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HIGHLIGHTS
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e GA leaching was environmentally
better than CA leaching.
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ABSTRACT

Carboxylic acid leaching has been established eco-friendly pre-treatment method for producing biogenic
silica (BSi) from rice husk. The most urgent issue is for carboxylic acid to promote new readily biode-
gradable acids and enhance carboxylic acid sustainability in BSi preparation. This research investigates
gluconic acid (GA) applicability for biogenic silica preparation from rice husk compared with citric acid
(CA). The results demonstrated that GA was preferable to CA on BSi recovery with 89.91% efficiency.
Although GA leaching promoted slightly higher silica loss, the primary metal alkali impurities, such as
K20, Nay0, and Al;03, were effectively removed at 92—93%, 89—93%, 95—97%, respectively. The combi-
nation effect of silica loss and high removal impurities resulted in lower rice husk thermal decomposition
activation energy. The characteristics of BSi prepared by GA leaching were comparable with CA leaching,
mainly mesoporous with 114.06 m?/g of specific surface area and 0.23 cm?/g of the pore volume. In
addition, GA leaching was environmentally better than CA leaching, indicated by minor contribution to
all environmental impact indices. The findings suggested that GA could be a potential replacement for
prevalent carboxylic acids in BSi preparation.

© 2021 Published by Elsevier Ltd.

1. Introduction

hemicellulose, and lignin) with a typical high ash content charac-
teristic (Su et al., 2020). Highly organic compounds in RH could be

Rice husk (RH) is one of the most plenteous agricultural residues
in the world. It is rich in organic matters (e.g., cellulose,
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applied to generate biofuels (briquettes, biogas, bio-oil) through
the thermochemical process, adsorbents for environmental control
(biochar and activated carbon), and construction materials (natural
fibers) (Goodman, 2020). The RH ash is mainly composed of SiO;
with trace amounts of alkali (e.g. Na, K), alkaline (e.g. Ca, Mg),
transition metals (e.g. Al, Fe, Cu, Zn), and non-metals (e.g. Cl, S, P)
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(Zhang et al., 2018). Consequently, it can be identified as a high-
prospect crop residue for biogenic silica (BSi) valorization
(Setiawan and Chiang, 2020). BSi produced from RH is a renewable
precursor for developing silica derivative products such as concrete
materials (Gomes et al, 2020), refractory ceramic materials
(Mathur et al., 2018), composite materials (Jyoti et al., 2021), ad-
ditive materials for epoxy resin (Pham et al., 2017; Bach et al., 2019;
Vu et al., 2020a, 2020b), adsorbents for pollutant removal (Pham
et al.,, 2020a, 2020b), catalysts materials (Davarpanah et al., 2019),
or even chemotherapeutic agents (Dhinasekaran et al.,, 2020).
Therefore, to develop eco-friendly pre-treatment techniques for
preparing BSi have begun to pay more attention to by many
researchers.

Combining pre-treatment strategies with a combustion process
can be applied to produce high-quality BSi from RH (Beidaghy
Dizaji et al.,, 2019). RH pre-treatment is a critical step in removing
non-siliceous components before oxidizing organic fractions
through the thermal process. That was regarded for the following
reasons. The alkali elements (e.g., Na and K) and silicate species
create eutectic reactions during the combustion process to form
ternary oxides. This reaction is responsible for decreasing the
melting-point of silicate species to around 800 °C, which results in
the amorphous silica crystallization nature. Because of that, the
carbon originated from RH organics can easily be dissolved into
ternary oxides, accelerating the formation of black particles (Chen
et al., 2017). It also promotes slagging and fouling on heat trans-
fer surfaces, threatening safe operation and increasing the oper-
ating cost.

Among all pre-treatment technologies, acid leaching has been
approved to be practical and highly efficient (Duan et al., 2018).
Leaching processes with inorganic acids such as HCl, H,SO4, and
HNOj3 are widely used to remove metal alkali components during
BSi production (Bakar et al., 2016; Chen et al., 2017; Xu et al., 2018).
The application of these strong acids ensures the exceptional high
purity and amorphous structure of BSi. However, it has extensive
economic and environmental restrictions regarding the utilization
of inexpensive chemicals with hazardous residues, corrosion
problems, and particular disposal treatment (Alyosef et al., 2013).
The replacement of such strong acids with new eco-friendly ones is
highly recommended to undertake the above-mentioned draw-
backs. The lower molecular weight of organic acids, such as citric
acid (Schneider et al., 2020), acetic acid (Chen et al., 2017), and
oxalic acid (Lee et al., 2017), have been reported as good alterna-
tives throughout the RH leaching process to produce BSi.

Citric acid, CeHsO~ (CA), has received significant attention as an
organic acid for preparing BSi from RH. It was related to the
outstanding ability to form a complex with numerous metallic ions
(Karwowska, 2012; Xia et al., 2015; Martinez et al., 2018). Indeed,
the high purity of BSi, up to 99.77%, has been successfully obtained
by employing CA RH leaching before the combustion process
(Umeda and Kondoh, 2010). Nevertheless, the high global demand
for CA in food and beverages (70%) could probably be a solemn
impediment for developing CA as a leaching agent in BSi produc-
tion. Purchasing CA is also troublesome due to the high cost of raw
materials and energy (Vandenberghe et al., 2017). Accordingly, the
CA price was estimated at 0.73—0.95 $/kg (Wang et al., 2020).
Therefore, prospecting other non-toxic, harmless, and biodegrad-
able acids is beneficial to encourage widespread green processing
in BSi production from crop residues.

Gluconic acid, CgH1207 (GA), indeed, will be noteworthy for
investigation in carboxylic acid leaching regarding its excellent
performance to chelate di- and trivalent metal ions such as AI>,
Ca*t, Fe3*, and Zn* (Canete-Rodriguez et al., 2016; Pal et al., 2016).
Likewise, its biodegradability is remarkable (98% for 48 h)
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(Ramachandran et al., 2006). Even though the GA market is
comparatively smaller than that for CA, its increasing demand in
different industries has sparked concerns in developing GA eco-
nomic production (Pal et al., 2016). At present, GA production is
estimated at around 100,000 tons/year and commercially available
as a 50% technical grade aqueous solution (by mass) (Canete-
Rodriguez et al., 2016). The production cost of GA through novel
eco-friendly technologies (e.g., electrodialysis and bipolar mem-
brane electrodialysis) was relatively affordable at 0.067—0.25 $/kg
(Lei et al., 2020).

Therefore, the innovative points and objectives of this study are
(1) to investigate the applicability of GA for preparing BSi from RH
compared to CA; (2) to characterize the performances of GA
leaching efficiency on metal alkali species; (3) to assess the impacts
on the thermal degradation behavior of RH and the characteristics
of BSi; (4) to evaluate potential environmental effects of GA and CA
application in the leaching process by life cycle assessment (LCA).
The results will provide insights on GA potential as an eco-friendly
leaching process for extracting crop residues-derived silica.

2. Material and methods
2.1. Materials

The RH samples used in this research were obtained from Lianfu
Rice Mill, located in Taoyuan City, Taiwan. The primary raw RH
sample properties are provided in Table 1. Proximate analysis,
including moisture, ash content, volatile matter, and fixed carbon,
were determined in triplicate using regulated testing procedures of
the Taiwan Environmental Protection Administration (EPA) (NIEA
R213 and R205) and the Chinese National Standard (CNS 10823).
The ultimate analysis of RH was also measured by an elemental
analyzer (Elementary Analyzer, Vario MICRO). The energy content
of the RH was determined using a bomb calorimeter (Parr 1341

Table 1
Basic properties of raw RH sample.

Characteristics Value

Proximate analysis (wt.%, as received)

Moisture 10.11 + 0.18
Ash 18.85 + 1.55
Volatile matter 53.75 + 2.11
Fixed carbon® 17.29
Ultimate analysis (wt.%, wet basis)
C 34.53 + 047
H 4.61 +0.10
N 0.39 + 0.07
S 0.12 + 0.01
cl 0.28 + 0.02
o’ 31.12
Energy content (kcal/kg)
Higher heating value 3362 + 184.69
Lower heating value 3053
Elemental composition of ash (wt.%, dry based)
Si0, 91.60 + 0.03
Al,03 221 +0.02
Fe;03 0.28 + 0.02
MnO 0.17 + 0.00
CuO 0.03 + 0.00
Zn0 0.02 + 0.00
Ca0 1.02 + 0.01
K0 3.34 + 0.01
Na0 0.85 + 0.01
MgO 0.47 + 0.00
¢ By difference (Fixed carbon% = 100%-Moisture%-Ash%-Volatile
matter %).

b By difference (0% = 100%- Moisture%-Ash%-C%-H%-N%-5%-0%-Cl
%).
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calorimeter) (NIEA E214.01C). Citric acid monohydrate with 99.9%
purity (CAS-No0.5949-29-1) was purchased from Avantor Perfor-
mance Materials Inc (Radnor, PA, United States). p-gluconic acid,
50% aqueous solution (CAS-N0.526-95-4), was acquired from Alfa
Aesar (Haverhill, MA, United States). To further understand the CA
and GA leaching performances, chemical characteristics and
structures of CA and GA are indicated in Table S1 and Fig. 1.

2.2. Carboxylic acid leaching and BSi generation

The carboxylic acid leaching was carried out following the
previously reported procedures (Umeda and Kondoh, 2010). Thirty
grams of RH samples were respectively immersed in 500 ml acid
solutions and heated at 80 °C for 2 h under vigorous stirring. The CA
and GA concentrations ranged from 0, 0.05, 0.15, 0.25, 0.35 mol/L. A
microprocessor pH meter (SUNTEX SP-2200) was used to measure
pH solutions. The treated RH was then filtered out from the
leaching solutions and washed using deionized water under
vigorous stirring. Consequently, it was dried and combusted at
800 °C for 2 h to obtain BSi.

Leaching efficiency was determined using the following equa-
tion below:

Efficiency (%) : ‘C%) — (é{)' x 100% (1)

Xrand Yrare the final amounts of silica and impurities remaining
in the final product. X; and Y; represent the initial amounts of silica
and impurities in RH, respectively.

In this research, the leaching efficiency of BSi could be evaluated
in terms of recovered Si percentages and Si purity. Recovered Si
percentage can be determined by calculating the weight ratio be-
tween the residual silica in RH after leaching process (Xr) and the
initial silica amount in RH (X;) (as indicated in Eq. (1). That is, the
recovered silica refers to the amount of silica that is not to be dis-
solved into water or aqueous solution. Silica purity is used to
describe the leaching performance. The BSi purity represents the
silica quality in terms of its contamination by the other chemical
compositions. In other words, the impurity percentage of BSi can be
defined in this research as Y/Y;j in Eq. (1). Therefore, leaching ef-
ficiency values are essential to evaluate the best carboxylic acid
leaching performance. The good leaching efficiency could represent
the high recovery and low impurity of BSi produced from RH by
carboxylic acid leaching.

2.3. Thermal kinetic analysis

Thermal decomposition behavior of treated and un-treated rice
RH was carried out using a thermal analyzer integrated with heat
flux type DTA and TGA unit (HITACHI TG/DTA 7300). Approximately
9.50 + 0.1 mg of RH sample was placed into a ceramic pan crucible
and consequently heated from 40 °C to 800 °C at three different
heating rates of 5, 10, and 20 °C/min to generate data required for
investigating the thermal kinetic parameters. An inert atmosphere
in the pyrolysis reactor was maintained using nitrogen gas at
100 ml/min of flow rate.

(a) (b)

OH OH O
HO :
OH

HO OH B
OH OH OH

Fig. 1. Chemical structure of citric acid (a) and gluconic acid (b).
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The experimental data obtained by TGA/DTA were used to
calculate the kinetic parameters by employing three different iso-
conversional methods: Flynn-Wall-Ozawa (FWO) model (Takeo,
1965) in Eq. (2), Kissinger-Akahira-Sunose (KAS) model (Akahira
and Sunose, 1971) in Eq. (3), and Starink model (Starink, 2003) in
Eq. (4). These methods were considered regarding their simplicities
and excellent experimental data fitting (Kumar et al., 2020).

In(8) = In (;T%ﬂ) 5532 - 1.052 (R%) )
o)) )
In (%) ~In (RAG—%«)) ~1.0008 (%) (4)

Activation energies at a specific conversion rate (o) were ob-
tained from the set of slopes of the experimental fitted line of 1/T
against In(B) (FWO), In(B/T?) (KAS), and In(B/T%9?) (Starink).

2.4. Characterization of BSi

The inorganic species composition of the final product was
determined using Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) (Agilent CrossLab Varian 720-ES) and X-
rays Fluorescence Spectroscopy (XRF) (Thermo Niton XL5),
respectively. The chosen operating conditions were: RF power
1.2 kW, plasma flow 15 L/min, auxiliary flow 1.5 L/min, nebulizer
flow 0.75 L/min, sample uptake delay 30 s pump rate 15 rpm, and
rinse time 10 s. The diffraction profiles of BSi were characterized
using X-ray diffraction (XRD, Bruker D8 Advance) with Cu Ko ra-
diation (A = 1.5406 A), current voltages of 40 kV and 40 mA,
scanning speed of 0.05 °C/s at 20 = 10—90°. The silica crystals were
then identified by XRD specific software (Match. Version 3). The BSi
surface properties were investigated using Fourier-transform Infra-
red (FTIR) (Frontier MIR/FIR) coupled with Deuterated Triglycine
Sulphate (DTGS) detector. The optical system with the KBr beam
splitter is controlled in the range of 650—4000 cm™~' at a high
resolution of 0.4 cm~'. The Brunauer—Emmett—Teller (BET) surface
area and Barrett-Joyner-Halenda (BJH) plots were obtained using a
Micromeritics ASAP 2020 V3.00H system at low temperature
(=196 °C) adsorption of nitrogen. Prior to measurements, the
samples were degassed under low pressure for 4 h at 120 °C.

2.5. Environmental impact assessment

The environmental impacts of RH leaching during BSi produc-
tion were systematically analyzed using the life cycle assessment
(LCA) approach. The LCA study objective was to evaluate and
compare the environmental impacts of BSi production with two
different pre-treatment routes. It was carried out using open LCA
software. Fig. S1 illustrates the system boundary in the present
study. The system boundary of this work was a combination of
‘cradle-to-gate’ and ‘gate-to-gate’ boundaries. Since the focus of
this work was to investigate the preferable methods for producing
BSi, the upstream of raw material and carboxylic acids were not
considered. Thus, a gate-to-gate boundary was more suitable.
Otherwise, electricity and processed water utilization were critical
in BSi production. Therefore, further traceback was required for
those utilities. In this regard, a cradle-to-gate boundary was
considered for each pathway.

The process data inputs and outputs for each system were
calculated based on mass balance, as shown in Tables S2 and S3. The
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wastewater from the leaching process contained acid residue and
trace amounts of Si, Al, Fe, Cu, Mn, Zn, Na, Ka, Ca, and Mg. Those
organic and metal components were considered as emissions to
water. Wastewater from the washing process was likewise assumed
as emissions to water. On the other hand, the flue gas from the
calcination process was regarded as emissions to air. All electricity
used for each pathway was assumed as low voltage due to
simplification and conservation reasons. The emissions and losses
associated with converting from high-to medium-to low-voltage
electricity were available in the Agribalysev3.0.1. Meanwhile, the
European Life Cycle Database (ELCDv3.2) provided the life cycle
inventory data for processed water.

Tool for Reduction and Assessment of Chemicals and Other
Environmental Impacts (TRACIv2.1) was used to evaluate the
environmental impacts of both the leaching routes. It was included
ten categories: ozone depletion (OD), global warming (GW),
photochemical smog (PS), acidification (AC), eutrophication (EU),
human health carcinogenic (HHC), human health non-carcinogenic
(HHNC), and respiratory effects (RE), ecotoxicity (EC), and fossil fuel
depletion (FFD) (Bare, 2011). The potential impact of all chemicals
for the individual impact category was determined by considering
their weights and characterization factors (Bare, 2011), as seen
in Eq. (5).

I'=>"CFyy x Mxm (5)
xm

where I represents the potential impact of all chemicals (x) for a
particular impact category (i), denotes the characterization factor of
chemical (x) emitted to media (m) for impact category (i), and My,
expresses the mass of chemical (x) emitted to media (m). The
characterization factor values of the emitted chemical in this work
are provided in Table S4.

3. Results and discussion
3.1. Removal of metal alkali species in RH

Fig. 2 demonstrates the carboxylic acid leaching effect on
removing metal alkali species. In the absence of carboxylic acids,
K50 and NayO were significantly decreased during the leaching
process at 83.21% and 73.32%, respectively. It evidenced that K and
Na were primarily water-soluble. Compared to alkali species, lower
removal percentages (23.26—64.19%) were found on alkaline and
metal in RH, attributed to acid-leachable behavior. Another reason
could be considered regarding the distinct distribution of those
metals in RH. K and Na were in the form of the unbound state at the
lignocellulosic structure edge. Otherwise, the alkaline and metal
species were probably bound at the inner part of the organic matter
network (Chen et al., 2017).

The presence of CA or GA in the aqueous solution enhanced the
removal percentage of all RH impurities. It was carried out by
chelation reaction between hydroxycarboxylic sites with targeted
metals to form a metal complex then discharged into solution, as
shown in the following equations. The removal percentage of metal
alkali impurities showed fluctuating trends as the CA or GA con-
centration increased. It was related to the competitive chelation
reaction between reactive sites on GA or CA and multiple inorganic
species in RH. The literature results also mentioned that the
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Fig. 2. RH metal alkali species removal by carboxylic acid leaching at different con-

centrations using citric acid (a) and gluconic acid (b).

formation of saturated film layers mainly caused decreasing metal
removal trends at a higher carboxylic acid concentration around
particles with low solubility (Bayrak et al., 2010).

3.2.1. CA leaching reactions
Al03 (5) + 2CHgO7 (ag) — 2A13F (aq) + 2C6H50%7 (¢b2)
+ 3H20 g (7)

Fe;03 (s) + 2CsHg07 (aq) — 2Fe3t (aq) + 2C6H50%_ (c62)
+ 3H0 (8)

3MnO (5) + 2CeHgO7 (aq) — 3Mn>* (aq) + 2C5H5O%7 (c62)
+ 3H20 g (9)

3Cu0 (s) + 2C6H807 (aq) — 3Cu2+ (aq) + 2C6H5073-
(cbz) + 3H20 (1) (10)

3Zn0 (s) + 2C6H807 (aq) — 3Zn2+ (aq) + 2C6H5073-
(¢dz) + 3H20 (1) (11)
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3Ca0 (s) + 2C6H807 (aq) — 3Ca2+ (aq) + 2C6H5073-
(cbz) + 3H20 (1) (12)

3MgO (s) + 2C6H807 (aq) — 3Mg2+ (aq) + 2C6H5073-
(¢6z) + 3H20 (1) (13)

3.2.2. GA leaching reactions

AI203 (s) + 6C6H1207 (aq) — 2AI3+ (aq) + 6C6H1107-
(c6z) + 3H20 (1) (14)

Fe203 (s) + 6C6H1207 (aq) — 2Fe3+ (aq) + 6C6H1107-
(¢c6z) + 3H20 (1) (15)

MnO (s) + 2C6H1207 (aq) — Mn2+ (aq) + 2C6H1107- (¢6z) + H20
M (16)

CuO (s) + 2C6H1207 (aq) — Cu2+ (aq) + 2C6H1107- (¢o6z) + H20
0] (17)

ZnO0 (s) + 2C6H1207 (aq) — Zn2+ (aq) + 2C6H1107- (¢6z) + H20
] (18)

Ca0 (s) + 2C6H1207 (aq) — Ca2+ (aq) + 2C6H1107- (¢6z) + H20
M (19)

MgO (s) + 2C6H1207 (aq) — Mg2+ (aq) + 2C6H1107- (¢6z) + H20
M (20)

The carboxylic acid leaching ability was determined by the
stability constant of their metal-ligand complex. It depends on the
number of chelate rings, the number of donor atoms of chelating
molecules, and the metal ions radius. As seen in Table S5, CA
showed strong complexation with AI**, Mn?*, Zn?*, Ca®**, and
Mg?*, while GA provided remarkable stability constant for Fe>+ and
Cu?*. The higher stability constant was less suitable for the RH
leaching process because the metal-ligand complexes were not
accessible to be protonated. Thus, GA was theoretically better than
CA for removing metal impurities from RH. The results in this work
exhibited some opposite trends. Both GA and CA revealed quite
similar overall performances for removing metal alkali impurities
of BSi in RH, as seen in Fig. 2a—b. CA provided lower solution pH
than GA, reducing the stability of formed metal complex due to
protonation of ligand functional groups. On the other hand, the
gluconic acid structure consists of one carboxyl and four secondary
hydroxyl groups (o, B, vy, 8), which could create a tridentate-
complexation with trivalent metal ions (Lakatos et al., 2008) or
water-soluble species (e.g., Na and K). Thus, the removal percent-
ages of Al;03 and NayO in GA leaching were sufficiently higher than
that of CA at 95.57—97% and 89.19—92.16%, respectively.

Fig. 3a shows the pH effect on the silica discharged ratio. The
silica lost during carboxylic acid leaching can be explained by
considering the isoelectric point (IEP) of silica at pH = 2. At pH 6.5
without acid load, the amorphous silica would be dissolved into the
water at the highest rate, 9.16%. In this condition (pH > 2), silica
species (e.g., silicate) were negatively charged then reacted with
water ion molecules to form mono silicic acid. The solution pH was
gradually decreased near the silica IEP with CA or GA load, and then
the negatively charged silica species was significantly dropped. At a
pH around isoelectric point (IEP=2), silica species became un-
charged, slow condensation rate, and weak interactions between
silicate species and ligand occurred (Wu et al,, 2013). The most
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negligible silica losses were achieved by 0.15 mol/L of CA (pH 1.81)
and 0.25 mol/L of GA (pH 1.98) as much as 0.55% and 1.66%.

Fig. 3b shows the silica purity obtained by carboxylic acid
leaching at different concentrations. Accordingly, both CA and GA
exhibited relatively high silica purity. However, the silica purity (i.e.
metal removal efficiency) was statistically insignificant between
citric acid and gluconic acid leaching. In the presence of 0.35 mol/L
CA, the silica purity could be enhanced, up to 99.14%. At the same
molarity, leaching using GA exhibited slightly higher silica purity,
up to 99.30%. That was due to the excellent performance of GA to
remove predominant inorganic fractions in comparison with CA
(see Fig. 2). The higher carboxylic acid molarity increased the silica
purity, but the silica loss was unavoidable due to the pH value being
lower than the IEP of silica. Thus, the carboxylic acid leaching
performance on BSi recovery should be evaluated by considering
the efficiency based on the amount of recovered silica and
remaining RH impurities, as shown in Fig. 3c. Accordingly, the
leaching efficiency was approximately 90% obtained by 0.15 mol/L
of CA and 0.25 mol/L of GA, respectively. In this regard, 0.15 mol/L of
CA and 0.25 mol/L of GA were both considerable to recover silica
particles from RH. It also implied that GA provides a good alter-
native for recovering silica from RH. To further understand the BSi
impurity, the chemical compositions of BSi were determined by
ICP/OES and XREF, respectively (as shown in Table S6). Based on the
results of BSi characteristics, the chemical compositions of RHA and
BSi analyzed by XRF were similar to that determined by ICP/OES.
Meanwhile, Na,0, K0, CaO, MgO, Al,03, Fe;03, CuO, MnO, and ZnO
were major impurities in BSi while the amounts of CdO, Cr,03, NiO,
Pb0O,, As;03, HgO, Ag,0, CoO, MoO,, Sb,03, SeO,, and V,05 were
negligible. In summary, the impurities of BSi obtained from CA and
GA were less than 1% (as shown in Table S6) as well as the recovered
silica purity was higher than 99%.

3.2. Metal alkali removal effect on the thermal degradation
behavior of RH

RH sample inorganic fractions composition changes due to
carboxylic acid leaching would subsequently impact their thermal
decomposition behavior. It was determined by thermal kinetic
analysis in the conversion (o) range of 0.1-0.9 and a temperature
range of 40—800 °C. As seen in Table S7, the RH activation energies
calculated by the FWO, KAS, and Starink methods were very close,
indicating the accuracy of experimental fitted data. That was also
confirmed by the correlation coefficients value (R?) higher than
0.90 for all samples. Hemicellulose decomposition was character-
ized by the lowest activation energy of 119.54—165.96 kJ/mol at
o = 0.1 (as indicated in Table S7), located in the temperature in-
terval 260—279 °C (as shown in Fig. S2). The conversion rates of
0.2—0.8 were attributed to cellulose decomposition, located in the
temperature interval of 285—378 °C (as shown in Fig. S2), with
173—228 KkJ/mol activation energies (as indicated in Table S7). Be-
sides, relatively high activation energies around 460 kJ/mol o. = 0.9
corresponded to the charring of residue.

In general, the absence of alkali and alkaline earth metals
(AAEMs) and other metal species in RH could increase the RH
activation energy (Cen et al., 2019; Kim et al., 2019; Kumar et al.,
2020). The results in this study, however, showed the contra-
dictive phenomenon with lower activation energy values. As seen
in Figs. S3a—c, water pre-treatment exhibited lower activation
energies than untreated RH at o = 0.1-0.9. It was related that the
loss of amorphous silica is relatively severe, with water pre-
treatment at pH 6.5. The silica layers abatement on the lignocel-
lulosic RH structure eased pyrolysis gas diffusion to contact a
combustible RH fraction, resulting in lower activation energy
(Zhang et al., 2020).
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Fig. 3. Silica lost during carboxylic acid leaching (a), changes in silica purity at different carboxylic acid concentrations (b), and efficiencies of CA and GA leaching processes based on

silica recovery and metal alkali removal (c).

Once the CA 0.15 mol/L was applied, the RH activation energies
were initially 17—25% lowered at o = 0.1-0.45 (~116—177 k]/mol),
then 1-3% exceed the values of untreated RH from a = 0.5-0.7
(~184—187 kJ/mol). CA leaching could form smaller RH molecular
monosaccharides, such as furfural and levoglucosan (Umeda and
Kondoh, 2010), causing easier RH thermal degradation. The alkali
metal oxides (e.g., CaO, MgO, and K,0) and metal oxides (e.g., Al,03
and Fe,03) exhibited a catalytic effect on RH thermal degradation
(Loy et al., 2018). Therefore, the RH activation energies would be
reduced due to the absence of those oxides.

The application of GA 0.25 mol/L during the leaching process
provided different RH thermal degradation effects than CA. Initially,
the RH activation energies 1-5% increased, exceeding the untreated
RH values. It was then slightly decreased at o = 0.3 (~190 kJ/mol)
due to the least silica abatement on the RH structure. At
o, = 0.4—0.7, the activation energies of RH with GA leaching were
2—10% higher than other RH samples (~186—200 k]/mol). Unlike
CA, GA exhibited slightly better performance on removing metal
alkali impurities in RH during leaching process (see Fig. 2). Thus,
the RH activation energies in many conversion rates were
increased.

3.3. Characteristics of BSi

Fig. 4a illustrates the BSi FTIR spectra with different pre-
treatment methods. Firm peaks at 1050-1090 cm~! and 790 cm™!
indicated asymmetric vibration of Si—O—Si bond and symmetric
stretching of Si—O—Si bond (Sankar et al., 2018; Shahnani et al.,
2018; Azat et al, 2019). All samples showed identical SiO,
spectra, indicating that the carboxylic acid leaching could not alter
the BSi surface properties. The peaks around 3385, 1640, 2973 cm ™!
were attributed to stretching vibration of the O—H bond from the

silanol groups (Si—OH), bending the H—OH bond of the adsorbed
water molecules (Sankar et al., 2018; Shahnani et al., 2018), and
broad -OH stretching vibration, respectively. It was related to the
fact that BSi was amorphous hydrated silica (SiO, - nH,0). Since the
dehydroxylation of surface OH groups during calcination of RH at
800 °C was reversible, the silica surface will be physically covered
by adsorbed water (multiple layers of H,O) during temperature
cooling down to room temperature.

XRD patterns of BSi samples are illustrated in Fig. 4b. Untreated
BSi showed three crystalline phases of silica: cristobalite (20 = 22°,
28.47°,31.45°, and 36.22°), quartz-a-SiO; (26 = 20.86°), and quartz
(26 = 27.67°). Although the combustion process was operated
below the silica melting point at 1000 °C, crystallization of amor-
phous BSi could not be avoided. Alkali components in RH (Na and K)
might have a eutectic reaction with silica to form ternary oxides
(e.g., NagSigO19 and Na;Si»0s), resulting in a dramatic decrement of
silica melting point at around 800 °C. After solidifying ternary ox-
ides, the massive amounts of amorphous BSi would be transformed
into a crystalline phase. The crystalline silica phases disappeared
after carboxylic acid leaching, confirmed by the broad peak at
20 = 22°, as shown in Fig. 4b. It indicated that sufficient alkali
removal by both CA and GA leaching processes could maintain the
original phase of BSi. This amorphous structure should be
controlled to avoid the carcinogenic effect of crystalline silica dust,
causing lung cancer (Borm et al., 2011).

All BSi samples exhibited type IV isotherms typical for meso-
porous materials, as shown in Fig. 4c. The isotherms of untreated
BSi showed a type H4 hysteresis loops at P/PO = 0.14—0.99, asso-
ciated with narrow slit pores. Meanwhile, N, physisorption iso-
therms of BSi pre-treated by CA, GA, or water showed the type of
H3 hysteresis loops at P/PO = 0.4—0.99 typically observed in the
particulate aggregates having irregular slit-shaped pores. Metal
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Fig. 4. Physiochemical characterization results of BSi: FTIR spectra (a), XRD profiles (b), and N, physisorption isotherms (c).

Table 2
Textural properties of BSi with different pre-treatment.

Pre-treatment Pore size (nm)

Specific surface area (m?/g) Pore volume (cm?/g)

Untreated 35.30
Water 11.25
Citric acid 6.25
Gluconic acid 6.70

2.95 0.02
43.41 0.14
128.43 0.23
114.06 0.23

alkali impurities were embedded on the surface of amorphous
silica particles. Various metal species were reduced during car-
boxylic acid leaching, then the intermolecular contact among silica
particles could be intensified to form solemn aggregation with a
different narrow slit.

Fig. S4 shows pore size distributions (PSD) calculated by the
Barrett-Joyner-Halenda (BJH) model. All samples exhibited unim-
odal distribution with the main pore sizes of ~11.50 nm, ~6.25 nm,
and ~6.70 nm for treated BSi with water, CA, and GA. These values
proved the above-mentioned findings regarding BSi pore shapes.

Table 3
Results of ten impact categories of the two BSi production pathways.

On the other hand, the different BSi pore size values prepared by
water, CA, or GA pre-treatment were possibly correlated to the
amount of discharged silica into the solution during the operation
process. A higher amount of dissolved silica left more irregular
voids on the silica particle surface. Therefore, this tendency was
well-matched with the pore size of RH (water > GA > CA). Table 2
summarizes the textural properties of BSi samples. The specific
surface area and pore volume of untreated BSi were shallow at
2.95 m?/g and 0.02 cm?/g, respectively. The crystallization process
was responsible to reduces surface area and total void volumes (Bie

Impact category Unit BSi (GA leaching) BSi (CA leaching)
Eutrophication (EU) kg N eq 0.02 0.02

Fossil fuel depletion (FFD) M] surplus 1.03 1.03

Global warming (GW) kg CO, eq 3.57 3.57
Acidification (AC) kg SO, eq 0.02 0.02
Respiratory effects (RE) kg PM, 5 eq 0.002 0.002
Carcinogenic (HHC) CTUh 2.77 x 1077 2.77 x 1077
Non carcinogenic (HHNC) CTUh 1.36 x 107° 1.37 x 107°
Ozone depletion (OD) kg CFC-11 eq 273 x 1077 273 x 1077
Ecotoxicity (EC) CTUe 35.42 46.92

Smog formation (PS) kg O3 eq 0.10 0.10
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et al.,, 2015; Fernandes et al., 2017). The carboxylic acid leaching
could maintain the amorphous nature of BSi, resulting in higher
surface area and pore volume.

3.4. Environmental impact assessment

The life cycle assessment results for GA leaching and CA leaching
pathways are shown in Table 3. Since the utilization of electricity
and processed water during GA leaching was identical to CA
leaching, most impact categories (EU, FFD, GW, AC, RE, OD, and PS)
exhibited similar values. GA leaching showed lower HHNC and EC
than CA leaching at 1.36 x 10-6 CTUh (Comparative Toxic Units to
Humans) and 35.42 CTUe (Comparative Toxic Units to Ecotoxicity),
respectively. It was due to less amount of Zn and Cu, which could be
removed from BSi during the leaching process. Likewise, the
environmental impact of GA residue was not considered in TRA-
Clv2.1, contributing to a lower amount of EC. That was probably
related to the excellent biodegradability of GA, 98% at two days
(Ramachandran et al., 2006).

Fig. S5a shows the percentage contribution of various processes
to the overall environmental impacts of the CA leaching route. The
calcination process provided a predominant contribution to all
environmental impact categories except EC. The highest contribu-
tion in EC, 46.76%, was exhibited by the leaching process. Waste-
water containing CA residue and dissolved metal components (Zn
and Cu) was responsible for the higher EC impact result. GA
leaching reduced the leaching process contribution to EC by 27.51%
(see Fig. S5b). It was again related to the superior biodegradability
of GA and less amount of removed Zn and Cu during leaching
process.

4. Conclusions

The performances of biogenic silica (BSi) prepared from rice
husk by carboxylic acid leaching has been successfully evaluated as
well as the environmental impact by life cycle assessment (LCA).
Meanwhile, gluconic acid (GA) was proposed in rice husk pre-
treatment for the first time during BSi production and compared
its performance with citric acid (CA) as a common carboxylic acid.
The results indicated that both GA and CA had sufficient capacity to
remove major metal alkali impurities in RH with a few silica losses.
In GA, polyhydroxy groups were evidently beneficial to provide an
additional reaction site instead of the carboxyl group during the
leaching process. Lower RH thermal degradation activation en-
ergies were caused mainly by the combined effect of silica loss and
high removal impurities. Both GA and CA could produce high-
purity BSi with identical properties, primarily mesoporous with
lower specific surface area and pore volume. LCA results indicated
that the GA leaching exhibited a minor contribution to all envi-
ronmental impact categories. The present study gives insight that
GA is an excellent and new eco-friendly carboxylic acid for pro-
ducing BSi from RH.
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