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1 Introduction

Conversion of less valuable biomass resources into value-added fuels and chemicals
not only mitigates the fossil fuel depletion, but also improves the energy recovery
from renewable carbon-rich resources. Utilization of biomass as an alternative fuel
aids in maintaining the carbon neutrality in the environment. Fast hydropyrolysis
(FHP) involves thermochemical degradation of organic compounds in the presence
of reactive hydrogen at moderate temperatures (400–600 °C) at short residence times
(1–5 s), high sample heating rate (~104°C s−1) and at different partial pressures of
hydrogen (1–20 bar). It has emerged as an efficient and sustainable biomass conver-
sion technique. Fast pyrolysis results in producing ~75% of liquid product called
bio-oil, which can be upgraded to fine chemicals and drop-in blendstocks. A mixture
of organic compounds containing oxygen in the carbon chain is observed in bio-
oil when the reactive hydrogen ambience is not employed. Unlike fossil fuels, the
high amount of oxygen-containing chemical functionalities in bio-oil causes various
unfavourable properties [1], which makes hydrodeoxygenation to be an imperative
step in biomass conversion to hydrocarbon fuels. FHP improves the H/C ratio of
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bio-oil, and simultaneously decreases the O/C ratio via dehydration, decarbonyla-
tion, and decarboxylation reactions. Catalytic fast hydropyrolysis (CFHP) integrates
thermal decomposition and catalytic upgrading in a single step process producing
bio-oil with enhanced quality that could be utilized directly as a blendstock with
transportation fuels. Catalytic upgradation of pyrolysis vapours is better than in situ
biomass+ catalyst fast pyrolysis, as the former method can control reaction severity,
improves the deoxygenation mechanism, and also aids in better catalyst recovery.

As deoxygenation of bio-oil is an acid-catalyzed reaction, zeolites, especially
HZSM-5, have been studied for aromatic hydrocarbons production from biomass via
fast pyrolysis technology [2]. Light aromatic hydrocarbons, viz., benzene, toluene,
xylene (BTX), are regarded as potential octane number enhancers in the petroleum
industry. Nguyen et al. [3] investigated the effect of alkali on deoxygenation of
pinewood pyrolysates using Na-faujasite and H-faujasite zeolites. The foremost
objective of catalytic upgrading is to enhance the quality of bio-oil with greater
extent of deoxygenation and minimum coke formation, without compromising on
the yield of pyrolysates. Hierarchical zeolites with different levels of porosity are
widely used for various catalytic applications. Co-existence ofmesopores andmicro-
pores makes it more reliable compared to conventional zeolites in terms of tailoring
the end products. Various catalysts such as hierarchical HZSM-5 of different Si/Al
ratios (20, 40, 60), commercial HZSM-5, and W2C/γ-Al2O3 are tested in this study
for deoxygenation activity via hydropyrolysis.

2 Experimental Section

2.1 Materials

Canadian pinewood purchased from ThoroughBed, Long-Beach Shavings Co. was
powdered, dried, and used as the feedstock in this study. Proximate analysis of this
material is reported to contain 14.5% fixed carbon, 78.4% volatile matter, 2.6% ash,
4.5% moisture on air dried basis. Ultimate analysis revealed 48.3% C, 5.8% H and
45.4% O on dry basis [4]. Hierarchical HZSM-5 of different Si/Al ratios (20, 40,
60), a commercial HZSM-5, and W2C/γ-Al2O3 were used for ex-situ upgradation
of pyrolysates from thermal degradation of pinewood. The preparation and charac-
terization details of hierarchical zeolites and W2C/γ-Al2O3 are reported in earlier
studies [5, 6]. CommercialHZSM-5was used as a reference catalyst to benchmark the
pyrolysate selectivities obtained from the prepared catalysts. The salient properties
of the synthesized catalysts are given in Table 1.
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Table 1 Properties of the synthesized catalysts [5, 6]

Catalysts NH3-TPD acidity
(mmol g−1)

SBET (m2 g−1) Mesopore size (nm) Pore volume
(cm3g−1)

HZSM-5(20) 0.85 620 3.0 0.64

HZSM-5(40) 0.61 560 2.7 0.58

HZSM-5(60) 0.32 531 2.7 0.51

W2C/γ-Al2O3 – 158 – 0.49

2.2 Fast Hydropyrolysis Experiments

Fast hydropyrolysis experiments were performed in a Pyroprobe®5200 CDS analyt-
ical pyrolyzer connected to a gas chromatograph/mass spectrometer (Py-GC/MS)
(Agilent 6890 N GC and 5975MS). Pinewood sample of mass 0.5± 0.005 mg taken
in a quartz tube of 2 mm diameter and 20 mm length was pyrolyzed using resistively
heated platinum filament, which was ramped at a heating rate of 20 °C ms−1 , and it
was held at 500 °C for 30 s. Hydrogen flow was set at 15 mL min−1 in the system.

Ex-situ upgradation of evolved pyrolysates was carried out using the catalyst bed
packed in aweight ratio of 6:1 (catalyst-to-biomass) inside a quartz tubemaintained at
500 °C. It was then followed by a Tenax® trap to adsorb the condensable vapours and
purge out the non-condensable gases. The desorbed condensable vapours from the
trap at 280 °C were carried to GC inlet by helium gas at a flow rate of 1.2 mL min−1.
GC injector temperature was set at 280 °C with a split ratio of 100:1. Component
separation in GC was carried out using Agilent VF-1701 ms capillary column (60 m
length× 250μmdiameter× 0.25μmfilm thickness). TheGCovenwas programmed
to be at 40 °C for 2 min, and then ramped to 280 °C at a rate of 3 °Cmin−1 with a hold
time of 10 min at 280 °C. Ionization voltage of MS was set at 70 eV, and the mass-
to-charge range of 33–550 Da was used to scan the pyrolysis vapours. Temperatures
of MS ion source and quadrupole were set at 230 °C and 150 °C, respectively.

The identity of the organic compounds was determined by comparing the
mass spectra with NIST library with high match factor (>85%). Various organic
compounds obtained from GC/MS were broadly categorized into phenolics,
aromatic hydrocarbons, polyaromatic hydrocarbons (PAHs), aliphatic hydrocarbons,
oxygenates, and furans. Other unclassified pyrolysates were grouped under “others”.
Relative area % and absolute area (normalized with initial sample mass) of every
peak obtained from the total ion chromatogram (TIC) signifies the selectivity and
yield of various organics, respectively. The reported data is the average of two exper-
iments, and the typical standard deviation of individual pyrolysate selectivity was
within 5–7%.
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3 Results and Discussions

Figure 1 depicts the pyrolysate composition from FHP and CFHP of pinewood.
FHP produced 27.9% phenols, 49.9% oxygenates and 15.8% furans. The major
oxygenates include 2-butanone, acetic acid, cyclopentanone, and 2-cyclopenten-
1-one. Furfural, 5-methyl furfural and 2,4-dimethyl furan were the major furan
compounds. Guaiacol, phenol, cresol and methyl guaiacol were the significant
phenolic compounds. Catalytically upgraded pyrolysates over hierarchical HZSM-5
catalysts of different Si/Al ratios predominantly contained aromatic hydrocarbons.
As shown in Fig. 1a, HZSM-5(20) resulted in 88% selectivity to aromatic hydrocar-
bons. Furthermore, as the Si/Al ratio increased from 20 to 60, increased selectivity
to oxygenated compounds (phenols, oxygenates, and furans) was observed. This
corresponds to a gradual decrease in the selectivity to aromatic hydrocarbons, and
lower deoxygenation activity as surface acidity decreased (reflected by the increase
in Si/Al ratio). This is mainly attributed to the strong correlation of Brønsted acid
sites with aromatic selectivity. Presence of acidic sites in the zeolite matrix strongly
aids in various reactions such as hydrogen and hydride transfer, cracking, cycliza-
tion, and oligomerisation, which are imperative for the formation of hydrocarbons.
HZSM-5(20) displayed similar deoxygenation activity to that of commercial HZSM-
5 catalyst. From Fig. 1b, absolute yield of total pyrolysates as well as aromatics
increased with increase in Si/Al ratio, suggesting the formation of coke on the acid
sites. Likewise, HZSM-5 (60) resulted in high and low yields of organics and coke,
respectively. Unlike HZSM-5, the use of W2C/γ-Al2O3 resulted in the production
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Fig. 1 Comparison of products from non-catalytic and catalytic hydropyrolysis of pinewood over
various catalysts presented in terms of a % selectivity; b absolute area/μg of pinewood
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of aliphatic hydrocarbons, which are more advantageous over aromatics from the
viewpoint of transportation grade fuels. Enhancement of aromatic production was
achieved on addition of W2C owing to its hydrogenation/dehydrogenation activity.
W2C/γ-Al2O3 is found to be superior to all HZSM-5 catalysts in terms of deoxy-
genation and pyrolysate yield. This is mainly due to the presence of tungsten carbide
on alumina support, which is similar to a Pt-based reforming catalyst that can aid
both hydrogenolysis and dehydrogenation reactions. This also emphasizes the need
for metallic sites in the deoxygenation catalyst. From Fig. 1b, it is evident that the
use of HZSM-5 catalysts leads to coke formation. This is reflected in low values of
total peak area of the pyrolysates as compared to non-catalytic hydropyrolysis. On
the contrary, high values of total peak area with W2C/γ-Al2O3 catalyst indicates the
lower coke formation.

Table 2 presents the list of pyrolysates produced in FHP and CFHP over
various catalysts. Xylene was the major aromatic hydrocarbon produced using
hierarchical zeolites. Polycyclic aromatic hydrocarbons were more prevalent with
W2C/γ-Al2O3, as compared to hierarchical zeolites as shown in Fig. 1b. Moreover,
the production of naphthalene and methyl naphthalene compounds increased over
W2C/γ-Al2O3. In Fig. 2, hydrocarbon selectivity vs. carbon number of pyrolysate
is plotted for every catalyst. With increase in pore size, selectivity to C7 and C8

hydrocarbons increased. Hierarchical zeolites were selective to the formation of C8

hydrocarbons, whereas W2C/γ-Al2O3 favoured the production of a wide range of
hydrocarbons in the C6 to C10 range.

4 Conclusion

This study demonstrates the application of hierarchical HZSM-5 as efficient deoxy-
genation catalysts for aromatic-rich bio-oil production. Catalyst acidity influenced
the selectivity, yield aswell as carbonnumber distributionof hydrocarbons.The activ-
ities of the hierarchical zeoliteswere comparable to that of commercialHZSM-5 cata-
lyst and W2C/γ-Al2O3 catalysts. The degree of deoxygenation of various catalysts
followed the trend: W2C/γ-Al2O3 (97.4% hydrocarbons) > commercial HZSM-5
(95.7%) > HZSM-5(20) (89.7%) > HZSM-5(60) (76.9%) ≈ HZSM-5(40) (74.2%).
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Table 2 Selectivity (%) of pyrolysates using various hydrodeoxygenation catalysts

Compounds Non-catalytic HZSM-5
(20)

HZSM-5
(40)

HZSM
5 (60)

Comm.
HZSM-5

W2C/γ-Al2O3

Phenolics

Phenol 5.7 1.0 1.3 1.5 1.0 0.3

Cresol 8.4 0.7 1.7 2.7 0.8 0.0

Guaiacol 3.1 0.0 0.0 0.0 0.0 0.0

Methyl guaiacol 3.3 0.0 0.0 0.0 0.0 0.0

Ethyl guaiacol 0.9 0.0 0.0 0.0 0.0 0.0

Vinyl guaiacol 0.9 0.0 0.0 0.0 0.0 0.0

Other phenolics 5.6 0.0 0.0 0.5 0.2 0.0

Oxygenates

Acetic acid 4.6 0.0 0.0 0.0 0.0 0.0

2-Pentanone 2.9 0.0 0.0 0.0 0.0 0.0

2-Cyclopenten-1-one 7.7 0.0 1.7 12.3 0.0 0.0

2-Cyclopenten-1-one,
2-methyl-

5.8 0.0 0.0 0.7 0.0 0.0

2-Butanone 13.3 2.0 5.4 3.1 0.0 0.0

2-Butenal 2.5 0.0 0.0 0.0 0.0 0.0

2-Cyclopentene-1,4-dione 0.1 0.0 0.0 0.0 0.0 0.0

Cyclopentanone 2.8 0.0 0.0 0.0 0.0 0.0

Other oxygenates 10.0 0.0 3.8 0.4 0.0 0.8

Furan derivatives

Furan, 2-methyl- 1.8 1.9 6.2 6.3 0.0 1.2

Furfural 3.0 0.0 0.0 0.0 0.0 0.0

2(3H)-Furanone,
5-methyl-

2.5 0.0 0.0 0.0 0.0 0.0

Benzofuran 0.0 1.3 1.6 1.6 0.0 0.0

2(5H)- Furanone 1.4 0.0 0.0 0.0 0.0 0.0

Other furan derivatives 6.6 1.0 1.9 2.7 0.0 0.2

Aromatic hydrocarbons

Benzene 0.9 9.5 13.5 5.8 7.3 4.7

Toluene 1.7 22.5 13.7 15.3 24.2 10.2

Xylene 0.2 20.7 13.2 15.3 25.5 9.8

Styrene 0.0 1.1 2.3 1.5 2.8 0.1

Benzene derivatives 0.1 13.7 13.1 15.5 13.2 31.6

Indene derivatives 0.3 10.9 10.1 10.5 12.2 9.6

Naphthalene derivatives 0.1 9.2 4.8 8.8 10.1 15.4

(continued)
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Table 2 (continued)

Compounds Non-catalytic HZSM-5
(20)

HZSM-5
(40)

HZSM
5 (60)

Comm.
HZSM-5

W2C/γ-Al2O3

Aliphatics hydrocarbons

1,3-Cyclopentadiene,
1-methyl-

0.0 1.9 1.3 1.8 0.2 2.7

4-Methylenecyclopentene 0.0 0.0 0.0 0.0 0.0 4.2

2-Pentene,3-methyl-, (Z)- 0.0 0.0 0.0 0.0 0.0 1.4

2,4-Hexadiene 0.0 0.0 0.0 0.0 0.0 2.8

Other aliphatic
hydrocarbons

1.7 0.0 2.1 2.2 0.0 4.5

Fig. 2 Carbon no.
distribution of hydrocarbons
in the pyrolysate
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