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In this study, the cationic surfactant hexadecyl trimethylammonium bromide (HDTMA)
was loaded onto coal fly ash and subsequently utilized for wastewater treatment. The
surfactant-treated ash was characterized to investigate its porosity, surface morphology,
thermal stability, and the presence of surface functional groups. Experimental studies
were conducted under varying solution pH, adsorbent dosage, temperature, time, and
initial pollutant concentration to obtain data for isothermal, kinetic, and thermodynamic
analysis. The equilibrium uptake capacities of chlorobenzene (CB) and nitrobenzene
(NB) using HDTMA-modified coal fly ash (HCFA) were found to be 214 mg g! and
74 mg g, respectively. Kinetic analysis revealed that the pseudo-second-order model
accurately described the adsorption kinetics for both benzene derivatives, while isotherm
model investigations demonstrated multilayer adsorption on the HCFA surface. The iso-
therm data of CB and NB conformed to the Koble Corrigan and Khan Isotherm models,
respectively. Thermodynamics parameters such as AG® (Gibbs free energy), AH® (enthalpy),
AS° (entropy) and AH_(isosteric heat of adsorption) were also evaluated. The results
indicated that the adsorption of chlorobenzene was exothermic, spontaneous, and feasible,
whereas nitrobenzene exhibited endothermic behavior and followed the non-spontaneous
process. Furthermore, variations in AH_values indicated the heterogeneous nature of
HCFA. Overall, the prepared adsorbent ‘demonstrated good affinity for benzene deriva-
tives and could be considered for the treatment of wastewater containing these pollutants.
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Introduction

Chlorobenzene (CB) and nitrobenzene (NB)
are extensively utilized in the pharmaceutical and
textile industries, chemical manufacturing, petro-
leum refining, agrochemicals, and plastics produc-
tion. These benzene derivatives serve as solvents
and raw materials for other chemicals' >, as well as
intermediates in the synthesis of various pesticides
and dyes, dielectric materials, and heat exchangers*.
The US Environmental Protection Agency (EPA),
European Commission (EC), and China’s Ministry
of Environmental Protection (MEP) classify both
CB and NB as priority pollutants due to their car-
cinogenic, teratogenic, and mutagenic properties’.

“Corresponding author Email: hmzaheer@uet.edu.pk

Ranked 7™ and 56" on the priority pollutants list,
CB and NB are highly toxic organic compounds,
making their removal both significant and urgent®.

Methods for the abatement of chloro- and ni-
trobenzenes from aqueous streams include biodeg-
radation, adsorption, ion exchange, oxidation, filtra-
tion, chemical precipitation, membrane separation,
solvent extraction, electrolysis, and electrodialy-
sis” . Among these, sorption onto a solid is a
non-destructive technique often employed as a final
step in wastewater treatment, particularly for pollut-
ants at low concentrations''"!*. Various materials,
such as activated carbon, zeolites, biochar, fly ash,
single and multi-walled carbon nanotubes, graphene,
and metal-organic frameworks (MOF), have recent-
ly been developed for effective application in sorp-
tion of organic compounds from dilute solutions'*"".
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Liu et al."® modified biochar with ZnCl,/FeCl,
for the electrochemical degradation of nitrobenzene.
Their research revealed that modification of biochar
with both Fe and Zn enhanced NB adsorption com-
pared to unmodified biochar, owing to a greater
specific surface area and an increased number of
surface functional groups. Using Zn/Fe-modified
biochar in electrolysis at 2-11 V resulted in highly
effective NB removal (> 93 %). Ren et al."® investi-
gated commercial activated carbon for the adsorp-
tion of chlorobenzene and employed ozonation to
regenerate the saturated activated carbon. Their
findings revealed that the uptake capacity of com-
mercial activated carbon increased from 80 to 215
mg g after three consecutive cycles of adsorption
and ozonation. This improvement in the uptake ca-
pacity was attributed to oxygen-containing func-
tional groups on the commercial activated carbon
surface. However, despite the increased capacity,
the high initial and regeneration costs rendered the
entire process economically inefficient.

While extensive studies on natural and synthet-
ic adsorbents have been conducted over the years,
the development of new, efficient, cost-effective,
and recyclable adsorbents with high adsorption ca-
pacities remains a key focus in adsorption technolo-
gy advancements'?. Literature indicates that coal fly
ash exhibits significant potential in wastewater
treatment applications, and chemical modification
of the surface of raw coal fly ash can enhance its
utility by bypassing the intermediate step of con-
verting raw ash into secondary materials.

Coal fly ash intercalated with hexadecyltrime-
thylammonium bromide (HDTMA) offers a simple
and effective approach to enhance its sorption ca-
pacity due to the charged head functional groups
present the structure of HDTMA.

However, the surface modification of ash using
HDTMA for the removal of benzene derivatives has
been rarely explored. In this study, coal fly ash was
modified with the cationic surfactant HDTMA for
potential application in wastewater treatment. The
modified material was characterized to evaluate the
surface changes induced by surfactant modification.
Additionally, the removal of CB and NB from
wastewater was investigated under varying process
parameters. The experimental results demonstrated
that the HDTMA-modified fly ash exhibited signifi-
cantly enhanced sorption capacity compared to un-
modified ash.

Materials and methods

Materials

Raw coal fly ash (CFA) was obtained from ICI
Pakistan Limited and found to be stable in dilute
basic/acidic atmosphere and neutral solutions.

HDTMA was purchased from Sigma Aldrich, Chi-
na. Analytical grade NB was purchased from Rie-
del-de Haén (Germany), while CB was supplied by
RCI Labscan Limited (Thailand). Dilute solutions
of hydrochloric acid (Sigma Aldrich, China) and so-
dium hydroxide (Merck, Germany) were used to
adjust the initial pH of the pollutant solution.

CFA modification and adsorption experiments

Coal fly ash (CFA) was found to be stable in
dilute basic, acidic, and neutral solutions, making it
a suitable substrate for modification. To prepare the
raw material, CFA was sieved through a Tyler stan-
dard screen of 80 mesh, and the undersized fraction
was collected, washed thoroughly with distilled wa-
ter to remove impurities, and dried in an oven at
378 K. The modification process involved the in-
corporation of hexadecyltrimethylammonium bro-
mide (HDTMA) surfactant onto the CFA surface
through a physical adsorption mechanism. A solu-
tion of HDTMA surfactant was prepared at a con-
centration of 55 mmol L', and the dried CFA was
added at a weight-to-volume (w:v) ratio of 2:125.
This ratio ensured optimal interaction between the
surfactant molecules and the CFA particles.

HDTMA molecules, as cationic surfactants, in-
teracted with the negatively charged CFA surface
through electrostatic attraction. At concentrations
below the critical micelle concentration (CMC), a
monolayer of surfactant molecules formed on the
CFA surface. Conversely, at concentrations above
the CMC, a bilayer structure formed, further en-
hancing the material’s surface properties for adsorp-
tion applications. The CFA-HDTMA mixture was
stirred at 1000 rpm using a hot plate magnetic stir-
rer (Wiggen Hauser, MSC digital, USA) at 323 K
for 4 hours, to ensure uniform surfactant dispersion
and promote efficient adsorption onto the CFA sur-
face. After completion of the reaction, the solid res-
idue was separated from the solution by filtration
and thoroughly washed with distilled water to re-
move unbound or excess surfactant molecules. Fi-
nally, the filtered material was dried in a vacuum
oven (DZF 6051, Chincan, China) at 333 K to ob-
tain the modified product. The resulting material,
named HDTMA-modified coal fly ash (HCFA), ex-
hibited enhanced surface characteristics suitable for
wastewater treatment applications.

HCFA was utilized for the removal of NB and
CB through batch adsorption experiments. Adsorp-
tion was studied using 100-mL solutions with vary-
ing solute concentrations. The solutions were agitat-
ed until equilibration with known dosage,
temperature, and pH on a water bath shaker (Model.
No. SB. 08, Benchmark Scientific, USA). The sam-
ples were then filtered, and the remaining pollutant
concentrations were analyzed using a UV-Vis spec-
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Table 1 — Isotherm, dynamic, and thermodynamic model equations

Isotherm Freundlich  Dubinin-Radushkevich Hill isotherm Koble Corrigan (KC) Khan isotherm
20-22
models g Sk = ge(hone?) g O kG
€ K
q, (mg g™, e=RTn(1+1/C) Ky +CM 1+ By Clixe (1+5¢C,)
equilibrium _ N O
adsorption uptake Eq=1//2kpg K, (mg L"), isotherm B (mg % ) ind a,, Khan model
112 constant A, (L"mg' g') are exponent
K (Lgh" ky (mol* kI, D-R Koble Corrigan isotherm
U > isotherm constant n_, Hill binding b, Khan model
isotherm constant O . L constants K
& (kJ mol™), Polanyi interaction parameter constant

n, Freundlich
parameter

potential

E, (k] mol™'), mean
adsorption energy

g (mg g), maximum
adsorption uptake

qs

n, ., is KC exponent
(mg g'), maximum

adsorption uptake

Kinetic Pseudo 1* order Pseudo 2" order
d l 23,24
modets 61 = gell — exp(~ky1)] gt ta
=
g, and ¢_ are the instantaneous and equilibrium uptake (1 thyt Qe)
(mg g') and &, (min™') represents the 1* order rate
constant k, (g mg"' min™'), second order rate constant
Thermo- Van’t Hoff equation Sorption distribution constant and Clausius-Clapeyron equation
dynamic thermodynamic relations
equ)zlltions”*“ AG® =—RT In(K) y InC, = —AH, /(RT)+C

AG® (kJ mol™"), standard Gibbs
free energy change

R (J mol'K™"), gas constant
T (K), absolute temperature

K shows the partition
coefficient of adsorbate

InK =—AH®/(RT)+AS° /R

K=Cy/C
ad” e AH_(kJ mol™), isosteric heat

of adsorption

AG® =AH® —TAS® C, integration constant

C,, (mg g*') and C, (mg g') are equilibrium
concentration of adsorbate onto adsorbent
and in the solution, respectively

AH° (kJ mol™), AS° (kJ mol' K') are enthalpy
and entropy change, respectively

trophotometer (SP3000, OPTIMA, Tokyo, Japan) at
a wavelength of 4= 209 nm (chlorobenzene) and
A = 268 nm (nitrobenzene). Different factors,
such as dosage (ranging from 0 to 50 mg), adsorp-
tion time, initial solution pH, initial pollutant con-
centration, and adsorption temperature were stud-
ied. After each run, the adsorption efficiency and/or
uptake capacity were calculated using the following

equations:

%R =ﬁ'100 (1)
Co
(G -GV
=0 2
g W 2

where C, (ppm) and C, (ppm) are the initial and fi-
nal concentrations of solutes, respectively, g, (mg g™)
is the uptake capacity, and V' (mL) and W (mg) rep-
resent the volume of wastewater and mass of solid,
respectively. The experimental data was further
analyzed by employing kinetic, isotherm, and thermo-
dynamic equations, as summarized in Table 1.

Characterization

Fourier-transform infrared spectroscopy (FTIR)
analysis was conducted to identify surface function-

al groups of the samples using a FT-IR 4100 appa-
ratus (JASCO, Japan). The FTIR spectra were re-
corded in the range of 500-4000 cm™.
Thermogravimetric analysis (TGA) was conducted
to investigate the thermal behavior of the samples
using an SDT Q600 apparatus (TA instruments,
USA). The analysis was carried out at a 10 K min™!
heating rate over a temperature range of 298 to
1073 K, with nitrogen as the purge gas at a flow
rate of 20 mL min™'. Field emission scanning elec-
tron microscopy (FESEM) analysis was performed
using a MIRA3 apparatus (TESCAN, Czechia) to
analyze the surface morphology of the prepared/
modified fly ash.

Results and discussions

Characterization
Fourier-transform infrared spectroscopy

FTIR spectroscopy was employed to evaluate
the impact of the cationic surface active agent on
the raw CFA. The infrared spectra of raw CFA and
HCFA are presented and compared in Fig. 1. The
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Fig. 1 — FTIR spectrum of raw coal fly ash (CFA) and CFA modified with hexadecy!
trimethylammonium bromide (HCFA)

HCFA spectrum exhibited an IR spectrum similar to
that of raw ash. The bands at approximately 3450
cm! and the peaks at about 1633 cm™! correspond
to O-H stretching and bending vibrations, respec-
tively, indicating the presence of bound moisture in
both fly ash samples. The transmittance peaks at
2922 and 2860 cm'! represent the symmetric and
asymmetric stretching vibrations of C-H in —CH,
and —CH, alkyl groups, providing evidence of sur-
factant deposition on the fly ash surface?”'. Dis-
tinct new peaks between 1380 and 1470 cm™! in the
HCFA spectrum can be associated with the bending
vibrations of CH,, CH, and C—C aliphatic chains®>*.
The peak at 1111 cm™ in the raw CFA spectrum,
can be attributed to the asymmetric stretching vibra-
tions of Si—~O-Al and Si—O-Si bonds. This peak in-
tensifies and broadens after surfactant treatment of
CFA, indicating the interaction of the polar active
surfactant with Si—O and Al-O bonds in the fly ash.
The peak value also shifts to a lower wavenumber,
i.e., 1080 cm™!, possibly due to the replacement of
hydrogen in Si-OH with long functional groups
(Si-O[(CH,),NC, H,.]) from the HDTMA surfac-
tant.

Two small but sharp peaks at 798 cm™' and 563
cm' correspond to the CH, and C—C skeletal struc-
tures present in the cationic surfactant. The pres-
ence of these peaks in the IR spectra clearly con-
firms the successful deposition of HDTMA on the
fly ash surface.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used
to evaluate the thermal stability of the samples and
to identify and compare the various stages of ther-
mal degradation. Fig. 2 presents the changes in per-
cent mass (TG) and derivative mass (DTGQG) losses
for raw CFA and HCFA during heating. The thermal
degradation profiles of each of the two samples can
be subdivided into four stages: dehydration, devola-
tilization, decomposition, and char formation, as
shown in Fig. 2. Stage 1 represents moisture loss,
which occurred between 283 K and 373 K, and neg-
ligible mass loss was observed in either sample
(maximum 2 %). Stage 2 of thermal degradation
began at 373 K and extended up to 723 K, involv-
ing the removal of chemically bonded water and the
devolatilization of the sample. In the DTG curve of
HCFA, a small kink was observed, which can be
attributed to the decomposition of HDTMA, further
confirming its deposition on the fly ash®. Stage 3
was represented by a significant mass loss up to 973
K (decomposition). Mass losses of approximately
10 % and 8 % were recorded for raw CFA and
HCFA from ~723 to 1023 K, respectively, due to
the residual coal decomposition in the fly ash. The
central peak in the derivative TG profile represents
this decomposition stage, with peak temperatures at
883 K for raw CFA and 981 K for HCFA. The shift
of the peak temperature to a higher value in HCFA
suggests enhanced thermal stability, likely due to
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Fig. 2 — Thermogravimetric analysis of raw coal fly ash (CFA) and CFA mod-
ified with hexadecyl trimethylammonium bromide (HCFA)

the strong linking and electrostatic interactions be-
tween the silica and zeolitic material present in the
coal fly ash and the HDTMA?**".

Stage 4 was the tailing stage that began at 973
K. Unlike raw CFA, HCFA exhibited a higher final
residue, indicating the presence of non-volatile in-
tercalated char resulting from the decomposition of
the organic ionic chain in HCFA.

Scanning electron microscopy

The morphology of fly ash is primarily influ-
enced by combustion process parameters such as
burning temperature and ash cooling rate. To better
understand the structural changes in fly ash before
and after chemical treatment, SEM micrographs of
RCFA and HCFA are shown in Figs. 3(a) and 3(b).
In Fig. 3(a), the surface of RCFA appears rough and
consists of irregularly shaped and hollow unburned
carbon particles, aggregated minerals, and agglom-
erated particles. The surface roughness, voids, ir-
regularity in particle shapes, and smaller agglomer-
ated particles result from gas expulsion from the
particle interior, as well as melting and fusion pro-
cesses occurring during coal combustion. Generally,
fly ash is a heterogeneous material and surface
roughness proves its porous nature.

After treatment with the cationic surfactant, the
SEM micrograph in Fig. 3(b) revealed the forma-
tion of an organic layer on the surface of CFA, re-
sulting in increased surface smoothness. The glazed
layer reduced the surface roughness, as the holes,
the irregularly shaped particles, and the agglomerat-
ed and aggregated particles disappeared, indicating
good interaction between HDTMA and the ash par-
ticles. After modification, the HCFA surface resem-
bled a rocky texture with occasional cracks.

SEM Scale = 10pym

SEM Mag. = 5 kx
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SEM Scale =10ym
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& A
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Fig. 3 — SEM micrographs of (a) raw coal fly ash,
and (b) CFA modified with hexadecyl
trimethylammonium bromide
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Fig. 4 — Barrett-Joyner-Halenda pore size distribution and surface area of raw coal fly ash
(CFA) and CFA modified with hexadecyl trimethylammonium bromide (HCFA)

Pore size distribution and surface area

The Barrett-Joyner-Halenda (BJH) pore size
distribution and Brunauer-Emmett-Teller (BET)
surface area analyses for raw and surfactant-modi-
fied fly ash are presented in Fig. 4. The surfactant
treatment significantly influenced the surface char-
acteristics of raw fly ash. A sharp peak in the 0 — 20
nm range indicates the presence of micro- and mes-
opores on both the raw and modified surfaces. Be-
yond this range, the peak sharpness gradually de-
creased up to 120 nm, indicating a smaller amount
of macropores. However, the narrower peak of the
raw fly ash indicates that the pores were much less
developed than in HCFA. HCFA exhibited a lower
BET surface area of 8.26 m? g ! and a higher pore
volume of 0.040 cm® g' compared to CFA (as
shown in the inset of Fig. 4). This was likely due to
the HDTMA layer covering the raw ash surface, as
supported by the SEM images. The layer of HDTMA
molecules on the fly ash surface impeded nitrogen
molecule diffusion into some of the pores, leading
to a lower adsorption capacity®®. The formation of
the HDTMA surface layer can be attributed to elec-
trostatic interactions.

Adsorption experimental factors

Effect of adsorbent dosage and initial solution pH

The dosage of HCFA had a positive effect on
the percent removal of both NB and CB, as shown
in Fig. 5. Modification of CFA with surfactant en-
hanced the removal percentage of both pollutants.
Increasing the adsorbent dosage for a fixed pollut-
ant concentration increased the availability of ad-
sorption sites, improving removal efficiency. For
CB, in the removal efficiency improved noticeably
up to 0.15 mg mL"!, beyond which the increase be-

came less significant. For NB, the removal efficien-
cy began to plateau around 0.1 mg mL™, likely due
to the saturation of available pollutant molecules at
higher adsorbent doses, leaving excess adsorption
sites unutilized. Further experiments and repeated
measurements confirmed this trend, suggesting that
equilibrium was approached rather than complete
removal. The maximum removal efficiencies using
HCFA were ~ 30 % for NB and ~90 % for CB. The
higher removal rate of CB can be attributed to its
greater electronegativity compared to NB, enhanc-
ing its attraction to the surface. Given that benzene
derivatives are difficult to ionize, ion-exchange,
metal anionic surface coordination, and electrostatic
interactions are unlikely to be the mechanisms of
adsorption. Instead, the primary mechanisms for
NB and CB removal may be ion-dipole interactions,
hydrophobic interactions, and hydrogen bond-
ing'>%. The response of HCFA against different
solution pH’s helps to reveal the mechanism of ad-
sorption. The surface response of CFA and HCFA is
presented in Fig. 6. The point of zero charge —
where ApH = 0, defined as the difference between
final and initial pH (pH, and pH) — for both CFA
and HCFA, lies between 8 and 9. At pH levels high-
er than the point of zero charge, the adsorbent sur-
face had net negative charge due to deprotonation
of surface hydrophilic heads. However, at pH levels
below the point of zero charge, the adsorbent sur-
face became positively charged due to the protona-
tion of amine surface functional groups**#!. Further,
the response of the uptake of NB and CB on pH is
shown in Fig. 7.

The results indicate that the uptake of CB in-
creased with initial solution pH, whereas NB exhib-
ited the opposite trend. Both CB and NB tended to
deactivate the aromatic ring due to their surface in-
ductive effects. In the case of CB, the inductive ef-
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fect enhanced the electrophilicity of the carbon at-
oms on the ring, rendering the ring highly
electropositive®”. For pH < pH,,., the positively
charged HCFA surface attracted the predominantly
electronegative chlorine atom (—CI?®). Increasing
solution pH enhanced the adsorption of chloroben-

zene (CB) from 200 mg g ! to 240 mg g!, up to the
point of zero charge (PZC), as shown in Fig. 6.
However, even beyond the PZC, the CB adsorption
rate increased further to 250 mg g!, due to the at-
traction between the highly electropositive carbon
ring in CB and the negatively charged HCFA sur-
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Fig. 7 — Effect of initial solution pH (pH) on sorption capacity (q) of (a) chlorobenzene and
(b) nitrobenzene on coal fly ash modified with hexadecyl! trimethylammonium bromide [fixed
conditions: pollutant concentration of 50 ppm, 100 mL of solution, dosage of 0.2 mg mL™,
adsorption time of 1 h, temperature of 30+1 °C]

face. In contrast, the adsorption of nitrobenzene
(NB) gradually decreased as the surface positivity
decreased. In NB, oxygen is more electronegative
than nitrogen and the ring, and the oxygen acts as a
dominating nucleophilic atom, attracting the posi-
tive ions®. This would suggest that the nucleophilic
oxygen (°O=N*-0") in NB, which has a strong af-
finity for the adsorbent surface due to a strong elec-
trostatic attraction, is less effective at higher pH
levels. As the pH increased, the positive charge on
the HCFA surface diminished and eventually be-
came completely negative after the point of zero
charge (PZC). This reduction in positive charge led
to decreased uptake of nitrobenzene (NB) due to the
repulsion between the nitro group’s nucleophilic
oxygen atom (P°O=N'-O") and the negatively
charged adsorbent surface®’. Additionally, the over-
all adsorption of chlorobenzene (CB) was higher
than that of NB. This is because CB has a stronger
inductive effect, which enhances its susceptibility to
electrophilic attack compared to nitrobenzene*.

Adsorption kinetics

Uptake of both CB and NB increased with ad-
sorption time, eventually leveling off at 214 mg g
and 74 mg g, respectively, as shown in Fig. 8. The
initial response of CB is steeper than that of NB due
to its higher sorption affinity. Overall, the data sug-
gest that 30 minutes is sufficient to achieve the
sorption equilibrium under the experimental condi-
tions. The contact time data were analyzed using

pseudo-first-order and pseudo-second-order kinetic
models via non-linear regression. The correspond-
ing equations for each model are provided in Table
1. To evaluate the goodness of fit, the regression
coefficients (R?) and residual sum of squares (RSS)
were compared for each model in Table 2. The re-
sults indicate that the pseudo-second-order model
provided a better fit, demonstrated by higher R? val-
ues and lower RSS compared to the pseudo-first-or-
der model. Additionally, the minimal difference be-
tween the experimental and calculated uptake
capacities further supported the accuracy of the
pseudo-second-order model.

Table 2 — Regression results obtained from modeling of
experimental adsorption data

Ifrigflgf Model parameter |Chlorobenzene | Nitrobenzene
k, (min™") 1.106 0.645
eeq (M ) 210.8 712
11358;?1; ey (M 27 214 74
R 0.92202 0.92636
RSS* 284.324 70.482
9., (Mg g 218.1 74.1
Pseudo K, (g min™' mg™) 0.0097 0.016
2 Order R 0.98786 0.98587
RSS* 44.271 13.524

*RSS stands for residual sum of squares
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Fig. 8 — Adsorption kinetics of chlorobenzene (CB) and nitrobenzene (NB) onto
coal fly ash modified with hexadecyl trimethylammonium bromide [fixed condi-
tions: 100 mL solution, pollutant concentration of 50 ppm, adsorbent dose of 0.2
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Table 3 — Nonlinear regression results of different isotherm models for chlorobenzene and nitrobenzene adsorption onto coal fly ash
modified with hexadecyl trimethylammonium bromide at different temperatures [fixed conditions: 100 mL solution vol-
ume, adsorbent dose of 0.2 mg mL™]

Chlorobenzene Nitrobenzene
Isotherm model | Parameter Temperature (K) Temperature (K)
293 303 313 323 293 303 313 323
K, 0.208 0.048 0.033 0.0042 7.13-107  9.42:10* 0.00812 0.0723
Freundlich n, 0.393 0.343 0.336 0.286 0.248 0.372 0.438 0.535
R? 0.983 0.985 0.991 0.985 0.987 0.996 0.978 0.972
q, 11853 10935 8767 12122 6789 4422 2347 2104
Ra](?::sb}ill(ﬁer\l/-ich Kox 2.445-10% 2.771-10*  3.04-10*  4.00-10* 0.009 0.006 0.003 0.002
(D-R) E, 0.045 0.042 0.040 0.035 0.007 0.008 0.012 0.013
R? 0.965 0.979 0.983 0.972 0.978 0.973 0.968 0.918
Os 231107 2.045-10°  1.635-10° 1.26-10° 4.7-107 1.52-10¢ 1.54-10° 6.28-10°
) K, 1441 408 386 263 1508 1024 1974 5831
il ny, 2.546 2.921 2.978 3.503 4.978 4.032 2912 2.398
R 0.980 0.981 0.985 0.977 0.991 0.986 0.994 0.972
c 1.634 4.508 7.097 4.715 1.657 3.40 5.589 9.634
Koble Corrigan e -6.4-10%  -0.00516 -0.0117 —0.0090 -0.0153 -0.0174 —0.0266 —0.0401
Ny 1.823 1.356 1.139 1.207 0.784 0.752 0.672 0.591
R 0.979 0.978 0.978 0.968 0.997 0.99 0.998 0.993
q. 1343 469 135 114 631 3513 10122 23440
N 0.0049 0.0079 0.0181 0.0123 2.043-10* 1.791-10* 1.031-10* 7.589-10°°
Khan a —13.12 —-10.209 -5.503 —8.571 —-102.19 —72.498 —101.83 —101.58

R? 0.982 0.983 0.989 0.981 0.993 0.999 0.989 0.982
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Fig. 9 — Isotherms of nitrobenzene (NB) and chlorobenzene
(CB) adsorption onto coal fly ash modified with hexadecyl
trimethylammonium bromide at various temperatures [fixed con-
ditions: 100 mL solution volume, adsorbent dose of 0.2 mg mL™'
dose, equilibrium sorption time]

The rapid initial uptake characteristic of the
pseudo-second-order kinetic model suggested that
pore diffusion was not the rate-limiting step. This
behavior indicated that the surface interactions were
the primary mechanism controlling the removal of
pollutants.

Adsorption isotherms

Adsorption isotherm modeling is essential for
understanding the equilibrium relationship between
CB and NB with HCFA. This information is crucial
for optimizing and designing effluent treatment sys-
tems. Fig. 9 shows the isotherm data for CB and
NB adsorption onto HCFA. Both pollutants exhibit-
ed a type III isotherm, which corresponds to the
multilayer adsorption phenomenon. The uptake of
chlorobenzene decreased with increasing tempera-

ture indicating an exothermic process. However,
NB exhibited opposite behavior to CB, with its ad-
sorption being endothermic in nature.

Five different models were used to analyze the
adsorption mechanism. The equations for these
models, along with relevant variables, are provided
in Table 3. Both the Freundlich and Dubinin-Radu-
shkevich (DR) isotherm models assume heteroge-
neous surfaces for the adsorbents, while the Hill
model considers a homogeneous surface and deter-
mines cooperative or non-cooperative adsorption
through the n, parameter. The Koble-Corrigan and
Khan models are three-parameter models, which in-
corporate features of both the Langmuir and Freun-
dlich isotherms. Non-linear regression results are
summarized in Table 3. The Freundlich model pro-
vided a reasonable fit to the data points, with R?
values greater than 0.97 for chlorobenzene (CB).
The Freundlich constant K decreased from 0.208 to
0.004 as the temperature decreased from 323 K to
293 K, confirming the exothermic nature of CB ad-
sorption. For nitrobenzene (NB), K|, increased with
rising temperature, suggesting endothermic adsorp-
tion. The mean free energy (£,) derived from the
DR isotherm was less than 16 kJ mol™! for both CB
and NB at all temperatures, indicating a physisorp-
tion mechanism. The n, parameter from the Hill
isotherm model was greater than 1 for both CB and
NB, indicating positive cooperative binding. The ¢,
value from the Hill model was too high, rendering it
unsuitable for describing the mechanism of pollut-
ant adsorption onto HCFA. The Koble Corrigan
model showed a fairly good correlation coefficient
for CB adsorption at all temperatures, with corre-
sponding exponent n, . > 1, confirming the applica-
bility of this isotherm. However, Ny values were
found to be < 1 for NB, making this model unsuit-
able for describing NB adsorption. The Khan iso-
therm provided high R? values, and was therefore
well-suited to describe the NB adsorption onto
HCFA.

Adsorption thermodynamics

Thermodynamic analysis revealed that CB ad-
sorption onto HCFA was exothermic, while NB ad-
sorption showed endothermic behavior. These char-
acteristics were confirmed by the Van’t Hoff plot
presented in Fig. 10. Thermodynamic functions cal-
culated from the linear plots are summarized in Ta-
ble 4. The exothermic character of CB adsorption
was evident from the negative enthalpy of adsorp-
tion (AH®) values, which varied from minimum
—16.98 kJ mol™ to —4.56 kJ mol™', as shown in Ta-
ble 4.

Conversely, the positive AH® values for NB ad-

sorption onto HCFA indicated an endothermic pro-
cess. The magnitude of AH® for both CB and NB
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Fig. 10 — Plots of In K vs. 1/T (K™) for the adsorption of
chlorobenzene (CB) and nitrobenzene (NB) onto coal fly ash
modified with hexadecyl trimethylammonium bromide [fixed con-
ditions: 100 mL solution volume, adsorbent dose of 0.2 mg mL™].
Legends indicate the experimental points, and discontinuous
lines are the regression lines determined through excel built-in
function.

was less than 80 kJ mol ™, suggesting a physical ad-
sorption mechanism involving van der Waals forces
and electrostatic interactions in the adsorption pro-
cess¥#, The Gibbs energy (AG°) values for CB
were negative at all temperatures, indicating a spon-
taneous and favorable adsorption process. The de-
crease in the negativity of AG® with increasing tem-
perature suggested that CB adsorption was
thermodynamically more favorable at lower tem-
peratures. In contrast, the positive AG® values for
NB adsorption indicated a non-spontaneous process
that required net energy input'’. The magnitude of
AG® decreasing with rising temperature, as shown
in Table 4, indicated that higher temperatures facil-
itated NB adsorption. Additionally, AS® for CB re-
moval indicated that the adsorption was enthal-
py-driven, without significant structural changes
occurring during adsorption. This reflected less dis-
order at the interface, possibly due to multilayer ad-
sorption. Conversely, the positive AS® for NB ad-
sorption onto HCFA suggested increased randomness
at the solid/liquid interface during the adsorption
process*®.

The isosteric heat of adsorption (AH ) was de-
termined using the Clausius/Clapeyron equation
given in Table 1. The isosteres obtained from the
plot of InC, vs 1/T corresponding to different sur-
face coverage of CB and NB are presented in Fig.
11. The linear regression of experimental data yield-
ed AH_, summarized in Table 5, along with the cor-
responding correlation coefficients. Isosteric heats
were found to be less than 80 kJ mol™!, confirming
the physisorption mechanism. The variation in AH_
suggested a heterogeneous HCFA surface. At higher
surface coverages, AH decreased, likely due to the

Table 4 — Thermodynamic parameters for benzene derivatives adsorption onto coal fly ash modified with hexadecyl trimethylam-

monium bromide

Chlorobenzene
Initial dzl;l golifsntratlon AP A AG® (k] mol )
(kJmol™) | (kJ mol K™) 323K 313K 303 K 293 K
60 -16.98 —0.047 -1.71 —2.64 -3.11 -3.58
120 -7.73 -0.014 -3.21 -3.49 -3.63 -3.76
180 —-6.54 -0.008 —4.08 —4.23 —4.31 —4.38
260 -5.91 -0.003 -4.99 -5.05 -5.08 =5.11
350 —4.56 0.0031 —5.58 -5.51 —5.48 —5.45
Nitrobenzene
60 55.35 0.171 0.11 1.81 3.52 5.24
120 25.03 0.074 1.04 1.78 2.52 3.26
180 16.73 0.050 0.71 1.21 1.71 2.19
260 10.22 0.031 0.08 0.38 0.71 1.02
350 5.54 0.019 —0.55 -0.35 —0.17 0.02
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Fig. 11 - Isosteric plots of In C, as a function of 1/T (K*)

for chlorobenzene (CB) and nitrobenzene (NB) adsorption onto

coal fly ash modified with hexadecyl trimethylammonium bro-
mide at constant adsorbed amount [fixed conditions: 100 mL
solution volume, adsorbent dose of 0.2 mg mL™']. Legends indi-
cate the experimental points, and discontinuous lines are the
regression lines determined through excel built-in function.

Table 5 — Isosteric heat of adsorption for chlorobenzene
(CB) and nitrobenzene (NB) onto coal fly ash mod-
ified with hexadecyl trimethylammonium bromide

(HCFA)
CB-HCFA NB-HCFA
q, (mgg")
AH (kI mol™)| R* |AH (kJmol")| R?
100 -14.43 0.9820 22.92 0.9907
150 -12.23 0.9855 16.84 0.9966
200 -10.88 0.9881 13.73 0.9974
250 -9.93 0.9901 11.75 0.9970
300 -9.22 0.9919 10.34 0.9960

coverage of high energy active sites during the ini-
tial stage of adsorption, followed by intermolecular
interactions among adsorbed moieties, reducing the
isosteric heat**, Table 6 compares the performance

of biochar, cellulosic aerogels, hydroxyapatite gela-
tin, magnetic porous carbon, modified microporous
silica material, HDTMA bentonite, high silica zeo-
lites, carbonized sugarcane bagasse, modified mag-
netic diatomite, modified fly ash sieves, hydropho-
bic cotton fiber and graphitic nanoribbons, for the
removal of CB and NB. Adsorption performance
varies based on the initial pollutant concentration,
adsorbent surface properties, and other adsorption
process conditions. This comparison indicates that
HCFA is a promising adsorbent for removing chloro-
benzene and nitrobenzene from aqueous solutions.

Conclusion

The surface of coal fly ash was successfully
modified through anionic surfactant hexadecyl-
trimethylammonium bromide (HDTMA) treatment
under various experimental conditions. The result-
ing HCFA material was compared to untreated fly
ash. The HCFA was evaluated for its effectiveness
in removing organic pollutants, specifically chloro-
benzene (CB) and nitrobenzene (NB), from waste-
water. FTIR analysis confirmed the presence of
amino and alkyl functional groups on the HCFA
surface, while SEM micrographs revealed changes
in surface structure due to the introduction of the
cationic polymer, including the formation of an ad-
hesive organic layer on the porous ash surface, en-
hancing its adsorption capacity. Thermogravimetric
and BET analyses indicated that HDTMA formed
strong bonds with alumina and silica, reducing ther-
mal decomposition compared to raw ash and pro-
moting the formation of an active adsorption layer.
Batch adsorption experiments identified an optimal
solid-to-liquid ratio of 0.2 mg L' for both raw CFA
and HCFA, corresponding to the maximum removal
of NB and CB under specific solution pH condi-
tions. HCFA achieved maximum removal rates of
80 % for CB and 30 % for NB. The adsorption of
NB and CB followed a pseudo—second-order kinet-
ic model, suggesting that surface reactions were the
primary controlling mechanism. Isotherm studies
revealed that the adsorption of both pollutants fol-
lowed a type Il isotherm, indicating a multilayer
adsorption phenomenon. The Koble Corrigan and
Khan isotherm models provided the best fits for the
experimental equilibrium data for CB and NB, re-
spectively. Thermodynamic analysis revealed that
CB adsorption on HCFA is spontaneous and feasi-
ble (AG°< 0), whereas NB adsorption is non-spon-
taneous (AG°>0). The negative AS°® for CB removal
suggested an enthalpy-driven adsorption process
with minimal structural changes, while the positive
AS° for NB indicated increased randomness at the
solid/liquid interface. The evaluation of the isosteric
heat of adsorption confirmed that HCFA possesses
an energetically heterogeneous surface.
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Table 6 — Comparison of adsorption capacity of coal fly ash modified with hexadecyl trimethylammonium bromide (HCFA) with

other reported adsorbents

Adsorption capacity (mg g)

Adsorbent Experimental conditions Reference
Chlorobenzene Nitrobenzene
. .. pH: 7, time: 5 min, 7: 298 K,
g\l/?]gl(l;r (BC) and magnetic biochar nitrobenzene: (0700 ppm), _ 1;);8(1(3»h(/i])3acr;d 51
adsorbent: 2 g L!
Time: 180 min, 7T 298 K, chlorobenzene:
Cellulose laurate ester (CE) aerogels (3 mmol L), 2068.85 - 52
adsorbent: 0.05 g L™!
. . H: 4, time: 1 h, 7: 298 K, nitrobenzene:
Hydroxyapatite-gelatin (HAP-GEL p ’ ? ’
nzilocorillp%site ¢ ( : (2-10 ppm), B 42.373 N
adsorbent: 5 g L™!
Hexadecy! trimethylammonium Time: 120 min, 7: 298 K, chlorobenzene
_ 54
bromide modified bentonite (28.14 pp m), 5 2412
adsorbent: 80 mg L
. Time: 2 h, T: 298 K, 55
Magnetic porous carbon MPC-973 adsorbent: 30 mg L - 58.2
S . i) 76.6
g‘égﬁf‘s"a zeolites pH: 7, time: 24 h, T: 2883 K, B .
i Y adsorbent: 0.5 g L™!
it) 227
pH: 5.8, time: 90 min, T: 298 K,
Carbonized sugarcane bagasse (SCB) nitrobenzene: (50-500 ppm), - 38.27 57
adsorbent: 0.3 mg/50 mL
. L . T: 288 K, nitrobenzene (0200 ppm), s
Modified magnetic diatomite adsorbent: 0.1 mg/25 mL - 54.31
pH: 7.30, time: 48 h, T: 298 K,
Primary polyethylene microplastics chlorobenzene: (0-0.1 ppm), 0.227 - 5
adsorbent: 10 mg/30 mL
Fly ash derived mesoporous silica p H %’ Tlme:.60 mmi T1129§1 K’b ) 6
SBA-15 nitrobenzene: 8 umol L', adsorbent: 5.5 — 6.39
gL
. pH: 7, Time: 2 h, 7: 303 K, nitrobenzene: B o1
Hydrophobic cotton fibers (HCF) (0-2 ppm), adsorbent: 0.1 g L' 16.85
Hexadecyl trimethylammonium Time: 1 h, T: 303 K? nitrobenzene: 50 .
ppm, chlorobenzene: 50 ppm, 214 74 this study

bromide modified coal fly ash

adsorbent: 0.2 mg mL"!
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