
performance of LCFA-APTES has been compared with sim-
ilar adsorbents for the removal of MO dye as regards of
maximum adsorption capacity (mg. g'), equilibrium time
(min), and solution pH as shown in Table 3. Almost all these
adsorbents showed their highest performance at low pH
conditions (pH ~2-4). It is seen that ZnO-PANI nanocom-
posite has the highest MO adsorption capacity
(240.84mg.g") [10]. Aminated pumpkin seed powder
(APSP) has also superior adsorption capacity while equilib-
rium time of adsorption is around 1h [45]. This study and
the other fly ash [46] obtained from natural resources gave
the lowest adsorption capacity. Overall, the adsorption
capacity of the synthetic adsorbents is higher than natural
ones. However, one of the most important advantages of this
study is that it has a very short adsorption time (1-2 min).

3.6. Adsorption Isotherms. Three traditional adsorption
models were used to calculate the mechanism and capacity
of adsorbents towards selected dyes. Langmuir and Freun-
dlich adsorption models which are so far most frequently

TaBLE 5: Kinetic analysis results for the adsorption of MO and XO
on LCFA and LCFA-APTES.

Parameters MO X0
LCFA
4. (mgg”) 0740 2201
experimental ’ ’
Pseudo-first-order q, (mgg") calculated 0924 1916
k, (min~") 3294  3.100
SSE 2.03x 107 0.010
4. (mgg) 0740 2.201
experimental ’ ’
Ps::iudo—second— q, (mgg™") calculated 0.942  2.008
order k, (g/mgmin) 17737 3.951
SSE 4.95x107* 0.016
LCFA-APTES
4. (mgg) 7.350 5752
experimental ’ ’
Pseudo-first-order ¢, (mgg™) calculated 7.111 5574
min~ 2.710 2.544
K, (min™)
SSE 0.006 0.031
4. (mgg”) 7.350 5752
experimental ’ ’
Psceiudo—second— q, (mgg™") calculated 7.368  5.849
order
k, (g/mgmin) 1.188 1.126
SSE 0.412 0.262
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TaBLE 6: Thermodynamic parameters for the adsorption of MO
and XO on LCFA and LCFA-APTES.

Parameters (k] Mol ") XO MO
LCFA
AG’ 3.79+0.4 3.06+0.11
AH® 1.37+1.17 —33.28 £2.77
AS° -0.01 +£0.003 —-0.12+0.01
LCFA-APTES
AG’ -0.83+0.34 -9.62+0.19
AG’ -20.15+£2.02 -50.40 £2.91
AG® -0.07 £0.01 -0.07 £0.01
100 1 @
80 A é
g
T'; 60 -
]
£
= 40
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20 1
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0 5 10 15 20

Number of cycles

FIGURE 9: Reusability of LCFA-APTES for the adsorption of MO
(pH =4 for adsorption and pH = 12 for desorption, T =25°C, t =
5 min, amount of adsorbent = 10 mg). The error bars represent
the standard deviation of at least three repeated measurements for
each cycle.

used isotherms are two-parameter models, while modified
Langmuir-Freundlich (MLF) is a three-parameter empirical
model (Figure 7). All models were fitted to experimental
values in nonlinear form to minimize the error function.
The least-square regression based on the sum of squares of
residues (SSE) is employed as error functions in order to find
the best adsorption isotherms and kinetic models. A com-
parison of the three isotherms is given in Table 4.

Adsorption data of XO on pristine LCFA cannot fit to
any isotherms physically meaningfully since R; >1 and
n>1 which is indication of unfavorable isotherm, whereas
MO adsorption on LCFA is fitted best with Freundlich
(n <1 and lowest SSE). The adsorption of MO and XO on
LCFA-APTES is better projected by the Langmuir model.
The maximum adsorption capacities of LCFA-APTES for
MO and XO dyes were calculated as 17.91 and 14.72mgg ",
respectively. Incoherent adsorption parameters for MO
adsorption on LCFA clearly show that there is no specific
interaction between LCFA and MO.

3.7. Adsorption Kinetics. Kinetics of the adsorption process
gives useful information about the adsorbate-adsorbent
interaction and the adsorption rate. In order to investigate
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the kinetic effect, pseudofirst-order and pseudosecond-
order kinetic models were employed (Figure 8), and the cor-
responding rate constants are given in Table 5.

The SSE values indicated that the adsorption of dyes
proceeded by the pseudofirst-order kinetic model. Adsorp-
tion of both dyes on LCFA has slightly faster rate than
LCFA-APTES (k, =3.294 min™! for MO and k, =3.100
min~! for XO). In addition, the calculated and experimental
values of g, were found to be compatible with each other.

3.8. Adsorption Thermodynamics. The adsorption process is
complemented by evolution of heat and temperature that
might have negative or positive effect depending on interac-
tion type between adsorbate and adsorbent molecules. The
thermodynamic parameters such as the Gibbs’ free energy
(AG"), the standard enthalpy change (AH"), and the stan-
dard entropy change (AS°) were conducted to study the
effect of temperature on the adsorption process [38,
52-54]. The magnitude of Gibbs energy of adsorption
(AG®) was calculated from Equations (9) and (10):

AG = -RTInK,, (9)
where
q
K=, (10)

e

where K, is the equilibrium constant in solution, (mg LY,
T is the absolute temperature (K), and R is the gas constant
(8.314]J/mol K).

The enthalpy changes AH® and AS® were obtained from
van’t Hoff equation (Equation (11)):

InK, = AS _AH (11)
R RT

The calculated thermodynamic parameters are summa-

rized in Table 6. The negative values of AG® confirmed that

the adsorption of dyes on LCFA-APTES is spontaneous,

while the negative values of AH® indicated the exothermic

nature of adsorption activities. The negative AS” showed a

restriction in the freedom of molecular movement after the
adsorption.

3.9. Reusability Studies. The recycling ability of an adsorbent
is a key determinant for the economic viability of the prod-
uct. To examine the reusability, dye loaded LCFAs were
washed with ethanol before each adsorption and desorption
cycle. Desorption processes were carried out via employing
IM NaOH (pH=12). Both adsorbents (LCFA-APTES)
showed the best performance in terms of reusability against
MO dye. The MO dye removal efficiency declined steadily
for both adsorbents up to 3 cycles. After 5 cycles, % removal
efficiencies oscillate between 20% and 30% (Figure 9).

4. Conclusions

In this study, we showed that one can use an undesirable res-
idue of thermal power plants as a cheap nano/microparticle
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source with a high surface area, to hold toxic dyes that are
also classified as hazardous waste for the environment. To
demonstrate it, lignite coal fly ash was functionalized with
3-aminopropyltriethoxysilane (LCFA-APTES). Then, it was
exploited as an inexpensive adsorbent for the effective
removal of widely used textile dyes (MO and XO) from
aqueous solutions. The adsorption capacity of developed
materials was compared with its nonfunctionalized counter-
part. The LCFA-APTES has the maximum adsorption
capacity of 17.91mgg™ for MO and 14.72mgg ™" for XO.
It also showed very short reaction time, since the adsorption
equilibrium (98% for MO and 75% for XO) was achieved
less than 5 min. These results indicated that adsorption per-
formance of LCFA-APTES is better than pristine LCFA. The
interaction between dye molecules (MO and XO) and
LCFA-APTES is governed by electrostatic forces and hydro-
gen bonding. The ionic interactions occur between negative
groups of the dyes (SO, and COO") and the amine groups
(NH,-) at pH =4.0, since the amine groups are protonated
at acidic condition and the net charge of LCFA-APTES is
positive. In addition to electrostatic interaction, the adsorp-
tion of MO and XO dyes onto LCFA-APTES might also gov-
erned by H-bonds between dye molecules and APTES.

Overall, the present study demonstrates a simple and
cost-effective route for the environmental remediation with
amine-functionalized lignite coal fly ash. Although the
adsorption time of this study is ideal for practical applica-
tions, the maximum adsorption capacity still needs to be
improved. Furthermore, it is inconvenient to use freely mov-
ing fly ash particles in water purification. For this purpose,
our future plan is to grow aminated polymer brushes on
the LCFA surface and prepare an aerogel membrane in
which fly ash particles are bonded and aims to test it for
water treatment in the real environment.
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