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Lapindo mud (LM) is a volcanic mud from a natural disaster that occurred 16 years ago in Sidoarjo District,
East Java, Indonesia. The high amount of silica in the local materials of LM has been extracted for silica gel
synthesis via hydrometallurgy methods, followed by sol-gel methods. The presence of ethanol in the
synthesis process generated a unique textural property at different ratios between ethanol and sodium
silicate (e/ss). Sol—gel mediated silica gel synthesis exhibited mesoporous properties with an amorphous
structure, which is a characteristic of the silica gel. The silica gel exhibits silica nanoparticles over the
average diameter of 2.08 nm with a spherical morphology and is connected to form an agglomeration
structure. Increasing the e/ss ratio enhanced the amount of the hydroxyl group and the specific surface
area ranged from 57 to 103 m? g~1. The moisture adsorption performance of each silica gel showed that
the silica gel with an e/ss ratio of 5:5 exhibited the highest adsorption capacity measured by
conventional gravimetric methods and thermogravimetric analysis of 10.56% and 11.20% Qwater gsmcafl,
respectively. These results indicated that the silica gel with an e/ss ratio has a high number of hydroxyl
groups and more surface-active sites, which is beneficial for the adsorption process. The adsorption
capacity of the synthesized silica gel is also higher than that of the commercial silica gel, indicating an
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Introduction

Desiccant is a material needed to minimize the presence of
water in air. The presence of moisture in air causes mold growth
and damages electronic devices prone to corrosion. Thus, air
humidity regulation is very important to avoid its effect.
Therefore, adding desiccant to some electronic devices, food
storage, and other industrial applications is essential to reduce
humidity.** Silica gel is a desiccant that is usually used in
laboratories or storage. Commonly, commercial silica gel has
various colors, including blue, transparent, and brown, and is
in the form of crystal-like spheres. Especially for blue silica gel,
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excellent performance for desiccant applications.

the color would change into pink due to the adsorption of
humidity on its surface.’ The silica gel is an amorphous form of
silica that has significant use due to the water adsorption
ability.* The high ability of water adsorption is because of
porosity and Si-O-H groups of the silica gel structure.
Commonly, the silica gel is fabricated from the acidification
process of sodium silicate.” The synthesis of sodium silicate
needs a high amount of energy to break the strong bonds of Si-
0.° For instance, sodium silicate is synthesized by a high-
temperature treatment (1300-1500 °C) of quartz and sodium
carbonate.”®

To minimize the cost of production, researchers have
developed the synthesis of silica using natural sources due to its
low cost and high availability. One natural source that can be
utilized for the silica gel synthesis is Lapindo mud (LM). LM is
a volcanic mud from a natural disaster that occurred 16 years
ago in Sidoarjo District, East Java, Indonesia,” whose cause is
unclear to date.’®"* LM contains a high concentration of silica,
making it very suitable for silica synthesis.***> Using LM in silica
fabrication also increases value-added properties of LM and
minimizes the utilization of laboratory-grade reagents. More-
over, LM also contains some compounds such as alumina
(Al,03), iron oxide (Fe,O;), calcium oxide (CaO), strontium
oxide (SrO), and manganese(u) oxide (MnO), which need to be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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separated to obtain high purity silica via thermal treatment or
acid treatment. However, these methods separate silica imper-
fectly and need to be improved to obtain high purity silica.

Silica was fabricated from bentonite by combining thermal
treatment and acid treatment.” This process is better for
separating silica from natural sources than one-step separation
methods. In addition, this process can also control the particle
size by adding cosolvents such as alcohols (ethanol or meth-
anol) or other organic solvents miscible with water. The cosol-
vent influences the formation of alkoxide compounds in the
pore, which is then removed via the last heat treatment.* The
presence of cosolvent also reduces the particle size of silica,
providing a large specific surface area that is a crucial factor for
the adsorption process.

Following the observation, we fabricated the silica from
Lapindo volcanic mud, which is a local material obtained from
natural disasters in Sidoarjo Indonesia by combining acid and
thermal treatment with various compositions of cosolvent
(mixing of ethanol-water) to control the pore size and surface
area. Ethanol was chosen as a cosolvent due to its good misci-
bility with silica solution, promoting the polycondensation
process and controlling their textural properties.***> Combining
thermal and acid treatment can reduce the side compound (e.g.,
Fe,03, Ca0, SrO, and MnO) and enhance the concentration of
silica. The obtained silica was applied in desiccant via conven-
tional gravimetric measurement and thermal gravimetric anal-
ysis (TGA). For comparison, commercial silica was also used for
desiccant applications by conventional gravimetric measure-
ment. Finally, the correlation between the influence of adding
ethanol as a cosolvent to the silica gel properties and its
resulting in the adsorption process is also discussed to make
a clear statement of this modification.

Methodology
Materials

LM was taken from Sidoarjo, East Java, Indonesia about 1 km
from the mudflow center and taken on the surface of mud land
to a depth of 50 meters. All chemicals for the preparation and
synthesis of silica gel, namely, hydrochloric acid (HCl, 37%),
sodium hydroxide (NaOH, 99%), ethanol absolute (EtOH,
99.9%), and silver nitrate (AgNOs, 99.8%) were purchased from
Merck, Germany.

LM treatment

LM was left at 120 °C for 24 hours to remove the moisture
content. The dried LM were crushed and sifted into 140 mesh
sieves to obtain the uniform particle size of £105 pm. LM was
leached by adding 5 M HCl with a ratio of 1 : 5 (w/v). The mixture
was stirred for 2 hours at 60 °C. The obtained solids were
neutralized by adding distilled water. The mixture was left for
a night. The mixture generated the yellowish filtrates, which was
then separated by the decantation process to remove the
filtrates. This process was repeated several times until the
transparent filtrates were obtained. The solid was dried for 24
hours at 100 °C to remove the water content. The leached solid
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was labeled as LLM. Furthermore, LLM was calcined at 680 °C
for 1 hour and labeled as TLM.

Silica gel synthesis

The silica gel was synthesized by the sol-gel method. Firstly,
20 g TLM were mixed with 200 mL 2 M NaOH. The mixture was
refluxed for 2 hours at 90 °C. The results were filtered to sepa-
rate sodium silicate solution. EtOH as a cosolvent was added to
the sodium silicate solution. The volume ratio of ethanol and
sodium silicate (e/ss) were varied as 1:5,2:5,3:5,4:5,and 5:
5. The mixture was heated at 50 °C under stirring constant. The
mixture was neutralized using 5 M HCl and the temperature was
maintained at 50 °C. The mixture was aged for 18 hours at room
temperature. The obtained gel was washed with distilled water
to remove the impurities. AgNO; was used to test the presence
of any C1~ within the waste filtrate. The gel was dried at 80 °C for
18 h until the weight of the gel was constant. The average yield
of the obtained silica gel was 2.78 g (~14%).

Characterization

Lapindo mud composition was analyzed using X-ray fluores-
cence spectrophotometer (XRF, PANalytical MiniPal 4) at 30 kV.
X-Ray diffraction (XRD, PANalytical X'Pert MPD No. 1) was used
to characterize the structure and phase of Lapindo mud and
silica gel. The functional group of Lapindo mud and silica gel
were identified using Fourier transform infrared (FTIR, Shi-
madzu IR Tracer-100) spectroscopy via KBr methods in the
wavenumber range of 4000-400 cm ™. The surface morphology
of silica gel was characterized using scanning electron micros-
copy (SEM), which was fulfilled with energy dispersive X-ray
(EDX) spectrophotometry to determine the composition of
silica gel. The surface area and pore distribution of silica gel
were analyzed using the N, adsorption-desorption technique
observed by Quantachrome Quadrasorb-Evo. The thermal
stability of the silica gel was analyzed by thermogravimetric
analysis (TGA, Mettler Toledo).

Water vapor adsorption test

The adsorption test was carried out by the gravimetric method.
Silica gel was heated at 120 °C for 1 hour. Then, the silica gel
was stored in the desiccator, which was filled with water. The
relative humidity (RH) varied by 70%, 80%, and 90% at
a constant temperature of 29 £ 1 °C was measured by a cali-
brated hygrometer. Silica was weighed every 30 minutes for 3
hours to determine the weight change. The adsorption capacity
was calculated using eqn (1) as follows.

mass of adsorbed water

Adsorption ability (%) = x 100% (1)

mass of silica

The adsorption capability of silica gel toward water was also
determined by the TGA technique by identifying the weight loss
of silica gel. In TGA technique, a temperature of 100 °C was
chosen as the boiling point of water to study the thermal events
of water evaporation to determine the adsorption capacity of
silica gel and the suitability of the results with conventional
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adsorption tests. The adsorption ability of the obtained silica
gel was calculated as follows.

mass of silica lost at 100 °C

—— x 100%
mass of initial silica

(2)

Adsorption ability (%) =

Results and discussion
Characterization

LM, LLM, and TLM were characterized by XRD to determine the
composition of each component. The elemental compositions
of LM, LLM, and TLM are summarized in Table 1. Before the
treatment process, Fe,O; concentration in LM is higher, which
might can interfere with the silica gel synthesis. However, the
silica concentration in LLM is the highest composition, indi-
cating that LM can be used for silica gel synthesis. Followed by
acid leaching treatment, the concentration of Fe,O; reduces
due to the ionization process of Fe to Fe** during the addition of
HC1."*" In addition, other compounds in LM are also reduced
after the acid leaching treatment, while the silica composition is
increased. The concentration of Fe,O; is decreased after the
heating treatment and resulted in increasing silica content
about ~15%. The thermal treatment can enhance the mud
reactivity in the extraction process, indicated by increasing
silica purity.*

Next, we have characterized using XRD to investigate the
crystallinity structure and phase transition of LM, LLM, TLM,
and silica gel (e/ss of 5:5). According to the diffractogram in
Fig. 1, LM exhibits a diffraction peak of SiO, at 26 = 26.55°,
which is confirmed by JCPDF no. 00-006-0221." The sharp peak
of SiO, reveals that SiO, in LM has high crystallinity. In addi-
tion, some peaks are observed at 20 = 34.89°, 30-40°, and
50.06°. These peaks are attributed to the Ca0,"*° Al,0;,** and
Fe,0; (ref. 22) peaks and correspond to the JCPDS no. 01-082-
1691, 86-1410, and 39-1346, respectively. After the leaching
process, the intensity of crystalline SiO, diffraction peak is
increased due to the increasing purity of SiO,. However, the
diffraction pattern of the synthesized silica gel shows a broad
intensity peak of SiO, only by the absence of any diffraction
peak of the crystalline structure. The broad peak confirms the
formation of amorphous silica phase and reveals the hexagonal
symmetry of quartz silica. This result is similar to the diffraction

Tablel Compound composition of LM, LLM, and TLM by XRF analysis

Concentration (%)

Compound LM LLM TLM
SiO, 49 62 64

Fe,0, 27.4 12.7 11.9
ALO; 14 14 14

CaOo 8.5 2.7 2.9

SrO 0.49 0.08 0.08
MnO 0.44 0.07 0.07
CuO 0.14 0.11 0.11
ZrO, 0.1 0.1 0.09
V,0s5 0.1 0.08 0.06
Rb,O 0.04 0.04 0.03
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Fig. 1 XRD pattern of the prepared Lapindo volcanic mud and
synthesized silica gel.

pattern of silica synthesized from corn.*®* Moreover, the XRD
pattern suggests the effectiveness of our proposed method for
the production of silica gel.

To identify the functional groups in silica gel, FTIR analysis
was carried out via KBr methods. The FTIR spectra of silica gel is
shown in Fig. 2. All samples exhibit the Si-O-Si longitudinal
stretching vibration band at 1220 cm ™', while the absorption
band at 1060 cm ™" is attributed to the transverse stretching
vibration of Si-O-Si.** The external symmetric stretching
vibration of Si-O-Si is observed at 798 cm™*.>* The symmetric
stretching vibration of Si-OH is observed at 960 cm™'.2° The
absorption band at 1640 cm™" is associated to the ~OH absor-
bed on the silica gel surface, which is supported with the board
peak at 3600-3400 cm ™~ '.*” Increasing the volume of ethanol led
to an increase in the intensity of the Si-O-H vibration at
960 cm ™!, demonstrating that the presence of ethanol promotes
the hydrolysis process in the reaction. Compared with the IR
spectra of LM, the intensity of absorption band at 960 cm ™" of
the synthesized silica gel is broader, revealing the formation of
the amorphous silica phase. This result was in agreement with
the XRD results.

Adsorption-desorption N, was carried out to determine the
textural properties of silica gel. The adsorption-desorption N,
behavior and pore diameter distribution of silica gel with
various ratio of e/ss is shown in Fig. 3. All samples exhibit the
type IV isotherm based on the IUPAC classification, indicating
the characteristic of mesoporous materials.?® Increasing the e/ss

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of the silica gel at various e/ss ratio.

ratio, the hysteresis loop is generated due to the capillary
condensation. The hysteresis loop shows type III (H3), whose
adsorption profile demonstrated that the size is non-uniform
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for this mesoporous material with slit-shaped pores.”® The H3
type also reveals that the nitrogen condensation occurred
between the interparticle voids that formed due to the textural
porosity between the particles.

Fig. 3b shows the pore size distribution of silica gel at various
e/ss ratio, as derived using BJH methods. The pore size at the e/
ss ratio of 1: 1 is slightly different compared to the e/ss ratio of
2:1 and 3:1. Increasing the e/ss ratio of 4: 1, the pore size is
enhanced and reduced at e/ss ration of 5 : 1 with a fairly uniform
distribution. According to Table 2, the surface area of the silica
gel increases along with increasing e/ss ratio from 2:5 to 5:5;
likewise, for the pore volume and average pore diameter. The
presence of ethanol in the solvent promotes the poly-
condensation process during the sol-gel process, acting as
a template-like on the pore of gel to form more hollow pores in
the silica gel after heat treatment. Heating the gel can cause the
gel pores to become vacant due to the release of alkoxide
molecules that originally filled the gel pores. Compared to the
LM (Fig. 3c), the pore size of the obtained silica gel is decreased
but the pore volume is increased, attributed to the pore
formation during the polycondensation process.

The SEM-EDX of silica gel (5: 5) is displayed in Fig. 4. Silica
gel exhibits aggregated particles with spherical morphology
connected with each other. The determination of silica particles
is carried out using Image] and exhibits the particle size of the
silica gel as 2.08333 £ 0,00514 nm with a deviation standard of
0.99091. It can be seen that silica gel is a nanoparticle. The EDX
analysis of silica gel shows that silica gel contains silicon (Si),
aluminum (Al), sodium (Na), and oxygen (O) element with the
composition of 31.62, 9.04, 9.06, and 49.75, respectively. The
presence of aluminum in silica gel reveals that this extraction
process cannot remove aluminum very well. Therefore, silicon
and oxygen show the highest composition, demonstrating the
configuration of Si-O in the silica gel. Other than SiO,, the

0.0010 = 0.14
300 - (a) (b) e/ss ratio 4 (C)
1 —o—1:5 Q
| elssratio ¢ —0—2:5 0.12 P]
b 0.0008 | & —0-35 1 9
250 4 9723 § Q —o0-45 i
—e—3: —o 5 0.10
1 —e—as 1 2 3
. —e—55 \O 4 Y
o 2004 —*M __0.0006 — ~ oo ol
> - SRLE R
- i o = , i o)
‘Tm g B G E
e 150 — 1 B " 0.06
5 / / § 0.0004 | e 2
< = = b olQ
& 1 / * c = 00
2 E ) ©  0.04 | \
> | oo/oo
/ 0.0002 \ o
0.02 Ref \Oo'o' -
N
. 1l O'O’O\O_O,C
Ji%
0.0000 | 000 po©
—————— T T T
0 5 10 15 20 25 30 0 20 40 60 80 100 120 140

Pore diameter (nm)

Pore diameter (nm)

Fig. 3 Textural properties of silica gel. (@) N, adsorption—desorption behavior and pore size distribution of (b) silica gel and (c) LM.
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Table 2 Textural properties of the synthesized silica gel

e/ss ratio
Textural properties LM 1:5 2:5 3:5 4:5 5:5
Specific surface area® (m”> g™ ") 17.3 57.2 33.2 45.6 100.1 103.5
Total pore volume® (cm® g™%) 0.06 0.08 0.04 0.06 0.19 0.24
Average pore diameter” (nm) 14.4 5.6 5.0 5.3 7.6 9.4
Mesopore surface area’ (m? g™") 28.5 33.1 16.6 29.4 75.0 82.0
Mesopore volume” (nm) 0.06 0.10 0.05 0.08 0.45 0.30
Mesopore diameter” (nm) 17.2 3.2 3.2 3.2 13.4 8.5

“ Calculated by BET method. ? Calculated by BJH desorption.

Element  Wit%
OK i

NaK .60 .37
AIK .04 .71
SiK 62 57
Matrix Correction AF

20 22 24 26 28 30
particle size diameter (nm)

Fig. 4 (a) SEM images, (b) EDX, and (c) pore size distribution of silica
gel (e/ss ratio of 5:5).

amount of O element in the obtained silica gel can be due to the
configuration of Al,0O3, Na,O, NaSiO3, or NaAlO,.

Humidity test

As shown in Fig. 5, all silica gel takes up measurable quantities
of water at different RH values of 70-90% at 29 + 1 °C, which
shows that the synthesized silica gel is a high-performance
silica gel. The adsorption ability of silica gel (5:5) is the high-
est compared to that one, with the water adsorption value of
6.30% at RH of 70%, while the poor adsorption ability is showed
by silica gel (1 : 5) with the water adsorption value of 1.8%. It can
be connected to the number of active sites on the silica gel (5: 5)
being more abundant than silica gel (1:5), which is a crucial
factor in the adsorption process.***' Therefore, the adsorption
performance at RH of 80% is more higher than that of 70% and
90%, explaining that the optimum adsorption process occurs
with an RH of 80%. However, the trend of moisture adsorption
by other silica gels showed a decrease capacity, indicating that
the equilibrium of the adsorption-desorption state was reached
due to surface adsorbent being saturated.

TGA analysis is also carried out at a temperature range of 28—
600 °C to support the result. The determination of the adsorp-
tion capacity of the synthesized silica gel is based on the weight

2696 | RSC Adv, 2023, 13, 2692-2699

loss during the TGA analysis. The weight loss is calculated at
100 °C, which indicates that the physically adsorbed water
evaporation occurs at that temperature. As shown in Fig. 6, the
TGA curve is a desorption/drying curve type, indicating that the
weight loss in the samples is the mass of water. This data is
supported by DTA results, which showed the presence of the
first downward curve, indicating the heat adsorption process by
samples at 100 °C as a dehydration event due to an endothermic
reaction.* From that, the synthesized silica gel (5 : 5) shows the
highest adsorption performance than others, indicating that
the silica gel (5:5) has a high number of OH groups that can
interact with water molecules via the hydrogen bridge.** This
result is in agreement with the conventional gravimetric

% adsorption
% adsorption

O =T 71171
30 60 90 120 150 180 30 60 90 120 150 180
Time (minutes) Time (minutes)
12
|l e 15 (C)
10 - 2:5
1935
c 8 -e-45
=) 1 -e55
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(e}
(2]
e]
©
R
0

T
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T
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Fig.5 Water adsorption by silica gel with humidity value of (a) 70%, (b)

80%, and (c) 90%.
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Fig. 6 TGA (a) and DTA (b) results of each silica gel after the adsorption process at 80% RH.

adsorption test. However, the adsorption ability of the silica gel
(5:5) using TGA analysis is higher than that using the
conventional gravimetric process, indicating that TGA analysis
is suitable for the determination of adsorbed water molecule on
silica gel.

Compared to commercial silica gel that has the highest
adsorption capacity of the five investigated commercial silica gel
samples, the 3:5, 4:5, and 5:5 silica gel exhibits higher
adsorption ability than the commercial silica gel at RH value of
80%, both measured by the conventional gravimetric process and
TGA analysis (see Fig. 7). The commercial silica gel exhibits the
water adsorption performance of 1.8%. It can be inferred that the

12

10 H

% adsorption

0 | T

I ! I T I
Cs 3:5

I
4:5 5:5 TGA (5:5)
Type of silica gel

Fig. 7 Adsorption performance comparison of commercial and
synthesized silica gel.

© 2023 The Author(s). Published by the Royal Society of Chemistry

synthesized silica gel has a good adsorption capacity compared to
commercial silica gel, indicating that the synthesized silica gel
exhibits more active sites for adsorption. This result shows that
the presence of ethanol gives an influence in the textural prop-
erties of silica gel, which is advantages for adsorption.

According to the results, the excellent adsorption perfor-
mance is showed by the silica gel (5:5) in both conventional
gravimetric measurement and using TGA analysis. Increasing
the volume of ethanol can improve the active sites for the
adsorption process, which is proven by the N, adsorption-
desorption result. The high content of ethanol as a co-solvent
promotes the polycondensation process rapidly and the
formation of the alkoxide compound. The alkoxide compound
will fill the pores of the gel, which is removed via heat treatment
to form the pores in the silica gel. Increasing the amount of
ethanol also enhances the layer porosity and pore diameter of
the silica gel, causing the surface area to increase and more
water to be adsorbed on the surface.’*

According to the FTIR result, the silica gel (5:5) shows the

highest silanol groups at 960 cm ', improving the
Ethanol Acid -
ﬁ umidity
” ”sr(on >
Lapindo volcanic mud Sodium silicate Silicagel

Water vapor

e N s,
H \H O, H H o
TO Cl)H
OH.
N —0 o o OH
S 0 Si S doOnadr=Os
Vicinal silanol 1 Si‘ Si Sis
2V
o \ /
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Si
sloxanebridge . SN\ 07 o
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Fig. 8 Schematic illustration silica gel synthesis from Lapindo volcanic
mud for desiccant application.
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Table 3 Performance of silica gel in several reported papers

Surface area Adsorption capacity
Materials (m*g™ (Swater & adsorbent ) Adsorption condition Ref.
Silica gel — 1.57 RH = 90%, T = 25 °C 37
Chitosan-SBA-15 106 1.37 RH = 90%, T = 25 °C 37
Chitosan/boehmite — 1.5 RH =60 + 5%, T=30 £+ 2 °C 38
Alginate/silica gel 106.2 0.25 RH = 70%, T = 20 °C 39
Silica gel 347 0.19 RH = 70%, T = 20 °C 39
Silica gel from bagasse ash 152 0.18 RH = 100%, T = 30 °C 34
Silica gel from LM 103.5 0.11 RH = 80%, T=29 + 1 °C This study

hydrophilicity properties of the silica gel (5:5). Consequently,
the adsorption of water vapor is enhanced by hydrogen bridge
interaction between OH groups in silica with lone pair of elec-
trons of oxygen and hydrogen in water and/or the lone pair
electron in the silanol group of silica and hydrogen element in
water.>>*® The interaction between vicinal silanol, geminal
silanol, and siloxane bridge on the silica gel surface with water
vapor is shown in Fig. 8, which gives the hydrated surface of the
silica gel. The physical appearance of silica gel is the trans-
parent lumps of crystals and becomes slightly dull after
hydration. The unique textural properties of the synthesized
silica gel generate a higher adsorption performance compared
to commercial silica gel.

Several reported articles have been summarized in Table 3 to
compare the capability of the obtained silica gel. The obtained
silica gel exhibited a lowest water adsorption capacity compared
to others. The modification of silica gel in the reported articles
influenced the silica gel performance. For instance, the presence
of chitosan or alginate on silica gel enhanced the water
adsorption capability.*”*® In conclusion, the modification of the
obtained silica gel can be carried out to improve its performance.

Conclusion

Converting LM into silica gel was done by hydrometallurgy
methods, followed by sol-gel methods for water vapor adsorp-
tion. The influence of the co-solvent, i.e., ethanol, was carried
out, exhibiting different textural properties. Increasing the
amount of ethanol in the synthesis process enhances the
number of hydroxyl groups in the silica gel structure, which is
beneficial for water vapor adsorption. In addition, increasing
the amount of ethanol also improves the specific surface area
and porosity, providing more active sites for adsorption. The
adsorption of water using the conventional gravimetric process
and TGA analysis showed that the synthesized silica gel has
a good adsorption capacity compared to the commercial silica
gel. The synthesized silica gel with an e/ss ratio of 5:5 gener-
ated the highest adsorption capacity than others, which is in
agreement with the hydroxyl groups and the specific surface
area of the synthesized silica gel (5:5).
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