CHAPTER VI
GREEN HYDROCARBON PRODUCTIONS
FROM THE CATALYTIC DEHYDRATION OF BIO-ETHANOL
USING Ni, Cu, AND Pd CATALYSTS
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7.1 Abstract

Metal catalysts, like Ni, Cu, and Pd, which have potential to produce
hydrocarbons in various reactions such as oligomerization and polymerization, were
examined in the catalytic dehydration of bio-ethanol, aimimg to investigate the
formation of hydrocarbons in this work, 5wt% loading of Ni, Cu, and 1wt% loading
of Pd of both metallic and metal oxide was individually loaded on an alumina
support by using incipient wetness impregnation method. The catalysts were tested in
the continuous U-tube reactor at 500°C for 8 hour, and later were characterized using
SAA, XRD, XPS. The products were analyzed using GC-online and GOGC-
TOF/MS in order to identify the gaseous product and hydrocarbon species,
respectively. As a result, it was found that metallic promoters had higher ability to
produce hydrocarbons than metal oxide, resulting in the suppression in the
oxygenates and hydrocarbons ratio. Moreover, the ability to produce hydrocarbons
can be ranked in the order: P*AbQs > Ni/AI203 > CUIAI203. For the formation of
hydrocarbons, 1,3-cyclohexadiene was found as a primary hydrocarbon in the liquid
products, and then converted to other hydrocarbons by various reactions. In addition,
all catalysts gave similar oxygenate compounds composition; that are composed of
phenols, ketones, and trace of ether compounds.

7.2 Introduction

In the last decade, hydrocarbons, such as olefins, paraffins, oligomers, and
aromatics, can be produced from fossil fuel, but nowadays the attention has been
changed to bio-mass as an alternative source substitute for petroleum, since crude oil
price increases continuously. Additionally, there are several disadvantages of crude
oil usage such as CO2emission, and high energy consumption, which are causes of
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global warming. In Thailand, there are large quantities of hio-mass such as
sugarcanes, com corps, and cassava, which are used to produce bio-ethanol.
Furthermore, hio-ethanol can be used as feedstock to produce hydrocarhons such as
ethylene, propylene, oligomers, paraffins, and BTEX through catalytic dehydration
reaction. Moreover, the product? obtained from catalytic dehydration reaction are not
only hydrocarbons but also oxygenate compounds. Generally, oxygenate compounds
from ethanol can be produced via ethanol dehydrogenation reaction when a metal
oxide catalyst is employed. Ethanol could undergo dehydrogenation by abstraction of
hydrogen atom at anion vacancies on oxide surface, leading to aldehyde formation as
primary oxygenate compound (Guan et ai, 2004). Furthermore, aldehyde can
undergo further reaction lead to pentanone and other oxygenate compound formation,
From the catalytic dehydration of hio-ethanol, oxygenate compounds are mainly
composed of phenol, ketone, and ether compounds.

Moreover, metal catalysts, such as Ni, Cu, and Pd , which have potential to
produce hydrocarbons are widely used in many reactions. Metallic nickel is widely
used in various reactions such as hydrogenation, hydroisomerization, oligomerization
and polymerization due to the low cost and high availability. Lallemand et al., (2006)
studied the catalytic oligomerization of ethylene over nickel-containing dealuminated
Y catalysts. The catalysts were prepared by using ion-exchanged method. They
found that nickel-loaded catalysts gave better activity to produce oligomers as the
desired product at a reaction temperature of 50°c, and 35 MPa ethylene pressure,
The products consisted of C.-C.. unsaturated aliphatic hydrocarbons, especially C.
as the dominant product. Moreover, heterogeneous nickel-supported HBETA
catalysts for ethylene oligomerization was proposed by Martinez et al., (2013). Their
results showed that Ni2+ species were responsible to the initiation of ethylene and the
undertaking oligomerization. Moreover, they found that the amount of nickel loading
responsible for the product distribution. Nickel-supported Al203catalysts in propene
oligomerization were studied by Cai (1990). Their results showed that the
hydrocarbons obtained were in the range of C(, to C.. hydrocarbons. In 2004, nickel-
supported MCM41 catalysts for ethylene oligomerization was studied by Flulea et al.,
(2004). Their results showed that the hydrocarbon products were in the range of Cé to
C .. hydrocarbons, and C{, products were methyl-pentane, 1-hexene, and its isomers.
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Additionally, copper bromide over Ti02 substrate was examined in ATRP
polymerization for producing polystylene by Barthélémy et al., 2011 They found
that copper bromide can initiate styrene polymerization, and the obtained product
was high molecular weight polystyrene. A CuCl catalyst for styrene polymerization
was studied by Cheng et ai, 2005. The results showed that CuCl can encourage
strene polymerization, and the product was polystyrene in liner form. In addition,
metal catalysts can be divided into two main groups; that are noble and non-noble
metal catalyst, Generally, Ni and Cu are widely used as catalysts in various reactions,
aiming to produce hydrocarbons. Moreover, noble metal catalysts, like Pd, are
widely used in various reactions as well because it has high catalytic activity to
stimulate the reactions. Li et al., 2002 studied a synthesized palladium complex
catalyst for ethylene polymerization. Their results showed that the catalyst exhibited
high catalytic activity, and the obtained product was HDPE. (Pyrazlo-I-yl) carbonyl
palladium complex catalyst for ethylene polymerization was studied by Mkoyi et al.,
2013. They revealed that the catalyst exhibited moderate catalytic activity, and the
obtained product was liner HDPE. Additionally, palladium catalysts also have
potential to promote cross-couplings, hydrogenation, and isomerization (Musulino et
al, 2010)

Therefore, noble metal (Pd) and non-noble (Ni and Cu) metal-promoted in
both metal and metal oxide forms are an interesting catalyst in the catalytic
dehydration of bio-ethanol because they have high ability to produce hydrocarbons.
Therefore, the aim of this work was to investigate the effects of metals and their
oxidation state in product distribution. The ability on transformation of ethanol to
oxygenates and hydrocarbons was compared. Furthermore, the catalysts were
characterized using surface are analyzer (SAA), X-ray diffraction spectroscopy
(XRD), and X-ray photoelectron spectroscopy (XPS).

1.3 Experimental
1.3.1 Catalyst Preparation

v-a1203 (y-Alumina) used in this work was supplied form Sigma
Aldrich, Singapore. Nickel (Il) nitrate hexahydrate, copper (Il) nitraye nonahydrate,
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and palladium (11) hydrate were used as nickel, copper, and palladium precursors. A
metal solution was loaded on the support using incipient wetness impregnation
technique until the amounts of 5.0 wt% Ni, Cu loading, and 1wt% Pd were achieved.
After impregnation, the wet catalysts were dried at 110°c overnight, and then
calcined, starting from room temperature with the heating rate of 10°c/min to 600°c
then held for 3 hours. After that the calcined catalysts were pelletized, crushed, and
sieved to 20-40 mesh particles. Additionally, to produce the reduced catalysts, the
calcined catalysts were pretreated under H2atmosphere follow below conditions.

Table 7.1 Catalyst pretreatment conditions.

Sample Temperature (°C) Time Interval
: Start Final (hn)
NIAID3 30 550 )
CuAD3 30 350 )
Pd/AID 3 30 100 2

1.3.2 Catalytic Dehydration of Bio-ethanol

The catalytic dehydration of hio-ethanol was performed in a
continuous isothermal fixed-bed U-tube reactor controlled at 500°C under
atmospheric pressure for 8 hours. The high purity grade hio-ethanol (99.5%) was fed
by a syringe pump with carrier gas, helium, through the catalyst bed. The gaseous
product was passed through an online-GC, and the liquid condensed in a cooling unit
was collected, and after 8 hour time-on-stream, the oil was extracted from the liquid
product by using carbon disulfide.

1.3.3 Product Analysis
The gaseous products were analyzed by using a GC-TCD (Agilent
6890N) to determine the gas composition, and GC-FID (Agilent 6890N) was used to
determine the hio-ethanol and oxygenate contents. The extracted oils were analyzed
by using Gas Chromatography (Agilent technology 7890) with Time-of-Fight Mass
Spectrometer (LECO, Pegasus® 4D TOF/MS) equipped with the 1¢ GC column was
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a non-polar Rtx®-5sil MS (30 m x 0.25 mm x 0.25 pm), and the 2nd GC column was
an Rxi®-17 MS column (1790 m x 01 mm ID xOl pm) to determine the
composition,

1.3.4 Catalyst Characterization

The Brunauer-Emmett-Teller (BET) technique was used to determine
the specific surface area, total pore volume, and pore size of catalysts using Thermo
Finnigan/Sorptomatic 1990 surface area analyzer. The pore size distribution was
calculated using BJH method. The X-ray diffraction of catalysts was determined
using RigaguSmartLab® in BB/Dtex mode with CuKa radiation. The machine
collected the data from 10°-80°(20) at 5°/min with the increment of 0.01°. X-ray
Photoelectron  Spectroscopy (XPS) spectra were carried out using a AXIS
ULTRAGdId. The system was equipped with a monochromatic Al x-ray source and
hemispherical analyzer. The spectrometer was operated with the pass energy of 160
and 40 eV for wide and narrow scan, respectively. All peaks were calibrated from
referring ¢ s spectra  located at 284.8eV

1.4 Catalyst Characterization

741 XRD

The XRD pattern and 2-theta values of commercial y-alumina, and
Ni-, Cu-, and Pd-modified AI203in both metallic and metal oxide forms are shown
in Figure 7.2 and Table 7.2. The characteristic peak of y-alumina can be detected at
20 = 67.5° (Liu et ai, 2012) from all catalysts. Moreover, the peak of NiO is detected
at 20 = 43.9 (Li et ai, 2006) whereas the peak of metallic nickel is detected at 20 =
445°, which represents the fee of metallic nickel (Li et ai, 2006). For the XRD
patterns of copper oxide and metallic Cu on alumina surface, the diffraction peak due
to CU20 is detected at 20 = 42.7° (Guo et ai, 2009), and the diffraction peak due to
metallic Cu is detected at 20 = 43.8 (Guo et ai,2009). Furthermore, the XRD
patterns of calcined and reduced catalysts are shown in Figure 7.1, It can be noticed
the peak due to metallic Pd is detected at 20 = 42.4° (Huang et ai, 2006). The peaks
due to PdO is detected at 20 = 33.6°, and 40.2° (Huang et ai, 2006). As a result, the
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metal oxide of Ni, Cu, and Pd is formed on the surface of alumina, and the metallic
Ni, Cu, and Pd is present on the surface of the reduced catalyst. Therefore, the
preparation of NiO/AMOT, CU20/AI203 PdO/AI203 Ni/AI2CS, CUIAIZ3 and
Pd/AI2) 3were proven successful.
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Figure 7.1 XRD patterns of commercial Y-AI203 Ni-, Cu-, and Pd-modified Al203

Table 7.2 2-theta of each elements on alumina surface

Element %
Metallic  Metal cfxide
Ni 445 439
Cu 438 40.7
Pd 424 336,402

7.4.2 Surface Composition

To further verify the chemical state of nickel, copper, and palldium on
the surface of samples. X-ray Photoelectron Spectroscopy was employed, and the
results are shown in Figure 7.2. Figure 7.2 (al) displays the XPS spectrum Ni/Al2C3
catalyst. The Ni 2p32binding energies located at 852.2, 855.2, and 858.3 eV are
assigned to Ni(0), NiO (Biesinger et al., 2011), and NiAI20 4 (Salagre et ai, 199%),
respectively; which account for 62.9% Ni, 7.5% NiO, and 29.6% NiAl204as
depicted in Figure 7.3 (a). Moreover, the characteristic satellitt peak of Ni2+ is
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observed at 861.4 ¢V (Salagre et al., 1996). For spent Ni/AbCh catalyst, Figure 7.2
(a2) exhibits that the Ni 2p32 binding energies at 852.0, 855.8 and 858.7 eV are
assigned to Ni(0) , NiO (Biesinger et ai, 2011), and NiAI204 (Salagre et al., 1996):
which are accounted for 6.1% Ni, 77.5% NiO, and 16.4% NiAI204, respectively.
Additionally, the' characteristic satellite peak of Ni2t is aNo observed at 862.3 eV
(Salagre et al, 1996). In addition, the XPS spectra of both fresh and spent NiO/AI203
catalysts are illustrated in Figure 7.2 (a3) and (ad), respectively. Figure 7.2 (a3)
shows that the Ni 2p32binding energies at 855.6 eV is assigned to NiO (Biesinger et
al., 2011), accounted for 100% NiO. Additionally, the peak at 861.6 eV is assigned
to the characteristic satellite peak of Ni2+ (Salagre et al., 1996). For the spent
NiO/AI23 catalyst illustrated in Figure 7.2 (ad), the Ni 2p32 binding energies at
855.2 and 8575 eV are assigned to NiO and Ni(OFI)2 (Biesinger et al., 2011).
Furthermore, the peak at 861.4 eV is assigned to the characteristic peaks of peak Ni2
(Salagre et al., 1996). From the results, fresh NFAI203 catalyst consists of 62.9% Ni,
7.5% NiO, and 29.6% NiAI204. However, fresh NiO/ABO3 catalyst consists of 100%
NiO. After the catalytic testing, Ni/AI203 catalyst is reduced; so, the surface is
composed of 6.1% Ni, 77.5% NiO and 16.4% NiAI204. In addition, the surface of
spent NiO/ABO3 is composed of 89.5% NiO and 10.5% Ni(OH)2

Figure 7.2 (bl) displays the XPS spectrum of CHAI203 catalyst. The
Co2p32 binding energies located at 932.6 and 934.8 eV are assigned to Cu()
(Biesinger et al., 2010) and CuO (Hodgkinson et al., 2013), accounted for 92.8% and
1.2%, respectively. Moreover, the characteristic satellite of Cut is observed at 942.9
eV (Akgul et al., 2014). For spent CWAI203 catalyst, Figure 7.2 (b2) exhibits that the
Cu 2p32 binding energies at 932.0 and 943.6 eV are assigned to CU20 and CuO
(Hodgkinson et al., 2013), accounted for 77.4% and 22.6% , respectively.
Additionally, the two-overlapped characteristic satellite peaks of Cuzt are also
observed at 940.9 and 943.6 eV (Akgul et ai, 2014). In addition, the XPS spectra of
both fresh and spent CU20 catalysts are illustrated in Figure 7.2 (b3) and (b4),
respectively. Figure 7.2 (b3) shows that the Cu 2p32binding energies at 932.5 and
934.7 ¢V are assigned to CU20 (Biesinger et al., 2010) and CuO (Biesinger et al,
2010); accounting for 79.1% and 20.9%, respectively. Additionally, the peaks at
941.6 and 9435 eV are assigned to the characteristic satellite peaks of Cuzt
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(Akgul et ai, 2014). For the spent CLZ0/AI203 catalyst illustrated in Figure 7.2 (b4),
the Cu 2p32binding energies at 932.6 and 935.4 eV are assigned to CUX and CuO
(Akgul et ai, 2014), accounted for 75.5% and 24.5%, respectively. Furthermore, the
peak at 786.9 eV is assigned to the characteristic peaks of Cu+ (Akgul et ai, 2014),
From the results, the surface of fresh CUIAI203 catalyst consists of 92.8% Cu and 7.2%
CuO. Moreover, the surface of CU20/AI203 catalyst consists of 79.1% CU20 and 20.9%
CuO. After the catalytic testing, CUIAI203 catalyst is oxidized; so, the surface is
composed of 77.4% CU20 and 22.6% CuO, as displayed in Figure 7.3(b). In addition,
the surface of spent CU20/AI203 catalyst is composed of 75.5% Cu2) and 24.5%
CuO, indicating that CU20 is a stable phase in the catalytic dehydration of bio-
ethanol,

Figure 7.2 (cl) displays the XPS spectrum Pd/AFOj catalyst. The Pd
3d /2 binding energy located at 335.1 is assigned to Pd() (Brun el ai, 1999),
accounting for 100% Pd on Al203 surface. For spent Pd/Al203 catalyst, Figure 7.2
(2) exhibits that the Pd 3ds/2 binding energies at 335.1 and 336.9 eV are assigned to
Pd() and PdO (Brun et al, 1999); accounting for 82.7% Pd and 14.3% PdO,
respectively. In addition, the XPS spectra of both fresh and spent Pd0/AI23
catalysts are illustrated in Figure 7.2 (c3) and (c4), respectively. Figure 7.2 (c3)
shows that the Pd 2dv2binding energy at 336.6 eV is assigned to PdO (Brun et ai,
1999), accounted for 100% PdO on Al203 surface, respectively. For the spent
Pd0/AI23 catalyst illustrated in Figure 7.2 (c4), the Pd 3ds22 binding energies at
335.6 and 337.7 are assigned to metallic Pd and PdO (Brun et ai, 1999); accounting
for 96.6% Pd and 3.4% PdO, respectively. From the results, the surface of fresh
Pd/AI203 catalyst consists of 100% Pd, as shown in Figure 7.3(c). Moreover, the
surface of Pd0/AI20 3 consists of 100% PdO. After the catalytic testing, Pd/Al2)3
catalyst is partially reduced; so, the surface is composed of 82.7% Pd and 17.3% PdO.
On the other hand, the surface of spent Pd0/AI2) 3is composed of 96.6% Pd and 3.4%
PdO because the reduction of PdO takes place during the reaction.



Table 7.3 Binding energies (eV) of Ni-, Cu-,and Pd-modified catalysts
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Figure 7.2 XPS spectra of (a) Ni-, (b) Cu-, and (c) Pd-modified catalysts.
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Figure 7.3 Surface compositions of Ni-, Cu-, and Pd-modified catalysts.
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7.4.3 Physical Properties

Table 7.4 Physical properties of un-modified and modified catalysts

Surface Area  Pore VVolume  Pore Diameter

sample (mJg)a (cm3g)a (nm)h
Al203 143.6 0.55 45.32
NiO/AlIXC3 139.7 0.43 44.67
Ni/AI2 3 1274 0.35 33.28
CU/AI03 140.7 0.42 39.67
Cudl/ALD 3 1295 0.37 371.52
Pd0/AID 3 142.8 0.63 39.43
PdO/AID 3 1365 0.38 52.39

“determined using BET method
bdetermined using B.J.H method

Table 7.4 shows the specific surface area, pore volume, and pore
diameter of unmodified y-alumina and modified alumina detennined using
Barrett-Joyner-Halunda (BJH) method. As shown in Table 7.4. it is observed that
surface area and pore volume decrease when metallic and metal oxide forms of Ni,
Cu, and Pd was individually loaded on the alumina surface due to the solution of
metal precursor adsorbed deeply in the pore, resulting in the formation of metallic
and metal oxide inside the pore. ’*



75 Product Yields and Gas Composition
75.1 Product Yields

Table 7.5 Product yields obtained from using Ni-, Cu-, and Pd-modified catalysts

Sample h Yiel - Conversion
P Qil Water  Gas
Al203 31 20.6 76.3 98.7
Ni/AID3 39 8.4 87.8 99.3
NiO/AID3 32 134 835 98.9
CuAln3 53 25.3 69.4 97.7
Cuo/aio3d 47 157 19.7 98.4
PA/AID3 19 45 93.6 99.3
PdO/AID3 28 28 944 97.6
100 g
80
60 |
40 ; I Gas
1 Water
H Qil

20 [

Figure 7.4 Product yields obtained from using Ni-,Cu-, and Pd-modified catalysts.

From the catalytic testing, ethanol conversion in Table 7.5 shows that
the conversions are significantly different for all catalysts. This means that ethanol
can convert to ethylene easily at the reaction temperature. In addition, the product
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yields obtained from all catalysts are shown in Table 7.5 and Figure 7.4. It is noticed
that all catalysts give mostly gaseous products with a small amount of oil yield.
Moreover, the yield of water is suppressed in almost all samples, except for
CUIAI203 catalysts.

Product

/

Gas Liquid

Wy, .

Oxygcnatcs—] [Hydrocarbons

s

C,-C4 and CO, Non-aromatics Aromatics

\.

Figure 7.5 Possible products obtained from the catalytic dehydration od bio-ethanol.

15.2 Gas Composition

Figure 7.6 and Table 7.6 present gaseous product composition
obtained from using Ni-, Cu-, and Pd-modified catalyst. As a result, it is observed
that ethylene is made considerably from all catalysts. Furthermore, ethylene is
significantly suppressed from 96.0 wt% to 43.8 wt%.; on the other hand, methane is
significantly enhanced from 0.00 wt% to 24.9 wt% using NiMfrOj catalyst. This
indicates that metallic Ni favors to promote ethylene cracking in ethanol dehydration.
Moreover, the other gaseous product, for examples, ethane, propylene, and butylene,
are slightly enhanced. Additionally, when using other catalysts, like Cu- and Pd-
modified catalysts in both metallic and metal oxide fonns, ethylene is also found as
the major component, and the other gaseous products are present in a trace amount as
shown in Figure 7.6 and Table 7.6, respectively.
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Table 7.6 Gas product composition obtained from bio-ethanol dehydration

Concentration (wt%)

SME 4 CH2 CHMA CHE CHS o8 CHD co?
A3 00 90 05 10 00 05 00 21
NI/AI03 249 438 22 07 00 03 00 28
NiO/AI03 31 806 26 23 00 07 00 107
Cuai203 06 935 09 11 00 04 00 34
CUO/AIO3 00 %1 10 09 00 03 00 27
P/AI%3 19 867 25 15 00 04 00 70
PAO/AI03 21 842 27 16 00 06 00 89
Data were taken at the eight hour of time-on-stream
100
g ; HAI203
0 1 j g 0 Ni0/AI203
60 é = NT/AI203
* 40 - § : Cu20/AI203
20 - : § , SCu/AI203
-l_ma 1 .I'Ll’a 0 PdO/AI203
S & B = —saue J Pd/AI203
é‘z@ é(& S P 4 0Cr203/A1203

Figure 7.6 Gas product composition obtained from bio-ethanol dehydration.
7.6 Liquid Products

7.6.1 Liquid Product Distribution
The liquid product distribution in Figure 7.7 and Table 7.7 shows that
the liquid product composes of oxygenate compounds and hydrocarbons. Compared
to unmodified Al203 all promoted-catalysts in both metallic and metal oxide forms
suppress the formation of oxygenate compounds with increasing hydrocarbon
formation. Moreover, the hydrocarbon formation is enhanced from 7.9 wt% to 16.1
wtd%, 128 wid, and 604 wi% using Ni/AI23, CUIAIZD3 and Pd/AI203 catalyst,



o1

respectively. In addition, the hydrocarbons are also enhanced from 7.9 wt% to 10.2,
113, and 245 wt% using NiO/A"OT, CU20/AI203, and PdO/AIZCS catalyst,
respectively. The results indicate that the catalysts in metallic forms can promote
higher hydrocarbon production than metal oxide forms, and among the metal
catalysts, Pd/AI203 gives the highest hydrocarbon production due to more surface
stability and less surface sensitivity. Furthermore, the hydrocarbon  production can
be ranked in the order; Pd/AI203 > Ni/Al20 3> Cu/AT03 > AlD3-

Ni/ALO, NiO/ALO,

ALO Pd/AIZ 3 PdO/AI2 3

1 Oxygenates 1 Hydrocarbons

Figure 7.7 Liquid product distribution obtained from using Ni-, Cu-, and Pd-
modified catalysts.
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Table 7.7 Liquid product distribution obtained from hio-ethanol dehydration

Distribution (wt%)

Sample
Oxygenates Hydrocarbons

Al203 92.1 7.9
Ni/Al.C3 84.9 15.1
Ni0/Al20 3 89.8 10 .2
CulA bC3 87.2 12.8
CU20/Al203 88.9 11.1
Pd/Al20 3 39.6 60.4
Pd0/AL20 3 75.5 24.5

7.6.2 Hydrocarbon Compositions

Figure 7.8 presents hydrocarbon compositions obtained from using
Ni-, Cu-, and Pd-modified Al203catalysts in both metallic and metal oxide forms. As
a result, hydrocarbons are composed of non-aromatics, benzene, toluene,
mixed-xylenes, Co, and Cio+-aromatics. Furthermore, most of the hydrocarbons
distribute in COproduct; that is, benzene. Among these catalysts, Pd/ARCh shows the
significant increase in Cio+-aromatics because Pd on Al20s has high hydrocarbon
production and large pore size of alumina support. From Tables 7.8, 7.9, and 7.10, it
can be noticed that, using Ni-, Cu-, and Pd-modified Al20s catalyst in both metallic
and metal oxide forms, there is non-aromatics formation. In non-aromatics,
1,3-cyclohexadiene is found as a main component from all catalysts.

- HAI203

O Ni/AlI203

0 NiO/AI203

HCU/AI203

0CU20/AI203
Pd/AI203

m PdO/AI203

wt%
o e L " N ~ N ¥, |

Figure 7.8 Compositions of hydrocarbons obtained from using Ni-, Cu-, and Pd-
modified catalysts.
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Table 7.8 Composition of hydrocarbons obtained from using Ni-modified catalysts

Product

A23  Ni/AI03 NiO/AID 3

Product Distribution (wt%)

Oxygenatess 9.1
Non-aromatics 0.60
Benzene 5.20
Tolugne 0.60
p-Xylene 0.20
o-ylene 0.20
m- }{Iene 0.20
Ethylbenzene 0.40
C9aromatics 0.10
C|0+aromatics 0.40

Data were taken at the eight hour of time-on-stream

Sample

i

OO O OO OO OO

00 O LI LI LI DI RL —J LD L
OO OO OO D 0O

Table 7.9 Composition of hydrocarbons obtained from using Cu-modified catalysts

Sample
Procyd ab3  CuAlD3

Product Distribution (wt%)

Oxygenates £21 81.2
Non-aromatics 0.60 0.40
Benzene 5.20 3.40
Toluene 0.60 1.10
p-Xylene 0.20 0.50
o-)glene 0.20 0.40
m- ){Iene 0.20 0.40
Ethylbenzene 0.40 0.30
CYaromatics 0.10 2.10
Clo+-aromatics 0.40 4.30

Data were taken at the eight hour of time-on-stream

Cud/A12D 3

88.9
0.20
140
0.90
0.30
0.20
0.30
0.20

0.80
0.70
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Table 7.10 Composition of hydrocarbons obtained from using Pd-modified catalysts

Product

A.0;

Product Distribution (wt%) o

Oxygenates 9.1
Non-aromatics 0.60
Benzene 5.20
Toluene 0.60
B—X lene 0.20
-Xylene 0.20
m- Ylene 0.20
Ethylbenzene 0.40
C9dromatics. 0.10
Clo+ aromatics 0.40

Data were taken at the eight hour of time-on-stream

Sample
PA/AIN 3 PdO/AID 3

39.4
0.40
42.40
1.30
0.90
1.30
0.90
0.50
0.50
1240

755

Therefore, the formation of hydrocarbons with using these catalysts
can be explained as follows: Ethylene suppressed in the gaseous product is suspected
to be an important intermediate to transform to various hydrocarbons in oil. Firstly,
ethylene might undergo cyclization to form 1,3-cyclohexadiene as a primary
hydrocarbon, and then undergo dehydrogenation, leading to benzene formation, as
depicted in Figure 7.9. Moreover, benzene could undergo further reactions to form
larger h}'/?irocarbons . Additionally, using Ni, Cu, and Pd promoters in both metallic
and metal oxide forms on A120 3 support, the catalysts might promote similar

pathway of ethylene chain growth as illustrated in Figure 7.9,

Cyclization Dehydrogenation

H,C=——CH> >

Figure 7.9 Ethylene chain growth using Ni-, Cu-, and Pd-modified catalysts.
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7.6.3 Oxygenate Compositions

From Figure 7.10 displays oxygenate compound compositions. It can

be observed that the oxygenate compounds are composed of two main components

that are, phenol and ketone compounds. Moreover, the other group is a trace amount

of ether compounds,
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Figure 7.10 Compositions of oxygenate compounds (wt%) found in |
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It is observed that all catalysts give similar components of oxygenate
compounds. However, there is the difference in phenol compound selectivity when
using Ni-modified Al20s catalysts in both metallic and metal oxide fonns. As can be
seen in Figure 7.10, using Ni/AfrCb catalyst, phenol selectivity is significantly
enhanced; however, using NiO/AbCh catalyst, it is slightly enhanced. For Cu- and
Pd-modified Al20s catalysts, the catalysts significantly exhibit the increases in
phenol selectivity; on the contrary, ketone selectivity is not significantly different
from all catalysts. Moreover, it can be noticed that when using Ni-, Cu-, and Pd-
modified Al203 catalysts, a trace amount of ether compound is observed. In addition,
phenol selectivity, using metallic promoters, can be ranked in the order: Ni/AHCh >
CU/AI203> Pd/Al20s > Al203s; 0n the other hand, when using metal oxide promoters,
the selectivity can be ranked as follows: Pd0/Al20s > CU20/A1203 > NiO/AfCh >
Al20s. Furthermore, ketone selectivity, using metallic promoters is decreased in the
order: Al20s > Pd/AfCh > CU/AI20s > Ni/Al2Cb; however, the selectivity, when
using metal oxide promoters, can be ranked in the order: Al20s > NiO/AbCb >
CU20/A1203> Pd0/A 120 3,

Moreover, phenol compounds are found as the major group of
components in oxygenate compounds, and it is found as the major component using
all Ni-modified catalysts as shown in Figure 7.11. It is significantly increased from
18.8 wt% to 38.4 wt% and 42.5 wt% by using Ni/AbCh and NiO/AfCh catalysts,
respectively; in addition, phenol selectivity can be ranked in the order; NiO/AfCh >
Ni/Alzos> Al20s. Furthermore, the other major group of components in oxygenate
compounds is ketone compounds. Form Figure 7.12, among ketone compounds, 2-
pentanone is slightly decreased from 81.4 wt% to 76.4 wt% and 67.7 wt% by using
Ni/AfCh and NiO/AbCh catalysts, respectively. However, 3-pentanone is slightly
increased from 3.7 wt% to 13.8 wt% and 8.1 wt%, by using Ni/AbChb and NiO/AfCb,
respectively. From the results, 2-pentanone selectivity can be ranked as a follows:
Al203> Ni/Al20 3> NiO/AHCb.

The compositions of oxygenate compounds in Figure 7.10 shows that
the oxygenate compounds are composed of three main components; that are, phenol,
ketone, and a trace of ether compounds. Compared to parent alumina, phenol
compounds are increased from 64.5 wt% to 80.7 wt% and 88.7 wt% by using
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C11/A1203 and cu203/A1203; however, ketone compounds are decreased from 35.5
wt% to 17.9 wt% and 11.1 wt% using cu/a1203 and CU20/A1203, respectively. As a
result, it is observed that all catalysts give a high concentration of oxygenate
compounds as obtained from unmodified A1203, indicating that all catalysts promote
similar pathways of oxygenate compounds formation via ethanol dehydragenation.
Moreover, phenol is found as a major component in phenol compounds. From Figure
7.11, it is found that phenol selectivity is significantly increased form 18.8 wt% to
38.1 wt% and 49.6 wt% using cu/a1203 and CU20/A1203, respectively. So, the
phenol selectivity is decreased in the following order: cCU20/A1203 > CU/AI203 >
A1203.

The compositions of ketone compounds in Figure 7.12 show that 2-
pentanone is made dominantly from all catalysts; however, 2-pentanone selectivity is
decreased from 84.1 wt% to 67.8 wt% and 62.5 wt% by using cu/a1203 and
CU20/A1203, respectively. Therefore, 2-pentanone selectivity can be ranked in the
order: A1203 > Cu/A12Cs> CU20/A1203,

The main components in oxygenate compounds using either Pd/Alzo3
and PAdO/AHCb catalysts are shown in Figure 7.10. They are composed of phenol and
ketone compounds. Compared to unmodified Al.Os, the selectivity of phenol
compounds are slightly increased from 64.5 wt% to 74.3 wt% and 89.9 wt% using
Pd/AkCh and PdO/AfrCh catalysts, respectively. However, the selectivity of ketone
compounds are slightly decreased from 35.5 wt% to 19.4 wt% and 89.9 wt% using
Pd/Al20 s and PdO/AfrCh catalysts, respectively. As a result, the selectivity of phenol
compounds can be ranked as follows: PdO/Al2Css > Pd/AkCh > Al20s, and the
selectivity of ketone compounds can be ranked as follows: Al20s > Pd/Alos >
PdO/Al2Cs. Moreover, the compositions of phenol compounds in Figure 7.11 shows
that phenol is found as a main component in phenol compounds obtained from using
both Pd/AfrCh and Pdo /Al203 catalysts. Compared to pure Al20s, phenol selectivity
is significantly increased from 18.8 wt% to 67.9 wt% 47.0 wt% using Pd/AFCfr and
PdO/AMCh catalysts, respectively. So, the phenol selectivity can be ranked in the
order; Pd/Al2os > PdO/AKCh > Al20s. Furthermore, the compositions of ketone
compounds obtained from all catalysts are displayed in Figure 7.12. It is observed
that 2-pentanone is made dominantly from all catalysts. However, the introduction of
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metallic Pd and PdO on alumina surface, 2-pentanone is slightly decreased in the
order: Pd0/AI2) 3> Pd/AIZ) 3> AL 3

The compositions of phenol products in Figure 7.11 show that
phenol is found as the major component with using Ni-, Cu-, and Pd-modified AL 3
catalysts. Moreover, when using metallic promoters, phenol selectivity can be ranked
in the order: Pd/AI23> Ni/AID3> cuwa 203> AL 3; on the other hand, using
metal oxide promoters, phenol selectivity can be ranked as follows: cu20/a 203>
PdO/AI2) 3> NiO/AI2) 3> A120 3 In addition, the other major group of components
In 0xygenate compounds is ketone products. From Figure 7.12, among ketone
products, 2-pentanone is found as the major component in ketone products. When
using metal promoters, 2-pentanone selectivity are decreased as follows: AL 3 =
PA/AID3 > Ni/Al03 > cu/a203; however, using metal oxide promoters,
2-pentanone selectivity are decreased as follows: AL20 3> PdO/AI20 3> NiO/AIZ) 3>
cu20/A 203,

As a result, when the composition of oxygenate compounds obtained
from all catalysts, it can be concluded that both metallic and metal oxide promoters
promote similar pathways of oxygenate compounds formation through ethanol
dehydrogenation. Generally, dehydrogenation reaction is widely catalyzed by using
metal oxide catalysts due to the formation of oxygen vacancies on metal oxide
surface. Another reason is AL2) 3support that is classified as a type of Bietal oxide;
hence, the formation of oxygenate compounds is governed by AL20 3support as well.
Additionally, when the oxygen vacancies are formed, hydrogen atom of
hydrocarbons or organic compounds can be abstracted by these vacancies, leading to
dehydrogenation reaction.
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Figure 7.11 Compositions of phenols (wt%) found in oxygenate compounds using
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1.7 Effect of Oxidation States

Two different oxidation states of Ni-, Cu-, and Pd-modified catalysts are
examined, aiming to investigate the effect of oxidation state on product distribution
in the catalytic dehydration of hio-ethanol. Therefore, oxygenate and hydrocarbon
yields play an important role on determination the reaction pathways and product
distributions. As seen in Table 7.7, the oxygenate compounds are slightly decreased:
however, the hydrocarbons are slightly increased by using nickel-modified catalysts
as compared to Al203 This implies that both metallic Ni and NiO-modified catalysts
promote similar outstanding reaction; that is, ethanol dehydration rather than ethanol
dehydrogenation. From the results, the modified catalysts promote similar reaction
pathways of ethylene chain growth, but exhibit different ability. The catalytic activity
for producing hydrocarbons can be ranked in the order: Ni/AI2C8 > Ni0/AI23.
Generally, metallic Ni is generally used in hydrogenation of hydrocarbons, and
widely used to produce various kinds of hydrocarbons, for example, ethylene
oligomerization (Lallemand et al., 2006), and ethylene polymerization (Miyakoshi et
al., 2006). Moreover, the catalysts displayed high activity to produce hydrocarbons;
thus, in the catalytic dehydration of bio-ethanol, metallic nickel-promoted catalyst
might promote higher activity than that NiO/AI2)3. In addition, NiO/AI2C3 catalyst
is widely employed in dehydrogenation because the catalyst has oxygen vacancies in
the surface, which allows hydrogen to be abstracted from hydrocarbons, leading to
dehydrogenation. Therefore, NiO-modified catalyst promotes higher oxygenate
compounds than metallic Ni-modified catalysts, and the ability to produce oxygenate
compounds can be ranked in the order of NiO/AI2C3> Ni/AI23.

Metallic CU/AI203 and Cu2) /AI2C3 catalysts were examined for the effect
of oxidation states on product distributions in the catalytic dehydration of
bio-ethanol. From the result, it can be noticed that using CU/AI203and Cu2) /AI203
catalysts, the hydrocarbons yield are slightly enhanced, while oxygenates yield are
slightly suppressed, indicating that both Cu/Al203 and Cu20/AI03 catalysts have
less ability to produce hydrocarbons. Therefore, ethanol dehydration might be
promoted as dominant reaction in the catalytic dehydration of bio-ethanol. Moreover,
the ability to produce hydrocarbons can be ranked in the order of Cu/AL2 3 >
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CU2/AI203. Moreover, the insignificant difference in the suppression of oxygenate
compounds may be explained by the ease of oxidation of copper when exposed to air
or oxidizing agent. Moreover, it is found that copper and oxygen have the
electronegativity numbers (En) equal to 1.90 and 3.44, respectively. This means that
copper is able to donate an outermost valence electron to oxygen easily, resulting in
the transformation of metallic Cu to copper oxide. Generally, metal oxide catalysts
are mostly used to stimulate dehydrogenation reaction due to the formation of
0Xygen vacancies on their surface. Metallic Cu has been used in methanol partial
oxidation to produce aldehyde. Bluhm et al., (2004) found that metallic Cu was an
un-active site for producing aldehyde until it was transformed to copper oxide
because there was the formation of subsurface oxygen on copper catalyst that led to

the abstraction of hydrogen.

For Pd-modified catalysts, it can be noticed that both metallic and palladium
oxide promoters promote similar pathways of ethanol transformation; that is, ethanol
dehydration, due to the significant increase in hydrocarbon products in oils. However,
they have different ability to produce hydrocarbons. As seen Table 75, the
hydrocarbons are considerably increased to 24.5 wt% and 60.4 wt% when oxidation
state of palladium is changed from 2+ to 0, meaning that metallic Pd/ACh catalyst
has higher ability than PdO/AnCh catalyst. Jung et al., (2015) reported that
palladium-promoted catalysts have high ability to accelerate the formation of carbon-
carbon bond, and have high hydrogen adsorption capacity to absorb hydrogen at
room temperature forming palladium hydride (PdHX) (Hao et al,2015). Therefore,
palladium is widely employed in cross-couplings, hydrogenation and hydrogenolysis
reaction. Moreover, the change of oxidation states also affects to oxygenate
compounds; which are considerably decreased to 75.5 wt% and 39.6 wt% by using
Pd0/AI23 and Pd/AI203 catalysts, respectively. It is evident that PdO is partially
reduced to Pd after the catalytic testing, confirmed by the result of XPS analysis.
This can be explained that the reduction of oxygen adatom on PdO surface leads to
the reduction of anion vacancies, resulting in the decrease in oxygenate compounds
because ethanol dehydrogenation reaction is not promoted outstandingly.



103

Additionally, the ability to produce hydrocarbons can be ranked as follows:
Pd/AI2) 3> PdO/AID 3> AN 3

In conclusion, using metallic promoters, the ability to produce hydrocarbons
can be ranked as follows: Pd/AI2) 3> NifAI2) 3> Cu/AL0 3> AL 3 however, using
metal oxide promoters, the ability is decreased in the order: A103> Cu20/AI20 3>
Ni0/AI2 3> PdO/AIN 3,

1.8 Pathways of Ethanol Transformation

The pathways of ethanol transformation using Ni-, Cu-, and Pd-modified
A1) 3 catalysts are depicted in Figure 7.13. When bio-ethanol is fed and passed
through the catalysts, the formation of oxygenate ethylene and oxygenate compounds
are governed by A120 3support. Moreover, the formation of oxygenate compounds on
A1) 3support relates to the formation of anion vacancies because AL20 3is classified
as a kind of metal oxide that contains oxygen vacancies. In general, dehydrogenation
reaction can be occurred with using metal oxide catalysts. Therefore, ethanol
dehydrogenation can be promoted when A2 3 catalyst is employed. Furthermore,
the formation of ethylene is also governed by AL20 3 support due to acid property of
alumina that can drive ethanol dehydration. In addition, with the addition of Ni, Cu,
an Pd in both metallic and metal oxide forms on Al20 3 surface, the oxygenate
compounds are suppressed whereas the hydrocarbons are enhanced, meaning that Ni,
Cu, and Pd in hoth fonns govern the formation of hydrocarbon production, but they
have different ability by promoting hydrocarbon formation thought cyclization and
dehydrogenation reaction. Additionally, different oxidation states of Ni, Cu, and Pd
do not affect to product distribution. When metallic and metal oxide promoters are
compared, it is found that the metallic promoter gives higher hydrocarbon production
than the metal oxide promoter. Furthermore, the formation of a non-aromatics
compound; that is 1,3-cyclohexadiene, is observed before being transformed to
benzene.



104

ALO, Féh?nols
Oxy ’cr;zl es etones
e e Others
CH3CH2— OH
A1203 HC=CH?
Ni,Cu,
Cyclic hydrocarbons  ant*
catalysts

Benzene

Figure 7.13 Ethanol transformation pathways using Ni-, Cu-, and Pd-modified
catalysts.

7.9 Conclusions

In conclusion, different oxidation states of metal catalysts such as Ni, Cu
and Pd were examined in the catalytic dehydration of bio-etlijnol, aiming to
investigate the effect of oxidation state on the product distribution. From the results,
it can be concluded that the used of Ni, Cu, and Pd as a promoter on alumina support
resulted in the suppression of oxygenate compounds whereas the hydrocarbons were
enhanced. When metal and metal oxide catalysts were compared, it was found that
metal catalysts had higher ability to produce hydrocarbon than metal oxide catalysts.
Moreover, the ability to produce hydrocarbons can be ranked in the order of:
PA/AID3 > Ni/AFCh > CUIAI203 > AI203 Moreover, most of the obtained
hydrocarbons were aromatics; however, there was a fonnation of cyclic compound;
that is, 1,3-cyclohexadiene, which is believed to be an important intermediate to be
further transfonned to various aromatics in the liquid product. In addition, all
catalysts promoted the similar pathways of ethylene chain growth. Additionally,
when noble (Pd) and non-noble (Ni and Cu) promoters in different oxidation states
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were compared, it was found that in the case of metal promoter, lwt% Pd/AI2)3
exhibited the highest ability to produce hydrocarbons; and 1 wt% PdO/AIZCR
exhibited the highest ability to produce hydrocarbons among the metal oxide
promoters.
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