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Abstract

This study reported the effect of sodium lauryl sulfate (SLS) as a template on silica morphology and its properties. The precursor was
prepared by producing silica nanofluid by the sol-gel method and mixed with various SLS concentrations. After that, the precursor
was spray-dried to generate silica powder. An increase in SLS concentration up to 2 critical micelle concentration (CMC) indicates
an increase in the silica particle size from 2.12 pm in untemplated silica particles to 2.58 pm. On the other hand, when the SLS
concentration increases to 3 CMC, the particle size decreases to 2.19 pm. A significant increase in total pore volume and surface
area is obtained for silica particles synthesized at least at the SLS concentration of 2 CMC, around eight higher volumes than without
SLS addition. In addition, they have a macropore compared to silica particles synthesized without SLS addition that only exhibits
mesopore. The surface area was 1,011 m?/g for the SLS concentration at 3 CMC, whereas the silica without SLS has only a surface
area of 131 m?%g. The SLS concentration at 2 CMC or higher leads to a significant increase in its physical properties because the
micelle formation is enough for sacrificed template formation. Methylene blue solution was used as an adsorbate for evaluating
the dye adsorption capacity that followed the Langmuir isothermal adsorption model. The highest theoretical maximum monolayer
adsorption capacity was 142.9 mg/g, obtained by silica adsorbent with the SLS concentration at 3 CMC.
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1 Introduction

Silica particles have many applications, from liquid
and gas waste processes, to overcome the energy prob-
lem [1-6]. Silica particle morphology has an essential role
in supporting its performance in different applications.
Silica can be obtained from commercial materials such as
tetraethyl orthosilicate (TEOS), tetrakis (2-methoxyethyl)
orthosilicate (TMEOS), or extracted from biomass waste
containing silica [7-10]. Controlling silica particles' mor-
phology differs from one silica source to another. Silica
sourced from TEOS has the advantage of a relatively
slow reaction, so it is easy to control, but the high price of
TEOS makes it less economical. One source of silica that
is cheap and easy to obtain is sodium silicate. However,

controlling the morphology of silica sourced from Sodium
silicate has its challenges because the polymerization and
condensation reactions are speedy. Therefore, selecting
the right conditions is necessary to obtain silica particles
with the desired morphology [11, 12]. Various methods
have been proposed to synthesize silica particles. There
are many promising methods for synthesizing silica parti-
cles, including liquid processes such as sol-gel, emulsion,
and aerosol methods [13—16]. The aerosol method is more
effective because the time required is relatively short than
other methods [17, 18]. Silica can be generated by aero-
sol processed such as flame spray drying [19], spray dry-
ing [8], and spray drying in a tubular furnace [20].
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One technique for controlling silica morphology is to
increase the porosity of the particles and control the particle
diameter in narrow size distribution [21, 22]. One way that
can be used is to add a template to the silica matrix. The tem-
plate is a material that can be used as a mold to form a spe-
cific structure on silica particles. Usually, the template that
is widely used comes from polymer compounds [23-25] or
inorganic compounds such as ZnO, which can be removed
by acid dissolving [16, 26]. Macropore silica was success-
fully synthesized with a polystyrene latex (PSL) template
using an ultrasonic spray dryer with two drying stages: low
temperature around 120-200 °C to form hybrid particles
and high-temperature 600 °C to remove the template. From
these results, the morphology of the formed particles has two
forms, namely hollow and porous particles. The two types
of morphology are different due to the zeta potential value
differences. The increase in silica concentration also causes
an increase in the diameter of the porous particles [21, 25].
Besides producing macroporous silica in one step simulta-
neously with the template removal process, the use of spray
drying can also produce inert coated silica particles in the
microencapsulation process with high particle stability [27].

In addition to using polymers, other materials that can
be used as templates are surfactants. Surfactant is a com-
pound with a different polarity, hydrophilic at the head with
a hydroxyl group (-OH) and hydrophobic at the tail com-
posed of carbon chains [28]. The size and morphology of
the silica particles can be controlled by using the emulsion
method with surfactant. Lee et al. [14] controlled the size
and morphology of silica particles using non-ionic surfac-
tants and sodium silicate as silica sources. A uniform par-
ticle size distribution in the submicron to micron range can
be obtained with spherical morphology and sodium-free
using the water/oil emulsion method. Zhang et al. [15]
synthesized silica/polystyrene composites using the mini
emulsion polymerization method with anionic surfactant
sodium lauryl sulfate (SLS) as a droplet stabilizer in the
emulsion. The mini emulsion formation process is carried
out in several stages, including modifying the silica sur-
face to be hydrophobic using methacrylate (propyl) trime-
thoxysilane (MPS), followed by the formation of silica/
polystyrene composites in a mini emulsion polymeriza-
tion system. These results obtained core-shell particle
morphology with silica particles embedded in monomer
droplets [15]. From the morphology and particle size pro-
duced using the emulsion method, it is shown that surfac-
tant is one of the essential parameters that can be used to
produce controlled particle morphological characteristics.

However, the silica particle synthesis process's emulsion
system method is limited to particle morphology but has
not shown a pore control mechanism to produce morpho-
logical characteristics as a porous material.

Ionic and non-ionic surfactants have different mech-
anisms in controlling particle size based on the hydro-
philic group's charge and the particle's charge. Different
types of particles such as gold and silica will have dif-
ferent charge values, so certain types of surfactants are
needed to produce stable electrostatic interactions [29].
Generally, in synthesizing silica particles, the concen-
tration and type of surfactant charge will affect the size
and morphology of the particles. Silica particle size will
increase with increasing surfactant concentration. Due to
the availability of abundant carboxylic acids and hydroxyl
groups, it can increase the bonding of the nanoparticle
surface through hydrogen bonds in non-ionic surfactants
and weaken the van der walls and electrostatic forces on
ionic surfactants. Both mechanisms can induce aggrega-
tion at higher surfactant concentrations [30, 31]. On the
other hand, surfactants can also be used as a template
to control the pore size of the silica particles. The mes-
oporous silica was successfully synthesized using
Cetyltrimethylammonium bromide (CT-MABTr) cationic
surfactant as template and TEOS as a silica source [32].
The specific surface area of mesoporous silica particles
increased with the surfactant concentration. However, the
post-treatment was needed using a hydrothermal process
to increase and stabilize the formed pores. In an acidic
environment, the synthesis of mesoporous silica from
sodium silicate can also be carried out with the tem-
plate from an anionic surfactant, sodium dodecyl sul-
fate (SDS). The surfactant template was removed at a
high temperature as a separate stage. The obtained meso-
porous silica had a surface area of 630 to 1,403 m?/gr [33].
The surfactant template on the silica particles can also
be removed by using the extraction method with a par-
ticular solvent to remove the template [34]. However, it
has been reported that the removal process of silica par-
ticle template by heating or extraction methods can cause
a decrease in surface area and structural damage of the
generated particles caused by excessive-high tempera-
tures and a prolonged period process [35, 36].

Most previous research is still limited to two separate
process stages: particle formation and template removal.
Therefore, we report a one-step method to generate a high
surface area of silica particles for particle formation and
template removal in a spray dryer with a relatively short



residence time and low temperature. Sodium silicate is
selected as a silica source and the anionic surfactant of
sodium lauryl sulfate (SLS) as the template. The surfac-
tant concentration is varied to investigate the effect of sur-
factant concentration on the generated particle character-
istics. In addition, the performance of the generated silica
particles as a dye adsorbent is also analyzed.

2 Materials and methods

2.1 Materials

Sodium lauryl sulfate (SLS) as an anionic surfactant
in technical grade was purchased from CV. Citra Sari
Kimia, Indonesia. Sodium silicate with SiO, content of
28%, Si0,: Na,O = 3.3 was received from PT. PQ Silicas
Indonesia. The other chemicals used Flotrol-007 cationic
resin, potassium hydroxide p.a. Merck, and 37% hydro-
chloric acid p.a. Mallinckrodt. Methylene blue in techni-
cal grade for analyzing the ability of silica adsorbent was
purchased from UD. SIP, Indonesia. All chemicals were
used without further purification. The water used in the
synthesis process is demineralized water purchased from
UD. SIP, Indonesia.

2.2 Particle synthesis

The synthesis of silica nanofluid has been reported by pre-
vious research [37]. Briefly, an ion exchange process using
Flotrol-007 cationic resin to obtain an active silicic acid
solution at pH 2 carried out the sodium silicate solution of
0.3 M. Then, 0.1 M KOH solution was added drop by drop
to the silicic acid solution till the pH was 8 to produce sil-
ica nanofluid. Finally, SLS was added into the silica nano-
fluid with concentrations varied from 0.5 to 3 of critical
micelle concentrations (CMCs) to generate surfactant-sil-
ica nanofluid used as a precursor in the spray drying sys-
tem (TFS-2L, China) to generate silica particles. First, the
spray drying was operated using heating air temperature
and flow rate of 200 °C and 414 L/min, respectively, and
the feed rate of the precursor was controlled at 5 mL/min.

2.3 Characterization

The concentration of SLS surfactant added to the silicate
matrix is based on the CMC value obtained from the cor-
relation between SLS concentration and their surface ten-
sion in water. The surface tension of the SLS solution was
measured by Du-Nouy ring CSC-70535. The silica particle's
surface area and pore volume were quantitatively deter-
mined using the nitrogen isotherm adsorption-desorption
method (NOVA 1200, Quantachrome). Before the analysis,
silica particles were degassed at 300 °C under nitrogen gas
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for 3 hours. The area was determined by the Braunauer-
Emmett-Teller (BET) method at a relative pressure of <0.3,
while the pore volume was calculated from the adsorp-
tion-desorption profile data of the isothermal desorption
branch using Barret-Joyner-Halenda (BJH) at the rela-
tive pressure close to 1.0. Scanning Electron Microscopy
(SEM) analyzed the silica particle’s morphology with
Hitachi FlexSEM 1000. The SEM images were processed
with ImageJ software to determine the size distribution of
the silica particles produced using at least 200 particles.
In addition, Fourier Transform Infrared Spectroscopy
(FTIR; Thermo Scientific Nicolet iS10) aimed to determine
the functional groups in the precursor solution and silica
particles. FTIR analysis was performed with an infrared
wavenumber of 400—-4000 cm™. The crystallinity of sil-
ica particles was determined by X-Ray Diffraction (XRD;
PANalytical, X'Pert Pro, Netherlands).

2.4 The performance of silica particles as adsorbent for
dye sorption

The ability of silica particles without and with surfactant
templates as dye adsorbents were carried out in batches
process by using methylene blue solution as the adsor-
bate. Determination of the isothermal adsorption capacity
of the silica adsorbent was carried out using various con-
centrations of adsorbate solution with a fixed volume of
10 mL. The weight of the silica adsorbent for each adsor-
bate was 12 mg. The suspension was then homogenized
for 5 hours using a shaker. The determination of the equi-
librium capacity of the methylene blue (Q,) adsorbs in
mg/g is expressed in Eq. (1):

(c,-c v

m

Q.= @
where C, is the initial concentration of methylene blue, C, is
the equilibrium concentration after adsorbs, V' is the vol-
ume of the adsorbate, and m is the mass of the silica adsor-
bent used in the adsorption process. After the adsorption
process and the equilibrium state was achieved, the con-
centration of the methylene blue solution was measured
using a UV-Vis spectrophotometer (West tune, N2S) at a
wavelength of 664 nm. The data from the adsorption exper-
iment is then fitted with the Langmuir model to estimate
the adsorption mechanism. The Langmuir equation is:

C 1 C

e —___ 6’ 2
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where Q ' is the theoretical maximum monolayer adsorp-
tion capacity (mg/g), and £ is the Langmuir constant.
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3 Results and discussion

The particle size distribution of silica nanofluid as a pre-
cursor before being sprayed in a spray drying system
had an average diameter of 3.51 nm, as shown in Fig. 1.
The homogenous particle size was indicated by the geo-
metric standard deviation of 1.26. After the silica nano-
fluid was spray-dried, the generated particle size followed
the droplet size that evolved the solvent evaporation. As a
result, the donut-like particles were formed, as shown in
Fig. 2 (a). The average size and the geometric standard
deviation were 2.12 pm and 1.49, as shown in Fig. 2 (b).
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Fig. 1 Particle size distribution of silica nanofluid
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Fig. 2 (a) The SEM image and (b) the particle size distribution of silica
particles without SLS template

The micrometer size in dried particles because the forma-
tion of the particles follows one droplet to one particle in
the spray drying system. The water evaporation from the
droplet surface exposes the nanoparticles at the liquid-va-
por interface, which shrinks into the vapor phase. Because
the solid-vapor interface's surface energy is greater
than that of the liquid-vapor interface, the nanoparticles
migrate towards the center of the droplet to minimize sur-
face energy. As a result, the fast convective drying rate at
the evaporation of water is shorter than the time required
for the nanoparticles to diffuse back into the center of the
droplet, resulting in a donut-like morphology.

Before the effect of SLS addition on the generated tem-
plate was studied, the equivalent SLS concentration for a
CMC was examined. The SLS CMC in water was deter-
mined by measuring the surface tension at various SLS
concentrations based on ASTM D1331. As shown in Fig. 3,
the intersection of two slopes resulted in the SLS CMC
approximately at an SLS concentration of 600 mg/L H,O.

The morphology and the size distribution of the parti-
cles synthesized by SLS addition are shown in Figs. 4-7.
Fig. 4 (a) shows the morphology of the silica particles with
SLS addition at 0.5 CMC. SLS addition at a concentration
below the CMC resulted in the particles with the donut-like
morphology, same as the generated particles without SLS
addition. Although the morphology of particles did not show
a significant change, the average geometric size increased
to 2.39 um compared to particles without SLS addition that
had 2.12 pm. Fig. 5 (a) shows the morphology of silica par-
ticles at an SLS concentration of 1 CMC. A change in wall
thickness is thinner than silica particles with the addition of
SLS concentration below the CMC value. Although the wall
thickness changes, the particle diameter tends to be constant
at 2.39 um, having the same average geometric size as the
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Fig. 3 The surface tension of SLS solution at various concentrations to
determine the CMC value
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Fig. 4 (a) The SEM image and (b) the particle size distribution of silica
particles with SLS concentration of 0.5 CMC
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Fig. 5 (a) The SEM image and (b) the particle size distribution of silica
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Fig. 6 (a) The SEM image and (b) the particle size distribution of silica
particles with SLS concentration of 2 CMC
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Fig. 7 (a) The SEM image and (b) the particle size distribution of silica
particles with SLS template at a concentration of 3 CMC
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silica particles with the addition of SLS at a concentration
of 0.5 CMC. Although the donut-like particles still tend to
be dominant, the SLS concentration of 1 CMC began to
show the formation of porous particles. The porous particles
formed have a macropore structure with 0.2 to 1.6 um pore
sizes. The formation of pores on silica particles occurs due
to the decomposition of the surfactant molecules (micelles)
aggregation during the spray drying process.

Besides morphology, the resulting particle's uniformity
is also one of the most critical parameters in the synthe-
sis of silica particles. Particle uniformity is defined as the
polydispersity index (PdI), which is the result of a com-
parison between the standard deviation of the particle size
distribution (¢) and the mean particle diameter (dg). Ifa
sample has a PdI less than 0.1, it can be stated that the parti-
cles have a uniform distribution (monodisperse), while the
PdI is more than 0.1, the particles have a non-uniform dis-
tribution (polydisperse) [38]. For example, silica particles
without the addition of SLS have a PdI of 0.1235, which
indicates that the particle size distribution is not uniform.
In contrast, particles synthesized with SLS at concentra-
tions of 0.5 and 1 CMC have PdI of 0.0946 and 0.0933,
respectively, showing a uniform particle size distribution.

A significant change occurred when the surfactant con-
centration was increased to 2 CMC, as shown in Fig. 6 (a).
A macro-pore structure is formed in the silica particles.
Besides that, the distance between the pores is getting nar-
rower. The macropore structure has a larger size than silica
particles with SLS at a concentration of 1| CMC and has a
broader range with a pore size of 0.7 to 9.8 um. The signif-
icant change in silica particles is due to the surfactant act-
ing as a template. Surfactants can form micelles with cer-
tain formations after passing their CMC values. When the
precursor solution is sprayed at a high temperature, the sol-
vent evaporates fast, causing particle shrinkage. It makes
the decrease in droplet volume and the increase in solute
concentration. The decrease in droplet volume causes the
formation of aggregation between silica nanoparticles and
micelles. Besides solvent evaporation, the decomposition
of surfactant molecules occurred due to high temperatures
during the spray drying process. As a result, the micelles
will disappear with solvent vapor and leave a pore struc-
ture on the particles. The results above indicate that the
resulting micellar formation tends to be spherical with rel-
atively symmetrical (round) holes. The number of micelles
causes the distance between micelles to get closer so that
the space available for nucleation of silica molecules
becomes relatively limited and causes the resulting silica

particle's wall to become thinner with increasing surfac-
tant concentration. The change in the silica particle's size
at a concentration of 2 CMC also increased at an average
of 2.58 um, as shown in Fig. 6 (b). The silica particles with
the SLS concentration of 2 CMC show a PdI of 0.0998,
indicating the uniform silica particle size distribution.

Fig. 7 (a) shows the morphology of silica particles when
the SLS concentration of 3 CMC. The resulting particles
show irregular morphology, which tends to be in the form
of flakes. However, some particles still have smaller mac-
ropore structures than silica particles with the SLS concen-
tration of 2 CMC, with pore sizes of 0.2 to 1.6 um. A con-
centration of 3 CMC showed a brittle structure caused by
the increasing number of micelles formed in the droplets
so that the space available for silica nucleation decreased.
As with the SLS concentration of 2 CMC, at the SLS con-
centration of 3 CMC, it is more likely that the micelles
would combine and form more giant micelles. Therefore,
the greater the concentration of surfactant added to the sil-
ica matrix causes a decrease in the silica fraction due to
the increasing number of micelles formed in the droplets.
Fig. 7 (b) shows that the size of the silica particles has
decreased to 2.19 um. The SLS concentration of 3 CMC
has a PdI of 0.1188, which indicates a non-uniform particle
size distribution. The addition of SLS as a template in the
synthesis of silica particles can increase the particle size
distribution uniformity. However, as they have exceeded a
particular SLS concentration, the particle size distribution
has a polydisperse pattern that led to PdI increase.

The mechanism for the formation of porous particles
is illustrated in Fig. 8. When the surfactants dissolve
in water, they form micelles as the SLS concentration
increases. The hydrophilic surfactants at the head group
will be immobilized on the silica surface by forming
physical bonds. Meanwhile, the hydrophobic group of the
surfactant molecule will meet the hydrophobic group of
other surfactant molecules and form a particular forma-
tion. The particle formation in the droplet during the spray
process depends on the SLS concentration. When the dry-
ing process takes place at high temperatures, the micellar
formation will decompose and cause the formation of a
pore structure on the silica surface. The morphology of
the silica particles produced is influenced by the concen-
tration of surfactants in the silica matrix. The higher the
surfactant concentration, the higher the micelle fraction in
a droplet. The use of high surfactant concentration led the
silica particles to brittle due to the limited space available
for silica nanoparticles between micelles.
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Fig. 9 shows the FTIR spectra of the silica nanofluid
as a precursor-surfactant solution and surfactant-template
silica particles. Both spectra show a difference between
silica nanofluid and silica particles at the wavenumber of
3,331 and 1,636 cm™!, an intramolecular hydrogen bond
(O-H stretching) of water molecules. However, the intra-
molecular hydrogen bond disappears in the silica particles
spectra after the drying process. In addition, the presence
of intense transmittances shows the characteristic of silica
only, whereas the chemical bond identified as surfactant
disappears. These results indicate that the release of phys-
ical bonds between the surfactant and silica due to high
drying temperatures causes the surfactants to decompose
and form the pore structure, as shown in the SEM images.
Furthermore, the intense transmittance varied in silica or
Si-O-Si bond at the wavenumber of 1,061 cm™. In addi-
tion, the peak at the wavenumbers of 459 and 448 cm™
attributed to a Si-O-Si or O-Si-O bond in SiO,. The rise at
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Fig. 9 FTIR spectra of silica nanofluid and silica particles with
SLS template

a defined peak of 2,340 to 2,360 cm™ indicates the funda-
mental O-H stretching. The bond is commonly observed
in alkaline silicates.

Fig. 10 (a) shows the profile of N, adsorption-desorp-
tion analysis with various SLS concentrations. There are
the same curves as shown by silica particles with and with-
out SLS anionic surfactants as templates. Silica particles
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Fig. 10 (a) N, adsorption-desorption isotherm and (b) Mesopore size

distribution of silica particles at a various surfactant concentration
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with various concentrations of SLS show an N, type IV
adsorption curve. It is characterized by a particular charac-
teristic: a hysteresis loop associated with capillary conden-
sation that occurs in mesoporous. The absorption is limited
to high P/Po distance. The initial part of the type IV curve
corresponds to the multilayer-monolayer linear adsorption.
It indicates that the single layer adsorption stage has been
completed and the multilayer stage begins. The type of
hysteresis H2, an intermediary for HI and H4, is caused by
differences in condensation and evaporation mechanisms
in pores with narrow necks and broad bodies. On type IV
of adsorption-desorption N, curve is indicated by the pres-
ence of hysteresis in the curve, which means mesoporous
structures in the material. In the SEM image, it is clear that
the silica particles have a macropore structure formed due
to the removal of the template formed by the aggregation
of surfactant molecules or micellar. However, this adsorp-
tion-desorption profile also shows a mesoporous structure
with an average pore diameter of around 3 nm. Therefore,
it seems that the mesoporous structure is formed from the
polymerization of silica during the hydration and conden-
sation (sol-gel) process, which is also shown in silica parti-
cles without the SLS addition.

The BJH pore size analysis is carried out to investi-
gate the pore size distribution further to show the differ-
ential pore volume versus pore diameter, as indicated in
Fig. 10 (b). The pore size distribution for silica particles
without SLS addition shows the narrow with more than
50% of mesopore volume located within 3—4 nm pores,
and the rest are not more than 12 nm, which still categories
mesopore particles. On the contrary, in the case of silica
particles with SLS addition, the most volume is occupied
by pore size in the range of 3—4 nm. For SLS concentrations
of 0.5, 1, and 2 CMC, the mesopore size with a pore size
less than 50 nm occupies volume at around 60% volume,
and the rest are macropore size with the pore size larger
than 50 nm. However, when the concentration of SLS is
increased to 3 CMC, the occupied volume by mesopore
size increases to 68% volume. It correlates with the SEM
images that most particles broken up into fractal particles
led to a decrease in volume number of macropore size.

The average pore size, the total pore volume, and the
specific surface area are summarized in Table 1. The aver-
age mesopore sizes for silica particles generated by varied
SLS addition in the precursor are almost the same in the
range of 3—4 nm. On the other hand, the total pore volume
slightly increases for silica particles synthesized using the
SLS concentration of 0.5 CMC compared to without SLS
addition. Thus, a significant increase in total pore volume

Table 1 Specific surface area and particle porosity parameters

SLS Average pore Total pore Specific surface
concentration size volume area
(CMC) (nm) (cm?/g) (m?/g)

0 3.82+0.28 0.1251 £0.01 131.001

0.5 3.83+£0.20 0.1741 £ 0.01 181.603

1 3.06 +0.38 0.1573 £ 0.01 205.652

2 378 £0.19 0.8080 £ 0.03 854.108

3 3.86 £ 0.21 0.9751 £ 0.05 1,011.443

is obtained for silica particles synthesized using the SLS
concentration of 2 CMC, around eight higher volumes
than without SLS addition. The highest total pore volume
is 0.9751 cm?®/g obtained for silica particles synthesized
using the SLS concentration of 3 CMC. The increase in a
specific surface area correlates with the increase in total
pore volume, which a significant increase is obtained for
silica particles synthesized using at least at the SLS con-
centration of 2 CMC. Silica particles synthesized using
the SLS concentration of 3 CMC have the largest specific
surface area reaching 1,011 m?/g. Therefore, the addition
of SLS at least at 2 CMC or higher leads to a significant
increase in total pore volume and the specific surface area
because the micelle formation is enough for sacrificed
template formation.

The type IV of N, adsorption-desorption isotherm curve
with hysteresis showing mesoporous characteristics was
also confirmed by XRD analysis. Fig. 11 shows the X-ray
diffraction analysis of silica particles using an SLS concen-
tration of 2 CMC. The analysis results identified that silica
has the characteristics of a porous material with an amor-
phous structure. It can be seen from the sloping peak at
260 = 22-26 that the degree of crystallinity is 39.7%.

Intensity (count)

10 20 30 40 50 60 70 80
20 (deg.)

Fig. 11 XRD pattern of silica particles with SLS template at a
concentration of 2 CMC



Due to the high surface area and total pore volume,
the synthesized silica particles were further evaluated for
their performance as adsorbents for dye removal. Silica
particles used as adsorbents consisted of four different
template concentrations: silica particles without and with
SLS template at concentrations of 1, 2, and 3 CMC. Fig. 12
shows the relationship curve between C, (mg/L) and Q,
(mg/g) obtained from experimental data and fitted to the
Langmuir model. The experimental data for isothermal
adsorption is obtained from decreasing the concentration
of methylene blue as a model of dye waste with variations
in the initial concentration. The Langmuir isothermal
adsorption parameters obtained from Eq. (2) are shown in
Table 2. The theoretical maximum monolayer adsorption
capacity shown by each adsorbent correlates with the spe-
cific surface area of the silica particles. The higher the sur-
face area, the higher the theoretical maximum monolayer
adsorption capacity. The highest theoretical maximum
monolayer adsorption capacity was 142.9 mg/g obtained
for the silica adsorbent with SLS at 3 CMC. Decreasing
the surface area of the adsorbent gives a lower theoret-
ical maximum monolayer adsorption capacity. The sil-
ica adsorbent with the SLS template at a concentration
of 2 CMC, 1 CMC, and without the SLS template were
82.0, 31.8, and 20.5 mg/g, respectively. The theoretical

150

3CMC

Qe (mg/g)

0 20 40 60 80 100 120
Ce (mg/L)

Fig. 12 The adsorption capacity of silica particles without and with SLS

template at various concentration

Table 2 Parameters of Langmuir adsorption isotherms at 30 °C for
silica particles without and with SLS template at various concentration

SLS concentration o

(CMC) (mgle) i K

0 20.5 0.3338 0.997
1 31.8 0.9318 0.996
2 82.0 0.1317 0.996
3 142.9 0.1186 0.991
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maximum monolayer adsorption capacity of silica adsor-
bent synthesized using SLS concentration of 3 CMC
shows a higher value than previous studies of silica gel
synthesized from coal fly ash and silica-coated magnetite
of 23.31 and 24.21 mg/g, respectively [2, 39]. In this case,
the adsorption ability of silica particles using the SLS tem-
plate at a concentration of 3 CMC was almost the same
with activated carbon nanofiber without further treatment,
which was 149.3 mg/g with the specific surface area of
1,093.845 m?/g [40].

4 Conclusions

The silica particle was successfully synthesized in a one-
step spray drying method followed by template removal of
SLS surfactant. An increase in SLS concentration as a tem-
plate indicates an increase in the size of the resulting sil-
ica particles. The higher the surfactant concentration up to
2 CMC can increase the silica particle size from 2.12 um
without a template to 2.58 um. On the other hand, when the
surfactant concentration increases to 3 CMC, the particle
size decreases to 2.19 um with irregular shape and has a brit-
tle structure. The silica particle synthesized without surfac-
tant has a 131 m?g specific surface area and a 0.1251 cm’/g
total pore volume. The addition of the surfactant increases
the specific surface area as high as 1,011 m?%g and the total
pore volume as high as 0.9751 cm?/g for silica particles syn-
thesized using the SLS concentration of 3 CMC. However,
the structure of silica particles tended to break easily. Thus,
the surfactant can increase the surface area of silica particles
and make a macrostructure generated by the interaction of
aggregation surfactant molecules or micelle. The adsorption
mechanism of the silica adsorbent follows the Langmuir iso-
thermal adsorption model. The highest adsorption capacity
was obtained at 142.9 mg/g by the silica particles with an
SLS template at a concentration of 3 CMC.
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Nomenclature

ASTM American Society for Testing and Material
C, initial concentration

C, equilibrium concentration
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CMC  Critical Micelle Concentration
dg mean particle diameter
k Langmuir constant

mass
pm micrometer
nm nanometer
PdI Polydispersity Index
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