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Abstract: The influence of y-alumina, hydrotalcite, dolomite and Na2COs loaded vy-alumina, hy-
drotalcite, dolomite on fast pyrolysis vapor upgrading of beechwood was investigated using an
analytical pyro probe-gas chromatography/mass spectrometry instrument (Py-GC/MS) at a tem-
perature of 500 °C. Overall, this research showcased that these catalysts can deoxygenate biomass
pyrolysis vapors into a mixture of intermediate compounds which have substantially lower oxygen
content. The intermediate compounds are deemed to be suitable for downstream hydrodeoxygen-
ation processes and it also means that hydrogen consumption will be reduced as a result of moder-
ate in-situ deoxygenation. Among the support catalysts, the application of hydrotalcite yielded the
best results with the formation of moderately deoxygenated compounds such as light phenols,
mono-oxy ketones, light furans and hydrocarbons with a TIC area % of 7.5, 44.8, 9.8 and 9.8, respec-
tively. In addition, acids were considerably reduced. Dolomite was the next most effective catalyst
as y-alumina retained most of the acids and other oxygenates. Na2COs loading on y-alumina had a
noticeable effect on eliminating more or less all the acids, enhancing the mono-oxy-ketones and
producing lighter furans. In contrast, Na2COs loading on dolomite and hydrotalcite did not show a
major impact on the composition except for further enhancing the mono-oxy-ketones (e.g., acetone
and cyclopentenones). Additionally, in the case of hydrotalcite and y-alumina, Na2COs loading sup-
pressed the formation of hydrocarbons. In this research, the composition of pyrolytic vapors as a
result of catalysis is elaborated further under the specific oxygenate groups such as acids, phenolics,
furanics, ketones and acids. Further the catalysts were also characterized by BET, XRD and TGA
analysis.
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1. Introduction

Ever-increasing global demand for energy supply and potential climate change ad-
versities due to unwarranted usage of fossil fuels have resulted in an increased focus on
bio-based fuels, chemicals and heat and power [1,2]. In this context, lignocellulosic bio-
mass which is a 2nd generation biomass feedstock has gained momentum as a prospective
carbon-neutral feed material for the generation of biofuels and bio chemicals via appro-
priate technologies [3]. In general, technologies based on biochemical or thermo-chemical
pathways have been investigated considerably [4]. Fermentation, digestion and enzy-
matic hydrolysis are some established biochemical routes. Ethanol and methanol are
deemed to be the most salient liquid biofuels generated via these routes [5]. Pyrolysis,
gasification, combustion and hydrothermal carbonization are some established thermo-
chemical approaches for transforming biomass to useful fuels and chemicals [4]. Techno-
economic evaluations have suggested that the fuels for mobility and transport are
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economically viable when produced via the fast pyrolysis of biomass in comparison to
biochemical alternatives due to their flexibility in feeds and products [6]. In fast pyrolysis,
feedstock is swiftly heated to a temperature of around 450-550 °C in an atmosphere con-
taining inter gas. During this time, the biomass decomposes to char, combustible gases
and pyrolysis oil vapors. These vapors are quickly quenched to prevent secondary crack-
ing to chars and gases, thereby maximizing the yield of pyrolysis oil up to 75% in mass
[7]. However, the direct application of produced pyrolytic oil is limited due to its acidic,
corrosive, viscous and unstable characteristics. These characteristics stem from a high con-
centration of highly oxygenated compounds [8].

Deoxygenation of pyrolysis vapors can be accomplished via the application of cata-
lysts in the process. In general, catalysts can be introduced into the process as a mixture
with the biomass in the reactor (in situ operation) or can be placed separately in a down-
stream process (ex situ operation). Dehydration, decarboxylation, decarbonylation, crack-
ing, aromatization, cyclization and alkylation are some typical competing reactions which
occur as a result of catalysis. As a result, products of the thermal decomposition are trans-
formed ideally into alkanes and mono-aromatics, which are commonly found in fossil-
based fuels. The great advantage of this process is that it can be done under atmospheric
pressure and no external H is required to produce a higher quality product [9].

Zeolite Y, Beta, Mordenite, ZSM-5 and HZSM-5 are among the most widely evalu-
ated in-situ catalysts for the pyrolysis vapor upgrading. Among these zeolites, HZSM-5
has shown promising results in lowering the oxygenates and increasing the desired aro-
matic hydrocarbons in pyrolysis biooil. This effect has been mainly attributed to shape
selectivity, unique three-dimensional microporous structure and density of acid sites [10-
13]. However, this upgradation comes with loss of oil yield as these catalysts favor deox-
ygenation in the form of H2O and CO, which is less energetic compared to oxygen removal
as COz. The deoxygenation pathway should be selective enough to minimize the carbon
loss and retain the hydrogen. Oxygen removal in the form of CO and H20 is a lost poten-
tial to generate hydrogen, which can be utilized to remove oxygen further. Moreover, the
high rate of coking and thus the tendency to deactivate more rapidly has hindered its
application at an industrial scale [14].

Beside zeolites, metal oxides like ZnO, MgO, CaO, Fex0s, and ZrO/TiO2 have received
considerable attention and there are substantial indications in effectively deoxygenating
the pyrolysis vapors [15-19], respectively. Also, waste stream such as bauxite processing
waste was investigated as a catalyst and the higher heating value of the bio-oil was up-
graded to a value 29.46 MJ/kg [20]. Nevertheless, [21-23] reported that 20% wt.% Na2COs
supported on y-AlOs can yield a bio-oil containing lesser oxygen functionalities, which
result in a heating value very comparable to that of fossil fuels. However, the application
of this catalyst drastically decreased the bio-oil yield to as low as 9 wt.% and resulted in
formation of oxygen-containing carbonyls. This necessitates a downstream hydrodeoxy-
genation process where hydrogen is required. The source of hydrogen is a very critical
factor in determining the sustainability of such a process. The required hydrogen can be
acquired sustainably via externally and/or internal routes. External processes such as
steam reforming of methane, heavy oil oxidation, thermochemical decomposition of wa-
ter, steam gasification of coal and biomass can provide hydrogen [24]. To reduce the re-
quirement of Hz from external sources, the catalysts must be selected on the basis of their
ability to deoxygenate and also produce in situ Hz [25]. One way is to introduce catalysts
which can capture CO: to shift the equilibrium of the water gas shift reaction towards
hydrogen production.

Dolomite is one such catalyst which has yielded a pyrolysis oil with moderately im-
proved properties and also produced a Hz enhanced gas as a result of CO2 capture [26,27].
Similarly, dolomite has also been applied as a tar reforming catalyst [28] in biomass gasi-
fication to enhance H: in syngas. Further, Na2COs-loaded calcium oxide (CaO) showed
increased capacity for CO: sorption in a study by C.H. Lee et al., 2018 [29]. In addition,
hydrotalcite (HTC), which has a structure similar to that of the hydrotalcite mineral
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(MgsAl2(OH)16CO3-4H20), has been investigated as a catalyst in transesterification, C-C
bond forming reactions and as a CO: sorbent [30-32], respectively. HTC is also of interest
as it is known to be resistant to biomass-derived sulphur gases such as H:S [33]. Acid and
base sites on hydrotalcite make them attractive for investigation in biomass catalytic py-
rolysis [34]. Further Na2COs-promoted HTC has shown to enhance the CO: sorption ca-
pacity compared to HTC [35]. Nevertheless, a lack of data exits on hydrotalcite, dolomite
and the effect of Na2COs loading in pyrolysis conditions.

Therefore, this research is aimed at exploring the potential of hydrotalcite and dolo-
mite in deoxygenating biomass pyrolysis vapors. Subsequently, 20 wt.% Na2COs was also
loaded on hydrotalcite and dolomite to explore for its effect on biomass pyrolysis vapors.
Further, y-Al:Os and 20 wt.% Na2COs/y-AlOs were also studied to provide a comparative
analysis. To achieve this, small amounts of biomass mixed with catalyst were pyrolyzed
using a Py-GC/MS instrument. Experiments were carried out at a temperature of 500 °C
and the influence of catalysts on the composition of the pyrolytic products was analyzed
qualitatively.

2. Materials and Methods
2.1. Biomass

A commercially available beechwood sawdust in the tradename Lignocel® HBS 150-
500 was supplied by J. Rettenmaier and Sohne GmbH for the experiments. Particle size
was in the range of 0.15 to 0.5 mm. The samples were dried at 105 °C for 24 h and then
stored in a desiccator. Table 1 shows the condensed ultimate and proximate analysis of
the dried beech wood. Elemental analysis of beechwood was done according to ASTM
D5291-16 by using an Inter-science Flash 2000 elemental analyzer. Mass fraction of oxygen
was calculated by difference. Sulphur content was not measured in the setup used, how-
ever beechwood generally contains around 0.02 wt.% sulphur [36]. The proximate analy-
sis was conducted on a TA instruments Q5500 TGA with initially heating up the biomass
at the rate of 10 °C/min under nitrogen flow and in the temperature range of 30-950 °C.
Furthermore, the nitrogen was switched to air to oxidize of the fixed carbon and then the
residual mass represented the ash content.

Table 1. Ultimate and Proximate Analysis.

Ultimate Analysis (wt.% Dry Basis) Proximate Analysis (wt.% Dry Basis)
C H N 02 Volatiles Fixed Carbon Ash
48.7 6.1 0.1 45.1 84.87 14.53 0.59
a by difference

2.2. Catalyst Preparation

The catalysts were obtained as follows. Dolomite from Omya, Hydrotalcite (HTC)
MG?70 pellets from Sasol and y-Alumina pellets from Alfa Aesar. These catalysts are re-
ferred to as catalyst supports in this work. Sodium carbonate (Na2COs, ACS reagent grade
>99.5%) was procured from Sigma-Aldrich. In general, all the catalysts were characterized
as follows. Thermogravimetric analysis (TGA) was performed on a TA instruments Q5500
TGA to determine the thermal decomposition patterns of catalysts. The analysis was per-
formed under flowing nitrogen atmosphere in the temperature range of 30-950 °C with
the heating rate of 10 °C/min. X-Ray diffractometer (XRD) analysis was done on a Bruker
D2 Phaser XRD device using Cu Kal radiation source. Diffractograms were recorded over
the range 20 = 10-80°, scanning rate of 1°/min and with a step size of 0.05°. Surface char-
acteristics of the catalysts were measured using N2 adsorption-desorption isotherms at 77
K by employing a Micromeritics ASAP 2400 instrument. The surface area was calculated
by the application of the BET equation; the surface of the micropores was obtained by
applying the t-plot method; BJH calculations were applied for obtaining pore size distri-
bution and average pore diameter.
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2.2.1. 20 wt.% Na2COs/y-Alumina Impregnation

Extrudates of y-Alumina were downsized to 300 to 400 microns prior to wet impreg-
nation. In the procedure of impregnation as followed by [22], the required amount of a
precursor was dissolved in water and subsequently added to the support (H2O/support =
5 w/w). The obtained slurry was mixed for 2 h and then dried in an oven at 105 °C. The
catalyst was then calcined at 550 °C for 10 h under ambient air.

2.2.2. 20 wt.% Na2COs/HTC-MG70 Impregnation

The received calcined HTC-MG70 pellets were downsized to 300 to 400 microns prior
to Na2COsimpregnation. The impregnation method as described by [35] was employed in
this research. HTC-MG70 was soaked in an Na:COs solution containing the required
amount of precursor. The obtained slurry was dried at 110 °C under vacuum and subse-
quently grounded and sieved to a size of 300 to 400 um. The sample was calcined in static
air at 550 °C overnight.

2.2.3. 20 wt.% Na2COs/Dolomite Impregnation

The received dolomite particles were sieved to particle sizes 300 to 400 pm and then
calcined in static air for 4 h at 800 °C to obtain CaO and MgO phases. The calcined dolo-
mite was then impregnated in the Na2CO:s solution under the magnetic stirring for 4 h.
The obtained slurry was then vacuum filtered and dried at 105 °C overnight and then
sieved to 300 to 400 um. Finally, the dried catalyst was calcined at 800 °C overnight.

2.3. Fast Pyrolysis Analysis (Py-GC/MS)

Pyro probe is an analytical equipment integrating an analytical pyrolyser with a
GC/MS and it has been applied frequently to explore the influence of different mixtures
of biomass streams and catalysts undergoing catalytic fast pyrolysis. It enables the user to
quantify the pyrolysis products very rapidly. In this investigation, a CDS pyro-probe 5000
series (CDS Analytical, Inc.) coupled to a GC/MS system (6890N Network GC System,
5975B inert XL MSD, Agilent Technologies) equipped with a 60 m VF-1701ms (0.25 pum)
column Agilent J&W Technologies) was used to conduct the experiments. Pyrolysis ex-
periments were carried out by introducing approximately 1 mg of beechwood supported
by minor amounts of quartz wool on both sides into the quartz tube. To explore the effect
of different catalysts, biomass was physically mixed with the catalyst and was then loaded
into the quartz tube and also supported by quartz wool in a similar fashion. The catalyst-
to-biomass ratio (C/B) was varied until there were no significant changes detected in the
composition of vapors for different catalysts studied here.

The biomass or biomass/catalyst sample were pyrolyzed with a heating rate of 20
°C/ms at a temperature of 500 °C. Subsequently, the evolving pyrolysis vapors were rap-
idly mixed with helium carrier gas in the pyrolyser interface and transferred into the
GC/MS for identification. For effective separation of the evolving components as a result
of pyrolysis, the oven temperature was programmed to 40 °C for 5 min and then ramped
up to 280 °C at 3 °C/min and was kept isothermal for 10 min using Helium as carrier gas.
The flowrate of Helium gas was 1.2 mL/min in split mode 100:1. The GC/MS interface
temperature was held isothermally at 300°. The ion source temperature, and the auxiliary
heater temperature of the mass spectrometer were maintained 230 and 270 °C, respec-
tively. The mass spectra were obtained in the range of m/z ratio between 35-400 amu. The
GC/MS was operated in the electron ionisation (EI) mode.

Experiments were repeated twice to make certain the reproducibility. The detection
of evolving compounds as a result of catalytic pyrolysis were accomplished by comparing
the mass spectra of the chromatographic peaks with standard spectra from the National
Institute of Standards and Technology NIST library. GC/MS technique is known to be
limited in extracting a quantitative analysis of the compounds. Therefore, in this analysis
it was assumed that the chromatographic peak area percentage of a volatile compound is
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proportional to its concentration by a 1st order approximation as the amount of bee-
chwood was always the same. The evaluation of the change in relative yield of compounds
obtained from different experiments was done by comparing corresponding chromato-
graphic peak area percentages. Also, the summation of the peak areas of the chromato-
grams were within the same order of magnitude for all the experiments. In order to deci-
pher the influence of the various catalysts on the composition of the products, all the de-
tected compounds were classified based on oxygen functionalities. These included acids,
aldehydes, anhydro-sugars, ketones, furans, phenols, hydrocarbons, alcohols and nitro-
gen-containing compounds. Further, minor unidentifiable peaks were put together as oth-
ers.

3. Results
3.1. Catalyst Characterization

Both support catalysts and Na2COs-loaded catalysts were characterized by TGA, BET
and XRD analysis. The following sections aim to discuss the results of these analyses.

3.1.1. Thermogravimetry Analysis

The thermal decomposition profiles of the catalysts (without any biomass) were ob-
tained on a TGA analyzer as depicted in Figure la—c. The foremost mass loss for the vy-
alumina occurred at ~105 °C, which can be credited to the absorbed moisture. Further, the
mass continued to decrease with increasing temperature, which can be linked to dehydra-
tion reactions accompanied by phase changes [37]. The Na:COs-impregnated y-Al203
showed three additional decomposition peaks in addition to moisture removal at ~265 °C,
and ~705 °C and ~849 °C. These peaks are ascribed to the decomposition of various sodium
compounds on the y-alumina surface [38].
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Figure 1. The Thermogravimetric Analysis (a) y-Alumina and 20%Na2COs/y-Alumina. (b) HTC-
MG70 20%Na2COs/HTC-MG70 (c) Dolomite and 20%Na2COs/Dolomite.
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HTC-MG?70 was calcined by the supplier at 550 °C. Generally, when the hydrotalcites
are heat treated above 350 °C, their structure collapses due to dehydration and decompo-
sition of anions in the interlayer spaces. This results in the formation of Mg-Al mixed ox-
ides. In Figure 1b it can see that the mass loss is around 12% up to a temperature of 900
°C after the calcination step by the supplier. This loss can be attributed to physically ob-
served moisture and dihydroxylation of the remaining hydroxyl groups and decarbona-
tion of carbonate groups. In contrast, the thermal decomposition of the Na2COs/HTC-
MG?70 occurred via four successive weight loss steps. The initial mass loss was observed
in the range of 50-250 °C and it is attributed to the removal of water absorbed on the
surface of the catalyst and the interlayers. This amounted to 8% of the original weight.
The next mass loss step was in the temperature range from 250 to 425 °C. This loss corre-
sponds to the dihydroxylation of the OH groups, which are linked with the Al** and Mg2
ions in the brucite layers. Subsequently, at temperatures higher than 425 °C, carbonate
anions linked to the cations in the inter-laminar spaces were eliminated. The final step
was deemed to happen when the strongly combined carbonate in the LDH decomposed.
The weight loss at 850 °C possibly corresponds to the melting of Na2COs but is not certain
as the gas products were not analyzed.

The thermal decomposition profile of the as received dolomite is shown in Figure 1c
and it revealed that the decomposition mainly took place in the temperature range of 425-
800 °C. This is ascribed to direct transformation of calcium magnesium carbonate into CaO
and MgO. In contrast, there were three weight losses when Na:COs: was loaded on cal-
cined dolomite. The first weight loss corresponds to the evaporation of adsorbed water
and decomposition of Mg(OH): to MgO (30 to 350 °C). The second weight loss is due to
dehydroxylation of Ca(OH): between temperatures 350 and 410 °C. Finally, the decompo-
sition of weakly bonded carbonates on Ca or Mg species occurred up to a temperature of
700 °C.

3.1.2. Surface Morphology

The change in the crystal structure due to Na2COs loading was analyzed with the
XRD spectra, as seen in Figure 2a—c. The crystalline properties of commercial y-alumina
and 20% Na2COs/y-alumina are shown by the XRD pattern in Figure 2a. XRD analysis of
v-alumina revealed three wide peaks at 20 of 38°, 46° and 66°, which correspond to the
(311), (400) and (440) planes are observed. All the diffraction peaks seem to have acquired
a high magnitude of broadness. This can be generally explained by the fine nature of nano-
sized crystalline domains along with a few imperfections. Sharp crystalline peaks corre-
sponding sodium compounds were not observed. As a result, it can be ascertained from
the analysis that sodium carbonate was dispersed uniformly as small clusters on y-alu-
mina.

The XRD pattern of HTC-MG70 showed prevailing peaks at 20 = 35.3°, 43.3°, and 63°.
These peaks are characteristic of halite structure MgO with low crystallinity. It is the MgO
segregated from an amorphous Mg-Al oxide matrix. When HTC-MG70 was loaded with
Na2COs, the crystal structure of Na2COs was revealed in the XRD pattern, as seen in Figure
2b. Interestingly, even after Na2CO:s loading, the characteristic peaks of HTC-MG70 were
detected without any distinguishable shift. This implied that Na2COs was added without
drastically changing the HTC-MG70 double-layered structure.

The XRD pattern of the calcined dolomite showed the diffraction peaks ascribed to
the revenant of calcium oxide (CaO) at 26 = 37.6° and magnesium oxide (MgO) at 26 =
43.2°. Peaks corresponding to calcium magnesium carbonate CaMg(CQOs)2 were not re-
vealed by the XRD analysis and thus confirmed the calcination process. Even after Na2COs
impregnation on calcined dolomite, the peaks of CaO and MgO were still dominant with-
out any distinguishable shift. Therefore, it could be possible for Na2COs to be dispersed
on the surface of dolomite. Further, it can also be seen as crystallinity loss of Na2CO:s as a
result of exceeding the Tamman temperature during calcination.
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Figure 2. XRD patterns of (a) y-Alumina and 20%Na2COs/y-Alumina (b) HTC-MG70

20%Na2CO3/HTC-MG70 (c) Dolomite and 20%Na2COs/Dolomite.

Table 2 lists the textural properties of samples which include the surface area, aver-
age pore size, and the pore volumes. The surface area and pore volume of all samples
decreased after Na2COs impregnation. This can be explained by the blockage of small

pores by Na2COs.
Table 2. Specific Surface Areas.
sL. Surface Area .Pore Micro Pore Total Pore
No Sample Swer (m2/e) Diameter = Volume Volume
. 8 Dy (nm) (cm?/g) Vp (cm?/g)
1 Dolomite 27 40 0.001 0.1
2 HTC-MG70 168 5 - 0.3
3 v-Alumina 262 10 0.006 0.8
4 20%Na2COs/Dolomite 7.8 75 - -
20%Na2COs/HTC-
5 MG70 152 7 - 0.2
6 20%Na2COs/y- 242 8 0.008 0.7

Alumina
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3.2. Influence of Catalysts on the Transformation of Pyrolytic Products

The influence of y-Alumina, hydrotalcite (HTC)-MG70 and dolomite were investi-
gated on the in-situ reforming of beechwood pyrolysis vapors. The influence of Na2COs
loading on these support catalysts was also investigated. The distribution of products
grouped according to their dominant functionalities is presented in Figure 3a,b. The anal-
ysis of the non-catalytic TIC revealed that the phenols were the most abundant group
(41.76%) followed by ketones (22.52%), furans (7.17%) and alcohols (6.82%). Specifically,
a mixture of multifunctional oxygenates such as 2-Propanone-1-hydroxy, Furfural, 3-
ethyl-2-hydroxy-Phenol and 2-methoxy-4-(1-propenyl)-, (E)-, etc., were produced.

The application of y-Alumina, HTC-MG70 and dolomite decreased the yields of phe-
nols and acids, while it increased the yields of hydrocarbon, ketones, aldehydes and fu-
rans. Other product groups such as alcohols, anhydro-sugars and N-compounds showed
very minor fluctuations in their relative yields. In general, the trends were similar for all
the support catalysts, as shown in Figure 3a. Further, Na2CO:s loading altered the relative
yields of products. Compared to y-Alumina, 20%Na2COs/y-Alumina yielded less aromat-
ics and furans, while it further increased the ketones (e.g., acetone and cyclopentenones).
It also more or less eliminated the acids. Compared to HTC-MG70, 20%Na2COs/HTC-
MG?70 reduced the relative yields of hydrocarbons, while it increased the formation of
ketones. Compared to dolomite, 20%Na2COs/dolomite enhanced the ketones and furans.
Relative yields of hydrocarbons remained more or less the same in Figure 3b. In order to
elaborate further on the results, specific groups of pyrolytic products such as ketones, ac-
ids, furans, hydrocarbons and phenols are discussed in the following sections. In the start
of each section, the effect of the support catalyst on each specific group is discussed and
further the effect of Na2CO:s loading is discussed.
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10 I = I !
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T - s = -
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Figure 3. Overall Product Distribution— (a) support catalysts (b) Na2COs-loaded support catalysts.
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3.2.1. Acids and Aldehydes

It is well known that acids and aldehydes negatively influence the characteristics of
bio-oils [39]. For example, the acids in pyrolysis oil can lead to problems during utilization
in combustion engines owing to corrosion. In this investigation, acetic acid and 4-hy-
droxy-3-methoxy-benzoic acid were the primary acidic products detected. Acetic acid is
predominantly derived from the rupture of acetyl groups bonded to the backbone of hem-
icellulose polysaccharides during fast pyrolysis [40]. The use of dolomite and hydrotalcite
considerably minimized the relative acid yields as shown in Figure 4a. This could be due
to the catalytic cracking ability and/or basicity of these catalysts. Research has shown that
acids can be converted via Ketonization to form ketones on active basic sites of calcium-
based catalysts [16]. In contrast, y-alumina barely affected the yield of acids. Nevertheless,
when Na2COs was loaded on y-alumina, it more or less eliminated the acids as shown in
Figure 4b. In contrast, Na2COs loaded on hydrotalcite and dolomite did not show any
significant changes. However, the literature has shown alkali metal carbonates loaded on
hydrotalcites (HT's) to be effective in neutralizing acidic vegetable oils to produce bio-
diesel [41].

6 6
Non-Catalytic Non-Catalytic
5 Y-Alumina 5 20%Na2CO3/y-Alumina
I HTC-MG70 I 20%Na2CO3/HTC-MG70
| Dolomite 20%Na2CO3/Dolomite

4 4 +
=R B
< [
& &
< | < L
g ? g °
= =

2 r 2t

: 1
1 r I 1 r .
I
0 0
Total Acids Total Acids

(@ (b)
Figure 4. Effect of (a) support catalysts and (b) Na2COs-loaded catalyst on acids.

The relative yield of the linear aldehydes such as acetaldehyde and butanedial were
enhanced as a result of y-alumina, hydrotalcite and dolomite catalysis. This indicated that
the pyrolytic ring scission and reforming reaction pathway were dominant during the
primary decomposition of cellulose and xylan. These reactions are known to be initiated
inside the polysaccharidic monomers, which result in such small volatile compounds
[42,43]. Besides that, the yields of benzene-containing aldehyde compounds such as ben-
zaldehyde and 4-Hydroxy-2-methoxybenaldehyde remained more or less unaffected by
catalysis. This suggests that decarbonylation on the aromatic ring was not promoted. The
loading of Na2COs also resulted in a similar composition.

3.2.2. Alcohols and Anhydro-Sugars

Both linear and benzene-containing OH functionalities were detected during bee-
chwood pyrolysis. The yield of 5-tert-Butylpyrogallol was most abundant and with the
application of dolomite, its yield was reduced by almost 50%. This suggests that dolomite
was effective in cracking high oxygen-containing benzene-diols. Furthermore, the Na2COs
loading on dolomite further enhanced the cracking, resulting in complete elimination. In
contrast, y-alumina and hydrotalcite eliminated the 5-tert-Butylpyrogallol without the
need for Na:CO:s loading. Further, the yield of anhydro sugars such as levoglucosan was
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also completely eliminated both with the application of support catalysts and Na2COs
loading. This substantiates that these catalysts promoted pyrolytic ring scission and the
reforming reaction pathway and not the depolymerization reaction through trans glyco-
sylation.

3.2.3. Ketones

For the purpose of further analysis, the ketonic compounds were divided into two
subgroups: 1) linear ketones and their derivatives containing oxygen functional groups
such as hydroxy, 2) cyclic ketones and their derivatives containing methyl-substitution
and/or hydroxy-methyl substitution. Figure 5a,b showcases the overall distribution of lin-
ear and cyclic ketones for support catalysts and Na:COs-loaded support catalysts, respec-
tively.

The data revealed that the relative yield of ketones drastically increased from 22.28%
up to 31.43%, 49.71% and 55% in the presence y-alumina, hydrotalcite and dolomite, re-
spectively, as shown in Figure 5a. Hydrotalcite and dolomite catalysis enhanced the for-
mation of linear ketones. The major linear ketones identified were acetone, 2,3-butanedi-
one, and 3-hexanone. The increase in the formation of C5 and C6 ketones indicate aldol
condensation reactions being promoted as a result of the basic sites hydrotalcite and do-
lomite. For example, investigation by Mante et al., 2015 [44] attributed the increase in C5
and C6 ketones to strong basic sites of CaO. In contrast, y-alumina did not enhance the
formation of linear ketones. Nevertheless, Na2COs loading further increased the formation
of linear ketones to 54.57%, 65.34% and 60.75% for y-alumina, hydrotalcite and dolomite,
respectively, as shown in in Figure 5b. This is a direct result of increased basicity of the
catalyst.

70 | = Non-Catalytic 70 Non-Catalytic
y-Alumina 20%Na2CO3/y-Alumina &
60 HTC-MG70 60 20%Na2CO3/HTC-MG70 | [
Dolomite 20%Na2CO3/Dolomi
50 ; 50 obNa /Dolomite
R B
g 40 £ 40
< < -
Q = (@] _ =
&= 30 i = = 30 -
I - =
20 = I 20 1!
10 : ) 10 b .
0 0
Linear Cyclic Total Linear Cyclic Total
Ketones Ketones Ketones Ketones

(@)

(b)

Figure 5. Distribution of ketones (a) support catalysts (b) Na2COs-loaded support catalysts.

Further, the relative yields of cyclic ketones such cyclopentanones were enhanced by
the addition of y-alumina, hydrotalcite and dolomite. In general, cyclopentanones are
products of cellulose and hemicellulose dehydration [45] and therefore it can be stated
that these catalysts promoted dehydration reactions during pyrolysis. For example, such
products were also enhanced when calcium-based catalysts were employed for catalytic
pyrolysis of pine wood and polar wood, respectively [18,26]. On the contrary, Na2COs
loading further enhanced the formation of linear ketones to 54.57%, 65.34% and 60.75%
for y-alumina, hydrotalcite and dolomite, respectively, as shown in in Figure 5b. Further
analysis revealed that hydroxy-substituted 2-cyclopentenones were reduced, while the
abundance of methyl-2-cyclopentenones increased for both support and Na:2COs-loaded
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catalysts, as seen in Figure 6a,b. This indicates that these catalysts promoted the dihydrox-
ylation/side chain cracking reaction in linear and cyclic ketones and thus yielded mono-
oxy functional ketones with reduced oxygen contents.
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Figure 6. (a) Effect of support catalysts. (b) Effect of Na2COs loading on major cyclic-Ketones.

3.2.4. Hydrocarbons

Hydrocarbons enhance the higher heating value of the bio-oil and thus it is beneficial
to promote the formation of hydrocarbons. Figure 7a,b shows the effect of support catalyst
and Na2COs loading on the hydrocarbons. For the purpose of analysis, the hydrocarbons
were grouped into (1) Aliphatic, (2) Mono-Aromatics and (3) Poly Aromatics. The fast
pyrolysis of beechwood generated a very limited amounts of hydrocarbons. The applica-
tion of y-alumina, hydrotalcite and dolomite increased the hydrocarbon yield from 0.65%
to 5.96%, 9.48% and 3.09%, respectively.

v-alumina promoted the formation of hydrocarbons, but the extent of aromatic pro-
duction was limited. Hydrotalcite was the most active in the forming of both aliphatic and
aromatic compounds. Among the aromatics, it showed selectivity towards Benzene and
Indene derivatives. This can probably be explained by the synergy between Bronsted and
Lewis acid sites. Dolomite was least effective in promoting hydrocarbon formation. How-
ever, methylated aliphatic compounds such as 2,4-Hexadiene, 2,3-dimethyl-, 4-Methyl-
1,3-heptadiene, 2,4-Hexadiene, 2,3-dimethyl-were formed probably as a result of cracking
of high-molecular-weight compounds. In the case of y-alumina and hydrotalcite, the
acidic nature resulted in enhancement of hydrocarbon production compared to dolomite.
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On the other hand, the Na2COs loading on y-alumina and hydrotalcite suppressed
the formation of hydrocarbons to a great extent. The relative yields decreased to 2.80%
and 3.75% from 5.96% and 9.48% for Na2COs-loaded y-alumina and hydrotalcite, respec-
tively. This result can be explained of decreased acidity of these catalysts. Hydrocarbon
formation via Na2COs-loaded dolomite remained more or less the same as compared to

dolomite.
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Figure 7. (a) Effect of support catalysts. (b) Effect of Na2COs loading on hydrocarbons.

3.2.5. Furanics

During pyrolysis, furanic compounds are formed due to depolymerization reactions
through the glycosidic bond rupture of holocellulose [46]. The thermal pyrolysis is mainly
composed of furfural. The application of y-alumina, hydrotalcite and dolomite enhanced
the furanic yield from 7.17% up to 28.74%, 15.20% and 11.45%, respectively. In the case of
hydrotalcite and dolomite, the yields of furan and furan 2-methyl increased, while the
yield of furfural decreased, as shown in Figure 8a. This indicates that these catalysts pro-
moted the rupture of C-O and C-C bonds in furfural. Moreover, hydrotalcite and dolomite
showed selectivity towards the formation of furan methanol, which suggests the promo-
tion of a hydrogenation reaction. y-alumina showed higher selectivity to form furanic
compounds in comparison to hydrotalcite and dolomite. However, y-alumina enhanced
the formation of both furan and furfural. This can be explained by the presence of acidic
sites on y-alumina which are known to catalyze dehydration of holocellulose into fur-
furals. In addition, y-alumina also showed tendencies to form Benzo-Furans. Overall, this
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demonstrated that dolomite and hydrotalcite were more effective in transforming high
oxygen-containing furfural towards lighter furanic compounds such as furans.

On the other hand, Na:CO:s loading on y-alumina reduced the yields of furanic com-
pounds from 28.74% to 23.53%. Yields of furan, furan 2-methyl, furfural and benzo-furans
reduced due to reduced acidity of y-alumina. However, the overall composition remained
similar. Further, Na2COs loading on hydrotalcite only slightly reduced the yields of fu-
ranic compounds from 15.20% to 13.17% and the composition of furanic compounds re-
mained more or less the same. In contrast, Na2COs loading on dolomite enhanced the rup-
ture of C-O and C-C bonds in furfural leading to enhanced yields of furans and furan-2-
methyl. The relative yield increased from 11.45% to 19.17%. All the relative yields were
still above the non-catalytic experiments.
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Figure 8. Effect of (a) support catalysts (b) Na2COs-loaded catalysts on Furanics.

3.2.6. Phenolics

Monomeric and oligomeric phenolic compounds are mainly a result of pyrolytic de-
composition of lignin in the biomass [47]. They are undesirable in pyrolysis oil due to their
influence on instability and viscosity and thus removal of these compounds is a general
aim of any upgrading process. Figure 9a,b depicts the effect of the support catalyst and
Na2COs support catalysts on the phenolic compounds, respectively. The application of y-
alumina, hydrotalcite and dolomite reduced the phenolic yield from 43.15% to 5.48%,
10.68% and 13.94%, respectively. Therefore, it is very likely that application of catalysts
converted phenolics to other products or even promoted polymerization reactions to form
cokes/chars. For a much deeper insight and further analysis, phenolic compounds were
classified as lighter phenols (e.g., Phenol and Cresols) and heavier phenols (e.g., Guaiacol,
Creosol, Syringol and Eugenol) based on the functional groups present. The lighter phe-
nols are free of a methoxyl group on the aromatic ring and additionally they are free of
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unsaturated C-C bonds on the side chain. On the contrary, heavier phenols have unsatu-
rated C-C bonds on the side chain and/or methoxyl group.

Non-catalytic experiments mainly produced heavy phenols such as Syringol and Eu-
genol. Analysis of the catalytic experimental data revealed that the lighter phenols were
enhanced, while the heavy phenols were reduced to a great extent for support catalysts.
More specifically, hydrotalcite yielded the lightest phenols. Significant reduction in the
phenol yield by the application of y-alumina indicated both deoxygenation of heavy phe-
nols in addition to coking reactions. This transformation of heavy phenols to light phenols
is beneficial, as heavy phenols have higher oxygen content. Na2COs loading was effective
in reducing the heavy phenols even further compared to unloaded catalysts. However,
the formation of light phenols was suppressed, leading to further loss of yield. This could
be a direct influence of reduction in active surface area due to Na2CO:s loading leading to
charring.
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Figure 9. (a) Effect of support catalysts and (b) Na2COs-loaded catalysts on Phenolics.

4. Conclusions

v-Alumina, HTC-MG70 and dolomite were compared with Na2COs-loaded y-alu-
mina, HTC-MG70 and dolomite on its influence on beechwood pyrolysis vapors. In gen-
eral, the application of these catalysts drastically reduced the multifunctional oxygenates
generated during pyrolytic decomposition and enhanced the formation of moderately de-
oxygenated compounds.

HTC-MG70 was found to be the most effective in moderately deoxygenating the py-
rolysis vapors amongst the support catalysts investigated in this research. For example,
high oxygen-containing furfural was transformed to furan and furan-2-methyl. Further,
the phenolic yield was drastically reduced and the analysis showed that the formation of
light phenols was enhanced. Acids were considerably reduced, anhydro-sugars were
completely removed and aromatic hydrocarbons were generated. Moreover, most nota-
bly, the application of HTC-MG70 sharply increased the content of linear ketones and
methylated cyclopentanones. On the other hand, dolomite showed similar composition
with an exception of not promoting formation of hydrocarbons. y-alumina performed the
least well as it retained the acids and other high oxygen-containing oxygenates. The infer-
ence that the HTC-MG70 was the most effective support catalyst was on the basis of higher
relative TIC area % of hydrocarbons produced and reduction in the majority of the oxy-
gen-containing compounds. This effectiveness of HTC can be attributed to its high specific
surface area and the synergy between acid and basic sites. In contrast, the acidic nature of
v-alumina promoted the formation of high oxygen-containing furfural and it also did not
show an impact on reducing the acids.

In the context of Na2CO:s loading, Na2COs on y-alumina had a noticeable effect on
eliminating more or less all the acids, enhancing the mono-oxy-ketones and producing
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lighter furans. In contrast, Na2COs loading on dolomite and hydrotalcite did not showcase
a major influence on the composition except for further enhancing the mono-oxy-ketones
(e.g., acetone and cyclopentenones) and suppressing the formation of hydrocarbons. The
clear impact of the Na2COs/y-alumina on deoxygenation is a result of uniform dispersion
of the Na:COs particles on the y-alumina, as evident from XRD analysis. The TGA analysis
also revealed that the Na2COs was modified in the presence of y-alumina creating other
active sites. In contrast, the Na2COsincorporation onto the surface HTC seems to have not
been modified, as it was detected in the XRD analysis. Further, the Na2COs on dolomite
drastically reduced the specific surface area and this is probably the cause for no major
impact of the Na2COs loading.

In summary, this research showed that the support catalysts such as hydrotalcite and
dolomite can transform the complex mixture of oxygenates generated during pyrolysis
into a mixture of intermediate compounds with lower oxygen content. Na2COs loading
was necessary on y-Al0Os to produce a moderately deoxygenated composition. Interest-
ingly, these intermediate compounds can undergo C-C coupling, hydrodeoxygenation,
hydrogenation reactions for conversion into a wide range of hydrocarbon liquid fuels as
mentioned in the literature. This also means that hydrogen (Hz) consumption in the down-
stream hydrodeoxygenation (HDO) process can be possibly reduced as a result of moder-
ate in-situ deoxygenation. The quantification of stability/reusability of these catalysts can
be a future topic of investigation.
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