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CHAPTER |

INTRODUCTION

Biomass has been aiming as a renewable energy source for sustainable
production of liquid fuels and chemical products due to the dwindling fossil fuel and
concerning environmental. Biodiesel was one typical instance of biomass utilization
that was commonly made from the transesterification of triglycerides in vegetable or
waste oil. The biodiesel production in 2012 is 22.7 million metric tons and was
estimated growing to 36.9 million metric tons in 2020 (1). Increasing of biodiesel
production will generate a large amount of crude glycerol as side product (100 Kg of
biodiesel produces 10 kg of crude glycerol), leading to plummet in the price of glycerol.
Several catalytic processes can be upgraded glycerol into high-value product that
oxidation, reduction, halogenated, etherification, esterification, and dehydration of
glycerol for instance dihydroxyacetone (2-4) , glyceric acid (5-7), 1, 2-propanediol (8-
11), glycerol carbonate (12-14) ,glyceryl ethers (15-17), and acrylic acid (18-20). One
of the promising processes was glycerol hydrogenolysis to 1, 2-propanediol, also called
propylene glycol because of its use as monomer of polyester resins, solvent in paints,
cosmetics, and medicine etc. Presently, 1, 2-propanediol was mainly produced through
hydrolysis of hazardous propylene oxide that is converted from oxidation of propylene,
which its follow the route of petrochemical route (21). Thus, the production of 1, 2-
propanediol from biomass-derived glycerol was encouraging processes that substitute
for petroleum-derived, environmentally friendly, substantially improving the process
economics.

Glycerol hydrogenolysis has been investigated over various metal catalysts as
noble metal (Pt, Ru, Rh') (22-24) and transition metal group (Ni, Cu) (25-27). These
catalysts are dispersed on metal oxide supported such as Al>Oz, SiO2, TiO., ZrO, (22-
24), (27-29). The activity and selectivity of reaction mainly depend on the
environmental of process and nature of based-catalyst. Among of noble metals, Ru-
based catalyst has been presented higher activity for the glycerol hydrogenolysis but
low selectivity to 1, 2-propanediol. It was well known for higher ability of C-C bond

cleavage, resulting in poor propanediol selectivity (29-31), when as Cu-based catalyst



often promoted C-O bond cleavage as a consequence excellent selectivity toward 1, 2-
propanediol (26, 27, 32). Hence, the copper catalyst is interesting for glycerol
hydrogenolysis reaction. The Cu-based catalyst have been widely studied over various
supports like Al20O3 (33-35), SiO2 (27, 36), ZnO (21, 37), ZrO. (10), TiO2 (38)
Cr03(39, 40). M.A. Dasari et al. reported that the Cu-Cr catalysts (CuCr.04) shown
good activity (55%) and high selectivity of 1, 2-propanediol (85%) under mild reaction
conditions of 200° C and 200 psi hydrogen pressure for 24 h (39). Z. Xiao et al. also
suggested that the Cu-Cr catalyst presented CuCr,04 and Cr.O3 phases which showed
better activity for glycerol catalytic conversion than those with Cu and Cr203 phases.
However, there are concerns on health and environment due to the poison related to
chromium content of such catalysts(41).

Recently, B. K. Kwak et al. investigated the use of Cu/Al.Oz catalysts that
appeared copper aluminate spinel (CuAl204). These were prepared by sol-gel-method
as they show the high catalytic performance with glycerol conversion of 90% and 90 %
selectivity of 1, 2-propanediol at 220° C under 5.0MPa H. pressure for 12 h (42). A.
Wolosiak-Hnat and coworker also found that the copper aluminate phase gave good
catalytic activity in glycerol hydrogenolysis to 1, 2-propanediol (79 % glycerol
conversion , 96% selectivity) (43). The Copper aluminate spinel (CuAl204) have high
thermal stability, high mechanical resistance, hydrophobicity and low surface
acidity(42), (44). Many methods were studied over prepared CuAl,O4 spinel, e.g. co-
precipitation, so-gel method, sonochemical method and microwave combustion (42-
47). Nevertheless, the copper aluminate is generally required high calcination
temperature about 1000 ° C several days in order that the complete formation of spinel
phase which is difficult to scaling up of synthesis and economic perspective. The flame
spray pyrolysis (FSP) is an established commercial process to prepare metal-oxide
spinels in a single step (48, 49). The FSP products were made high temperature during
FSP process (up to 3000 K) as a result low contaminated compound (50). Moreover,
FSP-made can be controlled characteristic by various fuel composition, precursor feed
rate, precursor concentration and type of precursor etc. (51, 52).

Although, the Cu-based catalysts have been studied broadly in the literature but
there are almost no reported about Cu species (Cu®,Cu*,Cu?*) and copper aluminate
character on Cu/Al,O3 catalyst for glycerol hydrogenolysis. It was often reported that



Cu%Cu* and Cu?* were active with several hydrogenation reactions like hydrogenation
of dienes, and methanol synthesis and Cu® was active site for olefin hydrogenation
(53). S. Wang et al. suggested that support as catalyst of glycerol dehydration to acetol
while acetol hydrogenation occurs on Cu metal (54). Meanwhile, F. Vila reported that
the presence of both species (Cu®/Cu*) was necessary for glycerol hydrogenation (55).
The role of these different species still unclear. In addition, the Cu clusters in metal
oxide matrix (CuAl;0,) after reduction process have different characteristic with Cu
clusters are spread on support surface.

In this work, we have studied roles of aluminate spinel modified Al>Os support
on Cu based catalysts and have investigated properties of copper species (copper
deposited on surface and copper incorporated with metal oxide (CuAl>Qa)), which that
prepared by flame spray pyrolysis method on the catalytic performance for glycerol

hydrogenolysis.

1.1  Objectives of the Research

The purpose of the study, the effect of aluminate spinel support copper-based
catalysts on physicochemical and catalytic properties for hydrogenolysis of glycerol to

1,2 —propanediol.

1.2 Scopes of the Research

Part 1

The xCu-Al20s support was various weight percentage incorporated Al>Os3
synthesized by flame spray pyrolysis (x =0, 10, 20, 30, and 40 wt% of Cu). Then, xCu-
Al>O3 is impregnated by 30 wt% of Cu as 30Cu/xCu-Al20s. The detail was shown in
Figure 1A.

Next, the content of total copper (Cuim + Cursp) will choose from part 1A and
various ratio of Cu impregnated per Cu incorporated with Al.O3 are prepared by flame
spray pyrolysis. Cu/Cu-Al>0s was the loading of partially Cu impregnated on the
partially Cu incorporated with Al>Ozsthat prepared by FSP. The detail was shown in
Figure 1B.
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Figure 1 The Cu/Cu-Al,O3 catalysts.

Part 2
The xM-Al203 support was various type of metal (M=Co, Zn, and Fe) and

percentage incorporated with Al.O3 were synthesized by flame spray pyrolysis (x = 0,
10, 20,30, and 40 wt% of metal). Then, xM-Al>Oz was impregnated by 30 wt% of Cu
as 30Cu/xM-Al>QOz. The detail was shown in Figure 2.
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Figure 2 The 30Cu/xM-Al;03 catalysts.



CHAPTER II

GLYCEROL HYDROGENOLYSISTO 1,2 PROPANEDIOL

Hydrogenolysis of glycerol was an important process to convert crude glycerol
to propanediol which valuable chemical products and environmentally friendly. Its
reaction produces various products for instance 1, 2-propanediol (propylene glycol), 1,
3-propanediol, ethylene glycol, 1-propanol, 2-propanol, lactic acid. The 1, 2-
propanediol is promising chemical product inasmuch as its application is widely used
in pharmaceutical, cosmetic, emulsifier/co- surfactant, anti-freeze agent, polymer
industries, etc.

In 2010, The Archer Daniel Midland (ADM) Company in the US had licensed
the catalytic technology developed at Pacific Northwest National Laboratory. Later in
2011, the company-initiated production 1, 2-propanediol plant at Decatur from glycerol
that a capacity of 100,000 ton/years. In mid-2012, the 1, 2-propanediol plant from
glycerin (in Ertvelde, Belgium) was produced by the oleochemical company Oleon
using BASF catalytic technology license. Its capacity is 20,000 tonnes/years (56).

2.1  Process of glycerol-hydrogenolysis

The hydrogenolysis of glycerol to 1, 2-propanediol implicates with series of
chemical reactions that lead to a variety of liquid products like 1, 2-propanediol
(propylene glycol), 1, 3-propanediol, ‘ethylene glycol, 1-propanol, 2-propanol, lactic
acid, etc. Moreover, it produceed gas products that both products are formed via

possible reaction pathway in glycerol hydrogenolysis were shown in Figure 3 (57).
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Figure 3 Possible reaction of selective hydrogenolysis of glycerol (57).

1, 2-propanediol product was proposed to be occured through two mechanisms
which are (i) dehydration of glycerol to acetol over acid sites afterward acetol was
hydrogenated to 1, 2-propanediol over metal sites (dehydration-hydrogenation) and (ii)
dehydrogenation of glycerol to glyceraldehydes on basic sites/basic solution then
glyceraldenyde was dehydrated to 2-hydroxyacroline on acid sites subsequently
hydrogenation of 2-hydroxyacroline to 1,2-propanediol on meta sites
(dehydrogenation-dehydration-hydrogenation) as shown in Figure 3 (58-61). The
reaction as above mentioned, it is depending on the feature of based-catalyst and

environmental of process. Noble catalysts were not employed for glycerol



hydrogenolysis reaction due to their poor selectivity cleavage C-O bond that low
selectivity to 1, 2-propanediol and high selectivity undesired products like ethanol,
methanol and ethylene glycol. Other hand transition catalysts that high selectivity
cleavage C-O bond. In the liquid phase reaction, the acid sites catalyze the glycerol
dehydration to acetol which is forthcoming hydrogenated to 1, 2-propanediol on metal
sites. M. Balaraju et al. used Ru/C metal catalyst with different solid acid catalyst. their
results showed 45 % glycerol conversion and 61 % selectivity of 1, 2-propanediol on
NB:20s solid acid catalyst that showed the highest of number of acid sites under reaction
temperature 180 °C, 60 bar in hydrogen pressure, 8 h (62). That was similar to work of
E. Gallegos-Suarez and coworker who reported that Ru/C catalyst was treated with
nitric acid, which exhibited higher glycerol conversion (42%) than catalyst supported
on untreated activated carbon at 178 °C under hydrogen pressure of 80 bar, 24 h. It
suggested that glycerol hydrogenolysis increase with increasing concentration of
surface acid groups (63). A. Alhanash et al. studied glycerol dehydration over Zn—Cr
(1:1) mixed oxide catalyst, as shown 18 % of glycerol conversion and 40% selectivity
of acetol who proposed reaction mechanism of glycerol dehydration on Lewis acid site

was shown in Figure 4 (64).
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Figure 4 Mechanism of glycerol dehydration on Lewis acid sites (64).

Figure 4 shows the terminal OH group of glycerol rather than the internal one
interacts more likely with Lewis acid site (M = lewis acid sites), the terminal OH group
of glycerol was transferred to lewis acid site and H* from the internal carbon atom
migrated to bridging O atom of the oxide produced 2, 3-dihydroxypropene together



with the hydrated active site in the catalyst and then 2, 3-dihydroxypropene was
tautomerized to acetol, and the Lewis acid site was regenerated by dehydration of its
hydrated form. On the contrary, Brgnsted acid sites also proposed to catalyze glycerol
dehydration into acetol, as showed in Figure 5, glycerol molecule interacted with a
proton site that bring to the protonation of the internal oxygen in the glycerol molecule,
which internal oxygen higher negative charge compared to the terminal oxygens.
Following steps implicated elimination of H3O" to produce 1, 3-dihydroxypropene and
its tautomerisation to 3-hydroxypropanal. Then, 3-hydroxypropanal encountered acid-
catalysed dehydration to give yield acrolein. Finally, the proton site is regenerated by
interaction of its conjugate base with HsO™. Similar mechanism for acrolein formation

has been suggested previously (64-66).
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Figure 5 Mechanism of glycerol dehydration on Bragnsted acid sites.

It was reported that addition of alkaline improved the glycerol hydrogenolysis
reaction. E. P. Maris et al suited the addition of NaOH solution on reaction which Pt/C
and Ru/C were used catalyst found that the presence of NaOH enhanced glycerol
conversion in both catalysts, (13 to 92 % glycerol conversion over Pt/C, 40 to 100 %
glycerol conversion over Ru/C) under reaction temperature of 200 °C, pressure 40 bar
with Hz, 5 h of reaction (67) but Z. Huang et al. reported the conversion and selectivity
of the catalysts in glycerol reactions decreased with increasing sodium content because
sodium as s a base which weakly promoted the activity (27). Generally accepted
formation route of 1, 2-propanediol under alkaline conditions. First step that occurred
dehydrogenation of glycerol over metal sites assisted by the base to form



glyceraldehyde, which dehydrates to 2-hydroxy-2-propenal over base sites, and finally
1, 2-propanediol is produced from 2-hydroxy-2-propenal via a two-step hydrogenation

process as shown in Figure 6 (68).
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Figure 6 Glycerol hydrogenolysis pathway to 1, 2-propanediol (68).

2.2 Glycerol hydrogenolysis to 1,2-PDO over Cu-based catalysts

It was well known that copper-based catalysts offer excellent selectivity to 1, 2-
propanediol because of its high C-O bond cleavage and poor C-O bond cleavage.
Copper based catalysts were extensively studied on various supports for example SiOg,
TiO2, Al203, Zn0O, and Cr20s. L. Guo et al. studied the effect of different supports on
Cu-based catalysts who found that Cu/Al.Os showed the highest of glycerol conversion
and selectivity of 1, 2-propanediol who suggest that the Al,O3 as acidity to catalyze for
the dehydration of glycerol to give acetol and thus facilitate the formation of
propanediols (69). Therefore, the support also played a role in the catalysis besides
immobilizing and dispersing the active Cu species. Z. Yuan et al. who investigated the
CuO/MgO catalysts prepared by impregnation and coprecipitation. Found that, the
CuO/MgO was prepared by coprecipitation had the best activity due to this method has
the cross-linked rod outline, smaller copper particles (70). Table 1 shows the different
metal oxide support on performance of Cu-based catalyst.

For the current studies, the Cu/Al>Os3 catalyst was investigated; the activation
processes of Cu/y-Al203 for glycerol hydrogenolysis were studies by F. Vila et al. the
authors reported different Cu surface species were generated during the activation
process, which partially reduced Cu species (Cu*) improve activity, Cu?* species appear

on calcinations process that were less active and 1, 2 - propanediol selectivity was
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strongly dependent on the Cu®/Cu* atomic ratio (55). This observation was consistent
with the results of Z. Xiao et al. who suggested that the high glycerol conversion was
obtained catalyst with optimum surface Cu®/Cu’* ratio (53). Moreover, the Cu/Al,O3
catalysts were studies via DFT in order to understanding of the copper and alumina
roles which displayed the influence on the activity of acidic active on alumina support
and the metallic Cu site. The results presented that Cu/Al,O3 catalyst was high
conversion and selectivity when compared with single component of copper and
alumina under reaction temperature of 220 °C, initial pressure of 5 MPa, time 6 h. For
calculation results showed that the alumina surface and its hydroxylation had a
significant impact on activity. The acidic sites (Al sites) on alumina support could be
as active as the Cu site toward glycerol and acetol adsorption when the alumina surface
is partially hydroxylated (71), while Y. S. Yun et al. who suggested reaction mechanism
of glycerol dehydration on Cu/Al,03 and Cu-Ni/Al2O3 for hydrogenolysis with aqueous
phase reforming (APR) of glycerol. They proposed that the terminal OH group of
glycerol active with Cu metal and then glycerol was dehydrated into acetol on acidic
sites of alumina support, finally 1,2-propanediol is produced via hydrogenation. When
presence the Ni metal, it delivered hydrogen from the APR of glycerol to the primary
or terminal carbon of the glycerol which is adsorbed onto Cu metal (see in Figure 7)
(72).
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Figure 7 Proposed  reaction -pathway for hydrogenolysis of glycerol to 1,2-

propanediol with aqueous phase reforming over Cu—Ni/Al,O3 catalyst (72).
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Recently, there have been reported that the copper alum inate structure
(CuAl204) exhibited high catalytic performance. B. K. Kwak et al. explored the use of
copper aluminate were prepared by different calcination temperature via sol-gel method
and reported the CuAl>O4 was initailly discovered after calcination at 600 °C, only
copper aluminate spinel peak were observed at 800 °C (see Figure 8A) which contains
only the CuAl20O4 phase achived the highest catalytic performance of 90% glycerol
conversion and selectivity (42). Besides, who investigated the effect of citric acid
concentration for formation of CuAl.QO4 crystalline. In case of addition a small amount
citric acid (1 to 2), the CuAl>04 crystalline size were small while increased amount of
citric acid (2.5 to 3), the CuAl2O4 crystalline were larger (see Figure 8B). This indicates
that the citric acid concentration has an effect on the size of CuAl>O4 produced. A.
Wolosiak-Hnat et al. proposed a Cu/Al,Oz catalyst that prepared by coprecipitation, the
Cu/Al;0s3 catalyst consist of Cu metal, delafossite CuAIO;, copper aluminate CuAl,04
and spinel CuAl;O7 phase. It found that high catalytic activity in glycerol
hydrogenolysis exhibited when Cu metal, delafossite CuAIO, and copper aluminate
CuAl>O4 presenced (43).
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Figure 8 XRD patterns of samples after calcined at different temperatures and

different ratio Cwm : Cit at calcined 800 °C : CuAl,O4 (@), CuO (0), AL,O3 (M) (42).



CHAPTER Il

FLAME SPRAY PYROLYSIS

Flame spray pyrolysis (FSP) was a conventional technique for producing
nanoparticles and materials in one-step with high specific surface area, high purity and
primary particle size in a range of nanometer. The FSP products include a wide variety
of single-metal oxides (e.g. Al>Os, SiO», and ZrO») (48, 77-79), complex metal oxides
(e.g. YSZ and YAG) (80-82), carbon blacks, ceramic materials, spinel structure (e.g.
CuAl>04 and CoAl204). In the FSP synthesis, the organometallic liquid precursor was
dissolved in a fuel of solvent (e.g. xylene, toluene, ethanol, methanol, and isopropanol)
and then injected through the center capillary of the nozzle-equipped burner by a
syringe pump. The mixture of organometallic liquid precursor and fuel solvent was
dispersed into the flame with oxygen and premixed methane/oxygen flamelet ignites.
The precursor droplets were evaporated and combusted generating small clusters that
grow up Vvia the sintering and coalescence process. These processes occurred at a high
temperature (up to 3000 K) and short residence time (a few milliseconds). Figure 9
shows the Schematic of the FSP experimental setup and the particle formation process
(83).

14
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Figure 9 Schematic of the FSP experimental set up and the particle formation
process (83).

The flame spray pyrolysis process can be designed character of the FSP-made
particles through control of fuel solvent composition, kind of liquid precursor used,
precursor concentrations, a feed rate of precursor and flame conditions. S .Lee et.al (84)
studied the Cu/ZnO/Al,O3 catalysts were synthesis via flame spray pyrolysis method
under various metal precursor type (nitrate and organometallic type) The nitrate source
used copper (I1) nitrate tri-hydrate, zinc nitrate hexa-hydrate and aluminum nitrate
nona-hydrate that diluted with an ethanol solution. While copper bis-2-ethylhexanoate,
zinc bis-2-ethylhexanoate and aluminum sec-butoxide were dissolved in xylene that
were starting material of organometallic precursor type. The catalyst gave from nitrate
precursor exhibited a higher reducibility, a higher metal surface area and high catalytic
performance for direct DME reaction than using the organometallic precursor.
Therefore, the precursor types have an impact on catalytic properties. The flame-made
Co/ZrO, were preparated using FSP with different precursor feed rates (3 to 8 ml/min)
and cobalt loading (5 to 10 w.t%). For FSP operation, the premixed flame gas for
supporting flame ring were CHa (1.5 I/min) and O2 (3.2 I/min), the metallic precursor
was fed and dispersed with oxygen (5 I/min) at constant pressure of 1.5 bar. The XRD
crystallite size and particle size of nanoparticle were shown in Figure 10. the increasing

Co loading hardly influenced to particle size of ZrO; according to Figure 10a. The
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resulting particle size of ZrO; increased with increasing precursor feed rate from 3 to 8
ml/min (Figure 10 b). It was suggested that in increasing precursor feed rate increased
enthalpy of flame, residence times and flame temperature, which promoted coalescence
and sintering during FSP process (52).
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Figure 10 The XRD crystallite (dxrp, [ ') , particle size from TEM (dvem, @),
and particle size from BET (dgeT, O) as a function of cobalt loading (a) and precursor
feed rate (b) (52).

The FSP made silica particles with various silicon precursors and precursor
concentrations were reported by K.Cho and group (85). The silicon precursor used
tetraethylorthosilicate (TEOS) and silicic acid ([SiOx(OH)4—2x]n). For the TEOS
precursor, the resulting of specific surface areas decreased from 285 to 81 m?/g with
increasing precursor concentration from 0.1 to 0.5 M. while the average particle sizes
of silica particles increased from 10 to 34 nm with increasing precursor concentration
(Figure 11 (a)). These results indicated that the specific surface area and particle size
can be controlled through an increase in the precursor concentration. TEM micrographs
were of silica particles as shown in Figure 11 (b-d). The silica particles with a precursor
concentration of 0.1 M produced chain-like aggregate particles. Whereas the TEOS
concentration of 0.5 M obtained the dispersed particles, the aggregate particles were
rarely found. There were dispersed and aggregated particles at the concentration of 0.3

M. It was proposed that the low concentration of liquid droplet was perfectly evaporated
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in a short time of evaporation process during FSP, where the resulting evaporated
precursor was formed silica aggregates. The silica particles prepared using silica acid
([SiOx(OH)4—2x]n). The specific surface areas decreased and the average particle sizes
increased with increasing precursor concentration (Figure 12 (a)). The TEM image of
the silicic acid precursor at various concentrations shown in Figure 12 (b-d). The
morphologies of silica were spherical and isolate particles. The silica particle size made
from silicic acid was larger than that the obtained from TEOS precursor. Owing to the

volatility of silicic acid was lower, as a result, the evaporation time was infinitely long.
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Figure 11 (a) the specific surface areas and average particle sizes of silica particles
produced from TEOS precursor as a function of various concentrations. TEM image of
silica particles for (b) 0.1, (c) 0.3, and (d) 0.5 M (85).
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Figure 12 (a) the specific surface areas and average particle sizes of silica particles
produced from silicic acid precursor as a function of various concentrations. TEM
image of silica particles for (b) 0.1, (c) 0.3, and (d) 0.5 M (85).

The feed flow rate and precursor concentration for FSP production of the
Pd/TiO2nanoparticles were investigated by O. Mekasuwandumrong and coworker (51).
The precursor concentration increased from 0.3 to 0.5 M, there was an increase in
particle size of Pd/TiO2 and a correlative decrease in the percentage of the anatase
phase. These results can be explained that higher precursor concentration presented
longer residence times and higher flame temperature, as increased sintering and phase
transformation during FSP synthesis. H.Y. Koo et al. (85) reported that the average
particle size of silver-glass composite power increased with an increase in the precursor
concentration. the increasing concentration of the spray solution increases the
concentration of evaporating vapor inside the diffusion flame, nucleation and growth
mechanism. Y. Li et al. (86) investigated the chainlike MFe2O4 (Cu, Ni, Co, Zn)

nanoaggregates were prepared by FSP. The FSP made particle appeared metal spinel



19

ferrites that were CuFe20a4, NiFe204, CoFe204, and ZnFe204 spinel. The results from
SEM showed the spherical shape of CuFe2O4 nanoaggregates. The nanocrystallite size
was about 8-20 nm (Figure 13). The chainlike particle was formed by sintering of
primary particle in flame taking place in the high temperature and then it cools more

rapidly.

200 nm

Figure 13 (@) SEM, (b,c) TEM and (d) HRTEM image of CuFe;04
nanoaggregates (86).

The CuO-ZrO; particles were prepared two-nozzle flame spray pyrolysis (2-
FSP). Each metal liquid precursor was diluted with mixture solution of xylene and 2-
ethylhexanoic acid. After that each metal solution was injected to the center capillary
of the nozzle at 5 ml/min by syringe pump, and was dispersed in to flame with 5 I/min
of O.. the premixed CH4/O; for supporting flame ring and ignition was 3 I/min. This
note as CuO-ZrO»-A particle (Figure 14 (a)). The CuO-ZrO2-B was synthesized with
10 I/min of O dispersion for copper nozzle-equipped (Figure 14 (b)). The flame

conditions of zirconium nozzle-equipped were kept the same. CuO and ZrO; were

prepared by one-nozzle flame pyrolysis (1-FSP), as noted CuO (FSP) and ZrO, (FSP),
respectively (Figure 14 (c)). The CuO clusters size decreased with a higher O
dispersion (10 I/min) because the quenching of the ignited spray of the copper precursor
was increased and bring to a shorter residence time of CuO clusters in flame zone. The
CuO size of CuO-ZrO2-B was smaller than CuO-ZrO»-A, leading to higher BET surface
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area, metal dispersion and metallic Cu surface (87). The characteristic of FSP-made
particle can be controlled by adjusting the nozzle distance of two-nozzle FSP. J.A.H.
Dreyer et al. (88) found that a higher distance between the two nozzle flame resulting
in a expended sintering process, an increase in particle size and thus reduced active

surface.
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Figure 14 Schematics of (a and b) two nozzle flame spray pyrolysis (2-FSP) and
(c) one-nozzle flame spray pyrolysis (1-FSP) (87).

The nanostructure with different morphologies were synthesis by FSP. For
example, core-shell, nanorod, hollow sphere and nanotube. S.H. Choi et al.(89) have
prepared AgBaTiOz core shell with various Ag loading (5-30 wt.%), which the single-
crystalline Ag as the core part, Ba and Ti as the shell part. The formation mechanism
of core shell was shown in Figure 15. The liquid precursor droplet was generated to dry
droplet by ultrasonic spray generator, and then the micron-sized precursor powder of
Ag, Ba and Ti were formed in flame, where the precursor powders were decomposed
and were completely evaporated generating vapor form of BaO, TiO; and Ag, which
grow up by nucleation and coagulation processes taking place in a high temperature of
flame. The core shell was formed through the melting and crystallization of the Ag
composition. The Ba and Ti composition moved out the internal part and formed to the

shell part. Figure 16 shows TEM images of the pure BaTiOzand AgBaTiO3 core-shell.
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Figure 15 Schematic diagram of formation mechanism of core-shell structure

AgBaTiO3 composite powders in the flame spray pyrolysis.

(c) Ag(36 wt%)-BaTiO; composite

Figure 16 TEM images of the pure BaTiOsand AgBaTiOz composite powders
prepared directly by flame spray pyrolysis.

The ZnO nanorod with different solvent solution using the pilot-scale FSP was
investigated. Zinc precursors were diluted in ethanol solvent and compare with
methanol solvent. The prepared ZnO nanorod using zinc nitrate-ethanol precursor
solution, the diameter and length of nanorod were 20-30 nm and 30-250 nm,
respectively. The nanorod was hexagonal shape which the nanorod was assembled from
two or more shorter as shown in Figure 17 (a). Addition, some nanorod assembled into
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tetrapods seen in Figure 17 (b). For the ZnO nanorod synthesized from zinc nitrate-

methanol precursor solution. The shape of nanorod was both spherical and hexagonal

as presented in Figure 17 (c). These indicated that the types of solvent were influent for

formation mechanism of ZnO nanorod in FSP (90).

Figure 17 (a) TEM image of nanorods made from zinc nitrate/ethanol precursor
solutions (b) SEM image revealing the presence of tetrapods (circle) in the product
powders, (c) TEM image of nanorods made from zinc nitrate/methanol precursor

solutions (90).



CHAPTER IV

EXPERIMENTAL SECTION

Table 2 The chemicals used in the preparation of catalysts.

Chemical_ material Formula Grade Manufature
Q}i‘;ﬂ:ﬂﬁm fri-sec- AI[OCH(CHg)CoHsls | 97% fri]%m?;@d”"h
Cupric acetyacetonate C10H14CuQO4 98% | Fluka
Iron(I11) acetylacetonate Fe(CsH702)3 97% ?ri]%m?;ﬁ;drich
Zinc Napthanate C22H1404Zn n?ggl Sri]%m?;ﬁ;drich
Cobalt Napthanate CoC22H1404 rr?ggl gri]%m?s-ﬁ)lldrich
Copmr 1 vt
Xylene CgH1o 99% | Panreac

4.1  Catalyst preparation
Exhaustvent
Filterhousing
Spray flame - ./A\.
Support flame \\ ;.,'.::::.“. »
L&D ...
s | [ g0

\
Syringe pump @

Figure 18 Scheme of Flame spray pyrolysis.
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4.1.1 Preparation of catalysts by Flame Spray Pyrolysis

The FSP reactor was used for preparation of catalyst was shown in Figure 18. A cupric
acetylacetonate or iron (I1l) acetylacetonate, zinc napthanate, cobalt napthanate, and
aluminum-tri-sec-butoxide (as listed in Table 2) were used as precursor and diluted with
xylene to a 0.5 M solution. The liquid precursor was fed in the center of a
methane/ oxygen flame by syringe pump at 5 ml/min. Dispersed by oxygen was fed at
5 ml/min. The pressure drops at the nozzles allowed the synthesis was held constant at
1.5 bar by adjusting the orifice gap area at the nozzle. The catalyst powder was collected

on a glass microfiber filter (Whatman) with the aid of a vacuum pump.

4..1.2 Preparation of catalysts by Wet Impregnation

The support Cu-Al,0z and M-Al,O03 (M = Zn, Fe and Co) with different amount
of metal loading were prepared by FSP. It was impregnated by copper (Il) nitrate
trihydrate 98% (Cu = 30wt %). The Cu precursor was dissolved in deionized water and
the solutions were mixed the support. The mixture solutions were stirred at 70 °C for 6
h and then the sample was oven-dried at 110°C for 12 h, and finally calcined at 400°C
for 3 h in 30 ml/min of airflow. The catalysts used in this research were symbolically

assigned as show in Table 3.

Table 3 The symbol of the catalysts.
Symbol Catalyst
Al,O3 e Al,O3 prepared by FSP method
30Cu/Al;03 e 30 wt% Cu impregnated on Al;O3 prepared by FSP method
30Cu-Al,03 e 30 wt% Cu incorporated with Al,O3 prepared by FSP method
10Zn-Al;03 e 10 wt% Zn incorporated with Al,O3 prepared by FSP method

e 30 wt% Cu impregnated on 10 wt% Cu incorporated with Al,O3

30Cu/10Cu-Al;03 prepared by FSP method

e 30 wt% Cu impregnated on 10 wt% Zn incorporated with Al;O3

30Cu/10Zn-Al,03 prepared by FSP method
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4.2  Catalyst characterization

4.2.1 N2 physisorption

The BET surface areas were performed by N physisorption using BET DORP
mini Il. First, A 0.1 g of catalysts were pretreated under helium gas flow of 50 ml/min
at 200 °C for 3 h, which in order to remove water bound to the particle surface from air
moisture. After that the catalyst was cooled down to the ambient temperature and
weight of dried catalyst was recorded. For adsorption part, the sample cell was installed
with BET DORP mini Il equipment. The essential data were input to the software
program. The sample cell was dipped in the dewar containing liquid nitrogen. The

volume of N2 was measured at -196 °C using the different N partial pressure.

4.2.2 X-ray diffraction (XRD)

The XRD patterns were performed on X-Ray Diffractometer Bruker AXS
Model D8 Discovere using CuKa radiation (A=1.5406 A°). The diffract grams were
recorded from 10 to 80° C with scanning rate 2°/min. The crystallite size was estimated
from line broadening according to the Scherrer equation. The calculation method was
presented in appendix A.

Crystalline size = K.A/B.cos6

Where, K= 0.9 (Crystalline-shape factor), A = 1.5418 A° for CuKa (wavelength of X-
ray) and B is X-ray diffraction broadening).

4.2.3 Temperature Programmed Reduction (TPR)

The reduction behaviors of catalyst were studied by temperature programmed
reduction (TPR) technique as using a Micrometritics Pulse Chemisorb 29100
instrument. A 0.1 g of catalyst samples was packed in a quartz tubular reactor and then
was heated to 150 °C at a rate of 10 °C/min under 30 ml/min of nitrogen flow for 1 h,
after that cooled down to room temperature under nitrogen flow. Next, the reducing gas
(10% Hz in N2) was switched on at 30 ml/min, and the temperature was raised at a rate
of 10 °C/min until it reached 800 °C.
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4.2.4 N20 Decomposition

Active sites of copper metal were measured by N2O decomposition. A 0.1 g of
a catalyst sample was packed in a quartz tubular reactor. The catalyst was heated to 300
°C under atmosphere pressure of helium with a flow rate 30 ml/min and exchange for
hydrogen gas then held at 300 °C for 3 h. After that reactor temperature was cooled
down to room temperature by helium at a flow rate of 15 ml/min. The metal active sites
were measured when catalyst was heated to 90 °C. The purity N2O gas was injected into
the injection port to adsorb on the metal surface of the catalyst sample. Injection of N2O

was continuously repeated until saturation.

4.3  Glycerol hydrogenolysis activity measurement

The hydrogenolysis of glycerol was performed in 100 ml autoclave Prior to the
activity test, the catalyst sample was reduced in a flow of Hz with flow rate of 30 ml/min
at 300 °C for 3 h. In the typical reaction experiment, 40 ml of aqueous glycerol solution
(20 wt% glycerol) and 1 g of reduced catalyst were loaded to the autoclave and then
purged 3 times with H> at room temperature to remove the air in process. Afterward,
the reactor was pressured in 20 bar of H, the reactant mixture was heated up to 220 °C
under agitation. After 15 h. reaction, the liquid mixture was centrifuged for pull off the
catalyst. The composition of product (1, 2 propanediol, 1, 3 propanediol, acetol, 1-
propanol, 2 propanol and methanol) was analyzed by gas chromatography (Shimadzu
GC14B) using capillary column (BP-210) 30mx0.32mmx0.5um) equipped with flame
ionization detector. These samples were analyzed using acetonitrile as internal

standard.

initial mole of glycerol-final mole of glycerol 100
X

. 0 =
Conversion (%) initial mole of glycerol

The selectivity to each product was defined based on carbon as follows:

mole of 1,2 PDO

Selectivity (%)= :
electivity (%) moles of glycerol (convert.)




CHAPTER V

ROLE OF COPPER ALUMINATE SPINEL SUPPORT ON COPPER-BASED
CATALYST FOR HYDROGENOLYSIS OF GLYCEROL TO 1,2
PROPANEDIOL

The effect of the copper inserting on Cu/Al.O3 catalyst during FSP method and
role of copper aluminate on the catalytic properties were discussed in this chapter. The
results and discussion in this chapter are divided into two section. In the first section,
the physical and chemical properties of copper aluminate and Cu-based catalysts are
evidenced. This result includes the crystalline and copper aluminate phase of catalyst
were examined by X-ray diffraction (XRD), The BET surface area and pore
characteristics were analyzed using N2 physisorption, the reduction behavior and the
reducibility of catalyst were determined by temperature programmed reduction (TPR),
and the copper metallic active sites were measured by the dissociative N2O
decomposition. The catalytic performance for glycerol hydrogenolysis reaction was

evaluated in the last section.

5.1  The physical properties of Cu inserted on copper-based catalysts

5.1.1 The phase analysis by X-ray diffraction (XRD)

The XRD patterns of the FSP-inserted Cu with AlO3 by (xCu-Al>Oz) were
presented in Figure 19. The XRD diffraction peak at 26 = 32.0°, 37.0°, 45.8°, and 66.5°
were observed in these sample, corresponded to the characteristic of y-AlOs. The
alumina from FSP technique represented y-Al,O3 phase as according to previous
research (91-93). The diffraction peak at 32.5°, 35.6°, 38.8°, 48.8°53.5° 58.3°,
61.6°,68.1°, 72.4° and 75.2° were assigned to CuO phase (94). The peak of copper
aluminate spinel (CuAl204) appeared at about 26 = 32.0°, 37.4°, 45.5°, 56.3°, 60.0°, and
65.9°. With addition of Cu in FSP step, the intensity of CuO peak increased with
increasing Cu loading. It was indicated that a simple formation of large CuO particles.
Moreover, the peak of CuO phase was clearly observed at higher Cu loading while the

peak of CuAl>O4 phase was evidently found at lower Cu loading. This attributed that a
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small amount of copper insertion can form to more CuAl,O4 phase than CuO phase.
The crystalline size of CuO was determined from XRD data following to the Scherrer’s
equation was listed in Table 4.

Figure 20 shows the XRD pattern of 30 wt% Cu loading on the FSP-inserted
Cu with Al,O3 catalysts (30Cu/xCu-Al.03). The XRD pattern of 30Cu/Al.O3 catalyst
exhibited diffraction peak of CuO and y-AlOs phase, while the CuAl>O4 phase
disappeared in diffraction line. In contrast, the CuAl204 still found on XRD pattern of
the 30 wt% Cu on Cu-Al>Oz catalysts. It was indicated that CuAl>O4 spinel phase was
formed during FSP step.

o CuO
o o ® CuAl,0,
i A 7-ALO;
~ A
= :
\c_:s'/ 40Cu-A1203_‘=_
> :
= :
‘@ |30Cu-AlLO;,:
[t s
12 s
S | 20Cu-AlL0;;
10Cu-ALO, |
T T II T T T T T T T T T T T T
10 20 30 40 50 60 70 80
CuAlLO, ﬂ 1 1 )\
e e o | S | S |
10 20 30 40 50 60 70 80

20(degree)

Figure 19 The XRD pattern of the FSP-inserted Cu (xCu-Al>03, x=0, 10, 20, 30,
and 40 wt% Cu).
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Figure 20 The XRD pattern of 30Cu/xCu-Al203 (x = 0, 10, 20, 30, and 40 wt%

Cu) catalyst.

Table 4 The crystalline size of copper oxide from XRD results.
Catalysts CuO crystalline size (nm)
10Cu-Al203 n.d.
20Cu-Al203 15.3
30Cu-Al203 15.9
40Cu-Al203 18.2
30Cu/Al>03 26.2
30Cu/10Cu-Al>O3 23.4
30Cu/20Cu-Al>O3 27.0
30Cu/30Cu-Al203 29.2
30Cu/40Cu-Al203 32.6

5.1.2 The BET surface area and pore characteristics of catalyst

29
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The BET surface area, and total pore volume of catalysts were characterized
using N2 adsorption/desorption measurement (BEL SORP MINI). These results shown
in table 5. The BET surface area, and total pore volume of alumina (Al>03) produced
by FSP were 37 m?/g, and 0.11 cm®/g respectively. The BET surface area was increased
when added amount of Cu (x = 10, 20, and 30 wt%) incorporated with Al.O3 in FSP
step compare with Al.O3 without Cu inserting, increase to 94, 66 and 42 m?/g for 10Cu-
Al>03, 20Cu-Al>03and 30Cu-Al,Os, respectively. These indicated that Cu incorporated
during in FSP disturbed the formation of Al2O3 by Cu dopant might be inhibit growth
of Al>Oz particles resulting in the increasing surface area and smaller particle size, as
agreement with metal dopants of catalyst synthesis through the FSP method (92, 95,
96). However, the higher Cu inserting was lower the BET surface area than smaller Cu
inserting, due to a high amount of Cu was formed into large CuO particle size in FSP
that was related to poor surface area. For 40Cu-Al>Os the BET surface area, and pore
volume were similar Al.Oz. Addition of 30 wt% Cu on FSP-made Cu-Al2O3 via
incipient wetness impregnation method apparently decreased the BET surface area, and
the pore volume of catalysts. It can be attributed to blocking pore of copper according
with the literature (97).

The N2 adsorption/desorption isotherm of samples were shown in Figure 21 (a
and b) All of isotherms presented hysteresis loop indicating the appearance of opened
or closed pores. The hysteresis loop of all samples displayed H3-type according to
IUPAC classification of adsorption isotherms that were characteristic of aggregates of

plate-like particles or slit-shaped pores (98, 99).
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(a) —— 40CU-A1203
—o—30Cu-ALO,
—=—20Cu-Al, 0,
—e— 10Cu-ALO,

—C— AlLO,

Vol. adsorbed (cm’/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, p/p,

(b) —e— 30Cu/40Cu-Al, 0,4
——30Cu/30Cu-Al 0,
—=&— 30Cu/20Cu-Al,0;4
—e— 30Cuw/10Cu-Al0;
—C—30Cu/AlLLO,

Vol. adsorbed (cm’/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, p/p,

Figure 21 The N adsorption/desorption isotherms: (a) the FSP-made xCu-AlOs3,
(x=0, 10, 20, 30, and 40 wt% Cu), (b) 30Cu/xCu-Al,03 (x =0, 10, 20, 30, and 40 wt%
Cu) catalyst.
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Table 5 The BET surface area and total pore volume of catalyst.
Senils BET sur;‘ace Total por;e
area (m</q) volume(cm®/g)

Al2O3 37 0.11
10Cu-Al;03 94 0.24
20Cu-Al203 66 0.28
30Cu-Al>03 42 0.11
40Cu-Al203 33 0.13
30Cu/Al;03 19 0.07
30Cu/10Cu-Alz03 56 0.14
30Cu/20Cu-Al203 41 0.12
30Cu/30Cu-Al203 25 0.09
30Cu/40Cu-Al;0s 17 0.05

5.2  The chemical properties of Cu inserted on copper-based catalysts

5.2.1 ~Reduction behavior of catalyst by temperature programed
reduction (TPR)

The reduction behavior and phase species of heterogeneous catalysts were
characterized by temperature programmed reduction (TPR). The TPR profile of copper
oxide bulk was shown in Figure 22. The CuO bulk was reduced in the temperature
range 240 to 480 °C. The first reduction peak was 320 °C and the second reduction peak
was 445 °C. The reduction of copper oxide has two possible hypotheses. The CuO was
directly reduced by hydrogen to Cu metal without the formation of intermediate species

(Cu20, Cu40:3) as follows equation 1:
Single step:  CuO+H;—Cu+H20 —1

The copper oxide (CuO) was reduced via two steps of reduction from CuO to Cu20 and
Cu20 to Cu metal. The following equations were designated:
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1% step: 2CuO+H—Cu20+H20 —2

2" step: Cu20+H2—2Cu+H,0 —3

TCD signal (a.u.)

CuO bulk

| L ! | L | ! i L L - b

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 22 H>-TPR patterns of the copper oxide bulk.

The reduction characteristics of xCu-Al203 (x=10, 20, 30, and 40 wt%) samples
with different amounts of copper loading were shown in Figure 23 TPR patterns can be
deconvoluted to two regions, the first region of reduction temperature peak at 150-400
°C assigned o region. It was attributed that overlap of two reduction stages of
CuO—Cu20 and then Cu,0—Cu metal/weak interaction of copper oxide with alumina.
When increasing copper loading, the hydrogen consumption in a regions increased that
related to increasing the amount of copper oxide on the surface. Moreover, the o peak
shifted to higher temperature with increasing copper loading due to larger copper oxide
size embedded in Al.O3 support as showed in CuO crystalline size from XRD results.
For the second region at 400-800 °C assigned [ region, the two-reduction peak can be
observed. the presence of B1 peak at 400-600 °C, B2 peak at 600-800 °C indicated that
there was medium/strong interaction of copper oxide particles and Al.Os support. It
was suggested that reduction of CuAl>O4 spinel structure which was found in XRD

results (as shown in Figure 19). The CuAl.O4 species can be reduced at high
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temperature range of 500-800 °C (100). Which CuAl.0s was formed during FSP
process at high temperature. The results of reducibility and reducibility of a peak,
peak from total reducibility of all samples were exhibited in Table 6. The increasing
amount of inserted copper with alumina during FSP process from 10 to 40 wt% showed
a higher ratio of o/ from 0.8 to 5.4. Where the a peaks were the reduction of CuO weak
interaction with Al,O3 and P peaks were the reduction of CuO strong interaction with
Al;03 like CuAl>O4. The strong interaction of CuO with a surface of Al2Os ratios (etc.

CuO-Al03, CuAl>04) decreased with an increasing amount of copper.

40Cu-Al,0;

30Cu-Al,0;

TCD signal (a.u.)

10Cu-AlL 0,4

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 23 H-TPR patterns of the FSP-made xCu-Al2Os3, (x = 0, 10, 20, 30, and
40 Wt% Cu).
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Figure 24 H2-TPR patterns of the 30Cu/xCu-Al20z3 (x=0, 10, 20, 30, and 40 wt%

Cu) catalysts.

30Cu/40Cu-AlL 04

TCD signal (a.u.)

400 450 500 550 600 650
Temperature (°C)

750 800

Figure 25 TPR patterns of the 30Cu/xCu-Al2Oz (x= 0, 10, 20, 30, and 40 wt%

Cu) at temperature in a range 400 to 800 °C.
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Figure 24 shows the TPR profiles of the 30Cu/xCu-Al,0z (x = 0, 10, 20, 30, and
40 wt%) catalysts prepared by FSP. The 30Cu/Al;O3 catalyst presented the main
reduction peak at about 290 °C and small reduction peak at about 240 °C, which were
attributed to the reduction of CuO to metallic copper (CuO—Cu20—Cu). When the
addition of 10 wt% Cu incorporated with Al.Oz in FSP step, the TPR profiles showed
board reduction temperature peaks in a range 220-400 °C. It can be suggested that there
were many particle sizes of CuO on support. The main reduction peak shifted to a higher
temperature. The results were possible that the reduction of the strong interaction
between CuO and Al.Oz from FSP preparing process. For addition 20 wt% of Cu, the
position of a3 peak shifted toward lower temperature as compared to addition 10wt%
of Cu. The TPR profiles of 30 and 40 wt% of Cu incorporated with Al>Oz were rather
similar that appear two main peaks. When increasing Cu with Al>203 during FSP step,
the area of H consumption increased which relate to the amount of CuO reduction on
Al>;03. And the positions of reduction peak were shifted towards higher temperature
with increasing copper loading. It was indicated that the copper particle sizes were
larger. The large copper particle sizes were more difficult to reduce than smaller copper
particle size. Furthermore, the reduction peak at high temperature in a range of 400-800
°C was still remaining observed for addition of Cu in FSP catalysts as presented Figure
25, while these peaks disappear in TPR profile of 30Cu/Al.O3

The comparison of TPR profiles of 30Cu/40Cu-Al,Os fresh catalyst and
pretreated catalyst at 300 °C under H2 ambient flow for 3 h were shown in Figure 26.
The reduction peak starts 320 °C to 800 °C and hydrogen consumption peaks were
invisible below 320 °C. These results show that at reduction temperature of 300 °C, 3 h

was enough to assure copper oxide could be reduced to their metallic.
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Figure 26 Comparison of the TPR profiles of fresh and pretreated catalyst in Ho,
300 °C, 3 h for 30Cu/40Cu-Al;03 catalyst.

5.2.2 The copper metallic sites by N2O decomposition

The copper surface area on catalyst was measured by N>O decomposition as a
probe molecule. The molecules of N2O adsorbed on copper surface was decomposed to
nitrogen and chemisorbed oxygen atom, and then the copper surface was covered with
oxygen species according to reaction (N20+2Cus — (Cus- O - Cus) + N2). The Cusis a
declarative copper surface atom and assumption adsorption stoichiometry is 2 :1 for
CuUs : Oads. (101).

The N2O decomposition result of 30Cu/xAl,Oz with difference amount of Cu
inserted in FSP step were shown in Figure 27 (a). For the 30Cu/Al>03 as without Cu
inserting displayed the lowest copper active site. While the 30Cu/10Cu-Al.Ozexhibited
the highest copper active site. Because the copper particles were easily reconstruction
and well dispersed to small copper metallic size on 10Cu-Al>03 support, as the 10Cu-
Al>03 show the highest BET surface area and the smallest CuO crystalline size (as
shown in Figure 27 (b)). With increasing Cu inserted, the copper active site decreased

due to the large CuO particle size.
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Figure 27 (@) N2O decomposition results of 30Cu/xCu-Al20s (x = 0, 10, 20, 30,
and 40 wt%), (b) crystallite size of CuO of 30Cu/xCu-Al,0z (x = 0, 10, 20, 30, and 40
wit%).

5.3  Catalytic performance of Cu inserted on copper-based catalysts in

glycerol hydrogenolysis

Activity and selectivity of catalysts were tested by glycerol hydrogenolysis
reaction. The results and discussion consist two pasts. First, the effect of Cu inserted on
Cu/Al203 (30Cu/xCu-Al203, x= 10, 20, 30, and 40 wt% Cu) by FSP method and the
effect of Cu content between impregnation and incorporation with Al>Os (total copper

loading on catalyst as 30 wt% Cu).

5.3.1 Activity and selectivity of 30Cu/xCu-Al203 x= 10, 20, 30, and 40
wt% Cu)

Figure 28 shows the activity of 30Cu/xCu-Al203 (x= 10, 20, 30, and 40 wt%
Cu) catalyst. The glycerol conversion based on total liquid phase products. In this work,
all of the catalysts used presented low conversion. The 30Cu/Al203 showed 7% of
glycerol conversion and 42 % of 1,2-PDO. With inserting of 10 to 30 wt% of Cu by
FSP method, the glycerol conversion hardly changed. While inserting of 40 wt% of Cu

showed the lowest glycerol conversion because of larger copper particle. The glycerol
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adsorption can occur on metal surface, alloy surface and metal oxide surface. This was
possible that the glycerol molecules liked to adsorb on metal surface than CuAl2O4
surface. Therefore, the metal surface was covered by glycerol molecules, there was not
enough metal surface to hydrogen adsorption resulting in a high acetol and low 1,2-
PDO selectivity. Considering the obtained product, the 30Cu/10Cu-Al.O3 exhibited the
highest selectivity of 1,2-PDO (62%) due to was high metallic Cu active sites that the
Cu metal was selective cleavage between C-O bonds. However, the role of copper
aluminate (CuAl204) on 30Cu/xCu-Al.Oz is unclear, owing to the total amount of Cu
content in catalyst also affect to activity for glycerol hydrogenolysis reaction. Then, the
aCu/bCu-Al03 (a+b = 30 wt% Cu) catalysts were investigated, which the Cu supported
on Al;Os catalysts were synthesized by merging of two techniques. There are
impregnation and flame spray pyrolysis (FSP).

The activity and selectivity for aCu/bCu-Al>O3 catalysts were shown in Figure
29. The addition of incorporated copper with alumina increased the glycerol conversion
and the selectivity of acetol, which the 15Cu/15Cu-Al,Os presented the highest
selectivity of acetol. It -well know that the acid surface responsible for glycerol
dehydration into acetol, and metal surface responsible for hydrogenation into 1,2-PDO
(102). Therefore, the FSP-inserted Cu on Al2O3 exhibited a key in glycerol dehydration
step, which generated acetol.
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5.4 Conclusions

The inserting Cu on 30Cu/Al>O3 via FSP method with different Cu loading for
glycerol hydrogenolysis reaction was studied. The incorporation of Cu and Al203 (Cu-
Al>03) during the FSP process produced both CuO and CuAl>O4 spinel phase. The
impregnated Cu on the FSP-made Al>O3 only observed the CuO phase. Therefore, the
CuAl204 was especially found FSP catalyst. In addition, addition Cu with Al.Oz during
FSP can be inhibited the growth of Al.Os particle as a result high BET surface area. A
high amount of Cu loading in FSP has significantly the decreasing interaction between
copper oxide and alumina support. The 30Cu/10Cu-Al03 showed the highest
selectivity of 1,2-PDO due to a high active site and the presence of small metallic
copper. The 30Cu/40Cu-Al203 did not detected 1,2 PDO product because of the lowest
metal surface to hydrogenation step. The Cu metal was an important factor to produced
1,2-PDO.



CHAPTER VI

ROLE OF ZINC ALUMINATE SPINEL SUPPORT ON COPPER-BASED
CATALYST FOR HYDROGENOLYSIS OF GLYCEROL TO 1,2
PROPANEDIOL

6.1  The physical properties of Zn inserted on copper-based catalysts
6.1.1 The phase analysis by X-ray diffraction (XRD)

The XRD diffraction patterns of the FSP-made Zn-Al.O3 with different amount
of Zn loading were presented in Figure 30. All the diffraction peak of FSP-made Zn-
Al>03 exhibited ZnAl>O4 spinel phase, the diffraction peak at 20 of 31.36°, 36.83°,
44.85°,48.97°, 55,52°, and 59.38° according to the characteristic reflection (220), (311),
(400), (311), (422), (511), and (440) planes of cubic ZnAl,O4 spinel structure (103).
The diffraction peak at 31.80°, 34.45°, 36.30°, 47.58°,56.63°, 62.83°, 67.98°, and 69.10°
assigned to ZnO, which corresponding to the reflection forms (100), (002), (101), (102),
(110), (103), (112), and (201) diffraction planes(104, 105). The diffraction peaks of y-
Al>03 were also found, the peak at 26 of 32.0°, 37.0°, 45.8°, and 66.5°. The diffraction
peak of ZnAl>O4 spinel and ZnO were shaper and higher intensity with increasing
amount of Zn. This indicated that obtained ZnAl>O4 and ZnO have high crystallinity,
and large crystallite size.

Figure 31 presents the XRD pattern of 30Cu/Al>03 and 30Cu/xZn-Al,0z (x= 0,
10, 20, 30, and 40 wt% Zn) catalysts. The diffraction peaks of CuO were observed on
all of catalyst. The CuO crystallite size of catalyst were in range of 23-26 nm. Adding
of Zn in FSP do not significantly affect crystallite size of CuO. The crystalline size of
CuO was determined from XRD data following to the Scherrer’s equation was listed in
Table 7
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Figure 30 The XRD pattern of the FSP-inserted Zn (xZn-Al203, x = 0, 10, 20, 30,
and 40 wt% Zn).
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Figure 31 The XRD pattern of 30Cu/xZn-Al203 (x = 0, 10, 20, 30, and 40 wt%
Zn) catalyst.
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Table 7 The crystalline size of copper oxide on the FSP-made Zn-Al>03 from
XRD results.
Catalysts CuO crystalline size (nm)
30Cu/Al;03 26.2
30Cu/10Zn-Al>03 23.4
30Cu/20Zn-Al>03 24.3
30Cu/30Zn-Al>;03 25.8
30Cu/40Zn-Al>03 24.0

6.1.2 The BET surface area and pore characteristics of catalyst

The BET surface area, and total pore volume of xZn-Al>03 and 30Cu/xZn-
Al;03 (x= 10, 20, 30, 40 wt%) catalysts were shown in table 8. The BET surface area
and total pore volume of alumina flame made were 37 m?g and 0.11 cm?qg,
respectively. The BET surface area of addition Zn with Al,O3 in FSP process, increases
to 68, 70, 66 and 50 -m?/g for 10Zn-Al>0s, 20Zn-Al,03, 30Zn-Al,03 and 40Zn-Al,0s,
respectively, compared with pure Al2Os. It suggested that Zn incorporated during in
FSP disturbed the formation of Al.03z by Zn dopant might be inhibit growth of Al.O3
particles, which is same case inserted Cu. However, the increasing amount of Zn
influences the decreased BET surface area.

The N2 adsorption/desorption isotherm of catalyst were shown in Figure 32 (a
and b). All of catalyst presented H3-type of hysteresis loop, this hysteresis loop type
was characteristic of aggregates of plate-like particles or slit-shaped pores. Moreover,
the closure point of hysteresis loop was appeared at the relative pressure about 0.87 for

all of catalysts, which was the presence mesoporous materials.
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Figure 32 The N2 adsorption/desorption isotherms: (a) the FSP-made xZn-Al,03,
(x=0, 10, 20, 30, and 40 wt% Zn), (b) 30Cu/xZn-Al>03 (x =0, 10, 20, 30, and 40 wt%
Zn) catalyst.
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Table 8 The BET surface area and total pore volume of catalyst.
Samples I-j;lrze-lz; i#gj‘;)e vo-llljor:\ael(fz)r(:;g)

Al203 37 0.11
10Zn-Al03 68 0.22
20Zn-Al03 70 0.21
30Zn-Al;03 66 0.18
40Zn-AlL03 50 0.14
30Cu/Al203 19 0.07
30Cu/10Zn-Al>03 37 0.14
30Cu/20Zn-Al203 29 0.10
30Cu/30Zn-Al03 29 0.14
30Cu/40Zn-Al;03 19 0.05

6.2  The chemical properties of Zn inserted on copper-based catalysts

6.2.1 Reduction behavior of catalyst by temperature programed
reduction (TPR)

The reduction characteristics of the copper oxide bulk, zinc oxide bulk, and
30Cu/xZn-Al>03 catalysts were shown in Figure 33 and Figure 34, respectively. The
CuO bulk was reduced in the temperature range 250-480°C which related two stages of
the CuO reduction process (CuO—Cu,0—Cu®). The reduction peak of ZnO bulk
appeared the tiny hill peak of hydrogen consumption in TPR profile. This was indicated
that the ZnO was a disabled reduction to zinc metal at temperature below 800 °C. Then,

the reduction of ZnO can be ignored compared with reduction of CuO.
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The reduction temperature peaks of 30Cu/Al,Oz and 30Cu/10Zn-Al;03
catalysts were rather similar trends that two peaks were observed. The small reduction
peak in a range of 220 °C to 250 °C. it can be assigned to the reduction of a small CuO
size on the surface. The second peak at about 280 °C assigned to the reduction peak of
larger CuO particle size on support. When increasing Zn with Al2Os during FSP step
(Zn =20, 30 and 40 wt %). It was found that the first reduction peak shifted to higher
temperature from 250 to 270 °C. while the position of the second peak hardly changed.
This result can be suggested that the copper oxide particle was homogeneous surface
like uniform particle sizes. The total reducibility of all catalyst estimated by the TPR
data were shown in Figure 35. It is can be clearly observed that increasing the amount
of zinc (20, 30 and 40 wt %) increased the reducibility of catalysts. This indicated that
the presence Zn can improve CuQ reducibility at the CuO/Zn-Al>Os interface.
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Figure 35 Total reducibility of 30Cu/xZn-Al.O3 (x = 0, 10, 20, 30, and 40 wt%
Zn) catalyst.

6.2.2 The copper metallic sites by N2O decomposition
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The N20 decomposition results of inserted Zn on Cu/Al203 catalyst were shown
in Figure 36. For the catalyst without Zn, it found that the 30Cu/Al>Os presented the
largest metallic copper diameter (37 nm), related to low copper active site. The inserting
Zn of on Cu/Al>O3 catalyst can be increased the copper active site which the inserting
Zn of 30 wt% exhibited the highest copper metal surface area due to the presence small
copper metal size on catalyst. The obtained copper metal from reduction was smaller
than the cobalt oxide size, this was implicit that the copper particles were facilely
reconstruction and well dispersed on ZnO-Al,Osz surface during reduction process. The
metallic copper was in a range of 2 to 8 nm 9 (as shown in Figure 36 (b)). For the
30Cu/Al>O3 catalyst, the copper particles poor dispersed on low Al.O3 surface and
reconstructed to large copper metal size. It should be noted that addition of Zn increased
copper metal active sites.
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Figure 36 (@) N20 decomposition results of 30Cu/xZn-Al,03 (x = 0, 10, 20, 30,
and 40 wt% Zn), (b) diameter of copper metallic size of 30Cu/xZn-Al>O3 (x =0, 10,
20, 30, and 40 wt% Zn) catalyst.
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6.3  Catalytic performance of Zn inserted on copper-based catalysts

Activity and selectivity of catalysts were test by glycerol hydrogenolysis
reaction. The results and discussion consist two pasts. First, the effect of Zn inserted on
Cu/Al203 (30Cu/xZn-Al>03, x= 10, 20, 30, and 40 wt% Zn) by FSP method and the

effect of reaction time at 3-12 h for glycerol hydrogenolysis.

6.3.1 Activity and selectivity of 30Cu/xZn-Al-03 x= 10, 20, 30, and 40
wt% Zn)

Figure 37 shows the glycerol hydrogenolysis activity and selectivity for
30Cu/xZn-Alx03, (x = 10, 20, 30, and 40 wt% Zn) catalysts. The inserting Zn can be
slightly increased glycerol conversion and selectivity of 1,2-PDO, which the inserting
Zn of 30 wt % displayed the highest for both glycerol conversion and 1,2-PDO
selectivity. This result related to a high metallic copper active site on catalyst promoted
catalytic activity and selectivity. The result was in agreement with Jiye Hu et al. (106)
who reported that the activity and selectivity for glycerol hydrogenolysis were
extremely relate to the particle size of Cu and Zn. These catalysts are bifunctional for
glycerol selective hydrogenation to 1,2-PDO, the dehydration of glycerol to acetol over
acid sites of ZnO, Al>0s3, afterward acetol was hydrogenated to 1, 2-propanediol over
Cu metal sites (dehydration-hydrogenation). Moreover, the inserting Zn can be
decreased decomposition of 1,2-PDO to propanal. Nilsson M and coworker reported
that the presence of ZnAl>O4 on catalyst decreased amount of acidity, which decreased
Lewis acid sites on surface (107), leading to decreased active surface for decomposition
of 1,2-PDO to propanal via dehydration step. Form glycerol hydrogenolysis result, the
presence ZnAl>Os on catalysts has a significantly positive effect on activity and
selectivity of 1,2-PDO. Moreover, It well knows the ZnAl>0O4 as a semiconductor that
beneficial to transportation electron, resulting in high activity for adsorption of donor-
type of H2 (53).
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Figure 37 The activity and selectivity of the 30Cu/xZn-Al,O3, (x= 0, 10, 20, 30,
and 40 wt% Zn) catalyst.

6.3.1 Effect of reaction time during the glycerol hydrogenolysis on
30Cu/30Zn-Al20s3 catalyst

The activity and selectivity of 30Cu/30Zn-Al>03 with different reaction time
from 1 to 9 h were shown Figure 38 and 30Cu/Al>Oz in reaction time 3 to 12 h showed
in Figure 39 catalysts. For 30Cu/30Zn-Al;O3 catalyst, increasing the reaction time from
1 to 9 h resulted in increased glycerol conversion from 6 to 13%. The glycerol
conversions were rather unchanged during 3 to 9 h, which indicated the obvious
deactivation of catalyst. Previous work (21) reported that the Cu and ZnO crystallites
can aggregated to large crystallites size during the reaction, leading to the loss in
catalytic active site and glycerol conversion. The selectivity of 1,2PDO remain stable
for a long time. C wang and coworker (108) noted that the 1,2-PDO was main product
in glycerol hydrogenolysis on Cu-ZnO catalyst for water solvent. Because the water
was easy the removal of 1,2-propanediol from catalyst surface, resulting in high
selectivity of 1,2-PDO. In addition, the selectivity of propanal was 2 to 4 % during long
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time. This result noted that the product is not decomposed during the long reaction time.
Meanwhile, the 30Cu/Al,Oz catalyst exhibit the decomposed product from 1,2-PDO
during the long reaction time (as presented in Figure 39). This result confirmed that the
presence of ZnAl,O4 can be reduce the decomposition of 1,2-PDO.
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Figure 38 Effect of reaction time during the glycerol hydrogenolysis on
30Cu/30Zn-Al,03 catalyst.
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6.4 Conclusions

The ZnAl204 spinel phase was synthesis by FSP-method which was confirmed
by XRD results. The impregnated Cu on the FSP-made Zn-Al,Os support, the CuO
crystallite size of all catalyst were in range of 23-26 nm. Adding of Zn in FSP do not
significantly affect crystallite size of CuO but can be improved the metal surface. A
high selectivity of 1,2-PDO was obtained 30Cu/Zn-Al,O3 catalysts, which the optimum
Zn loading was 30 wt% of Zn (30Cu/30Zn-Al>Oz). It was found that the formation of
ZnAl;04 on 30Cu/Zn-Al,Oz decreased Lewis acid sites, leading to inhibit the
decomposition of 1,2-propanediol forward to propanal.



CHAPTER VII

ROLE OF IRON ALUMINATE SPINEL SUPPORT ON COPPER-BASED
CATALYST FOR HYDROGENOLYSIS OF GLYCEROL TO 1,2
PROPANEDIOL

7.1  The physical properties of Fe inserted on copper-based catalysts
7.1.1 The phase analysis by X-ray diffraction (XRD)

The X-ray diffraction peak of the FSP-made Fe-Al>O3 support were shown in
Figure 40. The preparation of Fe-Al.Oz support by FSP gave hercynite phase or
FeAl,O4 spinel phase as main phase. This phase was indicated by the notable peaks at
31.6° 37.1°, 59.38° and 65.2°. Hercynite structure (FeAl>O4) is a spinel structure that
Fe?* cations were located in tetrahedral sites and AI®* cations are placed on in the
octahedral sites in the nanocrystal (106). FeAl.Os was synthesized via FSP method in
previous work (48), Mainly FeAl,O4 phase was found at iron and alumina molar
concentration of 0.2 and 0.2 mol. L™, respectively. The diffraction peak for Fe;O3 was
observed in a high Fe addition (30 and 40 wt% Fe) at 26 = 33.03°. With increasing Fe
loading in FSP (10 to 40 wt% Fe), the linear diffraction peaks shift from y-Al2Os3
position to y-FeAl204 position. 1t means the formation of a solid solution (FexAl203+x)
at intermediated concentrations (48).

Figure 41 shows the XRD pattern of 30Cu/Al>.O3 and 30Cu/xFe-Al>03 (x= 0,
10, 20, 30, and 40 wt% Fe) catalysts. The diffraction peak at 32.5° 35.6° 38.8°,
48.8°,53.5°, 58.3°, 61.6°,68.1°, 72.4°, and 75.2° were assigned to CuO phase. was low
intensity with increasing Fe loading. It was indicated that the obtained CuO has low
crystallinity. The CuO crystallite size can be calculate from diffraction peak of CuO (as
calculation method showed in App. A). The CuO crystallite size of the inserted Fe
catalyst was in range 19-21 nm as present in table 9, The CuO crystallite size for without
Fe catalyst (30Cu/Al203) was larger than the inserted Fe catalyst because of the weak
interaction between impregnated Cu and the Al,Os support that easy to agglomeration

of CuO and the large CuO particle was formed. On the other, addition of Cu on the Fe-
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Al>O3 support exhibited strong interaction between impregnated Cu and the Fe-Al>O3

support, which was difficult to CuO agglomeration.
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Figure 40 The XRD pattern of the FSP-inserted Fe (xFe-Al>O3, x =0, 10, 20, 30,
and 40 wt% Fe).
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Figure 41 The XRD pattern of 30Cu/xFe-Al.O3 (x = 0, 10, 20, 30, and 40 wt% Fe)
catalyst.
Table 9 The crystalline size of copper oxide on the FSP-made Fe-Al,O3 from
XRD results.
Catalysts CuO crystalline size (nm)
30Cu/Al;03 26.2
30Cu/10Fe-Al>03 21.9
30Cu/20Fe-Al>03 21.1
30Cu/30Fe-Al>03 19.0
30Cu/40Fe-Al>03 19.3
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7.1.2 The BET surface area and pore characteristics of catalyst

The BET surface area, and total pore volume were shown in Table 10. The BET
surface area was increased slightly in the xFe-Al>Oz (x=10, 20, 30, and 40 wt%) support
(As = 43-48 m?/g) as compared with Al,O3 support (As = 37 m?/g). In addition, the
increased amount of iron with alumina during in FSP were not affect to the BET surface
area, this attributed that the Fe incorporated during FSP did not disturb the formation
of Al>O3 particles resulting in the same characteristics of support. Figure 42 (a) and (b)
show the N2 adsorption/desorption isotherm of Fe-Al>O3 supports and 30Cu/xFe-Al>O3
catalyst, respectively. All of them were H3-type in relation to IUPAC classification
isotherm which presented characteristic of aggregates of plate-like particles or slit-

shaped pores.
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Figure 42 The N2 adsorption/desorption isotherms: (a) the FSP-made xFe-Al>03,
(x=0, 10, 20, 30, and 40 wt% Fe), (b) 30Cu/xFe-Al>03 (x = 0, 10, 20, 30, and 40 wt%
Fe) catalyst.
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Table 10 The BET surface area and total pore volume of catalyst.
Samples BET sur:ace Total por;a
area (m</g) volume(cm®/g)

Al2O3 37 0.11
10Fe-Al203 48 0.22
20Fe-Al03 43 0.10
30Fe-Alx03 44 0.11
40Fe-Al,03 43 0.21
30Cu/Al;03 19 0.07
30Cu/10Fe-Al203 30 0.16
30Cu/20Fe-Al203 29 0.19
30Cu/30Fe-Al203 27 0.16
30Cu/40Fe-Al>03 30 0.18

7.2 The chemical properties of Fe inserted on copper-based catalysts

7.2.1 Reduction behavior of catalyst by temperature programed
reduction (TPR)

The TPR profile of the Fe2Os bulk were shown in Figure 43. The reduction
peaks of Fe>Os bulk displayed two main reduction peaks. The first reduction peak in a
range 220-410 °C assigned to the reduction of Fe2O3 to FesO4 species. The second
reduction peak at a temperature above 410 °C that the reduction of Fe3O4 and FeO to
Fe metallic species. The Fe»Oz reduction with hydrogen to Fe occurred two-step process
were reported, as two-step mechanisms were the reduction of Fe>O3 to FesO4 and then
Fe304 to Fe metal (equation 1-1 and 1-2) (109-111). Moreover, the three-step reduction
of Fe>Os was possible. The Fe;Os was reduced to FesOs , FesO4 was subsequently
reduced to FeO and then FeO to Fe metal (equation 2-1 ,2-2 and 2-3) (112). The
following equations were designated in the below equation. The literature noted that H>

and H20 concentration affect the reduction behavior. Jerzy Zielinski and coworkers
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(109) found that the Fe.O3 reduction was three-step at xH2O/xH> ratio upper 0.35, while

the two-step reduction below that value.

900

(a) (b)
- 800

4 700
{600 ~

- 500

4 400

TCD signal (a.u.)
Temperature (°C)
TCD signal (a.u.)

"
=]
=}

- 200
CuO bulk

4 100

Fe,0; bulk

L L 1 1 T T T T T T T
0 20 40 . . 60 80 0 100 200 300 400 500 600 700 800
Time (min) Temperature (°C)

Figure 43 H>-TPR patterns of the iron oxide and copper oxide bulk

The two-step mechanism

1% step: 3Fe203+H2 — 2Fes04+H 0 —1-1

2" step: FesOs+4H, — 3Fe+4H,0 ~ —1-2

The three-step mechanism

1% step: 3Fe203+H2 — 2Fe304+H0  —2-1
2" step: 2Fe304+2H; — 6FeO+2H,0 —2-2
3" step: 6FeO+ 6H, — 6Fe%+6H.0 —2-3

The H-TPR patterns of the xFe-AlO3 (x= 0, 10, 20, 30, and 40 wt% Fe) were
shown in Figure 44. The TPR result of 10Fe-Al>O3 support showed the main reduction
peak at 400 C° and wide shoulder peak at 480 to 700 C°, which assigned to the reduction
of Fe»03 to Fez04 and FesOs to FeO + Fe, respectively. The reduction behavior of
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10Fe-Al203 and 20Fe-Al>O3 were rather silimar. The high reduction temperature peaks

in a range of 600 to 800 C° were cearly seen in the TPR profiles of 30Fe-Al.03 and

40Fe-Al>0s. This was suggested that the large iron oxides species were reduced.
Figure 45 present the Ho-TPR patterns of the 30Cu/xFe-Al.O3 (x= 0, 10, 20, 30,
and 40 wt % Fe) catalysts. The TPR profile of 30Cu/Al.O3 presented reduction

temperature in a range 220 to 370 C° assigned to the two-step reduction of copper oxide
(CuO—Cu20—Cu%. With addition Fe on Cu/Al;O; catalyst, the positions of the

reduction peak were shifted to lower temperature with increasing Fe loading. It was

speculated that the small CuO crystallite well dispersed on Fe-Al>O3 support, the small

metal oxide particles size can result in faster reduction because greater surface area per

volume ratio (113).
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Figure 45 H>-TPR patterns of the 30Cu/xFe-Al,O3 (x= 0, 10, 20, 30, and 40 wt%

Fe) catalysts.

7.2.2 The copper metallic sites by N2O decomposition

The results of N2O decomposition of 30Cu/xFe-Al>Oz (x =0, 10, 20, 30, and 40
wit% Fe) were shown in Figure 46. The 30Cu/Al>Oz displayed the lowest copper active

site due to the dispersed large copper particle on catalyst surface, as the CuO crystallite

size were 26 nm following to the XRD result. The presence of Fe on catalyst increased

the copper metal active site because of the existence of small copper particle size and

good dispersed on support. Moreover, the copper active site increased with increasing

Fe loading. The addition of 30 and 40 wt % Fe gave the equivalent number of active

sites. This result was possible to influence the same characteristic of catalyst. Which

the reduction behavior of the both catalysts were resembling (as shown in Figure 45)

and the crystallite size of CuO was about 19 nm (as listed in Table 9).
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Figure 46 N20 decomposition results of 30Cu/xFe-Al>0O3 (x = 0, 10, 20, 30, and
40 wt% Fe).

7.3  Catalytic performance of Fe inserted on copper-based catalysts

Catalytic performance of glycerol hydrogenolysis was carried out using reduced
30Cu/xFe-Al203 with different Fe loading. The glycerol conversion and product
selectivity were shown in Figure 47. The 30Cu/Al>Os displayed 7% of glycerol
conversion and 42 % of 1,2-PDO selectivity. When small amount of Fe was loaded (10
wt %), the glycerol conversion and product selectivity were scarcely unchanged
compared to 30Cu/Al20s. With addition of 20 to 40 wt% Fe on Cu/AlOs catalysts, the
activity and product selectivity were close and high selectivity of 1,2-PDO, which the
30Cu/30Fe-Al>O3 exhibited the highest selectivity of 1,2PDO (65%) due to a high
active surface. This indicated that the presence Fe can be promote the utilization of
active H» for hydrogenation of acetol to 1,2-PDO step (114). It speculated that the
catalyst presented two active sites species, there are Cu metal and Fe metal, which the
both metals was active for H> adsorption. According to the result, the appearance of

FeAl>04 phase on catalyst relate to the enhanced selectivity of 1,2-PDO, although the
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reason is still unclear. While Francesco Mauriello et al. (115) reported that pure FezOa

does not give glycerol conversion for glycerol hydrogenolysis reaction.
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Figure 47 The activity and selectivity of the 30Cu/xFe-Al>Os3, (x=0, 10, 20, 30,
and 40 wt% Fe) catalyst.

7.4  Conclusions

The catalytic performance of inserting Fe on 30Cu/Al>.O3 by FSP method with
different Fe loading was investigated. The FSP-made Fe-Al>O3 presented hercynite
phase (FeAl,04) and iron oxide (Fe203). The incorporation of Fe and Al2O3 precursor
during FSP can be inhibited the growth of Al.Oz particle leading to a higher BET
surface area than pure Al>O3 precursor. The CuO crystallite size of 30Cu/Fe-Al>O3
catalysts were in a range 19-21, that lower than 30Cu/Al>Os catalyst. However, the
increasing amount of Fe loading did not affect to CuO crystallite size but decreased
CuO crystallinity. The Fe content of 20 to 40 wt% on catalysts enhanced 1,2-PDO
selectivity, even though the glycerol conversion hardly changed. The coexistence of
Cu, Fe and FeAl>04 phases can enhance selectivity of 1,2-PDO.



CHAPTER VIII

ROLE OF COBALT ALUMINATE SPINEL SUPPORT ON COPPER-BASED
CATALYST FOR HYDROGENOLYSIS OF GLYCEROL TO 1,2
PROPANEDIOL

8.1  The physical properties of Co inserted on copper-based catalysts
8.1.1 The phase analysis by X-ray diffraction (XRD)

The X-ray diffraction patterns of xCo-Al>O3 supports (x= 10, 20, 30 and 40
wt.% Co) were shown in Figure 48. The XRD peak approved the appearance of y-Al203
phase at 20 = 31.98° 37.67°, 45.77° and 66.52°. The diffraction pattern display
characteristic of Co304 and CoAl>O4 are overlap at 31.48°,37.11°, 45.01°, 59.62°, and
65.43°, the formation cobalt aluminate (CoAl,04) can be formed at high temperature of
preparation which FSP catalysts were made at high temperature up to 3000 K (116)
during FSP process. The CoAl,O4diffraction peak clearly seen at 26=55.86° for all xCo-
Al203 (x = 10, 20, 30 and 40 wt.% Co). The sharp peak of Coz04 and CoAl>04 were
clearly found with increasing Co loading. This show a formation of large C030s
particles. The XRD patterns of 30Cu/xCo-Al>O3 catalysts were presented in Figure 49.
The diffraction peak of CuO phase were observed at 20 =32.5°, 35.6°, 38.8°, 48.8°, 53.5°,
58.3° 61.6° 68.1°,72.4° and 75.2°. The intensity of CuO decreased with increasing Co
loading, indicating that the high Co loading catalyst have a lower crystallinity. The
crystallite of CuO of the inserted Co catalyst was in range 21-23 nm which lower than
CuO crystallite of 30Cu/Al2O3 catalyst as listed in Table 1
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Figure 48 The XRD pattern of the FSP-inserted Co (xCo-Al>03, x =0, 10, 20, 30,
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Table 11 The crystalline size of copper oxide on the FSP-made Co-Al,O3 from
XRD results.

Catalysts CuO crystalline size (nm)
30Cu/Al,03 26.2
30Cu/10Co-Al20s3 23.4
30Cu/20Co-Al20s3 22.8
30Cu/30Co-Al20s3 22.2
30Cu/40Co-Al03 21.1

8.1.2 The BET surface area and pore characteristics of catalyst

The BET surface area, and total pore volume of catalysts were characterize
using N2 adsorption/desorption measurement (BEL SORP MINI). The textural
properties were shown in Table 12. The BET surface area and total pore volume of
Al,03 were 37 m?/g and 0.11 cm®g. the addition 10 wt.% of Co with Al,Os in FSP
process (10Co-Al;03), BET surface area increase to 59 m?/g. It was suggested that
growth of Al2Os particles was inhibited by Co during in FSP process, leading to an
increase in surface area and smaller particle size. When addition larger amount of Co
(20, 30 and 40 wt.% of Co), the BET surface area decreases to 41, 36 and 42 m?/g.
However, it was greater than pure Al;Os. For 30Cu/Co-Al>03. The 30Cu/10Co-Al>03
showed the highest surface area as 45 m?/g. The N adsorption/desorption isotherm of
samples were shown in Figure 50. All of them were H3-type in relation to IUPAC
classification isotherm which presented characteristic of aggregates of plate-like
particles or slit-shaped pores.



Table 12

The BET surface area and total pore volume of catalyst.

Al2O3 37 0.11
10Co-Al203 59 0.19
20Co-Al203 41 0.10
30Co-Al203 36 0.10
40Co-Al>03 42 0.07
30Cu/Al>03 19 0.07

30Cu/10Co-Al203 45 0.13
30Cu/20Co-Al>03 28 0.09
30Cu/30Co-Al>03 25 0.09
30Cu/40Co-Al»03 30 0.07
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Co) catalyst.
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8.2  The chemical properties of Co inserted on copper-based catalysts

8.2.1 Reduction behavior of catalyst by temperature programed

reduction (TPR)

Co;0, bulk

TCD signal (a.u.)

CuO bulk

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 51 H>-TPR patterns of the copper oxide and cobalt oxide bulk.

The H2-TPR patterns for CuO and CosO4 bulk were shown in Figure 51. The
Co0304 bulk was reduced at temperature range 250 to 550 °C, assigned to the two-
reduction steps of cobalt oxide. These were the reduction of Co304 to CoO and then
CoO to Co metal (as showed in equation 8-1 and 8-2). For the reduction of CuO bulk

was mentioned in previously chapter.

C0304 +H2 — 3Co0+H:20 —8-1
3C00+3H2— 3Co+3H20 —8-2

Figure 52 presents the Ho-TPR profiles of the of the xCo-Al.O3 (x= 0, 10, 20,
30, and 40 wt% Co). The FSP-made Co-Al203 support presented the two main peaks.
The first peak attributed to the reduction processes of Co304 to CoO and CoO to Co



72

metal (o region). The seconded peak in high temperature range assigned to the
embedded small cobalt size and strong interaction of cobalt with alumina matrix like
Co-Al203, CoAl204 species (B region) (117, 118), which the reduction of bulk CoAl>04
can completely reduce at temperature above 1273 K (119). The reduction of Co/Al>O3
catalyst was explained by Jacob et.al (120) there are three possible cases Casel, the
two-step reduction of C0z04 to CoO and CoO to metallic Co occurred in temperature
range 200 to 400 °C (C0304—Co00), and 400 to 800 °C (CoO—Co), respectively. In
case 2, the one-step reduction of Co304 to Co metal occurred in the range 277 to 377
°C. and then the dispersed Co®" and Co?* species on surface were reduced in the range
450 to 600 °C and 600 to 650 °C. Case 3 the one-step reduction of Co304 to Co metal
was identical with case 2, and the mixed oxide (CoO-Al>03) was reduced. It can be
observed that the two main peak (a and  region) was shifted to lower temperature with
increasing Co loading. This was suggested that the interaction of cobalt oxide species
with alumina became weaken. It was possible that a higher Co loading in FSP process
can be formed to more Co304 phase than Co-Al>03 mixed oxide phase in short resident

time process during FSP-process.
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Figure 52 H-TPR patterns of the xCo-Al203 (x= 0, 10, 20, 30, and 40 wt% Co).
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The addition of impregnated copper (30wt % Cu) on FSP-made Co-Al,O3 was
displayed in Figure 53. The reduction peaks can be explained two temperature range,
The first temperature range at 100 to 350 C° assignted to reduction of CuO particle (
CuO—Cu20—Cu) and interaction between copper oxide and cobalt oxide surface. X.
Mo et al. (121) reported that the TPR profile of CoCu presented the main reduction
peak at temperature 100 to 250 °C. The position of reduction peak shifted to lower
temperature with increasing the amount of Co. This indicated a weak interaction of
copper oxide with alumina support. Owing to the Cu was impregnated on the Co-Al>03
surface, the impregnated Cu could be attracted the Co particles than Al.O3 supported
when increased Co loading. As the interaction between Cu and Co easily reduced than
interaction between Cu and Al>Os. Then, It can be improved reducibility of catalyst.
The cobalt oxide can be partially reduced from 30Cu/Cu-Al>O3 ctalysts. The second
temperature range at 350 to 800 °C assignted to the reduction of cobalt oxide to cobalt
metal (Co30s —CoO—Co) and strong interaction between cobalt and alumina suppot

as presents in TPR results of xCu-Al20s.
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Figure 53 H>-TPR patterns of the 30Cu/xCo-Al03 (x= 0, 10, 20, 30, and 40 wt%
Co) catalysts.
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8.2.2 X-ray photoelectron spectroscopy (XPS)

The chemical states and elements on region of the FSP-made Co-Al>O3 with
different Co loading were characterized by XPS and XPS spectra were shown in Figure
54. The all sample show Co2p core level spectrum are Co 2pz;2and Co2p12. Normally,
the Cos04 presented two oxidation stages that are one Co?* cation in tetrahedral and
Co®* cation in octahedral site ((Co®")2(Co?*) Q). The binding energies of Co?* and Co®*
have been reported, the Co?* cation located at approximately 780.3 eV and Co®" located
at approximately 779.5 eV. For CoAl,O4 spinel structure, the Co?* cations are
tetrahedral site and AI®* cations are octahedral site in lattice. The Co 2ps; peak of
CoAl20y4 is higher binding energy than CozO4, with the binding energy rang of 782 eV
or higher (122, 123). The 10Co-Al203 sample observed the Co 2p3/2 level at 783.9 eV,
assigned to Co?* cation in tetrahedral site of CoAl;Os structure. The Al 2p spectra
centered at 76.9 eV, assigned to octahedral AIP* cation (124). With increasing Co
loading during FSP step, The Co2pz2 peak position was significantly shifted toward
lower binding energy from 783.8 to 782.5 eV (as listed in Table 13). These results
indicated that a lower Co loading in FSP step displayed intensive CuAl2O4 spinel phase.

Table 13 XPS data for Co 2p, O 1s, and Al 2p of the xCo-Al.O3 (x=10, 20, 30,
and 40 wt% Co).

sample Co 2psi2 (V) | Co 2pw2 (eV) O1ls(eV) Al 2p (eV)
10Co-Al;03 783.9 800.2 533.5 76.9
20Co- AlLO3 783.7 799.5 533.2 76.6
30Co- AlLO3 782.1 797.3 532.4 75.4
40Co- AlLO3 782.5 798.1 532.4 76.1
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Figure 54 XPS spectra of Co 2p of the xCo-Al,0O3 (x=10, 20, 30, and 40 wt%).

8.2.2 The copper metallic sites by N2O decomposition

The N2O decomposition results of 30Cu/xCo-AlOz3 (x =0, 10, 20, 30, and 40
wt% Co) were presented in Figure 55.  The appearance of Co on Cu/Al.Os catalyst
improved the number of copper active sites, which addition of 40 wt% Co on
30Cu/Al>0Oz3 show the highest number of copper active sites. It can be attributed to the
improved reducibility of catalyst leading to improve the number of active sites.
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Figure 55 (@) N20 chemisorption results of 30Cu/xCo-Al>03 (x =0, 10, 20, 30,
and 40 wt% Co), (b) diameter of copper metallic size of 30Cu/xCo-Al>0z (x =0, 10,
20, 30, and 40 wt% Co) catalyst

8.3  Catalytic performance of Co inserted on copper-based catalysts

The activity and selectivity of the 30Cu/xCo-Al20s3, (x= 10, 20, 30, and 40 wt%
Co) were represented in Figure 56. The 30Cu/Al>Oz catalyst exhibited 47 % of glycerol
conversion and 42% of 1,2-PDO. When 10 to 30 wt% Co were added to 30Cu/Al>Os
during FSP process. The glycerol conversion-was hardly unchanged but selectivity of
1,2-PDO decreased and acetol increased compared-to 30Cu/Al20s. Hydrogenolysis of
glycerol to 1,2-Propandiol (1,2-PDO) reaction occurred through 2 steps, first, the
glycerol dehydration on acid site to acetol and then its hydrogenation to 1,2-PDO on
metal site. Form XPS and Hz-TPR results, the incorporated 10 to 30 wt% Co with Al.O3
presented high CoAl>O4surface. It was possible that the loaded Cu on CoAl>O4 catalyst
promoted the glycerol dehydration. When 40 wt% of Co was added on 30Cu/AlOs3, the
glycerol conversion increased to 11 % and selectivity of 1,2-PDO up to 70 %. It
speculated that the active site of 30Cu/40Co-Al>O3 were Cu and Co metal. The partial
cobalt oxide can be reduced to cobalt metal under catalyst pretreatment condition before
reaction test (300 °C, 3h ,1 atm under H. flow). Which H> can be generated from
aqueous phase reforming of glycerol on Co metal leading to promote selectivity of 1,2-
PDO. Moreover, the cobalt metal as active sites for hydrogen in hydrogenation of acetol
to 1,2-PDO (114). Thus, the role of 30Cu/40Co-Al20s is bimetallic catalyst.
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Figure 56 The activity and selectivity of the 30Cu/xCo-Al2O3, (x= 0, 10, 20, 30,
and 40 wt% Co).

8.4 Conclusions

The Co inserting on-30Cu/Al>O3 catalyst during FSP method with different Co
loading for glycerol hydrogenolysis reaction was investigated. When increased amount
of Co on Cu/Al2O3 catalyst, the CuO crystallinity decreased. Addition Co on Cu/Al2O3
catalyst can decreased interaction between Cu and Al203 because the impregnated Cu
interact with Co on Al>O3 surface that weak interaction than Cu with Al203, leading to
increasing of reducibility and active site. The Co loading of 10 to 30 wt% Co showed
poor glycerol conversion and selectivity of 1,2-PDO. While the Co loading of 40 wt%
on catalyst showed the highest catalytic performance, because of the increased metal
active site for acetol hydrogenation. Thus, the 30Cu/40Co-Al>O3 behave as bimetallic

catalyst.



CHAPTER IX

COMPARISION OF METAL SPINEL SUPPORT ON COPPER-BASED
CATALYSTS FOR GLYCEROL HYDROGENOLYSISTO 1,2
PROPANEDIOL

The effect of the metal aluminate (MAI2O4, M = Cu, Zn, Fe, and Co) with
different metal loading (10, 20, 30, and 40 wt% of metal) on Cu/Al2O3 for glycerol
hydrogenolysis to 1,2-PDO were discussed in this chapter. The activity and selectivity
of 30Cu/M-Al203, (M= Cu, Zn, Fe, and Co) with different amounts of metal loading
(10-40 wt% of M) were shown in Figure 57-60. For inserting a low amount of metal,
the glycerol conversion hardly changed. The inserting of 10 wt% of Cu on 30Cu/Al203
(30Cu/10Cu-Al>03) catalyst exhibited the highest selectivity of 1,2-PDO (62%), the
lowest selectivity of acetol (36%) and propanal (2%) when compared with the other
metal as shown in Figure 57, For a high Cu inserting at 40 wt% of Cu, the acetol was
mainly product and the 1,2-PDO selectivity was not detected, It was guessed that the
glycerol molecules were rather adsorbed on Cu metal site than CuAl>O4 support. A low
active metal sites were covered glycerol molecules or the produced acetol from glycerol
dehydration 'reaction, there were not active site to hydrogen adsorption for
hydrogenation step. While the inserting of Co at 10-30 wt% on 30Cu/Al>03 showed the
lowest glycerol conversion and the lowest 1,2-PDO selectivity when compared with
other metal at same content. The FSP-made Co-Al203 presented CoAl>O4, which high
intensity of CoAl204 was observed at low Co loading. Jindou Hou et al. reported that
the appearance of AI** locating on octahedral Co-Al spinel structure showed a strong
Lewis acid site for NHs adsorption (125). It speculated that a high acid surface on
catalyst prompted acetol production. For the inserting of Zn and Fe on Cu/Al;Os. The
product distribution was rather similar. Which the 30 wt% of metal showed the highest
selectivity of 1,2-PDO in both metals. In this case, the presence of ZnAl,O4 and
FeAl>O4 on catalyst inhibited glycerol adsorption on support but promoted glycerol
adsorption on metal. The N2O decomposition results reported that the inserted Zn and
Fe increased active site and Cu dispersion of surface. Thus, there was enough active

sites for dehydration and
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hydrogenation step. When 40 wt% of metal was added on 30Cu/Al>O3 during FSP
process. The 30Cu/40Co-Al>O3 catalyst displayed the highest glycerol conversion and
1,2-PDO selectivity because of the increased active site for hydrogenation. The partial
cobalt oxide can be reduced to Co metal under catalyst pretreatment and during reaction
as a result active site increased. Therefore, the 30Cu/40Co-Al203 behave as bimetallic

catalyst.
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Figure 57 The activity and selectivity of 30Cu/10M-Al203, (M= Cu, Zn, Fe and
Co).
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CHAPTER X

SUMMARY

In this research, the type of metal aluminate spinel supports (M = Co, Zn, Fe)
and amount of metal incorporated with Al2O3 (10 to 40 wt.% of metal) on Cu/Al.O3 for
glycerol hydrogenolysis were investigated, the experimental conclusions were
summarized as follows:

1. The optimum of metal loading with Al>O3 (the FSP-made M-Al>03, M=
Cu, Zn, Fe, and Co) on Cu based catalysts were the 10 wt% of Cu, 30 wt% of Zn, 30
wit% of Fe, and 40 wt.% of Co.

2. The presence of CuAl20s, ZnAl;04, and FeAl204 spinel on 30Cu/Al2O3
catalyst inhibited glycerol adsorption on support but promoted adsorption of glycerol
on Cu species. For CoAlO4 phase promoted the glycerol dehydration step due to the
high acidity on catalyst.

3. The FSP-made M-Al>Os (M = Cu, Zn, Fe, and Co) on Cu based catalyst
presented metal oxide and metal aluminate species. In case of Cu, Cu as a mono-active
site. For Zn and Fe, metal oxide as a promoter on catalyst lead to the increased Cu
dispersion and active sites. While Co participated with Cu for the utilization of active

H> on hydrogenation that was Cu-Co bimetallic catalyst.
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Appendix A

Calculation of crystallite size of copper oxide

The crystallite size of copper oxide calculated by broadened profile width of

experimental of XRD using Scherrer equation

L. (K
Crystallite size = B cos0

Where , K = Crystallite-shape factor (0.9)
A = Wavelength of X-ray, 1.5418 A° for CuKa
0 = Observed peak angle (degree)
B = X-ray diffraction broadening (radian) calculated
by Warren equation
700 - 48.804°
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Figure 61 The half-height width of CuO at 48.804° of 40Cu-Al.O3 sample.

The half-height width of CuO at 48.804° = 0.481 (from Figure 57)
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Where,

Crystallite size

20

w1
0.481% 1g5

0.00839 radian

48.80°
24.402°
1.5418 A°

(0.9.x1.5418)
0.00839. cos 24.402

181.64 A°=18.16 nm
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Appendix B

Calculation for N2O chemisorption

The molecules of N2O adsorbed on copper surface was decomposed to nitrogen
and chemisorbed oxygen atom, and then the copper surface was covered with oxygen
species according to reaction (N2O+2Cus — (Cus - O - Cus) + N2). The Cus is a
declarative copper surface atom and assumption adsorption stoichiometry is 2 :1 for
Cus : Oags. The N2O consumption and N production peak after decomposition reaction
were separated by porapak Q column.

I.  Calculation of volume of Active Gas Injected

T td Pamb A
Vini (STP) =V X =% X
© ( ) 23 Tamb Pstd 100

Where, My Y= syringe volume injected (cm®)
Tamb = ambient temperature (-C)
Tsd = standard temperature (273 K)
Pamb = ambient pressure (mmHg)
Pstd . = standard pressure (760 mmHQ)
A 2 % active gas in-gas mixture

Il.  Calculating volume Chemisorbed

n

3 Vin; A
Vi (STP,cm”/gm ) = X Z [1— v
f

m i=1
Where, Ving = volume injected (cm?)
m = mass of sample (gm)
A = area of peak i
As = area of last peak
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IIl.  Active Metal Surface Area

A, (m ?/gm sample) =
[total number of surface area metal atoms]*[cross section area of active metal]

2 Vads
A, (m “/gm sample) = [{ n X v XNy X a
g

Where n = stoichiometry factor
Vads = volume adsorbed (cm3/gm)
Vg = molar volume of the gas at STP (22414
cm?mol)
Na = Avogadro’s number (6.023 x10%

molecules/mol)

a s cross -sectional area of active metal atom



Table 14

Appendix C

ICP results

ICP data of metal (M-Al20s, M= Cu, Zn, Fe, and Co).

Catalysts ICP (Wt% of metal)
10Cu-Al;03 11.0
20Cu-Al,03 19.5
Cu-Al203 30CU-Al,03 32.6
40Cu-Al;03 42.6
10Zn-Al03 11.7
20Zn-Al,03 20.9
Zn-Al203 30Zn-Al,03 327
40Zn-Al,03 42.6
10Fe-Al;03 10.7
20Fe-Al;03 18.1
Fe-Al20s 30Fe-Al,0; 29.3
40Fe-Al,03 36.4
10Co-Al,03 114
20Co-Al;03 19.7
Co-Al20s 30C0-Al,03 29.2
40Co-Al,03 35.6
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Appendix D

Temperature Programmed reduction (TPR) results

------------- xCu-ALO; (x= 10,20, 30, and 40)
30CwxCu-AlLO; (x= 10, 20, 30, and 40)

30CW/A0Cu-ALO, "

30CW30Cu-ALO, .

TCD signal (a.u.)

30Cw20Cu-AlLO,

30CuW/10Cu-ALO; .
100 200 300 400 500 600 700 800
Temperature (°C)

0

TPR pattern of xCu-Al,03 and 30Cu/xCu-Al>03 (x = 10, 20, 30, and

Figure 62
40 wt% Cu.
------------- xCo-ALO; (x= 10, 20. 30, and 40)
30CwxCo-Al 05 (x= 10, 20, 30. and 40)
’;:‘ socutocoato, /" N
=)
=
S 2 U
B[0CWI0Ce-ALO, N N e e e
e
@)
[_4
30Cu/20Co-Al,04 I——
cwioco-albo, S N I
0 100 200 300 400 500 600 700 800
Temperature (°C)
Figure 63 TPR pattern of xCo-Al>03 and 30Cu/xCo-Al.O3 (x = 10, 20, 30, and
40 Wt% Co).
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------------- xFe-AlLO; (x= 10, 20, 30, and 40)
30Cu/xFe-ALO; (x= 10, 20, 30, and 40)
s SN e e
< | 30Cw40Fe-ALO; /S NN T e
e e
=
5
< Y 2 A W N
A |s0cwsfealo, /S [\ N e
U ..............
H
30Cw/20Fe-AlLO;
30Cu/10Fe-Al, O,
0 100 200 300 400 500 600 700 800
Temperature (°C)
Figure 64 TPR pattern of xFe-Al>,03 and 30Cu/xFe-Al;,0z (x = 10, 20, 30, and 40
wit% Fe).
’;' 30Cu-ALO;
=2
=
&
‘7@ | 10cu20Cu-ALO,
A
O
~
15Cw/15Cu-ALO;
30Cu/AlLOs
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 65 TPR pattern of aCu/bCu-Al.O3 catalyst (a+b = 30 wt% Cu).



TCD signal (a.u.)

Figure 66

900

- 800

- 700

40Co-ALO,

Temperature (°C)

10C0/30C0-ALO;
T T T T T T T Ll T T T T T T 0

0 10 20 30 40 50 60 70 80

Time (min)

TPR pattern of 10C0/30Co0-Al>0340C0-Al;03 catalysts.
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Table 15

Appendix E

Catalytic performance for glycerol hydrogenolysis reaction

The activity and selectivity of the 30Cu/xCu-AlO3 (x = 0, 10, 20, 30,
and 40 wt% Cu).

Activit Cu (wt %)
J 0 10 20 30 40
Glycerol conversion (%) 7 8 8 9 3
Selectivity (%)
1,2-PDO 42 62 41 60 0
Acetol 51 36 54 38 94
Propanol 7 2 S) 2 6
100 20
- ] __—.— conversion "
| [ 1.2-PDO ]
] 777) Acetol
80 - Propanal 116
70 1 VRS
= c
< 604 1123
Z . 5
2504 gz 110 &
3 5
D 40 - 18 ©
w ° ] §
30 46 =
] { ©
20 4 44
r . r
10 4 42
. . . 258 W 23,
0 10 20 30 40
(x) wt% of Cu
Figure 67 The activity and selectivity of the 30Cu/xCu-Al.Oz (x = 0, 10, 20, 30,
and 40 wt% Cu).
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Table 16 The activity and selectivity of the of the aCu/bCu-Al>Oz (a+b =30

wit% Cu) catalyst.
Activity Catalysts
30Cu/Al>03 15Cu/15Cu-Al>03 10Cu/20Cu-Al203 30Cu-Al203
Glycerol
ye 7 6 8 10
conversion (%)
Selectivity (%)
1,2-PDO 42 20 35 37
Acetol 51 76 62 61
Propanol 7 4 3 2
100 20
]
90 I 1 .2-PDO) 18
| Acetol
80 Propanal 16
.70~ 14 S
° =
h S o
60 77777 2>
£ 2]
s / 0
S 50+ 10 £
o // . o
o E L
30 - I 6 >
) . o
20 - 4
10 - 2
N 2l D e 16

1
30Cw/ALO,

15Cuw/15Cu-ALO,

catalysts

v 1 v 1
10Cu/20Cu-Al, 0, 30Cu-ALO,

Figure 68 The activity and selectivity of the aCu/bCu-Al>O3 ( a+b = 30 wt% Cu)

catalyst.




Table 17

The activity and selectivity of the of the 30Cu/Al>O3 catalyst with

different reaction time.

104

o Time (h)
Activit
y 3 6 9 12
Glycerol conversion (%) 7 8 10 12
Selectivity (%)
1,2-PDO 42 45 55 52
Acetol 51 45 33 30
Propanol 7 10 12 18
100 20
: 30Cu/ALO,
90 - (B8 1.2-PDO 18
1 Acetol
80 [ Propanal 416
70 114
X 1 =
e @)
> 60 - 412 §
=] E ]
2 50 {10 &
- . S
R 40 18 ¢
r ]
Q
30 4 46 >
i ©
20 - 44
10 4 42
0 0
3
Time (h)
Figure 69 The activity and selectivity of the 30Cu/Al,Os catalyst with different

reaction time.
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Table 18 The activity and selectivity of the 30Cu/xZn-Al,03 (x = 0, 10, 20, 30,
and 40 wt% Zn).

Activity Zn (Wt %)
0 10 20 30 40
Glycerol conversion (%) 7 9 10 11 10
Selectivity (%)
1,2-PDO 42 52 62 68 63
Acetol 51 44 34 30 33
Propanol 7 4 4 2 4

100 20
] ]
U B 1 >-rDO e
1 227 Acetol ]
80 B2 Propanal 116
' IS
70 414
& 1 =
< 60 - {128
2 5
2504 A d10 &
S . { 8
2 40 - 18 g
1 o 1 53
30 <46 6%
20 44
10 - 42
0- T T 0
0 20

(x) wt% of Zn

Figure 70 The activity and selectivity of the 30Cu/xZn-Al;03 (x = 0, 10, 20, 30,
and 40 wt% Zn).
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Table 19 The activity and selectivity of the 30Cu/30Zn-Al>03 with different

reaction time.

. Time (h)
Activity 1 3 3 7 9
Glycerol conversion (%) 7 11 12 13 13
Selectivity (%)
1,2-PDO 62 68 66 71 71
Acetol 38 30 31 27 25
Propanol 0 2 3 2 4
100 20
; 30Cu/30Zn-Al,0; -
90 - ([ 1.2-PDO 418
. Acetol ]
80 - Propanal 416
70 14
@ g
S 60 123
z
> 50 - 10 =
= Q
Q 1 Q
= 40 - 8 S
w2 4 )
Q
30 6 =
] 1 O
20 4 4
10 - 2
0 0

Time (h)
Figure 71 The activity and selectivity of the 30Cu/30Zn-Al>0z with different
reaction time.
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Table 20 The activity and selectivity of the 30Cu/xFe-Al,03 (x =0, 10, 20, 30,
and 40 wt% Fe).

. Fe (wt %)
Activity 0 10 20 30 40
Glycerol conversion (%) 7 8 7 8 10
Selectivity (%)
1,2-PDO 42 43 63 65 60
Acetol 51 50 35 33 38
Propanol 7 7 2 2 2

100 20
- -
90'_ B 1 2-rpo ] .
W/ Acetol
80 Propanal 116
] =
70 - {14
@ i g
< 60 - 122
2 50 10 S
8 i k Q
% 40- - 8 g
Q
30 6 =
1 {1 O
20 - 4
10 1 2
0 = T 0
20
(x) wt% of Fe

Figure 72 The activity and selectivity of the 30Cu/xFe-Al.O3 (x = 0, 10, 20, 30,
and 40 wt% Fe).
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Table 21 The activity and selectivity of the 30Cu/xCo-Al03 (x = 0, 10, 20, 30,
and 40 wt% Co).

. Co (wt %)
Activit
y 0 10 20 30 40
Glycerol conversion (%) 7 5 5 5 10
Selectivity (%)
1,2-PDO 42 28 20 21 71
Acetol 51 63 62 61 26
Propanol 7 9 18 18 3
100 20
1 (@ comverson -
90 b W -1 18
l W Acetol 1
80 - Propanal 116
70 14 s
O o
< 60 122
Z 3
2 50 10 2
3 { 8
g 40 - 8 9
- .\ / | 6 §
30 4 =
] x% R | ©
20 - 4
10 % 2
0 - T T T T T T T 0
0 10 20 30
(x) wt% of Co

Figure 73 The activity and selectivity of the 30Cu/xCo-Al.Oz (x = 0, 10, 20, 30,
and 40 wt% Co).
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Table 22 The activity and selectivity of the 40Co-Al>0O3 and 10Co0/30Co-Al0s
catalysts.
. Catalysts
Activit
4 40Co-AlL,Os | 10C0/30Co-Al:03
Glycerol conversion (%) 5 9
Selectivity (%)
1,2-PDO 35 51
Acetol 58 45
Propanol 7 4
100
90
80 propanal
70 -
£ 604
)
& 504
5
E 40 -
30
20
10 -
. % Emm
40Co-Al,0, 10C0/30C0-Al, 0,
Catalysts
Figure 74 The activity and selectivity of the 40Co-Al,O3 and 10Co0/30Co-Al0s

catalysts.
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