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ARTICLE INFO ABSTRACT

Keywords: It has become a trend to use cheap adsorbents like coal fly ash (CFA) for removal of dyes. CFA is a solid waste
Adsorption produced from coal-based power plant. CFA is mainly composed of minerals containing some oxides such as
Coal fly ash Al,03 and SiO, having active sites and mesoporous unburned carbon. The existence of active sites in the CFA's

Dual sites adsorbent
Methyl violet
Isotherm model

minerals and carbon pores was considered to have roles in the adsorption process with different adsorption
mechanisms, namely chemisorption for the minerals and physisorption for the unburned carbon. This allows the
CFA to become a dual sites adsorbent. As the result, isothermal models such as Langmuir and Freundlich may not
be appropriate. The objectives of this study are to develop appropriate dual sites isotherm models for methyl
violet dye adsorption onto the CFA, and to compare the models with single site models including Langmuir and
Freundlich. The CFAs having [Si + Al]/C ratio of 0.5, 2.0 and 90, namely CFA-1, CFA-2, and CFA-3, respectively
were used in this study. X-Ray Fluorescence (XRF) analysis results showed that the major components of the
original CFA are SiO, (36.47%) and Al,O3; (19.27%), while the unburned carbon content is 19.11%.
Additionally, the adsorption test results showed that CFA with high unburned carbon contents (i.e. CFA-1 and
CFA-2) were well fitted with the dual sites isotherm model, i.e. Freundlich-Langmuir isotherm model. Whereas,
CFA with low unburned carbon contents (i.e. CFA-3) was well fitted with the single site isotherm model, i.e.
Langmuir isotherm model.

1. Introduction charged membrane surface of cells, then penetrate into the cells, and

deposit in the cytoplasm [2]. Therefore, it is very important to search

In recent years, colored wastewater discharged into water streams
has become one of the major environmental problems. Because, it in-
terferes with sunlight transmission into the water, and thus reduces
photosynthetic process and damages the water ecosystem [1]. Dyes are
also not easily degradable because of their complex aromatic structure,
and are highly toxic, mutagenic and potentially carcinogenic [2,3].
Dyes can be categorized as cationic, anionic, and non-ionic [1]. Ca-
tionic dyes are considered to be even more toxic because they can pass
through the entire food chain [3]. Methyl violet is an example of ca-
tionic dyes that are widely used in textile industry, paints, and paper
coloring. Due to its mutagenic, carcinogenic, and mitotic poison, this
dye can be considered to be harmful to living organisms as well as the
ecosystem [4]. Methyl violet can also cause some health issues in
human including heartbeat increase, vomiting, shock, and jaundice
cyanosis, since the methyl violet can interact easily with the negatively
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for “green” processes with high efficiency and also low cost to remove
methyl violet from industrial wastewater before being discharged into
the water stream. Several biological and physicochemical methods have
been considered to remove dyes in wastewater. These methods include
aerobic [5], anaerobic [6], photocatalysis [7], coagulation [8], mem-
brane separation [9], electrochemical treatment [10], and microwave
catalysis [11]. Nevertheless, these methods have disadvantages related
to high cost and production of secondary pollutants such as sludge [4].

Adsorption is one of the promising methods that has been widely
studied and applied for removing dyes from industrial wastewater. The
merits of adsorption include simple design, environmentally friendly,
insensitivity to the toxic pollutants, ability to treat concentrated dye
wastes, reusability of the spent adsorbent, high efficiency, and easy to
operate [3,4,12-14]. Several organic and inorganic adsorbents have
been studied by numerous reseachers, including various types of
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activated carbon [14-19], polymer [2], metal organic [20,21]. How-
ever, activated carbon is an expensive material although it can be re-
generated [22]. Therefore, in recent years, there has been a consider-
able effort to find a cheaper adsorbent such as coal fly ash to remove
methyl violet in wastewater [23]. Coal fly ash is a solid waste usually
produced by coal-based thermal power plants. Coal fly ash mainly
consists of mineral containing some oxides such as Al,O3 and SiO, that
have active sites [24] and unburned carbon as a mesoporous material
[25]; thus enabling coal fly ash to act as a dual-sites adsorbent.

The isotherm model is a major tool that is usually used to describe
the adsorption process of a solute on the surface of adsorbent [26,27].
Most recent studies on the dye adsorption have used empirical isotherm
models, such as Langmuir [28-30] and Freundlich [12,13,31-33] iso-
therms. However, the parameters of these models are likely not suitable
for the adsorption of the dye by coal fly ash due to the existence of dual
adsorption sites. Therefore, the main objectives of this research work
are to prepare different coal fly ash (CFA) samples with significant
different of ratio between the minerals (represented by Al,O3 and SiO,)
and the unburned carbon (C) as adsorbent to remove methyl violet dye
via adsorption process and to find appropriate dual sites adsorption
isotherm models and compare these models with single site models (e.g.
Langmuir and Freundlich). To the best of our knowledge there has been
no literature that specifically reported about the similar study, which
make this study an interesting topic of research.

2. Material and methods
2.1. Sample preparation and characterization

Sodium hydroxide (analytical grade) was purchased from Merck.
Methyl violet was purchased from CV Indrasari, Indonesia. The methyl
violet contains amine group, as shown in Fig. 1. Raw coal fly ash (CFA)
was obtained from a thermal power plant Tanjung Jati in Jepara,
Central Java, Indonesia. Prior to any additional treatment, the raw CFA
was washed using distilled water and then dried (i.e. original CFA). To
study the dual site characteristic of CFA toward methyl violet dye ad-
sorption, three CFA samples with significant different of ratio between
the minerals (represented by Al,O3 and SiO,) and the unburned carbon
(C), i.e. [Si + Al]/C ratio of 0.5, 2.0 and 90 were used, namely CFA-1,
CFA-2, and CFA-3, respectively. Each of the three samples was obtained
by sieving the original CFA using 100-mesh size, reacting the original
CFA with sodium hydroxide 3M at 60 °C for 2h, and heating the ori-
ginal CFA at 400 °C for 1 h, respectively. As noticed, only sample CFA-2
that underwent chemical modification, while CFA-1 and CFA-3 only

\N/

Cl

N “SNH,*

Fig. 1. Molecular structure of methyl violet dye.
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underwent physical treatments. It is worth to note that these three
samples were selected from our previous works [34,36].

Additionally, the chemical composition of original CFA was ana-
lyzed using X-Ray Fluorescence (XRF). Whereas, the crystallinity of
three CFA samples was analyzed using an X-Ray Diffraction apparatus
(Shimadzu XRD-6000). The total crystallinity of the CFA samples was
calculated based on the number of components in the CFA that are in
the crystal phase, including quartz, mullite or hydroxy sodalite.
Crystallinity of quartz was calculated by comparing the intensity of two
peaks of quartz in CFA with standard quartz, while crystallinity of
mullite or hydroxy sodalite was determined by comparing the intensity
of their three peaks in CFA with the standard of mullite or hydroxy
sodalite as written in Eq. (1):

. IN

Crystallinity 2 X 100% o)
where I, is the intensity of quartz, mullite or hydroxy sodalite in CFA
and I, is the intensity of standard quartz, mullite or hydroxy sodalite.
Additionally, Scanning Electron Microscopy (SEM) with built-in En-
ergy-Dispersive X-ray (EDX) analysis was also performed to study the
morphology and elemental analysis as well as the elemental mapping of
the CFA and CFA-2. The specific surface areas of the CFA-1, CFA-2, and
CFA-2 were also analyzed using an automated gas sorption apparatus
with nitrogen adsorption isotherm at 77 K, and the specific surface area
was determined by using a well-known Brunauer-Emmett-Teller (BET)
method.

2.2. Adsorption of methyl violet dye

Batch adsorption experiments of methyl violet dye were conducted
in 100 mL Erlenmeyer flasks; each flask contains 1 g of CFA sample (i.e.
CFA-1, CFA-2, CFA-3) and 50 mL of methyl violet solutions with varied
initial dye concentrations (i.e. 10-1000 mgL~"). The adsorption ex-
periments were carried out at pH of 9. The solution of NaOH or HCI
0.1 N was used to control the pH. The Erlenmeyer flasks containing the
mixture were placed in a water bath at temperature of 26 °C and me-
chanically shaken at 120 rpm for 240 min. The suspended solids were
then filtered using Whatman filter paper (No. 5) and the filtrates were
then analyzed to determine the remaining methyl violet dye by using a
UV-Vis spectrometer at Ay« of 581 nm. The adsorption effectivity was
defined as the amount of methyl violet dye adsorbed by the CFA sample
per unit mass of the CFA sample, which was expressed by Eq. (2) [26]:

_ (Ci - Ce)V
B m (2)

where C; is the initial concentration of methyl violet (mmol L™ 1), C, is
the concentration of methyl violet in solution at equilibrium
(mmol L™ 1Y), C, is the concentration of methyl violet on the adsorbent
surface at equilibrium (mmolg™1), V is the volume of methyl violet
solution (L) and m is the adsorbent mass (g). To further study the ad-
sorption mechanism of methyl violet dye, the desorption analysis was
also conducted using the following procedure. The adsorbent fully
loaded with the methyl violet dye was filtered using Whatman filter
paper (No. 5) and then dried. Afterward, 1 g of the dried adsorbent was
put into 50 mL of distilled water and stirred at 120 rpm for 240 min.
The concentration of methyl violet in solution was determined using a
UV-Vis spectrometer at Ay, of 581 nm.

Cu

2.3. Adsorption isotherm models

To study the adsorption mechanism of methyl violet onto CFA ad-
sorbent, six isotherm models were investigated, i.e. (1) single site
Langmuir, (2) single site Freundlich, (3) dual sites Langmuir-Langmuir,
“4) dual sites Freundlich-Freundlich, 5) dual sites
Langmuir-Freundlich, and (6) dual sites Freundlich-Langmuir. The
schematic diagrams of these models are depicted in Fig. 2.
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Fig. 2. Schematic diagram of adsorption for (a) model 1; (b) model 2; (c) model 3; (d) model 4; (e) model 5; and (f) model 6.

2.3.1. Model 1: single site Langmuir

In this model, the contribution of unburned carbon in the methyl
violet adsorption is considered to be very small, and thus can be ne-
glected. The adsorption process occurs on the active sites that have
homogeneous energy by electrostatic interaction and is also assumed to
be a localized adsorption. Therefore, once a single molecule of dye
occupies a single site, no further adsorption of other dye molecules can
take place on that particular site [1]. Additionally, the interaction be-
tween the adsorbate molecules is neglected. The Langmuir isotherm
model is described in Eq. (3) [35]:

c-c. _KC
TR Y KL G 3)

where C,,, is the amount of methyl violet needed to form a monolayer
on unit mass of adsorbent (mmol g’l) and K; is a constant or parameter
related to the affinity of the binding site (L mmol~1) [27]. Eq. (3) was
solved by optimizing the correlation coefficient between the predicted
C, from Eq. (3) and the experimental data. The solver add-in feature of

unburned carbon
(heterogeneous)

active site
(homogeneous)

(f)

Microsoft Excel software can be used to determine C,, and K; by
minimizing the difference between model predicted data with the ex-
perimental data [1].

2.3.2. Model 2: single site Freundlich

This model is derived based on heterogeneous surface of mineral in
CFA with a random distribution of adsorption heat over the surface [1].
The role of unburned carbon in the adsorption process is very small,
thus it can be neglected. The Freundlich isotherm is expressed by Eq.
(4):

Cu=Kr (Y @

where K and n are the Freundlich parameters and also characteristics
of the system. Kz (mmol' ~"LY"g~!) is indicating the adsorption
capacity, while n is indicating the adsorption intensity. The Kr and n
values are determined by optimizing the correlation coefficient be-
tween the predicted C, data from the Eq. (4) and the experimental data.
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Table 1
Si, Al and C content of three CFA samples.

[Si + Al]l/C ratio Components Percentage (wt%)
0.5 Si 15.88
Al 7.02
C 46.15
2.0 Si 19.92
Al 11.77
C 16.44
90 Si 24.82
Al 11.93
C 0.42

The parameters Kr and n are determined by minimizing the squared
difference between model predictions and experimental data [1].

2.3.3. Model 3: dual sites Langmuir-Langmuir

In this model, the unburned carbon and active sites play simulta-
neous roles in the adsorption process. The unburned carbon and active
sites are assumed as different patches, which have different level of
energies. Each patch acts independently and there is no interaction
between the different patches. For the same patch, adsorption sites have
homogeneous energy distribution. Energy distribution of patches on the
solid surface is assumed to follow multi-modal distribution function.
The adsorbate molecules are adsorbed by one site only and zero in-
teraction between the adsorbate molecules. This model is defined by
Eq. (5), as follows:

KLl Ce
1+ Kp,Ce

) KLZ Ce
K1 + K Ce 5)

C/‘ = C/.tml

where ‘1’ represents the unburned carbon (site 1) and ‘2’ represents the
active sites (site 2). The parameters in Eq. (5) were determined by
optimizing the correlation coefficient between the C, predicted from
Eq. (5) and experimental data.

2.3.4. Model 4: dual sites Freundlich—Freundlich

This model assumes that the unburned carbon and active sites both
are contributing to the adsorption process. Similar to the previous
model, both unburned carbon and active sites are also considered as
different patches, which have different level of energies. The model is
given by Eq. (6).

C/‘ = KFl'Cenl + KFZ-CE"Z (6)

2.3.5. Model 5: dual sites Langmuir-Freundlich
Langmuir-Freundlich dual site model is expressed by Eq. (7):

KuCe | ko
e

Cy= Cymy—H=¢
MM KL G, @
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where ‘1’ represents the adsorption on unburned carbon following
Langmiur isotherm and ‘2’ represents the adsorption on active sites
following Freundlich isotherm. A trial and error procedure was done to
solve Eq. (7) and to determine K;1, Cym1, Kz, and .

2.3.6. Model 6: dual sites Freundlich-Langmuir
Freundlich-Langmuir dual sites model is given by Eq. (8) as follows:

K12 Ce

Cy = KpyCM + Cpp——227¢
S T ) ©)

where ‘1’ represents the adsorption on unburned carbon following
Freundlich isotherm and ‘2’ represents the adsorption on active sites
following Langmiur isotherm.

2.4. Error estimation

In this work, the sum of the square of the errors (SSE) deviation [1]
was used to estimate the fitting accuracy of the studied isotherm
models. The SSE deviation is given by Eq. (9).

n
SSE = z (Cﬂ,calc - ;l,meas)iz
i=1 €©)

3. Results and discussion
3.1. Characteristics of the coal fly ash (CFA)

Based on our previous works, the X-Ray Fluorescence (XRF) analysis
results showed that the major components of raw coal fly ash are silica,
Si0, (36.47%) and alumina, Al,Os; (19.27%), while the unburned
carbon content is 19.11% [34,36]. Whereas, Table 1 shows Si, Al and C
content analysis results of CFA samples with [Si + Al]/C ratio of 0.5,
2.0, and 90.

Additionally, the morphology of the CFA was also observed by using
a Scanning Electron Microscopy (SEM). A SEM micrograph of the ori-
ginal CFA is depicted in Fig. 3a. As seen in the figure, the original CFA is
composed of minerals and unburned carbon, hence enable it to act as a
dual sites adsorbent. As observed in the figure, the mineral has a
spherical microscopic structure with a smooth surface, whereas the
unburned carbon has a rougher surface with many pores. Fig. 3b shows
the SEM micrograph of the CFA-2. As seen in the figure, chemical
modification of the original CFA with sodium hydroxide has resulted in
rougher surfaces and more holes.

Additionally, the original CFA and CFA-2 were further analyzed by
using SEM-EDX. Figs. 4 and 5 show the SEM micrograph and SEM-EDX
elemental mapping of original CFA and CFA-2, respectively. As ob-
served in Figs. 4 and 5, the O, C, Al, and Si elements seemed to be well
distributed on the coal fly ash surface.

To confirm the presence of alumina and silica, the three CFA

Fig. 3. SEM micrograph of (a) original coal fly ash (CFA), and (b) CFA-2 with [Si + Al]/C ratio of 2.0.
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Fig. 4. (a) SEM micrograph of original CFA and SEM-EDX elemental mapping images of (b) Al content; (c) Ca content; (d) C content; (e) Fe content; (f) Mg content;
(g) Na content; (h) O content; and (i) Si content (at magnification of 2000 X ).

Fig. 5. (a) SEM micrograph of the CFA-2 with [Si + Al]/C ratio of 2.0 and SEM-EDX elemental mapping images of (b) Al content; (c) Ca content; (d) C content; (e) Fe
content; (f) Mg content; (g) Na content; (h) O content; and (i) Si content (at magnification of 2000 X ).
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Table 2
XRD and BET analysis results of three CFA samples.
Samples Ratio of [Si + Al]/C Analysis items Values
CFA-1 0.5 Crystallinity (%) 100.0
Specific surface area (m?/g) 15.7
CFA-2 2.0 Crystallinity (%) 65.0
Specific surface area (m?/g) 80.3
CFA-3 920 Crystallinity (%) 88.2
Specific surface area (m?/g) 9.7

samples were further characterized using X-Ray Diffraction (XRD) ap-
paratus. The XRD analysis results showed that the three CFA samples
contained crystalline phases such as mullite (3A1,032Si0,), quartz
(SiO2) and also other amorphous components. The total crystallinity of
CFA samples with [Si + Al]/C ratio of 0.5, 2.0, and 9.0 are listed in
Table 2. Additionally, BET analysis was also conducted to measure the
specific surface area of the CFA samples. The results of BET analysis for
three CFA samples are also listed in Table 2. As shown in the table, the
total crystallinity of the CFA with [Si + Al]/C ratio of 0.5 (i.e. CFA-1)
was about 100% then decreased to 88.2% and 65.0% for CFA with
[Si + Al]/C ratio of 90 (i.e. CFA-3) and 2.0 (i.e CFA-2), respectively. As
seen in the table, the CFA-2 has the lowest total crystallinity, but it has
the highest specific surface area. This low crystallinity value indicates
that amorphous phase was formed by partial damage of mullite and
quartz after chemical modification of the raw CFA with sodium hy-
droxide, which resulted in rougher surfaces and more holes (see
Fig. 3b). However, the reaction with sodium hydroxide also formed
hydroxy sodalite. The higher the sodium hydroxide concentration the
more hydroxyl sodalites were formed, as reported in our previous work
[36].

Additionally, Fig. 6 shows the N, adsorption—desorption profiles of
original CFA and CFA-2 with [Si + Al]/C ratio of 2.0. According to
Brunauer's classification, Fig. 6a belongs to the Type III isotherm, which
indicates that the adsorbent-adsorbate interaction is weak. While
Fig. 6b belongs to the Type II isotherm with hysteresis loop suggesting
that the CFA-2 with [Si + Al]/C ratio of 2.0 has mesopores other than
macropores.

3.2. Adsorption of methyl violet

Batch adsorption experiments of methyl violet dye were carried out
in this work. Fig. 7 depicts the plot of adsorption capacity (C,) versus
initial dye concentration (C;) during the adsorption of methyl violet by
three samples of CFA (i.e. [Si + Al]/C ratio of 0.5, 2.0, and 9.0). As seen
in the figure, the adsorption capacity increased with the increasing
concentration of methyl violet, but then remained constant once the
equilibrium point was reached. Higher initial concentration of methyl
violet dye enhanced the adsorption process. As seen in Fig. 7, the CFA-1
sample with the highest unburned carbon content (i.e. [Si + Al]/C
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ratio = 0.5) had the lowest adsorption capacity. Though unburned
carbon is a mesoporous material that could contribute to the adsorption
process, the role of the active sites in the oxides part of CFA was more
pronounced due to its polarity. Additionally, as seen in Fig. 8, a great
amount of unburned carbon formed aggregates that covered up the
active sites on the mineral surface of the CFA, hence chemical bonding
between the active sites and methyl violet was hindered. As the result,
the amount of adsorbed methyl violet decreased with the presence of
high content of unburned carbon (see Fig. 7). Additionally, the sorption
mechanism of the methyl violet in the active sites refers to the following
reactions [37].

o
\Si/ +
o7 \
(10
Al c)\AI
+
Il
- o-

Additionally, the CFA-2 with [Si + Al]/C ratio = 2.0 had the
highest adsorption capacity even though the carbon content was higher
than that of the CFA-3 with [Si + Al]/C ratio = 90. It is because the
reaction of CFA with NaOH may decrease the crystallinity of quartz and
mullite; hence the active sites become more open, hence more acces-
sible to the methyl violet molecules. This confirms further that active
sites play a larger role in adsorption than the carbon. Additionally, to
further study the adsorption characteristics of the CFA, desorption ex-
periments on the used CFA samples were carried out; the results for
CFA-1 and CFA-3 with [Si + Al]/C ratio = 0.5 and 90, respectively are
presented in Table 3. The CFA samples that have been used to adsorb
methyl violet dye were agitated in distilled water to desorb the methyl
violet dye. If methyl violet dye can be easily desorbed by distilled water
indicates that the adsorption force is weak. As seen in Table 3, only
1-3% of methyl violet could be desorbed by distilled water. This in-
dicates that adsorption force and the chemical binding interactions
were quite strong since the most of the adsorption occurred at the active
sites.

3.3. Adsorption isotherm models

Freundlich and Langmuir isotherm models are usually used to de-
scribe the adsorption process of dyes. However, the presence of carbon
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Fig. 6. The adsorption—desorption isotherms of N, at 77 K for (a) original CFA and (b) CFA-2 with [Si + Al]/C ratio of 2.0.
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Fig. 7. Adsorption of methyl violet by three samples of CFA (CFA = 1 g per 50 mL of methyl violet dye solution, contact time = 240 min, and pH = 9).

Fig. 8. SEM micrograph of mineral surface of the CFA-1 with [Si + Al]/C ratio
of 0.5 which covered by the unburned carbon (at magnification of 25,000 x).

Table 3

and minerals in the coal fly ash (CFA) renders these models in-
appropriate. In this work, single site isotherm models such as
Freundlich and Langmuir were compared to the dual sites isotherm
models including Langmuir-Langmuir, Freundlich-Freundlich,
Langmuir-Freundlich, and Freundlich-Langmuir. Values of sum
squared errors (SSE) of isotherm model are presented in Table 4, while
the average deviation of the predicted C, versus C, experimental data
are described in Table 5. The two tables show that Freundli-
ch-Langmuir model was in accordance with experimental data for CFA
samples with [Si + Al]/C ratio of 0.5 (i.e. CFA-1) and 2.0 (i.e. CFA-2),
since they have smallest SSE and average deviation. There were enough
carbons in the CFA samples and active sites on SiO>-Al,O3 surface of
the CFA samples that could contribute into the methyl violet dye ad-
sorption. Therefore, the dual sites model was more appropriate to be
used than the single site model. On other hand, for CFA-3 with
[Si + Al]/C ratio 90, Langmuir isotherm as a single site model was in
accordance with experimental data. It was because the carbon content
of the ash was very small, so that it was not enough to contribute to the
adsorption process of methyl violet dye. Table 6 shows the isotherm

The amount of methyl violet adsorbed and desorbed by CFA-1 and CFA-3.

[Si + All/C = 90 (i.e. CFA-3)

[Si + Al]l/C = 0.5 (i.e. CFA-1)

Items

Methyl violet adsorbed, mmol g ~* 0.0147
Methyl violet desorbed, mmol g ~* 0.0003
Methyl violet desorbed, % 1.83

0.0103
0.0003
3.12
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Table 4

Values of SSE error analysis of isotherm model of dye on three CFA samples.
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No. Isotherm models SSE for CFA samples with ratio of:
[Si + All/C = 0.5 (i.e. CFA-1) [Si + All/C = 2.0 (i.e. CFA-2) [Si + All/C = 90 (i.e. CFA-3)
1 Langmuir 3.09 x 107° 6.83 x 10°° 5.22 x 107°
2 Freundlich 2.30 x 1074 3.97 x 1073 7.13x 1074
3 Langmuir-Langmuir 2.42 x 107° 1.93 x 107° 7.33 x 107°
4 Freundlich-Freundlich 2.82 x107° 1.57 x 1072 4,90 x 107°
5 Langmuir-Freundlich 9.58 x 107° 1.26 x 10~* 2.74 x 107°
6 Freundlich-Langmuir 1.47 x 10°° 1.86 x 10~° 3.86 x 107°
Table 5

Average deviation of C, predicted data toward C, experimental data.

No. Isotherm models Average % deviation of predicted C, from experimental C, for CFA samples with ratio of:
[Si + Al]/C = 0.5 (i.e. CFA-1) [Si + Al]l/C = 2.0 (i.e. CFA-2) [Si + Al]/C = 90 (i.e. CFA-3)
1 Langmuir 14.0 13.2 6.3
2 Freundlich 53.6 30.5 43.4
3 Langmuir-Langmuir 7.8 9.7 22.3
4 Freundlich-Freundlich 17.6 17.9 22.5
5 Langmuir-Freundlich 17.6 17.9 22.3
6 Freundlich-Langmuir 4.6 8.2 16.8
Table 6 6) and Langmuir isotherm (model No. 1) for CFA-1 with [Si + Al]/C
The isotherm parameters for adsorption of methyl violet onto three CFA sam- ratio of 0.5. As seen in the figure, in case of adsorption process using
ples. CFA-1 with [Si + Al]/C ratio of 0.5, the isotherm model 6 was more
Parameters  CFA samples with ratio of: suitable than the isotherm model 1. Additionally, based on the result of
model 6, the amount of methyl violet dye adsorbed on the active sites
[Si + Al]/C ~ 90 [Si + AL]/C ~ 2.0 [Si + All/C~ 0.5 was higher than that of adsorbed on the unburned carbon. This in-
83.& ‘;FA>3) del 1) E;).e. CdFA-Z) del 6) 8;&‘ (;FA-D del 6) dicates that the adsorption of methyl violet dye onto the surface of CFA-
ased on mode! ased on mode. ased on mode! . . . . . .
1 with [Si + Al]/C ratio of 0.5 mostly occured in the active sites.
Cum 0.0183 - - On the other hand, in the adsorption process using CFA-3 with
K 2.3716 - - [Si + Al]/C ratio of 90 (see Fig. 10), the isotherm model 1 was more
K - 0.0011 0.0063 appropriate than the isotherm model 6. As seen in Fig. 10, according to
n - 2.0362 1.8768 .
Cors B 0.0541 0.0099 the model 1 result, almost all of the methyl violet dyes were adsorbed
Ko _ 2.9014 1.0082 on the active sites (i.e. 98.8%). This indicates that the CFA-3 with
[Si + Al]/C ratio of 90 could not act as dual sites adsorbent due to low
unburned carbon content. Additionally, the suitability of the experi-
G T— site 1 based on model 6 mental data to the single site or dual sites isotherm model is influenced
— —site 2 based on model 6 by the ratio of [Si + Al]/C in the CFA samples. Fig. 11 shows the plot of
——model 6 . average deviation of C, predicted data toward C, experimental data (%)
0.008 | — -mode! 1 - i . versus the ratio of [Si + Al]/C in the CFA. As seen in the figure, the
+ experimental aata e —_ eus . . . .
P - = S 7 transition of model 1 (single site) to model 6 (dual sites), which was
- i+ i . . . . . .
$;° i e indicated by the crossing lines of both model 1 and model 6, occurred in
v -
€ 0005 ’ ez
E 7+ // : Er 0
U; | 7 Y - active site = 93.9% 0.025
/ Va \ 1 - site 1 based on model 6
] ‘7 | — —site 2 based on model 6
0003 + [/ 7 1 ——model 6
i unburned carbon =6.1% 0.020 1
1/ —--model 1 o
7 { *+ experimental data == ]
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Fig. 9. Comparison between methyl violet dye adsorbed on the active sites and ] 7 7
the unburned carbon based on model 1 (single site) and model 6 (dual sites) for 0005 1 4
CFA-1 with [Si + Al]/C ratio of 0.5. Ty unburhed carbon'=0.2%
0.000 Honmrmpmmsmsnmsgmsassy \

parameters for the adsorption process of methyl violet onto three CFA
samples.

Furthermore, the amount of methyl violet dye adsorbed on the ac-
tive sites and the unburned carbon were analyzed and compared. Fig. 9
shows the amount of methyl violet dye adsorbed in the active sites and
unburned carbon based on Freundlich-Langmuir isotherm (model No.

I e e
00 02 04 06 08 10 12 14 16 18 20 22 24
C. (mmol/L)

Fig. 10. Comparison between methyl violet dye adsorbed on the active sites
and the unburned carbon based on model 1 (single site) and model 6 (dual sites)
for CFA-3 with [Si + Al]/C ratio of 90.
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Fig. 11. The transition of isothermal model 1 (i.e. single site) to isothermal
model 6 (i.e. dual sites) based on the ratio of [Si + Al]/C in CFA.

the ratio [Si + Al]/C of 27.
4. Conclusion

The coal fly ash (CFA) based adsorbent has been successfully pre-
pared from the waste of a local coal-based power plant. To study dual
site characteristic of CFA toward methyl violet dye adsorption, three
CFA samples with significant different of ratio between the minerals
(represented by Al,O3 and SiO,) and the unburned carbon (C), i.e.
[Si + Al]/C ratio of 0.5, 2.0 and 90 were prepared, namely CFA-1, CFA-
2, and CFA-3, respectively. The result of morphological analysis using
Scanning Electron Microscopy (SEM) showed that the CFA is mainly
composed of mineral and unburned carbon, and thus enable it to act as
a dual sites adsorbent. Additionally, the CFA samples were character-
ized by X-Ray Diffraction (XRD) and Brunauer-Emmett-Teller (BET)
analysis to study the total crystallinity and specific surface area of the
CFA samples, respectively. The XRD and BET analyses results showed
that the CFA-2 with [Si + Al]/C ratio of 2.0 has the lowest total crys-
tallinity, but it has the highest specific surface area. Additionally, ex-
perimental batch adsorption of methyl violet dye onto three types of
CFAs were also conducted to study the adsorption mechanism and to
find an appropriate isotherm model. From the batch adsorption test
results, it was found that the CFA samples with relatively high carbon
content (i.e. [Si + Al]/C = 0.5 and 2.0), the unburned carbon part
acted as a mesoporous material, which could contribute in the ad-
sorption of methyl violet dye together with the active sites on the mi-
neral part. Therefore, dual sites isotherm model was more appropriate
for these two CFA samples (i.e. [Si + Al]/C = 0.5 and 2.0) than single
site isotherm model. Among four dual sites models that have been
considered in this work, the Freundlich-Langmuir isotherm model (i.e.
model No. 6) was seen to be well fitted (suitable) with the experimental
data, as compared to other three dual sites models. Whereas, for the
CFA sample with relatively low carbon content (i.e. [Si + Al]/C = 90),
the Langmuir isotherm model (i.e. Model No. 1) was seen to be in ac-
cordance with the experimental data. Nevertheless, the unburned
carbon could plug the active sites wherein the adsorption process was
mostly occurred. Hence, the existence of unburned carbon on the CFA
could decrease the amount of methyl violet adsorbed.
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