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Abstract

A lot of dye pollutants were released in the aquatic environment as waste from industrial coloring
process. This research aimed to study silica gels (SG) as a potential adsorbent to remove the dyes. The
SG can be synthesized from coal fly ash (FA), which is industrial solid waste rarely utilized, using the
sol-gel method. Its properties were then characterized by FTIR, XRD, SEM, and isothermal ads-des Na.
As a result, FTIR spectra and XRD diffractogram exhibited the successfully SG synthesized from FA
with the amorphous structure. The image analysis using SEM demonstrated that SG particles are
spherical. The isotherm type, based on isotherm ads-des N2, is type II without hysteresis loop which
represents the nonporous material SG with the surface area and pore diameter of 25.977 m2?/g and 1.52
nm, respectively. The adsorption capacity performance of SG to remove methylene blue (MB) as a basic
dye is 62.70 % which is higher than FA, following Langmuir isotherm adsorption model. The kinetics of
adsorption rate of SG are based on the pseudo second order models accelerated by 3.37 times faster
than FA. Copyright © 2017 BCREC Group. All rights reserved
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difficult to degrade. This dye is easy to bind
with other compounds, has a slow biodegrada-
tion rate, and has a high level of color (chroma)

1. Introduction

The production of the dye is up to 7x105

tons/year and consists of 10,000 kinds [1]. The
dyes are used in some manufacturers, such as
textiles, printings, cosmetics, and food dyes in-
dustries. Approximately, 50 % of the dyes are
released to the environment as pollutants, be-
cause of low interaction between fibers and dyes
[2]. Therefore, some pollutants in the aquatic
environment can be up to 3.5X105 tons /year.
The waste water from the industry containing
inorganic dye is one of the pollutants that are
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[3]. This high concentration of inorganic dyes in
the environment will decrease the ecosystem
quality because it inhibits sunlight and disrupts
biological processes in water [4]. In addition, it
is highly toxic and may damage the landscape of
the affected environment.

The methods that have been developed for
solving problems related to dyes are adsorption
[6], coagulation and oxidation [6], photo-
degradation [7], biodegradation [8], and mem-
brane filtration [9]. However, adsorption
appears to be the most feasible method. It is be-
cause the adsorption method is easy to imple-
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ment, low-cost technology, effective, wide pH
tolerance and does not create new problems to
the environment (environmentally friendly)
[10]. The adsorption process requires the ad-
sorbent to be easily separated from its
adsorbate, having a high surface area, large
pores, and good chemical and thermal stability.
The common materials used in adsorption are
zeolites, activated carbon, metal organic frame-
works, metal oxide, and other porous materials.
Some porous materials from industrial solid
waste are less used in research focusing on re-
moval of the dyes.

Among the industrial solid wastes used to
remove methylene blue dye (MB), fly ash is po-
tential as the material for adsorbent [11]. Fly
ash can be found in the coal combustion process
along with bottom ash approximately in the
amount of 80 % and 20 %, respectively. More-
over, fly ash contains chemical compounds such
as Si0Oz 64.97 %; Al:03 26.64 %; Fe203 5.69 %;
CaO 0.33 %; and MgO 0.85 % [12]. The adsorp-
tion capacity of the MB by raw fly ash varies
from 12.7 mg.g! [13], 4.60 mg.g! [14], to 1.11
mg.g-1[15]. Those sorption capacities are not
sufficient to solve the MB problems, and there-
fore, it 1s necessary to find a more potential
adsorbent based on FA.

Removal of metal oxide from FA to be Silica
Gels (SG) by sol-gel method was found to in-
crease the sorption capacity. Silica xerogels
were produced from SiOz extraction 91 % from
rice husk ash [16] and 99 % of bagasse ash [17].
Silica gels offer the potential as an adsorbent
for MB because it has silanol groups (Si—OH)
acting as the reactive surface that can adsorb
both organic and inorganic pollutants [18].
Goschianska et al. [19] reported the adsorption
capacity of r-phenylalanine using mesoporous
silica gel, such as KIT-6 and SBA-15, were con-
secutively 69.38 and 64.26 mg/g. Those adsorp-
tion capacities of mesoporous SG were higher
than FA, and therefore that study shows the
importance of isolating SiOz from FA. To the
author’s knowledge, the potential use of SG
that was isolated from FA as MB adsorbent is
rarely investigated.

In this work, the aim of this research is to
study the adsorption capacity of Methylene
Blue as dyes by synthesized silica gel from fly
ash. On the other hand, the using of fly ash as
materials for silica gel will obtain many bene-
fits such as to decrease the environmental
problems that caused by the high amount of fly
ash, to increase the economic value of fly ash
and to overcome the Methylene Blue from in-
dustrial waste.

2. Materials and Methods
2.1. Materials

Materials used in this research were NaOH
(Merck, 99 %), HCl (Merck, 37 %), H2SO4
(Merck, 95-97 %), Methylene Blue manufac-
tured by Merck with molecular weight 319.86
g.moll, Amax 664 nm, and the structure de-
picted in Figure 1, fly ash from PT. IPMOMI
Paiton Probolinggo, East Java, Indonesia.

2.2. Sample preparation

Sample preparation was prepared following
Affandi et al. method [17]. The first step was
the isolation of sodium silicate from FA with
washing 10 grams of FA using 1 M H2SO4 for 2
h. The FA was added by 50 mL. NaOH 3 M and
heated with reflux condenser system. The mix-
ture was filtered through a filter paper
Whatman-41 to remove carbon residue. The fil-
trate solution that resulted was sodium sili-
cate. Then, sodium silicate was acidified with 1
M HCI until a pH 7. The mixtures were aged
18 h. After aging, the slurry was filtered and
washed with the deionized water. The powder
was dried in oven 100 °C 4 h.

2.3. Characterization

Synthesized Silica Gel was characterized by
FT-IR, XRD, SEM, and Ads-Des N2. Charac-
terization by FT-IR was analyzed in wavenum-
ber ranges of 400-4000 cm-l. Characterization
by X-ray diffraction was scanned at 20 angle
ranges of 5-50° using Cu-Ka radiation (A = 1.54
A). Characterization by SEM was at 80,000
times magnification. Subsequently, the sample
was measured surface area, pore size and vol-
ume using isothermal adsorption-desorption
No.

2.4. Isothermal adsorption

Isothermal adsorption was calculated based
on the experimental results of the variation of
the Methylene Blue concentration 25-500
mg.L-1 that adsorbed by 100 mg adsorbent Fly
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Figure 1. Chemical structure of Methylene
Blue
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Ash and Silica Gels. The mixture was filtered,
and the filtrate was measured as a residual
concentration of Methylene Blue that is not ab-
sorbed by the adsorbent. Thus, the adsorption
capacity data can be calculated by the following
equation:

_V(G,-C,) 1)
¢ M

where g. is the amount of Methylene Blue that
absorbed per gram of adsorbent, Co and C. are
the initial and at equilibrium (mg.L-D) Methyl-
ene Blue concentration, respectively. Based on
the data adsorption capacity can be calculated
the equilibrium adsorption isotherm using
several models.

The Langmuir adsorption isotherm was de-
veloped as in Equation 2 [20]:

1:1{ 1 jl @
qe qmax qu'KL Ce

ge 1s the amount of adsorbate that adsorbed on
the equilibrium condition (mg.gl), C. is the
equilibrium concentration of adsorbate
(mg.LiY), @max is the monolayer maximum ad-
sorption capacity on the adsorbent (mg.g'), Ki
is Langmuir equilibrium constant that related
to the free energy of adsorption (L.mg-1).

The Freundlich adsorption isotherm was de-
veloped as in Equation 3 [5]:

logq, = log K, + [%) logC, 3)

C. is the equilibrium concentration of adsorbate
(mg.LY), ge is the amount of adsorbate that ad-
sorbed per unit mass (mg.g-1), Kr is the adsorp-
tion capacity of the adsorbent, n is the
Freundlich constants.

2.5. Kinetics of adsorption

The kinetics of adsorption was calculated
based on experimental results of the variation
of the interaction time (15, 30, 45, 60, and 90
minutes) between 200 mg.L-1 of Methylene
Blue and 10 mg adsorbent Fly Ash and Silica
Gels. The mixture was filtered, and the filtrate
was measured as a residual concentration of
MB that was not absorbed by the adsorbent.
Based on these data, the studies of kinetics ad-
sorption was calculated by pseudo-first-order,
pseudo-second-order, Intra-particle and Elovich
Diffusion Equations models.

Pseudo-first-order Model by isothermal Lager-
gren is typed as in Equation 4 [21]:

4

K
log (g, —q,)=logq, - > 303"

g: and . are the amounts of adsorbate ad-
sorbed in time ¢ and equilibrium (mg.g1), k; is
a constant pseudo-first-order (min!) and ¢ is
the interaction time (min). Determining the
value of k; may be determined by the plot be-
tween log (q.-q:) versus t.

Pseudo-second-order Model Ho and McKey [22]
is typed in Equation 5:
t 1 1 )

—= > +—t
Qt kzqe qe

k2 is the Pseudo-second-order constant (g.mg-
L.min-!) that determined by plot #/q: versus ¢.

Intra-particle Diffusion Model [23] is typed as
in Equation 6:

q =kt'*+C 6)

where k: is the rate constant of intra-particle
diffusion (mg.g'l.min-¥2) and C is an intercept
which shows the relationship boundary layer
thickness. The larger of the value of C was the
greater of the effect of the barrier layer.

Elovich Equation Model [21] is typed in Equa-
tion 7:

() :;In(aﬂ)+;lnt (M

a is the adsorption rate constant at first (mg.
g-l.min!) and parameter S is the relations of
the surface that covered and chemisorption ac-
tivation energy (g.mg-l). Values a and f can be
calculated with a plot g: vs In ¢. Elovich Equa-
tion Model is often used when adsorption oc-
curs on the heterogeneous surface.

3. Results and Discussion
3.1. Characterization of adsorbent

The acidification of sodium silicate from
coal fly ash with 1 M HCI via sol-gel process
produced SG. It was calcined at 550 °C under
air condition. The SG synthesis was validated
by characterization of functional groups using
FTIR (Figure 2). The peaks featured the func-
tional groups of SiOs. Peaks 1, 2, and 3 from all
samples can be seen at wavelengths of 465;
700; and 1,085 cm-! showing sequential bend-
ing, symmetrical stretching, and asymmetrical
stretching on inter tetrahedral oxygen atom Si
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—0O-Si (siloxane) as the main structure of SiOz
[21]. In addition, the peak at wavelength 1,630
cm! (peak 4) and a broad peak at 3,440 cm-!
(peak 7) showed consecutively the characteris-
tic of bending and stretching of ~OH attached
to the Si02 frameworks to become silanol group
(Si—OH). The differences in peak intensity of
the silanol and siloxane structures on fly ash
(Figure 2a) are lower than both on the silica gel
(Figure 2b) reflecting the increase of purity
silica content. Aside from that, the impurities
were successfully removed from the SiO3z struc-
ture. It was confirmed by X-ray diffractogram.
The difference of the crystallinity pattern of
fly ash and silica gels was exhibited in Figure
3. The peaks of fly ash were at angle 20 of 27,
31, 36, and 44° with low intensity. Those peaks
do not appear on the silica gels implying that
the impurities in the FA was already success-
fully separated and left SiO2 which is the main
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Figure 2. FT-IR spectra of materials

Figure 4. The surface morphology of silica gels

part of silica gels framework. While, widening
shape of silica gels peaks at the angle 26 of 10
and 25°, which resembles a camel's hump, indi-
cates the structure of silica gels framework
have irregular shapes (amorphous).

The surface morphology shown in Figure 4
shows that the material SG with 80,000 times
magnification has a nanoparticle size. It was
known based on a comparison of particle size is
much smaller than the bar lines worth 1 pm.
Furthermore, the characterization of surface
area, pore diameter, and volume using adsorp-
tion-desorption isothermal N2 was shown in
Figure 5. The surface area silica gels were
25.977 m2.g-1 which were calculated by isother-
mal BET equation from adsorption-desorption
Ns. Isothermal adsorption curve followed the
classification by IUPAC type II with no hys-
teresis loop that showed nonporous material
[22]. It was confirmed by calculations using
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Figure 3. The X-Ray diffractogram of materials
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Figure 5. Isothermal adsorption-desorption N2
of silica gels
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BJH equation to determine the pore size and
volume of silica gels of 1.528 nm and 7.97x10-2
cc.gl, respectively. The pore size with the size
of 1.528 nm indicates microporous form. Thus,
the absence of hysteresis loops on isothermal
desorption curve and pore size calculation indi-
cated that the silica gels were nonporous. This
finding support with the surface area of silica
gels, the smaller pore size was also getting
smaller of surface area.

3.2. Isothermal adsorption

The determination of the methylene blue
concentration using UV-Vis spectrophotometer
was at a wavenumber of 664 nm. The sorption
capacity of silica gels against various concen-
trations of methylene blue is presented in
Figure 6. The graph shows the equilibrium con-
centration versus the absorbed concentration of
methylene blue. The adsorption capacity of
silica gels and fly ash increased with the higher
concentration of methylene blue ranging from 5
to 150 mg.L-1. A constant sorption started after
200 mg.L! concentration of MB, indicating that
the active group of silica gels and fly ash were
saturated and unable to absorb methylene
blue. Thus, the optimum sorption capacity of
silica gels and fly ash against MB was at the
concentration 200 mg.L-1. This finding was sup-
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Figure 6. The adsorption isotherm materials on

various methylene blue concentration

ported by the previous result from FTIR Analy-
sis. The higher difference of FTIR peak inten-
sity shows the ability to adsorb more MB by
- interactions of siloxane framework, and by
electrostatic interactions of silanol groups [21].
In addition, the purification of SiO2 from FA to
be SG by eliminating the metal oxide is to in-
crease the pore volume and to optimally diffuse
MB.

The sorption capacity of the methylene blue
by SG and fly ash were determined in order to
perform data modeling in Langmuir (L) and
Freundlich (F) models. The measurement pa-
rameters were adsorption capacity (gm), ad-
sorption equilibrium constant (K) and sorption
affinity (n) (Table 1). The isotherm models
determined by the value of the coefficient cor-
relation that most be close to 1. Isotherms
adsorption of methylene blue onto silica gels
and fly ash followed the Langmuir model with
the coefficient correlation linearity is closer to
1 than Freundlich model (Figure 7 and Figure
8). Thus, the adsorption properties of both
adsorbates were only formed a single layer on
the material surface [20]. This is supported by
leveled adsorption capacity after 200 mg.L-!
shown in Figure 6. The Table 1 shows the ad-
sorption capacity of silica gels and fly ash were
23.310 and 14.327 mg.g'!, respectively. These
data depicted that the removal of impurities in
fly ash increased adsorption capacity by 62.70
%. Compared to the study by Woolard et al.
[15], the adsorption capacity of MB by the
amorphous SG at room temperature was 22.66
mg.g-l, this present study SG from FA can be
classified as a good potential adsorbent.

In addition, the adsorption of methylene
blue using various adsorbents was reviewed by
Rafatulloh et al. [11]. The adsorbents were
classified into carbons, natural materials,
bioadsorbents, agricultural solid wastes, and
Industrial solid waste. The results comparison
on adsorption capacities of MB with various
adsorbents reported in Table 2. This review de-
scribed that carbon had the highest adsorption
capacity of MB. It has giant frameworks of C—C
that caused the high surface area and possibili-
ties to make -1 electron donor-acceptor inter-
action and electrostatic attraction [24].

Table 1. Isothermal adsorption parameters of methylene blue

Langmuir Freundlich
Adsorbent
g. (mg.g1) Ki (L.mg-1) R2 Kr (L.g?) nr R2
Fly ash 14.327 0.423 0.945 7.880 1.875 0.796
Silica gels 23.310 0.604 0.956 62.953 1.765 0.7001
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However, agricultural solid waste and bioad-
sorbent material also exhibit the good potential
to remove the MB, but not much higher than
carbon. Many functional groups on their struc-
ture act as the site for electrostatic interaction
between them. It can be concluded that the key
point of adsorption capacity is the level surface
area, followed by the active site of the materi-
als. Therefore, the adsorption capacity of SG
can be increased by modifying to be nanoparti-
cles or adding the amount of the active site on
the surface. Moritz et al. [25] used APTES-
modified siliceous matrices to remove the pol-
lutant 2,4-dichlorophenoxyacetic acid (2,4-D)
with ~280 mg/g.

3.3. The kinetics adsorption

The influence of adsorption time was carried
out by interacting methylene blue with the con-
centration of 200 mg.L-! and adsorbent (fly ash
and silica gels) using a variation of the concen-
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tration of 15, 30, 45, 60, and 90 minutes. The
adsorbed concentration of the methylene blue
in the adsorbent material is shown in Figure 9.

The isotherm adsorption methylene blue
with interaction time variation of the FA and
SG can be calculated using the multiple ap-
proaches of rate kinetics modeling such as
pseudo-first-order, pseudo-second-order, Intra-
particle and Elovich Equation Diffusion. The
parameters were calculated based on the equa-
tion shown in Table 3 which shows that among
the four equations in the determination of ad-
sorption kinetics fly ash and silica gels to me-
thylene blue that have sorption a correlation
coefficient approach 1. The kinetics models ap-
propriated with the pseudo-second-order
models for silica gels and fly ash based on the
coefficient correlation consecutively of 0.968
and 0.995. Adsorption kinetics pseudo-second-
order showed that the relationship between the
adsorbent and adsorbate influence each other
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Figure 7. Isothermal adsorption methylene blue on silica gels using models: a) Langmuir;

b) Freundlich
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Figure 8. Isothermal adsorption methylene blue on fly ash using models: a) Langmuir; b) Freundlich
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Table 2. Previous adsorption capacity of methylene blue onto various adsorbent

Adsorbents QGmax (Mg.g1) References
Carbon
Activated carbon from Rattan sawdust 294.12 [26]
Fiber carbon 225.64 [27]
Carbon nanotube 46.20 [28]
Graphene Oxide 1.94; 243.90 [24,29]
Natural Materials
Bentonite 173 [30]
Amorphous silica 23.31 This Study
Amorphous silica 22.66 [15]
Raw Kaolinite 13.99 [31]
Glass Wool 2.24 [32]
Bioadsorbents
Mediterranean green alga (Enteromorpha spp.) 274 [33]
Algal Waste 104 [34]
Red seaweed (Gracilaria corticata) 95.41 [35]
Dead (Streptomyces rimosus) 7.95 [36]
Marine seaweed (Caulerpa racemosa var. cyl- 3.42 [37]
indracea)
Agricultural Solid Wastes
Peanut hull 68.03 [38]
Yellow passion fruit waste 44.70 [39]
Date palm leaves 43,10 [40]
Rice husk 40.58 [41]
Wheat Shells 16.34 [42]
Industrial Solid Wastes
Coal fly ash, 0.01 NaCl 16.60 [13]
Coal fly ash 14,33 This Study
Coal fly ash, no NaCl 12.70 [13]
Red Mud Alumina Industry 2.49 [43]
Coal ash 1.11 [15]

Table 3. The kinetics adsorption of methylene blue parameters onto fly ash and silica gels

Materials
Parameter
Silica Gels Fly Ash
ge (mg.gt) 3.18x10-4 6.41x10-4
Pseudo First Order ki (min?) 0.019 0.012
R2 0.899 0.904
g.(mg.g1) 24.450 21.645
Pseudo Second Order ke (mg.g-l.min-1) 1,346.176 397.309
R2 0.995 0.968
kp (mg.g-l.min-1/2) 1.887 1.836
Interparticle Diffusion C (mg.g) 5.876 0.398
R2 0.913 0.949
a (mg.g-l.min-1) 5.473 11.774
Elovich Equation S (g.mg?) 0.203 0.213
R2 0.9804 0.942
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in the process of adsorption. The adsorption
rate of silica gels was 3.37 times faster than the
adsorption rate on the FA.

4. Conclusions

In summary, the silica gels have been suc-
cessfully synthesized via sol-gel method from
sodium silicate which is isolated from the fly
ash. Both fly ash and silica gels can remove
methylene blue as a cationic dye in aqueous so-
lution. The isotherm adsorption followed Lang-
muir’'s models that showed monolayer adsorp-
tion and electrostatic interaction between me-
thylene blue and adsorbents. Compare with fly
ash, silica gels shows higher adsorption capac-
ity. The kinetics of adsorption followed the
pseudo-second-order model which proves both
the adsorbent and adsorbate influential in the
adsorption process.
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