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Pyrolysis has been increasingly perceived as a promising
technology to produce biofuel precursors (bio-oil) from agri-
cultural residuals; however, there is a significant quality gap
between a bio-oil and the fuels used for transportation. In
this study, we autohydrolyzed pretreated sugarcane bagasse
at three different conditions (180°C-10 min, 180°C—40 min,
200°C—-40 min), then we investigated the effect of this pre-
treatment on a subsequent pyrolysis stage. High-pressure
ion-exchange chromatography (HPIC) and the "*C cross-po-
larization/magic angle spinning (CP/MAS) solid-state nuclear
magnetic resonance (NMR) revealed that the autohydrolysis
pretreatment significantly disrupted the hemicellulose frac-
tions in the sugarcane bagasse and caused the breakage of

Introduction

According to the U.S. Energy Information Administration
(EIA), global energy consumption is projected to increase to
858 exajoules in 2040 compared with 549 exajoules in 2012.1
Though fossil fuels remain the dominant transportation fuel,
renewable energy sources are trending upward. The U.S. De-
partment of Energy (DOE) reported that the renewable
energy consumption has increased steadily since 2001 and
the total renewable energy consumption has expanded by ap-
proximately 82% from 2001 to 2014.”) Among the renewable
energy resources, biomass-based resources play a critical
role. Lignocellulosic bioresources are broadly applied to the
generation of power, heat, and fuels from home use to indus-
trial production.

Biomass resources include woody feedstocks, energy crops,
crop residues, and waste resources. These feedstocks are low-
cost and typically avoid direct competition with the use of
agriculture land for food crops. Sugarcane bagasse is a typi-
cal biomass feedstock from agriculture waste; it is estimated
that each ton of sugarcane can yield approximately 0.14 tons
of bagasse on a dry basis.”) The large-volume production of
the sugarcane bagasse has attracted significant attention for
its use in the biorefinery scenario, especially for its conver-
sion to bioethanol and biopower."!

Pyrolysis is one of the promising biomass conversion tech-
niques to produce biofuel precursors. Previous research has
been conducted on the pyrolysis of sugarcane bagasse with
analysis of the properties of the bio-oils.**) These results
showed that the pyrolysis oils from sugarcane bagasse exhib-

lignin ether linkages in the sugarcane bagasse feedstocks. As
the ¥P NMR results indicated, the autohydrolysis pretreat-
ment removed carboxylic acid groups up to 66.7%, which
could significantly address the corrosion problem of bio-oils.
Heteronuclear single quantum correlation (HSQC) analysis
suggested that the autohydrolysis pretreatment effectively
lowered the presence of the oxygenated aromatic compounds
in the bio-oils. Gel permeation chromatography (GPC) anal-
ysis of the bio-oils indicated that the oils from severely pre-
treated sugarcane bagasse pyrolyzed at a low temperature
(i.e., 400°C) contained lower-molecular-weight components
similar to those present gasoline products.
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ited low pH values, low heating values, and high water con-
tent, which were comparable to the bio-oils generated from
other biomass feedstocks.!”)

Pretreatment of biomass is one of the methods currently
under investigation to address the unfavorable characteristics
of the bio-oils. Researchers have been focused on both ther-
mal pretreatment (i.e., torrefaction) and chemical pretreat-
ment (e.g., leaching/washing, acid pretreatment, autohydroly-
sis pretreatment) to achieve the optimum feedstock proper-
ties prior to pyrolysis.® Davidsson et al. conducted water
washing and acid leaching on wheat straw, wood waste, and
cellulose and pyrolyzed the pretreated feedstocks, which im-
proved the combustion properties of the resulting bio-oils by
removing alkali components.”) Neupane etal. performed
both non-catalytic and catalytic pyrolysis on torrefied pine
wood; the torrefied pine wood with a reduced content of
hemicelluloses achieved a higher yield of aromatic hydrocar-
bons.!% Wang et al. compared acid, alkali, and steam explo-
sion pretreatments on the pine wood prior to pyrolysis; here,
the results showed that a dilute acid pretreatment resulted in
the highest heating value of the bio-oil.""

Among pyrolysis pretreatment technologies, an autohy-
drolysis pretreatment is free of chemical additives, using ele-
vated reaction temperature (140-220°C) to generate acetic
acid from the acetyl groups of hemicellulose, which catalyzes
autohydrolysis reactions.” In comparison with the pretreat-
ments involving acids or alkali, the autohydrolysis pretreat-
ment process does not require a large amount of chemicals
to neutralize the hydrolyzed products. Another benefit of
this pretreatment process is that a highly corrosion-resistant
reactor is not needed.!™! This pretreatment process has been
applied to bioethanol production as a convenient methodolo-
gy to reduce the recalcitrance of biomass; researchers are
now seeking opportunities to combine this technology to-
gether with the pyrolysis process to test if the autohydrolysis
pretreatment could achieve higher-quality bio-oils. Zheng
et al. performed autohydrolysis pretreatment on eucalyptus
wood and showed that the pretreatment lowered the
amounts of reactive components (i.e., ketones, aldehydes,
acids) in the bio-oils." Du et al. conducted autohydrolysis
pretreatment on microalgae and concluded that the resulting
bio-oil yielded less N-containing compounds.I”! However, at
the present time, no knowledge exists about the effect of au-
tohydrolysis pretreatment on the resulting pyrolysis oils de-
rived from sugarcane bagasse. In this study, we performed
the autohydrolysis pretreatment on sugarcane bagasse using
three different conditions: 180°C-10 min, 180°C—40 min,
200°C—40 min. Compositional analysis and “C CP/MAS
NMR were used to investigate the structural changes in the
sugarcane bagasse feedstocks. The product distribution and
the properties of the bio-oils were characterized by hetero-
nuclear single quantum correlation (HSQC), phosphitylation
followed by P NMR, and gel permeation chromatography
(GPO).

Results and Discussion

Chemical composition analysis

Autohydrolysis pretreatment of sugarcane bagasse was con-
ducted at three reaction conditions: 180°C-10 min, 180°C-
40 min, and 200°C—-40 min. Figure 1 presents the chemical
composition of sugarcane bagasse both before and after the
autohydrolysis pretreatment. The untreated sugarcane bag-
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Figure 1. Compositional analysis of the sugarcane bagasse before and after
the autohydrolysis pretreatment.

asse was mainly composed of four monosaccharides: glucose,
xylose, arabinose, and galactose. The xylose content reached
22.08% and represented the major hemicellulosic monosac-
charide from the untreated feedstock. The autohydrolysis
pretreatment significantly removed the hemicellulose frac-
tion in sugarcane bagasse. The pretreatment at 180°C for
10 min removed 23.96% xylose, 86.00% arabinose, and
almost 100% galactose. Prolonging the pretreatment time to
40 min enhanced the removal of xylose up to 73.87% and
led to complete removal of arabinose. Under the most severe
pretreatment conditions (200°C—40 min), it was observed
that nearly 100 % of the hemicellulosic components were re-
moved.

Klason lignin, also known as acid-insoluble lignin, showed
an increasing trend after the pretreatment at 180°C for
10 min and 40 min, and a reduction after the pretreatment at
200°C for 40 min. The relative increase of the lignin fraction
could be attributed to the removal of other components
(mainly hemicellulose) as well as “pseudo-lignin” forma-
tion."! Under the acidic conditions employed, autohydrolysis
can lead to hydrolysis of lignin carbohydrate complexes and
the depolymerization of lignin by a-O-4 and $-O-4 bond rup-
ture, and these reactive components can undergo a series of
reactions, including dehydration and condensation reactions,
resulting in solubilization of lignin fragments and the modifi-
cation of lignin in the plant cell wall."”’ These competing re-
action pathways presumably contribute to the observed
changes in the lignin content of the autohydrolyzed products
at differing conditions."® As for cellulose, the pretreatments



increased the cellulose content, reaching a maximum value
of 64.57%. This trend was attributed to the substantial re-
moval of hemicellulose. It has been reported that a longer re-
action time did not significantly increase the removal of cel-
lulose due to the high crystallinity of the cellulose.™!

CP/MAS *C NMR analysis

The most significant changes in solid-state >C NMR spectral
data of the initial and autohydrolyzed bagasse samples
(Figure 2) are observed at approximately 21 and 173 ppm.
These two peaks were assigned to the acetyl methyl and car-
boxyl carbons in hemicellulose, respectively.””! These two
peaks were relatively intense in the untreated sugarcane bag-
asse; it was clearly observed that the intensity of these two
peaks decreased with increasing pretreatment condition se-
verity. After pretreatment at 200°C for 40 min, the carboxyl
and acetyl groups in the hemicellulose were almost eliminat-
ed. Another major change can be observed in the lignin re-
gions centered at approximately 148 and 152 ppm, which
were assigned to the non-ether linked and ether linked
guaiacyl carbons, respectively. The peak intensity of the
ether linked guaiacyl carbons decreased after the pretreat-
ment, whereas the peak intensity of the non-ether linked
guaiacyl carbons increased. This result indicated the cleavage
of the ether linkages, with lignin presumably leading to the
formation of free phenolic groups. The chemical shift region
of 105-62 ppm was assigned to the cellulose carbons which
overlapped with lignin and hemicellulose signals. The peak
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Figure 2. CP/MAS "C NMR spectra (from bottom to top) of untreated sugar-
cane bagasse and sugarcane bagasse samples pretreated at 180 °C-10 min,
180°C—40 min, 200°C—40 min (*the signals in cellulose region 105-162 ppm
overlap with the signals from lignin and hemicellulose).

at 89 ppm contains the C-4 signal for crystalline cellulose,
along with other structural components. The peak at 84 ppm
was assigned to C-4 of amorphous cellulose and overlapped
with signals from lignin and hemicellulose. As the severity of
the pretreatment condition increased, the peak intensity
ratio of the peaks at 89 and 84 ppm also increased. This
result suggested that the autohydrolysis pretreatment en-
hanced the cellulose crystallinity component in the pretreat-

ed sugarcane bagasse.

Yield distribution of the pyrolysis products

Figure 3a,b summarize the product yield distribution from
the sugarcane bagasse pretreated at different conditions,
based on the masses of pretreated biomass and original bio-
mass, respectively. Figure 3a shows that at a pyrolysis tem-
perature of 400°C, bio-oils generated from the pretreated
sugarcane bagasse were all observed to have higher yields
than bio-oil from the control group. However, the most
severe pretreatment condition (200°C—40 min) resulted in
decreased bio-oil yields in comparison with the milder pre-
treatment conditions (180°C-10 min, 180°C-40 min), with a
char yield increase of approximately 4%. This observation
may indicate that, at a lower pyrolysis temperature (i.e.,
400°C), the severe pretreatment condition caused the sugar-
cane bagasse to undergo more carbonization reactions. At a
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Figure 3. (a) Yield distribution of the bio-oils from the untreated and pretreat-
ed sugarcane bagasse pyrolyzed at 400, 500, and 600 °C based on the mass
of pretreated biomass. (b) Yield distribution of the bio-oils from untreated
and pretreated sugarcane bagasse pyrolyzed at 400, 500, and 600 °C based
on the mass of original biomass (mass yields of the three pretreatment con-
ditions 180°C—~10 min, 180°C—40 min, 200°C—40 min are 72.50%, 64.40%,

and 57.29 %, respectively).



pyrolysis temperatures of 500 and 600 °C, the sugarcane bag-
asse samples that were pretreated at 180°C-10 min and
200°C-40 min generated higher bio-oil yields (up to 59.86 %)
when compared to the control group, whereas the pretreat-
ment condition 180°C—40 min showed a negative effect on
the oil yields. The lower oil yields from the pretreatment at
180°C—40 min corresponded to lower char yields and the
highest gas yields. This phenomenon suggests that the pyroly-
sis of the 180°C—40 min pretreated sugarcane bagasse at
higher temperatures (i.e., 500 and 600°C) leads to secondary
decomposition reactions of pyrolysis oils. During secondary
decomposition reactions, parts of liquid products were frag-
mented into gases.?!! Past pyrolysis studies of biomass indi-
cated that carbon monoxide, carbon dioxide, methane,
ethane, and ethene are some of the most common compo-
nents in the gas phase.”? As shown in Figure 3b, the autohy-
drolysis pretreatment lowered the bio-oil yield based on the
mass of original biomass due to the mass loss during the pre-
treatment process. At a pyrolysis temperature of 400°C, the
bio-oils produced from both untreated and 180°C-10 min
pretreated sugarcane bagasse had the similar yields of ap-
proximately 40% based on the mass of original biomass.
Considering the energy consumption during the autohydroly-
sis pretreatment and pyrolysis process, the pretreatment con-
dition of 180°C-10 min was recommended for achieving
higher bio-oil yield.

Molecular weight analysis of the bio-oils

The weight-average molecular weight (M,,), number average
molecular weight (M,), and polydispersity index (PDI) of the
bio-oils produced from the control and pretreated sugarcane
bagasse are presented in Figure 4. Gasoline-range products
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Figure 4. Molecular weight distribution of the bio-oils pyrolyzed from the un-
treated and pretreated sugarcane bagasse.

have a number molecular weight of 80-120 gmol~".**! Usual-
ly bio-oils have much higher average molecular weight
values, which is not a preferred characteristic for pyrolysis
oils. At a pyrolysis temperature of 400 and 500°C, the bio-
oils produced from the 180°C—40 min pretreated sugarcane
bagasse exhibited the highest average molecular weights
among the oils. At a pyrolysis temperature of 600°C, the pre-
treatments at 180°C (both 10 min and 40 min) yielded com-
parable higher average molecular weights (M,=136.01 and
138.97 gmol '). Bio-oil produced from the 200°C-40 min
pretreated and 400°C pyrolyzed sugarcane bagasse showed
the lowest average molecular weight (M,=121.88 gmol™"),
which was close to the range of gasoline products. The bio-
oil produced from this condition also yielded the lowest poly-
dispersity value of 1.42. This could be attributed to the fact
that in the bio-oil produced under these conditions had the
most favorable thermal fragmentation and secondary reac-
tions.*!

*'P NMR analysis of the bio-oils

Figures 5-8 present the quantitative integration results of
3'P NMR analysis of the phosphitylated bio-oils produced
from various sugarcane bagasse feedstocks. The chemical
shift assignments are based on information from the litera-
ture.’™ The aliphatic OH groups were assigned to 150.5-
144.5 ppm. Figure 5 shows that at all three pyrolysis tempera-
tures, the bio-oils from the pretreated sugar bagasse exhibit-
ed similar trends: pretreatments of moderate conditions
(180°C, 10 or 40 min) increased the aliphatic OH groups
compared to the control group. For the 40 min pretreat-
ments, increasing the pretreatment temperature from 180°C
to 200°C lowered the aliphatic OH content. Most of the ali-
phatic OH groups came from levoglucosan, which were as-
signed to signals at 148.68, 147.26, and 147.21 ppm. Figure 6
presents Cs substituted phenolic OH groups; -5 and 5-5
phenolic OH groups were generated to a lesser degree in the
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Figure 5. Aliphatic OH content in the bio-oils pyrolyzed from the untreated
and pretreated sugarcane bagasse.



0.60 -

&)

35 0.45

£

E

T 0.30 4§

o

0o

2 0.5 -

()

<

(o

©

2 0.00 ¢

= £ £ £ £ £ £

D 5 E E E| &5 E E £

32 § T3 %8 % % g

o o O O o O (&)

o > & © > & =
(<o) [ce] o (<o) [ce] o
- - - - ~
py-400°C py-500°C py-600°C

uB-5 m4-0-5 w5-5

Figure 6. C; substituted phenolic OH content in the bio-oils pyrolyzed from
the untreated and pretreated sugarcane bagasse.
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Figure 7. Non-condensed phenolic OH content in the bio-oils pyrolyzed from
the untreated and pretreated sugarcane bagasse.
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Figure 8. Acid content in the bio-oils pyrolyzed from the untreated and pre-
treated sugarcane bagasse.

pretreated sugarcane bagasse bio-oils, whereas pretreatment
resulted in more 4-O-5 phenolic OH groups. Non-condensed
phenolic OH groups are shown in Figure 7. It is clear that
the pretreatment at all conditions led to a reduced produc-
tion of guaiacyl and catechol OH groups. Most importantly,
as shown in Figure 8, the significant reduction of the acids in
bio-oils was presumably due to the pretreatment hydrolysis
of acetylated hemicelluloses. At a pyrolysis temperature of
400°C with bagasse pretreated at 180°C for 40 min, the re-
sulting bio-oil produced the least amount of acids
(0.34 mmol g™"), whereas at a pyrolysis temperature of 500 or
600°C, the most severe pretreatments led to the least
amount of acids (0.47, 0.34 mmolg™").

HSQC NMR analysis of the bio-oils

Figures 9-12 present the 2D HSQC spectra and assignments
of C—H bonds in bio-oils pyrolyzed from untreated and pre-
treated sugarcane bagasse at 500°C. The HSQC spectra of
bio-oils produced from a pyrolysis temperature of 400 or
600°C are included in the Supporting Information as Fig-
ures S1-S8. The chemical shift assignments are based on in-
formation from the published literature.”! Figure 9 shows
the two different methoxy groups in the bio-oils. The C1
type methoxy group does not exist in native sugarcane bag-
asse lignin and could be rearranged from C2.! At all three
pyrolysis temperatures, the intensity of both C1 and C2 type
of methoxy groups slightly decreased after autohydrolysis.
Figure 10 presents the 2D maps of the C—H bonds of levo-
glucosan in the bio-oils. The intensity of levoglucosan con-
tents increased, especially under the high severity conditions,
which are consistent with the *'P NMR results. The aliphatic
regions of the HSQC spectra are shown in Figure 11. The
content of compound F (5-methylfurfural) increased signifi-
cantly with increasing pretreatment severity. As with levoglu-
cosan, 5-methylfurfural is a major degradation product from
cellulose. The increased percentage of cellulose after the pre-
treatment resulted in the increased amount of levoglucosan
and 5-methylfurfural. The oxygenated compound G (alde-
hyde type) was slightly removed by the pretreatment where-
as the hydrocarbon products D4 (aromatic type) and D5 (ali-
phatic type) were partially eliminated. Figure 12 presents the
aromatic region of the HSQC spectra of the bio-oils. From
these data, it was observed that the pretreatments partially
reduced the phenol type oxygenated compounds Al and B1.
However, the pretreatment severity does not have a signifi-
cant effect on the contents of these oxygenated compounds.
The contents of the phenol-type oxygenated compounds B3
also decreased after the pretreatment and achieved the mini-
mum quantity following the most severe pretreatment condi-
tion.

Conclusions

Three different conditions of autohydrolysis pretreatments
(180°C~'-0 min, 180°C—40 min, 200°C—40 min) were con-
ducted on the sugarcane bagasse and the resulting bio-oils
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Figure 9. HSQC NMR spectra and assignments of methoxy groups in the sugarcane bagasse bio-oils pyrolyzed at 500°C (black area: unassigned).
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Figure 10. HSQC NMR spectra and assignments of each C—H bond of levoglucosan in the sugarcane bagasse bio-oils pyrolyzed at 500°C (black area: unas-
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were analyzed. The autohydrolysis pretreatment led to an  pretreated at the most severe conditions, following pyrolysis
optimum bio-oil yield of 59.86 %, and bio-oils of the lowest at 400°C. The autohydrolysis pretreatment effectively re-
molecular weight were generated from the sugarcane bagasse  duced the presence of acids and oxygenated aromatic com-
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Figure 11. HSQC NMR spectra and assignments of aliphatic C—H bonds in the sugarcane bagasse bio-oils pyrolyzed at 500°C (black area: unassigned).
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Figure 12. HSQC NMR spectra and assignments of aromatic C—H bonds in the sugarcane bagasse bio-oils pyrolyzed at 500°C (black area: unassigned.)

ture pyrolysis conditions, a mild pretreatment condition
(180°C-10 min) is suggested to be applied to enhance the
bio-oil properties.

pounds in the bio-oils, whereas the yields of undesired levo-
glucosan and 5-methylfurfural increased. Overall, considering
both the reduction in undesired products and lower-tempera-



Experimental Section
Materials and sample preparation

Samples of sugarcane bagasse were grown and harvested in
Egypt. The samples of sugarcane bagasse were air dried in a
fume hood for 24 h. After air drying, the sugarcane bagasse sam-
ples were milled through a 2 mm sieve using a Wiley mill. The
milled sugarcane bagasse samples were Soxhlet extracted using
the mixture of toluene and ethanol (v/v=2:1) for 8 h, followed
by the acetone for 4 h. After Soxhlet extraction, the sugarcane
bagasse samples were air dried in a fume hood. After air drying,
the extractive free sugarcane bagasse samples were collected and
stored in a refrigerator at 0°C.

Autohydrolysis pretreatment process

Extractive-free milled sugarcane bagasse samples (=~6.5g,
~7.0% moisture content) were used in the pretreatment. Three
different conditions were applied: 180°C-10 min, 180°C—40 min,
200°C—40 min. A mixture of biomass sample and water was
loaded into a 200 mL Parr reactor, with a solid-to-liquid ratio of
1:20 (v/v). The Parr reactor was heated to and remained at
180°C or 200°C for 10 min or 40 min. The Parr reactor was held
at a pressure of 8.27x10°-9.65x10° Pa for the temperature of
180°C, and 12.41x10°-13.79x10° Pa for the temperature of
200°C. After the pretreatment reactions, the reactor was cooled
to room temperature (RT) using an ice bath. The solid product
was filtered and washed with deionized water before collection.
The sugarcane bagasse samples pretreated under the same condi-
tions were combined and mixed before storing at 0°C.

Pyrolysis process

Briefly, the Soxhlet extracted sugarcane bagasse sample was
oven dried at 105°C before pyrolysis. The oven-dried pyrolysis
sample (/3 g) was placed in a quartz sample boat that was posi-
tioned in the center of a pyrolysis tube. The pyrolysis tube was
connected with two condensers and flushed with nitrogen gas
(0.5 Lmin™"), then inserted into the furnace preheated to 400,
500, or 600°C. The heating rate was approximately 2.7°Cs™' and
was measured by immersing a K-type thermocouple into the
sample powders. The condensers were immersed in liquid nitro-
gen. The pyrolysis outflow passed through the tube and condens-
ers. The pyrolysis process lasted for 30 min. Upon completing the
pyrolysis, the tube and the condensers were removed from the
furnace and liquid nitrogen, respectively, and were cooled down
to RT under constant nitrogen flow. The pyrolysis char and oil
were collected for analysis. The liquid products were recovered
by acetone wash followed by evaporation under reduced pres-
sure. The char yield was determined gravimetrically, and gas for-
mation was calculated by mass difference.*"

Klason lignin and carbohydrate analysis

Klason lignin and structural carbohydrates were tested following
the laboratory analytical procedure (NREL/TP-510-42618).%"
Approximately 0.15 g extracted biomass sample was hydrolyzed
using 72 wt % sulfuric acid for 60 min at 30°C, and then the mix-
ture was diluted to 3 wt % sulfuric acid and then autoclaved for
60 min at 121°C. The resulting mixture was cooled down to RT.
The precipitate was filtered and dried in an oven at 105°C over-
night. The dried precipitate was referred to as Klason lignin and

weighed to determine the Klason quantity. The filtrate was used
to determine the carbohydrate composition by high performance
anion exchange chromatography using Dionex ICS-3000. NaOH
(0.20m) was used as the eluent and NaOH (0.40m) was employed
as the post-column rinsing effluent. Standard solutions of glu-
cose, xylose, arabinose, mannose, and galactose were used to
build a calibration curve. Fucose was employed as the internal
standard.

CP/MAS ">C NMR analysis

The untreated and pretreated sugarcane bagasse samples were
packed in 4 mm ZrO, rotors. The solid-state CP/MAS *C NMR
was performed using a Bruker 400 MHz spectrometer operating
at a frequency of 75.48 MHz for *C. The NMR experiment was
performed using a Bruker 4 mm MAS probe. The following pa-
rameters were employed in the NMR experiments: 90° proton
pulse, 1.5 ms contact pulse, 3072 scans, and 4 s recycle delay.!

Molecular weight analysis

The weight average molecular weight (M,,), molar average mo-
lecular weight (M,), and molecular weight polydispersity index
(PDI) of the heavy pyrolysis oils were determined by GPC fol-
lowing a procedure from the literature.””) Before GPC analysis,
the heavy oil samples were dissolved in tetrahydrofuran (THF,
1 mgmL™"). The mixture was then filtered through a 0.2 um filter
and injected into the HPLC vials. THF was used as the mobile
phase (1.0 mLmin~") with an injection volume of 30 puL. Polystyr-
ene standards (i.e., 1.53x10° 1.11x10°Da), dioctyl phthalate
(M,, =390 gmol '), 2,2' -dihydroxy-4,4" -dimethoxyl-benzophe-
none (M, =274 gmol™"), phenol (M, =94 gmol™'), and acetone
(M, =58 gmol™') were used as standards to build a calibration
curve by fitting a polynomial equation to the retention volumes.
The M, and M, values were calibrated against the calibration
curve. The polynomial order of the standard calibration curve is
3. The R? value of the calibration curve was 0.997.

3P NMR analysis

The *'P NMR analysis was acquired using the methods in the
published analytical laboratory procedure (NREL/TP-5100-
65887).5% A stock solution of pyridine/CDCl; (v/v=1.6/1) was
prepared first. The chromium acetylacetonate (relaxation re-
agent) and endo-N-hydroxy-5-norbornene-2,3-dicarboximide (in-
ternal standard) were then added to the stock solution. Bio-oil
(~25 mg ) was dissolved in the solution mixture, and then deriv-
atized using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP). The P NMR spectra were acquired using a Varian
500 MHz spectrometer. The following parameters were em-
ployed in the NMR experiments: inverse-gated decoupling pulse
sequence, 1.2 s acquisition time, 25 s pulse delay, 90° pulse angle,
and 64 scans. The data were analyzed using Mestrenova software.

HSQC NMR analysis

The HSQC NMR spectra were acquired using a Varian 500 MHz
spectrometer. Heavy oil (~50 mg ) was dissolved in 0.6 mL di-
methylsulfoxide (DMSO)-d,. The following parameters were em-
ployed in the HSQC experiments: 1.5 s pulse delay, 0.11 s acquis-
ition time, 24 scans, 'J;; of 145 Hz, 716 data points for 'H, and
256 data points for “C. The 'H and "*C widths were 13 ppm and



220 ppm, respectively. The data was analyzed using the software
Mestrenova. ¢y =39.50/2.49 ppm was used to reference the cen-
tral solvent peak. The automatic phase and baseline correction
were accomplished using the software.!

GC-MS analysis

Characterization of bio-oil components was conducted using Agi-
lent 7890A/5795C GC/MS with a HP-5 MS capillary column
(30 mx0.32 mm and 0.25 pm thickness) under helium gas flow.
GC samples were prepared by mixing bio-oil with methanol
(bio-oil/methanol =1:10 w/w). An injection of 0.5 uL with a split
ratio of 20:1 and injector temperature of 250°C was used for
each sample. The GC oven was held at 40°C for 3 min, heated at
5°Cmin~!' to 260°C, and then held for 3 min. The molecular
mass range (m/z) of the MS detector was set at 40-400 to avoid
the methanol peak in the spectra. Chemical compounds of bio-
oil were identified by comparing their spectra with the standard
spectra in the National Institute of Standards and Technology
(NIST) library and from the previous literature.*>*) The GC-
MS results are included in the Supporting Information as
Table S1.
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