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Abstract: It remains challenging to develop a techno-economically feasible method to remove alkali
and alkaline earth metal species (AAEMs) from rice husk (RH), which is a widely available bioresource
across the world. In this study, the AAEMs leaching effect of aqueous phases of both bio-crude
prepared by hydrothermal liquefaction (AP-HT) and bio-oil prepared by pyrolysis (AP-Pyro) of
RH were systematically investigated. The results indicated that although the acidity of AP-HT and
AP-Pyro are much lower than that of HCl, they performed a comparable removal efficiency on
AAEMs (Na: 56.2%, K: 96.7%, Mg: 91.0%, Ca: 46.1% for AP-HT, while Na: 58.9%, K: 96.9%, Mg: 94.0%,
Ca: 86.3% for AP-Pyro) with HCl. The presence of phenolics in bio-oil could facilitate the penetration
of water and organic acids into the inner area of RH cells, thus enhancing the AAEMs removal
via chelate reactions. The thermal stability of leached RH during thermochemical conversions was
studied via TG and Py-GC-MS. The results showed that the heat conduction efficiency in leached RH
was enhanced with a high pyrolysis rate, resulting in a narrow carbon chain distribution (C5–C10) of
derived chemical compounds.
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1. Introduction

The limited reserves of fossil fuel resources and their high environmental impacts leads to a crucial
demand for the development of the new energy sources [1,2]. Solar, wind, and biomass are considered
as the main renewable energy sources, among which biomass is relatively affordable and abundantly
available with simple converting processes [3]. Gasification, pyrolysis and hydrothermal liquefaction
are the main thermal processes to obtain renewable biofuels, carbon materials, and biochemicals from
various biomass resources [4–7]. To produce liquid biofuels, either fast pyrolysis or hydrothermal
liquefaction is required to liquefy biomass. Briefly, pyrolysis produces bio-oil at 450–550 ◦C by thermal
decomposition of biomass [8], while hydrothermal liquefaction considers converting biomass into
bio-crude at 250–374 ◦C under high pressure (4–22 MPa) [9]. These techniques are capable to achieve
liquefaction of feedstocks with a yield of bio-oil/bio-crude at ~60%, whereas the quality of these
bioliquids are poor with high acidity, high moisture content and low calorific values. To fully use the
raw bioliquid more efficiently, fractionation (e.g., distillation, extraction) has been recommended to

Energies 2020, 13, 6033; doi:10.3390/en13226033 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-4137-0748
http://dx.doi.org/10.3390/en13226033
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/22/6033?type=check_update&version=3


Energies 2020, 13, 6033 2 of 15

separate raw products into different fractions (e.g., aqueous phase, hydrophobic light bio-oil, and heavy
bio-oil) before further refining [10,11]. Both the light and heavy fractions can then be upgraded
into drop-in fuels via hydrotreatment. In contrast, the aqueous phase (rich in water, organic acids,
and various volatile compounds) is unsuitable to be used as a fuel, and its application needs to be
further investigated.

Rice husk (RH) is widely distributed and has potential to be used for bio-oil production [12–16].
According to the statistics in the United States Department of Agriculture, the global rice production
has increased to 657.9 million tons in 2019, which indicates the production of a large amount of RH as a
byproduct [17]. Hence, there is an increasing interest in utilizing RH as a feedstock for the production
of renewable biofuels or other value-added products [18]. However, one of the main challenges of
using RH is its high ash content (11.4–23.5 wt%) [19], which has inhibited the production of bioliquids
from RH. The ash content of RH is composed of various elements such as finely dispersed alkali and
alkaline earth metal species (AAEMs), which are bound to hydroxyl and/or phenolic groups in the form
of cations or exist as cations of inorganic salts [19]. These ash contents need to be removed prior to the
thermochemical liquefaction of biomass to avoid the inactivation of catalysts, the corrosion of reactors,
and the interference of bioliquids upgrading. For instance, during the pyrolysis of biomass, the ash
content can cause fouling issues (such as corrosion, erosion, and blocking, etc.) both inside the reactor
and the downstream pipes [20]. Many ash contents exist in the form of chloride salts, the pyrolysis of
which produces chloride acids that is both poisonous and corrosive. The presence of inorganic species
can also interfere the further refinery of produced bio-oil/bio-crude [21,22]. Due to the side effects of
the high ash content of RH, it is essential to conduct pretreatment to remove these components.

Water leaching is a simple pretreatment that can be easily conducted for the removal of ash content
in biomass. The removal efficiency of leaching for AAEMs generally follows an order based on the
acidity of water: strong acid/water > weak acid/water > water [23–25]. Thus, the use of acids is required
to achieve a maximal ash removal. However, the side effects of using acids, especially strong inorganic
acids (e.g., HCl), are also obvious when considering the economic feasibility and the environmental
impacts, particularly in an industrial scale. The aqueous fraction of bio-oil has been recently recognized
as an effective leaching agent for biomass pretreatment that can improve the pyrolysis performance
of pretreated biomass for the production of bio-oil [26]. The study conducted leaching of biomass
with the aqueous phase of fast pyrolysis bio-oils and investigated the pyrolysis behavior of treated
biomass using TGA/DTG analysis and Py-GC-MS. However, details of the leaching performances and
mechanisms need to be further investigated. Moreover, considering that hydrothermal liquefaction has
also been widely used for biomass liquefaction, the aqueous phase of bio-crude is also potential to be
used for biomass leaching, whereas its performance on the ash content removal has not been studied.
As conceptualized in Figure 1, successful integration of leaching and thermochemical liquefaction
(i.e., pyrolysis or hydrothermal liquefaction) is believed to not only achieve a well removal of ash
content in the feedstock, but also produce a bio-oil or bio-crude with higher qualities (i.e., lower
moisture content, lower acidity, and higher calorific values) by fractionating aqueous phases. In general,
it is worthwhile to investigate the leaching performances of aqueous phases of both bio-crude and
bio-oil in detail prior to integrating leaching by aqueous phases and liquefaction techniques for
bioliquid production.

Therefore, this study is conducted as a key step to investigate the feasibilities and fundamentals of
utilizing the aqueous phases of bio-oil and bio-crude for RH leaching pretreatment. Firstly, the leaching
effect of the aqueous phases of bio-oil and bio-crude benchmarking against HCl were investigated.
Subsequently, the effects of different leaching solutions on the pyrolytic decomposition of pretreated
RH were studied via TG analysis and Py-GC/MS analysis.
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Figure 1. Schematic diagram of the integrated leaching and thermochemical technologies for producing
high-value products from rice husk.

2. Materials and Methods

2.1. Materials

RH samples as received were milled and sieved to obtain sample particle sizes of 300–450 µm.
Table 1 shows the proximate and ultimate analysis of the RH samples. RH samples were leached by
three types of acidity leaching agent to compare their removal efficiency of AAEMs and explore the
mechanism of demineralization. The preparation method of different leaching agents and leaching
methods are described below.

Table 1. The proximate and ultimate analysis of rice husk (RH) samples.

Sample

Proximate Analysis
(wt%, ar)

Ultimate Analysis
(wt%, daf)

Water
Content

Volatile
matter

Fixed
Carbon a Ash C H O a N S

Rice husk 9.45 71.94 4.16 14.45 41.28 5.12 53.11 0.42 0.07

ar: as received basis; daf: dry and ash free basis; a: by difference (Fixed carbon=100-Water content-Volatile
matter-Ash, O%=100%-C%-H%-N%-S%).

2.2. Preparation of Leaching Reagents and the Leaching Process

Preparation of aqueous phase of bio-crude by hydrothermal liquefaction: Hydrothermal
liquefaction on RH samples was carried out in a 100 mL stirred autoclave as is shown in Figure 2a.
In each run, 3 g of RH samples and 50 mL deionized water were firstly loaded into the reactor.
The residual air in the reactor was then removed by flowing N2 for 30 min [27]. In the next step,
the reactor was pressurized up to 1 MPa with N2, and then heated to 250 ◦C in 40 min with the stirring
speed being 175 rpm. The reactor was then immersed into a water/ice bath for quick cooling. When
the reactor was cooled down to room temperature, the gas inside the reactor was released into a fume
hood. The remained slurry inside the reactor was separated into the liquid and solid phases by using a
filtration system where a filter paper (0.45 µm, PTFE) was placed in the Buchner funnel connected
to the conical flask. The filtering speed of slurry was accelerated by a suction device. The solid on
the Buchner funnel was rinsed with 200 mL acetone (>99.5 wt%) until the falling filtrate became
colorless. The solid residue was then collected and dried in an oven at 105 ◦C for 12 h to obtain a
constant weight to determine the RH conversion rate [28,29]. The filtrated liquid was precipitated at
−5 ◦C to further separate the possible remained solid particles and were filtered again with a micro
filter (0.25 µm). Then the finally filtered liquid was weighed, which is the obtained aqueous phase of
bio-crude by hydrothermal treatment, hereafter referred to as AP-HT. It was stored in a refrigerator at
−5 ◦C before use.
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Figure 2. Schematic diagram of (a) the hydrothermal reactor system and (b) the vertical drop-tube
reactor system.

Preparation of aqueous phase of bio-oil by pyrolysis: It should be noted that the RH samples
were dried in an oven at 105 ◦C for 24 h before pyrolysis, and the water content after drying was 0.64%.
The slow pyrolysis of RH samples was carried out in a tubular furnace system as is shown in Figure 2b.
During the experiment, N2 with a flow rate of 200 mL/min was supplied through the reactor. In each trial,
30 g RH samples were pre-loaded into the reactor, followed by heating up from 25 to 110 ◦C with a
ramping rate of 10 ◦C/min (holding for 30 min at 110 ◦C), then further heating up to 500 ◦C with a
same ramping rate (holding for 60 min). The collected liquid by an ice bath was filtered with a micro
filter (0.25 µm), which is the aqueous phase of bio-oil by pyrolysis, hereafter referred to as AP-Pyro.
It was also stored in a refrigerator at −5 ◦C before usage.

Leaching process: It should be noted that except AP-HT and AP-Pyro, a typical strong hydrochloric
acid solution (1 mol/L, pH = 0) was also prepared as leaching agent for comparison. RH samples were
immersed in the leaching agent, and the mixture was stirred continuously for 4 h at 50 ◦C in a water
bath [30]. After the leaching process, the slurry was separated into the liquid and solid using the same
filtration system described above. Then the solid was rinsed with deionized water continuously until
the pH of the effluent solution was higher than 6.5. It was then dried at 85 ◦C for 12 h in the oven.
The obtained leached RH samples were referred to as RH-HT, RH-Pyro, and RH-HCl, respectively.

2.3. Analytical Methods

Chemical compounds in AP-HT and AP-Pyro. The AP-HT and AP-Pyro samples were analyzed
by gas chromatography/mass spectrometry (GC/MS, Agilent7890A, USA) with a HP-5MS column
(30 m × 0.25 mm, 0.25 µm film thickness) after diluted in trichloromethane (> 99.8%) with a dilution
ratio of 1:1. The mass spectra operated in electron ionization mode at 70 eV and it was obtained in the
range of m/z = 50–300 amu. Helium (99.999%) was used as the carrier gas. The oven temperature was
kept at 100 ◦C for 2 min, then raised to 250 ◦C with a ramping rate of 15 ◦C/min. It was finally kept
at 250 ◦C for 15 min. The injector temperature was 250 ◦C with a split ratio of 30:1. Identification of
each compound was performed based on retention time and matched with the mass spectrum in the
spectral library (NIST11 library).

pH values. The pH values of all leaching agents were measured with a pH electrode (pHS-25, REX,
Shanghai, China). Before each test, the instrument was always calibrated with the standard buffer
solution. The pH electrode was also rinsed with distilled water as well as the tested solution before
being immersed into the tested solution for measurement. The pH values were recorded when the
reading stabilizes under the constant stirring by a glass rod.

Water content. The water content of AP-HT and AP-Pyro samples were investigated with a Karl
Fisher titrator (KF-200, Mitsubishi, Japan). Before measurement, a calibration was done by titrating six
times of pure water in triplicate. For every single test, about 7 mg of the sample was dropped into the
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titration vessel. Once the liquid was completely dissolved, the titration was started. The weight of
water was recorded when potential balance was reached, and the water content was calculated.

AAEMs contents. An ash-digestion-ICP-AES method was adopted to measure the AAEMs
content of raw and leached RH samples. Briefly, a known amount of the sample was subjected to an
ashing process following a previous method [31]. The obtained ash was weighed and digested in a
mixture solution of HF and HNO3 (1 mol:1 mol, 10 mL:10 mL) and then solidified by evaporation for
24 h in the fume hood. The solid was then digested by HCl (2 wt%, 20 mL) in a water bath at 90 ◦C
before being dissolved in deionized water (40 mL). The liquid was injected into ion chromatography by
inductively coupled plasma-atomic emission spectrophotometry (ICP-AES, ZX_2018 Avio200, Perkin
Elmer, USA). The removal rate of metallic species is defined by the following equation:

Removal efficiency (%) =

(
1−

M2

M1

)
× 100 (1)

where M1 and M2 present the amount of metallic species in RH before and after leaching (mg/kg of
corresponding samples), respectively. The standard deviation for the removal rate was below 2% for
each metallic species.

Surface functional groups. Functional groups in RH and leached RH were characterized by a
Fourier transform infrared analyzer (FTIR, VERTES 80V, Brooke, Germany). The sample was evenly
ground into fine particles in an agate mortar and mixed with the KBr powder uniformly, from which
a disc sample can be prepared in an infrared tablet presser by holding for 10 s under a pressure of
10 MPa.

Pyrolysis behavior of various samples. Thermogravimetric analysis was carried out by
STA409PC, Netzsch, Germany. N2 with high purity (99.99%) with a flow rate of 100 mL/min
was applied as the gas environment in the oven. The temperature was scanned from room temperature
up to 900 ◦C with a heating rate of 10 ◦C/min.

Pyrolytic product distribution. The examination on the liquid products from the thermal
conversion of the four samples were conducted in a pyroprobe (Py, CDS Analytical 5200, USA) coupled
with GC/MS (Agilent 7890A/5975C, USA) via a transferring line at 285 ◦C. Briefly, 500 ± 20 µg of
sample was loaded into the center of a quartz tube (i.d. = 2 mm, length = 20 mm). The sample was
then pyrolyzed in Py at 550 ◦C for 30 s, and the produced volatiles were rapidly transferred into
GC/MS for the analysis. The split ratio of GC/MS was 100:1, and a commercial capillary column
(Agilent VF-1701MS, USA, 30 m× 0.25 mm i.d., 0.25 µm film thickness) was employed for the separation
of the components. The temperature in the column increased from 40 ◦C (stabilized for 2 min) to
280 ◦C (stabilized for 3 min) with a heating rate of 10 ◦C/min. The MS was operating in an electron
impact mode at an ionization energy of 70 eV with a scan range of m/z 25 to 500. The interpretation of
the mass spectra was mainly based on library search (NIST11, version 2.0) or other references.

3. Results

3.1. Acidity of AP-HT Benchmarking against that of AP-Pyro and Their Compositions

Acidity of leaching reagents is an important parameter in determining its ability to eliminate
AAEMs. The pH values of AP-HT, AP-Pyro, and HCl were measured as 3.2, 2.7, and 0, respectively.
The pH value of AP-HT is higher than AP-Pyro due to the lower content of total organic acid compounds
(peak areas of 4.22 × 108 vs. 2.54 × 108) and higher water content (Table 2). In addition, the high
abundance of organic compounds in the solution, such as phenols, could hinder the ionization of acetic
acid and consequently increased the pH value of the solution [32].



Energies 2020, 13, 6033 6 of 15

Table 2. The water content and pH of aqueous phases of both bio-crude prepared by hydrothermal
liquefaction (AP-HT) and bio-oil prepared by pyrolysis (AP-Pyro).

Samples Water Content (wt%) pH

AP-HT 98.10 3.24

AP-Pyro 58.66 2.70

GC-MS detectable chemical compounds in AP-HT and AP-Pyro are shown in Table 3. The data
shows that the dominant organic acid compounds in AP-HT are n-hexadecanoic acid (2.392%) and
octadecanoic acid (2.476%), whereas the amount of acetic acid (20.939%) is the highest in AP-Pyro.
Moreover, the relatively high content of ketones is observed in AP-Pyro (24.107% compared to 11.710%
in AP-HT). For instance, the relative amount of 2-Propanone, 1-hydroxy- is 10.199%, while its abundance
in AP-HT is only 1.825%. In addition, phenolics with different contents are observed in both AP-HT and
AP-Pyro. For instance, the phenol contents are 0.420 and 1.189% in AP-HT and AP-Pyro, respectively.
Compared with the total amount of phenolics in AP-Pyro, it is higher in AP-HT, (13.106% vs. 10.982%).
It should be noted that the content of the sugars inside AP-HT (18.983%) is considerably high compared
to that in AP-Pyro (9.632%). This is due to the existence of β-D-Glucopyranose, 1,6-anhydro- in AP-HT
(17.818% vs. 6.329% in AP-Pyro). Lastly, a slightly higher amount of furanics is recorded in AP-Pyro
(8.700 % compared to 7.034% in AP-HT).

3.2. Leaching Effect of AP-HT and AP-Pyro Benchmarking against that of HCl on AAEMs Removal from RH

The AAEMs content in RH before and after leaching by the different leaching agents as well as
the AAEMs removal efficiency are shown in Figure 3. It can be seen that after leaching by the three
types of leaching agents, the AAEMs contents are dramatically decreased, especially for K and Mg.
This suggests both AP-HT and AP-Pyro are quite efficient to remove the AAEMs from RH. The removal
efficiency of AP-HT is slightly lower than that of AP-Pyro, while that of HCl is the best. This is mainly
attributed to their acidity difference. However, AP-HT exhibits almost equally high efficiency on
removing K and Mg (90–95%), despite its lowest acidity. It should be noted that the high content
of K in RH could be related to the excess use of K-containing fertilizer in the agricultural sector.
Vacuoles in plant cells are the key hosts to accommodate K species [33]. Additionally, Mg2+ is an
important component of polyribosomes that can promote the synthesis of vitamins in the cell structure
of lignocellulose [34]. Therefore, the majorities of K and Mg may be leached easily through the breakage
of cell wall and then dissolved in the acidic aqueous phase. Besides the ion-exchanges between metal
ions and H+, previous studies have shown that the phenolics could penetrate into the organic matrix
of the RH material, forming hydrophobic interactions as well as hydrogen bonds with macromolecules.
This makes the matrix more accessible to acetic acid and water, promoting the leaching of organically
bound AAEMs [32]. Meanwhile, the synergistic effect could take place between the acetic acid and
typical organic components like furfural, guaiacol, phenol, hydroxyacetone and ethylene glycol in
AP-HT and AP-Pyro, which could also increase the removal rate of metallic species [30].

On the other hand, the removal efficiencies of Na and Ca are relatively lower than those of K
and Mg. It is vital to note that the initial content of Na in RH is very low, so the contents of Na in leached
RH are much lower than those of other metals, although its removal efficiency is not high. The removal
efficiency of Ca by AP-HT is only about 46%, which is the lowest compared to those of AP-Pyro and
HCl. This may be due to the presence of some non-acid organic components (e.g., hydroxyacetone,
guaiacol, and phenol) inside AP-HT, which hindered the removal of Ca [30]. The majority of Ca2+ in
the plants is bound to pectin polysaccharides and normally exists in the form of CaCO3 or Ca silicates,
which is insoluble in water or other weak/organic acidic solutions [35]. The strong acidity of HCl
could effectively extract the pectin polysaccharides, and thus achieve the high removal efficiency of
Ca [32,36]. What’s more, chelation bonding between cation and some organic compounds like sugar
acid may also promote the leaching of Ca and Mg [37,38].
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Table 3. The identified chemical compounds in AP-HT and AP-Pyro by GC-MS.

Compounds Molecular
Formula

Relative Content (%) in
AP-HT AP-Pyro

Acids
Formic acid CH2O2 0.136 2.557
Acetic acid C2H4O2 0.399 20.939

Propanoic acid C3H6O2 0.000 1.850
n-Hexadecanoic acid C16H32O2 2.392 0.000

Octadecanoic acid C18H36O2 2.476 0.000
Total 5.402 25.346

Furans
Furfural C5H4O2 1.217 2.835

Benzofuran, 2,3-dihydro- C8H8O 0.000 1.461
2(5H)-Furanone C4H4O2 1.285 1.143

5-Hydroxymethylfurfural C6H6O3 3.348 0.000
2-Furancarboxaldehyde, 5-methyl- C6H6O2 0.169 0.000
2,4(3H,5H)-Furandione, 3-methyl- C5H6O3 0.361 0.000

2-Furanmethanol C5H6O2 0.282 3.261
4-Methyl-5H-furan-2-one C5H6O2 0.371 0.000

Total 7.034 8.700
Ketones

2,3-Butanedione C4H6O2 0.000 1.162
1-Hydroxy-2-butanone C4H8O2 0.000 2.309

2-Propanone, 1-hydroxy- C3H6O2 1.825 10.119
2-Butanone C4H8O 2.720 0.959

2-Propanone,1-(acetyloxy)- C5H8O3 0.000 1.544
2-Cyclopenten-1-one C5H6O 0.000 1.048

1,2-Cyclopentanedione C8H12O2 1.375 0.000
Dihydroxyacetone C3H6O3 0.602 0.000

3-Pentanone C5H10O 0.437 0.532
Apocynin C9H10O3 0.579 0.000

2-Cyclopenten-1-one, 2-hydroxy- C5H6O2 0.000 3.066
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- C6H8O2 0.567 2.364
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- C6H8O2 0.742 0.000

2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- C10H12O3 0.000 1.004
1-Hydroxy-2-pentanone C5H10O2 0.406 0.000

3-Pyrazolidinone, 1,4-dimethyl C5H10N2O 1.071 0.000
3,6-Nonadecadione C19H36O2 1.101 0.000

3′,5′-Dimethoxyacetophenone C10H12O3 0.283 0.000
Total 11.710 24.107

Phenol
Phenol, 2-methoxy- C7H8O2 2.276 2.967

p-Cresol C7H8O 0.462 0.000
Creosol C8H10O2 2.860 1.919
Phenol C6H6O 0.420 1.189

Phenol, 4-ethyl-2-methoxy- C9H12O2 0.556 0.671
2-Methoxy-4-vinylphenol C9H10O2 3.038 1.044

trans-Isoeugenol C10H12O2 0.644 0.000
Phenol, 2,6-dimethoxy- C8H10O3 1.385 3.191

Phenol, 4-methoxy-3-(methoxymethyl)- C9H12O3 0.589 0.000
Phenol, 2,6-dimethoxy-4-(2-propenyl)- C11H14O3 0.258 0.000

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- C10H12O4 0.528 0.000
Total 13.016 10.982

Sugars
d-Mannose C6H12O6 0.771 0.000

2,3-Anhydro-d-mannosan C6H8O4 0.000 0.807
1,43,6-Dianhydro-α-d-glucopyranose C6H8O4 0.394 1.551

d-Glycero-d-galacto-heptose C7H14O7 0.000 0.945
β-D-Glucopyranose, 1,6-anhydro- C6H10O5 17.818 6.329

Total 18.983 9.632
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Figure 3. (a) Alkaline earth metal species (AAEMs) concentrations of RH, RH-HT, RH-Pyro, and RH-HCl
samples and (b) the removal efficiency on AAEMs of AP-HT, AP-Pyro, and HCl. RH-HT, RH-Pyro,
and RH-HCl stand for RH leached by AP-HT, AP-Pyro and HCl; AP-HT and AP-Pyro stands for the
aqueous phases of bio-oil prepared by hydrothermal and pyrolysis.

To evaluate the possible effects of various leaching agents on the RH matrix and surface property,
the ratios of H/C and O/C have been calculated and presented in Table 4. As is shown, the atomic
ratios of O/C in the RH decrease after being leached by the agents due to the partial extraction of
hemicellulose. This is confirmed by the decrease of -OH functionality after the leaching process.
In addition, the acid-promoted dehydration of cellulose also increases the C content. Interestingly,
H/C ratio remained almost unchanged, indicating that the aromatic matrix of RH has been least affected.

Table 4. The O/C and H/C ratios of rice husk samples.

Item RH RH-HT RH-Pyro RH-HCl

O/C 1.57 1.33 1.30 1.17
H/C 0.11 0.12 0.12 0.11

The changes in O-containing functional groups was recorded by FTIR, as is shown in Figure 4.
It can be seen that all the spectra have similar patterns, suggesting the “core” of the sample structure is
not apparently altered after the acid leaching. Generally, the main bands show declining trends after the
acid leaching process, which is in a good agreement with the decreases of O/C ratios for the processed
samples. In Figure 4, the band at 3430 cm−1 is ascribed to OH functionality from alcohols. This shows
the disruption of hydrogen bonds in the chemical compositions of the samples [39]. The peak centered
at 1730 cm−1 is corresponding to the C=O stretching vibration and is mainly formed from free carbonyl
groups, which are abundantly available in hemicellulose and cellulose structure. The next band
appeared at 1650–1510 cm−1 and is ascribed to C=C stretching vibrations of aromatic structures,
which is produced from lignin [40]. Compared with raw RH, the intensity of the band around
1730 cm−1 and 1650–1510 cm−1 slightly decline after the acid leaching. This indicates the breaking
down of hemicellulose acetyl and uronic ester groups [41]. The band located at 1100 cm−1 is related to
C-O/Si-O-Si functional groups, which has almost similar intensities for all the analyzed samples.

3.3. Reaction Pathway of the AAEMs Removal from RH by the Leaching Agents

The reaction pathways of AAEMs removal by various acidic leaching agents are proposed and
shown in Figure 5. The main components of RH are the lemma and palea. Histochemical staining
shows that outer epidermis cells walls have high thickness, lignification, and severe silicification,
while the walls of lower epidermis cells were not lignified [42]. Therefore, the special cell wall structure
of RH is a key factor affecting the removal efficiency of AAEMs. It is well known that RH is a good
adsorbent for the removal of heavy metals, phenols, pesticides, and dyes [43]. In the pickling process,
RH can also adsorb a certain amount of organic matters from the leaching agent. The adsorbed organic
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species can disturb the original hydrogen bonds and leads to the swelling phenomena in cells [32,44,45].
Therefore, the process of acid leaching in this study involves both physical and chemical effects on the
removal efficiency of AAEMs.

Figure 4. Fourier transform infrared (FTIR) spectra of RH, RH-HT, RH-Pyro and RH-HCl samples.
RH-HT, RH-Pyro and RH-HCl stand for RH leached by AP-HT, AP-Pyro and HCl; AP-HT and AP-Pyro
stands for the aqueous phases of bio-oil prepared by hydrothermal and pyrolysis.

Figure 5. Mechanistic diagram of AAEMs removal by acids.

The high acidity of the leaching agent could result in the sever changes in the physical properties
of biomass materials [25]. The H+ can promote the leaching of hemicellulose and the hydrolysis of
cellulose, which reduces the crystallinity as well as loosens the cell wall structure of RH and breaks
down the lemma. Consequently, the AAEMs can be released from the cell structure in RH.

For HCl solution, the removal of AAEMs mainly depends on the action of H+ ions. The high
concentration of H+ can destroy the cell wall of RH and replace the cations in the polysaccharides-M
(M; K+, Na+, Ca2+ or Mg2+). This also promotes the decomposition of polysaccharides to monosaccharides
with disassociated AAEMs. At low pH values, the functional groups on the surface of the adsorbent are
prone to protonation, which limits the adsorption of positive ions like AAEMs on the surface of RH [26].
In the case of high pH values, the organic compounds in the solution have important effects on the removal
efficiency of AAEMs via the chelation reactions. The weak organic acids with oxygen functionalities
present in AP-Pyro can also remove AAEMs from the macro organic complex inside the cells by ion
exchanging process [30].

3.4. Effects of AP Leaching on the Pyrolysis Characteristics and the Liquid Products

Thermal Gravimetric (TG) and derivative thermogravimetric (DTG) curves of raw and leached
RH samples are presented in Figure 6, while the corresponding characteristic parameters for each curve
are calculated and shown in Table 5. The pyrolysis characteristic parameters are defined as follows:
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the mass loss at the pyrolysis temperature of 900 ◦C was denoted as ml; the maximum mass loss rate
was called DTGmax; the temperature of corresponding maximum loss rate was named Tmax; the initial
decomposition temperature was denoted as Ti.

Figure 6. TGA (a) and DTG (b) of RH, RH-HT, RH-Pyro and RH-HCl samples. RH-HT, RH-Pyro
and RH-HCl stand for RH leached by AP-HT, AP-Pyro and HCl; AP-HT and AP-Pyro stands for the
aqueous phases of bio-oil prepared by hydrothermal and pyrolysis.

Table 5. Pyrolysis characteristic parameters of raw and pretreated rice husk samples.

Samples m1
(wt.%)

DTGmax
(wt.%/min) Tmax (◦C) Ti (◦C)

RH 61.8 6.1 339.5 270.2

RH-HT 67.2 7.6 355.8 294.9

RH-Pyro 64.9 7.8 358.5 279.6

RH-HCl 66.1 9.1 347.3 301.8

Clearly, the treatments by the leaching agents impact the pyrolysis behavior of the RH sample.
The ml of RH, RH-HT, RH-Pyro, and RH-HCl are 61.8%, 67.2%, 64.9%, and 66.1%, respectively.
Additionally, the thermal stability of the samples improves after removing the AAEMs species, which is
conducive to the rapid pyrolysis of raw materials to produce bio-oil with a high purity and high
yield [46,47]. A rapid weight loss is observed for RH between 270–376 ◦C, whereas it is between
279.6–384 ◦C for the leached RH samples. The presence of the AAEMs could significantly reduce the
initial temperature of rapid weight loss of cellulose [35]. After leaching treatment, the “acromion”
peaks of DTG decline due to the reduction in hemicellulose which is partially extracted by the leaching
process [48]. The DTGmax of RH-HT, RH-Pyro, and RH-HCl increase to 7.6%, 7.8%, and 9.1% from
6.1% of RH, respectively. AAEMs play important roles in the cross-linked structures among lignin,
cellulose/hemicelluloses structures [49] as well as in affecting the primary and secondary reactions of
large organic fragments during pyrolysis. The partial removal of hemicellulose, as indicated by the
FTIR analysis and the TG curves, means that the cell wall of RH is partially destroyed, and thus the
heat conduction efficiency in leached RH is enhanced with a high pyrolysis rate. In addition, the acid
leaching also obviously changes the relative intensities of the decomposition ranges, implying the
variation in product distributions, which is further discussed below.

The components in the bio-oil are divided into eleven groups including acids, ketones, phenols,
aldehydes, furans, esters, N-containing compounds, sugars, alcohol, alkanes, and others. Their relative
abundances are shown in Figure 7a. Compared to the relatively low content of sugar in the bio-oil
produced from RH (7.14%), it is the dominant compound in all the other bio-oils produced from leached
RH samples. For instance, the sugar contents in the bio-oil obtained from RH-HT, RH-Pyro, and RH-HCl
are 32.52%, 39.54%, and 41.78%, respectively. In all the bio-oil samples, acids (4.24–10.0%), ketones
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(5.96–13.77%), phenols (8.02–19.36%), furans (8.32–13.3%), N-containing compounds (14.52–16.30%),
esters (4.32–7.28%), and aldehydes (7.03–11.86%), alcohol and alkanes (both less than 4%) are present
at various extents. In comparison to the bio-oil produced from RH, the bio-oil obtained from all the
leached samples has the lower contents of acids, ketones, phenols, and furans. Moreover, levoglucosan
is the predominant anhydrosugar product, which is mainly derived from the cellulose. The relative
content of levoglucosan in the bio-oil from RH-HT, RH-Pyro, and RH-HCl are 9, 14, and 15 times
higher in comparison with its content in the bio-oil from RH. This is due to the high removal rate of K,
which has a distinguishable catalytic effect on the suppression of levoglucosan formation [50].

Figure 7. Distribution of (a) chemical compounds with different functional groups and (b) different carbon
atom numbers in bio-oil. RH-HT, RH-Pyro and RH-HCl stand for RH leached by AP-HT, AP-Pyro and HCl;
AP-HT and AP-Pyro stands for the aqueous phases of bio-oil prepared by hydrothermal and pyrolysis.

The distribution of the different groups of chemicals and the number of carbon atoms (C2-C12+)
are shown in Figure 7b. It should be noted that C6 compounds are mainly related to levoglucosan and
levoglucosenone, while C7–C10 compounds are ascribed to lignin derivatives. The C11+ compounds,
which are from the incomplete cracking of lignin, only account for a small proportion in the bio-oils.
The results indicate that the compounds in the range of C6 and C9 have the highest concentration in
the volatiles (57–60%) obtained from the pyrolysis of the leached RH. This shows that acid leaching
improves the quality of bio-oil. Correspondingly, both the relative contents of low molecular weight
compounds (C3–C5) and high molecular weight compounds (C10–C12+) in the bio-oil decrease after
acid leaching of RH. The removal of inorganic species from the biomass sample has weakened the
catalytic secondary polymerization reactions [51].

3.5. Further Discussion

Overall, this research suggests that although AP-HT and AP-Pyro have low acidities, their performances
on removing AAEM from RH are comparable to that of a HCl solution (1 mol/L). The high water contents
(98.10% for AP-HT and 58.66% for AP-Pyro) show that the fractionations successfully reduced the water
contents of nonaqueous phases, promising some bioliquids which are more suitable for the subsequent
hydrotreatment [22,52]. In addition, the leached RH samples exhibited better thermal stability and their
corresponding pyrolysis reactions are concentrated. As a part of the conceptualized framework (shown in
Figure 1), these findings suggest that the integration of biomass liquefaction, fractionation of bioliquids,
and the leaching of ash-rich feedstocks with aqueous phases is considerable as a circular biorefinery.

However, as a key step correlated to the whole conceptual biorefinery, more considerations and
investigations are required to ensure the proceeding of this research. First, the current leaching results
mainly showed the removal of AAEMs, whereas the removal of other acid-insoluble inorganic contents
such as silicates are meant to be further understood [53]. Second, practical liquefaction (hydrothermal
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treatment or pyrolysis) experiments should be conducted to assess the actual effect of leaching on
the distribution of products. It should be noted that, for an integration of leaching and pyrolysis,
an additional drying process of leached biomass is required to match the requirement on feedstocks
for pyrolysis. In contrast, hydrothermal treatment is a more suitable process for the liquefaction of
feedstocks with high moisture contents, but requires a higher water supply [54]. Techno-economic
assessments and energy balance assessments are required for both scenarios to guide the choice of
proper treatment techniques and conditions. Third, although the major composition of the aqueous
phase is water, it also includes various volatile compounds and biochemicals that can be further
utilized [55,56]. In the proposed biorefinery in this study, this aqueous phase is meant to be rich in
both organics (as shown in Table 3) and inorganics such as AAEMs. This complexity in compositions
is likely causing more challenges to the valorization of leachates that need to be further addressed.

4. Conclusions

The performances of liquid phases obtained from the fractionation of both bio-oil and bio-crude
for the leaching of ash contents in RH have been investigated. Both AP-HT and AP-Pyro showed
a similar removal of AAEM species (especially for K and Mg) which is comparable to that of HCl
solution, although their acidity is lower than that of HCl solution. Furthermore, the chelation reactions
and ion exchanges are primary responsible pathways for AAEMs eliminations by the organics in the
AP of bio-oils, which is favored by the physical swelling in cells induced from the phenolic compounds.
With the removal of AAEMs, the thermal stability of RH is obviously improved, and the pyrolysis
reactions are concentrated, which leads to the narrow distributions (C5–C10) of derived chemical
compounds under pyrolytic conditions.
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