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Abstract

Levoglucosan (LG)-enriched pyrolytic oils were obtained from rice husk by
lab-scale fast pyrolysis under vacuum conditions. We studied the effect of the
pyrolysis temperature (300-700 °C) and the pretreatment of the biomass, on the
pyrolysis product yields and the selectivity for LG formation. The maximum oil
yield (47 wt.%) was obtained from hydrochloric acid-leached rice husk at 400°C,
producing 1.4 times more than the amount of oil produced from untreated rice
husk at the same temperature. Anhydrosugars were the predominant compounds
found in bio-oils under all conditions assessed, LG being the main product.
Depending on the pyrolysis conditions, LG concentration was between 9-30 wt.%
considering the bio-oil mass, and between 4-60 wt.% considering the initial
cellulose mass. '"H NMR experiments were carried out as an alternative and
simple technique to directly determine the amount of LG in bio-oils.
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1. Introduction

As a consequence of the increase in agricultural production in recent
decades, agricultural waste has become a major issue for rural system
sustainability. These waste streams are generally lignocellulose materials that
without adequate treatment can become sources of pollution. Rice husk (RH),
which is approximately 20% of the total paddy production is normally burnt,
leading to a number of environmental and health issues. According to the Food
and Agriculture Organization (FAO), in 2018 the annual paddy rice production
was about 770 million tons.[1,2] This means that in 2018 alone, approximately
154 million tons of rice husks were produced around the world. RH contains
approximately 80% of organic compounds, mainly cellulose (25-40%),
hemicellulose (20-30%) and lignin (15-25%). These percentages can change
according to the variety, location, soil conditions, and other factors associated
with the growth conditions.[3—-5] The remaining components in RH are inorganic
materials, mainly silica (18-23%), and to a lesser extent other metal ions,

chlorides, phosphates, etc., that are characteristic of the particular soil type.[6,7]

A large number of studies explore the valorization of RH for applications
such as fuels, syngas, absorbents, silicon precursor, among others. The
transformation process has been in most cases thermochemical conversion,
which is mainly gasification, combustion and pyrolysis.[3-5,8—10] Pyrolysis, that
is the thermal decomposition of biomass in absence of oxygen, produces three
fractions for different applications: biochar, bio-oil, and gas.[11,12] These
fractions are obtained in different proportions according to the heat rate, final
temperature, pressure, and residence times. According to the range of these

conditions, pyrolysis can classified into three classes as flash, fast and slow. Each



of these classes favours the production of one fraction[11-14]. The bio-oil or
liquid fraction has been the subject of much research due to the organic
compounds in its composition that can have several applications. Bio-oil have
organic compounds that once extracted are suitable for industry. For instance,
Weldekidan et al. [5] used solar pyrolysis on RH at temperatures between 500-
800°C, producing yields of bio-oil between 21-43 wt.%. They observed the
formation of different products that were classified in acids, alcohols, phenols
and, in a lower proportion, esters, ketones and aldehydes. Although the
compounds found were similar, the proportion of each varied according to the
pyrolysis temperature. These RH bio-oils presented a high content of oxygen and

acid, and are not suitable for application as bio-fuels.

On the other hand, Cai et al. [15] carried out fast pyrolysis on RH in a
fluidized bed reactor where they optimized the yield at 500°C producing 46.9 wt.%
of bio-oil. The bio-oil components were divided in nine groups and the majority
fraction corresponded to phenolics. This fast pyrolysis mechanism also generates

anhydrosugars derived from dehydration reactions of glucose.

Among the chemicals obtained from pyrolysis of lignocellulosic biomass,
1,6-anhydro-B-D-glucopyranose (LG) has an established market as a chiral raw
material for the synthesis of oligosaccharides, biologically active compounds and
pharmaceutical additives.[16,17] LG produced from lignocellulosic wastes in
large scale through fast pyrolysis at a low cost has the potential to be an attractive
sugar precursor for biofuels. This anhydrosugar can be upgraded into
transportation fuels via fermentation to alcohols; catalytic synthesis to
hydrocarbons;,  dehydration to furan  derivatives, among  other

transformations.[18]



The yield of LG from pyrolysis of cellulosic biomass is known to be
influenced by many factors, but temperature and the inorganic impurities are the
most important.[19] A maximum yield is usually produced at around 500°C and
in these pyrolytic systems, the polymerization and vaporization of LG are
simultaneous and compete with one another.[20]. Among the main inhibitors of
the generation of LG, alkali and alkaline earth metals are the most important
because they can promote the fragmentation of cellulose into non-condensable
gases. These ions also catalyze the fragmentation of LG to produce low-
molecular-weight oxygenated compounds[21-23]. Pretreatment of the starting
biomass with hot-water, acid, alkali or microwave irradiation have been used to

eliminate these impurities and improve LG formation.[16,24—26]

LG yield increases with increasing crystallinity of cellulose. The ratio of
cellulose:hemicellulose and cellulose:lignin  affects the formation of
anhydrosugars as well as volatile products.[27]. The generation of LG is favoured
under vacuum conditions, since it effectively vaporizes before the fragmentation.
Accordingly, in fast pyrolysis systems where the residence time is short and quick

recovery of the product vapor can be achieved, the production of LG is higher.[28]

The formation of LG during pyrolysis of RH has not been studied in depth.
Guo et al. found that LG represents 5% of the relative content in the bio-oil
obtained at 520°C after distillation, predominantly in the middle and heavy
fractions.[29] The chemical and thermal pretreatment of RH have significant
influence in the production of LG. The combination of acid washing and
torrefaction of RH before pyrolysis at 550°C, promoted a of 4x increase in LG

yield respect to raw husks.[30] It is worth stating that in most of cases the



quantification of anhydrosugars is difficult and the conventional analysis requires

pretreatment for HPLC or similar techniques used for determination.

The aim of this work was to evaluate the content of LG in the bio-oils obtained
from fast pyrolysis of untreated and hydrochloric acid-treated rice husk under
vacuum conditions. Pyrolysis carried out in vacuum media has advantages
compared to other techniques. Very short residence time of the organic vapor in
the reactor facilitates the formation of bio-oil and enhances the selectivity of
determined compounds.[31-34] Based on these features we studied the
pyrolysis of rice husk applying vacuum to improve the formation of LG. In addition,
we performed '"H NMR experiments using an internal standard as an alternative

and easy method for direct quantification of LG in bio-oils.

2. Materials and methods

2.1. Materials

The rice husk used in this work was collected in June 2018 by the National
Institute of Agricultural Technology (INTA) in Concepcion del Uruguay, province

of Entre Rios, in the Mesopotamia region of Argentina.

2.2. Characterization of rice husk materials (RH and A-RH)

The physical properties of acid treated (A-RH), and un-treated RH are
listed in Table 1. Rice husk materials were analyzed for carbon, hydrogen,
nitrogen and sulfur using an elemental analyzer (Elementar Analysensysteme

GmbH, Germany) with an electronic microbalance. In the proximate analysis, ash



is the remnant material after complete combustion, volatile is the volatilized
proportion from rice husks when it is heated in the absence of oxygen and fixed

carbon is the residue after complete volatilization.

RH was hydrolyzed using TFA (flushed with Argon) at 100 °C for 4 h.
Samples were evaporated completely in a centrifugal evaporator. The pellet was
washed with IPA, mixed and evaporated, and re-suspended in ELGA water. The
supernatant was placed in HPLC vials after filtration through 0.45uM filters. The
monosaccharide composition analysis was performed using high-performance
anion exchange chromatography (HPAEC) (Dionex, Camberley, UK).[35] A
calibration curve containing a mixture of nine monosaccharides (Ara, Fuc, Gal,
Glu, GalA, GicA, Man, Rha, Xyl) was used for determination and quantification.
For cellulose quantification, the pellet previously obtained was washed with 1.5
mL of water, stirred, centrifuged, and the supernatant was discarded. This was
repeated three additional times using 1.5 mL of acetone and was left to air dry
overnight. The resulting pellet (crystalline cellulose) was completely hydrolyzed
by adding with 90 ul 72% sulfuric acid (Saeman hydrolysis) and incubated at room
temperature for 4 h at 25 °C to break H-bonds. After incubation, water was added
in order to reach 3.2% w/w sulfuric acid (1890 uL), vortexed and heated for 4 h
at 120°C. The glucose content of the supernatant was assayed using the

colorimetric Anthrone assay.[36]

For the lignin content analysis, the husk rice (4 mg) powder were incubated 4h at
45°C with 0.3 mL 25% (v/v) acetyl bromide/glacial acetic acid, then the mixture
was cooled down to 15°C for adding 0.3 mL glacial acetic acid, followed by a 5
min vortex. 0.5 mL of reaction mixture above were added to a tube containing 0.1

mL of 0.5 M hydroxylamine and 1 mL of 2M sodium hydroxide solution. Tubes



were gently shaken after acetic acid was added to give a final volume of 10 mL.
The final solutions were read in spectrophotometer at 280 nm, the percentage of

total lignin content in the dry sample was calculated as [37]:
% Lignin = {abs/(coeff x pathlength)} x {(total volume x 100%)/biomass weight)}

where coefficient = 17.75; Path length = 1; total volume = 5 and biomass weight

=3.5

For the quantification of extractives one gram of each sample (milled through
imm sieve) was washed with 96% ethanol at 100°C for 30 min and the
supernatant recovered (repeated 4 times). Extractive-free residue (pellet) and
supernatants (previously gathered) were dried at 45°C for 3 days. Supernatants

were weighed and stored.[38]

The powder X-ray diffraction patterns (PXRD) were recorded in a
diffractometer Panalytical X’Pert Pro, using a Cu Ka (A =1.5418 A) radiation with
current conditions at 40 mA and voltage at 40 kV. The patterns were collected
using a pixel 1D detector with 230 canals; each pattern was recorded between
10-70° with a step of 0.026° and with a time for step of 92.95 s at room
temperature. The samples were taken using a single crystal silicon sample port.
The crystallinity index parameter (Cl) measured by PXRD has been used to
determine and compare the relative amount of crystalline cellulose in various
materials.[39,40] In order to compare the relative degree of crystallinity between
RH and A-RH, the crystallinity index (Crl) was determined in accordance with the

reflected intensity data using the following equation [39]:

loo2 — 1
002 ~ fam 100
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where loo2 and lam correspond to the maximum intensity of the lattice
diffraction 0 0 2 and the minimum intensity between the peaks diffraction 0 0 2

and 1 0 1 respectively.[36,37,39,40]

FT-IR spectra of the materials were recorded as powder samples on a
Nicolet iIN10 (ThermoFisher Scientific) infrared microscope in the range of
4000-400 cm™ using a liquid nitrogen cooled detector of Mercury Cadmium
Tellurium (MCT). Measurements were obtained from 30 scans with a resolution

of 4 cm'. Data were analyzed using the OMNIC software.

The content of silicon, potassium, calcium, iron, aluminum, magnesium,
and phosphorus were determined by an ICP-MS Agilent 7800 equipment.
Samples were diluted using a mixture of HNOs/HCI (1 %/0.5 %) followed by
digestion for 24 h. Standards and blanks were prepared using the same acid
mixture. Instrumental and procedural blanks were determined together with
samples, and the means of five runs were obtained for each sample. Full
quantitative analysis was performed against calibration standards for each
element. Precision (% CV) was below 3 % considering five measures on the

same sample.
2.3. Pretreatment of rice husk

RH were washed three times with deionized water with stirring for 15 min
in order to remove impurities. After washing, RH were dried in an oven at 105 °C
overnight and stored at room temperature. RH were treated with hydrochloric acid
(Merk 37%) in order to eliminate inorganic ions that may be present in the
material. The acid leaching was done by refluxing RH in a solution of HCI (5%

v/v) during 1h, with a ratio of 50g RH: 1L HCI solution. After the leaching process,



the RH were washed several times with deionized water in stirring until the final
solution had a neutral pH. Subsequently, the acid treated RH (A-RH) were dried
in an oven at 105 °C overnight and stored until their use in the pyrolysis process.

The acid treatment caused a decrease of 30 wit%in the materialsa

2.4. Fast pyrolysis procedure

The fast pyrolysis reactions were carried out in a tubular quartz reactor
under Nitrogen atmosphere. The reactor was heated externally with a tubular
furnace and the temperature was regulated by a thermocouple and a controller.
The reactor had a length of 25 cm and an inner diameter of 2.5 cm, which was
connected to a vacuum line, where a vacuum pump gave vacuum conditions
inside the reactor with pressures around the 1-5 Torr. Likewise, Nitrogen flow was
circulated inside the reactor for 10 minutes during and 10 minutes after the
pyrolysis process at a flow of 0.1 mL/s (each reaction took 20 minutes) to ensure
Oxygen absence.[32] The residence times were short (approximately 0.1 s). At
the end of the hot zone in the reactor there was a condensation trap refrigerated
with liquid nitrogen where the liquid products were collected. The RH were placed
in a quartz boat and typical reaction was carried with 1-1.5 g of RH located inside
the reactor in a cool zone until the vacuum line reached the desired conditions of
pressure and temperature. The reaction time was recorded from the moment in
which the material was placed in the center of the high-temperature zone. When
each pyrolysis reaction ended, the solid residue remaining in the boat was
recovered and weighed. Likewise, the bio-oil was removed from the trap with
acetone, and later evaporated, weighed and analyzed by GC-MS. The gas
fraction was calculated by the weight difference between the initial mass of RH

and the solid and liquid fractions. Samples of RH and A-RH were pyrolyzed at



300, 400, 500, 600 and 700 °C. Relative standard deviation (RSD) was used to
assess intra- and inter-day precisions by three replicates per pyrolysis experiment

and accomplished by the same operator.

2.5. Bio-oil characterization

GC/MS analyses of the bio-oils were performed in a Shimadzu GC-MS-
QP 5050 spectrometer. The injector temperature was 300°C and the separation
was performed using a VF-5ms capillary column. Helium was used as a carrier
gas with a constant flow rate of 0.5-1.0 yL/min. The oven temperature was
programmed from 80 °C (3 min) to 280 °C (15 min) with a heating rate of 10
°C/min. The temperature of the GC/MS interface was held at 280 °C and the mass
spectrometer was operated at 70 eV under electron ionization. The peak area of
an individual compound was directly proportional to the concentration of such
compound in the liquid pyrolysate. Thus, the peak area percentage of a
compound was used to compare the change in the relative amount in the bio-oil
under different conditions. The identification of chromatographic peaks
corresponding to the different compounds was done using the NIST MS library
(match > 85%). The identification of LG (1,6-anhydro-B-D-glucopyranose) was

established by comparison with a standard.

2.6. Quantification of LG in bio-oils

The quantification of LG in pyrolytic bio-oils was carried out by '"H NMR
experiments using Presat for water suppression. Presat is a simple two-pulse
experiment that utilizes a relatively long, low power RF pulse to selectively

saturate the specific frequency of water, and a non-selective 45-90° pulse to



excite the desired resonances. This pulse sequence was particularly useful for
aqueous samples or those with a single large solvent signal. NMR spectra were
recorded with a 400 MHz Bruker spectrometer at room temperature. The samples
were prepared weighing 1.0-2.0 mg of oils and 0.5-1.0 mg of pure naphthalene
as internal standard, and the mixture was then dissolved in acetone-ds (0.5-1.0
mL) until the solution was transparent. The integration of the signal at 5.27 ppm
of LG and the signals at 7.89-7.91 ppm of naphthalene were used for direct

quantification of LG in bio-oils.

3. Results and discussion

3.1. Characterization of RH materials

The composition of raw and acid leached RH is shown in Table 1. Acid
treatment had little impact on the ash, fixed carbon and volatiles content. Ash and
fixed carbon decreased while volatiles increased by small amounts. In the
ultimate analysis, moderate changes of elemental compositions could be
observed. During leaching processes on RH, the carbon and hydrogen content
increased while oxygen, nitrogen and sulfur content decreased. These results are
in agreement with previous studies of chemical treated biomass.[33,41]
Regarding the biopolymer composition, the proportion of cellulose and
hemicellulose increased significantly after the acid treatment by the removal of
inorganic ions. Lignin, meanwhile, decreased by a small proportion and

extractives disappeared after acid impregnation.

By analyzing the composition of the matrix monosaccharides, significant

changes in the concentration of several sugars were observed after acid



impregnation. The amount of glucose, rhamnose, galactose, xylose and
galacturonic/glucuronic acids decreased in A-RH respect to RH. The effect was
more pronounced in the case of rhamnose, galactose and galacturonic acid
where the quantity decreased 12, 8 and 3.7 times respectively, relative to the raw
material. On the contrary, the leaching of RH increased the quantity of fucose,
arabinose and mannose 2.3, 1.9 and 1.5 times respectively. Overall the total
amount of monosaccharides determined was lower after acid impregnation
process of the husk. Similar variations in the sugar composition have been
observed in treatments of different cellulosic materials.[42] Regarding the content
of inorganic species, Si accounted for a high percentage of the total species while
P and Al accounted for very small amounts in the rice husk samples. The HCI
leaching of the husk removed alkali (K), alkaline earth (Ca, Mg) metallic
species, and other metals such as Al and non-metallic species such as P. In
the case of Si and Fe, the removal by acid leaching was on a smaller scale
than for the other species. These results agree with previous studies
concerning the effect of mineral and organic acids on the removal of inorganic

species on rice husk.[41,43]

Table 1. Properties of raw and acid leached RH samples

Analysis RH? (%) A-RHP
(%)
Proximate analysis® Ash 155 14.2
Fixed carbon 14.9 13.8

Volatile matter 69.6 71.6




Ultimate analysis (wt.%)° C 421 44.8

H 6.1 6.5
of 34.9 334
N 1.2 1.0
S 0.2 0.1
Composition analysis (wt.%)° Cellulose 35.7 46.2
Hemicellulose 22.8 27.7
Lignin 28.1 26.1
Extractives 13.5 -
Monosaccharide composition? Glucose 11.5 10.0
Arabinose 2.8 5.3
Rhamnose 1.2 0.1
Galactose 8.0 1.0
Fucose 0.6 1.4
Xylose 5.1 4.6
Mannose 0.6 0.9
Galacturonic acid 4.4 1.2
Glucuronic acid 0.4 0.3

Inorganic ions® Silicon 7.49 6.89




Potassium 0.46 0.07

Iron 0.06 0.04
Calcium 0.12 0.03
Aluminum 0.03 0.02
Magnesium 0.08 0.007
Phosphorus 0.01 0.002

aUntreated RH, "Hydrochloric acid-treated RH, °Dry basis, ¢ Expressed as g
monosaccharide per 100g biomass, °Determined by ICP analysis, ‘Calculated by

difference.

The PXRD profiles obtained from the RH and A-RH are shown in Figure
1. The profiles obtained have mainly amorphous structures (broad peaks and low
intensity) compared with the polycrystalline materials that are the typically
analyzed with PXRD. This pattern is expected because the lignin and
hemicellulose present in the RH are amorphous.[44,45] Despite this, we can
observe in the patterns three wide crystalline peaks around 26 = 16, 22 and 35°,
these peaks, according to Klemm et al. [46], correspond to cellulose crystalline
structure. Likewise, in Figure 1 the pattern of A-RH showed a small increase in
the intensity and definition of the peaks. The acid treatment does not affect the

crystalline structure, but decreases amorphous polymers in the biomass.[44—-46]
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Figure 1. PXRD profiles obtained from: (a) RH and (b) A-RH samples.

The crystallinity index (Crl) calculated for the RH was 48% while the value
for A-RH was 57%. This result shows that the acidic treatment of the material
increased the crystallinity by approximately 10%. This effect has been observed

in the acid leaching of various cellulosic materials.[32,45]

FTIR analyses of RH and A-RH samples are shown in Figure 2. For both
materials wide and strong O—H and C—H stretching bands are observed between
3700 and 3000 cm™. Also, the band that appears around 1633 cm™' corresponds
to the adsorption of water assigned to the asymmetric stretching of O—H groups
of the absorbed water molecules.[44,45,47] Both sets of peaks are ascribed to

the stretching of hydrogen bonds and bending of OH groups present in the



cellulose structure. These bands indicate that the cellulose was not removed by
the acid treatment applied to A-RH, in agreement with the DRX results discussed

above.

The band at 2919 cm corresponds to the stretching of C—H bonds from
aliphatic CH2/CH groups that are present in the structure of the cellulose and
hemicellulose.[48] A small band at 1728 cm™ attributed to the stretching
vibrations of C=0 bonds of carboxy groups present either in the hemicellulose or
in ferulic and p-coumaric acid in lignin, is present in the spectrum of the RH
sample.[44,45,47,48] The absence of this band in the A-RH sample is attributed

to the elimination of amorphous hemicellulose or lignin during the acid treatment.

In both materials, bands observed at 1509 cm™ and 1424 cm™ are
attributed to the aromatic C=C stretch from aromatic rings present in lignin.[49]
The small bands at 1375 cm™' could be attributed to the deformations of the C-H
bond in methyl alcohol and phenols, or could be associate with —CH>
groups.[44,50] Silicon dioxide in RH is confirmed by the bands at 1023 cm-1 and
798 cm' corresponding to the stretching and bending vibrations of bonds O-Si—

0.[7,50]

RH and A-RH spectra show the characteristic bands of components such
as cellulose, hemicellulose, lignin, and silica. RH presents small bands that
disappear in the A-RH sample, by the effect of the acid impregnation that

eliminates some amorphous structures.
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Figure 2. FTIR spectra of RH and A-RH. FT-IR spectral bands (cm™): (a) 3355;
(b) 2919; (c) 1728; (d) 1633; (e) 1424; (f) 1375; (g) 1023; (h) 798

3.2. Fast pyrolysis of RH

The fast pyrolysis of RH and A-RH was carried out at 300, 400, 500, 600
and 700°C (Figure 3). In RH pyrolysis (Fig. 3a), gas products were the major
component at most temperatures (37-55% yield). Solid product (biochar) was the
main product at 300°C (45% yield). The liquid fraction reached the maximum yield
at 400°C (34%) and remained almost constant between 500-700°C. T pyrolysis
of A-RH produced a different distribution of products. The pyrolytic oil was
predominant between 400-700°C, reaching maximum yield at 400°C (47 wt.%
yield, 1.4 times higher compared with RH) (Fig. 3b). The yield of oils from
pyrolysis of RH and A-RH at 400°C were similar to the values reported in the

literature using fixed and fluidized-bed reactors at higher temperatures without



catalysts (from 450 to 650°C).[29,51-54] but lower than yield values obtained in

catalytic processes.[52,55]

Biochar was the main product at the lowest temperatures evaluated, while
the formation of gases increased from 400°C, and remained unchanged from

600°C.

According to these results, the acid impregnation of RH significantly

improved the production of bio-oil, which would favour the production of LG.
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Figure 3. Product yields from pyrolysis reactions of rice husk: (a) RH, (b) A-RH

The composition of bio-oils from the pyrolysis of RH and A-RH was

analyzed using GC-MS. According to the ion chromatograms and the main



families of compounds in each bio-oil, the following groups can be distinguished:
aliphatic hydrocarbons (Hyd), aromatic compounds (Ar), furan derivatives (Fur),
oxygenates (Oxy), anhydrosugars (Anh), and others outside in the previous

groups. The variation in these types of compounds is shown in the Figure 4.

Aliphatic hydrocarbons were minority compounds in the pyrolysis of RH
and A-RH. In RH reactions, the amount increased to 11% of the total area at
700°C. The bio-oils derived from A-RH had 0.4-3%, of hydrocarbons where Cg—

C13 alkanes were the main contributors.

Aromatic compounds (Ar) were obtained in the pyrolysis of both materials
at all evaluated temperatures. For RH pyrolysis, the amount of Ar gradually
increased with the increase in temperature, reaching a maximum of 27% of the
total area at 700°C. In the bio-oils from A-RH, a substantial increase in aromatics
was observed between 600-700°C, reaching 29% at 700°C. Within the main
derivatives, xylenes, phenol, methyl-phenols, 1,2-benzendiol, 3-hydroxy-4-
methoxy-benzaldehyde and guaiacols were found. It has been reported that
phenolic compounds are products derived primarily from the fractionation of
lignins present in the biomass. Lignins are more thermally stable than cellulose
and hemicellulose during biomass pyrolysis and their degradation occurs at
temperatures higher than 500°C.[56] The phenol derivatives detected in RH and
A-RH-derived oils have been observed in other studies related to rice shell
pyrolysis between 450-550°C. However, in several of those studies the amount
of phenols was much higher, reaching 30-60% of the total peak areas calculated
from GC-MS analysis, and these values increased in catalyzed

reactions.[15,52,54,55]
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Figure 4. Composition of bio-oils from pyrolysis by GC-MS technique: (a)
RH, (b) A-RH. Hyd: aliphatic hydrocarbons, Ar: aromatic compounds, Fur: furan

derivatives, Oxy: oxygenates and Anh: anhydrosugars.

Furan ring-containing compounds (Fur) are formed from the pyrolysis of

cellulose and hemicellulose in different pathways, such as depolymerization,



isomerization, and dehydration.[56] Based in our results, the formation of Fur took
place from both RH materials under all conditions tested. In the case of RH-
derived oils, the higher amount was detected at 700°C (10% of the total area)
while in the A-RH oils Fur was between 2-5%. The main compounds of this group
were 2,3-dihydro-benzofuran (DHBF), 5-hydroxymethyl furfural (HMF) and 4-
hydroxy-dihydrofuran-2-one. DHBF has been reported as one of the main
oxygenated products in pyrolytic oils obtained from RH using different fixed and
fluidized bed reactors between 500-650°C.[30,55,57] Furan compounds are
generated not only from the series reactions of 4-O-methyl-D-glucuronic acid
units on the xylan branch, but also from multistep dehydration reactions after
opening the ring of the D-xylose units on the xylan branch. In this last sequence,
DHBF can be formed by rearrangement of poly-hydroxy-hexadienal species,[55]
although other authors have proposed the formation of this compound as an
intermediate in the generation of benzofuran from the degradation of lignin-

derived phenols.[58]

Oxygenated compounds, such as ketones, aldehydes, carboxylic acids,
alcohols and ethers, are produced in significant amounts in reactions from RH.
At the lowest temperatures, the formation was significant, reaching the highest at
300°C (33% of the total area). In the pyrolysis of A-RH, the formation of
oxygenates was minimized, representing less than 4% of the total area.
Compounds such as 3-methylcyclopentane-1,2-dione, cyclohexanone, pentanal,
cyclic ethers, acetic acid and C4—C1e carboxylic acids were predominant in the
oils. According to the literature, the variation of this type of products in bio-oils
from RH is very large. The quantity and quality of the oxygenated products that

are obtained is determined mainly by the pyrolytic technique and the
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temperature.[30,55] For example, Zhao et al. [52] found 34% of carbonyl
derivatives in bio-oils from RH pyrolysis using a fixed bed reactor at 550°C, while
Zhang et al. [30] obtained more than 45% of oxygenated compounds (including
carbonylics and alcohols) at the same temperature. The yield of oxygenates can
be reduced by using different catalysts, thus mesoporous materials have
demonstrated to be efficient for deoxygenation of the product vapor due to the

cracking reaction of the catalysts.[59]

Organic nitrogen-containing compounds were detected in very small
quantities (1-2%) in bio-oils from both types of RH. Finding small amounts of
nitrogenates agreed with the low nitrogen content in the initial biomass. We
consider these products within the group of “others™ along with additional

derivatives such as silylated and unidentified compounds.

The sugar fraction was particularly important in the oils derived from
treated and non-treated RH. In the case of RH pyrolysis, the largest quantity was
obtained at 600°C (50% of the total area) although significant quantities were also
obtained at lower temperatures (44 and 47% between 400-500°C). Acid
treatment of RH produced a strong effect on sugar production, reaching 63-88%
of the total area and maximum production at 500°C. The main components of this
fraction were: LG, 1,4:3,6-dianhydro-D-glucopyranose (DGP), 2,3-anhydro-D-
mannosan (AM) and 1,6-anhydro-D-glucofuranose (AGP). In the reactions of A-
RH, levoglucosenone (1,6-anhydro-3,4-dideoxyhex-3-enopyran-2-ulose, LGO)

was also detected between 300-400°C.

The decomposition of cellulose can occur by two competitive reactions

where one is the formation of anhydrocellulose and the other is the



depolymerization to form LG, which can undergo dehydration and isomerization
to form other anhydrosugars, including LGO and DGP.[32,33,60] The formation
of LGO is induced in the pyrolysis of acid-treated biomass, and DGP has been
proposed as an intermediate in the dehydration of LG to generate LGO.[61,62]
All these anhydrosugars can react further to generate glyceraldehyde,
glycolaldehyde and furans by dehydration, fragmentation, retro-aldol reactions

and other rearrangements.[63]

The composition of anhydrosugars in the fast pyrolysis of RH and A-RH,
shows predominantly LG under all conditions evaluated (Figure 5). Thus, LG
represented between 87 and 96% of the total sugars, originating in higher
amounts from acid treated husk rice. DGP and AM have also been detected in
smaller amounts than LG in oils from catalytic and non-catalytic pyrolysis of

RHs.[54,55]
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Figure 5. Variation of anhydrosugars in the oils produced from: a) RH and
b) A-RH. LG: levoglucosan; DGP: 1,4:3,6-dianhydro-D-glucopyranose; AM: 2,3-

anhydro-D-mannosan; and AGP: 1,6-anhydro-D-glucofuranose.

The yield of LG from the pyrolysis of lignocellulosic biomass is low, but
several studies found that impregnation of biomass with a weak mineral acid

solution prior to pyrolysis increased LG yields to ~60 wt%.[16,64,65] Zhang et al.



[41] found that the use of acetic acid-treated RH incremented LG content four
times in comparison to untreated material.[16] In our experiments, the
hydrochloric acid treatment of RH improved 1.9 times the relative content
(resolved by areas in GC-MS) of LG in oils. Considering the significant LG
formation in all pyrolytic reactions of RH, we carried out a quantitative
determination of LG in the bio-oils obtained. We used 'H NMR due to the ease of
identifying LG proton signals and the possibility of using an internal standard such
as naphthalene. The signals considered for quantification were the methine
proton in LG (Ha) at 5.27 ppm and the four symmetric aromatic protons (Hp) of

naphthalene at 7.89-7.91 ppm, as shown in the Figure 6.
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Figure 6. '"H NMR of bio-oil (in acetone-ds) from pyrolysis of A-RH at 500 °C

containing naphthalene as internal standard. LG: levoglucosan.



The quantity of LG measured in bio-oils was in the range of 9-30 wt.% and
the largest amount was obtained at 500°C from the acid treated rice husk (Table
3). In relation to the initial amount of biomass, he reactions of RH yields did not

exceed 5 wt.%, while A-RH yields reached 13 wt.% at 600°C.

Table 3. Levoglucosan yields from RH and A-RH materials at different pyrolysis

temperatures
T(C) LG (WL%)? LG (Wt.%)° LG (Wt.%)°
RH A-RH RH A-RH RH A-RH

300 9 19 1 5 4 23
400 10 22 3 10 11 46
500 13 30 4 13 14 60
600 19 20 5 9 18 42
700 10 17 3 7 11 32

2 Data based on the bio-oil mass, ® Data based on the mass of starting RH, ¢ Data based

on the mass of cellulose.

The concentration of LG in A-RH bio-oils was comparable or larger than values
found from other biomass-derived oils. According to the literature, the range in
LG concentration is between 0.5-37 wt.%, depending on the pyrolysis technique,
the type of starting biomass and its chemical treatment.[24,25,66] Shafizadeh et
al. [67] reported up to 19 wt% LG yield for newsprint washed with mineral acids,

and Scott et al. [68] obtained 17 wt% of LG yield for HNOgs-treated poplar wood.



Higher LG yields (30 wt.%) were found in the pyrolysis of poplar wood which was
washed with HCI and H2SO4 under hydrolysis conditions.[65] Oudenhoven et al.
[69] reported high yields of LG from pine wood washed with acetic acid using a
staged condensation in a fluidized bed fast pyrolysis reactor.

From the initial amount of cellulose, a maximum of 60 wt.% of LG was
obtained from pyrolysis of A-RH at 500°C (Table 3). According to the literature,
pyrolysis of microcrystalline cellulose or cotton hydrocellulose can produce up to
70 wt.% of LG yield, depending on the process conditions and sample pre-
treatment.[21,70] The high anhydrosugar yields obtained can be attributed to a
combination of conditions such as the hydrochloric acid treatment of the starting
material, the operating conditions of the pyrolytic process, and the vacuum
system that prevent LG degradation. Vacuum pyrolysis offers advantages over
other pyrolytic methods due to the short residence time of the organic vapor
generated in the reactor, which reduces the occurrence and intensity of

secondary reactions.[71]

4. Conclusion

This study focused on the fast pyrolysis of RH and hydrochloric acid-
treated RH between 300-700°C under vacuum conditions. The chemical
treatment of RH led to improving the bio-oil yields up to 47 wt.% at 400°C. The
production of sugars was induced at all evaluated conditions, with LG being the
predominant product. The acid leaching of RH contributed to an 88% increase in
anhydrosugar yield. Direct quantification of LG in oils using '"H NMR was used as
an easy and rapid methodology. High yields of LG were obtained from A-RH in
reactions at 500°C (30 wt.% yield considering the bio-oil mass and 60 wt.% yield

considering the mass of cellulose in the starting material). By applying acid



treatment to RH, LG, the most abundant sugar in our pyrolysis oils, could be

incremented to 1.9 times with respect to the pyrolysis of untreated RH.
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