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CHAPTER |

INTRODUCTION

1.1 Statement of problem

Biomass, as sustainable resource, can be transformed into high value-
added chemicals and alternative fuels. As potential biofuel compound, 2,5-
dimethylfuran (DMF) has promising physical and chemical properties due to high
energy density (30 kJ-cm™) and high octane number (RON=119). DMF can be
used as blend fuel, produced via selective hydrogenation of 5-
hydroxymethylfurfural (HMF) obtained from lignocellulose dehydration. During
HMF hydrogenation, several side reactions have been reported to take place
including ring opening, ring hydrogenation, total hydrogenation and partial
hydrogenation. Thus, catalyst development for the highly selective
hydrogenation of HMF toward DMF still remains a significant challenge. Various
noble metals such as Pd, Ru, Pt, and Rh have been reported in the
hydrogenation of HMF toward DMF. Ru and Pd provided the best reported
performance. However, Pd-based catalysts provided moderate DMF selectivity
because Pd is highly active for the hydrogenation of C=0 groups and C=C bonds
of furan ring as well as hydrogenolysis of C-O bonds. Moreover, the high costs of
Pd had limited their scale-up application. The development of low-cost catalysts
with high selectivity to DMF in this reaction is still in progress. To minimize costs,
the combination between palladium metal and a second (transition) metal is
highly desirable as it can reduce palladium loading and maximize
activity/selectivity to DMF. Pd-Cu catalysts have been extensively employed in
reactions including CO, hydrogenation and hydrogenation of furfural to furfuryl

alcohol. In general, Cu-based catalysts exhibited high selectivity for the



hydrogenation of carbonyl group, leaving unreduced C=C bonds from the furan
ring due to strong repulsion between the surface of Cu (111) and the furan ring.
The addition of Cu into Pd-based catalyst could probably enhance DMF
selectivity. Additionally, the use of alcohols as hydrogen donors has been
extensively reported due to their availability and the possibility to safely and
effectively conduct transfer hydrogenation reactions, with 2-propanol being most
often selected alcohol for such chemistries. In addition, the hydrogenation of
HMF to DMF of previous literature works was only studied under batch
conditions. Continuous flow has many advantages as compared to batch systems
including faster and easy scale-up and a more controllable setup to maximize
and fine-tune activity ad selectivity to target products.

In this work, monometallic Pd and Cu and Pd-Cu bimetallic catalysts
were prepared on reduced graphene oxide (RGO), fully characterized and
subsequently investigated in the selective hydrogenation of HMF to DMF using 2-
propanol as hydrogen donor under continuous flow conditions. The influence of
reaction temperature, pressure, and feed flow rate were evaluated to maximize

DMF vyields.

1.2 Scope of research

The research procedures were carried out as follows:

1. Review literature

2. Prepare Pd, Cu and Pd-Cu supported on reduced graphene oxide (RGO)
catalysts by co-impregnation method

3. Study the effect of different catalysts on the selective hydrogenation of HMF
toward DMF under continuous-flow reactor and analyze the liquid product
by gas chromatography-thermal conductivity detector and flame ionization

detector (GC-TCD&FID) and gas chromatography-mass spectrometry (GC-MS)



4. Study the effects of reaction condition on conversion of 5-
hydroxymethylfurfural (HMF) and product distribution in hydrogenation of
HMF. The investigated parameters are:

- Temperature (140, 160, 180, and 200 °C)
- Feed flow rate (0.2, 0.3 and 0.5 mL-min™)
- Pressure (0, 15 and 30 bar)
5. Study catalytic stability under optimum conditions
6. Characterize fresh and spent catalysts using techniques as follows:
- Nitrogen adsorption measurement
- Powder X-ray diffraction (XRD)
- Temperature-programmed reduction of H, (H,-TPR)
- Scanning electron microscopy (SEM)
- Transmission electron microscopy (TEM)
- Energy dispersive X-ray spectroscopy (EDX)
- X-ray photoelectron spectroscopy (XPS)
7. Summarize the results

8. Write manuscripts and dissertation

1.3 Objective
To study effect of reduced graphene oxide-supported monometallic and
bimetallic catalysts on selective hydrogenation of 5-hydroxymethylfurfural toward

2,5-dimethylfuran under continuous flow regime.



CHAPTER Il

THEORY AND LITERATURE REVIEW

2.1 Energy demand

Fossil fuel sources are natural gas, petroleum, coal, oil and bitumen which
were formed in early geological periods. They are not renewable energy sources and
are distributed in specific geographical locations. Fossil fuel is the primary energy
source used, which is mostly consumed in an industry and transportation sectors as
displays in Figure 1 . However, the abundant fossil resources are reducing steadily in
addition to instability in price, attention has been shifted to alternative energy
sources to supplement the increasing demand. The world will require 52% more
energy in 2040 than in 2018 (Figure 1). As can be seen in Figure 1, the current
dominant energy sources are oil, coal and natural gases. However, compared with
nuclear and renewables, which have both increased by 3-4%, fossil fuel resources
will be further depleted by 2040 . It is estimated that the use of petroleum is 10°
faster than the speed with which it can be replaced by nature. As a result, the
development of renewable energy resources becomes a major requirement so as to
supply the future global energy demand.

Primary energy demand
Billion toe

End-use sector Region Fuel
20

|
. Transport
. Industry* . Africa . Hydro
Non-combusted Other Asia m Nuclear I
Buildings India [ | . Coal .
Il china o . Gas
W ceco | M oi -
I I i

15
10
—
5 I
0

H
1970 1980 1990 2000 2010 2020 2030 2040 1970 1980 1990 2000 2010 2020 2030 2040 1970 1980 1990 2000 2010 2020 2030 2040

Other . Renewables

*Industry excludes non-combusted use of fuels

Fieure 1 Primary energy demand 2.



Moreover, the concerning of global warming and environmental pollution,
renewable and alternative energy sources need to reduce greenhouse gas emissions
from the consumption of fossil fuels. Currently, fossil fuel is vital as materials for
energy supply, however; it is non-renewable source that results in climate change.
Generally, the combustion of fossil fuel causes the carbon dioxide emission, resulting
in global warming >. Figure 2 exhibits the global emission of carbon dioxide that is
extremely increasing. The emission of carbon dioxide from coal presents the highest
as compared to liquids and natural gas. Owing to the increasing of energy demand,
the concerning of global warming and unstable prices of oil, the use of biomass as
energy supply is growing significantly. Thus, biofuel is considered as a good option for
fuel consumption because it is renewable, biodegradable and generate lower

greenhouse gases amounts

50 History 2012 Projections 2040
GLOBAL CLIMATE SUICIDE SCENARIO
COAL, the most carbon-intensive fossil fuel, became the leading source of world 34%
energy-related CO2 emissions in 2006, and it remains the leading source through 2040 .
Increase
Billion in CO2
metric emissions
tons 2012-2040
co2 30
20
Natural gas
10
Liquid fuels
0
1990 2000 2012 2020 2030 2040

Peter Carter OnlyZeroCarbon.org

Fisure 2 Global emission of carbon dioxide by fuel type *.

2.2 2,5-Dimethylfuran as a new generation biofuel
The careless use and rapid depletion of fossil fuels makes renewable energy
sources the only currently viable option for the near future. The vast infrastructure

based on the use of liquid fossil fuels for transportation favours their direct



replacement with biofuels produced from biomass feedstock > °. Many different
techniques exist to convert biomass into biofuels or its precursors, including,
gasification, hydrolysis, transesterification, and pyrolysis °. Additionally, the
production of biofuels together with bioproducts can provide new employment and
income opportunities in rural areas. A shift to alternative biofuels and green
processes to make these biofuels from biomass feedstock is one of the main tasks.
One of the promising benefits of biomass is the cycle of capture and release of
carbon dioxide, resulting in a carbon-neutral system, if the energy required for the

process to be created is discounted (Figure 3).

Fisure 3 Biomass to biofuel cycle .

As alternative biofuel, 2,5-dimethylfuran (DMF) shows several of attractive
properties (Table 1), such as mass density, the lower heating value, boiling point,
octane rating and water solubility. The high mass density of DMF (0.88 kg-L™" at 25 °C)
makes the lower hating value of DMF (29.3 MJ-.L™) close to gasoline (31.9 MJ-L™)

leading to improve the vehicle mileage ®°. DMF is higher boiling point as compared



to ethanol, resulting it is less volatile, which is good for transportation fuel. Moreover,
high octane number (RON= 119) '° of DMF is able to resist knocking, making it
reduces emission of greenhouse gas and fuel consumption leading to improve fuel
economy. Additionally, DMF is insoluble in water thus it will not adsorb moisture
from atmosphere. Consequently, DMF is a promising alternative biofuel, with some

aspects better than that gasoline and ethanol.

Table 1 Comparison of fuel quality of gasoline, ethanol and 2,5-dimethylfuran **.

Name 2,5-Dimethylfuran ~ Gasoline Ethanol
Molecular Formula CgHsO Co-Ciq CHO
Molecular Mass 96.13 100-105 46.07

(g-mol™)

Water Solubility (25°C)  Insoluble Insoluble Highly Soluble
Relative Vapour Density  3.31 3-4 1.59
Structural formula (CH3),CqH50 Variable CH50OCH,
Type of Substance Heterocyclic Aliphatic Acyclic

hydrocarbon mixture

Aroma Spicy Smokey Petroleum odour Vinous
Lower Heating Value 33.7 42.9 269
(MJ-kg™)

Heat of vaporization 332 373 840
(k)-kg™)

RON 119 95 110




2.3 5-Hydroxymethylfurfural applications

5-Hydroxymethylfurfural (HMF) has an IUPAC name of 5-(hydroxymethyl)2-
furaldehyde, and it contains a heteroaromatic furan ring with both reactive aldehyde
and alcohol functional groups. Its molecular formula is C¢H¢O5, and a few physical
properties include: molecular weight of 126.11 g-mol?, building point of 112 °C,
yellow solid at room temperature and dissolves in water. HMF is obtained from the
acid catalyzed dehydration of lignocellulose such as sugarcane, agar and bagasse * '
HMF has been considered as a key intermediate for biomass conversion into valuable
biofuel and other useful chemicals. There are several pathways and products for the
HMF upgrading such as alkoxymethylfurfurals (2), 2,5-furandicarboxylic acid (3), 5-
hydroxymethylfuroic acid (4), bishydroxymethylfuran (5), 2,5-dimethylfuran (6) and
the diether of HMF (7) are furan derivatives with a high potential in fuel and/or
polymer applications. Some important non-furanic compunds can also be produced
from HMF, namely levulinic acid (8), adipic acid (9), 1,6-hexanediol (10), caprolactam

(11) and caprolactone (12) as presents in Figure 4 '* ',

RO o] QO (Olo
ot ”
\/ H Caprolactam 11 Caprolactone 12 HC)\/\/\/\OH

5-Alkoxymethylfurfural 2 \ /4 / 1,6-Hexanediol 10
o o] ™

o o WH—*M

2,5-Furandicarboxylic acid 3
Adlplc acid 9

5-Hydroxymethylfuroic acid 4 Levulinic aC|d 8

HO
R i i
2,5-Bishydroxymethylfuran 5 2,5-Dimethylfuran 6 Bis(5-methylfurfuryl)ether 7

Figure 4 HMF as a platform chemical '?



AUl furanics products are obtained from oxidation, hydrogenation and hydrogenolysis
reaction respectively. A leading biofuel candidate, hydrogenation is still the most
versatile reaction for upgrading HMF to biofuels. Hydrogenation of HMF has been

used to produce DMF, which is widely used in gasoline blends and chemical industry.

2.4 Hydrogenation of 5-hydroxymethylfurfural

The DMF production from hydrogenation and hydrogenolysis of HMF consists of
two possible pathways as presents in Figure 5. Path 1, HMF is converted to DHMF by
hydrogenation of C=0O bond of the aldehyde group, then DMF is achieved from
hydrogenolysis of CH,-OH bonds in DHMF. Path 2 is the conversion of HMF to 5-
methylfurfural (MF) through hydrogenolysis, followed by hydrogenation of MF and
hydrogenolysis of 5-methyl fufuryl alcohol (MFA). Most studied reported that Path 1

is the main route for DMF production ***.
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HMF = 5-hydroxymethylfurfural MF = 5-methylfurfural

MFA = 5-methylfurfuryl alcohol DHMF= 2 5-dihydroxymethyl furan

DMF = 2,5-dimethylfuran MTHFA = 5-methyltetrahydrofurfuryl alcohol
HD = 2,5-hexanediene AL = Angelicalactonec

OMBM = 5 5-(oxybis(methylene)bis(2-methylfuran))

Figure 5 Reaction pathway for DMF production from HMF 1
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During DMF production, there are many competitive pathways such as partial
hydrogenation, total hydrogenation, ring hydrogenation, ring opening and
hydrodeoxygenation that provide a variety of chemicals such as 2,5-
di(hydroxymethyUfuran, 5-methylfurfural, 5-methylfurfuryl alcohol, 2,5-dimethylfuran,
2,5-di(lmethyltetrahydrofuran and others, which depends on the reaction conditions
(temperature and pressure), hydrogen sources (molecular hydrogen, formic acid and
alcohol) and the catalyst employed. Typically, the HMF hydrogenation was carried
out in the temperature range of 120 and 300 °C. Noble-based catalysts (Pd, Ru, Pt)
were most used, and many studies were performed in batch reactor * ', The
possible products of HMF hydrogenation are presented in Figure 5. Moreover, the
hydrogenation of HMF could be carried out in the liquid and vapor phase. The vapor
phase was widely used owing to requirement for catalyst regeneration. The catalyst
recovery in the vapor phase is facilitate an economical process, which is positive
effect for the environment. Currently, liquid phase was also employed for
hydrogenation of HMF because it needs lower temperature in comparison with vapor

phase, leading to energy saving ' 1% %,

2.5 Catalysts for hydrogenation of HMF
The catalysts for hydrogenation of HMF toward DMF was classified as

monometallic and bimetallic catalysts.

2.5.1 Monometallic catalysts

Noble metal-based catalysts (Pd, Ru and Pt) and non-noble metal-based
catalysts (Cu and Ni) have been reported for HMF hydrogenation and hydrogenolysis
toward DMF.
2.5.1.1 Pd-based catalysts

Pd-based catalysts have presented high efficiency for the hydrogenation of

HMF. Chatterjee et al. # explored activated carbon supported Pd catalyst for
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hydrogenation and hydrogenolysis of HMF to DMF at 80 °C under 10 bar H, pressure
at 2 h. They found that Pd/C catalyst exhibited high conversion (95%) with moderate
DMF vyield (42%). They explained that moderate yield of DMF was achieved because
the catalyst favoured the hydrogenation of furan ring. However, when, carbon
dioxide and water were introduced into the reaction system, 83 % vyield of HMF was
observed, suggesting due to the acidity from the combination of carbon dioxide and
water. The reaction medium became acid after carbon dioxide was applied in the
reaction, which could enhance the DMF product. A commercial Pd/C catalyst was
found to produced high yield of DMF (85%) at 120 °C under 2 bar hydrogen pressure
at 15 h reaction time with the adding of formic acid and acetic acid into the reaction
system ! Interestingly, as the weak acid was introduced into the reaction, a high
yield of DMF was observed under lower hydrogen pressure. The weak acid liked as
hydrogen source, which was activated to hydrogenolysis and suppressed
decarbonylation and hydrogenation of furan ring ?'. Although the addition of acid
could enhance a high yield of DMF, which could produce a large amount of waste
and the corrosion of the reactor system. Gawked et al. % solved this problem, they
prepared metal-acid bifunctional catalyst, 2%Pd-20%Cs dodeca-tungstophosphoric
acid supported on K-10 acidic clay. The catalyst provided high performance for
hydrogenation and hydrogenolysis of HMF to DMF in tetrahydrofuran as solvent, and
the catalyst presented similar results to the combination of 5% Pd/C and HCL. This
study indicated that acidity of clay support played an important role to obtain high
both conversion (98%) and DMF selectivity (81%) at 10 bar of hydrogen pressure and
90 °C for 2 h. For this catalyst, the acidic K-10 clay catalyzed the hydrogenolysis of
hydroxy group of 2,5-dihydroxymethylfuran (DHMF) while Pd sites activated the

hydrogenation reaction of HMF.
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2.5.1.2 Ru-based catalysts

Ru is also suitable catalysts for hydrogenation and hydrogenolysis of HMF
toward DMF. Jae et al. % and Priecel et al. ** investigated the hydrogenation of HMF
over Ru/C and Ru/CNTs catalysts. They found that the catalysts exhibited high
efficiency for the reaction, 81% and 83 % DMF yield with over 97% HMF conversion
were obtained at 190 °C for 2h and 200 °C for 2h, respectively. Moreover, the
catalysts revealed excellent stability for recycling test #*. They explained that carbon
supports especially CNTs were important for hydrogenolysis of HMF that probably
because of electrical conductivity, which could increase the charge density of

2521 \were studied in batch

ruthenium catalysts. Additionally, Ru-based catalysts
experimental system. They found that Ru-based catalysts was generally high activity
for hydrogenation. Although the Ru-based catalysts displayed moderate
hydrogenation of C=0O group as Ru has wide d band that could enhance the
hydrogenolysis of HMF to DMF, it was high activity for hydrogenation of furan ring or
ring opening of furan leaded to produce some by products. Hence, Ru-based
catalysts are an important to choose the second metals or promoters combine with
its to improve the selectivity of DMF. Moreover, Nagpur et al. % prepared the mixture
RuO, and Ru/C catalyst for hydrogenation and hydrogenolysis of HMF to DMF. They
investigated the intermediate products at each step of reaction and found that DMF
was achieved by 2,5-dihydroxymethylfuran (DHMF) followed by 5-mrthyl furfural
alcohol (MFA). These results was good agreement with Yang et al. % that studied the
hydrogenation of HMF over Ru-MoO/C catalyst. Moreover, Yang reported that the
hydrogenolysis of HMF to 5-methylfurfural was obtained over only MoO/C catalyst,
instead of the hydrogenation of HMF to DHMF. Therefore, for Ru catalyst, type of

support and synergistic effect of Ru and second metal are an important role to

enhance the catalytic performance.
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2.5.1.3 Cu-based catalysts

Currently, Cu-based catalyst has been widely studied. Although copper is not
high activity as comparison to noble metal-based catalysts, it is low cost and unique
properties. Moreover, the modification of reaction conditions in hydrogenation of
HMF such as reaction temperature, type of solvent and hydrogen pressure or the
combination between Cu and second metal, good results were obtained in some
studies. Roman et al. ?° prepared CuCrO, catalyst for hydrogenation of HMF to DMF.
Moderate yield of DMF (61%) with total conversion were achieved at 200 °C in 2 h.
Similarly, Cu/ZrO, catalyst also revealed activity for hydrogenation of HMF toward
DMF and resulted in 60% of DMF vyield at 200 °C for 2h and 15 bar of hydrogen

30

pressure *°.  Moreover, Gao et al '

investigated the hydyogenolysis of HMF in
different hydrogen donor (i.e., methanol, cyclohexanol and hydrogen gas) over
nitrogen doped carbon (NO-Cu/MgAlO catalyst, the results shown total HMF
conversion with DMF yield at 48%, 96% and 62%, at 260 °C in 3h, 220 °C in 0.5 h
and 220 °C in 1 h, respectively. The catalyst exhibited high yield of DMF due to the
synergistic between the high dispersion of Cu and surface basic sites, which could
enhance dehydrogenation of cyclohexanol and improve the hydrogenolysis of HMF.
Additionally, the (NC)-Cu/MgAlO catalyst provided good recyclability due to strong
interaction between support and copper. Interestingly, Gupta et al. '® suggested that
Cu-based catalyst could prevent the hydrogenation of furan ring because strong
repulsion between Cu (111) surface and rural ring and led to enhance the selectivity

of DMF.

2.5.1.4 Ni-based catalysts

Ni-based catalyst has received considerable attention in the recent year, due to
high activity for hydrogenation as comparison to Fe-based and Co-based catalysts.
Many studies chose Ni-based catalyst for hydrogenation and hydrogenolysis of HMF

to DMF. Kong, X. et al. * synthesiszed Ni/SIO, catalysts for hydrogenation of HMF.
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The Ni/SiO, revealed an efficient hydrogenolysis of HMF to DMF and 2,5-
dimethyltetrahydrofuran (DMTHF) at the temperature range of 130-150 °C. Similarly, a
high yield of 2,5-di(hydroxymethyltetrahydrofuran (DHMTHF), DMF and DMTHF (over
90%) was obtained for the hydrogenation and hydrogenolysis of HMF over Ni/Al,Os
catalyst **. Though Ni-based catalysts provided high activity, it could not avoid
further hydrogenation of furan ring. Additionally, various carbon supports were used
for Ni-based catalysts such as Ni/C *, 7%Ni-30%W2C/AC **. High yield of of DMF
(75%) was achieved for that catalysts, however; the catalyst required high hydrogen
pressure (over 45 bar). Moreover, this study showed that DHMF was obtained from
hydrogenation of aldehyde group in HMF. After that, DHMF was converted to MFA
and DMF, respectively, through hydrogenolysis. Step of hydrogenolysis toward DMF
was fast while hydrogenation of HMF to DHMF step was slow, which was rate
determining step. Moreover, many studies of Ni-based catalysts presented that Ni
favours hydrogenation of C=C bond because it has a narrow d band width. Hence,
the deep hydrogenation is easy to occur leading formation of some by products. This
trouble could be prevented by adding the second metal/metal oxide or modifying

reaction condition.

2.5.2 Bimetallic catalysts

In bimetallic catalysts, the existent of the second metal has an important
promotional effect in catalyst efficiency. The presence of the second metal could
probably change the electron density of active sites, or modify the geometry of
active sites in the catalyst, resulting in enhancement of the catalytic activity.
Moreover, the incorporation of second metal might also lead to prevent the carbon
deposition on the active sites surface, which resulted in an improvement of the

catalytic stability. Additionally, synergistic effect of two metals might play an
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important role in the interaction of catalysts surface with substrate or product

intermediates.

2.5.2.1 Pd-Cu based catalysts

Resasco et al. *

studied the hydrogenation of furfural over bimetallic Pd-
Cu/SiO, catalysts. They found that PdCu alloy phase in bimetallic catalyst could
enhance the hydrogenation reaction of furfural to furfural alcohol and
decarboxylation of furfural to furan. However, hydrogenation pathway was more
favourable as comparison to decarboxylation. Moreover, increasing of reaction
temperature (210 - 250 °C) resulted in the rise of fufuryl alcohol selectivity. DRIFT
analysis for the C=0O adsorption over bimetallic Pd-Cu/SiO, catalyst exhibited the
strong I']Z—(O,C) adsorption of carbonyl over Pd atom, while the I’]Z—(O,C) adsorption
on the surface of PdCu alloy was weak. Further increasing of Cu content, the

adsorption of N'-O dominated over PdCu surface, resulting in the decreasing of

decarbonylation product.

2.5.2.2 Ru-Cu based catalysts

Barta et al. *® prepared bimetallic Cu-Ru-PMO (PMO: porous metal oxide) and
monometallic Cu-PMO catalysts for DHMF and DMF production from HMF. They
found that DMF was dominant product in both catalysts at the reaction temperature
of 200 °C, however; at higher temperature, Cu-Ru-PMO catalyst exhibited higher DMF
and 2,5-di(methyUtetrahydrofuran (DMTHF) products as compared to monometallic
Cu-PMO catalyst. They explained that Ru had high activity in hydrogenolysis of C-O
bond, the synergistic interaction between Ru and Cu resulted in higher activity in the
bimetallic Cu-Ru-PMO catalyst. Moreover, Iriondo et al. *° studied hydrogenation of
HMF to DMF over various Cu-based RuCuTi catalysts. They proposed that the
achieved high catalytic performance of RuCuTi catalyst was due to the intrinsic

properties of Ru and Cu in hydrogenolysis reaction. Furthermore, the basic support
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promoted homogeneous dispersion of Ru and Cu active species to obtained higher

activity and selectivity in hydrogenolysis reaction. Dumeric et al. *'

explored
bimetallic CuRu/C catalyst for selective hydrogenation/hydrogenolysis of HMF toward
DMF at 220 °C under batch reactor system. They reported that the bimetallic CuRu/C
catalyst revealed Cu-like hydrogenolysis of C-O bond, while Ru species worked to
protect the active Cu from poisoning.

Among all the catalysts, Pd-based catalyst exhibited high activity for HMF

hydrogenation ** !> 3%

However, Pd-based catalyst provided moderate DMF
selectivity because Pd is highly active for the hydrogenation of C=O groups and C=C
bonds of the furan ring as well as hydrogenolysis of C-O bonds [8]. For non-noble
metal catalysts, Cu and Ni showed good activity but these catalysts required high
pressure and temperature. The problems found when using Ni and Cu catalyst are
the rapid deactivation, caused by sintering and leaching of active metal during the
reaction due to high temperatures and pressure required, leading to short catalyst
life times. However, Pd-based catalysts was higher activity than those of Cu and Ni-
based catalysts. Several approaches have been developed to improve DMF
selectivity and suppress sintering and leaching of active metal. For example, the
addition of Cu metal into Pd-based catalysts can enhanced the selectivity of DMF
because Cu exhibited high selectivity for the hydrogenation of carbonyl group,
leaving unreduced C=C bonds from the furan ring due to strong repulsion between
the surface of Cu (111) and the furan ring ***!. Moreover, the combination between
nobel metal (Pd and Pt) and second metal (Cu, Ni, Co) can enhanced the metal
dispersion and interaction between active metal and catalyst support leading to

inhibit sintering and leaching of active sites % %
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2.6 Reduced graphene oxide as catalyst support

Carbon materials such as carbon nanotube (CNTs), carbon nanofiber (CNF) or
activated carbon have been widely used as catalyst support for transition metal due

to good conductive properties and large surface area “**.

GRAPHITE Oxidation GRAPHENE OXID
exfoliation

Reduction
chemical
thermal
*; electrochemical

> v a )
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vapor depositon

Figure 6 Possible ways for preparation of graphene and RGO *°.

Recently, graphene and reduced graphene oxide (RGO) have attracted in the
attention of researchers in the world. These two dimensions sheet reveals excellent
mechanical, electrical and thermal properties. These advantage, reduced graphene
oxide could be used as promising for potential application in various fields “ *.
Moreover, the textural properties of reduced graphene oxide, it has two surfaces
available for deposition of active metal transition, while the internal surface of

carbon nanotube and carbon nanofiber is probably not accessible for catalyst

deposition. Additionally, reduced graphene oxide contains more defects than
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graphene, which produced directly from graphite ®*. The defects in reduced graphene
oxide might efficiently incorporate active metal nanoparticle, and they are also
useful to prevent the agglomeration of active metals, therefore; leading to form
small particle size with highly dispersion. When the support characteristics including,
the high specific surface area, the metal dispersion properties and thermal stability
are combined, it could provide superior characteristics of catalysts support.
Furthermore, non-porous support of reduced graphene oxide could also reduce
diffusion limitations of reactant and products.

In general, reduced graphene oxide could be obtained by chemical, thermal or
electrical reduction process, which was involving the removal of oxygen in graphene
oxide such as carbonyl (C=0), carboxyl (COOH), epoxy (C-O), and hydroxyl (OH)
groups . The possible way for preparation graphene and reduced graphene oxide

are presented in Figure 6.

2.7 Continuous-flow process

The continuous-flow process is an important for the conversion of biomass-
derived platform molecules into valuable products to control reactivity. Continuous
flow system has many advantages as compared to traditional batch system including
faster, do not require catalyst separation after reaction (if required, it is rapidly
performed), more controllable setup to maximize and fine-tune the activity and
selectivity to target products and easier scale-up of the reaction conditions *% °!,
which is vital point because most processes are in the lab scale. Moreover, other
advantages have been reported such lower energy consumption, high productivity
and avoid the separation *°. Thus, continuous-flow system may propose an attractive

process for valorization of biomass and the study of the catalysts under certain

conditions, which may occur including the presence of pressure and temperature.
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Most studies for hydrogenation of furanic compounds such as furfural or HMF
were carried out in batch and semi-batch experimental systems *®. Recently, Wang

et al.

explored the catalytic behavior for hydrogenation of furfural to furfuryl
alcohol over monometallic and bimetallic nickel catalysts supported on activated
carbon under batch and continuous flow reactors. They found that the catalyst
exhibited high conversion (over 95%) at 260 °C and 30 bar hydrogen pressure in both
batch and continuous flow reactors, however; low catalytic stability was obtained in
continuous flow system. Which was due to active metal leaching during the reaction.
Similarly, Prinsen et al. >3 prepared monometallic Pd, Pt, Cu and Ni catalysts
supported on activated carbon (AC) for liquid-phase hydrogenation of furfural under
continuous flow system. The Pt/AC catalyst exhibited the best catalytic performance

as compared to other catalysts. However, the main cause of catalyst deactivation

was metal leaching.

2.8 Related literatures

Zhang et al. ** studied catalytic in-situ hydrogenation of HMF to DMF over Cu-
based catalysts at the temperature range of 220-260 °C. As the results, complete
HMF conversion over Cu/ZnO catalyst at 260 °C was achieved with DMF yield of 75%,
suggesting that the use of Cu-based catalysts could enhanced the DMF yield.

Gao et al. *! prepared nitrogen-doped carbon (NC)-decorated Cu-based catalyst
for hydrogenation of HMF to DMF using cyclohexanol as hydrogen donor. The total
HMF conversion and DMF selectivity of 96% at 220 °C over NC-Cu/MgAlO was
achieved. They found that the present of basic sites on the catalyst could enhance
the activation of hydroxyl group of cyclohexanol and then provide active hydrogen.

Lesiak et al. " developed the Pd-Cu/Al,0; bimetallic catalysts to convert
furfural to furfuryl alcohol under batch condition. The results showed that the

addition of Cu into Pd catalysts slightly increased the catalytic activity. Meanwhile,
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the selectivity of furfuryl alcohol significantly increased as compared to
monometallic catalysts. They explained that the formation of palladium-copper alloy
could inhibit the hydrogenation of furan ring. Moreover, the content of copper had
significantly effect on the selectivity of furfuryl alcohol. Higher furfuryl alcohol
selectivity (56%) was obtained over 5%Pd-6%Cu/Al,05, while the decrease in copper
content resulted in the lower furfuryl alcohol selectivity (48% for 5%Pd-3%Cu/ Al,O;
and 41% for 5%Pd-1.5%Cu/ AlL,O3) at 90 °C and 20 bar of hydrogen pressure. Since
Cu could prevent the hydrogenation of furan ring, thus it was suggested that the
lower Cu content might deteriorate the furfuryl alcohol selectivity.

Du et al. > recently studied the hydrogenation of furfural over Cu-Pd/C catalyst
using formic acid as hydrogen donor under batch condition. The catalyst provided
the best performance at 170 °C with total furfural conversion and furfuryl alcohol
selectivity of 98.1% at 6 h of reaction time. They explained that the selectivity of
furfural alcohol was considerably dependent on the copper content. Palladium in
Cu-Pd alloys was responsible for conversion of furfural by increasing hydrogen
adsorption. While, copper could increase selectivity of furfuryl alcohol.

Nishimura et al. *° investigated the activity of various noble-based catalysts (Pd,
Pt, Ru and Au) for hydrogenation of 5-hydroxymethylfurfural (HMF) to 2,5-
dimethylfuran (DMF) at 60 °C. The results that Pt, Ru and Au catalysts were inactive
for DMF synthesis while Pd catalyst provided moderate DMF selectivity (66%) with
excellent HMF conversion (91%). Moreover, the effect of catalyst support, carbon
support provided the best performance with higher DMF selectivity as compared to
acidic support such as SiO,, B-zeolite, Amberlyst-15 and a-Al,Os, suggesting that
Br@nsted acid sites of acidic support promoted ring opening of DMF by hydrolytic
cleavage of furanic C-O bond.

Fulignati et al. °" reported hydrogenation of HMF over Pt, Ru and Pd supported

on carbon catalysts at 140 °C and 70 bar hydrogen pressure. Pd and Ru catalysts
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exhibited higher HMF conversion as compared to Pt catalyst, suggesting that Pd and
Ru could enhance the hydrodeoxygenation of HMF and ring opening, while Pt only
activated the hydrogenation of HMF. However, the reaction was performed at high
temperature and pressure led to disappear DMF product.

58

Ouyang et al. reported the hydrogenation of furfural to furfural alcohol

under continuous flow process using Pd and Pt catalysts at 90 and 150 °C,
0.3 mL*min™ of flow rate and 50 bar of hydrogen pressure in ethyl acetate. They
found that the weight hourly space velocity (WHSV) and the temperature were
factors that affected to the conversion of furfural and product selectivity severely.
The furfural conversion and furfural alcohol selectivity at 20 min time on stream
were 100% and 70%. At 480 min of time on steam, the furfural conversion decreased
to 50% due to catalyst leaching during the reaction.

Garcia-Olmo et al. *?

studied the Pd/aluminosilicate catalyst for furfural
hydrogenation in continuous flow region at 90 °C 0.3 mL'min” of flow rate and
50 bar of hydrogen pressure in ethyl acetate. The results exhibited moderate

conversion of furfural (>60%). However, the catalyst provided a poor stability due to

combining sintering and leaching of palladium catalyst.
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EXPERIMENTAL

3.1. Material and reagents

The chemical materials were used in this study as listed in Table 2.

Table 2 List of chemicals and sources

22

Chemicals Assay Source
(%)

Cupper acetate anhydrate ((CH;CO0),Cu-H,0) > 99.0 Sigma-Aldrich
Palladium acetate (Pd(CH;COO),) > 99.9 Sigma-Aldrich
Reduced graphene oxide (RGO) - Nano Inova SL
Methanol > 99.9 Sigma-Aldrich
Ethanol >99.9 Sigma-Aldrich
2-Propanol > 99.9 Sigma-Aldrich
n-Octane > 99.0 Sigma-Aldrich
5-Hydroxymethylfurfural (HMF) > 98.0 Sigma-Aldrich
2,5-Dimethylfuran (DMF) > 99.0 Sigma-Aldrich
2,5-Bis(hydroxymethyUfuran (BHMF) >99.0 Sigma-Aldrich
5-Methylfurfural (MF) >99.0 Sigma-Aldrich
5-Methy! furfuryl alcohol (MFA) >99.9 Sigma-Aldrich
Furfuryl alcohol (FA) > 98.0 Sigma-Aldrich
2,5-Diformylfuran (DFF) > 99.0 Sigma-Aldrich
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3.2 Catalysts preparation

Monometallic (10Cu/RGO and 1Pd/RGO) catalysts and bimetallic (1Pd-
10Cu/RGO and 2Pd-10Cu/RGO) catalysts were prepared via the wet impregnation
method. (CH;CO0),Cu-H,O (Merch, >99.5%) and Pd(CH;COO), (Aldrich, >99.9%) were
used as metal precursor and reduced graphene oxide (RGO) as support, kindly

donated by Nano Innova Technologies SL (http://www.nanoinnova.com). Typically, a

certain amount of metal precursor ((CH;COO),Cu-H,O and/or Pd(CH,COO),) was
dissolved in ethanol. Each solution was then sonicated for 10 min before its addition
drorpwise to a RGO suspension (1¢ RGO: 10 mL DI water) under stirring for 4 h. After
that, ethanol was removed in a rotary evaporator. The obtained catalyst was dried at
60 °C in a vacuum oven and calcined at 500 °C for 2 h under 50 mL-min™ of N, flow.
Then, the catalyst was activated at 400 °C for 2 h under 50 mL-min of H, flow. The
Cu loading was fixed at 10 wt% and varying Pd loading from 1-2 wt% in the
bimetallic catalyst. For monometallic catalysts, Cu and Pd metal loadings were 10

and 1 wt%, respectively.

3.3 Catalysts characterization

The catalysts were characterized by using nitrogen adsorption measurement,
scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX),
powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM) and temperature programmed reduction of hydrogen (H,-

TPR).

3.3.1 Nitrogen adsorption measurement

Nitrogen adsorption desorption analysis implicates the measurement the N,
volume adsorbed on the catalyst surface at different relative pressure. The shape of
N, adsorption isotherm can indicate the type of catalyst structure such as

mesoporous structure, which normally reveals type IV of adsorption isotherm (IUPAC


http://www.nanoinnova.com/
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classification) that has pore diameter in the range of 2-50 nm. The specific surface
area, pore diameter and pore volume can be calculated by N, adsorption isotherms.
In this work, N, adsorption measurement was performed to analyze the surface area
and porosity of catalysts using Micromeritics ASAP 2000 volumetric adsorption
analyzer (Micromeritics Instrument Corp., GA, USA) as presents in Figure 7. Nitrogen
adsorption/desorption was analyzed at -196 °C. First, the sample was pretreated at
130 °C overnight under vacuum (P<0.01 Pa). The specific surface area of catalyst was
determined by using Brunauer-Emmett-Teller (BET) equation *:

p _(C-1p 1
V(po—-p) CVmpo CVipy

When: V=the volumetric uptake of N, at pressure P
p= Equilibrium pressure
V= the N, volumn adsorbed (monolayer) at STP
Po = the saturated pressure at the measured temperature
C = constant relating to the free energy of adsorption

A linear graph from BET equation is made from a plot of —L _ and 3, Vy, is then
V(po—p) Po
obtained from the intercept and slope. The surface area of catalyst can be

calculated with **:
Sg = 435V, (2)

The Barrett-Joyner-Halenda (BJH) method was used to determine pore diameter and
pore volume. The BJH theory involves the desorption of the N, that used the Kelvin

equation to calculate the pore diameter **:

InZ = 22m rohsp (3)
po TRT

Where: p = the equilibrium vapor pressure of the contained liquid in a pore
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Po= the equilibrium pressure of at a plan surface
O = surface tension

Vp, = liquid molar volume

0 = contact angle

r = pore radius

R = real gas constant

T = temperature

Figure 7 Micromeritics ASAP 2000 .

3.3.2 Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-
EDX)

The SEM is normally used coupled with EDX as detector, which performs to
determine the metal content present in the catalyst. For the X-ray generation in SEM,
first, the electron beam attacks the sample and transfers some of energy to the
sample atom. The electron from the inner shell of atom obtains this energy to be
knocked off from the atom, hole is then generated, resulting in electron from outer
shells (higher energy shell) replaces these displaced electrons. When electron from
outer shell fills the hole in inner shell, the energy difference between these two
shells is released in form of characteristic X-ray. The characteristic X-ray is a unique

61

of the element that can use to identify the element type °° . Moreover, the peak
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area from EDX spectra is used to calculate the weight percent of each element that
presents in the sample. A diagram of component in SEM is presented in Figure 8A.
The elemental analysis of synthesized catalysts in this work was investigated by
using a JEOL JSM 7800F scanning electron microscope (JEOL Ltd., Akishima, Tokio,
Japon) (Figure 8B) equipped with an Inca Energy 250 microanalysis system, window
detector of Si/Li type, detection range from boron to uranium, and resolution range

of 137 - 5.9 keV.

Electron gun _
N
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_~ Alignment coil

> CL (condenser lens)

Figure 8 (A) SEM apparatus ¢! and (B) JEOL JSM 7800F SEM %%

3.3.3 Powder X-ray diffraction (XRD)

X-ray diffraction is investigated to study periodically ordered structure in atomic
level. The crystal structure of sample can diffract X-ray incident on crystalline solid
as see in Figure 9A. Every crystal structures have planes, a rise from repeated
arrangement of atoms, which can diffract X-ray and the repetitive arrangement of
atoms in crystalline structure provides the diffraction pattern. The diffraction pattern

of every compound is a unique. If the sample is amorphous materials, there is no
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repeating, resulting in no diffraction pattern. XRD gives data regarding the lattice

3

structure and interplanar spacing . Moreover, the crystal particle size can be

determined using the Scherrer’s equation (Eq.4) from evaluated width of their

diffraction peaks .

KA
LCos@

B(20) =

B = average crystalline size
K = Scherrer constant (0.87-1.0, normally taken to be 1.0)
A = the wavelength of the X-ray (1.5418 A)

L = the breadth of a reflection in radians 26 (FWHM)

This work, powder X-ray diffraction measurements were performed to examine
the crystal structure and cluster size of catalysts at room temperature by using
Bruker D8-Advanced Diffractometer (Figure 9B) with Cu-Kq radiation and operating at
40kV and 40 mA. The XRD profile was scaned in the range of 10-80° with 0.02° step
size at 20 s of counting time per step. The average cluster size of Cu®, Pd’ and PdCus

alloy were estimated by using the Scherrer’s equation.

diffraction|
spot,

diffracted |y

incident

X-ray crystal

D beam l Zﬁ
X-ray g
source

incident diffracted .
<) X-ray X-ray . in phase

Fieure 9 (A) crystalline diffraction ® and (B) Bruker D8-Advanced diffractometer ¢
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3.3.4 X-ray photoelectron spectroscopy (XPS)

XPS technique is surface analysis that presents both chemical state and
elemental data. The catalyst surface is irradiated with photons from X-rays (Al-Kq or
Mg-Kg source). If the interaction between electron of atom in the catalyst surface
and photons from X-ray (having energy, hv) leads to photoionization, and
photoelectrons are then emitted from the catalyst surface. The kinetic energy of
emitted photoelectrons is ¢

E,=hv—E,—® (5)

When Ej is the photoelectron binding energy, and @ is the work function of
spectrometer. The position of binding energy spectra can identify the elements in
the catalyst surface, and the intensity peaks provides quantitative information. The
oxidation state of atom changes the binding energy of the emitted photoelectron,
resulting in a change of the kinetic energy . The instrument is presented in Figure
10A, which includes X-ray proton source, energy analyzer and detector. This
instrument is connected with computer and electronic control for information
acquisition.

XPS measurements were performed to investigate the surface compositions
and oxidation states of palladium and cupper on the surface of reduced catalysts for
this research by using an ultrahigh vacuum (UHV) multipurpose surface analysis
system Specs™ with the Phoibos 150-MCD energy detector (Figure 10B). The
experiments was analyzed at pressures lower 10 mbar by using a conventional X-
ray source (XR-50, Specs (Berlin, Germany), Mg-Kq, hv = 1253.6 eV, 1 eV = 1.603 x
10" J)in a "stop and go “ mode. The deconvolution curves and quantification of the
components were obtained by using the XPS CASA program (Casa Software Ltd.,

Cheshire, UK).
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Figure 10 (A) XPS apparatus ®" and (B) ultrahigh vacuum (UHV) multipurpose surface

analysis system Specs™ ¢,

3.3.5 Transmission electron microscopy (TEM)

TEM works on the same principle of light micrograph, but it uses electrons
replace the use of light. Electrons are used as the light source in TEM analysis, and
the electron wavelength is lower than that of light, which makes it to obtain higher
resolution than a light microscope. Hence, TEM presents the best detail of
morphology of catalyst or internal structure. At the top of microscope, the light
source (electron gun) emits the electrons, and then, electrons are focused by
electromagnetic lenses into very thin beam. The electron beam then attacks through
the specimen to be studied, and some electrons are transmitted and disappeared,
which depends on the density and electron transparency of the sample. The
unscattered electrons hit a screen fluorescent that obtains rise to a shower image of
the sample with its different portion presents in several darkness depending on their
thickness. The darker area of figure presents the sample area with lower transmitted
electrons as compared to lighter areas ¢!. The TEM instrument is illustrated in Figure

11A.
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In this work, transmission electron microscopy (TEM) micrographs were
recorded in a FEI Tecnai G? (Figure 11B) equipped with a charge-coupled device (CCD)
camera to analyzed the morphology of catalysts and distribution of metallic particle.
Prior to analysis, the sample was suspended in ethanol and followed by deposition

on a copper grid.

electron gun@

condenser lens

anoda

specimen
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aperture lens

intermediate
lens

projector lens

flugrescent

/ screen

Fieure 11 (A) General layout of TEM ® and (B) TEM FEI Tecnai G* .

3.3.6 Temperature programmed reduction of hydrogen (H,-TPR)

Temperature programmed reduction of hydrogen (H,-TPR) was carried out to
analyzed the reduction of metal oxidation. The H,-TPR profiles of the catalysts were
obtained with AutoChem ™!l 2920 (Micromeritics, USA) (Figure 12A) equipped with a
thermal conductivity detector (TCD). Prior to measurement, 0.1 ¢ of the calcinated
sample was pretreated at 100 °C under argon flow at 20 mL-min™ for 0.5 h. Then, the
sample was cooled down to 50 °C and exposed to a reduction in 5% hydrogen in
argon (5%H,/Ar), while the temperature was increased up to 400 °C at the rate of

10 °C-min"". The temperature program measurement is shown in Figure 12B.



Ar flow

100 °C, 30min

10 °C:min* 50 °C, |

1
15mint
1
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400 °C, 5min

10 °C-min!

5% H,/Ar flow

Figure 12 (A) AutoChem ™1 2920 ™ and the temperature program of H,-TPR.

3.4 Reaction testing
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Hydrogenation of 5-hydroxymethylfurfural (Aldrich, >99%) was investigated in

a Phoenix Flow Reactor (ThalesNano™, Hungary) using 2-propanol (Aldrich, >99%) as

hydrogen donor. The catalyst (ca.0.11-0.12 g) was packed in 30 mm CatCart cartridge

(0.88 mL empty volume) and put in the reactor module. First, 2-propanol was fed

though the system using a HPLC pump before the set of temperature and pressure.

When the temperature and pressure were stable, the feed stock of 0.05 M HMF in

2-propanol was pumped through. The effects of reaction temperature (140, 160, 180
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and 200 °Q), feed flow rate (0.2, 0.3 and 0.5 mL-min™) and pressure (0, 15 and 30 bar)
were studied. The sample at the outlet of the system was collected every 15 min
until 2 h (long run 8 h) and then analyzed by GC-FID equipped with a Supelco 2-
8047-U capillary HP-5 column and GC-MS (7890A)-MS (5975D inert MSD with triple-
axis detector) Agilent equipped with capillary column HP-5MS (60 m x 0.32 mm). The

identify products was confirmed by GC-MS.

e Pressure relative valve
@‘ Heat exchanger -
&
G T-valve =
-~
@b 3
Heat blocks 3
3
Catcart

Outlet

PHOENIX

Outlet  High pressure Phoenix
HPLC Pump  HMF Feed

regulator flow reactor

Figure 13 The Thales Nano™ Phoenix equipment used for continuous flow system "
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3.4.1 Product analysis

The product solution was detected by GC-FID equipped with a Supelco 2-
8047-U capillary HP-5 column to analyzed HMF and DMF, while MF, BHMF, MFA and
DMF were analyzed by using GC (7890A)-MS (5975D inert MSD with triple-axis
detector) Agilent equipped with capillary column HP-5MS (60 m x 0.32 mm). The
HMF and hydrogenated products were determined by using n-octane as internal
standard. For GC-FID analysis, nitrogen in constant flow rate was used as carrier gas at
1 mlmin? of flow rate. The temperature of injector and detector were 280 and
300 °C respectively. For GC-MS analysis, the temperature of injector and detector
were 300 °C. The programmed temperature of column in Figure 14 was used to
analyzed samples in both GC-FID and GC-MS. The initial temperature was 60 °C with
2 min of hold time, and then the temperature raised to 150 °C at a rate of
20 °C-min™ and held for 2 min. Finally, the temperature was ramped to 210 °C at

25 °C-min’! and stayed at 210 °C for 15 min.

210 °C, 15 min

25 °C-min’!

150 °C, 2 min

20 °C-min*

60 °C, 2 min

Figure 14 the GC heating programmed for gas analysis.
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Figure 15 GC-MS chromatogram of the products from hydrogenation of HMF.

The results were reported in terms of HMF conversion, selectivity and yield of each

hydrogenation products, which were calculated by using egs 6, 7, and 8, respectively:

X(umr) = ~2—2% X 100 (6)

mn
When Ciy, = Molar flow rate of 5-hydroxymethylfurfural inlet (umol-min™)
Cout = Molar flow rate of 5-hydroxymethylfurfural outlet (umol-min™)

X(amry= conversion of 5-hydroxymethylfurfural (%)

— S %100 (7)

S(i) - Cin— Cout
Where C; = Molar flow rate of the products, including DFF, DHMF, MF, MFA, FA
and DMF (umol-min™)
S(iy = Selectivity of products (%)
Y = XHMF)X S()

)T T 100 (8)

When Y(i)= Yield of products (%)
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The turnover frequency (TOF) and the weight hourly space velocity (WHSV) were

calculated according to egs 4 and 5 respectively:

TOF (min~1) = (Cin=Cout) (9)

N metal content
0 am xcatalyst load(g)

Where AM = Atomic mass (g-mol™?)

[HMF](Molar) x Mwgyr(g-mol™1) x F(L-h™1)
catalyst mass (g) X metal content(%)

WHSV(h™1) = (10)

When [HMF ]= Concentration of 5-hydroxymethylfurfural inlet
Mwyyr= Molecular weight of 5-hydroxymethylfurfural

F = Feedstock flow rate
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CHAPTER IV

RESULTS AND DISCUSSION

4.1. Pre-reaction catalyst characterization

Synthesized catalysts were characterized by using several techniques including

BET, SEM-EDX, XRD, XPS, TEM, and H,-TPR. The detailed characterization of all

synthesized catalysts is discussed below.

4.1.1 Nitrogen adsorption-desorption measurement

Determination of textural properties was carried out as described in section

3.3.1 and nitrogen adsorption-desorption isotherms are presented in  Figure 16.

400

300

200

100

Adsorbed volumn (cm?>g* STP)

~—+-RGO
—+—1Pd/RGO

10Cu/RGO
1Pd-10Cu/RGO
2Pd-10Cu/RGO

04 06 08 1
P/P,

Figure 16 N, adsorption-desorption isotherms of RGO support and reduced catalysts.

The isotherms of support and synthesized catalysts exhibited typical type IV,

according to the International Union of Pure and Applied Chemistry (IUPAC)

classification, which indicated mesoporous materials > and the isotherms showed Hj

hysteresis loop, suggesting that slit-like pores existed between parallel layers of
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graphene. Moreover, the porosity characteristics of the samples and metal content
are listed in Table 3. The specific surface areas of the samples calculated by BET
method ranged from 270 to 370 m?*g" while average pore sizes and pore volumes
were around 5 nm and 0.5 mL-g”, respectively. The decrease of specific surface area
after metal incorporation was related to partial blockage of gaps between graphene
layers. Additionally, the elemental composition was determined by SEM-EDX. The
results demonstrated that Cu and Pd metal contents as analyzed by SEM-EDX was

similar to the actual value.

Table 3 Textural and structural characteristics of RGO support and catalysts.

Samples Seer” pr Vy© Metal content? Size of Pd or CUf
(m*¢")  (hm) ~ (mLg") (%) (nm)
Pd Cu Fresh
RGO 362 5.02 0.6 - - -
1Pd/RGO 306 4.86  0.40 1.2 - 16
10Cu/RGO 276 4.91 0.37 - 10.8 29
1Pd-10Cu/RGO 314 486 041 0.9/0.8° 10.3/7.3° 19
2Pd-10Cu/RGO 286 4.86  0.36 1.7 9.7 23

“Sger: surface area was calculated by the Brunauer-Emmett-Teller (BET) equation.

pr: average pore size diameter was calculated by the Barret-Joyner-Halenda (BJH)
equation.

V,,: pore volumes was calculated by the Barret-Joyner-Halenda (BJH) equation.
“Metal content as analyzed by SEM-EDX.

“Metal content of spent catalyst as analyzed by SEM-EDX.

fCrystaLLine size measured from Scherrer equation at (111) plan (Pd; 26= 40.1, Cuy;

20=43.2, and Cu+PdCus; 20= 42.7-43.2).
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4.1.2 X-ray diffraction (XRD)

X-ray diffractometry (XRD) was performed to identify the crystalline structure
by their diffraction patterns. It has been presented that the crystal with a particular
set of atomic planes oriented toward the X-ray beam diffracts X-rays at an angle zeta
determined by the distance between the planes. Figure 17 shows XRD patterns of
RGO support, monometallic and bimetallic catalysts. The diffraction peak at 27.2°
(002) in each line was attributed to diffraction peak of RGO support "> ™. For Pd/RGO
catalyst, the diffraction peak at 40.1° was detected, corresponding to the (111) plan
of metallic Pd (COD no. 1011110). The diffraction peaks corresponding to metallic Cu
(COD no. 7101264) at 43.2° (111), 50.4° (200) and 74.1° (220) were observed for all Cu-

based catalysts (Figure 17(A), c-e), in good agreement with previous reports >

(A) (B)
+
(e) 1Pd-10Cu/RGO
M 4
+
3 + :
E . (d) 2Pd-10Cu/RGO é\
K IS
£ =
(c) 10Cu/RGO
(c) 10Cu/RGO “
y (b)1Pd/RGO
(b) 1Pd/RGO I S e At
(a) RGO (a) RGO
MWWWMM\“‘
10 20 30 40 50 60 70 80 39 41 43 45
26 (°) 26 (°)

Figure 17 (A) XRD patterns of RGO and reduced catalysts and (B) the patterns after
deconvolution for 26 ranging from 39° to 45° (a) RGO, (b) 1Pd/RGO, (c) 10Cu/RGO, (d)
2Pd-10Cu/RGO and (e) 1Pd-10Cu/RGO (symbols assignment: (@) RGO, (V) Pd°, (+)

Cu’and (© )PdCusy).
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Remarkably, the crystallinity of metallic copper decreased as palladium
loading because the diffraction peak of Cu” at 43.2° overlapped with the diffraction
peak of a PdCu, alloy phase. Figure 17(B) presents the patterns after deconvolution
around the (111) plan of both metals (Cu” and Pd°). The peak deconvolution results
exhibited the overlap diffractions of metallic Cu (26 =43.2°) and alloy phase PdCus;
(26 =42.6-42.8°) (COD no. 5910109), this result was agreement with Jiang et al. ®, and
Mohammad et al. 7', suggesting the existence of a PdCus alloy phase which could
enhance Cu dispersion on the support surface. The crystallite size was determined
by using the Scherrer equation using (111) diffraction line of the metals. The results
are summarized in Table 3. Clearly, the bimetallic catalysts possessed better metal

dispersion as compared to monometallic catalysts

4.1.3 X-ray photoelectron spectroscopy (XPS)

The surface compositions and oxidation states of palladium and copper on the
surface of reduced catalysts were determined by XPS. The XPS survey spectra and
the high-resolution spectra of each element including Cu, Pd, C and O of 1Pd-
10Cu/RGO catalyst are presented in Figure 18. The results indicated the existence of
Cu, Pd, C and O on the catalyst surface. The deconvolution of C 1s peaks (Figure
18(b)) showed the presented of four components: the C-C/C=C bond of non-
oxygenated ring carbon, around 284.0 eV; the carbon in C-O-C bonds, near 285.4 eV;
carbon in C=0 group, around 287.4 eV; and carbon in O-C=0 group, at 289.0 eV 8,
Moreover, the deconvolution of O 1s spectral is demonstrated in Figure 18(c) that
contained two components at 530.5 eV and 533.1 eV, which could be ascribed to
oxygen in C=0 and C-O-C group, respectively . The peak at 932.3 eV and 952.6 eV
(Figure 18(d)), assigned to Cu 2ps,, and Cu 2py,, of metallic copper *', and Cu 2ps, at

934.7 eV and Cu 2p;,, at 955.3 eV could be ascribed to Cu?* *.



(@)

Cu2p

Intensity (a.u.)

1200 1000 800

600

400 200 0

Binding energy (eV)

(b)

Intensity (a.u.)

294 292 290 288 286 284 282
Binding energy (eV)

(d)
Cu2p ¢
o Data —— Fit )
- Cu02pl/Z - CU2+2p1/2

T Cu02py, T Cu*2pg,

Intensity (a.u.)

960 955 950 945 940 935 930
Binding energy (eV)

Intensity (a.u.)

Intensity (a.u.)

o Data O 1s

40

537 534 531 528
Binding energy (eV)
(€)
. Pd 3d
° Data — Fit
— Pd°3dy, — Pd?3dy,
o

Binding energy (eV)

343 340 337 334

Figure 18 XPS spectra of reduced 1Pd-10Cu/RGO catalyst; (a) wide energy range

survey, and high-resolution of (b) C 1s, (c) O 1s, (d) Cu 2p and (e) Pd 3d regions.
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Although the Cu®* species was formed on the surface due to sample transfer
and keeping under air atmosphere, Cu’ species was a major component as
comparison of the area of Cu®and Cu®* (without Cu (Il) in XRD pattern). Moreover, the
Pd 3d region (Figure 18(e)) showed peaks at 335.2 and 340.3 eV, corresponded to Pd°

75

3ds, and Pd° 3ds),, respectively . The XPS parameters of all catalysts are

summarized in Table 4.

Table 4 XPS parameters of reduced 1Pd-10Cu/RGO catalyst

Atomic (%)  Species BE/eV

C-C/C=C 284.0

C1s 86.30 C-0C 285.4
C=0 287.4

0-C=0 289.0

O 1s 10.97 C=0 530.5
C-0-C 532.7

TU 2R 932.3

Cu 2p 2.52 Cu** 2ps/, 934.7
Cu’ 2py 952.6

Cu?* 2pyys 955.3

Pd 3d 0.21 Pd° 3ds, 335.2
Pd° 3d,, 340.3

Figure 19 presents a comparison of Cu 2ps/,, and Pd 3d spectra of all reduced
catalysts. Interestingly, the peak of Cu’ 2ps, at 932.6 in 10Cu/RGO catalyst was
slightly shifted to lower binding energy as incorporation of palladium (ca. 932.3 V) as
see in Figure 19A. Meanwhile, Pd® 3ds/, and Pd® 3ds,, peaks in 1 Pd/RGO (Figure

19B(a)) showed peaks at 335.7 and 340.8 eV, both of Pd® 3ds, and Pd® 3ds,, peaks
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also shifted to lower binding energy in bimetallic catalyst (335.2 eV; 1Pd-10Cu/RGO
and 335.5 eV; 2Pd-10Cu/RGO). A shift of binding energy of two cases was due to the
electron transfer between copper and palladium in the formation of palladium-
copper alloy, in well agreement with XRD results. Fox et al. reported that the alloy
formation induced negative peak shift around 0.1-0.4 eV . The XPS parameters of all

catalysts are summarized in Table 5.
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2
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3
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Binding energy (eV) Binding energy (eV)

Figure 19 Deconvoluted XPS spectra of (A) Cu 2ps/, and (B) Pd 3d states of the
reduced catalysts. Reduced Cu species are likely to be related to Cu® but their
unambiguous presence can’t be disclosed from XPS results in the absence of the

Auger spectra .
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Table 5 XPS parameters of reduced catalysts

Catalysts Cu® 2psys Pd’ 3ds,,  Pd°3ds,
BE/eV BE/eV BE/eV
1Pd/RGO - 335.7 340.8
10Cu/RGO 932.6 - -
1Pd-10Cu/RGO 932.3 335.2 340.3
2Pd-10Cu/RGO 932.3 335.5 340.5

4.1.4 Temperature programmed reduction of hydrogen (H,-TPR)

The H,-TPR was performed to determine the optimum reduction
temperature and the reducibility of catalysts. Figure 20 displays the TPR profile of
monometallic 10Cu/RGO and 1Pd/RGO catalysts and bimetallic 1Pd-10Cu/RGO
catalyst after calcination. As presented in Figure 20(a), 10Cu/RGO catalyst exhibited
very broad peak in the temperature of 100-300 °C. The peak deconvolution results
presented two reduction peak at 148 °C and 205 °C. The first peak was assigned to
the reduction of Cu** to Cu’ and the second peak was ascribed to Cu*to Cu® .
Meanwhile, the 1Pd/RGO catalyst shows the reduction peak of at 78 °C, according to
the reduction of Pd®* to Pd’. This result was agreement with previous report ",
supported palladium catalyst was completely reduced at temperature below 100 °C
and more easily reduced than the copper catalyst. In case of bimetallic 1Pd-
10Cu/RGO catalyst, the reduction peak was shift to lower temperature as compared
to 10Cu/RGO catalyst, indicating that the present of palladium could increase the

reducibility of copper due to the formation of palladium-copper alloys. This result

was in good agreement with XRD and XPS results and suggested by other reports "

83
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Figure 20 The H,-TPR profiles of calcinated catalysts (a) 10Cu/RGO, (b) 1Pd-10Cu/RGO

and (C) 1Pd/RGO.

4.1.5 Transmission electron microscopy (TEM)

TEM images were performed to study the morphology and distribution of
metallic particles as displays in Figure 21. The metallic Cu and Pd were darker point,
while the RGO support was lighter once. It was found that copper clusters and
palladium-copper alloy were dispersed on the surface of RGO support (Figure 21B
and 21Q). In case of palladium-copper alloy, the 1Pd-10Cu/RGO catalyst was more
homogeneously dispersed on the RGO surface than that of 10Cu/RGO catalyst,
indicating that the addition of palladium element could prevent the aggregation of
copper on the catalyst surface and increase the dispersion of copper particles .

Moreover, the particle size of metallic copper and palladium calculated from TEM

micrographs was in the range of 18-28 nm, in good agreement with XRD results.
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Figure 21 TEM images of (A) RGO support, (B) 10Cu/RGO and (C) 1Pd-10Cu/RGO fresh

catalysts after reduction with D and E present corresponding particle size distribution.

4.2 Catalytic performance

4.2.1 Effect of different catalysts in the selective hydrogenation of HMF to DMF

Various catalysts were screened to find the best catalytic performance in the

conversion of HMF to DMF under continuous flow conditions at 200 °C and 30 bar
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using 2-propanol as hydrogen donor for 2 h time on stream. Catalysts performance
are presented in Figure 22. For monometallic catalysts, 1Pd/RGO exhibited low
activity/selectivity to DMF (28% HMF conversion and 3.9% DMF selectivity, 2 h on
stream) (Figure 22B), probably due to low metal loading (ca. 1 wt%). Whereas
10Cu/RGO catalyst exhibited a good activity providing to DMF, achieving 60%
conversion and 72% DMF selectivity at 30 min as shows in Figure 22C. However, with
increasing time on stream, the HMF conversion and DMF selectivity decreased
rapidly, while the selectivity of DHMF increased. This result indicated that catalyst
deactivation reduced hydrogenolysis of DHMF to DMF. Moreover, there was no
hydrogenation of furan ring or products from ring-opening over 10Cu/RGO catalyst.
However, 10Cu/RGO catalyst was rapidly deactivated under flow conditions, probably
due to the aggregation of active Cu as confirmed in XRD results for the spent
10Cu/RGO catalyst (Figure 27(b)). The crystalline size of spent 10Cu/RGO increased as

compared to fresh catalyst from 29 to 33 nm, see in Table 6.

On the other hand, the addition of small amounts of Pd (ca. 1-2 wt.%) into
Cu-based catalysts (Figure 22,(D and E)) dramatically increased the HMF conversion
and DMF selectivity (ca. over 85%) as well as good stability as compared to single
metal catalysts, suggesting the existence of Pd-Cu interactions in bimetallic catalyst
could enhance the catalytic activity and prevent the aggregation/leaching of active
Cu led to minimize catalyst deactivation, in good agreement with previous reports *'.
Moreover, the formation of side products was fully inhibited over bimetallic catalysts.
Additionally, 1Pd-10Cu/RGO catalyst exhibited a higher activity as compared to 2Pd-
10Cu/RGO catalyst probably due to the smaller crystalline size (see in Table 3),
achieving complete conversion and over 99% DMF yield. 1Pd-10Cu/RGO catalyst was

subsequently used in further optimization.
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to DMF (Reaction condition: 0.05M HMF in 2-propanol at 200 °C of temperature, 0.2

mL-min™ of feed flow rate and pressure of 30 bar).
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4.2.2 Effect of reaction temperature

The influence of reaction temperature on the catalytic performance of 1Pd-
10Cu/RGO catalyst was studied in the range of 140-200 °C at constant reaction
conditions (0.05 M HMF in 2-propanol, 0.2 mL-min™, 30 bar pressure for 2 h time on
stream). The conversion of HMF as a function with time on stream is shown in Figure
23A. Above 180 °C temperature, the HMF conversion was rapidly approach to the
steady state. Whereas, below 180 °C temperature, the steady state conditions were

obtained after 30 min time on stream.
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Figure 23 Effect of reaction temperature on catalytic performance of the 1Pd-10Cu/
RGO catalyst of (A) with TOS and (B) at 2 h TOS (Reaction conditions: 0.05M HMF in 2-

propanol at 2 mL-min™ of flow rate and 30 bar of pressure).

The conversion of HMF and products distribution under steady state at 2 h
time on stream are displayed in Figure 23B. At low temperatures (140 °C), HMF

conversion and DMF yield were 15% and 2%, respectively, and DFF was the major
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product (ca. 13%) generated via dehydrogenation of hydroxymethyl in HMF,
indicating low hydrogenation rate at low temperatures *°. A temperature increase to
160 °C induced mostly DMF formation with the presence of MFA, MF and FA as side
products, suggesting the hydrogenation of the C=0O group in HMF and DFF are
favored at this temperature because of the higher activation energies of C-O and
O-H.

A further increase to 180 °C rapidly improved HMF conversion from 47 to 99%
at quantitative DMF vyield (99% DMF). HMF conversion and DMF yield remained
unchanged as the temperature up to 200 °C, indicating that the hydrogenolysis of
hydroxyl group in MFA and HMF are favored at high temperatures. However,

Srivastava et al. &

reported that further increase in temperature resulted in over-
hydrogenolysis products leading low DMF vyield. Therefore, the selected optimum

temperature was 180 °C for further studies.

4.2.3 Effect of feed flow rate
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Figure 24 Effect of feed flow rate on catalytic performance of the 1Pd-10Cu/RGO
catalyst of (A) with TOS and (B) at 2h TOS (Reaction conditions: 0.05M HMF in 2-

propanol at 180 °C of temperature and pressure of 30 bar).
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The effect of flow rate on the catalytic performance for the hydrogenation of
HMF was evaluated over a flow rate range from 0.2 to 0.5 mL-min™ (WHSV: 5.73-
14.33 h™) using 0.05 M HMF in 2-propanol at 180 °C temperature under 30 bar
pressure over 1Pd-10Cu/RGO catalyst. Figure 24A presents the results in terms of
conversion with time on stream of various flow rate. Steady state conditions were
obtained after 30 min time on stream at the flow rate of 0.3 and 0.5 mL-min™, while
HMF conversion at 0.2 mL-min™ was approached to steady state within 5 min.

Figure 24B displays the results at 2 h time on stream under steady state
conditions. The HMF conversion and DMF vyields decreased with an increase in flow
rate. These results suggest that the contact time between reactants and active sites
at high flow rate is not sufficient. Thus, the thermodynamic equilibrium of the
reaction is not completed and lead to decrease catalytic activity. Hence, in order to
better analyze the selective hydrogenation of HMF toward DMF, a flow rate of

0.2 mL-min™ was further selected as optimum reaction condition.
4.2.4 Effect of pressure

The effect of pressure of system on HMF conversion and products distribution
was investigated by varying the pressure in the systems from 1-30 bar. A set of
experiments were performed by fixing the flow rate at 0.2 mL-min™ using 0.05 M HMF
in 2-propanol at 180 °C temperature over 1Pd-10Cu/RGO catalyst (Figure 25). The
conversion of HMF was rapidly accessed to steady state at the beginning for all trials

(Figure 25A).

The conversion of HMF and products distribution under steady state at 2 h
time on stream are revealed in Figure 25B. Both HMF conversion and DMF vyield
increased upon pressure rising up to 30 bar, which provided quantitative conversion

and >99% DMF vyield. Interestingly, HMF conversion and DMF yield were over 95%
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with 1% MFA yield as byproduct at 15 bar. Thus, 15 bar pressure was sufficient to

achieve optimum yields under the investigated reaction conditions.
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Figure 25 Effect of pressure of system on catalytic performance of the 10Cu-1Pd/RGO
catalyst of (A) with TOS and (B) at 2h TOS (Reaction conditions: 0.05M HMF in 2-

propanol at temperature of 180 °C and 0.2 mL-minof feed flow rate).

4.2.5 Stability tests

Stability tests of 1Pd-10Cu/RGO catalyst was subsequently conducted at long
reaction times for the selective hydrogenation of HMF to DMF over 8h time on
stream at 180 °C temperature, 15 bar pressure and feed flow rate of 0.2 mL-min™
(Figure 26). HMF conversion showed over 90% within 0.5 h and remained constant
throughout 3.5 h time on stream. After 3.5 h, the conversion was dropped from 93 to
67% at 8 h on stream. However, the catalyst exhibited high stability in term of DMF
selectivity with providing of 65% DMF yield. The decrease of catalytic performance

was unequivocally due to the leaching of mostly Cu (and some Pd) in the systems
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under the investigated conditions. After stability test, the copper (particularly) and
palladium contents of the spent 1Pd-10Cu/RGO catalyst were found to be slightly

reduced as compared to the fresh 1Pd-10Cu/RGO catalyst (see Table 3).

100 W Conversion B MFA B DMF
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40 -

20

05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Time on stream (h)

Figure 26 The stability test of 1Pd-10Cu/RGO (reaction condition: 0.05M HMF in 2-
propanol, 180 °C of temperature, feed flow rat of 0.2 mL-min? and 15 bar of

pressure).
4.3, Post-reaction catalyst characterization

4.3.1 X-ray diffraction (XRD)

In order to investigate the structure and metal particle size of the spent
catalysts, the XRD patterns of the spent catalysts were presented in figure 27. The
metallic Cu showed peaks at 28 of 43.2° (111), 50.4° (200) and 74.1° (220) ** for all
Cu-based catalysts. The diffraction peak at 40.1° was attributed to metallic Pd . In

bimetallic catalysts, they displayed the diffraction peaks around 42.7° between peak
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of metallic Pd and metallic Cu, which was defined as the PdCus; alloy ** #. A broad

peak around 23° was referred to reduced graphene oxide (RGO) ™

Metallic particle size of Cu and Pd were calculated by using the Scherrer’s
equation, and the results are presented in Table 6. The crystalline size of spent
1Pd/RGO, 10Cu/RGO, 1Pd-10Cu/RGO and 2Pd-10Cu/RGO catalysts were 15 nm, 33
nm, 21 nm and 24 nm, respectively. In comparison with fresh catalysts, the
crystalline size of the spent 10Cu/RGO catalyst was larger than that of the fresh
10Cu/RGO catalyst as a result from the sintering of the Cu particles. This might be
another caused for the deactivation of catalyst during the hydrogenation reaction.
Meanwhile, metallic crystalline size of the fresh and spent of 1Pd-10Cu/RGO and
2Pd-10Cu/RGO catalysts were rather similar, indicating that the catalysts are

structural stability for long term reaction.

,A Me) 1Pd- lOCu/RGO
)\, A (d) 2Pd-10Cu/RGO *

A A ©) 1OCu/RGOj{

50 60 70 80

Intensity (a.u.)

WAL

10 20 30
20 (°)
Figure 27 XRD patterns of spent catalysts; (@) RGO, (b) 1Pd/RGO, (c) 10Cu/RGO, (d)

2Pd-10Cu/RGO and (e) 1Pd-10Cu/RGO (symbols assignment: (®) RGO, (V) P, (+)

Cu’and (© )PdCusy).
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Table 6 Crystalline size of the spent catalysts.

Samples Size of Pd or Cu“

(nm)

Fresh Spent

RGO - -

1Pd/RGO 16 15
10Cu/RGO 29 33
10Cu-1Pd/RGO 19 21
10Cu-2Pd/RGO 23 24

“Crystalline size measured from Scherrer equation at (111) plan (Pd; 26= 40.1, Cu;

20=43.2, and Cu+PdCus; 20= 42.7-43.2).

4.3.2 X-ray photoelectron spectroscopy (XPS)

In order to analyze the surface electronic state and the component of spent
1Pd-10Cu/RGO catalyst after stability test. The catalyst was further analyzed by XPS.
According to the XPS results of fresh monometallic catalysts, the Cu® 2P3/2, Pd® 3ds,,
and Pd° 3ds, presented peaks at 932.6 eV, 935.7 eV and 340.8 eV, respectively *. For
XPS result of spent catalyst, the high resolution XPS spectra of Cu 2ps/,, and Pd 3d
regions is displayed in Figure 28. In Cu region, the Cu 2ps/,, was fitted with two peaks
at 932.3 eV and 933.2 eV. Meanwhile, Pd 3d region showed peaks at 335.2 eV and
340.3 eV. These results demonstrated that obtained peaks of spent catalyst
(excepted peak of Cu 2ps/, at 933.2 eV) were slightly shifted to lower binding energy
as comparison to the peaks of the Cu’ 2ps, Pd® 3ds, and Pd® 3ds, of fresh
monometallic catalysts, which was probably due to the formation of palladium-
copper alloy. Which was agreement with XRD results and other reports %. The peak
of Cu 2ps, at 933.2 eV could be attributed to Cu** #’. Moreover, a comparison of XPS

spectra of fresh and spent 1Pd-10Cu/RGO catalyst in Pd 3d and Cu 2p regions
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demonstrated that the oxidation state of copper and palladium was not changed,

indicating that the 1Pd-10Cu/RGO catalyst is rather stable for long time reaction

(A)

Spent 1Pd-10Cu/RGO

Intensity (a.u.)

938 936 934 932 930
Binding energy (eV)
(B)
Pd 3d Spent 1Pd-10CU/RGO
[¢]

Intensity (a.u.)

343 340 337 334
Binding energy (eV)

Figure 28 Characterization after stability test of XPS spectra of (A) Cu 2ps,, region, and

(B) Pd 3d region of the fresh and spent 1Pd-10Cu/RGO catalyst.

4.3.3 Transition electron microscopy (TEM)
TEM micrograph of the spent 1Pd-10Cu/RGO catalyst after stability test is

displayed in Figure 29. The palladium-copper alloy was the darker point, while the
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RGO support was lighter ones. The catalyst appeared spherical shapes of the alloy
clusters decoration on the RGO support. The morphology of spent 1Pd-10Cu/RGO
catalyst was maintained after stability tests with no major nanoparticle sintering
observed. Moreover, the average cluster size of palladium-copper alloy calculated

from TEM micrograph was 19 nm, which was well consistent with the XRD result in

Figure 27 and Table 6.
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Figure 29 TEM image of (A) spent 1Pd-10Cu/RGO catalysts after stability test with B

presents corresponding particle size distribution.
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CHAPTER V

CONCLUSION

5.1. Conclusion

The catalytic performance of monometallic (10Cu/RGO and 1Pd/RG) and
bimetallic catalysts (1Pd-10Cu/RGO and 2Pd-10Cu/RGO) were studied by using 2-
propanol as hydrogen source to achieve a highly efficient catalytic transfer
hydrogenation of HMF toward DMF under continuous flow conditions. For
monometallic catalysts, 1Pd/RGO catalyst showed low activity (28% HMF conversion)
and selectivity to DMF (2.5 % DMF yield) owing to low palladium loading (ca. 1%wt),
while 10Cu/RGO catalyst exhibited good activity (60% HMF conversion) and
selectivity to DMF (72% DMF selectivity), however; the catalyst presented low
catalytic stability due to copper aggregation and copper leaching during the reaction
under continuous flow system. XRD results revealed that the cluster size of spent
10Cu/RGO catalysts increased from 29 to 33 nm as compared to fresh catalyst,
resulting in low catalytic stability. On the other hand, the bimetallic catalysts
exhibited a high HMF conversion and DMF yield (over 85%) as well as good stability
as compared to monometallic catalysts. The XRD and XPS results demonstrated the
present of palladium-copper alloy, which probably could enhance the catalytic
activity and prevent the aggregation of active copper, leading to minimize catalytic
deactivation. Moreover, the formation of side products was fully inhibited over
bimetallic catalysts. The 1Pd-10Cu/RGO catalyst exhibited a higher activity as
compared to 2Pd-10Cu/RGO catalyst due to the smaller crystalline size.

Furthermore, the results found that the HMF conversion and DMF vyield
increased with temperature increasing, indicating high hydrogenation rate at high
temperature (180-200 °C), however; further increases in temperature resulted in over

hydrogenolysis leading decreased DMF yield. In addition, the effect of feed flow rate
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played an important role in hydrogenation of HMF. The HMF conversion and DMF
yield decreased with an increase in flow rate, suggesting that the contact time
between reactants and active sites at high flow rate is not sufficient, thus; the
thermodynamic equilibrium of the reaction is not completed. Additionally, both HMF
conversion and DMF yield also increased upon pressure rising, achieving over 99% of
the conversion and DMF vyield at 30 bar of pressure. The optimum condition for
hydrogenation of HMF toward DMF in continuous flow system over 1Pd-10Cu/RGO
catalyst was 180 °C of reaction temperature, 0.2 mL-min™ of flow rate and 15 bar of
pressure system.

The optimum system exhibited moderate stability at longer time on stream
due to metal leaching (mostly Cu) during the reaction. The alloying of palladium and
copper incorporated on reduced graphene oxide support (confirmed with XRD and
XPS techniques), was found to have a significant influence in a selective

hydrogenation of HMF toward DMF.

5.2 Recommendation

According to the results, it can be seen that the catalytic performance of 1Pd-
10Cu/RGO bimetallic catalyst exhibited high activity and selectivity to DMF, however;
the main cause of catalyst deactivation under continuous flow system was copper
leaching during the reaction, leading moderated stability. Thus, to improve the
stability of the catalysts for selective hydrogenation of HMF toward DMF under
continuous flow reactor, the addition of basic additive that can increase the
interaction between active copper and support, leading to prevent the leaching of
active copper during the reaction. The previous studied found that nitrogen doped
carbon could enhance the catalytic stability due to strong metal support
interaction *'. Another option to improvement in copper leaching is the developing

of catalyst preparation method such as mechanical ball milling, strong electrostatic
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adsorption, deposition precipitation methods, which can provide catalyst with strong

metal support interaction.
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Figure-A1 MS spectra of hydrogenated products: (a) DMF, (b) FA and (c) MFA.
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Appendix B
Calculation
1. Calculation for metal loading
1.1 10 %wt Cu loading (10Cu/RGO catalyst)
Cu precursor; (CH;COO),Cu-H,0O
Cu (MW = 63.5 g/mol)
(CH5CO0),Cu-H,O (MW = 199.65 g/mol)
Basis 0.9 ¢ of RGO
Cu = (10x0.9)/90 = 0.1 g
Weight of (CH;C00),Cu-H,0 = (0.1x199.65)/63.5 = 0.3144 g
1.2 1 %wt Pd loading (1Pd/RGO catalyst)
Pd precursor; Pd(CH;CO0),
Pd (MW = 106.4 ¢/mol)
Pd(CH;COO0), (MW = 224.51 g/mol)
Basis 0.99 ¢ of RGO
Pd = (1x0.99)/99 = 0.01 g
Weight of Pd(CH;COO),= (0.01x224.51)/106.4 = 0.0211 ¢
1.3 1 %wt Pd and 10 %wt Cu loading (1Pd-10Cu/RGO catalyst)
Basis 0.89 g of RGO
Pd =0.01 g
Cu=0.10g¢
Weight of Pd(CH;COO),= (0.01x224.51)/106.4 = 0.0211 g
Weight of (CH;CO0),Cu-H,0O = (0.1x199.65)/63.5 = 0.3144 ¢
1.3 2 %wt Pd and 10 %wt Cu loading (2Pd-10Cu/RGO catalyst)
Basis 0.88 ¢ of RGO
Pd =0.02 ¢

Cu=0.10g
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Weight of Pd(CHsCOO0),= (0.02x224.51)/106.4 = 0.0422 g

Weight of (CH;C0O0),Cu-H,0 = (0.1x199.65)/63.5 = 0.3144 g

2. Hydrogenation reaction

Xmr) = 222 100 (1)

m
When  Cj;,, = Molar flow rate of 5-hydroxymethylfurfural inlet (umol-mL™)
Cout = Molar flow rate of 5-hydroxymethylfurfural outlet (umol-mL")

X(HMF): conversion of 5-hydroxymethylfurfural (%)

— S %100 @)

Sy =

(l) Cin— Cout

Where Cl- = Molar flow rate of the products, including DFF, DHMF, MF,
MFA, FA and DMF (umol-mL™)

Sy = Selectivity of products (%)

Sy —— (3)

V.. = XamMpXSo
® 100

When Y(iy= Yield of products (%)

For example,
Reaction condition: 0.05 M HMF in 2- propanol, 160 °C, 0.2 mL-min™ and 30 bar

at 2h. Catalyst = 0.110 g, 0.0075 mmol-mL™ of n-octane in sample outlet

Area Sample Response factor
DMF 3980441.10 0.71
FA 807119.67 0.85
MFA 728454.63 1.10
MF 608732.75 0.92
HMF 11017906.91 1.21

1S 2547812.01
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Therefore

Cpmr = (0.0075 mmol-mL™ x 3980441.10 x 0.2 mL-min)/(0.71 x 2547812.01)

3.301 pmol-min™

(0.0075 mmol-mL™ x 807119.67x 0.2 mL-min™)/(0.85 x 2547812.01)

Cra
= 0.559 pmol-min™

Cypa = (00075 mmol-mL? x 728454.63 x 0.2 mL-min")/(1.10 x 2547812.01)
= 0.389 pmol-min™

Cyr = (0.0075 mmolmL’ x 608732.75 x 0.2 mL-min™)/(0.92 x 2547812.01)
= 0.389 pmol-min

Cout = (0.075 mmolmL™" x 11017906.91 x 0.2 mL-min™)/(1.21 x 2547812.01)
= 5.361 pmol-min™

Cin,  =1(0.05 molL™"x 24.3 mL)/120 min = 10.125 umol-min™

Therefore

Xwmr = (10125 - 5.361)/10.125) x 100 = 47.05 %

Spmr = (3.301/(10.125 - 5.361)) x 100 = 71.15 %
Sea = (0.559/(10.125 - 5.361)) x 100 = 12.05 %
Sura  =(0.3989/(10.125 - 5.361)) x 100 = 8.40 %
Sur = (0.389/(10.125 - 5.361)) x 100 = 8.40 %
Ypur = (47.05x 71.15)/100 = 33.48 %

Y4 = (47.05 x 12.05)/100 = 5.67 %

Yymr = (47.05x 8.40)/100 = 3.95 %

Yur = (47.05 x 8.40)/100 = 3.95 %
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