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A B S T R A C T

The acid leaching process is believed to increase the silica extracted from rice husk ash (RHA). This study
intended to investigate the influence of acid leaching sequences in RHA extraction on green silica purity and
surface area. The sequences were RHA leaching (T1), aged gel leaching (T2), dried product leaching (T3), and
without leaching as a control. The T1 sequence has been proven to improve the green silica purity and sur-
face area reaching 96.44% and 400.69 m2/g, respectively. For T2 and T3 sequences, the green silica has a
much lower surface area and purity compared to T1. The values were 87.69% and 55.49 m2/g for T2 as well as
62.46% and 11.40 m2/g for T3. Without acid leaching, the purity and surface area of green silica significantly
reduced to 56.94% and 5.72 m2/g. This study concludes that green silica from T1 sequence has successfully
obtained high purity, high surface area, and indicates an amorphous and mesoporous particle. It is suitable to
be utilized as an industrial silica gel for moisture adsorber which more sustainable and greener process.

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Rice husk ash (RHA) is obtained from rice husk combustion with a
wide and huge amount of availability, especially in developing coun-
tries [1,2]. Surprisingly, the silica content in RHA is indicated around
80�95%-wt [3�7], which attract to be utilized for industrial interests.
Silica extracted from biomass, named green silica, is commonly pro-
duced through rice husk calcination and followed by RHA extraction
with an alkaline. Acid leaching is usually executed to rice husk before
calcination or is carried out to RHA before extraction. When acid
leaching is not applied, the silica purity rarely surpasses 95% and the
surface area is mostly just below 200 m2/g which does not yet meet
the criteria for industrial silica gel requirements [4,8�15]. Through-
out this fact, acid leaching becomes a serious factor to be considered
in RHA extraction.

Acid leaching could be applied to rice husk before it is calcined. An
acid leaching study on 50 g rice husk then followed by ash extraction
proposed by azat et al. (2019b) was resulted in silica purity of
98.2�99.7% and surface area of 120�980 m2/g [8]. An acid leaching
experiment using HCl and citric acid on 15 g rice husk improved the
product purity from 82.8% to 99.3% and 98.6%, successively [9]. Rice
husk to silica experiment with acid leaching pretreatment showed a
greater surface area from 116 m2/g to 218 m2/g for leaching using
HCl and 208 m2/g for H2SO4 as well as purity enhancement from
95.77% to 99.58% for leaching using HCl and 99.08% for H2SO4 [15].
Another acid leaching work on 20 g rice husk prior to calcination rec-
tified the silica content from 94.58 to 99.14% [16]. The rice husk acid
leaching before calcination not only enhanced the silica purity from
91.5 to 98.8% for leaching using HCl and 99% for citric acid but also
increased the surface area from 56.6 to 311.6 m2/g for leaching using
HCl and 254.1 m2/g for citric acid [17]. Meanwhile, another investiga-
tion on acid leaching before 10 g rice husk calcination gave an
upgraded silica purity to 99.76% and surface area of 234.6 m2/g for
leaching using HCl and 215.8 m2/g for citric acid [18].

Acid leaching could also be carried out to RHA before the extrac-
tion process. The research on 10 g RHA alkaline extraction with
1 mol/L HCl-leaching succeeded in achieving 93% of silica purity [19].
A study on acid leaching with 2 mol/L HCl at 90 °C for 2 h before
100 g RHA alkaline extraction could rectify the silica surface area to
169.7 m2/g and silica purity from 90.5 to 95.9% [20]. Apart from that,
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Fig. 1. Experimental setup.
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a distinctive study on 10 g rice husk calcination was exploited using
oxalic acid with the silica purity change from 92.4% to 99.3% [21].

Many acid leaching works gave satisfying results as aforemen-
tioned, but the study on the effects of acid leaching sequence in RHA
extraction on green silica purity and surface area seems still to be
absent. This present study, hence, is aimed to investigate and discuss
it. The acid leaching was carried out in three sequences, those are
acid leaching of raw material or RHA (T1), acid leaching of intermedi-
ate product or aged gel (T2), acid leaching of dried product (T3). The
experiment without leaching was also provided as a control. The
observed results were crystallinity and product quality which encom-
passes mineral composition, surface area, pore diameter, and mor-
phology. Furthermore, the green silica usage as a silica gel for
moisture adsorber and its performance compared to the commercial
silica gel was reported in the last section of this study.

2. Materials and experimental methods

2.1. Materials

Rice husk was obtained from Mekarjaya rice milling in Majalaya
Regency, West Java, Indonesia. RHA was prepared through rice husk
calcination in a muffle furnace at temperature 700 °C for 2 h. A tech-
nical grade of sodium hydroxide and hydrochloric acid were pro-
cured from the local chemical market. Demineralized water was
provided from ITB bioenergy instructional laboratory which using
reverse osmosis technology.

2.2. Acid leaching procedure

The acid leaching process was assisted with hydrochloric acid. The
material was soaked and stirred in 1 mol/L HCl at temperature 100 °C
for 1 hour. The leached material was filtered with mesh no. 400 to
produce leachate and filtrate. The filtrate was then washed with
demineralized water.

2.3. Experimental method and variations

There were four sequence variations in this study, namely control,
T1, T2, and T3. For control variation, extraction was held without
applying acid leaching. The extraction was done for 300 g RHA in
1.2 L NaOH 1 mol/L solution at 120 °C for 2 h under well and intense
agitation. Next, the extract solution was filtered with mesh no. 400 to
become residue (filtrate) and silica sol (filtered solution). The silica
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sol was titrated drop by drop with 1 mol/L HCl until formed gel-like
substances. The gel was then aged for 2 h and subsequently dried in
an oven at 105 °C for 6 h. For T1 sequence, RHA was leached at first
and was then extracted under the same procedure as control varia-
tion. But, the aged gel should be washed with demineralized water
before drying. For T2 sequence, RHA was extracted as similar as con-
trol procedure but acid leaching was subjected to the aged gel. The
gel was then washed with demineralized water and was dried. For T3
sequence, RHA was extracted with the same step as the control but
the acid leaching was conducted to the dried product. The leached
product was washed and then followed by drying again. Whole
parameters such as RHA amount, alkaline amount and concentration,
extraction time and temperature, aging time, and drying time were
identical to control variation. Schematically, the experimental setup
is presented in Fig. 1.

2.4. Product characterizations

A Bruker D8 Advance XRD instrument using Cu-Ka scanned at 2u
from 5 to 90° was performed to analyze product crystallinity pattern.
Before the measurement was applied, the sample was dried and
grinded to a fine powder. The product mineral composition was mea-
sured using Rigaku Cartesian Geometry energy dispersive X-ray fluo-
rescent (ED-XRF) equipped with high-performance silicon drift
detector, X-ray tube with palladium anode, 50 Watt of power, and
50 kV of voltage. The sample should be grinded and sieved until par-
ticle size uniformly reached 200 mesh.

A Quantachrome Touchwin v1.2 analyzer that follows Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods
were employed to exploit the product surface area and pore diame-
ter. The sample was first degassed at temperature 300 °C for 3 h at a
vacuum condition to guarantee the moisture and impurities being
removed. Nitrogen was then injected at temperature 77.35 K with
relative pressure, P/P0, ranging from 0.022 � 0.3 to meet the Lang-
muir adsorption isotherm mechanism [22,23]. The product morphol-
ogy was evaluated under PhenomTM ProX desktop scanning electron
microscope (SEM) with 12.5 kV voltage, working distance 9.6 mm,
and under 2500 x magnification.

2.5. Green silica quality enhancement calculation

The green silica purity enhancement percentage (Ep) was evalu-
ated using Eq. (1) and the surface area enhancement percentage (ES)
was obtained using Eq. (2).
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Ep ¼ p0 � p
p

� 100% ð1Þ

ES ¼ S0 � S
S

� 100% ð2Þ

p0 is green silica purity with acid leaching, p is green silica purity
without acid leaching (control), S0 is green silica surface area with
acid leaching, and S is green silica surface area without acid leaching
(control). The p0 and p values are obtained from ED-XRF data whereas
S0 and S values are acquired from BET data.

2.6. Green silica usage experiment procedure

The commercial silica gel, green silica with the poorest quality,
and green silica with the highest quality, with the initial amount of
100 g each were intended for a humid room moisture adsorber. The
room temperature and humidity were first measured using a hygro-
thermometer. The silica mass change was measured every day for
12 days and the experiment was carried out in duplicate. The daily
cumulative moisture adsorbed amount (AM,cum) for each product was
calculated follows Eq. (3).

AM;cum
mg
g

� �
¼ ms;i �mA

mA
� 1000 ð3Þ

ms,i is the silica mass at ith day [g] andmA is the initial silica mass [g].

3. Results and discussion

3.1. The considerations of rice husk ash acid leaching with HCl

Several researchers have compared leaching performance with
citric acid, oxalic acid, H2SO4, and HCl. The leaching is all done in the
first sequence as pretreatment with a negligible difference of product
purity and surface area [9,15,17,18,21]. It requires a larger amount of
chemicals with a factor of 5.4 for making 1 mol/L of citric acid, 2.5 for
oxalic acid, and 2.8 for H2SO4, compared to HCl as a result of their
higher molecular weight. As a consequence, leaching with citric acid,
oxalic acid, or H2SO4 will produce a larger leachate amount than HCl.
In the meantime, the leachate treatment either through biological
process, neutralization, or oxidation prior to discharge is equally a
must [24]. Therefore, using HCl could reduce the operational cost in
terms of chemicals and leachate treatment costs.

The rice husk has a rigid and cylindrical shape as shown in Fig. 2a.
Within these properties, acid is difficult to infiltrate the inner struc-
ture of rice husk [1,2,5,25]. Thus, rice husk acid leaching should be
Fig. 2. Rice husk (a) and ric

Please cite this article as: S. Steven et al., An appropriate acid leaching s
silica quality for sustainable industrial silica gel purpose, Journal of t
10.1016/j.jtice.2021.04.053
taken at 6�8 bar of pressure, extra vigorous mixing, and temperature
200 °C to crack the particle, which guarantees the complete acid dif-
fusion to the rice husk inner structure and drag the impurities out
[2,6]. On the other hand, RHA is a rice husk combustion product that
has a more brittle structure. Consequently, most of the cylindrical
shape of rice husk is cracked and transformed into more spherical.
Some of the cylindrical shapes are standstill but with a lesser amount
(Fig. 2b).

Due to the brittle structure of RHA, leaching could be performed in
atmospheric pressure, mild mixing condition, and lower temperature
with a shorter time. Apart from that, RHA leaching requires an acid
about 1/5 times than rice husk leaching, because RHA occupies nearly
20%-wt from rice husk. For a closure, RHA acid leaching has an emi-
nency to suppress the acid amount and leachate treatment cost.

3.2. Acid leaching effects on extraction process

It is found that in absence of acid leaching, extraction with 1.2 L
NaOH was unsuccessful, even at a higher temperature and longer
extraction time. This phenomenon occurs due to RHA is not perfectly
soaked in the NaOH solution as can be seen in Fig. 3a, so the agitator
could not work properly. Without agitation, the RHA is difficult to be
dissolved in the NaOH solution due to the low solid-liquid mass
transfer [26,27] and those prevent the pulverization of RHA structure
which obviously hinders the extraction process.

Fig. 3b shows that when acid leaching is applied, the previous
extraction is possible to be held because leached RHA is perfectly
soaked in the NaOH solution. Acid leaching allows pulverization of
RHA particle (Fig. 3c). Pulverized RHA decreases the void fraction,
which in line with reducing bulk volume. Agitation occurs and this
will aid the extraction process. From this exposition, the control
sequence could not be performed. To overcome this matter, all
extraction variations are then carried out using 1.5 L of NaOH.

3.3. Acid leaching effects on product quality

RHA and green silica were first analyzed with XRD. Actually, RHA
itself is a silica source because it has a similar 2u = 22° peak appear-
ance with amorphous silica [21], while another recorded peak indi-
cates other minerals compound which is absorbed from soil and
fertilizer. The green silica from this study has the same XRD pattern
as amorphous silica, which indicates a disordered structure of silica
[9,17,28�32], as shown in Fig. 4.

The amorphous percentage for RHA is 61.7%, while for green silica
from control, T1, T2, and T3 are 51.6%, 99.9%, 99.9%, and 62.5%, in a
respective term. More impurities impact on higher crystallinity.
Sharp narrow peak appearance in Fig. 4 is not caused by silica
e husk ash particle (b).
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Fig. 3. RHA in NaOH solution without acid leaching (a); with acid leaching (b); Pulverized RHA particle.

Fig. 4. RHA and green silica XRD profile.
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crystalline but is attributed to the mineral crystal of NaCl, Na2SO3,
Fe2O3, K2O, Na2O, and Al2O3 as major impurities [30,33�36]. In line
with the amorphous percentage, impurities were significantly found
in control variation and then followed by T3 variation.

Subsequently, the explanation is achieved from a mineral assay
through ED-XRF. Table 1 implies that the major impurities recorded
are sodium oxide, potassium oxide, and sulfur trioxide. The acid
leaching on RHA reduces the impurities and increases the silica con-
tent only by 6.22%. Meanwhile, in T1 sequence, acid leaching and gel
washing successfully removed much amount of impurities content
[32,37,38] and thus promotes the highest green silica purity, 96.44%.
Table 1
ED-XRF result for RHA and green silica.

Mineral Composition (% mass)

RHA Leached-RHA Control T1 T2 T3

SiO2 79.63 85.85 56.94 96.44 87.69 62.46
Na2O 7.04 3.31 31.42 1.38 5.85 21.30
K2O 3.83 2.65 2.23 0.51 0.49 3.44
SO3 2.16 1.62 8.34 0.79 0.94 2.57
Cl � 0.61 0.32 0.28 0.62 1.21
P2O5 1.87 0.94 0.28 0.27 2.82 4.39
Al2O3 1.86 1.73 0.31 0.18 1.01 1.99
CaO 2.48 2.35 0.13 0.10 0.49 2.50
Fe2O3 1.04 0.92 0.01 0.01 0.08 0.10
ZnO 0.09 0.02 0.01 0.04 0.01 0.04
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The previous explanation is then strengthened with BET result.
RHA from this experiment has a surface area of 46.78 m2/g, slightly
higher than RHA obtained from Fernandes et al. (2016) [3]. The green
silica from control variation has the lowest surface area, 5.72 m2/g
due to a large amount of sodium hydroxide from RHA and alkaline
solvent still adheres to the aged gel. After gel drying, the mineral
from impurities and sodiummineral then plug into the pore structure
and this phenomenon will provoke the lowest surface area [39�42].
Sodium oxide content was 31.42% in control variation, which sup-
ported the aforementioned argument.

It is found that impurities in the extract solution are far lesser for
T1 and this will contribute to the highest surface area, reaching
400.69 m2/g. Aside from 96.44% purity, sodium oxide content is sig-
nificantly reduced to 1.49%. It can be said that pretreatment with acid
leaching is able to reduce earth alkaline impurities and gel washing
with water is proven to be effective for sodium oxide removal
[19,33,43].

Interestingly, T2 sequence also resulted in the green silica with
quite low purity and surface area. Impurities removal through T2
seems not satisfying compared to T1. However, sodium oxide mineral
was found at 5.85%. Again, sodium oxide is still able to be reduced but
the remaining impurities still exist because they have already been
trapped in the established gel networks which are difficult to be
dragged out by acid leaching [41,42,44]. These trapped impurities
block the silica pore and lead to a surface area of 55.49 m2/g, just
slightly higher than RHA.

For T3 sequence, leaching was employed on dried green silica,
which has a tougher structure than RHA. Drying segregates the sol-
vent in the gel networks porous matrix and complicates the trapped
impurities to free indeed [42]. Moreover, it also induces the impuri-
ties to sinter tightly and collapses in the capillary structure [39�41].
This result has a significant amount of sodium oxide, 21.30%. The
green silica from T3 sequence has the lowest surface area compared
to T1 and T2 but still higher than that of the control, 11.40 m2/g. The
explanation for rice husk ash extraction phenomena under various
acid leaching sequences is illustrated briefly in the graphical abstract.

Apart from this, T3 sequence requires two steps of the drying pro-
cess. This is considered a weakness due to the high-cost process. The
result for RHA and green silica surface area are tabulated in Table 2.
Hereafter, the Langmuir adsorption isotherm plot for T1, T2, and RHA
show a concave curve towards relative pressure whereas T3 and con-
trol exhibit almost linear lines, as depicted in Fig. 5. Based on the
qualitative view, the more concave curvature implies the mesopo-
rous product was obtained [22,45,46]. Based on BJH analysis, pore
equence in rice husk ash extraction to enhance the produced green
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Table 2
RHA and green silica surface area.

Sample Code Surface Area (m2/g)

RHA 46.78
Control 5.71
T1 400.69
T2 55.49
T3 11.40

Table 3
Acid leaching effects on product purity and surface area enhancement percentage.

Acid P (%) P0 (%) Ep (%) S (m2/g) S0 (m2/g) ES (%) Reference

HCl � 98.20 � � 120 � [8]
99.10 980
99.70 150

82.80 99.30* 19.93 � � � [9]
95.77 99.58 3.98 116 218 87.93 [15]
91.50 98.80 7.98 56.6 311.6 451.50 [17]
� 99.76 � � 234.60 � [18]
� 93.00 � � � � [19]
90.50 95.90 5.97 � 169.70 � [20]

Citric 82.80 98.60* 19.08 � � � [9]
94.58 99.14 4.82 � � � [16]
91.50 99.00 8.20 56.6 254.1 349.73 [17]
� 99.77 � � 215.80 � [18]

Oxalic 92.40 99.30* 7.47 � � � [21]
H2SO4 95.77 99.08 3.46 116 208 79.31 [15]
HCl 56.94 96.44** 69.37 5.72 400.69 6905.07 This study

* Highest value from the experiment results.
** T1 sequence.
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diameter for green silica from T1 sequence was obtained at 41 A
�
and

categorized as a mesoporous material [45,47�49], which supports
the qualitative explanation.

According to XRD, ED-XRF, and BET results analysis, the produc-
tion of high purity and high surface area of amorphous green silica
from RHA should apply acid leaching as a pretreatment or in the first
sequence. The green silica surface area from T1 is found higher than
the untreated one as a control, but the purity has not yet exceeded
99%. This might be due to 300 g of RHA used in this study, whereas
other researchers worked only on 10�50 g. Furthermore, the green
silica purity from control variation is 56.94%, which is far lower than
other researchers (82.80�95.77%) and this is supposed to be the
cause of difficulty reaching purity of 99%. Nevertheless, RHA extrac-
tion for this study (through T1 sequence) gives a very significant
purity and surface area enhancement percentage, 69% and 6905%,
respectively, as summarized in Table 3.

Fig. 6 observes that green silica particle morphology from T1
sequence is indicated an unlaminated structure, irregular shape, and
non-uniform particle size with mostly smaller than 10 mm. It is real-
ized that alkaline extraction method mostly produced irregular parti-
cle shape due to not easy to control their formation [38]. The non-
uniform particle size was also obtained from Setyawan et al. (2019)
[31], Al-maamori et al. (2015) [33], and Phoohinkong and Kitthawee
(2014) [36]. Several bigger size silica is found due to the aggregation
tendency that might be happened for a reason of drying [39,40]. Like-
wise, manual grinding is the cause for particle non-uniformity and
still allows the large particle to remain [21].
Fig. 5. Low-temperature N2 adsorption isot
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3.4. Green silica usage performance

The green silica is preliminary proposed for industrial silica gel as
a moisture adsorber and it fulfills some requirements as compared in
Table 4. In order to strengthen the qualitative explanation, the study
on silica usage performance in a humid room was conducted on com-
mercial silica gel, the poorest green silica quality (control), and the
highest quality (T1). The commercial silica gel has specifications of
blue color, spherical, purity 97.71%, and surface area 676.67 m2/g.
The humid room has an average temperature of 27.9 °C (§ 0.4) and
relative humidity of 64.1% (§ 3.1), while the outside environment
has an average relative humidity of 40.1% (§ 1.3). For commercial sil-
ica gel and green silica, the daily cumulative moisture adsorbed
amount from the humid room is continued to increase day by day, as
seen in Fig. 7.

On the twelfth day, the average cumulative moisture adsorbed
value reached 240.12 mg/g for commercial silica gel, 206.72 mg/g for
herm curves for RHA and green silica.
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Table 4
Industrial silica gel specifications comparison.

Surface Area (m2/g) Pore Diameter (nm) Reference

136�285 8.42 � 19.80 [50]
142�357 13.00 [11]
201 � [51]
254�262 10.97 � 13.36 [52]
610 2.40 [12]
686�827 3.19 � 3.24 [10]
528�863 � [13]
400.69 4.10 This Study

Fig. 7. Cumulative moisture adsorbed amount for commercial silica gel and green sil-
ica (T1 and control).

Fig. 6. Green silica morphology from T1 sequence.
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green silica T1, and 65.53 mg/g for green silica control. From this
study, the green silica from T1 has a very close performance to the
commercial silica gel. On the other hand, green silica from control
exhibits the lowest performance. The moisture adsorption into the
silica pores is hindered due to its low purity and surface area which is
caused by pore-clogging by a large number of impurities. This is
implied that high surface area and mesoporous green silica from T1 is
meet the criteria and proven to be utilized as industrial silica gel with
another superiority comprises sustainability and greener process.

4. Conclusions

An amorphous and mesoporous green silica with 96.44% of purity
and 400.69 m2/g of surface area is successfully produced from RHA
Please cite this article as: S. Steven et al., An appropriate acid leaching s
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extraction under T1 sequence. This study confirmed that acid leach-
ing should be carried out at first, as a biomass pretreatment. In
absence of acid leaching, as well as acid leaching on the other sequen-
ces, will induce lower quality of green silica. Green silica production
following T1 sequence is aimed for product quality improvement,
which encompassed higher purity, greater surface area, has an amor-
phous and mesoporous particle. The improved green silica product
from T1 sequence could be combined with future utilization for sus-
tainable industrial silica gel with the moisture adsorber performance
that is somewhat similar to the commercial spherical silica gel blue.
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