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Abstract

This study aims to synthesize SiO2 gel-based adsorbents using the sol-gel method from Mount Semeru volcanic ash
through varying concentrations of sodium hydroxide and acid catalysts and to determine its adsorption capacity on
nickel (Ni(IT)). Volcanic ash was obtained from Lumajang District, East Java, Indonesia. The silica gel adsorbent was
made using the sol-gel method with different amounts of NaOH (1.0 M, 2.0 M, 3.0 M, and 4.0 M) and acid catalysts
(acetic and hydrochloric acid). First, silica (SiO2) was extracted from the volcanic ash, and then the sol-gel process was
used to manufacture SiO2 gel-based adsorbents. The SiOz gel was analyzed using X-ray Fluorescence Analysis, Fourier-
transform Infrared (FTIR), and Brunauer Emmett, and Teller (BET). Adsorption analysis of the Ni(II) metal ion content
was conducted at various stirring rates and adsorbent dose masses. The results obtained showed that the most optimal
Si02 gel was achieved when using 3.0 M NaOH, 10.53% HCI, and 8.30% CH3COOH. Through FTIR analysis, NaOH
3.0 M x HCl silica contains only the siloxane groups, whereas NaOH 3.0 M x CH3COOH silica contains both the silanol
and siloxane groups. The best results were gained with SiOz2-based adsorbents (NaOH 3.0 M x CH3COOH) at a dose of
10 g/L and a stirring rate of 50 rpm, with Ni(I) adsorption effectiveness of 99.80%.
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1. Introduction occurred in 1990, 1992, 1994, 2002, 2004, 2005,
2007, 2008 (2 times), 2020, and December 4th,
2021 [4]. Even though exactly 1 year has passed,
Mount Semeru erupted on December 4th, 2022 at
2 a.m. Magma and gas from within the earth came
out to the surface in the form of eruptions that
expelled loose materials of various sizes, a
mixture of these producing volcanic ash [5,6].
Volcanic ash consists of jagged pieces of rock,
minerals, and volcanic glass that are hard,
abrasive, and insoluble in water [7].
Volcanic ash as waste from the eruption
* Corresponding Author. process, must be utilized optimally. To support
Email: rdarmawan@chem-eng.its.ac.id (R. Darmawan) environmentally sustainable development

Mount Semeru is one of the most active
volcanoes on the densely populated island of Java.
This is because the mountain is directly adjacent
to Lumajang and Malang Districts, of the province
of East Java, Indonesia. Located at a longitude of
8.1° S, 112.9° E with a peak reaching 3,676 m
above sea level [1,2]. As the most active volcano on
the island of Java, it has erupted several times [3].
Monitoring records confirm that volcanic activity
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programs [8]. At first, the use of volcanic ash was
only limited to cement-making [9]. Later on, has
also been tested as an adsorbent for water
purification processes from mixtures of dyes,
anions, and metals [10]. A previous study reported
the ability of coal fly ash to produce ZSM-zeolite
[11]. The main material used coal fly ash was
produced more pollutant in operation, so required
process less than pollutant. Titchou et al. also
reported that local Moroccan volcanic ash was
used to adsorb cationic dyes (methylene blue),
with a maximum absorption capacity of 43.86
mg/L [12]. On the other hand, Natale et al. also
reported that volcanic ash can effectively
eliminate mercury compared with those that are
commercially available, such as activated carbon
[13]. Therefore, based on these studies, volcanic
ash has the potential to be developed as an
adsorbent for chemical pollutants [14].

In the previous research, it showed that the
synthesized silica (SiO2) from geothermal solid
waste using volcanic ashcontains high amounts of
silica oxideand achieve adsorption effectiveness of
88.29% [15]. In this study, the volcanic ash was
used as the source to synthesis silica. The volcanic
ash was selected because it has a potential to be
an adsorbent with a very high SiO2 content (45 —
75%) [16—18]. This is also based on the presence of
pores, silanol groups (-Si-O-H) and siloxane active
sites (Si — O — Si) on its surface. The presence of
four oxygen atoms in SiO2, has quite ionic
properties which serves as an active site for
binding heavy metals, forming Si — Metal bonds.
Besides that, Si can be used with Ag/HZSM-5 as
the catalyst to support many chemical reaction
processes [19]. This research aims to investigate
raw minerals from the volcanic ash of Mount
Semeru, especially Si. Nickel (Ni(II)) is a
byproduct of the electroplating process and
battery waste which has the potential to
contaminate water. Its toxicity in water makes it
a threat to the environment because it tends to
bioaccumulate as it moves up the food [20].
Furthermore, Ni(Il) is a carcinogen that can also
result in skin irritation, kidney and lung issues,
lung fibrosis, and digestive abnormalities [21].

Many research have focused on the
techniques for removing these metals, including
reverse osmosis, reduction, chemical oxidation,
ultrafiltration, chemical precipitation, ion
exchange, and electrolysis [22]. However, these
technique still have inherent limitations
including low efficiency, low sensitivity under
operating conditions, large amounts of sludge in
the generation process, and expensive disposal
process costs [23]. However, adsorption is an
effective technique in the removal of metal wastes.
This is because metal wastes can be absorbed in
large quantities, and have flexibility in terms of
design so that adsorbents are cheap and can be
regenerated [14,22].

Therefore, it 1s necessary to apply an
adsorption process to eliminate Ni(I) by
presenting an effective and sustainable
adsorbent. One of them is by utilizing SiO2 in
volcanic ash. Although natural adsorbents, such
as volcanic ash, have functional groups capable of
absorbing pollutants in the aqueous phase,
boosting the activation of basic or acidic chemicals
can significantly increase the number of
functional groups involved. To surface activate
adsorbents, alkali metal hydroxides, such as
potassium hydroxide (KOH) and sodium
hydroxide (NaOH), are widely used [24]. In the
case of the initial gel, the KOH is a network
modifier which breaks the bonds between the
condensed silicon species generating non-bridging
oxygen atoms in sol gel process, the appearance of
non bridging oxygens, resulting in charge defects
in the structure. The ageing behavior with sodium
hydroxide (NaOH) which stabilizing the initial
silicate gel over the time, NaOH suggest the
formation of higher order silicate species and
therefore the polymerization of the structure [25].
However, the use of alkaline activators faces
challenges due to the higher concentration
requirements needed, only being able to operate
at high conditions, and excessive treatment
processes [26]. One method in anticipating this
challenge is by wutilizing acid as a surface
stabilizer of the adsorbent and lowering the
operating conditions of the process [27]. In this
method, inorganic oxides with properties that
include hardness, thermal resistance, optical
transparency, and porosity, can be carried out at
low temperatures [28].

Currently, the use of the sol-gel method in
producing adsorbents is still limited [28]. Even the
use of SiOz-based adsorbents from volcanic ash is
still limited to dye waste [1,10,26]. Although its
use has been reported, the application of the sol-
gel method is still limited to the use of strong acids
such as hydrochloric acid (HCI) and sulfuric acid
(H2S04) [29-31]. There have been no reports of the
synthesis of SiO2-based adsorbents from volcanic
ash using the sol-gel method with variations of
strong and weak acids. The purpose of this study
is to use the sol-gel method to synthesize and
analyze Si0O2 from Mount Semeru's volcanic ash.
By altering the stirring speeds during the contact
process, a study was also conducted to ascertain
the SiO2 gel's adsorption capability from Mount
Semeru volcanic ash on Ni(II). It is also expected
that this study be able to present the techniques
to obtain natural SiO:-based adsorbents and
increase their effectiveness and higher selectivity
in the adsorption process of heavy metals in
Ni(Il)-containing wastewater which higher
concentration than quality standard.
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2. Materials and Methods
2.1 Materials

Volcanic ash from Mount Semeru was
collected on March 14th, 2022 directly from
Sumberurip Village, Pronojiwo Subdistrict,
Lumajang District, East Java, Indonesia. The
following were used: solid sodium hydroxide
(NaOH) (37% hydrochloric acid solution) and
100% acetic acid solution -from Merck; nickel
sulfate (NiSO4) granule (Sigma-Aldrich); liquid
waste (X industry (partner industry)) pH paper;
filter paper, and distilled water (Merck). In the
adsorption analysis of Ni(I), the following
reagents were used: 98% ammonium persulfate
(Sigma-Aldrich); 25% ammonium hydroxide
(Merck); and dimethylglyoxime (Merck Milipore).

2.2 Experimental Device

In the adsorbent manufacturing process, the
experimental device used includes a 200-micron
sieve, 1000 mL beaker glasses (Iwaki Pyrex),
porcelain cups, furnaces, hot plates, magnetic
stirrers; and analytical balance (OHAUS).

2.3 Experimental Parameters and Conditions

The operating conditions in this study
included 200-p volcanic ash with a mass of 100 g.
The calcination temperature was set at 750 °C for
4 h. Neutralization was done using a concentrated
1.0 M HCI solution with 250 mL per 100 g of
calcined ash. The drying temperature was set at
110°C. The input variables were 1.0 M, 2.0 M, 3.0
M, 4.0 M NaOH, and the catalyst used 1.0 M HCI
and 1.0 M acetic acid (CH3COOH). Meanwhile,
the adsorption analysis for Ni(IT) was carried out
using a 350-ppm NiSOs. SiO2 content of SiOs
functional groups, SiOz area, and Ni(II) content in
the solution following adsorptive treatment are
the anticipated responses based on the
established parameters.

2.4 Experimental Procedure

2.4.1 Extraction and analysis of SiO2 elements
from Mount Semeru Volcanic Ash

Calcination 1s the initial purification step
used to eliminate surplus contaminants. Several
metals are still present in volcanic ash after
calcination. The amount of SiO2 produced by
volcanic ash is reduced when metals are present.
In order to continue the soaking procedure with
HCI, metal impurities must be removed by
calcination. Semeru Mount volcanic ash was sifted
using a 200-p sieve. After obtaining 100 grams of
volcanic ash as a result of sifting, that was placed
in a porcelain cup and then calcined using a
furnace at 750 °C for 4 h. The fine ash resulting
from the calcination was washed using 250 mL of

1 M HCI solution through stirring for 1 h and left
to stand for 24 hours, which was then tested for
its acidity using universal pH paper. Then the ash
was filtered using the filter paper and rinsed with
distilled water until neutral. After that, it was
tested again using universal pH paper. The fine
volcanic ash was then dried in an oven at a
temperature of 110 °C for 2 h. The dry ash was
weighed and 1 g was taken to be analyzed using
X-ray Fluoroscence Analysis. Furthermore,
volcanic ash was used for the process of producing
sodium silicate (Na2SiOs3).

2.4.2 Preparation of the Na2SiOs solution (Sol
Method)

A total of 100 g of calcinated volcanic ash was
mixed with 1,000 mL of NaOH according to the
variable while stirring until boiling for 1 h. The
mixture was allowed to cool, then the solution was
filtered using filter paper and the brownish
filtrate or Na2SiOs precursor was used for the
synthesis of SiO2 gel.

2.4.3 Synthesis of SiOz gel (Gel method)

As much as 1,000 mL of the Na2SiOs solution
was placed in a container, after which, the
catalyst (CHsCOOH and HCI) were added slowly
according to the variable while stirring until a gel
or Na2Si0s3 solution was condensed with an acid
solution to reach pH of 7. Then, the gel formed was
allowed to stand for 24 h and filtered using filter
paper. SiO2 gel was dried in an oven at 110 °C for
1 h. Silica gel was then crushed and sieved. The
synthesized SiOz gel was analyzed using the
Fourier-transform Infrared Spectroscopy (FTIR)
to determine the functional groups and other
characterization methods.

2.5 Characterization Procedure
2.5.1 X-Ray Fluorescence (XRF) Method

This analysis was used to analyze the
chemical elements and the amount contained in
the volcanic ash of Mount Semeru. XRF uses X-
ray radiation. Specifications for the XRF tool with
the PANanalytical brand, minipal type 4. The
method used i1s without standards and filters. Air
medium, with 30 KV energy. The temperature
read is 22.9 °C and the humidity is 66%.

2.5.2 X-Ray Diffraction (XRD) Method

This XRD examination was carried out at 800
oC and 1000 °C for 1 h. Using a Rigaku Miniflex II
X-ray diffractometer equipped with Cu-Ka (A =
1.54056 angstroms), the resultant SiO2 was
analyzed. XRD patterns were gathered using a 20
range of 15 to 60° and a step size of 0.02°.
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2.5.3 Fourier Transform Infra Red (FTTIR) Method

With a spectrum range of 7,800-350 cm-1, the
Thermo Scientific FTIR, Nicolet IS10 was used.
The purpose of FTIR was to determine whether
chemicals have functional groups. Infrared
spectrophotometry will be used to analyze the
SiOz gel sample that was first created with a
comparison of the synthesis concentration. The
wavenumber data (cm-1) used in this test came
from data that allowed the functional groups in
the compound to be identified based on the
functional group data range that was available.

2.5.4 Adsorption analysis of Ni(II) (SNI
6989.16:2009)

As much as 1000 mL of NiSO4 solution
according to the variable concentration (100 ppm
and 350 ppm) was added to the synthesized SiO2
gel at the doses according to the variable (5 g and
10 g). Stirring was carried out with a variable rate
of 50 rpm, 100 rpm, and a mixture rate of 100 rpm
for 1 h and then continued with 50 rpm. Every 30
min, samples of the solution were collected to test
for Ni(I) content after placing it in contact with
Si02 gel for 6 h. The Ni(II) content test was carried
out through filtration of the collected sample. For
every 3 mL of sample, 5 mL of ammonium
persulfate was added. The sample was allowed to
stand for 10 min, after which 3 mL of ammonium
hydroxide and 3 mL of dimethylglyoxime were
added. A total of 50 mL of distilled water was
added and the solution was left to stand for 15
min. Furthermore, the Ni(II) content in the
sample was read using a UV-Vis
spectrophotometer with a wavelength of 450 nm.
In the adsorption analysis for metal ion levels, the
adsorption effectiveness of ion levels is also
calculated using the Equation (1).

Adsorption effectivity = <= x 100% (1)
0

C

where, C: denotes Ni2* concentration at {-minute,
and C, expresses initial concentration.

2.5.5 Brunauer, Emmett and Teller (BET) Method

We used Quantachrome TouchWin version
1.2 with St 2 specifications on NOVA 4LX for BET
analysis. This tool is used to analyze specific
surface area and porosity using the principle of
physical adsorption (physisorption). In
physisorption, a certain amount of inert gas, at a
very low temperature (77 °K), and vacuum
pressure was adsorbed on the surface of the
adsorbent. This physisorption does not depend on
the nature of the adsorbent but only depends on
the specific surface area and pore structure. The
specific surface area of the analyzed adsorbent
(sample) is measured by the number of molecules
deposited (adsorbed) 1in the monolayer.

Meanwhile, the pore size is determined by the
condensation pressure (evaporation pressure) of
the gas in the pores [32].

3. Results and Discussion

3.1. Characterization of Mount Semeru Volcanic
Ash

Volcanic ash (<2 mm to the size of dust) comes
from fragments/ or fallen volcanic material that is
ejected into the air during an eruption [33].
Physically, the volcanic ash collected sample from
Mount Semeru was very fine grayish powder. This
volcanic ash was crushed and then sieved to
homogenize the size of the ash particles and
expand its surface so that the synthesis of
NazSi0s is effective. Furthermore, the initial
composition or content of the volcanic ash was
analyzed using XRF.

Table 1 shows that the main components of
Mount Semeru's volcanic ash include Al (8.35%),
S1(27.25%), Ca (25.15%), and Fe (31.30%). Other
components are in small amounts: Mg, P, S, K, Ti,
V, Mn, Cu, Zn, Sr, Y, Zr, Ba, and Re. Data on the
composition of the volcanic ash for Si in the form
of oxide contains SiO2. This shows that the
Semeru volcanic ash taken is of the basal type
because it has a SiOz content of <55%. This type
of basalt originates from low-energy eruptions,
producing dark, fine-grained igneous rocks that
are generally frozen lava from volcanoes [33, 34].

The presence of metals in the volcanic ash
causes the yield of SiO:2 to decrease. Therefore, it
is necessary to free metal impurities using the
calcination process and continue the soaking
process. Soaking volcanic ash with strong acid,
namely, HCI, is believed to enable the removal of
the metals present in it [34]. Furthermore,

Table 1. Chemical composition of Mount Semeru
volcanic ash

uantit Oxide uantit

Blement %) Y Element ? %) Y
Al 8.35 Al203 11.50
Si 27.25 Si02 38.90
P 0.95 P20s5 1.00
S 0.06 SOs3 0.09
K 2.68 K20 1.95
Ca 25.15 CaO 20.45
Ti 1.70 TiO2 1.55
\% 0.06 V205 0.06
Mn 0.78 MnO 0.51
Fe 31.30 Fe203 22.70
Cu 0.32 CuO 0.19
Zn 0.06 Zn0O 0.05
Sr 0.74 SrO 0.42
Y 0.04 Y203 0.04
Zr 0.12 ZrO2 0.073
Ba 0.35 BaO 0.20
Re 0.09 Re207 0.03
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Worathanakul et al. also reported that the acid
soaking method increased the Si02 composition in
the ash and the SiO2 composition obtained was
slightly higher, at 89% [37]. The use of HCl in the
purification process is due to the chemical nature
of SiO2 which is insoluble/ or reactive toward acids
except for HF, so it does not reduce the yield of the
SiOg formed. HCl is a strong acid that dissociates
completely in water to become H* and Cl-. Metal
impurities in the form of metal oxides are bases
that when reacted with water form an alkaline
solution (pH> 7). This alkaline mixed solution still
contains a lot of impurities. So if the metal oxide
is reacted with HCI, there will be a reaction
between the metal oxide in the form of a base and
the acidic solution of HCI to form salts and water
molecules. Meanwhile, SiOszs contained in the
sample cannot be dissolved with HCl because SiO2
1s an acidic oxide that will react with alkaline
solutions; thus, SiOzs 1is still present in the
residue [38].

The salt produced in this washing process has
great solubility in water so the metal oxide which
1s an impurity in the form of a chloride salt will
dissolve. To maximize the washing process,
continuous stirring was carried out for 1 h.
Furthermore, filtration, which aims to separate
the residue (SiO2e) from the impurity solution
was applied. This residue i1s used as a precursor
for the next process. The reduced metal impurities
are expected to increase the SiO:2 purity. The
composition of Mount Semeru volcanic ash that
has been calcined and soaked with strong acid
using HCl is shown in Table 2.

3.2. Production of Silica-Based Adsorbents from
Mount Semeru Volcanic Ash

After calcination and immersion, the volcanic
ash was then melted with NaOH according to the

Table 2. Chemical composition of Mount Semeru
volcanic ash after calcination.

uantit Oxide uantit

Element ! (%) g Element ! (%) g
Al 8.30 Al2Os 11.00
Si 31.6 SiO2 44.60
K 2.82 K20 2.00
Ca 24.00 CaO 19.10
Ti 1.80 TiO2 1.59
\% 0.05 V205 0.05
Mn 0.73 MnO 0.47
Fe 29.00 Fe20s3 20.40
Cu 0.25 CuO 0.14
7n 0.06 Zn0O 0.03
Sr 0.60 SrO 0.33
VAY 0,09 ZxrO2 0.06
Ba 0.40 BaO 0.20
Re 0.07 Re207 0.04

variables (1.0 M, 2.0 M, 3.0 M, and 4.0 M) using
the sol method to form Na2SiOs. Melting at high
temperatures causes NaOH to melt and
completely dissociate to form Na* and OH- ions.
The high electronegativity of the O atom in SiO:
causes Si to be more electropositive and the
unstable intermediate [S1020H]- is formed which
is unstable and dehydrogenation . The second OH-
ion can make a bond with hydrogen become a
water molecule and two Na* ions. It balances the
negative charge of the SiOs2 ion to form Na2SiOs
[17,39,40]. The initial indicator for the formation
of sodium silicate is that when touched the
solution feels slippery on the skin. Solid SiOz and
oxides are not decomposed.

The formed Na2SiOs is then added to the acid
solution according to the variable. The addition of
acid to NazSi0Os sodium silicate solution results in
the exchange of Na* and H* ions to form free silicic
acid (H2S103), which is insoluble in acid. The
H2SiO3 formed undergoes polycondensation
reactions to form dimers, trimers, and so on while
releasing water molecules. The reaction continues
until a product in the form of SiO:z gel is formed
[41]. The SiOz gel obtained was allowed to stand
for a day until a dry gel (xerogel) was formed and
then weighed. The mechanism for the formation of
Na2Si10s is described by Figure 1.

Table 3 shows that the greater the
concentration of NaOH used, the greater the mass
of the SiO:2 adsorbent produced on various
catalysts. The largest mass of the adsorbent was
obtained when a catalyst concentration of 3.0 M .
These results are consistent with those of
Kalapathy et al. who found that SiO2 increases at
pH > 1050). Due to the low NaOH concentration
(1.0 M and 2.0 M), the amount of SiO2 from the
ash which is bound to Na2SiOs is relatively small.
Meanwhile, at a concentration of 4,0 M NaOH, the
weight of the resulting SiO:z gel decreased
compared with that of a concentration of 3.0 M.
This was because the higher the concentration,
the viscosity of the NaOH solution also increased,

Initiation
(on [ 0"‘\ o
- & ' | |
O=Si==0 ——= |[Q=5i—0Q |+ ‘ol——* |0=Si—0 |+ 0
~

Silicate ion resonance

p g 7
I
O0=S8i—0" | = |"0—5i—O |=—=|-0—Si =0

Final phase

ONa
|

?.
MNa® T |- 0—Si=0 -~ N1O=—Si= o

Figure 1. The reaction mechanism for the
formation of sodium silicate.
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thereby reducing the activity of ions in the
solution. The lack of activity of these ions resulted
in a decrease in the number of bonds formed
between NaOH and SiOz in the volcanic ash [42].
Table 3 also shows that the formation of SiO2
gel with the strong acid HCI catalyst produces a
larger mass of SiO2 than the weak acid catalyst
CH3COOH. This is related to the rate of formation
of SiOz gel. In addition, this is because using HCI
in the SiOz extraction process produces NaCl salt,
thus the solution is neutral. In contrast, using
CH3COOH in the SiO:z extraction process
produces CH3COON salt, thus the solution is
alkaline. Based on the literature, SiO2 dissolves
easily under alkaline conditions but will form
precipitates under neutral or acidic conditions.
The alkaline nature of the solution causes a
slower process of forming or precipitating SiOz gel
to be slower because SiO2 tends to dissolve rather
than precipitate [43]. Furthermore, the xerogel
was crushed to widen the specific surface area of
the SiO2 gel so that metal absorption would be
more optimal when applied as an adsorbent.

3.3. Characterization of SiO2 Gel Based on FTIR
Method

FTIR is used to identify the molecular
functional groups present in the synthesized SiOs.
The results of the FTIR test are presented in a
graph showing the wavelengths on the x-axis and
the amount of reflected light or the percentage (%)
transmittance on the y-axis, as shown in Figure 2.
Figure 2 shows the presence of an absorption band
at wave number 434.83 cm-1, namely silanol (Si—
0). The strong absorption band is seen at wave
number 1000.36 cm! which is the Si-O
asymmetric strain of siloxane (Si—O-Si). At wave
number 1,637.50 cm-1, there is an -OH bend of the
water molecule. At wave number 3,390.54 cm!,
absorption appears which represents the -OH
strain from the (Si—OH) group. Figure 2b. shows

Table 3. Mass synthesis of silica adsorbent from
volcanic ash at various concentrations of NaOH
and catalyst.

Catalyst NaOH The weight of
concentration the silica gel
M) (®

HCI 1.0 2.25

2.0 4.12

3.0 10.53

4.0 2.14

CHsCOOH 1.0 1.77

2.0 3.94

3.0 8.30

4.0 3.63

the presence of an absorption band at wave
number 468.49 cm-1, namely the vibration of the
Si- group O functional group. At wave number
638.12 cm-, there is an asymmetric Si- group O
strain. The strain symmetry of Si- group O on
polysiloxane (Si—O-Si) is found at wave number
795.39 cm!l. The wave number of 1,017.12 cm-! is
a very strong asymmetrical strain of siloxane (Si—
0-Si). The -OH bend of (Si—OH) is found at wave
numbers 1,636.74 cm-! and 1,686.68 cm-!. At wave
numbers, 3,200-3,410 cm-! absorption appears
indicating strong Si—OH bonds from silanol (Si-
OH) (hydrogen-bonded OH) [46]. At wave number
1,407.96 cml, there i1s an absorption band
indicating the presence of the Si—-CH=CH2 bend.
In addition, the absorption wavelength of 1,017.12
cm-lis a very strong asymmetric strain of siloxane
(Si—O-Si). The band that supports the existence of
the Si-O bond appears at wave number 638.12
cml. Wave number 3,408.46 cm-! indicates the
vibration range of the -OH group from silanol (Si-
OH), the presence of OH groups is emphasized by
the presence of infrared spectral peaks at wave
numbers 1,636.74 cm! and 1,686.68 cm-!
indicating the presence of bend in the —OH group
of Si-OH. The wave number is 1,017.12 cm-
which indicates the Si—O strain vibration of Si—O—
Si. The band that supports the existence of the Si—
O bond appears at wave number 638.12 cm-! [17,
45].

The results obtained were compared with the
Si0Oz gel Kiesel Gel 60 G made by E'Merck which
is one of the commercial SiO2 gels that has been
circulating and is widely used as an adsorbent.
The FTIR spectrum of Kiesel Gel 60 G showed the
presence of Si—O-Si bent groups at the absorption
band of 471.50 cm- 1. At a wavelength of 602.31 cm-
1, there is an asymmetric Si—O-Si strain group.
The Si—O asymmetric strain function group is
found in the absorption band at a wavelength of
1,111.12 cm-t. At a wavelength of 1,636.03 cm-1,

3 N NaOH x HCI
3 N NaOH x CH3COOH

160-
140
120—-
100

80

%Transmittance

60 : L L
: ; l'v‘ﬂ

40 - i 10003R

20

T T T T T 1 T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 2. FTIR spectra of silica gel when NaOH
3.0 M and HC1 and CH3COOH catalysts.
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there is a -OH bend. The Si—OH strain group is
present in the absorption band with a wavelength
of 3,459.34 cm-! [46,47]. Based on this comparison,
it can be concluded that the FTIR test gave a
positive result, meaning that the SiOz gel from the
research has a chemical structure, molecular
formula, and functional groups. that are identical
to that of the Kiesel Gel 60 G, which is a
commercial SiOz gel.

Figure 3a shows the specific surface area of
Si02z (NaOH 3.0 M x HCI) of 621 m?2/g, while
Figure 3b. shows the specific surface area of SiO2
(NaOH 3.0 M x CH3COOH) of 588 m?/g. Increased
surface area has a stronger influence on nickel ion
adsorption. The adsorption process greatly
benefits from the larger internal surface area that
smaller particles frequently possess. Smaller
particles provide metal ions a shorter diffusion
channel, increasing surface area and creating
more active sites for adsorption. This results in
faster and more effective mass transfer [47].

If the data obtained is compared with SiO2 gel
60 G E'Merck with a specific surface area of 480-
540 m?2/g. The results obtained from this study
were greater than the SiO2 gel 60 G E'Merck. In
addition, compared with the results of the SiOz gel
from chitosan, the specific surface area data from
the SiO2 gel in this study also obtained greater
results (359 m?2/g for the chitosan SiO2 gel [48].
Compared with previous studies, the synthesis of
silica gel from Tunisian sand has a specific surface
area of only 340 m2/g [49]. This is because volcanic
ash has a very high SiO2 content, so the
calcination process, the pores expand, and the
surface area becomes larger [16,17]. Therefore,
the results showed that the SiO2 gel of this study
has a much wider specific surface area, making it
suitable for use as an adsorbent.

Greater surface area has such greater
adsorption effects on nickel ion. Smaller particles
often have a bigger interior surface area, which is
extremely beneficial to the adsorption process.
Increased surface area creates more active sites
for metal ions to adhere, smaller particles provide

6
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11 1 M IR

[ay
1
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a shorter diffusion channel for metal ions, which
accelerates mass transfer and provides more
efficient and quicker adsorption.

3.4. Adsorption Power of Synthesized SiO2 on
Ni(IT) Metal Ions

A review of the adsorption capacity of SiO2 on
Ni(Il) metal ions was carried out by varying the
mass of the adsorbent and the rate of stirring.
Figure 4, shows the process that occurs in the
binding of metal ions and Ni(II) involves the Si—
OH and siloxane Si—O-Si groups which are ionic
interactions that also experience covalent
interactions. This supports the assumption of
Pearson’s rule that the interaction of Ni(II) with
solids 1s a chemical interaction, namely an acid-
base interaction. Chemical interactions occur due
to the formation of bonds between the active sites,
namely the Si—~OH and Si—O-Si groups of the
adsorbent and the adsorbed substance. The bond
between the Ni(II) metal ion and the active group
on SiO2 gel through the formation of a
coordination bond, the lone pair of O on Si—OH
will occupy the empty orbital owned by the Ni(II)
ion so that a coordination complex is formed. The
following is the reaction for the binding of Ni(II)
metal ions to the Si—~OH and Si—O-Si groups [46].
Moreover, SiO2 can be desorbed and can be used
after adsorption, however the adsorption capacity
reduced.

a) o
Si-——0@) Si Oy
+ Niz* —» Ni + 2H*
Si-- O@ Si— 0"
b
b)

Si- Si-_ 2
0+ Nt —> O Nie—0
si si” i

Figure 4. The reaction of the binding of Ni(II)
metal ions to a). silanol group and b). siloxane
groups.
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o

0 005 01 015 02 025 03 0.35
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Figure 3. (a) Results of BET analysis of Silica Gel on NaOH 3.0 M x HC1 and (b). Results of BET analysis

of Silica Gel on NaOH 3.0 M x CHsCOOH.
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The strength of the complex formation
between metal ions and ligands depends, among
other things, on the polarizing ability of these
metal ions which is influenced by the ratio
between the charge and the ionic radius. Small
ions with a high charge have a greater bond
strength than large which have a low charge [50].
Figure 5a. shows that the most optimal decrease
in Ni(I) content occurs when stirring at 50 rpm
by reaching a remaining Ni(I) content of 0.56
ppm at 300 min. Meanwhile, Figure 5b. shows a
decrease in Ni(II) content when using SiO2-based
adsorbent (NaOH x CH3COOH), which is the most
optimal and also occurs when stirring at 50 rpm
with a remaining Ni(II) content of 0.56 ppm at 240
min. This is because the use of a stirring rate that
1s too large results in the release of the bond
between the adsorbent and the adsorbate, and the
adsorbent structure is quickly damaged as a
result of adsorption process that is not optimal
[51]. Similar results were also reported by several
researchers who showed a decreasing trend with
Increasing stirring rates [38,52].

A review regarding the mass variation of the
adsorbent was carried out at an initial Ni(II)
concentration of 350 ppm using adsorbent mass
doses of 5 and 10 g/L. The results of the
experiment of variations in giving adsorbent mass
to the adsorption of Ni(II) metal ions using SiO:
can be seen in the Figure 6. Figure 6, shows that
there is a decrease in Ni(II) content for each use of
the SiO2 adsorbent at various mass doses. This
shows that the use of each dose can reduce Ni(II)
levels in the sense that it can absorb Ni(I) metal
in a sample.

To review the effectiveness of the optimal
dose, the adsorption effectiveness calculation is
conducted. The adsorption effectiveness
calculation data is shown in Table 4. Table 4
shows that the relationship between the mass of
the adsorbent and the adsorption effectiveness

100
90
80
70
60
50
40
30

Concentration (ppm)

20

0 100 200 300 400 500 600
Time (minute)

—e— 100 rpm ——50 rpm —a—100 rpm (1 hour) next 50 rpm

Ni* concentration (ppm)
I

percentage is directly proportional to the increase
in the mass of the adsorbent. The higher the mass
of the adsorbent used, the higher the effectiveness
percentage of metal adsorption. This is because
the concentration of metal ions decreases with an
increasing amount of adsorbent used. Using the
S102 adsorbent for 300 min (3.0 M NaOH x HCI)
at a dose of 5 g/l adsorbed 62.88% whereas a dose
of 10 g/LL adsorbed 90.48%. Meanwhile, (3.0 M
NaOH x CH3COOH) at a dose of 5 g/Li SiO:
adsorbed 71.40% and 99.80% at a dose of 10 g/L.
The greater the amount of adsorbent, the greater
the absorption of metal ions in a solution, thus the
adsorption effectiveness percentage also increases
[63]. Therefore, it can be said that the more
adsorbent mass used, the greater the absorption
efficiency of Ni(II) metal ions. The increase in the
mass of SiO2 gel is proportional to the increase in
the number of particles in the adsorbent, causing
an increase in the adsorption active site and an
increase in absorption efficiency.SiO2 gel contains
Si—OH and Si—O-Si active group, thus the —O
group on the two groups binds the Ni(II) metal ion.
The bond between the metal ion and —O in Si—-OH
and Si—O-Si is through the formation of a

—&—>5g of Silica Adsorbent (NaOH x HCI)
—&—5g Silica Adsorbent (NaOH x CH3COOH)

—a—10g of Silica Adsorbent (NaOH x HCl)

—+—10g Silica Adsorbent (NaOH x CH3COOH)

0 30 60 90 120 150 180 210 240 270 300

time (minute)

Figure 6. Decreased nickel levels using silica at
doses of 5 g/LL and 10 g/L.

(b)

Concentration (ppm)
"
(=]

0 50 100 150 200 250 300 350
Time (minutes)

—e—100 rpm —=—50 rpm —4—100 rpm (1 hour) next 50 rpm

Figure 5. (a) Decreasing nickel content using silica-based adsorbents (NaOH x HCl) and (b). Decreasing
nickel content using silica-based adsorbents (NaOH x CH3COOH) through variations in stirring rate.
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coordination bond, in which the lone pair of O on
—OH will occupy the empty orbital owned by the
metal ion to form a coordination complex. The
interaction that occurs between the adsorbent and
the adsorbate is a physical bond or physisorption.
This weak bond is due to van der Waals forces,
especially ion-dipole forces. This ion-dipole force is
an electrostatic interaction that occurs between
an ion (can be a cation or anion) with a polar
molecule. This force is caused by Ni(II) attached
to O- which is bound to Si-OH and Si-O-Si, where
the hydrogen bonds between O and H are released
due to electropositive competition between H* and
Ni(II), forming Si—OH and Si—O-Si [38].

3.4.1 Adsorption of Ni(Il) waste in industry X
(partner industry)

The problem of high Ni(Il) metal content in
waste from partner industries is taken as a focus
In wastewater treatment in this study. The initial
concentration of Ni(II) waste is diluted to 300
ppm. The sample used was SiO2 synthesized from
3.0 M NaOH x CH3COOH. This is because the
surface area of SiOz from 3.0 M NaOH x
CH3COOH is larger than that of SiO2 formed from
3.0 M NaOH x HCI. Table 5 shows the waste
quality standard as well as the comparison with
the quality of the waste test results that have been
carried out. It can be seen that the adsorption
process can be carried out on industrial waste

Table 4. Data on the effectiveness percentage of
nickel adsorption at 300 minutes using silica
adsorbent according to the mass dose of the
adsorbent.

Silica Adsorbent  Dose (@) fﬁiﬁiﬂ?o&)
Silica adsorbent 5 62.88
3.0 M NaOH x HCl 10 90.48
Silika adsorbent 5 71.40
3.0 M NaOH x 10 99.80
CH3COOH

—— NaOH x HCI
;‘: NaOH x CH3COOH
E 4
3
5
z | = -
Z a
= S
& =
= @ = %
- : _: e { B 5 -
§ §4 88 % 3 T
l a8 ©¢ | |98
_ ‘ o= l ~ | t Y .
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m

containing Ni(IT) metal. Based on previous study,
the adsorbent that is formed is also able to absorb
other metals, such as Cu, Cr, Cd, and Pb, which
based adsorbents can absorb heavy metals from
industrial processes [23,53,54].

3.5 Characterization Based on X-ray diffraction
(XRD)

The crystallinity of the samples was analyzed
using XRD. The diffraction profiles the (NaOH x
HCI) and (NaOH x CH3COOH) samples were
compared and shown in Figure 7. There were
some differences terms of the position point.
However there was same peak at 31.713°
corresponding to used (NaOH x HCI) and (NaOH
x CH3COOH) samples. The same peak at 31.713°
was also the maximum peak of all point in the
diffraction profile, that was achieved 2,166.52.
Peak at 31.73° was related to (NaOH x HCI) and
(NaOH x CH3COOH) because based on Figure 7
at position 31.73° both have peak. However
(NaOH x CH3COOH) has the optimum peak at
2,166.52. (NaOH x HCI) has the optimum peak at

10 20 4() 50 60
Position [°2 Theta](Copper (Cu))
Figure 7. XRD analysis of Silica Gel on NaOH

3.0 M x HCI and on NaOH 3.0 M x CHsCOOH.

Table 5. Data on the comparison of the quality of waste content in industry X before and after the

adsorption proces.

Maximum Content from
East Java Governor

Levels in effluent samples

Levels in sewage

Parameter Regulation No. 72 in 2013 (me/L) samples after treatment
(me/L) (mg/L)

TSS 20 5 5

Nickel (Ni) 1.0 3226 0.68

Chrome (Cr%t) 0.1 1.88 0.02

Copper (Cu) 0.6 36.1 0.15

Zinc (Zn) 1.0 21.8 1.98
Cadmium (Cd) 0.05 0.98 0.03

Lead (Pb) 0.1 3.15 0.16

pH 6.0 - 9.0 7.5 7.5
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30° which achieved 505.51. The highest intensity
point was showed the higher energies, which
indicates the possible formation of
multicomponent product [55]. When the peaks on
XRD were open out it showed that the crystalline
size was decreased from a bulk size to the
nanoscale dimension [56]. Based on the review of
Asif Ali, the arrangement of diffraction angles
shows the arrangement of atoms. In crystalline
materials, the results of XRD readings show clear
peak differences due to the periodic arrangement
of atoms, while amorphous materials show
unclear peak differences [2]. As shown in Figure 7
the results of the crystalline materials are similar
to the XRD results of (NaOH x HCI), while the
XRD results of (NaOH x CHsCOOH) show an
amorphous material.

Table 6 shows the composition of the
examined samples determined based on XRD
patterns. The analysis showed that Pd and Be
were the dominant mineral compositions of the
sample with the highest percentage in both
(NaOH x HCI) and (NaOH x CH3COOH) samples;
however, besides that, it also consists of another
composition. In the (NaOH x CH3COOH) sample,
some compounds are present: zirconium nickel
antimonide (0.6265), terbium zinc antimonide
(0.6009), strontium barium nitridotungstate
(0.6182), silver(I) p-isocyanobenzoate (0.6629),
rubidium magnesium leucite (0.6735), potassium
zinc silicon oxide (0.6420), mercuric iodide
(0.6202), manganese ditellurite (0.6205), and iron
oxide (0.6134), among others. In contrast, the
(NaOH x HCIl) sample only has two other
compounds: Nitrogen (0.6257) and Carbon (II)
oxide (0.6088). The different sample compositions
cause the resulting crystal shapes to be different.
The sample with the highest material composition
(NaOH x CH3COOH) causes an amorphous form,
while the sample with a low material composition
(NaOH x HCI) causes a better crystalline form
[67].

4. Conclusions

Si02-based adsorbent from Mount Semeru
volcanic ash can be synthesized by the sol-gel
method using NaOH with various acid solutions
as a catalyst. The most optimal synthesis of SiOs-
based adsorbents from volcanic ash was obtained
using 3.0 NaOH solution for each HCI (10.53%)
and CH3COOH (8.30%) catalysts, respectively,

Table 6. Data on element composition of Silica
Gel on NaOH 3.0 M x HC] and on NaOH 3.0 M x
CHsCOOH.

Element Percentage (%)
Pd 92.2
Be 7.8

10.53% and 8.30%. Through FTIR analysis of the
two adsorbents obtained, in the (NaOH 3.0 M x
HCI) SiOg, there a Si—O-Si groups, whereas in the
(NaOH 3.0 M x CH3COOH) SiOg, there are Si—-OH
and Si—O-Si groups. In addition, the optimal
stirring rate for absorbing Ni(II) is 50 rpm and
takes 240 min until the remaining Ni(II) content
is 0.56 mg/L. Variations in the adsorbent mass (5
and 10 g/L) were also applied for each of the SiO2
gels formed. Moreover, based on the XRD result,
the crystal from (NaOH x HCI) produced better
than that of (NaOH x CH3COOH). The best
results were obtained by using a SiOgz-based
adsorbent (NaOH 3.0 M x CHsCOOH) at a dose of
10 g/ with a Ni(II) adsorption effectiveness
percentage of 99.80%.
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