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Abstract: Hydrothermal liquefaction (HTL) is an effective method that can convert biomass into
bio-crude, but direct use of bio-crude derived from biomass HTL remains a challenge due to the
lower quality. In this study, bifunctional Ni/HZSM-5 catalysts and zinc hydrolysis were combined to
produce upgraded bio-crude in an in-situ HTL process. The K,CO3; and HZSM-5 catalysts with
different Ni loading ratios were tested. The effects of different catalysts on the yield and quality of
bio-crude and gas were investigated. The results indicated that the catalysts improved bio-crude and
gas yields, compared to pine sawdust liquefaction without catalyst. The catalysts reduced the
contents of undesirable oxygenated compounds such as acids, ketones, phenols, alcohols and esters
in bio-crude products while increased desirable hydrocarbons content. K,CO3; produced highest
bio-crude yield and lowest solid residue yield among all catalysts. Compared to parent HZSM-5
catalyst, bifunctional Ni/HZSM-5 catalysts exhibited higher catalyst activity to improve quality of
upgraded bio-crude due to its integration of cracking and hydrodeoxygenation reactions.
6%Ni/HZSM-5 catalyst produced the bio-crude with the highest hydrocarbons content at 11.02%.
This catalyst can be a candidate for bio-crude production from biomass HTL.
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1. Introduction

The exploitation of renewable energy has attracted great interest in responding to the depletion of
fossil fuels and the growing greenhouse effect. Biomass has proven to be a potential and alternative
energy resource due to its renewable and environmentally friendly properties [1]. Biomass conversion
methods are mainly consisted of biochemical methods such as fermentation and thermochemical
methods including combustion, pyrolysis, gasification and liquefaction [2]. Among these methods,
thermochemical liquefaction is one efficient and promising method that converts biomass into liquid fuel
(named bio-crude), gas and solid residue [3]. Hydrothermal liquefaction (HTL) is the thermochemical
process treating wet biomass under high temperature (250-350 °C) and pressure (5-15 MPa) in the
presence of solvent (water or alcohols) with or without using a catalyst [4].

Catalysts had a significant influence on bio-crude yield and quality during HTL process [5-8].
Acids catalyst such as sulfuric acid, hydrochloric acid and phosphoric acid and alkali catalysts such
as Na,CO3, K,CO3, KOH, NaOH and Ca(OH), were widely used in biomass liquefaction [6,9,10].
However, the use of homogeneous acid and alkali catalysts had a corrosion effects on liquefaction
equipments [11]. Besides, additional separation steps with high cost and energy consumption are
required for catalyst recovery when using the homogeneous catalysts [5]. Conventional catalysts
were expected to be replaced by more environmentally friendly heterogeneous catalysts to improve
bio-crude yield and quality in biomass liquefaction [12]. The heterogeneous Ni/HZSM-5 catalyst
was a hydrothermally stable catalyst for pyrolysis bio-oil upgrading. Ni/HZSM-5 catalyst showed a
high stability that can be used in reaction-regeneration cycles for hydrocarbons production [13]. The
heterogeneous solid catalysts were almost fully separated and recovered from reaction products, and
they were easy and safe to dispose of [11]. However, there is very little information of using
bifunctional Ni/HZSM-5 catalyst in biomass HTL process in literature.

The objective of this study was to investigate the effect of heterogeneous Ni/HZSM-5 and
homogeneous K,COj3 catalyst on bio-crude production in pine sawdust HTL in the batch reactor. The
catalytic effect of K,CO3; and Ni/HZSM-5 catalysts with different Ni loading ratios on yields and
properties of bio-crude and gas were determined.

2. Materials and methods
2.1. Materials

Pine sawdust (PSD) was provided by the Rushmore Forest Products company (Rapid City,
South Dakota). Pine sawdust was further ground into powder with a particle size of less than 1 mm
using a hammer mill (Thomas-wiley).

Zinc metal with zero valence was purchased from Fisher Scientific Inc. The HZSM-5 (Si/Al
molar ratio = 30) was purchased from Zeolite International Company. Nickel (11) nitrate hexahydrate
and K,COj3 were purchased from Sigma-Aldrich. The Ni/HZSM-5 catalysts with different Ni loading
(6 wt% and 12 wt%) were impregnated with aqueous solutions of nickel (I1) nitrate hexahydrate. The
prepared Ni/HZSM-5 and HZSM-5 catalysts were dried at 120 °C for 4 h and then calcined at
550 °C for 6 h.
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2.2. Pine sawdust HTL

The pine sawdust HTL experiments were carried out in a 500 mL Parr 4575 autoclave reactor
equipped with a stirrer. An electric heater was used to heat the reactor. 20.0 g pine sawdust, 4.0 g
zinc metal, 4.0 g catalyst (HZSM-5, Ni/HZSM-5 or K,CO3), 80.0 g ethanol and 30.0 g deionized
water were loaded in the reactor for each test.

Ethanol can be produced from lignocellulosic biomass by hydrolysis and subsequent
fermentation [14]. Ethanol was one promising solvent for biomass liquefaction [15], and it has been
widely adopted as solvent for liquefaction of various biomasses such as lignocelluloses [16,17],
microalgae [18], and sewage sludge [19]. Ethanol has several advantages in biomass liquefaction
process including acting as hydrogen-donor to provide hydrogen, reacting with acidic compounds to
form esters through esterification reactions and dissolving high-molecular weight products derived from
biomass [15]. Besides, higher ethanol/biomass ratio has positive impacts to increase the bio-crude yield,
since it can improve the stability and solubility of fragmented components [20,21]. Finally, the residual
ethanol after reaction can be separated from bio-crude product through rotary evaporation at reduced
pressure [15,22]. Therefore, ethanol/biomass ratio of 4 (80 g ethanol and 20 g PSD) was loaded as
reactants for PSD liquefaction according to these factors and related reference [22].

However, a certain proportion of the added ethanol reacted with the decomposition fragments of
PSD and formed more substituted compounds such as esters in PSD liquefaction [3,23]. Besides, some
ethanol decomposed to gases such as C,H4 and C;Hg[22]. This resulted in the consumption of the added
ethanol. Therefore, some of the added ethanol can be considered as a source that involved in liquefaction
reactions that formed organic products [18]. The sources of organic products that were parts of bio-crude,
solid residue and gas in the system resulted from both PSD and alcohol that was loaded.

Water-ethanol co-solvent is more efficient in biomass liquefaction reactions than either water or
pure ethanol [24]. Similar low water to ethanol ratio (3:8) of this study was used in the liquefaction
of woody biomass in the research of Cheng et al. [25], since the the addition of water as a co-solvent
into ethanol would enhance the liquefaction of biomass and improve bio-crude yield [25]. The
biomass/ethanol loading ratio of 1:4 was determined according to our preliminary tests and referred
to biomass liquefaction conducted by Brand et al. [22], because this biomass loading ratio was
beneficial for improving bio-crude vyield [22]. The biomass and total solvent loading ratio
(biomass/total solvent ratio of 2:11) was determined according to the liquefaction of rice husk
performed by Huang et al. [15,25]. This biomass loading ratio can increase the bio-crude yield and
improve the stability and solubility of fragmented components derived from biomass [15].

The reactor was purged with 100 psig N, for 6 times to remove the inside air. Then, the initial
pressure for the reactor was charged to 10 psig with N,.The reactor was heated to 300 °C at a heating
rate of 5.0 °C min*. The reaction temperature was kept for 1 h at a stirring rate of 1000 rpm. There
were some solvolysis reactions occurred at 300 °C that consumed ethanol in this study, but the
solvolysis reactions at 300 °C were not significant. This is because solvolysis reactions were
significant at temperatures above 350 °C in biomass liquefaction [26]. Besides, the low
solvent/biomass ratio (11:2) in this study restricted solvolysis reactions [25]. Finally, the reactor was
rapidly cooled to room temperature (20 °C) by an electric fan. The liquid-solid suspension in the
reactor was poured out and filtered using a pre-weighed filter paper at a reduced pressure, and the
solid product remaining on the filter paper was dried at 105 °C for 24 h in a drying oven and
weighed [15]. The dried solid sample contained unreacted pine sawdust, ash, coke, generated ZnO
and used catalyst is designated as mixed solid residue (SR1). The residual ethanol-water mixture was
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evaporated from the liquid filtrate using a rotary evaporator at 90 °C in a reduced pressure [15,22].
The recovered ethanol can be reused for PSD liquefaction [27]. The resulted liquid product
(bio-crude) was weighed. The yield of products (Y product) including solid residue and bio-crude
were determined based on equation (2) and gas yield (Y gas) was calculated following equation (3):

IVlsolid residue= MSRl - Mgenerated Zn0 — I\/lused catalyst (1)
Yproduct = Mproduct/ (Mpine sawdust) X 100% (2)
Ygas = (1 — Ysolid residue — Ybio-crude) X 100% 3)

where M product represents the mass of solid residue and bio-crude, respectively.
2.3. Feedstock and products analysis

Moisture content of pine sawdust was determined following the ASABE standard
(ASAES358.2 DEC1988 (R2008)) [28]. Ash content of pine sawdust was determined by heating
samples at 575 °C until its weight remained constant in a muffle furnace according to NREL
standard procedure [29]. High heating value (HHV) of pine sawdust samples was tested by the bomb
calorimeter (IEA C2000) [30,31]. Elemental compositions (carbon, hydrogen and nitrogen) of pine
sawdust and bio-crude were analyzed by CE-440 Elemental Analyzer [32]. Moisture content, ash
content, elemental analysis and HHV properties of pine sawdust are presented in Table 1.

Table 1. Properties of PSD.

Analysis Pine sawdust
Moisture content (wt%) 7.23+£0.12
Ash content (wt%) 0.56 £ 0.03
Elemental analysis (wt%)

Carbon 47.64 £ 0.02
Hydrogen 6.25 £ 0.07
Nitrogen 1.24 £ 0.02
Oxygen? 44.87 +0.04
Higher heating value (MJ Kg™) 19.19 + 0.15
O/C (molar ratio) 0.71£0.01
H/C (molar ratio) 1.57 £ 0.02

a

Calculated by the difference

Gas chromatography (Agilent GC-7890A with a DB-5 column: 30 m x 0.25 mm x 0.25 um)
and mass spectrometry (MSD-5975C with electron ionization at 70 eV, mass range of 50-500 m z %)
was employed to determine chemical compositions of bio-crude samples [33,34]. The samples were
dissolved in methanol before test. The injection temperature and injection volume were 300 °C and 1 uL
respectively. An oven temperature program was firstly set at 60 °C and then increased following ramp 1
at 3°C min* to 140 °C, ramp 2 at 10 °C min * to 180 °C, ramp 3 at 3 °C min* to 260 °C and ramp 4
at 10 °C min* to 300 °C. The main chemical compounds present in bio-crudes were identified from
National Institute of Standards and Technology (NIST) mass spectral library and related
literature [35].
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Gas compositions was analyzed by gas chromatography system (Agilent GC 7890A with a
50 m x 0.53 mm x 15 um 19095P-S25 column) [36]. H,, CO, CO, and N, were identified by
thermal conductivity detector (TCD) [37]. Light hydrocarbons (C1-C3) were determined by
flame ionization detector (FID) [38]. The carrier gas used in GC was argon, and calibration was
conducted by using standard gas mixtures [39].

3. Results and discussion
3.1. Product yields

Pine sawdust HTL products were distributed in gas, liquid (bio-crude) and solid residue. Figure 1
summarizes the yields of bio-crude, solid residue and gas products of different treatments. Compared to
non-catalytic treatment, the use of zeolite catalysts (HZSM-5 and Ni/HZSM-5) increased yields of
bio-crude and gas, and decreased solid residue yields. This is consisted with the study of Wang and
Saber et al. [6,8]. Ni/HZSM-5 induced a better catalytic effect than HZSM-5, which indicated that Ni
modification not only maintained the role of zeolite-cracking, but also had the function of
hydrocracking that increased conversion of large molecules compounds in bio-crude to gaseous
low-carbon small-molecules [40,41]. This resulted in the higher yields of gas and lower vyields of
bio-crude for Ni/HZSM-5 catalysts in comparison with HZSM-5 catalyst. Lignin conversion was
relatively unaffected by pH in the thermal process. Alkaline catalysts such as K,COs; was
effective in biomass liquefaction to enhance the yield of bio-crude products and suppress the
formation of char [42-49]. K,CO3; showed higher catalytic activity to improve biomass
conversion and bio-crude yield than other alkaline catalyts such as KOH, Na,CO3; and NaOH in
biomass HTL process [47]. K,CO3 produced higher bio-crude yield and lower solid residue yield
compared to HZSM-5 and Ni/HZSM-5 catalysts in this study. K,CO3 can react with water to form
the bases and bicarbonates which acted as a secondary catalyst to improve bio-crude yield during the
liguefaction reactions [47,50]. The bio-crude yield of K,COj3 in this studywas higher than the study
of Wang et al. [50]. This was due to the lower reaction temperature (300 °C) that led to lower degree
of condensation and redecomposition reactions of bio-crude products compared to their study
(375 °C) [51,52].

100 1
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No catalyst K2CO3 HZSM-5 6%Ni/HZSM-5 12%Ni/HZSM-5

B D (0]
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Figure 1. Product yields of different treatments.
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The yields of solid residues of HZSM-5 based catalysts was higher than that obtained by K,CO3
catalyst. This indicated that the acidity of zeolites enhanced coke formation that resulted in catalysts
deactivation, which in turn caused lower PSD conversions to bio-crude and gas products compared to
alkaline catalysts. Similar results were found in the batch PSD liquefaction study of Wang et al. [50].

Biomass decomposition reactions occured to some extent due to the slow heating rate [22]. The
slow heating rate had no effect on the individual compounds of bio-crude product [53]. The slow
heating rate reduced bio-crude yield and improved gas yield compared to high heating rate [22,53].
The slow heating rate increased solid residue yield due to the increased coke formation compared to
high heating rate [53,54]. The slow heating rate decreased the relative concentrations of chemical
compounds present in bio-crudes in comparison with high heating rate [54].

3.2. Elemental compositions and higher heating value of bio-crudes

Properties of the bio-crude products including elemental compositions (C, H, and N) and higher
heating value (HHV) are presented in Table 2. Compared to PSD, all bio-crude samples obtained
from PSD liquefaction had much higher contents of carbon and hydrogen, and much lower contents
of oxygen, leading to a significantly increased HHV. Compared to no catalyst treatment, the use of
catalyst improved the contents of carbon and hydrogen and reduced the oxygen content. This was
due to deoxygenation activities of used catalysts that removed partial amount of oxygen in the
bio-crude products [50]. HHV (26.78-27.93 MJ/kg) of K,CO3; and HZSM-5 produced bio-crudes
was in the range of biocrude produced in pure ethanol (25.8 MJ/kg) and pure water (30.8 MJ/kg) in
pinewood sawdust K,COj3 liquefaction of Wang et al. [50]. This was due to the mixed solvents
(ethanol and water) used in this study. The oxygen content of catalytic bio-crudes (27.60-29.32 wt%)
was in the range of the oxygen content of K,CO3 produced bio-crude using ethanol and water (30.42 wt%
and 23.38 wt% respectively) conducted by Wang et al. [50]. The molar ratios of O/C (0.32-0.35) and
H/C (1.48-1.49) were in the range of the K,CO3 liquefaction using ethanol and water (0.26-0.37 and
1.42-1.67 respectively) of Wang et al. [50]. However, there was no significant difference in the
properties (elemental compositions and HHV) of K,CO3; and Ni/HZSM-5 produced bio-crudes. The
recovery ratio of carbon and hydrogen were 71.03-85.44 wt% and 61.26-80.36 wt% respectively. It
was lower than the carbon recovery ratio of Yang et al. [55]. This was due to the loss of higher
amount of some low boiling points organic compounds in rotary evaporation of bio-crude product at
higher temperature (90 °C) than their study (50 °C). However, the carbon and hydrogen recovery
ratio of K,COs treatment were a bit lower than that of HZSM-5 and Ni/HZSM-5 treatments. The O/C
(molar ratio) of bio-crude (0.32-0.44) decreased to some extent compared to that of PSD (0.71).
However, the oxygen content of bio-crude products was still high (27.60-33.99 wt%) compared to
PSD (44.87 wt%). This indicated that only small amount of oxygen was removed in the bio-crude
product. These results indicated that the high bio-crude yields were due to high oxygen content in
bio-crude products.

The ethanol consumption rate responding to different catalysts was ranging from 4.76 wt% to
6.03 wt%. This indicated that some ethanol was consumed in PSD HTL process which increased the
cost of HTL process. However, the main objective of this study was to explore the application of
heterogeneous Ni/HZSM-5 and alkaline K,COj3 catalysts in biomass HTL process.
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Table 2. Elemental compositions and higher heating value of different bio-crudes.

Relative content (%) No catalyst  K,COs HZSM-5 6%Ni/HZSM-5 12%Ni/HZSM-5
Carbon (wt%) 58.42+0.12 6215+0.14 63.29+0.24 63.78+0.12 63.13+0.13
Hydrogen (wt%) 6.61+0.10 7.71+0.07 7.81+£0.06 7.92+0.07 7.76 £0.14
Nitrogen (wt%) 098+0.08 0.82+0.06 0.72+0.09 0.70+0.08 0.73+£0.08
Oxygen® (wt%) 33.99+0.14 29.32+0.07 28.18+0.07 27.60+0.09 28.38 £ 0.05
HHV (MJ/kg) 23.12+0.08 26.78+0.19 27.51+0.07 27.93+0.16 27.35+0.13
Carbon recovery ratio (wt%) 71.03+0.12 81.24+0.06 85.44+0.08 82.17+0.09 83.54+0.12
Hydrogen recovery ratio (wt%) 61.26 £0.08 76.82+0.04 80.36+0.07 77.78£0.07 78.27 £ 0.07
O/C (molar ratio) 044+007 035+002 0.33+£0.15 0.32+0.12 0.34 £ 0.05
H/C (molar ratio) 136 £0.02 149+001 148+£0.02 149+0.01 1.48 £0.03
Ethanol consumption rate (wt%) 5.01+0.14 4.76+0.23 561 +0.34 4.89 +0.21 6.03+0.18

& Calculated by the difference
3.3. Chemical compositions of bio-crude

In order to evaluate the change of chemical compositions of bio-crudes produced by different
catalysts, bio-crude products derived from different treatments were determined by GC-MS. The
main chemical components detected in bio-crudes are present in Table 3.

Table 3. Chemical composition of different bio-crudes.

Relative content (%) No catalyst K;CO3; HZSM-5 6%Ni/HZSM-5  12%Ni/HZSM-5
Phenols 10.8 9.84 9.94 8.64 8.93
Furans 2.63 1.25 0.43 0.57 2.46
Ethers 4.9 54 6.31 4.17 1.1
Aldehydes 0.2 3.76 2.16 0.12 2.9
Ketones 15.91 7.23 8.9 12.09 13.84
Esters 35.74 21.06  28.35 26.39 26.52
Alcohols 8.28 5.74 2.07 5.28 6.77
Acids 5.57 0 1.95 0.88 1.27
Hydrocarbons 3.04 6.63 8.26 11.02 6.49
Others 12.93 39.09 31.63 30.84 29.72

The main components detected in the bio-crude produced from no catalyst treatment were
undesirable oxygenated compounds including esters (35.74%), ketones (15.91%), phenols (10.80%),
alcohols (8.28%) and acids (5.57%). These oxygenated compounds resulted in the corrosiveness and
low heating value of bio-crude products. Only minor amounts of desirable hydrocarbons (3.04%)
was observed in non-catalytic bio-crude.

For the produced bio-crudes in the presence of catalysts, the chemical compositions of
bio-crude products changed deeply in comparison with non-catalytic bio-crude. The contents of acids
in bio-crudes produced by catalysts were significantly decreased. One reason is that some acidic
compounds were converted to esters through esterification reactions with alcohols [56]. Another
reason was that some acidic compounds were transformed to hydrocarbons through decarboxylation
reactions [56]. There were no acid compounds detected in the bio-crude produced by K,COs;
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treatment [55]. The contents of ketones in bio-crudes were also decreased by tested catalysts. This is
consistent with the research results of Iliopoulou et al. [57]. Ketones were transformed to
hydrocarbons through decarbonylation, cracking and aromatization reactions [58].

The alcohols content in bio-crudes decreased in all catalytic treatments. Some alcohols were
transformed to hydrocarbons through dehydration, cracking and aromatization reactions [48,58], and
some alcohols were converted to esters through esterification reactions [46,56]. The contents of
phenols decreased in catalytic bio-crude products, because they were transformed into hydrocarbons
through dehydration, dehydroaromatization, hydrogenolysis and hydrogenation reactions in the
presence of zeolite catalysts [59]. Similar decrease of phenols content in upgraded bio-crudes from
biomass liquefaction using HZSM-5 catalyst was observed by Torri et al. [60]. The contents of esters
in the bio-crude of catalytic treatments reduced compared to no catalyst treatment. This was due to
the transformation of esters to hydrocarbons due to dehydration, cracking and oligomerization
reactions that occurred over HZSM-5 and Ni/HZSM-5 catalysts [28].

The content of desirable hydrocarbons in biofuel produced by all catalysts increased significantly in
comparison with non-catalytic bio-crude. This was due to the catalytic reactions of cracking,
decarbonylation, decarboxylation, hydrocracking, hydrodeoxygenation and hydrogenation that
transformed oxygenated organic compounds to hydrocarbons over HZSM-5 based catalysts [50,61,62].
Compared to bio-crude produced from HZSM-5 catalyst, 6%Ni/HZSM-5 catalyst produced bio-crude
with the higher hydrocarbons content at 11.02%. This increase was due to the Ni promoted
hydrogenation and dehydro-aromatization reactions [63]. Compared to the 6%Ni/HZSM-5 treatment,
12%Ni/HZSM-5 catalyst produced lower hydrocarbons content in the bio-crude product. When more
NiO was loaded on the HZSM-5, the Ni reduced from NiO preferentially aggregated and replaced the
Bransted acid sites that were responsible for catalyst activity [64]. This led to the lower formation of
hydrocarbons over higher Ni loading HZSM-5 catalyst [65]. The hydrocarbons content of
6%NI/HZSM-5 and HZSM-5 produced bio-crude were higher than bio-crude produced by K,CO3
catalyst. This indicated the enhanced deoxygenation reactions on HZSM-5 based catalysts than K,COs.

3.4. Mechanism of liquefaction reactions on HZSM and Ni/HZSM-5 catalysts

The XRD characterization of fresh catalysts (HZSM-5 and Ni/HZSM-5) has been conducted in
our published paper [66]. The XRD characterization of spent catalysts in bio-oil upgrading was
performed in other published papers [35,57].

HZSM-5 contained mainly Bronsted acid sites with high acidic strength and few Lewis acid
sites [57]. Bronsted acid sites catalyzed different hydrocarbon conversion reactions such as cracking,
dehydrogenation, cyclization and aromatization [67]. This resulted in the increased hydrocarbons
content in the bio-crudes produced by HZSM-5 based catalysts. NiO particles were formed in the
fresh Ni/HZSM-5 catalysts in this study [66,68]. The loading of NiO reduced the number of
Bronsted acid sites on Ni/HZSM-5 [57]. In contrast to the Bronsted acid sites, the formation of nickel
oxides functioned as Lewis acidic centers that increased the number of Lewis acid sites on
Ni/HZSM-5 [57]. The following reaction pathway on Ni/HZSM-5 was proposed from the PSD
liguefaction results. Firstly, the de-oxygenation of bio-crude was conducted through decarboxylation
reactions, and the in situ produced hydrogen from zinc hydrolysis was saved in the reactor [57].
Secondly, the saved hydrogen atoms promoted hydrogen transfer reactions on the Ni metals through
carbenium ion intermediates formed on zeolitic acid sites. This resulted in increased formation of
hydrocarbons through hydro-deoxygenation reactions on Ni/HZSM-5 catalyst [57]. The Ni particles
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were reduced from NiO on Ni/HZSM-5 catalysts in the reductive atmosphere at high reaction
temperature in bio-crude upgrading reactions [57,68].

3.5. Effectiveness of catalysts on PSD liquefaction

The yields of bio-crudes produced by catalysts (HZSM-5, Ni/HZSM-5 and K,COs3) improved
compared to no catalyst treatment. K,COs produced higher bio-crude yield compared to other
catalysts. The oxygen content of catalytic bio-crudes was lower than non-catalytic bio-crude. The
heating value of catalytic bio-crude was higher than non-catalytic bio-crude. The undesirable
contents of acids in catalytic bio-crudes decreased compared to non-catalytic bio-crude. This is
beneficial to decrease the acidity and corrosiveness of catalytic bio-crudes [67]. The valuable
hydrocarbons content of catalytic bio-crude improved compared to that of non-catalytic bio-crude.
6%Ni/HZSM-5 catalyst produced bio-crude with higher hydrocarbons content in comparison with
other catalysts. Therefore, these results indicted that the use of catalysts (especially 6%Ni/HZSM-5
and K,CO3) was effective for improving bio-crude yield and properties in PSD liquefaction.

30 =
254 .
201 z : : i
I . I
157
104 I
0- I-'-_ l_ R — I- - l— - .— -

No catalyst K2C03 HZSM-3 6%NI/HZSM-3 12%Ni/HZSM-3
W H2 W CO2 N2 mCO W CH4 C2H4 W C2H6 W C3H6+C3HE

Grag composition (vol %)

Figure 2. Gas distributions of different treatments.

3.6. Gas distributions

After HTL, the gas products were collected and determined by GC. The compositions of
produced gases are shown in Figure 2. Nine gas compounds (H,, N2, CO, CO, CH4 CyH4 CoHs C3Hg,
CsHsg) were observed in the gas product. One main gas product was hydrogen that was produced
from zinc hydrolysis reaction [69], and the existence of unreacted hydrogen indicated that the
generated hydrogen was abundant for the HTL reactions. Another main component in gas product
was CO,, and this indicated that the oxygen in oxygenated compounds in bio-crude was
predominantly removed in the form of CO, through decarboxylation [70]. The presence of CO
indicated decarbonylation of oxygenated compounds or reaction intermediates (C=0, C-O-C, COOH,
etc.) in HTL processes [6,22]. The formation of CH, was due to the decomposition of methoxyl
groups (-O-CHs) during liquefaction process [22]. C2-C3 hydrocarbons were also observed in the
gas product, and they were produced from secondary cracking of reaction intermediates and/or
decompositions of alcohols in the presence of H, in PSD liquefaction process [22].
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3.7. Reactor pressure

Reactor pressures of different treatments are listed in Table 4. Although the initial pressure of
all treatments was the same, the maximum and final pressures for bifunctional Ni/HZSM-5 and
K,CO; catalysts was higher than no catalyst or HZSM-5 treatments. The enhanced cracking
performance of catalysts resulted in higher gas production that increased reactor pressure. This
indicated that the Ni/HZSM-5 and K,COs catalysts led to the promoted conversion of oxygenated
compounds to light gases such as CO, CO, and C1-C3 hydrocarbons.

The N, partial pressure in final gas (25-28 psi, absolute pressure) is slightly higher than the initial
N, pressure (25 psi, absolute pressure). The increase of N, between final N, and initial N in the reactor
was only 0-0.0049 moles compared to the initial total N, amount of 0.0349 moles. The slightly increased
amount of N, formed from nitrogen atoms in PSD after PSD liquefaction process [71].

Table 4. Reactor pressures of different treatments.

Catalysts No catalyst K,CO3 HZSM-5  6%Ni/HZSM-5  12%Ni/HZSM-5
Initial (psig) 10+£0 10+£0 10+£0 10£0 10£0
Maximum (psig) 1680+20  1945+10 1875+15 1925+25 1900 + 20

Final (psig) 655 120+5 1100 130+0 120+ 0

4. Conclusions

HTL of pine sawdust on HZSM-5, K,CO3; and Ni/HZSM-5 catalysts were carried out in the
batch autoclave reactor at 300 °C. The catalytic effects of different catalysts are investigated in
products (bio-crude and gas) yield and quality. K,CO3 produced higher bio-crude yield and lower
solid residue yield compared to other catalysts. The use of catalysts improved bio-crude and gas
yields in comparison with no catalyst treatment. The catalysts reduced the contents of undesirable
acids, ketones, phenols, esters and alcohols of bio-crudes, and increased the desirable hydrocarbons
contents. Bifunctional Ni/HZSM-5 catalysts exhibited higher catalyst activities to improve bio-crude
quality compared to parent HZSM-5 catalyst. Ni/lHZSM-5 was more effective to convert oxygenated
compounds to hydrocarbons due to the integrated cracking and hydrodeoxygenation reactions.
Compared to HZSM-5, 6%Ni/HZSM-5 catalyst produced the bio-crude product with the highest
hydrocarbon content at 11.02%.

Although the 6% Ni loading HZSM-5 catalyst was initial determined in this research, different
Ni loading levels near 6% still need to be tested to identity optimized Ni loading level Ni/HZSM-5
catalyst for improving hydrocarbons selectivity in bio-crude product in the future studies.

Acknowledgements

This work was supported by Department of Transportation (Award No. SA0700149) through
the North Central Center of Sun Grant Initiative. The USDA NIFA (Award No. SA1600855) also
partially supported this study.

Conflict of interest

All authors declare no conflict of interest in this paper.

AIMS Environmental Science Volume 4, Issue 3, 417-430.


file:///C:/Users/shouyun.cheng/AppData/Local/youdao/dict/Application/6.3.69.8341/resultui/frame/javascript:void(0);
file:///C:/Users/shouyun.cheng/AppData/Local/youdao/dict/Application/6.3.69.8341/resultui/frame/javascript:void(0);
file:///C:/Users/shouyun.cheng/AppData/Local/youdao/dict/Application/6.3.69.8341/resultui/frame/javascript:void(0);
file:///C:/Users/shouyun.cheng/AppData/Local/youdao/dict/Application/6.3.69.8341/resultui/frame/javascript:void(0);

427

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Li J, Wu L, Yang Z (2008) Analysis and upgrading of bio-petroleum from biomass by direct
deoxy-liquefaction. J Anal Appl Pyrolysis 81: 199-204.

Qian Y, Zuo C, Tan J, et al. (2007) Structural analysis of bio-oils from sub-and supercritical
water liquefaction of woody biomass. Energy 32: 196-202.

Liu Z, Zhang FS (2008) Effects of various solvents on the liquefaction of biomass to produce
fuels and chemical feedstocks. Energy Convers Manage 49: 3498-3504.

Vardon DR, Sharma BK, Blazina GV, et al. (2012) Thermochemical conversion of raw and
defatted algal biomass via hydrothermal liquefaction and slow pyrolysis. Bioresour Technol
109: 178-187.

ChenY, MuR, Yang M, et al. (2017) Catalytic hydrothermal liquefaction for bio-oil production
over CNTSs supported metal catalysts. Chem Eng Sci 161: 299-307.

Wang Y, Wang H, Lin H, et al. (2013) Effects of solvents and catalysts in liquefaction of
pinewood sawdust for the production of bio-oils. Biomass Bioenerg 59: 158-167.

Toor SS, Rosendahl L, Rudolf A (2011) Hydrothermal liquefaction of biomass: a review of
subcritical water technologies. Energy 36: 2328-2342.

Saber M, Golzary A, Hosseinpour M, et al. (2016) Catalytic hydrothermal liquefaction of
microalgae using nanocatalyst. Appl Energy 183: 566-576.

Jiang J, Junming XU, Zhangian, S (2015) Review of the direct thermochemical conversion of
lignocellulosic biomass for liquid fuels. Front Agr Sci Eng 2: 13-27.

Okuda K, Umetsu M, Takami S, et al. (2004) Disassembly of lignin and chemical
recovery-rapid depolymerizatin of lignin without char formation in water-phenol mixtures. Fuel
Process Technol 85: 803-813.

Yang C, Jia L, Chen C, et al. (2011) Bio-oil from hydro-liquefaction of Dunaliella salina over
NI/REHY catalyst. Bioresour Technol 102: 4580-4584.

Perego C, Bianchi D (2010) Biomass upgrading through acid—base catalysis. Chem Eng J 161:
314-322.

Gayubo AG, Alonso A, Valle B, et al. (2010) Hydrothermal stability of HZSM-5 catalysts
modified with Ni for the transformation of bioethanol into hydrocarbons. Fuel 89: 3365-3372.
Hamelinck CN, Van Hooijdonk G, Faaij AP (2005). Ethanol from lignocellulosic biomass:
techno-economic performance in short-, middle-and long-term. Biomass Bioenerg 28: 384-410.
Huang HJ, Yuan XZ, Zeng GM, et al. (2013) Thermochemical liquefaction of rice husk for
bio-oil production with sub-and supercritical ethanol as solvent. J Anal Appl Pyrolysis 102:
60-67.

Fan SP, Zakaria S, Chia CH, et al. (2011) Comparative studies of products obtained from
solvolysis liquefaction of oil palm empty fruit bunch fibres using different solvents. Bioresour
Technol 102: 3521-3526.

Aysu T, Turhan M, Kiclik MM (2012) Liquefaction of Typha latifolia by supercritical fluid
extraction. Bioresour Technol 107: 464-470.

Huang H, Yuan X, Zeng G, et al. (2011) Thermochemical liquefaction characteristics of
microalgae in sub-and supercritical ethanol. Fuel Process Technol 92: 147-153.

Li H, Yuan X, Zeng G, et al. (2010) The formation of bio-oil from sludge by deoxy-liquefaction
in supercritical ethanol. Bioresour Technol 101: 2860-2866.

AIMS Environmental Science Volume 4, Issue 3, 417-430.



428

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Leng S, Wang X, He X, et al. (2013) NiFe/y-Al 2 O 3: a universal catalyst for the
hydrodeoxygenation of bio-oil and its model compounds. Catal Commun 41: 34-37.
Vishnevetsky I, Epstein M (2007) Production of hydrogen from solar zinc in steam atmosphere.
Int J Hydrogen Energy 32: 2791-2802.

Brand S, Susanti RF, Kim SK, et al. (2013) Supercritical ethanol as an enhanced medium for
lignocellulosic biomass liquefaction: Influence of physical process parameters. Energy 59:
173-182.

Xu C, Etcheverry T (2008) Hydro-liquefaction of woody biomass in sub-and super-critical
ethanol with iron-based catalysts. Fuel 87: 335-345.

Zhou C, Zhu X, Qian F, et al. (2016) Catalytic hydrothermal liquefaction of rice straw in
water/ethanol mixtures for high yields of monomeric phenols using reductive CuZnAl catalyst.
Fuel Process Technol 154: 1-6.

Cheng S, D’cruz I, Wang M, et al. (2010) Highly efficient liquefaction of woody biomass in
hot-compressed alcohol— water co-solvents. Energ Fuel 24: 4659-4667.

Brand S, Hardi F, Kim J, et al. (2014) Effect of heating rate on biomass liquefaction: differences
between subcritical water and supercritical ethanol. Energy 68: 420-427.

Zhai Y, Chen Z, Chen H, et al. (2015) Co-liquefaction of sewage sludge and oil-tea-cake in
supercritical methanol: yield of bio-oil, immobilization and risk assessment of heavy metals.
Environ Technol 36: 2770-2777.

Cheng S, Wei L, Zhao X, et al. (2016) Conversion of Prairie Cordgrass to Hydrocarbon Biofuel
over Co-Mo/HZSM-5 Using a Two-Stage Reactor System. Energy Technol 4: 706-713.

Maddi B, Viamajala S, Varanasi S (2011) Comparative study of pyrolysis of algal biomass from
natural lake blooms with lignocellulosic biomass. Bioresour Technol 102: 11018-11026.

Zhao X, Wei L, Cheng S, et al. (2015) Catalytic cracking of carinata oil for hydrocarbon biofuel
over fresh and regenerated Zn/Na-ZSM-5. Appl Catal A 507: 44-55.

Cheng S, Wei L, Alsowij MR, et al.(2017) In-situ hydrodeoxygenation upgrading of pine
sawdust bio-oil to hydrocarbon biofuel using Pd/C catalyst. J Energy Inst: In press.

Cheng S, Wei L, Zhao X, et al. (2016) Hydrodeoxygenation of prairie cordgrass bio-oil over Ni
based activated carbon synergistic catalysts combined with different metals. New Biotechnol 33:
440-448.

Zhao X, Wei L, Cheng S, et al. (2016) Hydroprocessing of carinata oil for hydrocarbon biofuel
over Mo-Zn/Al,O3. Appl Catal B 196: 41-49.

Huang Y, Wei L, Zhao X, et al. (2016) Upgrading pine sawdust pyrolysis oil to green biofuels
by HDO over zinc-assisted Pd/C catalyst. Energy Convers Manage 115: 8-16.

Cheng S, Wei L, Zhao X, et al. (2015) Directly catalytic upgrading bio-oil vapor produced by
prairie cordgrass pyrolysis over Ni/HZSM-5 using a two stage reactor. AIMS Energy 3:
227-240.

Wei L, Gao Y, Qu W, et al. (2016) Torrefaction of Raw and Blended Corn Stover, Switchgrass,
and Prairie Grass. Trans ASABE 59: 717-726.

Zhao X, Wei L, Cheng S, et al. (2015) Catalytic cracking of camelina oil for hydrocarbon
biofuel over ZSM-5-Zn catalyst. Fuel Process Technol 139: 117-126.

Zhao X, Wei L, Cheng S, et al. (2015) Optimization of catalytic cracking process for upgrading
camelina oil to hydrocarbon biofuel. Ind Crops Prod 77: 516-526.

AIMS Environmental Science Volume 4, Issue 3, 417-430.



429

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51,

52.

53.

54,

55.

56.

S57.

58.

Zhao X, Wei L, Cheng S, et al. (2016) Development of hydrocarbon biofuel from sunflower
seed and sunflower meat oils over ZSM-5. J Renew Sust Energ 8: 0131009.

Xu 'Y, Zheng X, Yu H, et al. (2014) Hydrothermal liquefaction of Chlorella pyrenoidosa for
bio-oil production over Ce/HZSM-5. Bioresour Technol 156: 1-5.

Duan P, Savage PE (2010) Hydrothermal liquefaction of a microalga with heterogeneous
catalysts. Ind Eng Chem Res 50: 52-61.

Akhtar J, Kuang SK, Amin NS (2010) Liquefaction of empty palm fruit bunch (EPFB) in
alkaline hot compressed water. Renew Energ 35: 1220-1227.

Karagtz S, Bhaskar T, Muto A, et al. (2006) Hydrothermal upgrading of biomass: effect of K 2
CO 3 concentration and biomass/water ratio on products distribution. Bioresour Technol 97:
90-98.

Bhaskar T, Sera A, Muto A, et al. (2008) Hydrothermal upgrading of wood biomass: influence
of the addition of K 2 CO 3 and cellulose/lignin ratio. Fuel 87: 2236-2242.

Liu HM, Xie XA, Feng B, et al. (2011) Effect of catalysts on 5-lump distribution of cornstalk
liquefaction in sub-critical ethanol. BioResour 6: 2592-2604.

Xu CC, Su H, Cang D (2008) Liquefaction of corn distillers dried grains with solubles (DDGS)
in hot-compressed phenol. BioResour 3: 363-382.

Karagtz S, Bhaskar T, Muto A, et al. (2005) Low-temperature catalytic hydrothermal treatment
of wood biomass: analysis of liquid products. Chem Eng J 108: 127-137.

Hammerschmidt A, Boukis N, Hauer E, et al. (2011) Catalytic conversion of waste biomass by
hydrothermal treatment. Fuel 90: 555-562.

Tymchyshyn M, Xu CC (2010) Liquefaction of bio-mass in hot-compressed water for the
production of phenolic compounds. Bioresour Technol 101: 2483-2490.

Wang Y, Wang H, Lin H, et al. (2013) Effects of solvents and catalysts in liquefaction of
pinewood sawdust for the production of bio-oils. Biomass Bioenergy 59: 158-167.

Zhu Z, Toor SS, Rosendahl L, et al. (2014) Analysis of product distribution and characteristics
in hydrothermal liquefaction of barley straw in subcritical and supercritical water. Environ Prog
Sustain Energy 33: 737-743.

Xue Y, Chen H, Zhao W, et al. (2016) A review on the operating conditions of producing
bio - oil from hydrothermal liquefaction of biomass. Int J Energy Res 40: 865-877.

Zhang B, von Keitz M, Valentas K (2008) Thermal effects on hydrothermal biomass
liguefaction. Appl Biochem Biotechnol 147: 143-150.

Kruse ANDREA, Henningsen T, Sinag A, et al. (2003) Biomass gasification in supercritical
water: influence of the dry matter content and the formation of phenols. Ind Eng Chem Res 42:
3711-3717.

Yang Y, Gilbert A, Xu CC (2009) Production of bio-crude from forestry waste by
hydro-liquefaction in sub-/super- critical methanol. AIChE J 55: 807-819.

Zhang J, Chen WT, Zhang P, et al. (2013) Hydrothermal liquefaction of Chlorella pyrenoidosa
in sub-and supercritical ethanol with heterogeneous catalysts. Bioresour Technol 133: 389-397.
Iliopoulou EF, Stefanidis SD, Kalogiannis KG, et al. (2012). Catalytic upgrading of biomass
pyrolysis vapors using transition metal-modified ZSM-5 zeolite. Appl Catal B 127: 281-290.
Adjaye JD, Bakhshi NN (1995) Catalytic conversion of a biomass-derived oil to fuels and
chemicals I: Model compound studies and reaction pathways. Biomass Bioenerg 8: 131-149.

AIMS Environmental Science Volume 4, Issue 3, 417-430.



430

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Zhao C, Lercher JA (2012) Upgrading Pyrolysis Oil over Ni/HZSM-5 by Cascade Reactions.
Angew Chem 124: 6037-6042.

Torri C, Fabbri D, Garcia-Alba L, et al. (2013) Upgrading of oils derived from hydrothermal
treatment of microalgae by catalytic cracking over H-ZSM-5: A comparative Py—-GC—MS study.
J Anal Appl Pyrolysis 101: 28-34.

Huynh TM, Armbruster U, Nguyen LH, et al. (2015) Hydrodeoxygenation of Bio-Oil on
Bimetallic Catalysts: From Model Compound to Real Feed. J Sustainable Bioenergy Syst 5:
151-160.

Zhang X, Wang T, Ma L, et al. (2013) Hydrotreatment of bio-oil over Ni-based catalyst.
Bioresour Technol 127: 306-311.

Thangalazhy-Gopakumar S, Adhikari S, Gupta RB (2012) Catalytic pyrolysis of biomass over
H+ ZSM-5 under hydrogen pressure. Energ Fuel 26: 5300-5306.

Weng Y, Qiu S, Ma L, et al. (2015) Jet-Fuel Range Hydrocarbons from Biomass-Derived
Sorbitol over Ni-HZSM-5/SBA-15 Catalyst. Catalysts 5: 2147-2160.

Li X, Su L, Wang Y, et al. (2012) Catalytic fast pyrolysis of Kraft lignin with HZSM-5 zeolite
for producing aromatic hydrocarbons. Front Environ Sci Eng 6: 295-303.

Cheng S, Wei L, Zhao X (2016) Development of a bifunctional Ni/HZSM-5 catalyst for
converting prairie cordgrass to hydrocarbon biofuel. Energy Sources Part A 38: 2433-2437.
Mortensen PM, Grunwaldt JD, Jensen PA, et al. (2011) A review of catalytic upgrading of
bio-oil to engine fuels. Appl Catal A 407: 1-19.

Ganjkhanlou Y, Groppo E, Bordiga S, et al. (2016) Incorporation of Ni into HZSM-5 zeolites:
Effects of zeolite morphology and incorporation procedure. Micropor Mesopor Mat 229: 76-82.
Lv M, Zhou J, Yang W, et al. (2010) Thermogravimetric analysis of the hydrolysis of zinc
particles. Int J Hydrogen Energy 35: 2617-2621.

Balat M (2008) Mechanisms of thermochemical biomass conversion processes. Part 3: reactions
of liquefaction. Energy Sources Part A 30: 649-659.

Brown TM, Duan P, Savage PE (2010) Hydrothermal liquefaction and gasification of
Nannochloropsis sp. Energ Fuel 24: 3639-3646.

© 2017 Lin Wei et al., licensee AIMS Press. This is an open

AT AIMS Press access article distributed under the terms of the Creative

Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

AIMS Environmental Science Volume 4, Issue 3, 417-430.



