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Abstract

Bio-0il contains many oxygenated compounds, as well as high acid amcualler content which can reduce the
stability of its components and have poor overall physicochemical properties. In this study, the quality of bio-oil
produced from the pyrolysis of oil palm fronds was enhanced through a hydrodeoxygenation (HDO) reaction that was
preceeded by esterification as a pre-treatment. The callallystmd in the HDO reaction is mixed metal oxide (Fe>Os-
Co0) anchored wilmzt()lile mordenite (Fe20:-CuO/Mor). The catalysts were characterized using XRD, SEM-EDX,
and BET methods. The presence of metal oxides on the surface of mordenite increases the activity of the Cillill)’sal
producing liquid products while reducing the formation ()fmke. Upgrading of bio-oil has improved the
physicom'nical properties of bio-oil compared to the one-stage upgrading process. The analysis of product showed
that the C and H content increased from 11.5 wt% to 23.5 wt%, and from 9.76 wt% to 11.2 wt%, respectively. On the
other hand, the O con lmlecrealsed from 78.7 wt% to 65.2 wt% with a degree of deoxygenation of 59.8%. Moreover,
highest heating value (HHV) of the bio-oil increased by 38% from 11.6 Ml/kg to 16.0 Ml/kg.
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1. Introduction
Bio-oil is pr@ed through the pyrolysis process of lignocellulosic biomass. Palm fronds, which contain
acidic compounds (acetic acid), phenolic compounds (phenol, 2-methoxy phenol), aldehydes (2-fle'1-
carboxaldehyde), and ketones (1-hydroxy-2-propanone), are one of the potential biomass resources [1]. However, bio-
oil produced from pyrolysis cannot be dctly used as fuel because its properties and characteristics have not yet met
the required standards [2]. As produced bio-oil is C()IT()nC with high acidity and low heating value due to high water
content [3, 4]. Moreover, it is unstable when stored at room temperature due to its high content of oxygenated
compounds [5]. Bio-oil is prone to undergo changes as a resm()f oxidative and thermal degradation during &fijrage
[6]. Oxidation causes polymerization and thus increases the viscosity of bio-oil. On the other hand, thermal
degradation causes partiﬁcomp()siti()n of the components leading to the loss of V()lalliln()mp()unds in bio-oil.
Upgrading the quality bio-oil is important to make bio-oil more compatible for storage and subsequent
processing into liquid fuel. Esterification of bio-oils produces bio-oils with greater stability and compatibility during
storage, for exalmat, via the formation of compounds like eslers,()mpamied with further purification processes [4,
7]. Whereas, the conversion of bio-oil to fuel for transportation can be carm out via hydrodeoxygenation (HDO)
method. HDO reaction required high operating temperature and pressure. HDO of biomass produces ketones and
aldehydes, such as furfural, a@Tphenone and vanillin, can efficient] hance, the thermodynamic stability of the bio-
oil [8]. Two steps upgrading of bio-oil, i.e. esterification and HDO, has currently become a significant research area
to develop alternative fuels and higmaluc chemicals [9]. In this case, catalyst is required to make the process faster
and effective. So far, HDO process has been developed with numerous strategies, including base catalyzed [10].
Catalysts have played a hugely diverse range of theoretical and practical roles in the development of chemical
industries and supporting economic growth since their first introduction to chemical reactions. Heterogenous catalysts
are the most used and developed type of catalysts. Metal-based heterogeneous catalyst, such as Nickel (Ni), Cuprum
(Cu), Rhodium (Rh), Cobalt (Co), and Iron (Fe) and more has been developed for HDO process [11-14]. Cobalt (Co)
1sa pr()misiallallysl [15], where cobalt oxide catalysts have demonstrated better catalytic performance in a number
ealcli()ns among many other transition metal oxides. However, the cobalt oxide catalysts still require modification
to improve its catalytic activity, product selemily, and stability of the catalysts. Iron metal (Fe) is a transition element
that has a relatively empty d orbitals, wl’@can increase the total number of active sites of the catalysts [16].
Catalysts can be manufactured by anchoring active metal components on the surface of carriers or support
that have large surface areas. Condensation will result in an even distribution of metal across the entire surface of the
catalyst and thus improving its overall properties. In comparison to catalysts with no carriers, catdfiits with carriers
have a better catalytic performance because of the increase in catalysts’ surface areas and number of active sites due
to the dispersion of active metals onto the catalysts” surface. Materials commonly used as supporta: silica [17],
alumina [18, 19], zeolite [20, 21], and zirconia [22]. Due to its excellent deoxygenation capabilities, zeolite catalyst
1s the most frequently used catalyst in the biomass conversion process [23]. Mordenite is renowned for its exceptional
properties, including high thermal stability because of its ability to keep its structure at 800-900 °C. Mordenite is also
ideal as an adsorbent, ion exchange medium, and carrier material because of the presence of voids and channels in its
structure [24]. In this work, we aimed to produced heterogeneous catalyst using Co-Fe metal attached to mordenite
catalyst by the impregnation method and upgrading bio-oil with two steps esterification and HDO based transition
metal oxides and mordenite catalyzed.

Experimental
2.1 Materials

The materials used in this study were synthetic mordenite type zeolite (HSZ-640HOA, Tosoh Corporation
Japan), FeCls-6H;O (E. Merck), Co(NOs)z:6H>O (E. Merck), deionized water, ethanol p.a (E. Merck), H.504 (E.
Merck), and KOH (E. Merck). Palm frond waste was obtained from PT. Perkebunan Nusantara IT (Percut Sei Tuan
district, North Sumatra, Indonesia).




2.2 Preparation of Bio-oil

The conversion of palm frond waste into bio-oil was carried out by semi-fas@mlysis method. First, the
clean palm fronds are mashed into powder, 50 g of powder was put into a reactor. Next, the reactor was set at 500 °C
at a heating rate of 1.3 °C/second. Then Nz gas was flowed at an adjusted flow rate of £5 mL/sec such that the powder
would not be carried away by the gas flow. The pyrolysis process is carried out for 2 h.

2.3 Preparation of Catalyst

Mordenite was thermally activated by calcination at 500 °C under N> atmosphere in a fixed-bed reactor. After
that, metal impregnation was carried out by the reflux melh(xa:allallysl was prepared by firstly dissolving Co precursor
(0.5 g) in 500 mL deionized water in a round bottom flask followed by the addition of 100 g ml()rdenile into the
mixture. The mixture was refluxed while constantly stirred at 600 RPM with a magnetic stirrer for 2 h at 80 °C. The
condensate was oven-dried at 120 °C to obtain Co/Mor catalyst. Secondly, (mll()r catalyst was combined into Fe
metal precursor solution (1 g/L) and the mixture was rcm{ed while constantly stirred for 2 h at 80 °C. The condensate
was dried in an oven at 120 °C, followed by oxidation process at 500 °C for 2 h with oxygen gas flow (£5 mL/sec) to
obtain Fe>03;-CoO/Mor catalyst.
2.4 Catalyst Characterization

e crystallography of the catalyst was characterized using X-ray diffraction rumenl (XRD Shimadzu

6100). Nitrogen adsorption-desorption test was carried out using gas sorption analyzer. Surface area was calculated
using BET method, while pore volume and pore size were analyzed from the desoln()n band using BJH method. The
component mapping of the produced catalyst was analyzed using scanning electron microscope with energy-dispersive
X-Ray spectroscopy model series (SEM-EDS Type Zeiss EPOMH 10Zss).

2.5 Upg@ng Process

Bio-0il upgrading process is carried out in two stages, starting with esterification followed by the HDO
process. Esleriﬁcaml procedure for bio-oil upgrading follows the method rep()rlby Sondakh et al [25], which
started by mixing bio-oil and ethanol in a ratio of 1:1 (w/w) into the reactor at 60 °C for 2 h, followed by the HDO
reaction with the presence of 1 g of mlysl for 50 g of bio-oils. Both catalyst and bio-oil were put into the fixed bed
reactor where N2 gas was let to flow for 10 minutes to remove the oxygen content in the reactor. Next, the reactor was
heated to 450 °C with H» gas flowing at 10 mL/min flow rate for 2 h. The product of the reaction was flowed to a
cooling hose and weighed. The same procedure is repeated using a Fe>O3:-CoO/Mor catalyst. The product with the
highest yield was analyzed for its components by using GC-MS.

2.6 Bio-cm]haracterization

The physicochemical properties of bio-oil before ate after the esterification and HDO reactions were
compared. The physical and chemical tests carried out were elemental analysis (C,HN,O) using CHN Analyzer
LECO-CHN 628, water content analysis using Metrohm 870 KF Titrano Plus, acid number delerminaal using
titration method, higher heating value (HHV) using Sheng and Azvedo formulas, component analysis USing gas
chromatography-mass spectrometry (GC-MS QP2010 Plus Shimadzu brand), density and viscosity determination
using gravimetric method and Ostwald viscometer.

3. Results and Discussions
31 Caum Crystallinity

The crystallinity of the catalyst samples was examined using the X-ray diffraction. The diffractograms
obtained from mordenite and Fe203:-CoO/Mor were compared in Fig. 1. The presence of high-intensity peaks is an
indicative of crystalline materials [26]. In this study, synthetic mordenite catalyst used had 100% crystallinity,
characterized by high diffraction peaks that were indicated by a narrow, sharp, and intense diffraction peaks located
at 6.51; 9.68; 13.52; 19.70; 22.32; 25.69; and 27.62° (JCPDS 06-0239) [27]. Amorphous particles surrounding the
crystal can be removed by calcination followed by the introduction of metals into the cavities in mordenite.
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Table 4. Composition of bio-0il compounds from palm frond

Group Compound Abundance (%)

Furans 2-Furancarboxaldehyde 38.59
2-Furancarboxaldehyde, 5-methyl- 228

40.87

Phenols n()l 4.76
Phenol, 2-methoxy- 0.39

Phenol, 2 6-dimethoxy- 127

642

Ketones 2-Cyclopenten-1-one, 2-hydroxy-3-methyl 0.74
Cyclopentadecanone, 2-hydroxy- 15.65
16.39

Acids Pentadecanoic acid 198
Hexadecanoic acid 12.42
9-Octadecenoic acid 271
17.11

Aldehydes Tridecanedial 043
9-Octadecenal 15.88
16.31

2
Based on Table 4, the bio-oil content is dominated by furans, ketones, aldehydes, and acids. 'I.'hcsc
compounds are the result of the decomposition of lignocellulose, where cellulose produces furan and kel()n@()ups,
hemicelluloses produce many acids and ketones, while lignin pmduc@en()ls [33]. These results prove that cellulose
and hemicellulose are the most abundant components in palm frond. This is in aﬂcmcnt with previous study which
reported that the composition of lignocellulose in biomass generally ranged from 40-50 wt% for cellulose, 20-40 wt%
for hemicellulose, and 10-40 wt% for lignin [34].

3.5 Bio-oil Upgrading

The hycme()xygenati()n (HDO) process was carried out on raw bio-0il and esleriﬁcall bio-oil.
Esterification can reduce the acidity of bio-oil by adding polar solvents such as ethanol It can also reduccm density
and viscosity and increase the calorific value of bio-oil [35]. The HDO process is camried out to reduce oxygenated
compounds in bio-oil to obtain a more stable compounds [36]. In this study, a comparison was made between the
direct HDO method and the two-step method that combines the esterification and HDO steps. Upgrading of bio-oil
with these two methods was carried out using Mor and Fe:O3-CoO/Mor catalysts. The resulting yield distribution is

shown in Fig. 5.
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on the transformation pathway of furfural compounds (Fig. 7). In this study, furan was one of the dominant compounds
found. In the HDO-esterification stage, furfural can go through several reaction pathways as shown in Fig 7. Furfural
undergoes cracking causing the furfural bond to break to form acetaldehyde, then in the presence of ethanol,
acetaldehyde cauderg() aldolization to form ethane,1 ,1-diethoxy [41]. This compound is an acetal group that can
be applied as an organic solvent, starting material for organic synthesis, and fuel additive [42—44]. Furfural can also
undergo hydrogenation to produce furfuryl alcohol, then through the hydrogenolysis pathway it produces methylfuran
which can then undergo demethylation to release CHs to produce furan compounds [45]. Methylfuran is an important
chemical compound that has the potential to be used as a fuel component, and as an intermediate in various
pharmaceutical and perfume industries [46, 47]. In addition, the ketone group is the most dominant product content.
Ketones can be obtained from the rearrangement of furfuryl alcohol in the presence of hydrogen [48] or could also be
obtained from ring opening of methylfuran to form open chain ketones [49]. This is supported by the reduced furans
content during the upgrading process.

As for the bio-oil which only undergoes one stage of the process through direct HDO, only a very small
amount of hydrocarbon compounds are formed in the f()rm' octadecene (0.16%). The presence of octadecene may
result from the dehydration of octadecanoic acid contained in the raw bio-oil, through the deoxygenation pathway to
produce octadecanal, then through the hydrogenation pathway and undergo hydrogenolysis to produce ()claldec
[50]. This can not be separated from the role of the catalyst, where the presence of Fe oxide can catalyze the
hydrogenation of the C=0 bond and inhibit the breaking of the C-C bond during the HDO process. Iron-bearing in the
catalyst played important roles by increasing the interaction between Co oxide and mordenite, which stabilized Fe»Os-
CoO/Mor catalyst during bio-oil HDO reaction. The better the interaction between Co oxide and mordenite, the better
the adsorption of oxygenated compounds from raw bio-oil by Fe:03:-CoO/Mor catalyst. As a result, there was a not
able increase in the conversion reaction rate of the absorbed oxygenated compounds to the desired hydrocarbon

compounds [12].
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Fig. 7. Possible reactions pathways in Furfural Esterification-HDO process.

4. Conclusions
Upgrading bio-oil using Fe:03:-CuO/Mor catalyst with two stages of esterification-HDO has improved the
physicochw;;il properties of bio-oil compared to the one-stage upgrading process. product analysis showed that the
content of C and H increased from 11.5 wt% to 23.5 wt%, and from 9.76 wt% to 11.2 wt%, while O decreased from
78.7 wt% to 65.2 wt% with a degree of deoxygenation of 59.8%. Mm)ver, HHYV increased by 38% from 11.6 MI/kg
to 160 MI/kg. Mixed metal oxide loaded on mordenite increases the number of active sites of the catalyst thereby
11




increasing the catalytic performance in the HDO process with the catalyst. Meanwhile, esterification provides an
active role in reducing acidity by converting carboxylic acids into their ester forms. The upgrading process goes
through various reaction pathways, such as hydrogenation, deoxygenation, demethylation, aldolization, and
rearrangement. The octadecene hydrocarbon product is produced through the HDO process. In addition, various high
value chemicals are obtained during the upgrading process, such as methylfuran and ethane,l1,l-diethoxy.
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