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SUMMARY

The performance of fluoridated alumina catalysts in the oligomerization of
acetylene was investigated at atmospheric pressure in both a tubular fixeq-bed flow

reactor apd a microbalance under various operating temperatures (300—4000C), initial

concentrations of acetylene (5-15 vol %) and weight-times (1-3 g.s.mL-l). The catalysts

exhibited high acﬁ?ity in this reaction and yielded a broad spectrum of gaseous, liquid

and non-desorbable solid productﬁb At low initial concentrations of acetylene, catalyst

- activity increased with catalyst acidity but at higher reactant concentrations, the

activity decreased rapidly with increased fluoride content of the catalyst. . Several
L]

reports in the literature have indicated that ion pair sites are necessary for acetylene
adsorption and that fluoridation alters the number and acid strength of the ion-pair sites .

on the surface. The experimental observations in this study are consistent with these

1
findings. N

Ca:alyst‘deactivation was severe in this reaction. The loss in catalyst
activity with time-on-stream was described adequately by an exponential decay model with
two parameters, a5 the initial activity and kd‘ the specific rate of deactivation. The
deactivation process was caused primarily By the depaosition of carbonaceous species on the
catalyst surface through a reaction associated with the same active sites (ion-pair sites)
which were responsible for acetylene adsorption. Conditions which were found to minimize
deactivation (loss in activity), namely 400°C, 3 g.s.mL_l, 5 vol. % C,H,, also minimized
catalyst carbon content. Carbon deposition on the external surface of the catalyst
increased with catalyst acidity, however, this process was not accompanied by' severe
losses in activity. On the other hand, small quantities of carbonaceous deposits
throughout the bulk of the catalyst deactivated the catalyst readily. This suggested that

more than one phenomenon was responsible for carbon deposition. The specific rate of

deactivation, kd' was found to increase with the ratio of the aliphatic to aromatic carbon
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in the catalyst deposits implying that the aliphatic content of the deposits had a major

influence in the deacﬁvatior‘:. In addition, three peaks suggesting three types of
carbonaceous species were detected through the tempe-rature-prog‘;ammed desorption studies
of used catalysts, The specific rate of deactivation was also associated on a quahtatwe
basis with the low temperature peak (correspondlng to species which were removed from the
catalyst surface at low temperature) Both of these findings could be interpreted in-
terms of polyenes (or molecules containing CH fragments) being responsible for the loss in
activity. ' P

A mechanism was proposed, based on cationic chain polymerization, to describe
the‘catalytic reaction. The reaction mechanism consisted of generation of the initiator )
(e.g., vinyl cation), growth of the chain at the active centre (e.g., C8 'pnolyene),'
isomerization of the active centres followed by ring.stabilization (e.g., aromatics) and
desorption. Evidence from the‘activity, selectivity and deactivation data gathered in
this study supported this mechanism. The low activation energy fognd._for the deposition
reaction, & kcal/mol for alumina and 7 kcal/mol for fi'uOridatedaalumina, was consistcm'-::‘_
with the proposed polymerization scheme. This hypothesjs could also explain the::i'nc;eased
relative yields of liquids with low molecular weights found at high conversions in terms
of monc .aeric starvation of the growfng chain. This condition probably favoured surface

“

rearrangeméms (ring closing reaétion:s) and other secondary reactions (dealkylation,
condensation) which led to more desirable products. The mechanism also provided a good
explanation for the enhanced catalyst activity and prolonged catalyst lifetimes found in
the presence of infrared radiation. Presumably, the radiation provided sufficient
vibrafional energy to facilit'ate the transfer reaction between the radical cation
(delocalised over 2 or more monomeric units of the conjugated polyene chain) and the™
active centre (at the end of the chain).

Alumina and fluoridated alumina were good initiators for acetylene

oligomerization reactions. However, according to the postulated mechanism, high liquid
. L Y ’

L
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yields of desirable products (BTX) may only be obtained when the possibility for

" e
rearrangements of the hydrocarbon species adsorbed on the catalyst surface is high. Pure
alumina satisfied this criterion to a larger extent than the fluoridated alumina catalysts

and proved to be a more appropriate catalyst for this process.
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CONTRIBUTIONS TO KNOWLEDGE

In the cowrse of this research, the following contributions to existing
knowledge were made: -
. New data were gengrated for the polymerization of acetylenc to hydrocarbons using

fluoridated alumina catalysts for which F/Al molar ratjos varied between 0 and 3.

‘ E.\'pcrimcntnl‘measurcmcnts' of catalyst activity, selectivity and deactivation as 2 function

- of nroc.essmg conditions were obtained using a tub. lar, fixed bed and_a microbalance.

2. Cata[yuc activity and selegtivity in this reaction were correlated with the

surface acidity of the catalyst (J. Catal,, 105, 5, 71-80, 1987).

]

- 3. A relationship was.determined between catalyst deactivation and the quantity of

t

linear polymer formed on the surface of the catalyst (App. Catgl,- submitted ).
4. A reaction mechanism, consistent with-the data gencrhted in this study, was
proposcd for the reaction of acetylene on alumina 'and fluoride-modified alumina catalysts.
5. Infrared radiétion was found to have a major effect on the conversion of
acetylene and on extending catalyst life (Euel, 66, 3, 1987).

6. Novel experimental techniques were developed to sample and analyze low

concentiations of condensable vapors in process streams and to identify and quantify

differences in solid catalyst residue in this process {J,_ Chrom, Sci,, 24, 3, 1986).

’
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NOTATION
a(t) catalyst activity as a function of time [% conversion C 2]
aq initial activity parageter in Eq. 8.1 [%_ converslon C 2]
c catalyst carbon content ﬁng/m ] \\\ )
Cin ammonia injected in each pulse {mmol] \
Cout aﬁmgnia remaining in ;ach pplse mmol]
CNHS quantigy of ammonia adsorbed by catalyst [mmol/g]
c, " initial concentration [mol/L]
Cf gas phase concentration of acetylene [mol/L]
E(C) expected value of an evaluation criterion,C, e¢.g., conversion
E, — activation energy [kcal/mol)
F - feed flow rate [gﬁl/min] ,f
kg, specific rate of deactivation, p%iameéer in Eq. 8.1 [min'l]
k rate constant for deposition reaction ‘
1i parameters in polynomial model, Eq. 4.2. .
m mass of catalyst [g]
M monomer !
Nx mole fraction of x-mer, nx/N
n number of pulses J
n. number of molecules containing x M groups, both reacted and unrcacted
N | total number of molecules present in the reaction‘systém'
No original number of molecules present in the system
N, number of molecules which are unreacted
P probability factor in the Flory distribution, extent of reaction

R gas constant
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NOTATION CONT'D

rate of carbon deposition13§4}he end of 1 h [ﬁg/min] '
maximuﬂ rate of coke deposicion [mg/min]

maximum rate of déposition based on catalyst surface area [mg/mz/min]
rate of deposition at 1 h based on catalyst surface area [mg/mz/min]
sélecti%ity to liquids

selectivity to carbonaceous deposits .

N

temperature ’ N\

’

Instantaneous sample weight [mg]

‘ -
welight of cat in microbalance at time when reactant is introduced [mp]

weight at the end of the reaction time (mg]

independené variables in polyhomial model

no. of monomer molecules in the polymeric chain

average number of monomer units per chain

per cent conversion [ % ] | ;

mol fraction of gas phase component j '2
mol fraction of liquid vapor component i ‘X

yield



1. INTRODUCTION
L

At present, transportation fuels are almost exclusively manufactured from
petroleum crud‘e oil. However, natural gas might be an’alternative feedstock in those
geographical locations having abundﬁm natural gas reserves. Several routes exist for the
synthesis of transportation fuels from natural gas.., The two commercial routes involvle the
Fischcr-Tropsch and the Mobil methanol-to-gasoline (MTG) synthesis tcchnoﬁigies.

Both routes involve several stages beginning w.it‘h the production of synthes:is-

gas, a mixture of <arbon rﬂonoxide and hydrogen, by steam-reforming of natural gas (9000C
3

2 MPa). In the Fischer-Tropsch process the synthesis gas is then contacted with an iron
catalyst in fixed- or fluidized-bed reactors (BOQOC, 2 MPa) (24). The rcactof effluent is
cooled and fractionated to recover the desired products. Thg product distribution is
spread over a wide range’(28). In the Mobil MTG process synthesis gas is convcfi/(;d to
methanol over _a Cu/Zn/A1203 or Cu/Zn/Cr203 catalyst (2600C, 5 l\ﬁ’a) usinﬂg the Imperial
Chemical Industries (ICI) process. Subsequent reaction of the methanol over a ZSM-5
catalyst (3700C‘, 0.1 MPa) yields the desired product, gasoline.

Both routes require high initial capital investments because of the multiplicity
of processing steps involved (75). Furthermore, the various operating conditions required
for the individual stages (shown in parentheses above) sig’nif'icantly reduce the thermal
efficiency of the overall processes. For these reasons it is worthwhile investigating
routes for more directly producirfg liquid fuels from natural gas. An alternative route
wh'ich is theoretically anc! technically feasible involves converting the natural gas to
acétylene and then polymerig_i{lg and hydrogenating the acetylene to the required fuels.
Such an integrated direct process has never been carried out commercially although patents
pertaining to this rhethodology are availahle (95, 96).

The first phase of an integrated route, i.e., the production of acetylene by the

pyrolysis of methane, has the following three requirements:



i: large energy inputs \ﬁ_ Ji

ii. rapid heating rate for the reactants

iii. rapid cooling rate for the products
These requirements are dictated by thermodynamic and kinetic coﬁsiderations. Fig. 1.1
shows the free energy of formation per carbon atom for several hydrocarbons. Details of
the derived values and corresponding calculation procedures are given in Appendix 1.1.
Several points are noted in Fig. l.1. At any given temperature the tendency of a' reaction
is from a h:gher curve to a lower curve (AG < 0 ). Methane is very stable compared w:th
other hydrocqrbons at temperatures up to 1200° C. Requirement (i) above is a result of
this condmon. Acetylene is the only hydrocarbon whose stability is increased with

temperature, however it never becomes stable with respect to its elements. The following

series of reactions have been postulated for non-cartalytic methane pyrolysis (11, 65):

Ky .
2 CH, —>CH 6+ 4, | 1.1 :
C,H, —2>CH 4+ H, 12 .
C,H, —-3>C2H2+H -~ 13,

2C +H 1.4
Ky ,

The temperature dependence of the reaction rate constants kl to k4 is shox;f'n in Fig. 1.2
(65). At high temperatures, reactions 1.1 to 1.3 proceed more quickly than react_ion 1.4
and it is theoretically possible, therefpre to obtain high. vields of acetylene from
methane at high temperatures and :hort reaction times. The effect of temperature on the
nmz;xin1um conversion of methané to acetylene at various times of reaction is shown in
Fig. 1.3. This Ifigurc shows that a reaction time in the order 6f a few milliseconds is
necessary to attain high acetylene yields.

Acetylene has been produced commercially by pyrolysis for many years using
several techniqu’es, namely regenerative pyrolysis, electric arc, plasma arc, partial

oxidation and cracking (9, 37, 54, 92). The partial oxidation processes have the lowest

cost when natural gas is employed as a feed. Combined yields of acetylene and ethylene in
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Fig. 1.1 Tree energy of formation per carbon atom of some hydrocarbons.
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the partial combustion technique can reach 50 % and the ethylene to acetylene ratio can be
varied from 0.1 to 3 (92). Some natural gas pyrolysis experiments were also performed as
part of the current investigations (Appendix 1.2).

The second phase of this direct natural gas to liquids procias§ involva:sr the
transformation of acetylene to the desired transportation fuel. It can l;e seen from
Fig. 1.1 that low temperatures favor the conversion of acetylene to‘higher hydrocarbons.
“Equilibrium constants for some acetylene reactions are given as a function of temperature
in Fig‘. ]4 In the at(a_sence of hydrogen, two competing reactions are evident, i.e.,
trimerization and decomposition. Acetylene decomposition to its elements is extremely
exothermic (54 kcal/moi). The trimerization of acetylene to benzene is similarly
exothermic (49 kcal/mol). In the presence of hyd'rogen many other reactions can occur,
e.g., hydrogenation and hydropolymerization. -

It has long been recognized that significant yields of liquid products could be
obtained by heating acetylene to below 800°C (27). Although a simple molecule, acetylene
yields a wide range of products when subjected to these temperatures. The effect of
temperature on the reaction products is shown in Fig. 1.5 for a mixture of 22 % acetylene
in heiium at 101.1 kPa. The thermal polymerization of acetylene leads to complex’ mixtures
made up largely of aromatic hydrocarbons. The production of aromatics is of particular
importance because lighter aromatics whicI; boil in the normal gascline range, have very
high octane numbers and are therchre excellent gasoline blending stocks. Major
quantities of benzene are found in these liquid products. Meyer (63) identified many more
components of the liquid product, e.g. toluene, x&lene, styrene, indene, naphthalene,
chrysene and fluoranthene. In general however, the thermal polymerization has not been
used for synthesis mostly because many different products, including high molecular weight
products, are also obtained. This disadvantage is minimized when acetylene is reacted in
the presence of catalysts. Catalytic conversion of acetylene can produce quite narrow .

r
: product distributions (86) and occurs at much lower temperatures.

e .

4t
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The reactions of acetylene have been studied extensively for the manufacture of
specialty chemicals in the presence of a broad range of catalysts (92). These include
trahsition metals, nickel carbonyls, carbonyls of other metals, organometallic catalysts,
alumino-silicates and’ Ziegler-Natta catalysts (92). Many of these syntheses occur under
very miid conditions. For example, cycloéctatetraene is synthesized ‘using nickel carbonyl
at 100°C and 1.5 MPa (86). Benzene has been reported to have been synthesized in a

. full-scale plant by the trimerization of acetylene over a chromium 'catalyst with 90 %
yield (8). There are in comparison very few catalytic studies on polymerization of
acetylene for liquid fuel production. There is motivation for carrying out a systematic
investigation of the catalytic reactions which cwnvert acetylene to liquid fuel.

The design and development of a catalyst is a difficult problem whether one is
selecting among known catalysts or searching for new catalysts for carrying out the
desired conversion. One strategy is to explore the merits of catalysts used in known
catalytic reactions which are believed to be analogous to the reaction in question (84).

This approach was :;Hopted in this study. The transformation of acetylene to liquid fuels
must involve polymerization. Since polymerization reactions ofhunsaturated hydrocarbons
are believed to be acid-catalyzed (84) it was of interest to examine the role of catalyst
acidity in the reactions of acetylene. Alumina (A1203) has been used extensively as a
catalyst and catalyst support for acid-catalyzed reactions such as isomerization, \‘_r“ /
alkylation and polymerization. Furthermore, fluoridation of alumina has been shown to be ‘
an effective means to alternthe acidic properties and to enhance the polymerization of
olefins and conjugated dienes (83). The objectives.of this research were:
I. to investigate the effect of acidity on the activity, selectivity and
deactivation of fluoridated alumina in the polymerization reaction.
Ve 2. to determine the operating conditions for such a process and
s 3. to develop a mechanistic interpretation of the data in terms of the

fundamental processes involved,
[l

-
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2. LITERATURE REVIEW

_The literature on acetylene and the reactions of acetylene is voluminous, The
two volumes by Miller (65) and the recent book by Tedeschi (92) are noteworthy in their
treatments of the reactions of acetylene. Much of the early work on acetylene
polymerization has been summarized in 2 review by' Egloff (27). The two reactions of
acetylene of interest in this study are catalytic hydrogenation an@’ﬁblymerizafion (which
includes cyclization). The literature in these areas is discussed in subsequent sections.

‘ .

2.1 HYDROGENATION
The catalysts which have been used in hydrogenation reactions are essentially )

those in group VIIl of the periodic table, e.g., Fe, Co, Ni, Pd, and Pt (15). Metals

and/or supported metals catalyze this process by virtue of their ability to adsorb

r
v

hydrogen (15). Other transition elements or their oxides (Cr, Mo, W, Cu, Zn) have also -

been found usefulhowever they effect hydrogenation at moderate temperatures only when
high press?/are used (16).

~Like the simple carbon-carbon double bond, the triple bond in acetylene can be
hydrogenated in the presence of a wide variety of metals. A unique feature of the
hydrogenation of acetylene is that hycirocarbons containing more than two carbon atoms are
found in the products and that they sometimes constitute a major part of the products
(15). This tendency of acetylene towards hydrogenative polymerization is called
hydmpolymerizati;)n. Inl the presence of hydrogen, hydrocarbon polymers are formed at
temperatures substar;tially less than that at which acetylene polymerizes by itself, even
in the presence of a catalyst. Evidence for this comes from infrared studies of acetylene
adsorption on various supported metals in the presence of hydrogen and from thermal

desorption .studies following acetylene hydrogenation on Pt/A1203, Pt/SiOz, Rh/SiO2 and

evaporated Pd films (16).
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Bond (16) has shown that the same catalyst can be used for hydrogenation and
hydropolymerization and that reaction conditions determine which reaction predominates.
An increase in temperature favors hydropolymerization because the activation encrgy is
believed to be higher than for hydrogenation. The nature and distribution of t;; polymers
in the products of acetylene hydrogenation have been investigated using nickel on zinc
chloride, nickel-pumice and nickel-alumina as catalysts (16). The approxin‘(‘{t_c
distribution in tcrms of the carbon atoms in the polymer molecules formed over
nickel-pumice in a flow system between 200 and 250°C is given in Table 2.1. Approximately
two-thirds of the products are low boiling hydrocarbons (Cn < 14), The C4 fraction
represents a sizeable yield, Since the processgs for the conversion of butenes to
gasoline have been used in petroleum refincrics, this fraction will be explored further,

The C4 fraction of the polymers formed in the hydrogenation of acetylene over some
alumina-supported Group VIII metals has been analyzed and is shown in Tablc 2.2. The
temperatures used are low, 15 to l300C, in order to avoid thermal Ecactions. The major
. products appear to be butenes. The distribution of the C4 oligomers is alterred
substantially dcpénding on the mectal component and the temperature, Iridium leady io a
significant proportion of saturated product, butane. Polymerization in the presence of

hydrogen scems chicfly associated with metals of smaller atomic radii (91,1;,4’%‘gomparablc

temperatures and gas pressures, hydropolymerization inercases in the order shown:

Ir = Pt < Pd = Rh < Cu < Ni < Co <« Fe
0.126  0.12% 0.128 0.125 0.117 0115 0.116 0.117
Atomic radii (nm)
with iron being the most effective. This ranking provides a uscful guide for sclecting
transition ¢lements for bifunctional catalysts.
Sorie of the more rcc:?nt studics on the C4+ oligomers formed during acetylene

hydrogenation have heen carried out in connection with the removal of acctylene from
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Table 2.1

Distribution of polymers formed in the hydrogenation of acetylene
over Ni-pumice (Ref. 91) °

-~

/",{

Number of Approximate Products ildentified

carbon atoms yield in fraction
C (%)
n :
4 25 butadiene
-5 2 n-pentane, 2-methylbutane
6 . 25 n-hexane,3-methy1pentane,C6H6
7 2 3-methylliexane
8 5 2~,3-"4-methylhepténe
9-14 7 n.d.?
15-30 17 n.d.
+

31 17 n.d,

a ,
not determined
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Table 2.2
L. t
Composition of the C, products (%) from acetylene hydrogenation
- over alumina-supported group VIII metals (16)
(initial HZ/CZHZ - 1)
Metal OT Butadiene 1-butene 2-bupene butane
[ C) cis trans

Pd 17.6 tr 59.3 139.5 23.3 3.9
Rh? 13.0 0.0 42.5 34,3 7.3 7.2
Pt 135 8.3 46.5 20.3 22.1 2.8
Ir 130 0.0 35.4 17.9 1.5 45.2

a

isobutene detected in product B.7 %

*

L
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. ethylene streams, therefore, the concentration of acetylene used in these experiments is
very lovq_(fl, 60, 66, 82, 83). Much of the research effort has been directed at
minimizing the amount of "green oil" or oligomeric products formed in acetylene

" hydrogenation. Nevertheless, under some conditions, approximately 20 % of the acetylene

[

. S g . + . .
in these streams has been converted to C4+ oligomers, The C4 oligomers consist of

volatile products (butenes, bu'mne, butadiene) and -non-volatile products (surface polymer)
at the reaction temperature. Table 2.3 shows the selectivity to the- volatile oligomers
(mostly bu'tcnes)-for a variety of supported palladium catalysts (83). The zeoli-:cs with
very high Si/Al ratios, e.g., silicalite and ZSM-5 exhibit the higiwst selecfivity. The ‘
amount of surface polymer formed as a funclio;l of time on stream for several alumina
supported Pd catalysts is given in Table 2.4. The amount of polymer formed.shows
significant variation with the support used. This suggests that tﬁe support may play 4
miajor role in the hydropolymerization process,

Bond has proposed the following mechanism to explain polymer formation from

78

acetylene reacting over oxide-supported Group VIII metals (15).

b

CH=CH — CH=CH

o x
attack at :-----l -Hu----: attack at
C- metal bond : o : C-C T bond
\ ' :
[ | | |
adsorbed "" / v
vinyl| radical HC =CH, HC':--CH:, free radical
x e d bo
' - { H ¢ \ HC=CH
o o SR ¢
\ H,C = CH, HLC—CH—-CH—CH .
: 7 SR o L o
] H
/ ¢
) : ,/ H,C=CH—CH=CH,



;f Table 2.3

Average selectivities to oligomer on various catalysts
at 80°C for low hydrogen feed gas (83)

Catalyst 5 (oligomers)

0.031% Pd on silicalite © 0.3

0.057% Pd on ZSM-5 0.23

0.033% Pd incorporated into ZSM-S 0.29

3.024% Pd on- Na-Mordenite 0.13

0.040% Pd on Y-alumina 0.24
| )
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Table 2.4

" Amount of surface polymer formed in the hydrogenation of acetylene
over various catalysts (60)

Polymeriec Product

Catalyst, Time-on-Stream Amount Rate of formation
[b] [mg/g cat) [mg/g/h]
Pd/y-Al,0, 12 3.68 0.30
47 10.2 0.21
227 16.3 . 0.16
Icr 3s8-1° 140 17.13 0.12
Pd/¥-A1,0," 150 6.17 0.04
Cu/ICI 38-1° 77 12.76 0.16

a
b

ICI 38-1 contained 0.04 % Pd on Y-alumina
0,017 % Pd on Y-alumina

95 % Cu

o

cn 1CI 38-1

ty
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The first step in this mechanism is the adsorption of the acetylene molecule. Adsorption
of acetylene on hydrogenation catalysts is so stror;stronger than alkanes, alkenes) that

assotiatively adsorbed acetylene is assumed to-bé irreversibly adsorbed. Subsequent

ak

attack by adsorbed hydrogen leads to an adsorbed vinyl radical When a carbon-metal bond is

broken and a free-radical whema, 7 bond between two carbons'is eliminated. The
free-radical form of the adsorbed vinyl radical is believed to initiate a vinyl
polymerization ‘process in which adsérbed acetylene molecules act as the monomeric units.
Although free-radical mechanisms have been useful in describing the thermal reactions of
acetylene (10), there is little, if any, experimental evidence that free radicals exist

under catalytic conditions, therefore some uncertainty exists in their suitability in
describing the catalytic reaction of acetylene. Nevertheless, the adsorption of acetylene
and hydrogen on the catalyst surface appears to play a major role in the reaction scheme

A

and warrants further comment.

»

‘Several workers (1, 47) have proposed the existence of two other adsorbed
v

acetylene states, the ethylidyne complex and a Csz species (x < 2).

H
CH, c~
| | I
C . G
/1\ v
+ L]

K-esmodel et al. (47) have detected the ethylidyne complexjon the Pt(111) surface using
LEEDS ( Low Energy Electron Diffraction Spectro opy ) and have speculated that this
complex is responsxble for the hydrogenation o etylene to ethane directly. Two

criteria must be met for the ethylidyne SDCCTS to exist, the presence of hydrogen atoms

on the surface and the presence of three surface sites in a given geometrical arrangement.

The third acetylene state, i.e., the Csz species, is believed to be responsible for the



formatism_\ of C 4 oligomers and the polymeric deposits on the catalyst surface (1).
Al-Ammar et al. (1) hz_we found that the value of x varies with the metal 'component. e.g.,
x=1.4 for Pd (0.1282, 1.6 for Ir (0.126) and 1.8 for R.h'(O.lZS) (1). The atomic radii for
these elements is given in parentheses. The fact that x varies inversely with the atomic
radii of the metal may be significant. Unforﬁ}mtely, no determination of the value of x
has been made for transition metals with lower atomic radii, e.g., Fe and Ni, which as
discussed previously have higher hydropolymerization activity. The exact nature of this

2I—ix species is not known.

2.2 POLYMERIZATION

Polymerization of acetylene has been studied using both homogeneous and
heterogenous catalysts, The homogencous catalysts, which are used in the liquid phase,
include catalyst based on metal carbonyls (99), e.z., Ni((CO)PPh3)2, organometallics (41,
77), e.g., AI(C2H5)3 and mineral acids (67), e.g.}, H2804._ H3PO4: Carbonyls and car;mnyl
complexes of iron and nickel have been u'scd as cyclization catalysts mostly for
laboratory-scale purposes and have not in general been conside(ed for industrial use (41).
The long list of heterogeneous catalysts includes clays and related oxide systems, e.g.,
activated clay, alumina, activated carbon, silica gel and zeolites, e.g., Y zeolite, )
ZSM-5. With the exception of the organometallics, the unifying thread in most of these
catalysts is. the belief that the polymerization rea&tions in general are acid-catalyzed

(74). Homogeneous organometallic-catalyzed and heterogeneous acid-catalyzed

polymerization are discussed below.

2.2.1 Homoger.leous catalysts

. Homogeneous catalysts were first used for acetylene reactionsras early as 1910 .
for the synthesis of ethanol (41). Research peaked in the 1940's when wartime
restrictions on raw materials forced the Germans to invest?gate both CO and C2H2 based

/
)

i/
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processes for the production o fuels. Ziegler-Natta organometallic datalysts, which

consist of titanium chlorides with aluminum and magnesium alkyls, have been widely used in
the polymerization of alkenes and alkynes (77). The polymerization of acetylene in the
presence of Al(Csz)j + TiCl4 z:.t 25°C. yields 50 % benzene and 24 % linear polymer {77),
Replacement of TiCl 4 by TICI3,leads to the formation of extremely unsaturated linear

polyacetylenes. Similarly, if AI(C2H5)3 is replaced by Cr(C2H5)4, T1(C2H5)4, the sole

. ~reaction product is linear polyacetylene. Replacement of the titaniun_l halide by VCl4

however leads to the exclusive formation of benzene. Some workers have reported obtaining

benzene from acetylene in up to 72 % yield (77). The general feature of all these

. catalysts is the formation of a coordination complex bond between the r-orbitals of the

acetylene and the d-orbitals of the transition metal (Ti, V) together with redistribution
of the electrons and the formation of new C-C bonds.

The disadvantage of these homogeneous transition metal complexes as,cgtalysts is
the difficuly of handling them and separating them from the reactants. The success of
two commercial homogenous processes, the Wacker process for oxidation of ethylene to
acetaldehyde and the Monsanto process for carbonylation depends partly on the relatively
low beiling points of the produects (acetaldehyde 20.8°C and acetic acid 117.90C) {41).
This will in general not be the case for motor fuels production. These catalysts,

therefore, wiil not be considered further.

2.2.2 Heterogeneous Catalysts

Much of the work on the polymerization of acetylene over solid catalysts has
been carried out in the period 1500-1970. A large number of these are summarized in
Tables 2.5 and 2.6. The catalysts used include sand, alumina, charcoeal, silica gel, acid
clay, silicon carbide and many others. Of note are the high liquid yields obtained and
the significaut low boiling aromatic fraction (useful fuel range hydrocarbons) of the

liquid product.. These studies carried out at high temperatures are not conclusive and are
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Maximum liquid yields reported from acetylene pyrolysis

8

s

Table 2.5

(190@-1935)

{

h

L

Benzene Content

Reference Description Temp  Liquid Yield
[7C] [we %] [wt %)
Meyer(63) Series flow tube 650 60 20
H2 as coreactant
Zelinski(l01l) Glass flow tube 650 70 35
Activated charcoal ‘
Kovache and Porcelain flow 6590 70 35
.Tricot(50) tube, various )
packings
Ika and U-shaped flow 60
OQpura(4s) tube
Fujio(32) Glass, porcelain -
flow tube, acid
clay
Fisher et al. Porcelain flow 650 70 38
(30) tube, silica gel -
Hague and Quartz flow tube 650 61 26
Wheeler(39)
Berl and Glass flow tube, 740 - 30
Hofmann(14) H,0 as coreactant
various packings,
Ca0,Sn0,,NaSi0
2 3
>
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Table 2.6

Maximum liquid yields reported from acetylene pyrolysis
(1935- 1970)

Reference Description | Tgmp Liquid Yield Benzene Content
[TC] [we %] [wt %)
Schwarz and Flow tube,V 0 650 22 66
Bessel(87) on pumice.CO 3s 44 40
co-reactant
Cadariu(19) Flow tube, Al,0 650 80 45
AlF. , SiC grapgi%e
C Cg
Cullis and Static,IR cell 400 98 10
Nettleton(23) Al,Fe,Zn,Ni "
. carbon,clays
Massimilla Fluidized bed, 650 85 60
et al.(58) silica sand,silica
gel,pgraphite,
carbon
Chang-Li(20) Flow tube,glass 650 445 64
wool
~

-
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far f rom systema{ic. The advantage, if any, of the various packing materials used is
unclear in most of this early work because of three factors. First the thermal reaction
is significant in the temperature range investigated (400°C-750°C). At these high
temperatures, secondary reactions play a major role in determining the product
distribution, Second, the liquid analysis is simply based on boiling point cuts and
def’inition\of' these cuts is ;mbiguous. Third, the exothermicity of these acetylene
reactions is \hgl}_ and consideration of i-sol‘t-l.i;rmality is questionab!e. Massimilla et

al. (58) were able to minimize the heat transfer problem in the polymerization of
acetylene by using a fluidized bed reactor. They also obtained much higher liquid yields
with the fluidized bed than with the fixed bed. Nevertheless, they found no signific:l-nt
improvement with t.he various pa&‘:king materials used. The temperature in this
investigation was 650°C and the catalytic effect may very well hqve been masked by the
thermal reactions. The factors highlighted here were considered carefully in the present
investigation. .

Many more recent studies on polymerization of acetylene have been of a
fundamental nature including infrared and I{aman studies on alumina and zeolites'and have
concentrated on the formation of polyﬁcetylene chains, i.e., linear polymers (i2, 42"90,
93, 100), Spect‘ral evidence indicates that on both Y-alumina and zeolite KX, monomeric
acetylene is physisorbed via its 7-electron system in "side-on" orientatio‘ral.“f Heavi;ide
et a!._ (42) have shown‘that the length of polyene chain varies with the activation
tefnperature of the' 7Y-alumina used (temperature of calcinatidn), longer chains being
observed at higher activatior.l temperatures. Gravimetric results show that very little
polyene (0.5 mg/g) was formed on these alumina surfaces at room temperature. Acetylenc
polymerizes, nevertheless, at very low temperatures over these oxides which makes these
catalysts worth investigating,

Mardaleishvili and Rapoport (57) have studied the kinetics of the

cyclotrimerization of acetylene over niobium oxide (NbOz) at 0°C. The catalyst



deactivation was severe even at this low temperature and occurred in two stages. During
the course of the first stage (fast deactivation) 70 to 90 % of the cate-\lyst surface was
rapidly covered with a layer ot.' carﬁonaceous deposits with the composition H/C = 1.
During the course of the second stage (slow deactivation) the H/C ratio of the deposit
decreased while the quantity of carbon remain\é\d\essentially constant.

The conversion of acetyleqe to benzene}over Pdisupported on alumina has been
studied as part of an extensive investigation of the pressure dependence of this reaction
using AES (Auger Electron Spectroscopy) and LEEDS (81, 56). Acetylene cyclotrimerization
to benzene was examined on palladium single crystals, films and sup.ported ‘on alumina in
u'ltrahigh vacuum (10_12 atm) where-the reaction is stoichiometric and at atmospheric
pressure where the reaction is cataiytic. Appreciable amounts of benzene were observed
with palladium on alumina only at temperatures eXEEeding 150°C. Benzene, ethylene and
ethane were the only products observed. At temperafures above ZOOOC, the relative amount
of benzene increased.

> Several important findings emerged from these st:udies. First, at atr/nospheric
pressure, the cyclotrimerization reaction was fo.und to have a low activation energy, 2
kecal/mol.  This activation energy appeared to be independent of the pailadium surface
{whether film, single crystal or supported). Rucker et al. (56, 81) suggest that perhaps
the benzene is formed on an overlayer of ethylidyne or other carbonaceous fragments onto

which it would be loosely bound. They also suggest that the low activation energy can

also be explained by incorpbrating an adsorption equilibrium constant into the rate law.

ot

The effect of additives (K, Si, P, ‘S, and Cl) on the high-pressure catalytic reaction

(1 atm) was studied only on palladium single crystals, On' the most active surface,

potassium and silicon enhanced the rate of cyclotrimerization, phosphorous, sulfur and
chlorine, decreased the rate. Sulfur, chlorine and potassium decreased the rate of

benzene formaticn. The activation energy and pressure dependence for benzene formation on

additive covered surfaces did not change from the values obtained on the clean surface.
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Sulfur and chlorine, the electron-withdrawing additives aiso increase:d the amou;n of
carbon present on the surface after the reaction. It was postulated that the difference

in the rate of benzene formation for the different modified surfaces was related to the
amount of open Pd surface area. During thg reaction, carbon deposited on the surface and
blocked reaction sites, This surface carbon could be in the form of amorphous carbon or
polymer with CH or C2H stoichiometry, Electron-withdrawing additives enhanced the
polymierization process by acidifying the metal surface. The inéreased surface carbon ™
coverage decreased ihe rate of benzene formation. Elgctron—withdrawing additives kept the
surface cleaner by slowing the surface polymerization reaction. At high pressures the
additives shifted the product distribution of the acetylene reaction between benzene and
surface polyacetylene or decomposition.

Homogeneous nickel catalysts (organonickel compounds) (99), nickel supported.on
silica gel (Ni2+/8i02) (29) and nicke! ions in NiY zeolites (73) have been shown to be
active in the cyclotrimerization of acetylene at room temperature. The conversion of
.:icetylene to benzene occurs with close to 100 % selectivity over thermally reduced Ni/8102
(73). Acetylene cyclotrimerization proceeds 30 to 40 times more slowly on the unreduced
catalyst than on the reduced catalyst. Catalyst preparation and pretreatment are
important in supported metal catalysts and warrant careful consideration.

The cyclo_trimerization of acetylene on NiY zeolites containing 10, 14 and 19 Ni
cations per unit cell after treatment in oxygen at 200 and 600°C was investigated by X-ray
diffraction analysis (XRD), IR and EPR spectroscopies (73). The acetylene was added at
room temperature. The trimerization of acetylene is much slower on the Zeolites
containing lesser amounts of nickel. The samples calcined at 200°C. contained 0, 1.2, and
5.8 Ni2+ ions in the supercag.es (XRD) and were far less active than those treated at
600°C. These studiesfs‘;hov{ed that catalyst activity depends on the number of dehydrated or
partly dehydrated Ni2+ ions inside the supercaées. In fact, only traces of benzene are

formed on Ni-10 after 24 h of contact. Two reasons were given for this. First, C2H2

'
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molecules cannot reach and complex the 'Ni2+ ions inside the hexagonal prisms. Second, the
Ni2+ ions in the sodaiitc cages are inactive 'in the production of significant amounts of
benzene since zi benzene molecule cannot escape through the 2.3 R sodalite cage aperture.
The Ni2+ population in the Y zeolite cage is roughly constant for the samples treated at
600°C whereas the amount of C6H6 formed varics from traces (Ni-10} up to the filling of
the supercages (Ni-14 and Ni-19). Furthermore, the benzene formed could be completely
removed from the zeolite by evacuation at 100°C.

Pichat et al. (73) also showed that cyclotrimerization is not the only rcaction
which occurs. OQther species are found in small amounts, Ni0 and Ni+ were detected by
clectron spin resonance studies. By comparison with studies of nickel supported silica,

'-CH2 groups found were attribu:cd to lincar polymerization of acctylcnc‘ on nickel metal,
The amounts of Ni0 and -CH2 species increase with contact time and nickel content (73).
Careful characterization of these catalyst surfaces has been shown to be very important in
dctermining the role of the metal and of the support in these rcactions.

The cyclotrimq_{ization rcaction has alsg\ becn studied over Cr-¢xchanged Y

,_\zcolitc in a quartz microbalance (52, 53). At a rc:étion tcmperature of 1600C, the
acetylene reaction using CrY zeolite yields only benzene. Cr(VI) has bccn‘shown to be a
more active catalyst than CR(III). At hi‘ghcr temperatures the reaction is less selective,
with benzene, aliphatic (Cd'cé) and alkylaromatic hydrocarbons being obtained. Acctylenc
adsorption on CrY is much higher than on NaY zcolite. NaY zcolite does not show any
significant activity between 70 and 3500C and 4 kPa. NiY zcolite (Ni-8) was tested under
the same conditions at 200°C and showed similar conversions and sclectivity to CrY {(Cr-8).
There is evidence here of some disagrcement with Pichat et al. (73) WhB*gcport virtually
no reaction with NiY for Ni2+ concentration under 10 jons/unit cell, LEglisc et al. (52)
suggest that, at the higher temperatures, cyclotrimerization is limited by the zcolite
structure, i.c, pore blockage by high molecular weight residuc. Below ZOOOC, activity

incrcases with Cr content. Above 200°C the activity becomes independent of chromium
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P In a static pyrex reactor, Léglise et al. (53) studied the form;.tion of
:l-kylaromatics by acetylene reaction over CrY zeolites. These workers found that benzenc
was thé major product at 350 oc but toluene, ethylbenzene, xylene and higher dlkylbenzencs
(and traces of naphthalenc) altogether exceed benzene. In the _arpmatic C8 fraction,
styrene is abundant over NaY\but almost absent over CrY. In addition to aromatic
hydrocarbons, some aliphatics are formed over both zcolites, Vinyl acetylene is the main
aliphatic jn thc"rcaction over NaY but the distribution is more diversified in the case of
CrY, c.g., C6 (CGHM to hexadienyne), C4 (butane to vinylacetylenc), C5 (CSH12 to CSHS)
and C3 (propatfe to propync). The role of sodium in these reactions is not clear.

Morcover, infthese high coanversion batch experiments secondary reactions, c.g.,
isomerization and alkylation, are prominent and this limits the usefulness of fhc
information obtained. K

The effect of temperature on the products and residue formed over CrY (Cr:12.9)
after two ho\).rs is illustfatcd in Fig. 2.1. The acetylene conversion first increascs up
to 150°C and \thcn decreases from lSOOC to 300°C but rises again at higher temperatures.
Studics undcr;akcn in a vacuum microbalance showed that the composition of the
irreversibly adsorbed residue was temperature dependent (53). At 700C. the residue came
off as benzenc upon heating at 360 °c. At 200 OC, only 80% of the residue desorbed upon
heating to 3600C and the products were C3 to C6 aliphatics (36%), toluene (16%), C8 (15%),
C9 (14%), benzene (10%) and acetylene (8%). For higher rcaction temperatures (300 and
36OOC) no change in mass was noted aflter prolongéd heating but some hydrogen was evolved.
This would imply that at reaction temperatures abcve 300°C significant.sccondary reactions
are occurring which lead to tar formation.

Recently, investigations of acetylenc reactions over ZSM-5 type catalysts have
been reported (94, 97).. The reactions of acetylene over these zeolites were studied by

Tsai and Anderson (94) in a quartz flow microreactor containing 0.1 g of catalyst at a
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total pressure of 101.] kPa\a\nd tcmBoraturcs between 250 and 500°C. Three important
— '
results emerge from their work. First, in the absence of hydrogen in the feed, acetylene

~ was converted with very high selectivity to aromatics ( 99%) in the C6 to Cl3 range. Thc
aromatic products in this range were always a mixture but the following main components in
cach class were identified: C6 - CS (benzene, tolucne, xylene), C9.(mcthylct_hylbcnzcnc,
trimethylbenzene), C?ld (naphthalc’nc, tetralin, alkylbenzencs), Cll (2-mcthyl-naphthalcnc).
C12 (dimcthi{}ﬁaphthalcnc. 2 ethyl-naphthalene)-and C]3 (alkyl-naphthalenes). Sccond, when
hydrogcn _whs used as a corcacta‘.nt, the product distribution was alterred significantly in
that it resulted in the conversion of a substantial fractiofl of acctylene to c¢thylene.
Third, catalyst deactivation was severe in all cases and most of the activity data are
given for 15 min on stream. Although acétylene conversion at 350°C was noted to d®ereasc
from 30 % to 7 %, as the Si02/A1203 ratio in ZSM-5 was varied from 25 to 436, it was not

—J‘gointcd out that thec decrcase was lincar for Si/Al ratios bclovs_r 240. Recently it was®
shown that varying the SiOz/A1203 ra'tio in ZSM-5 alters the acidity ‘gf the catalyst
surl‘acc'(l3). Higher ratios were shown to co;-rcspond to a lesser number of Brodsted fwid

sites. Although the conversion decreases by only 2 % from a Si/Al ratio of 243 to 436,

the liquid product distributgon changes somewhat as scen in Figs, 2.2 and 2.3, A shift to

lower molecular wcight-products is cvidenced as the Si/Al ratio is increased. Acctylene

conversion increased with temperature (250-5000C) from 4.3% to 38.2%, howecver, space

velocity increased simultancously with reaction temperature in these experiments. At

higher space velocities the conversion decreases therefore the effect of temperature on

conversion is likely to be greater than reported. Furthermore, at 400 and SOOOC, thermal
v'sonvcrsion of acetylene is cxpected. yet no thermal reactions were reported. Catalyst

deactivation increased with increasing time-on-stream. The product distribution shifted

to larger quantities of ClO - C13 aromatics with longer times-on-stream.

The use of Fe replacing Al in the ZSM-5 framework has recently been disclosed in

the patent literature (97). Table 2.7 summarizes some examples of acetylene conversion
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Table 2.7
. 4 .
Acetylene conversion to liquids over zZsM-5 (97)
-
- ' 7 P
' Gonditions Experimaent o
% 14 19 o 23
i
Feed C,H, [cmd /min] 0.5 0.5 / x\f 0.4
H2 - 1.0 y, L 2.2
He/N,, 2.9 6.07 3.0
Catalyst : H-ZSM-5 HEZSM-Ssm Fe-2ZSM-5
. ' s
510-2/1\1203 . 120 - 120 140
Temperature [°¢] 400 400 . 400
WHSV C.H ™l 0.4 0.4 0.3
272
Results ‘\N\~ -
.Conversion (%) 45.1 35.5 86.9
Products [wt %]
‘Non-aromatics 11.3 13.1 4.1
BTX 60.4 55.5 30.6
C9 10.5 25.2 10.7
: {
C10+ 17.9 6.1 54.3
L
\
o
)
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from the patent. If it is assumed that all the conversions and product distributions are
reported for 15 min on stream, then it appears that the presence of iron drastically
alters the activity and the product distribution of the ZSM-5 catalyst. A discussion

would be speculative because of the scanty description given in the patent.

2.2.3 Reaction mechanism

Polymerization reactions of unsaturated hydrocarbons are believed to be

acid-catalyzed (74). Tsai and Anderson (94) have proposed the following mechanism for the

reaction of acetylene over ZSM-5;

v

CaH;(@ + HY(s) — CH, = CH

CzH,

CH,=CH — CH= CH

CH,=CH — CH=CH—CH = CH
+

-
ol
.
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The polymerization is proposed to proceed via a vinyl cation intermediate. The concept of
the vinyl cation appears to explain the aromatic products found and is consistént with the
carbonium ion theory of acid-catalyzed reactions, However, reactions between the vinyl

cation and H2 (8) suggested by these workers to explain the non-aromatic products found is

‘extremely speculative. Furthermore rearrangement of the carbonium ions in steps 2 and 3

to more stable intermediates (30 ions) is highly probable. A significant amount of
butenes and.branched C4‘s would result which have not been observed. This mechanism is
therefore not consistent with their experimental findings.

The amount of acidity and acid-strength distribution have been shown to vary
with the nature of the cation present, the degree of exchange and the heat treatment (18,
76). Partial poisoning of the acid sites in ZSM-5 by Na exchange (54 % exchange) was
shown to c:Juse as0 % reducnon in acetylene conversion (94). A 51gmf1cant shift to
higher molecular weight products in the product distribution was also noticed for the

polymerization reaction. This may imply that even weak acid sites are active in secondary

™
tar-forming reactions.

o The vinyl cation mechanism would imply considerable coke formation since once
aromatics are present, they can react to give higher molecular weight hydrocarbons and
coke, which are believed to be formed by condensations and combination of aromatics with

M.\
other aromatics as coke. The formation of coke from benzene is illustrated by the

following reaction sequences (33):

—

H + - i I
H
H . AN . H
/
= H H
H A
H -
) T+ +
+ — H \/H
H
J
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The interest that recent workers have shown in zéolitcs as catalysts for
acetylene polymerization may stem from the following observations on acid-cataly-zcd
reactions (25): | | .
(1) the rate of formation of coke is lower in zeolites than in their amo:-\phous,_
counterparts,
(2) the coking tendency changes with variations in structur_ai constraints.
It hns been demonstrated with zeolite ZSM-5 that alkylaromatics once formed cannot react
further (by cyclization, dehydrogenation or F;lrthcr alkylation) and lead to coke
dcpositionL because of the smaller dimensions of the zeolite channc[sr(ZS). In Mobil's
methanol to gasoline process (25) which uses the ZSM-5 zclite, the catalyst has low coking
activity and thc_ coke which is formed is bclicvcc.i to be deposited for the most part on the
outcr surface. The exterior area of the zeolite crystals is only about 1 % of the total,
but i%diffusion limitations are significant, it becomes necessary to poison or inactivate
exterior sites so they do not contribute excessively to. the reaction.
Tsai and Anderson (94) compared catalyst decactivation on ZSM-5 for two Si/Al

ratios, 25 and 6Q respectively. Less coking ogcurred with the zealite having the higher

" Si/Al ratio and presumably the lower acidity. This appears to be consistent with cracking
reactions where very high acid strengths, cither zeolite x, zeolite Y or silica-alumina

TN
lead to vxcessive formation of coke. Unfortunately deactivation studies for a much higher

Si/Al ratio were not reported thus no conclusion can be made as to the effect of the Si/Al_
ratio in ZSM-5 and other catalysts. Since catalyst deactivation is an important feature
of these acetylene reactions, more work is warranted in this area.
It is cvident from the studies cited that more cxperimental work is required m
order to understand acetylene polymcrizafion and the role of the catalyst in assist\ing
. polymerization. Some catalyst properties intimately related to this reaction which have

cmerged from this discussion include, acidity, crystallinity, nature of the cation and the

%

degree of exchange. Catalysts with high acidity appear to be appropriate for acetylene
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polymerization. The relationship between catalyst performance in this reaction and the

catalyst acidity needs to be explored further.

——
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3. RESEARCH OBJECTIVES

The transformation of acetylene to liquid fuels must involve polymerization.
The brief discussion in the previous section summarizing the existing literature has
identified a largé number of catalyst properties which affect polymerization reactions.
The scope of the present invest'i_gation is to elicit the relationships bétween some of
these catalyst properties and catalyst performance in the polymerization of acetylene.
The spec\ific objectives of this research program and the approaches used to attain them

are described in detail in sections 3.1 and 3.2,

3.1 EXPERIMENTAL CONSIDERATIONS

One of the major objectives of this study was to obtain quantitative information
regarding activity and selectivity of various catalysts in acetylene polymerization, Two
problems musf be -addressed in order to meet this objective. First, a suitable reactor
must be designed and constructed and second provision must be made for analysis of the
gaseous, liquid and solid products. A detailed description of the tubular flow reactor
and the product z2nalysis system which were used for activity and selectivity studies is
provided in Chapter 4.

As noted ea.rlier, both hydrogenation and polymerization have large heats of
reaction. With fast exothermic reactions, one must be concerned with the elimination of
large temperature gradients between catalyst particles, in the gas film surrounding the
catalyst and inside the catalyst particles. Axial temperature gradients were minimized

<
throuh of a multi-zoned temperature control system in which the tubular reactor was
inserted in a metdl/- block which was heated by a three-zone resistance furnace. The use of
an inert diluent in the reacting mixture further assisted in attaining isothermality.

Calculations based on a number of theoretical criteria were made to determine the extent

of the temperature gradients across the gas film and within the catalyst particle

!
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(Appendix 3.1). The results of these calculations, based on some preliminary experiments,
were used in determining to some extent the acceptable catalyst particle size, the partial
pressures and the total pressure used in‘@f@&nt study to ensure insignificant
deviationt from isothermality.

Significant emphasis was also™laced on the analytical techniques required for
the analysis of the reaction products, as detailed in Chapter 4. These techniques
included gas chrlomatography using packed and capillary columns, flame ionizat_ion and
thermal conductivity detectors, mass spectrometry and numerous surface spectroscopic

_ . .

techniques. In order to make the analysis of the liquid products quantitative a tracer
was added to the product stream from the reactor. For the gaseous p‘roducts, the nitrogen,
used as an inert carrier, permitted quantitative analysis. Elemental a;alysis and solid-
state 13C NMR of the carbonaceous catalyst residue was also carried out, With these
techniques, the gas, liquid and solid products were quantified and described.

The process variables in the study included the reaction temperature
(300—4000C). the weight-time (1-3 g.s.mL—l), and the concer‘ltration of acetylenc (5-15 vol

% C2H2). Because of equipment limitations, the absolute pressure range was narrow

(130-200 kPa) and was not considered to be an operating variable.
3.2 CATALYTIC CONSIDERATIONS

3.2.1 Surface Acidity

Polymerizatio_n reactions of unsaturated hydrocarbons are believed to be
acid-catalyzed (74). The polymerization Jof' olefins, e.g., ethylene, propylene and
butylene to hydrocarbons boiling in the gasoline range has been carried out commercially
using both sulphuric and phosphoric acid (67). To facilitate handling of these viscous
mineral acids, thcf.y have been supported on inert substances such as diatomaceous earth or

1 -

silica gel. Supported phosphoric acid has been used since the 1930's to catalyze the
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polymerization of refinery streams (C3 and C 4 olefins) to gasoline-range iso-olefins
(C6-‘-C 10). Reactions catalyzed by solid acids, €.8., polymerization, cracking, and.
isomerization, exhibit features similar to reactions catalyzed by mineral acids and
supported mineral acids. By analogy to solution chemistry, the primary requirement for
catalytic‘ activity by solids is that the solid be acidic. Alumina, silica-alumina and
zeolites have been used as solid acid catalysts in polymerization reactions {84). Since
solid acids promote polymerization réa;tions, a second major objective of this study was
to investigate the 'rql_e of surface aéidity in acetylene polymerization.

Pure aluri;in::t"(A1203), which has been used extensively as a catalyst and catalyst
support may exhibit acidic properties depending on the nature of the heat treatments and
resulting changes in structure ('84). The acid strength of alumina may be deliberately
increased by incorporation of halogen ions such as chloride and fluoride (72).
Fluoridation has been shown to enhance the polymerization of olefins and of conjugated
dienes (21). Fluoride has also been used as a promoter in co-polymerization (21).
Increases in activity occur at low fluoride contents, typically 1 to 6 wt% F (21). In
order-to investigate the role of surface acidity, a series of catalysts were prepared with
various fluoride loadings (F/Al atomic ratios between 0 and 3) and various surface
m.:idi.ties. The performance (actmty, selectivity and deéa‘y) of these catalysts was then
determmed for the polymenzauon of acetylene,

Solid acids are more complex than mineral acids. The acidity of strong mineral
acids, such ag H2$O4 and HN03 is completely characterized by medsuring the concentration
of hydronium ions (pH). On a solid surface the heterogeneity of the sites gives ris:\?o a
distribution of acid strengths. In addition, acid sites in solid catalysts may be of the
Bronsted type in which the site donates a proton to an unsaturated hydrocﬁrbon or of the
Lewis type- in which the site acts as an electron 'pair acceptor from a hydrocarbon.
Studying the acidity of a surface consists in measuring the acid strength of' the various

sites (not all methods dxstmguxsh between types of sites i.e., Bronsted or Lew1s) and in
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determining how many sites are present (38). The techniques used to measure acidity vary
and include non-aqueous titrations using Hammett indicators, _infrared spectroscopy of
hydroxyl groups, adsbrption of a gaseous-base (NH3, pyridine, etc.) (38).'\ The catalysts
prepared in this study were characterized by the latter technique because :)f its

versatility, The adsorption temperature was chosen so that the measurements would be
representative of the catalyst in its working environment. These studies of ammonia

adsorption are described in detail in a subsequent section.

3.2.2 Catalyst ‘Decay

The catalysts discussed in the previous section exhibit severe deactivation
under the conditions used for the polymerization of acetylene. This catalyst deactivation
is not uncommon to other hydrocarbon systems or to other catalysts. Although catalyst
deactivation has been attributed o a large number of factors, one of the major
cantributors is the buildup of carbonaceous species (residues) on the catalyst surface.
Despite its importance, limited information is available on the quantity Jand ty'pe of
residues formed over various catalysts in the polymerization of acetylene. One of the
objectives of this investigation was to study the behaviour of these fluoridated catalysts
as a function of time-dn—stream; The tubular flow reactor is not amenable to studies on
catalyst deactivation by carbon deposition without significant experimental effort. For
t‘his reason the rate of deactivation was studied using the miicrobalance described in
Chapter 4. -

The microbalance was used to determine the influence of surface acidity and the
influence of the operating variables on catalyst deactivation. The process variab!es in
the microbalance sjudy were within the boundaries of the process variables used in the ‘
study with the tubular reactor. The},-' included the reaction temperature (300-400°C), the
linear velocity defined as the ratio of the total gas flowrate at reaction conditions to

the cross-sectional area of the reaction tube (5-15 c¢m/min}, and the concentration of
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acetylene in as phase (2.5 - 6.4 vol %). These studies with the fluoridated alumina
- catalysts were chosen to complement the studies carried out in the tubular reactor;

therefore the selected operating conditions were very similar.



4. EXPERIMENTAL PROGRAM
4.1 CATAI:YST PREPARATIOi\I
The materials used in this study were -alumina monohydrate (Catapal SB, Conoco,

Peterboro, New Je;'sey), ammonium fluoride {Aldrich Chemical Co.) and aluminum fluoride
trihydrate (Aldrich Chemical Co.). The fluoridated alumina catalysts were prepared by
"mixing the c-alumina monohydrate powder with an aqueous solution of NH4F of the
appropriate concentration at room temperature. Approximately 1-2 wt % stearic‘ acid was
added as a binder to this solution, ‘Addf‘tional distilled water was added to cbtain an
alumina gel suitable for extrusion. The alumina and-fluoridated alumina extrudates v;'.ere
dried in air at 105°C for 8 h and calcined in air at 450°C for 8 h. Following calcination,
these extrudates were crushed and separéeijﬁto three fractions. A catalyst particle -
size of 0.25 to | mm was ﬁsed throughout this work., The aluminum fluoride trihydrate was
highly corrosive and could not be pelleticed. It was dried overnight at 110°¢ and used in

a powder form. After preparation, each catalyst was analyzed by selective ion electrode
methods to determine the bulk fluoride content and by X-ray photoelectron spectrosopy -
(XPS) to determine the surface fluoride content. The nominal composition of the

catalysts, i.e. the fluoride content of the catalysts calculated from the preparation

procedure (a sample calculation is given in Appendix 4.1), ranged from 0 to 68 wt % F.

!
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4.2 CATALYST CHARACTERIZATION
Emphasis was placed on correlating catalyst behaviour (performance) ,with the

physico-chemical properties of the catalyst. Physical and chemical catalyst |

characterization therefore constituted an integral part of this research program.
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4.2.] Physical Characterization

In order to compare ‘the different catélysts it was necessary to know the extent
to which a change in activity_was caused by a change in the surface area of a catalyst, in
contrast to a_change in the intrinsic reactivity caused by a change .in the chemical
composition. For this reason,' measurements were made of the internal pore surface area
usi_ng a Carlo Erba Sorptomatic Model 1800 instrument and of the pore size distrii)ution
using a Micromeritics Autopore 9200 instrument. ‘{

To supplement these analyses, surface analytical methods, e.g., XPS, X-ray
photoelectron spectroscopy and infrared spectroscopy were used "to improve our
understanding of the effect of various catalyst modifications on the catalyst performance.
XPS is_a powerful technique which can analyze slcmi—quantitatively Aall the elements except
hydrogen and helium (61). This technique was used to determine the surface fluoride
Ioadingfin the fluoridated alumina catalysts and to identify the presence of AIF3 in both‘
fresh and spent catalysts. XPS was also used to determine the surface carbon c'é)htent of
catalysts after being exposed to the reaction. XPS observations were madé using a
Physical Electronics Model 548E X-ray photoelectron spectrometer ‘with a dual Al/Mg anode
X-ray gun operating at 300 W in the MgK  mode (1253.6 eV). The samples were prepared by
pressing the powdered catalysts into KBr type discs (14 rﬁm X 2 mm) using an infrared die
and hydraulic press. ' N

The structure of the fresh and spent catalyst can alsg be determined by nuclear
magnetic resonance spectrometry (62, 69). In studyin‘g lr‘;)F NMR of fluorida;ed aluminas,
Schlup and Vaughan (85) concluded that léfluoride occupies the surface phase up to the
order of 5 wt % F, and forms a bulk phase of AlF3 at higher concentrations of fluoride,
In this study, solid state magic angle-spinning cross-polarization 13C NMR was used to
explore the nature of the coke deposits on the spent catalysts. Measurements were carried
out on a Varian XL-300 NMR spectrometer and recorded using a 10 MHz sweep width, an

I's
acquisition time of 0.128 s, a pulse width of 8 ms and a contact time of | ms.
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4.2.2 Chemical Characterization
&

Surface acidity has been shown to\‘be a catalyst property which is very important
in hydrocarbon conversions espt;cially polymerization, alkylation. and isomerization.
'i‘heref‘ore, measurement of the relative acidity of the solid catalyéts is important. Solid
acids are more complex than mineral acids. The ac‘i'dity of strong mineral acids, such as
H2$O4 and HNO3, is completely characterized by measuring the concentration of hydronil;m
ions (pH). Water has a "leveling effect” since hydronium ions, all of equal strength, are
the only acidic centres p}esent iﬁ aqueous solution. On a solid surface, the
heterogeneity of the sites gives rise to a distribution of acid strengths. In: addition,
both Bronsted and Lewis sites may exist. Thus t{rn characterize a surface completely. it is
necessary to measure the number, strength and t;}pc of acid sites.

The relative acidity of the catalysts _uséd in this study was determined by
adsorption of ammonia at high—tcmperaturﬁ. Ammonia will adsorb on both Lewis and Bronsted
sites thereby establishing the total acidity 0}f each sample.  The adserption capacity of
the catalysts for ammonia was measured using a pulse-chromatographic technique (36) at
conditions similar to those in the repctor. The catalyst samples were dried in air at
105°C for 1 h. Subsequently, 40 mg of catalyst was loadeg into 2 4 mm 1D Pyrex tube and ?
this was installed in a gas chromatograph oven (Varian Vista 6000). A schematic of the
experimental set-up is shown in Fig, 4.1. Th;a column oven temperature was raised from
300°C 1o 350°C at IOOC/min and maintained at that temperature for 1 h prior to adsorption
studies lat 350°C. Moisture- and oxygen-free argon flowed through the sample throughout
this period. The exit stream was co;tinLous monitored by means of a
thermal-conductivity detector. Pulses of anhydrdys ammonia (normalfy 15 pulses of l(-) u
‘ mol) were injected into the argon stream via a temperature-controlled, automatic

gas-sampling valve. Automation of the chromatograph, injection of the sample and

integration of the signal were accomplished with a Varian Vista 402 data station. The
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- adsorption capacity of the catalyst for ammonia, CNHS‘ was calculated as:

1

n

CNH3 = Z:(Cin b Cout))/m (4.1
o =0 ,

where n = number of pulses

= ammonia injected in each pulse [mmol]

in _
out = ammonia remaining in each pulse after adsorption [mmol]
m = mass of catalyst [g] (

Sample calculations are given in Appendix 4.2.

4.3 CATALYST TESTING
A ]

\’ﬁ.

An experimental system was constructed and assemble for testing these catalysts "

4.3.1 Fixed Bed Reactor

for the conversion of acetylene. The experimentnlj testing facility consisted of an inlet
gas purification and delivery manifold, a fixed-bed tubular reactor and analytical

equipment as shown in Fig. 4.2. Each of these is described below:

o 'S
Inlet Gas Manifold ' '

4

Nitrogen i99.99%) supplied by Air Products was fed via a two-stage pressure
regulator through a low pr{;ssure gas purifier (Linde) and an oxygen-trap to a mass
flowmeter (Matheson Gas Co.). Atomic absorption grade acetylene (99.5% stated purity) was
dissolved in acetone in tﬁe gas cylinder supplied by Canadian Liquid Air. Purification
was carried out in three stages. The acetylene gas was passed through a gold trap (—GOOC)
where most of the acetone vapror was condensed, bubbled through a concentrated sulphuric

acid bath (98%) for further acetone removal and finally passed over an activated charcoal
S,
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trap for trace acetone removal. The purified acetylene stream was metered with a mass .

flowmeter. Mixtures-of acetylene in nitrogen were prepared by having both gases flow at
"the required rate into_a mixing chamber filled with Ber! saddles. From the exit c?f the
mixing chamber, the gas mixture was sent to the reactor.
Reactor angd Heater

The experiments were carried out in 1 quartz tubular-flow reactor at a total
pressure iof 101 kPa and between 300-400°C. The catalyst charge of 5 g was loaded in a
lbumL annular volume (1 ¢m interna! diameter x 15 cm jo length) containing a centred
stainless steel thermowell (.375 cm OD). Heating was supplied by a three-zone resistance
furnace made by wrapping heating coils around A& 5 cm OD stainless steel block 1 e¢m thick.
The control thermocouples for the three zones were .Iocatc\:d on the exterior surface of the
stainless steel block, Seven thermocouples glong the coaxial thermowell perm‘itted the

) .
Al
measurement of axial témperature profiles during an experiment, A maximum temperature

A4
variation of +/- 5 K was observed over the 15 cm catalyst section during reaction, Quartz
chips and quartz wool were used to separate the inert quartz packing from the catalyst.
The pressure drop in the reactor bed was calculated to be approximately 14 kPa {See
L ]

Appendix 4.3 for calculations).

Product Anal§5i5

The effluent gas was mixed with a Stream of nitrogen, which had been saturated
with n-heptane, as it exited the reactor, n-Heptane was introduced as a tracer in order
to obtain quantitative analysis of the products. Saturation of the nitrogen stream was
achieved by flowing nitrogen through a bubbler filled with liquid n-heptane which was
maintained at a desired temperature, -15°C. The reaction products exited the reactor vi'a
heated lines and flowed through a heated 16-port sampling valv.e (Valco Model No.
AH4-CST-16-HTA) where at regular intervals, the valve position was switched and a praduct
gas sample was stored for later analysis. At the exit of the gas sampling valve the

product stream was immediately cooled in aadry ice-acetone bath to condense the liquid

’ /\\
/ /
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products, e.g., n-heptane, benzene, toluene, naphthalene, etc. The uncondensed components
including unreacted acetylene, nitrogen and uncondensed reaction products, e.g., C?.H:i‘
CH4, n-butane were sent to a second sixteen-port gas sampling valve where \again at reguliar
intervals, the valve position was switched and a gas sample was stoged for subsequent’ gas
analysis. This exi'[mniwred with a mass flow meter and a totalizer (Matheson
Gas Co.) and later vented. Pressure was monitored using a pressure transducer (Viatron
Corp.). |

Analysis of the gas samples stored in the multiloop valves was carried out using
a Carle AGC [1] Series § gals chromatograph equipped with a thermal conductivity detector.
" This chromatograph was specially configured (columns'&’and micro valve switching) for

A

274 73 2)'

Spec&/ﬂ-}’hysics 4270 integrator was used to measure peak areas and retention times.

natural gas analysis, e.g., alkanes (CI_CS)' alkenes (C.H,, C Hé), and alkynes (CZH

Details may be found in Fig. 4.3 and Appendix 44. A typical gas chromotogram is provided
in Fig-4.4,

Vapour analysis, ‘i.e., condensible products kept in the gas phase by heating the
first 16-port valve was carried out using a gas chromatograph (Varian Vista 6000) equipped
with two FID detectors and with capillary and packed column options. A Spectra Physics
4270 integrator was used to measure peak areas and retention times. A 0.25 mm ID, 0.25 um
film DB-5 capillary column 30 m in length was used for trace analysis. Automation of this
analysis system is shown in Fig._4‘5 and described in detail by Allenger et al. (6) (see
Appendix 4.5).

When possible, the liquid product from the cold trap was reco:qr&d and a

simulated distillation on a Hewlett Packard 5880A Series Gas Chromatograph with a 0.5 m

stainless steel column filled with 10% WC-W982 on Chromosorb PAW was carried out.

4.3.2 Experimental Design and Analysis

A fair comparison of the performance of several catalysts requires examination

Y //

\ o
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of the.catalytic reactionq@%tzfuariety of operating conditions. However, a complete
investigation of each catalyst ét \{arious levels of temperature, weight-time (defined as
the ratio of the weight of catalyst to the total volumetric feed rate at reaction
conditions) and feed concentration of acetylene would require a large number of
experiments. To achieve efficiency of experimentation a centra‘l‘jomposite experimental
design (43) was used. Five catalysts were examined at five levels ;)f the operating
variables,

To study the effects of the operating variables and the catalyst type on the
acetylene reactiop in the tubular-flow reactor the central composite design consisted of a
24-1 fractional fctorial design, star points, an;i replicates (43). The experimental
design and coding Mese variables are given in Table 4.1. The order of execution of

-r
the experiments was randomized. Not all replicated experiments were carried out at the
centre point of the design. The operating region for this work is defined by the
following limits: temperature (300—4000C), weight-time (1-3 g.s.mL_l). initial
concentration gf’ acetylene (5-15 vol%) and the catalyst composition (0-68 wt % F).

Empirical models were developed to describe the performance as a function of
tcmperatﬁre. weight-time, initial concentration of acetylene and degree of fluoridation.

The following second degree polynomial was used to describe the performance criterion

(e.g., conversion of acetylene, deactivation):

E(C) = 10 +1l xl+12x +13x3+1 Xy + 1 x5+16x6+1

2 2 2 2

+18xl +19 5 +llox + 1 X4 (4.2)

E(C} is the expected value of the performance criterion and X|v Xy 3 and x, are the

coded variables corresponding to temperature, type of catalyst, weight-time and initial

W

%



Table 4.1

Experimental operating conditions and design

Experiment i , Coded Variable

No. _ §1 PoXg X4 X,

1 1 1 1 1

2 1 1 -1 -1

3 1 -1 1 -1

4 1 -1 -1 1

5 -1 1 1 -1

6 -1 1 -1 1

7 -1 -1 1 . 1

8 -1 -1 -1 -1

9 2 0 0 0

10 -2 0 0 0

11 0 2 0 0

12 0 -2 0 _ 0

13 0 0 2 0

14 0 0 -2 0

15 0 0 0 2

16 0 0 0 -2

17 4] 0 0 0

x, =~(Temperature [°C] - 350)/ 25

]
x% = refer to Table 5.1 1
Xy - (Weight-time [g.s.mL™ "] - 2)
4

/
X, = (Conc of C,H, [vol, %] - 10}/

0.5
oHy 2.5
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concentration of acetylene, rgfctively. The variables X5+ Xg and X, reprpsent the
combination of interaction terms x 1x2 . X Xq and x X4 The values of the parameters (lijs
in Eq. 4.2) were estimated lgy least squares fitting of the model to the data using the
statistical package SPSS (68). Smce the central composite experimental design was based
on a 24 fractional factorial design some confounding of the*interaction effects

occurred. The def;nk\g relanon for the design was [ = x 1%2%3%4 which led to the
following aliases: )

\

l5 estimates th@'combined effects of the ihteractions xlxz and x3x4

16 estimates the combined effects of the interactions xlx3 and X0Xg

l7 estimates the combined effects of the interactions X%, and X Xg
Throughout the analysis the effects of the third and higher order interactions were

assumed to be negligible.

4.3.3 Microbalance

All the catalysts discussed in the literature review were reported to exhibit
severe deactivation under conditions of hydrogenation and/or polymerization of acetylene.
Although catalyst deactivation has been attributed to a large number of factors, one of
the major contributors is the buildup of carbonaceous species (residues) on the catalyst
surface. In this study, the rate of coking of the fluoridated catalysts was determined
with a microbalance (Perkin Elmer TGA7). In addition, a temperature-programmed pyrolysis
(in inert gas) of the carbonaceous residues and an analysis of the gas phase products by
mass spectro_metry {Spectrum Scientific Spectramass GA100) was carried out whenever
appropriate,

A schematic of the experimental system for studying deactivation is shown in

Fig. 4.6. The balance internals were purged with a flow of 32 mL/min of nitrogen
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throughout these experiqents. Approximately 20 mg of frésh catalyst was loaded into a
platinum sample boat. The sample was helj at 400C' for 5 min, and then heated to the
reaction temperature at a rate of 10°C/min under flowing nitrogen, At this point, ‘the
purge gas was automatically switched from nitrogen to the reactant gas mixture (Matheson
Gas Co. - certified standard C2H2/ N2 mixtures) through the side arm of a ltwo—arm furnace
by using a gas-switching accessory controlled by the microcomputer. The catnlysf was
maintained a(;si\\'conétant temperature for | hour while the reactant gas mixture flowed over
it. The moisture lost by the catalyst during this time was négligible (Appendix 4.6).

Gas samples of the balance effluent were taken using evacuated gas sample bottles at 15,

30 and 55 minutes time-on-stream. The isothermal step was followe;i by a) automatic
switching to nitrogen as the sample purge and b) dynamic heating of the catalyst at
IOOC/min to 600°C, held at this temperature for 5 minutes (until there was no weight loss)
and heated at 10° C/min to 900°C, The system was automatically cooled on completion of
the heating program. The measurement thermocouple was close to but ;ot- in contact wnh
the catalyst during analysis. Therefore, the temperature df the gas near the catalyst was
measured. At temperatures between 300 and 400°C the radiation effect is limited. To
minimize any difference between the temperature measured by the thermocouple and that in
the solid sample, the particle sizes and the sample used were small, the concentration of
CZHZ was low and the flow rate of the gases high.

The experiments in the microbalance were carried out at 101 kPa, the reaction
temperature was between 300 and 400°C, the gas flow rate between 30 and 80 mL/min, and the
initial acetylene concentration between 2.5.and 6.3 vol %. A typical weight-time history
and the corresponding temperature-time history is shown in Fig. 4.7. The solid line
corresponds to the rate of weight loss curve. The isothermal reaction step is the region
between the points labelleq;ﬂA, corresponding to a starting weight, w, and B, corresponding
to a final weight We. Tl:: apparent rapid changes in weight observed at points labelled §

' /
correspond to the gas sampling times and arise from sudden changes in system pissure.
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The system a‘:pears to return quickly to normal after the;e perturbations.
- - i;yrolyeis. in inert gas,.of the coke residue on the catalysts begins at point B
and continues until the end of the run. Characteristic of all these curves are a) a
maximu;n rate of moisture loss of the fresh catalyst, b) a maximum rate of weight gain upon
introduction of the reactant gas (R ) and c) an asymptotic f’tnal rate of weight gam Rf

_.th end of I h reaction time and d) less than 100 % removal of coke deposnt at the final

¥
pyrolysis temperature of 900°C. The spent catn]ysts removed from the sample pan were
: ’

black at the end of this heat treatment,
‘ . 4

Pie >

4.4 CATALYS’@ALGATIOI\?

. Clharacterization of catalytic activity, selectivity and decay for the peactlons
bemg studied requires useful and representah\/e measures for these performance criteria,
Activity, in this study is expressed in terms of the total conversion of acetylene, ie.,
conversion of acetylene to all products: .

X =100 x (C0 - C)/C0 | : (4.3)
where C' is the concentration of acetylene at thefreactor inlet (mol/L) C is the
conceatration of - acetylene (mol/L) at the reactor outlet and X is the percent conversmn

When more than one product is obtained as is the case here, then the selectivity
of the'c-a;alyst, which refers to the ratio o_f‘ the vield. of one preduct to the yield of a

second becomes important. The selectivity can be determmed therefore, by measuring the

‘yiefds of the components of interest as shown in Eq. 4. 4

AN
i yiF | ij .
Y(i)= o X@G) s — e (4.4)
(ono) . _ (ono)

.~ Where Y, X a yield of vapor component i or of geseous' component j

y; = mole fractioh\of condensable component i maintained

- [

. ) .
* Timthe vapour-phase in product stream L\
. . , N

\

3
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xj = mole fraction of component j in product stream
F = flow rate of product stream (mL/min)
Fo = flow rate of feed stream (mL/min) .

X, = mole fraction acetylene in feed stream
r

The data analysis procedure used to obtain these yields is described in detail

in Append’ix 4.7. The selectivity to liquids (S'L) cnn%e caiculated as shown below:

m

T yiF Total liquid product

-

s

SL = =l = » (4.5)

n

hD | ij - Total gas pr&)duct‘ :

j=1
where m is the total number of vapor components and n is the total numbér of gaseous
components. A number of other selectivify ratios can also be defined, e.g.,

Total residue
L

L

, Total liquid product
In this study the selectivity to Cn oligomers (liquids) where n > 6 were of interest.
Cat:;lyst aging has been described by decay models. Most models use empirical

power laws because the coking rate.is a complex function of temperature, space velocity
4

2,

;n/d the time the catalyst has been exposed to the reacting mixture. In the microbalance

udies, the cc;ying rate was determined as follows:

LA

R, = 1/w_(dw/dt) _ _ : (4.6)
) g v : . /)
" where w, = initial catalyst weight (mg). .
w = instantaméous weight of catalyst {mg) )
- - Q’
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LY

) t = time catalyst has been \i:xposed to reactant (fnin)
Rc = rate of coke deposition I(mg C/mg cat/mini N
The influence of the operating variables was examined for both the maximum rate of
deposition and for the rate of deposition at 1 h on stream.
These simple definitions proved very useful in unveiling relationships between

catalyst-properties and cataly~ performance in the polymerization of acetylene.

-

¥
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5. . CATALYST PROPERTIES

5.1 PHYSICAL PROPERTIES

A sumrﬁary of the properties of the five c_:atalysts examined in this ipvestigation
is giveln in Table 5.1, Gen‘errally, good agreement was found between the amount of fluoride
in the catalyst calculatéd from the {rrﬁparation pr;cedurel(no’minal comﬁosition) and that
found in [the bulk, indicating that Iittl%fluoride was lost during calcination. A notable
cxception"was the A1F3.3H20 (catalyst designation: 2), for which the bulk fluoride content
was consideélbly lower th?m expected. This was at_tt'ibuted to a non-linearity in electrode
calibration at high concentrations of fluofide ions. A comparison of the bulk F/Al atomic
ratio and the XPS-determined surface atomic ratin showed some evidence of surface

enrichment of fluoride as a result of the impre_gnation technique. Small differences in

surface area measured by N2 adsorption were observed in catalysts containing between 0 and

-
N

5 wt % F. The surface area of the aluminum fluoride trihydrate was less than 20'm2/g and
could not be determined accurately with our apparatus. Qther sgudies {85) have shown- that
a bulk phase of aluminum fluoride does not form until concentration of fluoride exceeds 5
wt %. This finding supports the negligible change in surface area reported in Table 5.1
since the presence of a bulk aluminum fluoride phase would have significantly reduced the
surface area of the catalysts. The pore volume of these catalysts as determined by

mercury porosimetry varied between 0.4 and 0.6 (mL/g). The mean pore diameter was 60 R

5.2 ACIDITY

' The influence of fluoride on total acidity (Lewis and Bronsted) of the catalysts
was determined by measuring their adsorption capacity for ammonia at conditions similar to
those in the reactor. The reader is referred to Fig. 4._1 and Chapter 4 for a description
of the equipment. Ammonia may react with Bronsted and Lewis sites and t‘heréfore the

acidity determined by ammonia adsorption is the sum of- both Lewis and Bronsted- acidity.
! ”
- e , :

| e
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Table 5.1

Properties of fluorided alumina catalysts

Catalyst Surface Area® Composition

Degignation [m2/g] Nominal® Bulk® Surface® ~ Bulk
: vt 8] [umol F/m?]
[-2] . 189 0 0 0 0
[-1] 222 1:8 1.5 3.6 3.4
[ 0] 199 3.6 2.6 3.2 6.8

[ 1) 156 6.9 4.4 8.3 L14.7
[ 2] <20 68 18 68 .

? Surface area quoted +/- 20 mz/g
b Fluoride content of catalyst based on preparation procedure

¢ Analysis accuracy +/- 2 % of quoted value

d Analyses were performed at 10'9 torr. The spectrometer’'s energy
scale was calibrated using Au (Au &4f 772 = 838 eV) and Cu® (Cu 2p 3/2
-932.8) Photolines were referenced to the hydrocarbon (C 1s) line at
284.6 eV. A charge neutralizer system (electron flood gun) was used to
control specimen chargi;g. The elemental composition of each catalyst's
surface was determined using XPS elemental sensitivity factors and the
measured pﬁgtoline intensitj? These were calculated according to
theoretical photoelectr n cross-sections, the kinetic energy dependence
of the ecylindrical minor analyser (CMA) and an average value for the

depéndence of -the electron escape depth on kinetic energy.

3

1

Fa
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Results for the chemisorption of ammonia at 350°C are given in Fig. 5.1. Pure and
fluoride-promoted alumina show significant differences in adsbrptive capacity for ammonia.
A maximum in ammonié;chemisorption was observed between 1.5 and 3 wt % fluoride. This
result is in good agreement wit‘ Gerberich et al. (35) who studied ammonia adfsorption at
SOOOC and found a maximum between 1.2 and 2.7 wt % fluoride. It thus appears that the
fluoride content of the catalyst has a complex influence on surface acidity.

3
Studies on the acidic properties of fluoride-modified alumina by infrared

adsorption of pyridine have shown that fluoridation produces a small concentration of
Bronsted acid sites (17). Furthermore, these studies have shown that the addition of
fluoride ions increases the Lewis acidity of alumina, aithough it remains unclear whether
more sites are generated or existing sites are strengthened. It can nevertheless be
concluded that fluoridation resulted in a redistribution of the acjd sites on-the alumina

surface.
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6. CATALYST ACTIVITY

Experiments performed using a feed gas consisting of 10% acectylene and 90%
nitrogen by volume showed that the thermal reaction of acetylene was negligible below
400°c. However, acctylene was highly rca‘ctivqi':fluoridatcd alumina catalysts at
temperatures as low as 200°C. The reaction products consisted mainly of aromatic
hydrocarbons although small amounts of hydrogen, mecthane, cthylenc and higher olefinic
hydrocarbons were also produced. A typical product distribution at a time-on-stream of 15
min was 59% liquid, 3% gas, 38% solid deposits. The nature of the reaction products
changed with increasing time-on-stream. For example, the gcncration‘ofv high boiling
aromatics (B.P.> 2000C) increased considerably 0v<‘:r the first hour of operation.

Therefore, the experimental runs were limited to | h to avoid condensation of the reaction
products in the heated lines and sampling valve. Appreciable deactivation was observed ﬁt
certain épcrating conditions. For this reason, the effects of temperature, wcight-_timc,
initial concentration of acctylene and degree of fluoridation on the conversion of
acetylene were examined at the earliest reliable sample times which correspond to those
taken at a time-on-stream of 15 min. The results of 24 runs in the tubular llow reactor

are listed in Table 6.1, '

6.1 MODEL OF CATALYST ACTIVITY

Using the modellifng techniques described carlicr, a model was determined for the
conversion of acetyleneSover these catalysts at a time-on-stream of 15 min. Examination
of the residuals revealed that the activity of AIF3 (experiment 11) was inconsistent with
that found for the fluoridated aluminas. This may have been duc in part to the indomplete
dchydration of the catalyst in the drying process (10% of the H20 remained).
Consequently, this experiment was deleted from the analysis. The estimates {or the

parameters in Eq. 4.2 which had a significant effect on the predictive ability of the

5
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Table 6.1

rsion at 15 min on stream for experiments

in the tubular flow reactor

Experiment No.

Conversion (%)a

1, 1RP
2. 2R
3, 3R

4, 4R

7, 7R
8, B8R

16
17, 17R

s,
41,
99.
98 .
48,

0
97.
59.
98.
28.
85.
99,
87.
29
99.
90.
73.

3,

6
3

9, 64.5

37.
48,
99.
96.

99.
50.

a [%oles of CZHZ in feed - moles of C2H2 in produet at 15 min on stream

repeated experiment

¢ experiment subsequently deleted from the analysis

moles of C2H

-

2

in feed

]
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model together with their marginal 95% confidence intervals are listed in Table 6.2. The
model is summarized qualow:

X = 60.63 + 1382 x, - 626 x, + 13.36 x - 497 x) +

2
4 - 9.81 X%, \ {6.1)

7.83 x
where X is the predicteq value of the total per cent conversion and X through x 4 are the
coded operating variables described in Table 4.1. The significance of the globgl
regression (Eq 6.1) is expressed by the ratio of the mean regression sum of squares to the
mean residual sum of squares and, in this case, was calculated to have the value 'fO
(Appendix 6.1). When this value is compared with the appropriate value of the
F-distribution, i.e., 6 degrees of freedom associated with mean regression sum of squares,
14 degrees of freedom associated with.the residual sum of squares and a 95 % confidence
level, F (6,14,0.05) = 2.85,.it was concluded that the model is a useful predictive tool.

This is further demonstrated by a comparison of the experimental and predicted conversions
for all reaction conditions in Fig. 6.1. An excellent fit js indicated with R2 = (.96,
Neither lack of fit test ratios (26) nor analysis of residual plots revealed any

significant lack of fit of the model. Having confi:med the adequacy of the model, it was

then used to describe and predict the effects of the operating variables and the role of

the fluoride on the catalyst activity throughout the operating region.

6.2 MODEL INTERPRETATIONS

Based on the fitted model the three operating variables and the catalyst type
were all found to have a significant effect Mhe conversion of acetylene either singly
or jointly. However, as a result of the confounding discussed earlier and the large
values of l1 to 13, ]6’ 19 and l“, some ambiguity in the interpretation of the results
arises. As state.d previously, l6 estimates the combined effects of the interactions XXy

and X5K This implies that either the temperature and weight-time interaction or the

catalyst and acetylene concentration interaction or both are significant. An interaction
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\ Table 6.2 @

Parameter estimates f\r Equation 6.1

; 2\

)“)
Parameter 8)) Estimate
1, 60.63 +/- 5,58 @

1 / 13.82 +/- 3.24

1, J -26.26 +/- 4.16

1, 13.36 +/- 3.17

1 -9.81 +/- 4.05

1, -4.97 +/- 4.18

1y, 7.83 +/- 2.95

2 g5 % confidence interval
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" Fig. 6.1 Observed acetylene conversiot (7) versus the predicted

acetylene conversion (Eq. 6.1).
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between the reaction temperature and the weight-time means that the effect of temperature

on conversion depends upon the value of the weight-time and vice versa. If the entire

effect is attributed to the interaction X X3 then the fitted model prgdi'cts a m:lxximum_

conversion at 385°C, and a weight-time of 2.7 g.s.ml..—l ,» both values being less than their

uppér operating limits. This situation is highly unlikely. On the other hand, if the

] 6—ef fect is attributed to the interaction XpXys the model predicts a maximum conversion

of acetylene at a boundary of the operating region corresponding to maximal levels of both

temperature and weight-time. This is a more probable situation and is the interpretation

taken here. '
The effects of the réaction gmperature and the weight-time on the conversion of

acetylene are shown in Figs. 6.2 and 6.3. The solid lines represent the predicted

response for 1,5, 2.6 and 4.3.wt % F on alumina. catalysts, It can be seen in Figs. 6.2

and 6.3 that the conversion of acetylene increases with temperature and weight-time fpr

any .type of catalyst. This implies that the ‘maximum conversion for any catalyst is

obtained at an operating boundary defir;ed by a temperature of 400°C and 2 weight-time of

3 g.s.mL_l. Therefore, these would be appropriate conditions for comparing fcetylene

’
P

conversions for'.catalysts of this family, .
Because of the significant interaction, XyX g0 the effects of catglyst type, Xoys

and fnitial concentration of acetylene, x 4» must be considered jointly. To do this

contours of acetylene conversion were plotted in the X)Xy plane for the midpoint values

of Xy and xq (temperature 3500C. weight-time 2 g.s.mL'_l) and are given in Fig. 6.4. The

operating region used in this study (the region where the experiments were performed and

whére the model is valid) is contained within the dashed lines shown in Fig. 6.4, The

contour surface shown in Fig. 6.4 has a saddlepoint, indicated by a plus sign, at a 0.5 wt
% fluoride content (x2= -1.632) and a 7.5 vol. % initial concentration of acetylene (Jvc4 =
-1.023). This point represents a minimum in the conversion as the acetylene concentration

is varied from 5 to 15% (at 0.5% F) and a maximum in the conversion as the f iﬁaridg

g
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content pf the catalyst is varied from 0 t(; 5% kat 1.5 vol. % acetylene). For any given
type of/ catalyst (verticﬁl line in Fig. 6.4), the conversion of acetylene passes through a
minimhwith.respect to the initial concentration of aéetylene. This minimum is clearly
evident in the family of curves shown in Fig. 6.5. At any level of initial concentration
(horizontal line in Fig. 6.4), the c;mversion passes through an optimum with respect to

the type of catalyst. At low initial concentrations of acetylene, this optimum lies

within the operating region and is fairly broad, as depicted in Fig. 6.6. As the initial
concentration of acetylene is increased, however, this optimum shifts to lower fluoride
contents, moves rapidly out of the experimental region and narrows considerably. Only the
declining portion of the curve can be represented within the operating region and need be
digt:ussed further. For example, at an initial concentration of 12.5 vol % acetylene any
degree of fluoridation results in a foss of activity- for i:)olymerization of acetylene.

o The outer dashed lines in Fig. 6.6 define the upper and lower limits of the 95%
confidence interval calculated for the expected value of conversion at an initial
concentration of 7.5 vol % acetylene. For this model it can be seen that the variance of
the predicted conversion increases as the operating conditions at which the prediction is
made move away from the centre of the design. Although the existence of a family of

maxima is indicated, some caution was exercised in drawing conclusions solely from these

results because of the large variances.

’

6.3 MICROBALANCE STUDIES
Experiments conducted in the microbalance were very useful in conrfirming the
trends observed in the tubular reactor and predicted by the model at low initial
concentrations of acetylene. The total conversion was computed from the feed and effluent
gas analyses. The acet'g}lene conversion results, at 15 min time-on-stream, of the
experiments carried out in the microbalance, are listed in Table 6.3. The effects ¢f

temperature, gas flow rate, initial concentration of acetylene and degree of fluoridation
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Table 6.3 3
Acetylene conversion at 15 min on stream for experiments
in the microbalance
Expt Tgmp Gas velocity Conc of C H2 Gater.lyst'El Conversion
No [7C] [cm/s]) - [voﬁ,%? [ &1
1 400 0.48 lﬁﬁg.Z\\ none <5
2 400 0.48 5 [-2] 20.5
3 350 0.45 N ‘ 5.2 [-2] 19.0
& 300 0.41. 5.2 [-2] 15.3
5 400 0.48 5.2 ! [ 0] 32.3
6 350 [, 0.45 5.2 [ 0] 31.1
7 300 0.41 - 5.2 [ 0] 30.0
'8? 350 0.22 5.2 {-2] 21.6
g 350 0.56 5.2 {-21 . 4.8
10 350 0.45 6.3 . [-2] 38.6
11 350 0.45 2.4 [-2] 34.6
12 350 0.45 6.3 [ 0] 434
13 350 0.45 2.4 [ 0] 37.4
14 350 0.45 2.4 [-1] 37.2
15 350 0.45 * 2.4 [ 1] 35.8
16 " 350 0.45 2.4 [ 0] 34.4

coded as in Table 5.1
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are shown-in Figs. 6.7 to 6.10 respectively. Ths conversion of acetylene increases as the

temperature is increas;ed which is consistent with the model predictions (Eq 6.1). As the

.iflow rate of the reactant gas is increased in the microbalance, the contact time between

the gas and the catalyst diminishes. Lower conversions were observed at low co"r'l.tact times
which is again consistent with the model predictions. As in the case of the tubular

reactor, the effect of. the initial conceﬁt}ation of acetylene is complex, the conversion
appears to go through a minimum at some intermediate value of concentratiop which implies
some competing phenomena‘ are important.’

Experiments in the microbalance provided furtherl".é—\;alznce for the existence of a
maximum witt; respect to the degree of fluoridation . It can be seen in Fig. 6.7 that at
all temperature levels, the fluoridated alumina catalyst showed higher camlyt’iC activity
than its unfluoridated counterpart. Furthermore it can be seen in Fig. 6.10 that a
maximum in acetylene conversion is observed between 1.5 and 3 wt % F for an initial
concentration of 2.5 vol. % acetylene.

The minimum in the conversion of acetylene \E{g’th respect to the initial
concentration observed in both the tubular rem’:tor. and in the microbalance experiments can
be explained, at least qualitatively, as the result of two competing effects. First, the
initial rate of the reacﬁon of acetylene will increase with incrcasing initial
concentrations of acetylene. Second, the rate of deactivatién of these catalysts was
observed to be a function of the initial concentration of acetylene (therefore a function
of catalyst activity). For example, the activity of 2'2.6 wt % F on qlumina catalyst in
the tubular reactor, as a function of the time-on-stream is shown in Fig. 6.1) at three
levels of initial concentrations, At small times-on-stream, the conversion of acetylene
is the greatest when the initial concentration of acetylene is the highest, but, at large
times-on-stream, ‘the conversion is the least at the highest initial concentration of
acetylene. A larger decrease in activity is evident at the highest initial concentration

of acetylene in the feed. The results at a time-on-stream of 15 min clearly show the
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existence of a minimum at an intermediate initial concentration of acetylene.
Experiments, conducted on the mi¢robalance, in which the gas-phase conversion l
and the coke deposition rate were measured simultaneously provided further evidence to
support this hypothesis. It can be seen in Fig. 6.12 that the changes in activity i)rought
aboiit by altering the gas-phase concentration of acetylene are accompanied by similar
although opposite changes in the rates of coke deposition and.in the absolute amounts of
coke deposited. As the initial concentration is increased from 2.5 to 4 vol % the rate of
coke deposition increases drastically resulting in a loss of activity. On the other hand,
as the initigl_ concentration is increased from 4 to 6.5 vol. % the rate of coke deposition

decreases moderately indicating less severe deactivation under these conditions. The

interaction of these two phenomena explains the minima in the curves in Figs. 6.5 and 6.9.

6.4 EFFECT OF FLUORIDATION | D\\&

The effect of the fluoride content of the catalyst on .the conversion of
acetylene, observed in Fig. 6.6, can be understood in terms of the chernical interactions
of f]u.oride with alumina. The modifications of the catalyst surface induced by the
addition of fluoride include changes in the surface acidity (71) and in the number of
sites available for adsorption of acetylene (35). Infrared and Ramar; studies of the
adsorption of acetylene on alumina (i2, 42, 90) have demonstrated that variations in the
number.of‘ exposed aluminum ions (AI+3) and hydroxyl groups (OH) on the catalyst surface
strongly influence the mode of adsorption of acetylene at room temperature. As a result,
Bhasin et al. (12) have postulated that the chemisorption of acetylene on alumina.occurs
at ion-pair sites consisting of exposed aluminum ions (Lewis acid sites) ar;d neighbouring
oxide ions or OH groups (Bronsted sites). Other studies (35, 72) have shown that
replacement of surface hydroxyl and oxide ions with fluoride serves to decrease the number
of such ion—;airs. The decrease in the catalyst activity with increased fluoride loadings

is consistent with these findings. It is generally accepted that polymerization reactions
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are acid catalyzed. More spedifically, Tsai and Anderson (94) proposed that acetylene
polymerized to form aromatic products via a vinyl cation intermediéte when a ZSM-5 zeolite
catalyst \Qas used. The concept of the vinyl cation is consistent with the carbor{ium ion
theory of acid-catalyzed reactions, It was shown in Fig. 5.1 that fluoridation altered
- the acidity,of alumina. In addition, Paukshtis et al. (71) have shown that the

introduction of fluoride generates a different distribhition of acid sites on the alumina
surface. Fluoride-modified alumina possessed a greater portion of medium and strong
-acidic centres, It would appeﬁr, therefore, that the reaction may have ’p__ecn influenced Ly

.
the acid site distribution at low gas phase concentrations of acetylene. This would be
h - "

consistent with the correspondence between the maximum in ther acidity (Fig. 5.1) and the
maximum in conversion (Figs. 6.6 and 6.10). In contrast, the reaction may have been
influenced by the number of reaction sites at large gas phase concentrations of acetylene,
This would be consistent with the coniiﬁuous decrease in conversion as the catalyst
fluc;ride concentration increased. The influence of fluoride on conversion could be a
result of a combination of these two factors, the strong acid sites which are generated
and the ion~pair. (adsorption) sites which are lost in the fluoridation process.

On the basis of the above discussion, the hig\h activity of alumina and
fluoride-modified alumina could result from the presence of a significant number of
ion-pair sites available for adsorptioxﬁ and from the particular ;cid strength distribution
of these sites. At comparable operating conditions, the fluoridated alumina catalysts
used in this study were more activg than the ZSM-5 zeolite used by Tsai and Anderson}
Tsai and Anderson concluded in their work that acetylene conversion was a Bronsted i‘\'
acid-catalyzed reaction. Alumina is at best a very reluctant Bronsted acid, yet h'igh
conversions were observed with pure alumina in this study, This would imply t}lat Lc\;;:;
aciél sites are perhaps as or more important than -the Bronsted sites. As discussed

earlier, fluoridztion produces a small number of Bronsted acid sites and increases the

Lewis acidity of the starting alumina (17). The correlation obtained between the total



'

acidity of the ﬁuoride-nﬁodiﬁed alumiinn (as measured by adsorption) and the acetylene
conversion at low initial concentrations discussed earlier implies that this surface
redistribution of sites affects tl:e acetylene reaction. It cannot be concluded from this
work however which sites are the active sites \for the polymerization reaction,
Nevertheless one can postulate based on the concept of the ion-pair sites necessary for
acetylene adsorption that the presence of Both Bronsted sites and stronger Lewis acid

sites would enhance the reaction as demonstrated here,

6.5 CONCLUSION

The conversion of acetyllene to aromatic products was shown to proceed relatively
easily over tluoridated alumina catalysts. This activity is believed to be the result of
acid-base properties of the fluoride modified alumina. The following empirical model was
obtained to describe the total percent conversion of acetylene (X) over fluoridated
alumina within the operating region used in this study:

2

X = 60.63 + 1382 x, - 26.26 x, + 13.36 x +7.83 x42 - 981 x.x

3 274
where X is the coded reaction temperature (300-400°C), Xy is the coded catalyst (0 to 4.5

- 4.97 X,

wi % F), x3' is the coded weight-time (I to 3 g.s.mL_l) and xz is the coded initial

: .
concentration of acetylene (5 to 15 vol %). Examination of the model revealed that the
maximum conversion was achieved at the upper boundalries of the operating region in

.

k] . . . . . .4 .
temperature and weight-time. A complex interaction between the initial concentration of

-

acetylene (x4) and the type of catalyst (x2) suggested that testing of o?er catalysts at
a minimum of 3 levels of initial concentration may be warranted. A correlation between
catalyst activity and catalyst acidity at low initial concentrations of acetylene was

revealed by the model and corroborated by studies in the microbalance.



7. PRODUCT DISTRIBUTION

In the previous chapter, the conversion of acetylene was found to vary with
acidity of the catalyst. It was clear, however, that attention had to be given to
decreasing the rate of deactivation of the catalyst and to optimizing the reaction
products. In this chnpter; the focus will be on examining the- product distribution as a

function of the operating conditions and of the catalyst properties.

7.1‘ REACTION PRODUCTS

The proc_lucfs‘ in this reaction are gases, liquids or solids at reaction
temperature, The‘analysis procedures for the gas samples and for the condensable liquid
samples were outlined in Chapter 4 and details may be found in Appendices 4.4 and 4.5. A
complete discussion of the solid residue will be given in Chapter 8.

A typical chromatogr}am of the content of one of-the sample loops on tg gas
sampling valve is shown in Fig. 7.1. The major components of the gas phase aye unrc:;ctcd
acetylene, ethylene, methane, ethane, butenes and butadiene. A very broad shoulder toward
the end of the chromatog;an} indicates the presence of C6+ hydrocarbons which were not
retained in the dry ice trap. These compounds can be recognized as products from the
hydropolyme?ization process discussed in Chapter 2. Very minor amounts of hydrogen (<1%)
were detected in some experiments,

A typical chromatogram of the content of one of the sample loops on the heated
sampling valve using flame ionization is shown in Fig. 7.2. A wide spectrum of products
is visible. The large peak at the beginning of the chromatogram contains all the light
gas components described above. Distinct peaks (compounds) may be distinguished in the
first 25 minutes of the chromatogram. However, the fusing of peaks increases between 25
and 50 minutes or as the temperature is ramped from 150 to 2509C. As described in Chapter

4 samples stored in the loops of the heated valve were also analyzed using mass
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spectfbmetry. Analysis using the mass spectrometer of the sample which generated the
wcihr'omatogram of Fig. 7.2 is shown in Fig. 7.3 for comparative purposes. Despite the
expansion of the abscissa in Fig, 7.3 (cf Fig. 7.2), a peak by peak comparison reveals

that the number of peaks is identical and the resolution in the two chromatograms are
similar. Loss of resolution in the mass .spectral data occurs somewhat later in the
chromatogram (~ 30 min). Clues as to the possible identities of the components which made
up the chromatographic peaks were obtained by searching the National Bureau of Standards
Cemputer Library and -comparing t_hp _mass LStensity ratios of the unknown compounds with
mass intensity ratios for standards. .For the components of greater interest, a positive
identification was made by matching the retention times of these components observed in
the FID trace with retention times obtajned \lvith pure compounds.

A summary of the reaction products identified and confirmed by these techniques
is given in Table 7.1. Several items should be noted in this table. First, n-heptane was
not a reaction product, it was used as the external tracer which permitted quantitative
analysis of the sample. Second, most of the products are aromatic in nature, Third,
reaction products whose molecular weights exceed approximately 170 cannot be identified
easily. After 1 h of analysis the compounds which are being eluted have 2 minimum
molecular weight of 275 (CEZHIZ)' Th.ese values of the molecular weights were used to
determine the liquid product distribution in terms of weight percentages.

Elemental analysis of the used catalysts from the tubular reactor provided a
measure of the coke which was deposited on the catalyst surface during the experiment,
Since this analysis could only be}, done at the end of an experiment, the yield of carbon at
I5 min on stream was obtained’/by linear interpolation of the 1 h measurement for the
purpose of determining the, aterial balance closure at that time-on-stream. more
complete discussion of the solid reaction products is given in Chapter 8.

Analysis of these three categories of reaction products permitted th

calculation of the material balance at a time-on-stream of 15 minutes. A sample
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Table 7.1

Liquid product component identification*

Retention Time Compound Formula Method of Molecular
(min) Identification Weight
2.89 Benzene C6H6 FID, MS 78
3.20 n-Heptane C7H16 FID, MS 100
4,22 Toluene C7H8 FID, Ms 92
5.15 Ethylbenzene CgHiyg FID, MS 106
6.08 p-xylene CaHig FID, MS 106
6.28 m-xylene C8H10 FiD, MS 106
6.87 O-xylene CoHyg FID, MS 106
8.61 trinethylbenzene C9H12 FID, MS 120
8.88 " isomer C9H12 MS ' 120
9.08 ‘" isomer CoHi5 MS 120
9.43 " isomer C9H12 MS 120
9.%4 " isomer 09H12 MS 120
10.86 p-cymene FID, M8 134
11.26 unknown 134
14.31 3,4-dimethylstyrene MS . 134
15.42 1,1 dimethylindan MS 146
15.84 p-ethylcumene MS 146 -
19.13 dimethyl tetrahydro-

' naphthalene MS 160
26.08 trimethylnaphthalene MS 170
49.50 anthanthrene C12-C24 MS 276

Retention times are those for FID.

The retention times on the mass

spectrometer are delayed because scanning was begun only after the
light gas peak was eluted.
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calculation is provided in Appendix 7.1. Over 75% of the experiments were within
100+/-35 % closure. This was deemed to be quite respectable considering the spectrum of

products produced and the limited quantity of acetylene reacted (0.05-0.30 g).

7.2 THERMODYNAMIC CONSIDERATIONS

The thermodynamic equilibrium cloncentrations of the products (C6 to Cls)-aarising
from the transformation of acetylene have been calculated by Mikulec et al, (64) as.a )
function of temperature and hydrocarbon partial pressure with and without the presence of
methane. The equilibrium mixture composition based on these calculations at 350 D\C and
I atm. is given in Table 7.2. Equilibrium calculatiohs show that paraffins are prese‘nt in
small amounts particularly if methane is not considered. If methane is present in the
mixture, tﬁen naphthalene represents the major product. Otherwise, naphthalene,
2-methyl-naphthalene, benzene, toluene and xylenes are present in considerable amounts.
Mikulec et al. (64) also found that at equilibrium the overall vields of aromatics
decreased with temperature, while the yield of benzene increased. Furthermore, an
increase in pressure led to an increase i;l the yield of aromatics at the expense of
paraffins. A similar calculation, allowing for the presence of flight olefins such as
butenes, butadiene and ethylene would have been useful in determining the equilibrium
yields of the latter,

The experimentally observed data on the liquid product distribution in the
transformation of acetylene in the absence of catalysts (20), over fluoridated alumina and
over the ZSM-5 zeolitg (94) is shown in Table 7.3. 'A significant difference exists
between the non-catalytic and catalytic product distributions. The thermal experiment was
carried out at 600°C and showed a large proportion of benzene and toluene. The catalytic
ex;geriments were carried out at substantially lower temperat.ure (350°C) and showed much
higher proportion of the heavier aromatics (C9+). The traqsformation over ZSM-5 revealed

that increasing the space velocity had little effect on the product distribution observed
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Table 7.2

Equilibrium composition of selected hydrocarbons [wt %] from acetylene
(621 K and 1 atm)

?

Component Concentration [mol %]
Methane included Methane excluded

Methane . ‘7.517 -
Paraffins 0.002 4.115
Benzene 1.170 17.52
Toluene 0.419 14.73
Xylenes 0.0005 4.13
C9 aromatics® tr 0.5066
C,, aromatics” 89.18 36.8
C,; aromatics” 2.081 20.15
Cis aromatics® 0.0069 T 1.582
C13 aromatics® 0.0018 0.399
014 aromaticsf tr 0.012
C15 aromatics® tr F/ 0.061

TR O LD T

includes ethylbenzene and styrene

consists of ethyltoluene, trimethylbenzene

consists of diethylbenzene, tetramethylbenzene, naphthlene
2-methylnaphthlene :

1,7-dimethylndphthalene

2-ethylnaphthalene Y

2-propylnaphthalene

2-ethyl-6-methylnaphthalene

¢
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Table 7.3

Comparison of liquid product distributions (mol %)
for the transformation of acetylene

Catalyst none®  zsu-5° ZSb_i-5b A1,0,-F° A1203—Fd
Time-on-streaﬁ [min] na 15 15 15 15
Space Velocity [h™ 1] - 3900 15000 1000 1000
Conversion [% C2H2] 44 ¥ 11 - b N 26
Composition (mol %)
Benzene 64.1 4.2 3.2 6.0 6.5
Toluene 17.5 6.7 5.3 2.4 2.1
Xylenes 4.3 11.8 8.3 5.8 20.7
Cg-Ar 3.5 1.2 7.3 11.2
Cig-Ar 4.4 39.2 36.4 o 0 ' 8.2
Cll-Ar 1.9 36.9 36.4 15.1
Cyp-Ar 0.5 tr (/ 3.1 | 15.6
CLB-Ar(+) 0.6 tr tr 76.8 20.6
a
4 873K, 4-7 L/ .
® $i/Al in ZSM-5 =60, 573 K, C,H,/He = 0.133

c - . J .
F in A1203 - 4.3 wt'%, 598 K, Csz/N2 0.125

d .- .
F in Ale3 - 2.6 wt &, 573 K, Csz/N2 - 0.10
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at 15 min time—onvs;ream. The experimentally observed yields of C10 and ClI over ZSM-5

are very close to their predicted values at equilibrium. This feature ;vas' not observed

oveg fluoridated alumina. The approach to equilibrium in the case of the zeolite is

perhaps dﬁe to steric constraints imposed by the zeolite cage structure which are not

present in amorphous catalysts, e.g., fluoridated alumina. SigniEc;mtly lower relative

yields of low carbon number aromatics when compared with the thermodynamic values (no
£

methane) are observed over both catalysts. It follows from this comparison that the data

available are nonequilibrium and that kinetic factors participate in the transformations

described.

1.3 PRODUCT YIELD AND DISTRIBUTION

A summary of tl}e absolute and relative yiers measured in the tubular flow
reactor at a time-on-stream of 15 min is given in Table 7.4. The absolute vield is
defined as the ratio of the weight of product to the weight pf acetyl.ene fed to the
reactor. The relative yield is defined as the ratio of the weight of product to the
weight of reactant which is converted. Because of the nature of the experiments the
absolute yield of the solid product was measured only at 60 min on stream; its relative
yield at 15 min on stream was calculated by difference. In order to simplify the
discussion which follows, results from the star point experiments in the experimental
design of Table 4.1 are grouped together in Table 7.4 followed by the experiments which

complete the fractional factorial, Details of the gas and liquid product distribution

also at 15 min on stream, are given in Tables 7.5 and 7.6 respectively.

7.3.1 General Observations )
bsol Yield J
For all the experiments carried out in the tubular flow reactor, the yield of

gaseous products (Cl-CS) at 15 min on stream was very low (under 10 wt %). A large
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- Table 7.4
Product yields for experiments in tubular flow reactor
Experiment X Product Yields(s)
No. (%] Liquid Gaseous Solid
' Abs® Relb Abs Rel Abs® Rel
1 55 19.2 34.7 7.56 13.7 9.5 51.
2 44.5 53.6 3.63 - 8.2 22.1
3 99.4 12.6 13.0 1.9 2.0 29.2 85.
4 97.5 92.1 ©.94.5 5.9 6.0  35.6 0
5 50.3 49.5 98.4 1.6 3.2 5.0 0
é <5 32.9 - 0.3 - 3.0 0
7 98.5 3.8 3.8 0.4 0.4 11.1 96.
8 55. 2.2 4.0 14.4 26.3 9.3 70.
9 98.1 90.1 91.0 8.8 9.0 28.5 0
10 28.8 7.5 26.2 0.83 2.9 8.75 71
12 99.3 59.2 59.6 2.0 f?O 49.7 38
13 87.2 66.4 76.2 3.0 3.5 33.5 20
14 29.2 17.65 61.3 1.4 4.9 11.6 34
15 99.3 1.8 1.8 0.7 0.7 10.1 98
16 90.3 13.4 14.9 3.7 4.1 -17.8 81
17 - 72.0 8.4 11.7 2.6 3.7 25.9 85

4 Abs yields

4 CZHZ fed to the reactor

b Rel ylelds

g CoH, reacted at a time-on-stream of 15 min * 100.

> yield of produét expressed as ratio of g product to
at a time-on-stream of 15 min *100.

: yleld of product expressed as ratio of g product to

¢ Yield of solid product: expressed as the ratio of g of carbon to g

of C,H

d by difference

<2

oH, fed to _reactor at a time-on-stream of 60 min.
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\_jTable 7.5

Composition of gas-phase products [vel. %] at 15 min on stréam
from the transformation of acetylene

N

. N

Component Retention Experiment ¢
Time[min] 1 2 3 4 5 6 7

" Unknown 3.13 E-02 1.22 1.02
Hydrogen E-01 2.82 2.16 1.17
Unknown 3.7b E-01 2.67
Propylene E-02 %
Acetylene E+00 5.06 3.85 0.04 0.30 3.47 10.81 0.18
isobutane E-02 1.37
n-butane E-02 2.32
t=2-butene E-03 8,60 1.37
butadiene E-03 7.7 10.5 ’
isopentane ' E-04 1.9
Unknown 15.92 E-02 . l ]
Pentane E-04
Ethylene E-02 19.61 17.19 8.88 2.67 '8.75 3.21 3.74
Ethane E-02 3.52
Unknown 23.3 E-01 2.74
Methane E-02 30.4  0.97 0.82 16.24 0.65 A
Unknown 24,11 E-02 3.62 7.96
Unknown 24,70  E-02 18.49
‘Unknown 25.00 E-02 13.0 6.17 ‘ 3.19
CS+ E-04 8.0 4.0 “

Nitrogen E+00 93,72 95.86 99.37 98.80 96.41 89.15 99.77
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Table 7.5 cont'd

tomposition of gas-phase products {[vol. %] at 15 min on stream
from the transfprmation of acetylene

Component Retention Experiment

Time [min] g8 - 9 10 11 12 13 14
Unknown 3.13 E-02 1.46 2.53 2:76..
Hydrogen E-01 1.70 1.58 1.19 ’
Unknown 3.70 E-01
Propylene E-02 1.69
Kcecylene E+00 3.13 0.18 6.45° 0.07 1.35 1.27 6.41
igobutane \E-02 1.37
n-butane E-02
t-2-butene E-03 7.5 7.9 7.4
butadiene E-03 9.2
isopentane E-04 1h§ 84.0
Unknown 15.92 E-02 1.4 1.%\
Pentane E-04 3.5 ‘\\\ﬁ\
Ethylene E-02 8.23 52.93 3.25 13.82 5.36 20.25 7.00
Ethane E-Q2 \\hv-
Unknown 23.3 E-01 7.57
Methane E-02
Unknown 24.11  E-02
Unknown 24.70 E-02
Unknown 25.00 E-02 2.98 33.05 2069 2.23 4.24

I
Cet E-04 2.0 4.0 5.0 4.0 4.0
Nitrogen (::\\\ E+00 95.82 98.75 93.50 99.64 98.57 98,48 93 .44
—

~
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Table 7.5 cont'd

L

Composition of gas-phase products [vol. %] at 15 min on stream
from the transformation of acetylene

Compomnent Retention “- Experiment
Time (min) 15 16 17

Unkno¥n 3.13 E-02 0.82

Hydrogen : E-01

Unknown 3.70 E-01
- Propylene - E-02

Acetylene . E+00 0.06 0.48 2.74

. isobutane " E-02

n-butane E-02 ] 1.70
t-2-butene E-03 7.30
butadiene E-03 )
isépentane E-04 8.60
Unknown . 15.92 E-02 1.67
Pentane E-04

Ethylene r ' E-02 8.50 11.51 13.80
Ethane E-02

Unknown 23.3 E-0L ’
Methane ///W E-02

v Unknown |  24.11  E-02
K 2
Unknown \ 24.70 E-02 ’

Unknown 25.00 E-02 1.51 2.27 3.53

C6+ E-04

Nitrogen E+00 99.83 99.36 97.05
/_\\/‘
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, . Table 7.6

Liquid product composition [wt %] at 15 min on stream
from the transformation of acetylene

Component Retention Experiment
Time[min] 1 2 3 4 5 6 7
Benzene 2.89 2.18 2,17 ©0 11.7 0.70 2.95 6.93
Toluene 4,22 8.57 6.64 0 8.89 1.26 1.36 10.96
Ethylbenzecne 5.15 33,4 0.73 0 0.43 0.34 1.31 6.64
p-xylene 6.08 0.84 2.25 0 8.69 0.25 0.43 8.03
m-xylene 6.28 5.15710.6 58.4 B.72 0.79 1.25 0
-xylene 6.87 1.79 5,38 41.6 1.64 Q.40 0.80 O
trimethyl g.61° 0 0 0 0.87 0.49 © 4,49
benzene 8.88 l.46 8.32 © 6.31 0.21 0.87 0
isomers .9.08 0.87 1.08 0 0 1.18 0.25 0
" 9.43 0.42 2.37 0 g * 0.18 0.25 0
" 9.94 26.7 19.97 0 3.26 0.48 1.81 4.85
p-cymene 10.86 0.2 9.26 0 0 0 0.84 0O
I1.32 0 v 0 0 0 0 0
11.84 0 0 0 0 0 0.36 0
12.09 0 3.57 0 0 0 0.31 0
12.75 0 0 0 0 0 0 0
12.82 0 0 0 0 0 0 0
12,88 Qf) 0 « 0 0 0 ¢.20 0
13.05 AL 7.48 0 0 0 0.25 12.2
13.83 0 0 0 0 0 0.19 0
14.15 0 0 0 0 Q 0 0
14.31 /] 03500 o o o 0o o
15.04 0 0 0 0 0 0 0
15.42 0 0 0 0 0 0 0
15.49 0 0 0 0 0 0 11.08
15.84 8.4 5.73 0 0 0 0 0
16.61b 0 0 0 0 0 0 0
>16 0 0 0 2.85 0 1.84 0
<18 0 0 0 4.23 0 0 0
<20 0 0 0 12,1 o0 0 0
AN >20 °© 8.4 l4.4 0 30.2 93.7 84.7 34.8
N
\
a'peaks eluting between 8.5 and 18 min are referred to as C.@
;é Reaks eluting between 16.75 and 20 min are referred to as Cig

peaks eluting after 20 min are referred to as 020
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Table 7.6 cont'd

Ligquid product composition (wt 8) at 15 min on stream
from the transformation of acetylene

Component Retention Experiment
Time(min} 8 9 10 11 12 13 14
Benzene 2.89 0 1.27 3.7 20.2 5.81 1.91 4.21
Toluene 4.22 34,57 4.36 1.35 4.24 1,78 4.91 7.47
Ethylbenzene 5.15 17.20 0.45 8.4 1.00 53.2 2.20 2.89
p-Xylene 6.08 20,12 .1.50 3.78 3.58 O 1.95 1.62
m-xylene 6.28 0 5,10 2.12 2.42 0 4,01 3.18
-xylene 6.87 0 2.75 1.76 7.28 0 3.17 3.53
trimechyl 8.61 0] 0.27 3.12 0.48 0 0.49 1.81
benzene 8.88 0 3.46 1.87 1.39 0 3.85 0.64
isomers 9.08 0 1.39 0.97 0 0 0 0.87
9.43 0 1.10 3.84 0.64 25.8 2.42 3,37
9.94 0 6.78 0 2.48 0 4.81 1.67
p-cymene 10.86 0 3.16 1.29 0.38 0 0 0.40
11.32 0 0.42 1.06 0 O 1.53 0
11.84 0 0 0 1.07 0 0 1.99
12.09 0 1.05 1.87 1.49 0 0 0
12.75 0 0 3.29 0 ] 0 0
12.82 8,12 2.02 0 0.23 0 0 0
12.88 0 0 g 0 0 0 1.83
13.05 0 0 0 0 0 0 0.752
13.83 0 5.86 0 0 0 0 0
14.15 0 0 0 0.54 8.49 0 7.44
14 .31 0 7.64 1,11 0 0 3.50 12.5
15.04 0 0 0 0 0 0O . 0
15.42 0 0 4,28 12.87 0 0 9.57
15.49 0 8.18 0 0 4.94 0 0
15.84 0 0 11.22 0 0 0 0
16.61 0 0 0 4.49 0 0 0
>16 0 4 .90 14 .4 0 0 0 6.47
<18 0 25,49 4,03 0 0 0 4.55
<20 0 11.15 26.4 0 0 0 19.2
>20 0 1.69 0 35.2 0 65.2 3.91




- 104-

bTable ?.6’cont'd

Liquid product compositibn (wt %) at 15 min on stream
from the transformation of acetylene

Component Retention Experiment

Time{(min) 15 16 17
Benzene 2.89 1.89 11.7 15.58
Toluene 4.22 77.9 15.16 32.95
Ethylbenzene 5.15 0 4.32 2.01
p-xylene 6.08 0 3.89 9.21
m-xylene 6.28 0 11.12 16.04
-xylene " 6.87 0 4.58 2.20
trimethyl B.6l 0 5.38 22.00

benzene B.88 0 2.46 0

isomers 9.08 0 2.74 0

9,43 0 0 0

9.94 2002 11.9 0

p-cymene 10.86 0 5.02 0

11.32 Q 0 0

11.84 0 0 0

12.09 0 1.75 0

12.75 0 0 0

12.82 0 0 0

12.88 0 0 0

13.05 0 1.28 0

13.83 0 0 0

3 14.15 0 0 0

14.31 0 1.64 .0

15.04 o o lo

15.42 0 0 0

15.49 0 1.89 0

15.84 0 0 0

l16.61 0 0 0

>16 0 0 0

<18 0 5.54 0

<20 0 6.27 0

>20 0 3.32 0
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\?ariation was observed in the liquid yield (2 to 92 wt%) based on the total amount of
acetylene fed to the reactor at }5 min on stream. The absolute yield of solid product or
catalyst residue at the end of the experiment (i.e., 1 h) varied between 0 and 50 wt %.

I;xamination of Talle 7.4 reveals the influence of the operating variables on the
individual abso!ute yields of the products. The individual absolute yields of all the
products increased as the reaction temperature and conversion increased. The .yieIds of
liquid and gas increased as the reactant feed concentration was decreased, despite the
conversion level. However, the solid yield reflects the change in conversion verv
closely. Similarly, the yields of gas‘and solid increase as the weight-time and
conversion increase. The yield of quuid'product appears to go through a minimﬁm at an
intermediate level of weight-time. From the trends observed in Table 7.4, it can be
concluded that the mﬁximum liquid yields are obtained by operating at high temperature
(4000C), low reactant concentration (5 vol % CZHZ) and high weight-time (3 g.s.mL-l),
conditions which for the most part also lead to high g:onversion levels.

. {

Relative Yields

The yields of the gaseous and liquid products were also expressed on the basis
of the fraction of acetylene which was converted in the reactor. These yields'are
included since the conversions varied considerably in these experiments. The :elative
yvield of the solid residue could be calculated by difference at 15 min on stream and is
provided in the las£ column of Table 7.4. Relative yields of solid product varied from 0
to 98 %,

The effects of the reaction temperature, weight-time, and .initial concentration
of acetylene on these relative yields are depicted.in Fig. 7.4. It is apparent in Fig.
7.4 that the undesirable solid reaction product sometimes represents the largest fract{c:ri
of the product spectrum. In general, gas and liquid yields increased with inc_:reased

reaction temperature at the expense of the catalyst solid residue. The single largest

effect on the gas yields was observed with variations in the reaction temperature (Fig.
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7.4). The increase in gaseous products was att;ibutgé largely to a single component of

the gas phase, ethylene. The most marked increase \oﬂcé"ti'r.s in the liquid yield as the
temperature is raised from 350 to 400°C. The production of liquids appears to be favored
by high temperatures and low concentrations of reactant. However the dependence on
weight-time is more complex. A minimum in the liquid yield is observed at intermediate
weight-times, As will -be shown subsequently, the character of the liquid produced at

various weight-times is quite different.

7.3.2 Effect of Operating Variables on Liquid Product Distribution

The liquid product distribution, as a function of reaction temperature,
weight-time and concentration of acetylene is shown in Fig. 7.5. Increasing temperature
r'e?;ulted in dramatic changes to the distribution of the various liquid specie;. Relative
amounts of BTX increased, at the expense of the C9 and higher components, as the
temperature was increased to 350°C probably as a result of dealkylation.

" High liquid yields were obtained at both high and low weight-times (Fig. 7.4).
However, it was also observed that a significantly higher proportion of liquids of high
molecular weight (MW >250) were present at high weight-times (low space veloeity). A
corresponding reduction in the C6—C18 fractions was also visible compared with that .
obtained at both low and intermediate weight-times. Consequently, the high liquid yields
obtained at high weight-times were accompanied by a shift in the distribution of liquids
which was undesirable. At low weight-times, a large C9+ fraction is visible. Increasing
the weight~time from 1 to 2 g.s.mL_l,-resuIls in a substantial increase in the BTX
fraction at the expense of the C9+ and C18+ fractions. Unfortunately, the highest
selectivity to BTX products coincides with the lowest liquid yields obtained (cf.

Fig. 7.4 and 7.5).
At low initial concentration of the reactant, the liquid produced covers a wide

spectrum of molecular weights, a significant portion of which is BTX. As the initial
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concentration‘is increased the spectrum narrows, i.e. light ends, C6 and heavy ends, C20

are absent fro“rr‘l the distribution. An increase in the proportion of the C7 fraction
appears to take place at the expense of the benzene. and ‘CB components. Unfortunately,
this narrow distribution occurs simultaneously with the lowest liquid yield observed.

Two desirable characteristics of the liquid produ_ct' are narrow product spectrum
and a large proportion of BTX. For the liquids produced -at 15 min on stream, these
characteristics were obtained at an intermediate value of weight-time (2 g.s.mL_l) and at
intermediate to high values of feed gas concentration (10-15 vol%) and temperature
(350—400°C). It can be concluded that the conditions under which high liquid yields and
moderate to high conversions are obtained also give liquid products which possess these

desirable characteristics,

7.4 CHANGES IN PRODUCT YIELD AND DISTRIBUTION WITH TIME-ON-STREAM
Liguid Pr

A comparison of the liquid product yields at various times-on-stream for a
single experiment is given in Table 7.7. Trends observed in this experiment were typical
of other experiments. The absolute yield of liquid product which is based on the total
weight of acetylene fed decreases with longer times~onfstream. This however also reflects
the fact that the conversion to all reaction products decreases with time-on-stream as
discussed in Chapter 6. Examination of the relative yields of liquid product, which is
based on the amount of acetylene which is converted, reveals very little change in the
liquid yield with time-on-stream. Consequently, the {iquid fraction is not being
sacrificed at the larger times-on-stream. In fact, if we consider the incremental yield,
defined as the ratio of the weight of liquid produced in a fixed increment of time and the
weight of acetylene converted in the same increment of time, we find that there is perhaps
between 30 and 60 min on stream a gradual increase in incremental yield.  The implication

would be that more liquids are being formed per unit of acetylene converted. Rather, in
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Table 7.7

Comparison of liquid ylelds with time-on-stream”

Time-on-Stream Liquid Yields
[min] j Absolute Relative Iﬁcremental

5 0.292 0.422 0.423
15 . 0.225 0.378" 0.350
20 : 0.236 0.414 0.56
25 ~0.236 0.434 0.53
30 0.216 0.420 0.30
35 0.195 ©0.396 0.19
40 0.183 0.389 0.32
45 0.173 0.389 y 0.34
50 0.166 0.389 0.43
55 0.165 0.395 - 0.51 \

a Experiment 1
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Table 7.8

Liquid product Fomposition {we %} as a function of time-on-stream

—

L \

Retention Component Molecular Time-on-Stream [min]

Time[min]. Weight ! 15 30 45, 60
2.89 Benzene }8 2:18 2.26 2.69  1.30
622 Toluene 92+ 3.57 8.10  6.03 7.70
5.15 Ethylbenzene 106 33.44 45.48 19.45 16.59
6.08 p-xylene 106 .84 - 1.01  1.58
6.28 m-xylene 106 516 0.60 5.02 6.75
6.87 -Xxylene 106 1.79 3.80 - 2;70
8.88 tri 120 1.46 - - -
g.08 *  methyl 120 0.87 - - -
9.43 benzene 120 0.42 - - 2.19
9.94 isomers 120 26.7 30.35 - 7.15
10.86 -cymene 134 1.41 - 8.84 -
14.31 0.35 - - -
15.42 146 - 1.27 - 4.08
15.84 = .40 8.15 - -
<20 tetranaphthalene 160 - - 56.95 49.97
>20 trimethyl- 170 8.41 - - -

naphthalene -
N
.
/
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fact, the nature of the liquid product is changing as shown in Table 7.8. Bét\;reen 30 and
60 min on stream the liquid pr ,duct distribution shifts considerably to higher molecular
weights, After 60 min on strgfm, over 50 %, by weight, of th_e liquid has a molecul'afl /
weight above 160. The combined effects of the liquid product be\toming heavier and the
conversion lower contribute to the possible rise in the incremental yield,

A comparison of the PONA (paraffin, olefin, naphthene, aromatic) analysis of the
cumulative liquid ;)roduct collected for all the exp.eriments of 1 h and 5 h duration
respectively is given in Table 7.9. The average molecular weight of the liquid product
recovered in the cold trap after 1 h on stream is significantly lower than the average
molecular weight of the liquid product obtained after 5 h on stream. Furthermore, the
liquids contain a higher portion of aromatic hydrocarlwat the expense of both
paraffinic and naphthenic hydrocarbons. The increase in aromat{city must correspond to
the increase in the high tﬁolecular weight components which are formed in increasing
proportions at large times-on-stream (Table 7.8). Formation of condensed ring structures

|
or polynuclear aromatics must account for the steady increase in incremental liquid

product yield,

L4

Gas_Product .

The total yield of gaseous products was low (<9 %) in all the experiments
therefore only the molar yield of the major component, ethylene is tabulated for three
experiments as a function of time-on-stream (Table 7.10). .For the most part, a steady
decrease in the absolute yield of ethylene with time-on-stream was obse'rved. On the other
hand, the relative yields of ethylene in the experiments increased with time-on-stream.

This increase in the production of ethylene is probably tied to the changing character of

the liquid ﬁroducl at long times-on-stream. The presence of H, as indicated in Table 7.5

2

is probabiy a result of the dehydrogenation of naphthenes to aromatics. The presence of

CH4 and C2H4 is probably the result of dealkylation of ring compounds.
g

B RUNE
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Table 7.9

Composition of cumulative liquid producca

Reaction Time Paraffins Naphthenes Aromatics Molecular
[h] fwtg] [wts] ' [wts) Welght
1 8.7 49.4 R4 41.9 3 175
1.6 35
8.0 1
5.1 - 36
5 2 23.1 37.6 74.9 24,2 238
10.2 Coe 7.4
“ 0.0 4.5
1.6 5.8

% PONA analysis

ty
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Table) 7.10

. Yield of ethylene [mol%] as function of time-oun-stream

=

//

==
Time Absolute Yields . Relative yields
[min] . (\\ 18 9 16 ., 19 16
15 E?77 5.59  2.49 3.4 5.70  2.77
30 1.51  6.43 1.87 3.34 6.78  2.69
45 1.26 5.38  1.46 5.06  6.34 2.27
60 1.15 3.80  1.25 5.75  8.02 1.99

a Experiment No,

———
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7.5 PRODUCT DISTRIBUTION AS A FUNCTION OF CONVERSION

A link was established in the previous discussion between the conditions which
maximize liquid yields and those which maximize conversion, Furthermore, these conditions
for the most part gave desirable liquid product distributions at 15 min on stream. One
avenue which was not explored in the previous analysis was the possibility of interactive
effects of the operating va.riables on the product distribution. The distribution of
benzene, toluene, 68 (xylenes and ethylbenzene) and higher hydrocarbons (denoted as » C9) '
at 15 min on stream for all the experiments was plotted as a function of conversion and is
shown in Fig. 7.6. A smooth curve is drawn through the data. It is apparent from the
overall dis‘tribution of the liquid components that signiﬁzant quantities of the desirable
liquid components (BTX) are attained only at high conversions. A fairly high molecular

weight product and minor amounts of BTX are observed at low conversions. This pattern

which is’observed is typical of consecutive reactions in series. -

-~

7.6 EFFECT OF FLUORIDATION

'I‘he_[iquid product distributions over alumina and 2.6 wt % F on alumina at 15
min on stream (350°C, 2 g.s.mL-I, and 10 voll% C2H2) are compared in Fig. 7.7. The most
noticeable difference is the remarkable lack of C-18+ compounds in the fluoridated alumina
spectrum. The large relative solid yield at«l'S min on stream with fluoridated alumina
(Exp't 17 in Table 7.4, 85 %) compared with alumina (Exp't 12 , 38 %) implies that a
non-desorbable carbonaceous layer forms very readily in' the former case at early
times-on -stream. Although high molecular weight species are formed over both catalysts,
they do so at different rates. The narrower liquid product distribution obtained with the
Hmre acidic catalyst (2.6 wi% F) is obtained at the expense of a reduction in liquid yield

(Table 7.4). This observation has been made earlier in discussing the effects of the
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operating variables and remains consistent for this reaction.

The overall liquid product distribution has been shown to vary with the
conversion at 15 min on stream (Fig. 7.6): In Fig. 7.8, a comparison is made of the
changes in coﬁversion and changes in the profiles of two components of the liquid product,
benzene and ('.‘8 isomers; with time-dn—stream for catalysts with different fluoride
contents. In all cases, the decrease in acetylene conversion is noticeable at 1 h on
stream.  An optimum in the amount of C8 isomers is evident with the time-on-stream. The
time at which this optimum is reached is a function of the fluoride content, 30 min (0 wt
% F), 15 min (1.5 wt % F), 4 min (2.6 wt % F), 20 min (4.3 wt % F). More striking however
\

is the fact that this time value decreases linearly as catalyst acidity increases (cf.

Fig. 5.1 also Fié. 9.17). From this relationship, it can be speculated that these C8

”
L]

isomers play a key role in this reaction.

Three trends are observed in the benzene content of the liquid product, an
increase (0 and 1.5 wt % F), no change (2.6 wt % F) and a decrease (4.3 wt % F) with
time-on-stream. No change or an increase in benzene levels would indicate that although
the catalyst is deactivating, the active sites for benzene formation are not being lost or
alternatively, that the deactivation process might actually be assisting in destroying
very active sites for other unfavorable reactions. In the case of high fluoride contents,
benzene levels cannot be mﬁintained probably because of the psesence of only a smz}@l-m

i

number of active sites of the appropriate type.

7.7 CONCLUSIONS

The products in this reaction were gases,.liquids or solids at reaction
temperature. Gas yields were under 15 wt % for all operating conditions, the major
component of the gas phase being ethylene, The liquid yields varied between 2 and
93 wt %. The maximum absolute yield of liquids was achieved under the following

conditions, 4000C, 3 g.s.mL_] and § vol % C2H2 at 15 min onstream. The liquid product .
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spectrum ranged in general from C6 to C20+. The highest pr;Jportion of BTX in the liquid
product distribution was obtained under the.following conditions 350°C, 2 g.s.mL_l. and IlS
vol % C2H2. In general, opgrating conditions which led to favorable liquid distributions
gave low liquid yields. Significant quantities of these components were attained only at
high conversions. |

The liqdid product obtained with the fluoridated catalysts contained’
considerably less heavy ends than the unfluoridated alumina, however according to Table
7.4 this unavoidably lowers the yields. The time at which the maximum in the yield of C8
isomers in the ‘quuid products is reached decreases with catalyst acidity. These isomers

may be key compounds in establishing a reaction mechanism.
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* 8. CATALYST DEACTIVATIOﬁ . '

The conversion of acetylene at a time-on-stream of 15 minutes over fluoridated
alumina was discussed in Chapter 6. Appreciable deactivation, oy decline in activity with
time, was observed in experiments carried out with these catalysts in both the tubular
reactor and in the microbalance . The conversions of acetylene as a function of catalyst
time—on-;stream for -expcriments conducted in both reactor systems are reported in Table 8.1
and 8.2 res_pectively. It was mentionned éarlier that catalyst deactivation in this study
was always accompanied by the accumulation of carbonaceous compounds on the catalyst
surface. For this reason, experiments at some run conditions were carried out in the
tubular reactor for both 1 h and 4 h and the catalysts analyzed for carbon. Two examples
of the decrease in conv;arsion occurring simultaneously with the increase in carbon content
of the catalyst are shown in Fig. 8.1 (Appendix 8.1). Similar observations, an example of
which is given in Fig. 8.2, were made in tl;e microbalance where an instantaneous measure X
of the deposited coke was obtained as a function of time. This finding is not uncommon
and has been reported for other catalyst systems used in carrying out this reaction (57).
Despite its importance, limited information is available on the cause of the deactivation
or on the quantity and the ‘type of residues formed over various catalysts in the
conversion of acetylene. The aim of this chapter is to explain the deactivation

‘ s
phenomenon and to describe the coke produced over alumina and fluoridated alumina.

8.1 GENERAL OBSERVATIONS ~

In many experiments, for example those shown in.Fig. 8.1, the catalyst
deactivation proceeded in two stages which differed sharply in rates - a fast stage
“followed by a slow stage. In the course of the fast stage, the catalyst activity dropped
by an order of magnitude in 1 h. Although the slow stage lead to further deactivation,

some reaction was still observed up to 5 h on stream.
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Table 8.1

Acetylene conversion as a function of time-on-stream for experiments
carried out in the tubular reactor

TIME-ON-STREAM [min]

EXPERIMENT | 15 30 45 60 65
1 51.5 45.4 24,5 20.0 -
1R 57.8 36.1 24,2 23.2 -
2 41.0 38.1 36,5 33,2
2R 48.1 50.5 44,2 46 .1
3 99.5 98.2 91.6 82.4  80.3
IR 9.3 98.9 98,7 96.9  B89.4
4 98.9 93.8 84.0 74.0
4R1 X 98 .4 95.9 -
4R2 96.3 97.8 95.3 84.1
5 . s3.6t 30.8 30.1 18,2  14.3
6 0 .0 0 0
7 97.6 53.9 52.4 42.8
7R , 99.3 52.0 50.6 . 41.9
8 59.0 41.5 33.7 30.9 )
8R ‘ 50.0 48.6 33.0 25.7 23.6
9 98.1. 94 .8 84.9 77.4
10 28.8 19.3 16.6 17.8 16.0
11 99.3 99.2 98.8 65.1 55.3
12 85.9 " 6.1 32.5
13 87.2  72.2 66.1 57.9
14 29.2 25.9 24.0 20.9
15 99.6 995 62.2 17.7
16 90.3 69.4 643 62.7
Blank 5.0 5.0 5.0 5.0
ij 91.42 54.6° 42 3% - 40.9
17 71.9 59.1 $2.4 50.0  48.0

. 3 . 4 .
1 10 min on stream Z 5 min on stream 20 min onstream 43 min onstrean
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Acetylene conversion as a function of time-on-stream for
experiments carried out in the microbalance
1 .

&

EXPERIMENT CONDITIONS TIME-ON-STREAM
No. TEMP CAT  FLOW  CONC [min]
[°C] {wts$F) [mL/min] {v %] 15 300N S5
0l 350 0 62 5.15 n.d. n.d. n.d.
02 350 0 62 5.15 n.d. n.d. n.d.
03 350 0 62 5.15 n.d. n.d. n.d.
04 350 0 62 5.15 14.8 n.d. n.d.
05 350 0 62 5.15 19.0 n.d.. n.d.
06 490 0 62 5.15 20.5 16.1 n.d.
07 300 0 62 5.15 15.3 0 n.d.
08 400 - 62 5.15 5.0 n.d. n.d.
09 350 2.6 62 5.15 31.1 n.d. n.d.
10 300 2.6 62 5.15 30.0 9.0 5.0
11 400 2.6 62 5.15 32.3 12.4 10.0
12 350 0 32 4.81 21.6 13.0 8.3
13 350 0 80 5.22 4.8 4.7 A
14 350 0 80 5.15 n.d. n.d. n.d.
15 350 0 62 5.15 - 38,1 20.9 n.d.
16 350 0 62 5.15 24.8 9.7 6.2
17 350 0 62 5:15 32.1 10.0 10.5
18 - - - 5.15  n.d. n.d. n.d.
19 350 2.6 62 5.15 26.3 - 3.2
20 350 0 62 6.29 38.6 22.3 20.6
21 350 2.6 62 6.29 43.4 26.8 3126
22 350 0 62 2.42 34.6 21.8 16.7
23 350 2.6 62 2.42 37.4 23.3 n.d.
24 350 1.5 62 2.42 37.2 n.d. n.d.
25 350 4.3 62 2.42 35.8 n.d. n.d.
26 - 350 0 65 2.42 n.d. n.d. n.d.

n.d. - not determined
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A two-stage deactivation has also been observed by other researchers with
similar reactions.' For example, Mardeleishvili and Rapoport (57), who studied the
kinetics of the trimerizntign of acetylene to beclzene over niobium oxide (NbOz), observed
a'lr'l in?tial period of rapid deactivation during which 70 to' 90 percent of the catalyst
surface was quickly covered by a layer of carbonaceous material having a H/C ratio of
approximately ‘l. This was followed by a beriod of slow deactivation during which the.H/C
ratio of the deposit decreased while the quantity of deposited carbon remained essentially
constant. Data from the microbalance experiments (e.g. Fig. 8.2) cor}_{iir'rﬁ a two-stage rate
of coke deposition accompanying the deactivation. Results on the‘"?zature of the coke
deposits, to be discussed subsequently, #so corroborated this ch}nge in the character of

. e
the deposits. e

/ -

Having determined qualitatively that catalyst dea:ctivation_ aqﬁ coke deposition
were -elated in this reaction it was of interest to deltern;i'ne quantitatively the effects
of catalyst composition and the operating variables on deactivation and deposition. This
analysis suggested optimal operating conditions and provided insight into the role of

fluoridation in the deactivation and df}%ition processes., The models developed from the

data obtained in the tubular flow reactor for this purpose follow.
8.2 MODELING CATALYST DEACTIVATION AND COKE DEPQSITION

8.2.1 Model for Deactivation
The decline in catalyst activity with time-on-stream for each run (Table 8.1)
-
was described empirically using the following exponential decay model,
a(t) = a, exp (—kd t) (8.1)
where a(t) is the conversion of acetylene, t is the catalyst time-on-stream (min) and a

and kd are model parameters. The parameter a, can be thought of as a measure of the

conversion of acetylene on a fresh catalyst (i.e. at t=0), the parameter kd as a measure
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i

“of the specific rate of deactivation [min"l]. In the subsequent discussion these will be

referred to as the initial activity and deactivation parameter respectively., T

Estimates of 'ao‘ and k d along _with approximate marginal 95 % conf idence intervals
obtained via nonlinear regression are listed in Table 8.3 for each run, Comparisons-of
.obscrlved and predicted conversions for some of the runs are shown in Figs. 8.3 through 8.5
for catalysts having 1.5, 2.6, and 4.3'wt % F respectively and demonstrate the adequacy of

Eq. 8.1 in describing catalyst decay.

Models for a, and k,.

The estimated valués of aorand kd were fitted by second order polynomials in the

coded independent variables X, throug‘h X, deflined in Table 4.1. The resulting fitted

models are
- 2
A 70.2 + 7.9 x| - 23.0 Xy + 14.7 Xy + 11.3 X, + 13.4 X4 (8.2)
~ -4 . 2 2
kd =10 (10.2 - 5.3:(1 + d.3x2 + 2.4)(3 + 3.6 X4+ 2.8 Xy + 1.8 X4 ) (8.3)

where 2 and k, are the predicted values of the initial activity and deactivation
0 d ’

_ parameter respectively. Comparisons of "observed” and predicted (bv Eq. 8.2 and 8.3)

values are shown in Fig. 8.6, marginal 95 % confidence intervals for the parameters are
given in Table 8.4. Examination of the residuals (observed minus predicted values of 3,
and kd) revealed no significant lack of fit (Appendices 8.2 and 8.3);'R2 values of 0.86

and 0.73 respectively were obtained. In Eq. 8.3, the terms involving x xzz and x 2 were

3 4
only marginally significant and as a result the interpretation of this model was somewhat

ambiguous.

8.2.2 Model for Coke Deposition
The carbon contenis of the catalysts after a time-on-stream of I h are given in
Table 8.3 (Appendix 8.4). A second order polynomial in the coded independent variables

was fitted to the data and after deleting any terms not having a significant effect on the

—

™~
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Table 8.3

Estimates and 95 % confidence intervals for deactivation parameters,
ay and kd and measured catalyst carbon contents

Experiment ag 10 kd Carbon content®
No. fnin™ 1) [pg/m?)
1 _74.6 4/- 23.2 2,15 +/- 1.03 67 0
1R 80.9 +/- 20.0 2.45 +/- 0.86 -

2 43.8 +/- 1.4 0.44 +/- 0.08 162

2R 50.4 +/- 2.5 0.17 +/- 0.01 148

3 109 +/- 7.0 0.44 +/- 0.14 91

3R 103 +/- 7.6 0.15 +/- 0.26 90

4 . 111 +/- 6.9 0.63 +/- 0.16 293 ,

4R 103 +/- 12.2 0.27 +/- 0.01 351

5 77.1 +/- 21.1 2.93 +/- 1.83 24

6 - d . 38

7 124 +/- 47.1 2.02 +/- 1.23 59

7R 144 +/- 58.4 2.74 +/- 1.64 -

8 72.3 +/- 13.6 1.6 +/- 0.57 7 52

8R 66.8 +/- 14.2 1.51 +/- 0.56 -

9 108 +/: 6.7 0.53 +/- 0.16 154
10 31.5 +/- 8.5 1.15 +/- 0.69 56
11 125 +/- 40 0.97 +/- 0.79 308
12 123 +/- 29.3 2.47 +/- 0.84 -
13 98.2 +/- 7 0.90 +/- 0.20 135
14 33.0 +/- 2.2 0.79 +/- 0.18 . 135
15 156 +/- 96.2 2.28 +/- 2.09 85
16 98.0 +/- 19.2 0.86 +/- 0.54 55
17 78.5 +/- 7.4 0.80 +/- 0.22 157
17R ‘ 81.3 +/- 30.7 1.29 +/- 1.16 150

measured at end of 1 h on stream. € not available

+/- 2 % of quoted value. converslion < 5%
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Table 8.4

95 % confidence interval for coefficients in _regression equations

-

of responses a,, Ed' and C
Term Least squares estimates of paremeters
Equagion [1] Equation [3] Equagion [4]
C a k
0 d
Constant 13.1 +/- 3.3 70.2 +/- 9.1 10.2 +/- 4.1
Xy 4.1 +/- 2.5 7.9 +/- 6.9 -5.3 +/- 2.6
Xy -23.0 +/- 7.9 4.3 +/- 3.3 -5.0 +/- 2.9
Xq 2.4 +/- 2.6 14.7 +/- 6.8 2.4 +/- 2.6
X, 1.8 +/- 2.5 11.3 +/- 6.8 3.6 +/- 2.5
a
X Xy +XaX, - - -
x1x3+x2x4 4.6 +/- 3.4 - -
X1X4+x2x3 - - -
x12 - - ' -
2
X, - - 2.8 +/- 3.2
Xa 2 - - -
3 ,
x,’ 1.9 +/- 2.2 13.4 +/- 6.1 1.8 +/- 2.3

® indicates the term is insignificant
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predicted value of the response { i.e. C, the carbon content in p.g/mz), the following
model with an R? value of 0.8 was obtained (Appendix 8.5).

- 2 ‘ 2
C =107 (1.32 + 0.41 X - 0.50 Xo - 0.24 Xy + 0.18 Xy - 0.46 X X3 - 0.18 X4 ) (8.4)

Analysis of the residuals revealed no significant lack of fit. Observed and predicted

values of the catalyst carbon content are compared in Fig. 8.7; marginal 95 % confidence

.

~intervals for the parameters are also given in Table 8.4. The interaction term xlx3 is

confounded with the term XX g In Eq. 8.4, the temperature weight-time interaction term,
X Xq, Was chosen as being significant rather than the catalyst-concentration interaction
term, X5 X 4, based on the strong evidence obtained in the microbalance studies that a

negative dependence on X, is clearly the more appropriate behaviour. The terms in x.. x

3!
2 . . . ; . .
and Xy were also retained in spite of the fact that the confidence interval included zero

4

because the response with these terms more closely approximated the data obtained in the

microbalance experiments.

8.3 INTERPRETATION OF FITTED MODELS

Based on Eq. 8.2 through 8.4 the operating variables and degree of fluoridation
of the cﬁtalyst were found to have a significant effect on 6. 50. and Ed either singly or
jointly. Pertinent features of each of these relationships are depicted graphically in

Figs. 8.8 through 8.10 and will now be discussed.

8.3.1 Influence of Temperature and Weight-time

Because of the significant interaction observed in the coke deposition data

between the temperature and the weight-time, the effects of temperature, X) and
weight-time, X3, On catalyst carbon content were considered jointly. Contours of constant
carbon content are plotted in the X[ ~Xg plane shown in Fig. 8.8a for the mid-point values

of Xy (2.6 wt% F) and X4 (10 vol% CZHZ)' The carbon content of the catalyst is seen to be

quite sensitive to the levels of these operating variables. As well, this response

*



ENT
m ~2)

OBSERV%D CARBON CONT
TR

300 |
\\\_ O

250

200 |-

150

100

50

| [ I [ ! [

50 100 150 200 250 300
PREDICTED CARBON CONTENT
( pg . m=2)

Fig. 8.7 The observed catalyst carbon content at 1 h time-on-stream

versus the predicted catalyst carbon:content.



o

(ges.mLm1)

-136-

WE IGHT-T IME

PREDICTED CATALYST CARBON - -CONTENT

»

m™<)

(ng .

~_1s0” Qo—-——
70
d +
t1S0—
2 _’ 2307
s
\ /300
I o 70 150 238 300 ag0”
L = S N R N B A '
300 350 400
TEMPERATURE (" C)
200 | b
100 L
0 i ] !
5 10 15
ACETYLENE CONCENTRATION (%)
C
200 L
100 |-
0 | | N I

FLUORIDE CONTENT (wt %)

Fig. 8.8 " Graphical representation of model Eq. 8.4 for the

catalyst carbon content at 1 h on stream.

a)

constant carbon content contours

carbon content vs acetylene concentration

carbon content vs fluoride content



B S Lat i e AR AR
PhET T T T v

(gas.mL-1)

WEIGHT-TIME

Fig. B.9

300

200 o
. “\\\\\\\\ ‘\\\\\\\\N\\\\\\\\\\\\\
45 |

i 00 .:;jB(J‘“‘x_ Al

SN kit e o T B P A e R T R T N T e L O~ M T gy
ORI RN _13 7_&.“‘1 O RIS LSRR TR N A P aa et e R IR Stk JONTRREAC ]

300 350 400
TEMPERATURE (' C)

Graphical representation of model equation 8.2 for the
initial activity parameter, ao.
a) constant initial conversion contours (x2=0, x4=0)

b) initial activity versus acetylene concentration

¢) 1Initial activity versus fluoride content



100

%)

80
o’ 60
- 40
r— |
> 20
= '
= 9
£ =
_
<
— 100
< 80
a 69
L
]._.
O 40
fl
2
L 0
o
0

Fig. 8.9 cont'd

~138-

5 10 15
ACETYLENE CONCENTRATION (%)

FLUORIDE‘CONTENT (wt %)




l139.

F777
(e /

400
TEMPERATURE ¢ C)

WEIGHT-TIME (g.s.mL %)

e

2.0 "
1.0 L
e 0 1 1 _ | ‘

5 ‘ 10 15 5
ACETYLENE CONCENTRATION (%)

PREDICTED DEACT!VATION PARAMETER,k 4 (10 min ™)

! | FLUORIDE CONTENT (wt%)

Fig. 8.10 Graphical representation of model Eq. 8.3 for the
r -~ .
deactivation parameter, kd.
a) constant ~ (contours, b) ﬁdv;s concentration
kg vs fluoride content .



o T -140-

surface has a saddlepoint at a temperature of 338°C (n:l = -0.52) and a weight-time of 2:25
g.s.mL'1 (x3 = 0.90). The saddlepoint represents a maximum in the coke content as the
temperature is varied from 300 to 400 °C (at l.;IS g,s.ml.,'l) and a minimum in carbon
content as the weight-time increases from I to 3 g.s.mL'l (at 338 OC). There are two
regions in Fig. 8.8a which lead to low levels of coke deposition, denoted as region 1.
corrcsponding to low tcinpcraturcs and low wecight-times and region Il corresponding to high
temperatures and high weight-time. It is worthwhile cxamining these two regions in more
detail,

Examination of Fig. 8.9a reveals that the initial activity i'f: low in R_cgion I,
it is not six_rprising, therefore, that low catalyst carbon contents are obscrved, It must
also be noted, however, that whatever coke does form on the catalyst under thesc
conditions appears to deactivate the catalyst drastically as evidenced by the relatively
large values of Ed obtained at low tcr{‘hpcraturcs (Fig. 8.10a). This is consistent with

f

. . ! . ' .
obs .rvations made in Chapter 7 that at low conversions a great deal of high molecular

weight material was observed in the liquid products (Fig. 7.6).

In region II, the initial‘; catalyst activity is high (Fig. 8.9a) and the 'spccif‘ic

!
rate of deactivation is relatively low (Fig. 8.10a). Therefore region 11 would appear to

be idcal for process operation. This is also consistent with the observations of Chapter

7 that.undcr conditions of high conversion the amount of high molecular weight matcrial
¥
decrcased substantially. !,)
Although similar amounts of coke were deposited, the cokc’: which is forrlncd under
the conditions of region 1I does not appear to deactivate the cataly;t as readily as that
which forms in region I (evidenced by the lower values of Rd in Fig. 8.10a for region II).
To account for this difference in the deactivation para-mctcr onec must assume that either

i

the distribution or the nature‘of the coke is different.
In order to limit the disturbawces introduced into the microbalance system 4

. maximum of \three effluent gas samples were taken at 15, 30 and 35 min time-on-stream. The
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e
conversion was calculated frorﬂ the feed and ef fluen/t gas analyses, The conversions as a
function of temperature. a'nd time-on-stream are shown in Figs. 8.11 and 8.12 for an alumina
and a fluoridated alumina catalyst respectively. The catalyst deactivat_ion is more severe
at low temperatures. This behaviour is similar to that observed in the fixed-bed reactor
and predicted by the deactivation model of Eq. 8.3. | A decli:}e in a;:tivity with
time-on-stream was also observed at low and medium flowratés, but not at high flowrates
(Fig. 6.8). This may be du;a to the limitations of the analytical equipmient for measurin‘g'\
conversions under 5 %. Nevertheless, it can be seen from Fig. 6.8 that the deactivation
decr'eases as the gas ﬂowrates.increase and the corresponding contact-times are lowered, |
consistent with studies in the tubular reactor.
8.3.2 Influence of the Initial Concentration of Acetylenc‘:

The effects of the initial concentration of.acetyfl ne on the catalyst carbon
cont :at, initial activrity and deactivation parameter are shownin Figs. 8.8b, 8.9b and
8.10b respectively. Although the effect on carbon content w;‘i's imprecise, it would appear
that as the initial concentraton of %cetylene increased 10 approximately 10 percent, the
carbon content of the catalyst also increased and then stabilized with further increases
in acetylene concentration. An increa.;;e in carbon content with higher concentrations of
acetylene in the feed is not surhrising since the rate of conversion of acetylene is
expected to increase with the concentration of acetylene in the gas-phase. The gas phase
concentration is a function of zhe initial conc;entration of acetylene and of the
con-version level. Comparing Fig. 8.8b with 8.9b, one can see that as the initial a(l:tivity
decreases (for acetylene concentrations below 10 vol %) the catalyst carbon content

increases. Rising gas-phase concentrations of acetylene, due to the decrease in the

initial activity and to the increase in feed concentration lead to the steady increase in

catalyst coke levels observed. However, at high enough feed concentrations, the initial

activity increases rapidly and it follows that the gas-phase concentration is .

o
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¥
significantly lower than the feed gas concentration, resulting invthe stabilization and

¥
subsequent decrease in carbon content observed. e

)

The effect on initial activity was a decline in conversion up to §bout 10
percent acetylene in the feed followed by an increase in conversion as the feed
concentration was further increased (Fig. 8.9b). At low feed concentrations of acetylene,.
although rates of conversion were low, the weight-time was sufficiently high that 100
percent conversion was achieved. As the feed concentration increaséd it appears that the
rise in conversion rate was small, the weigh‘t-lime no longer provided complete conversion
and conversion levels fell. At higher feed concentrations the rate of conversion
increased mére fapidly and conversion levels rose. Rates of conversion which have a very
low dependence on concentration at low“concentrations but which increase rapidly at higher
concentrations are typical of polymerization reactions requiring an in:niation period (80)
and thus the behaviour observed here is consistent with the postulated polymerization

Al

reactions of .acetylene (Chapte'r 11).

Up to 10 percent acetylene in the feed, the deactivation parameter remained
relatively constant and then increased with higher initial concentrations. This behaviour
is consistent with the proposed initiation period or initial low concentration dependence
of cqnversion rate followed by a high concentration dependence of conversion and suggests
a direct connection between the reaction products and deactivation. This is further

v

substantiated when one compares the activity versus initial concentration curves obtained
in the microbalance at 15 and 30 min on stream (Fig. 6.9). Although there is a
significant loss in activity at concentrations up to 6.3 vol. %, the curves remain
parallel, so very little difference in deactivation is observed in this concentration
range,

In summary, the process operating conditions which minimized coke formation and

deactivation in the tubular reactor involved high temperatures, high weight-times and low

feed concentrations of acetylene. The nature of the coke deposits also appeared to be
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highly dependent on reaction conditions.
8.3.3 The Influence of' Fluoridation .

'f‘he catalyst carbor content at the end of | h on stream was found to decrease
linearly with the degree of fluoridation (Fig. 8.8¢). A decrease in initial activity of
the catalyst parallelled the decrease in carbon content (Fig. 8.9c). This implies that
the modifications of the alumina bl’OUBi‘It about by fluoridation succeeded in diminish_ing
the total quantity of coke formed.

In previous studies, the addition of fluorride ions has been shown to alter the
number of sites available for adsorption of acetylene (12, 90) and to alter tﬁe surface
acidity (36, 71). Infrared and Ram:m studies of the adsorption of acetylene on alumina
(90, 100) have demonstrated that variations in the number of exposed aluminum ions and
hydroxyl groups on the catalyst surface strongly influence the mode of adsorption of
‘agatylene. As a result, Bhasin et al. (12) postulated tHat the chemisorption of acetylene
on a[umina‘ occurs at ion-pair sites consisting of exposed.aluminum ions (Lewis acid sites)
and neighbouring oxide ions or hydroxyl groups (Bronsted sites). Other studies (35, 72)
have shown that replacement of surface hydroxyl and oxide ions with fluoride ions served
to decrease the number of such ion-pairs. The observed decrease in the catalyst carbon
content with.incréased fluoride loadings therefore suggests that the reaction leading to
coke formation was also catalyzed by the same type of sites. This is consistent with the
polymerization mechanism outlined in Chapter 1,

> Fluoridation also altered the acidity of alumina catalysts used in this study as
demonstrated in Table 5.1 and discussed in Chapter 5. Paukshtis et al. {71) have shown
that introduction of fluoride generated a different distribution of acid sites on the
alumina surface. It has been suggested that fluoridation produces a small number of
Bronsted acid sites and increases the Lewis acidity of alumina (17). Although the

acid-catalyzed production of co\ke has been postulated by a number of workers (40) no

j
N
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evidence of this was observed with acetylene (vis. Fig. 8.8¢). Although the ﬁmount of

depdsited coke decreased with the degree of fluoridation of the catalyst the possible

minimum in .the relationship between k d and degree of fluoridation (Fig. 8.10c) suggested

that the specific rate of deactivation was not solely related to the quantity of deposited

cbke but also related to the nature and distribution of the coke, i.e., not all the coke

formed deactivated the catalyst t;t the same rate. These results imply that the nature and

distribution of the coke varied with the degree of fluoridation and consequently with the

acidity of the catalyst. A maximum in the total acidity of the catalysts was observed in

the range 1.5 to 3.0 wt % F ( Chapter 5) and corresponds to the minimur in kd (Fig. 8.10¢)

at approxima_tely 2 wt % F. Consequently, it appears that the specific rate of deactivation

decreased with increasing total acidity. One possible explanation for this is that the Ny
coke built up on the strong acid sites generated in the fluoridation process before

distributing itself throughout the buik. This explains why the specific rate of

deactivation was a function of the catalyst acidity while the total catalyst carbon

content was not. However, at the high fluaride content, the total surface acidity, the

number of adisorption sites and the total amount of carbon weré reduced, yet the specific/

rate of deactivation increased. This suggests that, with the surface modifications -““/
induced by fluoridation, a greater proportion of the coke co-nsituents responsible for

ing the catalyst were formed. N

A significant decay in catalyst activity has also been repﬁorted in the case of
C2H2 polymerization over ZSM-5 in the range 25¢-500°C (54). The deactivation was most
severe at lower Si/Al ratios (Si/Al = 25, a/a0 = 0.15; Si/Al = 60, a/a0 = (.55). Berak et
al. (13) have found a positiveylinear correlation between the integral absorbance value

of the Bronasted band and the weight percent aluminum in ZSM-5. This implies that an
increase in aluminum content produced a simult‘aneous increase in the catalyst acidity. It
follows therefore, that the catalyst with the lower Si/Al ratio (3.5 wt % Al) exhibited

higher Bronsted acidity than the catalyst with the higher ratio (1.5 wt % Al ).
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Consequently, it seems that deactivation incrt;ased as ‘the Bronsted acidity increased.
These results corroborate those of the present study.

The surface fluoride and carbon contents of the fresh and used catalysts for
selected runs were determined by X-ray photoelectron spectroscopy and are listed in Table
8.5. No loss of fluoride was observed in the catalysts used in these investigations. The
deactivation observed with time on stream cannot be attributed therefore to leaching of

the fluoride ion or to changes in chemical composition. XPS spectra for a fresh and spent

* catalyst (1.5 wt % F) are compared in Fig. 8.13. In comparing the two scans, it is clear

that the ratio of C to Al in the used catalyst was significantly greater than in the fresh

catalyst, therefore considerable carbon covers the catalyst surface. The nature of the

_ carbon layer and its deposition are the subject of the nmext section.

8.4 NATURE OF THE COKE AND ITS DEPOSITION

In the previous discussion deactivation was linked to the nature and
distribution of the deposited coke. A number of additional tests and analyses were
performed to provide a better understanding of coke formation in acetylene
polymerization.

Under conditions giving high conversions, the gas-phase concentration of
acetylene decreases significantly along the catalyst bed suggesting that a profile in the
carbon content of the catalyst should also exist. Three layers of spent catalyst from the
entrance, mid-section and exit of the bed, for a high coﬁversion run were examined for
carbon content. These results, summarized in_ Table 8.6, show that the carbon content
decreased along the bed in parallel with the decrease in gas-phase concentration of
acetylene. This may imply that coke formation is a primary product of acetylene
conversion and not the result of furiler interaction of other products in the gas phase
with the catalyst,.

The distribution of the coke deposit on the catalyst was also examinec_l.
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Table 8.5

X-ray photoelectron spectroscople semi-quantitative surface analyses
of fresh and spent catalysts

Experiment Surface composition, at. & (+/- 10%)
Number Al 0 C F .
11 35.6 59.7 4.7 -

33.2 50.4 1l6.1 -
4 35.1 54.9 6.4 3.6(F)§
25.9 41.1 28.9 2.7(8)
14 34.8 55.3 4.9 5.0(F)
32.6 50.5 12.0 - 4.6(S)
1 34.9 51.3 5.5 8.4(F)
32.5 51.4 7 9.1(S)

2 p. refers to fresh cacalyst/"#ﬁ\

S- refers to spent catalyst. _.
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Table 8.6

- Comparison of used catalyst carbon content
in various reactor bed layers

Bed layer Carbon content Relative l Surface-Arka
[mg/nl] H/C ratio - [mz/g]ff-
. [
Inlet -~ 0.120 0.48 ' 261.4
Centre 0.100 0.41 260.5

Exit 0.065 1 243 .8

a experimental conditions, temperature 37500, catalyst 1.5 wt & F
on alumina, weight-time 2.5 g.s/mL, initial concentration of

C2H2 7 5 vol. %.
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Measurements of surface {by XPS) and bulk (by elemental analysis) carbon contents of spent
catalysts are listed 'in Table 8.7 along with the corresponding values of the deactivation
’ ‘ d

parameter. The distribution of the carbon between the surface and bulk of the catalyst

..

cant be very different . Tﬁe quantity of coke deposited in Experiment 4 was much greater
than in fE.xperiment 1 and was concentrated on the catalyst surface as compared to the
approximately equal distribution found for Experimegt 1. Despite the large amount of
deposited coke, the value of kd was significantly smaller f‘;r Experiment:4. These resuirs
imply that, although several layers of coke may be formed on the external surface of the
catalyst withé)ut greatly altering catalyst activity, small amounts of coke deposited
throughout the catalyst bulk deactivate jt drastically. It is probable that the pelymer
which builds up on the external surface can continue to grow (no space restrictions)
whereas the polymer which grows on internal surface is restricted by the size of the
pores.

Coke has sometimes been found to act by blocking the catalyst pores in additio}h
. covering the active sites. A number of workers ha;re shown that coking is accompanied
by a significant decrease in catalyst surface area and pore volume. However, according to
Haldeman and Botty (40), the loss in surface area is negligible for coke in the range O to .
10 weight percent observed in this study. The pore volume distribution of three spent
catalyst samples removed from various positions in the tubular reactor and of the fresh
catalyst (1.5 wt % F) are compared in Fig. 8.14. No measureable change in the pore
distribution of the catalyst samples was detected. The corresponding surface areas of the
layers were also similar (within experimental error) as seen in Table 8.6. The surface
areas of the used catalysts were greater than for the fresh catalysts. This increase in
the surface area is perhaps due to the increase in roughness of the coke deposit. The
deactivation of these catalysts with time-on-stream could not be attributed to blocking of
the catalyst pt.)res or changing of the catalyst surface area.

Solvent extractions of spent catalyst samples were undertaken to identify the
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Table 8.7

Comparison of bulk and syrface carbon analyses

t .

Experiment F- content® Carbon content
Number [wt &) [(wt %]

Surfaceb Bulk®

Surface to k

bulk ratio (10™° min™ "]

11 0 7.86 3.94
4 1.5 20.8 7.79
14 2.6 2.13 | 2.62

1 4.3 1.09 1.04

1.32 . 1.0
2.67 0.4
0.81 0.8
1.05 2.2

2 determined by ion selective electrode
determined by XPS, (+/- 10 %)
determined by elemental analyzer.
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dif t:erences in garbonaceo'us jeposits. Samples werg extracted with carbon disulphidé. and
trichloroethylene, both /w/'grful solvents. Although the color of the extracts was
‘darkened compared wittthe clear solvent, gas chromatograms of the concentrated extract
showed only solvent peak;.'\Nm racted components could be identified. These findings'
are consistent with thé fac‘:t that zhlr ers from acetylene do not to dissolve in any
known solvents (45), In fact, small particles could be detected in the solvent (CSZ)
after sufficient sedimentation time. Over many catalysts which- have been used, the
polymer is synthesized in ths.zv form of powder rather than film (45).. This suggests very
strongly that a linear polymer may form part of the coke deposits obtained in th1s/stud}

The nature of the coke deposits was also investigated by cross polarization
ymagic angle spinning l3C NME spéctrometryl NMR spectrometry has been used with increasing

Frequency m ﬂpolymer characterization (55). iolxd sta,L NMR has been used to look at the o
structural fe tures of -coal;git-shales-and’ co_lEcT‘catalysts (49, 55). A summary of the

total NMR signal, the ratio of the aromatic/aliphatic carbon and the bulk carbon content

is given in Table 8.8. There is excellent agreement between the bulk carbon ‘measured via -

~

elemental analysis and the total carbon signal using NMR. These spectra reveal the
5 . .

presence of both aliphatic and aromatic structures in the coke deposits.
The \:aria;,ion in the nature of the products formed on the catalyst surface has

been noted previously. For example, Léglise et al. (55) in studying the polymerization of
C2H2 to alkylaromatics over CrY zeolites in a thermobalance in the temperature range 70 to
350°C found that all the residue deposited at a reaction temperature of 70°C was removed
as benzene upon heating to 360°Q—Si§1ilar trez'ttment performed on the residue depqsited at
a reaction temperature of 200°C ted to \on']y 80% of deposit removal and the composition was

3 6 {36%), benzene (10%), toluene (16%), C aromatics (15%), C aromatics (14%) and C
(8%). Residues deposited at higher temperatures (300-360 C) were not removed upon heating

>

%o 360°C. : | ”

The deactivation parameter, kd, has been linked in much of the previous
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Table 8.8

Characterization of some used catalysts by NMR

13¢ nur k

"Experiment  Carbon content 4
Number . [wt %] (mg] Total signal Ratio® [10i3_min_1]
4 7.79 12.9 0.5147 0.587 0.3 |
0.6 .
_ ¥
2 2.53 ' 4,3 - 0.2290 - 0.370 0.44
‘ ‘ 0,17
17 312 ¥ is.s 0.2286 0.818 0.8
= 1.3
. ™~ \ . )
11 5.18 8.4 0.4280 - 0.695 1.0
‘13 - 2.7 4.6 0.2120 0.724 P 0.9

-

a 13C NMR ratio of signal corresponding to aliphatic and aromatic ‘carbon

repeated experiment

0

s
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discussion to the coke content of the catalyst. It was pointed out however that only a
fraction of the coke was probably responsible for the deactivation. A relationship

13

between the deactivation parameter, k & and the ratio of the aliphatic/aromatic "~C NMR

sign'al is clearly visible in Fig. 8.15. This correlation. implies™that as the .prOportior_z

of the aliphatic comppnents of‘ the coke increase, ».H}f deactivation becomes more se:vere.
Aliphatic molecules with H/C of 1 or above é;e \.;sually- formed from the abstraction of
hydrogen from highly condensed aromatic structures which are believed to be the coke &
precursors (33). In this reaction however, although this mechanism is not excluded,
aliﬁhatic\‘molecules can be formed right from the start with the dimerization of acetylene
and subsequent propagation of the polymer chain which will b;: discussed in Chapter 11.

This accounts for the high rates of deactivation in this reaction.

8.5 CONCLUSION

Catalyst deactivation in acetylene polymerization over fluoridated alumina has

been shown to be primarily due to coking. Empirical models, de've'10ped to describe the L

)

influence of the reaction temperatu.re. the feed gas concentration and the weight-time on
the parameters A and kd and on thé catalyst coke .content at 1h on stream showed that‘both
the deactivation and the carbon content were lessened by using high temperatures (400°C),
high weight-times (3 g.s.mL-l) and low feed concentrations (5 vol %).

The degradation reactioh(s) ieading to coke have been associated with ion-pairh
sites which are responsible for acetylene adsorption. A decrease in the number of these
sites, brought about by fluoridation, brings about a simultqneous decrease in the coke
prodlﬁ:ed The coking process appears to be complex; small amounts of coke dispersed
throughout the catalyst bulk deactivate the catalyst more readily than coke built up on

the external surface. Coking on the external_surface would appear to increase with

catalyst acidity. Furtlermore, coke appears to be a primary pro}yct of acetqune

conversion.

"
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The specific rate of deactivation in acetylene conversion has been correlated
with the ‘aliphati'c structures in the deposited coke. This suggests that deactivation may

be cause in part by the formation of aliphatic structures such as conjugated chains.

4
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9. NATURE AND RATE OF COKE DEPOSITION

It was suggested in the previous chapter that part of the catalyst @osit was
polymeric iﬁ nature. Considerable evidence was also gathered which pointed to the fact
that this polymeric material was responsible for deactivating the catalyst. ;The data
presented and discusseci in Chapter 7 demonstrated that under conditions of low conversion
only high molecular weight products were med in the polymerization reaction. The
polymerization reaction was studied in the microbalance where the rates of coke formation
could be measured directly under conditions of low conversion. Furthermore, separation,
identification and quantification of the deposited coke was achieved by temperature-
programmed desorption in nitrogen which was carried out m situ. The microcomputer’
controlled microbalance system (Perkin-Elmer TGA 7) and ancillary equipment have been

described in Chapter 4, ' ' 7

9.1 GENERAL FEATURES

Experiments performed in the microbalance without catalyst showed that at the
highest 0perati_ng temperature, 400°C. there was a negligible weight uptake of the sample
pan. Reproducibility in temperature-time history and in the weight-loss history of the
fresh catalysts was excellent (Fig. 9.1). Fig. 9.2 shows a typical microbalance curve
with no acetyléne present (so no reaction could occur) for an alumina catalyst that was
heated in nitrdgen flowing at 65 mL/min. The solid line in Fig. 9.2b represents the
weight-loss curve (the weight per cent of the original sample vs. time) while the line in .
Fig. 9.2¢ represents the rate of weight-loss cu:\\\re as a function of time. The
temperature-time history of the sample is show\;i in Fig. 9.2a. The major item of

information one obtains from the weight-loss curve is the percentage weight-loss

assignments (weight at the start and end of reaction). The decrease in weight,in Fig: 9.2



%)

Z)

c) WE | GHT (‘Wf-'.

(.

TEMPERATURE

WEIGHT (Wt.

e Lege

100.0
899.0 °

88.0
97.0

<96.0

95.9/

- 94.0

83.0
82.0

91.0

100.0
899.0
88.0
97.0
$6.0
95.0
94.0
83.0

92.0

91.0
90.0

BS.0

600.0

400.0

200.0

A1203 (0.5 mm)

d

A1203 (100 mesh)

of two fresh

25 50

100 125 150 175 200

ELAPSED TIME (min)

Fig. 9.1 A comparison o” *he temperature~time and weight-time history

‘a catalysts.



. )

(Wt

WE IGHT

RATE OF WEI[IGHT CHANGE

TEMPERATURE (' C).

(mg/min)

600

. 500
400

300
200
100

100.0

98.0
96.0
94.0

82.0

~0.04

-0.08

-0.12

4

w

0 25 50 75 100 125 150 175 200

ELAPSED TIiME (min)

Fig. 9.2 Typical microbalance weight-loss and rate of weight-loss curves

with no react: . -esent.



~162~

was attributed to the removal of moisture from the catalyst upon heating,. Between 6 and
11 wt % moiﬁture was lost by the alumina and fluoridated-alumina catalysts when they were
heated to 350°C (the average reaciion temperature). The moisture loss during the
constant-temperature period (corresponding to the reaction period of 1 h) was negligible,
as inferred from the plateau region in Fig. 9.2. The increase in weight of the sample

between 100 and 175 min was attributetqfiiadsorption of moisture as the temperatu‘re was
lowereci to room temperature. In the temperature range between the reaction temperature
and the final pyrolysis temperature of 900°C, a significant weight-loss occurred probably
accompanied by structural changes in the catalyst (34).

| The reaction experiments were carried out at a pressure of 101 kPa, a reaction
temperature between 300 and 4000C. gas flow rates between 30 and 80 mL/min.and gas-phase
acetylene. concentrations between 2.5 and 6.3 vol %. Results for a typical reaction
experiment are shown in Fig. 9.3. The isothermal reaction step is the region between the
points labelled A corresponding te a starting weight W and B corresponding to a final
weight We. Two major items of information may be gleaned from the rate of weight loss/gain
curve, these are the maximum rate of coke deposition together with the time at which it
occurs) and the rate of coke deposition at the end of 1 h (stgady state rate). The data
handling shown in Fig. 9.3 and detailed in Appendix 9.1 describes the determination of
these quantities., A summary of the results of the experiments conducted in the
microbalance are listed in Table 9.1. The influence that the operating conditions and the
type of catalyst have on the total amount of coke deposited and on the rate at which it is

deposited will be described next.

9.2 INFLUENCE OF TEMPERATURE ON RATE OF COKE DEPOSITION
The amount of coke formed on alumina catalysts from acetylene at various
temperatures, is plotted in Fig. 9.4 as a function of time. The curves show that

temperature plays an important role in the formation of coke. The total amount of coke
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Table 9.1

Rate of deposition as measured on the microbalance?

-

Rate of Deposition

EXP'T W . We (mg/min]  [min) [mg/m” /min]
NO [mg] (mg) 3 [mg] ¥ Rmax Rf Réax f max Rf
01 18.348 16.871 8.05 n.a n.a. n.a. n.a. n.a. n.a. 0.a. n.a.
02 19.311 17.631 8.70 n.,a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
03 19.250 17.585 8.65 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
04 18.595 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
05 19.517 17.883 8.37 18.483 3.36 0.045 0.0043 0.25 0.24 1.32 0.13
06 19.067 17.411 8.69 19.089 9.64 0.153 0.0070 0.88 0.040 4.66 0.21
07b 19.285 17.733 8.05 18.044 1.75 0.009 0.0024 0.052 0.014 0.28 0.07
08
09 18.942 17.139 9.52 17.447 1.80 0.008 0.0035 0.040 0.020 0.20 0.103
10 19.186 17.111 10.8 17.326 1.26 0.001 0.0011 0.008 0.006 0.04 0.032
11 19.355 17.183 11.2 17.938 4.39 0.033 0.0056 0.189 0.033 0.95 0.163
12 19.792 18.120 8.4 18.680 3.09 0.029 0.0030 0.160 0.017 0.85 0.087
13 19.009 17.467 8.1 18.223 4,32 0.043 0.0041 0.243 0.023 1.29 0.124
14 19.442 18.050 7.1  n.a. n.a. n.a, n.a. n.,a. n.a. n.a. n.a.

- 15 18.915 17.660 6.6 18.362 3.97 0.033 0.0048 0.189 0.027 1.00 0.143
16 19.189 17.600 8.3 18.142 3,07 0.031 0.0033 0.171 0.019 0.91 0.09%
17b - 17.628 n.a. 18.225 3.38 0.037 0.0038 0.200 0.020 1.06 0.106
18
19 - 16.714 n.a. 16.940 1.35 0.008 0.0018 0.040 0.010 0.20 0.050
20 19.238 17.820 7.37 18.505 3.84 0.034 0.0038 0.190 0.021 1.00 0.111
21 18.666 16.892 9.50 17.150 1.53 0.007 0.0030 0.039 0.018 0.20 0.091
22 19.602 18.157 7.37 18.603 2.46 0.018 0.0038 0.101 0.021 0.53 0.111

© 23 18.493 16.975 8.21 17.124 0.88 0.003 0.0024 0.019 0.014 0,10 0.071
24 18.840 17.270 8.49 17.530 1.51 0.006 0.0034 0.036 0.020 0.16 0.089

' 25 18.938 17.987 5.02 18.026 0.22 0.001 0.0010 0.006 0.006 0,04 0.036
26 17.977 16.870 6.16 17.370 2.96 0.017 0.0045 0.100 0.027 0.53 0.141

a experimental conditions as in Table 8.2

aborted
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formed increases as the temperature is v:lxricd from“ 300 to 400°C at all ‘timcs-on-stream. A
similar temperature dependence is observed for the fluoridated alumina catalyst (2.6
wt% F) in Fig. 9.5.I These findings arc consistent with the model predictions for catalyst
carbon content (Eq.-8.4) bnschd on the aata in the tubular reactor at 1 h on stream,
More infnormation may be obtained from the rate of coke deposition shown in
Fig. 9.6 and 9.7 for alumina and fluoridated alumina respectively, as a function of time.
x,f_"//th low temperature, 3000C, there is a steady rate of deposition, Rfs, alb‘cit a rather low
)
/’\ratc. Both the maximum and the stcady-state rate of coke dcpoéition increase with
~Nnereasing temperature. The occurrence of stecady rates of coke deposition at 1 h makes it
possible to evaluate an Arrhenius type of activation ecnergy from the data,
If the steady-state rate is expressed as the product of the reaction rate

constanty k and the concentration of C2H2 in the gas-phase, e
s " .

Rf =k cp | (9.1)
then the effect of temperature upon the cxperimentally observed reaction rate constants is
given by :

k = A exp (E_/RT) ' (9.2)

. a
~ ‘ s
The-overall activation cnergy can be calculated from a plot of In(R[. ) versus /T, for

constanfyconcentration, Cpr as indicated below:

R = A exp (E,/RT) ¢,

In(R,.° ‘ 1 E ™

n{ r )=1In (A CF) - a/RT (5.3)
Arrhenius plots for the alumina and fluoridated alumina catalysts ar¢ given in Fig. 9.8.
The values obtained for the activation encrgies, Ea’ are based on a small number of data
points and arc used only to illustrate an orderlof magnitude. The activation cnergics are

: (Y

not very dependent on the catalyst used, 8/keal/mol for alumina and 7 keal/mol for the
fluoridated alumina. These values are vcr‘}@w,for chemical reactions. Diffusional
limitations were considered, however, data given in Fig. 9.12 showed that the rates were

independent of gas flowrate. Therefore the low values of Ea were not likely due to
I
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Fig. 9.8 Arrhenius plots of rates vs reciprocal temperature for alumina and

2.6 wt Z F on alumina (64ml/min, 5.15 vol % C2H2).
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‘diffusional limijtations. The values are on the other hand consistent with .the activation

. : . 4
encrgy reported for "polymerization” on alumina-supported metals (15): In contrast, the

éctivation éncrgy obtained for the decomposition of acetylene to carbon -on nickc‘l, iron
ax.1d cobalt is 33 kcal/mol (56, 81)." Therefore on the basis of the nctivation encrgics, it
would appear that ;hc degradation reaction indeed Qiclds polymeric species (CH-fragments) -
and not amarphous qarbbn.

The fact that both ic amount of coke and the rate.at which it is formed

"

increasc with temperature (the opposite trend observed with the specilic rate of

deactivation, kﬁd' in Fig. 8.10a) would imply that not ali the species which make up the .

coke deactivate the catalyst. Lower rates of polymerization with increasing temperatures
rd

are commen in polymerization reactions (70). Onc can postulate t]{crc['orc that as the
temperature is increased, less and less of the coke which forms is polymeric. This is

confirmed when onc examines the desorption patterns,

9.3 INFLUENCE OF TEMPERATURE ON DESORPTION PROD_UCTS
The coked catalystd were subjected .to a high-temperature pyrolysis in nitrogen
at the end of the reaction time. The product dcsoiption pattern of a (resh and spent

alumina catalyst as a function of the programmed temperature are compared in Fig. 9.9.

- The desorption pattern for the [resh catalyst shows that water is removed steadily as the

L}

temperature is ramped. Clearly the biggest difference in the rate of weight loss observed

in the desorption patterns of the fresh and spent catalysts occurs in the rcgion bétwccn

450 and 600°C. A signilicant portion o["-thc residues formcq at a recaction tcmpcmtﬁrc ofl
35Q_C)_C, is removed in this temperature range. Many. of iﬂhc shar‘p peaks occurring with the
frcs}? catalyst at high dcsorpt-ion temperatures are smoothed in the case of the s-pcnt
catalysr: Analysis of the desorbed products of the fresh catalyst by mass spectrometry -
revealed only thc”ﬁ?:scnc'c of H2 and HZO' On the other hand, the analysis of the desorbed
products of tne coked catalysts revealed thc'prcscncc of jons of all molecular weights from

' . LT
2 to 200 amu, zll at very low conéentrations. No predominant specics could be identified.

- A

i

—-J
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: . . . 2
The temperature-programmed desorption patterns for alumina catalysts reacted at

300, 350 and 400%C are compared in Fig. 9.10 a,b,c. Several important pieces of
information emerge from a comparison of these désorption patterns. Distinct peaks at 450,
550 and 750°C are visible, At low reacnon temperas

el R “:‘:

400°C hnd at 550° C. At 350 C, there appears to be' i 3 ;_E;ft of ‘the low temperature peak and
\ . P

L

geisignificant desorption occurs at

the peakiat 550° C is more pronounced. At 1 reaction temperature of 400°C, the

low-temperature peak disappears anc} two strong peaks at 550°C and 7_50°C emerge. Similar

observations may be made of the desorption patterns over fluoridated alumina as 'a f‘unction
of "tcr.npcrntlure as seen in Fig. 9.11.

If it is assumed that the coke residue has many Iconstituents, then one can
postulate that the resi&ues which are removed corresponding‘to desorption témperatures of
400, 550 and 750°C are somewhat different in nature. In general, the higher lht; pyrolysis
temperature, the stronger the attraction is between the carbonaceous residues and the ‘
surface, Thg deposit removed at high temperatures (750°C) is very likely an amorphous
carbon specie (low H content) while the deposzt removed at low temperature (450 C) is very

i
likely a highly ponmenc specie (higher H content). . In vxew‘of the fact that the
deactivation is highest at the lowest reaction temperature, one can posiulate that the
existence of low temperature deposits contribute to this deactivation. In addition, since

the deactivating Species has been shown to be polymeric in nature, the species, which «

desorbs at a temperature of 450°C must correspond to the polymeric coke deposit.

9.3 INFLUENCE OF CONTACT TIME

The contact time between the catalyst and the reactant gas was alterred by

-
@

:varying- the total gas flow rates in the microbalance between 30 and 80 mL/min. This range
was limited by the operating requirements of the mijcrobalance. The ‘influence of the

') .
contact-time on the rate of coke deposition can be seen in Fig. 9.12 where both the

steady-state rate, RS, and the maximum rate, Rm” are plotted as a function of gas flow
!

.
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Fig. 9.10 Temperature-programmed desorption patterns for alumina
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rate. At high contact times (and low gas flow rates) the rate of the coking re'action i5

low. Presumably gt low fiow rates there is not enough acetylene present in the reactor ’

. A

(diffusion limited) to form coke rapxdly There is little dlf‘ference in the rates

observed at flows of 64 and 80 mL/min, therefore at hzgh gas flow rates and corresponding <

low contact times the rate_ of coke deposition is independent of the contact time (not

diffusion-limited). The:fmte of' co'I;e formation is proportional .to 'the rate of acetylene

ente’iﬁii;é the reactor u;til a certain f\l'owrate produces the”n;aximum rate of. coke fo}mation.
The product desorption pntu;,rns ot::tained at various gas flow rates qare shown in

Fig. 9.13 for a reaction temperature of 350°C., Two peaks.at 450 and 550°C a;e visible

LY

under conditions of high gas flowrates and little differences are observed beyond this
desmption'temperature‘betwegn the f‘rgsh catalyst and the spent éathlysts.'

"The pattern chang®s significantly at the low flow rates and corresponding large
contact times. The pattern shown in Fig. 9.13a has peaks which occur at a desorpuon

temperature of 450 C and another above 750 C. The large pcak at high temperature implies

that at the low flowrates, the contact time is long enough to produce an amorphous

carbonaceous product on the catalyst surface. Since a peak was not detected at 550°C it

is possible that these species are the precursors of the deposits removed at desorption

temperatures above 750°C. The only peak which is common to all three desorption patterns

is at 450°C. It is the speciés which desorb at this temperature which have been

4
associated with the loss in catalyst activity. 9

4 INFLUENCE OF INITIAL‘CONCENTRATION OF ACETYLENE
The concentration of acetylene in the microbalance was varied by changing the
gas mixture being supplied to the sample arm of the baIance. The nominal initial
concentration was varied between 2.4 and 6.3 vol % C2}~I2 in nitrogen. It was observed in
Chapter 6 that changes in activity brought about by altermg tlw&phase concentration

of acetylene are accompanied by similar althcu\Jgh opposite changes in the rates of coke,
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deposition (Fig. 6.12). As the initial concentration is incrpased from 2.5 to 4 % the
rate of coke deposition increases greatly resulting in a large l-os:_; in activity over the !
same concentration range. On the other hand, as the initial concentration is increase
beyond, 4 vol % the rate of coke deposition decreases moderately indicating less severe
deactivation unde'r these conditions. |

The inf’luen-ce of the initial concentration of acetylene on th‘e“coke residues is
demonstrated in Fig, 9.14. At low gas-phase concentrations, a noticeable difference in A '
the desorption patterns of the fresh and spent catalyst appéars at 550°C. As the
gas-phase concentratxon is increased to 5.3 vol % a second peak nmerges at 450° C It will
be recalled ‘that the species whnch are removed at thls desorpnon temperature have been
associated with .the catalyst deactivation. The significant decline in activity observed

iﬁ Fig. 6.9 at 5.3 vol. % C2H2 corraborates this postulate. At the highest gas phase

L

concentrations used, a third peak emerges at a high desdrption tempeyatu\re, 750°C. Both

—

peaks at the lower desorption temperature are reduced which means less of the species

~

which. are responsible for deactivation have been formed under these conditions. We would

-

then expect the activity to be h:gher than at 5.3 vol % C H2 which is indeed the case
"Flg 6.9).
8.5 T!iE INFLUENCE OF FLUORIDATION ON DESORPTION. PI:QODUC'I.:S

It was suégested in an e‘arlier chapter; in discussing Fig, 8 .9, that the total
dmount of coke depended upon the number of active sites available on the cataIyst surface
and that the nature -and distribution of the cake varied with the ‘catalytic properties.
Studies in the microbalance confirmed this. The influence of fluoridation on the rate ofl
coke :deposition is shown in Fig. 9.15 at a reaction temperature of 350°C and an initi?l
concentration of 2.5. Both the steady—‘state rate and the maximum rafe decrease z;.s— thf:i

fluoride content increases. Although the rate of coke deposition decreases linearly with

fluoride content, the conversion at these low concentrations of C2 goes through a N
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ﬁxaximum (refer to Fig;?'énd 6.10) and the deactivation rate through a minimum (refer
to Fig. 8.9c). This implies that the active sites of these catalysts are altered during
fluoridation. The time at which the maximum rate of coke deposition was reached varied
with the degree of fluoridation as observed in Fig. 5:'.16. Longer times would imply tlmf
more sites are available of the appropriate type. If tha loss in activity depended only

on the reduced number of active sites one would expect no change in this time factor. The

tion that ?h\:

modified sites have a different attraction for the reactant. In fact a linear

dependence of this time factor on the fluoride content is another indi

relationship exists between the time at which the maximum coke deposition-rate is reached
and the catalyst acidity shown in Fig. 9.17. This suggests that there may be a link

bergen tP}e.genemtion of gas—phﬂ&e\%‘aisomers and the deposition process occurring on the
catalys-t éurface‘.

Examination of the product descrption patterns given in Fig, 9-]8_a,b and ¢ for
alumina and fluoridated alumina shelds further insight into the manner in which changes in
the active sites alter the coke products formed. At the reaction temperature of 3000C,
one can already distinguish distinct differences in the coke products formed on alumina
and fluoride-modified alumina. There are a greater quantity of species of the type which
desorb at 450°C formed on the fluoridated sur;'ace. The difference at the desorption

CER . . oL,
temperature of 450°C is considerably enchanced as the reaction temperature is raised to
350°C. At still higher reaction temperatufes, the peak at a desorption temperature of
450°C disappears and is replaced by a large peak at a much higher desorption temperature
for both catalysts. A larger number of the species identified by a desdrption temperature
of 450°C and associated with catalyst deactivation are formed on the fluoride-modified
alumina. A minimum in the deactivation curve can now be exp]aine'd more readily. Although
t_he rate of coke deposition (and total coke formed) decreases with increasing fluoride
content, the ‘gmount of the species which leads to deactivation (450°C) increases with

ha
fluoride content), The competition between these two phenomena resuilts in a minimum in the

/ | S

Y, n
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deactivation (kd) with respect to fluoridation,

The relationship obtained ¢arlier between the specific rate of deactivation, kd,

" and the ratio of the 13C NMR signal for the aliphatic/aromatic carbon shown in Fig. 8.12

VAN
and now between kd and the relative magnitude of .the peak at a desorption temperature of
450°C both lead to the conclusion that the catalyst deactivation is a function of the

~

nature of the active sites. The deactivation parameter, kd‘ was found to increase with

S

the aliphatic/aromatic carbon signal ratio and with the amount of coke species of the type
which desorb at 450°C. It mhy be concludca from the above that these species must be
aliphatic in nature, and morc than likely -unsaturated aliphatics. These compounds include
lincar poiymers, alkenes, alkadicr;cs. ’

The ionic polymerization of acctylenc to high-molccglar weight linear polymers
has been studied to some cxtent in recent yca;'s {46) o.'v-lcr Zicgler-Natta type catalysts!
The polymerization oceurs in the presence of large amounts of Lewis acids. It has been
noted in these studies that the yield of -poly‘mcr increased ﬁs the acidity of the medium
increased, i.c., in the order polyphosphoric acid < sulfuriec acid < antimony
pentafluoride. It is highly likely therefore that the increased acidity introdu‘gcd by the

-

fluoridation process leads to an increase in lincar polymer on the catalyst surface.

These lincar polymers of various chain lengths would then occupy the active sites and make

them inaccessible for further reaction. Dchydrogenation of the linear polymer would occur
",

quite casily at the higher reaction temperature and a carbonaceous residue would bé7lcf't

behind, which appears as the species which desorbs at pyrolysis temperatures above 700°C.
7
9.6 CONCLUSIONS
The data acquired with the microbalance and examined in this chapter confirm
findings with the tubular reactor. Analysis of this data together with the models d

obtained using the tubular reactor proved very useful in understanding the deactivation

phenomenon. The analysis suggests that the rate of coke ':deposition and the total coke

/
7
/



formed are a function of thie number of active sites available for adsorption of acetylene, ~
However, catalyst deactivation ‘is mostly a function of the quantity of linez}r polymer -
formed inrthe coke and not dﬁ&the total coke produced. The quantity of linear polymer
formed is a function of the acidity of the catalyst and of the operating conditions.
Operating conditions wh.ivchh minimize linear ponmér formation, i.e., high temperature, high

contact time, low gas phase concentration also minimize deactivation.

%
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10. INFRARED RADIATION: ITS EFFECT ON CONVERSION AND CATALYST LIFE

a ’ . -
It is well known that radiant energy can produce profound changes in organic
material (70, 30). The exact ‘effect produced depends on the substance irradiated and on .
the nature of the radiation (70). Infrared radiation provides enough energy to ’excite’
molecules but not to ionize them. The amount pf energy avai!able can lead to breakage of
a bond between atoms, but the atoms concerned will not, in general, lose or gain electrons
and, as such will give rise to radicals. In this chaptef, a comparison is madefbetween
experimental results obtained using an infrared furnace (source of infrared radiatioq_)\

with those obtained using the resistance furnace described in Chapter 4. %

10.1 ACTIVITY

Experimental data (4). for acetylene conversion as a function of reactor
temperature, for both non-catalytic and catalytic experiments are shown in Fig. 10.1. A
description of the infrared furnace may be-f’oﬁnd in Appendix 10.1.' The catalytic
experiments were performed with an alumina and a 2.6 wt % I on alumina catalyst. Axial
temperature gradients of 5 1o 10°C were measured in the catalyst bed for both heating
systems. In each case, greater conversions were obtained in the presence of infrared
radiation,

The effect of the infrared raqiation on the non-catalytic reaction shown in
Fig. 10.1 can be explained in terms of two phenomena. First, the absorption of infrared
radiation in the 2900-3400 cm_l frequency range by gas-phase_acetylene has been
demonstrated by Sheppard and Simpson (90). When the energy for the thermal reaction is
supplied by the infrared rays, vibrational excitation of the acetylene molecule occurs
which weakens the C-H bonds. Second, the thermal conversion of acetylene which ocgurs
only at temperatures exceeding 500°C is believed to proceed via a free-radical mechani ) .

as proposed by Back (10). Presumably free radicals are generated from the excitatio
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energy supplied by infrared radiétion and thcsc‘-{'rc‘E radicals are responsible f:oi' the
conversions observed in the ndn-catél'ytic expériments performed in the infrared furnac‘c in
the 200-500°C temperature range. These findihgs are consistcﬁt with the fact that the
rate of free-radical polymerization reactions increases as the number of free radicals
increases (70). '

The effect of the infrared radiation on the catalytic reaction shown in
Fig. 10.1 clan also be explained in terms of two(phcnomcna. As in-{,thc thermal experiments,

L4 \ “

the gas phase acetylene absorption of infrared radiation contributes to the acetylene
reactivity through vibrational excitation of the bonds in the acetylenc molecule. In
addition to this however, Yates and Lucchesj (100) havc;d‘cmonstratcd that both strong and
weak interactions occur when acetylene adsorbs on alumina.‘ The strongly chemisorbed
species from acetylene are hclci normal to the alumina surface (intcraction through the C-H
bond), while the weakly chemisorbed acetylene molecules are held flat on the alumina
surface (interaction through C=C bond). A similar adsorption on thlc fluoridated alumina
catalyst surface may be deduced from disc'g_ssions in Chapter 7 and this adsorption may
contribute to the high acetylene conversions. The greatest conversions were observed when
infrared excitation of acetylene and adsorption of acetylenc on the catalyst surface were

combined. Induced vibrations of the bonds in the acetylene molccule may have facilitated

the adsorption and subsequent transformation on the catalyst surface.

Qo.z PRODUCT SPECTRUM -

A significant diffcrence was also observed in the products obtained from.thc
catalytic cxpérimcnts when carried out in the presence/absence of infrared radiation. In
the former case, the product spectrum at ! h time on stream over alumina and fluoridated
alumina included H2"~-C2H4’ C2H6’ CH4 and a large fraction of condensable hydrocarbons
(Table 10.1). In the latter case which was discussed in Chapter 7, the m:a.joz'r product was

in the condensable hydrocarbon range with cthylene, ethane, methane and light olefing~
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Table 10.1

Gas product distribution [mol %]

Component %  No radiation® Radiationb
C,H, 12.0 © b~
H, 13.7 ) 55
Cz“@- . ) 45,8 16
G, H, - 4 e
CH, 28.6 6
Cet ’ - \ 15

a temperature 400 oC, 10 vol % C,H, in N, feed, 2.6 wt % F on alumina.

temperature 500 OC, 10 vol % C%H% in N% feed,”2.6 wt % F on alumina.
N, free basis

™.

N
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{C 4'5) present only in traces. The presence of significant 'p;-oportions of H2 ilndicate a
higher tendency for the decompbsition reaction in lthe presence of infrared radiatjon
perhaps caused by the induced weakening of the C-H bond. Nevertheless, 16 mol % of the
product is light l_iquids (C5 - CS)’ a very high percentage after 1 h on stream. In fact,
the product gas distribution changes very little with time-on-stream as observed in
Fig. 10.2.

The molecular weight’ distributionl of the condensed liquid product over both
catalysts in the presence of infrared radiation is very similar and spans a wide range,
An example of fhe simulated distillation boiling point curve is given in Fig. 10.3.
Typical coinpounds which were identified by GC/MS include: naphthalene, indene, tetralin
and substituted compounds of these. Many of these were alsoNidentified in the products of
the transformation in the absence of infrared radiation.

[

10.3 CATALYST DEACTIVATION

The most dramatic effect of the infrared radiation was in extending catalyst
life. The conversion of acetylene as a function of time-on-stream in the Fpresencz'a/:;.l:»sem‘:e
of infrared radiation is shown in Figs. 10.4 and 10.5 for .;ﬂumina and 2.6 'wt % F on
alumina céta]ysts respectively. It is evident with both catalysts that the use of
infrared radiation significantly lengthens catalyst life. The mechanism outlined in
Chapter 11 may be used to explain this finding. The energy provided by the radiation may
be sufficient to overcome the activation energy barrier of the ring-chain reaction .
(Eq. 11.9) and lead to bigh'er amounts of ring compounds, benzene, xylene,” Less linear
polymer whll be formed and as a result less deactivation will be evidenced (see Chapter. )
8). In addition, a weakening of the interactibn between the growing polymer chain and the
catalyst surface will ingrease the ability of the chain to delocalize the positive charge
of the active centre over itself (Eq. 11.9). More explicitly, the radical will be favored

i . . . . .
over the cation form. Less linear polymer is expected when this occurs., Despite the fact
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that limited linear polymer is formed, decomposition of acetylene to its elements is

noticeable (high carbon content of the catalyst, 12 wt % carbon ¢on Al:,_o3 and 21 wt %
S .

carbén on fhuoridated A1203 after 5 h on stream). It is the gccumulation of this "free

carbon" which eventually begins to deactivate the catalyst sites.

10.4 CONCLUSIONS T

~

his

The severe catalyst deactivation reported in earlier chapters was significantly
reduced by external means. Alumina and fluoridated alumina lifetimes were doubled with
the use of infrared radiation. These findings have been explained in terms of the
following two Iph'é‘nomena. The excitation energy provided by the radiation was sufficient
to- overcome tt;'e energy barrier in the chain to ring reaction. The low-level energy was

also sufficient to induce radical formation at the end of the growing polymer chain at the

expense of active cations.
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11, THE REACTION MECHANISM

e

The reaction of acetylene to produce hydrocarbons can be visualized as a

polymerization process. Polymerization reactions may be written generally as; !

;
-

X-mer + y-mer = (X + y)-mer )]
and are divided into two\t_}pes based oﬁrtthe mechanism of the growth reactidn, step growth
and chain growth (482. In st:ap growth, x and y may assume any value, ie., qhains of any
size may react together as long as they are capped with the complementary functional
end-graﬁps. In step growth therefore, one type of reaction is involved in the reactions
of either two monome-r units with each other, a monomer with the end group on a polymer,

“*  chain or two,p.olymer chain eﬁd groups. Chain growth polymerizaticn, on the other hand,
generally consists of three different types of reactions, an initiation reaction which
creates a highly active species; a propagation reaction in which the only reaction
possible is the addition of monomer to a:tive polymer chain end ‘gr.oups| (i.e., y-mer is
confined to monomer) and termination in which the activity of the end groups is destroyed
an&‘the polymer chain can no longer add new monomer units.
r

11.1 THE STEP GROWTH REACTION MECHANISM

A detailed and quantitative treatment of ﬁolymerization reactions which oceur by
the step-growth mechanism is give Flory (31). In the development which follows, let

y
‘M = monomer ] }
p = probability of\inding a reacted M grE;up
1.e., the conversiofq or extent of reaction

(1-p)= probability of finding an unreacted M group

N = the total number of molecules present in the
) . '
reaction system /Jj\/_

n_= the number of molecules containing x M groups, both

4
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reacted and unreacted
X = the number of monomer units in the chain
The probability of finding a molecule with x M groups (reaéted and unre;lcted) is c;qual to
the mole or number fraction of those molecules present in the reaction mass, nx/N. This

in turn is equal to the probability of finding a molecule with (x-1) reacted M groups and

one unreacted M groap, and since the total probability is the product of the.individual
. Al
probahilities, , .
Lo {x-1) -
mole fraction x-mer = nx/N = p (1-p) {11.1)

This result gives the distribution of chain lengths in the reaction mass as a function of

the conversion. The distribution results-from the random nature of the reaction between

chains of different lengths. In this number fraction distribution, the shorter chains are

always more ml)mer,gus, i.e.,the longer the chain length the fewer there are. Eq. 11.1 can
be rearranged to -
- M, =n/N= p* (l—p)/s

where Mx is the mole fraction of a/polymer with x monomers. After taking the logarithm of
bOti\ sides, one arrives at the Flory equation for the number fraction.

In(M_) = x 1a(p} + In((1-p)/p) (11.2)
A plot of ln(Mx) versus xgwould produce a straight line of slope, In p, and intercept
In{(1-p)/p). The Flory equation (Eq. 11.2) provides a macroscopic. method to predict the
molercﬁla\r weight distributibn of ponmg:rization in a dynamic equilibrium state (31). This
gquation ‘ttjlerived from a statistical treatment of the reaction system, is based on the
assumg/{ié}-\that all the functional groups involved in the polymerization process have the
same reactiv‘ity. It has been applied‘ successfully to predict molecqlar weight
distributions of linear condensation polymers (31), to predict hydrocarbon distributions
produce.d from the Fischer-Tropsch reaction (7) and to predict light olefin distributions

in the synthesis of olefins from methanol (98).

The products from the polymerization of acetylene discussed in Chapter 7 were

v 4
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not in thermodynamic equilibrium, tilé-efore. the selectivity data contains valuable
mechanistic information. With this in mind, a plot of the logarithm of .the mole fraction
of the product distribution found in thermal experiments carried out st GOOOC in a flow
reactor (20) is given in Fig, I1.1a starting with CS' This plot shows a significant
departure from linearity for the CS point. However, if benzene i; chosen as the first
product formed by the step growth process, the Flory plot starting from beniene produces 2
~ good straight line. Simple linear regressipn gives a correlation coefficient of 0.94 Xnd
an extent of polymerization, p, of 0.5 (Appendix 11.1). This p-value represents the
probability.of a stepwise reaction of the Flory-type. Although thére is a high degree of
correlation with the Flory equation observed for the products obtained from the thermal
reaction of acetylene this does not prove that the reaction of acetylene with benzene and
higher hydrocarbons, to give the next higher molecular weight homolog proceeds by a step
growth mechanism. |

For comparative purposes the liquid product distribution obtained over ZSM-5
(94) and over flyoerdated alumina (data from this work) are also shown on the Flory plot
(’Fig. 11.1b). The lack of correlation of the product distribution obtained in the
iatalytic conversion of acetylene with the Flory equation would imply that the products
are derived from a different mechanism than the step growth addition reaction. The
underlying assumption of this mechanism, i.e., equal rates of formation of all the
products is not likely in the case of the catalytic reaction.

Examination of the effects of reaction temperature, weight-time and
concentration of acetylene on tﬁe total product yield and on the liquid product
distribution which was presented in Chapter 7 reveals clues as to a possible reaction

r

mechanism for the catalytic reaction.
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11.2 THE CHAIN GROWTH REACTION MECHANISM.

As stated earlier, in chain' growth polymerization, three different types of
reactions are believed to occur, initiation; propagation (growth) and termination. Chain
growth polymerfzations are divided into two categories, depending upon which type of chain
carrier is iﬁvolved, tonic or radical. - Free-radical chain polymerization is initiated and
continues by the acti.on of free rac!icals. electrically neutral species with an unshared
electron. lonic chain polymerization may be either cationic or anionic depending upon
whether the initiation and propagation steps occur through cations or anions respectively.

“I\ _
11.2.1 Free-Radical Reactions

.Back (10) has suggested a homogeneous free-radical chain mechanism to describe
the kinetics of the thermal.polymerization of acetylenc over a wide temperature range. In
the development which follows, a dot will represent a single electron. The free-radical

polymerization of acetylene can be described by the following reaction sequence:
. \ﬁ

INITIATION:
’ ZCQHQ_"‘.C;)H + .C2H3
PROPAGATION: . f
"CoH + C,H, — CyH, r
-
*C,H,+ CoH, — "C,Hg »
H H
TRANSEER:  (a) intramolecular T l? t-|| '-|* | 'T i
H-C=C—-C=Cs — H-C=C—-C=C—H

{b) intermolecular .
"CHy + C,Hg — C,Hy + C,Hg

TERMINATION: (a) by dispropertionation . H
C4H5+ C4H3 -*C‘H4+C4 2

{b) by combination .
2 "C Hy —CgHg

2 "C,H, —C  Hg
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The conditions under which the polymerization is carried out can influence the relative
rates of these various. reactions, and so the product distribution can be determined by
control of reaction pressure, temperature, etc. In general, however, as in the -
step-growth mechanism described earlier, a distribution of chain lengths is obtained in
free-radical reactions because of ‘the inherently random nature of the termination
reactions with regard to chain length. Theoretical calculation of the distribution is
more complex in”this case because of the number of reactions involved. Addition
polymerization reactions can give the distribution obtained in Fig. 11.1a provided the
termination stage does not involve the coupling of two chains (70). This implies
therefore that at least in the case of the thermal reaction, termination does not occur by
combination or disproportionation. Exactly v.vhat the other possible termination reactions
might be in this process is not cléar.

The increase'in the thermal conversion observed in the presence of infrared
radiation (Chapter 10) can be attributed to an increase in the initiation reaction
tgenération of radicals) due to the induced excited state of the acetylene molecules. -
Although all the react’ions will be affected, the initiation reaction will be affected most

because it is second order in the concentration of acetylene.

11,2.2 Ionic Chain Growth

A mechanism for the catalytic cyclization of acetylene to aromatic compounds,
particularly benzene over solid oxides, has not yet been elucidated. 'l:he high reactivit}
of unsaturated acetylene mdke it susceptible to polymerization by anionic, cationic or |
free~radica1‘ processes. Both anionic and cationic initiatidn have been used to produce
polymers' from acetylene (59, 77). The ionic chain.polymerization of acetylene leads to
the formation of polymers with a degree of polymerization, x, equal to 10 (i.e., 10
repeated units ir. the polymeric chain) (59, 77). The solid product in the present studies

“consisted of at least 3 types of deposits (Chapter 9) and the molecular weights of the

»

W T

CR%
Bt



P LTEI R L e LT e T e E T R T T s e T T Sy

individual deposits could not be determined. prcvcr, the highest ;nolccmar weight
material which was observed in the liquid product was' 275 corresponding ;pgghly to 10
. monoemeric units of acetylene which is consistent with the ionic mechanism.

One plausible mechanism, first postulated by Tsai and Anderson (94) can be

dcsc‘ripcd by the general scheme, | ' . - .
acetylene — n-polyene - aromatic " (11.3)

Polymerization of acetylene to polyene has been observed by Raman spectroscopy at the

surfaces of alumina (42), zeolite KX (42) and TiO2 (78). Although the extent of polymer

formation was relatively small, its presence was beyond question. With these oxide

catalysts, the polymerization mechanism is not known. Tsai and Anderson (94) proposed the

"

vinyl cation route (cationic initiation) for conversion of acctylene over ZSM-5 to yicld a

'C6-polycnc‘ intermediate which then cyclized to benzene (Chapter 2). Higher carbon

number aromatic compound‘s, ¢.g., toluenc and xylene are believed to be formed from a two

carbon-atom precursor via cracking and isomerization reactions. The distrlibution pattern g

shown in rFig. 7.6 implics a much longer polyene cha;n is formed at the "outset.

Analysis of the liquid product distribution obtained in the present study with
alumina and fluorided aluminaJ(Fig. 7.6) corroborates Eq. 11.3, however, the polyene chain
formed at the outset appdars to contain more than 3 monomeric units. As shown in
Fig. 7.6, under conditions of low conversion the growing chain s not starved for monomer
and the polyene will grow over the length of tilc catalyst bed. On the other hand, under
conditions of high conversions, the growing chain is starved for monomer and the seccondary
reactions of the cyclic products which are desorbed can take place over the bulk of the
catalyst bed since dealkylation and condensation reactions arc also acid catalysed.

Evidence from Chapters 8 and 9 further supports the f(;rmntioﬁ of a 'polyene’,

The low activation energies observed (7-8 k ‘mol} arc consistent with those reported -
for cationic chain polymerization (77). 1n/ad::on,'catalyst dcactivat‘ion over these

catalysts actually decreased as the temperature was increased (Fig. 8.10, k., vs

d

L
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temperature). The decrease in deactivation was linked to a decrease in the surface
- v
deposit which was associated with CH fragments (Chapter 9). ' Many polymerization reactions

are favored by lower temperatures, therefore these findings also support the premise of
the 'polyene’. i /

11.2.3 Proposed Reaction Mechanism
A modified mechanism is postulated in Fig. 11.2 invol\;ing cationic chain growth

polymerization leading to both linear and cyclic products. The ré_actions of éationic

chain polymerization specifically, initiation, probagation‘ (growth), transfer and

termination are presented and discussed l:;elow:

The Tnitiation_Reaction

Cationic initiation may be expected wi

unsaturateg monomers such as

acids behave

acetylene. On the other hand, strong Le electron acceptors and are

good initiators of cationic polymegiZation (45, 77). Little is{known about he{erogeneous
cationic initiation of acetylene /but some insight can be gajhed from homogenecous systems.
In homogeneous cat{onic polymerization, Lewis acids such as AlCl3 and ‘BF3 are
electrically neutral, but they ate two electrons short of having a complete valence shell
of eight electrons. These compdunds require traces of co-catalyst usually HZO‘ to initiate

polymerization, first by acceptinga pair of electrons from the co-catalyst as illustrated

below: .
_F' H - F H F

FiB + :0: — F:B:O: ._*_[F:.B::'Q::H]_ + [HIT (11.4)
F H F H F

The leftover proton is believed to be the actual initiating species abstracting a pair of
¢S electrons from the monomer and leaving a cationic chain end which reacts with additional

monomer molecules (80).
By analogy to this homogeneous chemistry, active sites must exist on the

catalyst surface to generate the polymerization initiator. As discussed in Chapter 5,

~ Y
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alumina and fluorided alumina are believed to contain Lewis acid centres as well as a
small num.bcr of Bronsted ccntrcs; This fact satisfies the above criterion, and favors the
mechanism postulated.

Tsai and Anderson (94) proposed that in-ZSM-5 the H from the hydroxyl groups in -

the zeolite (Bronsted sites) served to generate a vinyl cation as the initiator:

+ H /H H\ /H

.\—/ ’

Acidic and basic,sites on the surface of alumina can be pictured according to the
following scheme (72). The Lewis acid site is visualized as an incompletely coordinated
aluminum atom formed by dehydration and the Bronsted site as a Lewis sitc which has

adsorbed moisture, while the basic site is considered to be a negatively charged oxygen

atom. ’, . -
ol "ol o- My o
— 00— AI+-—0 Al — — 0-Al-0-Al — — -0-AlI— O/—Al— + H? (11.6)
T ATA A A .
Lewis Bas:c Bronsted Bronsted ; .
site  site E‘S?es € rs:nte \ aml

The Bronsted acid sites could pdssibly be the source of HY for the initiation reaction
shown in Eq. 11.4. However, two-facts make this route doubtf‘ul.' First, alumina is a very
reluctant Bronsted acid (Chaptcrl 5). Sccond, the gas-phase vinyl cation. has g high encrgy
and is cxtrcmc:‘l‘sr\\,zcnctiw:\(A.I-Iiz,ggl 266 kcal/mol). It scems more likely ther®Tore that the
initiating species is formed duc to the presence of the Lewis sites.

Spectroscopic studies discussed in Chapters 2 and 10 have shown that acetylene
adsorbs in two modes on alumina, head on (intcraction through the C-H) and [lat |
(interaction through C-C). The flat oric.ntation was shown to be weakly adsorbed acctylc?xc

wlhile the head-on orientation was strongly adsorbed acetylene. It is possible thcrcforc

that a polarized compound is formed upon chemisorption on the catalyst which then acts as

the initiator;



P TR Tt

’ .
.

I
H
o t o+
C=C (g) + —O0—AI-0—Al — —0—AI—0—A| ()
A A A N

Polarized compound

The rate of initiation and thereby the concentration of the initiator should increase as

the number of acid sites increases. Adsorption and polarization will be a function of

acid strength. Fluoridation, as discussed in Chapter 5, strengthens the Lewis acid sites
N -4

and introduces some B‘g_onsted acidity, both features would enhance this reaction. Since

the rate of polymerization is a function of the concentration of the initiator, it is

‘o
P

expected that the rate should increase as the total acidity is increased (Figs. 6.6 and

o

6.10), .
The Propagation Regetion
Propagation or growth of the polymer consists of addition of monomer to the

" active centre of the growing chain {polarized compound or vinyl cation).

I P
. H H 0O + -
SAl —c=¢' C=¢ (g) | H\c//c "
I l'/i gt "'\ g - }IAI_’C'QC/ (11.8)
0 o H |

I l

In cationic chain polymerization of acetylene, an electron is transferred from a polyene

. ] ] . . ] )
chain to an.active centre with formation of m radical gt the end of the chain and a

radical—céti;cyz delocalized over the conjugation system (59). -
. .\ .
—cH=cu}-cH=CH —{pH = CH{-CH=CH - (1.9)
ri~-1

With acetylene, the isomeri}ation of active centres (electron transfer) occurs in the

hY
first 2 or 3 units of the chain (77). Furthermore, formation of a ring stabilizes the jon
at the end of the chain, for example, phenylacetylene. Cyclic products are obtained by
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intramolecular ring closure and termipate the polymerization sequence, The chief factor

' determining whether rings or chains w:ll be produced is the size of the rings Wthh will

be, formed. Fwe membered rings are )fhe most stable, . $ix- and seven-membered rings are
mgijerately stable and will usually compete with cham formation so that both products are
formed. Both linear polymer and cyclic tri- and tetra-mers have been obtained in the
conversion of acetylene using homogeneous catalysts (59). ‘ Moreover, benzene, toluene and
ethyl_tlgnzene were obtainéd as cyclo-oligomerization products over Ziegler catalysts (77).
In order to have chain propagation, the catalyst must have powerful electron
acceptor sites capable of foPm'ng‘stable donor-acceptor or radical-ion complexes with the
polyene-chain. For linear gr0wth to occur, the active site must be maintained, therefore
the |somer1zauon of the active centre by electron transfer must be minimized. When the

polyene cham(fprms a complex with the catalyst the electron density cannot be displaced

in the direction away from the polyene chain (to the right).

\. + -
S 4CH=CH}CH=CH y = S—ECH+=.CH+CH=CH
] WA
S 4 CH=C & it Reicl n
+ CH= H—-CH}nCH—CH H'C\\ll'I,C:C’ -'4 :/C’ (11.10)
f ( Ho- C-H 0~
+ |
! - -0-Al-0-Al-0-Al-O-AI-0~
AN ™ A N

Chain propagation is therefore not prevented. In the presence of a sufficient number of
electron acceptor sites (Lewis acid sites), the cationic polymerization without electron
transfer will lead to high molecular-weight product. kIn fact, once a polymérig,{{lm
deposits‘ on alumina, the activity for chain growth drops drastically and an increase in
the cyclic product is observed (Fig. 7.8). As the catalytic sites are covered with

¢

non- desorbable po\ymer the monomer could then react on this surface film and fewer

contacts with the donor-acceptor sites occur. The chajn length decreases due to an
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increase in the electron transf'gr reaction which follows from the lack of complexing.
StabilizgtionT of the chain occurs through cyclization and produces a notable increase in
b;anzene as a function of time-on-stream.

In the mechanism proposed, the number of donor—a'cceptor sites plays an important
role in determining thg chain length. Fewer sitfs would imply formation of less polymer
and higher [:;ossibility of cyclization brought about by the transfer reaction. In support
of this, one can see that as the degree of fluoridation increases, the maximum in the
tetramers produced (Figs. 7.6 and 9.16) is achieved at earlier times-on-stream in response
to the fewer sites.: VC‘SataIysts ﬁcomaining the highcs-t number of "ion-pair® sites show an
increase in benzene levels with time-on-stream and_simultaneously with the reduction of
available surface sites by polyer;—e formation (Fig. 7.8).

On the other hand, stronger sites would also be expected to promote the
propagation and minimize the transfer reaction. When one compares the liquid product

-distribution over A1203 and fluoridated A1203 (2.6 wt %) in i:ig. 7.7, it is evident that

large levels of BTX are observed over the more acidic catalyst. No high molecular weight
material auppears probably because macromolecules are formed very quickly and do not leave
the surface. As the polyene layer continues to form, the increase in the transfer
reaction, due to the higher polyene-monomer interagtions as compared with the surface
monomer interactions, appears to offset the loss in intiator (due to covered sites) and
bénzene levels are maintained éven after 1 h on stream (Fig. 7.8). At higher loadings of
fluoride, both the acidity and the number of sites are greatly reduced. Therefore the
compensation for loss of initiator (due to the loss in acidity and the number of sites)
cannot be maintained by the low polyene transfer reaction (due to the low numbeér of
sites). As a result, the yield of benzene falls steadily with time-on-stream.

An increase in the conversion of acetylene over these catalysts in the presence

of infrared radiation can probably be attributed to the ease with which the excited

acetylene molecule can be converted into the polarized compound. Moreover, the fact that

ts.



the catalyst lifetime has been increased\;i;;l—i?i?:a tly implies that isomerization of the -
active centres leading to cyclization products must\be enhanced. This implies either a
weakening of the growing chain surface interaction or an increase in the stabilization
energy of the ring structures. A combination of these effects lvou!d certainly reduce the.,
formation of long ‘polyene’ chains (C9+).

The Terminatign Reaction

Several termination mechanisms are possible. One type of chain termination
occurs when macromolecules capable of giving up an electron to the active centre succeed

in stabilizing the icns by cyclization as shown below:

» |
° ;
)‘?'_0_ (I: = c’H )él-O_
0 ,1'+ - N 0
9‘&1"0 “ /,C\ = )AH + ‘g)
) (') '~ ¢ - C H 6 -
r H |.l| H 1s

This type of termination regenerates the catalyst. Another possibility involves a
disproportionation-like reaction:

' H
{cr_&:cn}cu:cf — fen=culc=c” + w*

This type would generate new initiator molecules.

11.3 IMPLICATIONS AND CONCLUSIONS

The mechanism proposed in this section is consistent with all the experimental
observations of this study. A summary of this evidende is given in Table I1.1.
lmplic-afions of this mechanism can therefore be discuised. In th‘e reactions of interest
here, optimjzation of the chain growth to 4 monorferic units is desirable. Since chain
propagation is prevented by the electron transfer redction, it appears necessary to

maximize the possibility for the isomerization of these adtive centres to take place. To
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do so a catalyst should contain a minimum number of Lewis acid sites, On the other hand,
. ¢

Lewis acid sites are necessary for the initiation of the chain, Alumina and fluoridated )
alumina cannot be used therefore to achieve the desired result unless the_two functions
can be ;eparated. The use of infrared radiation to weaken the C-Al bond and to enhance
the transfer reaction was one approach to achisve this. Another approac;h would be to add
a second component to the catalyst which would emphasize one of these functions without

sacrificing the other.

e

H

T
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Table 11.1

Evidence for cationic chain polymerization mechanism

Item

Discussion

1. Al 0., Al 03-F exhibit high Lewis acidity, 5, 6, 1

: a aegessagy prerequisite.

2. Conversion is affected by catalyst acidity, typical of 6
polymerization of other unsaturated monomers

3. .C,, dimers such as butenes and butadiene 7.1
detected in gas phase.

4.  Gaseous products, CH,, C.H, increase with 7.3.1
temperature and with timg-on-stream {(attributed to 7.4
condensation and dealkylation reactions) 11.2.3

5. Overall distributien of liquid products shows 7.6
a majority of high molecular weight product at low
conversion

6. Two rates in deactivation observed by several 8
workers consistent with rapid polymeric film deposit
and slow polycondensation of aromatic structures.

7. Specific rate of deactivation decreases with 8
temperature. Polymerization reactions are often (70]®
favoured'by lower temperatures which supports the
premise that deactivation is linked to polymer
formation.

8.  Activation energy of 7-8 kcal/mol is typical 9
of cationic polymerization reactions. [70]

9. Three product desorption peaks consistent with three 9, 11
types of carbonaceous deposits on th% catalyst surface

10. Lack of relationship between.extent of conversion 11.1
and length of chain typical of~cationic
mechanism.

11. Ability of infrared radiation to influence one 10
or more of the steps in the catalytic reaction [70]

is consistent with other chain polymerization
reactions

& [ ] refers to reference number \\
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12. CONCLUSIONS AND RECOMMENDATIONS
I
12.1 CONCLUSIONS S

12.1.1 Processing Considerations

The conversion of acetylene to aromatic products proceeded relatively easily
over alumina and fluoridated alumina catalysts. The following model was obtained which
described ‘the total per cent conversion of acetylene (X) over these catalysts at 15 min on
stream within the operating region used in this study: reaction .emperature (300-400°C),
catalyst (0-5 wt% F), weight-time (1-3 g‘s.mL*l), and feed concentration of acetylene
(5-15 vol %): |

X = 60.63 + 13.82 X - 26.26 x, +13.36 Xy - 4.97 x22 +7.83 x 2. 9.81 X X

4 4

X, = {temperature [C] - 350) / 25
Xy = -2 (0 wt % F), -1 (IS wt % F), 0 (2.5 wt % F), 1 (43 wt % F)
xy = (weight-time [g.s.mL_l] -2)/05
Xy = (concentration [vel %] - 10) / 2.5
Examination of the model revealed that the optimal processing conditions for testiﬁg
catalysts in this family were at the upper boundary of the operating region with respect
io both temperature and weight-time. A maximum in cdnversion was revealed with maximum
catalyst acidity at low initial concentrations of acetylene. ‘
The products of this reaction consisted of a broad spectrum of gases, liquids
and solids. The total yield of gaseous products was low throughout the experimental
region. On the other hand, the total yields of liquid and solid product varied
considerably over the operating region. " For the most part conditions which resulted in.
the highest yield of liquids (400°C, 3 g.s.mL']. 5 vol % CZHZ) also corresponded to
conditions in which larger proportions of BTX (benzene, toluene, xylene) were obtained.

Despite the high initial activity of these catalysts, the decline in activity




S T A R IR T e W e

3o
with time-on-stream was vt"ound to be a severe problem. Catalyst deactivation over
fluoridated alumina was shown to be primarily due to coking, The decline in aétivity
(conversion) with time-on-stream was found to be generally compatible with an exponential .
decay of the form a(t) = 2 exp(-kdt). Empirical models, devgloped to describe the
influence of the reaction temperature, the feed gas concentration and the weight-time on *

the parameters 3, (initial activity) and kd (specific rate of deactivation) and on the

catalyst coke content at | h on stream {C) are summarized below:

2
3 4

_ -4 ' 2 2
kg = 107(102 - 5.3 x) 43 %) + 24 x5 + 3.6 x, + 28 x,° + 1.8 x,°)

ay = 702 + 79 Xy - 23.0 Xy + 147 x

-~

+11.3 Xq + 134 x

¢ =102 (132 + 0.41 Xy - 0.50 x, - 0.24 'y + 0.18 x, - 0.46 x %, - 0.18 x,2)
Analysis of the models revealed that both the deactivation and the coke content were
decreased by using high temperatures (4000C), high weight-times (3 g.s.mL']) and low feed
concentrations (5 vol %). Operating conditions which minimized linear polymer formation,
i.e., high temperature, high contact time, low gas phase concentration also minimized
deactivation. Processing conditions which maximized hctivity yet minimized deactivation
»y/er.cgﬂoo"c, 3 g.s.mel and 10 vo! % acetylene. Nevertheless, it should be pointed out
that even under these conditions the catalyst life was short (a matter of hours).

12.1.2 Catalytic Considerations L

= : ~

Apart from the physical operating considerations noted above, the main factor
influencing activity was the nature of the catalyst. The high activity of alumina and
fluoride-modified alumina was attributed to acid-base properties of the catalyst. The
alumina and fluorided alumina catalysts prepared in this study showed maximum total
acidity in the 2 to 3 wt % F range (measured as mol NI—I3 adsorbed per gram of catalyst at
350°C). At high initial concentrations of acetylene a decrease in total conversion was
Lo

observed with .ncreased fluoride content. At low initial concentrations of acetylene,

however, the conversion was found to increase with total catalyst acidity.



CRERHAA p T T IT R ITL Ge R AR L IR T R
CRPTUITA S T T h St

An incregse in catalys't fluoride content resulted in a simultaneous reduction
in the coke produced. The coking' process appears to be complex. Small amounts of coke
dispersed throughout the catalyst bulk deactivated the catalyst more readily than coke
built up 6n the external surface. Coking on the external surface increased with catalyst
acidity. This was attributed to the higher concentration of fluoride on the surface of
the catalyst. Coke ﬁras probably a primary product in acetylene conversion. The specific
rate of deactivation in acetylene conversion increased with the quantity of aliphatic
structures in the deposited coke.

The data obtained using the microbalance supported the data from t'he tubular
reactor and proved very useful in understanding the deactivation phenomenon. The ratenvot‘
coke deposition and the total coke formed were found to be functi:;ms.of the number of
active sites available for adsorption of acetylene. Catalyst deactivation, on the other
hand, proved to be a function of the quantity of linear polymer formed in the coke and not
of the total coke produced. The quantity of linear polymer formed increased with
increased acidity of the catalyst. The chemical properties of the catalyst affected the
time~dependent distribution of products. At early times-on-stream, the molecular weight
distribution of the liquid products becam{'considerably narrower as the acidity increased.
This resulted from two events, the increase in average molecular weight of the solid

product (increase in nondesorbable linear polymer), and the interaction among initiation,

transfer and propagation process functions being achieved on the catalyst surface.

'i2..l.3 Mechanistic Considerations
The decrease in conversion observed with increasing catalyst fluoride content at
high initial concentrations of acetylene (Fig. 6.6) supborls’ the premise that ion-pair
.
sites are respbnsible for adsorptilbn of acetylene on the surface of the catalysts. The

decrease in the catalyst carbon content with increasing catalyst fluoride content

throughout the operating region (Fig. 8.8¢c) suggests that coke formation is also
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associated with the ion-pair sites which are responsible for acetylene adsorption.

The product distribution in the thermal conversion of acetylene followed a
chain-growth polymerization mez::hanism, which is cohsistent with the free-radical reactions
proposed by Back (lb). Infrared ‘radiation was found to assist the therrﬁal reaction and
increased conversions (between-200 and SOOOC). The infrared radiation probably provided
" energy for the vibrational excitation of the acetylene molecule which weakened the C-H
bonds. Presumably free radicals were generated f'fom the energy provided 'by infrz:red
radiation and these free-radicals were responsible for the non-catalytic conversions
obtained at low temperatures.

A mechanism, based on cationic chain polymerization, has been proposed for the
. catalytic conversion of acetylene over alumina and fluorided alumina. This mechanism is
"consistent with the product distribution data generated in this work. Furthermore, the

dependence of the activity on the concentration was typical of autocatalytic reactions
where concentration of both reactant and product affect the rate of transformation.
Enhancement in the catalytic conversion of acetylene in the presence of infrared radiation
was ascribed to a shift to the left in both the transfer reaction, Eq. 11.9, (shorter

<hains) and the equilibrium between ring compounds and chain compounds. With infrared
radiation, less linear polymer was present on the catalyst surface whicr resulted In an S
extended catalyst lifetime. Although mechanistic studies were not attempted in this

thesis, the mechanism described in Fig. 11.2. is consistent with virtually ali the
experimental data on conversion, yields and deactivation which were obtained.

N

12.2 RECOMMENDATIONS

The following recommendations stem from the conclusions reached above:

12.2.1 Processing Considerations
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Since the optimum conditions for obtaining high activity anf’ low deactivation
point to operating boundaries, it is worthwhile expanding the operating region in the
direction indicated, temperature above 400°C and weight-times above 3 g.s.mL'l. At much

higher temperatures, one must keep in mind the 'possibility of thermal reactions becoming

important,

12.2.2 Catalytic Considerations

Catalysts which shift the ring-chain equilibrium to the left are highly
desirable. An _ihcrease in the transfer reaction would also improve the situation by
decreasing the length of the chains. This requires a fine balance between the number of
sites on the catalyst responsible for initiation anq_ those responsible for the

-~ 2
isomerization of the active centre on the growing chain. Cationic initiation implies that

high Lewis acidity is needed to initiate a chain. Very litte interaction between the
surface and the growing chain is needed for isomerization or electron transfer to take
place, Both these functions must be achieved so there is a need for bifunctional
catalysts in this reaction. In both homogeneous and heterogeneous applications to date,
nickel and chromium have begn used to facilitate cyclization, however the quantity of

linear polymer formed is still unacceptably high. There is definitely a need for further

work 1n this area.

12.2.3 Mechanistic Considerations

In most polymerization processes, the initiation, transfer and termination steps
are controlled by external means, e.g., the addition of free-radical initiators. It was
shown in this work that some of these reactions can be affected externally. For example

infrared radiation appeared to affect the transfer reactions occuring. These

possibilities should be explored further.
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APPENDIX 1.1
Galculation procedures for determination of free energy

per carbon atom of some hydrocarbons

The temperature dependence of the Gibbs free ENergy was

evaluated using a procedure outlined in Smith, J. M. and Van Ness,

H. C., Introduction gg Chemical Engineering Thermodynamics, 3rd ed,,
McGraw-Hill, New York, 1975, page 389. The standard Gibbs free energy
of formation at 298 K data was obtained from Perrf, J. H. and Chilton,
C. H. , eds, Chemical ggpinegr's Handbook, 5th ed., McGraw-Hill, New

3

York, 1973. A four parameter polynomial equation was used to determine

the enthalpy as a function of temperature. The coefficlents were also
obtained from Perry's Handbook.

& comparison of various equations for predicting the heat
capacity of hydrogen and carbon in the temperature range 300 and 1000K
was.carried out. A sample output of the computer program SYl:Heatcp:bas
written for this purpose shows that the three equations usew to predict
the‘heat capacity of hydrogen give very similar heat capacities. On the
other hand, only two of ﬁhe equations used to predict the heat capacity
of carbon agree up to about 1100K. The coefficients given in Perry's
Handbook provided consistent results for both hydrogen and cénbon and

were used subsequently in free energy calculations.
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SYIi: HEATCP: BAS

2.6 ..

5 eﬂ'EN ‘LR’ FOR OUTPUT AS FILE #6 _
10 'AEM rrodram to compare different eauations for heat .
20 REM caracitu of hudroden and carbon '
30 REM cal gmol-1 C-1
40 REM hudroden equations valid for 298-3000K
50 PRINT #&» /COMFARISON OF HYDROMEN HEAT CAFPACITY EQUATIONS”
&0 PRINT -
70 PRINT #&+° T(K) CFH1 CFH2 CPH3”
go T=300
90 FOR I=1 TO 12
100 Hi=64.,45+7.00000E-04%T _ AW T,
110 H2=4.52+7,.,80000E-04XT+12000/T72 Lo & Nin e,
120 H3=6.42+8.10000E-04%T Veany s Meedoe &
130 PRINT #&6»TrH1vH2sH3
131 T=T+200
132 NEXT 1
. 140 REM carbon equations valid for 298-2300K //)
150 FPRINT #6r’/COMFARIGON OF CAREON HEAT CAPACITY EQUATIONS
160 FRINT #&+° T(K) CrC1 CFrCc2 CF s’
161 T=300 | , ;ﬁi :
162 FOR J=1 TO 12 ' > '
170 C1=4.0341,14000E~03XT-204000/T"2 JWbu—zbOU{‘ \ e
180 C2=2,47342.61000E-03%T-1143049/T772 213 = P RFAR et a NG
190 C3=1.1+2.40000E-03%T+4,00000E-07%T"2 X QxifFa”ﬂ“,»n«u
200 FRINT #&6¢T¢CL1lsC2yC3 A AR LAY
210 T=T+200 .
220 NEXT J B #
300 END
\
b+ - - Cmm e e a—— ._,-,J' .
R
COMFARTISON OF HYDROGEN HEAT CAPACITY EQUATIONS
T(R) ’ CFH1 CFH2 CPH3
300 46.88 &.88733 - 4.863
00 7 4,938 7.025
700 7.14 7.092049 7.187
900 7.28 L, 23482 7.349
1100 742 7.38792 7.911
1300 7.596" 7.9411 7+4673
1500 7.7 7.695933 7.83%
1700 7.84 7.8901%5 7.997
1200 7.98 8.00532 8.15%
2100 g.12 8.16072 g.321
2300 8.246 8.31627 8.483
2500 8.4 8.47192 8.64%
COMPARISON OF CAREDON HEAT CAFACITY EGUATIUNS
TR CFrC1 CPC2 CFrC3
300 2.,10533 2,146634 1.854
500 3.784 3.951372 2.4
700 4.411467 4,26312 2.976
200 4,80415 4,8787 . A.584
1100 S.11541 S.44807 4.224
1300 S5.,39129 5.99732 4,894
1500 5.64933 Sed
1700 %.89741 6.334
19200 6$.13949 7+104
2100 & 37774 7.9204
2300 4.61344 8.735%
2500 b.8473b
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Program calculates free energy of formation of hydrocarbons.
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20
0
40
S0
&0
70
80
?0
?5
i00
110

REM. )
REM #rodran calculates free enerdw of fornatiaon of hudrocarbons
REM

REH heat curucitu of hudrocarbon gases expressed in the Torm
REM A + BT + C T%*2 + I Tx%3

REMH

REH heat caracity of hudrosen eneressed in the form

REM A + B T .

IF N$="xx’ GO TO 150

REM R
REM heat caracity of carbon (Grarhitelexrressedintheform

120 REM A + B T + C /Tx$2 + D/T433
130 REM .
140 REM

130 READ R

150 DATA 1,987

170 READ C1.C2,C3,C4

180

190 READ H1sH2

DATA 5.304923.49545-04y -7 . 35004E05, 1, 2954E08

200 DATA 4.42+8.1E~04
210 OFEN ‘SYL1!HEAT.DAT’ FOK INFUL AL FILE &5

220 OPEN “LF!’ FOR OUTPUT AS FILE $&

240 INPUT 85.Ns% L4

245 IF N$='x3’ GO TO 9vve

250 INFUT #5+¢FsHsC

240 ANFUT 45¢F14F2,F3,F1

265 INPUT $45:H0.GO"

280 PRINT 34+Ns

220 PRINT $6+F1F201F30F0

300 FRINT #a :

310 I'RINY TR LN~ [ LEL G-
320 REH B

330 REM

580
590
400
410
&20
&30
440
450
460
670

REN

REM culculating the 1mteirataun cunctante,

KEM ' )

LET T2.-29p872

LET T3=T242%8 L

LET L=LOG(D298)

I1=P1a098 P OXT O/ 2+F3% TS/ 3 tFakTonl2/4

I2=H1x29B+H2%T2/2 . “
I3=C1x298+C2%T2/2-C3/2Y4 -Las2 /12 p
14=-10/2%0

14514}Pt(P1¥L}PDIZ?UXU|P3$I?/b+F4*73/12‘I1/398)
14214—Ht(H1*L+H2#29U/3F11/398)
IQ=14-C*(C11L+C2*39ﬂ/3ic3/72/2+C4/T3/é+13/298)
REH .

REM '

T=300

KEM

REM

REM calculeoting Lhe curlibirign conLtant A
L1=LOG(T)

TS=TxT

Ta=TouxT

T72al/72

N1==HO/T

N1=K1+P¥(Pl*Ll+P2tT7+P3*T576IP4*T6/12+I1/T)
N1=KI-H¥(H1*L1+H2¥T71IB/I)
N1=N1-C¥(CIIL1{C2¥T7IC3/IL/20C4/T6/6+IJ/I)

Kl=K1-T4 '

REM - )

REM calculating the cawilibriun constant

REH

480 K=EXP(K1/R-GO/R/298)

. &85
490
700

N2=-LOG(K) :
REM
REM calgulating the free enerday of reactian

710 G=R*TxK2

720

IF T»2500 THEN GO TO 9990 ¢

730 FRINT #4:T+K2iKeG
740 T=T+100

750
760
770
780
790
999

GD TO sS40

REH

REH N
REM

REM
8 GO TO 240
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(’l Hé CiH4
1,251

4.59765!1.24471E—02v2.8597€*061“2.7031E—09
-1788%9,-12140 Q
C2Hé - ) .
1903,2 .

1.29285.4.253545—02,—16.56995—06.2.oe1neﬁ~09
-202346+,-78560
C3H8

1,4:3
"1.008568!7.31499E—02r-37.8885E“06!7.67?82E“09

- =24820,-54614

C2HA

1,22
0.985498;3.70262E—02;—19.4768E—06r4.05454E—09
124946146282

C3H6

1+3+3
0.894648:5.58925E—02v"27.4978E“06v5-19139E"09
4B7901495%0 . -

C2H2

1:1,2 )
7.331,12.,422E-03,-3.889E-056+0

541450000 L
CaHé Co
1¢3:6

—0.409r77.621E-031—26.429E—0610

19820, 30989

CéH14 "y ke

1¢716 )
‘3.4892114.688E—02!-80.6345E_05-16.288E—09
~39940,+-70 :

C7H16

1:8+7

‘ -1.22928:16.14545—02r“87.2008E-06:18.2892E*09

-44885y 1220
(o

O0r0r1l
0r0+0,0

0:0

X%
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CiH4
4,59745

T
300
400
500
600
700
800
900

1000
1100

1200
1300
1400
1500
1400
1700
1800
1900
2000
2100
2200
2300
2400
2300
C2HS
29285

300
400
500
400
700

_8Q0

" 900 ™.,
1000
1100
1200
1300
1400
1500
1600
1700
1800
1200
2000
2100
2200
2300
2400

2500

-228-~

0124471

-LN K
-20,3009
~12,8545
~7.89358
-4,60912
-2.19304
-.33527

1.,13965
2,3392
3.33333
4.16983
4.88266
S 49676
6.03096
6.49907
4.91499
7.28562
7.61937
7.9224
8.20044
8.45809
8.49889
8.92652

9.14405

-4.32801
1.,18003
5.01494
7.85371
10.0447
11.7874
13,2055
14.3803
15,3676
16.2074
16.9296
17.556
18,1037
18,5864
19.0146
19.397
19,7406
20,0512
20,3337
20,592
20.8294

21,0488

é

G970E-06

K

+S33498BE+08

313808
2480,02
100.394

9.
39832

1

26239

+ 31993

» 09464052
03356742
01354549

7 57480E-03
4.,10004[L-03
2.40310E*O3

9

\.Jo

4

LH0384E-03
PRAIVLEE~04
BU326E-04

. 70949E-04
3.

S2459E-04

2 74475E-04
2.12178E-04

1

AT T70E-04

1.32819E-04
1.04853E-04

-1

L HUHIPE-0T

Is

443348
75,7934
307271
4. 63B02E-03

3.
«341460E-05

4

38307E~-04

7.59986FE-06

Rt I CO R

+34045E-04

&B307E-07

.11801E-07
143792E-08
4 .

44173E-08

2.37436E-08

1
g.

[~

1

I7295E-08

47327E~-09

S.92184E-09
3.
2.67160E-09
«75822E~09

76709E-09

1.47534E-09

1.
8.

7

14030E-09
YP9307E~-10
2212BE-10

-2.,70310E-09

DEL G
-12101.4
~100%5%9.4
“?84.. Frcs

~5494,99

-3050.3
=-a32.94%5
2038.04
44547.,98
7285.458
PP42.05
12 12.4
9290.9
17975.3
2048864 .4
23358.1
26057 .7
2074865 .4
31484.4
34218.8
34973.7
59/44 8
Y40548.8
45423.1

2,08140C

DEL G
~77746.848
-3439.91

1172.36

5978.81 .

10923,7
15947

21079.4
24239.3
31430.9
364642,

41865.9
47094.9
S2325.5
57555 . 4

42782.8
68007.5
73229.4
78449 .1
836467.8
88884.7
94107 .4
99331.2
104540

_0(’\
&

P
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C3He —
-1.00857

T
300
400
o200
4600
700

800
200
10600
1100
1200
1300
1400
1500
1400
1700
1800
1900
2000
2100
2200
2300
2400
2500
C“H4
985498

T
300
400
300

- 600
700
800
?00
1000
1100
1200
1300
1400
1300
1600
1700
1800
1900
2000
2100
2200
2300
2400
2300

-22¢%

-3.78885E-05

. 0731499
-LN K K
—-9.20147 9911,7

1.50898 221134
802886 4.4136JE 04
13,0098 -  2,23824E-06
146.5013 A.RTAQGAF—OR
19.1915 4,4625622E-09
21.3267 T S.34924E~-10
23,0401 9. HE63L0E-11
24,4925 2.304699E-11
29,6935 5.94170E-12
26,7127 2.5051SE-12
27.5845 1.04554E-1D
28,3423 4,91016E-13
29,001 2.54109E-13
29,5788 1.42585E-13
30.0889 8.56482E~14
30.5401 AS231E-14
30,9417 3.454920E-14
31,2996 2,55134E-14
31,6189 1.85383E~14
31,9039 1.39416E-14
3211576 1.08172E~-14
3243828 8,63461E~15
.0370242 “1.94748E-05

~LN KN K
27,3549 S 1L31535E-12
22,2582 2.15473E-10
19.3713 3.86500E-09
17.5504 2L, 3B7S2E-08
16.3145 8.21542E-08
15.4289 1.99219E-07
14,7646 3.aé%34£~o7
14.2541 &L A44TE9E-Q7
13.8461 9. 69902E-07
13.5135 1,35263E-06
33,2348 1.78348BE-06
13.0028 L 2LDS405E-04
2.8018 2.75585E-06
2,56269 3,28243E-06
12.473 3.82878E-06
12.3359 4,39109E~06
12,2127 4,94711E-06
12.1006 G S5600E-06
11.9977 6.15832E~-06
11.9021 &,77601E-06
11.8123 7.41272E~04
11.7269 8.,07379E~06
11.6446 8.76618E-06

7.47782E-09

DEL G

~94835

1199.34
8234,73

5510,3
ADQS

30506.8
30138.4
43820.4
53533.2
61263.5
469001.5
76740.1
B4474.2
22200

?9914.4

107615 .-

15299
1229462
1304604
138219
145804
153353
1460861

4,03454E~09

LEL G
16307.5
17690.8
19245.4
20923.6
2324691.9

2452%.7
26407.1
28322.9

302463, 4

sﬂﬁﬁl

A A

34195.

J48171.1
3B195%.7

40143.35
421322.4
44120.7
446106.5
48087 .9
S000462.8
22028.9
o3983.5
Sa9923.2
57844.4



C3Hé
8944648

T
300
400
S00
600
700
800
200
1000
1100
1200
1300
1400
1500
1600
1700
1800

100N

2000
2100
2200
2300
2400
_2500

31

T
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600

11700
1800
1900
2000
2100

2200
2300
2400
2500

0558925

~LN K
-..\J . ...608
23,4337
22.6018
22,2044
22,017
21.9345
21,9115
21.9147
21.%9317
21,9342
21.978
~~.0007

20212
~¢.039
__.0438
-..4. . 06».17

a4 n7aAQ

22,081
._.'_0084..1
22,085
hg.083
22.0777
22.04692

01324622

-LN K
83.8313
61.1114
47,5034
38.4572
32,0173
27,2039
23,4727
20,4271
18.06924
16.0522
14,3497

2.8942
11.463461
10,5385

od7314
8.71814
709\.}64
727425
6.66068
6.10674
3.60509
S.1496
4,7352

~230-

—2.7497BE-05

K
1.07002E-11
6.65074E~-11
1.52811E-10
2.27385E-10
2.74244E-10
2.97221E-10
3.047465E-10
3.03777E-10
2,.9087BE-10
2.92017E-10
2,85145E-10
2.78741E-10
2.7308%E-10
2.68285E-10
2.464338BE-10
2.61210E-10

TOEH{NOS LT AN

2.37243E-10
2.556347E-10
2.3481466E-10
2.546726E-10
2.98082E-10
2.40299E-10

-3.88900E-04

i
3.91312E-37
2.88168E-27
2,34148E-21
1.98717E-17
1.24474E-14
1,53279E-12
6.39637E~11
1.25382E-09
1.420464E~08
1.06812E-07
S.06153E-07
2.51261E-06
8.84082E-06
2.64959E-05
6.95729E-05
1.63591E-04
3.50413E-04
6.93163E-04
1.28028E-03
2.22780E~03
3.467910E-03
5,80170E-Q3
8.78070E-03

~391B4.3 7

=

S.19139E-09

CDEL G

15057, 9

18625, 1

22454,9

26472.1

30623.4

34870.3 S

433544.6
47936

22347.,6
G4771.4
61201.7
654634.3
70066 .3
74495.3
78920.2

ATTTTTON (]

B7749.9
92151.,9
96543.2
100922
105284
109629

0

DEL G
49971.8
48571.4
47194, 4
45848,7
43243, 4
41976.2
40727.,7
39494,7
38274,9
37066.7 .
35869 .1 o “
34681.5 13240
33504, 1 ok
32337,1 :
31181.3 . _ ~

30037.8 .
Ja &

N
Ly
b
o
—J

202694

28907.9
27793
264695
25615.8
24557.4

.....



C&HS
”u409

300
00
Go
00
00

800

?00

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500
CéeH14
-2.4892

300
400

500
600
700
BOO
200
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
- 2500

0774621

-LN K
52.1121
44,0414
39,4998
36,6563
34,7376
33,3654
32.3343
31.5334
30,8861
30,3502
29,8973
29,5086
29,1715
28.8777
28,6215
28,399
28,2078
28,0441
27.913
27,808
27.7308
27,6814
27,6599

.14488

-LN K
331974
17.592

28,5278
36,1411
41,7642
46,0879
49.511
52,2822
54,566
56,476
58,0934
59,478
60.6746
61,7176
62,6334
63.4428
64.1619
64,8038
65,3786
65.8943
66,3572
66,772
67.1426

/

-2.64290E-05

K
2.33342E~23
7.456559E~-20
7.005382E-18
1.,20326E-16
8.194689YE-16
3.23287E-15
9.04739E-15
2.01942E-14
3.89774E-14
6. 0P258E-14
1.034694E-13
1.529463E-13
2.14278E-13
2.8B7455E~-13
3.71406E-13
4.63952E-13
5.61733E-13
6H.6029BE-13
7.54300E-13
8.,37815E-13
?.05049E-13
?.50903E-13
. 71495E-13

~8.046345E-05

IN
71735054

TLA0T1F-0R

4.,07873E-13
2,01421E-16
7.27854E-19
?.4644356E-21
3.143919E-22
1.94844E-23
2,00574E-24

C2.97021E-25

5., 09321E-26
1.47381E-26
4.44003E~-27
1.37169E-27
4.29002E-28
2.80002E-28
1.346403E~-28
7.17874E-2%
4,04055E-29
2.41250E-29
1.51860E-29
1.00293E-29
6.92339E-30

DEL G
31044
35004.1
39243
43701.,7
48316.5
53037.6
57827
424656 .8
67507 .8
72367.1
77227.8
82087
B4PAS ., 7
21808
946680,5
101572
104493
111459
116473
121540
1246732
132007
137401,

1.62880E-08

ODEL G
197.89
139871
28342.4
43087 .9
$808%.8
73261.3
08540.5
103885
11926%
134441
150041
1654534
180841
196213
211569
324909
242231
257530
272805
288050
303259
318423
333531,
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-1.22928

T
300

400

00

4600

700

8OO

200

1000
1100
1200
1300
1400
1500
1500
1700
1800
1200
2000
2100
2200
2300
2400
2500

0

T
300
400
200
4600
700
800
700
1000
1100
1200
1300
1400
1500
140N

-232-

+161454

LN K
3,74821
23,1286
35,4049
43,9536
50,2706
55,1304
58,9792
62,0953
54,6605
66,8076
68,6214
20,1703
71.5044
72,6625
23, 6733
74.5603
75,3416
76,0315
76,6412
77.1798
77. 6542
78,0697
78.4305

0

-LN K
2.11000E-05
0458109
«145907
272938
412824
+557854
+ 703713
. 847984
L289333
1.127005
1.26081
1.,39048

©1.3%1609

1 XTT7A

-8, 72008E-0S

K
. 02354
9.02323E~11
4.20584E-16
8.15079E-20
1.47146E-22
1.14074E-24
2. 43029E-26
L.07733E-27
8.24832E-29
?.67883E-30
1.57803E~30
3.35278E~31
8.82931E-32
2,773BOE-32
1.00942E-32
4.15772E~33
1,90353E-33
Y S4879E~34
5.18972E-34
3.02844E~34
1.88449E-34
1.24381E-34
8.467098E-35

0

[N
JPROFT7?
LPSL223
864238
76114
bELET779
5724346
424745
LA2B2T7T
371825
. 323988
283425
248954
219569

10AAN

1.82892E-08

LEL G
2234,3
18382.4
35174.8
52401.%
69921, 4
87635.2
105473
123383
141333
1592946
177254
1935200
213120
231009
248861
264673
284437
302149
319801
337384
354888
372299
3BF604

0

DEL G
0125777
346.4108
144,959
325.397
974.197
BB&6.7465
1258.45
1684,.94
2162.39
2487 .34
3256.79
38468.04
4518.,71
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APPENDIX 1.2

Experimental work on the pyrolysis of methane

;n the first phase of this project, the pyrolysis of methane
was studied at high temperatures (900-1100°C) . - The pyrolysié\was
carried out in a 5 cm diameter high purity alumina ceramic tube (McDanel
Refractory). Heating was provided by a high temperature Lihdberg
furﬁace. These studies confirmed the pionecring work in this area
carried out in the early part of this century (Table Al.1l), Liquid
yields from direct pyrolysis of methane were found to be extremely low
(<5 %). The results of these studies were presented at the 34th
Canadian Chemical Engineering Conference (Al).

The effect of temperature wasISignificant, as seen in
Fig.Al.l. Maximum combined tar and liquid yields were obtained at
1000°C, while the conversion of methane appears to increase steadily
throughout the temperature range investigated (Fig. Al.2). The tar and
liquid product covered a wide boiling range as demonstrated by a ’
simulated distillation cur?e given in Fig. Al.3. The gas produc£ was
mostly hydrogen, however traces of ethylene, acetylene and propylene

were also observed.

Al. Allengexr, V.M., McLean, D.D. and Ternan, M., Proceedings 34th

Canadian Chemical Engineering Conference, Québec. 1984,
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Fig, Al.1 The influence of temperature on the pyrolysis of metnance,

residence time 30s.
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TABLE Al.1l

Maximum reported liquid yields from pyrolysis

YEAR  TEMPERATURE  PRODUCT YIELDS PRODUCT GAS: COMPOSITION
(°C) (WT %) . (MOL %)
LIQUID TAR c H
_ 2 2
1927 1150 4.28 5.35 3.7 32.8
1928 1000 3,21 . 3.0 426
1929 950 R , 4.6 31.5
1929 1000 3.82 . ; ;
1930 1100 6.27 ; . .
1931 1200 4.74 6.11 - . e
1240 - - 4.4 39.6
" 1932 1050 5.5 ; % | - ;
]
1934 - 5.5 - - -
{
THIS WORK 1000 3.06 1.53 1.0 32.3
-
!
i
)’ -
7
;
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APPENDIX 3.1

Analytical criteria for temperature pradients

.

Temperature gradient i_n.—g.catalyst pellet:

The magnitude of the temperature difference inside a particle
.(wit:hout further complications of external mass and heat transfer
resistances) was originally derived by Damkoehler. The derivat:ion based

on simultaneous solution of heat and mass balances for a particle of any

-

gecmetry can be found in Levenspilel, 0., Chemical Reactieon Engineering,

2nd ed. The temperature difference,ATp, is given by :

s s
ATP " T o Tg = Dogg ¥ (67 - ) ¥« -AH)

Kot
where Ts ~ absolute temperature at the centre of- the porous particle
T = absolute temperature at surface of pordus particle
c - concentration of reactant at centre of ;B:ous particle
C_°® = concentration of reactant at surface ‘off-‘forous particle,
A']’.‘P ~ temperature variation within c;atalyst péllet

D,gg = effective mass diffusivity
-AHr = heat of reaction

k. gg = effective thermal-condu_ctivefy

It can be seen that the maximum gradient AT occurs for complete

max'
reaction, Cs - 0, so that : .
s s
- - - (- *
ATp Ts Ts (A‘Hr) * D'eff.‘-I Cs
. kegs

The result holds for a particle of any geometry under steady-state
conditions. The temperat‘:ure gradient is therefore dependent on the heat
of reaction, the transport properties of the particle, and the surface
concentration of reactant.

Assuming the reaction:

02H2 = Products
&£

\



e T lgagl

—

is first order and that,

AHr = -50 kcal/mol 02 2

~ 3.6 E-03 mol C,H,/L
473 K)

P 100_kP
*,

a
R * {

b

-2
. Deff = 29.3 E-03 en“/s

keff = 5.24 E-04 cal/cm.s.K
then a temperature gradient of 10 degre

is expected

Temgerature gradient in the £1lm

rrounding the pellet:

The temperature gradient/in the film can be evaluated by equating
the rate of of heat removal through the film with the rate of heat

generation within the pellgt. Thus, {”
AT

=~ L* (-r) % (FAH)

h “

arlation across the gas film

where ATf - temperature
LFRE/B_ effective lgngth
fra = reaction rgte
h = heat transfer coefficient obtained from empirical
correlations in the litéfature

For example,

. ép = 0.5 mm ~ 0,05 cm -
For the steady state,

-xr, = 0.02 g C/g cat/min = 1.77 E-05 mol G/ em /s
For the maximdﬁ rate, L. is five times higher.

h =40 keal /h / m® = 1.11 E-03 cal.s *.em L -1
Then,

ATg = 0.05 (1.77 E-05) (-50000) = 13 K
3 (1.11 5-03) . )

~and for the maximum rate, AAT = 50 K. These estimates show that the
largest particles are close to uniform in temperature and that the gas
and solid temperature at steady state are close, " However, at the max.
rate of deposition, the, solid may be 50°C higher than the surrounding

gas. - o 7
\\ AN . ’.-;’.f
ANy

across the pellet AﬁTp - 10 K,

TN, T AT
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APPENDIX 4.1

Calculation of nominal catalyst fluoride content

Molecular Weight NH

4F 37 g/mol
Molecular Weight Al,0, L7102 g/mol
Molecular Weight AL,0*H,0 ' 120° g/mol

Although only 15 % weight loss is expected starting with the

monohydrate, éxpefience has shown that 25 %lweighclloss is usually the

case with Catapal §B.
¥

'Basis: 500 g Catapal SB alumina monohydrate

Assuming a 25 % weight loss, 375 5 Al,0 3

g-atoms OF Al =375 g/ (51 g A1203/g atom Al) = 7.35 g-atoms Al
. Desired atomic ratios of F/Al are 0.05, 0.10, 0.20
For a ratio of 0.05, the réquired smount of F- is

g-atoms F = atomic ratio * g-atoms of Al
= 0.05 * 7.35
- 0.36
/
Therefore the weight of NH,F required is:

g NHAF - g-atoms of F required * g NH RN atom F
- 0.36 * 37
- 13.32
The weight percent fluoride present is given by:

wt § F = - g-atoms F * atomiec wt F * 100
E A1203 + (g-atoms F * atomic wt F)

= __0.36 x 19 * 100
v 375 + 0.36 %19

- \i‘\\“83_ -

Similar calculations were made for the other catalysts and are
summarized in Table A4.1.

°

—
-
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Table A4.1 g
Catalyst nominal composition
, B q
.+ Designation Atomic Ratio Fluoride Content
{F/Al] [wt %)
[-2] 0 0
[-1] 0.05 1.8
[ 0] 0.10 3.6
1) : 0.20 : 6.9.
[ 218 3 ' 68
a starting material was A1F3‘3H20
b
. .
4
v \



APPENDIX 4.2,

Calculation of adsorption capacity of the catalysts for ammonia

The experimental method consists of indeéting pulses of- ammonia
into an inert carrier gas (Argon) which flows through a packed bed of
catalyst (40 mg)‘and a thermal conductivity detector. The signal of the
detector shows as a peak in the chromatogram, corfesponding to the
amount of ammonia which is not adsorbed on the catalyst surface for each
pulse injected,

The number of moles of injected ammonia in one pulse, n, can be
determined by using the ideal gas law:

n=P%*V
*

R*T ... (AL)

where P=1 atm (101 kPa), V= (.25 mL (size of the sample loop), R ~ 0.082
L-atm/K mol and T is the temperature of the sample loop (120°C, 393K).
Tgp relationship betweén the sum of the differences in peak areas

. L
. . Pk
and the numbev of moles of ammonia adsorbed on the surface of the

catalyst is given by the expression : a a
k _ .
X =n * _E(Am-Ai) ... (A2)
=1
A

where x number of moles of ammonia gas adsorbed
A; response area of peak 1

KQ) average of p response areas, usually the average area of
the last 5 constant peaks

n  the number of moles of injected ammonia in a single pulse
k  the total number of injections (k > 15)
To obtain a specific amount of ammonia adsorbed per unit weight of
catalyst (CNHB) one must divide by the weight of the catalyst
loaded into the packed bed.

CNH3 - X /Im

-

\
\
P,

N

J
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where'm is the pass of the catalyst [g].
For examplgxghg,peak areas and differences for 10 injections made
with 40 mgldf 1.56 wt % F on alumina catalyst are given in Table A4.2.

The number of moles of injected ammonia in one pulse, n,
n= (1 atm} (2,5 E -04 1)
0.082 L atm (393 K)
mol K
= 7.76 E -06 mol

The-number of moles of ammonia gas adsorbed, x,

X =776 E -06 (338 767 + 86.745)
859,017 -
- 3.84 E -06 mol

I

The specific amount of ammonia adsorbed per unit weight of catalyst,

Cxn3e

c - 3,84 E -06 mol

NH3 0.040 g : y
~ 9.6 E -05 mol/g -
= 0.096 mmol/g

A summary of these calculations for all the catalysts is given in Table

Ab .3, ‘ h

&



\
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Table A4.2

Summary of peak areas and differences in ammonia

»

adsorbed on 2.6 wt % F on alumina

I?jection Peak area Average Difference

'\/r 1 520,250 338,767
2 772,272 86,745
3 879,803 ) .

. 4 888,659 N
5 829,026 -
6 834,681 ; 859,017 .
7 857,925 )
8 861,741 )
9 858,601 -
10 861,700 / -
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Table A4.3

Summary of ammonia adsorption studies of catalysts

Catalyst Fluoride content Ammoni#“adsorbed
Designation fwt & F] [mmol/g]
J
[-2] 0 , 0.142, 0.134%2
[-1] 1.56 ©0.145, 0.215
0] 2.6 0.325, 0.295
[ 1] 4.3 0.096
[ 2] 68 ° 2.40°

a repeated experiments

b

nominal composition

€ some water may still have

for this high acidity.

been present im-the sample and would
/ '

-

account

i
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APPENDIX 4.3 v

Pressure drop calculation for fixed bed reactor

Flowrate : Nitrogen 250 mL/win @ NTP

Acetylene 25 mL/min @ NTP |
Total 275 mL/min @ NTP
Reactor .configuration: Length 55 cm

Catalyst bed 12.5 em

Internal diameter 1 ecm

Thermowell 0.D. 0.318 cm

Catalyst particle size 0.05-0.1 cm

Reynolds number:

Re - prUm/,u

where Dp particle diameter
Um superficial velocity
s viscosity
0 Bas density

At 500 C, 6 psig, the total volumetric flowrate (vo) is given by: \\‘h’“\\

v = 275 nl/min * ( 273 + 500) * 14.7
° 798 (14.7 + 6)

¥ =~ 506.6 mL/min
The supefficial velocity l Um' is given by vo/A where A is
the cross-sectional area of the annular catalyst bed:
U - 4 v, - 4 * 506.6

m
ﬂ‘(diz-dtz) (1- 0.3182)3.1416

= 717 cm/min = 12 cm/s

The density of nitrogen can be calculated from :

P (500 C) = (14.7 + 6) (28)

147
82.06  (773)
- 6.21 E -04 g/oL

The viscosity of nitrogen at 500 °c,is 0.036 centipoise or 3.6 E-04

g/cm/s. (Perrys Handbook, sth ed.)

The Reynold's number can now be calculated :
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W s/”’,
Re = (6.21 E-04) (0.05) (12) '
- 3 €E- 04
- 1.04 /

.

The pressure drop parameter 1s 1500 at this Reynolds number. qgerry‘s
handbook, 5th ed., page 5-52).

poLoU

" Rearrangement of this equation leads to an expression for AP, the
pressure drop:

500 u
AP - ! " T p

e Dp2
1500 [55(1/2.54) (1/12)] [0.036(6.72E-04)] [12(1/2.54)(1/12)]

32 1bm £g 0,05 em? .

1bf s°  (2.54)(12)
- 298 1bf/fc?

- 2.1 psi
- 14.5 kPa

This is a fairly low pressure differential.

AP g D 1
L P -'1500
L U . -

)

P
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*\\E APPENDIX 4.4 '
Y
Details of gas analysils with the thermal conductivity deteftor

Calculating response factors

vhere RF(1)
CONC(1)
AREA(1)
CONC(R)

AREA(R)

A

Calculating conc

where CONC(1i)

RF(1)
AREA(1)
XF

r‘ERF(J'.)AREA(i)
i=1

.RF(1) =CONC * AREA

AREA (1) * CONC (R)
response factor for component 1
amount of component 1 in the calibration sample

area of the component I peak

amount in the calibration sample of component’
(identified as IP)

arga of the IP component peak
trations:
CONC(1i) =_RFE(i) * AREA({) XF
"YRF(1) AREA(1)

i1 .
percentage of component i present in the analysis sample

response factor for component i calculated in the
calibration run

the area of the component i peak measured in the
analysis run

total percentage of the analysis sample represented
by the components integrated in the chromatogram, if
other than 100

summation of all of the detector response connected
areas in the chromatogram,
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o |

i APPENDIX 4.5
Details of wvapor analysis on flame ianization detector

Calibration for each component of interest i;:

RF(L{) = CONC(1) AREA(is) ' o
? AREA(1) CONC(is) : i

where RF{1)

response factor for component i

CONC(1) = amount of component 1 used in the calibration sample
AREA(1) = area of the component i peak -
AREA(is) = area of the internal standard peak

CONC(is) -

amount of the internal st?ndard used in the calibratio
sample ‘

Analysis of each component of Interest;

r~

CONC(i) - IS RF(i) AREA({i) XF ~
SA RF(is) AREA(is) '

where CONC(i) - amount of 1 present in the analysis sample
L(1f thils value 1s desired as a percentage, XF- 100)
IS = amount of internal standard added to the analysis samp
SA = amount of sample material measured
RF(1) ~ response factor of component i determined by calibrarti
AREA (1) - area of the component 1 peak in the analysis run
RF(1) - response factor of the internal standard 1is 1},
by definition

AREA(is) = area of the internal standard peak in the analysis run
XF = a scaling factor which may be used as a conversion fac
If the CONC(i) is desired as a percentage,
XF must equal 100, otherwise itshuse 1s optional.

To obtaln quantitative results from the GC trace, it is necess;ry
to use correction factors. The amount of the correction is a function
of the response ofi-a given compound to the detector. Relative
sensitivity valueskfor the FID detector are given by Dietz (A2). Each
area is divided byfthe relative sensitivity to get the true area,
Normalizing the results glves weight per cent of each component. For
hydrocarbons with three exceptions, the values are all approximately

1.0. The three exceptions are benzene 1.12 and toluene 1.07 and

acetylene 1.07. These however are not large variations.

A?. Dietz, J.H., J, Gas Chromatography, 5, 68, 1967.
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APPENDIX 4.6

Comparison of the weight-time curve with and without reactant gas
contacting the catalyst

.

Experiment vmaQ8
The.empty sample pan was taken through the *temperature
cycle in the presence of reacting gas. The change in weight of the pan

is negligible and the thermal conversion was under 5 §%.

Experiment vma0?

An alumina catalyst weight-time curve with no reactant

concacg}ng the catalyst. The change in welght over a 1 h period was
under 0.0005 g/min and assumed negligible compared with the rate of

reaction.

Experiment vmaQ5

&)An alumina catalyst weight-time curve with the reactant
flowing over the catalyst. The change in weight over the 1 h period is
substantial. The rate of weight change is two orders of magnitude

higher than without the reactant gas.
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APPENDIX 4.7

;) Calculation procedures for determining product yields
‘ Ft :
t
— > >
FO ‘ F’/ Fm
XD
lwr ‘W,
where_wl - weight of the condensed liquid [g]
7 p - densitf of _the condensed liquid [g]
t - length of the experimental run [min]
FO =~ feed flowrate [mL/min]
" = product gas flowrate without condensables [mL/min]
Wr = weight of the carbonaceous residue [g]
Ft = flowrate of the liquid tracer [mL/min]
xo,x' - mole fraction of the components in the feed and product
respectively
vy - mole fraction of the liquid vapor in the product stream
,F@ - producg‘floerte [(mL/min]
\/.
, Analysis
Tracer sample size: 1 ml. loop
Tracer flowrate: Ft mL/min _ /
Product flowrate: Fr = F' /T + 273\ [ 14,7 at reaction
- 273 / \16.7 + P conditions
Residence time in loop: 1/ F" =7 min

-

In 7 min, (FE1‘) mL of tracer will be in the loop, or
(ptF T) g of tracer will be in the loop.

Moles of tracer in

v

p Y :
sample loop Is } ny .~ Pt Et 7_ where M_ = molecular weight of
. M

: the tracer
¢

r’\
) )
Ebw to obtain ‘SA, use the ideal gas law, n= PV/RT , where

V/R = 1.219 E-02

(\—v"‘

Moles of sample in

~ sample loop SA '} n,_=1.219E-02 P .
. : sa (273 + 1308
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and the CONC(L) = (nis/nsa) (AREA(1)/AREA(is)) mol %

Now the molar flowrate of a component is given by :

C(i) = CONG (i) F'[mol/min] @ STP
22,400 [mL/mol)
Reactant flowrate 'FCZHZO _‘XC2H20 F°
Tie gomponent balance o - xNZO F° / x'N2
Acetvlene;conversion X =- XOCZHZ %O . x'CZHZ 7
0 0
X F
Total mhss balance moles/min of N2 - x'N2 F°/ 22400
Hy = x'po Fmémzzaoo
P szz = X' o / 22400

etc. for C Ha and
other ggs components

moles/min of G.H. = y' F' /22400
X 6 CéeHe .,
C7H8 Y?C7H8 F /2?400

etc. for other liquid
. components

. 0 t t l t
Input F (XNZMNZ + xC2H2MC2H2 + xH2MH2)/22400 + F (xN2 28 + X 100)

7

Output F" (' oMy + X copoMooys + X' oty + .. .) /22400

* P O cenelcens * Y conatlong * ete:)/ 22400 + W,

vhere Wr is the carbonacéous deposit on the catalyst.
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APPENDIX 6,1

ANOVA for model of catalyst accivity

Q3

e

o ————
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APPENDIX 7.1
¥ Sample material balance calculation
This calculation was performed for experiment no, 12 whicb had an
alumina catalyst coﬂf?ining no fluoride.

1. Determining the quantity of tracer

Vapor pressure of n-heptane at -ISOC = 15 mm Hg F.

Material balance over bubbler JQZ \ ¢t
—‘Nﬁ
{

t
F, = F' (755/760) I -
T

F' - 1.0066 F,

"2 Overall balance assuming constant demsity
Ft

>

FP 4+ F° = F°
Tracer component balance:

t _t L t
xheptane Foox heptane 1.0066 Fi * heptane w

F F

3. Determining the number of moles of tragcer using the ideal gas law:

1 mL / 22400 mL = &4.46 E-05 mol gas in sample loop at STP
N = 1 ml/ 47016 mL = 2.13 E-0S mol gas in sample loop at 350°¢C
Moles of m-heptane in sample loop = xheptane N

Dheptane (1.0066)(3.06)(6.6 E-03)(2.13 E-05) / 87

Preptane ™ 5 E-09 mol - ¢

4. Obtaining distribution of the liquids [mol %]

(Amount of Comp 1) = (Response Area of Comp 1) (Mol Tracer)
\ (Response Area of Tracer Comp)

mol of C6H6 - 44183 (5 E-09) = 8.31 E-08 mol
E 2660

mol of C,Hg = 7953 (5 E-09) - 1.49 E-08 mol
_ ' 2660

Similarly for other compoments.
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5. Obtaining the cu&ulative weighﬁ\ofxliquids.

FmlL / min mol comp i \{M. W\ comp 1) izapl fraction * M.V
22400 mol product R

(F"Y 22400)(1/2.13 E-05) :E:(mol. comp 1) (M.W. codp 1)
(87 / 22400)(1/2.13 E-05) { (8.31 E-ob * 78) + (1.49 E-08 *-92) +
o)

' Product = 388 { 6.48 E-06 + 1.371 E-qb + ...)
Product = 5,75 E-03 g/min ' )
6. Liquids : 5.75 E-03 g/min * 15 min (T.0.5.) = 0.0962 g

7. Gases: Composition at 15 min on stream:

MW,
0.1109 H, 2
0.068  CZH 26
0.0079  t’blitene-2 56
0.1382 ¢ 2
0.0249 cﬁfe 16
Obtain wt % distribution.
(2% 0.1109 + 26 % 0.068 + ... ) = 6.145 E-02 g/mol total gas
( F/22400 ) (6.145 E-02) = 2.4 E-04 g/mid,

Total gases = 2.4 E-04 * 15 min T.0.S. = 3.59 E-03 g
8. Seolid : ‘5.81 wt & C at 60 min.
By linear interpolation, 0.058l g C / g cat * 4.5 g cat ~ 0.261 g
of carbon at 60 min and 15/60 * 0.261 g = 0.0654 g at 15 min.
9. Feed: 9.12 vol % C,Hy, F F® = 92.02 mL/min
0.0912 * 32,02 *# 15 = 126 mL
126 mL / (22400 mL/mol) * 26 g/mol = 0.146 g G2H2
10. Material Baiance
(IN - OUT)at 15 min on stream
0.146 - (0.0862 + 000359 + 0.0654)
-0.009

Therefore, 106.3 % closure.

+
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APPENDIX 8.1
Summary of experimental results

Conversion of acetylene as a function of time-on-stream for
experiments carried out in the tubular reactor for longer periods

»

TIME-ON-STREAM EXPERIMENT NUMBER
(MIN) 17 (C218) 1 (C220) 8 (C221)
4
5 91.4

15 57.9 © 59,0

25 54.7

30 36.1 41.5

.45 42.3 24,2 33.7

60 23.2 31.0

66 40.9

75 40.9 44,3

87 21.8 :

90 - ‘ 17.3 22.1
105 20.6 25.4
120 144 17.4
135 12.0 14.6
147 26.9

* 150 B.8 11.9
165 7.6 8.6
180 16.8 8.7 12.3
200 46.3
220 14.6
240 26.0 4.8 3.8
300 16.7 17.6

o,
\\)
//
{
\H_,/
f
/
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APPENDIX 8.2

" ANOVA for model of initial activity,

o)

~

o f3
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APPENDIX 8.4

Catalyst carbon and hydrogen content [wt %]

Elemental analysis of the spent catalysts was carried out on a
LECO CHN analyzer and is ﬁiven in Table A8.4, The precision of the
measurements is +/- O.OSI%. Hydrogen content in some of these catalysts
was high. This was attributed to hydroxyl groups on the catalyst
surface which were removed at the elevated temperature of the analysis
{ 1000K ) and not to the hydrogen content of the solid produgt.. Studiés
with alumina in the microbalance indqfd showed both H, and H,0 removal
occurred up to 900°¢C,

l It is also interesting to note that in design experiment 3,
run €226, emptying of the reactor cagalyst bed and subsequent physical
mixing qf the spent catalyst which was retrieved apd analyzed showeq
roughly the same carbon content (2.01) as the avérage of three separate

layers (1.45 + 2.24 + 2.62)/3 = 2.10.

—
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TABLE AB.4

Spent catalyst carbon and hydrogen content [wt %]

EXPERIMENT DURATION OF RUN CARBON CONTENT HYDROGEN CONTENT

DESIGN NO. [min] [wt %) [(WT &)

c243 65 1.04 0.50

1 €220 300 3.16 R 0.28

6219 - 210 4.06 0.72

c225 65 2.53 0.51

2 C245 60 1.33 0.51

C246 65 2.32 0.40

3 G226 70 2.01 0.79

c247 ' 65 1.45 EXIT 0.81

2,24 CENTRE 0.71

2.62 INLET 0.87

c228 70 6.5 1.20

4 c229 55 5.53 1.13

C249 ' 65 7.79 1.15

5 €223 70 0.37 ©0.40

6 c224 70 0.60 0.50

7 c227 \ 90 1.62 0.96

. c248 65 1.31 0.44

8 c221 300 4.92 0.63
4.31

9 C244 . 65 1.15 0.57

10 238 60 3.06 0.67

11 €239 65 1.11 0.71

12 c231 55 , 5.81 0.80

13 c232 65 0 0.19 0.41

. 14 C240 65 ' 269 0.74

A

15 c234 65 2.69 0.62

16 €261 & 65 1.69 0.76

- C242 65 1.09 0.58

c218 245 2.97 0.55

17 €230 65 3.12 0.86

c217 120 0.69
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APPENDIX 8.5

ANOVA for model of C
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APPENDIX 9.1

Calculation procedures for determining rate in microbalance
. .
The calculation procedures based on the graphical output of the
Perkin-Elmer system shown in Figs. A9.1 to A%.21 is given below and a
. Al
summary appears in Table 9.1,
Let v, = initial catalyst welght [mg]
~~ W, = catalyst weight prior to introduction of reactant [mg)
Wwg = catalyst welght at the end of the reaction time [mg]
Then |
% loss = 100 + (wi-wo)/wi
% gain = 100 * (wf—wo)/wo
and l

R = maximum rate of carbon deposition [mg/min]

Rf = rate of carbon deposition at t= 60 min [mg/min]

1 -1
Rm - 100 * Rm/w0 [min 7]
-1
Re' = 100 % Re/w, [min™ ") . _ g
R ° = rate of garbon deposition béses on catalyst surface ;§ea,
m 10° * R ' / $.A. = [mg/m"/min]
r
3

Re® = 10° * R.' / S.A. = [mg/m%/min]

hY
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APPENDIX 10.1

Description of infrared radiation furnace

Heat was provided to the reactor by means of an 'infrared gofd
image furnace (Sinku Riko RHL E 410) shown in Fig. A10.1. .Temperature
was controlled with a thermocouple inserted inside the catalyst bed and
connected to a temperature controller (Sinku Riko Model 7103) shown in
Fig. Al0.1l. This electric ‘furnace is designed to heat the sample by |
reflecting infrared rays radiated by a tungsten lamp on an ellipsoidal
polished plane (gold)}. Unlike the tubular furnace, the heat capacity is
extremely small and the heating by radiation does not cause time delay.
The furnace has rapid heating capability 100°¢ s-l compared with

1

20-35°C min "~ for most resistance furnaces.
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APPENDIX 11.1
Calculation of probability for Flory distribution
of thermal acetylene conversion data by Chang-Li.
The data reported by Chang-Li (20) was fitted to the Flory

equation by linear least squares:.

InQt) = x la(p) + Ln((1-p)/p) (11.2)

and the value of p was determined as shown In the next page:
T = exp (slope)

p~ 0.5

o
TN



~-296-
** recap single
Factor Characteristics

RUN #emm e e m ¥ e P m »* .
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