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a b s t r a c t
In this study, raw fly ash (RFA) was used to synthesize zeolite (the zeolitized fly ash, ZFA) via 
a two-step process (alkaline fusion-hydrothermal synthesis). RFA and ZFA were characterized by 
X-ray fluorescence, X-ray diffraction, scanning electron microscopy, and Fourier transform infra-
red. The prepared ZFA was employed as the adsorbent in the batch adsorption of chemical oxygen 
demand (COD) from cheese whey wastewater. The effect of operational parameters on the adsorp-
tion process was investigated. The results showed that the adsorption efficiency increases with the 
increase of pH, contact time, adsorbent dosage, and temperature. The optimum conditions were 
determined as pH of 11, a contact time of 20 min (qe = 330.088 mg/g), and adsorbent dosage of 0.4 g 
for COD adsorption on ZFA. Kinetic analysis of the COD adsorption on ZFA indicated that the 
adsorption process was controlled by the Morris–Weber-order model. Moreover, the isotherm mod-
els were subjected to the experimental data of the COD adsorption on ZFA. The results revealed 
that the COD adsorption on ZFA involved physical adsorption with good adsorption characteristics. 
The calculated values of the thermodynamic parameters such as DH°, DS°, and DG° revealed that the 
adsorption of COD on ZFA was feasible, spontaneous, and endothermic. In fact, high adsorption 
efficiency can be obtained in a short time using ZFA as the adsorbent for the COD removal from 
cheese whey wastewater.
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1. Introduction

Dairy effluents include wastewater from dairy products, 
namely ice cream, cheese, and yogurt, as well as wastewa-
ter from washing the halls and production line equipment. 
The intensity of contamination and the wastewater volume 
of each dairy factory depends on the volume of the processed 
milk, product type, conditions sand type of equipment, 

production method, system management, and system wash-
ing program [1]. The entry of untreated wastewater into 
the environment makes unsightly landscapes and causes 
unpleasant odors in the surrounding environment of the 
factory in addition to creating pollution and health hazards.

Many techniques have been introduced to remove 
contaminants from wastewaters. Biological, oxidation or 



297N. Helali et al. / Desalination and Water Treatment 210 (2021) 296–308

ozonation [2,3], flocculation [4], membrane separation [5], 
and adsorption [6,7].

One of the methods employed to eliminate metal and 
organic contaminants from water is the use of adsorbents 
for the adsorption method [8–11]. Elimination by adsorp-
tion includes the adhesion of soluble and suspended pol-
lutants to an organic or mineral solid. This binding of the 
contaminant to the adsorbent depends on the structure 
and composition of the contaminant and the nature of 
the adsorbent. This process is affected by the electrostatic 
and van der Waals forces as well as phenomena such as 
ion exchange and complex formation. The elimination of 
pollutants from wastewater is affected by several factors, 
namely the adsorption level, pH, particle size, contact time, 
temperature, and presence of salt and metal. Absorption 
is a non-selective process. Therefore, other compounds 
in wastewater can be absorbed by the adsorbent, thus 
reducing the adsorption capacity [12].

Adsorbents can be organic or mineral. Mineral adsor-
bents are superior to organic adsorbents in terms of mechan-
ical resistance, chemical stability, specific surface area, and 
stability facing microbial decomposition. Compounds like 
activated carbon, natural zeolites, bentonite, chitosan, corn 
wood, rice husk, barley bran, and dried activated sludge 
have been employed as adsorbents [13–17].

Zeolites have cations of alkali and alkaline earth met-
als and also an unlimited structure. Zeolites are hydrated 
aluminum silicate crystals with the cations of alkali and 
alkaline earth metals. They have an infinite structure and 
their characteristics include cation-exchange, reversibility, 
water uptake, and excretion without significant changes in 
their molecular structure. Natural zeolites typically hold a 
negative electric charge on their surface, thus having the 
ability to exchange cations [18]. The physical and chemical 
properties of natural zeolites vary, insofar as there are dif-
ferences in the physical properties (namely the cavity size, 
crystal size, ion exchange capacity, and adsorption capacity) 
and the chemical mixture among various samples of a dis-
tinct type of zeolite [19].

The synthesis of silicon and aluminum in fly ash was 
activated by fusion with sodium carbonate in the study by 
Yaping et al. [20]. They extracted the silicon and aluminum 
from the ash via fusing it with sodium carbonate. Then, this 
mixture was used to make various zeolites in pure form. The 
synthesized samples were tested in terms of mineral and 
crystalline composition and cation exchange capacity (CEC). 
The results revealed that the pure zeolites produced had a 
high CEC in the range of 2.6–3.4 meq/g.

Ríos et al. [21] compared two methods of synthesiz-
ing sodium and potassium zeolites produced from fly ash. 
In this research, the desired zeolites were made through-
out hydrothermal operations in NaOH and KOH alkaline 
mixtures. The results revealed that the type of the created 
zeolite changed with the operational conditions. In addi-
tion, the examination of the zeolites created for their CEC 
confirmed that these zeolites, which were made from ash, 
could absorb heavy metals, and were employed in water 
and wastewater treatment operations. Belviso et al. [22] con-
ducted studies about the formation of zeolite from Italian 
coal. The main objective of their study was to investigate 
the differences in the crystallization temperatures when 

seawater was employed instead of distilled water. The 
results confirmed that in such a scenario, X and ZK-5 zeolites 
were synthesized at lower temperatures (35°C and 45°C). 
Shoumkova and Stoyanova [23] conducted a study on the 
creation of different zeolites by the alkaline hydrothermal 
process on the coal fly ash from the thermal power station. 
In this work, fly ash from lignite coal fuel underwent the 
hydrothermal activation process with KOH and NaOH at 
various temperatures to form different zeolites. The results 
indicated that activation with KOH (>6 M) and NaOH (>3 M) 
for 7 h at 393°C–373°C resulted in the production of Linde 
F and hydroxy sodalite, respectively. Zeolites have been 
employed to eliminate water pollutants, namely phenol, 
chlorophenol, dye, and p-nitrophenol [17,24–26].

Recently, Oliveira et al. [27] synthesized zeolite from 
sugarcane bagasse fly ash and used it as a low-cost adsorbent 
to remove heavy metals. They understood the temperature 
and the calcination time are key parameters affecting 
the ion-exchange capacity (q) of the zeolitic materials. 
Calcination at 600°C for 8 h, under an oxygen atmosphere, 
ensures that all the carbon from fly ash has been removed, 
and optimizes the ion exchange properties.

In this work, ZFA (zeolitized fly ash) was synthesized via 
the crystallization process. The ZFA structure was analyzed 
by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and Fourier transform infrared (FTIR) analyzes and 
used in batch experiments as an adsorbent to adsorb COD 
from whey effluent. The optimal conditions for chemical 
oxygen demand (COD) adsorption by ZFA were examined 
using parameters such as pH, contact time, adsorption, and 
temperature. Moreover, the kinetics of adsorption, adsorp-
tion isotherms, and thermodynamic parameters of the 
COD adsorption process were examined using zeolite.

2. Material and methods

2.1. Introduction

The present paper included two steps: the first step was 
the synthesis of ZFA from raw fly ash (RFA) and the second 
was using the synthetic zeolite for COD adsorption from 
whey water. In this section, the material and equipment for 
zeolite synthesis, synthesis method, physico-chemical char-
acteristics of the adsorbent, adsorption test methods in the 
batch system, and materials and methods used in the tests 
are reviewed.

2.2. Materials and instruments

The main feed is RFA which is prepared from the chimney 
of Alborz Sharghi coal factory located in shahroud. Sodium 
hydroxide tablet (NaOH), sodium aluminate (NaAlO2), 
deionized distilled water all were prepared from Merck 
Company (Germany). Cheese whey wastewater of PEGAH 
diary factory was used in this work.

To determine the crystal structure, degree of crystallin-
ity, and existence of phases, XRD analysis was employed and 
this analysis was accomplished with the GBC X-ray diffrac-
tometer. In this device, the sample was exposed to XRD with 
2θ angle between 5° and 80°. Scanning was performed con-
tinuously with 40 kV and 30 mA. Morphology and surface 
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structure of ZFA was determined by Deutschland Philips 
SEM XL30. Before using SEM, the surface was gold-coated 
with a sputter for better conduction and high-quality imag-
ing. The functional group was determined by Vertex FTIR 
(Bruker, Germany). At the end, to measure the COD con-
centration in cheese whey wastewater, a spectrophotometer 
(catalog no. 114555 manual Photometer SQ300 Merck (was 
used. In order to the characterization of zeolite elemental 
mixture X-ray fluorescence (XRF) spectroscopy was used. 
Then XRF which is a semi-quantitative analysis tool was used 
to determine the chemical composition, whereas the major 
mineral phase was identified using the XRD technique.

2.3. ZFA synthesis

First, 10  g of RFA was mixed with 12  g of NaOH 
(1.2:1 w/w ratio) in a ball mill. Then, the mixture was melted 
in a furnace at 550°C (alkaline melting step). After 1  h in 
the furnace, the mixture was cooled at the room tempera-
ture and, then, was milled by a pounder to form a soft pow-
der with extremely fine grains. After that, 2.87 g of sodium 
Aluminate (based on the ratio of SiO2/AL2O3 = 1) and 100 mL 
of distilled water was added to the mixture. Then the mix-
ture was mixed on a magnetic mixer in the room temperature 
for 16 h in order to obtain a homogeneous gel. In the last step, 
which was the hydrothermal step, the homogeneous gel was 
poured into an autoclave (because hydrothermal synthesis 
should be performed at high pressure and temperature) and 
the autoclave was put in an oven for 7 h at 100°C for the crys-
tallization and formation of the desired ZFA. Then, the prod-
uct, which was a suspension, was filtered by a filter paper 
and the remaining solid, which was ZFA, was washed with 
deionized water and, then, dried in the oven for 16 h at 105°C.

2.4. Test methods

All of the adsorption tests were done as a batch. The 
initial concentration of COD in cheese whey wastewater was 
2,600 mg/L. In each test, the pH of the solution was adjusted 
by HNO3 (1  M concentration) and NaOH (1  M concentra-
tion) solutions using a pH meter device.

In order to determine the optimal conditions in adsorp-
tion processes, at the first step, the pH should be optimized. 
For this purpose, 50 mL of COD solution with an initial con-
centration of 2,600 mg/L and 0.4 g of adsorbent was added 
to 11 separate Beaker. Different pH values in the 2–12 range 
were adjusted. After optimum pH measuring, for determin-
ing the optimum contact time, 0.4 g of adsorbent was added 
to wastewater with 2,600  mg/L initial concentration and at 
the optimum pH value, the solution was put on a mixer 
with 400  rpm rotation. After the beginning of the adsorp-
tion, the sample was taken at 2–22  min intervals. In each 
sample, the solution and the adsorbent were immediately 
separated by filtration and the solution was prepared for 
analysis. To determine the optimum adsorbent dosage and 
temperature in COD adsorption, the experiments were done 
in the range of 0.05–0.45 g and temperatures of 25°C, 35°C, 
and 45°C, respectively.

Following each test, the solution and the adsorbent were 
separated by a centrifuge and the solution was prepared 
for determining the COD concentration. Each sample was 

repeated twice and their results were compared to prevent 
errors. The error of tests was below 4%. The COD adsorption 
efficiency in each excrement can be calculated by Eq. (1):

%Removal efficiency =
−( )

×
C C

C
i f

i

100 	 (1)

where Ci (mg/L) is the initial concentration of COD and Cf 
(mg/L) is the final concentration of COD in the cheese whey 
wastewater. Eq. (2) expresses the adsorbed COD by the 
adsorbent in t time:

q
V C C

mt
t=

−( )0 	 (2)

where qt (mg/g) is the adsorbed amount per gram of adsor-
bent, C0 and Cf the concentrations of the dye in the initial 
(time of 0) and final (time of t) solution, respectively (mg/L); 
V the volume of the dye solution added (L); and m the 
amount of the adsorbent used (g). A equation similar to 
Eq. (2) is used for calculating of adsorbed COD by the adsor-
bent in the equilibrium:

q
V C C

me
e=

−( )0 	 (3)

where qe (mg/g) is the adsorption capacity of COD in the 
equilibrium and Ce (mg/L) is the concentration of COD in 
the equilibrium.

The PZC was calculated using the following method: 
first, to completely remove the CO2 dissolved in the water, 
100  mL of deionized water was added to an Erlenmeyer 
flask capped with cotton and then was heated for 20  min. 
Next, 10  mL of it was added into 25  mL Erlenmeyer flask 
with 0.5 g of adsorbent and mixed for 24 h at 25°C. Finally, 
the solution pH indicates the PZC. This method has 
shown satisfactory results elsewhere [28–30].

2.5. Adsorption isotherms

The Langmuir surface adsorption isotherm which is 
obtained based on the argument consideration has the 
following assumptions:

•	 Adsorption sites on the adsorbent surface are uniform 
and all of them have the same adsorption strength.

In other words adsorption energy is the same and does 
not depend on the quantity of adsorbate and adsorption abil-
ity of all of the sites is the same and adsorbate quantity in 
each site has no effects on other sites.

•	 Adsorption bonds are reversible.
•	 The adsorbate thickness is just one molecule; it means 

that adsorption is monolayer [31].
So, generally Langmuir equation is expressed as:

C
q q K q

Ce

e L
e= +

1 1

0 0

	 (4)
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where qe (mg/g) is the quantity of adsorbate per adsorbent 
mass in equilibrium, Ce (mg/L) is the equilibrium concen-
tration, q0 (mg/g) is the maximum quantity of adsorbate 
on adsorbent, and KL (L/mg) is the Langmuir constant.

For Langmuir isotherm a dimensionless constant, RL, 
is also defined that type of adsorption process can be pre-
dicted considering its value. If RL > 1 process is unfavorable, 
if RL = 1 process is linear, if 0 < RL < 1 process is favorable and 
if RL = 0 process is irreversible. The equation of dimensionless 
RL is given by Eq. (5) [32]:

R
K CL
L

=
+
1

1 0

	 (5)

where KL is the Langmuir constant and C0 is the smallest 
quantity of solution initial concentration.

The Langmuir isotherm was introduced assuming uni-
formity of the adsorbent surface sites and identical adsorp-
tion energy in these sites; but, indeed adsorption in different 
sites could change because real surfaces are not uniform. 
In Freundlich isotherm, it is assumed that adsorption surface 
sites are not uniform and have different adsorption energy. In 
fact, the Freundlich theory assumes a logarithmic decrease of 
enthalpy with the increase of the occupied sites. Freundlich 
equation has no theoretical basis and is based on the 
experimental data. This equation is expressed as follows [31]:

q K Ce F e
n= ( )
1

	 (6)

where qe and Ce have previous definition and KF and (1/n) 
are constants. KF depends on adsorption capacity and 1/n 
indicates the rate of adsorption. n gives data about the 
nature of the adsorption process. 2 < n < 10 shows desirable 
and good adsorption characteristics, 1 < n < 2 shows partly 
weak adsorption characteristics and n < 1 indicates weak or 
undesirable adsorption characteristics.

The Temkin model includes a factor that completely 
expresses interactions between the adsorbent and the adsor-
bate. This model is based on the following assumptions 
and conditions:

•	 Adsorption heat of all of the molecules in a layer decreases 
linearly and simultaneously by the coating of the layer 
with molecules and this phenomenon occurs because of 
the adsorbent and the adsorbate interactions.

•	 In this model, to determine and interpret the adsorption, 
a uniform distribution of bond energies to the maximum 
bond energy process is employed.

According to the Temkin model, adsorption heat is lin-
ear rather logarithmic. Temkin model isotherm usually is 
expressed as Eq. (7) [33]:

q B K Ce T e= ( )ln 	 (7)

where B = (RT/AT) and KT are Temkin constants, AT (J/mol) is 
Temkin adsorption energy difference between two adjacent 
sits, T (K) is adsorption temperature, and R (kJ/mol K) is gas 
constant.

For better depict of diagrams and calculating Temkin 
constant linearized form of the equation is as:

q B K B Ce T e= ( ) + ( )ln ln 	 (8)

Values of KT and B are obtained from qe and ln(Ce) linear 
diagram.

The Dubinin–Radushkevich model is usually used to 
evaluate the porosity and adsorption free energy. In this 
model, it is assumed that adsorption porosity curves are 
related to adsorbent porosity Dubinin assumes that the 
adsorption process is accomplished in the adsorbent cavity 
volume, which is in contrast with the layer-to-layer adsorp-
tion theory. Also, the Dubinin–Radushkevich model can be 
used for the determination of adsorption reaction nature 
(physical or chemical). Eq. (9) expresses this model [34,35]:

q q ee =
−

0

2βε 	 (9)

Linearized form is as below:

ln lnq qe = −
0

2βε 	 (10)

where qe (mg/g) is the equilibrium adsorption capacity, 
q0 (mg/g) is monolayer adsorption capacity (maximum 
theoretical adsorption capacity), β (mol2/kJ2) is porosity 
factor, and ε is Polanyi potential which is defined as Eq. (11):

ε = +








RT

Ce
ln 1 1 	 (11)

where R (kJ/mol  K) is gas constant, T (K) is temperature, 
and Ce (mg/L) is equilibrium capacity. By drawing ln(qe) 
vs. ε2 diagram one can calculate β and q0 from slope and 
intercept.

Adsorption free energy (E) is defined as a change in free 
energy of one mole of the ion when it moves from the solu-
tion to the surface of the adsorbent.

The equation of free energy (E) is defined as follows:

E = ( )−2
1
2β 	 (12)

where β is the Dubinin–Radushkevich equation constant. 
The value of E shows the nature of adsorption. If E < 8 kJ/mol 
adsorption is physical, if 8 kJ/mol < E < 16 kJ/mol adsorption 
is chemical with ion exchange and if 20 kJ/mol < E < 40 kJ/mol 
adsorption is chemical [36].

2.6. Adsorption kinetics

Solids adsorption process from water occurs in several 
steps and the overall adsorption process can be controlled 
using one or many of these steps. The first step includes 
adsorbate diffusion from solution to the external surface of 
the adsorbent. Hole diffusion is the second step and if this 
step is controlling one can investigate this phenomenon with 
the Weber–Morris equation. The third step is adsorbent sur-
face diffusion. Generally, the third step implies that the final 
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equilibrium occurs according to an extremely low concen-
tration of the adsorbate in the solution and a decline in the 
adsorbent’s active sites.

In pseudo-first-order and pseudo-second-order kinetic 
models chemical reaction step controls adsorption operation. 
In many studies, these two equations are used in parallel and 
one of them has more agreement with experimental data. 
Pseudo-first-order equation is as follows:

ln lnq q q k te t e−( ) = ( ) − ⋅1 	 (13)

where qe (mg/g) and qt (mg/g) are the amount adsorption 
capacities at the equilibrium and time t (min), respectively. 
In Eq. (13), t (h) is time, and k1 (1/min) is the pseudo-first-
order-equation constant. The pseudo-second-order equation 
is defined based on equilibrium capacity in which vehemence 
of site filling is assumed proportional with square of number 
of empty sites. Pseudo-second-order equation is defined as 
below [37]:

dq
dt

k q qt
e t= −( )2

2
	 (14)

After integrating:

t
q k q

t
qt e e

=
( )

+
1

2

2 	 (15)

In Eq. (15), t (min) is time, and k2 (g/mg/h) is the pseudo-
second-order equation constant. k2 and qe parameters are 
obtained from linear diagram of (t/qt) vs. t.

It is generally difficult to distinguish between a pro-
cess controlled by diffusion resistance or controlled by a 
chemical reaction. One of the methods that can be used for 
this purpose is the Morris–Weber equation presentation, 
which is as follows [38]:

q k t Ct = ⋅ +id
0 5. 	 (16)

In this Eq. (16), qt (mg/g) is adsorption capacity, 
kid (mg/(g  h)1/2) is internal diffusion vehemence constant 
and C (mg/g) is the constant of boundary layer thickness. 
If qt vs. t0.5 diagram is linear, the process is controlled by 
diffusion resistance.

3. Results and discussion

RFA chemical composition is presented in Table 1. As 
it shows the main elements in RFA are Si, O, Al, Ca, Fe, 
Mg, and slight quantities of S, Na, K, and Li. It has been 
reported that RFA regardless of the type of coal has many 

chemical compositions [39]. According to ASTM C618 stan-
dard RFA in this paper is from type F ash. Type F ash is 
obtained from bituminous anthracite coal and contains sil-
ica and alumina materials. Also, this type of RFA has at least 
70% weight of SiO2, Al2O3, and Fe2O3 in its chemical compo-
sition [40]. Used RFA in this work according to XRF analysis 
shown in Table 1 has 84.68% weight of SiO2, Al2O3, and Fe2O3 
compounds.

3.1. Analysis of the adsorbents crystal structure by XRD

XRD pattern of used RFA in this paper is shown in 
Fig. 1. As it shows, the main crystal phase in RFA is related 
to quartz (SiO2) and also kalium (CaO), hematite (Fe2O3), 
anhydrite (CaSO4), and magnetite (Fe3O4) phases are pres-
ent in the structure of adsorbent. Aluminum crystal phases 
like mullite could not be seen in the XRD pattern. However, 
according to the XRF analysis in Table 1, RFA has a 28/73% 
weight aluminum compound (Al2O3). This can be explained 
by the point that the elemental and chemical compound 
of RFA originates from the minerals of the initial coal, but 
the mineralogical structure and crystal phases of RFA are 
related to the furnace design and, generally, the coal com-
bustion operation [41].

Fig. 2 indicates the XRD diagram related to ZFA which 
was made from RFA. All of the peaks in this Fig. 2 are related 
to merlinoite zeolite with Na0.55K4.21Ca1.49Ba0.43 (H2O)22.74 
[Si22.69Al9.31O64] formula. This phenomenon showed that in the 
synthesis of ZFA from the RFA operation during the hydro-
thermal crystallization process, merlinoite zeolite had been 
made purely [42,43].

3.2. Analysis of adsorbents morphology by SEM

The RFA surface morphology is shown in Fig. 3. In this 
Fig. 3, the non-porous and irregular structure of ash is 
observed. The morphology of the ZFA surface is shown in 
Fig. 4. As can be seen, the ZFA grain structure is obvious 
and, according to the literature, this kind of structure is 
expected [44].

3.3. Effect of pH on the analysis of removal efficiency

The pH value is one of the most important factors that 
control the COD adsorption from cheese whey wastewater. 
The effect of pH on the efficiency of COD adsorption from 
cheese whey wastewater by ZFA in the pH range of 2–12 was 
investigated and the results are shown in Fig. 5. Accordingly, 
the COD adsorption efficiency increased with the increase of 
the solution pH.

The PZC of the ZFA is 7.3. At lower pH values 
(pH < pHPZC), the adsorbent had a positive charge. Moreover, 
cheese whey wastewater may be present in cationic forms. In 

Table 1
RFA chemical composition by XRF

Composition SiO2 Al2O Fe2O3 CaO MgO LiO SO3 K2O Na2O

Weight% 37/88 28/73 18.07 11.54 1.79 0.98 0.38 0.34 0.29
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such conditions, cheese whey molecules have a low tendency 
to the absorbents. By increasing the pH value (pH ≥ pHPZC), 
cheese whey removal tends to change in inverse.

Consequently, the adsorbent had better performance in 
the neutral or low acidic milieu than the high acidic one. 
Low efficiency in low pH can be attributed to the H+ ions 
presence in an acidic milieu which competes with COD for 
occupying active sites and then by occupying these sites 
decreases COD adsorption. Another effect of H+ in the 
acidic milieu was the ionization of the adsorbent surface. 
During this phenomenon, the adsorbent surface became 
positively charged and had no affinity for the adsorption 
of COD [42]. Regarding the diagram, the optimum pH, 

at which the adsorption had maximum efficiency, was 11. 
Generally, it can be said adsorption of COD from cheese 
whey wastewater has better efficiency using ZFA.

3.4. Effect of contact time on removal efficiency

The contact time effect on the COD adsorption reaction 
is shown in Fig. 6. As can be seen in the diagram, as the pro-
cess reached equilibrium, the adsorption efficiency increased 
with the increase of the contact time and did not change any-
more afterwards. The reason is that, at the beginning of the 
reaction and as the contact time increased, the adsorbate had 
more time to move toward the adsorbent, and occupied the 

Fig. 1. XRD pattern of RFA.

Fig. 2. XRD pattern of ZFA.
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adsorbent active sites. But, when the process reached equi-
librium, the adsorbent was saturated and increasing the 
contact time had no effect on the adsorption efficiency.

According to the diagram, the equilibrium contact time 
in this process is 20  min and adsorption efficiency at this 
time is 93.54%. Regard to this results, process contact time 
for other tests should be 20 min.

3.5. Adsorbent dosage effect on adsorption efficiency

To investigate the adsorbent dosage on COD adsorption 
efficiency, different amounts of adsorbents (0.05–0.45  g) 
in 50  mL of cheese whey wastewater with an initial 
concentration of 2,600  ppm of COD in optimum pH and 
contact time were used. Results are shown in Fig. 7. As can 
be seen, with the increase of the adsorbent amount from 
0.05 to 0.4  g, the removal efficiency increased; but, it did 
not change after reaching the optimum amount of the 
adsorbent, that is, 0.4 g, which was used for further tests. 
The increase of the adsorption with the increase of the 
adsorbent amount can be justified by the point that, with 
the increase of the adsorbent amount, the available active 
sites for ion adsorption increased and, consequently, the 

adsorption efficiency increased. But, after reaching the opti-
mum adsorbent amount, the solution reached equilibrium 
and adding more adsorbent had no more effects [17,45].

3.6. Analysis of adsorption kinetics

Most of the adsorption phenomena with different 
adsorbents depend on time. Kinetic consideration is very 
important for comprehending the reaction dynamics and the 
prediction of the adsorption conditions with time. Used mod-
els in this area are pseudo-first-order, pseudo-second-order, 
and Morris–Weber kinetic models. Morris–Weber equation 
is used to study the diffusion effect in the kinetic process.

Fig. 3. SEM image of RFA surface.
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Fig. 6. Effect of contact time on COD adsorption efficiency 
on ZFA.
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Fig. 7. Effect of adsorbent amount on COD adsorption effi-
ciency.

Fig. 4. SEM image of ZFA before adsorption process.
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Fig. 8a shows qt diagram vs. t1/2. If this diagram is lin-
ear, adsorption is controlled by diffusion and if this graph 
crosses the origin of coordinates, internal diffusion is the 
only limiting factor [46]. Also, internal diffusion constant, 
kid (mg/g h1/2), and C (mg/g) constant which is related to the 
boundary layer thickness can be obtained from slope and 
interception of qt diagram vs. t1/2, respectively. The calculated 
values of these constants and R2 correlation coefficient are 
presented in Table 2.

As can be seen from Fig. 8a, diagram linearity shows 
that internal diffusion is one of the limiting steps of COD 
adsorption on ZFA. However, this step is not the only con-
trolling step because the graph does not cross the origin of 
coordinates.

Fig. 8b shows a linear diagram of ln(qe – qt) vs. t. Pseudo- 
first-order kinetic model parameters are presented in 
Table 2. As it is shown, experimental data correlate slightly 
(R2  =  0.7874) with a diagram. This issue shows that the 
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Fig. 8. Kinetic models for COD adsorption on ZFA (a) Morris–Weber, (b) pseudo-first-order, and (c) pseudo-second-order kinetics.

Table 2
Kinetics constants values for COD adsorption on ZFA

Kinetic model Equation and corresponding  
diagram

Calculated constants

Pseudo-second-order
t
q k q

t
qt e e

= +
1

2
2

Plot: t/qt vs. t

k2 (g/mg h) qe (mg/g) R2

0.000165 471.1905 0.9465

Morris–Weber
q k t Ct = +id

1
2

Plot: qt vs. t1/2

kid (mg/g h1/2) C (mg/g) R2

72.95 24.208 0.961
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pseudo-first-order equation is not a good model to describe 
COD adsorption kinetics.

The pseudo-second-order kinetic model is based on 
the assumption that the limiting step can be a chemical 
adsorption reaction such as the electron exchange between 
the adsorbate and adsorption. Fig. 8c indicates the t/qt vs. t 
linear diagram. Equilibrium capacity qe (mg/g) and pseudo-
second-order equation constant k2 (g/mg h) are presented in 
Table 2.

As shown in Fig. 8c, the experimental data correlated 
well with the diagram (R2 = 0.9465). This issue indicated that 
the pseudo-second-order equation is a suitable model for the 
kinetic description of the COD adsorption reaction on RFA.

By analyzing these three models, it became obvious 
that the experimental data correlated well with the pseudo-
second-order equation. This issue shows that the pseudo-
second-order kinetics model assumption rules COD adsorp-
tion on ZFA and the limiting step in this process is chemical 
adsorption reaction including electron exchange between 
adsorbate and adsorbent. In this regard, Katal et al. [47] 
found that, in the adsorption processes from the aqueous 
solutions by adsorbents, the pseudo-first-order equation 
only ruled when the adsorbate concentration in the aqueous 
solution was high; at the low concentrations, the adsorption 
was according to the pseudo-second-order equation.

Experimental data has also good agreement with 
Morris–Weber kinetic model and this agreement shows that 
another limiting step in this reaction is internal diffusion.

3.7. Analysis of adsorption isotherms

Generally, the adsorption isotherm models show the 
adsorbate quantity in equilibrium as a function of the adsor-
bate equilibrium concentration in the solution with a con-
stant temperature. In this paper, four isotherm models have 
been investigated for the COD adsorption mechanism on 
ZFA and their results are presented in Fig. 9 and Table 3.

As can be seen in Fig. 9a, the experimental data cor-
related well with the Langmuir linear graph with a high 
correlation coefficient so it can be stated that the Langmuir 
isotherm is a suitable model for describing the mechanism 
of the COD adsorption on the ZFA mechanism. This demon-
strates the Langmuir assumption ruling the homogenous 
distribution of the active sites on ZFA and the COD mono-
layer coverage on their surface [38]. The RL value for adsorp-
tion by ZFA was 0.00000008. Both RL values are between 

0  and 1, and indicate that COD adsorption from cheese 
whey wastewater by ZFA is possible and favourable [48].

The experimental data correlated well and with a high 
correlation coefficient with the Freundlich and Temkin 
linear graphs. Therefore, it can be stated that these iso-
therms are also suitable for describing the mechanism of 
COD adsorption on ZFA. The calculated values of n are 
presented in Table 3. Both of these values were between 
2 and 10 and indicated good adsorption characteristics, 
as well as favorable COD adsorption process from cheese 
whey wastewater by ZFA [48]. But, analyzing the Dubinin–
Radushkevich isotherm model showed that the experimen-
tal data slightly correlated with the graph. Therefore, the 
Dubinin–Radushkevich isotherm model weakly described 
the COD adsorption mechanism on this adsorbent.

Eventually, comparison among these models showed 
that except Dubinin–Radushkevich rest of models have good 
agreement with experimental data. Moreover, constants cal-
culated values of these isotherms indicated the possibility 
and favorability of COD adsorption reaction on ZFA.

3.8. Analyzing effect of temperature on removal efficiency

Temperature effect on COD removal from cheese whey 
wastewater were investigated at 25°C, 35°C, and 45°C. 
Tests were accomplished in previous optimum conditions. 
Results are presented in Table 4. As results indicate, in tests 
accomplished with adsorbent, an increase in temperature 
increases COD removal efficiency. However, this increase is 
not significant. To justify this case, it can be stated that with 
the increase of temperature, the boundary layer thickness 
around the adsorbent decreased, so the transportation 
of the adsorbate from the solution to the adsorbent active 
sites happened more easily and this increased the removal 
efficiency. Temperature increases could add to the avail-
able active sites for adsorption. Moreover, the increase in 
temperature increased the forces between the adsorbent 
and the adsorbate as well as the adjacent adsorbate inter-
molecular forces, because the COD adsorption from cheese 
whey wastewater was chemical adsorption. The positive 
effect of temperature on the removal efficiency showed 
that the COD adsorption reaction was endothermic [38].

3.9. Thermodynamics investigation

Thermodynamics of adsorption processes using data in 
Table 4 have been discussed and Gibbs free energy (ΔG°), 

Table 3
Isotherms constants values for COD adsorption on ZFA

Isotherm model Equation and corresponding  
diagram

Calculated constants

Langmuir Ce/qe = 1/q0 KL + Ce/q0

Plot: Ce/qe vs. Ce

q0 (mg/g) KL (L/mg) R2

714.285 477.857 0.9592
Freundlich log(qe) = log(KF) + 1/n log(Ce)

Plot: log(qe) vs. log(Ce)
n KF R2

3.084 49.35 0.9464
Temkin qe = B ln(KT) + B ln(Ce)

Plot: qe vs. (Ce)
B KT R2

122.44 19.08 0.908
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enthalpy (ΔH°), and entropy (ΔS°) changes are calculated 
based on Eqs. (17)–(19):

K
F
Fc
e=
−1

	 (17)

log
. .

K H
RT

S
Rc =

−∆ °
+

−∆ °
2 303 2 303

	 (18)

∆ ° = −G RT Kcln 	 (19)

∆ ∆G H T S° = ° − ∆ ° 	 (20)

In these equations, Fe is a fraction of COD which is 
adsorbed in equilibrium. R (J/k mol) is universal gas constant 
and T (K) is the absolute temperature.

The values of ΔH° and ΔS° were obtained from the 
slope and intercept of the logKc vs. 1/T diagram. Values of 
ΔG° in three temperatures are calculated using Eq. (20). 
The calculated thermodynamic parameters are presented 
in Table 5. The negative values of ΔG° in Table 5 revealed 
that the adsorption by the adsorbent was a spontaneous 
process. As can be seen, the positive amount of ΔS° and 
the positive value of ΔH° represented that the process 
was endothermic with the increase of randomness at the 
solid-solution interface within the adsorption [49,50].

3.10. ZFA structure investigation after adsorption 
process by FTIR

ZFA structure by FTIR analysis, before and after COD 
adsorption from cheese whey wastewater is presented in 
Figs. 10a and b. By comparison of two figures, it is obvious that 
in ZFA structure FTIR analysis after the adsorption process 
no peak was observed that indicates adsorption is physical.

3.11. Morphology and chemical structure investigation 
of ZFA after adsorption by SEM

Fig. 11 shows ZFA surface morphology after the adsorp-
tion process. As can be seen, the ZFA structure has not 
changed during COD adsorption from the wastewater 
process.
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Fig. 9. Adsorption isotherms for COD adsorption on ZFA (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin–Radushkevich 
isotherm.

Table 4
Temperature effect on COD adsorption efficiency

Temperature (°C) Removal efficiency %

25 93.3
35 95.1
45 96.8



N. Helali et al. / Desalination and Water Treatment 210 (2021) 296–308306

4. Conclusion

In this paper, the ZFA synthesis from RFA by the two-
stage process of alkaline melt-hydrothermal synthesis was 
reviewed and ZFA was used as the adsorbent in the batch 
tests of the COD removal from cheese whey wastewater. 
Results are as follows:

•	 Structural and characteristics investigation of raw RFA 
by XRF, XRD, and SEM analysis showed that used ash 
in this paper is type F and 84.68% of its weight is SiO2, 

Al2O3, and Fe2O3. Main crystal phase in this ash is quartz 
(SiO2) and its appearance is irregular and non-porous.

•	 In the COD adsorption tests by ZFA, the optimum 
pH, and contact time were 11 and 20 min, respectively. 
Optimum amount of adsorbent in COD adsorption 

 

 

b 

a 

Fig. 10. FTIR spectrum of ZFA (a) before and (b) after adsorption.

Table 5
Values of thermodynamic parameters for COD adsorption on 
ZFA

R2ΔG° (kJ/mol)T (°C)ΔS° (kJ/mol)ΔH° (kJ/mol)

0.93
–6.52525

0.0912.04 –7.347735
–8.44745

Fig. 11. SEM image of ZFA after adsorption process.
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from cheese whey wastewater tests was 0.4 g in 50 mL 
of solution. Moreover, the analysis of the effect of tem-
perature on the adsorption process in the 25°C–45°C 
range indicated that the increase in temperature had a 
positive effect on the removal efficiency of COD.

•	 Calculated values of thermodynamic parameters in COD 
adsorption process are: ΔH° = 2.04 kJ/kmol, ΔS° = 0.091 kJ/
kmol, and ΔG°  =  –6.525, –7.3477, and –8.447  kJ/kmol. 
According to these values, COD adsorption reaction on 
ZFA is endothermic and spontaneous.

•	 Comparing the FTIR spectrum of ZFA before and after the 
COD adsorption reaction from cheese whey wastewater 
proved that the adsorption was physical. Moreover, the 
SEM image of ZFA after the adsorption revealed that the 
ZFA structure did not change during the COD adsorption 
from the cheese whey wastewater process.

•	 COD adsorption on ZFA reaction kinetics was studied 
and experimental data have the best agreement with 
pseudo-first-order and Morris–Weber model and Morris–
Weber model can be stated that internal diffusion step is 
one of the controlling steps of this reaction.

•	 The Langmuir, Freundlich, Dubinin–Radushkevich, 
and Temkin models were studied for the COD adsorp-
tion mechanism on ZFA and, except for the Dubinin–
Radushkevich model, all the other models were in good 
agreement with the experimental data. Moreover, the 
obtained values of these isotherm constants demon-
strated the possibility and favorability of the COD 
adsorption reaction on ZFA.
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