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Research highlights:
e Rice husk — an agricultural waste was successfully converted into pure amorphous
silica;

e Three different locally grown samples of rice hull were utilized for silica extraction;
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e Three different methods for the production of silica from rice husks were
investigated;

¢ A greener and more economic method gave promising results.

Abstract

This study aimed at developing a new synthesis method for the production of high
purity silica from rice husks originated from different regions of Kazakhstan. A novel eco-
friendly method is compared with the conventional one reported in the literature which is
accompanied by the use of significant amount of inorganic alkali and acids and direct
combustion. In order to reduce the environmental impact, the mineral acid pre-treatment
stage was either removed or replaced with organic acid pre-treatment, which reduced the
amount of chemicals used during the synthesis and treatment process. The calcination
temperature of 600°C was selected based on thermogravimetric analysis. The average purity
of silica samples obtained via different methods ranged from 84.81 to 99.66 wt.%. The purity
of the produced silica by use of the greener method was high reaching 98.67% with surface

area up to 625 m%/g.

1. Introduction
Rice is the second largest cereal crop in the world. According to data published by the
Food and Agriculture Organization (FAO) the world rice production in 2016 was 748x10° t,
while in Kazakhstan the production amounted to 291x10° t. Rice-growing employs more than
50% of the labor resources in the agricultural sector of the world economy and the
consumers’ demand for rice increases every year. According to the projections of the FAO,
by 2020 the demand will be 781x10° t and will exceed the demand for wheat by 2-3%. Rice

growing in Kazakhstan is developed mainly in the south, in the areas of the lower reaches of



the Syr Darya River, in the territory of the Kyzylorda Region. According to the Ministry of
Agriculture of the Republic of Kazakhstan, the main regions involved in rice production are
the Kyzylorda Region (784x10°® m?), Almaty Region (111x10° m?) and South Kazakhstan
Region (30x10° m?).

Rice husk (RH) is an agricultural waste stream that is abundant in agro-based countries,
such as China, India, Bangladesh, Brazil, USA and Kazakhstan. The rice grain consists of
about 20 wt.% of RH. RH constitutes a waste problem in rice-producing regions and the
increase of the areas of rice cultivation requires the development of new approaches to the
RH management (Santana Costa and Paranhos, 2018). The estimated production of waste RH
in Kazakhstan is about 64x10° t.

The management of RH is an important and multifactor issue, while recycling and
utilization should be the main target. Traditionally RH has been either burned or disposed of
in landfills, but environmental regulations limited this practice. Nevertheless, burning in open
air is still practiced especially in poor and developing countries causing environmental and
health problems (Memon et al., 2011). The combustion of RH as fuel substitute for power
generation is a solution that is used in many fields of industry; however, this produces a new
waste stream known as rice husk ash. Due to its high silica content, rice husk is considered as
an economically viable raw material for the production of silicates and silica materials. RH
has been utilized in several sectors as construction material in a concrete production (Sandhu
and Siddique, 2017), fuel in power plants (Prasara and Gheewala, 2018) for the synthesis of
activated carbon (Liu et al., 2012) and as adsorbent for the removal of organic dyes (Franco
et al., 2017), phosphates (Mor et al., 2016) and heavy metals from wastewater (Feng et al.,
2004).

RH is characterized by negligible nutritional value, chemical-physical resistance, low

bulk density and high ash content. The main constituents of the husks are organic compounds



(about 75% cellulose, hemi-cellulose and lignin) and silica (about 15%) (Alyosef et al.,
2013). Silica is the major mineral component of RH ash which also contains potassium,
sodium, magnesium, calcium, iron, phosphorus and much smaller quantities of other
elements (Bakar et al., 2016). The composition variation of the RH and RH ash is caused by
several factors, such as the agricultural practices applied (amount and type of fertilizers used)
and climatic or geographical factors, as shown in Table 1 (Ugheoke and Mamat, 2012).

Table 1

Elemental composition of the RH ash by geographical locations

XRF XRF ICP XRF
Composition
Kazakhstan Canada Egypt Malaysia

SiO> 91397 92.42" 91.05™"  91.56 91.5 91.25
K20 1.25 1.81 1.34 4.76 1.23 3.83
CaO 2.62 1.32 2.84 0.78 2.57 0.88
SO; 2.02 1.05 2.12 0.29 - 0.66
P>0s - - - - 2.30 2.45
ALOs3 0.23 0.45 0.15 2.36 1.46 0.18
MnO 0.64 0.58 1.22 0.07 0.04 0.07
FexOs 0.57 0.64 0.50 0.11 0.42 0.09

NaxO 0.36 - 0.32 - 0.18 -
MgO 0.31 0.61 0.21 - 0.30 0.57

CuO 0.29 0.12 0.25 0.06 - -

Cl 0.28 0.52 - - - -
ZnO 0.04 0.48 - 0.01 - 0.01




*Almaty region,” Kyzylorda region,” South Kazakhstan region

Table 1 shows that although the composition of the RH ash varies, the silica content is
between 91 and 93%. Because of the high silica content, the RH can be a cost-effective raw
material for the production of silicates and silica materials (Kumar et al., 2013). The
temperature of calcination (incineration), the holding time and the applied pretreatment
methods affect the quality of the resulting silica. Silica produced from RH at a temperature of
500 to 650°C with a combustion time of 2.5 to 6 h is predominantly amorphous, while
crystallinity is achieved when the annealing temperature rises above 700°C. While crystalline
silica is used in ceramics, steel, thermal insulator and refractory bricks (Prasad et al., 2001)
and in the concrete industry (Kumar et al., 2013), amorphous silica finds a much wider range
of applications in concrete production (Kannan, 2018), pulp industry (Chen et al., 2017),
laboratory glassware (Shi et al., 2017), adsorbents (Pivovarov, 2008) and drag delivery
carriers (Mitran et al., 2018). Various value-added products, such as aerogel (Tang and
Wang, 2005), silica carbide (Niyomwas, 2009), porous carbon (Satayeva et al., 2018),
zeolites (Ng et al., 2015) and other products can be obtained by using the silica produced
from RH (Shen et al., 2014). Therefore, the RH combustion residue can be considered as a
cost-effective raw material for the production of silica (Kalapathy et al., 2001). Nevertheless,
despite the potential usefulness of the RH as source of several materials, its processing is not
always cost-effective or environmentally friendly (Lakshmi et al., 2009). A summary of the
available treatment methods of RH and RH ash for the production of silica can be found in
Fernandez et al. (2017) and are typically based on a combination of acid and thermal
treatment (Fernandes et al., 2017).

This study aims at investigating new synthesis methods for the production of high

purity silica from RH originated from the rice-producing regions of Kazakhstan. A new



greener method is compared with conventional ones reported in the literature. In order to
reduce the environmental impact, the mineral acid pre-treatment stage typically used in the
literature (Mor et al., 2017) for the removal of impurities was either removed or replaced with
organic acid pre-treatment, which reduces the amount of chemicals used during the synthesis
and treatment phase. The alternative synthesis is a dry method, i.e. no citric acid solution was
used, differentiating it from wet methods used in previous studies, where 25 ml (Alyosef et
al., 2013), 7.5-100 ml (He et al., 2014) and 16.7-20 ml ( Umeda and Kondoh, 2010, 2008) of
citric acid solution per g of RH were used. Also, the economic benefits of such synthetic

approaches are discussed.

2. Materials and Methods
2.1 Rice husks

The RHs were supplied by rice-growing farms of three different rice growing regions
of Kazakhstan: RH1-Almaty (Balkhash district, rice variety - Regul), RH2-Kyzylorda
(Syrdarya district, rice variety - Lider) and RH3-South Kazakhstan (Zhetysay, rice variety -
42). All obtained RHs were washed with deionized water to remove soluble contaminants, air
dried in fume hood overnight in order to prevent steaming during the oven drying and finally
dried in bench oven (Carbolite, PF 300, Keison, UK) for 8 h at 105 °C. Washed and dried

RHs were stored in polyethylene zip-lock bags at room temperature until use.

2.2 Acid treatment
Acid pre-treatment delignifies RH and improves subsequent calcination via loosening
of its rigid structure. The acid pre-treatment of RH was performed according to Ang et al.
(Ang et al., 2013) using glass reactor, 2M HCI at 10% (w/v) RH loading, 90 °C and

continuous stirring for 2 h. After pre-treatment with HCI, the RH samples were washed with



deionized water to pH 7 and dried at 105°C for 8 h. The citric acid pre-treatment was carried
out in a ceramic crucible by mixing 50 g of RH (washed and dried) and citric acid at the
acid/RH ratio of 100 g/kg. The crucible is placed in the furnace for calcination. The method
used is dry compared to wet methods used by Alyosef et al. (Alyosef et al., 2013), who mixed
40g RH with 1,000 ml of 5% citric acid solution at 80°C, He et al. (He et al., 2014), who
mixed 4g RH with 30-100 ml of citric acid solution at pH 2.5 and 80°C, Umeda and Kondoh
(Umeda and Kondoh, 2008), who mixed 20g RH with 500 ml of 5% citric acid solution at
50°C, and Umeda and Kondoh (Umeda and Kondoh, 2010), who mixed 30g RH with 500 ml

of 1-7% citric acid solution at 80°C.

2.3 Calcination
Based on the experimental data obtained by a preliminary TGA analysis, the
calcination temperature of 600°C was chosen. The washed and dried husks were calcined in
air for 4 h using a ceramic crucible and a thermocouple equipped muffle furnace (Carbolite,
CWF 1200, Keison, UK). Each crucible was loaded with 50 g of RHs. White rice husk
(WRH) ashes were collected and used for pure silica extraction. The same calcination
procedure was applied to RH pre-treated with HCl (conventional method) and citric acid

(CA).



|
Washing/drying

HCI pre-treatment Citric acid pre-treatment Without pre-treatment

Calcination at 600°C

Leaching of silica from WRH

Filtration and drying

Fig.1. Scheme RH treatment methods.

According to the synthesis procedure, the following notation is used:
e directly incinerated samples are denoted as RHT1-3 and silica samples
produced from their WRHs denoted as SiO>T1-3;
e HCI pre-treated samples denoted as RH_A1-3 (SiO2_A1-3) and citric acid pre-

treated samples as RH_CA1-3 (Si02_CA1-3).

2.4 Silica extraction
WRH collected after calcination was mixed with 100 ml of 2 M NaOH at 90°C under
continuous vigorous stirring for 2 h in order to convert the solid silica into water-soluble
sodium silicate (SS). The SS solution was filtered through cellulose membrane filter
(Millipore, 0.45 pm) in order to remove insoluble residues and carbonizates (black ashes). SS

was then converted into insoluble silicic acid via titration with 2 M HCI under continuous



stirring. The final product was washed with hot deionized water to pH 7 and then dried in a

bench oven for 4 h at 105°C.

2.5 Characterization

Thermal analysis was conducted using a Perkin Elmer STA 6000 with a heating rate
10°C'min” in a temperature range from 50 to 950°C under nitrogen atmosphere. X-ray
diffraction (XRD) patterns were recorded using Rigaku (SmartLab® X-ray) diffraction
system with Cu Ko radiation source (A=1.540056 A) at a scan rate of 0.02°0-s™! in the 20
range of 10-90°. Scanning electron microscopy (SEM, FEI Quanta 3D) was used to observe
the surface of samples. A Nicolet 6700 FT-IR spectrometer (Thermo Scientific) with
attenuated total reflection (ATR) attachment was used to collect IR spectra. The Brunauer-
Emmett-Teller (BET) surface area and pore size of silica were determined from N>
adsorption measurements. N> adsorption/desorption isotherms at 77 K were recorded using
Autosorb-1 (Quantachrome, UK) in the range of relative pressures, P/Po, from 0.005 to 0.991.
Samples were outgassed for 10 h at 150°C prior to measurements to remove any moisture or
adsorbed contaminants. The chemical composition of the obtained silica was examined by X-

ray fluorescence (XRF) using a PANalytical Axios mAX instrument.

3. Results and discussion
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Fig.2 shows weight losses of RH samples by using TGA analysis. The initial weight
loss associated with moisture evaporation occurs within the range of 50-150 °C. The mass
loss at temperatures from 210 to 360°C is rapid and significant and assigned to the thermal

decomposition of hemicellulose and cellulose as a major organic component in the RH (Mor

10



et al., 2017). DTG curves show a peak at the range of 330-360°C for all samples and the
results are similar to those found in the literature for RH and RH ash (Santana Costa and
Paranhos, 2018). A DTA endothermic peak at 345°C is observed when heating cellulose

powders under argon atmosphere and it is attributed to its carbonization without combustion
(Umeda and Kondoh, 2008). The third mass loss which contributes about 30 wt.% in a total

weight loss starts at 380°C, differs in a temperature range in all samples and is related to the
lignin gradual decomposition between 380 and 600°C (800°C for RH2). The thermal profiles
of RH1 and 3 are similar and the samples weight is stabilized at temperatures of 560°C and
above. The differences in thermal profile of RH2 are attributed to the differences in rice
variety, as well as in soil/climate area of growth. The stabilization of mass loss for RH1 and
RH3 samples at 560°C indicates the complete burnout of the volatile components and
suggests the temperature of about 600°C under air atmosphere for sample calcination. The
residual masses of samples are: 15.3 (RH2), 17.04 (RH1) and 19.08 wt.% for RH3. The

selected calcination temperature has been used in other studies as well (Mor et al., 2017).

100

100

90 4
90

80 -
80

70 A
70

60 o 60

50 4 50

weight loss, %
weight loss, %

40 - 10

30 30

20 4 20

10 4 10

0

T T T T
50 250 450 650 850 50
Temperature, °C

250 450 650 850
Temperature, °C

11



Derivative weight
Derivative weight

\

340-360°C I 330-350°
\

50 250 450 650 850 50 250 450 650 850
Temperature, °C Temperature, °C

Fig.2. TGA curves for RHI1, RH2 and RH3 (upper left) and comparison of TGA of RH1 and
RH_AT (upper right) and corresponding DTG curves for RH1, RH2 and RH3 (lower left) and
comparative DTG graph of RH1 and RH_ A1 (lower right) samples.

Stoichiometric quantities of WRH, NaOH and HCI were used for silica precipitation. The
process involves two-steps, alkali solubilization and acid precipitation:
2NaOH + x8i02 — Na,SiO3 +H.0
Na»SiO3 + 2HCl —Si03(gel) | +2NaCl+H>0

The treatment of alkaline solubilizate with hydrochloric acid promotes silanol (R3Si—
OH) groups formation and condensation that leads to the formation of extended three-
dimensional Si—O-Si network. The XRD diffraction spectra of RH 2 and SiO>_ T2 sample
obtained from WRH 1is shown in Fig.3. The peaks 15.4°, 21° and 34° of the RH fully
correspond to cellulose I. The observed broad halo (SiO, T2) with maximum intensity at
26=22° confirms the amorphous structure of obtained silica (Kalapathy et al., 2001) and
corresponds to the d-spacing value of 0.36 nm. The XRD patterns of other silica samples
obtained confirm the absence of any ordered crystalline structure. As it is well known, acid
pretreatment affects the chemical composition of the RH derived products, but not their
structure, i.e. whether crystalline or amorphous; the type of silica is determined by the
calcination temperature and crystalline forms are produced above 700-900°C (Ugheoke and
Mamat, 2012).

12
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Fig.3. X-ray diffraction pattern of RH_2 and SiO>_T2 sample.

According to the SEM results (Fig.4), the untreated sample shows a structural
network typical of RH (Patel et al., 1987), this of HCI pre-treated sample has significant
structure breakdown due to acid delignification and the silica precipitate obtained from HCl
pre-treated RH shows that is fully transformed into amorphous nanomaterial with particle

size of about 50 nm.

5 um
KazNU NANDLAE

Fig.4. SEM images of untreated RH1(left), RH A1(middle) and Si02_ Al (right).
SEM images of silica samples obtained from non-pre-treated and citric acid pre-treated RH
are shown in Fig.5. Silica precipitates show a nanoscale roughness which comes from the

amorphous morphology of silica nanoparticles, dispersed within the bulk phase.
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Fig.5. SEM images of SiO>_T1 (left), SiO,_ CA1 (right) samples.

The effects of acid pre-treatment were investigated by TGA analysis. TGA curves for

RH1 and RH Al are given in
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Fig.2. The first weight loss in RH_A1 sample occurred near 100 °C, which is associated
with the evaporation of water. The hemicellulose and cellulose thermal decomposition started
at 220 °C and the lignin decomposition occurred beyond 400 °C. The results show less than

3% difference of the total mass loss between the treated and untreated samples.

The functional groups present in RHs and SiO, precipitate were identified by FTIR-ATR

spectra (Fig.6).
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Fig.6. FTIR spectra of RH (top) and SiO>_T1 (bottom).
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The broad peak in Fig.6 (top) at about 3500 cm™' corresponds to the —O—H-stretching
vibrations of water molecules. The absorption peak at 2926cm™ can be attributed to the
symmetric and asymmetric stretching vibrations of the aliphatic C—H bonds in -CH3 and CH»
groups in the structures cellulose, hemicellulose and lignin, respectively and 2114, 1423 and
1383 cm™! are related to the -C—H stretching vibrations of the methylene groups. The peak at
1632 cm™! can be attributed to the ~C=O stretching vibrations of the carbonyl groups in
aldehydes and ketones. The peak at 1515 cm™ corresponds to the -C—O groups stretching of
carboxylates. The broad peaks at 1095, 898, 796, 662 and 471 cm™! are attributed to the
stretching vibrations of the siloxane groups. The notable absorption peak in Fig. 6 (bottom) at
1055 cm™! can be attributed to the siloxane (Si—O-Si) network vibration modes, indicating a
highly condensed silica network (Meléndez-Ortiz et al., 2014) and is in agreement with the
literature (Umeda and Kondoh, 2010). The spectras of the produced SiO> show no other band

attributed to organic or inorganic impurities.

Table 3

Gas porosimetry analysis (BET and DFT methods)

Sample Surface area Pore volume Pore width (mode)

(m*/g) (cm*/g) (nm)

BET method DFT method DFT method

Si02 Tl 115 0.49 25.5
SiO2_T2 630 0.77 1.07
Si02_ T3 160 0.76 15.3
Si02_Al 120 0.50 26.4
SiO2_A2 980 1.20 0.98
SiO2_A3 150 0.75 18.4
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SiO,_CAl 112 0.48 25.6
Si0, CA2 625 0.77 1.62

SiO, CA3 174 0.76 17.3

The surface area (BET) of the samples is shown in Table 3, the nitrogen
adsorption/desorption isotherms in Fig.7a,b,c and the pore size distribution in Fig 8. The BET
surface area of the RH1 and RH3-derived materials is between 115 and 174 m?/, lower than
those reported in the literature, for instance 198-212 m?/g (He et al., 2014), 174-294 m?*/g
(Santana Costa and Paranhos, 2018), 208-218 m?/g (Bakar et al., 2016) and 220-313 m?/g
(Alyosef et al., 2013) for several acid-treated derived samples. However, the RH2-derived
material has much higher surface area of all the reported ones between 625 and 980 m?/g.
This demonstrates the variability of raw RH which leads to products of different properties.
The isotherms of SiO2_ A1 and SiO>_ A3 samples are closer to type III with a weak hysteresis
loop and curvature in low pressures indicating mesoporous-macroporous materials. The
isotherm of Si0, A2 sample is closer to type II with a more intense hysteresis loop and
curvature in low pressures indicating a mesoporous-macroporous material with some
microporosity, similar to the isotherms derived elsewhere (Alyosef et al., 2013). These
conclusions are supported by the pore volume and average pore size (Table 3) and the pore
size distribution of samples (Fig. 8). Thus, it seems that the RH2-derived samples exhibit

major pore structure differences in comparison to RH1 and RH3 derived samples.
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Fig.7. Low temperature nitrogen adsorption on SiO2_Al(top), SiO2_A2(middle) and

Si0,_A3(bottom)
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In Table 4, the XRF results show that SiO2 is a major component of the siliceous
precipitate and the content of metal impurities is low.

Table 4
Results of XRF analysis of silica samples

Sample name
Composition
Si0,_T1 SiO,_T2 Si0,_T3 Si0,_Al Si0,_A2 SiO,_A3 SiO,_CAl  SiO, CA2  SiO, CA3

SiO2 95.60 84.81 8891 9821 99.07 99.67 9458 98.67 9244

Cl 1.979 10327 7941 1.792  0.791 - 2336 0.783  3.495
Zn 0.046 0.066 - - 0.122  0.047 - 0.026  1.448
Fe 0.390 0.445 0.069 - 0.020 0.001 0.265 0.169 0.104
K 0.698 1.768 1.044 - - 0.087 1.525 0.133  1.904
Ca 1.141 1242 0.134 - - 0.200 0.629  0.107  0.103
Mn 0.018 0.009 - 0.063  0.100 0.111
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In Fig.9 for all studied samples the WRH yield varies slightly between 14.9 and 20 wt.%,
but it is noteworthy that the acid pre-treatment intensifies the SiO; yield from the RH. The
eco-friendly citric acid pre-treatment increases the purity of the precipitate silica sample
compared to the directly calcinated. The purity mean values of silica samples obtained via
different methods range from 84.81 to 99.66 wt.%. The developed method of citric acid
pretreatment is eco-friendly compared with the conventional one and has promising potential,

as it showed high purity silica.
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Fig.9. Yield of WRH and content of silica in wt.%.

Considering the yield of highly pure amorphous silica produced via the three methods
examined in this work, the production of silica from RH can be a significant source of wealth
for the regional economy of the rice-growing districts of Kazakhstan. The projected output of
2,561 t of WRH in Kazakhstan annually can have significant implication on the financial
stability of the regional communities. The development of small plants for silica production
from RH may create workplaces in predominantly agricultural communities, but also solve
the management problem of this specific agricultural waste stream. The use of citric acid in

the process line makes the production cleaner in comparison with the conventional method,
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as the organic acid used for acidification of the RH decompose during calcination, whereas
inorganic acids (HCIl, HoSO4, H3POj4 etc.) produced after washing of the materials must be
neutralized. Based on the amount of reagents needed (670 ml of 37% HCI and 100 g/kg of
RH) and the whole sale prices of HCI (37%) ($200/t) and citric acid ($600/t), the greener
process is proven to be cheaper as well, without taking into account the NaOH cost needed
for neutralization ($350/t of flakes) and the corrosion problems due to the use of strong acids

and bases.

4. Conclusions

Amorphous silica with purity as high as 99.96%, yield of 20% and surface area of 980
m?/g was synthesized by using RH from different regions of Kazakhstan. The effects of
inorganic and organic acid pre-treatment and pyrolysis temperature on silica purity were
evaluated by TGA/DTA. The TGA results show significant changes in the pyrolysis behavior
of RH after acid pre-treatment, which increases the organic removal efficiencies during the
calcination process. A novel dry citric acid pre-treatment is presented that exhibits
environmental and economic advantages over the traditional HCI pre-treatment. The results
showed that the direct thermal treatment of RH is a chemical- and labor-saving procedure,
but the produced silica is of low purity, reaching a maximum of 95.6%. The characterization
of the derived materials showed variation, especially in the surface area, ranging from 112 to
980 m*/g. Although hydrochloric acid pre-treatment resulted in higher purity products, citric
acid treatment was proven to be competitive due to the high purity obtained (98.67%), the

lower cost and the reduced environmental impact.
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