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Abstract: The growing concern over water pollution and waste management requires innovative
solutions that promote resource efficiency within a circular economy. This study aims to utilize
rice husk (RH) as a sustainable feedstock to develop highly porous silica particles and generate
valuable by-products, addressing the dual challenges of waste reduction and water contamination.
We hypothesize that optimizing the production of amorphous silica from acid-washed RH will
enhance its adsorptive properties and facilitate the concurrent generation of bio-oil and syngas.
Amorphous silica particles were extracted from acid-washed RH with a yield of 15 wt% using a
combination of acid washing at 100 °C, pyrolysis at 500 °C, and calcination at 700 °C with controlled
heating at 2 °C/min. The optimized material (RH2-5i0;), composed of small (60—200 nm) and
large (50-200 pm) particles, had a specific surface area of 320 m? /g, with funnel-shaped pores with
diameters from 17 nm to 4 nm and showed a maximum cadmium adsorption capacity of 407 mg
Cd/g SiO,. Additionally, the pyrolysis process yielded CO-rich syngas and bio-oil with an elevated
phenolic content, demonstrating a higher bio-oil yield and reduced gas production compared to
untreated RH. Some limitations were identified, including the need for bio-oil upgrading, further
research into the application of RH2-5iO, for wastewater treatment, and the scaling-up of adsorbent
production. Despite the challenges, these results contribute to the development of a promising
adsorbent for water pollution control while enhancing the value of agricultural waste and moving
closer to a circular economy model.

Keywords: rice husk; silica; adsorbent; circular economy

1. Introduction

The circular economy aims to maximize the efficient use of resources and minimize
waste. In alignment with the European Union’s 2050 climate neutrality goal, the European
Commission proposed a Circular Economy Action Plan, pointing out that, with increasing
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global biomass and fossil fuel consumption, annual waste is projected to rise by 70% by
2050 [1]. Agriculture, due to its elevated biomass production is one of the primary areas
of interest. Rice, one of the top four global crops, generates significant agricultural waste
in the form of rice husk after the milling process. In 2023, the European Union produced
approximately 300,000 to 450,000 tons of rice husk [2]. The rice husk (RH) dry composition
includes 15-28 wt% silica, with traces (3-13 wt%) of metallic impurities (K,O, Al,O3, CaO,
MgO, Fe; 03, etc.), and 72-85 wt% lignocellulose (15-22 wt% lignin, 12-29 wt% hemicellu-
lose, and 29-36 wt% cellulose) [3]. Traditionally, RH has been mostly burned for thermal
energy, causing air pollution, or used as a filler in construction materials [4]. However, its
high silica content has sparked interest in more sustainable applications. Recent European
projects like RiceRes have explored recovering silica from RH for biopolymer composites [5].
Industrial applications of RH-derived silica include fuel-saving tires by Pirelli in Brazil and
a recent project by Solvay in the tire industry [6,7].

Various methods exist for producing silica from RH, including chemical extrac-
tion/precipitation from rice husk ash (RHA) [8-10], the direct calcination of acid-pretreated
RH [11-18], the chemical extraction/ precipitation/sol-gel method on RHA after pyroly-
sis [19-22], or calcination after pyrolysis [23,24]. The mesoporous silica materials produced
from acid-pretreated RH followed by pyrolysis give the silica materials with the highest
surface area either after calcination (350 m?/g) [23] with silica featuring a broad mesopore
size distribution from 4 to 10 nm or after alkali extraction followed by acidic precipitation
(370 m?/g) [19] with silica featuring a narrow pore size distribution of 10 nm.

The alkali extraction of silicate from RHA and precipitation using acids, polymer
additives, or co-solvents is a commonly used process due to the ease with which the particle
size and porosity can be controlled by modifying synthesis conditions (the concentration of
the silica precursor, organic co-solvents, and reaction temperature) [19].

Nonetheless, the advantage of the combined process of pyrolysis and calcination is
the reduction in the use of chemicals, the simplicity due to the possibility of using the
same infrastructure for both processes (pyrolysis and calcination), and the use of biomass-
derived energy.

Pyrolysis is an established tool for a circular economy which has been shown to
contribute to an economic and social growth by addressing waste management and energy
consumption [25]. Lignin and cellulose are valuable raw materials for producing bio-oil
and syngas through pyrolysis. The liquid product of pyrolysis, bio-oil, can replace fossil
fuels or be used for producing value-added chemicals. Pyrolysis products from RH have
been studied in recent years [21,24]. Bio-oils obtained from fast pyrolysis were obtained
with similar compositions to other biomass-derived bio-oils, although upgrading was
needed to reduce the high water, solid, and ash content. A comprehensive analysis of RH
valorization was conducted by Su et al. (2020) [21], which revealed the CO-rich syngas
and phenol-abundant bio-oil (phenols 42.08%) obtention through pyrolysis. Moreover,
catalytic pyrolysis, with activated carbon as the catalyst, increased the yield of phenolic
compounds (>95%). The resulting amorphous SiO, from catalytic pyrolysis obtained
through the chemical extraction/precipitation process was not characterized [21]. On
the other hand, Gémez-Vasquez et al. (2022) [24] provided a full characterization of the
obtained SiO, after pyrolysis and the calcination of RH. Showing that without the acid
pretreatment of RH and the use of a high calcination temperature, biogenic silica features a
low specific surface area (18-27 m?/g). Acid pretreatment prior to calcination is a crucial
step in the production of pure amorphous silica featuring a high specific surface area, as
it removes metallic impurities present in RH. In particular, potassium (K) is responsible
for promoting the crystallization of silica during calcination, leading to a reduction in
surface area [14]. The syngas produced during the pyrolysis of acid-pretreated RH of
Gomez-Vasquez et al. (2022) [24] had a high Ny, CO, and CO; content, but the bio-oil
produced was not characterized.

Studies on RH pyrolysis often have a narrow focus and overlook the functional
potential of silica from RH. The RH-5iO, mesoporosity, tunable specific surface area,
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easiness to functionalize, and thermal and chemical stability make silica from RH, as with
silica in general, an interesting material for adsorption for water cleaning [26-29]. As
demand grows for low-cost and easily regenerable adsorbents, the research on RH-derived
silica functionality as an adsorbent is at an early stage.

Biogenic silica as an adsorbent has been proven to remove both organic and inorganic
pollutants from wastewater. RH-5i0;, covered by silanol groups that are deprotonated
at a pH of wastewater ranging from 2 to 8, results in a net negatively charged surface.
The concentration of SiO™ groups at the silica surface increases with a pH above the
isoelectric point of silica (pH 2). At pH levels typical of wastewater (pH 6-8), RH- SiO;’s
silanol groups deprotonate, resulting in a net negatively charged surface that facilitates
electrostatic interactions with positively charged compounds. This interaction, alongside
porosity diffusion and hydrogen bonding, enhances the adsorption efficiency [30-34].

Electrostatic interactions are crucial for recovering toxic metals—such as cadmium (II)—
discharged into the environment from mining, chemical plants, and agriculture. Studies have
confirmed that RH-SiO, can adsorb these metals effectively, with the subsequent regeneration
achieved through chemical regeneration using mineral and organic acids, employing cation
exchange mechanisms [24,26,35,36]. While the existing literature reports studies on the
application of RH-derived silica for metal adsorption, these studies often disregard the
optimization of the extraction process and the characterization of by-products generated
during it.

In conclusion, the pyrolysis process of rice husk can be self-sustaining, utilizing energy
from the combustion of syngas, bio-oil, and char in other processes while producing
valuable compounds. Despite many studies exploring rice husk pyrolysis, most focus
primarily on characterizing specific by-products, leaving a notable gap in the simultaneous
extraction of silica and utilization of pyrolysis by-products, especially regarding silica’s
potential as a low-cost adsorbent. Optimizing the extraction process to obtain silica with
enhanced porosity could further improve the economic viability of this approach.

This study aims to fill this gap by highlighting the co-production of valuable chem-
icals and refining the extraction process to yield a highly porous, efficient adsorbent. To
achieve this, the pyrolysis by-products were characterized to assess the effect of acid
pretreatment on RH, while silica production parameters were optimized to enhance meso-
porosity. Additionally, batch tests evaluated the cadmium adsorption using RH-5iO,, and
the cadmium-loaded adsorbent was extensively characterized. This approach aims to
enhance the circular economy potential of the process by increasing the value of rice husk
waste products.

2. Materials and Methods
2.1. Rice-Husk-Silica Production

The rice husk was obtained from the rice mill Arroz Brazal Arrocera del Pirineo in
Zaragoza (Aragon, Spain). An extensive literature review was conducted to identify the
optimal parameters for the acid washing step. The results demonstrated that the type
of acid, rice-husk-to-acid ratio, and the leaching temperature are key variables in silica
production from rice husk (RH) [28]. Hydrochloric acid in a ratio of 1.49 mol HCl/kg RH
was employed and HCI pretreatment temperature was explored (Figure 1).

Initially, 50 g of RH were cleaned with tap water five times (500 mL each) to remove
impurities. The water cleared up with each washing step, and the final washing was
conducted with distilled water. Subsequently, 6.22 mL of HCI (ACS reagent, 37% HCI)
(Sigma-Aldrich, St. Louis, MO, USA) were diluted in 750 mL of distilled water to obtain a
0.1 M HCl solution. The acid leaching process was conducted by mixing the 50 g of RH
with 750 mL of 0.1 M HCI solution in a rounded balloon. The balloon was either heated
with ajacket at 100 °C for 3 h or maintained at 20 °C for 24 h under mechanical stirring with
a paddle at 40 rpm. Following acid washing, the RH was washed five times with 500 mL of
deionized water until a neutral pH was achieved, after which it was dried overnight in an
oven at 80 °C.
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Figure 1. Experimental procedure explored for RH-SiO, production from RH.

Once the acid-washed RH (AWRH) had been dried, it was taken to thermal treatment.
Then, different RH-SiO, samples were produced under different conditions (Table 1) with
the objective of achieving mesoporous silica featuring high specific surface area. The sam-
ples were subjected to either direct calcination (AWRH3 and AWRH4), or to pyrolysis before
calcination (AWRH1, AWRH?2, and AWRHS5); additionally, the effect of acid pretreatment
temperature and calcination slope were evaluated.

Table 1. Thermochemical operational conditions for AWRH-silica production.

RHS | Acid Washing Acid Washing ;:)}(l)rggili Calcination Slope TCe ?Illcr::::tlz?e
amples ° . o .
Temperature (°C) Time (h) 10 °C/min (°C/min) e
AWRH1 100 3 pyrolyzed 10 700 for 3h
AWRH2 100 3 pyrolyzed 2 700 for 3 h
AWRHS3 * 20 24 - 2 700 for 3h
AWRH4 100 3 - 2 700 for 3 h
AWRHS5 20 24 pyrolyzed 2 700 for 3 h

* This sample was hand milled after calcination step.

In Table 1, the fixed parameters include the calcination and pyrolysis temperatures
and times. A literature review of pyrolyzed RH revealed a range of pyrolysis temperatures
between 500 and 800 °C [28]. We selected the lower end of this range (500 °C) to minimize
energy consumption while ensuring complete pyrolysis of the biomass, based on trials
indicating that this temperature and duration were sufficient. Similarly, the calcination
temperature of 700 °C was chosen from the literature, as studies have shown it to be
effective for silica production from rice husks [28]. The time for calcination was determined
through trials to ensure complete carbon removal. While further investigation into varying
these parameters—especially modifying the pyrolysis temperature to study its effects on
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by-products—would have been valuable, time constraints limited our ability to explore
these variables.

The objective of the calcination process was to eliminate carbon content of the biomass,
thereby obtaining inorganic pure amorphous SiO;. A sample of 200 g of AWRH was
subjected to calcination in a laboratory furnace (Carbolite Gero, Hope Valley, UK, Gero
30-3000 °C) at heating slopes of 10 °C/min or 2 °C/min until the selected temperature
(700 °C) was reached, after which the process was maintained for 3 h.

The pyrolysis of RH (200 g) was carried out on a thermobalance (Figure S1) under a
nitrogen atmosphere at a constant flow rate of 13.1 g/min with an oxygen concentration
inferior to 2 vol% to provide inert conditions. The pyrolysis starting temperature was
30 °C, and then heated at a rate of 10 °C/min to 110 °C and held for 60 min, and then
heated at a rate of 10 °C/min to 500 °C and held for 60 min. The pyrolysis conditions were
optimized beforehand.

During pyrolysis, three products were obtained: non-condensable gases, bio-oil, and
solid char containing silica. Pyrolysis gas was analyzed by uGC (Varian, CA, USA) which
was located at the gas outlet of the thermobalance. Bio-oil from AWRH and RH pyrolysis
was further characterized by GC-MS.

The effect of RH acid pretreatment was tested with samples from acid washing at
100 °C during 3 h (AWRH) and non-acid-washed samples (RH) followed by pyrolysis
500 °C 1 h and calcination 700 °C 3 h (2 °C/min).

2.2. Rice-Husk-Silica Characterization

Nitrogen adsorption isotherms at 77 K were determined using a gas analyzer Mi-
cromeritics TriStar II. All samples were outgassed under vacuum at 350 °C for 3 h prior
to analysis. The specific surface area (Sggr) and the Cgpr parameter were determined
using the Brunauer-Emmett-Teller (BET) equation following the Rouquerol criteria [37].
The presence of microporosity was evaluated by t-plot analysis. The macropore diameter
and volume were determined by mercury intrusion porosimetry performed through an
Autopore IV apparatus (Micromeritics, Norcross, GA, USA).

The morphology of the optimized silica from RH, named RH2-5iO,, obtained from
AWRH2, was observed by scanning electron microscopy (SEM, Hitachi 5-4700, Hitachi,
Tokyo, Japan) and transmission electron microscopy (TEM, Tecnai G2 F30, FEI, The Nether-
lands, Eindhoven). The column chart of the particle size distribution (PSD) was obtained
using the Image] software 1.6.0 (LOCI, University of Wisconsin) according to TEM images.
Scanning transmission electron microscopy (STEM) images were acquired using a high-
angle annular dark field detector (HAADF) in a FEI XFEG TITAN electron microscope
(FEL The Netherlands, Eindhoven) operated at 300 kV. Elemental analysis was carried out
with an EDAX detector in scanning mode. Size and morphology were confirmed with
atomic force microscopy (AFM), the Multimode-Nasoscope VIII (BRUKER, Billerica, MA,
USA) operating under ambient conditions, in the intermittent contact mode. Dynamic light
scattering instrument (DDL Zetasizer, Malvern Panalytical, Malvern, Worcestershire, UK)
with a particle size range of 1 nm to 10 um for particle analysis, He-Ne laser (wavelength
633 nm) and a backscatter detection (173°) were used to examine the size distribution
of RH2-5i0,. The sample was dissolved in distilled water (DW) with a concentration of
0.02 g/mL. The solution was ultrasonicated during 15 min, then, we let larger particles
sediment for 30 min. The zeta potential was measured in the same device, and SiO,
particles were equally suspended in ultra-pure water, and solutions at different pH (2-9)
were prepared with HNOj3 (0.1M) and NaOH (0.1M) solutions. The results were obtained
using the Smoluchowski theory approximation, and each sample was measured 3 times
at 25 °C. The manufacturer software (Zetasizer 7.12) was used to assess particle diameter
(intensity distribution), the polydispersity index (PDI), and z-potential values. The pH
point of zero charge (pHpzc) of RH2-5i0, was determined by identifying the point where
zeta potential value is equal to zero. Attenuated total reflectance infrared spectroscopy
(ATR-FTIR) was used to determine the functional groups present on the surface of the
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prepared material (RH2-5i0;). The ATR-FTIR were acquired using a ThermoScientific
Samrt iX Nicolet i520 infrared spectrometer (ThermoScientific, Waltham, MA, USA). The
spectra were obtained from 500 to 4000 cm ™! in transmittance mode with a resolution of
4 cm~1 after 128 scan accumulations.

2.3. Bio-Oil Characterization by GC-MS Analysis

Identification of the organic phase of bio-oil components was performed by gas
chromatography coupled to mass spectrometry (GC-MS). The sample was diluted by a
factor of 50% in tetrahydrofuran (THF) as the solvent. GC-MS analysis was performed in
gas chromatographer Agilent 8860 GC System (Agilent, Santa Clara, CA, USA) coupled
to a mass spectrometer Agilent 5977B GC/MSD using a capillary column HP-5MS UI of
30 m length, 0.250 mm diameter, and 0.25 um film thickness. In GC-MS analysis, detector
temperature was 300 °C, injector temperature 270 °C, and carrier gas (N,) pressure 2 psi.
The initial temperature was set to 70 °C, and then it was heated until 280 °C at a rate of
8 °C/min and held for 5 min. Compounds were identified using Agilent software NIST
MS Search 2.0.

2.4. RH2-5i0, Application for Adsorption of Cadmium in Batch

The adsorption capacity of RH2-5i0, was evaluated in batch experiments conducted
in cadmium aqueous solutions. The metallic solutions were made from a 1000 ppm
commercial standard solution of metallic cadmium in 5% HNOj3 (Agilent, Santa Clara, CA,
USA). The standard solution was diluted to 5-100 ppm concentrations in MilliQQ water
adjusted to pH 8, with NaOH 0.1 M. A total of 20 mg of the material was placed in contact
with 100 mL of the solutions, and the experiments were conducted under magnetic stirring
at 700 rpm in 150 mL plastic flasks (20 °C).

Following a 3 h contact period, at equilibrium, each batch was subjected to centrifu-
gation at 6000 rpm for seven minutes. At pH 3-8 and 20 °C, amorphous silica’s solubility
is considered to be slow; thus, for the duration of the experiment, it is neglected [38].
The supernatant was then sampled for total analysis by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 8000, CA, USA). The adsorption capacities at different initial
concentrations of cadmium were quantified by following the remaining cations of cadmium
in the aqueous solution after the treatment has been carried out. This was achieved by
means of ICP-MS. Each solution was diluted 104 times with MilliQ water and acidified to
2% HNOs to a final volume of 5 mL. Argon was used as the carrier gas, with a flow rate of
1.06 L/min. Atomic interferences on Cd were eliminated using helium (3.5 mL-min~!) gas
in a collision cell. The collision cell flow rate was helium (3.5 mL/min). The radiofrequency
(RF) power was set at 1500 W, the sample chamber (S5/C) temperature at 2 °C, and the
isotope monitored for cadmium was Cd 112.

The solid recovered from the experiment with an initial concentration of 100 ppm Cd
was dried at 80 °C for further surface characterization. This was carried out with trans-
mission electron microscopy (TEM), scanning transmission electron microscopy (STEM)
high-angle annular dark-field (HAADF), and energy-dispersive X-ray spectroscopy (EDX)
analysis, as well as atomic force microscopy (AFM) analysis.

3. Results and Discussion
3.1. Effects of Acid Washing of Rice Husk on Pyrolysis By-Products
3.1.1. Characterization of Pyrolysis By-Products

The mass fractions of the products obtained from AWRH (water- and acid-washed)
and RH (only water-washed) pyrolysis are shown in Figure 2a. The pyrolysis at 500 °C of
AWRH yielded a 34 wt% of char containing silica, 42 wt% of bio-oil, and a non-condensable
gas fraction of 24 wt%. RH pyrolysis produced a similar char fraction (38 wt%), fewer
bio-oil (20 wt%), and higher gas (35 wt%). The presence of solids in the bio-o0il produced by
RH pyrolysis could indicate that some char particles escaped the solid separation system.
This observation could explain the overall yield of products to be lower than 100% for RH,
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potentially due to the loss of char. An increase in the yield of bio-oil with acid-pretreated
RH has been observed in literature [21,39]. Alkali and alkaline earth metals (AAEMs) are
suggested to have catalytic effects on the decomposition of cellulose and hemicellulose,
which enhance the decomposition of biomass to lower temperatures while increasing the
char and gas yields at the expense of bio-oil [39]. With regard to the gas volumetric fraction
for both samples (Figure 2b), CO was predominant, followed by CO,, Hy, CHy4, and CZ*
gases. It is noteworthy that the CO; fraction decreased for AWRH, while there was an
increase in CO. These findings are consistent with those reported by Su et al. (2020) [21]
following the demineralization of RH.

(b) so0 AWRH

aChar _ I\ -
(C)] B Bio-oil 250 [\ CHa
BNon-condensable gases E \ 4
40 [ co
100% 2., N\ ——C02
83 0 In \ C2H4
= | \
o |\ ——C2H6
34,00% § 29 / \ cH2
80% - et S10 | N
g 0.0 — e e ——
s 20 70 120 170 220 270 320
E 60% A Time (min)
]
= 60, RH
k3] | H2
= 42.26% | 50 -
° o { b CHa
S 40% s
a <40 | co
-] I\ co2
§ 30 \ c2Ha
20% e \ —c2
24.31% £2¢ v
& (] -g 1 0 \\\lr
0 2 00 == S
AWRH 20 70 120 170 220 270 320
Time (min)

Figure 2. (a) Yield on the production of char, bio-oil, and non-condensable gases from pyrolysis of rice
husk (RH) and acid-washed RH (AWRH); and (b) evolution of volume fraction of non-condensable
gas composition during pyrolysis of AWRH and RH.

The organic phase of the bio-0il was subjected to analysis by gas chromatography—
mass spectrometry (GC-MS). Figure 3 depicts the primary classes of compounds identified,
including acids, aldehydes, phenols (methoxyphenol and alkylphenols), furans, ketones,
and monocyclic and polycyclic aromatic compounds for AWRH and RH. The total relative
proportion of all these groups was less than 100% due to the presence of unidentified
compounds. The relative content of monocyclic aromatic hydrocarbons (alkyl benzene) is
notably high for both AWRH and RH, with values of 53 and 72 wt%, respectively. This
observation aligns with the findings of Zhang et al. (2018) [40]. The main compounds in this
group were benzene, ethylbenzene, and xylene (see Table S1). The amount of alkylbenzene
fraction was reduced for acid-pretreated RH (AWRH) in comparison to RH (from 72 to
53%), at the expense of total phenols (methoxyphenols and alkylphenols) (from 17 to 27%).
Phenolic compounds are derived from the depolymerization of lignin [41]. AAEMs have
been observed to promote the secondary cracking of volatile phenols through a dehydration
reaction to form aromatic hydrocarbons [40]. Collectively, these observations suggest that
the enrichment of phenols in liquid products coming from the pyrolysis of acid-pretreated
RH may indicate the potential for their extraction as valuable chemicals.
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Figure 3. Relative content (area%) of major group components detected in organic phase of bio-oil
obtained via pyrolysis of AWRH and RH obtained by GCMS analysis.

3.1.2. Calcination of AWRH and RH Ashes

The calcination at 700 °C for 3 h (2 °C/min) of the ashes obtained from pyrolysis at
500 °C for 1 h resulted in the removal of residual char in the solid to recover silica. After
calcination, the RH (not-acid-washed RH) ashes exhibited a pinkish coloration (Figure 4),
which can be attributed to the crystallization of SiO;. This phenomenon can be catalyzed
at lower temperatures in the presence of K, which is one of the main inorganic compounds
in RH ash [3]. The calcination of AWRH (HCl-pretreated RH, 100 °C, 3 h) ashes resulted in
the formation of a silica product with white coloration. The whiteness of silica is directly
correlated with the amorphous silica content [23]. The yield of RH-SiO; obtained from the
calcination of the AWRH2 ashes was 40.7 & 3.0 wt%, representing a yield of 15.1 &= 3.0 wt%
from the original rice husk, while the yield for the not-washed RH ashes was 12.5 £ 0.1 wt%.

RH-SiO> (700 “C. 2 °C/min. 3h)

RH (not acid washed) /' L RH ashes B RH-SIO- (700 °C. 2 °C/min. 3h)
o e SUTT R Y

Figure 4. Pictures of the effect of acid pretreatment of RH through pyrolysis and calcination processes.

Attenuated total reflectance infrared spectroscopy (ATR-FTIR) was used to determine
the functional groups present on the surface of the prepared material from AWRH (RH-
2). The ATR-FTIR spectra in the wave region of 4000-500 cm ! are shown in Figure S2.
Numerous peaks are detected in RH-5i0O,, similar to those found in commercial amorphous
silica. The most intense peak is at 1074 cm~?, followed by one at 813 cm ™!, which are
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assigned to Si-O symmetrical and asymmetrical groups. The peaks from 2400 cm™~! to
2000 cm ™! correspond to the elongation vibrations of O=C=0 from the atmospheric CO,
adsorption, or carbon impurities from the calcined rice husk [20].

3.2. Textural Characteristics of Silica Materials from RH

The RH(1,2,3,4,5)-5i0; produced from acid-treated RH (AWRH1,2,3,4,5) following
the five different protocols listed in Table 1 were analyzed by nitrogen adsorption at 77K
(Figure 5). The shapes of the isotherms were all the same and were of the type IV charac-
teristics of mesoporous materials featuring a large pore size distribution between 4 and
17 nm, which results the spaces in between the nanoparticles. We can propose that these
silica materials featured “funnel-shaped” pores with a 17 nm larger size decreasing to
4 nm, corresponding to an average of 6.5 nm. This kind of hysteresis is found for meso-
pores with the depth shorter than the pore diameter [42]. To control if the materials also
exhibit micropores, the t-plot curves [37] were drawn from nitrogen adsorption isotherms
(Figure S3). The evolution of the t-curves is linear at low t, with a straight line going
through the origin. This shows that silica from RH possess no micropores. The slope of this
straight line at low t allows us to calculate the total surface areas of the materials, which are
in good agreement with the BET specific surface areas (Spgt) calculated directly from the
nitrogen adsorption isotherms. The Sppr-specific surface areas of RH-5iO, were calculated
accurately according to the Rouquerol criteria [37] for three different batches of each of
the five protocols (Tables 2 and 3). The average values of Spgr were 276, 317, 247, 249, and
188 m?2/ g for RH1-5i0,, RH2-5i0,, RH3-5i0,, RH4-510,, and RH5-5i0,, respectively.

300 — T T T T
—— RH1-3
—e— RH2-2

250 | —e— RH4-3

200

150

Volume ;ﬂcm3[$TPlg)
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50

)
=)
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©
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PP,

Figure 5. Nitrogen adsorption/desorption isotherms at 77K of some RHx-5iO;-y obtained from
acid-treated RH AWRHX, with x corresponding to the protocol (1 to 5) and y to the batch (1 to 3):
(dark blue) AWRHI1 giving RH1-SiO;-3, (red) AWRH2 giving RH2-5i0,-2, (orange) AWRH3 giving
RH3-5i0,-1, (light blue) AWRH4 giving RH4-5i0,-3, and (grey) AWRHS5 giving RH5-5i0,-1.
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Table 2. Textural characteristics of the silica materials from RH.
. . SBET Vines b Dmes average
a

SiO, BET p/po Domain m2 g CgeT mL/g nm
RH2-Si0,-2 0.049 < p/pp <0.15 329 91 0.35 6.5
RH4-Si0,-2 0.058 < p/pp <0.34 233 68 0.27 6.5
RH4-Si0,-3 0.049 < p/pp < 0.34 266 76 0.31 6.5
RH5-5i0,-1 0.083 < p/po <0.34 208 58 0.24 6.5
RH5-Si0,-2 0.142 < p/pp < 0.34 190 49 0.22 6.5
RH5-Si0,-3 0.169 < p/pp < 0.34 188 61 0.22 6.5

2 in agreement with Rouquerol criteria; ® taken at p/pg = 0.9.

Table 3. Summary of results of RH-SiO; obtained from 3 batches of each AWRHXx, comparison with
silica produced from raw RH without acid pretreatment.

Silica HCl1 0.1M Duration Pyr/Calc SBZET'average SBzET Range
m?/g m-/g
RHI-SIO,  100°C 3h Pyr!(10°C/min) 276 213-298
RH2-5i0, 100 °C 3h Pyr ! (2 °C/min) 317 304-325
RH3-5i0, 20°C 24h Calc (2 °C/min) 247 228-261
RH4-5i0, 100 °C 3h Calc (2 °C/min) 249 232-266
RH5-Si0,  20°C 24h Pyr! (2°C/min) 188 186-207

1 Pyr: Pyrolysis at 500 °C for 1 h + Calcination 700 °C for 3 h.

The Sggt values revealed important information: the acid treatment of RH at high
temperatures (100 °C) and with calcination at a slow rate (2 °C/min) increased the specific
surface area of the resulting silica, caused by a larger separation of the nanoparticles in the
aggregates. Additionally, pyrolysis at 500 °C before the calcination at 700 °C also had a
positive effect on the specific surface area (Table 3). The maximum specific surface area
of RH-5iO, results from protocol 2, AWRH?2 with an acid treatment at 100 °C for 3 h, pre-
pyrolysis at 500 °C for 1 h, and calcination at 700 °C for 3 h at 2 °C/min. In the three batches
of AWRH2, the highest specific surface area of the resulting silica, named RH2-5i0,-2, was
SppT = 329 m2/ g, with the highest mesopore volume of 0.35 mL/g (Table 3). The obtained
silica material had a high surface area, very similar to the one obtained by Gu et al. (2013)
through pyrolysis (350 m?/g) under an N atmosphere at 300 °C [23].

To further characterize the porosity of silica from RH, mercury porosimetry was per-
formed. Surprisingly, the mesopores observed by nitrogen adsorption were not identified
by mercury intrusion porosimetry (Figure 6). No pores smaller than 1 um were detected.
This indicates that the mesopores in the silica of RH are not deep enough to be filled by
mercury intrusion and are assimilated to a surface rugosity. Mercury porosimetry revealed,
however, the presence of macropores with a large pore size distribution and high macropore
volume of 3.5 mL/g. This macroporosity is certainly due to interparticle porosity. For RH1-
5iO; and RH2-5i0;, obtained without milling, the average macropore is 23 pm, meaning
that the majority of the particles have a diameter of 70 pum if a factor 3 is applied between
the pore size and pore diameter. After milling, as with RH3-5i0, with hand milling, the
particle size changes and two distributions of pore size are revealed: one observed at
42 pm (corresponding to interstices between particles with a size of 120 pm) and 200 nm
(corresponding to interstices between particles with a size of 600 nm) (Figure S4).

The SEM pictures confirm a broad distribution of particle size of acid-treated RH with
particles of 100-200 um, particles of 50 um, and some of 5-30 um (Figure 7). SEM pictures
reveal also the presence of pores of 0.9-1.7 um size on some particles and some smaller
pores of 40-60 nm.
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Figure 6. Intrusion (black) and extrusion (blue) curves obtained by mercury porosimetry for the silica
material featuring the highest specific surface area: RH2-5i0;-2.
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Figure 7. SEM pictures of acid-treated SiO, from RH.

The silica featuring the highest surface area (RH2-5i0,) is further analyzed by TEM.
TEM images show that the large particles of silica from RH are composed of an aggregation
of silica nanoparticles (Figure 8a) and also of a mesoporous phase (Figure 8b).

With pore sizes ranging from 4 to 12 nm, with an average of 7.2 &+ 2.8 nm in accordance
with the result of the mesopore size distribution found by the nitrogen adsorption isotherm
with an average of 6.5 nm (Table 2). The nanoparticles appear as regular spheres (Figure 8a),
with the mean particle size calculated with image processing software (Image 2.0 ]) of
62.4 + 17.2 nm. The RH2-5iO; particle size distribution analyzed by DLS (Figure 9a) with
particles diluted in water shows a multimodal distribution with sizes ranging from 50 nm
to particles larger than 1 um. Two main peaks are observed with a maximum at 183 nm
and 1 um. Few particles were observed at 60 nm. Larger sizes are also due to the fact that
the hydrodynamic size measured by the DLS is the size of the hypothetical hard sphere
that diffuses similarly to the particles being measured [43]. Hence, the diameter calculated
is only indicative of the apparent size of the dynamic hydrated particles. It does not signify
the actual size of the monodispersed RH2-5iO;. Therefore, the reported hydrodynamic
diameter cannot be used as an approximation of the size but rather for comparison.
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Figure 8. (left) TEM images of silica nanoparticles of (a) RH2-SiO, (b) and of the mesoporous phase
of RH2-5i0,. (right) (a) Particle and (b) pore size distribution calculated with Image J software.
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Figure 9. (a) Dynamic light scattering (DLS), and intensity size distribution of RH2-S5iO; as a function
of z-average hydrodynamic diameter of RH2-SiO;, and (b) zeta potential measurements performed
at different pHs for RH2-5iO5.

Gu et al. (2013) [23] observed that, with the increase in pyrolysis temperature, larger
nanoparticles were obtained under an Nj atmosphere; in addition, the shape of the particles
was affected when increasing the temperature, obtaining spherical particles of 5-8 nm with
500 °C pyrolysis. These particles are smaller than the ones observed in this study. The
RH-S5iO, nanoparticles tend to agglomerate because of inter-particle adhesion forces. The
average size corresponds to aggregates, which can be confirmed by the zeta potential
values in Figure 9b being lower than +30 mV at a distilled water pH (~6) [44]. The point
of zero charge was determined when the zero potential was equal to zero, pHp,c 2, which
aligns with values observed for silica extracted from RH [26]. Above the pHp,. of silica, the
RH2-5i0, surface is negatively charged, and the charge increases with the increase in pH
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to 8, which is a very important character for the further adsorption of positively charged
metals in the water depollution process (Figure 9b).

The HAADE-STEM imaging abd-energy-dispersive X-ray spectroscopy (EDX) mea-
surements allowed us to identify the elements present in the RH2-5i0, sample in three
different points. The elemental composition analysis showed areas with more silicon than
others, as in Figure 10, where brighter areas correspond to heavier atoms. This is because
the intensity of the scattered electrons detected in HAADF-STEM is proportional to the
atomic number of the elements in the sample. Heavier atoms, with higher atomic numbers,
scatter electrons more strongly, resulting in brighter spots in the image. Two main peaks
corresponding to silicon and oxygen were observed; another small peak corresponding to
Ni and K was observed but neglected since it comes from the plating used for the analysis.
No other peak was found in the EDX which denotes that the silica observed is pure. The
elemental analysis composition performed by EDX and the results are shown in Table 4.

- | OKal || SiKal
(b):

Spectrum 4

Electron Image 3

Ni Kal Ni KB1
Spectrum 7 - Spectrum 6
Spectrum 6 .
; Si Kal

Ni La1,2 Ni Kal || NiKB1

Spectrum 7

Ni Karl | Ni KB1

Figure 10. (a) STEM-HDA AF-energy-dispersive X-ray spectroscopy (EDX) image of RH2-5iO, with
the three measured points: (spectra 4, 6, and 7) and (b) EDX spectra with elemental identification (i,
O, and Ni) for spectra 4, 6, and 7.

Table 4. Elemental composition of RH2-5iO, obtained from EDX analysis of 3 selected sites. Percent-
ages have been corrected removing Ni percentage which comes from the coating.

Elements Wt. % - Wt. % - Wt. % - Wt. %

Spectrum 4 Spectrum 6 Spectrum 7 Average
OK 50.76% 0.3 56.91% 0.3 60.26% 0.3 55.98% 0.5
SiK 49.24% 0.3 43.09% 0.3 39.74% 0.3 44.02% 0.5
Total 100.00% 100.00% 100.00% 100.00%

The weight percentages obtained from the EDX study showed an equivalence in
Si:O for different sites of the sample, with an average of 44 wt% Si and 56 wt% O, and
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corresponding to an atomic % of Si:O = 1:2.3. An excess of oxygen in relation to the
stoichiometric ratio Si:O = 1:2 could be attributed to the presence of water and silanol
groups [45]. RH2-5i0, has a higher composition in oxygen compared to the results obtained
by other researchers of the acid-washed RHA composition Si:O = 1:1.9 at% [46].

Functional groups such as deprotonated silanol present in RH-S5iO, and its porous
structure with a large specific surface area are favorable for the adsorption of metal cations;
therefore, Cd?* uptake tests were conducted.

RH2-5iO, Adsorption of Metals in Aqueous Solution

The adsorption capacity of the Cd?* solution by RH2-SiO, in MilliQ water at pH 8
was tested. At equilibrium, the maximum adsorption capacity was 407.1 & 0.1 mg Cd/g
SiO;, (Figure 11), which was a high value compared to other experiments in the literature
(Table 5). At basic pHs, RH2-5i0; was negatively charged due to the deprotonation of
silanol groups (pHpzc 2). At pHs higher than the pHp,, the electrostatic interactions
between the cation ion and opposing charge sites in RH-SiO, intensifies, favoring metal
sequestration [36].
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Figure 11. Adsorption capacity (q) of Cd by RH2-S5iO, at different equilibrium concentrations.
Equilibrium time was 3 h, concentration of silica 0.2 g/L. Initial concentrations of Cd in MQ water
from 0 to 100 ppm. Quantification made by ICP-MS.

In order to further understand how cadmium is distributed on silica’s surface, mi-
croscopic analysis techniques were used on the sample of RH2-5i0; after being in contact
with the 100 pm solution of Cd. Microscopy revealed more agglomerated silica particles
compared to the silica before Cd adsorption; the agglomerates had irregular shapes and
diameters higher than 1 um, which seem to be covered by Cd (Figure 12a). Similar morphol-
ogy changes were observed by Lal et al. (2022) [47] after doping the TiO, with neodymium.
Some crystallized Cd(OH), (identified by elemental analysis and detailed in Figure S5) was
found due to the precipitation of Cd in basic media (pH 8) (Figure 12b).

The EDX analysis showed a high ionic adsorption of Cd onto RH2-5i0,. While Cd
was heterogeneously adsorbed among all the samples, Cd was distributed homogeneously
on the RH2-5i0; surface in specific sites observed in Figure 13. The elemental analysis
composition performed by EDX and the results are shown in detail in Table S2. A high
concentration of Cd (71 wt.%) was seen in Site 2, followed by oxygen, and then silicon
had a smaller presence. As well, in Sites 3 and 5, the composition of Cd was higher than
the one of silicon (28 wt.% and 80 wt.%). However, in Site 4, almost no Cd was present
in the sample. Lal et al. (2022) [47] observed a 3 wt.% of neodymium on the doped TiO,
NPs; their observations were over a whole NP, while, in our study, we have focused on
specific sites.

While the EDX mapping revealed a heterogeneous distribution of Cd over RH2-SiO,
(Figure 13), AFM provided deeper insights into the adsorption mechanism. The AFM
analysis was carried out with Multimode-Nanoscope VIII(BRUKER) operating in the
intermittent contact mode, to examine topographic images of RH2-5i0, and RH2-5i0,-Cd
NPs. These NPs were dispersed onto silicon substrates, which were previously cleaned



Processes 2024, 12, 2420

15 of 21

and treated by UV-ozone to remove any organic contaminant. A rectangular cantilever
(Nanosensors NCL-W) was used for imaging, with a free resonance frequency of 15,606
KHz and spring constant of 40 N/m. Both particles analyzed exhibited a similar diameter
of around 200 nm. The AFM analysis revealed highly heterogeneous adsorption between
different sites. The 2D image displays the height variation as color intensity (Figure
S6a,b), with greater differences in intensity observed for RH2-5iO; due to the presence of
empty pores.

(a) (b)

Cd(OH).

200 nm 200 nm

Figure 12. TEM images of agglomerate silica particles of (a) RH2-5iO, after Cd adsorption and
(b) RH2-SiO, with crystallized Cd(OH);.
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Figure 13. EDX mapping of RH2-5iO, particles with Cd on Site 2 (upper left), Site 3 (upper right),
Site 4 (lower left), and Site 5 (lower right). EDX map color: Cd, yellow; O, green; Si, purple.
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AFM imaging allowed us to observe that Cd fills the pores and forms layers on the
surface of the RH-silica (Figure Séc; section image). This observation aligns with the
findings of Al-Saida et al. (2022) [48], who reported the multilayer adsorption of Cd**
onto nanosilica, suggesting that the adsorption process is primarily driven by differences
in the electrostatic charge. The key takeaway is that AFM revealed a smooth profile in
the case of RH2-5i0,-Cd NPs and a rough profile for the pure RH2-5iO, NPs, due to
the modification of the surface. The combination of EDX and AFM thus offers a more
comprehensive understanding of the spatial distribution and the nature of the adsorption
process. Nonetheless, further analysis is required to clarify the adsorption mechanism, as
ATR-FTIR did not accurately detect the silanol groups, while the transmittance FTIR has
proven effective in identifying the functional groups involved in ion sequestration [36,47].

Table 5. Comparison with adsorption of cadmium in metal solutions at 20-25 °C in batch in synthetic
water by different adsorbents !.

Adsorbent SpeT (M?/g) pH qe (mg/g) te (min) C‘iv?;f{]“) Dosage (g/L) Author
Nanosilica 307 6 72.1 (72 h) 200 2 [48]
SBA-15 964 6.6 5.6 120 3025 10
49
SBA-GSH 187 6.6 112.3 120 3025 10 [49]
PT@MSBA 390 34.7 15 3.36 0.13 [50]
MCM-41 1174 5 20.9 120 100 2
NH,-50- [51]
magMCM-41 571 5 493.2 150 0.1
Commercial
Resin MPX-310 3 48.8 720 100 1
Commercial
Resin MPX-317 3 106.4 720 100 1 [52]
Commercial
Resin TP-214 - 3 116.3 720 100 1
pPEI-MCF 270 5 625 - 400 - [53]
MCCR-350 16 5.5 821 720 200 0.2 [54]
RH2-SiO, 329 8 407.1 180 100 0.2 This work

1 SBA: Santa Barbara Amorphous, GSH: glutathione grafted, PT@MSBA: polythionine grafted on magnetic SBA, pPEI-
MCE: polyethylenimine-functionalized mesocellular silica foam, MCCR: magnetic calcium carbonate nanoadsorbents.

Comparatively, other silica-based materials such as SBA-15, SBA-GSH, PT@MSBA,
MCM-41, and nanosilica have shown similar adsorption behavior in batch systems, partic-
ularly at pH levels between 5 and 8 [48-51,53]. For instance, microporous nanosilica was
obtained using the sol-gel method with TEOS as the precursor; the interaction with Cd?*
was studied through molecular dynamics and adsorption isotherms, which determined
that it was dominated by electrostatic forces, forming a multilayer uptake [48]. Similarly,
mesoporous SBA-15 modified with GSH had a pHy, of 3.5; while raw SBA-15 exhibited
low adsorption, the addition of thiol groups significantly increased its capacity, with the
FTIR spectra indicating that Cd interacts mainly with thiol and carboxylic groups more
than with silanol groups [49].

Magnetic grafted materials, such as PT@MSBA and NH,-50-magMCM-41, offer a
practical advantage in water treatment applications, as they can easily be recovered from
aqueous solutions using magnets [50,51]. MCM-41, derived from acid-leached and calci-
nated rice husk at 600 °C, was the only rice-husk-based silica material studied for Cd?*
adsorption in batch systems found in the literature. Despite its high specific surface area
(Ser > 1000 m?/ g), the best results were obtained when MCM-41 was functionalized
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with NH; groups, even though this reduced by half Sgrt. Here, ion exchange and surface
complexation likely dominated the adsorption process [51].

Additionally, pPEI-MCE, synthesized from TEOS and functionalized with PEI, exhib-
ited chemisorption through a complex formation between amine groups and Cd?* cations.
Regeneration was feasible with most of the silica-based adsorbents, which suggests that
regeneration will be successful with RH2-5i0, [48-51,53]. However, other adsorbents, such
as commercial resins or MCCR-350, demonstrated high removal rates, but reusability was
not explored [52,54].

While some of these adsorbents address environmental concerns through their regen-
erability, many are synthesized from non-renewable sources, with few exceptions [50]. In
this study, we have demonstrated the production of a highly effective adsorbent derived
from renewable resources, which can compete with synthetic alternatives. Additionally, its
production via pyrolysis generates valuable by-products, contributing to a more sustainable
process. However, as highlighted by Andooz et al. (2023) [55], the current high costs of
pyrolysis present a challenge. To make pyrolysis more economically viable, support from
public and private institutions is needed to enhance the marketability of its products.

4. Conclusions and Future Recommendations

In the present study, amorphous silica particles RH2-5iO,, with a high surface area of
317 m?/g and pore diameters ranging from 17 nm to 4 nm, were extracted from rice husk,
achieving a yield of 15.06 + 3% after pyrolysis and calcination under optimized conditions.
The optimal production method for highly porous silica involved the acid washing of rice
husk at 100 °C, followed by pyrolysis at 700 °C and slow calcination at 500 °C with a slope
of 2 °C/min. Acid washing also had an effect on pyrolysis by-products as hypothesized.
This process yielded a CO-rich syngas and a bio-o0il comprising monocyclic aromatics and
phenolic compounds, which could prove valuable in the production of relevant chemicals.

Characterization studies revealed that RH2-5iO, nanoparticles exhibited a hetero-
geneous size distribution, ranging from 60 nm to 200 nm, with a tendency to form ag-
glomerates. The negative zeta potential of RH2-5iO, at wastewater pH levels (pHpzc 2)
facilitated strong electrostatic interactions with cationic compounds, as evidenced by the
high cadmium adsorption capacity, which was found to be 407.1 &+ 0.1 mg Cd/g SiO5.
Microscopic analyses showed that cadmium is adsorbed within the pores of the silica and
forms multilayers over the surface. Nonetheless, as the ATR-FTIR analysis failed to detect
the presence of silanol groups, the conducting of a transmittance FTIR analysis on RH2-5iO,
pellets is recommended, to confirm the functional groups involved in cadmium seques-
tration. Additionally, the initial thermodynamic and kinetic tests should be conducted to
thoroughly evaluate the adsorption capacity of RH2-5iO,. Following this, experiments
using real water matrices containing competing ions should be performed to assess the ion
competition and the long-term functionality of the adsorbent.

This methodology represents a significant step forward in producing highly porous
silica-based adsorbents, while simultaneously generating other valuable by-products such
as bio-oil and syngas. To further upgrade the bio-oil quality, future work should focus on
optimizing pyrolysis conditions, including the introduction of catalysts and the in-depth
analysis of the temperature and time parameters. It should be evaluated if the modifications
in the pyrolysis protocol would impact the RH2-SiO, porosity.

To sum up, this methodology aligns with the EU’s circular economy goals for 2050
by promoting resource efficiency and waste reduction. By converting RH—an agricultural
by-product that is often incinerated or left to decompose, contributing to greenhouse
gas emissions—into valuable products like bio-oil, syngas, excess heat, and silica-based
adsorbents, it supports a more sustainable use of resources. The regeneration and reuse
of the adsorbent, particularly through cation exchange, could further extend its lifecycle,
reducing the need for new materials in the recovery of metals from industrial effluents.
Additionally, the potential use of metal-doped RH2-SiO, as a catalyst offers opportunities
for cleaner industrial processes.
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The prospect of scaling up the production of rice-husk-silica-based adsorbents requires
the consideration of several key factors. First, the handling of powdered adsorbents can
be impractical for large-scale industrial applications; therefore, research should prioritize
pelletizing RH-S5iO, while minimizing any loss in adsorption capacity. Additionally, con-
ducting a comprehensive life cycle analysis of the entire process is recommended. This
analysis should address the global warming potential associated with CO, emissions
during the calcination step if not captured, and evaluate alternative silica extraction meth-
ods from rice husk ash (RHA), such as precipitation, which may involve chemicals and
energy consumption.

Furthermore, establishing a market for pyrolysis by-products and seeking government
incentives for pyrolysis plant development can also foster sustainability, particularly in
developing countries that are major rice producers. This approach not only reduces the
pressure on non-renewable resources but also opens a path for low-cost water treatment
solutions through the produced adsorbents.
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