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ABSTRACT
Heavy metal contamination is a major concern, and the adsorption process is regarded as one of 
the most efficient water remediation processes to deal with it. Herein, we modified fly ash by 
a microwave-assisted hydrothermal process to enhance its adsorption capacity and tested the 
material toward Cd(II) and Cu(II). Characterization of the adsorbents was performed by several 
techniques in detail to elucidate considerable structural changes such as cracking of spherical 
morphology, increase in surface area and changing of the chemical composition. Then batch 
adsorption was performed under different conditions to investigate the equilibrium, kinetics, 
and thermodynamics of the process. NaOH-modified fly ash considerably has a higher adsorption 
performance than that of the as-received sample for both ions. The highest adsorption capacity of 
modified fly ash was achieved as 133.8 and 95.7 mg/g for Cd(II) and Cu(II), respectively. The kinetics 
and isotherms could be perfectly reflected by a pseudo-second-order rate equation and the 
Freundlich model, while thermodynamics confirmed the endothermicity of the process.
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Introduction

The rapid industrialization and human activities asso
ciated with socioeconomic growth have raised serious 
concerns about the toxicity of non-biodegradable heavy 
metals. These metals persist in water, pose threats to 
human health, and accumulate in the food chain.[1,2] 

Therefore, heavy metal removal technologies have 
drawn considerable attention in the last decades.[3] To 
mitigate the harmful effects of heavy metals on the 
aquatic environment, it is essential to reduce the con
centration originating from industrial facilities. For 
instance, divalent cadmium [Cd(II)] and copper 
[Cu(II)] are broadly used in industrial sectors including 
the production of batteries, pigments, fertilizers, metals, 
and alloys. These heavy metals must be released to 
wastewaters with the permissible levels of 0.005 mg/L 
and 1.3 mg/L, respectively, according to the United 
States Environmental Protection Agency (EPA).[4] 

Therefore, various treatment techniques including 
adsorption, precipitation, membrane filtration, chemi
cal oxidation, and ion exchange have been used to date 
to manage the heavy metal contamination of industrial 
effluent.[5–7] However, most procedures are exorbitant, 
time-consuming, and problematic in terms of waste 

disposal.[8,9] Among the wastewater treatment methods, 
the adsorption process is easy to handle, economically 
advantageous, and most effective when adopting an 
adsorbent with a high capacity for the target pollutant 
removal process.[10,11] Another significant benefit of 
this method is the ability to create and use designed 
materials with specific properties for improved adsorp
tion performance.[12,13]

The capacity of the adsorbent to adsorb is the fore
most factor determining the effectiveness of the adsor
bent and, consequently, the viability of the adsorption 
processes. Several adsorbents with high adsorption 
capacity have been proven to have good performance 
toward heavy metals up to date.[14–16] Natural and syn
thetic adsorbents such as activated carbon, biosorbents, 
clays, polymer-based adsorbents, resins, and nanoparti
cles have specific surface properties and functional 
groups that make them effective at heavy metal adsorp
tion. They are known to contribute to the heavy metal 
removal processes via mechanisms that may include ion 
exchange, physisorption, chemisorption, complexation, 
chelation, and precipitation. However, many of the 
reported sorbent materials might have limited effi
ciency, selectivity, reusability, or poor stability in 
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aqueous media with high synthesis and operation costs 
and hence they have a limited practical applicability.[17] 

Therefore, some strategies are provided for modifica
tion of adsorbents is gradually emerging to develop low- 
cost adsorbent materials with a high adsorption 
capacity.[18,19] To enhance adsorption capacity, modifi
cation is a common technique that involves changing 
the surface properties of the adsorbent. Chemical mod
ification primarily focuses on introducing or enhancing 
functional groups capable of interacting with heavy 
metals and modifying surface charges.[20–22] On the 
other hand, physical modification involves changing 
the physical properties of the adsorbent material, such 
as its particle size or pore size, to increase its capacity for 
heavy metal ion removal.[23] It is beneficial that certain 
techniques can combine the advantages of both physical 
and chemical modification, thereby altering both the 
physical properties and chemical structure of sorbent 
materials.

As a by-product of burning pulverized coal in ther
mal power plants, powdered fly ash has been proven to 
be effective in the adsorption of heavy metal ions as it 
can be concluded from previous studies.[24–28] Massive 
amounts of waste fly ash generation in coal-based 
power plants with a global annual production exceed
ing 600 million tonnes will also serve as an advantage 
in terms of cost reduction for selective adsorbent pro
duction toward heavy metals if they can be managed 
properly.[29–31] However, there is a still gap in the 
enhancement of limited adsorptive capacity of the fly 
ash to the best of our knowledge despite several stu
dies worked on evaluating different kinds of ashes 
from different coal combustion residues.[32–34] The 
determination of effects of surface modification tech
niques, altering morphology (the porosity and surface 
area), optimization of the adsorption conditions, scal
ing-up, and evaluating environmental impact to meet 
the requirements of the regulatory compliances in 
research can enhance the performance of fly ash as 
an adsorbent in real industrial heavy metal removal 
processes. In this study, efforts had been devoted to 
the modify FA that can maintain good adsorption 
capacity in heavy metal containing aqueous solutions. 
To enhance the adsorption ability to different types of 
heavy metals, microwave-assisted alkali hydrothermal 
process was applied, and the products were character
ized in detail. This procedure was designed to achieve 
improved adsorbent quality with higher adsorption 
capacities since microwave-assisted alkali hydrother
mal treatment enables to synthesis of functional mate
rials with a faster process and energy efficiency by 
applying selective and uniform heating combined 
with alkali treatment.[35,36] After modification process, 

adsorption behavior of modified and unmodified 
material, and the effects of process conditions such 
as adsorbent dose, temperature, contact time, and 
initial adsorbate concentration were investigated. The 
detailed studies of adsorption isotherms, kinetics, and 
thermodynamics, as well as comprehensive character
ization studies aimed to establish more effective man
agement strategies for adsorptive heavy metal removal 
using a low-cost industrial waste.

Materials and methods

Determination of the main characteristics of fly ash

The fly ash sample was obtained from a local cement 
plant located in Bilecik, Turkey. The sample was pro
duced through the bituminous coal combustion unit of 
the cement plant and collected from electrostatic pre
cipitators. Moreover, it is also known to be used as 
a supplementary cementitious material, replacing 
a portion of the clinker in the plant. Prior to its use in 
the experiments, the sample was dried at 80°C. 
Afterward, the characteristics of the sample were deter
mined using several analytical methods. The same ana
lytical tools were used to investigate the characteristics 
of FA before and after modification to describe the sur
face structure of the material and interpret the adsorp
tion mechanism. The surface morphology and 
microstructure of the samples were analyzed by scan
ning electron microscope (Carl Zeiss Supra 40VP) using 
secondary electron images. The specific surface area of 
the samples was assessed using a pore-size analyzer 
(Quantachrome Autosorb) through multi-point N2 
adsorption/desorption. All samples were degassed at 
150°C for 12 hours prior to N2 adsorption and surface 
area values were obtained by using the Brunauer– 
Emmett–Teller (BET) equation from the isotherms 
obtained at 196°C. A helium pycnometer 
(Quantachrome-UltraFoam 1200e) was used to deter
mine the true density of the samples and a particle size 
analyzer (Malvern Mastersizer) was used to monitor 
particle size distribution after suspending them in etha
nol to deagglomerate the particles. The X-ray diffracto
gram (XRD) of the samples was recorded using an X-ray 
diffractometer (XRD Rigaku Miniflex 600 Advance) 
with Cu Kα radiation (1.5436 Å, 40 kV, 15 mA). The 
diffraction patterns were monitored in the 2θ range of 
10–80° with an increment of 2°·min−1. The bulk com
positions of the samples were measured by XRF (Rigaku 
ZSX Primus) analysis while functional groups existing 
over the samples were detected via Fourier Transform 
Infrared Spectroscopy (Perkin Elmer, Spectrum 100) in 
the wavenumber range of 4000–400 cm−1.
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Alkali modification of FA

The modified materials used in this research were 
prepared in two steps which include microwave 
(MW) treatment and hydrothermal treatment in an 
alkaline medium at low temperature. The pulverized 
FA was soaked in an alkali solution in a flask and 
mixed for 1 h. For this purpose, 1 M NaOH solution 
was equally mixed with FA in a magnetic stirrer. The 
mixture was reacted under MW irradiation in an 
MW oven by setting the power at 800 W for 5 min 
of reaction time. Then the slurry was diluted up to 
a weight percentage of 50% with water and put in 
a Teflon container inside a stainless-steel autoclave 
vessel. The hydrothermal treatment was performed 
under autogenous pressure at 160°C for 12 h. Finally, 
the obtained mixture was filtered, washed with hot 
deionized water, and dried at 110°C.

Batch adsorption experiments

All chemicals used in batch adsorption studies were 
of analytical reagent grade and did not require 
further pre-treatment of purification stage. Metal 
solutions were made by dissolving the required 
amount of Cu(NO3)2.3 H2O and Cd(NO3)2.4 H2O in 
double deionized water to prepare 1000 mg/L Cu(II) 
and Cd(II) stock solutions, respectively. Stock solu
tions were prepared in standard concentrations of 
1000 mg/L, which were diluted to desired concentra
tion prior to adsorption experiments. For the batch 
adsorption experiments, the pH effect was not in the 
scope of the study and hence, the pH of the as- 
received solution was kept constant. All heavy metal 
adsorption experiments were performed in batch 
mode using a shaker at 200 rpm and the temperature 
was adjusted. When the residence time was over, the 
solution was filtered, and residual adsorbates concen
trations were measured by an atomic absorption 
spectrometer (Perkin Elmer, Analyst 800). 
Experiments were performed to investigate the effects 
of adsorbent dose (1–6 g/L), initial metal ion concen
tration (200–600 mg/L), contact time (up to 600 min) 
and temperature (25–45°C). The uptake amount or 
quantity of metal adsorbed at a specific time (qt) and 
equilibrium (qe) were determined by using the equa
tions listed below. 

In the meanwhile, the adsorption percentage was 
obtained as follows: 

where Ci is the initial metal concentration (mg/L), Ce is 
the equilibrium metal concentration, (mg/L), Ct is the 
metal concentration at time t (mg/L), V is the volume of 
solution (L), and w is the mass of the sorbent (g).

Isotherm, kinetic, and thermodynamic analysis of 
adsorption data

Equilibrium modelling
Adsorption isotherms offer qualitative details about the 
interaction between the solute and the surface, includ
ing the correlation between the concentration of adsor
bate and its degree of accumulation on the surface at 
a particular temperature. Achieving an optimal correla
tion for the equilibrium curves is necessary to design an 
effective sorption system. To model heavy metal adsorp
tion, Langmuir, Freundlich, Dubinin–Radushkevich 
(D-R), and Temkin isotherm models were used in this 
study.

The Langmuir isotherm is based on physical and/or 
chemical interactions between the solute and accessible 
sites on the adsorbent’s surface. The Langmuir equation 
is expressed in a linear form as follows: 

where qm is the monolayer adsorption capacity (mg/g), 
and KL is the Langmuir adsorption constant (L/mg).
[37,38] The affinity between adsorbate and adsorbent can 
be predicted using dimensionless separation factor (RL). 
RL is calculated as follows: 

where Co is the highest initial adsorbate concentration 
in the solution (mg/L). The RL indicates whether the 
isotherm shape is unfavorable (RL >1), linear (RL = 1), 
favorable (0 < RL <1) or irreversible (RL = 0).[39]

Freundlich, in contrast to the Langmuir model, 
implies multilayer adsorbate absorption on the adsor
bent surface (Freundlich, 1907). The following equation 
represents the linearized Freundlich isotherm: 

where KF ((mg/g)(L/mg)1/n) is a constant associated 
with the adsorption capacity and n is an empirical 
parameter.
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The D-R isotherm is another empirical isotherm 
model that was first proposed for the sorption of sub
critical vapors onto microporous sorbents using the 
pore filling [40] It implies that the adsorption potential 
varies across a heterogeneous surface.[41] The 
D-R isotherm equation has the following linear form: 

where β is a constant related to the adsorption energy 
(mol[2]/kJ,[2] qm is the theoretical saturation capacity, 
and ε is the Polanyi potential. The Polanyi potential 
term can be calculated as given below: 

where R is the gas constant (J/mol K) and T is the 
absolute temperature (K). And β constant of 
D-R equation gives the mean free energy E (kJ/mol) =  
1/

ffiffiffiffiffi
2β

p
of adsorption per molecule of the adsorbate 

when it is transferred to the surface of the solid from 
infinity in the solution and can be calculated by the 
following equation: 

The final isotherm model used in the study, 
Temkin[42,43] considers the effects of indirect adsor
bent/adsorbate interactions and considers non-uni
formly distributed sorbate-binding energies. The linear 
form of the Temkin isotherm equation is as follows: 

To explore the adsorption isotherms, the same mass FA 
and N-FA were placed in different conical flasks con
taining 20 mL of heavy metal ions solution at concen
trations of 200, 400, and 600 mg/L, respectively. The 
adsorption studies were carried out for 10 hours at 25°C.

Kinetic modelling
Batch adsorption data were also examined by pseudo- 
first order pseudo-second order and intraparticle diffu
sion and Elovich models to study adsorption mechan
isms and derive kinetic parameters. Adsorption based 
on solid sorption capacity is primarily stated by 
a pseudo-first-order kinetic model [44] which considers 
that one metal ion is sorbed onto only a single sorption 
site. Lagergren’s linearized pseudo-first-order rate equa
tion is given as follows: 

where k1 is the pseudo-first order rate constant (1/min).

A pseudo-second-order equation[45] for expressing 
kinetics based on adsorption capacity is as follows: 

where k2 is the pseudo-second order rate constant 
(g/mg.min).

It is well known that pseudo-first and pseudo-second 
order models cannot account for diffusion and rate 
limiting processes in the transport of sorbate molecules, 
the intraparticle diffusion model[46] is commonly used 
to satisfy this need. The intraparticle diffusion equation 
can be expressed as follows: 

where kp is the intraparticle diffusion rate constant (mg/ 
g min1/2) and C is the intercept of model plot. If intra
particle diffusion is involved in the adsorption process, 
the plot should be straight, and if these lines pass 
through the origin, intraparticle diffusion is the rate- 
controlling step. Some degree of boundary layer control 
is assumed to exist when the plot does not pass through 
the origin. This suggests that intraparticle diffusion is 
not the only rate-limiting process, but that other kinetic 
models, due to their contribution to the overall trans
port of sorbate molecules, may also restrict the rate.[47]

Elovich kinetic model [48] may be suitable when the 
adsorbate ions and the surface sites interact chemically 
through a second-order mechanism. The linear form of 
Elovich equation can be represented by: 

The adsorption kinetics were determined by immersing 
FA and N-FA of the same mass in different conical 
flasks holding 20 mL of 600 mg/L heavy metal ions 
solution at 25°C. The batch adsorption operation at 
duty was to determine the adsorption capacity of 
heavy metal ions absorbed at different contact times 
until equilibrium had been established.

Thermodynamic modelling
Thermodynamic parameters including Gibbs free 
energy change (ΔG°), enthalpy change (ΔH°), and 
entropy change (ΔS°) were frequently applied to analyze 
the effect of temperature and determine whether the 
adsorption process is spontaneous or not.

The Gibbs free energy change of the adsorption can 
be determined from the given equation: 

where KL is equilibrium constant which can be calcu
lated using the following equation: 
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Relationship between ΔG°, ΔH° and ΔS° can be given by 
the following equation: 

Manipulation of Eq.15 provides the following linear 
equation for calculating thermodynamic parameters: 

Results and discussion

Effect of modification on the characteristics of fly 
ash

Textural characteristics
The success of adsorption process relies on an adsorbent 
with considerable surface area, pore volume, and appro
priate functionalities.[49,50] Therefore, the relationships 
between their physical characteristics and surface chem
istry of adsorbents must be critically assessed to max
imize the economic and environmental benefits. A first 
analysis of the characteristics of the as-received and 
modified samples using the SEM technique revealed 
that morphology differed considerably due to the 
microwave-assisted hydrothermal treatment. As it is 
shown in Fig. 1, FA particles exhibited approximately 
spherical shapes and the sizes of the spherical particles 
ranged from less than 20 μm. Previous studies also 
showed that a typical FA that may be obtained combus
tion of coal includes microscopic spheres.[51] Apart 
from the untreated FA sample, the irregular particles 
of N-FA were non-spherical in shape. The applied mod
ification procedure resulted in agglomerations of irre
gular shapes accompanied by a cracking of the 
sphericity of the FA which might introduce a few intrin
sic pore formations.

According to the nitrogen adsorption-desorption 
isotherms, it was found that the surface area of the 
FA-N is greater than that of FA. Therefore, it can be 
concluded that the surface area of fly ash was increased 
by the modification possibly due to the cracking of the 
spherical structure and the formation of irregular cav
ities and unsmooth surfaces. The specific surface area of 
FA was found to be equal to 66.9 m2/g while N-FA had 
a surface area of 123.4 m2/g. The overall shape of the 
isotherms indicated hysteresis (Fig. 2). It is well known 
that the capillary condensation in mesopores is demon
strated by the development of hysteresis loops because 
of nitrogen adsorption and desorption.[52] After mod
ification, the N-FA sample showed an H3 type of 

hysteresis formation which is characteristic of slit- 
shaped pores and is observed with non-rigid aggregates 
of plate-like particles[53]

In addition to nitrogen adsorption and desorption, 
Fig. 2 also represents the particle size distributions of 
the samples in ethanol dispersions that was monitored 
by a laser diffraction particle size analyzer. The bimo
dal curve of size dispersion shifted to the lower values 
after the modification. This corresponded to the par
ticle size reduction due to the applied treatment pro
cess. According to the He pycnometer results of 
modified and unmodified fly ash, the real density 
was reduced due to the microwave-assisted hydrother
mal treatment. The average values for FA and N-FA 
were 2.45 and 1.99 g/cm,[3] respectively. The introduc
tion of new pores or enlargement of the existing pores 
in the FA may cause more void spaces within the 
material during modification and this may lead to 
a decrease in real density. The introduction of addi
tional porosity through microwave-assisted alkali 
modification may slightly trade-off with the density 
of the fly ash. As more void spaces are created during 
the cracking of the spherical particles, the solid mate
rial occupies a smaller proportion of the total volume, 
resulting in a lower real density. Consequently, the 
modification method used in this study resulted in 
considerable changes in the textural characteristics of 
the material by altering particle shape, size, porosity, 
and density. This meant that the treatment method of 
modification generated a porous, less compact mate
rial than the starting fly ash material.

Compositional characteristics
The chemical composition and surface functional 
groups observed in the samples were thoroughly exam
ined using comparative X-ray techniques together with 
FT-IR spectroscopy. The bulk compositions of the FA 
and N-FA were analyzed by XRF and the results are 
given in Table 1. The FA was consisted of mainly silicon 
dioxide (SiO2), alumina (Al2O3), calcium oxide (CaO), 
and iron oxide (Fe2O3) phases, and the greatest portion 
in fly ash was determined to be SiO2 accounting for 
61.09 wt. % of the total. It was found that the amount 
decreased to 44.20 wt.%, while the amount of Al2O3 did 
not show so considerable change in weight percentage 
as SiO2 did during modification. Based on this finding, 
the modification process altered the chemical composi
tion of fly ash by promoting the alkali activation, dis
solution, and leaching of SiO2 due to the washout effect. 
It was also determined that the SiO2/Al2O3 ratio 
decreased from 3.036 to 2.086 with the modification. 
There was also a significant decrease in the SiO2/ 
Na2O ratio.
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Figure 3 shows the X-ray powder diffraction patterns 
for FA and N-FA, where both materials contained 
a series of crystalline phases. After the modification of 
FA, the diffraction pattern varied noticeably as can be 
seen from the pattern of N-FA. The number of peaks 
detected by the integrator, and the structural constitu
ents were identified by the search-match program. The 
figure shows the major contributor to the diffraction 
pattern was SiO2, as it was also confirmed by XRF 
analysis. After microwave-assisted alkali hydrothermal 
treatment, the average crystallite size increased from 
36.5 to 41.3 nm, which was calculated by Scherrer’s 

equation. This may be explained by the dissolution of 
the amorphous components due to increased tempera
ture in autogenous pressure during microwave-assisted 
alkali treatment. As a result, an increase in the average 
crystallite size was observed due to the rearrangement of 
the atoms in the crystalline lattice as they solidify, 
resulting in larger crystal structures.

FT-IR spectra of the samples were also analyzed to 
determine the effect of the microwave-assisted alkali 
modification process on the functional groups in the 
structure of the fly ash and were given in Fig. 4. It is well 
known that the existence of different functional groups 

Figure 1. SEM micrographs of fly ash before (FA) and after (N-FA) treatment.
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on the surface of adsorbents creates some metal-binding 
regions.[54] For the FA, asymmetric stretching vibra
tions of Al-O and Si-O were observed around 1070  
cm−1. Furthermore, the band observed around 460  
cm−1 corresponds to Al-O and Si-O internal deforma
tion vibrations. The Si-O-Si and Al-O-Si symmetrical 
stretching vibrations are also known to be in the range 
of 778–750 cm−1. With the modification, the intensities 
of asymmetric stretching vibrations of Al-O and Si-O 
and in-plane bending vibrations of Al-O and Si-O were 
decreased. Moreover, the – OH functional group 
observed around 3500 cm−1 and 1600 cm−1was added 
to the structure after the treatment. The peaks observed 
between 1570 and 1350 cm−1 indicated the carbonation 
occurrence. These peaks appear in duplet form 

indicated that the carbonates were formed in different 
kinds of structures. To put it in other words, reactions 
involving the coupling of atmospheric carbon dioxide to 
hydroxides and hydrated aluminosilicates occurred dur
ing the treatment.

Heavy metal adsorption

The effect of several influential factors such as adsorbent 
dose, concentration, temperature, and contact time was 
initially investigated for batch adsorption of Cu(II) and 
Cd(VI) ions. Following that, systematic data analysis for 
equilibrium, kinetic, and thermodynamic modeling was 
performed.

Effect of adsorbent dose
Figure 5 depicts the heavy metal removal percent 
and adsorption capacity as a function of adsorbent 
dosage. In general, the removal rate of metal ions 
enhanced with increasing adsorption dosage, while 
adsorption capacity did not always increase. It is 
accepted that as the amount of adsorbent is 
increased, the adsorption sites of adsorbent remain 
unsaturated during the adsorption causing to 
decrease in adsorption capacity. But the aggrega
tion/agglomeration of adsorbent particles at higher 
doses would not only cause a decrease in the avail
able surface area but also prompt an increase in the 
diffusional path length.

Figure 2. N2 adsorption/desorption isotherms and particle size distributions of the adsorbents.

Table 1. Composition (wt.%) of the fly ash (FA) 
and alkali-modified fly ash (N-FA).

wt. % FA N-FA

SiO2 61.09 44.20
Al2O3 20.12 21.18
CaO 4.90 5.44
Fe2O3 4.48 4.76
CO2 2.63 11.92
K2O 2.15 1.13
MgO 1.56 1.92
Na2O 1.52 8.25
TiO2 0.88 0.98
SO3 0.46 0.04
BaO 0.21 0.18
SiO2/Al2O3 3.04 2.09
SiO2/Na2O 40.19 5.36
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Effect of initial heavy metal concentration, 
temperature, and contact time
Identifying the binding speed and determining the 
appropriate equilibrium time for the complete removal 
of heavy metal ions from the solution requires consid
eration of the important factor of contact time. It is 
accepted that the process efficiency decreases due to 
a saturation limit in the adsorption enhancement if the 
contact time of adsorption surpasses more than 4  
hours.[55] As illustrated in Figure 6(a), each contact 
time versus qt curve had a similar variation trend and 
the initial concentration of heavy metals in solution had 
a direct impact on adsorption capacity.[56] As shown in 
the figure, the adsorption capacity of FA and N-FA 
exhibited the same trend with the increase of adsorption 
time apart from the numerical values. In other words, 
up to a certain point, the Cd(II) and Cu(II) adsorption 
capacity increased with increasing initial heavy metal 
concentrations for both FA and N-FA sorbents. It is 
observed that at the initial stages of the process 

adsorption was fast as most of the surface of the sor
bents was not saturated with metal ions. The effective 
adsorption sites on the adsorbent surface rapidly 
decreased as the Cd(II) and Cu(II) ions in the solution 
repelled those adsorbed on the adsorbent surface, and 
the adsorption rate declined in the later stages. As 
a result, the adsorption rate was initially rapid but even
tually reduced due to saturation. Finally, an equilibrium 
between the adsorbate and the adsorbent surface was 
progressively achieved after 60 min for Cd(II) and 
Cu(II) ions. The adsorption equilibrium was reached 
a saturated adsorption of 99.7 and 109.4 mg/g, for FA 
and N-FA, respectively, at 600 mg/L initial Cd(II) con
centration. The Cd(II) removal percentages at this equi
librium state were found to be 66.5% and 72.3%, for FA 
and N-FA, respectively. On the other hand, Cu(II) 
uptake was 52.9 and 80.2 mg/g for FA and N-FA, 
respectively, for an initial concentration of 600 mg/L at 
equilibrium. The percentages of Cu(II) removal at this 
equilibrium state were found to be 52.9% and 80.3% for 

Figure 3. XRD patterns of the adsorbents.
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Figure 4. FT-IR spectra of the adsorbents.

Figure 5. Effect of adsorbent dose for Cd(II) and Cu(II) adsorption. (Initial heavy metal concentration: 200 mg/L; contact time: 120 min; 
temperature: 25°C)
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FA and N-FA, respectively. When the adsorption capa
city did not increase, the adsorption remained in a state 
of dynamic equilibrium. There was no considerable 
change after this equilibrium state for all initial concen
trations of both ions (which are changing from 200 to 
600 mg/L), because adsorption sites were mostly occu
pied. When the effect of initial heavy metal concentra
tion was critically analyzed, it was seen that metal 
uptake was enhanced by increasing initial concentra
tions for all cases. A possible explanation may be that 
increasing the concentration of metal ions in solution 
induces an increase in mass transfer because the driving 
force for transporting ions from solution to sorbent 
increases. The initial high concentration boosts the 
mass transfer of sorbate metal ions onto the adsorbent’s 
surfaces, since the surfaces are saturated with enough 
heavy metal, the interactions of those free heavy metals 
with adsorbents would be hindered[55]

Another significant factor that may influence the 
adsorption of heavy metals is temperature, which 
may do so by influencing solubility and molecular 
interactions with solid particles. The adsorption was 
also studied at different temperatures, and it is found 

that the adsorption capacity of ions increased at higher 
temperatures Figure 6(b). These may be attributed to 
the endothermicity of Cu(II) and Cd(II) adsorption as 
will be further supported by thermodynamic analysis. 
At the conditions employed, maximum adsorption 
capacities were obtained at 45°C. The highest sorption 
capacities were obtained in the case of using a modified 
form of fly ash (N-FA) at the highest temperature. This 
could be attributed to the development of increased 
sorption sites on fly ash or an increase in heavy metal 
diffusion into adsorbent pores at high temperatures. 
Consequently, after 90 minutes, for Cd(II) and Cu(II), 
the adsorption capacity progressively increased. 
Moreover, the adsorption capacity of sorbents was 
found different for Cd(II) and Cu(II) ions, which 
means they are affected by the accessibility of binding 
sites and ionic charge repulsion. The highest adsorp
tion of N-FA was achieved as 133.8 and 95.7 mg/g for 
Cd(II) and Cu(II), respectively, at 600 mg/L initial 
heavy metal concentration, 600 min contact time, and 
45°C. These values were 102.2 and 69.1 for the unmo
dified fly ash at 600 mg/L initial heavy metal concen
tration, 600 min contact time, and 45°C.

Figure 6. Effect of heavy metal concentration and contact time (temperature:25°C; adsorbent dose: 4 g/L) (a) and temperature (initial 
heavy metal concentration: 600 mg/L; adsorbent dose: 4 g/L; contact time:90 mins) (b).
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Adsorption isotherms
Based on the data gained from batch adsorption experi
ments, a careful examination of isotherm modeling was 
performed to comprehend the mechanism and forecast 
the behavior of the system. To enable the precise fitting 
of the equilibrium data, several models were used 
including Langmuir, Freundlich, Dubinin– 
Radushkevich (D-R), and Temkin, and the results were 
summarized in Table 2. Regression coefficient values 
obtained by fitting the experimental results onto 
Freundlich model were obviously between 0.9805 and 
0.9988, which was better than that of Langmuir, DR, and 
Temkin models. The values of the regression coefficient 
are a criterion of fitting, demonstrating that the 
Freundlich model adequately describes the experimen
tal data of Cd(II) and Cu(II). The heterogeneous 
adsorption process can be explained using the 
Freundlich adsorption isotherm model, which accounts 
for the multilayer adsorption of the adsorbate on sur
faces that are heterogeneous and have varying 
energies.[57,58] This model considers the adsorption 
sites possess different binding energies, resulting in the 
non-uniformity of the adsorption process [59,60] KF and 
n values listed in the isotherm table are the Freundlich 
model parameter and the intensity of adsorption linked 
to adsorption capacity, respectively. When the value of 
1/n is less than unity, it represents a typical favorable 
adsorption process, and the adsorption energy declines 
as the surface concentration increases.[61] The numer
ical values of Freundlich parameters (KF) indicate that 
the highest heavy metal removal efficiency is achieved 
when the modified fly ash was used in Cd(II) removal 
process from aqueous solutions. As a result, the Cd(II) 
and Cu(II) adsorption corresponded to the adsorption 

of active sites with varied energies based on multiple 
layers on heterogeneous surfaces of both unmodified 
and modified fly ash. Furthermore, the modification of 
FA changed the isotherm significantly as it is given in 
the table. According to the comparative evaluation, FA 
has good adsorption efficiency for the adsorption of 
Cd(II), and it may be increased further through micro
wave-assisted alkali hydrothermal modification process.

Adsorption kinetics
The process of adsorption requires a correct expression of 
the reaction rate and sorption mechanism to understand 
how quickly a solute is absorbed. This mechanism encom
passes mass transfer, diffusion, and the reaction occurring 
on the surface of the adsorbent during the adsorption 
process.[62] Kinetics which occurs at constant concentra
tion and can be linear or non-linear is used to determine 
the rate at which metal ions are released from the solution 
and diffuse in the pores of the solid interface [63] Using 
kinetic models and investigating the rate-controlling 
mechanisms, the process of removing Cd(II) and Cu(II) 
ions from an aqueous phase by FA and N-FA can be 
explained and the adsorption rate may be estimated to 
design and model the larger-scale adsorption operations. 
For the studied adsorbent-adsorbate systems, kinetic ana
lysis was performed using four different models, and the 
obtained results are given in Table 3. The regression coeffi
cient values of all cases for the pseudo-second-order model 
were higher than those calculated by the other three mod
els. As a consequence, the analysis of different adsorption 
kinetic models revealed that the adsorption of Cd(II) and 
Cu(II) was primarily chemical, which was more compatible 
with the pseudo-second-order kinetic model. This beha
vior of heavy metal adsorption is due to a chemisorption- 

Table 2. Isotherm constants for adsorption of Cd(II) and Cu(II) at 
25°C.

Cd(II) Cu(II)

Isotherm FA N-FA FA N-FA

Langmuir
qm (mg/g) 116.3 121.9 76.9 82.6
KL (l/mg) 0.0229 0.0375 0.0104 0.0816
R2 0.9622 0.9765 0.9965 0.9945
Freundlich
KF ((mg/g) (L/mg)1/n) 16.7 24.5 6.7 35.9
n 3.0 3.2 2.6 3.1
R2 0.9805 0.9886 0.9988 0.9948
Dubinin–Radushkevich
qm (mg/g) 86.7 94.2 58.1 74.5
β 4.0x10−5 1.0x10−5 4.0x10−4 5.0x10−6

E 1.1x10[2] 2.2x10[2] 3.5x10 3.2x10[2]

R2 0.8629 0.8793 0.9427 0.9198
Temkin
B 22.6 22.2 16.9 29.8
KT 0.3218 0.6493 0.1008 0.3274
R2 0.9427 0.9629 0.9982 0.9724

Table 3. Kinetic parameters for adsorption of Cd(II) and Cu(II) (at 
25°C and 600 mg/l initial heavy metal concentration).

Cd(II) Cu(II)

Kinetic Model FA N-FA FA N-FA

Pseudo-first order
k1 0.0347 0.0616 0.0269 0.0221
qe 81.5 87.9 39.4 72.7
R2 0.9824 0.9014 0.9892 0.9939
Pseudo-second order
k2 0.0005 0.0004 0.0014 0.0003
qe 117.6 135.1 53.8 91.7
R2 0.9943 0.9793 0.9930 0.9964
Intraparticle diffusion
kp 11.8 13.1 5.1 8.6
C 2.9 12.4 6.4 5.3
R2 0.9442 0.8506 0.9842 0.9930
Elovich
α 13.1 19.3 9.2 6.8
β 0.0372 0.0311 0.0876 0.0521
R2 0.9951 0.9471 0.9869 0.9890
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dependent rate-determining step which involves valence 
forces through the sharing or exchange of electrons 
between the sorbent and sorbate, along with complexation, 
coordination, and/or chelation[64] This pseudo-second 
order model also indicates that as the initial concentration 
of metal ions and adsorbent doses increase, so does the 
adsorption capacity.[65] Moreover, the pseudo-second- 
order reaction implies that the rate of adsorption is related 
to the number of unoccupied sites on the surface.[66,67] The 
qe values calculated using the pseudo-second-order models 
were 117.6 mg Cd(II)/g FA, 135.1 mg Cd(II)/g N-FA, and 
53.8 mg Cu(II)/g FA and 91.7 mg Cu(II)/g N-FA which 
were in alignment with the values obtained from previous 
experiments.

Moreover, the lower value of the k2 parameter calculated 
by pseudo-second-order model indicates adsorption affi
nity was increased for both Cd(II) and Cu(II) ions after 

modification. Therefore, it is convenient to say that the 
results of this kinetics modeling are exactly aligned with 
the Cd(II) and Cu(II) adsorption capability of both FA 
and N-FA.

Adsorption thermodynamics
Thermodynamic parameters are the subject of scientific 
assessments which elucidate adsorption mechanisms, 
which can then be used to modify and optimize processes 
with enhanced efficiency. To find out the spontaneity, the 
parameters such as entropy (ΔS°), Gibbs free energy (ΔG°), 
and enthalpy (ΔH°) can be determined. Sorption increases 
in endothermic systems and decreases in exothermic sys
tems, depending on the thermodynamics of the adsorption. 
According to the results given in Table 4, ΔH ° values of 
each investigated adsorbent-adsorbate system were found 
to be positive, indicating endothermicity of the adsorption 
processes.[68] The ΔS° values for all metal ions demonstrate 
the affinity of adsorbents toward heavy metal ions which 
may be due to increasing randomness at the solid/solution 
interface throughout the heavy metal removal 
process.[69,70] The negative ΔG° values suggested that 
both Cd(II) and Cu(II) adsorption onto FA and N-FA 
was thermodynamically feasible and spontaneous. The 
decline in ΔG° values with increasing temperature implied 
favored adsorption feasibility at higher temperatures for 
both ions. Moreover, the microwave-assisted hydrothermal 
treatment decreased the ΔG° values for both adsorption of 
Cd(II) and Cu(II) ions at each temperature due to the 
increased availability of adsorption sites.

Table 4. Thermodynamic parameters of Cd(II) and Cu(II) 
adsorption.

Adsorbent Metal ion
T 

(°C)
∆G° 

(kj/mol)
∆H° 

(kj/mol)
∆S° 

(j/mol K) R2

FA Cu(II) 20 −16.1 34.1 167.9 0.9852
30 −17.5
40 −19.4

Cd(II) 20 −19.5 18.4 126.8 0.9891
30 −20.6
40 −22.0

N-FA Cu(II) 20 −21.2
30 −22.4 16.2 125.4 0.9993
40 −23.6

Cd(II) 20 −20.6
30 −22.2 22.7 145.7 0.9917
40 −23.6

Table 5. Comparison of the performance of sorbents for Cu(II) and Cd(II) adsorption.

Adsorbent Heavy metal
Adsorption capacity 

(mg/g) Isotherm fitting Kinetic model
Temperature 
dependency Reference

Mecanically activated fly ash Cu(II) 98.7 Langmuir Pseudo-2nd 

order
Endothermic [71]

Alkali activated fly ash Cu(II) 152.2 Langmuir Pseudo-2nd 

order
Endothermic [72]

Metal Oxide-Modified Fly Ash Cd(II) ~160 Langmuir N/A N/A [73]

Coal fly ash Cu(II) 20.9 Langmuir Pseudo-2nd 

order
N/A [74]

Cd(II) 18.8
Chitosan coated fly ash Cu(II) 28.5 Freundlich Pseudo-2nd 

order
Endothermic [75]

Acid activated kaolinite and 
montmorillonite

Cu(II) 21.9 Langmuir Pseudo-2nd 

order
Endothermic [76]

Barley straw ash Cu(II) ~10.0 Combined  
Langmuir& 
Freundlich

Pseudo-2nd 

order
Endothermic [77]

Cd(II) ~5.5

PV glass-fly ash composite Cu(II) 60.1 Langmuir Pseudo-2nd 

order
N/A [78]

Cd(II) 55.5
Alkali treated coal fly ash Cd(II) 79.8 Langmuir Pseudo-2nd 

order
N/A [79]

Hydrothermally modified fly ash Cu(II) 56.4 Langmuir Pseudo-2nd 

order
N/A [33]

Cd(II) 87.7
FA Cu(II) 69.1 Freundlich Pseudo-2nd 

order
Endothermic This 

studyCd(II) 102.2
N-FA Cu(II) 95.7

Cd(II) 133.8

*N/A: not available.
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Table 5 shows that Cu(II) and Cd(II) ions could be 
adsorbed by various ash and fly-ash-based sorbents and 
a comparison of the current study has been made with the 
literature findings. It can be concluded that, both the char
acteristics of the ashes and the conditions of the adsorption 
process have a marked effect on capacity, equilibrium, 
kinetics, and thermodynamics. According to the table, 
among the sorbents identified in the literature, N-FA is 
believed to be appealing for the removal of heavy metal ions 
with reasonable adsorptive capacities toward Cu(II) and 
Cd(II) ions.

Conclusions

In this work, the effect of microwave-assisted hydrother
mal treatment in the alkaline medium on the character
istics of fly ash was investigated and the batch adsorption 
of Cd(II) and Cu(II) was further studied using both 
modified and unmodified samples. The MW treatment 
affected the particle size and surface properties of FA by 
reducing the particle size and deforming the surface to 
increase porosity and surface area by approximately two 
folds. The batch adsorption study was performed to 
explore the effect of adsorbent dose, contact time, initial 
metal ion concentration, and temperature on adsorption 
behavior. The adsorption capacity for Cd(II) was higher 
than Cu(II) for modified and unmodified samples, which 
indicated that adsorbent–adsorbate interaction plays 
a major role in the removal mechanism of heavy metals. 
Comparing the regression coefficients reveals that the 
sorption of Cd(II) and Cu(II) onto the FA, and N-FA 
can be successfully described by the Freundlich isotherm 
model, while the kinetic behavior of the adsorbent-adsor
bate systems can be explained by pseudo-second-order 
kinetics. Our findings corroborate by stating that mod
ified fly ash, when utilized as a low-cost adsorbent, could 
be promising for wastewater remediation processes since 
we envisage that our findings are also applicable to other 
heavy metal adsorption processes.
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