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ABSTRACT

The synthesis of linear C;-C, alcohols from synyhesis gas (CO +
Hy) over alkali-promoted MoS,-based catalysts has been studied. A
large doping level of alkali was essential for the formation of
alcohols rather than hydrocarbons over these catalysts. The
indispensable presence of the alkali salt promoter for alcohol
synthesis was due to the bifunctionality of the catalyst in which the
alkali activates CO and MoS, activates Hy. Injection of 13C-1abe1ed
CH30H into the synthesis gas stream over alkali-promoted MoS,-based
catalysts and analysis by L3c mmr spectroscopy of the condensable
products, accompanied by mass spectrometric analysis of light gaseous
products, demonstrated that the alcohol chain growth occurred via a
classical CO insertion mechanism, and that methane is a secondary
product that is formed from an alkyl moiety generated from a C;-
oxygenated precursor. The addition of cobalt to the alkali-doped MoS,
catalyst greatly enhanced the rate of the C; + Cy growth step so that
ethanol became the dominant product. The alkali-doped MoS, catalysts
prior to and after attaining their working state were fully
characterized by XPS, XRD, STEM, and surface area measurements.
Electron microscopy results indicated that the MoS, portion of the
catalyst consists of a semicrystalline hexagonal structure with
regular lattice spacings (d(002) = 6.15 A) that indicate no
intercalation of the alkali. The cesium salt in the best catalysts

(10-20 wt% CsOOCH) is distributed as =200 A diameter particles and
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also as a fine surface dispersion. The cesium particle agglomeration
results from the low surface energy of MoS, and is the cause of the
large levels of cesium required for the optimal functioning of the
catalyst. Pretreatment (400 °C, 2% Hy/Np, 1 h) of the catalysts
induces not only reduction of surface species such as Mo(VI) and 8042'
detected on the fresh catalysts, but also dispersion of the cesium on
the MoS, surface. The oxidation states of S and Mo in the tested
catalysts correspond to those of MoS,, i.e. Mo(IV) and Sz'. XPS
intensity equations were derived from geometrical models of the

catalyst surface to determine the degree of dispersion and/or

segregation of Cs on the MoS, surface.
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OBJECTIVE AND SCOPE OF THE WORK

The objective of this research was to generate the scientific
knowledge that may lead to improvements of the process for the
synthesis of Cp-C, alcohols from synthesis gas (CO + Hy) over MoS,-
based catalysts, which was recently disclosed by the Dow Chemical
Company and Union Carbide. The approach was to perform both solid
state studies of the MoS,-based catalysts and mechanistic
investigations of the synthesis of alcohols. The former will allow us
to gain insight into the nature of active sites on the catalyst, while
the latter will elucidate the reaction pathway of alcohol formation.
The information obtained from these studies can be used to optimize
the activity of the catalyst and control the selectivity to a desired
product.

The £first goal in this research was to verify the alkali
promotion effect over the MoSy catalysts for the synthesis of
alcohols. The issue of the mnature of the alkali promotion was
explored in this.part of the research. After reaching this goal, the
concentration of the alkali promoter in the catalyst was optimized to
produce high yields of C;-C, alcohols.

The second goal was to elucidate the reaction pathway of alcohol
formation over the alkali-doped MoS, and alkali-doped Co/MoS,

13C-labeled methanol into

catalysts. This was achieved by injecting
the synthesis gas feedstream and analysis of the products by 3¢ mr

spectroscopy and mass spectrometry.
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The third goal was to characterize the alkali-doped MoS,
catalysts in terms of alkali distribution, chemical state, and
structural features of their components at different stages of
preparation and testing of the catalysts. This was accomplished using
various techniques such as: X-ray diffraction (XRD), BET surface area
measurements, X-ray photoelectron spectroscopy (XPS), and scanning
transmission electron microscopy (STEM). The key questions answered by
this dissertation are the following:

1. Are alcohols and hydrocarbons formed by separate reaction
pathways or is one the precursor of the other?

2. What is the mechanism of C-C bond formation for the
alcohols and of the formation of simultaneously produced
hydrocarbons and methyl esters?

3. How is the alcohol product selectivity affected by reaction
conditions?

4, What is the mechanistic function of MoS, and of the alkali
metal? What is the mechanistic function of Co, which has
been demonstrated to promote the formation of ethanol?

S. Is the alkali promotion effect for the synthesis of
alcohols over the MoS,-based catalyst alkali-ion specific?

6. How does alkali concentration affect catalyst activity and
selectivity?

7. What are the structural features of the alkali-doped MoS,
catalysts?

8. What is the chemical composition and the oxidation state of
the different elements (Cs, Mo, and S) present on the
catalyst surface?

This dissertation 1is divided into six chapters. Chapter 1

presents an extensive review of the synthesis of alcohols and of the

role of alkali metals in CO/H, reactions. In the last section of this

chapter, the crystal structure and nature of the active sites of MoS,
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are discussed. In Chapter 2, the preparation of the catalysts as well
as the experimental methods involved in the catalytic testing are
described. Catalytic activity results obtained over the alkali/MoS,
and alkali/(Co/MoS;) catalysts at different operating conditions are
discussed in detail in Chapter 3. The mechanism of C-C bond formation
of alcohols, and of the simultaneously produced hydrocarbons and
methyl esters, is given in Chapter 4. Characterization studies of the
alkali/MoS, catalysts are presented in Chapter 5. Chapter 6

summarizes the conclusions reached in this research.
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Chapter 1
1.1 Introduction

The history of research and development in the area of direct
catalytic synthesis of alcohols from synthesis gas (CO + Hy) is a
classic example of how raw material availability, economic needs, and
changing technology have evolved over the years. Currently, many
research organizations are involved in alcohol synthesis projects due
to an increasing demand for octane booster components since the U.S.
Environmental Protection Agency (EPA) mandated an accelerated schedule
for removal of lead alkyls from gasoline (1) and reduction of volatile
compounds (2). Other factors such as octane upgrade, which‘ is
expected to increase substantially by 1995, will also contribute to
the need of octane boosters (see Table 1-1). Alcohols such as
methanol, ethanol, propanol, and butanol not only can bLe mixed with
gasoline to enhance the octane rating but also can be used as a whole
motor-fuel and as base chemicals (5,4).

The main limitation for the industrial synthesis of higher
alcohols from CO and H, has,  until recently, been the lack of a
selective and durable catalyst that allows an efficient production of
the alcohols, although advances have been made in the development of
different catalytic systems. These catalytic systems can be classified
into three groups:

(1) Modified high pressure methanol synthesis catalyst, alkali-
doped ZnO/Cr203 (5-7).
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TABLE 1-1

Estimation of the Total Octane Demand®

1990 1995
Estimated Gasoline Demand 7.12 (7.04 in 1987) 7.40
(nillion bbl/day)
Total Octane Demandb 2.80 . 6.50
Due to:
* Lead Demise 0.30 0.30
* Octane Upgrade 0.50 (88.90) 1.20 (89.50)
* Reduced Volatility
- Phase 1 2.00 2.00
3.00

- Phase 2 --

2 pata taken from A. El Sawy and D. Gray, U. S. DOE Indirect
Liquefaction Contractors’ Review Meeting, Pittsburgh, PA, Nov.
15-17, 1988.

Y ) Octane Demand = 5 MM gal MTBE(methyltertiarybutyl ether)/year
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(2) Modified low pressure methanol synthesis catalyst, alkali-
doped Cu/Zn0/Al,05 (8-10).

(3) Modified Fischer-Tropsch catalysts, alkali-doped
Cu0/Co0/A1505 (11-14) and alkali-doped MoS, (15-17).

These three types of catalysts are currently used in processes
offered by different companies, as discussed in Section 1.3. However,
as mentioned above, the present technologies to manufacture higher
alcohols from synthesis gas (CO + Hy) still do not fulfill the
requirements needed to make a process for the synthesis of higher
alcohols economically attractive. There is every reason to believe
that the future of such processes depend upon improvements of the
preparation of highly selective and longevous catalysts. Solid state
studiss of the catalysts combined with mechanistic investigations of
the synthesis of alcohols need to be performed in order to achieve
these improvements.

All the catalysts mentioned above, with the exception of MoS,-
based catalysts, have been extensively studied in academic, as well as
industrial, laboratories, and interesting results have been achieved
in the interpretation of reaction mechanism and in the understanding
of the catalytic systems. However, very little has been published in
the scientific literatuxe (18-20) about the MoS,-based catalysts; that
were recently discovered by The Dow Chemical Company and Union Carbide
Corporation (15-17). This mnovel MoSz-based catalyst is of both
industrial and academic interest in C; chemistry due not only to its
longevity and resistance to sulfur, and iron carbonyl poisoning, but

also for its activity and selectivity for the synthesis of €1-C4
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alcohols. The objective of the present research 1is to provide a
scientific understanding of the synthesis of alcohols over MoS,;-based
catalysts.

In the next sections of this chapter, a literature review of the
synthesis of alcohols from CO and H, is presented, followed by a

discussion of the crystal structure and nature of the active sites of

MOSZ .

1.2 Historical Review of Higher Alcohol Synthesis

The production of higher alcohols from hydrogen and carbon
monoxide has been known since the beginning of this century. In 1913,
Badische Anilin and Soda Fabrik (BASF) patented a process to
manufacture a mixture of alcohols, aldehydeé, ketones, acids and other
organic compounds (21). In this process, the reaction between CO and
Ho occurred in the presence of alkalized oxide of cobalt or osmium and
at 100 to 200 atm and 300 to QOO°C. In 1923-1924 Fischer and Tropsch
developed the "synthol" process to produce higher alcohols (22). This
process used an alkalized iron catalyst to convert synthesis gas to
alcohols at pressures above 100 atm and at temperatures of 400 to
450°C. An important step in the selective synthesis of alcohols from
CO and Hy was the discovery of the Zn0 and Cr,03-base catalyst by BASF
(23). The first high yields of methanol were obtained at relatively
high pressures in the presence of these catalysts. A few years later,

in 1928, several researchers (24-27) discovered that mixtures of
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methanol and higher alcohols were obtained when Zn0O/Cr,05 catalysts
were doped with alkali salts. From 1935 to 1945, plants usiné these
types of catalysts to produce higher alcohols were in operation in
Europe. Natta et al. (6) mentioned that process conditions in these
plants were severe with high pressure and very short catalyst life.
In the 1940's, I.G. Farbenindustrie and the Ruhrchemie in Germany
developed the "synol" process (28), which was based on medium-
pressure (20 atm) Fischer-Tropsch iron catalysts with operating
conditions optimized to enhance the production of higher alcohols.
After 1945, with the growing availability of petroleum and the
increasing demand for pure alcohols for chemical uses, these plants
became economically unattractive and consequently were demolished. In
contrast, in the 1950's the industrial development of high pressure
methanol synthesis was well established and zinc chromite a
"satisfactory" catalyst. While research activity on higher alcolols
synthesis was absent during the 1950’s and 1960's, the research on
methanol synthesis continued, and this culminated with the discovery,
pioneefed by ICI, of the low-pressure methanol synthesis process that
utilized ternary catalysts based on copper, zinc oxide, and chromia or
alumina, This new low-pressure process was considered a dramatic
industrial breakthrough. Currently, almost all the world’s methanol
production is based on this low pressure methanol catalyst.

In the early 1970's there was renewed interest in the synthesis
and use of higher alcohols as a synthetic fuel which was initiated by

the Arab o0il embargo that created an energy shock in the Western

10
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World. There was an intensive world-wide research effort on the
production and use of synthesis gas (CO + Hy) derived from coal as an
alternative to crude oil. This research effort was reflected by the
numerous papers published in the syngas field. In the early 1980's,
with oil prices going down as well as the fact that govermments and
companies tend to forget troublesome times rapidly, research on
alcohol synthesis was tended to decline in importance. Currentl&, the
main driving force for the synthesis of alcohols from synthesis gas
(CO + H2) is an environmental one. Mixed alcohols (Cl-C4) are thought
to be a feasible alternative, along with MTBE (methyltertiarybutyl
ether) and other ethers, to meet the increasing demand for octane (see

Table 1-1).

1.3 Present Technology

In this section, the processes for obtaining higher alcohols from
CO and Hy that have been demonstfated on at least a pilot plot scale
will be summarized. These processes are based on (i) modified high
pressure methanol technology utiliziﬁg alkalized zinc oxide-chromia
catalysts, (ii) modified low pressure methanol technology utilizing
alkalized copper-zinc oxide catalysts, (iii) combined methanol
Fischér-Tropsch technology wutilizing alkalized copper-cobalt-oxide
catalysts and (iv) the Dow-Union Carbide technology wutilizing
alkalized molybdenum sulfide catalysts.

Figure 1-1 shows the temperature and pressure ranges under which

these types of catalysts will operate, along with those for typical

11
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Basic Operating Characteristics of Higher Alcohol Synthesis Technologies (from Reference 32).

2

1
Procass ¢
Main . SEHT (MAS) IFP (Substifual) Dow HAS UCC HAS ruas Dow HAS Lucgl OCTAMIX W* Has W HAs
Characceristics Procass Procass Process Process Process
T /2076 £/Cu/Co/AL K/CofMoS,  Cs/os Alkall/Cufa/ce
[ yst 4 9, o/Ho /Mo Cs/MoS oS omo
Catalyse seabilicy 2 2 /MoSy K/MoSq Promocers Cs/Cu/Zn0 Cs/Cu/Zn0/Cry0,
(1ife), h 8,000 ~2,000 >8,000 n.a. >200 n.a 8,000 >1,200° >730°
Operacing Teaperaturs,
‘c 350-420 280-320 306 300 29% 255 285-300 300 300
Operacting Prassure,

MPa 10-18 6-10 10.3 2.75 8.2 10.3 69 9.1 9.1
Syngas Sgu:n Velocity, ) .
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Syngas Feed Hy/CO :
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Liquid Product
Saleccivity, 90 70.75 a8 80 77 a3 93 >96 >96
C,*0H Selectivicy,
1] 20-30 25-.50 1.6 32.8 7.3 32.2 20-30 1.3 36.5
Alcohol Space Time
Yield, kg/I cac/hr®
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kg/kg cac/mrl 0.21° 0.1-0.15° 0.23-0.30°  o.256f 0.2 n.19.0.32f 0.46° 0.373f 0.46F
; Lahigh Universicy

Deactivation data in Raference
§  Concained 50 p.p.m. HpS

CO conversion exclusive of CO
; STY in kg oxygenace product par hour per £ catalyst

STY in kg oxygenacs product patr hour per kg catalyst



low pressure methanol synthesis catalysts. Table 1-2 summarizes the
different processes and their basic operating characteristics offered
by several companies for the synthesis of higher alcohols in the
presence of the catalysts mentioned above. Results obtained on a
bench scale at Lehigh University are also presented in Table 1-2 for
the sake of comparison. All these processes have been discussed in
detail in the literature (13,15,29-32). Recent evaluations of these
systems by both industrial (2) and academic researchers (32,33)
concluded, among other things, that improvements in the performance of

these catalysts are needed for more efficient conversion of synthesis

gas to alcohols.

1.4 Methanol Synthesis

Methanol synthesis is a major industrial process which is made
catalytically from CO, CO,, H, mixtures that are produced by steam
reforming of natural gas or other hydrocarbons. The reactions

involved in the synthesis of methanol are:
CO + 2H2 = CH30H AG600K = +45.36 kJ/mol [1.1]
COy + 2Hy = CH,OH + H,0 AG®goog — +61.80 kJ/mol (1.2]

Simul taneously occurring with catalytic methanol synthesis is the

water gas shift (WGS) reaction

CcOo + H20 = C02 + Hz AG°600K b ‘16.5 kJ/mol [1.3]

There are two industrial processes for the methanol synthesis:

14
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(i) a high-pressure process that operates at P = 250-300 atm and T =
330-400°C and uses a ZnO/Cr203 catalyst and (ii) the ICI low-pressure
process that operates at P = 50-100 atm and T = 200-270°C and uses a
Cu/Zn0/A1,05 catalyst. Currently, most of the methanol production is
performed using the ICI low-pressure process. Although the synthesis
of methanol is a well established industrial process and the reactions
[1.1] and [1.2] that give rise to methanol appear rather simple, the
exact mechanistic pathway that leads to the formation of methanol and
the active sites of the Cu/Zn0 based catalyst are still unknown and
the subject of many controvaisies. In the next section the different
mechanisms proposed in the literature are summarized. Interested

readers should refer to references (34-39) and references therein for

details.

1.4.1 Mechanism of Methanol Synthesis

The reaction pathway of methanol synthesis has been attempted to
be solved by following two approaches. The first is the old fashioned
method which consists of assuming the elementary steps of methanol
formation. and testing the derived rate equation by kinetic
measurements of the overall reaction. This method has been shown to
give ambiguous results, since several kinetic models will usually fit
the experimental data. The second approach, which is currently widely
used, consists of identifying the different intermediate species using

spectroscopic, chemical trapping and isotopic tracer techniques. The

15
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proposed reaction mechanisms for the formation of methanol over the
Cu/Zn0 catalyst have been reviewed in detail by Klier (36) and more
recently by Bart and Sneeden (38) and bylkinnemann and Hindermann
(39). The mechanisms proposed for the synthesis of methanol are

either based on formyl or on formate species. The reaction schemes

are:

I. Formyl species mechanism

/
~c H N7 H , CHy0H +
*

*=BO

H
1.B c1=o — CH;OH + *
. .

I1I. Formate species mechanism

Hy0 CHa0H  + OH

/ [
Hj *

®
o)
¥/
(=}
o
*-0-Q
%
N

CH;0H + H
[}
*

In Mechanism I the first step of the reaction is the formation of a
formyl group which can be hydrogenated to produce either
hydroxycarbene (route I.A) or formaldehyde (route I.B) which are

further hydrogenated to produce methanol. In Mechanism II the first

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



step of the reaction is the insertion of CO intc a surface hydroxyl to
form a surface formate. This 1is followed by subsequent hydro.genat:ion
and ‘dehydraci.on to form a surface methoxide aiid then methanol. Klier
(36) summarized the thermodynamic energies of the various
intermediates involved in Mechanisms I and II. His results are
presented in Figure 1-2 that shows enthalpies and Gibbs free energies
at 250°C which would be required for noncatalyzed reactions that
involve a particular set of intermediates. Klier concluded from his
thermodynamic analysis that the catalyst would have to lower the 200
kJ/mol thermodynamic barrier of hydroxycarbene formation (route I.A),
while the pathway of Mechanism II would require destabilization of the
surface formate and methoxide. The author pointed out that the
removal of surface methoxide by hydrolysis would proceed with a lower
thermodynamic barrier than by hydrogenation. Klier also mentioned
that the form:aldehyde pathway (route I.B) would seem to be a feasible
one because the free energy of formaldehyde lies only 17 kJ/mol above
that of methanol, although, he added, is likely that large kinetic
barriers exist fo;: the synthesis of formaldehyde that offset the
thermodynamic feasibility of pathway I.B, since formaldehyde has never
been observed as intermediate of methanol synthesis over the Cu/Zn0
catalyst. The identification of intermediates present on the catalyst
surface during methanol synthesis has been the subject of great
interest as evidenced by the number of publications on this matter.
The evidence for aldehydic type intermediates such as formyl,

- formaldehyde, or hydroxycarbene comes from isotopic tagging,

17
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Figure 1-2 Standard enthalpy (dashed lines) and Gibbs free-energy
(full lines) changes for intermediates in methanol
synthesis; (a) hydroxycarbene route, (b) formate-methoxide
route, and (c) formaldehyde route (from Reference 36).
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spectroscopic, and chemical trapping studies. Formyl species were
identified by chemical trapping on Ni, BRh, and Pd (40). Their
evolution was followed on Pd by Deluzarche et al. (40). Recently,
Vedage and co-workers (41) reported the detection of Cy intermediate
of the type either of a formyl or a hydroxycarbene over the Cu/ZnO
catalyst by trapping experiments with amine. Surface formyl complexes
have been identified by IR (42,43) on Zn0 and Cu/Zn0O after co-
adsorption of CO and H, at near ambient conditions. Takeuchi and
Katzer (44) used a mixture of 13C]‘GO and 120180 and H2 over a Rh/TiO?_
catalyst that produced 13cH;'®0H and 12cH;1%0H, but not 3cH;180H and
120H316OH. This result indicated that methanol is produced through
the formyl path (Mechanism I) and excludes the formate path in which
the two equivalent oxygens would result in isotopic scrambling to
produce 13cHy'80H and 2cH,160H.

Evidence for Mechanism II, which involves formate and methoxide
species, has been obtained using a great variety of techniques.
Surface formate and methoxide species have been detected by IR
spectroscopy in methanol decomposition over ZnO by Veno et al. (45).
The authors concluded that by invoking the principle of microscolpic
reversibility these i..ntermedi.ate. species must also participate in the
synthesis reaction. The surface methoxide was also detected in IR
spectra of methanol chemisorbed on iron, nickel, and cobalt (46),
magnesia (47), and alumina (48). Amenomiya et al. (49) studied
methanol synthesis from COy and H, over Cu/Zn0/Al,05 catalysts with

the aid of a high pressure-temperature IR cell incorporated into a

19
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continuous flow high pressure reaction system. They accompanied their
in-situ spectroscopic investigation with a simultaneous kinetic study.
The authors concluded that the formate ion is directly involved in the
reaction path of both methanol synthesis and reverse water-gas shift
reaction, and added that the rate-determining steps of the reactions
are the hydrogenation and decomposition of formate, respectively.
Edwards and Schrader (50) also performed high pressure IR studies and
confirmed that the formate species should be considered as a reaction
intermediate in both CO, and CO hydrogenation to methanol. More
recently, Bogdan (51) showed by in situ IR studies that contacting
Cs/Zn0 or Cs/Cu/Zn0 catalysts with CO + H, led to the formation of a
unique CsOOCH species on the catalyst surface. In chemical trapping
experiments with SOA(CH3)2 and SOQ(CZHS)Z, formate and methoxide
species have been detected during methanol synthesis from H,/CO or
Hy/CO, over Cu/Zn0 catalysts (52,53). The synthesis 'of methanol
through the formate mechanism was supported by Klier et al. (54) who
injected D,0 into the CO/H, mixture to obtain methanol singly
deuterated on the CHy group, CH2DO(H,D). These authors mentionéd that
quantitative evaluation of the iéotope flow led to the conclusion that
the formate mechanism accounted for at least 65% of the methanol
synthesis from CO/Hy + D,0.

To conciliate the fact that experimental evidence supported the
presence of aldehydic, formate, and methoxide species on the Cu/Zn0O
catalyst surface, Kinnemann and Hindermann (39) proposed the mechanism

of methanol synthesis shown in Scheme 1-1. .

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(I:H
o4l g7 = ro = 3

H
VY
oy N
. N CH,0H
€0 4 gH 0 N0 —»
L= 1 1
Scheme 1-1

The dioxymethylene species shown in this scheme has been observed over
the Cu/Zn0 catalyst by FT-IR (55) and in chemical trapping experiments

(55) according to reaction:

;H
O/CH\ + BiCH,CH,B ? &
1 _?_ ' : 2BF T (!H; H,

(1.4]

Very recently, Nunan et al. (56) also proposed a mechanism shown in
Scheme 1-2, that encompasses both the formyl and formate intermediates

over the Cs-doped Cu/ZnO catalyst.

&}

& H
s +H,~-H,0
CO + CsOH === o‘eto M0 g

CS slow 850

i il
JH+H.
11,0 §Ha H);:o

CsOH + CH;OH,, = =1/}
“ cs® | Cs®H®

CH,OH,,,
Scheme 1-2

In conclusion, there 1s a general agreement among various
researchers that on nobel metal catalysts, e.g. Pd and Rh, the main

route to methanol seems to be the formyl pathway, while on Cu/Zn0 the
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formation of methanol goes through formyl and formate intermediates

1.5 Higher Alcohol Synthesis

Aliphatic alcohols are synthesized from synthesis gas (CO + H)

by the following over-all reaction

Simultaneously occurring is the water gas shift reaction

Secondary reactions produce light hydrocarbons according to reactions
2nH2 + nCO ~+ CnH2n + nH20, and . [17]
(2n+1)H2 + nCO ~ CnH2n+2 + nH20 [1.8]

Thermodynamic considerations of the above reactions, which have
been discussed in detail by Natta (6) and Klier (36) and summarized in
Figure 1-3, indicate that hydrocarbon formation is accompanied with a
more negative free-energy change than for the formation of alcohols,
as shown in Figure 1-3. To minimize or avoid the formation of
hydrocarbons and allow the selective formation of alcohols, it is
necessary to use a catalyst that will promote the formation of surface
intermediates that give rise to the production of alcohols. In other
words, the catalyst should be able to change the thermodynamically

controlled process, which favors the production of hydrocarbons, to a
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kinetically controlled process, which would favor the production of
alcohols. The distribution of the products obtained in higher alcohol
synthesis depend upon the catalyst used and the operating conditions.
Linear and branched higher alcohols are obtained over the alkali
modified methanol synthesis catalysts, which typically contain Cu and
Zn0 with a Cry05 or Al,03 support (8-10), while mainly linear alcohols
are produced over alkali promoted Group VIII metals (28,57,58).
Catalysts having both Fischer-Tropsch and mgthanol synthesis
components, namely iron and copper (59,60) or cobalt and copper doped
with alkali salts (11-14) produce significant yields of linear
alcohols. The newly developed alkali-doped MoS, catalysts (15-17)
also produce mainly linear alcohols. Formation of linear alcohols
over some catalysts while branched alcohols are 'formed over other
indicates that at least two different mechanisms are operable in

alcohol synthesis.

"1.5.1 Mechanism of the Higher Alcohol Synthesis

Many mechanistic pathways for the formation of higher alcohols
.over different catalysts have been postulated. The wvarious early

hypotheses, as well as current views, are described below.

(I) €O Insertion Mechanisms

The first hypothesis of a mechanism for the formation of higher

alcohols from CO/H, was advanced by Fischer and Tropsch (22), who
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suggested that higher alcohols are formed from methanol and carbon

monoxide through the following consecutive reactions:

CH30H + CO - CH4CO0H [1.9]
CH3COOH + H, ~ CH4CHO + Hy0 [1.10]
CH3CHO + H, ~ CoHgOH [1.11]

and so forth for primary linear higher aleochols. This reaction
sequence involves CO insertion into the C-0 bond to form the C-C bond,
followed by sequential hydrogenation to give the next higher alcohol.
Natta et al. (6) proposed that t}.1e catalyst (KOH/ZnO) participated
directly in the mechanism of the synthesis through the formation of an
alkali alkoxide, which reacted with CO followed by rearrangement to
give alkali carboxylate that 1is subsequently hydrogenated to the
corresponding alcohol. Recently, this mechanism was also invoked to
account for the formation of linear alcohols over the Cs/Cu/Zn0
catalyst (10). More recently, Kiennemann and Hindermann (39) pointed
out that the major drawback of this hypothesis is however the CO
insertion into a carbon-oxygen bond for which no x'nodel is known in
homoge;eous catal-ysis, whereas the insertion into a metal carbon
linkage is well documented by experiments. Wender et al. (61) were
among the first researchers to suggest that carbon-carbon bond
formation occurred via the insertion of CO in metal-carbon bonds as
originally proposed for homogeneous organometallic CO catalysis (61).

Later Pichler and Schulz (62), as well as Henrici-olivé and Olive
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(63), proposed detailed reaction mechanisms involving CO insertion
into metal-H bonds (initiation) and metal-alkyl bonds (chain growth)
to account for the formation of alcohols and hydrocarbons during the
catalyzéd reaction between CO and Hy. The reaction mechanism proposed
by Henrici-Olive and Olive is shown in Scheme 1-3. More recently,
several researchers (64-66) have employed this CO insertion wechanism
to describe the carbon chain growth over Group. VIII metals. co
insertion into the M-C bond of a surface bound aldehyde forming a
symmetric glycolate that is subsequently hyérogenated to ethanol was

proposed by Mazanec (67) and described in Scheme 1-4.

(II) Enol Condensation Mechanism

This hypothesis is based on the work of Anderson et al. (68,69)
and Emmett et al. (70,71), and may be written as follows:

H OH H OH H3C OH

=0 - c + c - C + M [1.12]

c
l I - -
M M M M

In this mechanism, the methanol precursor is the chain initiator
and the synthesis of 02+ alcohols would occur via hydroxycarbene
intermediates. The reaction is terminated by hydrogenolysis of the M-
C bond and formation of the corresponding alcohol. The authors
mentioned that the chemisorbed achhol can be dehydrated to

hydrocarbons that would in this case have the same growth probability
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as the alcohols.

(III) Condensation of Alcohols

Frolich and Cryder (72) and 1later Graves (73) proposed that
higher alcohols are formed via condensation of lower alcohols

according to reactions:
2CH30H ' =+ CH3CH,OH + Hy0 {1.13]

(IV) Aldol Condensation of Aldehydes

The formation of higher alcohols was postulated by Morgan et al.
(74) and Taylor (75) to take place throﬁgh aldol condensation of
formaldehyde with other aldehydic species according to the reaction
sequence
HCHO + RCHZ-CHO' - CHy-CH-CHO - CHy~CCHO - CHj3-CHCH,OH
| I I (1.15]
OH R R R
This mechanism.was adopted by Vedage et al. (10) to explain the
formation of higher alcohols, especially the branched 2-methyl-1-
propanol product, over the Cs-doped Cu/Zn0O catalyst. Fox et al. (76)
also invoked this mechanism to account for the formation of higher
alcohols from methanol in the presence of metal acetylides. Very

recently, Nunan et al. (56) performed isotopic labeling experiments
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during the synthesis of C2+ alcohols over the Cs/Cu/Zn0 catalyst and
concluded that "adsorbed formyl is a reactive nucleophile that forms
the C-C bond by attacking the electropositive carbon of adsorbed
formaldehyde or methanol." The authors proposed the mechanisms

depicted in Schemes 1-5 and 1-6.

CO/H, {\ /\

HO
~2H H\Qio + :)C=°]~" EH’
2CH,0H-€50H Cs °
e Ha |=#:0
H,'ol-Cs.OH
CH,CH,0H

Scheme 1-5

—H 0 CH,0 ﬁ
CH,0H —=2-+» H\c”o LHOH_ —CH, + CsOH
cs®

CsOH 6
—H,0 Hy
CH,CH,0H
Scheme 1-6
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1.6 Alkali Promotion on Alcohol Synthesis

The promotional effect of alkali in heterogeneous catalysis was
first described more than 100 years ago by Dobereiner (77) when he
observed that contacting platinum sponge with NaOH or KOH greatly
increased its oxidation power. The positive effect of alkali doping
has long been known for a great variety of reactions, which include
coal gasification, alcohol synthesis, ammonia synthesis, and the
oxidation of ethylene to ethylene oxide. Mross (78) has listed at
least 30 industrial catalytic processes in which alkali-promoted
catalysts are employed, and mentioned that the effect of alkali doping
was evidently not restricted to particular types of reactions. The
effect of the e‘llkali can manifest itself in a number of ways, e.g. (i)
increase or decrease of the selectivity, (ii) increase or decrease of
the activity, and (iii) increase of catalyst lifetime. Fischer and
Tropsch (22) were probably the first researchers that reported the
promotional effect of alkali in the yield of higher alcohols obtéined
from CO and H, over an alkali-promoted iron-base catalyst. They
mentioned that the promotional effect increases with the basic
character of the promoters. Later, Natta and Strada (79) o.btained
similar results with ZnO-based catalysts and reported that the highest
yields of higher alcohols were obtained by the use of catalysts
containing K, Rb or Cs ions. In the following years, Morgan et al.
(74) performed a systematic investigation of the influence of the

addition of five different alkali ions to a Cry04/Mn0 catalyst used
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for the synthesis of alcohols. They concluded that the yield of
higher alcohols increased with the addition of alkaline promoters in
the order: Li, Na, K, Rb, Cs. fhese results were confirmed later by
Taylor (75). These early observations ied to the use of alkali metals
as promoters for the synthesis of higher alcohols over different
catalytic systems that are used cur;ently, namely, alkalized zinc-
chromium catalysts (5-7), alkali-doped Cu/ZnO catalysts (8-10),
alkali-doped copper-cobalt catalysts (11-14) and the recently
developed alkali-doped MoS, catalysts (15-17). One can conclude that
the promotional effect of alkali metals on certain CO/H, reactions, as
well as on many other important catalytic reactions, is well
established. However, the nature of the promotion is not well
understood. The theories that have been proposed to explain the role

of alkali as a promoter in CO/H, reactions are briefly discussed

below.

(I) Electronic Effect

The promotional effect of alkali upon semiconductor and metallic
catalysts is often explained based on electron-donation processes.
Dry et al. (80) interpreted the change of catalytic performance of an
iron catalyst upon addition of Ky,0 or K,CO; based on the electron-
donor capacity of K,0. Electrons donated to the metal are assumed to
enhance the adsorption of CO while reducing that of H,. Charge

transfer into CO from alkali via a transition metal is a well accepted
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phenomenon (78), and it has been suggested that electrons transfer
into the antibonding molecular orbital 21r* of the adsorbed CO, thereby
weakening the CO bond and strengthening the transition metal-CO bond.
The reduced availability of Hy has been explained (78) to be due to Hy
becoming chemisorbed and transferring electrons to the metal; thus the
electron-donating alkali weakens the M-H bond. As a consequence of
these events the chain growth is accelerated, and the formation of
olefins and oxygenated products is expected to increase. However, a
completely different interpretation of the effect of alkali on oxide
catalysts used for the CO/H, reaction has been given and is discussed

below.

(II) Chemical Effect

Natta (6) was the first researcher to suggest that the alkali
compound participates directly in the carbon-carbon bond formaticn of
alcohol synthesis by forming kinetically significant intermediates
(details are given in Section 1.5.1). Moxe recently, Klier et al.
(10,56,81) have proposed that the alkali compound present on the
Cu/Zn0 catalyst is directly involved in the synthesis of methanol,
activaﬁing CO through the formate mechanism (56), and also in the
synthesis of higher alcohols through base-catalyzed reactions (56,81),
as discussed in Section 1.5.1.

Henrici-Olive and Olive (82), based on organometallic chemistry
results, proposed t:he;t the role of alkali promoters in the Fischer-

Tropsch reactions is to promote the insertion of CO into a metal-
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carbon bond. It was suggested that transition metal carbonylates, as
well as donor (e.g. alkyl) substituted neutral carbonyl complexes,
interact with an electron acceptor (Mg2+, K+, Na+, Li+, A1X3, etc.)
through the electron-rich oxygen of the carbonyl group (83). This
interaction strengthens the metal-carbon bond and weakens the carbon-
oxygen bond of the involved carbonyl ligand, as shown by various X-ray
diffraction and IR studies (82). Henrici-OliVé and Olivé made
reference to the studies performed by Collman et al. (84,85), who
showed that the close interaction of an alkali cation with a carbonyl
ligand of the alkyliron carbonyl Na+[RFe(CO)4]' greatly favors the
migratory insertion of the CO 1ligand into the metal alkyl bond,
according to reaction:
N§+

0

I .
Na ... OC - Fe(CO3)R + R - G - Fe(CO)q [1.16]

Collman and co-workers found that the Lit or Na' cations cause the
insertion reaction to occur 2 to 3 orders of magnitude faster than. the
rate observed when the cation was trapped in a crown ether. Henrici-
Olivé and Olivé (82) added that the interaction of an alkali cation
with the oxygen of a carbonyl group leads to a lowering of the energy
of the lower unoccupied orbital of the carbonyl group (86), which

contributes to facilitating the insertion reaction.
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(III) Geometric Effect

It has been suggested by several authors (87-89) that the role of
alkali metals as catalytic modifiers in the CO/H, reactions over Group
VIII metals is that of a selective poison. The depression of the rate
of hydrogenation of the surface species was explained by invoking site

blocking by the alkali metal adatoms rather than by an electronic

effect (87).

1.7 Molybdenum Disulfide

Transition metal sulfide catalysts, mainly MoS,, have played an
important role in many important technological processes. These
° catalysts were originally used in the hydrogenation of coal and tar
and later became essential catalysts in the field of petroleum
processing (hydrodesulfu;ization, hydrodenitrogenation, hydrorefining,
hydrocracking, etc.). Recently, sulfide catalysts are beginning to be
used outside the petroleum industry. Their application is being
considered in many processes where the raw materials processed contain

' substances, especially sulfur compounds, that are catalytic poisons to
other types of catalysts. There are only a limited number of
substances, for instance arsenic compounds, that cause efficient
deactivation of sulfide catalysts (90). Weisser and Landa (90) have
summarized the great variety of processes in which sulfide catalysts
are being used or have shown potential to be used. Recently, Newsome

(91) reviewed the water-gas shift reaction catalysts and concluded
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that the alkali-doped cobalt-molybdenum disulfide catalysts are not
only sulfur tolerant, but their activity is competitive with the best
industrial water-gas shift catalysts (Fe-Cr, Zn-Cu-Cr). More
recently, it was reported that molybdenum disulfide-based catalysts
show good activity and selectivity for the synthesis of alcohols from
synthesis gas (CO + Hy) (15-17). In the following sections, the
crystal structure and nature of the active sites of these industrially

important molybdenum disulfide catalysts are described.

1.7.1 Crystal Structure of MoS,

Molybdenum disulfide exists in the two crystalline forms of
hexagonal (a = 3.16; c¢ = 12.194) and rhombohedral (a = 3.16; c¢ =
18.384). The hexagonal form is reported to be the MoS, phase present
in the catalytic systems. Catalytic properties of the rhombohedral
form, which is obtained at high pressure ( > 47 kbar) and high
temperature ( > 1050 °C), are not known.

The crystal structure of MoS, was first investigated with natural
molybdenite in 1923 by Dickinson and Pauling (92). They reported
that the compound is hexagonal and characterized by MoS, layers in
which the Mo atoms have trigonal prismatic coordination of six sulfur
atoms, with two molecules per unit cell. 1In this structure, single
layers of Mo** cations are sandwiched between two layers of close-
packed Sz' anions as shown in Figure 1-4. Crystals with layers having
antiparallel orientation represent the hexagonal form, while those of

parallel orientation yield the rhombohedral form (see Figure 1-5).

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Within these layers, each s2° anion is equidistant from three Mo**

cations, and each Mo4+ cation 1is bounded to six 52' anions at the
corners of a trigonal prism with altitude and edge dimensions of 3.17
A and 3.15 A, respectively, where the Mo to S spacing is 2.41 A as
shown in Figure 1-6. The two vicinal sulfur layers are bound by van
der Waals forces. The strong bonding along two dimensions and the
weak bonding between layers in MoS, give rise to two major types of
exposed planes for MoS, crystallites; i.e. the (0002) basal plane and
the two most stable edge planes, (1070) and (1120). These planes are
shown in Figure 1-7(a-c). The Mosz basal plane is more stable than
the edge plane because the S2' anions located on the basal plane are
coordinately saturated. Each 52" anion has three bonds to Mo**
cations and each Mo4+ is coordinated to ;ix 82', while 52- anions
located on the edge plane are coordinately unsaturated. The latter

4+ cations. It is

anions have either one or two bonds to Mo
interesting to point out that only sulfur atoms are exposed on the
basal plane, while both sulfur anﬁ'molybdenum atoms are exposed on the

edge planes.

1.7.2 Nature of the Active Sites on MoS,

As with most heterogeneous catalysts, the catalytic activity of
MoS, is related to defect sites in its crystal lattice. These defects
sites or active sites have been shown to be present at the edge planes
of MoS, crystals and not at ordered basal planes. The activity of

the edge planes of MoS, towards hydrogenation reaction has been
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Figure 1-4 The hexagonal crystal structure of MoS,.
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3R 2H

Figure 1-5 Rhombohedral (R) and hexagonal (H) structures projected
along the a axis, The coefficient represents the
number of molecules per unit cell.

Figure 1-6 Atomic coordination in MoS,: (a) configuration of the
MoS¢ trigonal prism and (b) surroundings of the sulfur
atom. Mo and S are respectively shown by solid and
open circles.
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Figure 1-7 (a) The (0002) basal plane of MoSz.
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3.16 A

(c)

Figure 1-7 (b) The (1010) edge plane of MoS, and (c) The (1120)
edge plane of MoS,. '
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demonstrated by Tanaka and Okuhara (93), who compared the activity of
edge planes and basal planes of Mosé by cutting single crystals into

pieces and comparing the rates of cut and uncut crystals. These -
authors reported that the H,-D, equilibration reaction, hydrogen
exchange of ethylene, and hydrogenation reactions took place
preferentially on the edge surface of MoS,. Earlier, Stevens and
Edmonds (94) had suggested that the edge planes promote the
hydrogenation reactions.

The inertness of the basal planes has been shown by using modern
surface science techniques (95). In such studies, adsorption of
thiophene, hydrogen sulfide, and other molecules indicated that only
physical adsorption occurs on the basal plane of MoS,. Further
studies showed that the basal plane of M052 was inert to 0, exposure
at 247°C (96). This latter study was in accord with the results
reported earlier by Bahl et al. (97) who studied the oxidation of
single crystals of MoS, at 500-600°C and found that the edge planes
oxidized preferentially. More recently, oxygen enrichment at edge
planes of MoS, single crystals has been shown to occur by scanning
Auger studies (98). This preferential interaction between 0y and edge
planes was used by Chianelli et al. (99) to determine the edge plane
area of MoS,. In their study, it was reported that the total surface
areas of the MoS, catalysts gave mno correlation with
hydrodesulfurization (HDS) activity. However, a linear relationship
was found when activities were plotted against 0, chemisorption

capacities. Chianelli and co-workers concluded that their results
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supported the hypothesis of Voorhoeve and Stuiver (100) who proposed
that the edge planes in MoS, and WS, were the sites of their catalytic
activity. The reader is referred to extensive reviews (101-105)
regarding the nature of the active sites for. hydrodesulfurization
(HDS) reactions. Recently, Concha and Bartholomew (106) found a good
correlation of 0, adsorption uptake with CO hydrogenation activity for
MoS, catalysts and concluded that 0, adsorption, which, as discussed
above, occurs on edge planes, is a measure of active sites for CO
hydrogenation.

From the above discussion, it is clear that the active sites for
hydrogenation reactions are located on the edge planes of MoS,.
However, the 1local environment of the active sites is unclear. It
is common to find in the literature that these active sites are
related to sulfur vacancies or degrees of coordinative unsaturation of
molybdenum, but their exact structure is unknown.t Voorhoeve and
Stuiver (100) found that the activity for the hydrogenation of benzene
correlated with the ESR signal wit (W3+ is isoelectronic with Mo3+)
for unsupported NiS/WS, catalysts. They reported in the same study
that cyclohexene hydrogenation activity did not correlate with the ESR
Wit signal, demonstrating that these reactions take place on different
sites. They also proposed that olefin hydrogenation takes place on
both four- and five-coordinate wit and W*t edge plane sites that
contained sulfur vacancies. Tanaka and Okuhara (93) studied
hydrogenation and isomerization reactions of olefins using a deuterium

tracer over MoS, single crystals and concluded that the active sites
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for these two reactions were entirely different. It was proposed that
the hydrogenation reaction would require three degrees of coordinative
unsaturation (3M-sites) and the isomerization reaction would take
place on sites having two degrees of coordinative unsaturation (2M-
sites). Scheme 1-7, according to Tanaka and Okuhara, describes the
reactions of alkyl species coordinated to 2M-sites and to 3M-sites.
Roxlo et al. (107) combined optical absorptiom studies with catalytic
properties of MoS, edge planes to gain insight into the electronic
nature of the active sites. They found that the optical absorption
observed below 1.2 eV in the MoS, microcrystals is due to the exposed
edge planes, and mentioned that "dangling bonds," vacancies, or other
similar surface defects would be expected to contribute to the optical
absorption in this region. The authors reported a good correlation
between the optical absorbance, which they attributed to edge site
defects, and cataly;:ic activity. Further studies by Roxlo et al.
(108) showed that edge defects of MoS, crystals contained molybdenum
that is reduced (M03+) relative to the bulk (MolH'). They mentioned
that the presence of Mo:‘}"F would imply a deficiency of sulfur at the
surface relative to the bulk.

It is interesting to point out that despite the fact that MoS,
has been studied extensively because of its technological importance
as a hydrodesulfurization and hydrogenation catalyst, there is no
experimental evidence that would indicate how Hy chemisorbs on MoS,.

Very recently, Anderson et al. (109) performed a theoretical study

using the atom superposition and electron delocalization molecular
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orbital (ASED-MO) theory of the chemisorption of H, on MoS, and
concluded that their calculations support the formation of heterolytic

4+ edge sites. They added

Hy, adsorption products at 5-coordinate Mo
that if lower coordinated edge sites are present, a second heterolytic
adsorption could lead to two H™ bonded to a single Mo cation and two

neighboring SH™ ligands. These theoretical results have yet to be

supported by spectroscopic evidence.

Hydrogenation :
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Chapter 2

EXPERIMENTAL

2.1 CATALYST PREPARATION
2.1.1 Preperation of MoS,

MoS, was prepared from thermal decomposition of molybdenum
trisulfide (MoSs), which was made by acidification of an aqueous
solution of ammonium thiomolybdate ((NHA)ZMOSQ) that was obtained by
reacting ammonium heptamolybdate ((NH,)gMo405, 4H,0) with ammonium
sulfide ((NH4)2S). The procedure was as follows: 100 ml of
concentrated acetic acid diluted with 300 ml distilled H,0 were added
to 106 ml of 22% aqueous (NH4)ZS solution containing 15 g
(NH,) gMo40,,, "4Ho0 at 60°C. The dark-brown residue (MoS3) obtained by
precipitation was washed with distilled H,0 and then placed in an
evaporating dish and dried at 120°C overnight. MoS; was fransferred
into a quartz tube reactor and the decomposition MoS; —+ MoS, + § was
carried out at 450°C for 2 hours in flowing nitrogen (60 ml/min). A
heating rate of about 10°C/min was used. The resultant MoS, had a BET
surface area of 63 mz/g. The surface area of MoS, obtained by this
procedure depends on the final temperature and heating rate (110,111).
This dependence has been explained in terms of the competition between

the rate of nucleation of M082 and that of sintering of M032 (111).
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2.1.2 Preparation of Alkali-Doped MoS, Catalysts

Doping of MoS, with an aqueous solution of the alkali salt
(CsO0CH or KOOCH) was performed under vacuum using the apparatus shown
in Figure 2-1. The following is the procedure: MoS, was first
evacuated at about 10'4 torr and heated to 100 - 110°C for 2 hours,
and then allowed to cool down to room temperature before an aqueous
solution of the alkali formate was introduced with a syringe onto the
MoS, through a septum located in the attached side arm. The catalyst
was allowed to dry under vacuum at 60°C before more solution was
added. These two last steps, drying under vacuum and addition of

solution, were repeated until the desired alkali concentration of the

catalyst was reached.
2.1.3 Preparation of Alkali-Doped CO/HoSZ Catalysts

The cobalt-molybdenum sulfide catalysts were prepared by adding
an aqueous solution containing 10.583 g of Co(CH3C00), 4Hy,0 to 400 ml
of 25% acetic acid, the resultant solution was added to 120 ml of 22%
aqueous (NH;)5S solution containing 15 g of (NH4)6M07024'4H20 at 60°C.
The solution was stirred vigorously for' 1 hour and cooled down to
ambienf temperature. The resultant precipitate was suction filtered
through a Whatman #42 filter papeér supported on a fitted glass filter
and washed with distilled water. The solid was then placed in an
evaporating dish and air dried overnight at 120°C. The dried black
precipitate was loaded into a quartz tube reactor to perform the

calcination, which was carried out at 450°C for 1 hour in flowing
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to vacuum pumps

e

J 1

1 i
,Septum
side arm

/ MoS»o
liquid No trap
Figure 2-1 Diagram of the vacuum apparatus used in the preparation

of alkali-doped MoS, catalysts.
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nitrogen (60 ml/min). The atomic ratic Mo:Co was equal to 2 in the
resultant catalyst.

The K,C05-doped Co/Mo sulfide catalyst was prepared by simply
grinding in an Np-filled glove bag a mixture containing 10 wty K,C04

and 90 wt$ of the Co/MoS, sample in a mortar.

2.2 TESTING APPARATUS

The ' catalyst activities and selectivities were evaluated in
pressure units (Figures 2-2 and 2-3) equipped with flow reactors and
- with pressure, flow rate, and temperature controllers. The reactors
used were single pass fixed bed tubular flow reactors. The units were
designed for a maximum operating pressure of 100 atm. The desired
pressure in the system was regulated b& a Tescom back-pressure
regulator and obtained from pressurized cylinders of the reactant
gases, hydrogen and carbon monoxide (MG Scientific Gases, hydrogen-
99.999%, carbon monoxide - 99.5%). Molecular sieves were used to trap
any water in the feed gases to keep the moisture levels to a minimum.
An activated charcoal trap was used to purify the feed gases from iron
carbonyls. Both units were provided with mass flow controllers
capable of operating at high pressures (Union Carbide Corp., Model FM-
4550-6C-6C-6C) and regulating separately the H, and CO input streams.
Therefore, a wide range of compositions and gas hour space velocities
(GHSV), defined as liters of the feed gas per kg of catalyst per hour

at 25°C, of the reaction stream could be utilized.
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Although the basic principles involved in the operation of units
I and II were the same, there were some significant differences
between these two uni;s. Unit I consisted of a stainless steel
reactor 64 cm long with a 1.8 cm inside diameter and 0.3 cm wall
thickness. The reactor was heated using a split tube furnace (S. B.
Lindberg Co.) and was regulated by a proportional temperature
controller (Theall Engineering Co., Model TC-1000-T1-P2). The
catalyst bed temperature was measured usiﬁg a 0.1 cm 0.D. stainless
steel clad thermocouple incorporated into a thermowell along the
center line of the reactor. The catalytic. reactor in Unit II
consisted of 1.27 cm I.D., schedule 40, 316 stainless steel tubing,
and was fitted with a 0.32 c.m. 0.D. thermowell of the same material.
The temperatures of the top, middle, and bottom section in the
catalyst zone were measured by a vertically sliding thermocouple. The
reactor furnace had three separate heat zones individually controlled
by Electron Control System (ECS) power supplies of a silicon control
rectifier (SCR) with proportional control and reset circuits, which
allowed control of the catalyst bed temperature usually to within
1°C. Further, a provision was made for the fast cooling of the
reactor by a manually controlled wvalve that .allowed a stream of
compressed air to flow directly over the reactor tube.

A back pressure regulator (Tescom Corp., Model 26-1725-24-070)
was used to reduced the downstream pressure to atmospheric while
maintaining the upstream pressure at the desired level. Heating and

insulating tapes were wrapped around the stainless steel exit lines of
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both units to maintain temperatures around 200 - 250°C on the high
pressure side and 130 - 150°C on the low pressure side to avoid the
condensation of the exit components in the lines.

The exit gases from the reactors were sampled every 15 - 60 min
using an on-line Hewlett Packard Model 5730A Gas Chromatograph (one
for each reactor), with computer control of the heated in 1line
sampling valve and the employed temperature programming. Prior to
entering the exhaust system, the exit gas flow rates were measured
through a wet test meter (GCA/Precision Scientific Co., stainless-
steel Model).

For safety purposes, a €O alarm (Model 701 from Mine safety
Appliances Co., Pittsburgh, PA.) was in continual use when the testing
unit was in operation. A hand-held gas leak detector (Model BT-44
from Quantum Inst. Inc., Garden City, L.I., N.Y.) was used to spot

check for hydrogen leaks.

2.3 CATALYST TESTING

In each test, a 2.0 g (~2 c.c.) portion of powdered catalyst
diluted with 6 ¢.c. of Pyrex beads were centered in either one of the
fixed bed single pass tubular reactors shown in Figures 2-2 and 2-3.
Before being subjected to the reaction conditions, the catalysts were
pretreated at 400°C and 1 atm with a Hy/N, = 2/98 vol% gas mixture
flowing at a rate of 60 ml/min (STP). The catalyst was then cooled to

ambient temperature prior to pressurizing the reactor to 81.6 atm with
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the CO/Hy = 1 mixture.

The mechanism of the formation of Cy - C, alcohols over the MoS,-
based catalysts was studied by the use of 13¢_enriched methanol that
was injected continuously into the synthesis gas flowing over the
catalyst operating under steady state conditions. The methanol was
enriched by a factor of 21.69% over the natural 13¢ abundance of 1.11
ats. The enriched methanol was introduced into the synthesis gas feed
at the inlet of the reactor using a high-pressure Gilson Model 302
pump. The liquid 13c.enriched methanol vaporized in the top of the
reactor (preheater section) in which the temperature was always
greater than 200°C. The injection rate, 6.0 x 1074 £/h, was such that
the 13¢ introduced as methanol did not exceed 5% of the total carbon
introduced as carbon monoxide, and the concentration of injected
methanol was substantially less than the equilibrium methanol
concentration for the operating conditions used, T = 245 - 325°C; P =
81.6 atm, GHSV = 3540 - 7470 £(STP)/kg cat/h; and H,/CO = 0.96. Under
these conditions, methanol decomposition, and thus scrambling of the
13C label between methanol and the reactant carbon monoxide, was
suppressed and the system was not expected to be perturbed by the
injected methanol. Control exberiments using methanol containing
natural abundance (1.1l at%) 13C were carried out under identical
conditions. The isotopic product composition was determined by L3¢
NMR and mass spectroscopy. Tﬁe liquid reaction products were
collected using a liquid niérogén trap placed downstream from the

back-pressure regulator and transferred to NMR tubes that were
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subsequently sealed. The gaseous reaction products were collected

using a gas syringe downstream from the liquid nitrogen trap.

2.4 THE ANALYTICAL PROCEDURES

Identification of the reaction products and quantification of
reactants and products leaving the reactor were achieved by gas
chromatography. An on-line Hewlett-Packard 5730A gas chromatograph
(GC) equipped with an automatic gas sampling valve, a thermal
conductivity detector, and a 6' x 1/8" column packed with 80/100 mesh
Poropak Q was used to identify the components by comparing the
retention times with those of known standards and also from their mass
spectroscopic fragmentation patterns, as determined using a Finnegan-
Nova 4000 GC/MS spectrometer. FCoupled to the chromatograph was a
Hewlett-Packard Model 3388A integrator-controller unit that provided
the quantitative information by determining the areas under the peaks
in the chromatogram. A set of typical GC operating conditions used
during the catalytic testing is given in Table 2-1.

Since hydrogen has a higher thermal conductivity than the helium
carrier gas, a negative signal was obtained. This signal was not
integrated and, therefore, hydrogen was excluded from analysis. The
relative molar concentration of each compound in the exit stream was
obtained by dividing the integrated areas by the respective thermal
response factors (112) followed by normalization. These molar

concentrations were then used in the determination of conversions,
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TABLE 2-1

Standard Gas Chromatograph Operating Conditions of GC-HP 5730A

Carrier gas Helium

Carrier gas flow 20-30 ce/min

Oven 90-190°C

Injection port 150°C

Detector 200°C

Sensitivity 4

Attenuation " 1

Temperature program? 90°C-2 min,
16°C/min,
190°C-8 min

a This temperature program was used to separate all the exit
products except carbon monoxide and methane. Resolution of

carbon monoxide and methane was achieved by using a column
temperature of 25°C for 2 minutes followed by the regular
temperature program to separate the other components.
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product yields, selectivities, and mass balances. An example is given
in Appendix 2.A.

The analysis of the products obtained during the 13¢.enriched
methanol pumping experiments was also performed by the on-line
Hewlett-Packard 5730A gas chromatograph. To determine the isotopic
product distribution, the 1liquid reaction products were collected
using liquid nitrogen traps placed downstream from the back pressure
regulator and transferred to NMR tubes that were subsequently sealed.
The gaseous reaction products were collected using a gas syringe
downstream from the liquid nitrogen traps. The 13¢ spectra of the
liquid samples were obtained on a JEOL FX90Q Fourier Transform NMR
spectrometer using broadband proton decoupling. The gas sample was

analyzed by a Finnegan-4000 GC/MS spectrometer.

2.5 SAMPLE HANDLING

The handling of fresh catalysts was carried out under normal
conditions, i.e. exposure to air was mnot excluded during catalyst
preparation and loading of the reactor. Tested catalysts, however,
were handled in such a way to air was eliminated. After catalytic
testings were made, the reactor was cooled down to ambient temperature
in the CO/Hy mixture and depressurized. The catalyst was then removed
in a nitrogen-filled glove bag and stored in sealed Pyrex vacuum tubes

for later characterization studies.
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APPENDIX 2.A

Example of the Determination ol Product Yields, Selectivities,

Conversion, and Balance Material from Gas Chromatographic Data

The results obtained on the 20.0 wt% CsOOCH catalyst are used to
illustrate the procedure involved in the determination of product
yields, selectivities, conversion, and mass balance. The operating
conditions under which the data were obtained were: T = 275°C, P =

81.6 atm, H,/CO = 0.95, GHSV = 7736.4 £/kg cat/h, 2.0 g of catalyst.

1) Relative Molar Concentration. The relative molar concentration of
each component (i) was obtained by dividing the integrated areas (A)
by the respective thermal response factor (TRF) followed by the
normalization of these values to give the percent molar concentration
(C;) (see Table 2A-1).

A;/TRF
C; m — [2.A-1]

(A;/TRF)
1

2) Material Balances. The material balances were based on the number
of carbon and oxygen atoms entering and leaving the reactor at steady
state. The number of mols of CO entering the system (CO in) was
determined from the product of the inlet flow rate and the
concentration of that component. For the present example in which an
inlet flow rate = 15.473 2/h (measured at 25°C and 1 atm) and a gas

composition of Hy/CO = 48.72/51.28 vol% were used, the number of mols
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TABLE 2.A-1

Example of the Determination of the Molar Concentrations
from Gas Chromatographic Data

Integrated Thermal Response Relative

Compound Area (%) Factor (TRF)? Area/TRF Molar Conc. (%)
co 91.008 42 2.1686 92.4540
CO, 2.649 48 0.0552 2.3533
H,0 0.13 33 0.0039 0.1663
CH,, 1.024 35.7 0.0287 1.2236
CoH, 0.016 48 © 0.0003 0.0128
CoHg 0.142 51.2 0.0028 0.1194
C3Hg 0.040 64.5 0.0006 0.0256
CH40H 3.532 55 0.0642 2.7370
CoHgOH 1.203 72 . 0.0167 0.7120
C3H,0H 0.301 83 0.0036 0.1535
CH300CH 0.027 72 0.0004 0.0171
CH300CCH, 0.047 83 0.0006 0.0256

2 TRF were obtained from Dietz, W. A., J. Gas Chromatogr., S5 (1967) 68
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is calculated as folloﬁs:

CO in = (15.473 2/h)(0.5128)/(24.45 £/mol) = 0.3245 mol/h

CO in = C in = 0 in = 0.3245 mol/h.

The exit concentration of the total gas mixture was unknown, due

to hydrogen not being included in the GC analysis. Hydrogen has a
higher thermal conductivity than the carrier helium gas and therefore,
its integrated peak resulted in a negative wvalue. What is known is
that it is the relative molar concentration of the products. ”;hus, if
one assumes that all the inlet oxygen is distributed among the
products, one can calculate that total number of mols leaving the
reactor. The procedure is as follows:

(i) Calculate the percent distribution of oxygen atoms among the
products containing oxygen using the relative molar
concentration values, e.g.

Cco
$ 0 from CO = —— x 100 (2.A-2)
'i."(nCi)
wvhere n is the number of oxygen atoms in each component.
$ 0 from CO = 91.5252,

(ii) Since it is assumed that all the inlet oxygen is distributed
among the products, one can calculate the absolute mols of
oxygen containing compounds, e.g.

Oxygen atoms in CO out = (0 in) x (fraction of oxygen as CO)

= (0.3245 mol/h) x (0.915252)

= 0.297 mol/h.
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(iii) The number of mols of the compounds containing only carbon
and hydrogen can be calculated by comparing the relative
molar concentration with the calculated number of an oxygen
éontaining compound, e.g.

CH40H out = <CCH30H/CCO) = (Oxygen atoms in CO out)

= (2.7370/92.4540) x (0.297 mol/h)
= 0,0088 mol/h.
(iv) Calculate the number of mols of carbon out and compare with
that entering the reactor.

(v) Calculate error on carbon balance

Cin - Cout

$ Error on C balance = — M ———— x 100
Cin

3) Calculation of Conversions. CO conversions were expressed as mols

of CO converted to products exclusive of CO,

CO4p - COout - CO%2ut

(i) CO (% mol) =~ x 100
Coin
Co;_. - CO - CO
.. in out . 2out -
(ii) CO (mol/kg cat/h) = g cat x 100

4) Calculation of Product Yield (Y). The yields were based on the
weight of the product formed per hour per weight of catalyst:
NyM;

Yi - _W_— . [2.A-3]
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where: N; is the molar flow rate of the ith component expressed in

th

mol/h, M; is the molecular weight of the i~ component (g/mol), W is

the weight of the catalyst (kg) present in the reactor, and Y; is the

product yield of the 1th component expressed in g/kg cat/h.

5) Calculation of Selectivities (S). The selectivities were based on

carbon mol selectivity on a CO, free basis.

nlN; -
Sy = ——— [2.A-4]
F(nNy)

th

where: S: is the selectivity of the i*" component, n is the number of

L

carbon atoms in the ith component, and Ni is the molar flow rate of

th

the i~ component.

Table 2.A-2 shows the program output of the calculations

discussed above.
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TABLE 2.A-2

Example of the Calculations to Determine Product Yields,
Selectivities, Conversions, and Material Balances from GC Data

NAME #0 #C #V TRF MU, sVOL
co 1 10 42 28 91.00801
co2 2 1 0 48 44 2.649
H20 1 00 a3 18 .013
CcH4 01 0 35.7 16 1.024
C2H4 0 2 0 48 28 .0157
C2H6 0 2 0 51.2 30 .142
C3H8 0 3 0 64,5 44 .04
MEOH 110 55 32 3.532
ETOH 1 20 72 46 1.203
1PROH 1 3 0 83 60 .301
CH300CH 2 2 0 72 60 .027
CH300CCH3 2 30 83 74 .047

NAME $MOLE MOLES* YIELD#** SELECT*#**
co 0.9259E+402  0.2974E+00 4164.26 0.0000
c02 0.2358E+01 0.7576E-02 166.66° 0.0000
H20 0.1683E-01  0.5408E-04 0.49 0.0000
CH4 0.1226E+01 0.3937E-02 31.50 19.4190
C2H4 0.1398E-01 0.4490E-04 0.63 0.4429
C2H6 0.1185E+00 0.3807E-03 5.71 3.7553
C3H8 0.2650E-01 0.8513E-04 1.87 1.2596
MEQH 0.2744E+01  0.8815E-02 141.04 43.4764
FETOH 0.7139E+00 0.2294E-02 52.75 22.6234
1PROH 0.1550E+00 0.4978E-03 14,93 7.3656
CH300CH 0.16G2E-01 0.5148E-04 . 1.54 0.5078
CH300CCH3 0.2420E-01 0.7773E-04 1 2.88 1.1501

- * MOLES -~ MOLES/HOUR
** YIELD = G/KG CAT/HOUR
faald SELECTIVITY - $MOLE OF C ATOM

REACTION CONDITIONS:
TEMPERATURE (C) = 275
PRESSURE (ATM) - 81.6
FLOW RATE (SCCM) - 257.88
H2/CO (SVOL) = 48.72 / 51.28

CATALYST :
1D = JS3
WT.- .002 KG

MATERIAL BALANCES (MOLE/HOUR)
0 IN=O OUT = .3245174
CO IN = .3245174
CFROM P IN - O
C IN = .3245174
C OUT = .3252987
ERROR IN C BAL = -.2407476 %

CONVERSIONS :
CO (BMOLE) = 6.007324
CO (MOLES/KG CAT/HOUR) = 9.747406

o))
w
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Chapter 3
ALCOHOL SYNTHESIS OVER ALKALI-DOPED MoS,-BASED CATALYSTS

3.1 Iatroduction

In 1984, the Dow Chemical Company and Union Carbide Corporation
separately disclosed a novel catalytic system for the production of
linear alcohols from synthesis gas (CO + H2) (15-17). This novel
catalytic system consists of supported or unsupported alkali-doped
MoS, or alkali-doped Co/MoS,, and much interest has been subsequently
generated in both industrial and academic fields. Various patent
applications related to this process have been filed (15-17) and
publications are now beginning to appear in the scientific literature
(18-20), but a lack of systematic study on this catalytic system can
be sensed from reading this 1literature. With this in mind, a
systematic study of the effect of alkali doping of MoS, as a function
of reaction temperature and flow rate on the activity and selectivity,
not only for .alcohols but also for the undesirable side products,
mainly hydrocarbons, was performed. In the first section of this
chapter the activity and selectivity of the undoped, K-doped, and Cs-
doped MoS, catalysts will be compared. In the following sections
cesium concentration dependence studies at different reaction
temperatures, as well as the effect of total flow rate on the product
distribution will be discussed. In the last section of the chapter

the results obtained with the cobalt-containing alkali/MoS, catalyst
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will be presented. The results obtained from the experiments
described above allow optimization of the catalyst for high yields and
selectivities of alcohols and set the stage for performing the

mechanistic investigation that will be presented in the next chapter.

3.2 RESULTS

3.2.1. Effect of Alkali Doping of MoS, on the Activity and

Selectivity for Alcohol Synthesis

The preparation and testing of undoped MoS,, K-doped MoS,, and
Cs-doped MoS, were performed to study the effect of alkali doping of
MoS, on the activity and selectivity for alcohol synthesis. Table 3-1
shows the composition of the catalysts. The testing of the catalysts
was carried out under identical operating conditions; 295°C, 81.6 atm,
Hy/CO = 0.96 and a gas hourly space velocity (GHSV) of 7787 £(STP)/kg
cat/h. The results of the product selectivity obtained under these
conditions are tabulated on Table 3-2, and shown schematically in
Figure 3-1. It is clear that practically only hydrocarbons are
produced over undope;d MoS,, and that the selectivity is dramatically
altered toward alcohols upon promotion of the MoS, with either
potassium or cesium. The product yields obtained for each of the
catalysts are presented in Table 3-3. The alcohol yields are
illustrated in Figure 3-2. Table 3-4 shows the product yields
obtained over the Cs-doped and K-doped MoS, catalysts at 256°C. From

inspection of Tables 3-3 and 3-4, it is apparent that at identical
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TABLE 3-1

Composition of the Alkali-Doped MoS, Catalysts®

MoS, CsO0CH/MoS, KOOCH/MoS,
-- CsOOCH CsOO0CH KOOCH KOOCH
wtg molsg wtg mols
20.00 18.36 10.36 18.03

2 0.22 mol alkali/mol MoS,
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TABLE 3-2

Product Selectivities Obtained over Undoped MoS,, 0.22 mol K/mol
MoS,, and 0.22 mol Cs/mol MoS, Catalysts. Experimental Conditions
are given in Table 3-3.

Selectivity?
Product MoS, K/MoS, Cs/MoS,
Hydrocarbons
Cq 43.64 17.80 17.88
Cy 25.24 3.31 3.73
Cq 16.98 - 1.17
Cs 8.92 - -
Cg 3.86 - -
Alcohols
Cq 0.67 45.15 38.34
Co - 26.14 26.85
Cq - 5.32 8.98
C, - tr 1.43
Esters
Methyl Formate - 1.25 0.54
Methyl Acetate - 1.03 1.07

8Selectivity is based on carbon mol selectivity on a C0, free basis.
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TABLE 3-3

Product Yields Obtained over Undoped MoSza, 0.22 mol K/Moszb, and 0,22
mol Cs/mol M082c at 295 °C, 81.6 atm and with a Hy/CO = 0.96.

Yield (g/kg cat/h)

Product MoS, K/MoSz Cs/MoS,
co 4050.16 4086.92 3966.86
co, 235.81 199.89 259.59
H,0 135.69 4.65 2.82
CH,, 89.11 27.00 44,65
CoHg 48.33 4.649 8.639
C3Hg 31.79 tr 2.68°
C4H10 16.51 - -
C5Hyp 7.11 - -
CH30H 2.75 136.95 191.44
C,H5OH - 56.99 96.34
C3HO0H - 10.08 28.00
C,HgOH - tr 4.13
CH300CH - 3.55 2.52
CH300CCH5 - 2.41 4.11

CO converted to
products exclusive 13.06 10.67 14.85

of COy (mol/kg cat/h)

4GHSV = 7775.4 1(STP)/kg cat/h belsy - 7803.5 1(STP)/kg cat/h
CGHSV = 7786.8 1(STP)/kg cat/h
ethane + ethylene €propane + propylene
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TABLE 3-4

Product Yields Obtained over 0.22 mol K/Mosza, and 0.22 mol Cs/mol
MoS,~ at 256°C, 81.6 atm and with H,/CO = 0.96.

Yield (g/kg cat/h)

Product K/MoS, Cs/MoS,
co 4349.51 4358.69
co, 72.60 63.87
Hy0 1.63 -
CH,, 11.27 12.40
CoHg 2.82¢ 1.97¢
C3Hg tr tr
CHAOH 66.44 _ 94.18
CoH5OH 16.07 32.37
C4H;0H 1.23 7.39
C,HgOH - -
CH;00CH - 1.32
CH;00CCH4 tr 1.47

CO converted to
products exclusive 4.18 5.30

of €O, (mol/kg cat/h)

SGHSV ~ 7803.5 £(STP)/kg cat/h
GHSV = 7786.8 2(STP)/kg cat/h
CEthane + Ethylene
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molar concentrations (0.22 mol alkali/mol MoS,) and regardless of the
reaction temperature the Cs-doped catalyst is more active for the
synthesis of alcohols than the K-doped catalyst. X-Ray photoelectron
spectroscopy (XPS) analysis of the alkali-doped MoS, tested catalysts
indicated that the surface concentrations of Cs and K were identical
(see Table 3-5). Thus, the enhanced promotion by Cs, relative to K,
appears to be a real effect and is consistent with the results
obtained by researchers at Union Carbide (16), as indicated in Table
3-6.

The carbon number distribution of both hydrocarbons and alcohols
followed the Anderson-Schulz-Flory distribution, as depicted in Figure
3-3 for the case of the Cs-doped MoS, catalyst. The chain growth
probability (a) values obtained for each of the catalysts are
tabulated in Table 3-7. It is interesting to note that a decreased
upon addition of the alkali metal to the MoS, catalyst. This negative
effect of the alkali metal on the a value is different from that
reported in the Fischer-Tropsch literature that established that the
addition of alkali to a Fischer-Tropsch caéalyst promoted the
selectivity to higﬁer hydrocarbons, i.e. promoted an increase in the «
value (113). This difference can be understood if one accepts that
two different catalytic systems are being considered. Under our
operating conditions, the addition of alkali to MoS, is opening a new
reaction pathway by promoting the formation and/or concentration of
intermediate species that give rise to the dramatic shift in

selectivity from hydrocarbons to oxygenates, whiie under the operating
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TABLE 3-5

X-Ray Photoelectron Spectroscopy Analysis of the 0.22 mol K/mol MoS,
and 0.22 mol Cs/MoS, Catalysts.

Sensitivity
Catalyst Element Photoelectron Factor? IA/IMob XA/XMOc

KOOCH/MoS, K 2p3 5 0.55 0.1749  0.38

CsO0CH/MoS, Cs 3d5/2 5.5 1.8455 0.40

8 Sensitivity factor of Mo(3d5/2)-1.2. Sensitivity factors taken
from Ref. (153)

b Integrated photoelectron intensity ratio of the alkali, A, and
Mo(3d5/2) photoelectrons.

¢ The relative atomic surface concentration of the alkali with
respect to molybdenum, XA/XMO' was calculated assuming

homogeneity in the surface analysis volume. Models to account
for heterogeneity are discussed in Appendix 5.C.
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TABLE 3-6

Alcohol Yields and Selectivities Obtained over Alkali-dopfd MoS,
Catalysts at 300°C, 27.2 atm, Hy/CO = 1.0, and GHSV = 12000 h™*. Data
taken from Reference (16).

Selectivity to Alcohol Yield
Catalyst Alcohols (g/1 cat/h)
0.85-0.9 mol Cs acetate/ 80 256.0
mol MOSz
0.85-0.9 mol K acetate/ 81 144.0
mol MoS,
0.616 mol Rb acetate/ 66 100.8
mol MoS,
0.616 mol Li nitrate/ 24 _ 12.8
mol MoS,
0.616 mol Na nitrate/ 53 19.2
mol MoS,
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Figure 3-3 Carbon number distribution for the alcohols and

hydrocarbons formed over the Cs-doped MoS, catalyst at
295°C, 81.6 atm, H,/CO = 0.96, and GHSV - 7787
2(STP)/kg cat/h. The a values given in Table 3-7 were
obtained by linear regression analysis of the data

points.
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TABLE 3-7

Chain Growth Probability (a) Values Obtained over MoS,-Based
Catalysts at 295 °C and 81.6 atm, with Hy/CO = 0.96 and GHSV =
7787 1(STP)/kg cat/h.

Chain Growth Probability (a)

Alcohols
Catalyst Alcohols Hydrocarbons +
Hydrocarbons
MoS, 0.38 0.38

Cs/MoS, 0.21 0.15 0.19
(.22 mol Cs/

mol MoSz)

K/MoS 0.19 0.09 0.17
(.22 mo% K/

mol MoSz)

The chain growth probability (a) value was calculated from
the Anderson-Schulz-Flory distribution

¥y = & N1 - a)
where y, is the mol fraction of the product with n carbon

atoms and a is the chain growth probability or chain growth
parameter.
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conditions of a typical Fischer-Tropsch synthesis the addition of
alkali to the Fischer-Tropsch catalyst does not change the nature of
the intermediates, but only their surface concentration, and therefore
the selectivity to total hydrocarbons (olefins + alkanes) is
conserved.

It should be mentioned that in the present study the distribution
of the sum of hydrocarbons and alcohols fits the Schulz-Flory
distribution better than those of individual products. This might be
an indication that the paths of chain growth are the same for
hydrocarbons and alcohols over the alkali-doped MoS, catalyst. This

will be discussed in detail in the next chapter.

3.2.2 Effect of Cesium Concentration on the Activity and

Selectivity of Alcohol Synthesis

Once the superior promotional effect of cesium was confirmed, the
next step was to perform cesium concentration dependence studies. A
series of CsOOCH/MoS, catalysts with different CsOOCH concentrations
was prepared according to the procedure given in Chapter 2. Table 3-8
shows the composition of the catalysts. The catalysts were pretreated
at 400°C for 1 h under 2%H2/98%N2 flow (60 ml/min), before they were
tested under alcohol synthesis conditions in the temperature range of
245-295°C. The product yields and CO conversion obtained for each of
the catalysts are presented in Table 3-9. The products reported in

this table are those determined by GC using a packed column of Poropak
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Table 3-8

Composition of the Cs-doped MoS, Catalysts

Cs00CH/MoSy
CsOOCH wt$ CsOOCH molg mol Cs/mol MoS,
2.5 2.25 0.023
5.3 4.77 0.05
10.0 9.09 0.10
20.0 18.36 0.22
25.0 23.07 0.30
30.0 27.83 | _ 0.38
78
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Table 3-9

Effect of Cs Loading on the Product Yields and CO Conversion at Different
Temperatures, 81.6 atm, Hy/CO =~ 0.96, and GHSV = 7750 £(STP)/kg cat/h.

CsOOCH LOADING  TEMP. PRODUCT Y1ELD, g/kg cat/ur CO CONVERSION

(ueX) (°c) (mol/kg cac/hr)
coz Hzo CHL c2“k czH6 CJHB CLHIO Methanol Ethanol Propanol 1l-Butanol g:::iie :ﬁ:&:ie

245  39.59 1.34 12,87 - 2.11 0.% - 57.82 11.82 2.65 - - 1.30 3.13

23 256 68.03 2.05 17.66 - 3,90 L.71 - 76.05 16.56 3.75 - - 1.59 ’ 4.50
265 124.36 6.29 28.12 - 8,33 4.63 1.90 79.53 22.97 6,13 tr - 1.38 6.33
275 186.5% B.65 39.14 - 15,44 7,87 23.19 B4, B3 25.93 7.49 tr - 3.56"% 8.15
295 424.00 18,75 81.81 - 30.12 20,24 11.75 70.31 24.80 9.00 3.93 - 10.08* 13.89
245 43.50 re 10.97 0.57 1.20 - - £2.135 17.55 4.71 - - 3.15 4.10

> 256 68.75 er 15.91 0.68 2,16 0.37 - 118,42 25.46 6.01 - tr 4.67 6.04
265 103.26 tr 22,03 0.6B 3.68 0.88 - 135.28 23.46 8.68 33 tr 5.55 7.59
295  423.24 5.13 B85.27 0.87 19.23 12.05 5.30 136.56 52,19 21.97 8.08 - 9.22% 16.03

.lla:hyl agetate + pentane



‘uoissiwiad noyum paudiyosd uononpoudas Jayund "JSUMO WbuAdoo 8y} o uoissiwiad yum paonpolday

08

Table 3-9 (Continued)

CeOOCH LOADING TEMP.

PRODUCT YIELD, g/kg cat/hr

€O CONVERSTON

(veX) *0) (mol/kg cat/hr)

(:0z 1110 CH‘ CZH‘ Cz}l6 cJ"B CA"lo Hethanol Ethsnol Propanol l1-Butanol Hethyl Hathyl
Formate Acetate

10.0 245 52,47 34 12,75 0.28 0.92 - - 85.32 24,12 3.06 - 0.86 1.30 4,53

256 79.74 tr 16.73  0.76 2.01 0.28 - 106.22 32.96 . 7.54 tr 1.20 1.96 6.06

265 136.83 (34 26,31 0.68 4,18 1.03 - 132,71 48,87 12.1 tr 1.03 2,83 8.6)

215 166.66 0.49 “31.50 10,63 5.71 1.87 - 141,04 52,75 14,93 tr 1.54 2.88 9.74

295 N7.10 3,66 62.00 0.92 13,52 6.77 2,26 152.86 62,70 22.23 3.63 13 1.33 14,09

20.0 245 37.n7 tr 9.22 0.48 0.48 - - 64.86 19.19 4.41 - - Q.86 3.39

256 61.87 (34 12.40 0.88 1.09 - - 94.18 32,37 1.39 tr 1,32 .47 5.0

265 100.72 134 18,43 0.68 1.73 - - 124,82 48,45 12,60 tr 1,60 2.64 2.57

235 146.96 er 26.01 0.92 3.07 tr - 152.51 65,71 16.79 tr 1.84 3. 9.97

295 259.59% 2,82 44,65 1.4% 7.4 2.68b - 191.44 96,34 28.00 4.13 2.52 4.11 14.85

l’pl’opnne (mainly) + propylene



Q. It should be noted that olefins and methyl formate were produced
over the high Cs-content catalysts., Also note that the yield of water
is quite low since most of the water formed as the by-product of
hydrocarbon and higher alcohol synthesis was converted to carbon
dioxide through the water-gas shift reaction catalyzed by the
CsOOCH/MoS, catalyst. The sum of the yields of CO, and water detected
is close, within the experimental error, to the amount of water
expected from the production of hydrocarbons and alcohols. Schematic
representations of the yields of methanol, ethanol, and hydrocarbons
as a function of the CsOOCH loading are given in Figures 3-4 (a)-(e).
These figures show a maximum in the methanol yield as the
concentration of cesium on the catalyst increased, while the
production of hydrocarbons was progressively suppressed. The
formation of ethanol also goes through 'a maximum, although much
broader than that shown by methanol formation. The suppression of the
formation of hydrocarbons by the addition of CsOOCH to the MoS,
catalysts 1is apparent in Figure 3-5, which shows the hydrocarbons
yieid as a function of the CsOOCH loading at different reaction

temperature,
3.2.3 Effect of Reaction Temperature on the Selectivity to
Alcohols at Different Cs Loadings

The selectivity to alcohols and hydrocarbons as a function of
temperature at different loading of cesium is shown in Figure 3-6. It

is evident that at a given temperature, the selectivity to alcohols
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EFFECT OF Cs CONTENT OF THE MoSp CATALYSTS ON
THE PRODUCT YIELD

200+

T =245 C P=816 atm
GHSV = 7750 STP)Y/Kg cat/hr
H2/CO = 49/51
150+
£
3 /-O Total Alcohols
e (@]
X 100- /
&
S O/—O Me OH
w
> o
O
50 O
EtOH .
D ———
DL A Hyd b
a=a ydrocarbons A E
001 1|0 2‘0 3!0
CsOOCH LOADING ON MoSs CATALYST (wt. %)
(a)
Figure 3-4 (a)-(e) Yields of methanol (?7), ethanol (O), total

alcohols (o) and hydrocarbons (A) as a function of
cesium loading of the MoS, catalysts at 81.6 atm H,/CO
= 0.96, GHSV = 7750 £(STP)/kg cat/h, and (a) 245°C, (b)
256°C, (c) 265°C, (d) 275°C, and (e) 295°C.
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EFFECT OF Cs CONTENT OF THE MoSp; CATALYSTS ON
THE PRODUCT YIELD
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EFFECT OF Cs CONTENT OF THE MoS, CATALYSTS ON
THE PRODUCT YIELD

T=265C P = 81.6 atm

Total A'°°V°/\GHSV= 77501(STP)/Kg cat/hr

Hy/CO = 49/51

O
150
MeOH
O C
(o)
100- \\\\\\\\\\

200+

YIELD (gr/Kg cat/hr)

1

EtOH

\/

W
VAN

Ya\

/\ e

0 T T xl
10 20 30

(=]

CsOOCH LOADING ON MoS,; CATALYST (wt. %)

(c)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EFFECT OF Cs CONTENT OF THE MoS; CATALYSTS ON
THE PRODUCT YIELD

4001
T=275C P =81.6 atm
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EFFECT OF Cs CONTENT OF THE MoSs CATALYSTS ON'
THE PRODUCT YIELD
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GHSV = 7750 I(STP)/Kg cat/hr
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EFFECT OF Cs CONTENT OF THE MoS; CATALYSTS ON THE
HYDROCARBON YIELD AS A FUNCTION OF TEMPERATURE

2001

P=81.6 atm Ho/CO =49/51
GHSV = 7750 I(STP)/Kg cat/hr

T 1507
< A
[+]
[4]
()]
X
=
o A
= )
|
-
> 1004
= 295 C
I
e A
<
%)
2
o ‘)
>.
I

Cs LOADING ON MoSy CATALYST (wt. %)

Figure 3-5 Effect of cesium loading of the MoS, catalysts on the
hydrocarbon yield as a function of temperature at 81.6
atm, H,/CO = 0.96, and GHSV = 7750 £(STP)/kg cat/h.
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SELECTIVITY TO ALCOHOLS (%)

100
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wt.% CsOOCH P=281.6 atm GHSV = 7750 I(STP)/Kg cat/hr
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Figure 3-6

Effect of cesium loading of the MoS, catalysts on the

selectivity to alcohols and hydrocarbons as a function

. of temperature,
Figure 3-4.

Reaction conditions

are given
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increased with increasing cesium content in the catalyst. Increasing
the reaction temperature, however, led to a decrease in the
selectivity for alcohols, and this effect was more noticeable over the
2.5 wt$ CsOOCH catalyst in which the selectivity was dramatically
altered from alcohols to hydrocarbons above 275°C. Over the 20 wt$%
CsOOCH catalyst, increasing the reaction temperature from 245 to 295°C
only led to a moderate decrease in the selectivity for alcohols. The
- . selectivity to alcohols for catalysts containing 25 and 30 wt% CsOOCH
is practically constant (=80%) in the temperature range studied.
At a given temperature, an increase in the selectivity to C-C bond
formation (C2-04 alcohols) was observed with increasing cesium content
on the catalyst, as shown by the results in Figure 3-7. The observed
decrease in selectivity for C,-C, alcohols over the 2.5 wt% CsOOCH
catalyst when the temperature was raised from 275 to 295°C is related
to the dramatic shift in selectivity from total alcohols to
hydrocarbons observed over this catalyst (see Figure 3-6).

Apparent activation energies were obtained from linear Arrhenius
plots (see Figure 3-8) for undoped MoS, for methane, ethane, and
propane under conditions in which the selectivity to hydrocarbons was
296%. The results are given in Table 3-10 »along with the apparent
activation energies for methanol, ethanol and propanol obtained from
linear Arrhenius plots (see Figure 3-9) for the 20 wt$ CsOOCH
catalyst. It is interesting to mnote that the activation energies for
ethanol and propanol formation are similar and higher than that for

methanol formation.  Thus, high reaction temperatures will favor
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Selectivity to C2-C4 Alcohols (%)
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Selectivity to GC,-C, alcohols as a function of
temperature for the Cs-doped MoS, catalysts. Reaction
conditions are given in Figure 3-4,
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1/T (X 10 -3)
Figure 3-8 Arrhenius plots for the formation of methane (O),
ethane (+), and propane (*) over undoped M082 catalyst.
Reaction conditions are given in Figure 3-14. The

apparent activation energies were obtained by linear
regression analysis of the data points and are given in
Table 3-10.
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TABLE 3-10

Apparent Activation Energies for Alcohols and Hydrocarbons
Formation Obtained over the Cs-doped and Undoped MoS,
Catalysts. Experimental Conditions are given in Figure 3-2.

CsOOCH/MoSZ-ZO/BO wts MoS,
Temp., range Temp. range
Product (235-275°C) (265-295°C)
Eaapp (KJ /mol) Eaapp (KJ/mol)
Methanol 68.0 --
Ethanol 94.9 --
Propanol 98.5 --
Methane -- 90.1
Ethane -- 114.3
Propane .- : 127.5
92
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—— Methanol
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Figure 3-9 Arrhenius plots for the formation of methanol (O),
ethanol (+), and propanol (*) over the CsOOCH/MoS?_ -
20/80 wt% catalyst. Reaction conditions are given in
Figure 3-14. The apparent activation energies were
obtained by linear regression analysis of the data
points and are given in Table 3-10.
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ethanol and propanol formation. The activation energies for
hydrocarbon formation determined over the undoped MoS, are higher than
those for the corresponding alcohols, therefore, high reaction
temperatures will not only favor Cz+ alcohols but also the formation

of hydrocarbons.

3.2.4 Effect of Total Flow Rate

The flow rate dependence of the selectivities for alcohols and
hydrocarbons was studied over the 5.3 wt% CsOOCH catalyst at 256°C,
81.6 atm, and with H,/CO = 0.96. The results are presented in Figure
3-10. From this figure it 1is apparent that the selectivity for
alcohols was increased at high flow rates, while the selectivity
towards hydrocarbon synthesis was increased by decreasing the flow
rate. This behavior shown by the hydrocarbon is that expected from

secondary products.

3.2.5 Effect of Adding Cobalt to the Alkali-Doped MoS,

The objective of this study was to verify the promotional effect
of cobalt on the selectivity for ethanol over the Mosé-based catalyst
(17). The effect of operating conditions such as temperature and flow
rate on the product distribution were also studied. The ultimate goal
of this study was to prepare a reliable cobalt-containing catalyst and
optimize the operating conditions to perform mechanistic

investigations of alcohol formatior “over this catalyst. With this in
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Effect of flow rate on the selectivity of the 5.3 wts
CsO0CH/MoS, catalyst for alcohols and hydrocarbons at
256°C and 81.6 atm with H,/CO = 0.96 synthesis gas.
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mind, a K,C03/(Co/MoSy) = 10/90 wt$ catalyst was prepared according to
the procedure described in Chapter 2, Section 2.1.3, and tested at
81.6 atm, H2/CO = 0.96, 304°C, and GHSV = 1940 £(STP)/kg cat/h. The
product distribution obtained over this catalyst is given in Figure 3-
11 along with that obtained over the cesium-doped MoS, catalyst. It
is apparent that the addition of cobalt to the catalyst shifted the
selectiviﬁy in favor of ethanol, as was reported previously by Dow
Chemical researchers (17,20). It should be mentioned that the ratio
of methanol to C2+ alcohols over this catalyst varies considerably
with reaction conditions, e.g. temperature and flow rate. This is

discussed below.

3.2.5.1 Effect of Total Flow Rate

The selectivity ratio of ethanol to methanol as a function of the
flow rate was studied over the K,C0,;/(Co/MoS,) = 10/90 wt% catalyst in
the range of GHSV = 1900 to 7600 £(STP)/kg cat/h at 303°C and 81.6 atm
with Hy/CO = 0.96 synthesis gas. The results are presented in .Figure
3-12. From this figure, it is apparent that the ethanol/methanol

. selectivity ratio increased as the flow rate was decreased. At the
same time, a decrease in the total selectivity to alcohols and an
increase in the selectivity to hydrocarbons was observed with lowering
of the flow rate, as indicated in Figure 3-13. These results suggest
that: (i) ethanol is being formed from an intermediate species

produced from methanol. This result is opposite to that found in Rh-
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Figure 3-12 Effect of flow rate onrn the selectivity ratio of ethanol

to methanol over the K2C03/(C0/M082) - 10/90 wts

catalyst at 303°C, 81.6 atm, and with a H2/CO = 0.96
synthesis gas.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100 100
—— P=81.6atm T=303°C
~ B0~ 80
R — .
A d
2 -\
(@)
T
O 60- 60
O
-d
<
°
> -
- 40 40
>
o
amm—
L_IJ, : o
g 20~ e — -20
/ ’
0
o T T T T
0.0 0.5 10 15 2.0

CONTACT TIME -(SEC)

Figure 3-13 Effect of flow rate on the selectivity of the
K2C03/(GO/M082) = 10/90 wt$ catalyst for alcohols and
hydrocarbons at 303°C, 81.6 atm, and with a HZ/CO =
0.96 synthesis gas.
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based catalysts, in which methanol is not an important intermediate in
ethanol synthesis (114); (ii) hydrocarbons are produced at least in
part from secondary reactions involving alcohols. This result is
similar to that found on the alkali-doped MoS, (see Section 3.2.4 in

this chapter).

3.2.5.2 Effect of Reaction Temperature

The effect of reaction temperature on the rate of formation of
methanol, ethanol, and propanol was studied over the K2C03/(C0/M082) =
10/90 wt¥ catalyst at 81.6 atm, Hy/CO = 0.96 and GHSV = 3600 Z£/kg
cat/h. Linear Arrhenius plots were obtained in the temperature range
of 270-303°C for the alcohols mentioned above, and the resultant
apparent activation energies are given in Table 3-11. The activation
energies for alcohol formation follow the order propanol > ethanol >

.methanol, which indicates that high temperatures favor Cz+ alcohol
~ formation. Also in Table 3-11, the apparent activation energies
obtained over the Cs-doped MoS, and Cs-doped Cu/ZnO catalysts are
shown for the sake of comparison. The apparent activation energy for
methanol formation is similar in the three different catalytic
systems, this implies that the methanol formation over these catalysts
is proceeding through similar pathways. The activation energy for
ethanol formation is comparable on the MoS,-based catalysts, but lower
than that obtained over the Cs/Cu/Zn0O catalyst, thus indicating that
higher selectivity to C2+ catalysts can be achieved on the MoS,-based

catalysts at lower temperatures than that obtained on Cs/Cu/Zn0. 1In
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TABLE 3-11

Comparison of the Apparent Activation Energies for Methanol, Ethanol,

and Propanol Formation over K-doped Co/MoS,,

Cs-doped MoS,

(Experimental Conditions are given in Figure 3-11), and Cs-doped

Cu/Zn0 (cf. Ref.117) Catalysts.

K-doped Co/MoS, Cs-doped MoS,

Cs~doped Cu/Zn0

Temp. range Temp. range Temp. range
Product (270-303°¢) (235-275°C) (210-250°¢)2
(258-289°¢)
Eaapp(KJ/mol) Eaapp(KJ/mol) Eaapp(KJ/mol)
Methanol 66.8 68.0 76.6
Ethanol 104.2 94.9 148.5
Propanol 132.1 98.5 --

g Temperature range for methanol
Temperature range for ethanol
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addition the formation of ethanol over the MoS,-based catalysts takes
place through an energetically more favorable pathway. In Chapter 4,
it will be shown that this pathway is related to CO insertion into a
methyl group to produce an acyl group that is subsequently
hydrogenated to ethanol. In contrast, the formation of ethanol over
the Cs/Cu/Zn0 catalyst has been shown to occur through coupling of the

C; surface intermediates originating from methanol (56).

3.3 DISCUSSION
3.3.1 Effect of Alkali Doping

The results obtained in this work regarding the effect of alkali
doping can be summarized as follows:
(i) The Selectivity was shifted dramatically from hydrocarbons
to alcohols upon doping of MoS, with the alkali compound.
(ii) The promotional effect of cesium for alcohol synthesis was
greater than that shown by potassium.

(iii) The alcohol yields passed through a maximum, while the
hydrocarbon formation is suppressed, as the content of
cesium in the catalyst increases.

(iv) Olefins and methyl formate were observed to be formed only
over the high cesium content catalysts.

(v) At a given temperature, an increase in the selectivity to
Cy-C, alcohols was observed with increasing the amount of

cesium in the catalyst.
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(vi) Promotion of the water-gas shift reaction was observed.

The most striking effect observed upon addition of the alkali
salt to MoS, is the dramatic shift in selectivity in favor of alcohol
formation, for which the Dow Chemical Company and Union Carbide
Corporation are filing for patents. The question to be discussed here
is the following: what is the mechanistic role of the alkali compound
that induces the formation of alcohols rather than hydrocarbons from
synthesis gas (CO + Hjy) over MoS,-based catalysts? The promotional
effect of alkali doping has long been known in heterogeneous
catalysis, and several theories have been proposed to explain the role
of alkali as a promoter in a great variety of reactions (78). In the
present work, the role of the alkali compound on the activity and
selectivity of the MoS,-based catalysts is proposed to be two-fold.
It is responsible (i) for the presence of basic centers capable of
associatively activating CO and thus opening a new pathway to form
alcohols, and (ii) for the reduced availability of active hydrogen.
Our experimental observations and those reported in the literature on
different alkali-doped catalysts for the synt;hesis of alcohols support
these suggestions. The superior promotional effect of cesium compared
to that of potassium indicates that base-catalyzed reactions are being
promoted in the system. The superior promotional effect of Cs is by
no means unique to MoS,. This effect has been observed on different
catalytic systems. It was noticed initially by Fischer and Tropsch
(22) on the alkali-activated iron-base catalysts, and later systematic

studies in catalysts such as Cr203/Mn0 (74,75), Zn0/Cr,04 (6), and
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Cu/Zn0 (10) concluded that the promotion of alcohol synthesis by
alkali metals is ion specific as Cs>Rb>K>Na>Li, in the same order of
their basicity. Activation of CO by alkali hydroxides is known to
occur under mild conditions (115). Details of this reaction have
recently been investigated by reaction path calculations (116) with
the result that a facile nucleophilic attack of CO by ebH, which,

needless to say, is favored by the basicity of OHe,

(<]

HO® + CO »  ———
H-0-C-0

The formation of this intermediate is followed by an activated

hydrogen transfer to produce formate

e
— 4 HCOO
H-0-C-0

The energetics along the reaction coordinate for the above steps
are shown in Figure 3-14. It has been reported (56) that formate
species are subsequently hydrogenated to produce methanol.

Another indication that the basic centers created by cesium are
participating actively in the system is the fact that the formation of
methyl formate and the water-gas shift reaction are being promoted.
These two reéctions are known to be associated with the presence of
basic centers.

The maximum in alcohol yields as a function of cesium content
observed in this study was also observed by Nunan and co-workers (117)
with the Cs-promoted Cu/Zn0 catalyst, although at much lower loadings

of cesium, e.g. 0.45 wt% Cs. It was reported (56,118) that the latter
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catalyst was bifunctional, in which the cesium component associatively
activated CO and the Cu/Zn0 matrix provided the hydrogenation function
necessary for the synthesis of alcohols. This picture can be applied
to the Cs/MoS, catalyst. The basic component (Cs) contributes the
active sites to activate CO in such a way that a new reaction pathway
for the formation of alcohols rather than for the formation of
hydrocarbons is open. The hydrogenation function necessary for the
synthesis of alcohols is supplied by MoS,. It is well known that MoS,
dissociatively activates H, and that its active sites are edge-like
defects (see Chapter 1, Section 1.7 for details). The increase in the
total product yield is due to the introduction of cesium to the
catalyst which increases the number of CO activation sites. The
maximum activity is achieved when the CO and H, activating components,
cst and MoS,, respectively, are balanced. Details of the mechanism of
alcohols formation is offered in Chapter 4. It should be mentioned
that MoS, is also capable of activating CO, although this activation
is through a reaction pathway that leads to the formation of
hydrocarbons, as evid;anced by the fact that undoped MoS, produces
mostly hydrocarbons.

The reduced availability of active hydrogen is reflected in the
suppression of hydrocarbon formation, the production of olefins over
the high Cs content catalysts, and also by the increase in the
selectivity to C,-C, alcohols with increasing quantity of cesium.
This last point is explained as follows: in Chapter 4, it will be

shown that the formation of methane and ethanol go through a common
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intermediate, namely the methyl group. If the hydrogenation function
of the catalyst is reduced, one would expect that the CO imsertion
rate (kgg) would be favored, i.e. kCO > kH' thus giving rise to C2+
oxygenated compounds. On the other hand, if there is an abundant
supply of active hydrogen available, the hydrogenation rate (ky) would
be favored (ky > kgg), and therefore the hydrogenation of the methyl
group to produce methane will take place. Scheme I illustrates these

two pathways.

ky
., —> CH3 —_— CHA
| keo
\"4
P
C=0
Scheme 3-1

3.3.2 Effects of Reaction Temperature and Flow Rate on the

Synthesis of Hydrocarbons and Alcohols

The results shown in Figure 3-10 demonstrate that the selectivity
to alcohols and hydrocarbons is affected by the flow rate.
Hydrocarbon selectivity is favored at low space velocity. This
suggests that hydrocarbons are produced by decomposition of alcohols.
This was later confirmed (see Chapter 4) by injection of 13C-Iabe1ed
methanol into the synthesis gas. Mass spectroscopic analyses

indicated that the methane formed contained appreciable amounts of
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13¢. Furthermore, it was also shown that the methane yield was
considerably increased during the methanol pumping experiments. Based
on these results one can conclude that the changes in selectivity for
alcohols and hydrocarbons observed over the cesium-doped MoS,
catalysts as a function of temperature, as shown in Figure 3-6, are
associated with secondary reactions of alcohols to produce
hydrocarbons. This decomposition of alcohols is suppressed over the
catalysts with high content of cesium compound, in which less surface
of MoS, is exposed (see Chapter 5). Presumably, active sites on the
MoS, are responsible for the decomposition of alcohols. It has been
shown with labeled alcohols added to the system that Fischer-Tropsch
catalysts have C-0 bond rupture capability not only f£for carbon
monoxide but also for alcohols (119). As discussed above, 13C-labeled
methanol experiments demonstrated that MoSé-based catalysts certainly
have this capability of breaking the C-O bond of alcohols.

Another plausible explanation for the change in selectivity in
favor of hydrocarbons upon increasing the reaction temperature, 1is
that the activation energy for hydrocarbon formation over the bare
M052 surface is higher than that for alcohols (see Table 3-10), and
therefore an increase in reaction temperature would favor the
hydrocarbon formation. However, since the values of the apparent
activation energies for hydrocarbons, e.g. methane = 90.1 kJ/mol, are
slightly higher than those for alcohols, e.g. methanol = 68.0 kJ/mol,
this explanation cannot account fully for the change in selectivity.

Therefore, it is proposed that secondary reactions are mainly
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responsible for the change in selectivity in favor of hydrocarbons at

high temperature.

3.3.3 Effect of Cobalt

The promotional effect of cobalt toward ethanol formation has
been known since the early investigations of Taylor (75) who obtained
an ethanol selectivity of 22% with respect to the condensate product
using a catalyst containing CoS/CuO/MnO. Also in the 1930's, high
yields of ethanol were reported to have been obtained over a Co0/Zn0
catalyst (6). Later, Wender et al. (120) studied the reaction between
methanol and synthesis gas (CO + H,) in the presence of dicobalt
octacarbonyl, [Co(C0)4]2, and concluded that cobalt catalyzed to a
great extent the homologation reaction of methanol to produce ethanol.
Recently, researchers from the French Petroleum Institute (IFP)
disclosed a copper-cobalt based catalyst for the production of linear
alecohols (11,12). More recently, Dow Chemical researchers reported
that the addition of cobalt to the alkali-doped MoS, catalyst shifted
the selectivity in favor of ethanol (17,20). In the present study, it
was confirmed that the addition of cobalt to the alkali-doped MoS,
catalyst: has the effect of changing the selectivity in favor of
ethanol under certain operating conditions, as shown in Figure 14.
Thus, it is clear that cobalt promotes the C; - C, homologation step.
This promotional effect of cobalt is a well accepted phenomenon in
heterogeneous catalysis, but the nature of its promotional effect is

unknown. Very recently, Dianis (19) performed CO Temperature Program
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Desorption (TPD) studies on the MoS,-based catalysts, and reported the
existence of two forms of CO on the cobalt-containing MoS, catalyst.
Dianis proposed that "the more strongly bound CO is less readily
hydrogenated directly to methanol, and therefore, the cobalt
molybdenum sulfide shows better selectivity toward higher alcohols,"
but no details were given (19).

In homogeneous catalysis, the promotional role of cobalt on the
methanol homologation reaction to form ethanol is better understood.
Recently, Rgper and Loevenich (121) reviewed in detail the
homologation of methanol catalyzed by cobalt, and based on literature
data and on their own work they suggested that the rate-determining
step is the oxidative addition of methanol to a cobalt center by
scission of the carbon-oxygen bond, and that this step can be promoted
by iodine compounds. The aut:ho;s proposed the mechanism shown in
Scheme 3-2, which they explain as follows: oxidative addition of
methyl iodide to the coordinatively unsaturated cobalt (I) species (1)
gives the methyl complex (2) which undergoes CO insertion, probably
via methyl migration. Elimination of .iodine from the acetyl complex
(3) and oxidative addition of hydrogen gives (5). Reductive
elimination of the primary product acetaldehyde 1leads to the
unsaturated complex (6) that oxidatively adds iodine. The catalytic
cycle is closed by elimination of hydrogen iodide from (7), which is
consumed by reaction with methanol to give methyl iodide. The primary
product acetaldehyde is hydrogenated to give ethanol (8).

As mentioned above, the most crucial step of the reaction cycle
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is thought to be the oxidative addition of methanol to a cobalt center
by scission of the C-0 bond. In Chapter 4 of this thesis, it is shown
that MoS,-based catalysts have the capability of breaking the C-O bond
of methanol to produce a methyl group, thus overcoming this crucial
step. Based on this result, it is proposed here that this methyl
group, produced from methanol, can migrate toward the strongly bound
CO found on the cobalt-containing MoS, catalyst to produce an acyl
group that is subsequently hydrogenated to form ethanol. Sakari et
al. (124) performed ab initio Hartree-Fock MO calculations to show
that methyl migration is an easy reaction path. Experimental evidence
supporting the reaction between a methyl group and CO over the MoS,-

based catalysts is discussed in Chapter 4.
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Chapter 4

MECHANISM OF C; - C, ALCOHOL SYNTHESIS OVER ALKALI/MoS, AND

ALKALI,'Co/MoS, CATALYSTS

4.1 Introduction

The mechanism of methanol and higher alcohols formation have been
subject of intense debate in the literature. The large number of
papers published supporting different mechanisms indicate that the
reaction pathway of products formation may not be identical for
different catalysts. A summary of the numerous reaction mechanisms
proposed in the literature is given in Chapter 1, Sections 1.4 and
1.5.

The objective of this chapter is to provide insight into the
mechanism of alcohols synthesis and of the formation of simultaneously
produced hydrocarbons and methyl esters over the MoS,-based catalysts.

Injection of 13C-labeled CH40H into the synthesis gas feedstream
over CsOOCH/MoS, = 20/80 wts and K,CO3/(Co/MoS,) = 10/90 wts
catalysts, and analysis of the products by 13¢ NMR and mass
spectroscopy provided details of the stepwise pathways involved in the
synthesis of products via C-C and C-0 bond formation. It is shown
that over the MoS,-based catalysts the alcohol chain growth ocurred by
stepwise CO insertion into adsorbed alkyl species. It is also
demonstrated that methane is a secondary product that is formed from

an alkyl moiety generated from a C;-oxygenated precursor, and that
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methanol is the source of the methyl group of the methyl esters. The
formation of methanol is also discussed based on the experimental data
obtained on this study as well as those reported in the literature in

similar syngas catalytic reactions.

4.2 Results

4.2.1 Injection of Native and 130-Enriched Methanol over the

CsOOCH/MoS, Catalyst.

The effect of injecting methanol and L3c.enriched methanol into
the synthesis gas over the 20 wt% CsOOCH/MoS, catalyst under steady
state conditions was determined at different reaction temperatures by
analyzing the reaction rates and the isotope distribution in the
liquid and gaseous products by on-line GC énalysis, L3¢ NMR and mass
spectroscopy. A 2.0 g portion of the catalyst was centered in the
reactor using and upper and lower glasswool bed to contain the
catalyst and pretreated in a manner described in Chapter 2, Section
2.3. After cooling to ambient temperature, the:  reactor was
pressurized to 81.6 atm with a H,/CO = 0.96 synthesis gas. After a
gas flow of 7465 £(STP)/kg cat/h was set, the reactor was heated to
the reaction temperature and methanol was injected continuously into
the gas stream at the reactor inlet using a high-pressure Gilson Model
302 pump. The methanol was enriched by a factor of 21.69 over the
natural carbon-13 abundance of 1.11 at%. The 13C-enriched methanol

injection rate was 14.81 mmol/2.0 g cat/h (238.96 g methanol/kg
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cat/h).

Table 4-1 shows steady state rates of formation of methane,
ethanol, propanol, methyl formate, and methyl acztate obtained with
and without injection of methanol at two different temperatures.
Comparison of these two experiments at given temperatures demonstrates
that the rate of formation of the products mentioned above increased
upon injection of methanol.

GC/MS analyses of the gaseous products collected during injection
of 13¢c-enriched methanol are shown in Table 4-2 for different reaction
temperatures. It is apparent that methane contained appreciable
amounts of 130 indicating that methane formation occurred via
intermediates derived from 13¢.methanol. The 13C enrichment factor of
methane given in Table 4-2 was defined as the ratio of %13CH4
determined during the isotope experiments to that of the %13C natural
abundance (1.11%). The observed decrease of the 13C enrichment factor
of CH, upon increasing the reaction temperature (from 245°C to 295°C)
is due to dilution of the 13G.enriched methanol with native methanol
synthesized over the catalyst.

Figure 4-1 shows spectra of the liquid product collected during
injections of the native and 13c.enriched methanol for the reaction
temperature of 295°C. Comparison of the peak heights of the carbons
of the products formed during the native 13¢ and 13¢-enriched methanol
experiments clearly showed that (i) preferential enrichment of the
terminal carbons of the C, - G, alcohols occurred and (ii) the methyl

group of the methyl esters was preferentially enriched relative to the
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TABLE 4-1

Effect of Methanol Injection on the Product Yields Obtained over the
CsOOCH/MoS, = 20/80 wts Catalyst at 81.6 atm, H,/CO = 0.96 Synthesis
Gas, and GHSV = 7465 1(STP)/kg cat/h. Methanol Injection Rate = 238.96 g
methanol/kg cat/h.

Yield of Products (g/kg cat/h)

Temp.(°C) Methanol Ethanol 1-PrOH Methyl Formate Methyl Acetate Methane

245

295

X

a 280.7 22.1 3.8 4.1 4.3 7.3
b 75.1  15.7 3.8 0.7 tr 0.3
a 280.0 91.3 27.8 0.8 5.9 65.9
b 201.7 81l.4 24.4 tr 3.6 43.5

8 With methanol injection

b yithout methanol injection
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TABLE 4-2

Mass Spectrqsigpic Analyses of the Methane Produced During
Injection of ““C-Enriched Methanol over the CsOOCH/MoS, =
20/80 wty Catalyst at 8l.6 atm, Hy/CO = 0.96 Synthesis Gas,
and GHSV = 7465 1(STP)/kg cat/h.

Temperature °c) 13C Enrichment Factor
245 25.7
265 14.2
285 10.9
295 9.6
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Unlabelled CH;OH
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H,/CO = 0.96

GHSV = 7465
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Figure 4-1 13C-NMR spectra of the liquid ;ﬁoducc obtained upon
injection of native methanol and C-enriched methanol
into the synthesis gas feedstream over the CsOO0CH/MoS,
- 20/80 wts. catalyst at 295°C, 81.6 atm, H%CO - 0.96,

and GHSV = 7465 2(STP)/kg cat/h. Methanol injection
rate = 238.96 g methanol/kg cat/h, C enrichment =
21.69.
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carbonyl carbon.

The degree of enrichment of the oxygenated products was
calculated by combining GC analyses and NMR analyseé. The carbons of
tetrahydrofuran (THF), which was added after the products were
collected, were used as an internal standard to calculate the
enrichment of each carbon center observed by NMR. The procedure was
as follows:

(i) Calculate (C atgs THF/C at% X prod.) using GC;

(ii) Calculate (C aty¥ THF/C at% X prod.) using NMR;

(iii) Divide (i) by (ii). If the result is equal to 1, it
indicates that there was no enrichment; if the result is
larger than 1, it indicates enrichment.

The magnitude of the experimental error was determined by
calculating the enrichment of each carbon atom of the products
collected during the non-enriched methanol injection experiment. The
values obtained varied from 0.9 to 1.5. Based upon this referencs
analysis, a carbon was assumed to be enriched as a result of L3c.
enriched methanol injection when the enrichment factor was > 2. Table
4-3 shows the degree of enrichment of the oxygenated products
collected during the 13C-enriched methanol injection experiment. It
is evident that the methanol had retained the 13¢c 1abel. The decrease
of the enrichment factor for methanol and the other products upon
increasing the reaction temperature from 245°C to 295°C is due to
dilution of the }3C-enriched methanol with native methanol synthesized
over the catalyst. Calculaéion of the thermodynamic equilibrium

constant based on the reaction conditions used and exit gas
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of

wt$ Catalyst.

4-2.

Table 4-3

‘Carbfg Labeling of the Products Formed During Injection

C-Enriched Methanol into the Synthesis Gas
Feedstream under Steady State Conditions as a Function
of Reaction Temperature over the CsOOCH/Mos,
Reaction Conditions are given in Table

- 20/80

130 ENRICHMENT OF CARBON ATOMS
Temperature (°C) 245 265 285 295
CH40H 17.7 14.2 11.9 7.4
CH4 11.6 12.0 10.7 7.5
CH,O0H 1.3 1.4 1.5 1.1
CHq 9.8 9.1 9.6 6.6
CH, - - 2.4 1.8
CH,0H - - 1.5 0.7
CHq - - 9.0 5.9
CH, - - - -
CHy - - - .
CH,OH - - . -
CH, 21.8 26.2 18.9 25.7
0
HC=0 - . . -
CHg 12.6 15.9 9.8 9.7
0
Cc=0 - - - -
CH, - 6.3 5.2 5.0
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composition indicated that no substantial methanol decomposition to CO
and Hz occurred, even at the highest temperature employed, 295°C (see
Table 4-4). The calculated enrichment factors presented in Table 4-3
again clearly demonstrated that preferential enrichment of the
terminal carbons of the C5-C, alcohols and of the methyl group of the
methyl esters occurred. This results suggests that C; species gives
rise to the chain growth of C2f alcohol synéhesis and to the methyl

group of the methyl esters is originated from methanol rather than

from CO.

4.2.2 Injection of Native and 13C-Enriched Methanol over the

K,C04/Co/MoS, Catalyst.

The effect of injecting methanol and ;3C-enriched methanol into
the synthesis gas over the K,C03/(Co/MoS,) = 10/90 wt% catalyst under
steady state conditions was determined at different reaction
temperatures by on-line GC and 130 NMR analyses of the reaction
products. A 2.0 g portion of powdered catalyst was centered in the
reactor 'using an upper and lower glasswool bed to contain the
catalyst. The reactor was pressurized to 81.6 atm with a Hy/CO = 0.96
synthesis gas. After a gas flow pf 3535 £(STP)/kg cat/h was set, the
reactor was heated to the reaction temperature and methanol was
injected continuously into the gas stream at the reactor inlet using a

high pressure liquid pump. The methanol was enriched by a factor of

21.69 over the natural carbon-13 abundance of 1.11 ats. The 130-

enriched methanol injection rate was 14.81 mmol/2.0 g cat/h (238.96 g
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TABLE 4-4

Observed and Theoretical Equilibrium Constants K.q ©of Methanol
Formation During the C-Enriched Pumping Experiment over the
CsO0CH/MoS, = 20/80 wt% Catalyst at 295 °c, 81.6 atm, Hy/CO = 0.96,
and GHSV = 7465 1(STP)/kg cat/h.

Equilibrium Constant Keq

Theoretical 4.078 X 1074

Observed 5.140 X 10°°

Keq is the equilibrium constant of the reaction €O + H, = CH;0H
K., 1s related to the reaction equilibrium constant based on partial
pressures of reactants (Kp) at a total pressure of one atmosphere

through the fugacity ratios of the chemical reaction (K¢)
Keq = Xp/%g

is a function of temperature only, while K; is a function of both
temperature and pressure. These P,T dependences of and K, were
taken from reference (Strelzoff,S., Chem. Eng. Prog. Symp. Ser.
66(98) (1970) 54) in the form

- 3.27 x 10713 exp(11687/T)
A} = 1.95 X 107% exp(1703/T)

The theoretical K was obtained using above equations with total
pressure P = 81.6 atm and T = 568 K. The experimental or observed
K_._ was obtained calculating from the partial pressure of CH40H,
CO, and Hy at the exit of the reactor, and K¢ from above equation.
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methanol/kg cat/h).

Spectra of the liquid product collected during injections of non-
enriched and 13C-enriched methanol over the K,C0,;/Co/MoS, catalyst for
the reaction temperature of 300°C are shown in Figure 4-2. The degree
of enrichment of each carbon center was calculated by combining GC and
NMR analyses. The results are summarized in Table 4-5. It is once
again clearly seen that the terminal carbon of ethanol was exclusively
enriched, and that the methyl group of methyl acetate was
preferentially enriched relative to the carbonyl group, which was not
detected in sufficient quantities that would allow reliable 13¢
enrichment factors to be calculated from the observed Lcoor spectra.
Propanol was composed of the two isotopic species 13CH3CH20H20H and
CH313CH2CH20H. The presence of 13CH313CH2CH20H which would have been
indicated by doublets produced from carbon-carbon coupling, was not
detected. It should be noted that the enrichment factors of the C-2
and C-3 carbons of propanol are approximately equivalent and lower
than that obtained for C-2 carbon of ethanol. This result may indicate
that propanol is produced from a symmetric intermediate derived from
ethanol.

Scheme 4-1 shows a summary of the location of 13C, as determined

by 13¢ \MR and mass spectrometry, in the products obtained over the

Cs-doped MoS, and K-doped Co/MoS, catalysts.
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Figure 4-2

into the synthesis gas feedstream over
K2C03/(C0/MOS2) - 10/90 wtg catalyst at 300°C,

13c.NMR spectra of the 1liquid pfgduct: obtained upon
injection of native methanol and ““C-enriched methanol

atm, H,CO = 0.96, and GHSV = 3535 £(STP)/kg cat/h.
thanol injection rate ~ 238.96 g methanol/kg cat/h,

xfgc enrichment ~ 21,69,
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Table 4-5

Carbfg Labeling of the Products Formed During Injection
of C-Enriched ‘Methanol into the Synthesis Gas
Feedstream under Steady State Conditions as a Function
of Reaction Temperature over the K5C03/(Co/MoSy) =
10/90 wt% Catalyst. Reaction Conditions are given in

Figure 4-2.
13; ENRICHMENT OF CARBON ATOMS
Temperature (°C) 260 280 300 325
CH,0H 27.5 26.9 22.2 12.5
CH, 22.8 24.0 21.9 15.9
CH,OH 1.0 1.2 1.3 1.8
CH,4 - 12.6 15.9 10.4
CH, - 10.9 13.5 11.3
CH,0H . N . .
CH, 17.8 23.4 12.2 8.7
0
c=0 . . A .
CH,q 10.6 14.6 9.1 -
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4.3 DISCUSSION
4.3.1 Methanol Synthesis.

In order to discuss the mechanism of methanol synthesis over the

alkali- doped MoS, catalyst, I shall briefly summarize some results

obtained in Chapter 3.

(i) The presence of the alkali compound is indispensable for
developing alcohol synthesis activity.

(ii) Promotional effect of Cs > K.

(iii) A maximum in methanol yield as a function of cesium was
observed.

Result (i) indicates’ that the alkali compound promotes the
formation of species intermediates that give rise to alcohols. Result
(ii) is consistent with the results obtained on different catalytic
systems, and has been explained in terms of the superior basicity of
cesium counterions (6,10,56). Result (iii) is compatible with the
concept of a bifunctional base-hydrogenation catalyst for methanol
synthesis (118), where the basic component, in the present case Cs,
activates CO and the hydrogenation component (MoS,) activates Hy,. The
maximum in alcohol yield is obtained when the CO and H, activating
components are balanced. Figure 4-3 sl;ows a schematic representation
of the methanol synthesis over the Cs/Mo.Sz catalyst. The cst cation
sitting on the edge plane of MoS, is to indicate that a close
proximity of cst cations with the hydrogenation active site of MoS,,
which is thought to be an edge-like defect is required. The formate

generated by the activation of CO by CsOH is subsequently hydrogenated
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to produce methanol.

4.3.2 Formation of 02-04 Alcohols.

Numerous mechanisms have been proposed for the synthesis of
alcohols over different catalytic systems. These mechanisms were
discussed in Chapter 1, Section 1.5, and are summarized as follows:

(1) CO insertion mechanisms

(1.1) insertion into the C-O bond of adsorbed alkoxides
(6,10,22)

(1.2) CO insertion into the M-C bond of adsorbed
aldehydes (67)

(1.3) CO insertion into the M-C bond of adsorbed alkyls
(61-63)

(2) Enol condensation mechanism (68-7}).

(3) Condensation of alcohols (72,73)..

(4) Aldol condensation §f aldehydes (56,74-76).

The results obtained from the reactions of isotopically labeled
mixtures of 13CH30H and 1200/H2 over the MoS,-based catalysts
indicated that the terminal carbﬁn of éthanol was preferentially
enriched with 13C, 13CH3CH20H. No enrichment of the oxygen containing
carbon of ethanol was observed. This results suggests that methanol
gives rise to active C; intermediates which react with CO to produce
an ethanol precursor species. Although the intermediates cannot be
identified by the present isotopic study, the results obtained in this
study permit to propose a mechanism involving CO insertion into a

methyl/intermediate bound to the surface for the formation of ethanol,
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similar to the mechanism suggested by Pichler and Schulz (62), and
exclude mechanisms that involve coupling of oxygenated intermediates,
since these would give rise to a doubly 13¢.1abeled ethanol molecule.
Also excluded is the mechanism of CO insertion into adsorbed
formaldehyde forming a symmetric glycolate that can be subsequently
hydrogenated to ethanol as proposed recently by Mazanec (67). This
mechanism would predict the ethanol to be composed of two isotopic
species 13CH3CH20H and CH313CH201{, due to the symmetry of the
intermediate species, and this was not observed. The mechanism of CO
insertion into the C-0 of adsorbed alkoxides cannot be ruled out by
the observed isotopic composition of ethanol. This mechanism,
however, is less likely than the CO insertion into a methyl group, due
to CO insertion into a carbon oxygen bond has a very high barrier and
has not been known to occur over any system; another possibility
within this mechanism would be the nucleophilic attack of CO by the
methoxide anion with subsequent rearrangement of the intermediate
species by methyl transfer that could lead to carbon-carbon bond
fc;rmation, but, this mechanism was also ruled out, since its pathway
has been reported to have a high activation energy (257 kJ/mol) (56).
Therefore, the most feasible mechanism that would account for the
observed isotopic composition of ethanol (13CH3CH20H) is the CO
insertion into a methyl bound to the catalyst surface.

The mechanism of carbon chain growth to form C3 and C, alcohols
over the cesium-doped MoS, is similar to the one proposed for ethanol

formation, i.e. through CO insertion into an alkyl-surface bond.
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Scheme 4-2 illustrates the reaction pathway of alcohol formation that
accounts for the observed isotopic product distribution. Scheme 4-2
is discussed in Section 4.3.2 along with the mechanism of hydrocarbons
formation.

An interesting result is that over the K-doped cobalt molybdenum
disulfide catalyst the mechanism of formation of C5 and C, alcohols is
different than that obtained over the Cs-doped molybdenum disulfide.
This is indicated by the fact that over the cobalt-containing catalyst
propanol was composed of two isotopic species; 13CH3CH2CH20H and
CH313CHZCH20H. The lower enrichment values of C-2 and C-3 carbons of
propanol relative to ethanol and the approximate equivalence of the
two carbons suggest that adsorbed symmetric C, species give rise to
propanol. Species of the type " wx-bonded ethylene" or "o-di-bonded
ethylene" have been suggested in homogeneously catalyzed reactions
(122), and they are likely to exist on the surface of the catalyst,
since olefins (02'03) were detected in appreciable amounts among the
products. Thus, symmetric C, species are proposed to react with CO to
form an acyl group that is subsequently hydrogenated to produce
propanol according to the Scheme 4-3.

It is interesting to point out that Burns (123) studied the
reaction of l%4C-labeled CH30H with CO and H, catalyzed by dicobalt
octacarbonyl [Co(CO)4]2, and found the same isotopic composition for
propanol (M“CH,CH,CH,0H and CHyl*CH,CH)0H) as we did in the present
study. Therefore, one can conclude that the intermediate species

involved in both homogeneous and heterogeneous systems are identical.
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4.3.3 Formation of Hydrocarbons

Several mechanisms have been postulated to account for the
formation of hydrocarbons and alcohols from carbon monoxide and
hydrogen over Fischer-Tropsch catalysts. The great variety of
chemisorbed intermediates that have been observed and/or assumed over
different catalytic systems indicates that the reaction mechanism of
hydrocarbon formation may not be identical for different catalysts.
Broadly speaking, the mechanisms of hydrocarbon formation reported in
the literature can be dividéd into two categories; 1) those that
propose oxygenated intermediates as precursors of hydrocarbons
(57,62,63) and 2) those that suggest that hydrocarbons are formed
through nonoxygenated intermediates (125-128).

Hou and Wise (129) studied the hydrogenation of CO to produce
methane over undoped MoS, at atmospheric pressure, and based on
isotopic studies concluded that the mechanism of methane synthesis
involved dissociative chemisorption of carbon monoxide and hydrogen,
i.e. methane was -formed through nonoxygenated intermediates. 1In the
present study, it was observed that the formation of methane over the
alkali-doped MoS, catalyst under alcohol synthesis conditions is
through oxygenated intermediates. The high enrichment of 3¢ in
methane synthesized from 13CH30H and CO/H, (see Table (4-2) suggested
that methane was a secondary product that was formed from an alkyl
moiety generated from a C;-oxygenated precursor. Furthermore, as

shown in Table 4-1, the rate of methane formation was considerably
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increased during the methanol pumping experiments. Another indication
that the hydrocarbons were produced by secondary reactions involving
alcohols was obtained from space velocity studies (see Chapter 3,
Section 3.2.4). The formation of hydrocarbons through oxygenated
intermediates was also reported to occur over the alkali-doped rhodium
catalysts by Kagami et al. (130).

Scheme 4-2 illustrates the reaction pathway for the formation of
linear alcohols and hydrocarbons over the MoS,-based catalysts. The
reductive adsorption of methanol on the catalyst surface is the first
step of Scheme 4-2. The next step (2) is the oxidative addition of H,)
to the oxygenated intermediate followed by the reductive elimination
of Hy,0 to give rise to a methyl group, perhaps bounded to a
coordinatively unsaturated edge Mo cation. Methyl species can undergo
two alternative reactions: (i) hyd?ogenatidn to produce methane (step
(3)), and (ii) CO insertion to produce an acyl group (step (4)).
Apparently, step (3) 1is suppresed partially by the preseﬁce of the
alkali compound, which reduces the availability of active hydrogen,
while step (4) is favored by alkali metals. The promoti;nal effect of
alkali metals on CO insertion reactions has been shown to occur in
organometallic chemistry (82-85). Colleman et al. (84,85) reported
that the close interaction of an alkali cation with a carbonyl ligand
of the alkyliron carbonyl Na+(RFe(C0)4)' greatly favors the migratory

insertion of the €0 1ligand into the metal alkyl bond:
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I
Na ... OC-Fe(CO)3R ----- > R - C - Fe(CO)g [4.1]

This interaction between the alkali cation and the oxygen of a
carbonyl group has been reported to give rise to a lowering of the
energy of the lowest unoccupied molecular orbital (LUMO) of the
carbonyl group (86), this would facilitate the insertion reaction
(82).

The acyl group obtained from CO insertion into a methyl group can
undergo two alternative reactions: (i) hydrogenation to produce
ethanol (step (5)) and (ii) hydrogenation with subsequent dehydration
to produce an ethyl group. This ethyl group can either add CO to form
the next acyl and thus contribute to the chain propagation (step (8))
or, by B-H transfer, give ethylene or be hydrogenated to give ethane
(step (7)).

The hydrogenation of the acyl group to produce ethanol is
suggested to proceed in two steps, with an intermediate aldehyde

bounded to molybdenum , according to reaction:

| H | Hy

C=0-—>H - C% 0 ——> CHyCH)OH + * [4.2]
l *

*

acetaldehyde has been found among the products in small quantities.
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4.3.4 Formation of Methyl Esters
4.3.4.1 Formation of Methyl Formate

The different mechanisms that might give rise to methyl formate
during hydrogenation of CO under alcohol synthesis conditions have
been recently discussed in detail along with their thermodynamic
features by Nunan et al. (56). These reaction pathways are summarized
as follows:

1) Direct carbonylation of methanol

CH30H + CO - HCOOCH; [4.3]

2) Dehydrogenative coupling of methanol

2CH40H - HCOOCH4 + 2H, _ [4.4]
3) Formaldehyde dimerization (Tischenko reaction)

2HCHO -+ HCOOCH4 [4.5]
4) Esterification of formic acid with methanol

HCOOH + CH40H - HCOOCH3 + H,0 [4.6]

The experimental results of this study (see Tables 4-3 and 4-5)
show that the methyl group of methyl formate was selectively enriched
by the 13¢ from the injected 13CH3OH, while the carbonyl group showed
no enrichment. This result strongly suggests that CO was inserted
into an intermediate, such as methoxy anion, derived from the labeled
methanol. This reaction pathway is consistent with Reaction [4.3].
Thus, Reactions [4.4] and [4.5] are ruled out based on the isotopic

composition observed for the methyl formate. Reaction [4.4] would
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predict enrichment of both carbon atoms of methyl formate and Reaction
[4.5] would predict no enrichment, if formaldehyde is produced from
CO/H2, or both carbon atoms enriched, if formaldehyde is formed from
methanol, contrary to the experimental result, i.e. HC0013CH3.
Reaction [4.6] cannot be ruled out by the observed isotopic
composition, since as discussed by Nunan and co-workers (56), who
observed the same isotopic composition of methyl formate from labeled
methanol and wunlabeled CO experiments over Cs/Cu/Zn0O, the
esterification of an adsorbed formate by methanol

HCO0® + CH40H - HCOOCH; + SOH [4.7]
coupled with a rapid regeneration of the formate
co + oH - Hcoo® _ [4.8]

gives the overall stoichiometry of Reaction [6] and would produce the
observed isotopic composition of methyl formate (HCOOl3CH3) from the
reactant mixture labeled 13CH3OH and CO/H,. Nunan and co-workers,
however, concluded that this path is less likely than Reaction [4.3]
due to steric hindrance in Reaction [4.7].

It is important to mention that the yield of methyl formate was
considerably increased upon injection of methanol. As shown in Table
4-1, this increase was more dramatic at low temperature reaction where
methyl formate is 1likely to be far from thermodynamic equilibrium
(131).

Scheme 4-4 illustrates the suggested mechanism of methyl formate
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formation over the alkali-doped MoS, catalyst.

| co 1 +H,0 0
86 —> 0 — I
| I CH4-0-C-H + CsOH
Cs® C =0 <——
I ‘Hzo
Cs®
Scheme 4-4

The CO insertion into a methoxy species has been proposed in the
homogeneous carbonylation of methanol catalyzed by sodium methoxide
(132) and recently suggested to occur over the Cs/Cu/Zn0 catalyst
(56). Theoretical investigations performed by Klier et al. (116)
using the MNDO method for electronic energy calculations and the
McIver-Komornicki-Powell sigma method for geometry optimization of the
transition state showed that there was no activation barrier for the
nucleophilic attack of CO by the methoxide anion, (Equation [4.9]),

and that the reaction is strongly exothermic.

CH CH
|2 4co- | ° (4.9]
00 0 0
\>/
C
(L (2)

Klier and co-workers mentioned that the rearrangement of the
intermediate species by methyl transfer that could lead to carbon-
carbon bond formation, Equation [4.10], is unfavorable due to a high

activation energy (257 kJ/mol) despite the reaction being exothermic
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overall, see Figure 4-4. Instead, the authors mentioned that a more

CH3 CH3

I |

040 - ¢ [4.10]
\/ /\
C 0 o
(2) (3)

hydrolytic pathway, Equation [4.11], gives rise to the formation of

methyl formate rather than the acetate ion, Equation [4.9].

CHq CHy 0

| \" o

00 + Hy0 =~ 0-C + OH [4.11]
\/ \
c H
(2)

4.3.4.2 Formation of Methyl Acetate

Two mechanisms leading to the formation of esters during alcohol
synthesis conditions have been proposed: i) a Cannizzaro type
condensation of two aldehydes (72) and ii) reaction of surface
methoxide with aldehydic species, Tischenko reaction, (10,133). The
isotopic distribution obtained for methyl acetate from the labeled
13CH3OH and CO/H, (see Tables 4-3 and 4-5) accounts for these two
mechanisms. Scheme 4-5 illustrates the reactionm pathway for the
formation of methyl acetate through the Tischenko reaction that leads

to the observed isotopic distribution.
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The methoxy anion species are expected to be present on the
surface of the catalyst. It has been reported that alcohols such as
methanol readily react with basic surface sites to give adsorbed
methoxides (134-136). In the present case, those basic sites are
presented by the cesium surface cations. The acyl species are also
expected to be present on the catalyst surface, and they may be

produced from the CO insertion into adsorbed methyl groups.
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Chapter 5

CHARACTERIZATION STUDIES ON CS/M082 CATALYSTS

5.1 Introduction

The purpose of these studies is to characterize the Cs/MoS,
catalysts in terms of alkali distribution, chemical state of the
catalyst surface, and structural features of their components. The
structural features of interest include bulk and surface atomic
arrangements and particle morphology. The ultimate aim of this or any
catalyst characterization study is to identify the structure of the
active sites that influence the activity and selectivity of the
process. Knowledge of the nature of the active sites provides for the
catalyst to be optimized in terms of stability and activity and
control of the selectivity to a desired product.

Up until about a decade ago, kinetic studies were used
extensively to interpret the mnature of catalytic activity. The
results were often contradictory and confusing, and they are
summarized by Satterfield (137), when he describes the characteristic
feelings of the typical scientist when he first encounters the world
of the heterogeneous catalyst: "... his first impression ... is apt
to be that of a vast and confusing field, replete with an enormous
quantity of perhaps significant but empirical facts, interspersed with
perhaps useful theories.”

Currently, the feelings expressed by Satterfield are being
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dispelled, thanks in part to the application of characterization
techniques that have brought the catalysis field into a new dimension
and have provided insight into the nature of the active surface of
many catalytic svstems.

In this chapter, I shall discuss the results of the
characterization studies obtained with the Cs/MoS, catalysts using
various analytical "techniques, such as X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), scanning transmission

electron microscopy (STEM), and BET surface area measurements.

5.1 Surface Area Measurement
5.1.1 Experimental

The surface area of the fresh Cs/MoSé catalysts was determined
using the conventional multi-point BET method (138). The measurements
were performed in a Digisorb 2500 instrument using helium to calibrate
the dead volume and nitrogen as the adsorbate. Prior to the analysis,
the samples were evacuated overnight to approximately 10'4 torr and
then outgassed for two hours at 110°C. The vacuum system for the
sample preparation (degas) was separated from the vacuum system for
the analysis. Both the volume and the surface area measurements were

done with the sample vessel at liquid nitrogen temperature.
5.1.2 Results and Discussion

The results of the BET surface area measurements of the undoped
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MoS, and cesium-doped MoS, catalysts are presented in Table 5-1. The
preparation of MoS, and the cesium-doping procedure are described in
detail in Chapter 2, Section 2.1. It is apparent from Table 5-1 that
cesium doping caused a dramatic decrease of the surface area of MoS,.
This reduction of the surface area was a function of the doping level
of CsOOCH. The larger the concentration of CsOOCH in the catalyst the
lower the surface area. This effect was reported té occur over the
potassium-doped MoS, (139) and also in a variety of oxide systems such
as: Mg0, SiO,, A1203 and Cry04 (140).

The appreciable loss of MoS, surface area is proposed to be due
to pore blockage by the cesium compound, rather than by an increase of
the MoS, particle size. XRD and STEM studies indicated that the
morphology and size of MoS, particles did not change upon cesium
doping. Testing of the Cs/MoS, catalysﬁs under alcohol synthesis
conditions led to a slight drop in surface areas as shown in Figure 5-

1.
5.2 X-Ray Diffraction (XRD)
5.2.1 Experimental

Powder difffaction patterns for the undoped and ceéium-doped Mbsz
catalysts were obtained with a Philips Diffractometer consisting of a
XRG 3100 x-ray generator coupled with an APO 3600 control unit using
CuKa radiation. Scans were conducted with a step size of 0.02° in 24

and a scan rate of 1.0°/min.

XRD was used for phase identification and for detecting possible
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TABLE 5-1

Surface Areas of the Fresh Undoped and Cesium-Doped MoS, Catalysts

MoS, Catalysts Surface 2Area
CsOOCH Mols (n%/g)

0 63

2.25 42
4.77 27
9.10 17
18.36 13
23.07 10
27.83 ' 11
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Figure 5-1 Relationship between the surface areas of fresh and
tested Cs-doped MoS, catalysts.
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lattice parameter changes. One has to bear in mind that the
determination of MoS, particle size by line broadening analysis has to
be taken with care since random stacking and folding of the MoS,
layers also produce line broadening.

Air sensitive samples, tested catalysts, were loaded into an air-
tight sample holder under dry nitrogen. The sample holder, shown in
Figure 5-2, was equipped with mylar film for x-ray penetration. The
mylar film, 3.6 p thick, was attached to the sample holder using

double stick tape.
5.2.2 Results and Discussion

Figure 5-3 shows a typical XRD spectrum of MoS, obtained from
thermal decomposition of MoS;. The X-ray powder diffraction pattern
of MoS, presented in Figure 5-3 is characteristic of poorly
crystalline hexagonal MoS, (P63/MMC, ASTM card number 6-0097), which
has been discussed in detail in the literature (141-144). The (002)
peak is one of the most intense. This indicates some stacking of the
layers along the ¢ axis. The number of stacked layers cannot be
obtained from standard line broadening analysis due to the presence of
stacking faults that produce additional line broadening. The stacking
faults axres evidenced by the asymmetric shape of the (100) peak
(indicated in Figure 5-3) (143-145), Chianelli et al. (143) indicated

that the strong intensity of the (103) diffraction line suggests that

~ - the two-layer molybdenite stacking sequence is maintained for at least
two stacks. The number of stacked layers as well as the a-axis
148
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Figure 5-2 X-Ray diffraction sample holder for air sensitive
samples.
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dimensions are determined later in Section 5.3.2 using high resolution
transmission electron microscopy, since it is not possible to
accurately extract the particle size dimensions by X-ray diffraction
line broadening analysis because of random stacking and folding of
layers in the MoS, structure.

Figure 5-4 illustrates the XRD patterns of the fresh CsOOCH/MoS,
catalysts. The XRD spectra A, B, and C of the catalysts containing
2.5, 5.3, and 10.0 wt$ CsOOCH, respectively, are very similar to the
spectrum of pure MoS,. The only difference is the very broad and weak

~ peak, characteristic of an amorphous phase, beginning about 20° and
continuing out to approximately 30°. This feature is easily observed
in the 9.1 mol% Cs catalyst, spectrum C. In addition to the hexagonal
MoS, phase and the broad weak peak, XRD spectra D, E, and F of the
catalysts containing 20.0, 25.0 and 30.0 wts CsOOCH, respectively,
contain two well defined peaks at approximately 26.8° and 28.1° that
correspond to d-spacings of 3.31 and 3.16 A. These d-spacings match
those obtained from the spectrum of pure CsOOCH. A third small peak
was observed in spectra D, E, and F at 26 = 24° (d-spacing = 3.70 A).
This small peak could not be accounted for by the CsOOCH phase, but
rather.was found to correspond to the Cs,C04 phase (see Table 5-2).

It is interesting to point out that the MoS, diffraction lines
did not change upon addition of CsOOCH. Thus, the decrease in surface
area as a consequence of the addition of CsOOCH cannot be attributed
to an increase in the MoS, particle size.

XRD patterns obtained for the tested Cs/MoS, catalysts indicated
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TABLE 5-2

X-Ray Powder Diffraction Data for CsOOCH and 0szco3a

CsOOCH Cs4C04
d(d) “(1/1,) d(A) (1/1,)
2.15 (9) 2.13 (2)
2.16 (6) 2.23 (7)
2.19 (15) 2.27 (6)
2.23 (41) 2.36 (3)
2.24 (36) 2.45 (2)
2.31 (3) 2.62 (3)
2.38 (4) 2.65 (3)
2.47 (2) 2.71 (18)
2.61 (3) 2.79 (&)
2.74 (19) 2.86 (24)
2.84 (8) 2.95 (1)
2.88 (69) 3.27 (23)
3.01 (12) 3.41 (100)
3.03 (13) 3.70 (19)
3.12 (25) 4.16 (18)
3.21 (34) 6.80 (5)
3.32 (80)
3.42 (100)
3.65 (26)
3.82 (16)
3.85 (14)
3.89 (10)
4.31 (26)
5.34 (4)
6.63 (51)

aCsOOCH'xH20 (99.9%) obtained from alfa producté.
Cs9C04 (99.995%) obtained from Aldrich Chemical Company.
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that no changes in the structure of MoS, occurred. The broad weak
peak observed for the fresh Cs/MoS, catalysts in the range between 20°
to 30° tended to vanish upon testing of the catalysts. This is
clearly demonstrated by comparing spectrum A in Figure 5-35,
corresponding to the tested 10.0 wt% CsOOCH/MoS, catalyst, to spectrum
C in Figure 5-4, which corresponds to the fresh 10.0 wt% CsOOCH/MoS,
catalyst. XRD powder pattern B in Figure 5-5 was obtained from the
tested 25.0 wt¥ CsOOCH/MoS, catalyst. In this pattern, in addition to
the MoS, diffraction lines, indicated by dots, two small lines at 2§ =
26.8° and 28.1°, corresponding to d-spacings of 3.31 and 3.16 A,
respectively, were also observed. These d-spacings were also obtained
with the fresh Cs/MoS, catalysts (see patterns D, E, and F in Figure
5-4) and were found to match those obtaj.ned from the diffraction
pattern of pure CsOOCH (see Table 5-2). No lines related to the
Cs,C03 phase were observed in the tested catalysts.

An important observation made during the present XRD study of
the Cs/MoS, catalysts was that the surface CsOOCH compound underwent
dramatic changes after the catalysts were exposed to air for long
periods of time. Figure 5-6 shows the XRD patterns of the Cs/MoS,
catalysts after they were exposed to atmospheric conditions for weeks.
From these diffraction patterns, it is apparent that agglomeration and
crystallization of the CsOOCH compound took place. In addition, some
of the new diffraction lines were found to match those of Cs,C05, as

indicated in Table 5-3. Therefore, it 1is essential to keep the

Cs/Mos, catalysts protected from prolonged air exposure since this can
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TABLE 5-3

X-Ray Powder Diffraction Data for the 25.0 wt$ CsOOCH/MoS,
Catalyst Obtained after Long Exposure to Ambient Atmospheric
Conditions (Figure 5-6, Spectrum E)2. Diffraction Lines of MoS,
Phase are not Listed.

d(a) (I/1,) d(A) (1/1,)
x 6.8 (8) +x 2.63 (10)
? 6.36 (12) ? 2.57 (15)
? 5.78 (9) ? 2.53 (12)
? 4.65 (13) + 2.48 (16)
+3.86 (8) X 2.45 (8)
x 3.71 (10) +x 2.42 (14)
+ 3.61 (36) +x 2.34 (15)
+x 3.42 (64) © 4+ 2.29 (9)
+3.36 (100) X 2.26 (13)
+x 3.21 (87) +2.24 (9)
? 3.18 (6) +x 2.13 (11)
+3.11 2)
x 2.96 (12)
+x 2.89 2

4piffraction lines obtained from 20 = 2° to 44°
x; Reference compound = Cs,C04 (see Table 20)
+; Reference compound = CsOOCH (see Table 20)
?; Unidentified phase
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alter the surface state of the prepared and tested catalysts and could
lead to the wrong conclusions regarding the chemical and physical
state of the cesium on the surface of the prepared, pretreated, and

tested catalysts.
5.3 Electron Microscopy

Electron microscopy is a very useful technique for obtaining
chemical and microstructural information for heterogeneous catalysts.
Two types of instruments are usually used in catalyst characterization
by electron microscopy; (i) the conventional transmission electron
microscope (TEM) and (ii) the scanning transmission electron
microscope (STEM). In the latter instrument, besides having all of
the capabilities of a conventional TEM, .the electron beam can be
focused on a scale of nanometers (22 nm) and be scanned over the
surface of the specimen. This electron probe can be used to obtain a
microdiffraction pattern, obtain a scanning image of the specimen, or
generate characteristic X-ray emission of the elements present in the
small volume being analyzed.

Schematic diagrams of the operating principles of TEM and STEM
are shown in Figures 5-7 and 5-8, respectively. In TEM, a static beam
of electrons is focused by electromagnetic condenser lenses onto a
small region of the specimen, which are immersed in the objective lens
of the microscope. The transmitted and forward scattered electrons
are recombined by the objective lens to form a diffraction pattern in

the back focal plane and a magnified image in the image plane. The
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image or diffraction pattern undergoes further magnification by
intermediate lenses and is projected onto a fluorescent screen or a
photographic plate. In STEM, Figure 5-8, a probe of electrons is
scanned by electromagnetic raster coils across the specimen. The
optics are such that a stationary diffraction pattern is formed in the
back focal plane of the objective lens, as in TEM. The intermediate
and projector lemses are used to transfer this diffraction pattern to
an electron detector that intercepts the transmitted beam and the
signal is used to modulate a CRT display, producing the STEM
equivalent of a bright field TEM image. While observing the scanning
image, the electron probe can be stopped and electronically positioned
at any point on the specimen. With a beam positioned at the point of
interest, microanalyticai and microdiffrqction information can be
obtained. The characteristic X-rays produced by the specimen can be
detected and analyzed by a solid state energy dispersive spectrometer
(EDS). In conventional scanning electron microscopy (SEM), although
electron probe sizes of 5-10 nm can be used, the detected X-rays come
from é region of 1-2 pum in diameter because of electron beam spreading
in the specimen. In STEM, this beam spreading is minimized because
the specimens are essentially transparent to the electron beam. Thus,
the analyzed area in STEM is close to the size of the area covered by
the electron probe (146,147).

The theory of imaging, electron diffraction, and microanalysis is
well-established, and the interested reader is referred to References

(146) and (147).
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The objective of the present electron microscopy study was to

ctermine the morphology, structure, and cesium distribution of the

fa

Cs/MoS, catalysts.
5.3.1 Experimental

Characterization studies on the Cs/MoS, catalysts were performed
on a Phillips EM-400 (S)TEM equipped with an EDAX energy dispersive x-
ray spectrometer (EDS). A 120 KeV accelerating voltage was used in
all the analyses. For energy dispersive x-ray analysis, each energy
spectrum was collected from 0-20 KeV, an electron probe size of ~10 nm
and counting times of 100 sec were used.

The sample handling of tested catalysts was carried out in a
nitrogen-filled glove bag. The samples vere deposited on the carbon-
coated grid by simply touching the sample with the grid. To eliminate
air from the samples during the loading into the microscope chamber, a
recently developed vacuum/inert atmosphere transfer specimen holder
was used. This sample holder, which is - depicted in Figure 5-9,
consists of a specimen holder tip which retracts into the holder

housing to seal off a vacuum or an inert gas, e.g. Nj.

5.3.2 Results and Discussion

5.3.2.1 Mos,

High resolution electron microscopy studies showed that MoS,

16l

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Holder Housling

NAttachment for
Pressure Gauge

Gonlometer

Specimen Holder Tlp

Q)

Sample
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obtained from thermal decomposition of MoS;, as described in Section
2.1, crystallized partially in what 1is called the "rag" structure
(143). This structure, as shown in Figure 5-10, consists of several
stacked, but highly folded and distorted MoS, layers. The lattice
fringes (d-spacing equal to 6.15 A) shown in Figure 5-10, correspond
to the (002) planes of hexagonal MoSz. Selected area electron
diffraction pattern (Figure 5-11) obtained from this region also
indicates the poor crystalline nature of the hexagonal MoS,. The d-
spacings calculated from the ring SAD pattern of Figure 5-11 are
reported in Table 5-4.

The MoS, crystal size dimensions were determined from high
resolution electron micrographs. The number of stacked layers usually
observed varied between 8 and 10 layers which indicates that the
crystal size in the c-axis was 49-62 A. The a-axis dimensions

observed were of the order of a few hundred angstroms.

5.3.2.2 Cs/MoS, Catalysts

The catalyst compositions used in this study aré listed in Table
3-8, and their alcohol synthesis activity was discussed in detail in
Chapter 3. Imaging studies and energy dispersive x-ray analysis (EDS)
were used in order to determine the morphology and cesium distribution
of the Cs/MoS, catalysts.

The results of this study indicated that the way in which cesium
is distributed on the MoS, surface is a function of the cesiuﬁ

concentration in the catalyst. The general morphological features of
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Figure 5-10 Lattice fringes in MoS, (interplanar spacing d(002) =
6.15 A).
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Figure 5-11 Selected area diffraction pattern (SADP) of the MoS,
catalyst.

Table 5-4

d-spacings Calculated from Selected Area Diffraction Pattern
(Figure 5-11).

(hkl) d-spacing (A)
(002) 6.15
(100) 2.74
(103) 2.28
(105) 1.83
(110) 1.58
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the whole series of Cs/MoS, catalysts after testing under alcohol
synthesis conditions are summarized as follows:

e There were no changes in either the morphology or the size of the
MoS, particles in the whole range of different cesium
concentrations.

e In the Cs/M082 catalyst containing 2.5 wt$ CsOOCH (2.25 mol% Cs),
cesium was detected by EDS on some regions of the catalyst.
Cesium particles were not observed.

e In the Cs/MoS, catalysts containing Cs in the range of 5.3-20.0
wt$ CsOOCH (4.8-18.4 mols Cs), it was found that the cesium is in
the - form of relatively uniform particles as well as finely
dispersed on the MoS, surface,

¢ In the catalysts containing 25.0 and 30.0 wt$ CsOOCH (23.1 and
27.83 mols Cs), the cesium agglomerates into large particles.

Based on the morphological features mentioned above, and for the
sake of clarity, the results and discussion of the Cs/MoS, catalysts
will be divided into three groups: 1) low cesium loading (2.5 wt%
CsOOCH) catalyst, 2) intermediate cesium loading (5.3 - 20.0 wt%
CsO0CH), and 3) high cesium loading (25.0 and 30.0 wt$ CsOOCH)

catalysts.

1) Low Cesium Loading (2.5 wt% Cs) Catalyst.

The surface of this catalyst comsists of a mixture of bare MoS,
and cesium highly dispersed over the MoS, surface, as determined by
energy dispersive X-ray analysis (EDS).

Figures 5-12A and 5-13A show typical TEM images of the 2.5 wt%
CsOOCH (2.25 molg Cs) catalyst. Microanalyses from those regions by

energy dispersed X-ray analysis indicate the presence of cesium

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(a)

{ o
" L
& o
= - g
3 8
° L
N { 0
o c
. c [{]
U
cc L]
; s W :
o - e N TS T y
oo - hon 5.006 . - 1;000 B.Oﬁ 0% 0.000 5.000 $0.000 15.000 2.000
ENERGY kev ENERGY kev
(b) (c)

Figure 5-12 (a) Typical TEM image of the tested 2.5 wtg CsOOCH/MoS,
catalyst. (b) and (c) Energy dispersive X-ray analysis
(EDS) of regions shown in (a).
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Figure 5-13 (a) Typical TEM image of the tested 2.5 wt% CsOOCH/MoS,
catalyst. (b) Energy dispersive X-ray analysis (EDS)
of region shown in (a).
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(Figures 5-12B,C and 5-13B), which must be in a very finely dispersed
state, since no cesium particles were readily observed despite the
relatively high resolution of those electron micrographs.

The relative concentration of Cs in regions that were essentially
transparent to the electron beam was obtained by using the Cliff-
Lorimer ratio approach (148). This approach relates the
characteristic X-ray peak intensities, I, and Ig, to the actual
concentration of the species in wt.%, C, and Cg, according to the

equation

where k,p is termed the Cliff-Lorimer k factor. Calculations from
first principles of k factors for Cs, Mq, and S are presented in
Appendix 5.A.

The results of the analyses over the 2.5 wt% CsOOCH (2.25 mols
Cs) catalyst indicate that in regions in which cesium was detected,
its concentration was determined to be in the range 0.4 - 0.7 mol% Cs.
This concentration of cesium determined by energy dispersive =x-ray
analysis should be considered an underestimate due to the high
mobility of the cesium under the electron beam (see Figure 5-14),
despite the low current density (<5 pA) and relatively low counting
time (100 s) used to minimize beam damage. Semiquantitatively
speaking, based on the fact that all analyses were performed under
similar conditions (120 KeV beam, 100 s counting time, 100 A probe

diameter), the concentration of cesium was approximately similar in
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(a)

(b)

Figure 5-14 Electron micrograph showing electron beam damage to the
cesium particle (a) before and (b) after energy
dispersive X-ray analysis (EDS) was performed.
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regions in which it was detected.

There were regions (>50% of the regions analyzed) in which cesium
was not detected, within the experimental limits of the microanalysis.
The minimum mass fraction (MMF) of cesium that can be detected in MoS,
was calculated éo be 0.24 wt$ Cs (0.3 moly Cs). Details of the MMF
calculations are given in Appendix 5.B.

The question of interest at this point is: what is the driving
force for the spreading of cesium rather than the formation of 3-
dimensional particles on the mainly nonpolar and hydrophobic MoS,
surface? The driving force for this phenomenon of dopant spreading
may be a strong interaction between cesium and defects in the MoS,
surface. These defects are expected to exist in the poorly-
crystalline MoS, catalyst. On the other hand, in a well-crystallized
MoS,, most of the surface is the (002) basal plane that results from
the anisotropic crystal structure. Therefore, the interaction between
this nonpolar, hydrophobic MoS, surface and the jonic, hydrophilic
cesium compound is expected to be minimal, giving rise to the
formation of 3-dimensional cesium particles. Kennou et al. (152)
studied the behavior of cesium on the basal plane of a MoS, single
crystal and concluded that cesium tends to form 3-dimensional clusters
on MoS,, in contrast to the uniform adsorption exhibited on metals and

other semiconductors.
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2) Intermediate Cesium Loading (5.3, 10.0, and 20.0 Wt% CsOOCH)

Catalysts.

The electron microscope results of the tested catalysts
containing cesium in the range of 5.3 - 20.0 wt% CsOOCH indicated that
these catalysts had similar morphological features. The cesium
compound was found to be present on the surface of MoS, in the
particle form as well as finely dispersed.

An electron micrograph of the 5.3 wt% CsOOCH (4.8 mols Cs)
catalyst is shown in Figure 5-15. In this figure, the presence of
small cesium particles with a hemispherical shape can be observed.
The identification of these particles was performed by energy
dispersive x-ray analysis (EDS). Selected area diffraction of the
region containing these cesium particles did not reveal any other
phase other than polycrystalline MoS,;. Electron microdiffraction of
the cesium particles was unsuccessful due to the high instability of
the cesium compound under the electron beam. The cesium particle size
distribution ‘of the 5.3 wt% CsOOCH (4.8 mol% Cs) catalyst is
summarized in the histogram shown in Figure 5-16. From this
histogram, it can be seen that there is a maximum at 110 to 130 A
interval.

The concentration of cesium on regions in which cesium was not
observed visually, i.e. cesium not in the form of particles, but
detected by energy dispersive X-ray analysis, was determined to vary
from 1.0 to 2.5 mols Cs. It has to be pointed out, once more, that

these values must be considered underestimated due to the instability
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Figure 5-15 Electron micrograph of the tested 5.3 wt% (4.77 mols)
CsOOCH/MoS, catalyst showing the hemispherically shaped
cesium salt particles.
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Figure 5-16 Cesium particle size distribution of the tested 5.3 wts
CsOOCH/MoS, catalyst.
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of cesium under the electron beam. Figure 5-17 shows a typical region
in which cesium particles were not observed, but cesium was detected
by EDS. The results of the analyses obtained from different spots of
the region shown in Figure 5-17 are summarized in Table 5-5.

Imaging studies on the 10.0 wt% CsOOCH (9.1 molg Cs) catalyst
indicated that the cesium particles had a hemispheric-like morphology
similar to that found in the 5.3 wt% CsOOCH catalyst. This is clearly
observed in Figure 5-18, which shows a topographical image (149) of
the tested 10.0 wtt% CsOOCH catalyst. Figure 5-19 shows the cesium
particle size distribution of the tested 10.0 wt% CsOOCH catalyst.
From this histogram it can be seen that the average size of the cesium
particles found on this catalyst, =200 A, is larger than that
determined on the 5.3 wt% CsOOCH catalyst. In regions in which cesium
particles were not observed, but a cesium X-ray signal was obtained,
its concentration was determined to range between 1.0-3.0 mol% Cs.
There were also regions in which cesium was not detected within the
experimental limits of the technique, which was 0.3 mol% Cs (see
Appendix 5.B for details).

Results obtained on the catalyst containing 20.0 wt$ CsOOCH (18.4
mol$ Cs) suggested that the cesium was distributed on the MoSy in a
rather heterogeneous fashion. Based on imaging and EDS studies, one
can classify the following regions on the 20.0 wt$ CsOOCH (18.4 mol%
Cs) catalyst:

1) Bare MoS, surface (cesium was neither observed nor
detected).
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Figure 5-17 Electron micrograph of the tested 5.3 wt% CsOOCH/MoS,
catalyst showing the regions examined by EDS. The
results of the EDS analyses are given in Table 5-4.
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TABLE 5-5

Results of the Energy Dispersive X-Ray Analysis (EDS) Performed
on the Region Shown in Figure 5-14.

Spot mol% Cs
A 2.5
B 2.6
c 2.1
D 2.2
E 1.5
F 1.7
G 1.8
H 2.8
177
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(a)

(b)

Figure 5-18 Electron micrographs of the tested 10.0 wt% CsOOCH/MoS,
catalyst showing the hemispherical cesium particles on
the surface of MoS,. (a) Topographical image (b)
bright field image.
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Figure 5-19 Cesium particle size distribution of the tested 10.0
wt¥ CsOOCH/MoS, catalyst.
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2) Cesium was not observed -visually, however, it was detected
by EDS.

3) Cesium was observed in theAform of hemispherical particles.

In regions in which cesium was detected by energy dispersive X-
ray analysis, its concentration varied from 1.0 to 3.5 mols Cs. This
concentration range is similar to that found on the 10.0 wt% CsOOCH
(9.1 mols Cs) catalyst.

The cesium particle size distribution of the tested 20.0 wt$%
CsO0CH catalyst is summarized in the histogram shown in Figure 5-20.
This histogram indicates a very broad cesium particle size
distribution. A distinct maximum in the 250 - 300 A range is present.
This particle size range is larger than those obtained for the 5.3 and
10.0 wts$ CsOOCH catalysfs.

At this point, it is convenient to discuss in detail the factors
that influence the spreading (cesium highly dispersed) and clustering
(hemispherical particles) of cesium on the MoS, surface. The argument
will be presented in terms of the surface (interface) tensions between
the cesium compound and MoS,.

The surface tension (§) of the M082 surface (s) and the cesium
particle (p) are related via the contact angle (4) .and the interfacial

surface tension (Ssp) through Young's equation (see Figure 5-21),
Ssg - Ssp + épgcoso [5.2]

where g represents the gas phase.

Effective nonwetting occurs for § > 90°; for values of § < 90°,

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

%

0
50-100 150-200 250-300 350-400 500-1000
100-150 200-250 300-350 400-450 >1000

PARTICLE DIAMETER RANGE (A) .

Figure 5-20 Cesium particle size distribution of the tested 20.0
wt¥ CsOOCH/MoS, catalyst.
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Cs Compound

g

Osp Osg

Figure 5-21 Equilibrium forces on the periphery of the cesium
compound particle sitting on MoS,. &,, is the surface
tension of the M082 surface, Sp is the’ surface tension
of the cesilum particle, and §s is the interfacial
surface tenslon between MoS, and Ehe cesium particle,
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partial wetting will be obsexved, and in the extreme that § approaches
0° then complete wetting will occur. Factors which promote the
attainment of wetting or spreading are those which result in high

values of Ss and lower values for both Ssp and 8pg’

24

Because of the anisotropic nature of MoS,, its surface energy as
well as all its other physical chemical properties will depend on the
crystallographic plane in which they are being obtained. The surface

2 on the

energy of MoS, (GSg) has been determined to be 24 erg/cm
nonpolar basal plane (002) and 700 erg/cm, on the edge planes (100)
(150). From these values one would expect that the interaction of the
cesium formate, whose surface energy (SPg) is estimated to be 50
erg/cm2 (151), with MoS, will depend upon what crystallographic planes
of MoS, are involved. For instance, cesium spreading is expected to
be more favorable on ‘the edge planés of MoSy, which have higher
surface energy (Ssg = 700 ergycmz).

-Results obtained on the Cs/MoS, catalysts indicated two different
situations for the cesium: 1) cesium is dispersed on the MoS,
surface, i.e. the contact angle, 8§ 1is 0°, and 2) cesium forms
hemispherical particles. The contact angle, #, obtained from
measurements on the electron micrograph varied between 80 and 125°.

First, let us analyze the situation in which cesium is dispersed
on the MoS, surface, i.e. 6 = 0°, and consider the situations when

cesium is on the basal plane (002) and on the edge plane (100). In

the former case, solution of Young’s equation gives
2
Ssp ssg Spgcoso 24 50(1) 26 erg/cm
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where the negative value has no meaning. Therefore, one can conclude
that complete wetting of the basal plane (002) of MoS, by cesium
cannot take place. This result is in agreement with the experimental
findings of Kennou et al. (152), who studied the behavior of cesium on
the basal plane (002) of a MoS, single crystal and concluded that
cesium tends to form 3-dimensional clusters on the basal plane (002)
of MoS, in contrast to the uniform adsorption or spreading exhibited
on metals and other semiconductors.

For the latter case with the (100) edge planes, solving Young's

equation gives

R - . - 2
Ssp ssg 6pgcosﬁ 700 50(1) 650 erg/cm”.

The fact that Ssp (650 erg/cmz) is smaller than 85g (700 erg/cmz)
indicates that complete wetting, i.e. ¢ = 0°, is likely to occur on
the edge planes (100) of MoS,.

The situation in which cesium would form hemispherical particles
with a contact angle varying between 80 and 125° can also be analyzed.
If one assumes that the cesium particles are sitting on the basal
plane (002) of MoS,, solution of Young's equation yields interfacial
surface tension (Gsp) values between 15 and 53 erg/cmz. This uppef
limit value, corresponding to 6 = 125°, is 2.2 times greater than the
surface tension of the basal plane of gosz (ssg - 24 erg/cmz). On the
other hand, if the Cs particles are sitting on the edge planes (100)
of MoS,, the interfacial surface tension is found to vary from 691 to

728 erg/cmz. The upper limit value is just slightly higher than the

184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



surface tension of the edge planes. (‘Ssg - 700 erg/cmz). Thus, one can
conclude that nonwetting, i.e. formation of 3-dimensional particles,
will be more favorable on the basal plane than on the edge planes,
since the interfacial surface tension’ (Ssp) with these planes is much
greater than the surface tension of the basal plane. The results are

summarized in Table 5-6.

3) High Cesium Loading (25.0 and 30.0 wt®$ CsOOCH) Catalysts.

Figures 5-22 (a) and (b) show typical electron micrographs of the
25.0 wt% CsOOCH catalyst. In these figures it is apparent that the
cesium tends ‘to agglomerate into large particles. In addition to the
large Cs particles, cesium was found to be in a film-like morphology
as well as in the form of small particles.A Regions in which cesium
was detected by EDS, but not visually observed, were also found on the
25.0 wtg CsOOCH catalyst.

Pjigures 5-23 (a) and (b) show the morphology of the cesium
particles frequently found in the 30.0 wt% CsOOCH catalyst. Cesium
was also observed in a film-like morphology. Regions A and B of
Figure. 5-24A show. this feature. The relatively poor contrast shown by
the cesium compound film may be due to the fact that the cesium
compound is not erystalline. Figure 5-24B shows the same region after
microanalysis was performed to identify the presence of cesium, and
loss of cesium from the surface is noticed, which was induced by the
electron beam despite the fact that low beam current was used. It
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TABLE 5-6

Surface Tensions for the CsOOCH/MoS, System

) 6 ) ) )

Sp sp sp sg Pg
§=0°  §=80°  §=125° (MoS,)  (CsOOCH)

CsOOCH/MoS, (002) -268 15 53P 24 50

CsOOCH/MoS (100) 650 691 728 700 50

8A negative value is not possible, therefore wetting is favored on the
edge plane (100).

Pat § = 125°, (002) and §g

(100); therefore nonwetting is
favored on the gasal plane (002).

sp ~ 58
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(a)

(b)

Figure 5-22 (a) and (b) Typical TEM images of the tested 25.0 wt%
CsOOCH/MoS, catalyst.
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(a)

(b)

140 nm |

Figure 5-23 (a) and (b) Typical TEM images of the tested 30.0 wt%
CsOOCH/MoS, catalyst.
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(a)

(b)

bt

Electron micrographs of the tested 30.0 wt$ Cs00CH/MoS,
catalyst showing the film-like morphology and the
instability of the cesium component. Micrograph (a)
was obtained prior to EDS analysis, and micrograph (b)
was obtained immediately after the analysis was

performed.

Figure 5-24
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should be pointed out that in the 30.0 wt$ CsOOCH catalyst, there were
regions in which cesium was not visually observed, but when
microanalysis was performed a cesium signal was obtained. An example
of these regions is depicted in Figure 5-25. The letters represent
the regions in which the microanalysis was performed using a 10 nm
electron beam diameter and 100 s counting time. As shown in Table 5-
7, the concentration of cesium was approximately uniform over this
particular region. In general, however, it can be concluded that
cesium is heterogeneously distributed on the MoS, surface in the

catalysts containing 25.0 and 30.0 wt¥ CsOOCH.

5.4 X-Ray Photoelectron Spec.troscopy (XPS)

X-Ray photoelectron spectroscopy (XPS), which is also known as
Electron Spectroscopy for Chemical Analysis (ESCA), 1s a surface
sensitive technique for determining the chemical state and elemental
composition of solids. This technique has become a nearly
indispensable tool for catalyst characterization, since the behavior
of catalysts is dictated by their topmost atomic layers. Besides the
determination of binding energies, which provide information on the
valence and chemical environment of the element studied, XPS is
capable of giving quantitative information of the catalyst surface.

In this section, quantitative as well as qualitative results
obtained over the Cs/MoS, catalysts using XPS are discussed.

The Cs promoted catalysts containing 2.5 - 30.0 wt% CsOOCH were
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Figure 5-25 Electron micrograph of a region of the tested 30.0 wt%
CsQ0CH/MoS; catalyst in which no cesium particles were
observed but where cesium was detected by EDS. The
results of the EDS analyses are given in Table 5-7.
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TABLE 5-7

Results of the Energy Dispersive X-Ray Analysis (EDS) Performed
on the Region Shown in Figure 5-25.

' Spot mols Cs
A 3.4
B 3.8
c 3.0
D 3.5
192
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analyzed by XPS to determine the state of the surface for catalysts
(1) as prepared, (ii) as pretreated in a 2% Hy/N, mixture at 4£00°C for

1 h prior to testing, and (iii) after testing.
5.4.1 Experimental

XPS spectra were recorded on a Physical Electronics 548 XPS/AES
Spectrometer equipped with a double pass cylindrical mirror analyzer
(CMA) using a 400 W Mg x-ray source. A schematic diagram of the
spectrometer is shown in Figure 5-26. Survey scans were conducted
between 0 and 1000 eV binding energy, with a 100 eV pass energy, 0.1
time constant, rate of 3 eV/sec, and sensitivities of 30K. Detail
scans for intensity measurements were performed with a 50 eV pass
energy, 0.1 sec time constant, rate of 0.08 eV/sec, and sensitivities
of 10K. Multiple scans were signal averaged by a Nicolet Model 1072
Multichannel Analyzer. ‘ The measuring temperature was 20°C and the
pressure did not exceed 1 x 10°8 torr.

XPS analyses of pretreated and tested catalysts were performed on
samples loaded without exposure to air. This was accomplished through
a Njp-filled glove bag attached to a side-arm which allows the sample
to be transferred to the XPS spectrometef (see Figﬁre 5-27). The
samples were pressed into a cylindrical hole, 10 mm x 1 mm, bored in a
titanium holder. The position of the sample with respect to the X-ray
source and photoelectron detector is shown in Figure 5-26. The
portion of photoelectrons detected and the size of the analysis area

are strictly a function of the analyzer, which is a double pass,
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cylindrical-mirror analyzer (CMA). In order to obtain a constant
energy resolution across the entire energy spectrum the CMA was
operated in the retarding mode. The retarding grids are used to scan
the spectrum while the CMA is operated at a constant pass energy. The
size of the analysis area is defined by the size of the circular
apertures at the output of the CMA stages, pass energy, and
photoelectron energy and is given approximately by (5.3a):

ass ener eV
L4 BY, (aperture area)

area analyzed photoelectron energy, eV
and ranges from ~ 1 - 3 mm in diameter (153).

Initial sample alignment was made with a blank metallic sample
holder by using an electron beam in the Auger analysis mode (153).
The purpose of this procedure was to determine the sample height, Z,
and direction along the X (analyzer) axes. These optimized positions
were then used for all analyses of catalyst samples. After the sample
positions were fixed along the X and Z axes, misalignment could only
occur in the Y direction and rotation axis upon sample loading. The
effects of sample position along these axes were determined by
Himelfarb (154) using the single phase Cu/Zn catalyst precursor
aurichalcite as the calibration compound. His results are presented
in Figures 5-28 and 5-29. From these figures Himelfarb concluded that
peak intensities varied considerably, but peak ratios are not
sensitive to the possible variations in sample position. This holds

true only if the initial sample position is close to the focal point
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Photoelectron intensity wvariation as a function of
sample translation along the y axis (Fig. 12).
Intensities for the Zn 2p3 2 (KE = 232 eV) (O) and for
Zn IMM (KE = 992 eV) (A) "‘photoelectrons and ratio of
these intensities are shown. The shaded area shows the
uncertainty in sample position due to sample loading

(from Reference 154).
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Photoelectron intensity variation as a function of
sample rotation about the Z axis (Fig. 12).
Intensities for the Zn 2p3 2 (KE = 232 eV) (0) and for
Zn IMM (KE = 992 eV) (4) "photoelectrons and ratio of
these intensities are shown. The shaded area shows the
uncertainty in sample position due to sample loading

(from Reference 154).
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of the CMA,
5.4.2 Results and Discussion
XPS Analyses of Fresh and Pretreated Cs/MoS, Catalysts

A representative XPS survey scan of the Cs/MoS, catalysts is
shown in Figure 5-30. XPS analyses were performed on the fresh
(before pretreatment) and pretreated catalysts in order to establish
the effect of the pretreatment on the surface composition of the Cs-
doped MoS, catalysts. The pretreatment of the catalysts was carried
out in a quartz-tube reactor under identical conditions as those used
in the testing unit (2% H2/N2. 406°C, 1h). The catalysts were cooled
to room temperature under 2% H,/N, flow, and subsequently transferred
into a Njp-flushed glove bag to the XPS spectrometer according to the
procedure described above. The pretreated samples were never exposed
to air, while the fresh catalysts were handled without special care.
XPS analyses of the fresh catalysts indicated the presence of small

6+ species. These species must have been

amounts of S0, and Mo
reduced during the pretreatment process, since they were not observed
lon the pretreated catalysts. 804- and Mo+ species were not detected
on the surface of the tested catalysts either. Figure 5-31 shows
typical S(2p) XPS spectra of the fresh, pretreated and tested
catalysts.

Changes on the Cs surface concentration as a result of the

pretreatment were determined by comparing the photoelectron intensity

ratio of Cs(3d5/2)/Mo(3d5/2) for the pretreated and fresh catalysts at
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Typical XPS survey scan of the Cs/MoS, catalyst.

Figure 5-30



S=(2p)
S()4: .
* a)
B b)

e A A l | \*““MAnrAmngu~,J\

1 I
171 167 163 159
BINDING ENERGY (eV)

Figure 5-31 S(2p) XPS spectra of Cs/MoS, catalysts (a) fresh; (b)
pretreated and (c) tested.
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different CsOOCH concentrations. The results are shown in Figure 5-
32. This figure shows that at given CstCH loadings, on the catalysts
containing <20 wt% CsOOCH (18.36 molg CsOOCH) the Cs/Mo photoelectron
intensity ratio for the pretreated catalysts (P) is larger than that
obtained for the fresh éatalysts (F). On the catalysts containing >20
wt$ CsOOCH (18.36 molg CsOOCH), the Cs/Mo photoelectron intensity
ratios for the pretreated (P) and fresh (F) .catalysts are
approximately the same. This is indicated by the fact that the ratio
(ICS/IMO)P to (Iog/Iy,)p is close to 1. Speaking in terms of cesium
surface concentration, Figure 5-32 indicates that the pretreatment
induces dispersion of the cesium compound on the MoS, surface on the
catalysts that contain <20 wt% CsOOCH (18.36 mol% CsOOCH), and has
little o; no effect on the cesium surface concentration on the

catalysts that contain > 20 wt3% CsOOCH.
XPS Analyses of Tested Cs/MoS, Catalysts

After the catalysts were tested for alcohol synthesis activity,
they wére removed in a nitrogen-filled glove bag and store in a vacuum
tube for later characterization. The handling of the samples to be
analyzed by XPS was described in Section 5.4.1.

The XPS results obtained for the tested Cs/MoS, catalysts (2.5 -
30.0 wt$ CsOOCH) indicated that the oxidation state of S and Mo
correspond to those of MoS,, i.e. 82'(29) = 162.4 eV and M04+(3d5/2) -
229.4 eV, Detailed analysis of the S(2p) and Mo(3d) peaks indicated

that neither oxisulfides species nor species containing Mob* were
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present on the surface (within the detection 1limits of the XPS
technique). It is interesting to note that despite the fact that
carbon dioxide and water are being formed during the alcohol
synthesis, these two products do not affect the oxidation states of
sulfur and molybdenum, this at least applies to the catalyst
compositions and operating conditions used in the present study.

In the next section, quantitative XPS analysis of the tested

Cs/MoS, catalysts is discussed.

Quantitative Analyses of XPS Intensities for the Cs/MoS,

Catalysts

The objective of the quantitative XPS analysis of the Cs-doped
MoS, catalysts was to determine the degree of dispersion and/or
segregation of the Cs compound on MoS,. The Mo (3d5/2) XPS signal was
used as an internal reference for the Cs (3d5/2) signal. Figures 5-33
and 5-34 show typical Mo(3d) and Cs(3d5/2) XPS spectra cf a tested
catalyst, Table 5-8 presents the experimental Cs(3d5/2) photoelectron
intensity with respect to the Mo (3d5/2) XPS signal. 1In this table it
is shown that the (I;o/Iy,) ratio increases with increasing the CsOOCH
loading on the MoS, catalyst. (The same trend was observed when the
S(2p) signal was taken as a reference).

The magnitude of the uncertainty regarding the reproducibility
of XPS intensity ratios was determined by preparing and loading eight

separate samples of a 5.3 wty CsOOCH/MoS, catalyst, and then
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Figure 5-33 Mo(3d) XPS spectrum of a tested Cs/MoS; catalyst.
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Figure 5-34 Cs(3d5/2) XPS spectrum of a tested Cs/MoS, catalyst.

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5-8

XPS Results Obtained over the Tested Cs/MoS, Catalysts.

Binding Enexgies (eV) InCen§ity

ratios
wes CsOOCH 3/2Mo(3d) 5/ s(2p) Cs(3ds /9) ILE(;—S %‘gﬁ
2.5 232.5 229.4 162.4 724.6 0.321]0.395
5.3 232.6 229.4 162.3 725.1 0.620 [ 0.982
10.0 232.6 225.4 162.4 725.0 1.790 1 2.090
20.0 232.5 229.4 162.5 725.1 1.845| 2.393
25.0 232.5 229.4 162.4 725.1 2.082} 2.877
30.0 232.5 229.4 162.4 725.1 2.830] 3.590
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determining the standard deviation around the mean value of the Cs/Mo
intensity ratio. The resulting mean value of the Cs/Mo intensity
ratio was 0.6076 and the standard deviation that was calculated using
the equation,

nsx2- (3x)

Sx = n(n-1) ' [32]

was equal to #0.082. This uncertainty corresponds to *13.5% in the
mean value.

XPS intensity equations have been developed in Appendix 5.C to
determine the degree of dispersion and/or segregation of cesium on
MoS,. Based on STEM results regarding the morphology and distribution
of cesium on the MoS, catalyst, three different geometric models of
the catalyst surface were considered to develop the XPS intensity
equations. The models were: 1) "Hemispherical-Particles Model," that
assumes that cesium is agglomerated forming hemispheric-like particles
(see Figure 5.C-2 in Appendix-5.C), 2) "Layer Model," based on that
cesium is highly dispersed on the MoS, surface and/or forming a film-
like morphology (see Figure 5.C-3 in Appendix 5.C), and 3) "Combined
Model," that assumes that cesium is preseni: on the MoS, surface in the
form of hemispherical particles as well as in a film-like morphology.
The experimental XPS intensity results, given in Table 5-8, will be

discussed in terms of these models.
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1) "Hemispherical-Particles Model"™

The Cs/Mo intensity ratio determined from Equation [C-11], in
Appendix C, for the' Cs-doped MoS, catalysts with different cesium
loading is plotted as a function of the particle size (r) in Figure 5-
35. The particle size (r) determined by XPS for each catalyst is
compared with the average particle size (r) determined by STEM in
Table 5-9. This table indicates that there is a disagreement in the
particle size determined by these techniques. This disagreement was
expected since STEM results indicated that the cesium was present on
the MoS, surface not only in the form of hemispherical particles but

also highly dispersed and/or forming a film-like morphology.

2) "Layer Model"

Although STEM studies demonstrated clearly that part of the
cesium is forming hemispherical particles, it is interesting to see
-how both the Cs/Mo intensity ratio and the surface coverage (fj) of
MoS, by cesium behave if one assumes that cesium is just present on
the MoS, surface in a film-like morphology.

The Cs/Mo intensity ratios determined from Equation ([C-15] for
the Cs-doped MoS, catalysts is plotted as a function of the number of
cesium layers (n) in Figure 5-36. From this figure it can be seen
that the model predicts that the intensity ratio of Cs to Mo changes a
little as a function of the number of Cs layers in the catalysts

containing 2.5 and 5.3 wt% CsOOCH. However, it drops off rapidly as
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Figure 5-35 XPS intensity ratio (Igg/Iy,) as a function of the
cesium particle size, as determined by the
"Hemispherical-Particle Model"™ for the Cs/MoS,
catalysts. The cesium particle sizes corresponding to
the (I;o/Iy,) experimental values are given in Table 5-
9 along with those found using STEM.
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TABLE 5-9

Comparison Between the Particle Size Determined by STEM
and the Particle Size Predicted by XPS Analysis.

Catalyst STEM Particle XPS Particle
(wt$ CsOOCH) Radius (A) Radius (A)
2.5 not observed 40
5.3 65 50
10.0 100 55
20.0 125 130
25.0 >500 _ 160
30.0 >500 180
211
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Figure 5-36 XPS intensity ratio (ICs/Iﬁo) 85 a function of the
number of cesium layers (n), as determined by the
"Layer Model" for the Cs/MoS, catalysts. The number of
cesium layers (n) and the MoS, surface coverage (fj)
predicted by the "Layer Model"” taking into
consideration the I, /Iy, experimental value are given
in Table 5-10.
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the number of layers is increased in the catalysts containing >10 wt%
CsOOCH.

A comparison of the experimental intemsity ratios of Cs to Mo
with the intensities predicted by the layer model indicates that upon
increasing the amount of_CsOOCH in the catalyst the number of Cs
layers increases, while the surface coverage (fz) remains almost
constant. These results are presented in Figure 5-37 and summarized
in Table 5-10. It is difficult to rationalize these results, since
one would expect that the surface coverage of MoS, by cesium would
increase upon addition Of.CSOOCH to the catalyst as indicated by the

decrease of the MoS, surface area as the cesium loading is increased.

3) "Combined Model™

This model is supported by STEM results that clearly demonstrated
that the cesium is in the form of hemispherical particles as well as
in the form of cesium finely dispersed and/or in the form of a film-
like morphology. The Cs/Mo intenéityvratio in this model is given by
Equation [C-24]. To solve this equation, the values of r, X, O Xp
(they are related through Equation [C-25]), and n must be known. The
particle size, r, can be determined by STEM, and X, and n can be
assumed or adjusted in such a way that the Cs/Mo intensity ratio
approximates to the experimental value. This procedure was applied to
the catalysts containing 5.3, 10.0, and 20.0 wt$% CsOOCH, which showed

to have a relatively narrow particle size distribution, as indicated
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MoS, surface coverage (fj) as a function of the number
of cesium layers (n) and cesium content in the
catalyst. Dots indicate the MoS, surface coverage
predicted by the "Layer Model" taking into
consideration the I, /Iy, experimental value.
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TABLE 5-10

Number of Cesium Layers (n) and the MoS, Surface Coverage (fz)
Predicted by the Layer Model Taking into Consideration the
Ics/Iyo Experimental Value.

Catalyst (ICs/IMo)exp Number of Cs Surface
(wt$ CsOOCH) Layers (n) Coverage (fg)
2.5 0.32 1 0.50
5.3 0.62 2 0.50
10.0 1.79 3 0.66
20.0 1.84 10 0.45
25.0 2.10 12 0.50
30.0 2.83 14 0.50
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by STEM studies.

Table 5-11 summarizes the values predicted by the "Combined
Model" of the fraction of MoS, surface covered by cesium particles
(fp), by cesium layers (fz), and the number of cesium layers (n). It
is interesting to observe that the model finds that increasing the
cesium loading from 5.3 to 10.0 wt$ CsOOCH would result in an increase
of the surface coverage of MoS, by cesium in the layer form (fp). If
more cesium is added (20 wt% CsOOCH catalyst), the model predicts that
the cesium would tend to agglomerate into larger particles rather than
to form Cs layers. This is reflected by the fact that fp increases
and f, decreases. Note that the total surface coverage of MoS, by
cesium (£p) is approximately the same in the catalysts containing 10.0
and 20.0 wt% CsOOCH, but lower in the 5.3 wt% CsOOCH catalyst. It can
be concluded that the "Combined Model" is a satisfactory model to
predict the surface morphology of the Cs/MoS, catalysts, at least in

the composition range between 5.3 to 20.0 wt% CsOOCH.

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 5-11

Values Predicted by the Combined Model of the Fraction of MoS,
Surface Covered by Cesium Particles (fb), Cesium Layers (fz), and
the Number of Cesium Layers (n).

Catalyst 5.3 10.0 20.0
(wt% CsOOCH)

(Tos/Tio) exp 0.62 1.79 1.84
Particle Size, r (A)? 65 100 135

£, 0.10 0.12 0.38
Number of Cs Layers (n) 2 2 3

£, 0.25 0.5 0.15
fp = £y + £ 0.35 0.62 0.53
8petermined by STEM.
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APPERDIX 5.A

Determination of k Factors

There are two ways to determine k,p factors, also known as Cliff-
Lorimer k factors. First, k factors may be determined experimentally
using standards of known composition (148,160,161) and second, k
values can be calculated from first principles (162). Although it is
known that the first method is currently the most accurate, Wood et
al. (163) have demonstrated that the agreement between calculated and
experimental k factors depends upon which theoretical models are
chosen for the ionization cross-section, as well as the relative
intensity factor and fluorescence yield. 1In the case of the Cs/MoS,
catalysts the k factors were calculated from first principles, since
no suitable standards for cesium were available.

The theoretical values of k factors were obtained by using the
Goldstein et al. (162) equation

(Qwa/A) g €3

Kpp = . , a-1
BB (Qua/a), ey ta-4

where Q is the ionization cross seétion for X, L, and M lines, w is
the fluorescence yield for K, L, or M lines, a is the fraction of the
total K, L, or M series intensity that is measured, A is the atomic
weight and ¢ is the EDS detector efficiency. The value of these terms
for Cs, S, and Mo are summarized in Table 5.A-1. Using these data,

theoretical k factors were obtained and are shown in Table 5.A-2.
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The ionization cross-section, Q, was obtained from the equation

given by Powell (164),

6.51 x 10°20
Q = nsbsﬂn(ch) , [A-2]

2
E,“U

vhere n, is the number of electrons in a shell or subshell (e.g. ng =

2 for a K-shell, n, = 8 for an L-shell, and n, = 18 for an M-shell),

s
Ec is the ionization energy for the K-, L-, or M-shell (KeV), U is
defined as the overveltage ond equal to Eo/Ec where E; 1is the
operating voltage of the STEM, b, and ¢, are constants for a
particular shell. These constants were obtained from Brown (165) and
Powell (164).

The fluorescence yield w was calculated from the Burhop (166)

equation,
[w/(1-w)]Y/% = A + BZ + c2z3, [A-3]

where A, B, and C are constants for a given line and Z is the atomic
number. For K and L lines, constants given by Bambynek et al. (167)
and Colby (168) were used. The relative intensity factor a was
calculated from equations developed by Schreiber and Wims (169).

The EDS detector efficiency € can be calculated using the

following equation (170):

€p = (eXP[-(#/p)%ePBeXBe - (#/p)ﬁupAuXAu - (p/p)éipSiXSi]) *

(1-exp[-(#/p)§ipSiYSi]1, [A-4]
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where u/p is the appropriate mass absorption coefficients of element A
in Be, Au, and Si, p is the density of Be, Au, and Si, X is the
thickness of Be window, Au surface layer, and Si dead layer, and Yg;
is the EDS active layer thickness.

The appropriate mass absorption coefficients (u/p) for Cs, Mo and
S in Be, Si, and Au were obtained:from the tables of Heinrich (171).
The EDS detector parameters, as sugge;ted by Zaluzec (172), were used,
i.e. Xgo = 7.6 x 1074 cm, Xy, = 2 x 1076 em, Xg; = 1 x 10> cn, and

YSi = 0.3 cn.
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TABLE 5.A-1

Ionization Cross Sections (Q), Fluorescence Yields (w), Relative
Intensity Factors (a), and Detector Efficiencies (¢) for Cs, S, and Mo

Element Line Q w a €
S Ka 9.672x10"22 0.076 0.939 0.79%
Cs L 1.272x10°21 0.118 0.519 0.943
Mo Ka 0.624x10"22 0.764 0.835 0.989
Mo L 3.486x10" 21 0.038 0.609 0.791
TABLE 5.A-2

Theoretical k factors for Cs, S, and Mo

k Factor Value

szS 3.08

szMo(Ka) 0.74

kSMo(Ka) 0.24
221
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APPENDIX 5.B
Determination of the Minimum Detectability Limit for Cs in MoS,

The minimum mass fraction (MMF) of an element that can be
detected in a sample is influenced by factors such as nature of the
sample, contamination, X-ray collection, and optimization of the
instrument. A detailed description of these factors has been given by
Williams (146).

The analysis requirement to detect an element is that its X-ray
signal should be at least three times the standard fluctuation of the
background intensity (173), 1i.e. I, = 3(212)1/2. The minimum mass
fraction (MMF) of cesium that can be detected in MoS, can be

determined by the general expression given by Goldstein et al. (170),

3(212,)1/2 N
Cgs (MMF) = b ko sMoCo [B-1]
(IMo - IMo)

where Igs and Iﬁo are the background continuum radiations in the Cs

and Mo region respectively, Iy, is the X-ray intensity of Mo, kpoy, 1is
the Cliff-Lorimer factor, Cy, is the weight fraction of Mo of a Mo
standard, and CCS(MMF) is the minimum mass fraction of cesium that can
be detected. For the Cs/MoS, catalysts, the minimum mass fraction
(MMF) of cesium that can be detected was determined to be 0.24 wt% Cs
(0.3 mols Cs) when the electron microscope was operated under the

conditions shown in Table 5.B-1. As indicated by Ziebold (174) the MMF
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can be improved by maximizing counting time, the peak/background ratio
of the element under consideration, and the counting rate. In the
present study, due to the high instability of cesium under the
electron beam and to avoid contamination, a relatively low counting
time and low current densities were used, thus sacrificing the minimal

detection limit of cesium.

TABLE 5.B-1

Estimated Detection Limit for Cs in M082

STEM
wt$ Cs
Operating Conditions (mol% Cs)
120 keV beam
LaBg filament
<5 pa emission current 0.24 + 0.04
0.3)

100 A probe size

100 s counting time
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APPENDIX 5.C
Models for the Quantitative Analysis of XPS Intensities for the

Cs/MoS, Catalysts

The objective of the quantitative XPS analysis of the Cs-doped
MoS, catalysts was to determine the degree of dispersion and/or
segregation of the cesium compound on MoS,. The Mo(3d5/2) XPS signal
was used as an internal reference for the Cs(3d5/2) signal.

In order to be able to obtain quantitative information from XPS
intensities, a model of the morphology or geometry of the catalyst has
to be known or assumed. On the basis of such a model, XPS intensities
can be predicted and compared to the experimental values. A number of
models have been proposed in the literature to predict XPS intensities
for catalysts (154-159). 1In this sectioﬁ, XPS intensity equations
will be derived to determine the degree of dispersion and/or
segregation of Cs on the MoS, surface. These equations will be based
on the model proposed by Kerkhof and Moulijn (157), that assumes that
the catalyst consists of sheets of support with the promoter in-
between (Figure 5.C-1). Three cases will be considered: 1)cesium is
agglomerated forming hemispheric-like particles, "Hemispherical-
Particles Model," 2) cesium is highly dispersed on the MoS, surface
and/or forming film-like morphology, "Layer Model," and 3) cesium is
present on the MoS, surface in the form of hemispherical particles as
well as in a film-like morphology, "Combined Model."

Based on the electron microscopy results regarding the morphology
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and distribution of cesium on MoS;, three different geometric models
will be considered to develop XPS intensity equations. These models
are: 1) cesium is agglomerated forming hemispheric-like particles,
"Hemispherical-Particles Model," 2) cesium is highly dispersed on the
MoS, surface and/or forming a film-like morphology, "Layer Model," and
3) cesium is present on the MoS, surface in the form of hemispherical

particles as well as in a film-like morphology, "Combined Model."

1) "Hemispherical-Particles Model"”

For convenience indices i and j will designate the MoS, and
alkali compound, respectively.

Let us assume that our Cs/MoS, catalyst consists of sheets of
MoSy with hemispherical particles of cesium cempound sitting on it.
It can be easily shown that the thickness (t) of these MoS, sheets is

given by:

2
piSo

t = [c-1]

where Py is the density of MoS, (4.8 g/cm3) and S its surface area
(63 n’/g).

Solviﬁg equation [C-1], one finds that t = 66 A. Now, since the
escape depth of an electron from MoS, (A; = 20.2 A) has a smaller
value than the thickness of a MoS, sheet, it can be assumed that just
the top layer of MoS, contributes to the photoelectron intensity of

MoS,. The model for the arrangement of species i (MoSz) and j (Cs) is
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shown in Figure 5.C.2.

The total photoelectron signal of MoS, partially covered with

cesium particles is given by:
Iy = I3 + I (c-2]

where I;; is the unattenuated photoelectron signal of MoS,, 1i.e.
electrons coming out from MoS, without going through the Cs particles,
and I, is the attenuated photoelectron signal of MoS, passing
through the hemispherical Cs particles.

The unattenuated photoelectron signal of MoS, is given by:

Rojghing -ti/BA;
I = (l'f)“_T_ (1l-e ) [Cc-3]
i

where f is the fraction of MoS, covered by Cs particles, K is an
instrumental constant, ny is the atomic density of MoS,, o; is the
photoionization cross section, }A; is the escape depth of
photoelectrons, E; is the kinetic energy of the phiotoelectron, g is
the 'escape angular factor, and t; is the thickness of the MoS;. 1In

the case of a bulk homogeneous sample, i.e. bare MoS,, t; > gi;, thus

Equation [C-3] can be reduced to

[G-4]

The attenuated photoelectron signal of MoS, is given by

227

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.C-2 A schematic of the "Hemispherical-Particle Model" for
Cs/MoS, .
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fko;gA:n -xr/gA
18704 BA{

where r is the dimension of the cesium particle, Xig is the escape
depth of photoeiectrons from Mo passing through the cesium particle.
From Equations [C-2], [C-4]}, and [C-5] the total photoelectron
signal of MoS, partially covered with cesium particles is given by
'r/gxis
(1-f)ko;gring fko;gAin;e

I, - + [C-6]

i
Eg Eg

The photoelectron signal of cesium particles is given by

fko.gh: . -x/gAs
Io = —3 I8 4 Iy [C-7]
j E;

The intensity ratio of species i, cesium compound, to the species j,

MoS,, is given by dividing Equation [C-7] by Equation [Cc-6]

1. . UjAj/Ej ) nJ- . f(l_e-r/g)‘j)

o32i /B¢ n; [(1-f)+fe"E/8A1]y

[C-8]

e

In the present model (hemispherical cesium particles over MoS,) the

surface coverage £ can be calculated from the following equation

X L2 [C-9]
(1-x)Sopj 2r

where x is the cesium compound weight fraction in the catalyst, the
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Jother terms of the equation have already been defined. Kerkhof and
Moulijn (157) proposed that the atomic density ratio (ni/nj) can be

related to the bulk atomic ratio (ai/aj)b by the expression

n .
J X Pi
(a;/39)y, = - : [C-10]
Combining Equations [C-8], [C-9], and [C-10] one obtains:
Ij Ujkj/Ej . aj . 1 . 3 . l_e'r/gAJ
- — [Cc-11]
I o33 /E5 33 PiSo 2r (1-f)+fe /8]

The XPS intensity ratio, I /Iy,,» can be estimated by using Equation

[C-11] as a function of r (f is related to r by Equation [C-9]).

2) "Layer Model™

This model is based on the assumption that the cesium is present
on the MoS, surface in the film-like morphology. A schematic
representation of this model is illustrated in Figure 5.C.3.

Following the same approach as in the previous model, the total
photoelectron signal of MoS, partially covered with a cesium layer is
given by:

(l-fg)KaigAini ijaigAinie'ntoz/xi

I. = + [C-12)

i
Ei E;

where f, is the fraction of MoS, covered by the cesium layer, n is the
number of layers, and t°, js the thickness of a monolayer. The first

term of the right-hand side of the Equation [C-12] is the
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Figure 5.C-3 A schematic of the "Layer Model" for Cs/MoS,.
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photoelectron signal coming out from bare MoS,, and the second term
refers to the attenuated signal by the layer of cesium.
The total photoelectron signal of cesium is given by

it -
B

(1-e Dt 4/BA]) [C-13]

The XPS intensity ratio of cesium to molybdenum is obtained by

dividing Equation [C-13] by [C-12]

I o:X;:/E: n; fz(l_e-nt"ﬂ/gAj)
N I L I (C-14]
I; Ui'\i/Ei ny [(1-f2)+f£e-nt°£/g,\1_]]
Using Equation [C-10], Equation [C-14] can be written as
. ):/E. . . ; _a-nt°2/gACs
IJ _ aJAJ/EJ ' aJ C1-x Pj . f£(1 e ) -15)
I3 oy B . X TL (£ +f,e it A/EA])

This equation allows the prediction of the XPS intensity ratio,
ICs/IMo’ as a function of the number of layers (n) and the fraction of
MoS, surface covered by cesium (fz). f2 is a function of the
CsO00CH/MoS, mol ratio, surface area of MoS,, and the number of CsOOCH

- layers (n). £, can be determined by the following equation
£y = X/(0.04953)(n) [C-16]

where X is the CsOOCH/MoS, mol ratio, n is the number of CsOOCH
layers, and 0.04953 is the moles of CsOOCH required to cover

completely (fz = 1) with a monolayer (n = 1) a mol of MoS,, whose
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surface area is 63 mz/g. This 0.04953 parameter was obtained as
follows: the protected area of a CsOOCH molecule is nr = n(3.28x10"
10p) ~ 3.3798x10°1%n?, where 3.28x10°10m is the radius of the Cs0OCH
molecule taken from Ref. (154). The surface area of MoS, used in this
study was determined to be 63 mz/g, thus the total surface area per

mol of M082 is
(63 w?/g)(160.06 g/mol) = 10083.78 m’/mol MoS,.

The number of CsOOCH molecules needed to cover this area, assuming

that the CsOOCH molecules sit next to each other, is

molecules of CsOOCH
mol M032

2
1 le CsOOCH
(10083— -y Zo-ecue oS y=2.983498x1022

moltoS, 3.3798x10" 17

expressed in mol CsOOCH/mol MoS,, one obtains:

9 molecules of CsOOCH mol

2
(2.93498x10
mol MoS, 6.023x1023 molecules

mol CsOOCH

0.04953——M8 ——
mol MoS2

3) "Combined Model"”

This model represents the situation in which cesium is considered
to be in the form of hemispherical particles as well as in a film-like
morphology, i.e. a combination of the models described above.

The total photoelectron signal of MoS, partially covered with

cesium particles and cesium in a film-like morphology is given by
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Ii 5 + 3 A T [C-17]
i i i

where £, and fp are the fraction of MoS, surface covered by the cesium
layer and cesium particles, respectively, fp is the total fraction of

MoS, covered by cesium and equal to

The first term of the right-hand side of Equation [C-16] refers
to the unattenuated signal of MoS,;, the second term refers to the
photoelectron signal attenuated by the cesium in the layer form, and
the third term represents the attenuation of the signal by the cesium
particles,

The total photoelectron signai of cesium is the sum of the signal
coming from the cesium in the layer form plus the signal coming from

the cesium particles, and is given by the following equation:

elom. _a~nt°2/g)j oX.n. _a-r/gAJ
fIKanAJnJg(l e ) pranxJnjp(l e )
1. = + [C-19]
J Ej Ej

where njp and ny, are the atomic densities of cesium in the layers and

particles, respectively. Dividing Equation [C-19] by [C-17], one
obtains:

. n.(l-e R 2/8A] . (1-e"E/8X]
I _ szJnJ(l e )+prJnJ(1 e ) (6-20]

I. -nt°L/giij -r/glij
i 1'fTAini+f2Ainie /8 J+prinie /8]
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373
Aj E:
A; =

By

rearranging Equation [C-20]

I, AjlE(nyp/ny) (L-e By ie (s /gy (1-0TT/BM) )

i Ay [(1-Ep)+£ e 0E f/g*13+fpe‘r/g*1J]
combining Equations [C-10) and [C-23]

13 Aj[fz(aiz/auo)b(l-x£/x2)(pj/pi)(l-e'nt°1/gkj)

i Ai[(1-fT)+f£e'nt°2/gkij+fpe-r/gxij]

- Aj
. Bip/Aodb (Lxp/xp(py/py) (1-e /A3y

Ag [(L-Ep)+Ege M E/BA g o o¥/BML])

[c-21]

[C-22]

[C-23]

[C-24]

where (aggp/ay,)y, is the bulk atomic ratio of cesium contained in the

layers and molybdenum, (aCsp/aMo)b is the bulk atomic ratio of cesium

.contained in the particles and molybdenum, x, is the weight fraction

of cesium in the layers, and Xp is the weight fraction of cesium in

the particles.
Xy and Xp are related by

where xp is the total weight fraction of cesium.
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fp is given by

X 3
fP - . . 2r [c-28)
(l‘XT)SOPj
and £, is given by
Xp
fg = [C-27]

(0.04953) (n)

The following is the procedure to solve Equation [C-24}:

i) determine r using STEM

ii) assume a value of Xp
iii) determine fp using Equation [C-26]

iv) determine x, using Equation [C-25]

v) assume a value of n and calculate f, using Equation [C-27])
vi) solve for I../Iy,

Parameters to solve Equations [C-11], [C-15], and [C-24] are

given in Table 5.C-1.
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TABLE 5.C-1

XPS Data and Parameters Used for XPS Analysis

Mo Cs
Photoelectron Line 3d5/2 3d5/2
E (eV) 1024.2 528.8
o2 . 5.77 22.93
AP : 20.2 30.1
t® (A)¢ 3.16 6.56
p (g/cmd) 4.8 1.0198
s, (m2/g)¢ " 63
g° 0.75

Taken from reference (175)

b The escape depth, 1}, was estimated from a relation given by
Chang (176), A; = 0.2/E; t°;, where t®; is the thickness of
a monolayer.

¢ tOM =-'3.16 A was taken to be the spacing between the (1010)
planes of MoS, (177). tOCs = 6.56 A was considered to be the
equal to the diameter of a CsOOCH molecule (154).

9 The surface area of MoS, was determined to be 63 mz/g.

€ The escape angular factor, g, was taken from reference (156)
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Chapter 6
CONCLUSIONS

The knowledge generated by this research has contributed to the
understanding of the synthesis of alcohols from carbon monoxide and
hydrogen over the MoS,-based catalysts and has also provided
information concerning the structure and function of the catalyst.
The main features of thi:s work are summarized below.

1. It was confirmed that the presence of the alkali promoter is
indispensable for alcohol synthesis and that rather large
quantities of alkali must be added to MoS, to shift the
selectivity from hydrocarbons to alcohols. The
indispensable presence of the alkali promoter in the MoS,
catalysts for alcohol synthesis suggests that the alkali is
opening a new reaction pathway by promoting the formation
and/or concentration of surface species that give rise to
the formation of alcohols rather than hydrocarbons.

2. The promotional effect of cesium for alcohol synthesis was
greater than that shown by potassium. This superior
promotional effect of cesium has been attributed to 1its
highly basic character, which facilitates the activation of
the CO molecule.

3. As the content of cesium in the catalysts was increased, the
alcohol yields passed through a maximum, while the

hydrocarbon formation was progressively suppressed. This
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maximum was explained in terms of the bifunctionality of the
catalyst, where the cesium componené associatively
activates CO and MoS, dissociatively activates H,. The
maximum activity is achieved when the CO and H, activating
components are balanced.

Addition of cobalt to the alkali-doped MoS, catalyst

o~

promoted the C; -+ C, homologation step that leads to ethanol
as the dominant product.

5. Injection of 13¢.1abeled CH40H into the synthesis gas
feedstream over CsOOCH/MoS, = 20/80 wt% and K,C03/(Co/MoS,)
= 10/90 wt$ catalysts revealed that:

a. Linear alcohols were produced by a "classical"
mechanism that proceeds via stepwise insertion of CO
into alkyl-metal center bonds.

b. Methane was a secondary product that was formed from an
alkyl moiety generated from a Cp-oxygenated precursor.

c. Methyl formate was formed from the reaction between
methanol and CO. Methanol was the source of the methyl
group of methyl formate, while the carbonyl group was
derived from CO.

d, Methyl acetate was formed through the Tischenko
reaction, in which a methoxy anion reacts with
aldehydic and/or acyl adsorbed species to produce
methyl acetate.

e. T&g isotope distributions obseiged for ethanol
( f 3CH20H) and for propanol ( CH3CH,CH,OH and
CH37~"CHoCH,O0H) over the cobalt containing alkali-doped
MoS, catalyst were identical to those obtained in the
presence of dicobalt octacarbonyl ([Co(C0),],
homogeneous catalyst (123). These results indicate
that the intermediate species involved in both
homogeneous and heterogeneous systems during the
synthesis of ethanol and propanol from methanol and
CO/Hy are identical.
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| 6. The synthesis patterns over the Cs/(Co)/MoS, catalysts (C, -
Cp41 via CO insertion) are opposite to those observed with
the Cs/Cu/Zn0 catalyst (C, -+ C,,; via aldehyde coupling),
and the difference between these two mechanisms is reflected
in the product composition. Ethanol is the main higher
alcohol produced over the Cs/(Co)/MoS, catalyst where CO
insertion reaction dominates, and 2-methyl-l-propanocl is the
main higher alcohol (with ethanol a minor product) produced
over the Cs/Cu/Zn0 catalyst where the aldehyde coupling
reaction dominates.

7. Alkali doping caused a decrease of the surface area of MoS,.
This reduction of the surface area is attributed to pore
blockage by the alkali compound and not to an increase of
the MoS, crystal size.

8. X-Ray powder diffraction studies of the Cs-doped MoS,
catalysts indicated that the only phases present on the
tested catalysts were MoS, and CsOOCH. No intercalation of
the alkali compound into the MoS, latti;e was detected. XRD
studies also revealed that the CsOOCH compound present in
the catalyst underwent dramatic changes, in particular
crystal growth of the CsOOCH and phase transformation of
some of the CsOOCH to Cs,C03, after the catalysts were
exposed to atmospheric conditions for long periods of time.

9. Analytical and transmission electron microscopy showed

that the cesium compound was present on the MoS, surface in
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a finely dispersed state as well as in the form of
hemispherical particles in the catalysts containing the

optimum concentration of cesium (10.0 - 20.0 wt% CsOOCH).

6+ was not

10. The ©presence of oxysulfides species and Mo
detected on the surface of tested catalysts.

11: Pretreatment (28Hy/N,, 400°C, 1h) of the catalysts induces
dispersion of the cesium on the MoS, surface.

12. Models were developed to account for the degree of

dispersion and/or segregation of cesium on the MoS, surtace

using X-ray photoelectron spectroscopy.
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