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ABSTRACT

Reaction and conversion of COto chemicals is a challenging area of researchh&
objective of this work is to study andinvestigate the use of mixed metal oxid&r/Ti
oxide and related catalysts for the conversiorand utilisation of CQ. The first reaction
studied was propane dehydrogenation using CQo produce propene. Then, the study
extended to investigate the direct reaction of Cas whole molecule with methane,

ethane, acetylene, ethylene and propane to symsis carboxylic acids.

The catalysts were prepared in several ways. Four methods were based on- co
precipitation of the mixed catalyst from solutions ofzirconium (IV) oxynitrate hydrate and
titanium (IV) chloride . Other methods involved impregnation, Bsed ontitanium (IV) oxide.
Catalysts were characterised by nitrogen adsorption, by powder-ky diffraction, by
ammonia temperature programmed desorption and, ultimately, in terms of catalytic

activities.

The powder Xray diffraction patterns of the impregnated titania-rich Zr/Ti oxide

catalysts showed that Zr@ dissolved in the solid anatase phase of titania. At higher
concentrations, the ZrQ appeared as a separate tetragonal phase. Low zirconia content
Zr/Ti oxide catalysts showed significantly ncreased surface areas and higher acidities
than the individual oxides. A range of other metal oxides were added as third metal
oxides in these mixtures, but none had significant impacts on surface areas or on

surface acidities.

Propane dehydrogenationis thermodynamically limited. The only possible route is a
radical mechanism for H removal via a surface process. Thetalytic activities at low
CQ:propane ratio showed that Zr/Ti oxide exhibited the higher activity than single

oxides, but activitieswere all too low to be of economic significance.

In contrast, using higher C@propane ratio improved the propene yield and selectivity

to values comparable to those achieved with the industrial chromium based catalyst.



The catalyst showed selectivity toGH bond breaking to form propene over € bond
breaking to make ethene. The study demonstrated that G@as utilised mainly for the

reverse water gas shift reaction (RWGS) to remove hydrogen from the catalyst surface

The study showed that the Zr/Ti oxde catalysts exhibited higher stability compared to
the industrial catalysts at slightly higher gas space velocity. Thermogravimetric
analysis showed that Zr/Ti oxide catalyst assists coke gasification in the presence of2CO
at 600°C.

The other mixed oxide catalysts generally showed lower surface acidities and higher

selectivities to GC bond breaking products over the desired propene product.

The second study was the direct reaction of C@vith CHs to produce acetic acid. Again,
this reaction is thermodynamically unfavourable and the only possible route must
involve a radical speciesby which reactants are concentrated on the catalyst surface.
Evidence of methylsurface speciesormation in the presence of methane was indeed
found over the Zr/Ti oxide catalyst. With C@methane reacted with C@to form acetic
acid over Zr/Ti oxide catalysts. TheG-C insertion mechanism is proposed by which
methyl surface speciedormed on the cdalyst and reacted with CQ. This was followed

by hydrogenation to form acetic acid.

Reactions of C@with ethane, ethylene, acetylene and propene were also studied, in the
hope of observing direct insertion to produce the corresponding carboxylic acid. In fact,
lower acids were formed in all cases, suggesting a radical mechanism involvingCC

bond breaking over Zr/Ti oxide catalyst.

Interestingly, acetic acid was formed with all these precursor hydrocarbons, and it
appears that it occurs via CC, C=C,-C and CH bond breaking.
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Chapter 1 Objective, background and literature review

1.1 Introduction

1.1.1 Background

Carbon dioxide isone of the major worldwide environmental concerns due to its
emission that exceed 10 gigatonne year to the atmosphereaccording to the United
Nations Framework Convention on Climate Change (UNFCE@) The CQ level in the
atmosphere has increased to reach 386 ppm in 2013 according to the historic

atmosphere analysi$il.

Utilisation of CQ is one ofthe major challenges for CQ research The reactions ofCQ
are mostly endothermic because othe stability of CQ. Therefore, a substantial input of
energyis required. In addition, suitable catalysts are important in order toreact CQ in

organic synthesis4l.

There are severalays in which CQ canreact:

1- CQreacts asawhole molecule(section 1.1.2).

2- CQ reactsthrough dissociatingto COand an O atom. The CQreacts to fom
the product (section 1.1.3).

3- CQreacts bydissociatingto a C atom andO,. The C atom reacts with H atoms

in order to form the product (section 1.1.4).

1.1.2 Whole molecule CO reaction

The following are examples of GO, reacting asawhole molecule(Table 1.1):
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Table1.1. CQreaction asawhole molecule

Chemical

Reaction and equation

Urea

Urea reaction proceed first between a carbon on CQ and
nitrogen on NHz. The reaction is exothermic at high
pressure of 240 bar and 185190 °C to form ammonium
carbamate as equation1.1) 31,

2NHs + CQ AHNCOONH aa “d.l)

Then ammonium carbamatedecomposes endothermically
to form urea and waterat reduced pressure(equation 1.2):
2NHz + CQ AHNCOONH AH2NCONH + H0

aaa ramo

Salicylic acid

Phenol reacts with a whole molecule ofCQ in the presence
of NaOHat a pressure of ~100 bar and at 110 °C. TheC
atom of CQ reacts with phenol. The reaction produces
sodium salicylate. Then,under strong acidic conditions,

salicylic acid isformed (equation 1.3) [6l.

©/0H
Eq. .3)

ON OH

(o]
co, 0 @ H,50,
ON ?
NaOH ° OH

Ethenecarbonate

Ethene carbonate is made fromethene oxide and CQ
(equation (1.4)). The process has beencommercialized by
BASF. The reactioroccurs between an O atom ofCQ and a
C atom ofethene oxide. Thenring closure by C atom of C®

with the O atom of ethane oxide forms the cyclic ethene

carbonatd?l.
Coz + \\\ /”/ — 0 o]
o]

° aaa 14
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Propenecarbonate Propene carbonate forms by reaction between CQ and
propene oxide (equation (1.5)). In addition, propene glycol

also reacs with CQO to from propene carbonate (equation

1.6) 8,
0
0}
CO, + —— 0 0
444 19
0
Cco, + OH —s - +H,0
CH
8Eq. (L.6)

Dimethyl carbonate | Dimethyl carbonate and diethyl carbonateformation are

and diethyl discussedwidely. CQ reacts with methanol or ethanol at
carbonate 110-200 °oC anda pressure of 10 - 80 bar (equations 1.71°]

and 1.8[191):

o}
CO,+2CH,OH —— . *tHO
aaa 13
o}
CO, + 2CH,CH,0H —— +H,0
o 0 ..Eq. @.8)

Formic acid via an CQ is reduced electrochemically to C&- which reacts with
electrochemical hydrogen catiors (H") from water to form formic acid
route (equation 1.9) (111,

CQ (g) + 2H @) + 26 AEHCOOH,q) 44 a 1'9)

1.1.3 Reaction by dissociation of CO to CO and O atom

Table 1.2 lists the common chemicalreactions that follow dissociation of CO to CO and

an Oatom:
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Table1.2. CQ reaction asCOand O

Chemical Reaction and equation

Dry reforming of | O reforming of CQ with CHs occurs over suitable catalyss

co as illustrated in equation (1.10).

CQ+CH A2CO+2H aaa L))

At high temperature over selected catalysts, COreacts with
H2 to produce CO and kD (equation 1.11112]).
CQ+H £ACO+H &aaa 1‘A)

Reverse  water
gasshift (RWGS)

On Zn-Cu catalystCQ reacts with H» at a pressure ofover 20
bar and 250-350 °C (equation 1.12[131), The hydrogenation of
CQ has beencommercialized by BRChemicals.

CQ+3H, ZCHOH+H &d&aa 113)

Hydrogenation
of CQ to

methanol

Dehydrogenation CQ has beenstudied as a mild oxidant for propane and

' ' i [14]
of propane by ethaneasan alternative to using oxygen(equation 1.13[141).
CQ
GHg+ CQ AGHs+CO+HO 44a 1E3)

. CQ can be reduced electrochemically to Cé@nd reacted with
Electrochemical

+ ; [15]
oute: CO  and H* in water to produce CO ormethanol (equation 1.14™ and

1.15 ey,

CQ (g + 2Hf(aq) + 26 A£CQq) + Oy, P=-0.52V EQq.1.14)
or

2CQ () + 6H'@aq) + 66 £CHOH() + HOy), B =-0.38 VEQ.(1.15)

methanol

1.1.4 Reaction by dissociation of CO to C and &

Several researchershave studied CQ utilisation in which the CQ molecule dissociates

to aC atom andO,. Table 1.3 lists the common reactiors:
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Table 1.3. CQreaction asto Cand Q
Chemical Reaction and equation
Hydrogenation of CQ CQ reacts with H» gasover Cu/ZrO- catalyst at 450-750
to methane oCto form methane (equation 1.16117).

Electrochemical
CQ to ethylene

route: | Using polymer electrolyte membrane (PEM) C®can be

(equation 1.17)[16.18-19],

CQ+4H, ACH,+ 2H0O a4 a

reduced in the presence of H* cations to form ethylene

2CQq) + 12Haq) + 126 AEGH4 ) + 4HOy), B =-0.169V

..Eq. .17)

1.1.5 Carbon dioxide interaction with solid surface

CQ hasclosed shels according to the octet rule. The C atom is sp hybridized anthe

CQ molecule exhibits strongbondsi9l. Scibiohet al.[20] described theadsorption of CQ

on transition metal catalysts pointing out the complexity of the processMarkovits et al.

(21] described CQ in term of weakly basic oxygen atoms an@n acidic carbon atom A

study of the interaction between CQ and some transition metal surfacesshowed that

the CQ molecule adsorption ha several feasible modes of coordinatioras shown in

Figure 1.10191.[22],

0]
me| M&0=C=0  M&0=C=0>M
C
[[>Mm
© M0, 9
0 M- [i
& C>M |
MeC C\
0 M30 o)

Figure 1.1. Modes of coordination of @tJ
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1.1.6 ZrO, and TiO, Catalyst

Several studies discussed the unique composition ahixed oxide catalystsformed
between ZrO, and TiO:[25]. The catalyss are reported to have better catalytic activity for
several CQ reactions due tothe acidic and basic properties of theZr O Ti catalytic

system compared to the single oxidg TiO. or Zr0,l23-25],

Manriquez et all?4] studied the bifunctional acid-base characteristic of mixed oxide
ZrQ-TiO2. They studied the mixed oxideby FTIR to study C@adsorption on ZrQ-TiO»
catalysts calcined at 400C to probe basic sites independent.The catalysts90% TiO,
10% Zr& and 10% TiQ@  90% ZrO showed monodentate (1578-1359 cmrl) and
bidentate (1672, 1243, 1053 cnt) binding of CQ (Figure 1.2), characteristic of
significantly basic sites on theZrOp-TiO; catalysts.

O

O .0
n\ "'.F /
\-C & 0—C 7

| |
M-0-M M-0-M

Monodentate Bidentate

Figure 1.2 . Thamain types of CQ coordination on ZrQ-TiO. detected by FTIR4

The acidity of these ZrO,-TiO» catalyst was determined by temperature programmed
desorption of ammonia (NHz-TPD) and FTIRof adsorption pyridine (Manriquez et al.
[241). The results of NH-TPD are summarized in Table 1.4. It can be seen that the mixed
oxides exhibit much more acidity thanthe individual oxides. Pyridine FTIR experiment
demonstrated the presence ofacidic Lewis sites andno acidic Brgnsted sites on to the
mixed oxides catalyst. The study concluded thatbinary oxides ZrO,-TiO. hasboth acidic
and basic site®4l. The study also showedthat the acid strength of the catalystswas

reducedby high temperature calcination.
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Table1.4.NH3-TPDdesorption result of ZrG-TiO: calcined at 400[24]

Objective, background and literature review

Catalysts

pmol NHes/g calculated
from the ammonia
thermodesorption curves

TiO» 173
TiOp-Zr0, (90-10) 1326
TiO2-ZrO, (50-50) 1456
Zro, 138

The aystalline structure has beenstudied by powder X-ray diffraction (XRD of the
single oxides ZrO; and TiQ, and the mixed oxides.For example, Santogt al.[26 studied
the XRDof ZrG/TiO2 in molar ratio 1:1 after calcination at 500, 600 and 700 °C. A
mixture of amorphous and orthorhombic phases of Zr@TiO > was detected at 500 and

600 oC, whereasa pure orthorhombic phase ofwas detected oncalcination at 700 °C.

Neppolianet all271, Vishwanathaat al.[281 and PérezHernandezet all25] studied different
weight loadings of Zr&; on TiQ, from 5%, 12%, 33% to 50%[27]. In addition, they
studied doping TiO2 on ZrG at levels of 5%, 10%, 20%, 30% to 40%. All catalysts were
prepared by the sol gel method. The calciation temperature was 500°C. PowderXRD

results are summarised below.

X 5 wt% TiO> doped on ZrQ showed XRD peakof tetragonal ZrG and noanatase
peaks of TiQ.

X 10% TiO, doped in ZrQ showed the same, with no evidence of a pure Ti@hase
and only peaks of tetragonal ZrQ.

x At 20% TiO; loading anatase peaks started to appear with tetragonal peaks of
yALO7}

X When doping Zr& on TiQ, tetragonal ZrO, reflections were visible at all

loadings from 5 to 33%, along with anatase reflections.
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Catalytic activities of these ZrOy/ TiO. catalysts for methane couplingreactions to form
ethane and ethene (no C£) were reported. (1.18) [29-31], This reaction requires GH
bond breakingto form methyl (CHs(ds)) and methylene (CHads)) surface specieon the
catalyst surface The fact that these catalysts can promotsurface speciesformation

may be relevant to reactions that involveCQ.

4CH, ECH-CHs + CH=CHb +3H, (eq.1.18)

Reddy and Khan review, ZrO/TiO. catalysts used for several reactions for
isomerisation of methyl cyclohexene oxide, nowoxidative dehydrogenation cyclohexane
and ethylbenzene, theepoxidation of cyclooctane, and the synthesis of chlorobenzene
(321, The TiO2 ZrO; catalyst has been used for thelehydrocyclization reaction of C6C8
n-paraffins. The catalyst was shown to exhibit both acidity and basicity in these

reactions (33,

In other related work, catalysts have beerprepared by adding a third oxide or other
compound to ZrO,-TiO,. Activities of these in various reactions are also relevant to
their potential use in CQ reactions. Sulphated ZrO,-TiO, oxides are used for cumene

synthesisby isopropylation of benzene with isopropanoli34l.

B-Os/TiO2 ZrO» catalysts are active in the production of lactams from oximes, which
requires surface acidity. The acidity of these B catalysts was shown to be dependent

on the catalyst calcination temperaturd3sl,

In the presence of C@ catalysts based onTiO. with metal oxide dopant such asRh, Ru,
Pd, Pt, Ir, and Khave been usedfor dry reforming to produce CO and Kl [3¢l. A
methanation reaction (hydrogenation of C@ to CH;) has been reported over ZrO;
doped with NiO (equation 1.19) [37]. Methanation (hydrogenation of CQ to methanol)
has also beemeported on CuO/ZrQ, catalysts (Eq. 120)[231,

CQ +4H; /ECH; + 2H0,  ¢Haes -165 kJ motl (eq.1.19)

10
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CQ+3H, ACHOH+H aaé& “& satr

Several CQreactions have usedZrO; as a main metal oxide componentof the catalysts.
Dimethyl carbonate (DMC) from CQ and methanol synthesis utili ses ZrO, and CeO at
100-200 °C and 2.5 MPdequation 1.7)[. Also, thecatalyst CuO TiO, ZrO; was used
for the synthesisof dimethyl ether (DME) from CQ at 350°C and 4 MP&38l.

Dehydrogenation reactiors have been reportedwith CO;, and sometimes without CQ
over catalysts based onZrQ,, TiO2 and TiO, ZrOu39-40, CQ was used for oxidative
dehydrogenation of ethylbenzene to styreneat 660 °C. The CQacted asa soft oxidant
over TiQ; ZrO; and CeQ@/TiO2 ZrO,, \bOs/TiO2 ZrO,, CeQ@ V205/TiO2 ZrOu39 and 3%
K2O/TiO2-ZrO,l40, TheTiO2 ZrO, catalyst showed activity and stability for 10 hours [39-
401, However, they emphasisedthat it might be the CQ itself that givesthe catalyst high
stability. The proposed mechanism involves the simple dehydrogenation of
ethylbenzene onthe catalyst surface followed by C@®reacting with H atoms on the
catalysts surface viaa reverse water gas shiftreaction (RWGS) as shown in equations
(1.21 and 1.22) [39-401:

Dehydrogenation: CsHsCH.CHs ACsHsCH=CH + 2H(@ags) equation (1.21)

RWGS: 2H@ds) + CQ ACO + HO equation (1.22)

CQ has been usedor the dehydrogenation of pethyltoluene to p-methylstyrene over
TiO2 Zr&, and KO doped on TiQ@ ZrO.. The reaction showed 85%selectivity to p-

methylstyrene but low conversion of CQ of 11% [41],

Several paperseport CQ utilisation for propane dehydrogenation usingZrO; and TiQ
support catalysts Xuet al. [421 described TiO. and ZrG& supported gallium oxide. But
propane dehydrogenationin the presence of C@gaveonly 22% propene yield Gatalytic

stability was poor and dry reforming dominated

11
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CO; has beenutili sed for oxidative dehydrogenation (ODH) of Abutane at 600 °C over
the mixed metal oxides VQ/CeO, ZrO;, VQ/TIO2 ZrO, and CeQ@ ZrOol43l. The paper
suggested the C@role was as a soft oxidantfor butane gas and C@®dissociated to CO

and Owhich was responsible forre-oxidation of the catalystafter reaction(43l.

Several papers discussed thelehydrogenation of ethanewith CG; using Cr, Ga, Mn, Co,
Fe and Ce oxides doped on Ti@r ZrO, [44-46], They reportedthat the dopants on ZrQ
exhibited strong acidty and/or badcity and these dopants werein general fully

dispersed on the tetragonal Zr@phasel44[471,

The overall conclusion found that Zr@, TiQ and especiallya ZrO,-TiO. mixture, could
potentially show activity in a dehydrogenation reaction with CQ. Evidence of high
acidity, basicity and bifunctional reactivity might be expected to lead to high activityn
thesereactions. However, to date,these catalystshave not beenfully studied for the use
of CQ for propane dehydrogenation This reaction is studied in the work described in
this thesis (Chapter 3). The presence of both acidity and basicity, certainly on
ZrQ,/TiO 2 catalysts, may also bémportant for the direct reaction of CQ with methane
and other hydrocarbons to synthesise acetic acid This reaction is studied in the work

reported in Chapter 4.

1.2 Objectives

The main objective ofthe work described inthis thesisis to study the conversion and
utili sation of CQ for the formulation of valuable hydrocarbonsusing heterogeneous
catalysts of mixed zirconia titania. This researchstudies the CQ reaction for the
dehydrogenation ofpropane to propene (chapter 3). In addition, the studyexplores the
CQ reaction with methane, ethanegthylene, acetylene and propane gase® formulate

acetic acid(chapter 4 ). Thefollowing are the detailed research objectives

12
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1. The first objective is to gudy the CQ utili sation for olefin synthesis through the
dehydrogenation of propane to propene (chapter 3). The researchwill explore the

following:

X the activities of mixed binary and ternary metal oxide catalysts based on
zirconia titania  (ZrO.-TiO2) and on titania (TiO2) towards the
dehydrogenation of propane,

X the catalytic stability ofthese in theconversionof propane.

x the dfect of reactant composition (CQ/propane ratio) on the yield of
propene,

x the effect of the reactor temperatue on the selectivityto propene,

X competing reactions, such dry reforming andthe reverse water gas shift
reaction,

X the characterization ofthese catalysts and the relationship between their

activities and their structure/surface properties.

2. The second objective is to gudy the direct reaction of CQ with methane, ethane,
ethylene, acetylene andpropane gases to makeacetic acid(chapter 4). The study
will investigate and developa series of binary and ternary heterogeneous catalysts

for the direct reaction of CQ as follows:

X the effect ofcatalyst preparation methods,

X the effect ofreactant gas composition

X the activities of the catalyststowards G-C and GH bond breaking in the
presence of C@

X the reaction mechanisnof direct reaction of CQ with hydrocarbons,

x the characterization of these catalysts and the relationship between their

activities and their structure/surface properties.

13
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1.3 Dehydrogenation of propane by CO

The detailed results and finding of the propane dehydrogenation by GCare shown in

chapter 3.

1.3.1 Introduction

Propene (propylene) is one of the main basic petrochemical feedstock artie demand
has increased sharplyto the point that it exceed ethene (ethylene) demand in this
decade. Propene is used in the synthesis ofmany polymers, such as polypropene,
polyacrylonitrile , and important propene derivatives are used to form cumene,
acrylonitrile for acrylic fibers, isopropyl alcohol, acrylic acid for acrylates angropene

oxide for polyethers or propene glycols [48-50],

1.3.2 Conventional method of making propene

Propene is a coeproduct from steam cracking plants It is estimated that 68% of all
propene comes from this source. However, it is invariably produced in lower
abundance than ethene with andpropene/ethene ratios are typically from 0.019 to
0.632 [511, The steam cracking plants ar@ot very selective as seen in Table (1.5)The
conditions used in the plant can be adjustetb control propene yield to a limited extent
The propene yield 8 normally between 0.15and 16% at 750°Cas shown inTable 1.5. It

is also worth mentioning another current source of propene and that is as a product
from fluid catalytic cracking (FCC)although, again, it is only ever a minor product

(perhaps 15% vyield from a najtha source)[51l,

Table 1.5. Steam cracking of different feeds stock and prepe yield [51]

Feed of Ztl:]rtn cracking Propene yield % | Propene / Ethene ratio
Ethane gas feed 1.5% 0.019
Propane gas 14 % 0.294
n-butane gas 16 % 0.364
Light naphtha 15-16% 0.421
Gas oll 15-16 % 0.632

14
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1.3.3 On-purpose propene plants
<% ST” " tet >ctZte L fe f f 2lS<ETEHG 4% O ThEIeusd

mainly propane dehydrogenation and metathesis routes. According to a report
published by Nexant in 2007, the growth of propane dehydrogenation plants could

result in an increasein propene production by five times[51l,

1.3.4 Commercial p ropane dehvdrogenation (PDH

Propane dehydrogenation is an endothermic equilibrium reaction. At reaction
temperatures of 550-650 °C, there are thermodynamic limitations to PDH. Several
methods have beenused to overcomethese thermodynamic limitations by addition of

oxygen gasmixeswith propane [521 or use ofoxidative catalystg51l,

The petrochemical industryusestwo types of PDH plant for propene producion.

1. Oxidative propene plant: Lumms, LindeBASF and Sanamporgeti
Yarsintez use an oxidative catalyst for propane dehydrogenation to
propene, based on chromium oxide doped oran aluminasupport. These
catalysts require regenerating after half an hour using steam and air to
remove coke andto increase thechromium oxidation state back to its
original value as shown in equation (1.3) and (1.24). The plant operates
at 550-700 °C, for both the reaction and thecatalyst regeneration step,
and the space velocity of the reaction is lowbetween 0.82 h-1, The yield
of propenefrom the oxidative method is 3635% and propane conversion
is 35-45%l51],

992:44Y,

Oxidation by Cr(V, VI)Oyxof GHs: GCsHs ?I‘lé?(?léle[?lé(ﬁ?;)ésHe + HO ..eq (123)

99244y,
RegenerationCr(ll1, IV)Oyx: CB+4+Q, ﬁﬁ?t?ﬁﬁ?%&r(v, M)Ox ..eq (1.20)

2. Non-oxidative plant : UOP and Krupp Uhde us@latinum mixed with

oxides ofzinc or tungsten doped on alumina The s@ce velocity is slightly

15
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higher at 2-6 h-1 and the propene yieldis 30%. The PtW or PtZn catalyst
works by abstraction of hydrogenfrom propane on the catalyst surface at
550-700 °C as shown in equation (1.2). But the catalyst deactivates
quickly by coking!(53l.

992R:44Y, o .. .
GHs MU GHs+H, d4at“ Hat

Both routes involve low catalytic stability, propene yield is limited to 30-35%,
deactivation occurs inless thanhalf anhour and they require low space velocites. Many
researchershavetried to address the problem of catalyst deactivatiorby introducing O,

[52] or CQ 8] to havein-situ catalyst regeneration.

1.3.5 Literature review of research into _propane dehydrogenation by
Cco

The dehydrogenation of propaneby CQ has beenstudied by many researches to assist
the regeneration of the catalystsaand also as part of anon-oxidative route [49. The use of
CQ for these reactions, rather than oxygen has advantage of low cost. Because
reactions tend to generate less heat with C) and CQis a mild oxidant, there are also

advantage in avoiding hot spots on solid catalyst48![501[54],

Propane dehydrogenation is divided into:

1. Oxidative propane dehydrogenation by CO »,
2. Non-oxidative propane dehydrogenation by CO ».

1. Oxidative propane dehydrogenation via CO »2: Dehydrogenation proceeds by
donation of an O atom from the chromium oxide catalyst to propane to fam
propene, COand water (4811501, CQ is reported to then re-activate chromium oxide
via redox cycling mechanisms from Cr(lll, IV)©to Cr(V, VI)Q by oxygen addition,
producing CO (equation 1.8) [8], In fact, gveral metal oxides, such aghose ofFe, V,

Ceand Mn,canalsotake part in the oxidative reaction of propane[>4l.

16
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Lgl 24 4Y,

Cr(lll, IV)O« regeneraion by CQ: Cr(lll, IV)Ox +CQ ?I L. Cr(V, VI)Q + COeq (1.26)

2. Non-oxidative propane dehydrogenation via CO »: it proceeds in two steps to
achieve the complete dehydrogenation cyclemaintaining the catalyst surface
activity .

X First the propane couples on the catalyst surface andis dehydrogenated as
shown in the equation (1.2).

x Then CQremovesH. from the catalyst surface(equation (1.28)).

The overall non-oxidative reaction is in equation (1.2)M48a —a—""@&Y «alkdl
emphasized that the RWGS reactiomoveshydrogen from the surfaceand that makes
catalytic sites available forfurther dehydrogenation of propane [5556l. This RWGS
reaction is keyto ensuring that the overall reaction proceedgequation (1.28)). It is also
important to note that, in addition, CQ can play another roleby reducing the coke on

the catalyst surface bya coke gasification reactionasshown in equation (1.30).

Propanedehydrogenation on catalyst GHs AGHse + Hz(ads) Eq. 1.7
surface:

Consumed H atoms by RWGS from CQ +2H@ds) ACO+HO  Eq. 12
catalysts:

Overall dehydrogenation by C@ GHg+ CQ AGHs + CO + RO Eg. 1.2
Coke gasification: CQ + Geoke)(ads) A£2CO Eq.3D.

The following is a more detailed discussion ofthe main papers describing the two

reaction typesresponsible for dehydrogenation of propane by CO

17
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1.3.5.1 Oxidative propane dehydrogenation via CO »

Michorczyk et al. published several paperausing CrO, and FeQ catalystsdoped on silica
and aluminafor propane dehydrogenation byCQ. They used a reaction temperature of
600 °C and a CQ/propane ratio of 3:1[57]. Low propene yields of around 10% were
measured over both catalysts, although this accounted for most of the propane
conversion. Both catalysts weredeactivated quickly and ake deposition was

reported(s7],

Higher propeneyields were reported by Botavinaet al.[58! over 6% Cr.Oz on SiQ at 600
oC with CQ/propane of 3:1 but activity halved after 5 hours. Conclusions were reached
on the importance of theoxidation state of the chromium needed for catalysigi.e Cr(V,
WI)).

Another study was performed by UOPon the effect of CQ/propane ratios, from 0:1 to
3:1 on 5% C(V VI)Ox impregnated on SiQ at atemperature of 600°C and space velocity
of 4 hl. The propene yield and selectivity increased with increasing C@

concentration(5l.

Shishidoet al.[59 studied the role of chromium oxideas a catalyst impregnated onsilica
and alumina They found that under oxidative conditions, there was some loss in
activity, with the propene yield only falling from 16% to 146 over 3 h at 550 °C. This
compared with a fall to 11.5% over 2 h in the absence of @0They concluded that CO
is responsible for the regeneration of the higher oxidation state chromium centres that

are the catalytically active sites.

—a-—"""™et «a. [49 studied chromium oxide on activated carbon under oxidative
conditions and again found that the catalyst deactivated quicklyTakehira et al. [54
studied the oxides of Cr, Fe, V, Mrand Co supported on MCM41. CrO-MCM41 (Si/Al
ratio of 50) was reported stable for propane dehydrogenation by CQ for 3 hours. After

catalyst regeneration (by air), the conversion was reduced from 20% to 15%60. In
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another study, an MSU1 (a type of mesoporous molecular sieveyas used asa support
for CrOx Liu et al. [60] at 600 °C (gas ratio CQ/propane 3:1) and propane conversion of

8% with propene selectivity at 82-92% was stable for more than three hours.

Zhu et al. reported Cr oxide on MFI zeoliteto be a very stable catalyst for propane
dehydrogenation, giving propane conversion at 30%, which gradually decreased to 8%
with high selectivity to propene over 66 hours using CQ, at space velocity 1.1 + [61],

The authors suggestedhe active species Cflll, VI) was responsiblenot Cr(V, VI).

The overall conclusion is that in oxidative propane dehydrogenation,CQ performs
important role is to re-oxidise chromium to the active oxidation state But the RWGS
reaction and formation of by-product Hz is observed andit is not clear identified role for
oxidative catalyst In addition, they reported formation of CHs, ethane andethene is
evidence of G-C bond breaking of propane associated with oxidative dehydrogenation

(more discussionin section 1.3.6).

1.3.5.2 Non-oxidative propane dehydrogenation via CO >

Non-oxidative propane dehydrogenation via C®has also been reported. Dury et all62]
discussed NiMo oxide catalysts. In addition, three papers were publishedby Fudan
University in Chinaon this topic. They conducted experiments on non-oxidative and
oxidative catalysts [63-65], The first study, which was published in 2010,was on non-
oxidative catalysts made up of mixed metal oxideswith In>O; for propane
dehydrogenation by CQ. The catalyst20% In>0z on Al2Os showed the highest propene
yield at 25% for 12 hours (gas ratio CQN2/propane 4:35:1 at 600 °C)¢4. The
selectivity to propene was >75% andhe catalysts could be regenerated effectivelyi’he
mechanism involved propane coupling on the catalyst surface and C®@reacting with

adsorbedH atomson the surface viathe reverse water gas shiftreaction(63l,
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The studywas extended toln>Os supported on SiQ, AbOsz and ZrQlesl, Interestingly the
In20s3-Al203 had the highest propene yield. NHs-TPD and CQ-TPD measurements
showedthe In-Zr catalyst to have the highest concentratiostrong acid and base sitedt
appears that he moderatestrength acid and basic sites of 1rOz-Al>Oz provide optimum

activity [63],

Another non-oxidative catalyst ZnQ'ZSM5 was studied by Fudan University for the
dehydrogenation of propanevia CQ [501[66], There appeared to be some dependence of
activity on the acidity of the zeolite, showing variation with the SAl ratio of the zeolite,
again with the medium aciditysupport resulting in optimum activity [66-671, The authors
proposed a mechanism involving propane coupling as thesB&z;- anion (Figure 1.2) and
they emphasized thatthe presence of C@improved the catalyst surfacestability and
catalytic stability by ensuring effective removal of adsorbed Hfrom the surface by the

reversewater gasshift (RWGS) reaction.

"H,C; H* “H H
1 1

1 1 1 1
Zn?*0% + C;Hg =2 Zn?*0% =2 Zn?*0% + C3Hg

Figure 1.2. The suggested mechanism of dehydrogenation reaction via coupling of

propanel>0]

Another non-oxidative catalystfor propane dehydrogenation with CQ reported by Xu et
al.[e8l was gallium oxide doped onTiOz, AkG;, ZrQ, SiQ, and MgOThey characterized
the catalysts by XRD XPS and TPRCQ. The XPS suggested the dehydrogenatios
effectedvia a heterolytic dissociation reaction pathway(Figure 1.3) and that adsorbed
H2 is then removed by reaction with CQ@ (via RWGS) This proposed reaction
mechanism isdifferent from th at describedby Zhanget all50l and shown in Figure 1.2n

that the propanecoupling is via the alkyl cation rather than the alkyl anion.
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H  CyH,* H H*
1 1 1 1
L o
Ga**02 —MV¥*+ C;Hg = Ga**0 —MY*+ = Ga**0% —MY* + C,H,

Figure 1.3. The proposedmechanismof the heterolytical dissociation of GHg on
GaOsl68]

Despite relatively promising results in terms of propane conversion and propene
selectivity for the catalysts described above, it is very important to note that they have
invariably been used with reactant feeds in which propane has been very dilute,
typically 5% or less, and these levels are of little practical value for commercial

application.

Several workers, including Michorczyk et all48l, have shown that thereare always
byproducts from both oxidative and nonoxidative propane dehydrogenationreactions.
For instance, hey observed thenon-oxidative pathway usually led to some GC bond
breaking of propane to form methane, ethane, ethylenend (hydrogenation of ethylene

to ethane) as shownin equations (1.31), (1.32), and (1.33) (48l

Cracking of propane to ethane

and methane by noroxidative %* . B %* 4 E % g Eq. 1.31)
pathway by CB*
Non-oxidative pathway of DA £q. (L32)
Op* Y *. . .
ethyleneto ethane by C#* %7s 1 %7 a
Non-oxidative pathway of 64
0f* o 1L t % 4 Eq. (1.33)

ethyleneto methane by C#+
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1.3.6 Summary of current knowledge o f catalysts for propane
dehydrogenation by CO

In general, to datethe major problems associated withoxidative catalystshave been
their low been shown low catalytic stabilities and their rapid deactivation For the most
widely used catalysts based onlromium oxide, redox cycling during reactionhas been
crucial to retaining useful activity. Chromium oxide on some supports, such aSBA15
and MCM41, have shown slightly better catalytic stability but they have tended to
result in low propene yields. Thechromium oxide catalysts can also participate in the
non-oxidative pathway (via Cr(lll, 1V)Q), but the non-oxidative pathway generally

favours more cracking propane to methane gthane, and ethylene.

The nonoxidative catalysts Ino0z-Al2Oz and ZnGZSM-5 for propane dehydrogenation
via CQ show better catalytic stability. Propene yield tends to increasewith the increase
of CQ partial pressure. It seems likely that the moderate strength acid and possibly
moderate strength base sites of IGs-Al20s are responsible for both high propane
conversion and high selectivity to propeneModerate acidity is also thought to be the

key to high conversio and selectivity exhibited byZnO/ZSMb5.

The nonoxidative catalystsfor propane dehydrogenation by C@are still not very well

understood. Questions are:

X How doesCQ promote the reaction?

x What isthe role of the catalyst toincreasedehydrogenation of propane ga®
x How do we overcome dry reforming which canoccurin the presence of Ce?
x Can catalysts be deveped to show adequate activity/selectivity using

practically useful propane concentrations in the reactant feed.

Therefore, this study is hoping to evaluatein depth the role of non-oxidative via CQ by

using heterogeneous catalysts based odrO,-TiO, due to the evidence of high acidity
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and basicity of catalytic surface(section 1.1.5). In addition to ZrO,-TiO., several

catalysts selection criteriais investigated based on thefollowing:

x Binary mixed metal oxides with TiO, specifically metal oxidesasfollows:

o0 Metals from Group 3 (Al, Ga, Tl)have beenused because there in the
same groupas ndium and indium oxide blends with Al,O; have been
shown to be activel64l.

o Metal from Group 10B (Pt) have been used becausiet metal isknown to
assist nonoxidative PDHI69].

o0 Metal from Groups 9B and 12B (Co, Rh, Ir and Quhave been studied
because these metals are well known for dehydrogenation of ethahé&!.
[72).

0 Metals from Groups 5B, 6B 7B and 8B (V, Nand Fe)have been studied
because these metals are well known for dehydrogenation of
ethylbenzene andpropanel711.[54].

o Metal from Group 5B (Hf) from same meal group of Ti and Zrhave been
tested.

o Uranium and thorium have been studied because these metakides have
the potential of p-type conductivity which, in principle, could lead to the
generation of oxygen surface species They have been usedor

dehydrogenation of ethand?2l.

1.4 Direct reaction of CO_ with methane, ethane,

ethene, acetylene and propane

A study of direct reaction of CQ with methane, ethane, ethylene, acetylene and propane

is described inchapter 4.

1.4.1 Background

Relatively few papers have beenpublished on the direct reaction of CQ as a whole

molecule with methanel’3-77land ethand’8é to form acetic acid. Catalysts such as
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Pt/Al 20sl731, Pd/ carbon (73, Cu/Co, Pd/SiQ, and \Os-PdCh/Al Oz at temperatures
between 150 and 450°C have been useld>77l. There are also reports of thereaction of

CQ with ethane in the presenceof O, to produce acetic acicdbver LaMoV oxide§3l.

1.4.2 Motivation

CQ and CH are low costand abundantraw materials. Reaction of CQwith natural gas,

such asmethaneethane or propaneis considered a challengng research area

1.4.3 Methane

Methane is the most abundantand main component of natural gasSteam or dy
reforming of methane is the mainsource ofhydrogen and carbon monoxide syngas

which is used for synthesis of basic chemica$ such asmethanol, formaldehyde and
Fischer Tropsch products [79. Methane is the least reactive alkne so methane
utili sation is challenging[79l. Several researchgroups have studied the methodsfor the
direct conversion of methane tovaluable chemicas by methane oxidation couplingto

ethylene and ethane methane oxyhalogenation andnethanearomatization [80-81],

Methane gas is acidic anthydrogen atoms are acidic andhave a small positive charge
( A) and the carbon atom is basic with a small negative chargé€ A). This contrast toCQ

in which the carbon atom is slightly acidid A) andthe oxygen atoms are basi¢A).

Erdohelyi et all82l illustrated the general principle of activating methane in the presence
of CQ. They showed that methane adsorbs on a rhodium catalyst as methyl and
hydrogen surface species As before, the role of the CGOis to clear the surface of
adsorbed hydrogen by areverse water gas shift reaction. The methylsurface species
can react byseveral routes, to produce ethne or by further decompositionas shown in
equations (1.34) (1.35) and (1.36).

CHy ACHs(ads) + Hads) eq.(1.34)
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CH%(ads) /CEC"b(ads) + Hads) eq-(1-35)

CH(adsy ZAECHads) + Hads) eg.(1.36)

1.4.4 Synthesising Acetic acid

Acetic acid is an importantchemical and theannual production is more than 7 million
tons. A large amount of acetic acid produced isonverted to vinyl acetate for use in
paints, adhesives and paper coatinghe current method of gynthesising acetic acidis
mainly (60% of world production) by carbonylation of methanol by reaction with COas
shown in equation (1.37) [83. Another route is the direct oxidation of butane by O

(equation 1.38) andthe oxidation of acetaldehyde (equatiori.39) (84,

o)
/OH + co——> /k
OH

Eq. (L.37)

Eq. (L.38)

Eq. (L.39)

The BASF procesBwvolves carbonylation of methanol with COover a Cd» catalyst. The
process uses severe conditiosy andone the highest pressures currently employed in
any petrochemical plant, of about 700 bar. Thetemperature is moderate at 250 °C. The
process produces of 45 wt%acetic acid, 35 wt% HO, and 20 wt% estersPurification
requires several distillation towers for degassing, catalyst separationyater washing,

drying, and scrubbing.

The direct oxidation of naphtha, NGL gas, butanethene, and acetaldehydecontribute
about 25-35% of acetic acid world production.Severalpeople have &empted the very
attractive route to acetic acid byoxidation of ethaneby . The reactionis usually based
on mixed Mo with V oxides at high pressure andat 250 - 450 °C[85-86],
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1.4.6 Literature review _of direct reaction _between CO with _methane

Examples of reports of reaction betweerCQ and CH; to produce acetic acid are shown
in Table1.8.

Table 1.8. Research groups studied CG@eaction with CHs

No Title of paper Author
1 Direct catalytic formation of acetic acid from C@and | Esther M. Wilcox, George W
methane, Catalysis Today 88 (2003) 830 [73] Roberts, James J. Spivey
(USA)
2 Direct utilisation of carbon dioxide in chemical James J. Spivey, Esther M.
synthesis: vinyl acetate via methane carboxylation, | Wilcox, George W. Roberts
Catalyst communication 9, (2008) 685689 [74] (USA)

3 Possibility of direct conversion of CHand CQto high | W. Huang, KC. Xie, .
value products, Journal of Natural Gas Chemistry 13 | Wang, Z-H. Gao, LH. Yin,
(2004) 113-115178 and Q:M. Zhu (CHINA)

4 Direct Synthesis of Acetic Acid from C+and CQin Wei Huang, Cuihong Zhang,
the presence of @over a \bOs-PdCH/Al 20 Catalyst, Lihua Yin, Kechang Xie,

Journal of Natural Gas Chemistry 13 (2004) 11315 | (CHINA)
[76]

5 Direct synthesis of acetic acid from CiHand CQby a | Yi-Hui Ding, Wei Huang,
step-wise route over Pd/SiQ and Rh/SiQ catalysts, YongGang Wang
Fuel Processing Technology 88 (2007) 31824 [77]

6 The interaction mechanism of Cewith CH; and H on | Riguang Zhang, Luzhi Song,
Cu (1 1 D)surface in synthesis of acetic acid from Hongyan Liu, Baojun Wang
CHJ/COs: A DFT study, Applied Catalysis A: General
443 444 (2012) 50 581871

7 Preparation of LaMo-V mixed-oxide systems and Hamid Reza Arandiyan and
their application in the direct synthesis of acetic acid | Matin Parvari
Journal of Natural Gas Chemistry 17(2008)213224

[78]

Wilcox et al.[73 used 5% Pd/carbon and 5% Pt/Al,Oz catalysts and detected acetateon
the catalystsisurfaces. Spiveyet al.[74 formed vinyl acetate by reactingCQ, CH; and
acetyleneon 5% Pt/Al20s mixed with Zn(CHCOO)/C catalyst. They explainedthat the
reaction proceeckd into two steps, forming acetic acid on the Pt/A}Osz, which then

reacts with acetylene on the zinc catalyst.

Four papers were published bya group from Taiyuan University of Technologythat

investigated reactions of CQ with CH; to form acetic acidat 100 450 °C. They proposed

26



Chapter 1 Objective, background and literature review

a GC mechanism in which CQ first reacts with CHs surface specieson the catalyst
surface.  They usedCuCo oxides[7 and in a second study, YOs-PdChAI 20z
catalystd76l. They also studied the synthesis of acetic acid from CHand CQ using Pd
and RH771. In the first stage CH was adsorbed andthought to dissociate on the metal
surface CQ was then thought to react with introduced to react with the adsorbed
speciesto form acetic acid The results showed 2% Pd/Si@catalystwas active at170-

200 oC. Formic acid was the only byproduct over the Pd catalyst?71.

Workers at Taiyuan University of Technologyperformed DFT computatioral studies on
the interaction between CQ and CH on a coppercobalt catalyst’4751[87],  They
concludedthat reaction between Co-CH(ads) and Cu-QOz(ads) to form CHsCOQGCu is the
most favourable reaction route with an activation barrier of 85.2 kJ mot [87]. An
adsorbed hydrogen reaction then reacts to form acetic acid which desorlas shown in
equations (1.43), (1.44) and (1.45)871.

CHi /ECH (ads) + Hads) a t“ savu
CQ + CHads) £CHCOQads) at“ savv
CHCOQuds) + Hadsy ACHCOOH a t“ savw

Arandiyan and Parvari’8l studied the direct reaction of ethanewith CQ in the presence
of & to synthesiseacetic acid on LaMoV oxidecatalysts at 450-850 °C,and 1-8 barin a
similar way to that used by Huang et al [761 with methane, CQ and Q.
Thermodynamically, the ethane reaction with C®and Q is more favourable thanthe

T —<"fZFe— of—Sfef Sodkf=- 246.89 kJ/mol versus 'G =- 703.61 kJ/mol)
(equation 1.46) and these workers reported high conversion of ethane but only-2%
selectivity to acetic acid. It appears that dry reforming to CO and.Hompetes The
authors did not explain the mechanism of the acetic acid formation and the role of €0
and Q.

2GHs + CQ+20, /E5/2 CH3COOH + kD, ' G = 03.61 kJ/mol eq.(1.46)
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One problem with acetic acidsynthesisis the risk of acetic acid decomposing thermally
if the reaction temperature is too high Acetic acidcandecomposeat 450-600 °C and the
main products are CQ and CHil88], But over some catalysts it can resist decomposition
at high temperature. For example, Fung and Wan#! studied TPD of acetic acid on 50%
w/w TiO 2-ZrO; from 224 oC to 520°C. They concludd the basic sites on the surface

stabilise the acetic acid preventing decomposition

1.5 Conclusions

1.5.1 Propane dehydrogenation by CQ to propene

The utilisation of CQ is a challengein chemistry due tothe stable structure of CQ. This
thesis focuses on CQ utili sation for the petrochemical field. To date oxidative catalysts
basedon Crused for propane dehydrogenatiorhave exhibited high propene selectivity
but the low yields and poor catalgt stability . Previous work has shown that the choice
of catalyst, and the nature of the support with supported catalysts¢can influence

activities.

Few non-oxidative catalysts have been reported for propane dehydrogenation by C®
and none of then has shown activity suitable for commercial use. A new approach is
taken in the work reported here,where CQ is recognisedas a possible participant in
the RWGS reactionin which hydrogen atoms &sorbed on the catalyst surface are
abstracted by CQ. Another aspectof this work is the recognition of CQ as a possiby

important reagent in removing coke fromthe catalyst.

1.5.2 CQ insertion reaction

In general, those who have studied CQ insertion in CH; have all observed very low
yields of acetic acid. In additiondry reforming and the reverse water gas shiftreactions
are often favoured over insertion. Furthermore, lhe direct reaction betweenCQ and

CH: on heterogeneous catalyst to form acetic acidhas not been explained in terms a
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suitable reaction mechanism so far. Due to the thermodynamic limitations of the
conventional acetic acid formation reaction, a methyl surface species mechanism is
possibly involved. This idea has been supported bPFT calculatiors which suggest that
reaction betweenCQ and adsorbed CH; surface speciesis the most favourable reaction

route.

Finally, the work reported here covers CQ insertion as a whole molecule not only in
methane, but also ethane, ethene, acetylene and propanggain, the difficulties of
achieving activity in these reactions are compounded by competing reactions,

particularly the reverse water gasshift and dry reforming processes
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2.1 CATALYST PREPARAON

In this section, a number of binary oxides and ternary oxide heterogeneous catalysts
mainly based onTiO. and ZrO,/ TiO2, were prepared. The two main catalyst preparation

methodsusedin this study were:
x four cited methods for impregnated catalysts,

x four cited methods for @-precipitated catalysts.

2.1.1 Material

The chemicals and reagentthat were used for heterogeneous catalysts preparation are
listed in Table2.1.
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Table2.1. List of chemical used for catalyst precursor

Chemical Manufacture
Zirconium (IV) oxynitrate hydrate, ZrO(NQ). .6H.O Fisher Scientific
Aluminium nitrate, Al(NGs)3.9H,0 Fisher Scientific
Zirconium (IV) hydroxide, Zr(OH) Aldrich
Magnesium nitrate, Mg(N@)..6HO Disons Analytical Reagent
Titanium (V) chloride, TiCls SigmaAldrich
Titanium (V) hydroxide, Ti(OH)4 SigmaAldrich
Titanium isopropoxide (Ci2H2804Ti) Sigma Aldrich
Zirconium (V) oxide, ZrO, SigmaAldrich
Ferric (1) nitrate, 9H.0, Fe(NG)- Alfa Aesar
Titanium (1V) oxide, TiQ BASF
Cobalt (1) nitrate, Co(NQ)2 CHEM Service
Cupper () nitrate, Cu(NQ).. 3HO Fisher Scientific
Zirconylchlorid e octahydrate, ZrOGl.8H,O Sigma Aldrich
Platinum (lIl) chloride , PtCk Sigma Aldrich
Chromium(lIl) nitrate, Cr(NGs)3 Fisher Scientific
Ammonium metavanadate, NEVO; Fisher Scientific
Gallium nitrate, Ga(NQ)3.5H,0 Alfa Aesar
Potassium nitrate, KNOs SgmaAldrich
Beryllium nitrate, Be(NGs)> Fisher Scientific
Barium nitrate, Ba(NQ)2 Fisher Scientific
Niobium (V) chloride, NbCk Alfa Aesar
Hafnium (1V) chloride, HfCL Alfa Aesar
Thallium (lll) nitrate, TI(NOs3)3 Alfa Aesar
Rhodium (1) nitrate , RANQ Alfa Aesar
Uranyl nitrate Alfa Aesar
Thorium nitrate Alfa Aesar
Silica Gel Si©@80-120 mesh Sigma Alderch
Aluminium oxide, AbOs Sigma Alderch
Zirconium oxide Alfa Aesar
Nitric acid, HNQ Fisher Scientific
Ammonia hydroxide, NHOH, 30% inwater Sigma-Aldrich
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2.1.2 Impregnation methods

Four incipient wetness impregnation methods were conducted All catalysts are
described with a percentage (%) of one oxide compared to the other(s). This percentage
(%) is in fact the percentage weight/weight (% w/w) of the dopant metal related to the
total metal content, for example, 5% ZreTiO2 contains Zrand Ti in the weight ratio of
5 : 95 (the metals ratio calculation examples are shown in Appendix 2, Table A1 and
A2). In each case hlie weights of the salt precursors needed are calculated from this

Following are representative examples of the use of tHeur methods.

2.1.2.1 Impregnation method -1

Impregnation method-1 is from Takahashi et allll. The method used 0.5 g
ZrO(NQ)2.6H.0 dissolved in dilute nitric acid (0.2 N, 100 ml). 5 g TiGn powder form
was added fortotal mixing of 18 hours at room temperature. Thenthe centrifuge was
applied to remove water. Then water washing with 200 ml of distilled water for 2-3
times was applied before drying at 100 °C for 18 hours.The @lcination at static air via

muffle furnace was applied at 700°C.

In addition, six ternary oxide catalystsprepared by usingimpregnation method-1 and
tested in chapter -3. The third metal oxide dopant was added to prealcined 5% Zr/Ti
oxide. The method of impregnation was done by dissolving foexample 0.30 g of
Cu(NQ)2 in dilute nitric acid (0.2 N, 100 ml). Then the precalcined 5% Zr/Ti oxide in
powder form was added for total mixing of 18 hours at room temperature. Then the
centrifuge was applied to remove water. Then water washing with 200 hof distilled
water for 2-3 times was appliedbefore drying at 100 °C for 18 hours.The calcination at

static air via muffle furnace was applied at 700°C.

2.1.2.2 Impregnation method -2

Impregnation method-2 is from Ruppert & Paryiczak [2l. The method used 0.5 g
ZrO(NQ)2.6H.0 dissolvedin distilled water (100 ml). 5 g TiQ in powder form was

added for total mixing of 18 hours at room temperature. Then thecentrifuge was
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applied to remove water. Then water washingvith 200 ml distilled water 2-3 timeswas
usedbefore drying at 100 °C for 18 hours.The calcination at static airvia muffle furnace

was applied at 700°C.

Four ternary oxide catalysts were prepared by usingmpregnation method-2 and tested

in chapter -4. The method of impregnation was done by dissolving for example 0.35 g of
AI(NGz)3.9H0 and 0.35g oZrO(NQ)2.6H.0 in dilute nitric acid (0.2 N, 100 ml). Then
3.0 g of TiQ support in powder form was added for total mixing of 18 hours at room
temperature. Then thecentrifuge was applied to remove water. Then water washing
with 200 ml of distilled water for 2-3 times was appliedbefore drying at 100 °C for 18

hours. The calcination at static air viamuffle furnace was applied at 700°C.

2.1.2.3 Impregnation method -3

Impregnation method-3 is from the Chepurnaet all3! to make naneZrO; precursor. The
method used 0.5 g ZrO(N§€)..6H.0 dissolved in ammonia solution (1 N, 50 ml) for 24
hours mixing at room temperature. 5 g TiQ in powder form was added for total mixing
of 18 hours at room temperature. Then thecentrifuge was applied to remove water.
Then water washingwith 200 ml of distilled water 2-3 times was appliedbefore drying
at 100°C for 18 hours.The calcination at static airvia muffle furnacewas applied at 700
oC.

2.1.2.4 Impregnation method -4

Impregnation method-4 is from Laniecki and Ignaciki4l and this method usedthe metal
chloride salts. The mehod used as an example 0.5 g @k dissolved in distilled water

(50 ml). 5 g TiO: in powder form was added During the stirring the pH level was
adjusted by ammonia solution (1N) to reach pH 8. Theotal mixing time was about18

hours at room temperature. Then thecentrifuge was also applied to removewater.

Then water washingwith 200 ml of distilled water for 4-5 times was usedbefore drying

at 100°C for 18 hours.The calcinationin static air via muffle furnacewas applied at 700
oC.
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The list of the prepared binary and ternary oxides catalystsis shown in Tables 2.2 and
2.3. The tables showtwo decimal placeseach catalystpreparation, chemical weight
recipe, the impregnation method number applied and the chapter numberin which the

catalyststudy is reported.

Table 2.2. Binary oxide catalysts prepared by thempregnation method

Catalyst Chemicals used for Salt Impregnation Teisnted
by w/w% the synthesis weight method used
chapter
ZrO(NQy)2. .
5% Zr/Ti oxide rO(NQ)2 60 0559 1,2,and3 | 3and4
TiO2 support 5.00 ¢
8% ZrQ,/TiO2 ZrCly 0.55¢g 4 A
TiO, support 3.00¢
7.9% Hf/Ti oxide HICL 1029 4 3
TiO2 support 1209
5.8% AlITi oxide Al(NGs)s. 9H,0 1209 1 3
TiOz support 25009
6.9% Nb/Ti oxide NBCh 1159 4 3
TiOz support 9.50¢g
TI(N 1.44
10.5% TI/Ti oxide (NO5) g 1 3
TiOz support 1209
7.4% VITi oxide NHNVO, 0-279 1 3
TiOz support 290¢g
3.5% Ir/Ti oxide IrCla 0-259 4 3
TiO, support 6.00 g
2% PY/Ti oxide PIC 0109 4 3
TiO2 support 3.00¢g
3.3% RN/Ti oxide RING 0209 1 3
TiO2 support 5.00 ¢
L Th(NGs)4 0.20 g
0,
5% Th/Ti oxide TiOs support 3.00 g 1 3
. UO(NGs)2 0.20 g
0,

5% U/Ti oxide TiO, support 3.00g 1 3
5.8% Cr/Si oxide cr(lll) nitrate 0409 1 3
SiGQ support 4.00g

Ga(N 0.40
5.1% Ga/Al oxide aNQ)s 9 1 3
Al;Osz support 4.009g
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Table2.3. Ternary oxidesprepared by the impregnation method.

Catalyst synthesis Chemical used for the Salt Impregnation Teisnted
by w/w% synthesis weight method used
chapter

Cu(N 0.30

2% Cu/5%Zr/Ti oxide (NG, : g 1 3
5% ZrQ/TiO 2 support 2.00g
Al(N 9H0 0.20

2% Al/5%Zr/Ti oxide (NOs)s. O g 1 3
5% ZrQ,/TiO 2 support 5.00g
Be(N 0.30

2% Be/5% Zr ITi oxide (NQ). : g 1 3
5% ZrGy/TiO 2 support 2.00g
Mg(N 0.30

2% Ma/5% Zr [Ti oxide 9N g 1 3
5% ZrG,/TiO 2 support 2.00g
Ba(N 0.08

1.3% Ba/5% Zr /Ti oxide (NQ). : g 1 3
5% ZrQy/TiO 2 support 2.00g
Fe(N 9H,0 0.50

2% Fe/5% Zr [Ti oxide (NQ)s 97 g 1 3
5% ZrG,/TiO 2 support 2.00g
ZrO(NG). .6H0 0.35¢g

2% Al/ 5% Zr/Ti oxide Al(NGs)s. 9HO 0.50¢g 2 4
TiO, support 3.00g
ZrO(NG). .6H0 0.35¢g

3.6% Fé 5% Zr/Ti oxide FrNG:.9H.0 0.50¢g 2 4
TiO, support 3.00g
ZrO(NGy)2 .6H0 0.35¢g

3.4% Cd 5% Zr/Ti oxide Co(I)(NO3)2 0.20¢g 2 4
TiO, support 3.00g
ZrO(NG). .6H0 0.35¢g

4% Cu 5% Zr/Ti oxide Cu(NQ@)2. 3RO 0.30g 2 4
TiO, support 3.00g

2.1.3 Co-precipitation _methods

Four co-precipitation methods were used in the preparation of catalysts to be used in

the CQ direct reaction with methane described inchapter -4.

2.1.3.1 Co-precipitation _method -1

The m-precipitation of Zr/ Ti oxide catalyst wasfrom Sohn and Led>l. The preparation

was conducted by applying different weight ratiosof Zr(OH)s and TiCl. (Table 2.4).
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5.0 gTiClk liquid was added dropwiseto stirring water (100 ml) at room temperature.
Then 5.0 gZr(OH)s was added Dilute ammonia solution (1 N) was added to adjust pH to
8-9 andstirr ed for 8 hours. Then the solution was centrifuged and wasled with 200 m|
of distilled water 5-8 times to remove Clions from the solution. The washed water was
tested by ion chromatography (IC). The precursor was driedt 100 °C for 18 hours and
followed by calcination at a temperature 700 °C for 3 hours at static airvia muffler

furnace.

2.1.3.2 Co-precipitation _method -2

The preparation was based n Sohn and Leél. 4.0 g TiClk and 3.6 g ZrOC}h were
dissolved in water (100 ml), then aqueous axmonia solution (2.7 N) was added
dropwise to adjustto pH 8 at room temperature The stirring was applied for 68 hours.
Then the suspensionwas subjected to centrifuging and water wasimg with 200 ml of
distilled water until the chloride was absent from the washing The drying ofprecursor
was madeat 100 °C for 18 hours and the calcination wasta700 °Cfor 3 hours at static

air via muffler furnace.

2.1.3.3 Co-precipitation method _-3:

The method was based on Maset al. [7]. 4.0 gTiCls and 3.6 gZrOC} were dissolvedin
agueous ammonia(100 ml, 1 N) and more diluted ammonia solutionwas added to
adjust the pH to 7-8. Sirring was applied for 24 hours The resultant precipitate was
washed by 200 ml distilled water and centrifuged until chloride was absent in the
washings Thenthe saltwas heated at 110°C for 16 hours The calcination was appied

at 700°C for 3 hours at static aivia muffler furnace.

2.1.3.4 Co-precipitation method -4

The Machidaet al.8] co-precipitation method was based on5.0 g titanium isopropoxide
(C12H2804Ti) and 2.86 g ZrO(N®)2, mixed in dilute ammonia (0.5 N, 100 ml). The
mixture was stirred for 8 hours at room temperature. The preipitate was centrifuged
and washedwith 200 ml of distilled water three times. It was dried at 100 °C for 18

hours. Thenit was calcined at 700°Cin static air via muffler furnace.
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Table2.4. Thecatalysts prepared byco-precipitation (chapter 4)

Catalyst synthesis Chemical used for Salt Impregnation
by w/w% the synthesis weight method used
206 wiw Ti/Zr oxide TiCL 0259 1
Zr(OH)4 5.009g
4% wiw TilZr oxide TiCl 0.509 1
Zr(OH), 5.00g
8% wi/w Ti/Zr oxide Ticl, 1.009 1
Zr(OH), 5.00g
17% wiw Ti/Zr oxide TiCl 2.009 1
Zr(OH)4 5.00g
44% wiw Ti/Zr oxide TiCl >.009 1
Zr(OH)4 5.009g
11% wiw Zr/Ti oxide TiCl >.009 1
Zr(OH)4 0.25¢g
50% wiw Zr /Ti oxide TiCl >.009 1
Zr(OH)4 2.00g
o TiCly 4.00g
0, -
50% w/w Zr -Ti oxide Z10Ch 3.60g 2
o TiCly 4.00g
0, -
50% w/w Zr -Ti oxide Z10Ch 3.60g 3
. . Cle2804Ti 5.00 g
0, -
50% w/w Zr -Ti oxide ZI0(NQ)> 2.86 g 4

2.2 Method of catalyst characterization

The analytical techniques were used to characterize the catalysere as follows.
x SEM and EDX
X pXRD
X Nitrogen adsorption
X NHz-TPD
X TGA

2.2.1 SEMand EDX characterization

The SEMand EDX analytical techniques were usedto characterize the surface

morphology of selected Zr@and TiO. based catalystsThe microscope(Figure 2.1) is an
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environmental scanning electron microscope ESEM) which has an advantagever a
conventional SEMby examining non-conductive sampleswithout coating. The ESEMis
operated at 20 kV and at an overpressure 0f0.23 torr. The objective of the ESEM
measurementwas to determine the homogeneity of catalystsand the size and shapeof
particles. In addition, energy dispersive Xray microanalysis (EDX) characterization was
acquired from different parts of the catalyst surfaceto obtain semi-quantitative
elemental compositiondata (Table 2.5). In addition, few samples were tested by using
the SEM of King Fahd University of Petroleum and Minerals (KFUPM) as bacKop
surface morphology The instrument is made from Tescan (VEGA 3 LMU) asdveral

catalystswere coated by using carbon coatebefore testing.

Figure 2.1. ESEMinstrument FEI Quanta 400

Table2.5: EDX parameters for catalyst analysidy ESEM

Detector EDX liquid -nitrogen cooled
detector

Operating Voltage 20 kV

Spot Size 4nm

Working Distance 10 mm

Acquisition Time 60 s

Amplification Time txaw Je

Counts per second 2500 CPS

Dead time 25%
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2.2.2 Powder X-ray diffraction

Powder Xray diffraction (p-XRD) was used to verify the crystal structures of catalysts
and also used for fingerprinting the crystal structure formation. X-ray diffraction
crystallography involves exposing acrystallite to a monochromatic collimated x-ray
beam at an angleE As the Xray source is scanned through a range oEvalues, the
intensity of a reflected beam ata reflected angle Eis measured. The diffractogam is a
plot of intensity of the reflected beamagainst t E(the angle through which the Xrays
are deflected) Intense reflections are detected at angle at which there is constructive
interference from X-rays reflected from series of adjacent of atomiglanes. There are
many sets of planesn any crystalthat can cause reflectiorand each set is described by
its Miller indices, h, k and |. The angleis related to the spacingd between the planes by
"f %o %ole fT™M I —f—<'e
|l £ tt ece E .eq(1)

Eis the angle of the diffractedX-ray, | is the wavelength ofX-ray radiation, d is the
spacing of atomic/crystal planes, andn is an integer (usually 1). The dspacings of
planes isrelated to their Miller indices so diffraction is detected atdifferent angles for
planes with different Miller Indices. The powder Xay diffraction pattern of a
particular salt therefore contains a series of maxima (lines) at angles that are
characteristic of the material, and at a series of relative intensities that are also
characteristic. The overall pattern can therefore be used as a fingerprint of a crystalline
material. Qystallite size can be determinedfrom the width of X-ray different peaks
using the Scherrer equation(equation 2)
A

Li=— ..eq(2)

Oae

Where L is the crystallite dimension, >the line width at half height, Eis the diffraction
angle andK is a constant.In the work in this thesis,crystallite sizes were determined for
TiOz using the major peakfor planes with Miller Indices (1 O 1), before and dter activity
tests in the direct CQ reaction with methane and propane fesult is discussd in

chapter 4).

45



Chapter-2 Catalyst preparation and characterization

A fefZ>—<..fZ i Diffractometer instrument was used for XRD analysis
throughout this study. The XRD instrument is controlled by computer software XRD
Control Systemn) to convert peak positions as2 Evaluesto d-spacings. The catalystsXRD
patterns are compared with the Powder Diffraction Files (PDF) of the International
Centre for Diffraction Data (ICDD)The analysiswas conducted from 4 to 80° degrees
2 E The measurementparameters used for catalyst XRD characterizatioare shown in
Table?2.6.

Table2.6. XRD pattern measurement condition

Name Description

Instrument PANalytical XPERT PRO MPD

Radiation copper-anode tube operated at 40 kV and 100 mA
Wavelength: = 1.5418 A

Acquisition | Angular range in 2T 4°- 80 q

Step size0.04 gand 04 g

Scanning stegtime: 9.7282 s

2.2.3 Nitrogen adsorption

The nitrogen adsorption analysis wasconducted to determine porosities and surface
areas. The calcined solid oxide catalyst were analysed using a Micromeritics ASAP
2420 instrument to measure the nitrogen adsorption/desorption isotherms at liquid
nitrogen temperature (77 K). The surface areawvas calculated from the adsorption
isotherm by using the B.E.T equation and the total volume of pores was determined
from the amount of N desorbed at STP The pore size distribution was calculatedusing
the Kelvin equation modified with the B.J.Hmethod® [9l. A catalyst weight of 200-500
mg was introduced into the sample tube.The catalyst washeatedto 150 °Cfor 1 hour at

the degassingcondition of vacuumat 104 Torr before measurement

2.2.3.1 Type of isotherms:

There aresix major isotherm types recognized by IURC for gas physisorption aseen
in Figure 2.2. Solid oxide catalyst types are known to be mesoporous andnormally

exhibit type of IVisothermswith a hysteresis loops(19l.

! BarretJoynerHalenda (B.J.H)
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Figure 2.2. Isotherms diagrams according to IUPAC classificatiofig]

2.2.4 Temperature programmed desorption of ammonia (NH 3-TPD

The temperature programmed desorption(TPD) analysis wasconductedusing a HIDEN
CATLAB instrument The instrument is equipped with a programmed furnace and
guadrupole mass spectromeér (QMS to detect desorbed NHs to study the acidic sites
of catalysts.Solid oxide catalyst samples were exposedto NHsz at 50 °C then heated to

release theadsorbatefrom the catalyst surface

The amount of NH desorption is measured as the temperature is increased and a plot is
made of amount of ammonia desorbing vs. temperature. On the basis that Ni¥
strongly held on acidic sites, generally stoichiometrically, this profile depends on both
the concentration of acid sites and their strength. The plot can be interpreted as a
profile of the concentration of acid sites against acid site strength.Geneally, ammonia
that remains adsorbed to temperature of greater than 350C is consider to be bound to
Oe—""0% [ .. ec—Te0

The NH-TPDwas conductedon 100 mgsample, pre-heated at 650°C andwas on hold
for 60 minutes under He(50 ml/min ) prior the TPD testing.The catalyst was cooled to
50 oC andexposedto 1% NHs in He for 30 min (50 ml/min). Then the catalyst was
purged helium for 60 min (50 ml/min) at 100 °Cto remove weakly held ammonia. The

furnace wasthen heatedat 10 °C/min to the maximum temperature of 700 °C. The
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desorbed NH was measured using the QMS calibrated using the 1% B&ligas. The
desorbed NH concentration was then plotted against temprature to give the TPD
profile [12].

Furthermore, NHs desorption was calculated. The HDEXCATLAB was calibrated first by
using known volume of NH (10% NHs in He gas) injected at standard temperature and
pressure (STB) by using gas syringe (1 ml). The gas injection was repeated for 9 times
and average was tlken in order to calculate reference factor (RF) as follow:

X The concentration of NH 10% in He used, and therefore, 1 ml injected was equal
of 0.1 NH.
X Mole at STP = 22414.
x Peak area of 1 ml injected 10% N#in He (0.1 ml of NH) was determined =
2.795x107 ion current [A] with CV of 5%.
r &
/IKHAM*,=FH 62 Ttvsv _ IKHAO

Al A eNAm =HE> = PA G (wis? © S Exzonnmap

Then, the mole of NHdesorption of catalyst sample was calculated by taking peak area
of sample as follow:
6KP#@ OKNLIKBERKIKHAD2A=6NACEHDA=J=HUQA Q@ HM (

Them the @mole per catalyst sample weight wasalculated as follow:

6KP#E OKN IKBEH Ja | KH AL 6KP=@OKNLKFEIE*I§;]KHAQS”””
* /[=O®BDAO=ILH&R

2.2.5 Therm ogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was conductedn the coked 5% ZrG/TiO 2 catalyst
after the dehydrogenation of propane by C®(chapter-3). The aim of the testwas to
determine the catalyst regeneration temperature profile and theextent of coke removal

from the catalystsurface by air and C@

The instrument TGAQS50 from TA (Figure2.3) was used under flowing air or C@at

heating rate of 10°C/min and two methods was used as follow (Table 2.7):
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Table 2.7. TGA methods used for coked 5% Zr/Ti oxid€hapter -3)

TGAmethod Gas 1stsigma 2nd sigma
TGA by Air Air Heating rate: 10oC/min Heating rate: 10°C/min
Temperature: 25200 °C, Temperature: 200-900 °C,
holding time: 45 min holding time: 60 min
TGA by CO® 99.5 % | Heating rate: 10°C/min Heating rate: 10oC/min
CcQ Temperature: 25200 °C, Temperature: 200-600 °C,
holding time: 45 min holding time: 360 min

Figure 2.3. TGA instruments applied to study the carbonic deposition of selected

catalyst
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2.3 CATALYST CHARACTERKTION RESULTS

2.3.1 Scanning electron microscope (SEM)

The SEM was utili®d to study topography of Zr/Ti oxide catalysts prepared by
impregnation and coprecipitation methods and to determine the elemental
composition using EDX The SEM imageof the singles oxide, TiO. and Z O, are shown
in Figures 2.4 and 2.5. Both single oxides show semound shapes andthe size of

particles were nanoparticles with diameters less thanl pm.

——500.0nm——

300.0nm

= .
12/16/2013 | HV Mag HFW Det| WD |Pressure/Spot - 500.0nm

mETDI98 mn

1/7/12014 HV Mag HFW Det| WD |Pressure|/Spot 300.0nm ;
10:04:35 AM 30.0 kV 240000x 1.24 ym ETD|6.6 mm 4.0

Figure 2.5. SEM image aZrO;: nano size

Figure 2.4. SEM mage ofTiOz: nano sizeof semi ;
g g ©. shapeparticles of ZrQ

round shapeparticles around 30- 200 nm of
TiO2 as shown inside thebulb-shaped

SEM images ofhe three Zr/Ti oxide catalystsprepared by impregnation methods-1, -3
and -4 are shown in Figures 2.6, 2.7 and 2.8. Theimpregnation catalysts also exhibit

nano-scaleparticles with semi-rounded shapes.

SEM imags of Zr/Ti oxide catalysts made byco-precipitation methods -1, -2, -3 and -4
at 50% w/w each Zr-Ti oxide were studied Figures2.9, 2.10, 2.11, and 2.12 were
recorded by SEM instrumentfrom King Fahd University of Petroleum and Minerals
(KFUPM and the figures showwell distributed and semi-rounded nano particles with

excellent homogeneity.
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The first thing to note from the SEM imagess a similarity of the topography between
the Zr/T i oxide catalysts prepared by co-precipitation and impregnation methods. The
SEM images alsare consistert with the SEM data forZr/Ti oxide catalysts obtained by
Rao et al. [13l, Finally, the study ®ncludes that doping ZrO; with TiO, does not

significantly change is morphology.

Figure 2.6. SEM image of 5%r/Ti oxide Figure 2.7. SEM image of 5%r/Ti oxide

by impregnation method-1 by impregnation method-3

SEM HV: 20 kV

View field: 1.44 ym
SEM MAG: 200 kx  Date(m/d/y): 02/06/13

Figure 2.8. SEM image 08% Zr/Ti oxide by impregnation method-4 studied by SEM
instrument of KFUPM
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SEM HV: 20 kV
View field: 1.44 ym
SEM MAG: 200 kx _ Date(m/d/y): 02/06/13

Figure 2.9. SEM image o€o-precipitation
method-1 of 50% w/w Zr/ Ti oxide
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S R

200 nm

SEM HV: 20 kV
View field: 1.44 ym
SEM MAG: 200 kx  Date(m/dly). 02/10/13

WD: 7.93 mm
Det: SE

Figure 2.11. SEM image o€o-precipitation
method-3 of 50% w/w Zr/ Ti oxide
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« €«

WD: 7.98 mm
Det: SE

SEM HV: 20 kV
View field: 1.4 ym

Figuréuz.i‘(l)‘. SEM .ifhage oto-precipitation
method-2 of 50% w/w Zr/ Ti oxide
2 . i - ?v

SEM HV: 20 kV
View field: 1.44 um
SEM MAG: 200 kx

Figure 2.12. SEM image oto-precipitation
method-4 of 50% w/w Zr/ Ti oxide

WD: 7.93 mm
Det: SE
Date(midly): 02/10/13

|

200 nm

In addition, EDX from SEM was applied to determine the metal contesf the prepared

binary oxide and ternary oxides catalystsas shown in Tables2.7 and 2.8. The EDS

analysisis semiquantitative was conducted 35 spots in order to determine the metal

content. The metal contents of catalysts are similar to the values exgcted from the

preparation formulations. Two Zr/Ti oxide catalysts made by ceprecipitation differed

in this respect from the formulation. This wasdue to difficulty using TiCk liquid and it

splashed on the beaker when it contacted ammonia solution duringropping. Other

reasons are related to the complexity of the methods. Ithe work following, catalysts

are named based on their nominal formulation, rather than on those determined by

EDX.
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Table 2.7. EDXresults of catalysts prepared by ceprecipitation method (confident level

95%)
Catalyst synthesis preparation Metal content detected by Co-precipitation Chapter
recipe, metal ratio EDX (wt/wt %) method used
(wiw %)

2% wiw Ti/Zr oxide 1.3 % wi/w Ti/Zr oxide 1 4
(CV+13%,CL+0.14)

4% wiw Ti/Zr oxide 4.5 % wiw Ti/Zr oxide 1 4
(CV £7%,CL+0.3)

17% wiw Ti/Zr oxide 14.4 % wiw Ti/Zr oxide 1 4
(CV £24 %, CL+3.0)

44% wiw each Tr/Zr oxide 50 %/50% wiw Ti:Zr oxide 1 4
(CV+8%,CL#*3.3)

50% each w/w Zr/Ti oxide 75 %/25% wiw Zr/Ti oxide 1 4
(CV +8%, CL+5.1)

50% wi/w each Zr/Ti oxide 45 %/55% Zr:Ti oxide 2 4
(CV+5%,CL+23)

50% wi/w each Zr/Ti oxide 60 %/40% wiw Zr:Ti oxide 3 4
(CV£4%,CL+2.0)

50% w/w each Zr:Ti oxide 25 %/80 % wiw Zr:Ti oxide 4 4
(CV £ 36 %, CL+7.6)

* CV: coefficient of variation ** CL: confident level of 95%

Table 2.8. EDXresults catalysts prepared by mpregnation methods (confident level 95%)

Catalyst synthesis preparation recipe, Metal content detected by EDX Chapter
metal ratio , (Wt/wt%) (wt/wt%o)
0 0 L. 1.8% Alon 3.4 % Zr/Ti

2% Al/ 5% Zr/Ti oxide (CV +13 %, CL*0.3 0f)°\| 3

(CV + 19 %, CL + 0.4f Zr)
0 0 L 2.0% Cuon 6.6 % Zr/Ti

2% Cu/5%Zr/Ti oxide (CVi 12.0 %, CL + 0.2 of @U 3
(CV + 18 %, CL + 0.9 of Pr

1.3% Ba/5% Zr /Ti oxide Trace Ba on 3.7 % Zr [Ti 3
(CV +9 %, CL+0.30fpr

7.9% Hf/Ti oxide 13.5 % HF/Ti 3
(CV + 36 %, CL + 4.4 of Hf

5.8% Al/Ti oxide 8.1 % Al/Ti 3
(CV + 3%, CL + 0.3 &fl)

6.9% Nb/Ti oxide 11.3 % Nb/Ti 3
(CV + 15 %, CL + 1.3 of )b

10.5% TI/Ti oxide 7.8 % TI/Ti 3
(CV £ 14 %, CL £ 1.0 of)TI

7.4% VITi oxide 7.6 % VITi 3
(CV +17%, CL + 1.1 of ¥

2% PY/Ti oxide 2.0 % PUTi 3
(CV + 40 %, CL + 0.7 of Pt

5% Zr/Ti oxide by impregnation method-2 5.0 %Zr/Ti 3and 4
(CV + 12 %, CL + 0.5 of Pr

8% Zr/Ti oxide by impregnation method-4 8.7 % Zr/Ti 4
(CV + 11 %, CL + 0.9 of Pr

5.8% Cr/Si oxide 5.0 % Zr/Ti 3
(CV + 12 %, CL + 0.6 of Fr

5.1% Ga/Al oxide 8.0 % Zr/Ti oxide 3
(CV +9%, CL+0.7 of Pr

* CV: coefficient of variation ** CL: confident level of 95%
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2.3.2 X-ray diffraction (XRD)

Diffraction patterns are presented for ZfTi oxide catalyss prepared by both co-

precipitation and impregnation as follows:

2.3.2.1 Zr-Ti oxide catalyst prepared by co -precipitation

The powder XRD pattern ofZrO; (from Alfa Aesar)calcined at 700°Cis shown in Figure
2.13. The sharp diffraction peaks were labelled accordng to International Centre for
Diffraction Data (ICDD numbers 01-080-2155 and 00-007-0343. Themonoclinic phase

and tetragonal phasewere both detectedfor ZrO,. It seems that the monoclinic phase is

dominant.
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Figure 2.13. XRD of Zr@(Alfa Aesar) calcined at 700C|[T] tetragonal phase [M]

monoclinic phase

The TiQ calcined at 700°C showedanatasesharp peaks andis labelled according to
ICDD number 02071-1166 referenceas shown in Figure2.14. In addition, Tables A3,
A4, andA5 in Appendix 2 show the referencedata for the powder diffraction patterns
from ICDD and Miller indices for ZEof each TiQ and ZrG.
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Figure 2.14. XRD graptof TiOz calcination at 700°Cshowing mainly anatase phase

Figure 2.15 showspXRD patterns for pure TiOz, and TiQ containing 11%, 25% and

50% ZrOy, prepared by the ceprecipitation method-1. For the 11% ZrQ sample, there

is almost no evidence of a separate Zp@hase. Butfor the 25% and 50% ZrQ samples

reflections are visible that must bedue to ZrQ. Reflections at 5651° and 6(° are very

similar to those seen for ZrQin Figure 2.13.However, theintense reflections at 28° and

320 for monoclinic ZrO; are not seen for the Zr/Ti oxide mixture. In their place is a

strong reflection at about 30° which increases in intensity as the ZrQ content is

increasedfrom 25 to 50% ZrQ. This is assigned to tetragonal Zr@and it appears that

in these blends, tetragonal zirconia is more stable than monoclinic.
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A A §
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M .ﬁ an A o~

25% wiw ZrtTioxides

T T T
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28

S0 a0

Figure 2.15. XRD patterns oZr/Ti oxide catalysts of varying compositions, prepared by

the co-precipitation method-1 and calcined at 700°C: [A] anatase phase, [T] tetragonal

phase[M] monoclinic phase
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On the other handwhen TiG; is loaded on ZI©Oy, the 2% w/w Ti/Zr oxide (Figure 2.16)
shows weak but clear diffraction peaksfrom the anatasephaseat 25.3. Increasingthe

loading to 8%, 17% and 44% of Ti, the anatase phase increaseprogressively.

A T Increase the Ti
weightload 44% wiw TiZr oxides
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28

Figure 2.16. XRD patterns ofli/Zr oxide prepared by theco-precipitation method-1 and
calcined at 700°C. [A] anatase phase|T] tetragonal phaseand [M] monoclinic phase

Figure 2.17 shows a comparison between catalysts prepared by co-precipitation
methods 2, 3, and 4(50% w/w each Zr/Ti oxide). XRD patterns show amixture of

diffraction peaks of tetragonal andmonoclinic phasesfrom ZrO; with anatase phases

from TiOz peaksin all three cases

Intensity

Zr-Ti (Method-2)

T A ——Zr-Ti (Method-3)
A A, .
A Zr-Ti (Method-4)

A
“ }'. 50% w/w each Zii oxide(method-4)

50% w/w each Zifi oxide (methoe?)

\
\.________ﬁ (AN 50% wiw each ZTi oxide(method-3)
[ttt
5 15 25

M 35 45 55 65 75
Theta (2deg)

Figure 2.17. XRD pattens of @-precipitation method-2, 3, and 4of 50% w/w binary
Zr/ Ti oxide [A] anatase phase[T] tetragonal phase [M] monoclinic phas€gcalcined at
700 °C), XRD scanning conducted at step size 0g}
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Now, turning back to Figure 2.15, it is possible to say how TiGand Zr&Q mix on
preparation of TiGy-rich catalysts. The 11% Zr@catalyst showsvirtually no free Zr& so
it can be concluded that at this low level Zr@is incorporated completely in a solid
solution (crystallized in the solid statg in TiO.. Furthermore, adding zirconia to titania
at levels above the limit of solubility results in the free zirconia adgting the tetragonal
phase and, in this respect, it differs from pure zirconia which exhibits the monoclinic

phase on calcination at 70@C.
In contrast, when TiQ is added to ZrQ (Figure 2.16), evidence of anatase is visible at

loads down to 2% w/w TiO2. This implies that the twosolids are immiscible & these

compositions.

2.3.2.2 Catalyst s prepared by impregnation

The 5% w/w Zr/Ti oxide (calcined at 700 °C, impregnation method2) was
characterized.Figure 2.18 shows thediffraction pattern which, like the similar material
prepared by coprecipitation, shows almost exclusiveljthe anatase phase of Tigand no

X-ray diffraction of tetragonal or monoclinic of ZrO, was detected

Similarly, several binary oxide catalysts: 5.8% Al, 10.5% TI, 7.9P4, and 6.9% Nb doped
on TiOQx support prepared by impregnation methods -1 and -4 were tested by XRD.
Figure 2.19 shows XRD patterns of the catalysts and it reveals that the anatase phase of
TiO2 is the dominant crystalline phase.The mixtures with niobium, hafnium and
aluminium, show no reflections other than those due to anatasd-or the catalyst 10.5%
w/w TI/ Ti oxide, thepXRDalso shows very weak peaks due to thecubic phase of Ti0z

at 28-290 and 40-410 [14-15],
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Figure 2.18. XRD patternof 5% w/w Zr on Ti oxide (impregnation method-2).
[A] anatase phase, [T] tetragonal phasgv] monoclinic phase(calcined at 700°C)

OO/—NHT sy
0. 970 NBITOXIUES

Intensity

— P J:LJVLA

.. -,
e M Jk AN A 7.9% H{Ti oxides
5.8% AITi oxides

N | PP, IFi .
— A .AA& Ane JL _M _A J“;’;?\O Y, S
5 15 25 35 45 55 65 75
Thera (2deg)

Figure 2.19.5.8% Al, 10.5% TI, 7.9% Hf, and 6.9%b dopedon TiO> support prepared
by impregnation method 2. Alicatalystscalcined at 700°Cexcept AbOGs-TiOz at 500 °C.

2.3.3 Nitrogen adsorption analysis

Table 2.9 lists the surface area, pore volumes and pore sizes for Zr/Ti oxides prepared
by four co-precipitation methods, plus data for TiO, and ZrG. The data for similar
catalysts prepared by the impregnation method along with the other mixed oxides
prepared this way appears in Table 2Q. This table includes data for two ternary mixed
oxides, whch show relatively low surface areas and for the two catalysts prepared as
benchmarks,5% w/w Ga/Al oxide and 5.8% w/w Cr/Silica, which show relatively high

surface areas in line with data by Nakagawa ei. (16l and Wang etal. [17],
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In general, the mixed oxides show somewhat higher surface areas than the parent
oxides but there are no significant trends and there are no major differences visible
between catalysts made by the different methods. The data for Zr/Dixide catalysts is

consistent with that reported for similar catalysts by Raoet al.[13].

Table2.9. Surface area and porosity data foratalysts made by o-precipitation by
increasing the loading of TiQto ZrO; (calcined at700 °C)

Average .
Pore Preparation | Tested
BET surface pore .
Catalyst volume ) method in
area, m?2 gt diameter ,
cmigl chapter
nm
TiO, 11 0.10 38 - 3
Zro, 17.2 0.18 43 - 3
2% w/w Ti/Zr oxide 5.2 0.05 38 1 4
8% wiw Ti/Zr oxide 7.8 0.06 29 1 4
17% wiw Ti/Zr oxide 7.4 0.07 37 1 4
44% wiw Ti/Zr oxide 111 0.14 50 1 4
11% w/w Zr/Ti oxide 15.7 0.15 39 1 4
45% w/w Zr/Ti oxide 20.0 0.19 39 1 4
50% w/w each Zr/Ti oxide 15.3 0.11 29 1 4
50% w/w each Zr/Ti oxide 48.7 0.33 27 2 4
50% wi/w each Zr/Ti oxide 315 0.30 38 3 4
50% w/w each Zr/Ti oxide 457 0.32 28 4 4

The pore volumes are shown and are, as expected, relatively low in line with the surface
area data. Average pore diameters are shown but they, given the low pore volumes, are
of limited significance (Table 2.10). The two literature-based catalystsCr/Si and Ga/Al
oxides exhibit larger pore volumes and porediameter data which probably hasmore

significance.
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Table2.10. Surface area and porosity data fortiree different impregnation methods of
ZrOz doped on TiQ (calcination 700°C)

Pore Average Preparation | Tested
Catalyst BET surface volume | pore method in

area, m2 g-1 J— diameter, used chapter

nm

Tio, 11 0.10 38 - 3
5% wiw Zr/Ti oxide 26.5 0.22 34.0 1 3

5% wiw Zr/Ti oxide 19.2 0.14 28.1 2 3and 4
5% w/w Zr/Ti oxide 23.9 0.19 29.9 3 4
2% wiw Pt/Ti oxide 18.1 0.15 33.6 4 3
7.9% w/w Hf/Ti oxide 33.7 0.23 248.7 4 3
6.9% w/w Nb/Ti oxide 28.1 0.21 302.6 4 3
5.8% w/w Al/Ti oxide 94.4 0.19 85.2 1 3
10.5% w/w TI/Ti oxide 24.2 0.23 328.3 1 3
2% wiw Al, 5% Zr/Ti oxide 24.0 0.20 33.2 1 4
3.6% w/w Fe, 5% Zr/Ti oxide 10.9 0.10 35.5 1 4
3.4% w/w Co,5% Zr/Ti oxide 51 0.05 45.7 1 4
4% w/w Cu, 5% Zr/Ti oxide 3.8 0.06 51.3 1 4
5.1% w/w Ga/Al oxide 147.2 0.48 133.7 1 3
5.8% w/w Cr/Si oxide 272.4 0.26 41.9 1 3

Figures A1 to A18 in Appendix 1 show the isotherm plots for the binary and ternary
oxides catalysts which are type IV isotherms according to IUPACwith hysteresis loop

associatedwith the most solid oxide catalystsin general, they are all of a commotype.

The isotherms shown in FigureAl to A6in Appendix 1 are for Zr& and TiG and for
50% Zr/Ti oxide blends prepared by ceprecipitation methods. Note that there are
differences between the four isotherms associated with the four eprecipitation
methods. It is not absolutely clear that these differences are reproducible but it is clear
that there are ways in which the porosity and surface area can be controlled by

synthesis conditions.

Figures A7 to A18in Appendix 1 show isotherms for the other catalysts. With the
exceptions of the two literature catalysts $.1% Ga/Al oxide and 5.8% Cr/Si oxidethe

isotherms are all very similar. Nevertheless, there is no doubt that the control of
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surface properties that are illustrated in FigureA7 (Appendix 1) could be applied to all

the catalysts in this series.

Pore size distributions taken from thenitrogen desorption isotherms using the BJH
method are shown in the following figuresln Figure 220, TiG: and ZrQ calcined at 700
oC are compared. In Figure 21, the distributions for 50% mixtures of these two
prepared by the four different coprecipitation methods are shown, illustrating the

differences in isotherms in FigureA3 and A6 @ppendix 1) described above.
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Figure 2.20. BJHpore size distribution curves of single oxide of Zreand TiQ&
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Figure 2.21. BJHpore size distribution curves of the four ceprecipitation methods

compared with impregnation method-2 of Zr/Ti oxide (chapter -4)

Equivalent distributions are shown for 5% ZrQ/TiO, prepared by the impregnation

methods in Figure 222. It is not possibleto compare these data with those for co
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precipitated catalysts because the levels of doping are very different but it seems likely
that porosity characteristics for materials prepared by the two methods would be a
little different. Other distributions are shown in Figures2.23 and 224, in general

differences are minor.
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Figure 2.22. BJHpore size distribution curves of the impregnation methodl, -2 -3 and 4
of 5% w/w Zr/Ti oxide ( chapter -4)

Figure 2.25 shows pore size distribution for Cr/Si and Ga/Al oxides and these materials

show much greater pore volumes and very different pore size distributions.
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Figure 223. BJHpore volume distribution curves of ternary oxides catalysts based on

Zr/Ti oxides (chapter -4)
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Figure 2.24. BJHpore size distribution curves of the impregnation methodl, ofbinary

oxidesbased on Ti support compared with 5% w/w Zr/Ti oxide (chapter -3)
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Figure 2.25. BJHpore size distributions for 5%Ga/Al oxide and 5.8% Cr/Sioxide,
calcined at 700°C

2.3.4 Temperature program med desorption ( NHs-TPD)

The selected catalysts were studiedby NHs-TPD to determine the acidy. Figure 2.26
shows low ammonia asorption for the single oxides, ZrO; and TiG. In contrast the
mixed Zr/Ti oxide, exemplified by the 5% ZrQ mixture for which data is shown in the
same figure, can show quite high ammonia desorption over theange 200-500 °C.The
TPD profile shown for this catalyst in characteristic of a reasonable concentration of
relatively strong acid sites, arising presumably as a result of the structural disruption
associated with the mixtures most likely the homogeneous phase containing the

mixed oxides which was observed in the XRD patterns of the mixturgsee more

discussion inchapter 3).
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Higher Zr& loadings resulted in more acid sites as measured by ammonia TPD (Figure
227 A & B), with some differences depending on the method used to prepare the
catalyst. It is worth saying that theNHs-TPD datafor 50% w/w Zr-Ti oxide catalysts
prepared by ceprecipitation methods were in agreement with the data reported by Rao

et all13l (seechapter 4).
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Figure 2.26. NHs-TPDcomparison plot 5% w/w Zr/Ti oxide (impregnation method -1)
and signal oxide of Zr@and TiQ»
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Figure 2.27A. Overlay plot of NHz-TPD: comparison of impregnation methods 0f5%
w/w Zr/Ti oxide ( chapter-4).
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Figure 2.27B. NH-TPD a comparison between of cprecipitation method-2, -3 and-4 of

50% w/w each Zr-Ti oxide andthe impregnation 5% w/w Zr/Ti oxide (chapter-4).

The 5% ZrQ mixture with TiO2 was used as a basis for the series of threxide
mixtures which were prepared by adding a third metal oxide at low concentration
(typically 1-2 % metal content w/w). The ammonia TPD results for a number of these
blends are shown in Figures 28 and 229. The effect on acidity is variable but in all
cases the addition of the third component appears to reduce the concentration and/or
the strength of the acid sites, based on the extent of ammonia desorption over the 200
500 °C range.
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1E09 e ——01.3% Ba /5% Zr [Ti oxid
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Figure 2.28. NH-TPD of 1.3% w/w Ba, 2% w/w Be and 2% w/w Mg were each

impregnation on catalysts of 5% w/w Zr/Ti oxide (chapter -3).
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Figure 2.29. NH-TPD plots of 2% w/w Cu/5% w/w Zr/Ti oxide and 2% w/w Fe/ 5%

w/w Zr /Ti oxide compared with 5% w/w Zr/Ti oxide catalyst (chapter -3).

Alumina was usedin place of zirconia in some materials and as a third oxide as above in
others. TPD data is shown in Figure 20. The effect of aluminium appears to be to
reduce acidity, although there does appear to be a relatively high concentration of weak

sites (desorption at 250°C) for the binary mixture contacting alumina.
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Figure 2.30. NH-TPD 2% w/w Al /5% w/w Zr/Ti oxide and 5.8% w/w Al/Ti oxide

compared with 5% w/w Zr/Ti oxide (chapter -3).

Figures 2.31 and 2.32 show NHs-TPD temperature profiles for the other binary oxides
catalysts prepared using TiQ as the base and the added oxide at less than 10% metal
content by weight. Vanadium, niobium, iridiumand hafnium oxidesas well as platinum

all form mixtures of lower acid strengths than zirconia with titania(chapter 3).
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Figure 2.31. NH-TPD plots 7.4% w/w V/Ti oxide, 6.9% w/w Nb/Ti oxide, 3.5% w/w
Ir/Ti oxide and 3.3% w/w Rh/Ti oxide compared with 5% w/w Zr/Ti oxide

(chapter -3).
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Figure 2.32. NH-TPD of 7.9% w/wHf/Ti oxide and 2% w/w Pt/Ti oxide catalysts
compared with 5% w/w Zr/Ti oxide (chapter -3).

In contrast to the results above, two metal oxides were found to generate higher acidity
(as measured by ammonia TPD) than ZTi oxide. These were the Ti@blends with
thorium(1V) oxide and uranium(V) oxide. Data isshown in Figure 2.33 and the
temperatures for maximum ammonia desorption are similar for these blends as for
Zr/Ti oxide but the integrated areas of the desorption peaks are very much higher,

suggesting that acid sites are of similar strengths but in considerably higher
concentrations.(chapter 3).
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Figure 2.33. NH-TPD of 5% w/w U/Ti oxide and 5% w/w Th/Ti oxide catalysts
compared with 5% w/w Zr/Ti oxide (chapter -3)

TPD data for the GHAl oxide and Cr/Si oxide catalysts which have been used to
benchmark the results in this thesis is shown in Figure 34. The data suggests that

these catalysts exhibit relatively high concentrations of relatively weak acid sites when
compared with Zr/Ti oxide.

2E09
=500 Zr/T| oxide
< 15809 Y\ = 5.1% Ga/AI o>fide
= \ ——5.8% Cr/Si oxide
(O]
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Figure 2.34. NH-TPD comparison betweerbench mark catalysts 06%Ga/Al oxide and

5.8% Cr/Sioxide compared with and 5% w/w Zr/Ti oxide catalysts (chapter -3)

The total ammonia adsorption of TPD was measured of single oxides,-Hr mixed
oxides andother binary oxides are shown in Table 2.11 and 2.12. The single oxides of
ZrO; and TiG have lower acidic strength compared to the mixed oxide of ZTi. The Zr
Ti oxides prepared by impregnationand co-precipitation methods showed slighty

different of total acidity between 215 to 396 umoles/g . The binary oxide based Ti@
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support doped with second metalshows an increase of acidity ranged between 8@d34

pmoles/g.

Table 2.11. Ammonia adsorption on Tig) ZrQ, and ZrQ-TiO, mixed oxides (alcined at

700 °C)
NHz adsorbed, Tested in
Catalysts pumoles/g chapter
TiO4 45 3
ZI'O4 40 3
5% Zr/Ti oxide impregnation method-1 215.5 4
5% Zr/Ti oxide impregnation method-2 204.9 4
5% nano Zr/Ti oxide Impregnation method-3 274.3 4
50% w/w each Zr-Ti co-precipitation method-1 264.1 4
50% w/w each Zr-Ti co-precipitation method-3 274.1 4
50% w/w each Zr-Ti co-precipitation method-3 295.3 4
50% w/w each Zr-Ti co-precipitation method-4 396.9 4

Table 2.12. Ammonia adsorption of the binary oxide catalysts (calcined at 708C)

Tested in
Catalysts Total acid, umoles/g chapter
3.3% Rh/Ti oxide 118.9 3
3.3% Th/Ti oxide 319.9 3
6.9% Nb/Ti oxide 79.9 3
10.5% TI/Ti oxide 190.9 3
7.9% Hf/Ti oxide 434.4 3
5% U/ Ti oxide 434.4 3
5.8% Al/Ti oxide 204.1 3
2% Al/5%Zr/Ti oxide 190.5 3
5.1% Ga0s/Al 203 366.2 3
5.8% CrO/SiQ 155.3 3

In summary,a pronounced feature of the catalysts made by doping titania with zirconia
is that they exhibit significant surface acidity compared to the component metal oxides.
Compared to the catalysts against which new catalysts in this thesis are being
benchmarked, that is GaOs/Al20; and CrO/SiQ, they show stronger acid sites but
possibly at lower concentrations. Almost all the other catalysts described here, where a
third metal oxide has been added, show significantly reduced acidity compared. The

overall expectation arising from this characterisation work is that, if surface aciditys
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important in conferring activity to metal oxide catalysts, the simple blends in which

TiOz is doped with Zr& might be expected to show the highest activity of those tested.

The origin of the surface acidity is not clear, but when the observation thabw
concentrations of ZrQ do appear to dissolve in TiQis taken into account, it seems
likely that structural defects associated with the doping sites in the Tifstructure, are

responsible.

2.3.5 Thermogravimetric _analysis (TGA):

Thermogravimetric analysis (TGA)has been used in this work in certain areas. It was
employed to study5% w/w Zr/Ti oxide (impregnation method-1) catalysts which had

been used in thedehydrogenation of propane by C®for four days on the basis that

these ... f—fZse—e ...'—Z1 ™$727Z Sf "t ,fde 0..'v31t0 fet —Sce ¢c%S—
loss of activity (see chapter 3). The aim of the test was to determinewhether the

catalysts could be regenerated byheating. The used catalyst powder was black as

shown in Figure 2.35, suggesting the presence of cok&he TGAtest was conducted

using heating rateof 10 °C/min. In addition, the TGAest was performed under air and

CQ. The idea was 1) to assess the prospect of regeneration of the catalysts and 2) to

identify optimum conditions for regeneration.

Figure 2.35. Theblack colour of cokeon 5% w/w Zr/Ti oxide
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The results of TGAunder air and CQ are illustrated in Figures2.36 and 2.37. The TGA

in air showed most of the coke weight lost was about 8.8 % before 58C. The total

Catalyst preparation and characterization

weight loss of carbonic coke was 9.2 %, and at temperature of 900.

The TGAIn CQ gasshowed at 600°C an effective removabf carbon deposition from
Zr/Ti oxide catalyst surfacevia CQ. The substantial removal of coke depositiorwas in
the range 0f8.2 % at isotherm of 8 hoursfrom catalyst surface.The result indicates the

catalyst of 5% ZrQ/TiO2 assists thecoke gasification reactioft8] between CQ with

carbon deposition as shown in equation4.1) (section 1.3.5).

CQ + C(coke) Et Qﬂﬁw]

5
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Figure 2.36. TGA under Air of 5% w/w Zr/Ti oxide catalyst(9.2% weight loss at

isotherm period of 1 hour), at 580°Cthe most carbonic coke was removed at air

oxidation
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Figure 2.37. TGA by C&gas of 5% Zr/Ti oxide catalystweight loss 8.2% at isotherm
period of 8 hour)

2.4 Conclusions

TiO2 can be doped with Zr@ and, at low concentrations, the two oxides are miscible in
the solid phase and form a single phase witlgssentially, the anatase structure. These
blends exhibit significantly higher surface areas than the individual ades from which
they are made. Thee doped materials exhibit very much higher acidity than the
component oxides, both in terms of acid site concentration and acid strength. It seems
likely that defects in the anatase phase arising from the doping are responsible for these

surface properties.

There is some dependence of the effectiveness of solid solution formation and the
subsequent properties of the mixed oxides on the methods used to prepare these
blends. Both ceprecipitation and impregnation methods were investigated. It was
found that co-precipitation of Zr/Ti oxide show slightly stronger acidic strength sites.
On the other hand, the 5% Zr/Ti oxide catalysts prepared by impregnatiomethods
have broader pore volume distribution than the catalysts Zr/Ti oxide made by co

precipitation method.
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Incorporating a third metal oxide in these mixtures invariably resulted in lower

acidities and, in general, the prospects for these three oxide blends to show activity
were regarded as relatively low after this work. Comparison with othemixed oxide

blends that have been cited as active catalysts in dehydrogenation of propane with2CO
in the literature, notably Ga0s/Al 20z and CrQ/SiO2 was made. These two materials are
obviously very different from those on which this thesis is based, but they were found to
show surface acidity, although acid sites were somewhat weaker, if at higher

concentration, that those found with ZrQ/TiO 2 blends.
The final part of the chapter covered the facility with which usedc% Zr/Ti oxide

catalysts could be regenerated The evidence suggests that heating in €@®ight be a

very effective strategy for this, as it removes carbon bgoke gasification reaction.
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Chapter 3 Dehydrogenation of propane using CO

3.1 Background and objectives

In this research,the dehydrogenation of propaneby CQ is investigated This research
introduces a new non-chromium-basal catalyst. Chromium-based catalysts are
generally oxidative catalystsand areused on most propane dehydrogenationplants (in
absence of Cg@. They exhibit high selectivity for propane to propene. However,
chromium-based catalysts show low catalytic stability and are deactivated quickly
(chapter 2). They require a recycling process to return chromium to the higher

oxidation state after each period of usé-5l.

Recenty, two non-oxidative catalysts (20% In20z-Al20s and 5% ZnO/ZSM5) were
reported to give a propane conversion of 30- 41% and propene yield >22.5- 25.8%[6-9],
and catalytic stability for 12 to 30 hours of propane conversion. Unfortunately the
reactant gas composition required to observe this activity was too dilute in GGand

propane to be viable

In this thesis, binary oxides of Zr@TiO. have been studiedbecause of their acidic and
basic properties, tolerance to coke formation and thermal stabilities [10-121, The
individual oxides, Zr@ and TiQ, have also been studied. There are reports in the
literature of the binary oxide mixture ZrG-TiO. being used as a catalyst support, in the
preparation of catalysts for propane dehydrogenation, as well as ethylbenzene; p
ethyltoluene and nbutane dehydrogenation, both with and without C@13-171, In this
research,TiOz and ZrQ-TiO; have been usedas supports for other catalytic oxides, and

metals for these reactions.

The objectivesof the work described in this chapterwere:

x To gudy binary and ternary metal oxide mixtures, based onTiO., and
ZrQ,/TiO 2, as dehydrogenation catalysts using GQand to establish the
relationships between catalyst structure and catalytic properties, including

activity, selectivity to propene and catalytic stability.
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X To gudy the effecs of reaction conditions on propane dehydrogenation,

including the CQ/propane reactant gasratio, reactor temperature etc.

3.1.1 Equations for the dehydrogenation of propane by CO »

The non-oxidative route for the dehydrogenation of propane by C®is shown in
equation (3.1 & — &-—"'etMals[i8] suggested thedehydrogenation proceeds in two
steps. First, the coupling of propane occurs on the catalyssurface, losing H as an
adsorbed speciesas shownin equation (3.2). Then CQ removes H, from the catalyst

surfacein areverse water gas shift RWG$ reaction as shown inequation (3.3) [19],

Overall dehydrogenation of

propane by CG: GHs + CQ AGHs + CO + KO .. Eq.3.1)

Propane dehydrogenation on

catalyst surface GeHs AEGHs + Hp* aaa 32

Consumed H atorsby RWGS:  CQ+H* ACO+H aa&s) “a

CQ is thought to reduce coke deposition on the catalyst surface by coke gasificatipn
producing COas shown in equation 8.4) [18], Other competing reactions, resulting in
cracking of propane, can also occur on the catalyst surface, as shown in equati(s A
& B) and (3.6) [19].

Coke gasification by C® ~ CQ * Geoke) A£2CO Equation (3.4)
21 i
Cracking of propaneto S Equation (3.5A)
ethane and methane U 4 gE Equation (3.5B)
- L 6L -
Hydrogenation of ethene . 8>Jl-' s . O g 8>]u_- t g Equation (3.6)

to ethaneor methane
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3.1.2 Thermodynamics of propane dehydrogenation by CO » and other
reactions

The thermodynamic calculations and equationsfor propane dehydrogenation with CQ
and without CQ, dry reforming of propane,reverse water gas shift (RWGS), water gas
shift (WGS)and propane cracking by Hare tabulated inAppendix 2 (TablesB1, B2, B3,
B4, B5, andB6) and summarisedin equations 3.7, 3.8, 3.9, 3.10, 3.11, 3.12

Propane dehydrogenation by C® GHs + CQ AGHs + HO + CO EQq(3.7)

Propane dehydrogenation without CQ GHs £AGHs+ H: EQq.(3.8)

Dry reforming of propane GHg + 3CQ A6CO +4H EQ.(3.9)
RWGS CQ + Hy &£H»0 + CO Eq.(3.10)
WGS CO +HO £H,+CQ Eq.(3.11)
Propane cracking by H GHs+ H £AGHs + CH  EQ.(3.12)

St te—-SfZo> fat Fe+—"*9) ofeach reactionwere obtained from the NIST
database fttp://cccbdb.nist.gov). The thermodynamic equations 8.13) and (3.14)

have beenapplied to calculate the enthalpies and entropies of each reaction.

¢ MLAG GombsafA e dpe_ar_irEQuation(3.13)

~

é ML A rTr]1pmbsa|r:q rT[1)c_ar_quEquaticm(3-14‘)

The Gibbs free enerigs ( ¢) and equilibrium constants (K) are calculated using
equations (3.15) and (3.16). The Gibbs free energy and equilibrium constant of each
reaction are calculatedfrom 300 to 800°C f e+s—-e<*%8) apd ¢ °) are temperature

independent.

¢ ™L¢ MF ¢ ™ Equation(3.15)

L 5 @5 A ---Equation (3.16)

(R = ideal gas constant = 8.314 J/m#{, T =temperature, Kelvin)
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Table 3.1 shows that the propane dehydrogenationreactions with and without CQ, are
endothermic. The dy reforming reaction of propane by CQ@is endothermic. However,
the WGS reaction between CO and® and the H cracking of propane are exothermic
and can provide extra heat to the catalyst surface The Gibbs free energs and
equilibrium constants for the six reactions are shown in Table$1, B2, B3, B4, B5 and
B6 of the Appendix 2.

Table 3.1. Thermodynamicvalues forsix reactions

Reaction ¢00 34 kI molt ¢ 0aa JKImoll
Propane dehydrogenation without CQ.
P éHB gﬁECgHe L 124.4 127.1
Dry reforming of :
ryre O”Cnsﬂirosggpj‘g:c o+ an 628.1 797
RWGseanoé:+ H. AH20 +CO 432 42
Propane C(;ga,j:TEbbiE%ZHe o 539 14.5

It is useful to compare the thermodynamis of competing proceses.
1) propane can react directly with CQ to form propene.

2) propane can dehydrogenatewithout CO;, and CQ@can react with the resulnt

H2 in a reverse water gas shift process,

3) propane can react with C@in a dry reforming reaction.

Figure 3.1 showsthe «,,* ""1 1 11 ™Yvs.tegperature foreach of thesereactions
versus temperature Note that the dry reforming reaction becomes the most favourable
as the temperature is increased. However, as shown in Figure 3.2, if cracking occurs for
any reason, then the dry reforming reaction of the products, ethane anohethane,

becomes considerably less favourablé Appendix 2 TablesB7 andB8).
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3.1.3 Dissociation of propane on the catalyst surface

é Ty "R "ece % 4T ifé ‘i—éf'ié :

propane.

Propane dehydrogenation is an endothermic reaction and requires a high reactor

temperature of > 670 °C in order toincrease T ¢S termto give anegative Gibbs free

energy.Despite this, it has been reported thatatalytic dehydrogenation of propanecan

be made to occur at lower temperatures (presurably involving a surface reaction) over

certain metal oxides catalyss (201,
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Chapter 3 Dehydrogenation of propane using CO

reaction should limit the reaction, itis possible that very high local temperature orthe

catalystssurfacemight allow it to proceed.

In fact propane dissociation to propene on the catalyst surfaces not fully understood.
Some reports propose the dissociationof propane to propene over a non-oxidative

catalyst surface as follows

1- Over ZnQ ZSM5 catalyst at 600 °C, it has been proposed that mpane
dissociates to GH7* on Zn(2") (Zn")-GHy7) and gives H* atom on O2) (O(2)-H)
(chapter -1, Figure 1.2) This isfollowed by a one-step elimination of a second
hydrogen atom and CQ then reacts with the adsorbed hydrogen atoms via
RWGS?L.[21],

2- Propane dehydrogenation over GaO supported on Al.Oz in the absence and
presence of C@at 600°Cwas studied by Xuet all5l. The XPS analyssuggesteda
heterolytic dissociation reaction onthe gallium oxide surface forming a hydride
and alkoxide species Ga*")-H-) and (O)-CsH7)Bl. The alkoxide proceed further
to the dehydrogenation to yield GHs and hydride (O®)-H) (chapter -1, Figure
1.3).

3- The catalystZrO,-TiO2 has also been studied at 150 °C for the dehydrogenation
of iso-propanol 11, The paper suggested &Zr-O-Ti) catalytic centre provides
two reactive sites for reaction. Theysuggested that thezr site forms (Zr-H). The
O-Ti site then assists the reaction by attaching thénydrocarbon (hydrocarbon-
O-Ti). The reaction then proceeds to form eitheH.O and propenegasor H, and

acetone

3.1.4 The catalyst choice

The most wildly used catalystsfor propane dehydrogenation are chromium-based

which are notan environmentally ideal. Chromium-basedcatalysts are unstable and are
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deactivated quickly. Other, experimental, non-oxidative catalysts are reported and

exhibit improved stability but tend to havelower catalytic activity [10-12],

In the work described in this thesis, several catalysts based on TiGand ZrQ/TiO>
supports have beensynthesised and tested in order to increase the yieldnd selectivity
to propene to superior to the industrial catalysts The catalysts were studiedn a series

of experiments as follovs:

1. Baseline propane dehydrogenation: a) experiment without catalyst (quartz
wool) and b) using single oxides Ti@Q@ and ZrG. In these experiments a

CQ/propane ratio of 16.9 20.9:1 and reactor temperature 600°Cwere used

2. Binary mixed oxide s: 5% ZrO2/TiO 2: experiment over a range of Cgpropane

gas ratios at temperature 600°C.

3. Ternary mixed oxides catalysts based on 5% ZrO»/TiO ,: several catalysts
were investigated with the following additional metals, chosento influence and
control acidic/ basic properties (CQ/propane ratio ~20:1 and reactor

temperature 600 °C): Be, Mg, Ba, Cu, Fe, Al

4. Other metal oxides and metals were added to TiO », on the basis of
literature reports of catalytic activities: Pt, Ir, Hf, Tl, Nb, Rh, Th, U, V, Al
tested at CQ/propane ratio ~20:1 and reactor temperature 600°C.

5. Two cited catalysts as benchmarks: two catalysts were prepared as examples
of new catalysts that have been reported as active in propane dehydrogenation
as follows: 5% Cr oxide supported on SiQ [22l and 5% Gaoxide supported on

Al>0Oz 15 at CQ/propane ratio ~20:1 and reactor temperature 600°C.

6. The effect of reactor temperature and reactant compositions  have beenalso
studied.
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3.2 Experimental method

3.2.1 Material

The binary and ternary metal oxide mixtures to be used ascatalysts wereprepared by
the impregnation methods 11231 and 41241 as described indetail in sections (2.1. 2.1)
and (2.1. 2.4). The impregnation method1 used for example0.5 g ofZrO(NG)2.6H.0
dissolved in diluted 100 ml 0.2 Nnitric acid for 2 hours with mixing. Then 5 g Ti@in
powder form was addedand the mixture stirred for 18 hours at room temperature. The
precursor wasthen centrifuged to remove water, and washedwith distilled water three
times before drying at 100 °C for 18 hours.The calcination at static air was applied at
700 oC. In addition, six catalysts ofternary oxide used theimpregnation method-1. The
third metal oxide dopant was added to the precalcined 5% Zr/Ti oxide as described in
detail in section (2.1.2.1).

Impregnation method-4 was usedto prepare metal chloride salts.The preparation is
described in chapter 2. The impregnation method2 used for example 1.02 g oHfCl
dissolved in distilled water (50 ml) for 2 hours with mixing. Then 12 g Ti@in powder
form was added and during the stirring (18 hours) the pH level was adjusted by
ammonia solution (1N) to reach pH 8. The precursor was thecentrifuged to remove
water, and washed with distilled water five times beforedrying at 100 °C for 18 hours.
The calcination at static air was applied at 700C. The list of binary and ternary oxides

catalystsare alsotabulated in Chapter-2 (Tables2.3 and2.4).

3.2.2 Catalyst characterization

In this thesis, severalcatalyst characterisationtechniques were used as follows: SEM
and EDX, pXRD, Nitrogen adsorption, NHPD and TGA.The characterisation of

catalysts of thebinary and ternary oxide are discussed indetail at Chapter 2.

3.2.3 Catalyst activity test

Catalytic activity testing was conducted in a stainless steelbed reactor as shown in

Figures 3.3 and 3.4. The length of the reactowas 700 mm with external diameter of
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6.35 mm (0.25 inch) anda tube furnace from Thermo was usedA weight of 0.3 g
catalyst was placed tothe middle of reactor andheld in place with quartz wool at both
sides. The inside reactor temperature was monitored by inserting a thermocouple
contacted to the catalyst bed. The gas inlet was controlled bg needle vale for pre-
adjustment of the flow rate of gas reactant feed. In addition, the outlet of the fixed bed
reactor was connected toa GGTCD for gas analysis. The reaction conditionfor

dehydrogenationof propane by CQare tabulated in Table 3.2.

The catalyst bed was activatedunder nitrogen gas at 500°C for four hours before
introducing the reactant gas.Then it was cooled to 200°C. TheCQ/propane gas was
introduced at 200 °C for 2 hours. Tkenthe reactor temperature was increased gradually
by 50 °C per hour to 500-600 °C to test propane dehydrogenation.The testing of
dehydrogenation was conducted ove a prolonged time to observe the catalyst
performance during the reaction. The spent catalyst containing coke was decoked in
an air flow of 50 ml/min for 8 hours at 700 °C. The catalyst was then reested for

propane dehydrogenation.

Product
ouflet

Figure 3.3. Stainless steelixed bed and tube furnace
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CO/Propane ‘

Needle valve

Furnace

Catalyst bed

Gas out

Thermocouple

Figure3.4. Diagram of the fixed bed for propane dehydrogenation by. C

Table 3.2. The reaction conditions forthe dehydrogenation of propane.

Condition Propane dehydrogenation by
CQo
Reactant feed flow 0.2 ml/min
Temperature condition 550-600 °C
Volume of catalysts sample 1.25cms3
GSVH 9.6ht

3.2.4 Gas analysis by GETCD

A gas chromatography instrument equipped witha thermal conductivity detector (GG
TCD) was used to study theutlet gases The initial temperature of the GC oven was 45
oC,ramped to 250 °C at 10°C/min where the temperature was held for 10 min. The
oven contained two columns:Haysep Q (length: 3 ft. fohydrocarbon separation) and
Porapak Q (length: 6 ft. for C& CO, @ N, H separation). The gas produced from the
reactor was connected directly to the gas inletia agas loopof volume 0.5 pl in order to

provide continuous measurement of gagrom the reactor to GC

GCTCD data was calibrated with a certified gas standard in mol% using response
factors (RF) and confident level of 95%251. The certified gas samplefrom gas cylinders

were analysed several tims astabulated in Table 3.3. The coefficient of variation (CV)
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of peak area indicates ahigh precision. The response factor for each gas wased to

guantify the gassproduced from the CQ dehydrogenation of propane and ethaneThe

guantification of water was notcarried out in this process.

Table 3.3. GGTCD analysis of the certified gas standard in mol¥eonfident level of

95%).
Test | Test
Test1 | Test2 | Test3 | Test4 peak | Peak| Peak CL
Gas | Conc. 5 6 95%
o Peak | Peak | Peak | Peak area | area | area RF
ID | mol% Peak | Peak . R
area area area area mean S CV%
area | area
8.497 x 10
H, | 67.8 | 7789.7 | 7799.7 | 7905.6 | 7909.6 | 8168.0 | 83008 | 7979 | 2085 | 2.6% | +166.8 ’
co | 5 | 65558 | 64221 | 6351.8 | 6502 | NT** | NT | 6458 | 89.6 | 1.61% | +87.8 | 7.74x 10
Ch | 403 | 6697 | 6663 | 6775 | 6821 | 7098 | 7096 | 6859 | 1930 | 28% | +154.4| >876%10
CQ | 50 | 154387 | 154523 | 163716 | 163025 | N.T | NT | 150138 | 5408 | 3.4% | o0 o | > 42%10
4159 x 10
GH: | 203 | 4786 | 4748 | 48327 | 48931 | 4930 | 5001 | 4880 | 1231 | 25% | 985 y
3.748x 10
GHs | 531 | 13796 | 13773 | 14075 | 14080 | 14638 | 14632 | 14166 | 386.3 | 2.79% | +309.1 8
GHs | 3 7571 | 7419 | 7512 | 7650 | 7687 | 7654 | 7582 | 102.4 | 1.35% | +81.9 | 3.96x 10°
GHs | 399 | 13641.3 | 13572 | 14108 | 13850 | 14098 | 14360 | 13940 | 3035 | 229% | +242.9| 2862%10

*s: standard deviation

****RF:response factors

**N.T: not tested

** CV: coefficient of variation*** CL: confident level 95%

3.2.5 Data treatment and calculation

The GCTCD output was integrated and converted to mol% forHz, CO, C§£ methane,
ethene, ethane, propene and propan&onversion (equation 3.17), selectivity (equation
3.18) and yield (equation 3.19) were calculated according to Cheret al. 6] and Xuet

al.[sl,

CsHg conversion (mol%) :W S§srr’ ...Equation (3.17)
4_d

YE 7GS

CQ conversion (mol%) =—— ckigsrr ... Equation 8.17)
> d

.. o) — G Loeki . . .
GsHe Selectivity (mol%) —J—G’ (2 7G oo Ssrr’ .. Equation (3.18)

GC3ar

CO Selectivity (mol%) =————--—
2 _df 2 ekj

Ssrr’ ...Equation3.18)

Yield % = Conversion gHg X Selectivity GHs ... Equation (3.19)
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3.3 Results and discussion

3.3.1 Reaction without catalyst and with single oxide s: TiO, and ZrO»

Figure 3.5 shows the conversion of CQ vs the conversion of propanemade without
catalyst (quartz wool) and with the single oxides TiQ and ZrQ at 600 °C &
CQ/propane ratios 20.4:1, 16.9:1 and 20.9:1 respectively. The single oxide of TiQ
shows the highest conversion of CQ, more than 25%, and propane conversion >90%.
ZrO, shows propane conversion 0f63-64% but lower CQ conversion of 13-14%. The
reactor without catalyst (quartz wool) shows the lowest conversion of propaneat 20-
21%. TablesB9, B10, B11, B12, B13 and B14 in Appendix 2 tabulate the results of GC
data of gas concentrations, conversios, selectivites and yields of propene The single
oxides of ZrO, and TiOzproduced significant amounts of CO,H, and methane, indicating

somedry reforming and evenpropane aacking.

35
30
25
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15 ZrQ, )

» e

¢ TG )

=
o

CQ conversion, %

% X No catalyst

o O
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Propane conversion, %

Figure 3.5. Conversion of propane and CQvithout catalysts and with TiG; and Zr&
(600 °C).

Figure 3.6 shows selectivity to propene vs propane conversion for reaction without
catalysts (quartz wool) and with the single oxides. Propane conversion without
catalysts was low (<20%) but propene selectivity was 32-47%, which is higher than
for the single oxides Ti& gave propane conversion of 90 % with poor selectivityto

propene of 4 %. ZrQ achieved alower conversion of propaneof 63-64 % and, again,
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poor propene selectivity of 4 %. Figure3.7 shows propane yield vs. ethene yield for the
same three systemsyYields of bothpropene and ethenewere low both with and without
TiOz and ZrQ catalysts.

In conclusion, there is very little reaction of any kind between CCand propane in the
absence of catalyst. With ZrQand with TiO, propane conversion takes plae at a
significant level, but through either dry reforming or cracking, and not through the
desired dehydrogenation reaction.
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< L 2 TiOz )
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Propene selectivity, %
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Figure 3.6. Propene selectivity vs. propane conversion: comparison between single
oxides ZrQ and TiG (600 °C).
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Figure 3.7. Propene yield vsetheneyield: comparison between single oxides Zr@and
TiOz (600 °C).
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3.3.2 Binary oxides 5% ZrO »/TiO » - effect COy/propane gas ratios

3.3.2.1 COQOl/propane ratio 0:1

The catalyst5% ZrOG,/TiO» was testedfor propane dehydrogenation without CQ at a
space velocity 0f9.6 h-1 for 98 hours. Tables B15 and B16 in the Appendix 2 show the

GC datédor the products of this reaction

Figure 3.8 shows propane conversion propene selectivity, ethene selectivity all vs.
reaction time. The propane conversionwas 63% and decreaseda little to 59% over time
while propene selectivity was constant at 24%. This represents very much greater
activity in the dehydrogenation reaction than is exhibited by the individual oxides.
Ethene selectivity was11% and increased to13%. Figure 3.9 shows the olefins yield.
That is the sum of etheneand propene yield about 22%. Thepropene/eth ene ratio from
this experiment was 2.2 to 1.8. In summary, the catalyst showed stable propane
conversion but selectivity to propene was lowcompared to that typically observed for

commercial chromium-basedcatalyst (85-90%) [261,

70
= Propane
60 Conversion
50 (%)
— Propene
40 Selectivity (%
NS y (%
30
Ethene
20 Selectivity (%
10 L ——————
0
0 20 40 60 80

Reaction time, (h)

Figure 3.8. Catalytic stabilityof the conversion of propane without CQover 5%
ZrG,/TiO 2 at 600 °C.

90



Chapter 3 Dehydrogenation of propane using CO
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Figure 3.9. Yields of propene and ethenever 98 hours at 600°Cwith 5% ZrG/TiO2 in

absence of C®

3.3.2.2 CO/propane ratio 1:1.4

Propane dehydrogenation by CQ was conduced on 5% ZrQ/TiO» at a gas ratio of
CQ/propane 1:14 for 61 hours. Figure 3.10 shows propane conversion, propene
selectivity, and ethene selectivity, all vs. reactiontime. Propane conversion increased
with time, but overall olefin yield decreased slightly. Theropene/ethene ratio was 2.2

initially and decreased t02.0 at the end of the reaction

100
90
80 Propane
70 — Conversion (%
60 Propene
X 50 Selectivity (%)
40
30 - Ethene
Selectivity (%
20 ivity (%)
10 I — —
0 !
0 10 20 30 40 50 60
Reaction time, (h)

Figure 3.10. Catalytic stability of the conversion of propane over 5%rQ,/TiO» at
CQ/propane gas ratio 1:1.4 (600 °C).
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A comparison between propane conversion and propene selectivity with and without
CQ is shown in Figure3.11. The presence of CQesults in a lowering the selectivity to
propene but higher overall conversion of propane. This suggests that COprompts

undesired reactions, possibly dry reforming of propane and possibly further propane

cracking to smaller compoundsFull GC results appear in Tables B17 and B18 in the

Appendix 2.
40
X 35
= a0 - CQ/propane
= ratio 1: 1.4
82 *
$ 20
% 15 o P_ropane
8_ 10 Conver% W|th0ut CQ
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reaction time
5 25 45 65 85
Propane Conversion, %

Figure 3.11.Propene selectivity vs propane conversiomvithout CO; and with COp
(CQ/propane 1:1.4) on 5% ZrQ/TiO» at 600°C.

The differences in activity exhibited by the mixed oxides compared to the individual
oxides are not obvious. >ay diffraction studies reported in Chapter 2 show that the
titania exists as anatase throughout. Surface area and porosity measurements show
only minor differences between the individual oxides and the mixturgTable 3.4 and
Figure 3.12. The major differentiating measurement is through ammonia TPD, which
shows that the mixed oxides are significantly more acidic than the component oxides
alone (Figure 3.13. The preliminary conclusion is that it is this acidity that gives rise to
the activity in the desired reaction.The origin of the acidity isunclear, but it seems very
likely that it is linked to structural defects that arise from incorporaton of the

zirconium ion in the titania structure.

In the presence of C@at this level (1:14 with propane) where selectivity to propene is

poor, more CH;, H» and CQis formed than in its absence Tables B17 in theAppendix
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2), suggestingin other words, at 600°C and with this ratio of CQto propane, there is

significant GC bond breaking over the catalyst.

Table 3.4. Texture proprieties of single oxides and 5% ZreJTiO ».

BETsurface Porevolume Averagepore
Catalyst )
Area, m3/g cms/g size, nm
TiO2 55.8 0.14 9.8
5% w/w _Zr/Ti oxides 29.0 0.18 20.7
Zro, 17.2 0.18 42.6
)
E o012 — _
g 0.08
— 10
25004 -
5 0 ————
- 5 25 45 65 85
Average Width(nm)

Figure 3.12. BJHpore volume distribution curves ofsingle oxides and 5% Zr@TiO».
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Figure 3.13. NH-TPD 0f5% ZrG,/TiO 2 and single oxides
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3.3.2.3 CO/Propane gas ratio 1:3.1

It seemed possible that the extent of dry reforming might be linked to the level of C@
the feed and theobjective of this experiment was to decreasethe extent of dry
reforming by lowering the CQ gas content to a CQ/propane ratio of 1:3.1. Full GC
results appear inTablesB19 and B20 in Appendix 2. Figure 3.14 shows summary data
as propane conversion and olefin selectivitywith time. Propane conversion increased
to 47-65% over 72 hours but propane selectivity fell from 23% to 30%. The

propene/ethene ratio was low at about 1.8.
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20 — Selectivity (%)
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Figure 3.14. Catalytic stability of the conversion of propane over 5% ZrédTiO» at
CQJ/propane gas ratio 1:31 (600 °C).

Figure 3.15 shows a comparison between total olefin yieldtotal yield of propene +
ethene) and propane conversion over 5% Zr@TiO 2 at 600 °Cusing gas feed with a CO
content from zero to 1:31 and 1:14 CQ/propane ratio. The propane without CQ
shows the most stable conversion/yield with time. AddingCQ to the reaction does not
improve the catalytic selectivity although it does increasepropane conversion and

therefore yield of propene.

94



Chapter 3 Dehydrogenation of propane using CO
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Figure 3.15. Total olefins yield and propene conversionComparison between
CQ/propane ratiosof 0:1,1:1.4and 1:3.1 of 5% ZrQ,/TiO 2 at 600 °C.

3.3.2.4 CO/Propane gas ratio 2.6:1

The objective of this experiment was to use a higher CQ/propane ratio of 2.6:1, hoping
to increase thereaction of CQ with hydrogen via RWGSequation 3.10). By doing this
it was hoped that the prevalence of side reactionsuch as dry reforming might be
reduced. The reaction was carried outfor a longer time than earlier experiments 257
hours. Results are shownn Figure 3.16 and TableB21 and B22 in the Appendix 2.
The results do not follow the trend established with lower C®concentration. In this
case, overall conversion is lower than before but the olefin yield is increased as
illustrated in Figure 3.17. Note that the catalyst exhibitedhigh stability over a long
reaction time. In addition, the ratio of the propene/ethene ratio was2.3 which was

higher than in previous tess.
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Figure 3.16. Catalytic stability of the conversion of propane over 5% ZrédTiO > at
CQJ/propane gas ratio 2.6:1 (600 °C).
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Figure 3.17. Total olefins yieldand propeneconversion: comparison between
CQ/propane gas ratios of 0:1, 1:14, 1:31and 2.6:1 of 5%ZrO,/TiO 2 at 600 °C.

The higher CQ content seems to result in more RWGS than dry reforming or propane
cracking, and results show a reduction in H. The reduction of H could mean a

reduction in the Hz cracking reaction. This is an exothermic reaction so it is conceivable
that the associaed reduction in available heat might impede the desired, endothermic

propane dehydrogenation.
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Figure 3.18 showsan overall comparison of propene and etbne yieldsat four different
gas ratios.The simple observation is that the highest COconcentration results in the
highest olefin yields.
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Figure 3.18. Propene and ethene yield comparisofor CQ/propane gas ratios of0:1,
1:1.4, 1:31and 2.6:1 with 5% ZrO,/TiO, at 600°C.

3.3.2.5 CQ/Propane gas ratio 12.2:1

Further increasing CQ content to CQ/propane 12.2:1 shows propane conversion was
slightly reduced but propene selectivity increased t®3.3% as shown inFigure 3.19. The
ethene selectivity was increased t@2.7%. Detailed data appears in TableB23 andB24

in Appendix 2.
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Figure 3.19. Catalytic stability of the conversion of propane over 5% ZrédTiO» at
CQJ/propane gas ratio 12.2:1 (600 °C).

Figures3.20 shows the tofal olefins yield maintainedat 40-45% but propane conversion
at 40-45%. Figure3.21 shows that thepropane yield is slightly higher for CQ@/propane
12.2:1 then for other CQ/propane ratios. The propene/ethene ratio is about 2.8.

Selectivity to propene over ethene is improved at this relatively high CQevel.
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Figure 3.20. Total olefinsyield and propene conversion: comparison between
CQ/propane ratios of 0:1,1:1.4, 1:3.1, 2.6:1 and 12.2:af 5% ZrQ/TiO (600 °C).
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Figure 3.21. Propene and ethene yields: comparison between e@ropane ratios of 0:1,
1:1.4, 1:3.1, 2.6:1 and 12.2:af 5% ZrQ/TiO 2 at 600°C.

3.3.2.6 CO/Propane gas ratio 24.2:1 and 34.3:1

Theresults are shown in Figures3.22 and 3.23 in summary form and in detail in Tables
B25, B26, B27 and B28n the Appendix 2. The propene/ethene ratio appears to
increase with increasing C®@ concentration, indicative of increasing selectivity to
dehydrogenation over cracking. Although propane conversion is relatively low with
these CQ levels, the increasing selectivity to propene means that propeneigjd
increases with CQ level. Furthermore, the catalysts seem to retain activity over long
reaction times.
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Figure 3.22. Catalytic stability of the conversion of propane over 5% ZréTiO at
CQ/propane gas ratio 24.2:1 (600 °C).
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Figure 3.23. Catalytic stability of the conversion of propane over 5% ZrédTiO» at
CQJ/propane gas ratio 34.3:1 (600 °C).

Figure 3.24 shows the overall comparison of the total olefins yield vs. propane
conversion for all seven gas ratios of C&propane. At CQ/propane of 2.6:1 to 34.3:1
the total olefin yield was maintained at about40% while the conversion of propane
decreased with the increase of the gas ratio. FiguBe25 showspropene vs. ethene yield,
as the CQ/propane ratio is increased. Note the increase in relative propene yield
suggests that & bond breaking is becoming less favoured as G@oncentration is

increased.
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Figure 3.24. Total olefins yield and propene conversion: comparison between
CQ/propane gas ratios of0:1, 1:1.4, 1:3.1, 2.6:1, 12.2:1, 24.2:1 and 34.3:fl5%

ZrQ,/TiO2 at 600 °C.
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Figure 3.25. Propene and ethene yield: comparison between @@ropane gas ratios of
0:1, 1:1.4, 1:3.1, 2.6:1, 12.2:1, 24.2:1 and 34.31fl5% ZrQ/TiO 2 at 600 °C.

Overall, the

CQ/ propaneratio. It seems likely that the fall in propane conversion that accompanies

an increase in propene yield as GQconcentration is increased might be due to a

simultaneous reduction in activity towards dry reforming.
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The increased selectivity to propene over ethene suggests@bond breaking becomes
less favoured as C@concentration is increased. The fall in Hyield (Table B29,

Appendix 2) with increasing COH ratio suggests that C@may be taking part in the
Reverse Water Gas Shift reaction

3.3.3 Ternary mixed oxide catalysts based on 5% ZrO./TiO »

The propane dehydrogenationby CQ experiments with the mixtures of three metal

oxides wereconductedat 600 °C anda CQ/propane ratio of ~20:1.

3.3.3.1 The effect of basic metal oxide doped on 5% ZrO,/TiO »:

In this research, gveral modifications of 5% ZrO,/TiO» catalyst were performed by
adding a third metal oxide.This was done in the hope that the surface acidityould be
modified and that this might influence catalytic performance The following mixtures
(%w/w based on the metals only, not the oxides, as described above) ofetal oxides
were used: 1.3%BaO0/5%ZrQ/TiO 2, 2%BeO/5%ZrQ/TiO2 and 2%MgO/5%ZrG/TiO ».
NHz TPD datais shown in Figure3.26. It can be seenhat the catalyst incorporating the
basic metal oxideMgO in 5%ZrQ,/TiO2 shows almost no ammonia desorption and so
exhibits very little if any surface acidity The other basic metal oxidesshowed a
reduction also, particularly in the amount of ammonia desorbed above 350C,

indicative of a loss of the stronger acid sites.

1.1E09 5% Z1QTiO,

—_— 0 4r |
= o510 o N — 1.3% Ba0O/5% Zydi0,
= 7= /_> 2% MgO/5% Zr{riO,
@ . 2% BeO/5% ZyTio,
t 7E10
O
c
IS]

3E10 j —

- \>%\ 1|

80 180 280 380
Temp. (C)

80 580 680

Figure 3.26. NH-TPD of 1.3% B®, 2% Bé&and 2% MdOwere each impregnated on
catalysts of 5%ZrQ/TiO».
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Detailed data appears in Table8830 and B31 in Appendix 2, and summary data in
Figures 3.27 and 3.28 In all cases, thepropene yield is lower than for 5% ZrG/TiO2
(Figure 3.27). In the case of 2%BeO/5%Zr@TiO 2 a slightly higher propane conversion
is detected thanfor 5% ZrG,/TiO, (Figure 3.28). The propene/ethene ratios for the
three ternary oxideswere low at 0.5-1, comparedto 3.2for 5% ZrQx/TiO 2. This implies
that these more basic oxide catalysts promote-C breakage more extensively than the

parent 5% ZrQ/TiO 2 catalysts which, as already noted, is significantly acidic.

35.0
_ 300 ‘! _
:_\3- e o ® 5% ZrgTio,
£ 200 ¢ 1.3% BaO/5% ZyTio,
g 150 B 2% BeO/5% ZyiO,
(o8
£ 100 A 2% MgO/5% ZigTiO,

5.0 J A

0.0

0.0 5.0 10.0 15.0 20.0
Ethene Yield, %

Figure 3.27. Propene and ethene yields of ternary oxide catalysts 1.3%Ba0/5%
ZrQ,/TiO 2, 2% BeO/5% ZrQ/TiO2 and 2% MgO/5% ZrQ/TiO 2 compared with 5%
ZrQ/TiO 2 (CQ/propane ratio ~20:1 at 600°C).

70.0
X 60.0 ‘ ® 5% ZrQTio,
2 50.0 .
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Q.
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a ﬁb‘ =
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Figure 3.28. Propene selectivity and propaneconversion over the ternary mixed metal
oxide catalysts 1.3%Ba0/5% ZrQ/TiO2, 2% BeO/5% ZrQ/TiO2 and 2% MgO/5%
ZrOGx/TiO 2 compared with 5% ZrQ/TiO 2 (CQ/propane ratio ~20:1 at 600°C).
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3.3.3.2 Alumina containing catalyst: 2%Al >0s/ 5% ZrO»/TiO » and 5.8%
Al,Os/TIO »

In the previous section the basic metal oxide dopants loweredthe catalytic activities of
5% ZrO/TiO». The study was extended to increasethe acidity by doping 2% Al>Oz on
5% ZrQ/TiO». In addition, 5.8% AbOz impregnated on TiO» alone was synthesized The
NHs-TPD data for both these showed higherconcentrations of low and medium of
strength acidic sites (adsorption sites that desorb NH at less than 380°C) compared
with 5% ZrG/TiO 2 (Figure 3.29).

1.3E'09 T T T
1.2E09 5% ZrQITio, -
11809 //\\ 5.896AL0,/TiO, -
< 1E09 J AN 2%AL0/5%ZIQTIO,
1= 9E-10
3 7E10 =\ \\
S 6E-10 / I I \ N
~ 5E10 7,’ / S e —
4E-10 1
3E-10
80 180 280 380 480 580 680

Temp. (C)

Figure 3.29. NH-TPD 2%Ab03/5%ZrO2/TiO 2 and 5% AbOs/TiO 2.

Detailed catalytic data is given infablesB32 and B33 in Appendix 2. Summary data is
shown in Figures 3.30 and 3.31.Propane conversiors were similar to 5% ZrQ/TiO».
The ethene yields were also similar butpropene yields werelower at 5-9 % compared
to 30% with 5% ZrG,/TiO 2 (Figure 3.31).
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Figure 3.30. Propene selectivity vs. propane conversion of ternary oxides catalystsfor
2% AlLOs/5% ZrO2/TiO 2 and 5.8% AlLOs/TiO 2compared with 5% ZrQ/TiO 2
(CQ/propane ratio ~20:1 at 600°C).
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Figure 3.31. Progne and ethene yields results of 2%A03/5%ZrO2/TiO 2 and 5.8%
Al2Gs/TiO 2 compared with 5% ZrQ/TiO 2 (CQ/propane ratio 20: 1 at 600°C).

3.3.3.3 CuO and FeO dopants on 5%ZrO,/TiO »

Both CuO and FeO were also added to modify acid/base properties. Theyidently
reduce the concentration of strong acid sites as measured by NHs-TPD (Figure 3.32).
Detailed catalytic results are inTables B34 and B35 in Appendix 2. Summary data
appear in Figures3.33. The dopant of 2% FeO on 5% Zr@TiO > showsalmost complete
conversion of propane but selectivity to propene is almost zero(Figure 3.33).Yields of

H> and COare relatively high, suggesting dry reforming of propane on iron oxide
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ternary oxides. The 2% CuO doped on 5% Zr&TiO > shows a conversion of propane of
>68% but very muchlower selectivity to propene than ZrQ/TiO 2 (Figure 3.33). Overall,
neither catalyst is advantageous fothe dehydrogenation of propane.

1.4E09
L2500 5% ZrQITio,
< 1E09 — T 2%CuOb% Zr@TiO,
IS
$  8E10 N 2% FOI5% ZrQ/TiO,
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Figure 3.32. NH-TPD 2% CuO /5% Zr@TiO2 and 2% FeO/ 5% ZrQ/TiO».
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Figure 3.33. Propene selectivity vs. propane conversion viathe ternary oxidescatalysts
of 2% CuO/5%ZrQ/TiO 2 and 2%FeO/5%ZrQ/TiO 2 compared with 5%ZrQ/TiO 2
(CQy/propane ratio ~20:1 at 600°C).

3.3.4 Other titania -based catalysts

The propane dehydrogenation by Cg&experiments using these mixed metal oxidesvere
conduct at 600°C and C@propane ratio of ~20:1.
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3.3.4.1 7.4% VOITIO ;. 6.9% NbQO/TiO ., 3.5% IrG,/TiO ,_and 3.3%
RhO,/TiO »

Four metals from group VB and VIII (V, Nb, Ir, and Rh) were used binary oxide
mixtures based of TiO,. Detailed catalytic results appear inTables B36 and B37 in
Appendix 2 with summary data in Figure 3.34 belowPropane conversionis generally
higher thanfor 5% ZrGy/TiO 2, but propene selectivity was very low againcompared to
5% ZrG/TiOo.

70.0
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2 50.0 5% ZrQTio,
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Q
$ 30.0 ,
D B 6.9% Nb@TIO,
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3 - 3.5% IrQTio,
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Figure 3.34. Propene selectivity vs. propane conversionvia binary oxides catalysts of
7.4%VOITIO 2, 6.9%ND/TIO 2, and 3.5%110,/TiO 2 compared with 5% ZrQ/TiO».

3.34.2 7.9% HIO,/TIO, and 2% PtO/TIO », 5% UG/TIO » and 5%
ThO,/TiO »

A further series of catalytically important metal oxides together with platinum metal
were supported on TiQ and tested in the propane dehydrogenation by CGQreaction.
NHs-TPD datafor this series wasdescribed in chapter 2. Generally, all thee mixed
materials showed lower ecidity than 5% ZrQ,/TiO».. Detailed catalytic data appears in
TablesB38 and B39 in Appendix 2. Propeneselectivities and propane conversions are
shown for all the catalysts in Figure 3.35. Disappointingly, althoughrppane conversion

are comparable with 5% ZrQ/TiO2, selectivities to propene are alery low.

107



Chapter 3 Dehydrogenation of propane using CO
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Figure 3.35. Propene selectivity vs. propaneconversion of binary oxides catalysts of
7.9% HIO/TiO2 and 2% PtO/TiO2, 5% UQ/TiO2 and 5% ThQ/TiO 2 compared with 5%
ZrQ/TiO 2 (CQ/propane ratio ~20:1 at 600°C).

3.3.4.310.5% T1,05/ TiO>

One catalyst of those examined showed results worthy of separate discussion. The
10.5% TbkGs/TiO2 showed reasonable propane conversion, along with quite high
selectivity to ethene (rather than propene). The data is presented showing time
dependence of these values in Figure 3.36, with detailed catalytic data Trables B40
and B41 in Appendix 2. The catalytic data can be compared with Nd(TPD and surface
area/porosity data in Table 3.5, and it is clear that TAOs does not impart any acidity to
the catalyst. Despite this lack of acidity, the catalyst clearly promotes@bond breaking
(to form ethene). The average pore size oml.Os/TiO> is surprisingly large, given that
the surfacearea is about the same as that of ZpXiO2. Whether this is significant is

unclear.
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Figure 3.36. 10.5% ThOs/TiO 2 propane conversion and olefin selectivity over 10 hours,
600 °C CQ@/propane ratio 20.1:1.

11809 Table 3.5. Texture proprieties of TiQ
' = 5% ZIQTIO, 0 i 0
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£ 8E10 4 \
£ 7E10
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T120s/TiO 2 24.2 0.23 328
Figure 3.37. NH-TPD comparison
between 10.5% ThGs/TiO 2 and 5%
ZrQG,/TiO catalysts

3.3.5 CrO/Si&, and GaOs/Al 203

Two catalysts 5.8% CrO/SiO. and 5.1% GaGOs/Al 20z, prepared by impregnaton were
tested for catalytic activity in propane dehydrogenation. These catalysts have been

reported to give high conversionof propaneto propenefor ashort time stability [11.[3],

The results from the work reported in this thesis show that these catalyst behave in
away similar to many already described, giving high propane conversion but very low

selectivity to propene (Figure 3.39). Detailed data appear imables B42 and B43 in
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Appendix 2. It is worth noting that NHs-TPD experiments showed that these catalysts
exhibit some surface acidity.

The results obtained here differ from those reported in theliterature for silica
supported chromium oxide(s) and alumina supported gallium oxide, for which higher
propene yields were found. It seems likely that the reason for these differences, other
than the fact that different supports were used, might be related to the vergifferent
reactant gas compositions used in the reported work. In this work, for consistencthe

same~20:1 QDx:propane ratio was maintained throughout.

e Table 3.6. Texture proprieties of 8%
' FaN — 5% QIO CrO/SiG and 5.1% GaOs/Al 203, and 5%
ER TN | sweoyTo, || ZrOy/TiO
_L4E09 \ 5% Cro/mi |- z
£1.2809 \
$ 1E09 N Catalysts BET Pore Average
3 8E10 / \\\ surface volusme pore Size
s \ area cms3/g nm
~ BE-10 A mz/g
JE10 s\_Q§ 5% ZrO,/TiO 26.5 0.22 34
oo ~——| |[8% Ga0yJAI0; 147 0.48 134
Temp. (C)
Figure 3.38. NH-TPD comparison
between 5%GaGs/TiO 2 CrO/SIGy
compared with and 5% ZrQ/TiO»
catalysts
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Figure 3.39. Propene selectivity vs. propane conversion of ternary oxides catalysts of
7.8% CrO/SiQ and 5.1% GaOs/Al 20z compared with 5% ZrQ/TiO 2 (CQ/propane ratio
~20:1 at 600°C).

3.3.6 Effect of reactor temperature 0 n propane dehydrogenation by
Cco

So far, all data reported were taken at a reaction temperature of 600°C. For the four
most active catalysts in the dehydrogenation reactiorb% ZrG/TiO2, 7.9% HfQ/TIO»,
5.8% AbQs/TiO 2, and 2% PO/TIO», experiments were also performed at 55@0 600 °C.
Summary results appear inFigures 3.40A, 3.41A, 3.42A and 3.43A. In all cases, the
propane conversion increases with increasing reaction temperature but, also in all
cases,selectivity to propene decreases as reaction temperature is increased. Clearly,
there is a balance between activity towards propane reactions generally, and activity
specifically towards propene formation by dehydrogenation, and in designing a catalyst
for this reaction, relative activities towards the desired and towards other reactions has

to be taken into account{more discussion insection 3.3.9).

The propane dehydrogenation is endothermic (¢06( 3128 kdmol1). The activation
energy of propane dehydrogenation for four catalysts was calculated assuming the
reaction is first order. The natural log of the Arrhenius equation is rearrangedin the

equation 320.
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Ea
Inr —
R

Q-

; INA----- Eqg. (320)
The activation energy (Ea) is determined directly by calculating the slope of curvef
1/T vs. In r (Figures 3.40B, 3.41B, 3.4B and 3.438). Table 3.7 shows small difference

of the activation energy of the propane conversion of four catalysts The activation
energy may reflect on the differences in the dissociain energy of the HC bond over
catalysts and may orrelate with propane selectivity. The catalyst of 5% Zre@TiO>
showed an activation energy 81.4 kJmot! higher than 7.9% HfQ/TiO, and 5.8%
Al,Os/TiO 2 catalysts but it showed higher selectivity of propene The catalyst of 2%
PtO/TiO2 showed higher activation energy catalystdut it showed a dry reforming of

propane than propane dehydrogenatiorto propene.

4
. o | y =:9794.7x + 14.816
% 60 L S 35 & R2=0.995¢
= s, | = \\
g 50 ‘ e
2 | | £ 3
8 40 AN
g 30 & 5% ZrQITiO,; 600°C ot
g 20 & 5% ZrQTiO,; 575°C '
g 10 g 5% ZrQTio,; 550°C
2
0 i i I
0 20 40 60 80 100 0.00108 0.00114 0.0012 0.00126
1T, K
Propane Conversion, %
Figure 3.40A. CQ dehydrogenation of Figure 3.40B. Temperature versus
propane between 550, 575 and 600C natural logarithm of rate conversion of
tested on catalyst 5% Zr@TiO propane over 5% ZrG,/TiO>
(CQ/propane 24.2:1).
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Figure 3.41A. CQ dehydrogenation of

propane between 550 and 60®C tested on

catalyst 7.9% HfQ/TiO > (CQ/propane
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Figure 3.41B. Temperature versus natural
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7.9% HIQ/TIO2
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Figure 3.42A. CQ dehydrogenation of
propane between 26, 560 and 600°C
tested on catalyst 5.8% AIO:/TiO 2
(CQ/propane 21.3:1).
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Figure 3.43A. CQ dehydrogenation of
propane between 550 and 60®C tested on
catalyst 2% PUt/TiO, (CQ/propane 22.9:1).
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Table 3.7 Activation energy of propane dehydrogenation of 4 catalysts

Catalyst CQOJ/Propane ratio | Activation energy
5% ZrG./Ti Oz 24.2:1 81.4kJmol1
7.9% HfQ/TIO? 20.5:1 44.2 kJmol-1
5.8% AbGs/TIO 21.3:1 42.0kJmol?
2% PtO/TIO; 22.9:1 137.8kJmol-1

3.3.7 CO/H» and propene/ethane ratios

There are clear differences betweethe reactions that occur in a propane steam cracker
and those that occur in the controlled propane dehydrogenation reactions described
here. None of the previous studies of propanelehydrogenation by CQ (mainly by the
oxidative route using chromiumbased catalysts) have reported propene/ethene ratios
or CO/H; ratios, and so conclusions about the relative activity of the catalysts towards
GC and eH bond breaking have not been nd@e, and the relative importance of
reforming reactions and the reverse water gas shift reactiofRWGS)has not been
determined. In the work reported in this thesis, these measures have been reported so

it is possible to comment on competing reactions in och more detail than hitherto.

Figures 3.44 and 3.45 show the produced Hand COfrom propane and CQ were
correlated with propene selectivity. By increasing CéJpropane ratio the concentration
of H, and CO werereduced. This reduction of H and CO concentrationdave positive
effect on propane dehydrogenation reaction andmore propene selectivity generated
from G-H bond breakingof propane. The higher yield of H and COwas resulted of more
C-C breakingof propane and dry reformingover catalystthan propane dehydrogenation

to propene.
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Figure 3.44. Comparison of H concentration vs.propene selectivity at different
CQJ/propane ratio.
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Figure 3.45. Comparison o€Oconcentration vs. propene selectivity at different
CQJ/propane ratio.

Table 3.8 shows ratios of CO/H and propene/ethene for 5% ZrQ/TiO» catalysed
reactions at different gas ratios at reactor temperature 600°C. The table shows the
CO/H; ratio increased from 1.1to 7.0 when the CQ/propane gas ratio was increased
from 1:1.4 to 34.3:11. The CO/H ratio is an important indicator. Both gases are
produced in the reforming reaction; hydrogen is consumed and CO produced in the
RWGS reaction.At low CQ levels, the ratio of CO to Hwould be expectedto be low

sincethere are few sources of CO andzhvould be produced by direct dehydrogenation

115



Chapter 3 Dehydrogenation of propane using CO

of propane on the catalyst surface. As G(@vels are increased, CO can be produced by
CQ dehydrogenation of propane (via a dehydrogenation step followed byhe reverse
water gas shift reaction between C®and H on the catalyst surface). Hydrogen, on the
other hand, can only be produced by the reforming reaction between propane and £0
So the observation that this ratio increases with increasing G@oncentration implies
that the, undesired, reforming reactions become less important at higher G@vels and

the dehydrogenation reaction takes over.

The parallel observation that the propene to ethane ratio increases as € increased
is also a reason to ushigh levels of CQ@in this reaction. An interpretation is that high
levels of CQresult in fast removal of adsorbed hydrogen atoms on the catalyst surface,
promoting the formation of propene rather than the CGC bond breaking processes that

are neededfor ethane formation.

Table 3.8. The ratios of CO/Hand propene/ethene of 5% ZrQ/TiO 2 at different ratios
of CQ/propane at 600 °C.

CQl/propane ratio | CO/Hz ratio prope?:t/iec:)thene
gas ratio 11.4 11 21
gas ratio2.6:1 1.1 2.3
gas ratiol2.2:1 4.6 2.8
gas ratio24.2:1 7.3 3.2
gas ratio34.3:1 7 3.3

Table 3.9 shows the propene/ethene ratio producedover the other binary and ternary
oxides catalysts In general these ratios are lower tharfrom 5% ZrQ/TiOo». It suggests
that the metal oxide catalysts tend to promote cracking reaction(C-C bond breaking)of
propane to ethene over dehydrogenation of propane to propene.The catalysts7.4%
VO/TIO2 and 3.5% Ir/TiO > show the highest propene/eth ene ratios of 4.7 and 6.1, but
these data areof limited significance because ofery low propene and ethene yields
and both catalystsfavoured dry reforming as discussed irsection (3.3.3.1). The binary
oxides catalyst 10.5% TpOs/TiO2> showed the lowest propene/ethene ratio of 0.2,
suggestingpropane cracking via a G-C bondbreaking pathway is more important than

the propane coupling to propeneas discussed irthe section (3.3.3.3).
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Table 3.9. The ratics of propene/ethene formed with catalysts at 600°Cand
CQ/propane ~20:1.

Catalysts propene / ethene

ratio
TiO, 1.0
Zro, 1.5
2% PIO/ITIO» 0.7
7.4% VOITIO 4.7
7.9% HIQ/TIO» 1.2
10.5% ThGs-TiO, 0.2
5% ALG,/TIO, 0.7
3.5% IrG,/TiO 2 6.1
6.9% NbQ/TiO> 1.2
5.8% CrO/SiQ 0.4
1.3% BaO/5% ZrQ/TiO, 0.6
2% BeO/5% ZrQ-TiO, 0.7
2% MgO/5% ZrGy/TiO 2 0.6
2% ALOs/5% ZrO,/TiO» 0.7
2% CuO/5% ZrQ/TiO» 0.7

3.3.8 CO conversion compared to propane dehydrogenation

None of the reported studies of propane dehydrogenatioemphasised the amount of
CQ utilised for this reaction. In this research,we have evaluated the most active
catalyst 5% ZrQ/TiO2 at 600 °C in terms of CQ consumption with a range of

CQJ/propane ratio s.

Figure 3.46 shows conversion of propane vs. conversion ofCQ at six CQ/propane
ratios. Unsurprisingly, the highest conversiors of CQ were detectedat low CQ ratio
levels, and CQ/propane ratios of 1:3.1 and 1:14, at ~45-65% and ~30-75%,
respectively. Propane conversions under these reactant compositions were high48%
to 88%. These encouraging results are tempered by the fact that selectivity to propene
in both cases is low at30%, suggesting thatCQ was consumed maity via propane

cracking anddry reforming.
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Interestingly, at higher CQ/propane ratios, the conversion of CQis obviously reduced,
but the reduction to less than 10% consumption even when the G(ropane ratio was
only 13.1:1 is surprising. Against this, selectivity to propene is increases sharply under

these high C@conditions as shown in Figure 37.

100
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CQ/propane ratio: 1: 1.4

s 80 f m
g 70 ¢ CQ/propane ratio: 1: 3.1
.g 60 Q 4 A CQ/propane ratio: 2.6: 1
§ 50 w& * S % CQfpropane ratio: 12.2: 1
% 40 % CQfpropane ratio: 24.2: 1
g 28 ® CQ/propane ratio: 34.3: 1
10
0

0 10 20 30 40 50 60 70
CQ Conversion, %

Figure 3.46. Propane conversionvs. CQ conversion of different CQ/propane gas ratios
on the catalyst 5% ZrQ/TiO 2 at 600 °C.
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Figure 3.47. Propene selectivityvs. CQ conversion of different CQ/propane gas ratios
on the catalyst 5% ZrQ/TiO 2 at 600°C.
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Figure 3.48 shows Propene selectivity vs C@conversion for the wider range ofbinary
and ternary metal oxides catalystat a CQ@propane ratio of ~20. The binary oxide of
5% ZrQ/TiO2 shows the highest activate propene selectivity but with low CO;
conversions of less than10% as discussed aboveThe other catalysts showed higher

CQ conversions, butrelatively low propene selectivities.

70.0 X 5% Zr@Tio,
o 1.3% BaO/5% Zy(TiO,
x 60.0 ﬁK B 2% BeO/5% ZyXiO,
> N3 A 2% MgO/5% ZrgTio,
S 500 X 2% AJO,/5% ZrQITiO,
o) ® 5.8% AIOJTIO,
g 400 * 20% CUO/5% ZKTIO,
0 - .
© 30,0 2% FeO/5% ZyTiO,
g . 74%VOITio
e 20.0 g 6:9% NbQTIO,
o 5 . 3.5% IrQITiO,
100 14 % *. 7.9% HIQTIO,
#‘ | 2% PtO/TiQ
0.0 ' T 5% UQITIO,
0.0 10.0 20.0 30.0 40.0 | 5% ThQTIO,
CQ Conversion, % 10.5% TO,/TIO,

Figure 3.48. Propene selectivity vsCQ conversion of C@/propane gas ratio 10:1 at 600
oCfor binary and ternary oxidescatalysts

3.3.9 Summary of catalytic activity results

There are clear differences betweerthe single oxides, ZrO; and TiQ, andthe same
oxides mixed, exemplified by5% ZrQ,/TiO 2, for propane dehydrogenation by C@ The
single oxides showedbond breaking ofpropane to produce H, CO and methanérough
dry reforming combined with propane cracking Table 310 summaries the overall
product data for propane dehydrogenation by C@over 5% ZO»/TiO», including the

effect of CQ:propane ratio.
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Table 310. The effect of Cé)propane ratio on yields, conversion and selectivitie®ver
5% ZrG/TiO2 at 600°C.

_ Ratio Propene Propane | Propene CQ
gas ratio of | propene/ethene o ) ) )
_ of Selectivity | Conversion| Yield | conversion
CQ/ propane ratio
CO/H; (%) (%) (%) (%)
0:1 2 - 24.3 60.7 14.7

1:14 2.1 1.1 18.6 80.6 14.7 46.2
1:31 1.9 0.5 27.6 58 16 45.6
26:1 2.3 1.1 38.8 66 255 24.4

12.2:1 2.8 4.6 63.3 50.1 31.6 9.3

24.2:1 3.2 7.3 57.1 554 31.6 5.6

343:1 3.3 7 57.8 50 28.9 2

As discussed above, there are clear trends in this data, all of which can be seen in the
Table. Propane conversion occurs even without GCObut reaches a maximum value of
80% when the CQ at ratio 1:1.4 with the propane, as would be required of the
dehydrogenation reaction. The propene yield is always less than the propane
conversion however, showing that selectivity to propene varies. In fact, propene yield
gradually increases as the CQevel is increased, such that when the G{propane ratio

is 12.2:1 or higher, the yield of propene from propane is about 30%. This value is close
to that reported on commercial propane to propene plants and, crucially, this value
remains stable with this catalyst over an extended reaction period. And propene
selectivity improves also with CQ level, reaching57-63% when there is a large excess
of CQ.

CQ conversions are always lower than would be expected were propane reacting
stoichiometrically with CO; and there are obviously cracking reactions occurring that do

not involve CQ. There may also be water gas shift reactions occurring to produce £0
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The CO/H; ratio increases with CQ, and this indicates that dry reformingbecomes a
less important competing reaction as COconcentration is increased. This has been
discussed above, alongside the observation that the propene/ethane ratio increases
with CQ, suggesting that high CQevels favour GH over GC bond breaking reations.
There does appear to be a relationship between the propene selectivity over ethane and
the reduction in the dry reforming reaction (manifested by a high CO/Hratio). These

are plotted against each other in Figure 39 for the gas ratios studied.

8

7 7|>< CQ/propane ratio: 34.3: 1

6 / X CQJpropane ratio: 24.2: 1
g 5 S (/]
5:5 4 ';’J\é,{;’ /5K X CQJpropane ratio: 12.2: 1
§ 3 ? \éJ// ¢ CQ/propane ratio: 1: 3.1

2 B CQ/propane ratio: 1: 1.4

1 ‘ﬁ' CQJ/propane ratio: 2.6: 1

0 .

0 1 2 3 4
Propene/Ethene ratio

Figure 349. Comparison between CO/Hratios with selectivity of propene/ethene yield
ratio, at 600°C.

One other catalyst made from two metal oxides showed some activity, and that was
10.5% TkOs/TiO2. However, the catalytic results using thisatalyst were very different

to those from 5%ZrQ/TiO. suggesting that a different catalytic route might be
responsible for its activity. The results under a reactant mixture with C@propane of
10 are shown in Table 3.1. Firstly, propane conversion witthe thallium oxide catalyst
are much lower, suggesting lower activity overall. But the propene/ethane and for
CO/H; ratios are out of line with those seen foZrO,/TiO2. With this catalyst, selectivity
to propene over ethere is very low, but the CO/H ratio is very much higher than any
observed for 5%ZrO,/TiO 2.

Data from the Appendix is shown in Figure 3.50 and Table 311. From this it can be

seen that methane and hydrogen levels from the two catalysts are similar, but CO is
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generated in much greater concentration using 10.5% TIOs/TiO2. And propane
conversion is much lower using this catalyst. Olefin selectivities for the two catalysts
are similar but with 10.5% ThOs/TiO 2 ethene is the preferred olefin whereas propene is
preferred over 5% ZrO>/TiO>

Methane and hydrogen are produced by reforming so it appears that dry reforming
occurs to a similar extent over the two catalysts. CO is generated from both the
dehydrogenation process and fromRWGS, but the latter consumes hydrogen and the
fact that detected hydrogen levels are similar suggests that possible differences in the
selectivity towards the RWGS reaction is not responsible for the high CO level. It seems
more likely that it is due to differences in selectivity towards dehydrogenatiorwith CCQ,
over thallium oxide, for a reason that is unclear, dehydrogenation occurs to produce CO

and the process evidently goes on to include-C bond breaking to yield ethene.

Table3.11. Comparison between C&ehydrogenation of propane between 5%
ZrQx/TiO 2 and 10.5% TLOs/TiO2 (CQ/propane 10:1, 600°C)

Catalyst Propene Ethene Propane Propene | Ethene Total Propene/ | CO/H,
Selectivity | Selectivity | Conversion Yield Yield olefins ethene ratio
(%) (%) (%) (%) (%) Yield, (%) ratio
5% ZrQ/TiO 2 57.1 17.5 55.4 31.6 9.7 40.9 3.3 7.3
10.5% TLGOs/TiO2 12.2 55.7 46.2 5.6 25.7 31.3 0.2 154
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Figure 350. Comparison between 5% Zr@TiO > (CQ/propane 24.1:1)and 10.5%
TI2Gs/TiO2 (CQ/propane 20.1:1, 600°C) [A] H2 mol% vs. CO mol%B] H> mol% vs.
methane mol%

[C] CQ conversion vs. CO yieldD] propane conversion vs. C&conversion

In general, the other catalysts that were studied gave poorer yields of propene th&do
ZrQ,/TiO 2 often, like ThGs/TiO 2, catalysing dehydrogenation but forming ethene rather
than propene (Figures B1 and B2Appendix 2). Another factor that evidently leads to
increasing selectivity to ethene over propene is reaction temperature, and experiments
with 5% ZrO,/TiO> showed that raising reaction temperature from 550 to 600 °C
reduced the propene/ethene ratio, increased the selectivity towards the reforming
reaction, but at the same time increased overall conversion of proparend propene

yield.
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Another important feature of these results is the relative stability of the catalytic
activities of 5% ZrQ/TiO. with time on stream. This is almost certainly linked to the
observation in chapter 2 in which CQ was shown to aid in the removal of coke deposits
from the catalyst and it is the prevention of coke build up, combined with the retention
of structural integrity of the catalysts, that appears to be responsible for this desirable

property of the catalysts

The radical mechanism of propane dehydrogenation via non-oxidative catalyst is
suggestedslliz 0-21] The result tables in Appendix 2 listed the formation of propene,
ethene, ethane, methane, CO ana bk resultfrom GH and GC, GObond breaking from
propane and CQreaction on 5% ZrO,/TiO». Theadsorption of GHs on catalyst surface
together with two hydrogen atoms to formulate propene and followed by RWGSas

follows:

1. Propane dehydrogenation to propene via &1 bond breaking:
Adsorption of C 3He to propene :
CHCHCH; ) ACHCHCH: (ads) + Hads)
CHCHCH (adsy £ACHCH=CH (ads) + Hads)
CHCH=CH (ads) £ACHCH=CH (g
RWGS reaction:
2H(ads) + CQ(g) £CO() + HO (g

H> gas vield:
2H(ads) AEH> (g)

The propane is also crackedoy GC bond breaking to produce ethene, ethane and

methane as follows:

2. Propanecrackingto ethene via GCbond breaking:
CG-C bond breaking:
CHCHCH ) ACHCH (ads) + CH(ads)

CHCH: (adsy £CH=CH (ads) + Hads)

CH=CHh (ags) £ACH=CH (g)
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RWGSbreaking:
2H(ads) + CQ ACO() + KO g

Hydrogenation of methyl and ethyl surface species:
H(ads) + Chads) ££CHy(g)

CHCH (ads) T |'|(ads) AECHCH; ()

H. gas vield:
2H(ads) AEH: (g)

3.4.10 Comparison between ZrO-,/TiO » catalysts and other catal ysts

reported in the literature

The most active reported catalysts for propane dehydrogenation by G@ the literature
are: 20 In20z-Al203 6-81 and 5% ZnO/ZSM5 1. Commercially,CrO/Al2Cs is used but
without CQ. Table 3.12 lists the catalyst stability, propane conversion, propene
selectivity and propene yieldwith and without CO;, for these three from the literature,
in comparison with ZrG/TiO 2. The comparison is limited by relatively few literature
reports and data taken under nonidentical reaction conditions. No data is available on

propene/ethene or CO/H; ratios.

As a benchmark, thecommercial plant catalyst of CrO/AlO without CO; provides a

propene yield 30-35% but only for half an hour or less, aftewhich it requires oxidative

regeneration [28]. The catalyst of 5% Zr@Q'TiO 2 gives propene yields of 2930% and the

catalytic stability over 22-37 hours for CQ/propane ratios of 12.2:1, 24.2:1 and 34.3:1

with higher space velocity 0.6 h-1) compared the low catalytic stability and low space
velocity of the commercial plant catalyst of CrO/AI0.The cited catalysts of 20% 1pOs-

Al2Oz and 5% ZnO/ZSM5 showed propene yields 22.5 to 25.8%ower propene yield

than 5% ZrQ/TiO, and those catalyss were tested at low dilution of propane ratios
(N2/CO2/propane 18:1:1 and 35:4:1)6-91,
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Table 3.12. Comparisons of propane to propene by different catalyst and methods

Catalysts Method of Propene Propane Propene | Catalytic
dehydrogenation | selectivity | conversion yield stability

- 0, i
(1:?5/%’@ Cowiﬂiﬁlacl gz'a”t 85-90 % 35-40% | 30%-35% | 0.5hour
5% ZrG/TiO, Without CO 24.3% 60.7% 14.7% 98 hour
59 zroyTio, | CY pr%p‘l"‘_qe ratio 35.8% 66.0% 2550 | 257 hour
5% zroyTio, | % prfgazr_‘f ratio 63.3% 50.1% 31.6% 29 hour
5% zroyTio, | % prgfazr_‘f ratio 57.1% 55.4% 31.6% 37 hour
5% zroyTio, | % prgf%r_‘f ratio 57.8% 50.0% 28.9% 22 hour
Cited catalyst:

CQ/ Naf propane

20% IN20s-ALOs | 75 propane 75 % 30 % 22.5 % 12 hour
(6-6] Mixing ratio: 4:35:1
Cited catalys:
5% ZnO/ZSM5 n/i% Nriggoﬁf"‘lge_l 65-75 % 40 % 25.8 % 30 hour
(9] g . .

3.5 Conclusions

This study addresses pppane dehydrogenation topropene via a non-oxidative route,

for the first time. Propane dehydrogenation is thermodynamicallylimited but this study

demonstrates that if the reaction takes place on the surface of a suitable catalyst,

probably by a radical mechanism, then local concentrations can be such that the

reaction may proceed.

The best catalyst identified in this work is ZrQ supported on TiQ at a level where the

ZrQ; is intimately mixed with the support so that it does not exist as a discrete phase.

The catalyst on which most of the work is based contains Zr and Ti in a weigfaitio of
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5:95. The titania structure (as determined by powder XRD) remains unaltered by the
presence of dissolved zirconia and is anataseMeasurementsshow that this mixed
oxide catalyst exhibits significant surface acidity, almost certainly Lewis adig, and
almost certainly generated at defect sites in the anatase structurethrough the

incorporation of the supported oxide.

The activity of this catalyst and selectivity for propendormation from propane depends
very much on the composition of the Cgpropane blend used in the reaction, with an
excess of Cobeing necessary to suppress competing reforming reactions. Gratifyingly,
and in contrast to many of the other catalysts studid here, there is relatively little
tendency towards cracking of the propane or propene, and ethene, for example, is
formed in relatively small amounts. The overall mechanism is thought to involve the
adsorption of GHes on the catalyst surface together wih two hydrogen atoms. Cg&then
reacts with the hydrogen atoms in a reverse water gas shift reaction to give CO and

water.

Another highly desirable property of the5% ZrO/TiO 2 catalystis its stability over time

on stream. In this respect is greatlysuperior to other catalysts which have been
investigated for this reaction. One reason for this appears to the ease with which coke
can be oxidised (and removed) by GO In this work stability over 257 hours has been
demonstrated, at 600°C, and using C&propane mixtures with no diluent. This lifetime
(and the catalyst could have been used for much longer) compares with the 30 minute
time which is allowed between regeneration steps for the commerciathromium-based

commercial plant catalyst.
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Chapter 4 Direct reaction of CQ

4.1 Introduction

This chapter is aimed to study the insertion reaction of CQ with methane, ethane,
ethane, acetylene and propane order to formulate carboxylic acids such as acetic acid.
The experiments werecarried out on heterogeneousbinary and ternary oxide catalysts

based on theZrO;-TiO: catalysts.

The direct reaction of C@Qand CH is considered a new research area for both G@nd
CH utilisation . Challenges were expected tdetermine the reaction conditionsand the

catalyst system, and howthe reaction could be performedby adirect reaction route.

Previous workers reported, as described inChapter 1, the possillity of direct reaction
of CQ as a whole molecule with methane wer selected heterogeneous catalysts to
synthesise acetic acidbut did not really provide clear conclusiors on the mechanismin
this thesis, binary oxides of Zr-Ti have been used becausef their two catalytic sites of
acidic/ basic bifunctional catalytic properties, tolerance to coke formation andthermal
stabilities [1-3]. In addition, the catalysts based on Zr@and TiQ have beenreported to
perform methane coupling to formulate ethane and ethylené&-¢l. It was therefore hoped
that these catalysts would showhigh activity in the possible CQ reaction with these

hydrocarbons.

If the reaction proceeds via CH; activation to produce radicals such as G, CH* and
CH* (* indicates a surface site or surface specigsthen there is always the possibility
that any reaction with CQ could be accompanied byhe formation of ethane, ethylene

and even larger alkanes and alkenes

Erdohelyi et all’l has shown how CH decomposeal to CH* and CH* surface species
quite readily over Rh catalysts at 15@Cand Moya et al.[8] has shownsimilar processes
over Pd/AlOs at slightly higher temperatures as seenn equations @.1), (4.2) and (4.3).
In both cases, ethane and ethylene were detected despite the presence ot @Cthe

reaction mixture.

CHi AECHs(ads) + Hads) ed.(4.1)
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CH%(ads) /CECHZ(ads) + |'|(ads) €q. (4-2)

CHZ(ads) /CECHads) + |'|(ads) €q. (43)

In general, CQreaction seems likely to take place as followd he carbon center ofCQ
has a positive shell charge A) compared with the negative shell charge A of the
carbon centers of CH.. The negative slell charge onthe carbon center increases with
hydrocarbon number. The suggestedoverall direct reaction of CQ is shown by the
equation (4.4) to form acetic acid fromthe reaction of CQ and methane Equation (4.5)
is about the formation of propanoic acid from the direct reaction of CQ with ethane.
Equation (4.6) is about the formation of butanoic acid from the direct reaction of CQ
with propane.
[ T|
H+H f e e " on ... eq44)

Acetic acid

H H 0
- I O';;Cﬂ::-fo \/‘L P eC(45)
Lo OH

Propanoic acid

....e04.6)

0 OH

Butanoic acid

Huang et al.®] and Zhanget al. [19 suggesteda two-step reaction sequencefor the
insertion reaction in which CH; was activated to form a CH surface species on Cu/Co
oxide catalyss followed by hydrogenation in order to form acetic acid asshown in
equations (4.7, 4.8 and 4.9). In 2012, a CHs radical mechanismwas proposed and
studied by density functional theory (DFT) calculations (Chapter 1). CQ insertion into
the ChH-Cu surface speciesto form CHCOQGCu was found to bethe most favourable

reaction pathway followed by H atom interaction with CHHCOOCUu) to form CHCOOH?®-

10]

CH; AECHb ads+ Hags eq. (4.7)
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CHs ags+ CQ ACHCOQus eq. (4.8)

CHCOQus+ Hads AACHCOOH  eq. (4.9)

4.1.2 Thermodynamic s of CQ reaction

Chapter 3 discussed thethermodynamic calculation of propane dehydrogenation by
CQ. In this chapter, the thermodynamic calculation is extended to theeaction of CQ
with CHs. The calculation shows theformation of acetic acid from C@and CH is an

endothermic reaction and thermodynamically unfavourable(equation 4.10).

CQy(g) + CHyg) ACHCOOHh, .. eq.4.10)
Hoos 37.8kImol-L, ¢ 208-116.7 JKImol-l & s9g 72.5 kimol-L

However, otherreactions could have adirect effect on the insertion reaction as follows
which may, under certain circumstances, by shifting chemical equilibria sufficiently,

bring the overall reaction closer to being possible

1. Dry reforming: the reaction is an endothermic reaction which produces H and

COasshown in equation (4.11).

CQg) + CHs gy A£2CQq) + 2H g .. €q.4.11)
Hoos 249 kJ moll, ¢ 298 256.5JK! moll a 298 172.6 kdmol-1

2. Reverse water gas shift (RWGS) the reaction betweenCQ and H (produced
from dry reforming of CHs) produces H.O and COas the main products. The
reaction is endothermic as shown in equation (4.12). An important route that
this reaction could take is via reaction between COand a hydrogen atom
adsorbed on the catalyst surface rather than gas phase; Hnd this could
influence the progress of an insertion reaction between GOand surface

adsorbedsurface species.

CQq +Ha) £CQq + HOg & 1 4dl2)
Hoog 43.2kImol-L, ¢ 208 42 IKI mol1 &  49g 30.6 kJ molt
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3. Water gas shift (WGS): the reaction is exothermic and QO (produced from dry
reforming) reacts with H.O and the reaction will produce CQ and H as
illustrated by equation (4.13). The main point is that this reaction, if itproceeds

generates heat and could affect other reacti@that are important.

CQq) +H20) ECQq) + Hog) &  F 4il3)
Hoos -43.1kJ mol, ¢ 205 -42 JKImol-l & 9g-30.6 kJ motlt

4. Decomposition of acetic acid: chapter -1 discusses acetic acid stability on
several catalyst surfaces. Sveral reports highlighted acetic acid decomposition
at different temperatures and reaction conditions. Acetic acid cracking is
exothermic andthe Gibbs free energyis favourable at 298K as seen inequation
(4.14). Despite this Fung and Wand!1l have shown that acetic acid can remain
intact on the surface of &60% w/w TiO2-ZrO, catalyst up t0520 °C.This is one
reason why catalysts based on this pair of oxides are the focus of work described
in this thesis.

CHsCOOH/ECQ + CHs .. eq. 4.14)
H29s -37.8kJI mol, ¢ 208 116.7JKImoll & gog-72.6 kJ molt

In contrast to the above,the reaction of CQ with methyl surface speciesfollowed by
dehydrogenation has ahigh negative Gibbs free energgs shown inequation (4.15). So
if a radical mechanismcan be established, thent might offer a catalytic route to
preparing acetic acid from methane and CO This is the role the catalyst must take, to
stabilise these surface specieson its surface and, at the same time, allow reaction
between adsorbedsurface speciesand CQ.
CQ + CH* + H* /ECHCOOH .. eq. 4.15)
Hoos -339.5kI Mok, ¢, 295 -239 JKI Mol & 4og -262.5kJ molt
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4.2 Experimental

4.2.1 Material

The binary oxide and ternary oxidemixture catalysts based on Zr and Ti oxidesvere
prepared by the co-precipitation and impregnation methods described in detail in
sections(2.1.2) and (2.1.3). The four co-precipitation methods were studied based on
zirconium(lV) and titanium(1V) salts asdescribedin cited methods(11[12-14],  Catalysts
prepared by faur incipient wetness impregnation methods were studied. Threeof these
routes were based onzirconium(IV) oxynitrate hydrate (15171, The fourth binary oxide
was madefrom zirconium(IV) chloride doped ontitanium(lV) oxide [18l, All catalysts
were calcined at 700°C to produce binary or ternary oxides based onZrQ./TiO>
(section2.1.2).

4.2.2 Catalyst characterization

In this thesis, the catalysts characterisation techigques were used as follows: SENEDX,
pXRD, nitrogen adsorption, NHs-TPD. The characteristics of the binary and ternary

oxide catalystsare discussed in detail inChapter 2.

4.2.3 Catalyst activity test

The micro-reactor from HIDEN (CATLAB model) wasused to study the insertion
reaction of CQ to methane, ethane, ethylengacetylene and propane. The microeactor
instrument consisted of two modules as seen in Figurel.l. The first is the furnace
described asa micro-reactor, which consists ofa quartz tubular fixed bed. e furnace
temperature ramps from 20°C to 1000°C.The inner glass reactor has .Y mm x length
300 mm. Quartz wool is placed at the bottom, followed by the weighed catalyst. The
thermocouple is placed on the top of catalyst bed to monitor the temperature inside the

reactor.
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The CATLABwvas equipped with four gas flow controllers and highpurity (99.9%) gases
were used in this study. The gases usedere: He, C@ methane, ethane, ethylene,
acetylene, and propane obtained from SaudiLinde Gas. The CATLAB reactor is
connectedto a quadrupole mass spectrometer(QMS by heated silica capillary column
at 100 °C for online and the reattime analysis of produds from the micro-reactor. The
reaction conditions were set for thedirect reaction of CQ at the selected gagatios as
shown in Table4.1. The catalyst activation was done by taking around 0.30 g of catalyst
in glass reactor The catalyst was activated at 600C for 2 hoursin helium gas and

cooled to 100°C before the reactiorstarted.

The second module is the online quadrupole mass spetrometer (QMS) QIC20 from
HIDEN with two detectors. The QI0 is equipped with electron impact ionisation (El)
via thermionic emission from a hot filament with typical vacuum of 1x1€ torr. Then
the ions enter the quadrupole field and are extracted into the mass filter. The first
detector is a Faraday cup detector and it measures mass ion concentration the
minimum of 5 x 1011 torr that corresponds to 1 ppm of gasThe second detector isa
secondary electron multiplier (SEM channeltron detector that detecs low

concentrations of 0.001 ppm that corresponds taa QMS vacuum of 2 x 18 torr.

Table4.1. The experiment parameters conducted by the micreeactor

Parameter Description
Pressure Atmospheric pressure
Total gas flow 2 ml/min of reactant gas

Temperature ranged| ~ 100 to 800 °C
for catalysts testing
Certified gas mixture| CQ/CHs 1:1
tested CQ/CH4 1:9
CQ/CH49:1
CQJ/ethane 1:1
CQ/propane 1:1
CQJ/ethylene 1:1
CQl/acetylene 9:1
Catalyst volume 0.85 cn?

GSVH 140 hr-1
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C QIC-20 CATLAB
v (El) MS Up to 1000 °C
online analysis at 1 atm

Figure4.1. The Microreactor of HIDEN CATLAB consist
of two modules

Both detectorswere calibrated by standard gasesat 95% confident levelso they could
be used for determination of reactant and product concentrations Conversion
(equation 4.15), selectivity (equation 4.16) and yield (equation 4.17) were calculated

according to Cheret al.[19 and Xuet al.[20],

Qcrf_lcgl?Qcrf_lcmsyr

Feedconversion (mol%) =
Qcrf_lcgl

Tsrr .. .eq.(4.15)

Eacrgaghb
Qcrf_lcglh Qecrf_lcmsy

Product Selectivity (mol%) = Tsrr' .. .eq.(4.16)

Product Yield % =feed mnversion X product selectivity . .. eq. (4.17)

A gas chromatography instrument equipped with thermal conductivity detector (GC
TCD) was used to study CGOinsertion to methane, ethane and propaneThe initial
temperature of the GC oven was 48C and ramped to 250°C at 10°C/min where the
temperature was held for 10 min. The oven contained two columnsgiaysep Q (length: 3

ft. for hydrocarbon separation) and Porapak Q (length: 6 ft. for C& CO, @ N, H

separation). The gas produced from the HIDEN CATLAB reactor was connected directly

to the gas inlet to gas loop volume of 0.5 pl in order to provide continuous flow from the
reactor. The calculation and da treatment (confident level of 95%) are discussed in
Chapter -3.
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4.2.4 The catalyst and reaction condition choice

The research studied the reactions of Gy using binary oxides of Zr@TiO» catalyst
in order to determine the catalytic activity for direct reaction of CQwith CHs. Catalysts

prepared by the following routes, together with the variables describedvere studied:

X Theco-precipitation route for catalyst preparation at CQ/CHgsratio 1:1.
X Theimpregnation route for catalyst preparationat CQ/CHa ratio 1:1.

X Theternary oxidesbased onZrO,/TiO2at CQ/CHaratio 1:1.

X The effect of CQJCH4 gas ratics.

x Direct reaction of CQwith ethane, ethylene, acetylene and propane.

Also studiedwere:
X Catalyst stability.
x Catalyst selectivity of CQ reaction with methane, ethane and propaneto
determine the GH bond breaking of methane andhe G-C bond breaking of each

ethane and propane.

4.2.5 Hydrogen-temperature programmed reduction (H _>-TPR)

The temperature programmed reduction (TPR) method was studied to determine the
reduction behaviour of binary oxides basedon Zr/Ti oxide at the temperatures used in
the reaction between C@ and CH. It was thought that the TPR study might show
differences between mixed metal oxide catalysts (Zr/Ti oxides) prepared in different

ways (i.e. ceprecipitation and impregnation).

Temperature programmed reduction (TPR) experiment wascarried out on a
Micromeritics Autochem 2910 instrument. In the experiment, 100 mg of catalyst sample
was placed in Ushaped quartz sample tube. Prior to the TPR experiment, the catalyst

sample was first preheated in helium, 50 ml/min at 300°C for one hour. After pre-
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treatment, the sampge was cooled to 35°C and 10% hydrogen balanced by argon at 50
ml/min was allowed to pass over the sample and the temperature was raised from 35
oC to 900°C at rate of 1>°C/min. The hydrogen concentration in the effluent stream was
monitored by a thermda conductivity detector (TCD). The peak area was integrated in
order to measure the H uptake of each catalyst?ll. The H-TPR proceeds by reaction

between metal oxide and KHand the result of the reduction is water and reduced metal.

4.3 Results and Discussion

Results are distributed between this chapter andAppendix 3.

4.3.1 Direct reaction of CO » with CH4 over binary oxide s ZrO»/TiO »

Catalysts made by four cgrecipitation and four impregnation methods described in
Chapter-2 (sections 2.1.2 and 2.1.3) were studied in the CQ/CH4 reaction as seen in
Table4.2.

Table4.2. The cited methods for mpregnation and coprecipitation precursors usedfor

preparation ZrO/ TiO, catalyst

Method number Authors
Coprecipitation method-1 | Sohnand Leé!!
Coprecipitation method-2 | Sohn and Leé!?]
Coprecipitation method-3 | Maoet al. [13]
Coprecipitation method-4 | Machidaet al. [14]

Impregnation method-1 Takahashiet al.[13]
Impregnation method-2 Ruppert & Paryiczaket al[16]
Impregnation method-3 Chepurnaet al.[17]
Impregnation method-4 Laniecki andlgnacik [18]
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4.3.1.1 Catalytic activities of Zr-Ti oxide catalyst s prepared by the co -
precipitation route

Eight binary oxide catalysts were prepared by the co-precipitation method-1(1 at

different ratios of Zr to Ti. The experimens were carried out at gas feed ratio of
CHJ/CO2 1:1. The activity test was conductedfrom 100 to 800 °C. However, only two

catalysts showedacetic acidformation during the activity tests as summarized in Table
4.3:

Table 4.3. Performance ofZr/ Ti oxides prepared byfour co-precipitation method-1[11 at
gas ked of CH/CO; 1:1.

T;T}Sgi&gf Temperature Maximum
% ZiTi oxide Catalyst* | which acetic | '°MaXimum | concentration of

acid formation ield detected

was detected y
TiO, ND** ND** ND**
2% wiw Ti/Zr oxide 560 - 680 °C 560°C 80 ppm
4% w/w Ti/Zr oxide ND** ND** ND**
8% wi/w Ti/Zr oxide 580 - 680 °C 595, 620°C 8-9 ppm
17% wiw Ti/Zr oxide ND** ND** ND**
44% wiw Ti/Zr oxide ND** ND** ND**
11% w/w Zr/Ti oxide ND** ND** ND**
45% wiw Zr/Ti oxide ND** ND** ND**
50% w/w each Zr/Ti oxide ND** ND** ND**
Zro ND** ND** ND**

* metal ratio (w/w%) **ND: Not detection of aceticacid

Catalyst 2% w/w Ti/Zr oxide showed some reaction between COwith CHs and acetic
acid was detected atreaction temperatures 560 °Cto 670 °C as shown in Figure4.2.
Two maximum peaks were detected andhe estimated maximum concentration of
acetic acidwas 80 ppm at 560 °C. Appendix -3 Figures C1 (A), (B) and (C show the
plots of CQ, CH, CO, and Kvs. temperature. The formation of some CO implies RWGS
reaction with H. formed from methane Catalyst of 8% w/w Ti/Zr oxide showed some
acetic acid as shown irFigure 4.3. Two very small peakswere observedat 580-670 °C.

In this study no ethane or ethylene from methane activatioras detected
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Figure 4.2. Acetic acid yield as reaction temperature was increased. Cataly&&o w/w

Ti/ Zr oxide prepared by ©-precipitation method-1. CQ/CH4 1:1.
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Figure 4.3. Acetic acid yield as reaction temperature was increased. Catalyst: 8% w/w

Ti/ Zr oxide prepared by ceprecipitation method-1. CQ/CHa 1:1.

The activity test results for 50% w/w Zr/ Ti oxides prepared by co-precipitation
methods-1, -2, -3 and -4 are summarised in Table4.4. The acetic acidfrom the co
precipitation method-2 was detectedat 8 ppm at 550 °C with a wide peak from 600 to
700 oC. The catalysts prepared byco-precipitation methods-3 and -4 showed only a

trace of acetic acicat 1-6 ppm as shown inAppendix -3 Figures2, C3 and 4.
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Table4.4. Performance othree catalysts prepared byco-precipitation methods-2, 3

and 4.
Temperature Temperature Maxi
0 v range over for aximum
% Zr/Ti oxide
° st * Catalysts method | which acetic acid | maximum | concentration
Catalyst ) . . of acetic acid
formation was acetic acid
; detected
detected yield

5 . ——
50./0 wiw Zr/Ti co-precipitation ND* ND** ND**
oxide method-101
50% w/w Zr/Ti co-precipitation . .
oxide method-2012 600-700 °C 500°C 8 ppm
50% w/w Zr/Ti co-precipitation

. -700° 700
oxide method-3[13] 550-700°C 670°C 6 ppm
50% wiw Zr/Ti co-precipitation

. ND** ND** ND**
oxide method-4[14]

* metal ratio (w/w%)

** ND: not detecton of acetic acid

In summary, the four co-precipitation methods resulted in Zr/ Ti oxide catalysts that

showed poor direct reactions of CQ with CH; and made only traces ofacetic acid The

catalysts prepared bythe four co-precipitation methods showedsomedry reforming of

methane. Because dry reforming requires &1 bond breaking, this implies that anethyl

surface species might form on the catalyst surface. In addition, there was no H;

detected but someCOwas seen Taken together, this suggests that thRWGS reaction

might also have been occurring.

4.3.1.2 Catalvtic activities of Zr / Ti oxide catalysts prepared by the

impregnation

route

Four preparation impregnation methods using different pH precursor solutions were

used to synthesisfive catalysts of binary oxides of Zr/Ti to study the direct reaction of

CQ with CHa.

4.3.1.2.1 Impregnation method -1

The activity test of impregnation catalysts of 1% and 5% Zr/Ti oxide showed some
formation of acetic acid as shown inTable 45. Data for 1% Zr/Ti oxide appears in

Figure 4.4 [A]. A wide acetic acid peak was detectedrom 525 to 750 °C and the
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estimated maximum concentration of acetic acid wass00 ppm at 555°C. In addition,
ethane and ethylene vere produced at similar temperatures to acetic acid which
possibly suggestanethane coupling on the catalyst surface. Ethane was detectati200
ppm and the concentration increasedas the reactor temperature was increased. The
observation of ethane and ethylene suggests that methane was adsorbed smrface

speciesform, so it seems likely that thereaction of CQ and CH to form acetic acid
occurred via asurface speciesroute.

[A] 2000 /
e 1500
o
3 y
8’ 1000 / Acetic acid
§ = Ethane
}/ ——Ethylene
0 S
300 400 500 600 700 800
Temp.°C

Figure 4.4[A]. Acetic acid, ethane and ethylengeld with increasing reactor
temperature over 1% w/w Zr/Ti oxide (CO2/CH4 1:1).

60
[B] S - —Carbon
s 40 e Monoxide
§ 20 % ——Carbon
Dioxide
8 /
0
300 400 500 600 700 800
Temp.°C
60
[C] st
< 10 e %% - ——Hydrogen
S —— Methane
& 20 o
o /f"/
0 i
300 400 500 600 700 800
Temp.°C

Figure 44 [B] and [C]. CQ and methanereduction and increase of hydrogerand CO
with increasing reactor temperature over1% w/w Zr/Ti oxide (CQ/CHas1:1).
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Data for the 5% Zr/Ti oxide catalyst made by the impregnation method-1 appears in
Figure 4.5and Table 45. Thisshowed a wider peak of acetic acid from 522 to 750C.
The estimatedmaximum concentration of acetic acid was 800 ppm at 578C which was
higher than for 1% Zr/Ti oxides. In addition,ethane and ethylene werealso detected at
the same temperatureas acetic acid formation. The ethane was detectedt 300 ppm,

and the concentrationincreased gradually with reactor temperatureasacetic acidyield

fell.
2000
1800 //
1600 /
e 1400 /
g 1200 7
é 1000 / Acetic acid
§ 800 —FEthane
400 I X - Ethylene
0 L —
300 400 500 600 700 800
Temp.°C

Figure 4.5. Acetic acid, ethane and ethylene formation with increasing reactor
temperature over 5% w/w Zr/Ti oxide (CO2/CH4 1:1).

In the appendix to thischapter it can be seen thathe two catalysts also showed CO and
H> formation started below 600 °Cthen increased to 800 °C, at which temperature the
yields of these weresimilar at >20 mol% (Figure 44 [B] and [C]). This implies dry
reforming is occurring (Appendix -3 Figures C5 and G5 (A, B, and Q) At the lower
temperature of about 525°C, close to the temperature where acetic acid formation
began, CO was also detected, but without accompanying &t anything like the same
concentration. This implies that the reverse water gas shift reaction was occurring at

this lower temperature.

So,in summary, it seems that acetic acid formation starts at about 520C, and that this
is accompanied by formation of CO by the RWGS reaction. As thengerature was
increased to over 600°C, acetic acid yield drops and dry reforming takes over from the

RWGS reaction, presumably meaning G@eacts with CH, before it can adsorb as a
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surface specieson the catalyst surface. Formation of ethane and ethylene increases
continuously with temperature alongside the dry reforming, suggesting that any
methane that does adsorb as aurface specieson the catalyst surface reacts rapidly
with other methane moleailes or other adsorbed surface species rather than with gas
phase CQ.

The acetic acid formationfor the two catalysts is compared in Figure 4.6 and Table 4.5.
The binary oxides of 5% Zr/Ti oxides generated slighy higher acetic acid yieldbut the

temperature dependence of the activity was largely the same

Table4.5. Performance of impregnaibn method-1 of Zr/Ti oxide (CQ/CH4 1:1).

Maximum Maximum Maximum
]:I'emper_ature concentration | concentration | concentration
Catalyst or m?mmgén of acetic acid | of ethane of ethylene
ace ilglgu detected detected detected
Y ppm ppm ppm
1% Zr/Ti oxide 5500°C 560 560 200
5% Zr/Ti oxide 550°C 800 200-2000 18
900
800 /\
e 700
g 600 A\ 5% Zr02-TiO2
c impregnation method-2
§ s O\ (impreg )
£ 400
§ \\\ 1% ZrO2-TiO2
5 300 \\ (impregnation method-2 )
O 200 —=
100 ~\
0
300 400 500 600 700 800
Temp.°C

Figure 4.6. The comparisomacetic acid formationover catalysts of1% and 3% Zr/Ti
oxide (CQ/CH4 1:1).
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4.3.1.2.2 Impregnation method -2

The catalyst 5% w/w Zr/Ti oxides prepared by impregnation method2 resulted in
more acetic acid formation, starting at 588 °C with a broad peak to 800 °C. The
estimated maximum concentration was 5,400 ppm at 609 °C as seen inFigure 4.7 [A].
The yield of acetic acidwas almost six timeshigher than with the last catalyst Ethane
and ethylene formation were also detected at the same temperatureas acetic acid
formation and ethane concentration was 600 ppmThis again suggested thatnethyl
and methylenesurface species(CH* and CH*) generated frommethanewere coupling
on the catalystsurface The general trend was the same as for the first catalysthe
plots of CH and H vs. temperature inFigure 4.7 [B] andAppendix -3 Figure C7 (A and

B) shows methane reductiorand peak of H at same temperature of acetic formation.

6000

=

5000 A
4000 ,/ \

3000 [ — Acetic acid

= Ethane
2000

Concn., ppm

= Ethylene

—
I —

0 _ =

500.0 550.0 600.0 650.0 700.0 750.0 800.0
Temp.°C

Figure 4.7[A]. Acetic acid ethane and ethylendormation with increasing reactor
temperature over 5% w/w Zr/Ti oxide prepared impregnation method2 (CQ/CHs 1:1).
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[B] - Methane

60 Hydrogen
C- 40 [ WA,
O
5
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M
-————”/Mw’
0 R
350 450 550 650 750
Temp. oC

Figure 4.7[B]. Methane reduction and H formation with increasing reactor temperature
over 5% w/w Zr/Ti oxide prepared impregnation method-2 (CQ/CH4 1:1).
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4.3.1.2.3 Impregnation method -3

The 5% w/w Zr/Ti oxides catalyst prepared by impregnation method-3 was cited by
Chepurna et al. [17] in order to obtain nano sizel particles of Zr&, doped on TiO,
support. In this work, the catalyst resulted in &etic acidformation asa sharp peak at
670-720 °C. The estimated concentration at the maximum was above 7,200 ppm as
shown in Figure4.8 [A]. Ethane wasalso detected at about 2,000 ppm which indicated
againthe possibility of reaction of methylsurface specieson the catalyst. Higher yields
of ethane were detected than from similar catalysts prepared using thether
impregnation methods. Figure 4.8 [B] shows CH and CQ peaks cecreasedat the same

temperature at which acetic acid formation occurred
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o 4000 \ Acetic acid
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Figure 4.8 [A]. Acetic acid and ethane formation with increasing reactor temperature
over 5% w/w Zr/Ti oxide prepared impregnation method-3 (CQ/CHa4 1:1).
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Figure 4.8[B]. Methane and C®@reduction with increasing reactor temperature over5%

w/w Zr/Ti oxide prepared impregnation method-2 (CQ/CHas 1:1).
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4.3.1.2.4 Impregnation method -4

The catalyst prepared byimpregnation method-4 wasapplied by using ZrCh salt doped
on TiG: support to synthesise the 8% Zr/Ti oxides catalyst Using this catalyst, aetic
acid was detected & 525 °Cand ended at630 °C. The estimated concentrationwas 520
ppm at the maximum peak as shown in Figurd.9. Ethane and ethylene werealso
detected and the ethane concentration was estimate@t 75 ppm. The profile in Figure
4.9 is similar to that detected with the equivalent catalyst made using impregnation
method 1.
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1000 //
£ 800 /
g

- 600 / Acetic acic )
c
2 = Ethane
S 400 /\
© / \ / —Ethylene

200 / \ ;,

0 '
00

300 400 5 600 700 800
Temp.°C

Figure 4.9. Acetic acidethane and ethylendormation with increasing reactor
temperature over 8% w/w Zr/Ti oxide prepared impregnation method-4 (CQ/CHa4 1:1).

4.3.1.2.5 Methane activation without CO2 over 5% Zr/Ti
oxide

Figure 4.10 showsresults of reacting methaneover Zr/Ti oxide catalyst without COp. In
this case,5% w/w Zr/Ti oxide catalyst (impregnation method 2 was used)Ethane was
formed, as it was in the presence of GQsection 4.3.1.2.2), butat a concentration of
about ten times that detected with C@ This result appears to show that methylsurface
species form on the catalyst surface which can form acetic acid with GQor can

combine to form ethane.
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Figure 4.10. Ethaneformation from methane (without CQ) with increasing reactor
temperature over 5% w/w Zr/Ti oxide prepared impregnation method-2.

4.3.1.2.6 Overall performance of the catalysts made by the

Impregnation methods

Table 4.6 summarizes the results for acetic acid formationover Zr/Ti oxide catalysts
made by theimpregnation methods. The different preparation methods had a direct
effect onthe acetic acidyield. Figure 4.11 shows the concentrations of acetic acidvs

temperature over each of the catalyst

Acetic acid concentrations were highest for catalysts made using methods 2 and 3.
These also yielded higher ethane concentrations, but at relatively high temperatures

where acetic acid formation had ceased. The other catalysts resulted in less acetic acid,

Catalysts prepared bymethods -1 and -4 resulted in lower yields of acetic acid but,
surprisingly, acetic acid was formed atower temperatures than over the other two
catalysts. The two pairs of catalystswere that, for these two (1 and 4),formation of
acetic acidwas also acompaniedby ethane and ethyleneformation. This suggests that

methane coupling takes place over these catalysts at lower temperatures
The ratio of the generated acetic acidyield to the sum of ethane and ethylengields

over catalysts prepared by theimpregnation methods varied from 2.5 to 8.7. The

catalyst prepared by the impregnation method-2 showed the highestratio. This
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suggess that CQ insertion to a methyl surface speciesoccurs more readily than methyl

surface speciesdimerization to ethane on this catalyst

Acetic acid yield vs. temperature reaction profile
8000
= |mpregnated method-1: 1%
7000 ‘ Zr/Ti oxides
= 6000 = |mpregnated method-1: 5%
§ 5000 /\ Zr/Ti oxides
o
‘T 4000 Impregnated method-3: 8%
< Zr/Ti oxides
8 3000
8 \ \ - |mpregnated methoc 4: 5%
2000 \ \ Zr/Ti oxides
S
1000
== |mpregnated method-2: 5%
0 Zr/Ti oxides
500 550 600 650 700 750 800
Temp.°C

Figure 4.11. Overallyield of acetic acid formationwith increasing reactor temperature
from five Zr/Ti oxide catalysts prepared by different impregnation methods (sing a
CQ:CHratio of 1:1).

Differences in the preparation methods of the four catalysts detailed in Figure 4.11 are
assumed to be responsible for differences in catalyst performance. BHIPD data for the
four were very similar (chapter 2, Figure 2.27A), suggesting that their acidies were
effectively the same. Data from Nadsorption shows differences in porosities amongst
the four catalysts as shown in Figure 4.12, with the two most active catalysts (methods
2 and 3) showing much larger pore volumes, especially in the mesoporange, than the
others Whether this is associated with differences in activities is uncertain although the

differences are certainly significant.
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Table 4.6. Activity data for Zr/Ti oxides prepared by the four methods of impregnation(CGQ/CH4 1:1)

(standard gase<alibrated at confident level95%).

Temp. i
Caualyst Gas | formax | cq | co | CcH | CH Z\E::tgigf Acetic Acetic
and i Acetic ) Hz Conv* Conv.* . ethane Ethylene Hz acid
. feed acetic . Ethane | Ethylene | acid/ acid .
preparation ratio acid acid atT, atT ethane + at CQat | Methane selec. selec.** selec.** | selec.** | yield
method ield at Tmax max max Tmax Tmax at Tmax ! at Tmax at Tmax at Tmax at
yT in | out | in | out ethylene at Tmax -
°C % % % % % % % - % % % % % % % %
cQ
1%
0,
210JTi0, | 2 550 | 49.3 | 49.8 | 50.7 | 502 | 0.056 | 0.015 | 0.002 34 | 010 | 138 | 099 11.2 3.0 0.3 200 | 011
Impreg-1®
50%
5% o
ZrQ/ TiO2 CH;O’ 550 49.4 | 48.1 | 50.6 | 49.9 | 0.080 0.030 0.002 25 ND 2.83 1.38 11.4 4.3 0.3 ND #*** 0.16
Impreg-10
50%
5% o
ZrQ/ TiO2 CHaO‘ 610 50.5 | 486 | 495 | 459 | 0.54 0.040 0.022 8.7 0.037 2.61 7.23 15.1 11 0.6 10.3 1.09
Impreg-20
50%
5% nano ggg)
ZrO/ TiO2 CH«;O’ 675 49.8 | 49.2 | 50.2 | 463 | 0.72 0.19 ND #*** 3.8 0.99 2.57 7.71 18.6 4.9 ND*** 25.6 1.44
Impreg-3¢i)
50%
8% o
ZrQ/ TiO2 CHQO’ 550 49.1 | 495 | 509 | 488 | 0.052 0.007 0.0001 7.3 0415 2.69 4.11 25 0.3 0.0 2.0 0.10
Impreg-4
50%

(i): Impregnated method-1, (ii): Impregnated method-2, (iii): Impregnated method-3, (iv): Impregnated method4,
* Conv. =Conversion *Selec. sselectivity ***ND = not determined
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5 0.08 = |mpregnated method 1:
[}
E 007 /\\ 5% Zr/Ti oxide
S 006 —_— :
> \ = |mpregnated method-2:
g 005 \S 5% Zr/Ti oxide
a & 0.04
—= £ \ Impregnated method 3:
S o 0.03 S
S oo [ ] 5% NG 5% Zr/Ti oxide
E 0.01 \"‘_T Impregnated method-4:
g o ! 8% Zr/Ti oxide

5 30 55 80 105

Average Width(nm)

Figure 4.12. BJHpore volume distribution curves of impregnation methods of Zr/Ti

oxides.

In summary, when comparing the catalysts made by the four impregnation routes, there
are some significantobservations anddifferences that can be noted. Firstlyit does
seem that high acetic acid yields are detected alongside high ethayields. The simple
fact of ethane formation suggests that the catalysts promote methyurface species
coupling. The fact that high acet acid yields correspond to high ethane yields suggests
that both products are formed by a methylkurface speciesroute. Differences in yields
and differences in the temperatures at which the products are formed on the different
catalysts are difficult to interpret but the differences observed do suggest that there is
scope to improve further and optimise Zr/Ti oxide catalysts prepared by the methods

used here

In general, as can be seen frofable 4.6 the H, is made when CQ and CH are passed
over these catalysts as acetic acid is produced. This suggests that acetic acid formation

involves a hydrogenation stepgo execute the reaction

4.3.2 Direct reaction of CO 2 with CHs using ternary _metal
oxide catalysts

On the basis that binary metal oxide catalysts prepared by impregnation method 2
showed the highest activity of those tested above, the impregnation method 2 was used
for all the ternary metal oxide catalysts usedin the method used, the third metal was

added as ametal salt of Al, Co, Cu or F® the zirconium oxynitrate, and the mixture was
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added to theTiO. support as described insection2.1.1.2. The following were studied.
(Note that %w/w of the metalsbased on the formulations used in synthesjmot the

oxides, as describecarlier in section2.1.2.2):

1- 2.0% wiw Al, 5% w/w Zr / 93 % Ti oxide
2- 3.4% w/w Co, 5% wiw Zr [Ti 91.6% oxide
3- 4.0% w/w Cu, 5% w/w Zr /Ti 91% oxide

4- 3.6% w/w Fe, 5% wiw Zr [Ti 91.4% oxide

The first catalyst, 2% w/w Al, 5% w/w Zr [Ti , yielded high acetic acid concentration at
600 °C of 8,700 ppm as shown in Figure4.13 [A]. Although not shown here, CH
concentration dropped off at the same temperature, as expected, and thé yield
increased as shown in Figure 4.13 [B] and Appendix -3 Figures C8). Ethane and

ethylene were also formed, as shown.

[A]10000
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7000 l \

6000 I \
\ — Acetic acid
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4000 \-.\ Ethane
3000

N = Ethylene
2000 ~
1000 —
0 |
500 550 600 650 700 750
Temp.°C
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Concn.,

Figure 4.13[A]. Acetic acid, ethane and ethylene formation with increasing reactor
temperature over 2% w/w Al/ 5% w/w Zr/Ti oxide prepared by impregnation method-
2 (CQ/CH41:1).

[B] 60.0 |
50.0 = Hydrogen

40.0 n _atlasth Methane
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Figure 4.13[B]. Reduction of methane and raise of hydrogeformation with increasing

reactor temperature over 2% w/w Al/ 5% w/w Zr/Ti oxide prepared by impregnation
method-2 (CQ/CH4 1:1).
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The activity testof 3.4% w/w Co, 5% w/w Zr /Ti catalyst resulted in acetic acid at lower
temperature (560 °C) with a maximum concentration of2,500 ppm at 600 °Cas seen in
Figure 4.14. This catalyst showed more dry reforming of CQ and CH: as seen in plos of
CHi, CQ, COand H in Appendix -3 Figure C9. In addition, at the same temperatureof
acetic acidformation, ethaneand ethylene were detectedin much higher concentratiors
than when using the aluminiumcontaining catalyst described above Ethane yield
showed a maximum of 1200 ppm at 560 °C, and then followed a path largely

reciprocating the formation of acetic acid.

3000

2500

2000 /

Acetic acid

ppm

— Ethane

-1500 / \\
= Ethylene
1000 I ‘Q\
500 W / \
500 550 600 650 700 750
Temp.°C

concn

Figure 4.14. Acetic acid, ethane and ethylene formation with increasing reactor
temperature over 3.4% w/w Co / 5% w/w Zr/Ti oxide prepared by impregnation
method-2 (CQ/CH4 1:1).

The ternary oxide of 4% w/w Cu, 5% w/w Zr/Ti showed the formation of acetic acidat
much higher concentration (maximum 3400 ppm)at higher temperature (630 °C).
Ethane and ethylene againshowed a reciprocal yield pattern but at much lower
concentrations this time (Figure 4.15). The plot of acetic acid and H vyield vs.
temperature in Appendix -3 Figure C10 shows the formation of H» at the same

temperature asacetic acid formation
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Figure 4.15. Acetic acid, ethane and ethylene formation with increasing reactor
temperature over 4% w/w Cu / 5% w/w Zr/Ti oxide prepared by impregnation
method-2 (CQ/CH4 1:1).

The ternary oxide 0f3.6% w/w Fe 5% w/w Zr /Ti showed acetic acidformation at the
lower temperature of 510 °C (Figure 4.16), with maximum concentration of2,500 ppm.
Ethane and ethylene were again formedt the same time, with yields following the
opposite pattern to acetic acid. An unusual feature was that ethylene yields were higher

than ethane yields.
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Figure 4.16. Acetic acid, ethane and ethylene formation with increasing reactor
temperature over 3.6% w/w Fe / 5% w/w Zr/Ti oxide prepared by impregnation
method-2 (CQ/CH4 1:1).
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So, in summary, the already quite high catalytic activity of 5% ZsJiO> (made by
impregnation method (2) can bemodified by the addition of a third metal oxide. Yields
of acetic acid are different for the four catalysts described above. It is very clear that
there is a balance between formation of acetic acid and formation of ethane and
ethylene, and it seems that the third metal affects the relative balance between these
two product types, the carboxylic acid and the alkane/alkene. The Albntaining catalyst
seems to be the catalyst for which this balance is tipped most noticeably towards the

acid.

The TPDNHs data as shown inChapter 2, (Figure 4.17) suggests thathe 2% Al oxide
dopant on ZrQ/TiO 2 has a significanteffect on acidity. The large peak in the desorption
profile at 180-280 °C possibly means that it exhibits a larger concentration of acid sites
than the other catalysts, although they do appear to be relagly weak. It is possible
~St7"17"F —Sf— O™iEfel f..<t ec—Fe f"F etftTit - oS'™ 7% .
reaction.

Furthermore, nitrogen adsorption data show that the Alcontaining catalyst does appear
to retain relatively high porosity in the mesopore region when compared to the
catalysts containing Fe, Co and Cu (Figure 4.18 and Tabl&)4.
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Figure 4.17. NH-TPDprofiles for the ternary oxide catalysts based on 5% Zr/Ti oxide
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Table4.8. Textural properties of ternary oxide catalysts based o&r/Ti oxide prepared
by impregnation method 2.

Catalysts BET surface area Pore Average
m2/g volume pore size
cmd/g nm
TiOz support 56 0.14 10
5% w/w Zr/Ti oxides 29 0.18 21
2.0% w/w Al, 5% w/w Zr /Ti oxides 24 0.20 33
3.6% wiw Fe, 5% w/w Zr /Ti oxides 11 0.10 36
3.4% w/w Co, 5% w/w Zr /Ti oxides 5 0.05 46
4.0% w/w Cu, 5% w/w Zr [Ti oxides 4 0.06 51
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Zr/Ti oxide
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oxides
3.6% w/w Fe, 5% w/w Zr [Ti
oxides
2.0% wiw Al, 5% w/w Zr [Ti
oxides

—4.0% w/w Cu, 5% w/w Zr [Ti
oxides

Figure 4.18. BJHpore volume distribution curves from nitrogen adsorption/desorption
isotherms for ternary oxide catalysts based ob% Zr/Ti oxide .

Table 4.9 lists the activities of the four ternary oxides catalysts compared with binary

oxide Zr/Ti catalyst, all prepared by the same impregnation method.2

Although not shown in the earlier data, it is worth saying that overall methane

conversion over theternary oxides catalysts wasin the range36% 84%, whichwas a

much higher methane conversionthan that over the binary oxide catalyst of 5% Zr/Ti.

And, as discussed above, acetic acid yields were broadly similar for thenlary and the

ternary catalysts.This means that the ternary catalysts were particularly active towards

alternative reactions, particularly dry reforming of methane.
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The most important comparison between 5% Zr@QTiO2 and the same catalyst with
added Al, Cu, Co and Fe, is shown in Figure 4.19, where the dramatic differences in
acetic acid yields are visible. The observation that the ADs/ ZrO2/TiO catalyst is the
most active must be sen alongside the observations that 1) selectivity to acetic acid
over sum of ethane and ethylene is also very high and 2) the catalyst is also very active
towards dry reforming of methane. The important properties of this catalyst that result

in this activity profile have not been clearly identified but it seemgossiblethat they are

related to surface acidity, combined with the surface area/porosiy chakderistics.

Acetic acid yield vs. temperature reaction profile
9000
8000 —2% w/w Cu, 5% w/w Zr [Ti
oxides

7000
c \ e 206 w/w Al, 5% w/w Zr [Ti
S 6000 \ oxides
§ S000 \ —— 2% wiw Fe, 5% wiw Zr /Ti
E 4000 \ oxides
c
§ 3000 2% wiw Co, 5% wiw Zr /Ti
S 2000 Vo \\’: oxides

1000 / S \/

0 /
450 550 650 750
Temp.°C

Figure 4.19. Acetic acid formationwith increasing reactor temperature from ternary
oxide catalysts based on Zr/Ti oxide (C£CH; 1:1).
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Table4.9. Activities of ternary oxide catalysts based on Zr/Ti catalyst prepared by impregnation method® (CQ/CHas 1:1).

(standard gasesalibrated at confident level 95%)

Catalyst fTemp. Ratio of Acetic
or max. i i
and Gas acetic CQ | CQ | CH | CH T pcetic acetic Hz Conv.* | Conv.* Acetic ethane Ethylene H2 acid
. feed . : Ethane | Ethylene acid / acid -
preparation ratio acid acid atT, atT ethane + at CQat | Methane selec.** selec.** selec.** | selec.** | yield
method ield at Tmax mex mex Tmax Tmax at Tmax ’ at Tmax at Tmax at Tmax at
yT in | out | in | out ethylene at Tmax -
°C % % % % % % % - % % % % % % % %
5% CQ50%,
210/ TiO CHL 50% 610 505 | 46.3 | 49.5 | 459 | 054 0.040 0.022 8.7 0.4 2.61 7.23 15.1 11 0.6 10.3 1.09
Impreg2®
AlOs/5%Zr | CQ50%,
44.4 | 46. . . . . . . . . . . . . . .
00/ TiOs CH 50% 614 6.3 | 556 | 353 | 087 0.070 0.040 7.9 175 8.31 36.51 4.3 0.3 0.2 8.6 1.56
Co0O/5% CQ 50%,
) 50.8 | 40.1 | 49.2 | 30.2 2 . . 2. 21 2.7 .62 1. . . . .
2104/ TiOs CH 50% 610 0.25 0.056 0.046 5 9 32.70 38.6 3 0.3 0.2 115 0.51
CuO/5% CQ 50%,
50 35 50 8 . . . . . . . . . . . .
2104 TiOs CH 50% 650 0.34 0.06 0.06 34.0 0.34 29.42 84.00 0.8 0.01 0.01 0.8 0.68
FeO/5% CQ50%,
51.7 | 42.2 | 48.3 | 241 . . . . . . . . . . . .
2104/ TiOs CH 50% 600 0.25 0.008 0.005 19.2 2.46 16.44 50.10 1.0 0.03 0.02 10.1 0.52

(i): Impregnated method-2, * Conv. =Conversion *selec. =selectivity
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4.3.3 Effect of CO/CH 4 ratios

The effect of gas ratio of C£and CH was studied by using the binary oxide 5% w/w
Zr/ Ti catalyst prepared by impregnaton method-2. The aim of the study wado

optimise the CQ/CHa ratio for acetic acid formation.

The summary of the activity test results for three gas ratios are shown in Figure 4.20.
The activity test ofgas ratio CQ/CH4 1:9 formulates acetic acidat 620 °C with abroad

peakfrom 620 °Cto 800 °Cand maximumacetic acidconcentration of 1,600 ppm.

The gas ratioCQ/CHs 1:1 showedacetic acid was made alower temperature, starting
at 588 °C with a broad peak andigher acetic acidconcentration (5,400 ppm). The gas
ratio CQ/CHa4 9:1 showed the highest concentration of acetic acidof 9,300 ppm and the

formation started at 670 °C.

10000 . .
9000 === CQ90%, methane 10% P
8000 - CQ 50%, methane 50% / \ CQ/CH, 9:1

7000 | \
£ [\
S 6000 \
5 5000 calch 11|/ \
c
S 4000
o COJ/CH, 1:9 \
3000 N
2000 l ™N
\
1000 = e
0 L 1
500.0 550.0 600.0 650.0 700.0 750.0 800.0
Temp.oC

Figure 4.20. Overlay plot of acetic acigields atthree different gas ratios of C@and CH

over 5% w/w Zr/Ti oxide prepared by impregnation method-2.

Ethane and ethylene yields largely followed the acetic acid yields as shown in Tabl&Gl.
and in Appendix -3 Figures C11 and C12. That suggestedthe concentration of methyl

surface speciesmade from methanewas affected by the C@methane ratiosin the same
way as acetic acid yield The yield of acetic acid was increased wén the CQ/CH4 gas

ratio was decreased(in Table 4.10).
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Table 410. Activities of Zr/Ti oxide catalystusing different gas ratios of CQ to CHs.

(standard gasesalibrated at confident level 95%)

Temp. i
Catalyst formax. | cq | ca | cH | ch cetc. Acetic Acetic
and Gas feed| gcetic Acetic h hvl id/ Hz Conv.* | Conv.* id ethane Ethylene Ha acid
reparation ratio id acid Ethane | Ethylene |~ aci at CQat | Methane act selec.** selec.** | selec.** | yield
P method a-Cl|d atT, atTrax | &lTrax | €thane +) o T atT, selec. atT, atT, atT, at
Y_I'_iax in | out | in out ethylene at Tmax Tou
°C % % % % % % % - % % % % % % % %
5%
- CQICHa
ZrQ/ Tig 19 641 96 | 42 | 904 | 874 | 0.16 0.025 0.003 32,0 2.10 58.95 3.32 5.3 0.1 0.1 70.0 0.18
Impreg2® :
3% CQ/CH
ZrQ/ Ti 11 ! 610 50.5 | 48.6 | 495 | 459 | 054 0.040 0.022 8.7 0.37 2.61 7.23 151 11 0.6 10.3 1.09
Impreg2® :
2% CQ/CH
ZrQ/ Tig 91 ! 714 89.6 | 784 | 104 | 4.4 093 0.0750 0.011 10.8 0.064 | 12.79 57.69 15.5 13 0.2 1.1 8.94
Impreg2® :

(i): Impregnated method-2, * Corv. =Conversion *$elec. —selectivity
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4.3.4 Direct reaction of CO with ethane and propane

The direct reaction wasextended tostudy the CQ insertion in ethane and propane The
activity test was conducted a one catalyst, the binary5% Zr/Ti oxide mixture prepared

by impregnation method-2.

It was anticipated thatCQ would react with ethaneto produce propanoic acid (CH3CH-
COOH as shown in equation (4.5). However, no propanoic acid was detected at any
reaction temperature with a CQ/ethane mixture in the ratio 1:1 (Appendix -3, Figure
C15). Instead, acetic acid was formed as shown in Figure 4.21, at up to 2000 ppm. In
addition, methane ad H. at high concentrations (15000 ppm) were detected
[Appendix -3 (Figure CH)] indicating that cracking ofthe GC bond ofethane was a

major process over this catalyst.
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Figure 4.21 Acetic acid from theactivity test reaction between CQand ethane
(CQl/ethane ratio 1:1).

When propane was used withCQ (CQG:propane = 1:1), the direct product of CQ
insertion in propane, butanoic acid(CH:CHCH-COOH, was not detected Appendix -3
Figure CB). However, acetic acid and propanoic acidiere detected (Figure 4.22).
Acetic acid formation peaked at only 50@Cand 1700 ppm, and propanoic aa formed
at higher temperature, peaking at 685°C, but ata very low concentration, 44 ppm
(Figure 4.23).
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Figure 4.22. Acetic acidconcentration vs temperature from the reaction between CQ

and propane (CQ/propane 1:1).
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Figure 4.23. Propanoic acid(CHsCHOOOH) concentration vs temperature from the

reaction between CQ@and propane (CQ/propane 1:1).

This data is summarised inTable4.11. In Figure 4.24the concentration of acetic acid vs
temperature is shown for the three starting alkanes with C¢) methane, ethane and
propane. The trend is clear, with acetic acid forming at lower temperature as the chain
length of the hydrocarbon is increased. If, aseems certain, acetic acid is formed by a
radical mechanism in which methylsurface speciesare active on the catalyst surface,
this implies that the formation of methyl surface species from C-C bond breaking
becomes easier as the precursor chain lengtls increased compared to simply GH

bond breaking.
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The cracking process that is required to produce methysurface speciesfrom ethane
and propane evidently occurs readily and, unfortunately, selectivity to the cracking
products methane and hydrogen isvery high for the ZrQ/TiO> catalyst, and the
alternative product that could arise from the cracking products, acetic acid, is formed in

very low concentration Table 4.11 tabulates theacetic acid yield from ethane and

propane.

Direct reaction of CQ

Concentration, ppm

6000

= CQ - Propane Ac#icacid 610°C
5000 | === CGQ - Ethane from methane

— CQ - Methane \/ \
4000

Acetic acid Acetic acid \
3000 from propane from ethane
550°C
o/
2000 420°C \
1000 /
0 -
350 400 450 500 550 600 650
Temp.°C

Figure 4.24. Acetic acid formation profile from reaction of Cewith methane, ethane,

and propane
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Table 4.11. Performance of the activity test of C&reaction with each of methane, ethane, propane, ethylene and acetylene on binary

oxide of 5% Zr/Ti, (standard gase<alibrated at confident level 95%)

Catalyst fTemp. HC HC Ratio of

ormax. | C C as as i i ;
and g:j acetic ° ° fged fged Acetic Ethane | Ethylene ggiezjtl;: Ho Conv.* |- Conv.” A;:igc ethane Ethylene He A;SSC
preparation ratio acid acid Al atT ethane + at CQat | Methane selec. selec.** selec.** | selec.** ield

method ield . . at Tmax e max Tmax Tmax at Tmax ’ at Tmax at Tmax at Tmax M
yT in | out in out ethylene at Tmax at Tmax
max
°C % % % % % % % - % % % % % % % %

5%
Z10y/ TiOs ;glhane 610 | 499 | 486 | 495 | 459 | 054 | 004 | 0.022 8.7 037 | 261 7.23 15.1 1.1 06 103 11
Impreg2® | |/
5%
ZrQ,/ Tin ;ﬁ;ne 550 50.5 | 43.7 49.6 44.0 0.20 ND ** ND ** ND ** 1.56 13.47 11.29 3.6 ND ** ND ** 27.8 0.4
Impreg2® | |
5%
Zt0 TiO, ;3’) e | 420 | 503|497 | 497 | 494 | 017 | ND®| ND* | ND* | 013 | 119 0.60 56.7 ND ** ND* | 433 0.3
Impreg2® | |
5%
ZrQ,/ TiOz :t(tiilene 560 50.4 | 43.0 49.6 41.9 0.30 ND ** ND ** ND ** 40.0 14.68 15.52 3.9 ND ** ND ** 51.9 0.6
Impreg2” | |
5%
ZrQ,/ TiO2 gccgylen 624 90.7 % 9.3 % 0.30 ND ** ND ** ND ** ND ** ND ** ND ** ND ** ND ** ND ** ND ** ND **
Impreg2® | oy % 1

(i): Impregnated method-2, * Conv. =Conversion *selec. =selectivity ***ND =not determined
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4.3.5 Thedirect reaction of CO with alkenesand alkyne s

The direct reaction of CQ with ethylene and acetylene were studieaver the 5% Zr/Ti

binary oxide catalyst prepared by impregnaton method-2, [16] anticipating the direct
insertion products, acrylic acid (CH=CHC®@H) from ethylene and propiolic acid
(CH GCOOH) from acetylene.

The CQ reaction with ethylene showed traces of acrylic acid but propiolic acid was
formed at higher concentration 60 ppm). Reaction occurred atthe relatively low
temperatures of 175-425 oC (Figure 4.25). The main insertion product was acetic acid
(3000 ppm). This formed at higher temperature than acrylic acid but, significantly, ata
lower temperature than acetic acid was formed with the other starting materials,
methane and even ethane(Figure 4.26). The temperature profile of acetic acid

formation from ethylene was much broader than with the alkanes.

60
d

Propiolic ac
50 <

. N/AaY
. NAY
AN \
) /, \ Acrylic acid

~ -

0.=—

100 200 300 400 500 600

Concn., ppm

Temp.°C

Figure 4.25. Concentrations of acrylic and propiolic acids véeemperature for reaction
of CQ with ethylene (CQ/ethylene 1:1).
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3500
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£ 2500 Acetic acid
o
£ 2000 —/ \
® 1500
g / \
g 1000
S 500 ,/ \
© Q == 1/ \
100 200 300 400 500 600 700
Temp.°C

Figure 4.26. Acetic acidconcentration vstemperature from direct reaction of CQ with
ethylene (CQ/ ethylene 1:1).

The reaction of acetylenewith CQ also formed propiolic acid, at higher concentration

than with ethylene (1300 ppmvs 50 ppm). Reaction occurredrom 350 °Cto 550 °Cas

shown in Figure 4.27.

Propiolic acid is a product of CQ insertion to acetylene after losing anH atom. The

results here are consistent with those of Zhang et al. 221 who proposed the direct

reaction between acetylene with Cg) viaG-H bond activation

As with ethylene, acetic acid was also detected as a product of C@ insertion in

acetylene,below 400 °C,with yield increasing above this temperature, to 3000 ppnas

shown in Figure 4.26.

3500
3000 /)
2500 Acetic acid /
§ 2000 ~/
o
S 1500 Propiolic /
2 Acid Ve
S 1000 > \_/
- X
500 -
0 é \*
200 300 400 500 600
Temp.°C

Figure 4.27. Productsfrom direct reaction of CQ with acetylene (CQ/acetylene 9:1).
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A summary of the results of C@insertion into ethylene and acetylene is given in Table
4.11. What is not showrhere is the evidence for substantial dry reforming that went on
alongside the insertion reactions. This dry reforming reaction is known to be very
much more thermodynamically favourable for acetylene than for ethylene, and for
ethylene than ethane in thepresence of C@(Figure 4.29). In fact, the temperatures at
which the Gibbs Free Energy change for the dry reforming reaction become negative are
about 150°C for acetylene, 450C for ethylene and 55@C for ethane.

An explanation for the formation ofthe smaller carboxylic acids than were expected
from G and larger hydrocarbons might be that theZr/Ti catalyst assists GC bond
breaking of, for instance,ethylene and acetyleneMethylene andpossibly methylidyne
surface species CH* and CH* are probably the result of bond activation onthe catalyst
surface.On the other hand, theformation of propiolic acid must be linked to GH bond

activation on ethylene and acetylene priorto direct reaction with CQ.

3500 . . .
= CQ-Ethane acetic acid from
| c—— +] (l y)
3000 == CQ - Ethylene etnyier
2500 == CQ-Acetylene : :
acetic acid
2000 from-ethane /

acetic acidfrom N \ \

1000 cu,ct'y"ci"lc /
500 ;
0 J —

200 300 400 500 600 700
Temp.°C

Concentration, ppm

-
1500 | “\/ /AA \

N/

//

f/

Figure 4.28. Acetic acid formation fom different activity test of CQ with ethane,

ethylene and acetylene

170



Chapter 4 Direct reaction of CQ
> 300
o 250 e Dry reforming of
o 200 ethane
o 150
q_é 100 = Dry reforming of
e 50 ethylene
O
0
-50 DO Dry reforming of
-100 acetylene
-150
Temp.°C

Figure 4.29. The Gibbs Free Energy Change associated witty reforming of ethane,

ethylene and acetyleners. reaction temperature

4.3.6 Catalytic stability

The aim of the study was to investigate the stability of Zr/Ti oxide catalystprepared by

impregnation method-216] to form acetic acid from C®@ and methane at 620°C, and

from CQ and propane at 390°C.

Figures 4.304.32 show the product yields of the O, reaction with CHs over time. The

initial rise in product peaks in the figures corresponds to the reactor reaching the

reaction temperature of 620°C. Although acetic acid is formed in high yield (8200 ppm)

initially, it rapidly falls off after 2-3 hours. Ethylene is produced in parallel with acetic

acid. CO is formed as acetic acid yield decreases, but CO yield also decreases eventually.

A possible explanation is that a & bond breaking process occurs on the catalyst

surface, providing methyl surface speciesand hydrogen atoms, which go on to react

with CO; to produce acetic acid. There is some reaction betwegpairs of methyl

surface species or between methyl surface speciesand methane to produce ethylene.

However, it seems likely that tle reverse water gas shift reaction takes over from these

processes quite quickly(as shown in Figure 4.3, with the hydrogen reacting directly

with CO, to produce water and COalthough it is not clear why. Whatever the exact

mechanism is for this sequace of processes, it is clear that catalyst stability is relatively

low for the surface species-based reactions that are proposed.
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10000 700 . .
. 650 Acetic acid
8000 /r L 600 ethylene
56000 e 550 ~===-Temp. oC
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Figure 4.30.Catalytic stability test of 5% w/w Zr/Ti oxide catalyst at 620°C (CQ/CHa4

1:1).
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Figure 4.31. Zoom in plot of concentration between-800 ppm of the @talytic stability
test of 5% w/w Zr/Ti oxide catalyst at 620°C (CQ/CHa4 1:1).
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Figure 4.32.Catalytic stability test of 5% w/w Zr/Ti oxide catalyst at 620°C (CQ/CHa4
ratio 1:1).
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The results for the second reaction, that of GQvith propane are shown in Figure 4.33.
Again, the reactor temperature of 390 °C wasselected due to substantial acetic acid
yield, after the experiment began, at about 4 h on the figure. Acetic acid wasred

(480 ppm) but, as before, fell away quite quickly.

In this experiment, the catalyst was regenerated with air at 700°C after about 19 h
(data collection was stopped ad re-started). Significantly, anly a very limited recovery
in acetic acid yieldwas seen after this step (yield 2660 ppm) which may well be within

experimental error given the disturbance to the system

To explain the loss in activity is difficult. Results given i€hapter 2 for the powder X-
ray diffraction patterns for the Zr/Ti oxide catalysts showed that the Xay patterns
were effectively the same before and after this reaction, in which reflections from
anatase were dominant. A slight fall in crystallite size was detected (253 nm to 230 nm

Table 4.13) through slight line bradening but this is unlikely to be significant.

It is not clear why the catalyst deactivates as it does. There is no change in catalyst
structure as the catalyst is used, and the fact that high temperature air treatment at 700
°C has no effect signifie that coking is not the reason.Nevertheless, since no structural
changes were detected on the catalyst, it seems likely that catalyst poisoning, perhaps

by reaction products is responsible, and that removing the poison is difficult.

600 500
480 ppm Acetic acid
500 450
------ Temp. oC
400 O S e I B 400
S /
g 300 / re-generatedby air 350 O
c J/ (700°C) 5
o /
S 200 | \ 300 ©
O / =
]
!
100 7oppm N 45 ppm 250
0 200
0 6 11 17 22 27 33 38 43

Time, h

Figure 4.33. Acetic acid yield from theatalytic stability test of 5% w/w Zr/Ti oxide
catalyst atreaction temperature 390 °C (CQ/propane ratio 1:1)
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Table 4.13. Anatase crystallite size of binary oxides Zr/Ti after the stability test.

Catalyst Crystall ite size (A)
Binary oxides Zr/Ti (fresh) 253
Binary oxides Zr/T_i after catalyst stability of 231
CQ/propane reaction at 390°C
Binary oxides Zr/Ti after catalyst stability of 295

CQ/methane reaction at 620°C

4.3.7 Hydrogen -temperature programmed reduction (H »-

IPR)

The oxidation state of the catalysts was studied relatively late in the project and the
results of this are presented here and not alongside the other characterisation data
which is presented in chapter 2. Figures 4.34 and 4.35 show H temperature
programmed reduction profiles of pure Zr& and pure TiQ used as reference. The
amount of K consumption is tabulated in Table4.14. It is clear that pure TiQ used as
support shows two reduction peaks. The fax peak at 606820 °C might be atributed to
reduction of Ti*+ to Ti3* and the Tmax peak >820°C might be attributed to further
reduction of Ti3*23]. At the Tmax 600-820 °C,H> uptake by Ti issignificantly lower than
amount Ti presence in sampletherefore it could mean only the external Ti atom in

particle would reduce.

The pure ZrQ shows a lower reduction temperature than TiQ as two broad peaks at
Tmax Of 508 °C and 800°C. The data suggests that reduction of ZsQvas relatively
difficult or that only a small proportion of the oxide could be reduced becausH>

consumption was low.

Table4.14. H uptake of single oxide of Zr@and TiQ

Sample Method of preparation H> uptake Tmax (°C)
mmol -1g STP
VA(®)) commercially available 0.05 508
TiO2 Commercially available 1.4 784

* Hp uptake at the peak of fhax 784 °C
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Figure 4.34. H-TPR profile of pure TiQ Figure 4.35. H-TPR profile of pure ZrQ

support

Different ratios of mixed oxide of ZfTi prepared by co-precipitation methods 1, 2, 3 and
4 were tested by H-TPR. The result show very little reduction as seen in Figurés36
and 4.37. The catalysts of Zr/Ti oxide prepared in 1:1 ratio by the cprecipitation
methods also shows little redwction, implying very stable mixed oxides, similar to the
observation by Rajuet al.[24] and Raoet all?5l, Table4.15 shows data for a range of
mixture compositions. B consumption is generally low but, significantly, catalysts

made by coeprecipitation methods 2 and 3 show much high Huptake than the others.

Table4.15. H uptake by binary oxide Zr Ti oxide catalysts prepared by the ce

precipitation route.

Sample Meth od of preparation H2 uptake
mmol -1g STP
2% wiw Ti/Zr oxide co-precipitation method -1 0.08
8% wi/w Ti to Zr oxide co-precipitation method -1 0.12
17% w/w Ti to Zr oxide | co-precipitation method -1 0.02
68% w/w Ti to Zr oxide | co-precipitation method -1 0.12
11% w/w Zr/Ti oxide co-precipitation method -1 0.08
45% wiw Zr/Ti oxide co-precipitation method -1 0.07
1:1 w/w Ti to Zr oxide co-precipitation method -1 0.09
1:1 w/w Ti to Zr oxide co-precipitation method -2 0.28
1.1 w/w Ti to Zr oxide co-precipitation method -3 0.31
1:1 w/w Ti to Zr oxide co-precipitation method -4 0.10

175




Chapter 4 Direct reaction of CQ

o= o e = 206 Ti-Zr (M-1) o o o= = 80 Ti-Zr (M-1) = o= = = 17% Ti-Zr (M-1)
= = = = 68% Ti-Zr (M-1) - o e 450% Zr-Ti (M-1) = o e 11% Zr-Ti (M-1)
- == w=e1:1ZrTi (M-2) === 1:1ZrTi (M-1)
S 0.162
S 016
< 0.158
S 0.156
»n 0.154
n 0152
O 0.15
" 0148 —
2 0.146 = aw ~—
2 0144 e P | [ ~w==
% 0.142
= 200 300 400 500 600 700 800 900
Temperature ( °C)

Figure 4.36. H-TPR of ceprecipitation method -1 binary oxide catalysts of ZfTi.
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Figure 4.37. Hb-TPR of four ceprecipitation methods of binary oxide of Z¥Ti.

The binary Zr/Ti oxide catalystsmade by impregnation methods 1, 2 and 3 show more
extensive reduction compared to the catalysts made by qarecipitation methods (Table
4.16). The differentresults for catalysts in which ZrQ is supported on TiQ made by the
different impregnation methods possibly suggests that the form of the zirconium oxide
differs, depending onthe preparative method. It is possible that different Zr metal
oxide species gow on TiOz and this may account for differences in dax (for the Ti4* to
Ti3+ process) as shown in Figuret.38. The Ho-TPRanalysis of the samples, ashown in
Figure 4.39, clearly reveals the effect of the different Zaddition methods on the

reduction temperature of the TiQ.
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There are clear differences of K uptake between catalysts prepared by the
impregnation and coprecipitation methods. The H uptake and therefore extent of
reduction of Zr/Ti oxides prepared by impregnation methods is much higher than for
the Zr/Ti oxides prepared by coprecipitation. That may possibly be related to the lower
activities of catalystsprepared by the coprecipitation routes. It is possiblehere that the
Zr addition by co-precipitation did not result in the generation of reducible and active Ti

sites under hydrogen atmosphere.

The materials prepared by the impregnation methods 1, 2 and ®xhibited a hydrogen
reductive behaviaur, as noted by theirhigher hydrogen uptake (over 5% Zr/Ti), also
showed significant GH bond activation of methane and reaction with COOn the other
hand, catalysts made by ceprecipitation methods that exhibited poor reductive

behaviour alsoshowed poor GH activation.

Table4.16. H computation measured by H-TPRof three impregnation methods of 5%

Zr/Ti oxide
Catalyst Method of preparation H> uptake * Tmax
Sample mmol -1g STP (°C)
TiO2 Support 1.40 784
5% ZrG-TiO2 | Impregnation Method-2, precursor made 0.65 714
via wetness by water
5% ZrG-TiO2 | Impregnation Method-1, precursor made 1.26 760
via diluted nitric acid
5% ZrG-TiO2 | Impregnation Method-3, precursor made 0.80 688
via ammonia solution

* H, uptake at the peak of Thax
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Figure 4.38. H-TPR of three impregnation methods of 5% Zr/Ti oxide show different
bulk reduction profiles
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Figure 4.39. Overall B-TPR plot of impregnation methods of 5% Zr/Ti oxide and
reference samples of Zr@and TiQ

4.3.8 Competing reactions

In further work, the product yields from reactionrs were measured at reactor

temperatures of 300 to 700°C. This section is included to clarify the nature of

competing reactions, and the following is largely based on the results from one of the

catalysts 5% Zr/Ti oxide prepared by impregnation method. The idea was o study

competing reactions such asthe reverse water gas shift (RWGS) reactioover 5% Zr/Ti

oxide catalyst. These experiments were performed with methane, ethane and propane

in the presence of C® The poduct yields are shown in Tablegl.17, 4.18 and 4.19.
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The reaction of CQ and methanewas tested usingZr/Ti oxide catalyst prepared by the
impregnation method-1[151 which showed low temperature of GH bond activation of
methane in presence of CO It can be seen from Tabld.17 and Figure 4.40that H2 and
COformation started at 490 °C, indicating GH and GO bond breaking from methane
and CQto form CO and Hby dry reforming (eq. 418).

Dry reforming reaction: CH, + CQ A2CO + 2H(eq. 418)

This reaction would lead to equal amounts of CO anclHut Table 4.17 shows that CO is
always in excess. This may be explainedtife hydrogen produced is going on to react
with CQ in the RWGS reactiorfeq. 419) as follows.

RWGS reaction: CQ+ H AH20 + CJeq. 419)

The ratio of CO to Hifalls a little as the temperature is increased An explanation for
this might be an increaserelative rate of dry reforming. At temperatures from 550 to
580 °oC acetic acid(equation 4.20) is formed (Figure 4.5). The yield of CO and H
increasead as the reactor temperature was increased further.This implies that both the
dry reforming reaction and the RWGS reactionoccur more extensively as the

temperature is increased

Acetic acid formation CH + CQ AECHCOOHeq. 4.20)

60
50
40

30 / —CO
2 /

= Hydrogen

Yield %

0
490 540 590 640 690 740
Temp.°C

Figure 4.40. Yield of CO and-Hrom the activity test of CQ with CHa
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Table 4.17. Product yields for reaction betweenof CQ with methane (ratio 1:1) over 5%

Zr/Ti oxide prepared by impregnation (standard gasesalibrated at confident level

95%)).
C C , , Yield of
Tempecrature Conv|e—l:sion Convgsion He ())celd COOer|d Acetic acid | O/
o % % 0 % (QMS)** % ratio
300 0.00 0.00 0.00 0.00 0 0
400 0.00 0.00 0.00 0.00 0 0
430 0.00 0.00 0.00 0.00 0 0
460 0.00 0.00 0.00 0.00 0 0
490 0.10 0.10 0.02 0.34 0 17.0
520 0.32 0.26 0.05 0.56 0.01 11.2
550 0.65 0.28 0.07 0.79 0.08 11.3
565 2.35 1.69 0.08 0.95 0.08 11.3
580 4.00 3.20 0.25 0.95 0.07 3.8
595 4.04 4.26 0.89 5.81 0.07 6.5
610 3.50 6.12 0.78 8.10 0.06 10.4
612 3.76 7.38 1.09 10.07 0.06 9.3
620 4.52 9.22 1.45 12.56 0.06 8.7
640 5.19 10.94 1.79 15.03 0.05 8.4
650 6.07 12.80 2.42 17.89 0.04 7.4
660 5.54 11.86 1.87 16.39 0.04 8.8
685 9.00 17.89 3.91 25.61 0.03 6.6
715 14.30 25.62 6.48 34.62 0.02 5.3
745 20.17 34.13 10.23 46.19 0.02 4.5
750 241 39.5 13.23 53.10 0.02 4.0

** Acetic acid concentration obtained from Figure 4.5 (impregnation methoell)

Table 4.18 and Figure 4.41 showthe products of the ethane and C® reaction over
binary 5% Zr/Ti oxide catalyst prepared by impregnation method1 as the reaction
temperature is progressively increased as in the experiments described abovéhe first
thing to note is that reactionstarts at 400 °C, asignificantly lower temperature than that
at which reaction started with methane.Hydrogen, carbon monoxideand ethylene are
formed. Ethane dehydrogenationmay be occurring(eq. 4.21) followed by RWGS(see
equation4.19).

Ethane dehydrogenation: GHs A£GHs + H (eq. 4.21)
RWGS: CQ+ H AHO + CO(eq.4.19)

At 450 °C, methane wasalso detected, implying someC-C bond breakingfollowed by
hydrogenation of the methyl surface speciesto form methane gasas shown in equation

(4.22). CO is in large excess to start with but then the relative yield falls back as the
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temperature is increased, Other trends are difficult to identify as there are fluctuations
in the yields of all products as temperature is increased that may not be signifita At
around 475 °C acetic acid is detected, again with yield increasing with temperatutaut
falling above 600°C (equation 4.23). The fact that the acetic acid yield does not appear
to increase at the expense of methane yield suggests that acetic asigrobably made as

a direct product of reaction between C@and ethane.

Partial ethane cracking to methane

in presence of C@ GHe + CQ ACH, +2CO + H(eq. 4.2)

Formation of acetic acid from
partial ethane breaking at presence GHs +2CQ ACHCOOH + 2CO +:teq. 4.23)

of CQ:

Acetic acid yeld is higher thanmethane yield at 450-475 °C. But the yield of methane
increasedover 500-625 °C. This suggests that € bond breaking is occurring and the
resultant surface speciesare reacting with hydrogen to form methane rather than acetic
acid. At higher reaction temperature, e dry reforming of ethane increasedequation
4.24). However, the CO/H ratio is low, possibly indicative of theof water gas shift

reaction (WGS)(equation 4.25)which consumes CO angroducesHo.
Dry reforming of ethane GHs + 2CQ AACO + 3H(eq. 4.24)

Water gas shift (WGS) CO + HO A£CQ + H:(eq. 4.25)

Table4.18. Product yields for reaction between of C&with ethane (ratio 1:1) over 5%

Zr/Ti oxide (standard gase<alibrated at confident level 95%)

Temperature | Ethane | CQ | Methane | Ethylene | H> CO | Acetic acid** | CO/
oC conv* | conv* | Yield % Yield Yield | Yield | (detected by H>
% % % % % QMS) Yield | vyield
%

250 0.00 0.00 0.00 0.00 0.00 | 0.00 0 0.0
350 0.00 0.00 0.00 0.00 0.00 | 0.00 0 0.0
400 2.77 1.19 0.00 0.06 0.03 | 0.68 0 20.7
450 3.58 2.08 0.04 0.58 0.29 | 1.37 0.18 4.7
475 3.89 1.61 0.12 0.48 0.29 | 1.75 0.36 6.0
500 7.4 10.9 1.72 0.52 3.79 | 10.9 0.51 2.9
575 13.8 14.2 1.65 0.75 5.66 | 16.4 0.50 2.9
600 17.2 14.4 2.27 0.92 5.30 | 9.60 0.51 1.8
625 33.7 11.4 6.18 1.19 12.9 | 5.04 0.39 0.4
650 50.6 12.5 14.7 1.22 21.3 | 2.18 0.24 0.1

* Conversion *5% Zr/Ti oxide catalyst was made by impregnation method2 from Figure 4.21
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Figure 4.41. Yield ofCQ Hz, methane and ethylendrom the activity test of CQ
with ethane

Table 419 and Figure 4.42 showthe products of the propane and C@reaction over
binary 5% Zr/Ti oxide catalyst prepared by impregnation methodl as the reaction
temperature is progressively increased as in the experiments described above. The first
thing to note is that reaction starts at 400°C, a significantly lower temperature than that
at which reaction started with hydrogen, carbon monoxide, methane and ethylene are
formed. GC bond breaking may be occurring (eq. 4.26 and 4.27The acetic acid yield
was detected by QMS at 40@50 °C and the possible reaction of breaking propane to the
methyl surface speciesbefore reaction with CQ.

At 475 to 550 °C, the increased yieldof methane, ethane, ethylene, propylene along
with H2 and CO may be explained by further partial bond breaking of propane and £0
In addition, hydrogenation reaction observed as result from methyl and ethysurface

speciesto produce more yield of methame and ethanealso consume H.

Partial propane cracking GHs+2CQ ACHi+4CO +2H  (eq. 4.5)
in presence of C@

Further propane crackingto GHs ACH:+ GHs (eq. 4.27)
methane and ethane
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Table4.19. Product yields for reaction between ofCQ with propane (ratio 1:1) over 5%

Zr/Ti oxide (standard gase<alibrated at confident level 95%)

Acetic
Propane | co Hz co c1 c2 Propylene | acid**
Temp. | Conv* | convt | Yield | Yield | Yield | Yield | EfYIene Yield | (detected | COIe
C % % % % % % Yield % % by QMS) ratio
Yield (%)
400 0.68 3.09 0.23 1.17 0.12 0.00 0.04 0.00 0.30 5.1
450 1.87 3.17 0.42 2.42 0.20 | 0.01 0.04 0.01 0.22 5.8
475 3.18 7.08 1.14 6.46 0.69 | 0.03 0.14 0.01 0.12 5.7
500 8.69 11.83 3.08 | 1434 | 243 0.16 0.72 0.02 0.08 4.7
525 20.78 2255 | 7.18 | 21.73 | 6.23 | 2.31 2.30 0.73 0.07 3.0
550 33.58 29.02 | 1457 | 30.49 | 12.05 | 3.06 3.56 3.05 0.05 2.1

* Conversion, ** 5% Zr/Ti oxide catalyst was made by impregnation method2 from Figure 4.22

40
—CO
] 30 — H,
Z 20 / = Ethylene
-E 10 e — Ethane
0 4# Methane

350 400 450 500 550  —=—Propylene
Temp.°C

Figure 4.2. Yield of COH2, methane, ethane, ethylene and propylerfieom the activity
test of CQ with propane

To summarise the data for this detailed (variable temperature) study of CQeaction
with methane, ethane and propane, the following important conclusions/observations

can be reported.

1. The partial cracking of methane, ethane and propaneto smaller compounds
were detected over Zr/Ti oxide catalyst but each reaction shoved significantly
different yields of by-products. These differences can indicate several things. For
instance, high CO/H ratios indicate an active RWGS reaction orthe catalyst
surface

2. Comparing yields of Cdrom RWGSto acetic acidfrom C-C direct reaction the

RWGSonsumesH2 and CQ higher and it is competing reaction of acetic acid
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4.4 Mechanism of CO direct reaction as awhole molecule

In the work described above in this chapter, e direct reaction of CQ as a whole
molecule was investigated during the reactions of CQ with CHi, GHs, GH4, GH> and

CsHg on binary oxides ofZr/Ti as follow:

4.4.1 Proposed mechanism of direct reaction CO to CH,

Although others have proposed arEley Rideal (E R) mechanismfor the reaction of
CQ with CHs over copper-cobalt catalyst[9-10], The results of the work presented in this
thesis for the reactionwith CQO, with methane over Zr/Ti oxide tend to support the
alternative Langmuir-Hinshelwood model in which both reactants are adsorbed on the
catalyst surface and the ratedeterming reaction step occurs on the catalyst surface.
The following observationsare combined to allow conclusions to be drawn about the

mechanism of the C@insertion reaction.

X Prior to acetic acid formation, C® and CH react on catalyst surface and
produce CO and b

x High yields of CO and of Hnust arise from GO and GH bond breaking steps
as part of the overall reaction mechanism. The fact that CO yields are
invariably considerably higher than H yields might be explained by

involvement of the RWGS reaction which consumesldnd produces CO.

X The appearance of H suggests that €H bond breaking occurs on the catalyst
surface. In turn this implies that methyl or methylenesurface speciesare also
produced on the catalyst surface. This further suggests that thesarface

speciesare responsible for reaction with CQ to produce acetic acid

x Further strong evidence for methyl and methylenesurface speciesformation
on the catalysts is the detection of thane and ethylene which can only

reasonably be formed from dimerisation of suchsurface species

The direct reaction of CQ@ to CH; is provisional mechanism based on theaeaction

observation. The suggested reaction pathwawpf direct reactionis as follow.
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4.4.1.1 CH dissociation
Methane dissociaed?6-271 over catalyst to form intermediate methyl and methylene
surface speciesprior to producing hydrogen gas as follow:
CHi g + * AECH*
CH* + * /ECH**
CH** AECH* + H*
CHs* + * /ECH* + H*
H* + H * /EHp(q) + 2*

(* indicates a surface site or surfacspecies)

4.4.1.2 RWGSreaction

Prior acetic acid formation, CO is formed as result fror@-O bondbreaking in CQ and

reacts with H> made frommethane dissociationas proposed by McGuireet al.[26-27], The
RWGS reaction is proceeds follow:
CQ g +* A£CQ*
CQ* +2H* ECCO + H,O* +*
CO* £COQ() + *
H.O* AEH20 (g)

4.4.1.3 Direct reaction _of CO with methyl surface species followed by

hydrogenation of acetic acid

The direct reaction of methyl surface speciesgenerated from methane reacts with CO,
over catalyst to form acetic acidas follow:

CHs ) + * ECH*

CHy* + * AECH**

CH** AECH* + H*

CQ g +* ACQ*

Ch* + CQ* AECHCOO*+ *
CHCOO* + H*ACHCOOH + *
CHCOOH*A£CHCOOHy) + *
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4.4.1.4 Dimerization of methyl surface speciesto ethane and ethylene
At same temperature of acetic acid formationthe dimerization reaction was observed.

The detectedyield of ethane and ethylene and resu#d from dimerization of methyl and
methylene surface speciesover catalyst as follow:
CH* + ChH* £GHe* +*
GHe* A£GHs () + *
Ch* + Ch* £GHs* +*
GHs* AEGH4 g + *

4.4.2 Direct reaction of a whole molecule CO, with ethane

In the reaction of CQ with ethane, acetic acid was formed and none of the expected
product, propanoic acd was observed The equatiors below show the possible CQ
reaction with methyl surface speciesgenerated fromCG-C bond beaking on Zr/ Ti oxide
catalyst. In addition, the evidence suggests that theeaction followed a Langmuir

Hinshelwood mechanism.

The detection of methane is evidence of € bond breakage. This is almost certainly due
to reforming of the ethane with CQ. It does however provide evidence for methyl or
methylene surface speciesformation on the catalyst surface. The detection of CO is
consistent with this, again forming via C® adsorption on the surface. Thisdry
reforming process occurs at relatively low temperature. Acetic acid is formed at higher
temperature but it would seem likely that it is formed from the same surface&dsorbed
surface species as adsorbed Cg&reacts with adsorbed methylsurface speciesand then

with adsorbed hydrogenfrom ethane. The suggestedeaction pathway is as follow:

4.4.2.1 Ethane dissociation

Ethane dissociaes over the catalyst to produce methane, ethylene and hydrogenTheCG
C and GH bond breaking of ethane leads tdntermediate products of methyl and
methylene surface speciesas follow:

GHe () + * £AGHg*

GHe* + * EGHes**

CoHe** AEGoHs* + H*
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H* + H * /EHp* + *
Hx* AEHz (g +*
GoHs* +* /ECH* + CH*
CHy* + H* /ECHy* + *
CH* ACH; g +*
CH* + CH* /EGHy* + *
CoHa* ECGoHa (g + *

4.4.2.2 Direct reaction of CO with _methyl surface species followed by

hydrogenation of acetic acid:

GHe () + * £GHg*
GHe* + * EGHs**
CGHe** AEGHs* + H*
CHs* +* ECH* + ChH*
CQ g +* £CQ*
CH* + CQ* AECHCOO* + *
CHRCOO* + H*ACHCOOH* + *
CHCOOH* ZECHCOORY) + *

4.4.3 Proposed mechanism of insertion  CQ with ethylene

The reaction of CQ with ethylene and acetylene showed formation of acetic acidand
some propiolic acid. A possible mechanisms as follows. Again, the reaction involves
the adsorption of reactants and the reaction of two adsorbedurface species in the rate

determining step, in line with a LangmuirHinshelwood mechanism.

4.4.3.1 Ethylene dissociation

The ethylene dissociation over catalyst is suggested as follow:
GHa ) + * EGH4*
GH4* + * EGH4**
GHs** AEGHz* + H*
GHs*+ H* ECH* + CH*
Ch* +H* ECH* +*
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H* + H * AEHo* + *
Hz* AEHz2 (g +*

4.4 .3.2 Direct reaction  CO with ethylene surface species followed by

hydrogenation to form propiolic acid

The ethylene dissociats to hydrogen overthe catalyst prior direct reaction with CQ is
suggestedas follow:
CQ @ +* A£CO*

GHa + * AAGHs* + H*

GHs*+ * EGH>* + H*

GHx*+ * EGH* + H*

GH* + CQ* EGHCOO*+ *
GHCOO* + H*£GHCOOH* + *
GHCO®* AEGHCOOHg) + *

4.4.3.3 Direct reaction CO with _methyl surface species followed by

hydrogenation for acetic acid form ation
CH* + CQ* AECHCOO*+ *
CHCOO* + H*Z£CHCOOH + *
CHCOOH* A£CHCOOHt,) + *

4.4.4 Proposed mechanism for reaction of CQ with propane

The reaction of CQ with propane resulted in acetic acid and propanoic acid The

following mechanism based on similar principles to those above, is proposed.

4.4.4.1 Dissociation of propane

CsHs (o) + * AEGsHg*
CaHg* + * AECsHg**
CHe** AEGH7* + H*
CaHr* +* AECH* + GHs*
or GsH7* + * /ECHs* + GHg*
CHp* + H* /ECH* +*
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CH* + H* /ECH*+ *
CHy* ACH g+ *
GoHs* + H* EGHs* + *
CGHe* £GHs g+ *
GoHa* AEGoHa ) + *
H* + H * /EHz* + *
Ha* AEH2 (g) +*

4.4.4.2 Direct _reaction of CO with methyl surface species followed by

hydrogenation to acetic acid
CH* + CQ* ACHCOO* + *
CHCOO* + H*£A£CHCOOH + *
CHCOOH*AECHCOOHg) + *

4.4.4.3 Direct reaction CO with _ethyl surface species followed by hydrogenation

to form propanoic acid

GHs* + CQ* AGHsCO* +*
GHsCQ* + H* £AGHsCOOH + *
GHsCOOH* + H*ECGHsCOOHy) + *

4.5 Conclusions

The reaction between C@and CH shows a clear difference when carried out over
Zr/Ti oxide catalysts prepared by the various routes used here. These differences may
be due to differences in catalyst surface areas and porosities, or may be due to
electronic effects which are revealed through HTPR experiments, which show thathe
binary oxides prepared by theimpregnation routes are easily reduced and this seems to

be associated with highereaction activity of methane with CQ.

The keyobjective of this chapteris to investigate the direct reaction of C&and CH. The

results demonstrate the importance of GH bond breaking of methane allowing

189



Chapter 4 Direct reaction of CQ

adsorption of hydrogen on the catalyst surfaceorior to direct reaction with CQ. The
results suggest that aLangmuir-Hinshelwood model in which the rate-determining
reaction step occus on the catalyst surfacebest explains the resultof direct reaction
of CQ to methane.In the absence of C&the methyl surface speciesdimerise to produce
ethane gas. In contrastin the presence of Cg) aetic acid forms as result of the direct

reaction of CQ with methyl surface speciesfollowed by hydrogenation.

The most active catalystsfor this reaction is TiO> promoted by ZrQ prepared by the
impregnation route. Additional metal dopants (a third metal) lowers the catalytic
activity for acetic acid formation generallyby increasingthe rate of the Reverse Water
Gas Shift eaction and dry reforming reactions, forming CO Degite their good
activities, the Zr/Ti oxide catalysts prepared by thempregnation method suffer from
catalytic adivity loss after a few hours of acetic acidformation, presumably due to

poisoning of active sites

These Zr/Ti oxide catalysts have also proved active for reaction between ¢€énd the
larger alkanes ethane and propane. Howevethe expected simple insertion products,
propanoic and butanoic acidwere not formed in significant amounts but acetic acid is
the main insertion product in both cases. In fact, acetic acid is formed at lower
temperatures from these startng alkanes thanfrom methane. This implies that GC
bond breaking in ethane and propane is more important for direct reaction of COIn
fact, low concentrations of propanoic acid were detected from direct reaction of CQ
with propane (alongside the major, acetic acid, product) indicating thaethyl surface

speciesgenerated from GC bond brealng in propane can go on to react withCQ.

With the alkene, ethylene and alkyne, acetylenehé study suggests that the ZiTi oxide
catalysts favour GH bond activation with both reactants, which then allows CQ
insertion to synthesise propiolic acid. Secondly, acetic acid is formed from both
reactants, suggestingC-C bondfission and formation of methyl surface specieswhich

canreact with CQ to form acetic acid.

It should be noted that, in all cases, the Reverse Water Gas Shift (RWGS) reaction

competes with the CQinsertion reactions and a vital property of any catalyst developed
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for these insertion reactions is the extat to which it is selective for insertion over the

RWGS process. Overall, the Zr/Ti oxide catalyst identified in this work as the most

active also shows relatively high selectivity for C&insertion. Finally, the concept level

of the study demonstratesthat three carboxylic acidscan be produced from direct

insertion of CQ into small alkanes, alkenes and alkynes, using new Zr/Ti oxide

catalysts. Key to these reactions is a radical mechanism that generates hydrogen that is

dissociatively adsorbed on thecatalyst surface in a highly reactive form
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5.1 Conclusions

In this work, the total of eight co-precipitation and impregnation methodswere usedto
synthesise binary Zr/Ti oxide catalysts for CQ utili sation and reaction The catalysts
were shown to exhibit similar levels of surface acidity and relatively low surface areas.
However, the catalysts prepared bythe impregnation methods showed significantly
higher pore volumes in themesopore rangeand easily reducedasrevealed through H-
TPRthan the catalysts prepared bythe co-precipitation method. The overall conclusions

of this research relative to the objectives stated in chapter 1 are as follows.

5.1.1 Dehydrogenation of propane by CO>

The first study in this thesiswas of propane dehydrogenationto propene using CQ over
Zr/Ti oxide catalysts. The propane dehydrogenation is thermodynamically limited and
the study emphasizedthe role of a radical mechanism on the catalyssurface which,
presumably, involves surface concentrations high enough to compensate for the
unfavourable equilibrium constants controlling the reaction The results showed that
with high CQ to propane ratios (5:1 and 15:1) propene yields and reactionedectivities
comparable to those achieved with the industrial chromium based catalystvere
possible. The results clearly demonstrate therole of the Zr/Ti oxide catalysts in
promoting GH bond dissociation and loss of b so that hydrogen atoms are formed on
the catalyst surface,and the essential ole of CQ in removing hydrogen from the
catalyst surfaceby the reverse water gas shift reaction It is clear that these rixed
metal oxide catalysts are selective to-€l bond dssociation over CC bond dissociation,

witnessed by the selectivity exhibited to propene formation over ethene.

Although most of the work has been based on binary Zr/Ti oxide catalysts, parts of the
study are based on other metal oxides. Howevelhé most active catalysts examined in
this work were found to bethe Zr/Ti oxides, and the composition of the most active was
that labelled as 5%, where this refers to thanass/mass% of Zr based on total metal
content. Third metal oxides were added to this base mixture, using a wide range of

potentially catalytic metals at relatively low % compositions, but they all showed lower
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activities than the binary mixture. Other binary mixtures were preparedbased on
titania. Thesebinary oxides showed lower activities than 5% Zr/Ti oxide catalyst. All
these catalysts showed both lower conversions of propane than 5% Zr/Ti oxide and

lower selectivities to propene over ethene.

The 5% Zr/Ti oxide catalyst prepared by one of theimpregnation methods in particular
was the most active of all catalysts, although it was not possible to identify any physical
or structural properties of the catalyst that could be directly linked with its higher
activity. It is possiblethat the surface acidity of the catalyst is a requirementor the
activity, simply on the basis that acidic sites on solid surfaces are quite likely to activate
reactant molecules. However, iis difficult to say precisely how such sites might be
involved in the reaction mechanism, since the catalytic mechanism is thought to involve

surface speciegormation on the catalyst surface.

It is worth noting that this 5% Zr/Ti oxide catalyst also showed superior stability in use
and permitted higher space véocities than are generally accepted as available from the
commercial catalysts based on chromium for propene dehydrogenation. Studies of coke
removal in this thesis show that gasification of coke held in the catalyst by reaction with
CQ is facile over B0 Zr/Ti oxide, and this may account for the high stability of this

catalyst.

5.1.2 Direct reaction of CO > with methane, ethane, ethene, acetylene and propane

Catalysts for the reaction of Cowith small alkanes to produceacetic acid were studied.
Reaction with methane yielded acetic acid in low yield, increasing with increasing €0
concentration, plus ethane and ethene. The most active catalysts were again 5% Zr/Ti
oxide mixtures and there was some correlation amongst these catalysts (made by the
various routes) between activity towards acetic acid formation and volume in
mesopores. The presence of2@roducts clearly points to radical mechanisms on the
catalyst surface It is significant that some &products were detected from methane

even in the absence ofCQ. This strongly suggests that methane undergoesH bond
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scission on the surface of Zr/Ti oxide catalystsAll the other catalystsstudied, including
those containing three metal oxides, gave lower acetic acid yields, in line with the

results for propane dehydrogenation above.

Reaction of C@with ethane and propane over 5% Zr/Ti oxide catalysts was expected to
yield propanoic acid and butanoic acid bt, instead, gave acetic acid as the major
insertion reaction product in both cases A small amount of propanoic acid was seen
from the propane reaction (but no butanoic acid). Interestingly, lower reaction
temperatures were needed than with methane despite the apparent fact that these

reactions involved GC as well as &1 bond dissociation.

Unsaturated compounds, ethylene and acetylene, were also studied for direct reaction
with CO, over the same catalyst. » —Stef ..fefed ' < Z<COOH)wa$
formed (alongside some acetic acidggainsuggestingthat alkene GH bond dissociation

occurs on the catalyst surfac@rior to reaction with CQ.

A striking observation was that, in all experiments with the catalysts made in this thesis,
acetic acid formation under flow conditions persisted for a relatively short timeln all
cases, as acetic acid yield fell, the yield of other products rodé.appears that the
reverse water gas shift reaction becomes more important as acetic acid yield falls,

consuming the hydrogen that presumably is adsorbed on the catalyst surface.
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5.2 Future work

This work has shown that C@can be usefully used in dehydrogenation reactions and in
direct insertion reactions, over mixed oxide catalysts based on zirconia and titania.
There are subtle dependences of activity and selectivity on the nature of the catalysts
and on the way in which the catalysts are prepared. However, the catalyst
characterisation work described in this thesis has not offerech completeexplanation of
the reasons for the observed activities and selectivities. Broad conclusions based on the
acidities of the catalyss and the porosities of the cathysts, and even of the crystal sizes
of the catalysts have been suggested but these are very speculative. The key further
work needed is thorough catalyst characterisation to identify the physical and
structural features of the catalyst that are responsible for the catalytic performance.
Only with this information will new strategies be possible to desigrcatalysts that may

have activities of practical use.

Detailed surface techniques such as-bay photoelectron spectrosopy (XPS) could
usefully be used to investigate the nature of metal species on the surface of the catalysts,
both before and after reaction. Adsorption isotherms could usefully be measured for
reactants and products in the reactions of intergt, to shed light on reaction
mechanisms. Surface Raman and infrared spectroscopies could be used to study surface
species on the catalyst on exposure to reactants. Other high vacuum techniques could
be used for similar experiments. Electron spin resonance spectrogpy would be used

to identify and stable surface speciesformed. Basicity as well as acidity could be

assessed by suitable experiments.

Further work is needed to explorein-depth the CQ dehydrogenation of propane
through Zr/Ti oxide catalyst Observations that require further investigation include the
way propene selectivity and propane conversion depend otihe CQ/propane ratio . The

following approach is suggested for further work.

f Study the methods of catalyst preparatiorof Zr/Ti oxide aiming to increase

the conversion of propane to exceed the commercial catalyst but at the same

197



Chapter5 Overall oonclusions and future work

time maintaining high propene selectivity. The objective should be to

maintain this catalyst performance as theCQ/propane ratio is lowered.

f 1t would be useful to examinethe scaling up the catalyticreaction in order to
determine in-depth the dependence of catalyst performance oithe space
velocity, reaction temperature and time on-stream. Catalyst regeneration

should also be studied

Future work to study the insertion of CQ to hydrocarbons based onZr/ Ti oxides may

involve the following:

It would be of interest to study the effect of thereactant gaspressures on the direct
reaction of CQ, in the hope that this may influence yield and possibly selectivities, and
so provide information on the reaction mechanismsVarying the CQ to hydrocarbon
ratios might also be informative.It would be useful to examineliquid hydrocarbons

(pentane, hexaneor heptane) to generate surface speciedor direct reaction of CQ.

Further work is needed to improve the reaction stability and catalyst reusability One
approach might be to incorporaterare earth or noble metalsin the Zr/Ti oxide catalysts

to assist the catalysts stability
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Appendix 1

Additional Results for Chapter-2

Table Al. Example of calculating 5% Zr/Ti oxide

Chemical

Weight of salt

g of Zr(FW 91)

ZrO(NQ),.6H,0 (FW 339)

05¢g

0.134g

Chemical

Weight of salt

g of Ti(FW 48)

TiO. (support) (FW 80)

509

3.00g

Zr: Ti ratio

0.045:1

Table A2. Example of calculating 2% Al 5% Zr/Ti oxide

Chemical

Weight of salt

g of Al(FW 27)

AI(NOs)s. 9HO (FW 375)

05¢g

0.0369

Chemical Weight of salt g of Zr(FW 91)
ZrO(NG)2.6H0 (FW 339) 0.3g 0.0804g
Chemical Weight of salt g of Ti(FW 48)
TiO, (support) (FW 80) 3.0¢g 1.80¢g

Al : Zr: Tiratio 0.02:0.045:1

199




Appendix 1

Table A3. Tetragonal zirconium oxideof Powder Diffraction Files (ICDDB) 01-080-2155,
(Fixed Slit Intensity Cu K1, 1.54056A)

{E d(A) Intensity Miller indices

h k I

30.2692 2.95028 999 1 0 1
34.9588 2.5645 87 0 0 2
35.1595 2.55032 134 1 1 0
43.2524 2.09003 3 1 0 2
50.4229 1.80834 303 1 1 2
50.5722 1.80335 313 2 0 0
53.8431 1.70126 1 2 0 1
59.8147 1.54489 106 1 0 3
60.0813 1.53867 207 2 1 1
62.9564 1.47514 50 2 0 2
68.6878 1.36536 1 2 1 2
73.8437 1.28225 14 0 0 4
74.3232 1.27516 35 2 2 0
79.2201 1.20817 1 1 0 4
82.0732 1.17324 63 2 1 3
82.306 1.17051 62 3 0 1
84.5022 1.1456 22 1 1 4
84.8491 1.1418 22 2 2 2
84.9649 1.14054 19 3 1 0
90.0832 1.08855 1 3 0 2
94,9704 1.04501 25 2 0 4
95.3176 1.04212 63 3 1 2
100.2451 1.00373 1 2 1 4
102.6471 0.986669 17 1 0 5
103.1201 0.983428 19 3 0 3
103.3569 0.98182 34 3 2 1
111.4903 0.931931 1 3 2 2
116.8419 0.904171 16 2 2 4
117.3599 0.901675 15 4 0 0
122.8712 0.877032 1 3 0 4
125.721 0.865582 24 2 1 5
126.291 0.863391 37 3 2 3
126.5775 0.862302 26 4 1 1
128.603 0.854833 3 0 0 6
129.3442 0.852198 20 3 1 4
129.793 0.850628 11 4 0 2
129.9431 0.850107 15 3 3 0
135.6548 0.83179 1 1 0 6
136.9903 0.827914 1 4 1 2
143.7426 0.810514 13 1 1 6
145.3317 0.806928 19 3 3 2
145.5348 0.806483 19 4 2 0

YInternational Centre for Diffraction Data
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Table A4. Monoclinic zirconium oxide of Powder Diffraction Files (ICDD)00-007-0343,
(Fixed Slit Intensity Cu K11.54056A)

{E d(A) Intensity Miller indices

h k I

17.5472 5.05 5 1 0 0
24.098 3.69 15 0 1 1
24.5024 3.63 12 1 1 0
28.2171 3.16 100 1 1 1
31.4744 2.84 65 1 1 1
34,1952 2.62 20 0 0 2
34.4664 2.6 12 0 2 0
35.307 2.54 15 2 0 0
35.891 2.5 3 1 0 2
38.6095 2.33 5 0 2 1
40.7964 2.21 10 2 1 1
41.1858 2.19 5 1 0 2
41.3834 2.18 5 1 2 1
44.8318 2.02 7 1 1 2
45,5453 1.99 7 2 0 2
49.3247 1.846 15 0 2 2
50.1659 1.817 20 2 2 0
50.6127 1.802 12 1 2 2
51.2525 1.781 5 2 2 1
54.1272 1.693 10 2 0 2
55.4756 1.655 12 0 1 3
55.9532 1.642 7 1 3 0
57.2053 1.609 5 3 1 0
57.9134 1.591 5 1 3 1
58.3148 1.581 5 2 2 2
59.9382 1.542 10 1 3 1
61.4337 1.508 5 1 1 3
62.0267 1.495 5 2 1 3
62.8681 1.477 10 3 1 1
64.2265 1.449 3 0 2 3
65.7013 1.42 7 2 2 2
68.9967 1.36 2 1 3 2
71.2761 1.322 5 1 0 4
75.2317 1.262 5 0 4 1
76.3699 1.246 2 4 1 1
78.843 1.213 2 1 4 1
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Table A5. Anatase Titanium dioxideof Powder Diffraction Files (ICDD)01-071-1166,
(Fixed Slit Intensity Cu K11.54056A).

tE d(A) Intensity - Miller |;d|ces I
25.3077 3.51629 999 1 0 1
36.9502 2.43073 61 1 0 3
37.7895 2.37865 186 0 0 4
38.5712 2.33222 70 1 1 2

48.046 1.8921 242 2 0 0
53.8839 1.70007 150 1 0 5
55.0713 1.66619 148 2 1 1
62.1153 1.49308 26 2 1 3
62.6903 1.48076 110 2 0 4
68.7544 1.3642 47 1 1 6
70.3015 1.33792 51 2 2 0
74.0485 1.27921 5 1 0 7

75.051 1.26459 77 2 1 5
76.0488 1.25046 21 3 0 1
80.7306 1.18933 4 0 0 8
82.1702 1.1721 5 3 0 3
82.6845 1.16611 38 2 2 4

83.171 1.16052 16 3 1 2
93.2472 1.05974 5 2 1 7
94.2159 1.05138 17 3 0 5
95.1851 1.04322 20 3 2 1
98.3165 1.01819 13 1 0 9
99.8115 1.00692 8 2 0 8

101.2587 0.996406 6 3 2 3
107.4914 0.955208 24 3 1 6
109.0179 0.94605 13 4 0 0
112.8366 0.924597 2 3 0 7
113.8894 0.91903 23 3 2 5
114.9507 0.913563 14 4 1 1
118.4611 0.896474 38m 2 1 9
118.4611 0.896474 m 1 1 10
120.1233 0.888891 7 2 2 8
121.7832 0.881629 5 4 1 3
122.3844 0.879073 17 4 0 4
122.9585 0.876669 11 3 3 2
131.0965 0.846173 21 4 2 0
131.8819 0.843564 11 3 1 8
131.9876 0.843217 5 1 0 11
136.019 0.830718 4 3 2 7
137.4287 0.826674 20 4 1 5
142.9172 0.812451 1 4 0 6
143.8594 0.810244 9 3 0 9
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Figure Al. Isothermlinear plot of adsorption and desorptionof single oxide ofZrO;

Figure A2. Isothermlinear plot of adsorption and desorptionof single oxide of TiQ
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Figure A8. Isothermlinear plot of adsorption and desorptionof impregnation method-3:
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Figure A12. Isothermlinear plot of adsorption and desorptionof 2% Pt impregnation on
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Figure A16. Isothermlinear plot of adsorption and desorptionof 3.6% w/w Fe, 5%
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Figure Al7. Isothermlinear plot of adsorption and desorptionof 5.8% Cr/Si oxde

Appendix 1

Figure A18. Isothermlinear plot of adsorption and desorptionof 5.1% Ga/Al oxide
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Appendix 2

Additional Results for Chapter-3

Table B1. Thermodynamic propane dehydrogenation by GO

GHs + CQ £AGHs + HO + CO

Temp.oC Enthalpy Entropy Freeenergy Egglr:lsbtrelxl;];g
i a . ¢ a-molt é a - o (K)

300 127 169.1 70.65 3.563 x107
400 127 169.1 53.75 6.63 x105
500 127 169.1 36.83 0.003212
600 127 169.1 19.92 0.0638
700 127 169.1 3.01 0.689
800 127 169.1 -13.91 4,765

Table B2. Thermodynamic propanedehydrogenation without C®

GHs AGHs + H
Temp.oC Enthalpy Entropy Free energy Egg:';;ﬁg
S a s ¢ amolt e a o o (K)

300 124.4 127.1 51.57 1.95 x105
400 124.4 127.1 38.86 0.00095
500 124.4 127.1 26.15 0.0169
600 124.4 127.1 13.44 0.1564
700 124.4 127.1 0.73 0.9133
800 124.4 127.1 -11.97 3.838

Table B3. Thermodynamicdry reforming of propane:

GHg + 3CQ A6CO + 4K

Temp.cc | Enthalpy Entropy Free energy Egg:'ggﬁ?;
& a o ¢ a-molt i a o o (K)
300 628.1 797 171.4 2.25 x1016
400 628.1 797 91.7 7.48 x1098
500 628.1 797 12 0.16
600 628.1 797 -67.7 1.15 x10*
700 628.1 797 -147.5 8.49 x10¥
800 628.1 797 -227.2 1.19 x101

tst
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Table B4. Thermodynamic RWGS:

CQ+H A0+ CO

Equilibrium
Temp.oC Enthalpy Entropy Free energy gonstants
& a . ¢ a-molt i a o o (K)
300 43.2 42 19.1 0.0118
400 43.2 42 14.9 0.069
500 43.2 42 10.7 0.19
600 43.2 42 6.5 0.41
700 43.2 42 2.27 0.75
800 43.2 42 -1.91 1.24
Table B5. Thermodynamic WGS:
CO+EDO A+ CQ
Temp.cCc | Enthalpy Entropy Free energy Egg:'stglrjlg
e & ¢ &amolt & & o o (K)
300 -43.17 -42 -19 55.33
400 -43.17 -42 -14.9 14.36
500 -43.17 -42 -10.68 5.28
600 -43.17 -42 -6.47 2.44
700 -43.17 -42 -2.27 1.33
800 -43.17 -42 1.928 0.805

Table B6. Thermodynamic propane cracking by bt

GHg + H A£CGHs + CH

Temp.oC En.tha,lpy .Er[tr;)py » Free}energy‘ Egg'r:';;l;?;
i a . ¢ amol? i a e o (K)
300 -53.9 14.5 -62.2 4.81E+05
400 -53.9 145 -63.7 8.94E+04
500 -53.9 14.5 -65.1 2.56E+04
600 -53.9 14.5 -66.6 9.80E+04
700 -53.9 14.5 -68 457E+04
800 -53.9 14.5 -69.5 2.45E+04

tsu
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Table B7. Thermodyamicdry reforming of ethane:

GHs + 2CQ AACO + 3K

Temp.oC Enthe}lpy Entrqpy Free,energy Egg:';gﬁ:;
¢ a - ¢ a ¢ a-« o (K)

300 432.9 525.9 1315 9.75 x1011
400 432.9 525.9 78.9 7.29 x107
500 432.9 525.9 26.3 0.02
600 432.9 525.9 -26.3 37.45
700 432.9 525.9 -78.8 1.74 x1¢
800 432.9 525.9 -131.4 2.57 x1¢®

Table B8. Thermodyamicdry reforming of methane:

CH+ CQ A£2CO + 2K

Temp.oC Entha}lpy Entrqpy Free,energy Eg;lglst)tgl;g
¢ a-. ¢ a & a . o (K)

300 249 256.5 102 4.79 x10%0

400 249 256.5 76.4 1.15 x10°8

500 249 256.5 50.7 3.67 x103
600 249 256.5 25.1 0.03
700 249 256.5 -0.5 1.07
800 249 256.5 -26.2 18.90

tsv
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Table B9. Single oxide of Ti®Gas concentrations produced from propane
dehydrogenation by CQ(CQ/propane ratio: 16.9:1, 600°C)

Time Hz CcOo methane CcQe ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 94.7 5.6
0 4.58 26.54 3.31 68.87 0.20 0.18 0.19 0.47
9 4.51 24.47 3.03 64.45 0.17 0.17 0.19 0.42
10 4.56 25.54 3.19 67.93 0.22 0.18 0.20 0.43

Table B10. Single oxidef TiG: Conversion, selectivity and yield from dehydrogenation o
propane by CQ (CQ/propane ratio: 16.9:1, 600°C)

Total CoO Co
Propene Ethene Propane Propene Ethene olefins | Yield | Conversion
Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield % (%)
Time (h) (%) (%) (%) (%) (%) (%)
0 3.6 3.9 91.6 3.3 3.6 6.9 28.0 27.3
9 3.7 3.4 92.4 3.4 3.1 6.5 25.8 31.9
10 4.0 4.2 92.3 3.6 3.9 7.5 27.0 28.3

Table B11. Single oxide of Zr©OGas concentrations produced from the GO
dehydrogenation of propane (C@propane ratio: 20.9:1, 600°C)

Time Hz CcOo methane cQ ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 96.2 4.6
0 1.05 13.03 3.82 82.29 0.08 0.08 0.12 1.65
2 1.13 13.51 3.63 82.05 0.08 0.07 0.12 1.68
3 1.33 13.57 3.49 82.11 0.08 0.07 0.13 1.69

Table B12. Single oxide of Z#O Conversion, selectivity and yield from dehydrogenation of
propane by CQ (CQ/propane ratio: 20.9:1, 600°C)

Total CcoO CQo
Propene Ethene Propane Propene Ethene olefins | Yield | Conversion
Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield % (%)
Time (h) (%) (%0) (%) (%0) (%) (%0)
0 4.2 2.7 64.2 2.7 1.7 4.4 93.6 13.5
2 4.0 2.8 63.4 2.6 1.8 4.4 95.5 14.0
3 4.5 2.8 63.3 2.8 1.8 4.6 96.3 14.1

tsw
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Table B13. Without catalyss: Gas concentrations produced from the GO
dehydrogenation of propane (C@propane ratio: 20.4:1, 600°C)

Time Hz CO methane CcQe ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 93.7 4.6
0 0.07 0.72 0.21 91.71 0.23 0.12 0.42 3.60
1 0.08 0.76 0.22 91.46 0.25 0.11 0.46 3.63
2 0.07 0.75 0.21 91.58 0.24 0.12 0.42 3.66
4 0.09 0.76 0.21 92.98 0.25 0.11 0.46 3.64

Table B14. Without catalyss: Conversion, selectivity and yieldrom dehydrogenation of
propane by CQ (CQ/propane ratio: 20.4 :1, 600°C)

Total CcoO cao
Propene Ethene Propane Propene Ethene olefins | Yield | Conversion

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield % (%)
Time (h) (%) (%) (%) (%) (%) (%)

0 42.0 23.0 21.7 9.1 5.0 14.1 0.8 2.1

1 47.4 25.8 211 10.0 54 15.4 0.8 2.4

2 44.7 25.5 20.4 9.1 5.2 14.3 0.8 2.3

4 47.9 26.0 20.9 10.0 5.4 154 0.8 0.8

tsx
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Table B15. 5% Zr@TiO»2: Gas concentrations produced from propane

dehydrogenation without CQ at 600 °C gas space velocity &.6 h-1

Time H2 CO methane | ethene cQ ethane | propene | propane

hours mol% mol% mol% mol% mol% | mol% mol% mol%
G 0 98.0
0 16.04 0.18 21.89 6.67 0.02 7.80 14.95 36.33
14 17.88 0.12 22.60 6.78 0.02 8.10 14.75 37.13
38 15.52 0.10 23.32 7.07 0.00 8.21 14.52 38.04
44 14.90 0.07 23.24 7.11 0.00 8.16 14.41 38.30
50 14.62 0.09 23.32 7.25 0.00 8.14 14.42 38.49
56 14.49 0.12 23.18 7.21 0.00 8.06 14.20 38.59
62 14.69 0.09 23.42 7.29 0.00 8.13 14.74 38.18
68 15.31 0.03 23.39 7.40 0.00 8.18 14.42 38.66
74 13.95 0.09 23.15 7.37 0.00 8.01 14.40 39.12
80 14.01 0.08 23.09 7.35 0.00 7.97 14.45 38.86
86 13.43 0.11 22.83 7.61 0.01 7.66 14.01 39.68
92 13.48 0.09 22.75 7.47 0.00 7.70 14.32 39.76
98 13.96 0.05 22.63 7.65 0.00 7.77 14.31 39.94

Table B16. 5% Zr@TiO2: conversion, propene selectivity and yield from

propane dehydrogenation without CQ (600 °C)

Propene Ethene Propane Propene Ethene Total olefins | propene

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield / ethene
Time (h) (%) (%) (%) (%) (%) (%) ratio
0 24.2 10.8 62.9 15.3 6.8 22.1 2.2
14 24.2 11.1 62.1 15.1 6.9 22.0 2.2
38 24.2 11.8 61.2 14.8 7.2 22.0 2.1
44 24.1 11.9 60.9 14.7 7.3 22.0 2.0
50 24.2 12.2 60.7 14.7 7.4 22.1 2.0
56 23.9 12.1 60.6 14.5 7.4 21.8 2.0
62 24.6 12.2 61.0 15.0 7.4 22.5 2.0
68 24.3 12.5 60.6 14.7 7.6 22.3 1.9
74 24.5 12.5 60.1 14.7 7.5 22.2 2.0
80 24.4 12.4 60.3 14.7 7.5 22.2 2.0
86 24.0 13.0 59.5 14.3 7.8 22.1 1.8
92 24.6 12.8 59.4 14.6 7.6 22.2 1.9
98 24.7 13.2 59.2 14.6 7.8 22.4 1.9

tsy
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Table B17. 5% Zr@TiO2: Gas concentrations produced from the
dehydrogenation of propane by C&600 °C at CQ@propane gas ratio1:1.4

Time Hz CO methane cQ ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 44.3 62.0
0 6.61 9.79 15.33 32.31 4.92 4.29 11.04 19.27
2 8.28 10.99 19.22 29.70 5.04 5.56 11.02 19.41
6 9.16 10.73 21.65 27.89 5.02 6.58 11.15 17.33
9 9.06 10.53 23.01 26.90 4.91 7.15 11.05 15.89
11 9.10 10.40 23.87 26.54 4.76 7.33 10.74 15.21
13 9.53 10.25 24.71 26.18 4.76 7.63 10.67 14.41
15 8.82 10.19 25.31 25.75 4.70 7.81 10.48 14.00
17 9.38 10.11 25.82 25.39 4.63 7.98 10.24 13.37
19 9.85 9.87 26.35 25.03 4.55 8.07 10.06 12.85
23 9.47 9.99 27.92 24.52 4.46 8.49 9.54 11.98
26 9.36 10.01 28.87 23.81 4.27 8.75 9.26 11.22
29 8.27 9.86 29.68 23.17 4.20 8.77 8.84 10.60
32 9.18 9.60 30.34 22.60 4.07 8.85 8.55 10.06
35 8.78 9.68 30.67 22.15 4.00 8.84 8.33 9.76
38 8.26 9.60 31.60 21.80 3.99 9.00 8.19 9.49
40 8.80 9.48 31.65 21.31 3.82 8.97 7.92 9.15
42 8.30 9.54 32.06 20.98 3.81 8.96 7.77 8.98
44 8.84 9.24 32.78 20.90 3.78 9.06 7.78 8.85
49 9.53 8.94 33.69 20.92 3.74 9.30 7.71 9.31
52 9.38 8.80 33.60 20.58 3.73 9.34 7.68 9.24
55 9.21 8.55 34.02 20.19 3.67 9.39 7.56 8.98
58 9.18 8.52 34.50 19.87 3.63 9.42 7.36 8.79
61 8.89 8.54 34.94 19.46 3.55 9.37 7.21 8.52

tsz
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Table B18. 5% Zr@TiO2: Conversion, propene selectivity and yield of propane

dehydrogenation by CQ (600 °C at CQ@propane gas ratio 1:1.4)

Total | propene
Propene Ethene Propane Propene Ethene | olefins | / (6{0) CQ
Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | ethene Yield Conversion

Time (h) (%) (%0) (%) (%0) (%0) (%) | ratio (%) (%0)
0 25.8 11.5 68.9 17.8 7.9 25.7 2.2 22.1 27.0
2 25.9 11.8 68.7 17.8 8.1 25.9 2.2 24.8 32.9
6 25.0 11.2 72.0 18.0 8.1 26.1 2.2 24.2 37.0
9 24.0 10.7 74.4 17.8 7.9 25.7 2.2 23.8 39.2
11 23.0 10.2 75.5 17.3 7.7 25.0 2.3 23.5 40.0
13 22.4 10.0 76.8 17.2 7.7 24.9 2.2 23.2 40.8
15 21.8 9.8 77.4 16.9 7.6 24.5 2.2 23.0 41.8
17 21.1 9.5 78.4 16.5 7.5 24.0 2.2 22.9 42.6
19 20.5 9.3 79.3 16.2 7.3 23.6 2.2 22.3 43.4
23 19.1 8.9 80.7 15.4 7.2 22.6 2.1 22.6 44.6
26 18.2 8.4 81.9 14.9 6.9 21.8 2.2 22.6 46.2
29 17.2 8.2 82.9 14.3 6.8 21.0 2.1 223 47.7
32 16.5 7.8 83.8 13.8 6.6 204 2.1 21.7 48.9
35 15.9 7.7 84.3 13.4 6.4 19.9 2.1 21.9 49.9
38 15.6 7.6 84.7 13.2 6.4 19.6 2.1 21.7 50.7
40 15.0 7.2 85.2 12.8 6.2 18.9 2.1 214 51.9
42 14.7 7.2 85.5 12.5 6.1 18.7 2.0 21.6 52.6
44 14.6 7.1 85.7 12.5 6.1 18.7 2.1 20.9 52.8
49 14.6 7.1 85.0 12.4 6.0 18.5 2.1 20.2 52.7
52 14.6 7.1 85.1 12.4 6.0 18.4 2.1 19.9 53.5
55 14.3 6.9 85.5 12.2 5.9 18.1 2.1 19.3 54.4
58 13.8 6.8 85.8 11.9 5.9 17.7 2.0 19.2 55.1
61 13.5 6.6 86.3 11.6 5.7 17.4 2.0 19.3 56.0
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Table B19.5% ZrO/TiO2: Gas concentrations produced from the propane
dehydrogenation by CQat CQ/propane ratio 1:3.1 (600 °C)

Time Hz CO methane cQ ethene | ethane | propene | propane

hours mol% mol% mol% mol% mol% mol% mol% mol%
G 25.0 77.5
0 12.30 10.31 18.49 11.38 6.59 5.45 10.58 40.57
4 11.52 8.25 21.14 12.43 6.72 6.69 11.75 37.68
8 11.36 6.87 22.20 13.12 6.66 7.36 12.47 35.92
12 11.34 6.30 22.74 13.58 6.67 7.83 12.90 35.02
16 10.84 6.46 23.30 13.41 6.69 8.09 12.98 32.61
20 10.55 5.92 23.38 13.63 6.67 8.20 13.04 32.32
24 10.81 5.52 23.72 13.78 6.62 8.32 12.73 32.14
28 10.78 5.35 23.79 13.87 6.45 8.44 12.75 31.80
44 10.93 5.09 23.98 14.07 6.59 8.42 12.83 31.66
52 11.05 4.78 24.05 14.24 6.56 8.45 12.68 31.81
56 11.34 4.66 24.11 14.27 6.54 8.52 12.44 31.53
60 11.79 4.20 25.52 14.22 6.50 8.99 12.27 29.65
64 11.22 3.96 25.78 14.20 6.44 9.08 12.31 28.90
68 11.34 3.82 25.64 14.19 6.36 9.10 12.05 29.30
72 10.81 4.10 27.52 13.64 6.16 9.86 11.68 26.65

Table B20. 5% Zr@TiO»: Conversion, propeneselectivity and yield of propane
dehydrogenation by CQat CQ/propane ratio 1:3.1 (600 °C)

Total

Propene Ethene Propane Propene Ethene olefins | CO CcQ

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | Yield [ Conversion
Time (h) (%0) (%) (%) (%) (%0) (%0) % (%0)
0 28.6 17.9 47.6 13.6 8.5 22.2 41.3 54.5
4 29.5 16.9 51.4 15.2 8.7 23.8 33.0 50.3
8 30.0 16.0 53.6 16.1 8.6 24.7 27.5 47.5
12 304 15.7 54.8 16.6 8.6 25.3 25.2 45.7
16 28.9 14.9 57.9 16.8 8.6 254 25.8 46.4
20 28.9 14.8 58.3 16.8 8.6 254 23.7 45.5
24 28.1 14.6 58.5 16.4 8.5 25.0 22.1 44.9
28 27.9 14.1 59.0 16.5 8.3 24.8 214 44.5
44 28.0 14.4 59.1 16.6 8.5 25.1 20.4 43.7
52 27.8 14.4 58.9 16.4 8.5 24.8 19.1 43.0
56 27.1 14.2 59.3 16.1 8.4 24.5 18.6 42.9
60 25.6 13.6 61.7 15.8 8.4 24.2 16.8 43.1
64 25.3 13.3 62.7 15.9 8.3 24.2 15.8 43.2
68 25.0 13.2 62.2 15.5 8.2 23.8 15.3 43.3
72 23.0 12.1 65.6 15.1 8.0 23.0 16.4 45.5
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Table B21. 5% Zr@TiO2: Gas concentrations produced from propane
dehydrogenation by CQ (600 °C at C@propane ratios of 2.6:1)

Time Hz Cco methane cQe ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 71.0 27.6
0 4.62 15.14 10.04 52.35 3.49 2.27 6.49 14.31
3 6.96 13.31 10.85 53.39 3.53 2.49 7.01 13.54
6 4.19 12.60 11.62 53.93 3.48 2.66 7.09 12.97
8 4.41 12.08 11.93 53.71 341 2.78 7.14 12.43
11 4.46 11.91 12.50 54.01 3.38 3.00 7.18 11.92
13 491 11.37 12.59 53.18 3.28 3.03 7.07 11.48
15 4.98 10.89 12.78 53.29 3.26 3.11 7.29 11.25
17 5.55 9.89 12.94 53.27 3.26 3.21 7.24 11.20
20 5.54 10.09 13.57 53.35 3.28 3.44 7.43 10.93
21 5.49 9.85 13.38 51.73 3.20 3.41 7.25 10.48
26 5.65 10.34 14.65 52.87 3.33 3.83 7.56 10.30
29 5.74 10.44 14.94 52.89 3.29 3.92 7.66 10.11
32 5.87 10.29 15.13 53.14 3.29 4.02 7.72 9.86
35 5.94 10.23 15.25 53.26 3.23 4.04 7.66 9.64
39 5.06 10.03 14.22 51.36 3.05 3.85 7.32 9.39
42 5.77 9.45 14.20 51.29 3.08 3.88 7.34 9.39
45 5.55 9.65 14.75 51.64 3.12 3.98 7.46 9.34
48 5.44 9.88 15.17 51.18 3.12 4.17 7.44 9.10
51 6.14 9.83 15.26 51.25 3.08 4.23 7.38 9.12
54 5.87 9.70 15.43 51.50 3.10 4.24 7.34 9.11
57 5.67 9.76 15.56 52.02 3.09 4.29 7.36 9.03
60 6.14 9.04 15.29 51.78 3.05 4.23 7.32 8.92
63 6.26 8.50 14.96 51.25 3.00 4.12 7.21 8.99
67 6.77 8.46 15.31 52.37 3.07 4.30 7.21 9.21
71 6.42 8.81 15.36 53.49 3.05 4.25 7.50 9.18
75 6.34 8.45 14.77 54.80 3.07 4.09 7.42 9.33
79 5.84 8.13 14.29 54.68 2.94 3.92 7.23 8.91
83 6.05 7.97 14.21 54.47 2.91 3.90 7.07 8.81
86 6.50 7.96 14.50 55.61 2.98 3.97 7.22 8.98
89 6.61 7.64 14.39 55.57 2.96 3.97 7.20 9.05
93 6.63 7.46 14.56 55.59 2.97 4.03 7.17 9.13
96 6.44 7.40 14.73 55.31 2.98 4.09 7.12 9.09
100 6.41 7.31 14.92 55.07 2.96 4,13 7.16 9.00
104 6.67 7.20 15.07 54.94 2.93 4.15 7.07 8.99
108 6.68 7.20 15.16 54.90 2.98 4.20 7.10 8.93
111 6.54 6.95 15.09 54.60 2.92 4.18 7.03 8.94
129 6.89 6.55 15.22 54.58 2.90 4.22 6.95 8.87
145 6.87 6.20 15.48 54.84 2.90 4.31 6.86 8.90
149 7.15 6.22 15.59 54.84 2.89 4.34 6.93 8.75
153 7.27 6.04 15.60 54.84 2.88 4.34 6.87 8.76
157 6.89 6.07 15.65 54.92 2.87 4.35 6.76 8.85
161 7.19 5.78 15.57 54.83 2.87 4.32 6.82 8.83
165 7.25 5.79 15.62 54.68 2.87 4.39 6.78 8.83
169 6.96 5.86 15.75 54.63 2.87 4.38 6.75 8.80
173 7.38 5.76 15.76 54.51 2.86 4.40 6.82 8.79
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177 7.19 5.66 15.79 54.49 2.86 4.40 6.77 8.76
181 7.05 5.58 15.83 54.62 2.84 4.43 6.62 8.78
191 7.37 5.45 15.81 54.52 2.84 4.42 6.69 8.69
195 6.89 5.47 15.87 54.50 2.83 4.42 6.62 8.73
199 7.26 5.43 15.85 54.43 2.78 4.38 6.67 8.71
203 7.20 5.43 16.02 54.49 2.83 4.47 6.62 8.68
207 7.33 5.38 1.64 54.57 2.84 4.48 6.63 8.70
213 7.37 5.31 16.22 54.47 2.84 4.53 6.68 8.59
217 7.38 5.31 16.28 54.52 2.81 4.58 6.63 8.63
221 7.62 5.34 16.44 54.43 2.82 4.56 6.59 8.53
225 7.30 5.31 16.55 54.31 2.81 4.61 6.55 8.51
229 7.71 5.33 16.65 54.29 2.83 4.65 6.54 8.48
233 7.54 5.36 16.86 54.27 2.83 4.67 6.45 8.51
237 7.55 5.30 16.84 53.99 2.80 4.69 6.51 8.36
249 7.31 5.16 17.38 53.83 2.84 4.84 6.49 8.40
253 7.86 5.25 17.37 53.85 2.81 4.83 6.46 8.39
257 7.57 5.30 17.48 53.92 2.84 4.89 6.41 8.45
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Table B22.5% ZrG,/TiO2: Conversion, propene selectivity and yield from

propane dehydrogenation by C®(600 °C, CQ@propane ratios of 2.6:1)

Propene Ethene Propane Propene Ethene Total olefins CO cQ
Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield Yield | Conversion

Time (h) (%) (%) (%) (%) (%) (%) (%) (%)
0 48.9 26.3 48.1 235 12.7 36.2 21.3 26.3
3 50.0 25.1 50.9 254 12.8 38.2 18.8 24.8
6 48.6 23.8 52.9 25.7 12.6 38.3 17.8 24.0
8 47.2 22.5 54.9 25.9 12.4 38.3 17.0 24.3
11 45.9 21.6 56.8 26.0 12.3 38.3 16.8 23.9
13 44.0 20.4 58.4 25.7 11.9 37.6 16.0 25.1
15 44.7 20.0 59.2 26.4 11.8 38.3 15.3 24.9
17 44.2 19.9 59.4 26.3 11.8 38.1 13.9 25.0
20 44.6 19.7 60.4 26.9 11.9 38.8 14.2 24.8
21 42.5 18.7 62.0 26.3 11.6 37.9 13.9 27.1
26 43.8 19.3 62.6 274 12.1 39.5 14.6 25.5
29 43.9 18.9 63.3 27.8 11.9 39.7 14.7 255
32 43.6 18.6 64.2 28.0 11.9 39.9 14.5 25.1
35 42.7 18.0 65.0 27.8 11.7 395 144 25.0
39 40.3 16.8 65.9 26.6 11.1 37.6 14.1 27.6
42 40.4 17.0 65.9 26.6 11.2 37.8 13.3 27.7
45 40.9 17.1 66.1 27.1 11.3 38.4 13.6 27.2
48 40.3 16.9 67.0 27.0 11.3 38.3 13.9 27.9
51 40.0 16.7 66.9 26.8 11.2 38.0 13.9 27.8
54 39.7 16.8 67.0 26.6 11.3 37.9 13.7 27.4
57 39.7 16.6 67.2 26.7 11.2 37.9 13.8 26.7
60 39.3 16.4 67.6 26.6 11.1 37.6 12.7 27.0
63 38.8 16.2 67.4 26.2 10.9 37.1 12.0 27.8
67 39.2 16.7 66.6 26.1 11.2 37.3 11.9 26.2
71 40.8 16.6 66.7 27.2 11.1 38.3 12.4 24.6
75 40.7 16.9 66.2 26.9 11.1 38.1 11.9 22.8
79 38.7 15.7 67.7 26.2 10.6 36.9 11.5 23.0
83 37.7 15.5 68.0 25.6 10.6 36.2 11.2 23.3
86 38.9 16.0 67.4 26.2 10.8 37.0 11.2 21.7
89 38.9 16.0 67.2 26.1 10.7 36.8 10.8 21.7
93 38.9 16.1 66.9 26.0 10.8 36.8 10.5 21.7
96 38.5 16.1 67.0 25.8 10.8 36.6 104 22.1
100 38.6 15.9 67.4 26.0 10.7 36.7 10.3 224
104 38.1 15.8 67.4 25.6 10.6 36.3 10.1 22.6
108 38.1 16.0 67.6 25.8 10.8 36.6 10.1 22.7
111 37.8 15.7 67.6 255 10.6 36.1 9.8 23.1
129 37.2 15.5 67.8 25.2 10.5 35.7 9.2 23.1
145 36.7 15.5 67.7 24.9 10.5 354 8.7 22.7
149 36.8 15.3 68.2 25.1 10.5 35.6 8.8 22.7
153 36.5 15.3 68.2 24.9 104 354 8.5 22.7
157 36.1 15.4 67.9 245 10.4 35.0 8.5 22.6
161 36.4 15.3 68.0 24.7 10.4 35.2 8.1 22.8
165 36.2 15.3 68.0 24.6 10.4 35.0 8.2 23.0
169 36.0 15.3 68.1 24.5 10.4 34.9 8.3 23.0
173 36.3 15.2 68.1 24.8 104 35.1 8.1 23.2
177 36.0 15.2 68.2 24.6 10.4 34.9 8.0 23.2
181 35.2 15.1 68.2 24.0 10.3 34.3 7.9 23.1
191 35.4 15.0 68.5 24.3 10.3 34.6 7.7 23.2
195 35.1 15.0 68.3 24.0 10.2 34.3 7.7 23.2
199 354 14.7 68.4 24.2 10.1 34.3 7.7 23.3
203 35.1 15.0 68.5 24.0 10.3 34.3 7.6 23.2
207 35.2 15.1 68.4 24.1 10.3 34.4 7.6 23.1
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213 35.2 15.0 68.8 24.2 10.3 34.5 7.5 23.3
217 35.0 14.8 68.7 24.1 10.2 34.3 7.5 23.2
221 34.6 14.8 69.1 23.9 10.2 34.1 7.5 23.3
225 34.4 14.8 69.1 23.8 10.2 34.0 7.5 235
229 34.2 14.8 69.3 23.7 10.3 34.0 7.5 235
233 33.9 14.8 69.1 234 10.3 33.7 7.6 235
237 33.9 14.6 69.7 23.6 10.2 33.8 7.5 23.9
249 33.9 14.8 69.5 23.6 10.3 33.9 7.3 24.2
253 33.7 14.7 69.6 234 10.2 33.6 7.4 24.1
257 335 14.8 69.3 23.3 10.3 33.5 7.5 24.0
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Table B23. 5% Zr@TiO>: Gas concentrations produced from propane
dehydrogenation by CQ (600 °C at CQ@propane ratio 12.2:1)

Time Hz CcOo methane cQ ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 92.5 7.6
0 0.75 3.49 1.94 85.42 0.77 0.35 2.19 3.62
1 0.83 4.09 2.22 84.29 0.85 0.42 2.37 3.74
2 0.80 3.99 2.24 84.62 0.84 0.40 231 3.76
4 0.91 4.21 2.29 85.17 0.85 0.44 2.37 3.75
6 0.92 4.16 2.27 84.99 0.86 0.40 2.43 3.79
8 0.86 4.05 2.28 84.76 0.86 0.42 2.44 3.84
12 0.92 4.04 2.29 85.09 0.86 0.43 2.46 3.89
16 0.87 4.02 2.30 84.72 0.88 0.45 2.47 3.92
19 0.88 4.03 231 84.77 0.96 0.41 2.49 3.87
21 0.93 3.87 2.34 84.52 0.87 0.43 2.49 3.81
25 0.90 4.06 2.34 85.16 0.89 0.47 2.43 3.77
29 0.98 4.02 2.31 84.43 0.86 0.44 2.42 3.79

Table B24. 5% Zr@TiO: Conversion, propene selectivity and yield of propane
dehydrogenation by CQ(600 °C at C@propane ratio 12.2:1)

Total

Propene Ethene Propane Propene Ethene olefins | CO CQ

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | Yield | Conversion
Time (h) (%) (%) (%) (%) (%) (%) | (%) (%)
0 55.1 19.3 52.4 28.9 10.1 38.9 3.8 7.7
1 61.3 22.1 50.8 31.1 11.2 42.3 4.4 8.9
2 60.1 21.9 50.5 304 11.1 41.4 4.3 8.5
4 61.5 22.2 50.6 31.1 11.2 424 4.6 7.9
6 63.6 22.6 50.1 31.9 11.3 43.2 4.5 8.1
8 64.8 22.8 49.5 32.1 11.3 434 4.4 8.4
12 66.1 23.3 48.9 32.3 11.4 43.7 4.4 8.0
16 67.1 23.9 48.4 325 11.6 44.0 4.3 8.4
19 66.7 25.8 49.1 32.7 12.7 454 4.4 8.4
21 65.8 23.0 49.9 32.8 115 44.3 4.2 8.6
25 63.4 23.3 50.4 31.9 11.7 43.7 4.4 7.9
29 63.6 22.7 50.1 31.9 11.4 43.2 4.3 8.7
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Table B25. 5% Zr@TiO»2: Gas concentrations produced from propane
dehydrogenation by CQ (600 °C at CQ@propane ratio 24.2:1)

Time Hz CcOo methane cQ ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 95.6 4.0
0 0.57 451 1.16 90.66 0.37 0.17 1.25 1.73
4 0.56 4.48 1.20 90.29 0.38 0.18 1.27 1.77
6 0.62 4.47 1.19 89.79 0.38 0.18 1.25 1.74
8 0.59 4.36 1.20 89.75 0.39 0.20 1.29 1.75
10 0.63 4.37 1.22 90.69 0.38 0.17 1.32 1.73
15 0.52 3.96 1.10 90.59 0.38 0.18 1.23 181
20 0.51 3.70 1.11 90.83 0.41 0.18 1.23 1.78
24 0.56 3.57 1.13 90.95 0.39 0.20 1.22 1.78
28 0.49 3.55 1.16 90.74 0.39 0.17 1.24 181
32 0.48 3.40 1.16 90.75 0.39 0.19 1.26 181
35 0.48 3.38 1.12 90.67 0.38 0.16 1.26 1.73
36 0.45 3.25 1.07 88.06 0.37 0.14 1.20 1.71
37 0.42 3.27 111 88.97 0.38 0.18 1.22 1.73

Table B26. 5% Zr@TiO2: Conversion, propene selectivity and yield of propane

dehydrogenation by CQat 600°Cat gas ratio 24.2:1 CeXo propane (Note:

catalysts regenerated for 4 hours only via flow of air at 700C)

Total

Propene Ethene Propane Propene Ethene olefins CcO CcQ

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | Yield | Conversion
Time (h) (%) (%0) (%) (%) (%) (%0) (%0) (%)
0 56.4 16.5 56.2 31.7 9.3 41.0 4.7 5.2
4 58.2 17.2 55.2 32.1 9.5 41.6 4.7 5.6
6 56.7 17.3 55.8 31.6 9.7 41.3 4.7 6.1
8 58.3 17.7 55.8 32.5 9.9 42.4 4.6 6.1
10 59.4 17.0 56.2 33.4 9.6 43.0 4.6 5.1
15 57.8 17.9 54.1 312 9.7 40.9 4.1 5.2
20 56.6 18.9 55.0 31.1 10.4 41.6 3.9 5.0
24 56.4 18.1 54.9 30.9 9.9 40.8 3.7 4.9
28 57.8 18.2 54.3 314 9.9 41.2 3.7 5.1
32 59.0 18.1 54.1 31.9 9.8 41.7 3.6 5.1
35 56.7 17.0 56.3 31.9 9.6 41.5 35 5.2
36 53.8 16.5 56.6 30.5 9.4 39.8 34 7.9
37 55.1 17.3 56.3 31.0 9.7 40.7 34 6.9
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Table B27. 5% Zr@TiO>: Gas concentrations produced from propane
dehydrogenation by CQ (600 °C at CQ@propane ratio 34.3:1)

Time Hz CcOo methane cQ ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 96.0 2.8
0 0.34 2.25 0.58 92.32 0.24 0.10 0.82 1.39
2 0.28 1.95 0.56 93.65 0.24 0.09 0.82 1.42
4 0.29 1.92 0.59 93.94 0.24 0.09 0.82 1.43
6 0.29 1.89 0.60 93.87 0.24 0.09 0.81 1.42
8 0.28 1.89 0.56 93.79 0.24 0.08 0.79 1.41
10 0.27 1.89 0.58 94.03 0.24 0.11 0.79 1.45
12 0.26 1.86 0.56 94.22 0.24 0.09 0.84 1.41
14 0.27 1.93 0.60 94.62 0.23 0.09 0.78 1.36
18 0.26 1.86 0.58 95.21 0.24 0.10 0.79 1.36
22 0.24 1.92 0.61 95.20 0.25 0.10 0.82 1.37
Table B28. 5%ZrO,/TiO 2: Conversion, propene selectivity and yield of propane
dehydrogenation by CQat 600°C at gas ratid34.3:1 CQto propane
. Total
Reactio | Propene Ethene Propane Propene Ethene olefins | CO co
n Time | Selectivity | Selectivity | Conversion Yield Yield X ; .
() (%) %) (%) (%) %) Yield | Yield | Conversion
06 | (6) | (%)
0 58.6 17.3 50.2 29.4 8.7 38.1 2.3 3.8
2 59.5 17.3 49.4 29.4 8.6 38.0 2.0 25
4 59.5 17.5 48.9 29.1 8.6 37.7 2.0 2.1
6 58.6 174 49.5 29.0 8.6 37.6 2.0 2.2
8 56.8 174 49.7 28.2 8.7 36.9 2.0 2.3
10 58.4 18.0 48.3 28.2 8.7 36.8 2.0 2.1
12 60.2 17.0 49.8 30.0 8.5 38.5 1.9 1.9
14 54.4 16.3 51.4 28.0 8.4 36.3 2.0 1.4
18 55.2 16.8 51.4 28.4 8.7 37.0 1.9 0.8
22 57.0 17.3 51.2 29.2 8.9 38.0 2.0 0.8

Table B29. Hydrogen content (mol%) produced fronpropane dehydrogenation
by CQ at 600°C at different gas ratio.

without CQ/propane | CQ/propane | CQ/propane | CQ/propane | CQ/propane | CQ/propane
ca gasratio 1:1.4 | ratio 1:3.1 ratio 2.6:1 ratio 12.2:1 ratio 24.2:1 | ratio 34.3:1
H> content,
mol% 14.79 8.92 11.20 7.49 0.88 0.60 0.53
Ratio of
CO/H; - 11 0.5 1.1 4.6 7.3 7

Table B30. 1.3%Ba0/5% Zr@TiO 2, 2% BeO/5% ZrQ/TiO 2 and 2% MgO/5%

ZrQ/TiO2: Gas concentrations produced from propane dehydrogenation by €O
(at 600 °C)
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Time Hz Cco methane | CQO ethene | ethane | propene | propane

Catalysts hours mol% | mol% mol% mol% | mol% | mol% mol% mol%
Co: (CQ/Propane ratio: 19.7:1) 94.5 4.8
1.3%Ba0/5%ZrQ/TiO 2 0 0.83 | 12.02 1.19 82.70 | 0.41 0.12 0.25 1.33
1.3%Ba0/5%ZrQ/TiO 2 3 0.94 12.20 1.24 84.95 0.41 0.10 0.24 1.47
1.3%Ba0/5%ZrQ/TiO 2 6 1.04 11.91 1.08 85.21 0.41 0.09 0.26 1.53
1.3%BaO/5%ZrG/TiO 2 15 0.87 10.99 0.97 86.50 0.37 0.08 0.21 1.65
1.3%Ba0/5%ZrQ/TiO2 18 0.83 | 10.80 0.90 86.65 0.39 0.08 0.21 1.67
1.3%Ba0/5%ZrQ/TiO 2 21 0.90 10.52 0.82 87.07 0.38 0.08 0.24 1.74
Co: (CQ/Propane ratio: 20.9:1) 96.2 4.6
2%BeQ/5%ZrQ/TiO 2 0 2.88 18.12 2.50 77.69 0.39 0.25 0.30 0.70
2%BeQ/5%ZrQ/TiO 2 3 2.70 17.81 2.40 78.57 0.40 0.25 0.29 0.73
2%Be0/5%Zr&/TiO2 4 2.77 | 17.03 2.28 76.83 0.39 0.23 0.27 0.72
Go: (CQ/Propane ratio: 21.2:1) 95.6 4.5
2%MgO/5%ZrO/TiO 2 0 1.32 13.19 1.54 76.67 0.47 0.13 0.32 1.72
2%MgO/5%ZrO./TiO 2 2 1.21 | 12.65 1.63 76.77 0.47 0.14 0.28 1.80
2%MgO/5%ZrO/TiO 2 5 1.15 12.16 1.52 77.38 0.49 0.13 0.27 1.90
2%MgO/5%ZrO/TiO 2 6 1.10 11.63 1.51 75.43 0.49 0.13 0.25 1.84

Table B31. 1.3%Ba0/5% Zr@TiO 2, 2% BeO/5% ZrQ/TiO 2 and 2% MgO/5%
ZrO,/TiO2: conversion, propene selectivity and yield by propane
dehydrogenation by CQ(at 600 °C)

Total
Catalysts . Prope.n.e Ethepg Propan.e Prqpene Ethene olgfins QO Co ‘
Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield Yield | Conversion
Time (h) (%0) (%0) (%0) (%) (%) (%0) (%0) (%0)
1.3%BaO/5%ZrG/TiO 2 0 7.3 11.9 72.4 5.3 8.6 13.9 12.7 12.5
1.3%BaO/5%ZrG/TiO 2 3 7.3 12.3 69.4 5.1 8.5 13.6 12.9 10.1
1.3%BaO/5%ZrG/TiO 2 6 8.0 12.5 68.1 5.5 8.5 14.0 12.6 9.8
1.3%BaO/5%ZrG/TiO 2 15 6.6 11.8 65.7 4.3 7.8 12.1 11.6 8.5
1.3%BaO/5%ZrG/TiO 2 18 6.8 12.5 65.2 4.4 8.2 12.6 11.4 8.3
1.3%Ba0/5%ZrG/TiO 2 21 7.9 12.4 63.8 5.0 7.9 12.9 11.1 7.9
2%BeO/5%ZrC,/TiO 2 0 7.8 9.9 84.7 6.6 8.4 15.0 97.9 18.8
2%BeO/5%ZrQ,/TiO 2 3 7.4 10.4 84.1 6.3 8.7 15.0 101.0 18.5
2%BeO/5%ZrQ,/TiO 2 4 7.1 10.1 84.3 6.0 8.5 14.5 87.9 17.7
2%MgO/5%ZrO/TiO 2 0 11.6 16.9 61.8 7.1 10.5 17.6 13.8 19.8
2%MgO/5%ZrO/TiO 2 2 10.6 17.3 59.9 6.3 10.4 16.7 13.2 19.7
2%MgO/5%ZrO/TiO 2 5 10.5 19.0 57.7 6.1 11.0 17.0 12.7 19.1
2%MgO/5%ZrO/TiO 2 6 9.6 18.5 59.1 5.7 10.9 16.6 12.2 21.1

Table B32. Effect of 2% ADs/5% ZrO»/TiO 2 and 5.8% AYOs/TiO 2: Gas

concentrations produced from propane dehydrogenation by C{at 600 °C)
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Time Hz CO methane | CQ ethene | ethane | propene | propane
Catalysts hours mol% | mol% mol% mol% | mol% | mol% mol% mol%
Co: (CQ/Propane ratio: 18.3:1) 95.1 5.2
2%Al203/5%2Zr02/TiO 2 0 1.64 11.93 2.18 79.72 0.50 0.16 0.44 1.63
2%Al203/5%Zr02/TiO 2 3 141 11.58 2.06 80.01 0.50 0.14 0.41 212
2%Al1203/5%2Zr02/TiO 2 6 1.89 11.39 1.93 79.97 0.50 0.11 0.34 2.19
2%Al203/5%2Zr02/TiO 2 9 1.19 11.49 1.80 80.06 0.48 0.11 0.31 2.34
2%Al1203/5%2Zr02/TiO 2 12 0.96 11.41 1.75 80.53 0.50 0.12 0.27 2.39
Co: (CQ/Propane ratio: 21.3:1) 93.8 4.4
5.8%AL0s/TiO 2 0 1.57 12.95 1.84 76.78 0.43 0.12 0.26 1.49
5.8%AkL0G:/TIO 2 4 1.63 12.69 1.76 77.68 0.43 0.11 0.27 1.62
5.8%AL0s/TiO 2 6 1.32 12.13 1.65 78.38 0.42 0.10 0.22 1.63

Table B33. Effect of 2% ADs/5% ZrO2/TiO 2 and 5% AbOs/TiO2: Conversion,
propene selectivity and yield of propane dehydrogenation by C@at 600 °C)

Total
Catalysts _ Propene Ethe_ng Propane | Propene Ethene ole_fins C_ZO CQ _

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | Yield | Conversion

Time (h) (%) (%) (%) (%) (%) %) | (%) (%)

2%Al203/5%Zr02/TiO 2 0 12.2 14.1 68.6 8.4 9.7 18.1 | 125 16.2

2%Al205/5%Zr02/TiO 2 3 13.5 16.2 59.2 8.0 9.6 175 | 12.2 15.9

2%Al205/5%Zr02/TiO2 6 11.3 16.6 57.8 6.5 9.6 16.2 | 12.0 15.9

2%Al205/5%Zr02/TiO2 9 11.0 16.7 55.1 6.0 9.2 152 | 12.1 15.8

2%Al205/5%Zr02/TiO 2 12 9.6 17.8 54.0 5.2 9.6 148 | 12.0 15.3

5.8%AL0s/TiO 2 0 8.8 14.6 66.1 5.8 9.7 155 | 76.1 13.8

5.8%ALOs/TiO 2 4 9.7 15.5 63.2 6.1 9.8 15.9 | 78.7 13.5

5.8%AkL0s/TiO 2 6 7.9 15.3 63.0 5.0 9.6 146 | 78.7 12.9
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Table B34. Effect of 2% CuO/5%ZredTiO 2 and 2% FeO/5% ZrQ/TiO2: Gas

concentrations produced from propane dehydrogenation by C{at 600 °C)

Time Hz CO | methane| CQ | ethene | ethane | propene | propane

Catalysts hours mol% | mol% mol% mol% | mol% | mol% mol% mol%
Co: (CQ/Propane ratio: 19.7:1) 94.4 4.8
CuO/5%ZrQ/TiO 2 0 161 | 14.88 1.91 80.39 | 0.53 0.13 0.37 1.33
CuO/5%ZrQ/TiO 2 2 1.36 | 14.63 1.87 80.94 | 0.52 0.13 0.36 1.44
CuO/5%ZrQe/TiO 2 4 1.38 | 14.32 1.77 80.96 | 0.54 0.16 0.37 1.52
CuO/5%ZrQe/TiO 2 5 1.44 | 14.03 1.76 78.78 | 0.51 0.12 0.31 151
CuO/5%ZrQe/TiO 2 6 1.30 | 13.78 1.54 78.61 | 0.51 0.12 0.32 1.49
Co: (CQ/Propane ratio: 18.7:1) 95.6 5.1
FeO/5%ZrQ/TiO 2 0 3.98 | 24.78 3.07 63.83 | 0.02 0.08 0.09 0.16
FeO/5%ZrQ/TiO 2 2 3.65 | 24.72 3.11 61.94 | 0.02 0.08 0.07 0.14

Table B35. Effect of 2% CuO /5% ZeDliO2 and 2% FeO/ 5% ZrQ/TiO 2:

conversion, propeneselectivity and yield at 600°C.

Total
Catalysts . Prope.n.e Ethepg Propan.e Prqpene Ethene oIejins QO Co ‘

Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | Yield | Conversion

Time (h) (%) (%) (%) (%) (%) %) | (%) (%)
CuO/5%Zr&/TiO 2 0 10.6 15.2 72.2 7.7 11.0 18.6 15.8 14.8
CuO/5%Zr&/TiO 2 2 10.6 15.6 70.1 7.4 10.9 18.4 15.5 14.3
CuO/5%Zr&/TiO 2 4 11.4 16.6 68.4 7.8 11.3 19.1 15.2 14.2
CuO/5%ZrQ/TiO 2 5 9.4 15.5 68.5 6.4 10.6 17.0 14.9 16.5
CuO/5%ZrQ/TiO2 6 9.6 15.4 68.9 6.6 10.6 17.2 14.6 16.7
FeO/5%ZrQ/TiO 2 0 1.8 0.5 96.9 1.7 0.5 2.2 25.9 33.2
FeO/5%ZrQ/TiO 2 2 1.8 0.5 96.9 1.7 0.5 2.2 25.9 35.2
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Table B36. Effect of 7.4% VO/Tig) 6.9% NbQ/TiO 2, 3.5% IrQ/TiO2 and 3.3%

RhO,/TiO 2 support: gas concentrations produced from propane

dehydrogenation by CQ

Temp. | Time Hz CcOo methane cQ ethene | ethane | propene | propane
Catalysts oC hours

mol% | mol% mol% mol% mol% mol% mol% mol%

Co: (CQ/Propane ratio: 22.3:1) 93.8 4.2
7.4% VOITIO 550 0 4.50 21.52 3.49 67.60 0.06 0.22 0.27 0.28
7.4% VOITIO 550 1 4.19 21.50 3.44 67.74 0.05 0.19 0.27 0.28

Co: (CQ/Propane ratio: 16.1:1) 94.8 5.9
6.9% NbQ/TiO2 | 600 0 1.50 9.84 1.44 87.08 0.50 0.16 0.52 1.65
6.9% NbQ/TiO2 | 600 1 2.01 15.37 1.87 78.90 0.44 0.18 0.56 1.55

Go: (CQ/Propane ratio: 18.3:1) 95.2 5.2
3.5 % IrG/TiO2 575 0 3.51 16.43 0.96 78.40 0.05 0.09 0.31 1.25
3.5 % IrG/TiO2 575 1 3.60 19.00 1.03 73.16 0.04 0.10 0.26 1.34
3.5 % IrG/TiO 2 575 2 3.66 19.62 1.05 72.83 0.05 0.09 0.21 1.71

Co: (CQ/Propane ratio: 17.2:1) 91.3 5.3
3.3 % RhQ/TiO2 | 600 0 4.32 14.43 1.42 61.87 0.00 0.00 0.00 0.06
3.3 % RhQ/TiO2 | 600 1 5.08 19.90 1.64 61.26 0.00 0.00 0.00 0.05

Table B37. Effect o¥.4%VO/TIO,,

propene selectivity and yield (at 600°C)

6.9%NbQ/TIO 2, 3.5%IrQ/TiO 2: conversion,

Total

Catalvsts Propene Ethene Propane | Propene| Ethene olefins CcOo CcQ

Y Temp. | Reaction | Selectivity | Selectivity | Conversion | Yield Yield Yield Yield | Conversion
°C_ | Time (h) (%0) (%0) (%) (%0) (%) (%0) (%) (%0)
7.4% VOITIO 550 0 6.8 15 93.3 6.3 14 7.8 82.1 22.9
7.4% VOITIO 550 1 6.8 14 934 6.4 1.3 7.6 82.5 22.9
6.9% NbQ/TiO2 600 0 12.2 11.8 72.0 8.8 8.5 17.3 104 8.1
6.9% NbQ/TiO2 600 1 13.0 10.0 73.7 9.6 7.4 16.9 16.2 16.8
3.5 % IrG/TiO2 575 0 7.9 1.2 75.9 6.0 0.9 6.9 17.3 17.6
3.5 % IrG/TiO2 575 1 6.8 1.0 74.3 5.1 0.7 5.8 20.0 23.2
3.5 % IrG/TiO2 575 2 6.0 1.3 67.2 4.1 0.9 4.9 20.6 23.5
3.3 % RhQ/TiO2 600 0 0.0 0.0 99.0 0.0 0.0 0.0 15.8 32.2
3.3 % RhQ/TiO2 600 1 0.0 0.0 99.0 0.0 0.0 0.0 21.8 32.9
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Table B38. Effect of 7.9% HTiO2 and 2% PO/TIO 2, 5% UQ/TIO 2 and 5%
ThO/TiO2: gas concentrations produced from propane dehydrogenation by GO

(at 600 °C)
Catalysts Temp. | Time Hz CO methane CcQe ethene | ethane | propene | propane
oC hours mol% mol% mol% mol% mol% mol% mol% mol%
Go: (CQ/Propane ratio: 20.5:1) 94.3 4.6
HfO/TiO 2 600 0 1.70 15.00 1.16 78.38 0.46 0.14 0.64 1.63
HfQ/TiO 2 600 2 1.49 13.50 0.94 80.30 0.42 0.10 0.53 2.00
HfG:/TiO 2 600 3 1.33 12.53 0.84 81.27 0.38 0.09 0.44 2.05
HfG/TiO 2 600 4 1.19 11.98 0.79 81.95 0.38 0.08 0.41 2.12
HfC/TiO 2 600 6 1.13 11.42 0.70 80.35 0.35 0.07 0.42 2.12
G: (CQ/Propane ratio: 22.9:1) 96.3 4.2
PtOTiO2 600 0 1.56 11.76 1.19 84.30 0.43 0.11 0.30 2.08
PtOTIO2 600 3 1.43 10.77 1.10 85.09 0.45 0.11 0.34 2.17
PtOTiO2 600 5 1.33 10.31 1.04 85.50 0.47 0.11 0.35 2.30
Co: (CQ/Propane ratio: 22.3:1) 93.8 4.2
UQ/TIO2 600 0 0.70 7.34 0.45 83.83 0.29 0.05 0.24 2.69
UQ/TIO2 600 2 0.76 7.25 0.43 83.97 0.30 0.06 0.23 2.67
UQ/TIO2 600 6 0.71 7.24 0.44 84.07 0.29 0.05 0.23 2.69
G: (CQ/Propane ratio: 19.5:1) 95.5 4.9
ThQ/TiO2 600 0 2.80 15.02 1.69 78.73 0.09 0.11 0.36 1.73
ThG./TIO2 600 5 2.55 14.23 1.61 79.25 0.10 0.12 0.38 1.78
Table B39. Effect of 7.9% H®/TiO2 and 2% PO/TIO 2, 5% UQ/TIO 2 and 5%
ThG,/TiO2: conversion, propene selectivity and yield by propane
dehydrogenation by CQ (at 600 °C)
Total
Propene Ethene Propane Propene Ethene olefins CO CQ
Temp. | Reaction | Selectivity | Selectivity | Conversion Yield Yield Yield | Yield | Conversion
Catalysts oC Time (h) (%) (%) (%) (%) (%) (%) (%) (%)
HfQ/TiO 2 600 0 214 15.6 64.6 13.9 10.1 23.9 15.9 16.9
HfG./TiO 2 600 2 20.3 16.3 56.6 11.5 9.2 20.7 14.3 14.8
HfC/TIO2 | 600 3 17.4 14.9 55.5 9.6 8.3 17.9 13.3 13.8
HfQ/TiO 2 600 4 16.4 15.2 53.9 8.8 8.2 17.0 12.7 13.1
HfG./TiO 2 600 6 17.1 14.2 53.9 9.2 7.6 16.8 12.1 14.8
PtO/TIO2 600 0 14.2 20.0 50.6 7.2 10.1 17.3 12.2 12.5
PtO/TIO2 600 3 16.5 22.0 48.4 8.0 10.6 18.6 11.2 11.6
PtO/TIO2 600 5 18.4 25.0 45.2 8.3 11.3 19.6 10.7 11.2
UQ/TIO2 600 0 16.0 19.3 35.9 5.8 6.9 12.7 7.8 10.6
UG/TIO2 600 2 15.2 19.4 36.5 5.5 7.1 12.6 7.7 10.5
UQ/TIiO2 600 6 15.3 19.2 36.1 5.5 6.9 12.4 7.7 10.4
ThG/TIO2 600 0 11.3 2.9 64.8 7.3 1.9 9.2 15.7 17.6
ThG./TIO 2 600 5 12.3 3.1 63.6 7.8 2.0 9.8 14.9 17.0
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Table B40. Effect of 10.5 % T0s/TiO2: Gas concentrations produced from

propane dehydrogenation by C®(CQ/propane ratio 20.1:1 at 600°C)

Time Hz CcOo methane cQ ethene | ethane | propene | propane
hours mol% mol% mol% mol% mol% mol% mol% mol%
G 92.8 4.2
0 0.54 7.69 1.33 84.82 1.16 0.19 0.25 2.35
0.5 0.48 7.00 1.19 80.40 1.04 0.16 0.23 2.17
1 0.45 6.87 1.20 79.83 1.05 0.16 0.21 2.14
2 0.41 6.90 1.28 79.56 1.06 0.16 0.21 2.18
25 0.43 6.81 1.32 79.44 1.08 0.17 0.25 2.20
3 0.42 6.61 1.23 79.57 1.05 0.17 0.25 2.24
5 0.43 6.84 1.29 84.06 1.11 0.17 0.25 2.39
6 0.42 6.67 1.25 82.10 1.09 0.17 0.23 2.32
7 0.40 6.48 1.21 82.14 1.07 0.15 0.26 2.30
8 0.46 6.38 1.20 82.30 1.06 0.15 0.21 2.30

Table B41. Effect of 10.5% T0s/TiO2: CQ dehydrogenation of propane

conversion, propene selectivity and yield of C&propane ratio 22.1:1 at 600°C

Total
_ Propen_e Ethe_ne Propan_e Prqpene Ethene olgfins Y(ifeclii Con(\:/gsion
R_eactlon Selectivity | Selectivity | Conversion Yield Yield Yield (%) (%)
Time (h) (%0) (%0) (%0) (%0) (%) (%0)
0 13.6 63.1 44.0 6.0 27.7 33.7 8.3 8.6
0.5 11.3 51.1 48.3 5.5 24.7 30.2 75 134
1 10.3 50.8 49.1 5.1 24.9 30.0 7.4 14.0
2 10.3 52.2 48.2 5.0 25.2 30.1 7.4 14.3
25 12.6 54.2 475 6.0 25.8 31.7 7.3 14.4
3 12.7 53.5 46.7 5.9 25.0 30.9 7.1 14.3
5 13.9 61.3 43.1 6.0 26.4 324 7.4 9.4
6 12.0 58.1 44.8 5.4 26.0 314 7.2 11.5
7 13.7 56.6 45.2 6.2 25.6 31.8 7.0 11.5
8 10.9 56.0 45.2 4.9 25.3 30.3 6.9 11.3
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Table B42. 5.8% CrO/Si@and 5.1% GaOs/Al 20z: Gas concentrations produced
from propane dehydrogenation by C@(at 600 °C)

Catalysts i1’(|)r:11res Hz CcOo methane CcCe ethene | ethane | propene | propane
mol% mol% mol% mol% mol% mol% mol% mol%
Co: (CQ/Propane ratio: 22.9:1) 94.5 5.0
CrO/Si 0 1.34 15.89 5.20 79.67 0.30 0.25 0.06 0.03
CrO/Si 4 1.11 14.82 5.09 80.62 0.40 0.29 0.13 0.03
CrO/Si 7 1.15 14.39 5.03 81.06 0.47 0.30 0.20 0.03
Cro/SiG 10 1.09 14.04 4.93 81.68 0.51 0.28 0.27 0.04
CroO/SiG 12 1.15 13.71 4.81 81.49 0.51 0.31 0.32 0.05
Co: (CQ/Propane ratio: 22.9:1) 94.5 5.1
GaGs/Al 203 0 1.54 14.07 4.22 81.92 0.00 0.00 0.04 0.67
GaGs/Al 203 1 1.62 14.66 4.26 81.42 0.00 0.00 0.03 0.61
GaGs/Al 203 3 1.35 13.86 4.16 79.70 0.00 0.00 0.03 0.56
GaGs/Al 203 4 1.19 13.81 4.19 79.73 0.00 0.00 0.03 0.53
GaOs/Al 203 5 1.26 13.93 4.09 79.65 0.00 0.00 0.02 0.52

Table B43. 5.8% Cr@SiO, and 5.1% GaQs/Al 20s: conversion, propene

selectivity and yield from CQ dehydrogenation of propane (at 600°C)

Reaction Propgnp Ethe!wg Propan.e Prqpene Ethene o-ll—:ftiils (;O CQo ‘

Catalysts Time (h) Selectivity | Selectivity | Conversion Yield Yield vield Yield | Conversion

(%) (%) (%) (%) (%) %) (%) (%)

CrO/SIO 0 1.1 6.0 99.5 1.1 6.0 7.1 16.8 15.7
CrO/SIO 4 2.6 8.1 99.4 2.6 8.0 10.6 15.7 14.7
CrO/SIO 7 4.1 9.5 99.3 4.0 9.5 13.5 15.2 14.2
CrO/SIO 10 5.5 10.2 99.3 5.4 10.1 15.5 14.9 13.6
CrO/SiQ 12 6.5 10.4 99.1 6.4 10.3 16.7 14.5 13.8
GaOs/Al 203 0 0.8 0.0 86.9 0.7 0.0 0.7 14.9 13.3
GaOs/Al 203 1 0.7 0.0 88.0 0.6 0.0 0.6 15.5 13.8
Ga0s/Al 203 3 0.7 0.0 89.1 0.7 0.0 0.7 14.7 15.7
GaOs/Al 203 4 0.6 0.0 89.5 0.6 0.0 0.6 14.6 15.6
GaOs/Al 203 5 0.5 0.0 89.9 0.5 0.0 0.5 14.7 15.7
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Figure BL. Propene selectivity vs. propane conversion of thernary oxides
catalysts (at 600°C)
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Figure B2. Ethene selectivity vs. propane conversion of thernary oxides
catalysts (at 600°C)
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Appendix 3
Additional Resultsfor Chapter-4
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FigureC1l. Reaction of C@and CH overcatalyst 2% w/w ZiTi oxide madeby
co-precipitation method (CQ/CH41:1)
[A] Methaneand CQ plot, [B] H; plot, [C] CO plot
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Figure C2. Acetic acid formationover 50% w/w Zr/ Ti oxide made by co
precipitation method-2, (CQ:CH; 1:1)
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Figure C3. Acetic acid formationover 50% w/w Zr/ Ti oxide made by co
precipitation method-3, (CQ:CH; 1:1)
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Figure C4. Acetic acid formation during activity test of 50% w/w Zr/ Ti oxide
made by co-precipitation method-4, (CQ:CH; 1:1)
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FigureC>5. Activity test of 1% w/w ZfTi oxidemade byimpregnabn method1l
(CO,:CHy4 1:1): methane an@€O; plot
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FigureC6. Activity test d direct reaction of C@and CH on 5% w/w ZrTi oxide
made bympregnabn methodl1 (CO,:CH,4 1:1)
[A] CHsand H plot, [B] CO, and CO plot[C] methane and C{plot
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FigureC7. Activity test of direct reaction of C{and CH, on 5% w/w ZfTi oxide
made by mpregnabn method2, (CO,:CH, 1:1)
[A] acetic acid plot[C] H; plot

tvr




Appendix 3

120000
100000 /
S 80000
§ 60000 — Acetic acid
S 40000 pre” Hydrogen
20000
[ ——
0
500 600 650 750
Temp.°C

FigureC8. The comparison plots ¢érnary oxideof 2% w/w Al/ 5% wiw ZITi
(CO,:CH4 1:1) [A] acetic acid and biplot, [B] methane and fplot
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FigureC9. The comparison plofer ternary oxideof 3.4% w/w Co/ 5% w/w ZiTi

(CO»;CH, 1:1)
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FigureC10. Overlay diagram of acetic acid of m/z 60 and the formatastic acid
andH, vs. reaction tim@ver ternary oxide 04% w/w Cu 5% w/w ZfTi catalyst
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Figure C11. The overlay diagram of acetic acijcethaneand ethylene formation at
gas ratioCQ/CHas 1:9 on 5% w/w Zr/ Ti oxide catalyst
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Figure C12. The overlay diagram of acetic acijcethaneand ethylene formation at
gas ratioCQ/CH4 9:1 on 5% w/w Zr/ Ti oxide catalyst
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Figure CB. No detection of propanoic aciqH ;CI—b(ﬁDH)from the direct reaction
of ethane with C@Qon 5% w/w Zi'Ti oxide catalyst (C@ethane 1:1)
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FigureC14. Activity test of CQ with ethane was shown methane andidde at the
same temperature of the acetic acid formabiob% w/w Zr'Ti oxide catalyst
(COy/ethane 1:1)
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FigureC15. No detection of butanoic ao16:-l C-|;CH2CEDH)from the direct
reaction of propane with G@n 5% w/w Zr'Ti oxide catalys{CO,/propane 1:1)
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