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Ans\t;\'(ﬂ,(.'. a : . -
- . ‘ )

An experimental investigation of the reaction hotween |t 2S ahd
.o - ’ -

502 was corducted ove' a 7¥a1um1na cata]V't (Alon) in a stainless stee)
: {

¢

reoycle reactor The L"cady ,tato ’Othtbluns 4as da funtt1u1 nf
temperature and space/ke1OC1ty were measured "in S1tu“ s1nq infrared
spectroscopy. A total of 1]R'experynedts at 6“different temeratures.
betweeh‘ZOO and 323”C)and at varyinag partial pressures of HZS’ SOZ and
HZO were performed<to pw)vﬁde kinetic data By 1ntroduc1ng on]y'the
reaction products over the catalyst and by the subsequent failure to
detect elther reactants, the reverse'réact1on was found to be negligi-
ble under the experimenta] conditions .adopted. Water ekerted a

!

retarding effect on the reactidn rate as 1nd1cated by the decrease in
<3

: the reactlon convers1on with 1ncreased amounts of water in the feed
s : -
stream.

Infrared spectroscopic resu]ts 1nd1cated that both H S and SO2
adsorbed on the Lewis-acid s1tes of the cata]yst ~Above 100°C, the ‘
spectra]nbands represent1ng*the adsorbed HZS and 502 were ondetectab]e.
Adsonption_ﬁodets for HZS and SOZvon Y—aTumina were proposed-based - -
upon this\EVidence ahd lattice and atomic dimensions. It was also
observed that a finite amount of oxygen on the cata]xst (whose state is
still unknown)‘was’capab1e of oxidizing HZS or CS2 to sulfur at room
temperature. This oxidiiingzﬁépabi]ity could.be removed.by‘pretreatjng

-the catalyst with H2 ' Although the oxide-ion sites of the catatyst are
'not believed to be directly 1nv01ved as adsorptnon s1tes for either’ HZS
\2:> Lor 802, their presence was found to be vital for cata]yz1ng the H S/SO

v



-

reaction. PossibTe catalyst poisoning from sulfate formnrion on the
catalyst surface haﬂ also been investigated. No 9u1fato fomnat1on
could be detected by contact}qg aO with the eatalyc The* Qresence

of 50, or O2 together with SO was uecessary for the formation

3 2° -

. of sulfate. The analysis of a‘cata]yqt wafer which was exposed for a o

3

per1od of experimerital conditions ]onqer Lhan any wa‘er employed in -
the k1net1c runs failed to revecal the pre%ence of Splfate

These observations on the surface chemistry of the’oeta1yst
and the néture of the reaction were usedvtoﬂCOnstruct various reaction
mechanisms and their correspondinq kinetic mode]s.. The statistical
modael d1scr1m1nat1on method developed by Singh'[130] was emp]oyed to.

Felect the k1net1c model which best corre]ated the measured reactlon

rates. The best rate fwnction was foundfto be in the-formZ

<fr562) - b]b-exp(-E]dyRT) PH2§ p5021/2/ |
[+ Bzo exp(=E,q/RT) PHZOJZ‘ pl/2x -
where,. - ’ ”
’.b‘]o = (9.72 + 4,37) 107°
ftor T 350? x 254' r
b, (1.15 + 2.18) 107°
' Ezo)R 3158_ : 1049,

The model on wh1ch the rate funct1on ‘is based is in near agreementvwwth

an ear]1er model proposed from McGregor s -[84] studies- us1ng a baux1te

catalyst and or-different exper1menta1 reaction.

3

- » .' . ‘v
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CHAPTER 1
INTRODUCTION
1.1 Background

The involvement of the University of Alberta in the investi-

gat{on of the kinetics of the Claus.reaction, ,
2H,S + S0, T2H0 + 35 - ' (1.1)
2 2T X TX : )

started 1n.]964.' The investigation originated as a result of extensive
use of the Claus process to éonvert HZS ;emoved from sour natural gas
into elemental sulfur. |

In the first study at Albérta, Cormode [26] employed Porocef
(bauxite) catalyst in a differential flow reactor and used wet chemical
analysis to Hetermine reaction conversions. McGregor [84] continued
’ Cormode's work using the same catalyst with a‘stain]ess steel recycle
differential reactor and gas. chromatographic analvsis. He ca?ried’out'
80 experimented runs, covering four diffe}ent‘reaction temperatures
from 481 to 560 .°K. ‘Dalla Lana et g]. [29]} re-examined McGregor's
kinetic data and by using.the statistiéé]lmodel discrimination method
developed by Singh [130], concluded that the foi]owing-equation

'provided the best fit to the rate data

L PusPsg

(-rgg ) = (1.56 x 107%) exp( 7MY 2 . :

| 2 RT © 1+ 0.00423 P
"H,0

(1.2)

By statistical inference, they concluded that water exerted a retarding

effect on the reaction rate. Karren [64] continued McGregor's work with

]
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the same experimental equipment and catalyst. Using the kinetic data
froh his 50" experimental runs, he could net ohtajn a good correlation
to McGregor's expirica] models. Upon further ekamination, he found
that the molten sulfur co]]ectedlin his sulfur cohdenser catalyzed the
reaction between H S and 502. Hence, he suggested that since further
reaction could occur in the product stream before ana]y51s therefore,
McGregor s measured rate data might not be accurate Chuang [22]
Eonf1rmed;%arren S observat1on by bubb]1ng a mixture uf HZS and SO
into molten su]fur with resulting react1on cqpversion. 3
Other published work related to the reaction between HZS and
SO2 and‘not performed at the University of A]berta are described in
Chapter IT. Much remains unknown about the nature of the react1on and )
the role played by the cata]yst The mechanism of the reaction remains
" uncertain and a more deta11ed study of. the cata]yti% reaction of HZS

o >

with SO2 is certainty justified.

1.2 Objectives of This Work

| Due to Karren [64] and Chuang's [22] observatiohs that molten
su]fur catalyzed the react1on between’ HZS and 502’ a spec1a1]y
designed reactor which a]]owed the reaction rate measurements to be
obtained "in situ" during the reaction by infrared épectrophotometry,
was employed in this work. A different YLalum1na cata]yst was used
because the wafer prepared from this mater1a] Alon, provided better
transparency to the infrared beam than those used by earlier research-
ers at the Universit' -f Alberta.

Infrared spectroscopy has proven useful in determining

the structures of mo]ecu]es; Its application to the study of surface



chemistry has provided one of the direct“meang of deducing the nature
of adsorbed spécies and indirectly, the involvement of certain sites’
“on the cata]yst. By obtaining evidence about the nature of reaction
intermediates, a re&Tjstic mechanism may then be constructed; Many

of the advantages offered by the ‘use of quious 1nfrared spectros-
copic techniques have been exploited in tﬁﬁs work. The main objective
of the present work is to obtain a better understanding of the
mechanism of the Claus reaction. Consequently the number of kinétic
éode]s to be proposed and then tested‘cou1d be reduced, thus avoiding

much unnecessary work. The statistical model discrimination
P

techniques developed by Singh [130] provides a basis for discrimigqtiqn”
between selected kinetic models and then,"ultimately, for the deter-

mination of the parameters for the best model(s).
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LITERATURE SURVEY

2.1 Methods of Recovering Sulfur Xrom HgS—ConiainingﬁGases

~-According to some published surveys [2,107], about 60% of
the total world sulfur production comes from HoS-containing gases.
Numerous industr#é] proceeseetare'avai1ab1e for recovering elemental
sulfur from H,S. The contemporary ;rocesses'may be cTassified into
"two main categories, dry—be?’and wetibed processes. -Many
comprehensive reviews on thijs subject‘haVe been published [7,19.,41,
47,54,60,107,108,132,143].

¢

2.1.1 Wet-Bed Processes . \

Under this category, the processes 1nvo1ve'bubb11ng a gas
etreamaconsisting mainly of H2S/S02 or HpS/air into a ]1eu1d medi um
containing either diss/]ved or suspended cata1ysts. By using
different 1iqu1d‘medi , catalysts or proces$ parameters, various
industrial processes have been deve]oped. These may be further
classified into "1iquid media absorption - direct conversion" and

"1iquid media absorption - air oxidation" processes.

2.1.1.1 Liquid Media Absorption - Direct Conversion

As implied by the.title. the gaseous HpS and SOy are first
absorbed in a liquid medium and then reacted to form sulfur and water.
The more common processes in this group. include:’

L) Lacy-Keller process

2) ASR Sulfoxide process

4 T,



3) ToWnsénd process
4) 1Fp process
5) Bumines Citrate process
The nature of the 1idu1d medium in process,(l) was not
< revealed. An aqueous sulfoxide solution is used in process (2) and .

according to the inventor, sulfoxide is the catalyst. In contrast with
process (2), sthe wate% in an aqueous solution of triethylene glycol
qcts as a cata]yét in the Tov ~nd process. Id the IFP process, more
than one liquid medium and so]ub]e caté]ysfs were used The liquid
media.are mainly po]ya]ky]ene, a]ky]ene glycol, glycol ether, glycol

-J

ester or glycol ether-ester. The soluble catalysts are either a Group
IA or IIA carboxy]ate‘derived from acyclic monocéfboxy]ic or A
polycarboxylic acidé."The preferred salts are pota§sium benzoate,
potassium saiicy]ate, sodium nfcotinate, potassium nicotinate, sodium
Cinnamate éﬁd pOtéssium fursate. In the Bumines Citrate process, an
1ntermediaté citrate combTex is formed between SO, and citrate solution.

_This complex then reacts with absorbed H,S to form elemental sulfur and

water.

2.1. 1 2 Liquid Media Absorption - A1r 0, d-"ion

This group d1ffers from the preceed1ng one in thaf air
replaces 502 in the oxidation process. The processes in th1sigr0up are:
1) Thylox procéss , | o
N 2) ‘Pérox-procéss
43) Ferrox process

4) Giammarco-Vetrocoke process

5) Holmes-Stretford process



These processes alt involve a redox reaction between air
-and HZS in pan aqueous med1um containing 1norgan1c salt and orqan1c

‘ ;d1t1ves In the Thylox process, HoS is abs orbed as thioarsenate in
an aqueous solution containing arsenic-activated potassium carbonate
or sodium arsenate. The thioarsenate then reacts with air to produce,
sulfur and uater. The Giammarco- Vetrocoke process 1s quite similar
except potassium arsenite instead of arsenate is used. In the Perox
prdeess, adueous_anmonia in hydroquinone acts as a catalyst. The
solution oxidation of H2S in Holmes-Stretford process involves the
absorption of HS as bisulfide in aqueous sodium carbonate solution
and with vanadate and anthraquinone disulfonic acid es oxygen
-carriers (The Japanese Tdkahox process used napthaquinone instead of
anthraquinone). In the Ferrox process, a suspens1on of iron oxide in
aqueous dilute solution of sod1um carbonate is used.

The ma1n d1sadvantages of the wet-bed processes are;fhat
~.the reaction does not proceed sufficiently rapih]y and completely and
sulfr is formed in a finely dispersed ménner Separation of this
sulfur from the Tiquid medium is d1ff1cu]t and " usua]]y incomplete.

The advantage is that the react1on can be carried out at a relatively

1ow temperature. Equipment cost is also genera]]y Tower than that of

the dry bed processes.

2.1.2 Dry-Bed Processes ' ,;

In all dry-bed processes to be discussed here, solid
catalysts are used. - In the "dry-bed adsorption cata]yticf process,

either Tow concentration of H2S or SOz is removed from the tail gas

.n



by adsorption and then the adsorbate is’subsequently reacted with the
other reactant (SO) or HpS). These processes are mostly used for
cleanup of the tajl gas rather than as a means of producing sulfur.

The "dry-bed conversion" processes are those involving the s1mu1taneous
1ntroduct1on of the HgS and 502 over a so]1d catalyst for reaction.

~I
\

2.1.2.1 Dry-Bed Adsorptton JJCata]ytic‘Conversion

| In the Westvaco or Shell process, activated carbon or mo]ecu—
lar sieves are ysed to adsorb SO2 and thenlthe adsorbents catalyze the
reaction between the adsorbate and H S( In the Haines process,

2
zeolite is the adsorbent-catalyst while HpS is adsorbate-reactant.

2.1.2.2 Dry-Bed Catalytic Conversion

Cata1ysts\used th the processes of this group are most]y'
activated carbon,tmeta1 sulfide (Pilgrim), or a]umina—based types
(zeolite, bauxite, etc.).. The names of the various processes used in
vthis:group are either too numerods or too amhdguous.to nertt further
c]ariftcation. In some cases, a slight change in’ process parameters
or equipment hasggenerated another name. In most cases, the common
name is still "modified Claus process" although names like §y]freen
orocess or Amoco CBA process are used to describe the'same process
<but carried out under lower reactor temperature.; Generafi&ﬂ'reactioh“
- between gaseous "HpS and SO, takes place over the soljd catalyst to

; ; o
form elementa1 sulfur and water. To ensure as close to 100%

conversion as poss1b1e the unconverted reactants are fed into

further staged reactors after the removal of the sulfur by condensation.
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The Dry-Bed Catalytic Conversion process 1s by far the most
commqn1y applied method in North America for recovery of elemental
sulfur from HpS. Of the various catalysts, the ene most cdnmon]y
used is either bauiéte or activated alumina. In the six years, 1971
to 1976, numerous "modified" catalysts have been made by impregnation
of various inorganic\salts into alumina, and claims have been made
that the "new" catalysts are catalytically more active than activated

aiumina [15]. . o

\;Jg,z/ Review of Heterogeneous Catalytic Reactions of H2S and S0»

o

/

2.2.1 General Review

. In 1887, the Chance brothers [18] commercia]iéed a reaction
called the Claus reaction which invo]yed the reaction between H»S and
air over a bed of powderéhmcafalyst at aAtemperature around 260°C.
This reaction was named Claus reaction because of a‘patent issued to
C. F. Claus in ]883-foy his invention of a process to recover sul fur
from ca]cidm sulfides [25]. Claus treated CaS with carbonic acid to
produce HpS which then reacted with air to produce sulfur.

‘ After the commercial app]icgtioh by the Chance brothers,
. was generally discovered that the reactor temperature of tHis
original Claus process was exfreme]y difficult to control [108].
significant advance in the art was made by I. G. Farbenindustrie in

Germany in 1937 [3]. A process involving the burning of)1/3 of the

H2S with air to SO02 which then reacts with the remaining 2/3 of the



H2S was invented. A patent on this process was issued té Baehr and
‘ Mengdehl in 1937 [3] and to Barkholt in 1939 [5]. Hence in the reactor,

A

. the following reaction took place over a solid catalyst.

C2MpS + S0, = 2Hp0 + 35, . (2.1)
Since then, studies of the Hp5/502 reaction have gradﬁa]]y been
gaining momentum. [In fact, Reaction (2.} has sometimes béén
(incorrect]y) called the Claus reacfion or the modified‘C]aus reaction.
The actual C]gus reaction has been discusse.! in the brevfbus page.
Pi]érim and Ingraham [108] provided a detailed description
of the history from the .Claus invention\to the studies on H»S/50,
reaction in 1970. Chandler [f9] added tb the literature survey of
these subjects to cover the period from ]970 to 1975. Most of the
published work§ covered byuthese reviewers dealt with the practical
industrial problems. Little was known about the'mechanism
of the reaction and the interactions between the adsorbates and the
solid catalysts. Among some publications on these topics,
ldisggreement is evident. It is the intention in the present work to
explore and hopefu]]y clarify some of these uncerta1nt1es Parti&u]ar
attent1on was - “given to the understand1ng of the kinetics and
mechanism of the reaction. The examination of surface reac
occurmng on the catalyst surface was also attempted W.Mpe
that this might .help reveal some portion of the reaction mechanism.
A Titerature survey on the studies of the kinetics and mechanism of

H25/505 reaction will be described next.
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2.2.2 Mechanistic Studies

The literature appears to tc generally scanty with regard to
mechanistic studies on the reaction between H,S and SO0., especially
with y-alumina as the catalyst. A few proposed mechanisms have been
published, but none of the authors derived rate equations from the
proposed mechanisms.

Murthy and Rao [91] studied the réaction between H.S and $0.
over cobalt thiomolybdate, cobalt sulfide, silver sulfide and

molybdenum sulfide and proposéd the following mechanism.

HyS + SOy = HySpO?
HpS20, = HpSO + SO
H,S0 = H,0 + S

SO + HQS = HQO + 25

The:authors did not explain whether‘these reaction steps were
reversible or not. They also did not specify whether this mechanism.
was applicable to all or only a particular one of the catalysts used.
During their experimental runs, sulfur was permitted to.condense on ..
the catalyst surface. They considered the first step of their proposed
mechanism to be rate—controi]iné . but did.not verify this
aséumptioni
| Hammars [55] suggested the following mechanism, which involves
the dissociatjon‘of'HZS into H™ and SH™ for the reaction between H5S

N

and SO, over cobalt-molybdenum-alumina,
H,S 2 H + SH™

H* + SH™ +S0,-2HS - SO - OH



The reaction may then proceéd by one of the following routes:

OH ,
(1) HS - SO “ OH + K™+ SH 2= HS * S - SH 2 35 + 2Hp0 (2.4)
‘Iw‘@- » OH )
or ’ ‘
) ' : N B QH ) QH
(1) HS = SO - O + H' + SH <= 1S - S - OH % HS - S - S - S0 ° OH
- OH OH
oS OH OH OH
TS [S s s S - oM (2.5)
02 on OH O

Water is then split off from each of the intermediates in route kii) at

different rates and the sulfur formed will be distributed into various

molecular species (Sp, Sg, Sg,-etc.) according to some prébabi]ity

function. The author did not explain the form of probabj]iéy function

nor did he suggest whether the function is Hependent on temperature or

 other experimental pé&ameters. His mechanism suggests that a
distribution of polymeric Hydro-su]fur species with varioué chain
length exist or !-e catalyst surface during the reaction.

Several earlier researchers [32, 96] believed pb]ythionic
acid to be formed ds an intermediate in the reaction between HpS and
S0, particﬁ]ar]y when the reaction occurs in liquid water. They did
not describe in detail thg‘format{on of po]ythionic acid nor the
reaction step§3 Zi1'berman [1507] proposed the‘fo11ow1ng'mechanism in
which sulfurous acid is first produced from S0, aﬁd H20 and then this

\further reacts with HéS to gngﬁggﬁyarogén sul foxide, whiqh eventually

decomposes to produce elemental sulfur and water.

11
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H;)O + SO:: = H';SO';
H;)SO} + ZH:)S = 3HSOH \ (2.6)
3HSOH =-3H.0 + 3S R

These mechanisms, which involve the formation of polythionic acid or
sulfurous acid, are based on the reaction in aqueous solution and
therefore should not necessarily be considered to be“app1icab]e to
systems involving solid catalysts.

George [43,44] investigated tﬁe reaction between H,S and SO,
on a number of solid ca£a1ysts, namely, Chromdéorb—A, cobalt-molybdate

on y-Al1,05, porous alumina, activated alumina, Porasil and “bauxite. He

proposed the following ionic mechanism:

L)

H-S-H + B: == HS™ + BH'

9 0
§+Hs' = §-0‘
0 o SH
9 N
§-o‘ = §-0H:§+HO‘
SH S S
(2.7)
: oo
§+HS_ el §-SH:§ -S
S S S *
o = s
s -5 S+ HS
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The symbol B: indicates some type of basic si%e on the catalyst.
According to this author, basic sites were considered to be the only
important sites for the reaction. The aboye proposed mechanism is not
complete in at least two aspects. First it is sfoichiometricé]]y
incomplete and second, no water is formed in the steps shown. ‘If the
. reaction proceeds with this mechanism, the catalyst surface will
become "saturated’ with HO™ and BH' groups. The éuthor did not
include the step where water is formed from HQ and BH+. According
to the author, HpS first reacts with the basié sjtes (probably oxide
ion‘igtes) and dissociated into HS™ and BH . Gaseous 502 then réacts
witn'hs' to continue the other reaction steps. He did not specify
whether H2$ had to be adsorbed in order to réact with the basic sites
He a150‘diclﬁot explain the form of HS™ and other intermediates.
Finally, the pmoposed mechanism suggested that all of £he sulfur
speices produced %rom the cqta]yst surface originate in the S3 form.
If sulfur may exist in more than oné form (e.g. Sy, Sg, Sg, etc.),
these other species must then be produced from S3 presumably in_the
vapor phase.

Other published works.which briefly mentioned the reaction
mechanism between H»S and SO02 include those by McGregor [84] and
Deo etqa]. [34].._Both suggested that the reaction might involve
hydrogen—bondﬁng between bgthlreactants and the surface hydroxyl
groups of alumina.

From the available published work, especially with
'Y¥a1umina, and the great difference in the pub]iﬁhed'proposed

mechanisms, much still rémains unknown regarding the mechanism of



reaction between H,S and S0;. Litt]e‘attempt has been devoted to
¢
develop rate equations from the proposed mechanisms. Man; used

empirical equations to fit the medsured‘rate data.

2.2.3 Kinetic Studies

Although the reaction between HoS and SOZVhAS been applied
1ndust£ia]1y for about a hundred years, the kinetic models for this
reaction are still. far from conclusive. Little or no agreement
exists between any two published kinetic studies. Such a situation
may be attributed towthe uncertainties in this field and also perhaps
to the fack that the reactién 1s more_comp]icated than may be
expressed by the simple stoichiometric equatidn..

According to many researchers [2T,43,44,64,8&,124], the
Hgggfion between H,S and S02 does not proceed homogeneously uniess
héated to a very high temperature (above 600°C) where decomposition
accurs. The efféct of condensed water on the reaction has also.been
studied [16,64,72,84,1]8,126,142] aﬁd all pub]ished,resu]tsAindicate
that the condensed water catalyzes the reaction. Karren [64],
Chuang [22] and But%er [16]‘observed tHat liquid sulfur also
catalyzes the reaction. Murthy.and Rao [67] founa that water
exhibited an auto—cata]}tic effecf on silver sulfide catalyst.
Landau and Molyneux [72] detected an increase in catalytic activity

_of bauxi%e catalyst with decreése in particle size and concluded that
the reaction between HéS and 502 was a diffusion-controlled process.

However, during their experimental runs, the effect of reactor space
: ~
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velocity was not related to the cata]th particle size and therefore
their resu1t cannot conclusively indicate whether it was fi]m or
pore diffusion which was controlling the reaction rate.

The earliest empirical rate equation on the. reaction
between H»S and 505 was pub]ished in 1927 by Taylor and Wesley [138].‘
They studied the kinetics over Pyrex glass at temperatures ranging
- from 37Q C to 730° C in an integral packed bed reactor and obtained

| the following rate equation:

- dx/dt = kp P,

4

Gamson and Elkins [42] conducted kinetic measurements in an intey 4|
bed reactor over Poroce] catalyst at three temperatures (230, 260

and 300°b) and four space ve]oc1t1es (240, 480, 966 and

1920 scf-gas/cu.ft. -catalyst h). Conversions ranging from 93% to

98% were observed. Rate data may be estimated from their plot of
fractiona]‘colye?sion Versus space velocity, but no rate equation

was deduced from this kinetic data. These authors cautioned that
their kinetic data'was inconsistent with their thermodynamic
*ana]ysis. The measured conversions were higher_than thermodynamica]ly
possible under the same reaction conditions Th1s discrepancy may be
due to the fact that they alldwed both water and sulfuq to condense
before absorb1ng the unreacted HZS and SO, in caustic 401ut1on for
analysis. Further reaction could occur dur1ng analysis and the

equilibrium conversion under analytical condition is higher than that
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under experimental condition. On the'dther hand, the thermodynamic
data might be in error. The‘wet chemical ana]ysjs method was used by
Téy]qr et al. [138] and by Gamson and Elkins [42] in their kinetic
measurement. | a

"Cormode [26] meac<:red kinetic rate data of the reaction
between HS and SO, using a recycle flow reactor with a commercial
bauyxite ca%a]yst. An adsorption”frain and wet chemical analytical
technique was adopted. No rate equation was deduced frpm thé kinetic
data. McGregor [84] also employed conﬁercia] bauxite catalyst
(Porocel) and used alrecycle differential flow reactor for his
‘kinetic studies. A total of 80 exper mental runs were carried out in
the temperature range of 208—287°C. The ranges of HZS,'SOZ, H,0 and
sulfur partial pressures were 11.3-63.6, 9.6-45.8, 1.2-121.0 and
Q.Z-9.0 mm Hg, respectively. Using a catalyst.particle size of
28/35 mesh, he suggested that the reaction rate was proportional to
the external and not fot&] surface area. He approximated the
external surface area from the particle mesh size by‘assuming that.
all the catalyst particles were cubica] in shape. He concluded that
neither pore diffusion nor film diffusion were important in the |
reactign, presumably all pores were filled up by condensed elemental
sulfur. Both McGregor [84] and Karren [64] examined the amount of
sulfur retained by the Porocel catalyst which had been in the reactor
for a number of runs. Prior to cooling down the reactor[for removal
of the catalyst, the reactor was purged for two hours with pure
nitrogén. Their analysis indicated that about 2.0% by weight of

sulfur was retained by the catalyst. McGregor [84] observed that

16



water vapor had a retarding effect at high concentration and an

» .. accelerating effect at low concentration on the forward rate of the

-/

I3

S/

reaction. The empirical rate expression deduced by Dalla Lana et al.
[29] using a statistical modelTing method [130] and McGregor's

kinetic data was

i} , ‘ : 1.5 '
Ty s = 1-212 exp(-7440/RT) (P, ¢ Lo )/(1+ 0.00423p, ;)

2° o 2 2 2
(2.9)

This expression reflects the retarding effect of water vapor on the
reaction rate but not the accelerating effect as observed by

McGregor at Tow water vapor pressure. The powers of HZS and SO2 shown

in the above rate equation were round-off values. The actual powers. °

deduced from the statistical modelling by Dalla Lana‘et al. were
0.828 i 0.0952 and 0.467 + 0111 for HZS and 502 respectively. The
figures after fhe + sign show the 95% confidence ]jmits which are
1.212 i_0.694,10.00423 + 0.00246 and 7440 + 655 for the other
parameters }n'the rate equation. The relatively poor 95% confidence
.limit for the parameter of water tg?myimp]ies the relatively high
uncertainty jn the deduced value of this parameter.

George [43,44] examined the effect of impregnating a number
of catalysts (Chromosorb-A, cobalt-molybdate on 1—a1um1n$, porous
alumina, activated alumina, Porasils bauxite) with acidvo} base on

© the catalytic activities of reaction between HZS and 502. The method

of impregnation involved soaking the catalyst in the acid (HCI, H2504,

or H3P04) or base (NaOH, KOH or LiOH) solution and then decanting and

B
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drying at 100"C.. The author did not specity the Concentrat1on of acid
or base solutions used. His results showed that aé1d 1mpregnat1on did
not affect the catalytic activities of the catalysts studied. However,
with about 4.0 weight per cent NaOH impregnation, the catalytic
act1v1t1es of Chromosorb-A and Porasil were 1mproved by factors of 100
and 2, respectively, while that of other catalysts increased by at
least 20%. With the hundredfold improvement, the catalytic activity
of Chrdmosorb—A was comparable to that of a commercial Claus catalyst -
(alumina). The activities of al] catalysts studied 1ncreased with the
loading of base 1mpregnat1on up to 4.5 we1ght per cent and then
dropped off as more base was 10aded Among the various types of bases
loaded, the act1v1ty,of;Chromosorb—A improved in the order of K+<Na+<L1'+
The surface area of the catalysts was not affected by base impregnation
at lTow loading but it decreased with higher Toading (i.e. greater than
>
5.0 weight per cent base) but no explanation was given for these
results. George did not‘elaborate whether the catalysts were
modi fied physically or themica]ly .by the 1mpreghation wWith bases. He
concluded from.thgse results that baéic sites (presumabTy he meant
“oxide anions) were important'for the reaction. If this is true, the
impregndtion of the catalysts with”acids should change the catalytic
activities. However the author did not explain why the 1mp0rtance
‘of ba31c sttes could not account for the observation that acid
impregnation did not affect the catalytic activities at all. An

initial rate was obtained by fitting his three measured data points

into the expression proposed by Mezaki and Kittrell [86].

K= Ay tann[A,(8)] | (2.10)
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An initial rate expré§sion in the form of

' -r = kP © ‘ v 2.1
= . TTHLS H,S o (2.11)

was obtained for Chromosorb-A over three te%pefatures (434,ﬁ400 and
350°C). The kinetic order with respect to SO, was found to be zero aﬁd
theiﬁfﬁgjﬁiion energy was 25 Kcé]/mo]e. For the base 1oadéd

Chromdsorb-A (both 3.97and 5.0 weight per cent base) the kiﬁetic orders .
of H,S and SO, were 0.7 and 0.2 respectively and the activation energy
~was 10 kca]/mo]e. The rate expression by using commercial coba1t—
molybdate on y—a]uminé was found to be

I

kPH“?S _ .

THos T (TF 0T, T (2.12)

?

The author found that film diffusion was the Fate determfning Step for
the based Toaded Chromosorb—A. He also.note& su]fjdatién ofHYatalyst
from the Ghange in colour of the catalyst from the orig%na] Eeep blue
to black.. This probably was due to the sulfidation of ho]ybdenum
fathef‘than alumina. | |

T Kerr et al. [65] studied the kinetics of H,S/SD, reaction

over bauxite and activated alumina catalysts in an integral bed

reactor of 1-3" inside diameter and abqut one foot deép. The bauxite
éata]yst was 2-4 mesh in size while thatbaf acfivated'a]umina wés 4-6
mesh. The tota1’volume 0 'the catalyst used in the reactor varied
from 0.2-1.2 1litres. Three reaction temperatures (232, 269 and 297°C) -
were used. By changing the catalyst bed depth with a fixed gas f]ow\\g)

. rate, five data points were collected under each temperature. The

analytical method used involved drying the product stream over P,0s and

R



-then 1nfroducing it into a gas chromatograph. For badxite; the data
covered 30-70% HQS conversion range while for activated a]uﬁina, it
was 60-70%.

The ;uphors found that the tha]ytic activity of bauxite
éata]yst was reduced by 40 affer passing 1/2% 02 for one hour over
their used bauxite catalyst. 1In addition, thé& also noficed that a
minimum‘of 4 hours ofjbonfinuous operation was required before a Steady-
reaction rate was reached. They claimed that the catalyst Cdu]d
absorb (they did not use the word adsorb)’15 peFJEent of its weight of
sulfur and therefore suéh a long period of time w;s rezuired to reach
steadyféfate operatfon.‘ This start up behaviour was very different
from that observed by Karrén [64], McGregor (847 and George [43].

When dave]dping a kinetic model for the reaction, the authors

started with a general bower law model without denominator terms.

d[H,S]

St = -ke[H51%050,1% + kg[H201Ts 1° (2.13)

They were interested only in determining the simplest values to the
power coefficients. They stéted that since neither the zeroeth nor
first order kinetics agreed with the experimenta] data to a éuffigjent
degree of accuracy to Warrant their Qse, the following second orde} A

model was adopted

(2.14)

J
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d[H.S$] | | [H,S Je[S0- e
gy kexp RT (- [H2STISGLT + Hat OJCTS o [”ﬁOJ[Sn])

The above equation does not contain stoichiometric eoefficients on the
~equilibrium terms and is thermodynamically inconsistent. The authors
did not elaborate on how the values of [Sp] as well as the values in
equilibrium term§\were determined for model corre]ation.\ After
applying their 15-data points (five for each temperature)‘to the

empirical model (2.15), the following was obtained.

d[H,S] [H.5e[S0. Je
o < e L sIsnn) + propre g, Dolts )

The activation energy of 5.02Kcal/gmol ‘H.S was less than that
obtained by McGregor (7.59Kcal/gmol H,S). Kerr et a].[és] did not

discuss the reaction mechanism at all.

2.3 Surface Properties of y-Alumina

Because alumina has been widely employed as a cata]ystﬁor as
a cata]ysf support, éﬂ%bnsiderable amount of research has been devhted
to elucidating the nature of its cata]ytic properties It is
genera]1y believed [75, 109,110] that the cata]yt1c propert1es are
re]ated to the surface propert1es of a]um1na For example, “the Jess
porous alumina, called alpha alumina or corundum, has Tower surfacé
area and different crystalline structure ‘than other‘a]um1nas and is
the 1east cata]yt1ca11y active type of a]um1na The crysta}11ne
structures varied not* only by the pattern of arrangement of ox1de ions

but a]so by that of the aluminum ions. Due to the var1at1ons in

structures, the manner by which the aluminum jons and oxide jons are
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exposed on the catalyst surface also differs. As a result, various

~ "active sites" for adsorptfon and catalytic reaction are formed  Hence,
to understand the catalytic properties of yfaluminé, it is
advantageous to understand first its surface properties and a review

on this topic fo! S.

2.3.1 The Crystalline Structure Oj_y—A{ymiha

The various types of a]gmina differ in crystallographic
structures [75,127]. They are often. | ~ prepared by precipitation of
a hydrated alumina formed by mixing éo]utions of alkali and salts of an
aluminum compound‘(sujfate, nitrate,‘acetate or occasionally chloride).
The precipitate formed is gelatinoug with a diffuse x-ray diagram.

: Subsequent heat-aging may produce boéhm;te, bayerite or gibbsite,
depending on the treating environment. Calcination 1eag§ to elimination
of water and for various temperatures of calcination, a number of .
intermediate s{ructures are observed.

“The thermal process can be intérpreted as‘fol]ows:

Calcining Hydrated alymina _ \
Temperatures o ' , | :

| ] N 7

gelatinous ‘crystalline

~

boehmi te bayerite . boehmite gibbsite
N J
875°K vk n-Al, 0y y-A1,05 x-A1,0
l .
_—1175°%K _‘ ' -o-mzog : 6-A1,05
J -
>1375. .. _

> G-A]703 *



The transition aluminas still contain water, prosumably '
entirely as hydroxyl groups on surfaces, the overall composition
being A1,04 - nH.0, with O - n - 0.6 [127]. Lippens apd de Boer [74]
found by single-crystal electron diffraction studies that Lﬁe oxygen
lattice of «<-alumina should be well-ordercd. The oxygen lattice has a
c]ose—pécked cubic unit cell which is stacked in layers of 1-2-3-1-2-3
unlike that of y-Al1.,05 which fs_stacked in the sequence of 1-2-1-2
as shown in Figure 2-1. In the cubic close packing éf anions, there
are one octahedral and two tetrahedral vacancies per anion, in which
the small aluminum cation can be located. The unit cell of the
crystal consists of 32 oxide ions.with 21 1/3 aluminum cations
arranged at réndom in the 16 octahedral and 8 tetrahedral positions
of the spinel structure.

Since the oxygen anions are well-ordered, the disorder in
y-alumina is determined by the distribution of aluminum cations. In
spinels like MgA150, the aluminum cations occur in octéhédra] sites
and the magnesium‘cations in tetrahedral sites. Because of tHe
similarity between the structures of the aluminas and the §pine]s: the
former are often referred to as pseudo-spinels. Introducing a

notation in which tetrahedraﬂvand octahedral Al are given as [A]]t
)

and [A1],, the aluminas can be represented as [A]7/3Jt[A]2]0 0, 1271

[N

> The d?ffer?nceé between n-, X-, and y-Al,05; are probably related to
their different ratios of [A1]t:[A1]O‘as well as to the gifferent
distributions of [A]]t over the é@ajlable tetrahedral sites and [Al],
over the octahedral sites. Saalfeld and Mehrotra [121] applied
Fourier synthesis of the electron diffraction patterns to determine

the cation distribution and concluded that the octrahedral aluminum

@
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Figure 2-1. The Oxygen Lattice Ar‘ranqemenfof Alumina.
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sublattice was fully occupied and that the necessary vacant sites were
L)

randomly distributed over the tetrahedral interstices. Lippens [757

“rovided the most detailed ‘discussion of the crystallographic

structures of aluminas.

2.3.2 The Surface of y-Alumina

The y-aluminas occur. in the form of 1gme11ae. From the work
of Moliere e£ al. [907, the y-alumina surfaceyggk@inates in oxygen
anions because they are more easily polarizable. Accordingly, the
outermost a]ﬂm?num\ions lie below the oxide plane. Lippens [75]
concludes from his x-ray diffractional analysis that the [110] plane.
forms the majority of the y-alumina Tamallae. Others [31,32] believe
that the [111] plane is more energetically favored and that a greater
density of oxide ions may belpacked on this face,

A considerable amount of water may be adsorbed by Y—a]umiha.
Kipting [66] evacuated hydrated y-a1umjna at 25°C for 100 h and measu}ed
13 molecules of water per 100 Az of surface. After dryihg at 120°Q3
8.25 moiecules ber 100 K7 were retained [32]. 1Initially, the watef
molecules are physically bonded in multilayers on the surface. As
dehydration proceeds, these m&iecu]es desorb uﬁti] the surface is
‘covered with hydroxyl groupéf/JUpon heating at higher temperature B

additional water can be eliminated by recombination of two adjacent

surface hydroxyl groups [10,76]
0 00 o N+ H0 C(2:17)

This process creates aluminum and oxide ion sites. These aluminum ions
o
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are regarded hy Peri and othors [ES,IOQ,]OB,]O4] as lewis-acid
centers capable of adsorbing organic bases. Thus, for ammonia (pKB:S)

[109] pyridine (pK,=9) [100], the adsorption process can be depicted as
B t

H
H- N - H
_0_ 0. 0L 4+ 0.
Al + NH, 2 Al (2.18)
N

AY o+ ? Al , (2.19)
C\

. A model of the alumina surface obtained by Peri's computer
s1mu]at1on method [105] from the dehydration of a fully hydrated surface
on []OO] crysta]\p]anes is shown in Figure 2-2. 'Five different types
of hydroxyl groups were predicted from the computer mode] and their

correspond1ng 1nfrared vibrational frequenc1es are shown in Table 2-1.

Table 2-1

Peri's IR Spectrums of Hydroxyl Groups on Alumina*

Band Wavé Number, cm=! No. of Nearg;t Oxide Neighbors
A 3800 4
B 3780 3
~oc L3744 2
D 3733 1
E o 3700 . 0

*with reference to Figure 2-2.

The dehydration mechanism and the structure of a)um1na surface can be

) v1sua11zed from F1gure 2-2. The validity of Peri's assumpt1ons [105]

”
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gement of “OH Groups of

+ DENOTES AL3* IN LOWER LAYER

-~

<

Peri's Model on Arran

- Y-Alumina.

Figure £-2.
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that a spinel type alumina exposes only [100] planes on the surface'at
600°C have been Subjectedlto criticism by Lippens [74,75]. Peri [ioa]
observed a new hydroxyl group generated by NH, adsorption on y-alumina
using infrared spectroscopy. The chemisorption reaction was interpreted

as
NHy + 0 > NH, + OH™ (2.20)

He proposed ‘that the above reaction was a completely ionic pfocess
involving reaction with an adjacent oxide ion. Othen workers [77]
‘explained this as simultaneous bond breaking and formation which may be-

shown as

0. 0 0.+ 0
Al + NHy - Al : ¢ : (2.21)
The H}droxy] groups on the surface of y-alumina were reported
to be Qery weak‘acidit Bronsted-acid centers, owing fo the proton on the
OH. Theseicenters can react with ammonia tggform'ammonium ions [104]
but not acidic enough to react with pyridine to féfm pyridinium ions
[100]. From the infrared evidence of Peri [104],'1he hydroxyl groups
are mobile on the surface of y-alumina.
The Bronsted and Lew%s acid sites are pe]ieved to be
interchangeable [56,135]. The -adsorption of water on’ the y-alumina
surface is interpreted by Tamele [135] to invoive completion of the

octet of alumina.

-0: A] 0: + H,0 0: Al :0: » :0: Al 0: (2.22)
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lence, a new hydroxy] group is created at the expense ofYone Lewis acid
site.  The reverse occurs during the dehydration process .

Comparatively little work has been done on investigating the
basicity of alumina. It is generally believed [37,62,1]4,]28] that the
basicity arises from the oxide tons.  Yamadaya et al. [1497 have shown
by means of benzoic acid titration that basic sites begin to appear on
alumina -when water gufficient to cover all the acid sites has been

Id

‘adsorbed.' Basicities as high as 0.4 mmol/g have been recorded. Schwab
and Kral [128] have found that 60 to 80 of the BET surface area of
alumina can be covered bv boron trif]uoride (a ngis acid) at 30 nm of
Hg ;hd 400°C. Since ammonia covers only from 5 to 8% for. the same
sample o} alumina, the basicity of alumina is greater than its acidity.
Pines et al. [110] have carried out a series of interesting stereochemical

. ' -~
studies which styongly suggest that alumina contains intrinsic basic sites
as We]]‘as acid\sites,‘and acts as an écid—base bifunctional catal

Figote and Parera [37] visualize the adsorption of phenol on the

.0f alumina in terms of occupation of adjacent pairfmf acid-base sites as

CeHy CgHs  H
0 0-H-0 0 0
- ~ 1 AN ' 1
_ A]\ /’Al N CeHOH {/A]\ //A]\‘é/,A]\\ /'A]\. ‘ (2.?3)

0 0 0

Attempts to correlate the acid-base properties of alumina
catalyst with catalytic activities have been cqrried_out by many
researcherg._ Rosolovskaja etval. [116] found that the activity of
alumina in the isomerizat?gn of alkylbenzene to propehy]benzene at 300°C

depends on the acidity but not on the physical structure of the catalyst.

Hirota et al. [58] have shown that the rate of polymerization of olefin
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is directly related to the acidity of alumina. For the alumina having
strong acid sites, the rate drops markedly as reaction proceedé,
presumably due to the poisoning of strong acid sites during reaction.
However, if such strong acid sites are poisoned first with,si]ver then
the reduction in rate was not as marked. Brouwer [13,14] noted the

[}

rate of perylene oxidation and cumene cracking is greated affected by
the acidity of y-alumina catalyst. '

Krylov and Fokiné/t76,7]] obtained good correlation between
the basic strength of various solids as measured by the phenol vapour
adsorption method and the catalytic activity for the dehydrogenation of
isopropyl alcohol. The dehydrochlorination of 1,2-dichloro-2,2-
diphenylethane [1] and of 2,3-dichlorobutane [93] are promoted by the
basicity of y-alumina. Krylov and Fokiﬁa [71] investigated the reaction
of acro]éin wigh/ggggnq1 over various metal oxides and noted that the
catalytic acti&ity increases with the electronegativities of the '
catalysts, an indicétion that the reaction proceéds according to a
base—type'mechanism.

Since both acidic'and basic sites occur on y-alumina surface
many researchers [88,89,92,96,110,111,128,137] believe that although one
type of site may play a more 1mportanf role for one reactiqn, it isl
not necessarily true that the other type of site does not participate
in thé'catalytic process. They suggest that y-alumina is more probably
a bifunctional acid-base catalyst. Ohki‘gt al.[96] studied fhe'trans~
isomerization of érofononitrite reaction over catalysts such as Al,04,
potassium 2-naphthol-3-carboxylate, sodium sa]jcy]ate, etc., which

contain both acidic and basic groups as well as NaOH, Na,CO; and

potassium biphthalate which have only either an acidic or basic prdperty



and found that only the acid-base bifunctional solids are catalytically
~active. The dehydration of various types of alcohols with alumina
catalysts has been the object of intensive studies and the reaction
mechanism and the nature of the alumjna have been discussed by Pines and
Manassen [1107.. They regarded the dehydration of most alcohols (mentho]sﬁ
neomenthols, alkylcyclohexanols, decanols, bornanols, Z2-phenyl-1-propanol,
etc.) és taking the form of a trans-elimination, Fequiring the
participation of both acidic and basic sites on the q]umina. For this
reason, alumina may be thought of as a "solvating" ageﬁf, in that it must
surround the alcohol molecule, thereby enabling the alumina acid sites to
act as proton donors or e]éctron acceptors, and the basic sites to act as
the proton acceptors or electron doﬁoks. This can be illustrated by the
cis, cis—l-decdno] dehydration scheme proposed by Misono and Yoneda [88].

cis-1,2-0ctalin
9.9 mol¥%

(2.24)

(h) 7
L.

1,9~0ctalin
' 84.7 mol%

The hydrogen—deuterium'exchange in n-propane involves both the acidic
and basic sites of y-alumina as demonstrated by FIOCEhart et al. [39 .

The suggested mechanism is shown below.

<

A
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> C4H, D (2.25)

oy

Dissociative adsorption of propane is followed by hydrogen exchange at’

LA LB LA 1B LA LB LA LB

the site of the actijve hydrogen étom, with desorption of the deﬁterated
species from fhc surface as the final stép This mechanism is in accor
with the mass specfrometr1c evidence that the exchange of hydrogen in
propane is a stepw1se Process involving replacement of not more than Oné
hydrogen atom per adsorption- desorpt1on cycle. The coordinated acid- base‘
sites on alumina are p0531b1y associated respectlvely w1th an abnorma]]y
exposed aluminum ion and a defect centre containing oxide ions.

An excellent discussion on the acid-base properties of various -
catalysts has beén prov%ded by Tanabe [137].

As suggested by Weyl [14. .46] and others [27] strains exist on
a crystal surface. The strained sites on_the y-alumina surface are
believed to result from the dehydration of the brigina]qhydrated surface
[27,57]. The pattern of adsorption and reaction on the catalyst surface

will then depend on the release of the strain. This is also . used as one

of the interpretations of the catalytic activity of y-alumina. .

2.3.3 The Adsorption Properties and Surface Chemistry of yZAlumina

As hentioned in the previous sectjon, the various "sites" on
y-alumina, e.g. aluminum ions, oxide ions or hydroxyl group<, provide the
centres for adsorption or catalytic reaction. The chemical properties
of these sites play an important role in these respects. For example,
acidic sites brovide the adsorption centres fdf basic adsorbates and vice

" versa.
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In this work, the aQsorption of the vatious chemicals in
the studies 1pvo1ved on Y-alumina will be examinéd, as well as: the
surface reaction of y-alumina with the various chemicals. A review
on the‘published works oﬁﬁst, 502 and S adsorption of y-alumina

will be presented.

2.3.3.1 Adsorption Studies: HZS' s02,

Some published work on the quant1tat1ve measurements of the
.adsorpt1on of H,S, S0, and S on Y-alumina are available in the
Titerature. These will be dfstussed in greater detail Tater. Among‘
the published work, some postulated modes of adsorption were given
but experimental verification has not been attempted.

A study of adsorption should provide valuable information
which improves our understandiqg of the mechanisms .of thé reaction.
For example, if only one of the two reactants is found to;be adsorbed
under the reaction conditionhs, then the reaction mechanism must be of
the E]ey—Ridéa] and not Langmuir-Hinshelwood type. Morecver, from an
adsorpt10n Stud&, the nature of sites essential for adsorption and
perhaps for'r; fon could be understood. Whether all reactants and
products or certaln reactants and products compete for the s1tes
should also be examined. ’

(1) Studies on HpS Adsorption

Infrared stud1es on the adsorption of HZS on Y~ a]um1na have

L

been reported by Slager et al. [133] and Deo et at. [34]. They

"observed similar (some small difference in frequencies between their

recorded infrared bands) infrared bands and the observed freguencies

~are summarized in Table 2-2.

‘b
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Table 2-2  INFRARED BANDS. OF H,S ADSORBED ON

Y-A1,0, OBSERVED RY DEO et al. [31°

Observed ' . Gas Phase . Assignment
Frequencies Frequen$1es
(cm-1) (cm™
1341 -+ 1290 .+ H-S-H (bend)
1420 VW ' '
1568 -~
2568 VW 2684 S-H (stretch)
3400 Vb ‘ A 0-H (hyd. bonded)

where VW=very weak, Vb=very broad

Both works reported the change of co]or of the cata?yst from white
"to yellow by HZS adsorpt1on The broad infrared band around 3400
cm represents the format1on of hydrogen bonding. ~Based on the
hydrogen bonding ev1dence, Déo'et al. proposed the fo11owing form

of HZS adsorption.

(2.26)

On the other‘hand, Slager et al. did not agree with this'
: structure. They argued that a sh%ft of -166 cm'] in asyn;etric
stretching and +51 cm™! in bending from the gas phase vibration
mode of HZS could not be exp1a1ned byhydrogen bonding formation
between the sulfur atom of HZS and hydrogen atom of the hydroxyl

~ group of T-alumina.- Instead, they suggested that the fo]]owing

v
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mode oﬁradsorption would be more appropriate

| : | (2.27)

anough‘its su]fuc atom, HZS is adsorbed to the Lewis-acid site and

tne hydrogen bonding is formed between the hydrogen atom of the HZS

and the oxygen atom of.the surface hydroxyl group of Y-alumina. | i;
‘tvIn addition, they said that-thishtype of structure is Tn\better

accord with the mechanism of surface su]fid. formation which arises
from‘the dissociation of H, S on“adsorption. Both i.r. {(infrared) and
gravimetric techniques were used to confirm the- HZS decompos1t1on
'When contact t1me between HZS and Y- a]um1na was extended they observed
an increase in 1nten51ty of the i.r. band in the 0-H region and also d
the appearance “of the i.r. band at 1625 cm -1 arising from the»HZO
bending moqe: This establishes that water is one of the products of
;_st adsorption. The infrared bands of both the adsorbed HZS and'HZO

) cou]d be%remb?ed when the adsorbates and adsorbent were heated above

arz 5

100°C. From granimetric measurements, they obtained a linear relation
between the total weight of the adsorbed material and the sum of the
.area of the i.r. bands of the adsbrbed HZS and H20i A mechanism in

agreement with this observation is shown below

s

-
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|
Al Al Al : (2.28)

According to this methanism, bond breaking in hydrogen sulfide can
be thought to be coincident with the formation of an 0-H bond.
Rationa]ization_for the 0-H 1yihg next to the adsorbed hydrogen
sulfide can be made following Peri's work [104, 105, 106], in

which a plot of the percent of Q-H retained, against evacuation

temperature showed that at least 50% nfvthe surface would still

L
¥y

be covered by hydroxyl gréups after evacuation at 3250\C. Thus

it would be improbabfe that H2§ could adsorb on exposed

aluminum ions without having an OH species as a neighbour. The
aq§orpt1ve dissociation nature of HZS was further demonstrated by
the isotopic exchange experiments conducted by Sabtier and co- °
workers[122, 123, 124].  The hydroxy1 group of ethyl alcohol was
found to be capable of exchanéing with the SH of HZS over alumina.
Other conce1vab1e paths d1scussed by S]ager et al. invd]ve the
break1ng of the hydrogen-sulfur bonds to form H H0 or H, and

2- 2+

s, % or s Without adequate information, they concluded

© that the final nature of the sulfur atom of adsorbed H,S could

" not be verified. However, they said that it was un]ike]y‘for

H=B7 52+ to be formed because subsequent reaction between | g

OH™ or 02‘ to form ﬁjjiﬁ/mnuld_be inhibﬁted by 1ike charges and

36
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no evidence was obtained to relate to the formation of 502
from reaction $°* and 0°". |

Bayley [9] noted that H2S could not be quantitatively
desorbed during adsorption—desorption cycles. Adsorption rever-

sibility tests by Glass et al. [45, 46] showed that about 10 #9/g

of H,S could not be desorbed from Y-alumina. DeRosset et al. -

e

[33] investigated the same systemcat Tow coverages and high
temperatures and reached the conclusion that the formation of
A1-S and Alxs bonds on oxygen vacéncies following the adéorption
of HZS and H2 .
been reported [10, 100, 104, 1357 that incompletely coordinated

-,

0 was consistent with bulk thermodynamics. It has
“aluminum which possesses the Lewis-acidéproperty occurs on the
surface of T-alumina as a result gf exhaustive dehydrétion and.
readily reacts with basic adsorbents, such as NH3 and H,0.
DeRosset found that both adsorbed HZO or HZS on Y-alumina
prevented the deVelopment of the acid color in the case of
dicinnamal acetone (pKA = —3.0), Whi]e it Js difficult to”
determine whether conversion of the dye to its conjugate acid is
due to interaction with Lewis- or a Bronsted-acid site, neverthe—
less the experiment clearly showed that HZS reacts as a base with
the acid site ot Y -alumina, whatever its nature. A high
isosteric heat of HZS adsorption ( 25 to 38 kca1/ﬁol, depending .
on the degree of predrying of the alumina) was detected by .

DeRosset et al. and they argued that reaction of HZS with a
surface Bronsted—gfig\fite (as suggested by Deo et al.) by

hydrogen bonding could not uccount for such high heat of adsorption.



Instead, reaction of H,S at.g Lewis-acid site would create an Al-S
‘bond and more nearly satisfy energetic requirements? They did not
indicate whether such adsorbent—ad§orbate interation was capable
of transforming part of A]ZO3 into A1253. Similar high isosteric

heats of H,S adsorption ( 16.3 and 32.5 kcal/mol at O.OZ;LmoUm2
&

2
and'0.42,umo1/m2 at 423° K) on Y -alumina were also measured by
Glass and Ross [46]. Changing of the 7V-alumina color from white
to pale y511ow was also noted and chemical tests verified the .
presence of abéqt 100 pg. of sulfur in an unknown state.

The quantitativg measuremenp}resu]ts of HZS adsorption on

T-alumina carried out by Glass et al. and DeRosset et al. are

summarized in Table 2-3.
TABLE 2-3

H.S ADSORPTION ON TY-ALUMINA MEASURED BY

2
VOLUMETRIC METHOD
N
A}
Adsorption HZS | Adsorbed Surface
Temperature Pressure * Amount Area
(. x) ('IO—6 pmol H;5/g mz/g
cm Hg) |
DeRosset 300 21 22 172
et al. [33] ' v
" Glass et '150 350 250 - 490

al. [118]

38
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(i1) Studies on 50,_Adsorption

Relatively little work has been dgne on the adsorption
of SO2 on_T-a]umina. Deo et al. [34] sﬁudied the SO2 adsorption
on T-alumina using infrared spectroscopy. Table 2-4 shows the
frequencies of the infrared bends obtained by them when 1.3 cm of

Hg of 502 was contacted with the Y-alumina pellet at room temp;rature.

v

Table 2-4

INFRARED BANDS OF SO2 ADSORBED ON

YA1,0; OBSERVED BY DEO et al. [34]

Observed Gas Phase 5 Assignment
Frequencies Frequencies

(cm'1) ) _ (cm_])

2470 w S 2499 .

- 2340 w 2305

1330 7 0-S-0 (stretch)
1140 ‘ y 0-S-0 (stretch)
3400 vb . , « H-0-H (hyd bonded)

é} where  w=weak; vb=very broad
The broad hydrogen bonding band at around 3400 cm™
- arising from 502 adsorption was similar to that of their observa-
tion or H,S adsorption. The infrared band at 3785 ent, represen-
ting the highest vibration frequencies of the surfacg groups
disappeafgd as a result 6f 502 adsorption. New bands at 1685 and

) 1240‘cm—1;25 well as a weaker pair at 1410 and 1090 cm™ - were



detected when 502 pressure was increased above 3.1 cm Hg. These
were attributed to the symmetric and assymmetric stretching
vibration of the perturbed adsorbed SO2 species a]thbugh the form
of such species was not understood. Upon heating at higher
temperature to 400° C and cooling back to room temperature, a
further paif of bands at 1570 and 1440 cm_1 appearred. Finally, ‘
after evacuation at 400° C, only two pairs of bands remained,
namely, the 1330 - 1140 cm”) pair, which was observed at low S0,
pressure (1.3 cm Hg) and shifted to 1375 ; ]110cm_] after high
temperature evacuaéidn, and the 1570 - 1%?0 bair which appearred
after heating at.high 802 pressure (above 3.1 cm Hg) and evenfua]]y
stabilized at 1570 - 1470 cm~]. Two'interpretations were giQen by
the authors. One is that the two pairs of remaining bands repre-
sent different chemisorbed species, each vibrating with its own
characteristic frequency. The other involves the possible forma-

, tion of a surface sulfate which the authors depicted.as follows,

‘

»

0. .0
Na %

R 2

$s 3

’ ~
P -~

0 *0
NN
Al n” Sa”
| | ]

(2. 29)

The frequencies of the infrared bands of some of the -
inorganic sulfites, sulfates and bisulfates [113] are summarized
in Table 2-5. Only those bands with frequencies less than 1700 cm_]

are Tisted. The striking feature exhibited in this table is that



Table 2-5

INFRARED BANDS OF SOME OF THE INORGANIC SULFITES, SULFATES

AND BISULFATES

4)2503.H20

Na2503

K2503-2H20

(NH

12504'H20

Na2504

CaSO4-2H20

MnSO4-2H20

FeSO4-7H2

CuSO4

ZrSO -4H20

4

NH4HSO¢

NaHSO4

KHSO4

855 (ﬁ)
865 (s)
877 (s)

¢

1130

1070 (m)
1020 (s)

1410 (vs)

1110 (vs).

(vs)
(vs)
1090 (vs)

1135

1090 (vs)
1080 *vs)
1035 (m)
1075 (s)

1065 (s) -

1160

1740

1625

1630

1150
1200
1630
1180
1235
1&60

(m)
(s)
(m)
(m)
(s)
(s)

1645 (vw)

1210
1625
1410

2%

1630 (

3

1625 (m)
1000 (w)
1650 (m)
1410 (vw)
1660 (m)
1280 (s)

© where, vw=very weak, w=weak, m=medium, s=strong, vs=very strong
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all sulfites, sulfates or bisulfates possess the strong band at
around 1100 cquﬁ\sxcept the ammonium member, which has one more
strong band‘at around 1400 cm_]. The band frequencies are not
greatly varied by different cations. ‘Only those members with
crystallite water produce sizable bands at around 1600 cm—] which
represents the molecular water. None of these bands are near to
vthose of the "sulfate" bLands observed by Deo et al.

The amounf of 502 adsorbed on Y -alumina at 20 to 80° ¢ was
found to increase monoton1ca11y with pressure by Ozawa et al. [97]

/

(Surface area of, 1’ a]um1n9 382 m /g and amount of 302 adsorbed p
at 80° ¢ and 1 atm. pressure is 180‘pmol/g). Glass and Ross [45]
studied the adsqrption of SOZ»below monolayer coverage (0.1 - 2.0
pmo]/mz)on T-alumina at 150°C and with 502 pressure to 450 mm Hg.
The T-alumina wus pretreated at 500°C. p high heat of adsorption
(48kcal/mol) was detectédaat Towest coverage (0.1 umo1/,2) and
1eve11ed out to 13 Kcal/mol1-! at a coverage of 2. O)amo]/ 2. The
authors believed that this high heat of adsorption was an
~indication of chem1sorpt1on at 1ow coverage and agreed with the

"su]fate like" structure proposed by Deo et al.

Jones and Ross [63] investigated the 502 adsorptionvpn Silica
gel at —10‘to 50°C with a re]ative‘SO2 pressure of 0.01to 0.14.
The isosteric heat of SO2 adso  fon at the relative pressure of
0.1 and -10°C was found to be Tow (9.0Kcal/mo1) compared tb that
of ammonia [12] and ethylamine [118] in this region. The heat of
liquifaction of 502 ("Handbook of Chémistr} and Physics" Chemical
Rubber Publishing Co.,hC19ve1and, Ohio, 1959) at -10°C is 6.08
Kcal/mol. -



Nevmally, the heat of physical adsorption of a gas on a solid surface
is 1-2 times the heat of Tiquefaction [51]. In addition, they also
9 adsorption was completely reversible under fheir
experimental condjtions. They considered the 502 adsorpfion on

noted that SO

silica gel to be a physical surface process.

The adsorptive preperties of SO2 - mordenite system was
presenied by‘Roux et al. [120]. About 10% difference between
adsorption and desorption curves was recorded by using H- and Na-
mordenite as adsorbents. At low coverage; heat of adso?ption is
about 20 kcal/mol forvH— mordenite and 30 kcal/mol for Na- mor-
denite. jhe authors exp]ainéﬁ this phenomenor in terms of surfac
heterogeneity. Initially at low loadings, the su]fdr.dioxide i
primarily attached to specific sites in the adsorbent matrix.
Once these sites arevoccupied, the remainder of the adsorption
would proceed throughout the remainder of the adsorbent matrix
by'physical adsorption process. The chemisorption at
Tow coVerage was postuiéted to be a strong.bond formation process
between the SO2 and the cation of the adsorbent. .This was
supported by the higher heat of adsorption on Na- mordenite than
H- mordenite. The authors also suggested the unidirectional
adsorptive interaction between the SO2 and the surface Qith high
heat of adsorption and low activation energy‘for adsorption so
that mere evacuation would not re-establish equilibrium. They
observed that the desorption activation barrier could be overcome
by heating so that the amount 6f SOZirreversib1y adsorbed at

3

160°C is only 0.4% of that at 0°C (1.2X107” mol/g H-mordenite).

Strong preference for SO2 adsorption over CO2 adsorption even when

43
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the gas composition‘was over 907 CO2 on both H- and Na-mordenite
was also noted.

Table 2-6

SO,ADSORPTION ON T-ALUMINA AND SILICA GEL MEASURED

2
BY VOLUMETRIC METHOD
Adsorption  Adsorption  Amount Adsorbent
Temperature Pressure Adsorbed
(° ¢) (mm Hg) (umo1/m’)
Ozawa et al. 80 760 © 0.5 Y -alumina
[97]
Glass et al. 150 ° 500 2.0 ‘silica gel
[46]

(i) Studies.on Sulfur Adsorption

So far, very little work has been reported on the
adsorption of sulfur on solid catalysts. Barrer and Whiteman [6 ]
investigated the sulfur adsorptioq on porous Ca-A, Na-X (near
faujasite) an& natural Ca-, Na-chabazite at 2,60—3200 C tempera—
ture.‘ Sulfur vapor.ranges from about O to 70 mm Hg. 1In each of
the ;eo]ite, the uptake was re];ﬁiiiliéizzf;,ﬁéﬂgfg’was very
Tittle di%ference between the ufftake b Hg and that (400

mg/g of Nélx at 320°C) at 70 mm Hg of sulfur vapor. The adsorption
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isotherms wefe found to be fu]iy reversible, as shown by the
coincidence of their sorption and desorption curves.ﬁ A Targe
isosteric heat of adsorption was detected. For Ca-A, when the
sorptions were 0.32 and 0.33 g sulfur/g of adsorbent, the isosteric
heats of adsorption were 24.8 and 25.3 Kcal/mol and for Na-X at
sulfur sorption of 0.39 and 0.4 g/q adsorbent, they were 32.6 and
"30.9 kcal/mol. These large heats of adsorption

demonstrate that strong bonds were created between adsorbed

: x?ice. Despite the high affinity between the
crystalga@hd ‘:i e /Ryete ab]e to remove all the sulfur by
further e 3 B Wﬁduat1on Natura] chabazite adsorbed sulfur
, ‘ *5 Ca-A aﬂU Na X. The uptake bears a linear

, S
reTat1on to. the square root of the total sorption time. This is

-very-s]oW]ngomp

characteristic of a diffusion process. From the
adsorption‘isotherms,of natural zeolites, they were able to ‘estimate
approximate saturation values and it was calculated that the -
fractional filling of supercages of theénatufa1 zeolite by sulfur
was ‘about 0.75 to 0,80. They believed that sulfur diffuced as
chains 1in the poreé. ‘

The surface area of the bauxite catalyst used by McGregor [84]
for H S/SO2 reaction measurement, was decreased to 56 m2/g after
experiment compared to 148 m /g before use , as determined by BET-
N2 adsorptyion techn1que. The decrease in surface area was attri-
buted to the reductici” in pore diameter by sulfur. Two methods
were adopted for verification of the presence of sulfur. The

differential thermal analysis failed to detect sulfur in the used

bauxite catalyst and it was felt that tke sulfur content m1ght be
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lTower than the sensitivity_of such measurement device. On the
other hand, e]ectrbn probeomeasurements indicated the absence of
sulfur from fresh bauxite catalyst but approximately 10% sulfur
content was found to be dispersed uni%orm1y within used cata1v<t;
. Karren [64] conducted rate mgasurements on HZS/SO2 reaction over
the same bauxite catalyst useh by McGregor; Nitrogen was intro-
duced into the reactor to purge the caté]yét for 2 h after his
experimental runs. Subsequent chemical analysis according to the
grocedure describéd by %koog and Bartlett [137] showed that 2.0
.weight per cent sulfur stil remained in his catalyst.

Kerr et al. [65] concluded that elemental sulfur was found
to be an effective poison (but regenerable) for Claus catalysts
(bauxites or activated alumina). They found that condensed .
Su]fdr, present in 1e§e15 as high as about 30 w/w %, could comple-
tely déactivate a catalyst, but this could be 5r¢ventec by proper

operation above the sulfur dew point.

2.3.3.2. The Oxiaizing Properties of T-Alumina

' In recent years the oxidizing power of alumina has received
some attention [12, 9]. Two methods have been adopted tqé}nvestigate
suchfoxidizing properties. Bofh of  them involve contac ing the T-alumina
with an adsorbate, One examines the possible formationtj>\§De oxidation
product as the contacting period is egtended, mostly by infrared
spectroscopy. ‘The other measures the changes in e.s.r. signal arising
from the adsorbate-adsorbent interaction.

Parkyns [98, 99] studied the adsorption and oxidation of

carbon monoxide o~ Y-alumina using infrared snectroscopic technique
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and observed the formation of carbon .dioxide as well as surféce
carbonate. This was consjdefed to indicate the presence of oxidizing
centers on the surface of Y-alumina. Such centers could be removed. by

treatment with hydrogen and regenerate by contacting with oxygen again.
I; anotﬁer piece df work, Parkyns [98] detected nitric oxide on the
surface of Y-alumina which nad been'subjected to extended heating in
vacuo. It was suggested as a result of this work that nitric-oxide was
produced from molecular nitrogen reacting with strained bridges formed
by progressive dehydration [104] as also envisagéd by Cornelius et al.

[27]. The mechanism depicted below was proposed to account for the

generation of such strained oxygen bridges.

:

e
OH OH , 0
| | heat VAN :
Al—0 —Al  evacuate Al— 0 — Al + H20 (2. 30)

»

Parkyns does ﬁot believe that dehydration creates oxide-type frée
radicais because Scott et al. [129] reported'no e.s.r. sig&aftﬁgzectiqn
in the examinaffon of dehydrated Y-a]dmina. The strained g%yge
‘bridges were regarded to be the "oxidizing centers" which were named by
Parkyns e;rlier and capab]e.of oxidizing CO to C02. A further interes-
ting'point mentioned by Rarkyns is the abi]ity of adsorbed nitrié\oxide
fo restore .oxidizing properties to the v-alumina which has been reduced
by CO. Tamele [135] and Cérnelius et al. [27] reported that a remark-
able amount of heat was released when-water was contacted at 100°C
witH the carefu]]y dehydrated alumina. This may be an indication of

the reverse of Eﬁ?gﬁfégtion of strain oxygen bridges by dehydration.
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In -fact, during such hydration-dehydration process, it is difficult to
distinguish between the oxygen of water and surface oxide. This has

' /
been demonstrated by several published and unpublished works. Mills

18

and Hindin [87] noticed that by adsorbing HZO on hydrated alumina,

H20T6 could be recovered upon subsequent heating and evacuatioh. The
oxygen isotope exchange (0]8/016)‘a1so takes place between CO2 and the
7 -alumina surface [38]. Using 02]7, Eley and Zammitt [35] cénc]uded
that oxygen could exchange with the surface y-alumina. Notari [95] in
studying the mechanism of alcohol dehydrat1on on Y-aluminay fee]s\that L=
a]um1na should be considered as a reactive solid, in which both cation
and anion vacancies are present. The interaction of water w1th such
surface vécancies can be depicted as follows |
gzo + 923 ~ O OH™ (2. A1)
(where * is Al and O is a surface anion vacancy. For simplicity, the
bonds between Al aﬁd 0 are represented as completely 1oni€i This, of
course; is:only-partia]1y true; the ionic character of the bond being
very strongqbut not complete).

F]ockhart et al. [39] stud1ed the eletron-transfer properties
of 71- a]um1na using e.s.r. ana]yt1ca1 method and suggested two types of
active eletron- transfér sites in existence on the surface. O 6”E§Be qf
active site which is capable of oxidizing hydrocarbon ds grogggly'of
the molecular nature. The other type of oxygen which'predom;;ate in
the si]ica—a1uminés of low alumins content,:would not affect the adéofbed

hydrocarbon_over a long period of time. ”;
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2.3.3.3 Formation of Sulfates

. Marrier and Ingrahant [80] did a thetmodynamic study and
concluded that most metaf]ic oxides could react with'SO2 to significant
levels. But in'practice, many reactions could not be observed because -

of slow rates. They [81] a]so‘aid an experimental study on the reaction

‘between Mg0 and 502. Their results showed that Mg0 was sulfated by SO3

and not by SO2 nor the mixture of 502 and 02. On the other hand, 1fw -
. x LR !

Fe203 was impregnated into Mg0, substantial su]fation of ﬁgO by 502/057

E

mixture occurred. According to theoir explanation, this was because

FeZOé catalyzed the reaction between SO, and 0, to form S0,.

Pearson [102] ana1yzed the used alumina catalyst of industrial

Claus sulfur plants and found that sulfation on the order of 2% by

. 1
weight occurred on- the catalyst surface. According to Graulier et a],.

[ 4 v
- [50] and Pearson, this 2% su]fation c~curs i, the reaction of

chemisorbed SO2 and the oxide sites o~ cata]yat surface .or through

dehydroxylation of the cata]yst surfa e, Ne “ther of them ps qved the

nature of the’ rea] form of sulfat1on species. Both believed that

whatever the form, sulfate could be reduced from the catalyst by HZS

B

\\"\.. 7“ o 7
1he presence of oxygen a]so enhanced the su]fate formatiof while even =~

m1nute amounts of SO3 “could- resu]t in qufate formation. They found '

that su]fate format1on deact1vatea ‘the catalyst. -
Kerr et al. [65] concluded from their experimental work that

the presence of HZS and/or 02 greatly enhonced the sulfatjbn rates of

act1vated alum1na and baux1te by 502 The levels of suifate formation

‘measured by Kerr were Jower than those measured by Pearson (2 5%).

Kerr a]so observed that in field operations of 1ndhstr1a1 Claus .sulfur

4

:
'7 e el
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‘p1ant$, the sulfate concentrations on the catalyst increased in the

downstream convertor bedls. He could not determine the primary cause
of this behavior. |

A1l sulfate measurements in the published works discussed
here were of the wet chemical analysis type. None of the published

works could confirm the form of sulfation.

——

o
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CHAPTER II1

REAGENTS AND CATALYST
3.1 Reagents “
To facilitate discussion, the reagents used in the present
work may be briefly classified into three groups as described‘be1ow.

3.1.1 Reagents used fc «inctjc Studies , R

‘ R
The reagents -~  r kinetic studies are sumarized in b .yt
RY
. O
Table 3-1 where H,S and Su, are reactants,H,0 and S are produ&ﬁﬁﬁdﬁthe
. \ N

‘Claus reaction and N, was used as carrier gas for reaction rate

“measurement.

Table 3-1 Reagents used for Kinetic Studies

Components  Suppliers \ Purity (Spec.) \ Iméuritx
N, .- Alberta Oxygen Ltd.  99.99% min 0,
H,'S Matheson Co. 99.50% min €0,,"C0S
S0, Mytheson Co. 99.98% min - COé
' u ' N
Ho 0 distilled water - -,

S J.T. Baker Co. 99.95% min ’ -

The nftrogenﬂga§ c&]inders recei:gd wefé'ana]yzed by mass
vectrometer and gas chromatograph beforé‘ﬂ;e. An"impurity of
0.01% 0, in N, cylinder will pro8uce a 0.0091/3 02/502“¥h£ho in a
%eed stream which.conta%hs 91% N,, 6% HQS and §i°502. In other words
the 02.1ﬁtroduceh is ;oughly equivalent to 0.3% of the S0, in the
feed stream and can compete with SO, to react with ﬁZS. Aéfa'resu]t;

the reaction rate measured‘wou]d not represent entirely that between

H,S and SO,. Any cylinder of N2 which contained more than 0.01% of

/ .
) S 51 . ' VT



0, in it was rejected.

52 -

Both H,S and SO, gas cylinders were used as received without

further purification. One cylinder of each was sufficient for the entire

hkinetié study.

N,> H,S and SQQ cylinders used.

-

~——

No water could be detected by mass spectrometer in the

The distilled water was purified (mainly to remove dissolved

0,) by repeated freezing in liquid N,

followed by thawing under

' . . . . - .
vacuum. The sul%ur was used a§\£péé1ved without further purification.

£

Reagents used for Studying Adsorption and Surface Reaction on

\‘\
3.1.2.
. - \
4:1—A1umina ' }Vﬁf_ "

-l

The reagents used fbr~§tudying adsbrption and surf&cé reéction,

on y-alumina are summarized in Tabﬂé 3-2. The first two comgonent5f5~

in Table 3-2 have been described in the previous section.

< ) Table 3-2

€

Reagents used for Adsorption and Surface Regrtion

on_y-alumina

Components Suppliers
H, S Matheson Co.
S, Matheson Co.
H, Matheson Co.
| 0, Alberta Oxygen Ltd.
CsHgN Fisher Scientific Co. Ltd.
NH; tiatheson Co.

L

Purity (spec.)

Impurity

_ . 99.50% min

99.98% min

99.95% min
99,98% min

Spectroscopic
Grade '

Spectroscopic
Grade

C0,, COS

co,



Components Suppliers Purity (spec.). Impyrity

Bf Matheson Co. ’ Spectroscopic ~
' Grade

?KQ Matheson Co. : Spectroscopic -
& Grade

- - s . ’
. CH,COOH Fisher Scientific Co. Ltd. Spectroscopic -
Grade '

Pyridine and acetic acid were receiVed in Tiquid bottles
and were both subjected to repeated freezing in 1iquid air and
thawing under vacuum before ‘use. They were introduced into the
systém as vapor {amount contro}}?ﬂwaAvaporization temperature).
Other chemicals in Table 3-2 Qé;éf:ségjas received in gas cylinders
¥Iw1thout further purification. Tfaces of nitrogen were detected in
the oxygen gas cylinder but no contamination could be found in the
hydrogen cylinder by mass spectroscopic and gas chromatographic analysis.
No detectable 1mﬁLr1ties'cou1d be detected in NH;, BF; and HC1 gases
by 1nfrared.sﬁectroscopic analysis. : ' §
The hydrogen and oxygen gases were used for pretreating
y-alumfﬁé catgiéit while the détai]ed uses of other chemicals 1in
Table 3:2 will be described in Sections 6.1 to 6.4. | L

3.1.3. 'Reagents used fqr Studying Sulfate Formation on y-alumina

The reagents used for studying sulfate formation of
y—aluminq are summarized in Table 3-3. The first four components in

~ Table 3-3 have been described in the previous two sections.

Fa
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Table 3-3

Reagents used for Studying bSulfate Formation

on-y-alumina

Component s §gpglj£ggi | Purity (spec.) Impurity -
H, Matheson Co. 99.95% min . -
H0 distilled water - | -
0, , Alberta Oxygen Ltd. . 99.99% min N,
- S0, h Matheson Co. , 99.98% min co,
* o, J.T. Baker Co. C.P. Grade -
BaCl, Fisher Scientific Co. Ltd. C.P. Grade -
HC1 Fisher Scientific Co. Ltd. C.P. Grade -

The sulfur trioxide was rccefved in Tiquid form sealed in
a pressure glass bottle. To faci]it&@e application, the pressure
bottle had to be broken and 1liquid Sd3 transferred quickly into
another glass containeﬁ fitted with a glass stopcock. The liquid SO,
was then i§o1ated from--the atmosphere tgvprevent the formation of
H,S0, with the water vapor inambignt‘iéé. The sulfur trioxide was
then used without further purificatio;.yyBoth HC1 and BaCl, were Used
as received without}further purificafion. The detaiied deécriptioﬁ on

the applitation of the chemicals in Table 3-3 can be found in

Section 6.5.

3.2 Alumina Catalysts

Only one type of catalyst was used in the present study.
It is the v-alumina supplied by the Cabot Corporation, Bdston,

Massachusetts under the trade-name Alon. Alon is a fumed alumina
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containing extremely small particles made by the hydrolysis of
aluminum chloride in a flame process. The extremely small particles

allowed Alon to be pressed into waférs suitable for infrared
. [

w

spectroscopic studies. When a fer was compressed from about

100 mg of Alon powder and placed into the sample beam'of the infrared‘
spectrascopy with air as reference, the recorded transmittance at

4000 cm_] wavelength was around 80%. This showed that Alon caused
Tittle scattering in the infrared beam and hence provided Qood
sensttivity for infrared spectroscoﬁic studies. The typical properties
of this catalyst, as specified by the manufacturer are listed in Table
3-4. The sﬁfface area of this éatalyst, after pressing into wafers
‘was 91 m2/g, as determined by Chuang [23] using the standard BET
method (15) of nittogen adsorption. The'adsorption 1sothérm,as
measuked?fs shown 1in Figurgy%?lg« Th%ﬁpore size distribp{ion, calcu-
lated according to the proééﬁdre repoftéd by _Gregg and Sing [527,

is shown in Table 3-5 and plotted in Figure 3.2. /

#



Table 3-4

Typical Properties of Alon (from Cabot)

Coior and Form = White Powder

X-Ray Stfuctﬂre = 90% Gamma Form

Alumina Content* = f \ ¢99% minimum
le)Ignj‘tion_Loss oo ) 4.5% maximum

Metallic Oxides x4 = - 0.2% maximum

Avg. Particle Diameter | = _ 0.03 micron

Surface Area . = 100 m2/g

pH .(10% Aqueous Suspension) = 4.4

Specific Gravity = 3.6

Loose Density = - 1.8 - 2.0 Tbs/cu. ft.

Bag Bulk Density = 3.0 - 4.0 Tbs/cu. ft.

Refractive Index = 1.70 o

Note: *Excludes physically and chem%ca]ly combined water

**0ther than Al,04

N ' !
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Figure 3-2. Pore Size Distribution for y-Alumina (Alon).
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" Table 3-5

Pore Size Distribution for the Alumina Catalyst

P/Pq V,‘cm3
S.7.P.
0.9751 86.50
0.9729 79.62
0.9177  77.46
0.8979 73.18
0.8794 62.77
0.8754 51.92
0.8428 26.42
0.8181 13.68
‘~_Q/fB71 13.03
0.7499 g 9.52
0.7106 | 7>§o
0.6079 5/66
Notes: P/Py =
v
.rp

o

0.

0.

rp, A
398
. 364
124 0
100 0
85 0
83 5
66 2
58 1
49 0
42 0
36 0
27

= vyolume of:the adsorbate adsorbed

= pore radijus of the adsorbent.

-

Relative
Distribution

0
22

.00
.22
.90
.39
.03

!

0

adsorbate gas phése pressure/saturation vappr pressure

According to the plot, the majority of the pore had a size of around

-

84 A. \



CHAPTER IV'

ADSORPTION AND SURFACE REACTION OF Y-ALUMINA

4.1. Experimental Equipment
7 The experimental equipment employed in the study of Adsorption_
and surface reactions on Y-alumina included mainly the infrared cel)
and the vacuum system. The simple design and its easier handling was
advantageous beﬁause of the numerous répeated steps needed for intro-
ducing gases into the infrared cell, for evacuation of the infrared
cell and the catalyst wafer, and for inserting the infrared cell into

the infrared spectroscopic compartment. \

4.1.1. Infrared Cell

A sketch of the infrared cell, consisting ot two sections,
is indicated in Figure 4-1. The bottom section of T-shape was
fabricated ffﬁm\iw043ﬂ'hm ID quartz tubes. The shorter 3‘1nch long
arm of the "T" is usedsas an énalytical comparfmenf. The two ends of
the "T" are sealed by two NaC]‘disc4shaped windows. These NaCl discs,
transparent to infrared light fn the range of frequenci;s used -in the
presént work, afe the windows of the analytical compartﬁent. A
silicone rubber potting compound (Fisher Scientific Co., Catalogue
No. 4-769-5) was used to cement the windows to the quartz body, wilh
vacuum-tight joints. The procedure of sealing included: |

1) Ensuring that_the circular edges of the analytical

compartment are clean, flat and dry.
2)':App1ying a layer of the potting compound about 1.5 mm

thick to one of the analytical compartment circular

edges.

- 60
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3) Clamping the %—shaped cell to a stand so that the
( circular edge to be cemented withspotting combodhd
is horizontal upwardﬁ.
4) Ensuring that the\surface of the NaCl window to be
bonded is clean Eavoid contacting fingers with the flat
‘ surfaces of the window)~and then press the window gently
and firmly to the qpartz suriace with potting compound.
No air bubbles should remain between the contacting
surfaces.
5) Re-adjusting the T-shaped equipment until the NaCl window
sits horizontally. Place a 50 gm weighl on it and let
it sit for 6 h.
6) Repeat steps 1) to 5) for the second NaC] window.
7) The complete assembly should be allowed to cure for 12 h.
The sealing compound will maintain 10~®mm of Hg vacuum and
its elasticity cushions against thermé] §hock from‘differenées in. ?
tﬁermal‘expansion between the quartz tube and the NaC] windows. its
physical and chemical stabilities were good up to 250°C. Tr dismantle
the windows, the T-shaped compartment was p]gced ain an'éven and
the:dven femperature was increased.from room éempgrature to 400°C
in 3 ﬁ. After 10 h in the oven at 400°C, the pottjng.compbund_
: disintégrated and the NaCl wihdows would dropzfrbm thﬁ.5¢a}ed Joint.
About 12 h of annealing time should be aliowed th]e thg NaCl windows
coo]Ato room temperature in_the oven.
« The longer apm of the f—shape compartmént is usedias a
heating section. The heating zone co&]d not be 1ocatéd in the

analytical section.of the cell because of the thermal 1imitgtion of

-,
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projecting upwards house the two extensions from the sample holder:

* This design a11oWS the'samp1e ho]der to g]ide up and down from the

‘was supported between the twovringé inside the slit. -

* the potting compound. The heat1ng section was wrapped w1th nxchrome

heating coil (25 ohm) externa]ly insulated with 172 1nch th1ck asbestos
This section could be heated to any temperature up to 650°C by
changing the vo]tage supp11ed to the coil. The end of th1s section is
equ1pped w1th an open ground glass joint.

The upper sect1on of the ce]] was equwpped w1th a stopcock

for introducing gases or for evacuat1ng_thevce11. The two prongs
.

infrared cell w1thout rotat1ng by means of an externa] magnet1c Tift.
5
The lower portion of the sample holder cons1sted of two

quartz rings 2.52 cm 1.D. and 2,54 cn 0.D. "The two rings are joined

together with a 2mm:thick slit between the rings. The catalyst wafer.

“»

~ When a catalyst wafer was prepared, * . w]ac;d onto a
th1n surface (éuch aéda c]eaﬁ razor b]ade) and ser%ed hordzon—
ta11y 1nto the s1it of the sample ho1der Keeplng the samp]e ho1der )
and conta1ned wafer hor1zonta1, the two armg.of ‘the s 1e ho]der
were then 1nserted 1nto the JLwo correspond1ng enc105ures of}xﬁe

o

1nfrared ce]] cover Igsﬁzgver and the samp]e ho]der wgre then

' .attached ‘to* the main body of\§he 1nfrared cell w1th a we]] greased

vacuum t1ght J01nt Byé?otat1ng the cover 1n51de the 1nfrared

cell, the catalyst wafer could be positioned paral]e] w1th the cell

::Windows and normal to the jncident ‘IR beam. After c]amp1ng the,cell

’.‘

to a stand (the catalyst wafer.being kept in a horizonta] position),

the sample holder and\the cata]yst wafer - were moved to the lower.

r

port1on of the ce]] by 1ower1ng w1th the externa] magnet As requ1red

\
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the cataTyst wafer could be 10cated in either the hfating or the analy- o ’

t1caT sections of the ceTT ) “It'is imperative that all movement of the

¥

wafer carr1age be sTow to pPevent the catalyst wafer from failing off
or colliding w1th the 1nner waTT of the 1nfrared cell. \ The catalyst
. wafer. and/or the sampﬂe holder was aTways lowered to the bottom of the

e
: ceTL.before tha infrared cell is rotated to the vert1caT pos1t1on.'

' i, = 3 C w v
4.1.2, V stem "

I Thegyacuum system consisted of a .mechanical roughing pump

(Welch Scientific Company, Skokie, " ITT1no1s, Model, No _1405), a two~

Ve
stage*gggiury dﬁffus1on pump, one P1ran1 vacuum gauge (Edwards High

¥
- Vacuum Limited, ModeT G9) and‘a ‘glass vacuum rack. The gTass rack |

'ﬁwas equipped- with four one -liter gTass 7§Bervo1rs, a mercury’manometer

y

v? and severnl glass stopcocks The T1qu1d’h1tgggeh»trag was»1nsta1]ed

to prevent the 011 or mercury vapour from d1ffus3n§ bECkwards 1nto thej
infrared.cell. Theytrap aTso prevgﬂted undes1rab1e gsses such as :
»hydrogen squ1de or sul fur d10x1de'from enterﬂng the Vacuém system or -

“the vacuum pump The thermos 1g§u1ated traps were reFﬁ%Ted with-

A »1fquid n1trogen every 12_h to ensur 5
Sw system coqu be evacuated to 59x TO “'#W Hg absolute’ pressure as | N

e
o . ';‘"-,7 s r‘/ g;

measured by the,P1raq£;gPuge Th¢s~pre55ure 1ncreased to 1 x 10 5

"ht]nuous operat1on The vacuum

oy N
B

' &% Hg after ﬁhe vacuum system was 1soTated cont1nuousTnyor 24 *h from. the'

-

Afv T1qu1d n1trogen traps and the vacuum pump.
4.2+ Preparation and Pretreatment of: Catalyst-Wafer - v

Ab0ut 100 mg of the catalyst powder were pressed between two’
pieces of smooth f1rm paper (such as record1ng chart paper, Perk1n-

ETmer*Co . Part No. 221- 1613) by stainless steel d1es (Z.54 cm”

/ R R
~ " . . P
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' w1th 10 cm Hg ocygen for 2’ h fo]]owed by‘qegass1ng for 2 h, a]] at’

v
MR

dia.) at abojﬁt»twq.tons/cm2 pressure for about 10 sec. The wafer
was then ready ‘to be pretreated in the infrared cell.

The 1nfrared cell w1th catalyst wafer was evacuated for

o

about 10 m1n at room temperature before being heated and degassed at

«400 C for 2 h. It is imperative that evatuat1on be‘carried out prior

to heating or else the water retained by the'yealumina, after‘its
1ong exposure‘to the atmosphere, would yapourize upon heating and
wou]d‘condense on the re1ative1y cool infrared windows. The wgﬁer
will etch the NaC] surface reduc1ng it IR transparency necessitating
repo11sh1ng of the, w1ndows »wdhe heafxnguof infrared cell should be
carried out s]ow]y &about 5°C per m;g) and dny cool air shou1d be
blown on windows during the heati row"‘?(fter the wafer in the

o bl - \.
1nfrared cell, had iBeen degassed for 2 h at- 4CO° C, 1t was then heated

ey
2

£400° C. ¢h1s step was repeated WWtH“hydrogen in p]aee of oxyger'.
usﬁpsgauentty, ‘the cell was degassed overn1qht at 400 C and tg?n S 'A

cooTed s]ow]y to roﬁmitemperature At th1s stagd@\ﬁm catalyst

?wa?ér was ready * %or(ﬁxper1ments u51ng the 1nfrared spectrophotometer

v o, s;

ol
~ o Lt .ﬂ . . .
. B . . 2

. . N
4.3 ggperfmenta] Procedure
Mires were used during the

'l“Different7experimenta1 pros
"ddi’es“dfﬁsorptwnﬂand surface reactions of Y- a1um1na, Some
standard procedures were fol]owed in all the stud1es, for examp]ez,
the methods of record1ng infrared spectra or of compar1ng “the baséT1ne v
spectra of y-alumina with thOSe aBsorbates Other Procedures were only o
used for a part1cu1ar"study, for examp]e the 1mpregnat1on of sulfate. 7

conta1n1ng - a1um1na 1nto NaBr or. NaC] Thesef1atter experiments w111

BN . *
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be' discussed in detail in the fo]]owjng sections: 5

4.3.1 Recording Infrared Spectrum

“rter & catalyst wafer was prepared and pretreated (as
mentioned in Section 4. 2)3 it was lowered carefu1]y to the bottom of

the inf- red ce]] and pos1t1oned para]]e] to the 1nfrared cell

winds The infrared ce]]qwas !;;:
Spe shotometer for reeprding o-lth ‘baseline spectrum. The method
of .cordTng a baseline spectrum is the saife as that used for
recordfng epectra.bf any adsorbate plus adsorbent.

: /
4.3.1.1. HWithout Gas Phase Interference

The infrared cell was placed in the sample-beam side of the -

analytical compartment of theoinfrared spectrophotometer and was

c]amped in vertical position.,’ Because the infrated beam is higher than

‘the p]atform of the analyt1ca] compartmeﬁi,of the 1nfrared spectro—
photometer,.the catalyst wafer was carefu]]y a]1gned to the center of
the 1nfrared samp]e beam The.position8f the infrared cell “was then

adjq§de carefu11y S0 that its ]ong1tud1na1 axis was para11e1 to the

o e
1nfrared team. \\
5" . The correct deta11ed operating 1pstruct1ons for record1ngthe

1nffared spectrum, etc , are described in the Perkin-Elmer Mods1 621
Manua]s T esgence, after the infrared spectrophotometer was (A
- sw1tched oh.and sat1sfactory operat1ng conditions were ach1eve3‘
the drum, chart paper was synchonized to the start1ng frequency -
q£4000 gﬂE’ of Lhe 1nfrared spectrophotometer, and matehed’w1th the
pen read1ng on the chart paper of the recorder. The position ©f the

1nfrared cell was readJusted 1n “two d1rect1ons both normal to the -

IR beam to produce the h1ghest transm1ttance . . .. (

-

‘ﬁ;_'nsferred slowly 46 thew1nfrared

/At ",
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-wd%#d also reduce the sens1t1v1ty of analysis.

: ‘ ¥ .
scqpn1ngg?ange of a'Perkinjf#%er Mode] 621 1nfrared spectrophotom 4

ﬁwﬁﬁihe Perkin-Elmer model 621 infrared spectrophotometer is
equipped with an attenuator in the reference beam. Thdswngs>used in
cases where substantial scattering of the infrared beam is caused by
the catalyst wafer (especially in 3000-4000 cm—] frequency range of
the intrared beam). The slit opening, which is directly proportional
to the square root of-the reciprocal of the original transmittance,
can then be decreased to compensate for the loss in energy (intensity
of light) from scattering. On the other hand, decreases in slit

b Y
open1ng reduce the total amount of 11ght in the reference beam and

}

By adJust1ng the slit opening, the transmittance indicated

- by the pen reading should be set at about 80%. For best results, the

transmittance read1ng shou]d 1ie between 10% and 90% through0ut the

entire range of 1nfrared scan’;’L This iswachieved by stopp1ng the scan

and readjusting thigsllt open1ng as needed from t1me to time. The

} \- L - Y @
is -from 4000 to 200‘cm_] frequency and” fhe scann1ng speed 1s var1ab

b PN

Since the Y-alumina shows strong infrared absorption at_frequenc1es

-

be!ow 1000,cm—1,'scans involving Y—alumine were“terminated at 1000 cm__.

etter accuracy;'s]ower séanhing speeds should be used. In

- spectral frequency ranges of .no interest, the scann1ng speed was.

increased. In genera] the speed of the entire scan for an’ unknown
ana]ys1s shou]d pr@$era&$y be oh the s]ow raTher than fast side.

Yo _For thin relatively transparent Y-alumina wafers, the

1

slit opening in the attenuator should be increased until the

transm1ttance eadings liegbetween 10% and. 90% The,dﬁsadvantage'
e b / \\y O T . .

» o

i
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of using a thin wafer 1is that it is moré_difficu]t to prepare, easier
to break, and reduces the amount of adsorbate. For ‘wafers which are
either thicker or darker colored, the transparency is greatly reduced

and the slit open1ng in the attenuator shou]d be decreased. The

reduced sens1t1v1ty from using a thick wafer is balanced against the

need to obtain an increased amount of adsorbate.

Figure 6—]~§$ows a typical baseline spectra for Y-alumina.
! &

X

The reproducibi]ity of the base]ine spectra was very good for diffenent

Y -alumina wafers. The only observable d1fference between the

‘different. equal- we1ght } alum1na wafers was in the 7nténs1ty of the

Spectra1 bands of the hydroxy] groups around 3600-3800 cm ]. The

maximum d1fference measured in th1s work, about 10%, was largely

attrjbutableégo the speed of heat1ng and evacuat1on of the cata]yst .
“1»;
wafers If the ana]ys1s of the gas phase in contact with the Y-alumina

wafer was vequ1red the wafer could be 11fted out of the infrared beam

NS 2
I

w1th the externa] ‘_ t.r'

*,-\»

4. 3.1.2 W1th Gas Phase Interfere =
engey? £
During the record1ng of a spectral scan ment1oned in Sect10n

4.3.1.1, air was used in the refcrence beam of the 1nfrared
spectrophotometer Because carbon dioxide in the atmosphere could -
. _ .

affeet the spectral results, when critical, an identical evacuated .

..

infrared-cell was placed in the neference beam. On the other hand,
1f the 1nfrared spectrum for Y-alumina in contact with a gas was

requ1red the spectral bands of the gas cou]d 1nterfere with the
g a ,
surface'spectra. Under such circumstaﬁces, an identica] infrared

I’ . ,

cell conta1n1ng the same gas at the same [ pressure as in the 1nfrared

> . ——

ce]] in the sample beam could be placed in the reference beam In
‘94& ‘e . h f\" v P
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this way, ‘the infrared signal from-the gaseous adsorbate registered

by the sample beam is cancelled by that of the reference beam.

4.3.2. Adsorption-Desorption Studies

After the base' i - spectrum of the catalyst wafer was-
recorded, the jnfrared. . was e ured to the vacuum rack for ad-
| sorption—desorétion‘expersmnn.f. A11 sections upstream of the infrared

cell stopcock were thorough1y evacuated before.introducing any adsor-
bate qases‘ when the vacuum 1eve1<was adequate, the stopcock of the

w}pfrared cell was opened to ‘the vacuum rack W1th the cold traps and

vacuum pump isolated from the system, adsorbate(s) ‘cou then be

I o

1ntroducedr1nto the 1nfrared cell. The pressure of th ddsorbate could

be'measured by .the. manometer 1ur1ng the 1n1t1a1 contact4w1th the‘ ' ¢F=‘

wafer, the gas pressure cou]d dropfqu1te 51gn1f1cant1y due to adsorpt1on

tl
The read1ngs on’ the manometer were constant]y observed unt11 the

1

pressure stab1]1zed The f1na1 pressure was then recorded Dur1ng .:ﬁ'
this per1od,.any change 1n the co]or of the wafer was carefu]]y

observed. Affer the requ1red t1me of adsorpt1on the 1nfrared cell wassy
isolated and transferred to the 1n65ared spectrophotometer for analysis'..

Spectra SO recorded, cou]d be compared to the base]1ne spectrun\

The adsorpt1on could be carr1ed ﬁut at higher than room

vtemperatUre by Tifting the catalyst wafer into the temperature-

.. k )
controlled heating section. (>

\

. “ :’\ .
After the spectra ‘were recorded, the infrared cell .contain-

g the adsorbate(sj as transtered to the vacuum rack Further
'evacuat1on cou]d bd performed aver any des1red per1od of t1me and
Zat any se]ected temperature The infrared spectra from the catalyst
wafer which had been under such treatment cou1d then be recorded.

’ ~'ﬂ
| | ‘ )
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These spectra were compared(tg those from the aq§0rppion study and

to the baseline spectrum. e

4

4.3.3. Surface Reaction of y-alumina

The sur*ﬁte reactions of y-alumina, as investigated herein,
included three main studies: (1) oxidizing property of y~aﬂum$ha,
(2) adsorption and reaction sites for stﬁﬁﬂd SOQ; and, (3} formation
of sulfate on y-alumina. The‘experimenta] procedures, being rather .
involved, will be*descrﬁbed sepa?ate]y in Section VI with the results
and discussions.

The ana]yticel hethod ueed in the studies of the o*idizing
propeﬁiy of v-alumina aﬁd in the examination of the adsorption and

reaction sites for H,S and SO, was the same as that described in

Section 4.3.2. Two methods used 1n‘ﬁhe study of the formation of

sulfate on y—a]uming}§ﬂﬁfferent from that in Section 4<3.2., wi}lﬂbexﬂ“?

described here:

: Since thevyigihﬁina shows .a strong spectral band near
1000 cm-1, spectral bands in this frequency range from ather poss1b1e
surface species could be masked by the strong band. To ove;come i
thisyproblem, two methegs cou]d be used. One method uses a-small \

,port1on ofc the y- a1um1na, prev1ous]y used in the required experiments,
P
3

- mixed with NaCl or NaBr powder A g@fer prepared from this powder

m1xture according-to the method descrlbed 1n Section 4.2, even though -

& )ma11er amount of y-alumina was used resu]ted in spectral bands

s

wh]ch were sma]]er but wh1ch were we11 1ns1de the detect1on range of

the infrared spectrophotometer The d1sadVantage of th1s method is

LY

~That the quantity of that spec1es under 1nvest1gat10n being reduced,
. : '.

.
v
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.
proportionally degreases the sensitivity of ana]ysis._ The second
method involved preparation of an equivalent (same size and weight)
pure Y-alumina wafer which could place in the reference beam of the -
infrared spectrophotomeger. The strong infrared band of Y-alumina
detected by the sample beam could then be cowpensated by that in the
reference beam. O0Only the specxra$§Bénds of those components present
on the sample side T—alamina wafér\but not on the pure T-alumina
wafer in the refefence beam could be recorded. Ih this manner,kégectra
could be recdrded without interference from the strong a]uminafﬁﬁg%

: _

around 1000 Cm— The weakness of this method arises from %he

-

difficulty encountered in the preparation.of two equivalent wafers.

» ' )
/
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. CHAPTER V.
“STUDTS ON KINETICS AND MQI:_HANISM

?é;ﬁg;n 5.1 Experimental Equipment *ﬁ'*
A schematic diagram of the experimental equipment used in the
studies of kinetics and mechanism is shown in Figure 5-1. It comprises
a feed system, an infrared ce]]—reactof, a recirculation pump, water
and sulfur condénsers, a teé}erature control and recording system,
and flow measurement dev1ces.ﬁ Other than the infrared cell windows
which wefe'either CaF, or NaCl, a]]lmater%a] of equipment constructfon &9
was 316 stainless steel. S . .
McGregor [84] studied the kinetics of the same reaction
system but he used a béhxite catalyst. His conversion results were
“calcuTated by analyzing and comparing the reactant concentrations
" in the feed and product stﬁﬁpms using ¢ d 1chromatography To analyze

L
the product stream, the su] mbpor was “First condensed Karren [64]

continued McGregor!s work byﬁhsﬁﬁg the same react1on apparatus but a
1
larger sulfur condenser and discovered that 11qu1d sulfur could

catalyze ‘the reaction between the unconverted HsS and S0; in the
gaseous product stream This effect was also observed by Chuang [22]
later. As a resu]t the calculated conversions would include both the } fl

bau{?&e catalytic effect and the'aqded‘égnv§n§idﬁ‘obtadned in the sulfur

-

[}

condenser. To avoid this problem, the -equipment used in the present %
© %  work was designed so that reaction Eonyersion coyld be measdréd
Ain Aitu in the’ reactor us1n§ an infrared spectrophotometer. Hence,

the chemica] ana§$s1s could be done w1thouf chang1ng the cond1t10n, L@

P2

i.e. composition, of any streams. ‘ - ‘ o

* v
B
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-The equipment depicted in Figure 5-1 was mounted on a mobile

rack which could be moved up to the infrared spectropnotometef when.an
analysis was required. This arrangement was used to prevent the need
of stationing the hot reactor permanently in the analytical compartment
of the infrared spectrophotometer. It would, thus, also free the
1nfrared spectrophotometer for other analytical uses whenever reduired

.

and to prevent excessive heat radiated from the hot reactor to the

sensitive eomponents of the infrared spectrophotometer. The decjsion
on whether the 1nfrared‘spectrophotbmeter or the equipment should be
_mobile was made solely on the basis of ednvenience. Moreover, the
desirabi]it& of levelling the'infrared spectrophotometer in a norizon-

tal p]ane‘was facilitated by keeping it stamﬁbnary

“a

The various components of‘the exper1menta1 equ1pment will be -

’

described in the following sect1ons, except the wate. and su]fur e

condensers wh1qh were similar to those used by McGregor.[84}.

. R &

5.1.1. Feed System | I S Fo “
‘The feed system a]]owed b]end1ng of various chem1ca1 specaes

which were of interest in the present work pr1or‘to the1r 1ntroduct1on

L ¢

into the reaction system. Gaseous reactants t'” é£gen su1f1de and

sulfur dioxide) and diluent (nitrogen) were supp11ed from cy11nders :

and the supply pressure was determined by gas regu]ators.- The flow -

-

: . o .
of each gas was control]ed by a needle valve. A Matheson 601

rotameter was used for nitrogen and Mathesgn 602 rotameters were used ~\
for hydrogen. su1f1de and sulfur d1ox1de to prov1de a visual indication

of the rqte as well ‘as the Steadiness of the cont1nuous flow. The B
reactants and nitgogen were combined and mixed first in a man1fo]d

:and then ali&rge vesselt This set up was capable of providing a =

-4 T - »
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continuous constant composition feed stream, as confirmed by repeated
continuous analysis using gas chromatograph and infrared spectrophoto- .

metry. Hence, the venturi mixer as used by McGregor [84] was unneces-

-sary. The gas dryers were also not installed because from mass

spectrometric analysis, even traces of water could not be detected in

the various gases used., After the surge tank a smail fixed portion of
the feed stream was cont1nuously b]ed to the gas chromatograph for
ana]ys1s while the major bcﬁmn went to the. reactor The _reason for
us1ng a@a; chromatograph in add1t1on to the 1nfrared spectrophotometer

" for chemical ana]ys1s w111 be exp]ained in Sectlon 5. 2 The f]ow rate

; of the feed stream to the,retctor could be var1ed by . mon1tor1ng the

g N e

.size of the portion to the gas chromatograph w1thouf‘upsett1ng the\feed

compos1t1on The feed stream entéred the preheat sect1on befdre procee—

: reactor The preheat sect1on consisted of a two feet long

’ﬁinch diameter tub1ng wound with nichrome wire and nsu1ated by 174

_L

1nch th1cggasbestos tape Theéfeed stream cou]d be preheated to the
4y

1 i

reactor temperature at thelreactor entrance The heat load to the
preheat sect1on cou]d'be var1ed by the vo]tage 1nput to the n1chrome‘.
wire Osing a Variac. A manifold with three lines was installed at the
entrahce of the pre?e;t section to allow the introductiqn of wafer,
Sulfur or other reagents into the reactor. These supply iinesiwere
also wound with nichrome wire ahd insulated nith asbestos tape so that.

water, sulfur or other 1iquid reagents cou]d be vaporized before

entering the preheating section. It is of utmost importance that all \\

: the ]1qu1d reagents be vapo"nzed before they enter the 1nfrared ce]]-

reactor If not, the CaFQ or NaCl w1ndows cou]d be shattered by ‘the

thermal shock imposed by the vaporization of ‘these liquid reagents

o<, =
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One of the lines on the manifold before preheat sect1on was fitted with’
a Matheson 602 rotameter to allow the introduction of the’gaseous "~
reagents Tike NH, or HCI. L | |

A Sage Model 355 syringe pump (Sage’ Instruments, Inc., White
Plains, New York) was emp]oyed to inject water and other Tiquid |
reagents into the feed system. A set of driving gears-in the syrdnget _‘
- pump enables one to -infuse liquid continuously at various flow rates
| using any single syringe with a ratio of 25,000 to 1 at thekmaximum
and mipimum settings. ‘A pairxot gears on top of the pump engage the
mating rackslon~the drjve carriage and push it to force the springe
v piston‘forwardASmoothiy ‘ The speed of movement of th% syr1nge p1ston
* ensured reproﬁ§t1b111ty of ¢+ 0 3% fu]] sca]e regardless of the -

difference in back pressure. This means that aycont1nuous‘constant

'1iquid feed supply could be guaranteed 1ndependent of the reactor.

L

- -

pressure. o This was poss1b1e because an e]ectron1c feed back c1rcu1t
{

F .
L8

'reguTated the permanent magnet1c DC motor to dr1ve the pump A' Ay . *
Ham1]ton 50 c.c. g]ass ~wall syr1nge (C!talogue No 1050) was eMbloyed_~//
fto hold the 11qu1d reagent A Teflon-coated p1ston enabled the gas—
t1ght movement during the feed1ng of ]1qu1d The ca]ibration of the
syringe feeder is shown in Append1x C | ﬁ

The Sulfur was 1ntroduced into. the feed system by bubb]1ng
nitrogen gas through a mo]ten sulfur veservo1r wh1ch was a3 ip.
d1ameter 8 in. ]ong cy]1nder fabr1cated from 316 sta1nless stee] It
was wound w1th n1chﬂbme wire, and 1nsulated with asbestos tape fThe: | R
| temperatureéof the. su]fur reservoir coutd be changed by man1pulht1ng K |
) the vo]tage supp]y to the nichrome wire using a var1ac - A f1xed f]ow

>

rate of n1trogen gas was bubb]ed into the mo]ten sutfur dn the reservo1n-

- kY
\ v Sl



."to carry a finite amount of‘su1fu% into the‘;éaetiqn'system. By
changing the temperature of'the‘su1fur reservoir, varfoys amounts of
sb]fur could be ihtfbduced'iﬁto thé’feéd‘§ysﬁem. The su]fur_féeq was
calibrated at various temperatures at é fixed nitrogen gas flowfate

and the results are shown in Appendig‘Eﬁ - e

-

5.1.2. 'RetfrfuTafiSn"PUmp“‘“:".;-,“._1,x%,:

B

~ PR

. A doub]e;acting magﬁétic solenoiq‘recjprocating pyﬁp:b."
constracted by the\machihe‘shop, Department of:%hemica1 Engineering,
_Univefsity of Alberta, was emp]oyed to recyc]eAthe Qases around the
recirculatjon loop of the reactor. The construction of the puhp has
been descr{bed e{sewhere [23]. A1l material of ‘construction of the
5ump,'except the check—va]veé, o—rinés and éhmpypi§ton, is of 316
stain]éss steel. The check valves and o-rings were’made of Teflon
and the pump piston’Was ﬁachines'frdm"mi]d steel. Both suction and

discharge Check-valyes were formed from Teflon disks which were back

A

seated with stainless §fee1‘sptings} | ;\ |
The pump cylinder was made of oné inch I.D. tubing screwed .
into a 2:1/2 iqch'O.D., 2'{hch 1oh§ head at eéch end.“\IwQ straight-
thread connectors of 1/4 inch 1.D. were bored in each of these two
heads. .Thé check-valve disks were seated againstrthe threaded end of

the connectors. A "Swagelock" fitting was screwed onto each of phe

four straight-thread connectors. Through the "Swagelock" fittings, the

two suction check-valves were connected to a common tee by 1/4 inch 0.D.

tdbing, so as the two discharge check-valves., One tee was connected to
the exterﬁé] suction line and the other was connected to the external
discharge line. Th: . tal length of the pump body was 13-3/4 inch and

«

the overall ﬁiﬁton length was four inches.



During the pumping operation, the 5ﬁston travels reeiprocai]y S

from end to end in the pump body tubing. Under such motion, one end .
of the pump bedv is under compression while the other end under suction.

£
The check-valves were des1gned in such a way that the suction check- valves .

_were opened with the suction and closed w1tn the compress1on in the

pump body. The ppposite pattern applied to the discharge va]ve,_i.e.
closed under suction and opened under compression. Since there is one
suction check-valve at each end of the pump body iid the two shction

*

valves as well as the two discharge valves e conn.c-:d to a common

suction and discharge line respectively, gcies ... o ontinuously '
- sucked into and diseharged from the pump by .. - - cuprocating motion
. & ]
of the piston. ‘ - : ' 2

¥

Three coils, each occupying a 3 2/3 inch 1ength of pump body
and separated from each other by a 1/4 1nch asbestos f1ber d1sk were \
wound around the pump cylinder. Each coil cons1sted of approximate]y
2500 turns of No. 25 enameled copper wire. Tpe enameled eoating on the
copper wire was stable to a temperature of 275°C. The three coils were
separate coils and were not connected to each other. Ae DC power was
supplied a1ternate1y”1n’sequeh&e to the three coils, the.piston cou{d be
reciprocated between the ends of the pump cy]ihder through the magqe;ic
force generated by the electric current.

The external electronics of the pump consisted of a DC Power
supply, a master clock, three wave shaper,‘counter53 decoders, delays
and poweflstages. The actual power supply was froﬁ the 110 vo]tsbAC
current which was then conyerted by a rectifier fngo the 25 .volts OC
current. The master clock determined the speed of the reciprocatingc

motion of.the pump by transmitting electric pulses at various preset
. /
‘ /
/

/I
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frequencies to switch on and off the three pump coils alternately.
Each pulse transmitted wou1d switch on one t011 once. The wave- shaper
was a dev1ce that mod1f1ed the electric pu]ses into rectangular, shape.
Phe counters and decoders convedredlﬁhe analog pulses into'digital
pu]ses which proyided‘thé on-off operations. The delays determined
the span of time in'whith eachfpump,cdilwshould be on the off position
before it was switchéd~dn again. %hey were adjusted so that the

'‘jacent delays weve off—phase"hy.90°. The'current transmitted by the
docoders was not powerfd] enough to activate the pump coil. As a
result, the power stagee were employed. They connected each pump coil
" to the 25 DC volts power supply every time a signal Qas.decoded to that
coil by the decoder. At the construction stage of the pump e]ectron1c
cohponents'(decoderé wave shapers etc.), the problem of overheat1ng of
these components was not expected ahd as-a result, no fan coo]1ng
system was built in. A -continuous aﬁr—purge cooling system was added
,1ater when thie was found to he necessary ‘to assure stable pump
6peration at the trial run’stage.

| The temperature in the pump cylinder could reach 135°C after

the p1ston had been reciprocating over a 1ong period of time "even
without external heat supp]y Besides the pump coil section the
who1e pump plus the tub1ngs were wound with n1chrome wire and then
1nsu]ated with asbestos tape By varying the voltage input to the
n1chrome wire us1ng a Variac, the temperature of ‘the pump cy11nder
coqu be operated between 135°C to 275°C. As mentioned ear11er{

the® 275‘C temperature limitation was 1mposed by the thermal stabi]ity

ot the pump coil. In most of the kinetic runs, the reactor temperature
. * ind - ) N \
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was generally h1gher then the PumP’temPeratureu_ To minimize the

temperature differential, additional heating using nichrome. wire was

"[‘«

provided to the discharge line of the retircu]ationlpumh. The 275°C

temperature limitation of the pump imposed a restriction on the operatiofh

-

“at high sulfur partial pressure. S -

‘

The pump was mounted hor1zonta11y to provwde a more un1f0rm
reciprocating action even though the 1ower surface of the p1ston was
constantly rubbing against the pump cyiinder. Vert1ca1 mount1ng could
reduce the friction between the picton and cylinder but such arrangement
resulted in a faster downware’than'upward”hovement of the piston. With

t

care?uj manipulation, it was possible to dperate the pump cdntinUoué]y

over at Jeast a few days.' However, due to the narrow clearance

' between the piston and cyiinder, it was necessary to purge the pump

thoroughly with pure ‘nitrogen whiTethe fémperature was maintained at

_ about 250°C after the termination of each experimental run‘(purging
“time was approximate]y 3R). CooJing the .pump without adéquéte

"purg1ng m1ght cause the residual sulfur vapor in the pump to condense .

This eventually resu1ted a difficult or 1mposs1b1e start up of the next

//’ex‘;rmmenta1 run due ‘to the.1oss of free piston motion. According -

to the experience from the present work, the situation could be so bad

that a comp]ete dismantling of the pump for c]ean1ng was necessary.

5.1.3. Infrared Celi-Reactor and Cata[yst Ho]der

The infrared ce11-reactor employed in the kinetics measurements
of the present work is shown in Figure 5.2, It.coﬁgisted of a 3 inch
wide, 13 inch Tong and 9 inch deep rectangular tank with three

infrared cells, an electric stirrer and four/electric heating elements.



~3

’

(all measurements are in.inches)

infrared

cell
cover

AA\b

Figure 5-2. ‘Infrared Cell-Reactor.
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Ag can be seen in 'Figure 5.25 three ] 1/2,' diameter holes were out

‘on each of the two largest vertical faces of the rectangulgr tank.

{
‘and T 1/4 inch 1.D.

.A 3 inch Tong infr;red cell with 1 1/2 inch 0.D.
was inserted between each pai%’8f these holes. The infraréd\tgll s
Qéé welded to the inner facés‘of the\tank Qa]] along the edges of
“the gut holes. The ends of the infrared cell were then exacf]y.
f]gshed with the outer faces of the tank walls. A 1/8 inch wide
groové was machined on each end face of ihe infrared cell to
accommodate a Tef]on o-ring. Four threaded_bo]es with 3/32 inch
diameter were made along a circle 1/8 inch bufside‘the outef
circumference of-the infrared cell. These four holes were separatéd
from each other by equal distances and whose débth was about 3/4

of the tank will thickness. The funétidn‘of‘these'holes was to-
hold the infrared cell cover. Six identfcal covers were fabricated
ﬁpr the three jnfrared ;e]]s. The§e covers were made from 3/8 inch
thick disks with 1 3/4 inch diameter. A 1 3/8 inch I.D. and 11/32 1ncﬁ
deep trough was cut from the disk for the accomodation of the infrared
cell window. A"hole with 1 incﬁ diameter was then cut from the bottom

of the trough. This allowed the passage of the infrared beam.

Four holes with 3/32 inch diameter and Separated equal-distance from

each othér_yere drilled a]ong a Qidé 1 5/8(inch in 41ameter on the
cover. By employing four screws, the cover together With the NaCl

(or CaF,) window could be fastened onto the infrared cell. The

screws were‘tightenedbsnu§1y into the holes on the tank wall mentioned
earlier so. that fhe NaCl {or CaF,) window was pressed agéinst the ;;;;~
o-ring to prdVide'a good -seal. If thevoperating temperature waélfg

below 250°C, the Tefton o-ring could last for a 1ohg time. 'HowéVer,‘



at a higher temperature of 350°C, it could be used “fo about 200 h,

beyond which it starteq to deform slowly. Hence, all the 0-rings used
. » R
in the present work were replaced before the 200 h of service life was

-

reached.
The three infrared- ce]]s were arranged in such-a way that

the two ce]]s at the ends were used as feed and reactor cells,

c;,;espectwe]«y, while the middle one was used as the product ce]] The

centers of the cells were separatéd by 5 inches from each‘other, ThisA
was to match with the distance between the reference and sample beams
of the infrared spectrophotOmetér uéed in the present work. The
centers of\the cells were located 2.5 inch from the base of the
infrared cell-reactor tanks ahd the width of the tank was 3 inch in
ordcr to match wtth the geometric configuration of the analytical
compartment of the 1nfrared spectrophotometer . Dur1ng analysis, the
ent1re infrared celi-reactor tank had to be inserted into the analy-
t1ca1_compartment. Two 1/4 1nch holes were drilled on top of both the
feed and product cells. Tqbing of 1/4 inch 0.D. was welded to one

hq;e on the feed.cell and to one hole on the product cell., This tubing

was then connected to the feed system outside the reactor tank from the

~ feed cell, and to the product system for the Qroduct cell. Four 1/4 .

inch' diameter ho]es were drilled on top of the reactor cell, two on
each end. Two holes, one from each end, were we]deqwto the 1/4 inch 0.
D. syction and discharge lipes of the’recyCIe pump to allow for
recirculation of gases through and arouna the reactor. The remaining

two holes were each connected by 1/4 1nch O D.,tubing té the holes on

‘the feed and ‘product cells, respectively. W1th the set up descr1bed
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so far, the gasee could flow through the feed system via the feed
cell. They could then enter thg‘reaetor ce11 at one end via the
tublng ronnect1ng the feed and reactor ce]lg It the retyc]e pump

was switched on; the gases could be recirculated after pass1ng

through the reactor cell. F1na11y, the product-stream could f]ow‘from
the reactor cell to the product cell and then from the product cell to
the external product system. In addition to the recirculation line
“from the pump; all flow lines from the feed gystem to‘the product
system were positioned within the reactor tank. - The tank was filled
with a tused salt heating mediérof eutettic composition prepared by ,
mixing equal amounts'of NaNOé and KNO_/3 by weight. As a result, the
gases could be ma1nta1ned at a un1form temperature wh11e they f]owed
from the feed to the product system.

Two 1/8 inch diameter hoies were made at the side of the

reactor cell to permit introduction of a thermocouple and a absolute

pressure transducer (Stathamv600 abso]ute pressure transduce?) through

the side of the reactor tank. The heat supp]y to the fused sa]t bath
was from four sta1n1ess steel- c]ad 750 watt heating e]ements (Type T
tubular heating element, hrom 1ox,,Toronto, Ontario, Canada),
issta11ed two above and two below the infraree ce]]s‘ih the reactor
"~ fank. Three variable voltage t(anSFormere (Variac, Fisher Scientific
Company) were used to adjust the power supply to the three heating
elements. Thewpower supply to the fourth heating -element which was
situated above{the infrared cell was manipulated by a temperature
controller (Foxboro Model 625M). The reason for such an ‘arrangement
was twofold. First, a single temperature controller could not be used

to control the total power input to the four heating elements.

!
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Second the peed of 1ncreas1ng the temperature of the fused salt bath

AN

wou]d be decreased if one temper “ure controller was used for four
heating elements. Such an arrangement enahled the temperature of the
fused sa]t bath to be raised relatively rapicly to the vicinity of the
requ1red temperature. The eventual f1ne adJustment and control of the
desired .temperature was then performed by the temrerature controller.
The input to the temperature controller was supplied by 2 thermocouple
located above the feed ce]].pﬁ | o
Two stirrers driven by a single motor on the to cover of the

. reactor tank were emb]oyed to circulate the fused-salt bath. The
stirrers were positioned in the spaces between the infrared cells. The
pattern of circulation was to push the fused-salt to the bottom of the
tank and then upwards around the ends of the tanks through deflection.
The stirrers were necessary because the temperature difference of the
bath between a po1nt near the surface of the heat1ng e]ement and
another point at the bottom corner of the tank was reduced from aboutt
6°C to 0.1°C by the stirrers. One disadvantage of tho(§tirrer design
in thg preeent work was that the fused-salt bath had to.be heated above
melting pointv(190°C) before the stirrer could be removed from the
bath. Another d1sadvantage was that a continuous ratt11ng noise was
produced by the gears on the stirrers during experimental runs;
~ However, 'the movement of stirrers created néQ]igib]e vibration on the -
reaction tank. |

“ The infrared cell-reactor was‘insu]ated'by a 1/8 inch. thick
asbestos plate followed bysa 1/2 inch thick air gap and then another
1/8 inch thick asbestos plate. The entire set-up was thenimounted on a

projecting arm attached to a mobile rack. The position of the arm
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" could be shifted vertica]]y or horizonta]]y Such a design allowed
the 1nfrared cell-reactor tank to be introduced smooth]y 1.to the
analytical compartment of the infrared spectrophotometer Another two
fine adjustments were a]so added sq that the 1nfrared CLI] reactor

tank could be p]aced at the des1red depth and made par?<1e1 to the

side-wall of the analytical compartment. ffﬂi; >\\R\

I
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Some pinpoint 1eaks on the we]ded\gotnts between the infrared

. cel] and tank walls developed due tG the corros1&é action of e fused-

salt bath and the thermal stress, from thelfrequent heating and coolving

of the equipment Throughout the experimental work, the leaks were

d< ected once and after repairing they did not reoccur~
) The catalyst sample holder shown in Figure 5-3 was fabricated
from 316 stainless steel, 2 15/16 inch long and 1 1/4 inch diameter at
‘both ends hut 1/8 inch smaller in the central portion. A groove with
1 1/64 inch diameter'and']/16 inch width was cut ot the central portion
for holding the cata]yet wafer. The cataiyst sample holder was

designed to allow the vertical positioning of catalyst wafer and

<. provide ample space for the passage of ‘gases in the infrared reactor

cell.

. Before an experimental run, a catalyst wafer was placed into
the‘groove_of the sample ho]der.‘ This was accoﬁb]ished by picking the
wafer up with a t]at device such as a razor blade and inserting it
horizontally into the groove-of the sample holder. It should be done
with great care in order not to break the thin wafer. The.sampTle
ho]der with cata]yst wafer was then introduced into the reactor cell

) )
and pos1t1oned in such a way that the tip of the thermocouple in the

o



2]5/]6"inch. long

IZ inch. diameter at ends

] inch. diameter in the middle \’

1, . ‘
1/8 inch. slot for
catalyst wafer

‘

Figure 5-3, Cata]yst}'kga'fer Holder in Infrared Cell-Reactor.
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feactor pressed very-lightly against the surface of the wafer. This
operation was/deJicate because the catalyst wafer could b broken if<
pressed too strongly against the tip of‘the-thermocuub1e. When placed
'1n thejreactor cell heated up to 300°C, the temperature of'the cen?ra]
and edge portion of the catalyst wafer differed by about 0.4°C which
waereduced to about 0.1°C after the recircu]atipn'pump had been
swiﬁched on.-.The temperature difference between the fuéed;sa1t bath
which was kept at 400°C and the qénter of, tﬁe~cata]yst wafer was aBout
0.5°C with the stirrers in the fused-salt ba£h in operation; Although
Claus reacifon is exothermic, . the heét generated from reaction was so
small compared to the capacity of the heaf sink oflthe fused;salt bath

that the temperatures.of the three infrared cells in the reaction were

éssentia]]y the same.

5.2 Process Measurements -,

The major process measurements include neaétor temperature
(at catalyst surface), reactor pressure (in the vicinity of the cata- :
lyst) and the feed flow rate. These recorded measuremehfs were used !

for calculaticn of reaction conversions.

5.2.1 Reactor Temperature

An 1/8 idinch diameter 316 stainless steel shielded iron-
constantan thermocouple was introducéd into the infrared-reaé@or cell
with its tip touchiﬁg tHe sufface of the catalyst wafer to measure the -
reactibn temperature. The thermocouple was connected to a Leeds and ‘,

Northrup temperature recorder (Speedomax'Type G). The recorder reading

PN )



was calibrated against a known vo’tage input by potentiometer and the
thermocouple was calibrated .ii a bath of \nown temperature before

insta]]ation,vlThe readings of the isctnermal temperature bith bore a

. . . . . . :
linear relation with those of the vo]tages neasured by the thermocouple.

T, i -

By app]ylng a least square fit to the read1ngs an cquation in the form

of y = '5.6001 + 18.000x was deduced, where
»

H

y = temperature of the isothermal tcmperaturé bath, °K

x = signal measured by the recorder, mv.

1

at the end of each experimental run, a known vo]tage“from the potentio-
. s -
. . 4 . . .
meter was fed into the recorder to check the voltage indicated by the
reading on the retorder. Throughout the whole experjmental runs,Ano.

noticeable drift in temperature recording was experienced.

5.2.2 Reactor Pressure

‘A Statham 600 stainless- steel abso]ute pressure transducer

-

was 1nsta11ed at a port ‘situated Just bes1de the cata]yst wafer in the

infrared- reactor cell to measure the react1on pressune The body Qf:;‘

the abso1ute preSSure transducer was 1ocated outside the reactor tank» b

and was not in contact w1th the fused-salt heat1ng ba . Therefore,

there was a temperature d1fference of about 90° C between the cata]yst

*

wafer and the body of the absolute pressure transducer during the

experimental run. The e]ectronic components 1ocated‘in the“body'dt”the‘

absolute pressure transducer limit the operating temperature to 3169C

as recommended by the manufacturer but with the set up used in the

present work, the maximum operating temperature cou]d be 1ncreased
y o

further by about 90°C. The absoiute'pressure transducer was connected

v

tqea Honeywell recorder. fAfter the termination of each experimenta]L
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. bubble meter for measurement of the nitrogen flow rate. A mercury

run, a"manometé} whdse reading was measured with a cathetometer was
connected to the .reactor fo enable thé-re]iabi]ity of the pressﬁre‘
transducer perfotmahce to be checked. .Thé accurécy and re]iabi]ﬁty
of the pressure transducer used in the prgsent work was found to be .

very satisfactory.

5.2.3. Process Flow Rate
- After the sdﬁfur and water in the prodyct stream were removed
o s
from the sulfur and water condensers, respectively, the remaining

stream was passed into a cold slush bath to remove the unréaéted

.reactants. - The cold slush bath was formed by m%xing»n—p*bpano] with

Tiquid nitfogen in a Dewar flask. When properly mixed, a fluid-slush

- at a constént temperature.of -127°C was obtained." The slush was

maintained by adding more liquid nitrogen into the Dewar flask

occassionally. A’more detailed description of such a cold slush bath

_has been reported By Rondeau [115]. The removal of the unreacted

hydrogén sulfide and sulfur dioxide was so successfu] that the exit °
stream from the -cold s]uéh'bath contained only the nitrogen diluent,
as analyzed by mass spectroscopy. The exit stream from the.cold slush
bath was heated back to room temperature before entering the soap
thermometer we in called at the éntrance of the soap bubb]e:meter to
measure the temperature of the nitfbgen. from the reasuweq nitr0gén
flow-rate and " feed composition analyzed by the gas chromatograph,

the flow-rate through the reactor of all the feed components could be

<

k]

calculated.

When the cold slush bath was introduced to the cold trap,

“
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care must be taken to ensure that th& s”ﬂution_]eve1‘1n the soap bubble
meter was below the inlet nozzle. This prevented the soap solution
from being sucked into the cold trap when a sudden temperature drop in

the system was experienced upon the introduction of the cold sliush bath.

5.3 Operation of\Equipment and Experimental Procedure +

Before the start Qf an experimenté] run, a]]ﬂcomponents of
the équipmenf were checked for proper conditﬁons.(especia]]y the
reciprocating recycle pump) and the reactor infrared§;e11s ahd windows
were inspected for cleanliness. If required, the Teflon 0-rings 6f thg
infrared cells were replaced. If such replacement was not necessary,
careful examination to make surelthat all infrared windows were
properly sea]ed was carried out. Depending on whethar a "new" piece of
céta]yét afer was needed, the preparation of it might or might not be
necéssary b e the gta?t of an experimental run. If it was necessary,
the mefhod of_preparation was the same as that described in the
previods-chapter. The weight of cata]yst'hafer was found by weighing
the sample holder with and without the wafer. This was not done by
weighing the wafer dire;t]y because a loose portion of the wafer would
’usua1]y drop off when placed in the sample holder. Béforelthe catalyst
wafer plus thexho]der were introduced into the reactor cell, they were
éarefu11y'inspegted for loose particle again. If loose particles were
detected, they were gently blown free by compressed air and the
weighing of»catélyst wafer and holder repeéted. The introduction of

sample holder with catalyst wafer into the reactor cell should be done

b
|

.)achrding to the way mentioned in Section 5.3.

/
5.3.1 Start-up and Catalyst Pretreatment

&

91



~

At start-up, the nitrogen flow was turned on by setting the
requlator pressure at 100 psig. By adjusting the heedle valve on the

nitrogen feed rotameter, a slow stream of,about 20 ml/min of pure

nitrogen was purged through the—reactor for about 1/2 h. . During this

time, the operafjon of procecs measurement and analytical equipment

could be tested. - The cold slush bath (mentioned in Seciton 5,2.3)

could be prepared TQ a dewar by mixing n-propanol with liquid nitrogen.

The operation of the\soap'bubb]e meter could also be checked with the
pure nitrogen flowing. As soon as the bubb]e meter had been checked,
all the soap solution was drained out of‘the meter into a buTb at the
bottom. When the cold slush bath/was prepared, it was placed onto the
cold trap at the outlet of the sulfur and water condenser. A sudden
aecrease jn the temperature of the cold trap cdu]d hencéﬂbe created

and-a suction could occur. The soap bubble meter was drained earlier

to‘preveng the soap.’solution from being sucked back into the cold trap.

About 10 minutes after thg introduction of the cold slush bafh, the
temperature in the cold trap became steady. '

The pdwer"supp1y to the sulfur condenser, to\the product
lines at the outlet of the reactor and to the four heating elements ‘in
the fused-sa]tvbath of the reactor tank was turned on? It is of
utmost importance that the reactor be heated with nitrogen gas flowing
because‘in doing so; the large quantity of water preadsorbed dn the -
alumina from the atmosphere would vadeﬁze and in turn would ruin the

=]

NaCl infrared windows by making them non-transparent. This was

mandatory regardless of whether the start-up was .performed with a "new"

or "uéed" piece of catalyst wafer. The heat supply to the reactor

should also be slow (ébout 3-4°C per minute) in order not to create a

v
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sudden thermal expansion which woyld crack the infrared cell windows.
As soon as tHe temperature of the reactor started to increase, the
temperature recorder could be turned on. After the temperature in
the fused-salt bath exceeded 200°C (the eutectic point of the fused-
salt bath was 190°C), the sitrrers in the bath were‘switched on to
provide a good circulation of the fused-salt. The temperature
'controller‘oq the‘reector cell as well as the power supply to the
Statham absolute pressure transducer were activafed. Power was also
supplied to the heating coils on all the 1iﬁes in the reaction system
(including feed preheater, recycle pump and the recirculation lines).
With all the operations coﬁp]eted so far, the equipment was then at
the stage for pretreatment of catalyst (if pretreatment is necessary).
| In the eresent'work, the methods of cata1yst pretreatment
(evacuéted at 400°C for 24 h under a vacQUm of 107° cm of Hg,
heated at 400°C with a continuous stream of N2, or H2, or Qé for 24 h,
or just heated at 250°C with a cont1nuoqf stream of N2 for 24 h) d]d
not affect the eventual steady state éonyersion. _After this discovery,
a]1'pretreatment of catalyst were performed by heLting at 250°C under
a continuous. flow of N2 for 24 h. During the preéreatment, Tiquid
‘ nttrogen and/or n—propeno] (depending on requirement) should be added
to the dewar at 12 h intervals to méke up for vaporization losses. o
Occasionally, the bath ‘had to be stirred to maintain the slushy state.
' At the/beginnjng of a kinetic run, the reactor temperatyre
on the controller was set at about 1-2°C below the desired temperature.
Later, When the reaction had been sfarted and steady state was

approaching, fine-adjustment could then be made to provide the final

desired.reaction temperature. The temperature of the recycle pump was

N\
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Tower than that of the reactor as mentioned in Section 5.1.2. When the
recycle pump was switched on, the dischafge line of the pump. was Heated
to provide a uniform temperature between the three iﬁfrared cells. The
air purge to the solid sfate pump control was also turnea?on. With
only nitrogen flowing, the portién o% feed stream branched to the gas
chromatograph‘for analysis and the vent valve on the.product stream
were manipulated to provide an approximate required values of feed rate
and reactor pressure. The nitrogen feed need1e valve was readjusted if
tota1.f10w was found to be too high or too low. The feed rate was
measd;ed by the soap bubble meter and the reactor pressure by the
recorder reading of the absolute pressure transducer.

| The opération of the gas chromatograph togethér with its
samp]ing valve was then checked with pure‘nitrogen. The infrared
spectronhotdmeter could be switched on‘and set up for analysis with a
new recording chart paper. After every piece of experimental equipment
was found to be operating in good condition, the f]ow‘of hydrogen
sulfide gas was introduced at a rate near the desired Iével. The
pressure regulator of hydrogen sulfide cylinder was set at 50 psig.
The flow was mdintained for about 1/2 h. If a new cylinder of nitrogen
was used and it wés desired to examine for the oxygen 1mﬁurity in it,
" the feed and product cells of thg reactor could be jnserted into the
analytical compartment of the infrared spectrophotometer for the
possible detection of sulfur dio;ide. Next, the sulfur dioxide gas
cylinder was %urned on with its pressure regd]ator set at 50 psig. As
soon as the sdﬁfur dioxide gas was introduced into.the feed stream,

both the need1e va1ves\pf the hydrogen sulfide and sulfur dioxide

rotameters were adjusted until the desired feed composition was
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achieved. The adjustment'was performed on the basis of repeatea
comparison of the analytical results reported by the gas chromatograph.
When the desired feed composﬁtion had been obtained, a final adjustment
on the poftion of feed flow that bfanched off to the gas chromatograph
and the product vent valve to provide the desire reactor pressure and
feed rate.

R With the feed composition, flow raté and‘reactpr pressure
fixed, the reactor tehperature contrd]]er ;et point was adjusted to
give a final desired reaction temperature. While the reaction steadied
out, the reactor temperature and prgssyre_readings were constantly
watched. The feed stream was also constantly analyzed by the gas
chromatograph to ensure that the feed composftioh was reproducible. A
steady feed flow rate as measured by soaﬁ bqpb1e meter should also be
ensyred. The reaction was allowed to proceed for 1.5 h before the
infraréd spectroscop%c analysis was taken. With the feed cell aligned
with the sample -beam and the reference beam of the infrared spectro-
photometer opened to the atmosphere, the partial pressure of sul fur’
dioxide in the feed cell could be calculated (the method of calculation
is mentioned in Section 5.5). A complete scan from 4000 cm—] was
performed and the attenuator of the infrared specfraneter was

adjusted to provide a transmittance of about 80 to 90% through the feed
ceI] at 4000 cm-]. From the spectrum so recorded, the fréquency set
for reaction Eonversion.aha]y(is could be.determfned (as méntiohed in
Section .5.5). Moreover, any feaction occurring in the feed system

upstream of the feed cell could be confirmed from the detection of water

bands in such a spectrum. typica] gaseous SO2 spectrum_is shown in



Figure: 5-4 and the frequencies of the characteristic banas are listed
in Table 5-2. | o

. . , !

5.3.2. Steady-State

When all process variables were fixed; a new reconding chart
paper was put on the infrared spectrophotometer to prepare %or the re-
action conversion analysis. The reactor tank was fﬁserted into the
analytical compartment of the i:frared spectrophotometer. The feed
cell of fhe'reactor was aligned with thé reference beam and the product
ce11'a1igned with the sample beam of the infrared spectrophotometer.

! to 500 cm”! was performed. Due

A complete infrared scan from 4000 cm”
to feaction, the amount 6f SO2 in the pfoduct cell was lower than that
.in the feed cell. As a result, the differential 1nfrared scan would
produce a spectrum with 1nvef§e.bands. The magnitude of the inverse
band reflected the extent of reaction occurring in the reactor cell at
that particular instant. If the caté]yst wafer was required to be
analyzed in the hope of oBserving surface species or reaction inter-
mediates, the product cell coulq be a1i§ned with the reference beam and
the reactor cell aligned with the sample beam of the infrared specffb-
photometer. With such an arrangement, the infrared .bands attributed to
~he species in the gaseous phase were compensated beca&se of the equal

and simultaaeous signals detected by the ﬁeference and sample beam of

the infrc. . spectrophotometer. Only the signals attrib%;ea to the

catalyst wiic its surface species were recorded.
ol > the a%tainment of steady reaction state, the
frequency atc whi- best suifur dioxide spectral band was recorded

was select-1 anc - ~ vie T o.quency knob of the infrared spectrophoto-

96
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meter. After the selection, the‘scan clutch c¢ontrol of the infrared
spectrophotométer was turned to the "out" pdsition. An infrared
spectral scan was carried out at this sind]e frequency of interest.
A steady reaction state wés considered to be reached when the_magni—
tude of the inverse spectral‘bandgremained coqstant. The sFeady
reaction state was maintained for at least an additional 1/2 h before
avfinal‘comp1eté infrared spectral scan was performed from 4000 cm_1
to 500 cm” | with the scan é]utch control of the infrared spectrophoto-
meter turned to the "in" position. This’scan was the ;ame as that
performed earlier to measure the reaction conversion. If the magnitude’
of the spectral bands recorded in the final scan was equal to that -
measured earlier, the recorded value was accepted and used for the
kinetic ca]cu]ations. Otherwise, the value was rejected and the reason
for the discrepaﬁcy was investigated. One pos-ible reasonAméy be fhe
contamination of the windows of the feed or product cell. This resulted
in drift of the baseline of the spectrum and produced a change in-the
magnitude of the SO2 bands. Naturai]y, this could also be due to a
change in the process conditions.

The time spent to achieve a single data point waifabout 3-1/2
h aftef a "fresh" catalvst wafer had begn pretreated. In the brocess
of éontinuous kinetic runs, about 40 hin. should be allowed to elapse
starting from the timewtpe reaction temperature was changedhto.andther
level before one more analysis on reaction conversion was taken. In
cases where the feed f]ow:rate was varied, about 30 min. were required
before the'reaction reached another steady state. For each'“new” steady
state, the check on attainment of constant reaction conversion as men-

tioned earlier was carried out before the analysis result was accepted.



5.3.3. Shutdown

On the termination of a kinetic run, the hydrogen sulfide and
sulfur dioxide.gas flow were the first to be terminated while maintaih—
ing the nitrogen gas flow and the equipment operéting conditions. The
residual hydrogen sulfide and sulfur dioxide in-the reaction system
could be flushed out by nitrpgen in about 1/2 h as could be found by
spectroscopic ana]ys%s. After the removal of su]ﬁur_dioxidé and
hydrogen sulfide from the reaction s}stem, the cold trap which was
accumulated with condensed H25 and SO2 was removed from the equipment
together with the cold sltush bath dewar and kept in the ‘fan-hood. This

was to allow the temperature in the cold trap to rise slowly .to room

temperature and to permit the condensed hydrogen sulfide and sulfur

dioxide to be gradually and safely evaporated from the cold trap. After

the removal of the cold trap, a manometer could be connegted to the
reactor to check the reliability of the pressure measure%ent by the
Statham 600 absdlute pressure transducer. The whole reactign system
plus the sulfur and wateé condensers should be purged continuously with
pure nitrogen while hot forvgbout 3 h before being a]iowgd to cool. To
shut down the equipment, the témperature of the reaction system,
especially the infrared cell should be é]]owed.to coo]vslewjy (at about
2°C per minute) to prevent the cracking of the NéC] (or'CaFZ) infrafed
cell windows. This was done by slowly decreasing the power supply to
the fusedbsalt bath and to the nichroﬁe wire on.the discharge line of
recirculation pump. Power supply to other heating systems as well ‘as
to_the.ébso1utelp‘< er transduter could_be turned off comp]ete]yf

The .stirrers in the fused salt bath could be Switched off while the

. iy . . .
recirculation pump should be in operation until the whole system
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returned -to room temperature. When the whole system was cooled to room
temperature, the recirculation pump was switched off. The sulfur and
water condensers could be removed for-e]eaning if required (to’renove
condensed ‘sulfur).. The conditions of the Teflon O-rings on the
infrared cells shogld be inspected. Ifea brownish color was observed,
the O-ring was replaced by a new one. Lf required, the reactor cell
could be opened for the remove1 of the’cata]yst wafer‘and its holder.

If another run is planned for the next day, it is recommended
that the who1e~systen be maintained near the desired.”new“ operating
conditions but without the flow of hydrogen su1f1de and su]fur dioxide.
This is to minimize unnecessary therma] stress be1ng imposed on the
equ1pment (particularly on the infrared ee]] windows) due to the
heating and cooling of the system and also to save time required to
energize and stabilize the system. The intrbduction of a feed with
only hydrogen ;ulfide and sulfur dioxide without nitrogen into the .
heated reactor conta1n1ng the catalyst should strictly be d1scr0uaged.
'The excess1ve sulfur so generated could condense on the rec1rcu]at1on
pump and the 1nfrared cel? windows and might be very difficult to
remove. ‘ ' \!

After shutdown, the catalyst wafer could be removed for
examination of jts condition {f°necessary.' The infrared cell windows
(NaC]_or CaFZ) shou]d_ﬁ]so'be removed and repolished if they had been
contaminated and their transparency reduced.

fhe power to the infrared spectrophotometer should be
switched off to prevent the overheating of its-1ight squrte. Prefer-
ably, the gaé chromatograph should. be kept at operating condition

during the perjod at which the experimental equipment was shutdown
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because it took about a day for the gas chromatogrdph/to reach a steady

operating condition after jts start-up.
5.4. Analysis and Data‘gyglggtj:n‘

5.4.7. Analysis

In tﬁ% present_work, bqth the infrared spectrophotometer and
.a gas chromatograph were employed as analytical tools. - The reasons for
not using the infrared spectrophotometer alone were twofold. First, the
nitrogen gas which was osed as diluent te infrared-inactive and second,
the hydrogen sulfide gas which was one of the reactants, failed to
provide a strong enough ‘signal to allow reliable interpretation a]thugh
it is 1nfraned—ect1ve. On the other hand, the type of experiment
conducted in the present work did not permit the employment of g§s
chromatography to analyse the reaction product because the sulfur in it
_had to be removed before the analysis. As sulfur was condensed and
removed, it could catalyze the reactlon between the unconverted hydrogen
sulfide and su]fur dioxide. This created the uncertainty in the deter-
mination of the reaction rate prev10us1y descr1bed in Chapter II.
Consequently, the gas. chromatograph was used to analyze the feed stream

which was-free of sulfur and the 1nfrared spectrophotometer was used to

measure the conversion.

5.4.1.1. G. C. Analysis

Two columns connected in series were used in the gus chromato—

graphic analysis. Both were made from 1/8 inch diameter 316 stainless
}

steel tubingt The first column 4 ft Tong was'packed with Chromosorb
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104 and the second cé]umn 6 ft Tong was packed with Porapak Q-S. These
columns were developed by the Chemical Laboratory, Department of "“\“\////
Chemical Engineering, University of Alberta through trial-and-error and

it was not clear which column accomplished which separation. Presum-

o

N

ably, according to the nature of the packlng, the first column

separated HZO from other'component wh1]e both columns contr1buted to |
' {

the separation of N2, HZS and SOZ' Before use, these cq]umns were

conditioned by purging wif! dﬁho pf 40 m]/ﬁfn helium at 200°C for
48 h. The column packings weré ‘;H to be non-catalytic towards the
reaction between hydr&gen §u1f1de and sulfur dioxide because no water
peak was detected when a gaseous mixture of nitrogen, hydrogen sulfide
and sulfur diox%de was injected into the columns. The operatfng
conqjtions of the gas chromatograph are summarized in the‘folloWing

table.
TABLE 5-1

—

OPERATING CONDITIONS OF GAS CHROMATOGRAPH

Chart speed: 4 0.5 “ich/min

Sampie sijze: . ' 0.c° 7

Attenuatioﬁ: . -HZS’ SOZ'x 1; N2 X 32

Bridge current: 250 mA

Detector.temperature: 120°C g
- Co]ﬁmn ﬁémperaéuref - 80°C -

He]ium-f]qw rate: : 40 ml/min for both sample a '

and reference

q .

w
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Among the chemicals analyzed, the columns provided thé Qsit‘
ana]yéis for hydrogen‘su]fjde and the worst for water. With ﬁhe Séhe
' sample, the repeét' {1ify of the peak areas was better than 0 2%."The

long-term analytical reliability of the columns was also periodically
checked .against éamp]egfwith known compositions and a repeatability of
better than 0.2% could be maintained. The gas chromatographic columns
were'ca]ibrated by contrasting prepared"standard gas samples agafnst the
_peak areas. The calibration procedure and results are presented in
Aépendix A. Eésentia11y, the area ratio of thé gas chromatographic
peaks of the/hydrogen sulfide (or sulfur dioxiae) and nitrogen gas was
calibrated against the molar concentration ratios of these gases in the
~ prepared sdmp]és. During experimental runs, the concentration rat}o of .
hydrogen sulfide to nitrogen as well as sulfur dioxide to nitrogen cou}d
be caléu]ated from the‘measured gas chromatographic area ratio by qéing
_fhe calibration résu1ts. Since ratio rather than absolute values of gas
chromatographic area and concentration were calibrated, the sample size
introduced into the gas chrdmatograph did not gffect the analytical
resuiis. Duriﬁg calibration, various sfzes of the sameigas sample were
1njected into the gas éhromatoéraph and it was found:that the gas
chormatograbhic afea ratio for hydrogen sulfide (or sulfur dioxide) to
nitrogen was not affected by the sample 31ze'nof the total pressure of “
the gas sample.

If the partial pressu}e of su]fur'dioxide gas in the reactor
is known (it was measured by thelinfrared pecfrophbtometer in the
present@wofk), the partial pressures of the hydrogen sulfide and
nitrogen could be ca]cuiatéd from the concentration ratio recorded by

the gas chromatograpﬁh In conventional analytical approaches, the

2
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partial pressures of each species may be affected by the unknown partial
pressure of sulfur vapor present in the system. Th1§ objectional

procedure is eliminated when P or P., . may be measured direcf]y.
: » HZS 802

5.4.1.2. 1.R. Analysis

Unlike Chapter IV where the use of IR analysis was qua]%tative,
the service %rom thé infrared spectrdphotometer in this chéﬁ%er was
mainly quantitative enéb]iné.For-the‘measurement o% reaction convérsions
and the partial pressures of SOz'in the reaction systéh. During the
simultaneopus kinetic énd mechanigtjc.study in this chapter, qualitative
IR analysis (essentially for detection of redction intermediates on
catalyst surface) was performed occa51ona]1y with quantitative IR
analysis. The infrared ce]]s used in th]: chapter were different Jrom
thosé used in Chapter IV as’outlined separately in Section 4.1 and 5.1.
In the kinetic runs involving low water and sulfur concentrations,

NaC] windows weré'used on the infrared cell and for h1gher concentra-
tions, CaF2 windows were used.

Many excellent books [113, 137] have been-written on infrared
spectroscopic analysis. However, a brief discussion on infrared
pect;osgopic analysis wi]j be provided in the following sections.

Genera]]y, the quantitative analysis using 1nfrared spectros~
copy 1nvo]ves re]at1ng the absorbance. to the concentrat1on If a pure
component is analyzed and the extinction coefficient offthis-compGUnd

®

|is known, its. concentrat1on in the infrared ce]] can be calculated from

the measured absorbance by the fol1ow1ng re]at1on .

A, = T10g[l,/I,] =¢€Ct (5.1)

N
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Using ideal gas law, the expression, AL :El’P/(RT) results.

”

This relation is ca]]ed the Lambert-Beer law and is the same one used
in‘routihe colorimetric analysis,
where A is the absorbance:at wavelength

lon - fhe intensity of the incident beam

I~ - the intensity of the transmitted beam

C the concentration

)4 the length of the infrared cell

& the extinction coefficient
P ~ partial pressure of the gas sample
g ..
\\_//// o T absolute temperature under which analysis is

carried out

R the gas constant -

According to equation (5.1) for a given pure sample in a fixed
infrared €¢ell, the ahsorbance is related linearly to the concentration.
the validity of this(lineer relation may not always be true over the
entire pressure range under 1nvestjgation. Untilt this validity is
checked, the uee of equation (5.1) for quantitative analysis should not
be recommended. The most widely uged procedure is to calibrate concen-
tration versus absorbance. ’

| In most experiments, gaseous mixtures rather than pure gas
samples are analyzed. Under the§e situations, the recorded spectrum is
a combination of those of a]] individual components. It is n- :acommon
thg;kfwo or more compoﬁents of thg mixture absorb at the same wave-

length. The total adsorbance of the recorded spectral band at this

wavelength is equal to the sum of the adsorbance of each of the



individual components. If the Lambert-Beer law is applicable, the total
adsorbance is related to the concentration or partial pressure of each

component as:

Ay = 2T(EC ) == [P,k /(RT)] (5.2)
1 1 ’

where the subscript i refers to a particular species. Another‘inter—
ference includes the brdadening effect on the spectral bands. Rao [113]
has discussed sevegél methods such as the ratio method to overcome the
problems of overlapping bands. Howeve?,~over1apping abserption bands
often tend to decrease the accuracy of'the analysis.’ Fortunately, many
gaseous compounds have more than one absorni ion band. - The overlapping:
of one or a few bands at the same frequencies between the gaseous
component does not necessari]y mean that all of the recorded bands are
overlapping. As long as one isolated intense absorption band can be
located for each compound, this band can be used for the analysis

(qualitative and quantifétive) of that particular component. If the

Lambert-Beer law is applied, equation (5.2) reduces to:

An = €4 cii) = £.P. L /(RT) (5.3)

As may be seen from the Lambert-Beer law, the magnitude of

the .absorbance does not depend solely upon the concentration. It varies )

also with the length of the infrared cell” and the extinction coefficient

a

of the sample. Since the 1éngth of the infrared cell is fixed, the
range of concentration (or partial pressure) under wi*"w;;"*‘\élysis
would be accurate depends on the value of the extinction coefficient.
In inffared Quantitative ana]ysig, too large or too smai] an absorbanc:

will both reduce the accuracy. If a sample has a large extinction

106
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coefficient, it would be most accurately analyzed at low pressures or
concentrations, and vice versa. Henceﬁ the range of partial pressures
useful for 1nfrared quantitative analysis may also be Timited. For
some gases, more than one absorpt1on band appears in its infrared
spectrum, each with a different intensity at the parttcu]ar concen-
tration. When the analysis is performed at a low concentration, the
most intense suitable band should be.chosen As the concentration
increases, the magnitude of th1s band wou1d reach a value where the
~accuracy of analysis becomes questionable. At this value; a less
intense band may then be used and the range extended. This greatly
broadens the pressure range under which one can conduct experiments.

Another difficulty in the infrared quantitive analysis is
encountered when the gas sample is infrared non- active. The absence of
absorpt1on bands is usually encountered by symmetr1c diatomic gases
whose molecules are formed by two similar atoms, e.g. nitrogen, oxygen
etc. If no dipole moment change resulted from atomic vibrations,
infrared absorpt1on bands do not appear. If only certain components in
the gas mixture are infrared active, then the combined analysis must be
obtained by the use of not only an infrared spectrophotometer but also
other instrument:, such as a gas chromotograph.

In the product stream, the absorption band of the sul fur
soec1es was ‘not detectable from the recorded spectrum and that of water
was found too noisy to prov1de an accurate analysis. As a result,
sulfur dioxide was chosen as the key component for analysis. The
part1a1 pressures of other components in the product were then calcu-
lated from the st01ch1ometry of the react1on‘(2.1). Since no evidence

for the occurrence of reaction other than the reaction (2.1) was
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observed under the exper%menta] conditions in the present work, this
approach seemed reasonable. -

Three diét?ncﬁive.ioslated absorption bands around 2500, 1350
and 1150 cm_] frequencies, respectively, appear in thé recorded spectrum
of sulfur dioxide, ds shown in Figuré 5-4. A1l three bands of SO2
spectrum are of a type where the magnitude -of P,Q,R bands are compar-
able. The frequencies of the péak of these bands are summarized in
Table 5.2 togethervwith the applicable partial pressure range. The
band at,éround 1350 cm'] possessed the highest extinction coefficient
and was used for the lowest partial pressuré range and that at around
2500 cm_] for the highest partial pressure range.

The calibration curves indicated in Appendix C were prepared
by 1ntfoducing different amounts of SO2 vapor into a quartz infrared
ce71 identical to the stainless steel one used in the reactor as
mentioned fn Section 5.1.3. The reason for using a separate infraréa
cell and not that in Section 5.1.3 for calibration is because of the
greatef maneuverability of the former cell. The ability of this cell
to maintain a - zuum for more than 36 h had been carefully checked and
/since the cell was required to hold a gas sample for less than 24 h in
all the ca11brat1ons, inaccuracy due to ]eakages may be neg]ected
, Dur1ng ca11brat1ons, the infrared cell was connected to the vacuum rack
equ1pped with a manometer. The cell was thorougH]y evacuated before
each introducion of gas sample. The, pressure in the cell was measured
from the manometer by reading with a cathetometer after a certain
amount. of SOZ_vapor was fed i?, e cell. In the first few calibra-
tions, an initial pressure wég‘}ecorded immediate]y.after the

introduction of gas sample into the cell and two readings were again



TABLE 5-2
FREQQENQI£§N£@ELBBES§!BENBAN§£_£N8£91£D¥EQB

QUANTITATIVE ANALYSIS OF 502

|

Frequency of Spectral Bands _ Pressure Range Used

2480
2497 o b6 cmHg -1 atm
2509 |

1159

39 ! - 1.8 - 20 cm Hg

F

1365

1351 cm 0.02 - 3.0 cm Hg
1342 |

taken évery 2 h. ‘A final reading was taken after the 302 vapor had
been ﬁn the cell for 14 h. It was observed from the first few
cg}?brations that the pressure measured at 2 h éfter the introduction
Zf gas sample was the same as those measured later. This showed that
the amount of gas adsorbed on the wall was negligible compared to the
total amount 5n‘the qualtz infrared cell. After the first few
calibrations, all other preséures were recorded-at 3 h from the
introduction of the gas sample. All the ca]ibrations were carried out
at 200°C. To examine the possibility of applying the Ea]ibration

curves obtained at 200°C to other temperatures by using the ideal gas
‘ /
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1éw, three calibrations were carried out, each at 200, 300 and 400°C,
respectively. It was learned that the absorbances observed from these
four calibrations were equal to those calculated from the ca]?bration
curves at 200°C by applying corrections  based upon ideal gas behavior.
The compartment of the Perkin—E]mer Model 621 infrared
spectrophotometer used in.the present work was 1arger than that of the
Tength of the infrared cell. During calibrations, the infrared cell
was moved first closer to one end and then closer to the other end of
the compartment of the infrared spectrophofometer. It was found that
svch variation.of the position of the ihfrared cell in the compartment
dfi not affect the recorded absorbance.
The pressure-broadening effect was found to be‘insignificant.
Th1s was. checked by 1ntroduc1nq mixtures of SO /N or SO /H 0 vapor
into the infrared cell and then comparing the recorded absorbance to
that shown by th calibration curve. If the partial pressure of 502 in
the mixture was the same a; the presence of pure Sdz at a similar
temperature, the absorbance was found to be identical. The pressure-
broadening effectbby'HZS and sulfur vapbr on sulfur dioxide wés_nbt
examined. This was becausé hydrogen sulfide and sulfur dioxide could
react slowly in the quartz cell and the introduction of sulfur vépor
could create a.dangér of ruinihg the cell-window transparency by
condensation.
Generally two methods méy Be used to relate the spectral band
1ntensi£y to the partial pressure of gas. One is by peak height and
the other is by Ehe area of the spectral band. . In the present work,
since the peaks of the spectral band are quite sharp and a good straight |

line could be obtained from plotting peak height against pértial



pressure, the peak height method was thus adopted.

5.4.2. Data Evaluation -

This section is devoted to an explanation of the procedure by
which the reaction rates were derived from the experimental measure-
ments. The descriptions. on the methods of process measurements and
the analysis by the gas chromatograph and infrared spectrophotometer
have been mentioned in Sections 5.1 to 5.4.1.

A stainless steel infrared cell recirculation reactor was
emp]oyed to generate experimental values of the reaction rate
Consider the recirculation reactor in F1gure 5-5 where a reactant
stream of fixed composition and flow rate is fed to the reactor loop
Let the conversion of the selected reactant, A, be zero at the reactor
¢i?1et, XA]’ Just before the catalyst bed and, XAf Jjust after the
\ catalyst bed. Also, assume that the rate of reaction is the same at

all points. in the differential cata]yst bed for a spec1f1c run. A

steady state material balance over the entire reaction suggests

e

“wefao = Cradgy ) (5.4)

where (—rp)AV is measured at some aVerage conversion, i.e. at average
reactant concentration velues, of the Streams entering and Teaving the
catdlytic bed. Thue, XAf XAV XA]' Since ( Af XA]) may be ]arge,
the assumption of an average rate may lead to serious error.

Now suppose that a part of the product stream is recycled.

As the recycle rate increases, the incoming feed is mixed with some

111
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Figure 5-5. Sketch of Recifculation Reactor Loop for Calculation
of Reaction Conversion,
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product stream causing XA] to apRroach XAF' Thus the error in the
assumption of an average rate decreases accordingly and so at a high

recycle ratios of R/(1-R), .5

= X

(or At po’"

ey
where the rate is measured at the exit stream conditions? At high
recycle rates, this type of reactor may propér]y be considered to be
a perfectly mixed backmix reactor. At high recycle ratios, the
conversion of A per pass through the caté]yst is small and the. reactant
concentration' before énd after thelcata]yst may be.almost equal and the
approximation of the above equation becomés more reasonable.

The capacity of the recirculation pump used in the present
work wa's 45.1 /min and the volume in the entire recycle 1oop was 0.67
litres. The highest reactant feed rate (HZS or 802) emp]oyed in the
kinetic experiments was less than 0.1 {/min. ‘The recycle rate was
therefore more than 60 times that of the feed rate throughout the
entire kinetic runs. Accouding to Iwietering's [151] concept of
“maximun mixednesé“, a recirculation reactor with a recycle ratio of
ovef 20 approaches the behavior of backmix reactor. -

In the present work, the reactor was designed in -such a way
that (PAO—PAf) could be measured direcf]y. By placing tﬁe feed cell of
the reactor in the reference beam and the product cell in the sample
beam of the infrared spectréphotometer, and by setting the infrared
wavelength at which the SO2 absorbance was mbst intense (refer to Table

5-2), an inverted spectral band which represents (PAO-PAf) could be

i

recorded. From the magnitude of this inverted spectral band, (PAo—PAf).

could be calculated. Before this method was adopted for use, the. -



hd
.

;
/

by
S/

114

possibility of a difference in magnitude of the normal, and the inverted

spectral band had been carefully checked. A known partial pressure of

'\Q\Sozlwas introduced into the infrared cell. The cell was first placed

in the sample beam of the infrared spectrrophotometer to provide a
normal spectral band. Then this cell was switched to the reference
beam and an inverted spectral band was recorded. It was observed that

the absolute magnitude of the positive end negative band was exactly

equal. "By knowing (PAO-PAf), the fractional conversion. of component

A was approximated as,

_ P, -P
XAf = Ao Af
PAo
By placing the feed cell of the reactor in the sample beam of the "

infrared spectrophotometer and using atmospherlc air in the reference
beam, a spectral band that represents the partial pressure of component
A in the feed could be recorded. From the magnitude of the band and
the calibration curve the "calibrated" partial pressure of component A
in the feed could be calculated. The actual partial pressufe of

component A in the feed is then given by:

-

P‘ = P X .i._

Ko A,calibrated 473
where T is the reaction temperature in degrees Kelvin. From the frac-
tional conversion and the prartial pressure of A in the feed stream,
the partial pressure of component A in the reactor was approximated by

P.p=P The partial pressures of other components in the

af = Pro (1-Xp6)
reactor were calculated by the stoichimometry of the reaction, thé feed
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s
streay composition and the correction foi (he change of modal flow rate

due to chemical reaction. Since sul fur may exist in édre than one‘form'
at the reaction condition, an equilibrium distribution among its

different forms, 52 - S6 - 58’ was assumed and the partial pressure.

of each individual species calculated accordiné]y. McGregor [84] also
_used this assumption in his determination of the distributipn of

various sulfur species and concluded that such assumption was. not in
seriohs error. It was unfortunate in the present work that the varijous )
sulfur species were not detectable by infrared spectroscopy or else

the equilibrium distribution assumption would not be necessary.

The materiaT!balanée was chécked by comparing the sum of the
partial pressure of efch indiQidua]“species in the reactor with the
measured total preésuré of the reactqr and it was found that the
material balance was better than 987 . From the rate of reaction
gg]culated and the partial pressures of all the species in the reactor,
a set of data in the form o% (—rA) = f(Pi) could be gathered under
various experimental éonditions.and then employed for correlations of
kinetic models. |

An example showing step-to-step calculation of reaction rate

together with material balance is exhibited in Appendix I.



CHAPTER VI

RESULTS AND DISCUSSION N .
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6.1 Oxidizing Property of Y-Alumina

The Oxidizing Property of Y-alumina has beenAinvestigated
(98,99,129] as mentioned in Seétion 2.3.3.2. Parkyns and Patterson
[98] found that CO cauld be oxidized to CO2 by‘T—a]umina. Flockhart
et al. [39] observed that upon heating aiumina aerogel previousiy-in
contact with air, nitric oxide might be given off in substantial
amounts. Some investigators [97,f35] related the catalytic activity
o# Y-alumina to its oxidizing property, especially towards reactions
of a redox nature.‘ |

In the present work, thé oxidizing property of Y-alumina
was investigated by Qsing infrared spectroscopic techniques. The‘

Y -alumina catalyst was subjected to two types of pretreatmg ts.
Pretréaément (1) followed the steps described in Section 4.2 but .
,_prétreafment (I1) consisted of an addjtiuna] step of reducing the
catalyst wafé# with H2 for 2 h followed by evacuatidnzovernight, all
at 400°C. The'Y-alumina subjected to pretreatment (I)Vwi11 be
refefred to as "oxidized-alumina" and-the other réferred.to as
"reduced-alumina". Figure 6-1 (A) and (?J représent the bése]ine
spectra of the "oxidized-alumina" and "reduced-alumina". Only three
spectral baﬁds attributec'to hydroxyl stretching frequencies in the
3650 to 3806 cm_1 reqgion plus the alumina band at around 1000 cm_]
were recorded. No significant difference could be noticed between
these two spectra.r /

To study the oxidizing property, the "oxidized-alumina" and

o
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"reduced-alumina" were exposed separately to an adsorbate ana then the
results were compahed. Two types of adsorbates weoe used.  Since HZS
is one of the reactants in the present work, it was chosen as one of
the adserbates. The other assorbate was CSZ' When HZS is oxidized,
water can be formed and it can further diseociate to form hydroxy]l

groups on the Y-alumina <. face. The increase in surface hydroxy1

*\

groups may have resulted from dissociation rather than from oxidation
of H?S ,By using C52 in pﬂace of HZS’ more information on the

oxidizing property of Y-alumina could be obtained.

6.1.1, Oxidizing Property Demonstrated by HzS Adsorpt1on

Upon contact1ng HZS at yroom temperature the surface color
of "oxidized-alumina" immediately changed from its normal white to
violet-green, an observation previously noted [34] with the use of
oxygen-pretreated Y—a]ymina. The violet-green color eventu v
changed jnto yellow after protonged contact with HZS at room tempera-
ture. An infrared spectrum of the "oxidized alumina" wafer regorded

&

right after the tontﬁ&twyith HoS is shown in Figure 6-1 (C). This

. spectrum consists of a broad band at roughly 3550 cm_] plus’ three

other bands at 2560,1568 and 1345ﬂcm']. The latter three bands are

,

attrihuted to the adsorbed HZS as suggested’ by earlier workers [34,133].

The broad band cou]d be attributed to either HZS or HZO hydrogen-

o

bond1ng, the latter resu1t1ng from the poss1b1e surface reaction,

H,S +1[0] - H,0 + (5] ' 5(6‘.1‘)

The states of [0] and [S] are unknown.
A
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Comparing this psectrum with the baseline spectrum (6-1 A)
of the "oxidized alumina", the spectral band at 3790 em”| was ‘ound to
disappear upon contacting HZS with "oxidized q]umina“. On the other
hand,“it was very difficult to conclude whether the other two hydroxyl
stretching bands at | ) and 3680 cm_] disappeared as well or were
covered by the broad band around 3550 ch_]. Disappearance of the
3790 cm-] hydroxyl band results from hydrogen—bonding of HZS and H20.
The weak band at around 1625 cm_] could be.the adsorbed HZO. |

The occurrence of the susgec;éd reaction (6.1)‘was confirmed
by mass spectral analysis of gases de;brbéd from the "oxidized alumina"

3 Torr. Both water and

after evacuation of the infrared cell to 10~
elemental sulfur were detected. In addition, the introduction of

sul fur vapor into a cell containing newly pretreated "oxidized alumina"

or "reduced alumina" at-room temperature produced the same color change.
: A

As adsorbed sulfur increased, the color changed from violet to green-

yellow to yellow.
Upon repeating the H,S adsorption experiment using "reduced

alumina"-at room témperature, the infrared spectrum of Figure 6-1 (D)

was reduced. The three bands at 2560, 1568 and 1345 cm-], representing

the adsgrbed H,S were again detected but tHe broad band at around 3550
cm_] which was found upon contacting HZS with "oxidized alumina" did
not appear. Instead another weak broad hand at around 3300 cm_], was
| observed. This: may possibly be the hydrogen-bonding band of adsorbed
HZS' Unlike the "oxidized alumina", the hydroxyl stretching band at
3785,cm—] was still present .upon contacting the Wreduced alumina" with
HZS‘ Néither product of-reaction (6.1) coula be detected by mass

9
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spectral identification, thus confirming that the occurrence of
reaction (6.1) was the result of oxygen pretreatment of the Y-alumina.
The color of the "reduced alumina" was unchanged by the contact with
HZS' \

By comparing the results of the "oxidized alumina" and
"reduced alumina"™, it seems that certain type(s) of surface oxygen
exist on 7Y-alumina. Their states are unknown but capable of oxidizing
HZS according to reaction (6.1) and cou]d.be‘consumed by reduction with
HZ'

6.1.2 Oxidizing Property Demonstrated by CSp Adsorption

Similar experiments were repeated by using C52 in place of

‘HZS. Figure 6-2 (A) and (B) represent the result of spectral scans

obtained upon contacting CS2 with "ox*7*7&d alumina" ?nd "reduced
dTumina" at room temperature. The spectral bandsbat 2156 and 1495 cm_]
are in both cases attributed to phy ically adsorbed CSZ. Un]ike‘the
HZS adsorption, the broad band at around 3500 cm-] was not. detected
upon contacting CS% with Y-alumina. The band at 2000 cm—]~observed in
Figurf 6-2 (A) only reveais the formation of adsorbed COS, a species

‘not previously present. Inﬁfared speétra] analysis of the gas-phase

surrounding the catalyst wafer confirmed the formation of COS according -

w -
" to the possible surface reaction,

cs, + [0] == C0S + [S] (6.2)

As ‘in the case of H,S -adsorption, the states of [0] and [S] are unknown.

An independent spectral scan for pure COS adsorbed on"oxidized alumina"

confirmed the assignment of the 2000 cm_] band. The white color. of the

ata1yst changed to green-yellow, presumably caused by adsorption of
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~elemental sulfur. These did not occur upon adsorption of CS2 on
“"reduced alumina", as 1ndjcated by Figure 6-2 (B).
By examining kigure 6-2 (A) and (C) more closely, the 2365
e and 2200 cm”! bands which are attributed to the adsorbed €O, and
CO on v-alumina agf not detected in Figure 6-2 (A) while the 2365
cm_] band is barely visible in Figure 6-2 (C). This probably means
that the following reactions were not detected in the presence ofﬁf
excess CS2 {in comparison to gther components) .
es, + [0 = €O+ 2[s] (6.3)
cs, +2[0] = €0, + 2[S] (6.4)

. 6.1.3 The Postulated Forms of "Oxygen" on Y-alumina

When repeated doses of HZS or C52 were exposed to "oxidized
alumina", a diminishing extent of reaction (6.1) or (6.2) was observed.

"This was done by comparfng the progressive increase in the magnitudes

|

of H,0 (1625 cm ') and COS (2000 cm_]) bands. Such result implies ’

2
that this oxidizing character is assocﬁated with the finite amount of

[0] available on the alumina surface. The "surface oxygen' could Be

restored by treating with gaseous O2 or SOZ’ ("used" wafer evacuated

rae

at 400°C for 10 h, treated wi 02 or SO2 at-400°C for 2 h, again
-evacuated at 400°C for 10 h)/:§th0ugh it is not certain in the case of
502 because of the bossible formation of su]fate by SO2 on Y-alumina
surface. Water and sulfur could be formed by reacting sulfate wjth

H,S without the surface [0].

2
Two different interpretations may be suggested to explain

- the forms of [0] mentioned in reactions (6.?)‘and (6.2)? The first is

adsorbed "molecular" oxygen, a sourcé'suggested from studies of .



Hydrocarbon oxidation [17,35], and the_second is "strained-bridge"
surface oxygen as proposed by Parkyns [99]. The strained oxygen
bridge was envisaged by Cornehius et‘a1. [27]) as formed by progressive
dehydration of alumina. Thé mechanism depicted below was propésed to

account for the generation of such strained oxygen bridges from

dehydration,
o OH ‘ 0
I | heat and 4 / N\ +
-AT1- 0- Al- evacuation . -Al- 0- Al- HZO

(2.30)

Tamele t135] and Cornelius et al. [27] feported that a remarkable
amant of heat was re]éased when water was contacted‘at 100°C with the
carefu11y‘dehydrated alumina. This may be an indication of the reverse
of the c}eation of strained oxygen bridges by dehydratioﬁ. Parkyns
[99] bejieved that these strained oxygen bridges were the "oxidizing ’
centers" capable of oxidizing CO to CO2 and could be restored by
adsorbing NO to the Y-alumina which has been'reduced-by CO0. On the
other hand, Parkyns noted that degassing of alumina at temperatures |
above 450°C removed the active centers for oxidation of -CO to COZ'

This temperature is relatively low for short-term surface
recrysta]]ization'or anhéa]ing effects but degassing at this
temperatu}e shou]d effective]} desorb most of the molecular oxygen.
The pub]ished results discussed so far seem to favor both interpreta-
tions. |

Others used H.0'C [57], 02]8 [38] and 0, [35] to

2
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investigate the isotope exchange with surface g&ygen of alumina. ATl
concluded that exchange of oxygen took place between the alumina and
the adsqrbate at relatively low temhe;aturex(around 100°C). “Although
such observatiéns do not demonstrate beyond doubt which interpretation
is correct, they seem to favor the strained bxygen bridge
1Hterpretation. It is more difficult to envisage how the strong bond
of the molecular oxygen cguld be brokgn without the participation of

the catalyst surface.

6.2 Adsorption of H»S on Y-alumina

There are basically three types”of "adsorption sites on- the
surface qf Y-alumina, namely: (i) the Lewis-acid sites made up of
. aluminum ions, (ii) the basic sites m@de up of okide jons and (11i).the
Bronsted-acid sites formed by the surface hydroxyl groups. The
adsorption of the hydrogen sulfide involve one or more of these three
types of sites and there still rgméins much controversy about whfch
type of site is}invo1ved.' , |

The adsorption of HZS on Y-alumina at room temperature

broduces an infrared spectrum as indi;ated in Figure 6-1 (D). The
spectrum is characterized by a broad hydrogen anding band at around
3300 cm™! plus ‘three other bands at 2565, 1568 and 1345 cm™! which
are attributed to the various vibration modes of the édsorbéd HZS'
Similar spectra have also geen observed [34,133] bu£ based on the IR
spectrum a]ohe, it is difficult to conclude oh‘what sites and how HZS

/

is adsorbed.

The infrared band frequencies for HZS and DZS adsorbed on

!
Y-alumina at room temperature are shown in Table 6-1. °

L 4



TABLE 6-1

INFRARED BAND FREQUENCIES FOR HZS AND DZS ADSORBED

ON Y-ALUMINA AT ROOM TEMPERATURE

Compound Observed Gas-Phase Assignment -
'requencies . Frequencies
(™ ()
HS 1345 1290 "H-5=H (bend)
1568
/ 2422 H-S-H (bend)
2565 2611 S-H  (&tretch)
2684 S-H  (stretch)
D,S 1860 1999 ~ S-D  (stretch)
934 ’ D-S-D (bend)
& .

< 1

)

6.2.1 Selective Adsorption Method to Evaluate Sites gf Adsorption

The approach adopted in the present work t;}ifhdy the
adsbrption of HZS on Y-a]umina,involved the quéhtita@ivg infrared
spectroscopic method. The population of a particular type of surface
site was selectively varied. The effect of such a variation upon the
amount of HZS adsorbed unqér a similar set of adsorption cbnditions
was then evaluated. From the results so obtained, the type of sites

involved 1in HZS adsorption could then be determined.
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The population_of the surface Bronsted-acid sites was varied
by evacuating the catalyst at different temperatures. After a
Y -alumina wafer had been subjected to the pretreatment procedure
mentioned in Section 4.2, pure water vabor was introduced to re-
hydrolyze the catalyst at room temperature. The "hydrolyzed" catalyst
wafer was then evacuated under various temperatures. As'temperature
increased, the population df the Bronsted-acid sites (represented by
the magnitudes of the hydroxyl bands of the infrared speetrum:as 'f

. . . : . . ba
indicated in Figure 6-3) decreased according to the following reaction

Al — Al — Al a

One the completion of evacuation at each tempera{ure, the catalyst
wafer was cooled back to room temperature'fqr HZS adsdrption.

The aluminum ion sites on Y-alumina sur%ace exhibit Lewis-
acid behavior. An adsorbate with uncoordinated electrons is capable
of interacting with aluminum ion eites (Lewis-acid sites). Both
pyridine and ammonia molecules have an unshared pair of electrons on
the nitrogen atom and hence are Lewis-béses. Parry and others [10@,
104] haVe useg pyridine and ammonia for selective adsorption on
Y -alumina surface. Presumably, these two Lewis-bases are adsorbed

on the Lewis-acid sites in the following manner
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TRANSMITTANCE

. 4000 3700 3400
- FREQUENCY (cm-1)

K

Figure 6-3. Infrared Spectra of OH Groups of Y-Alumina
Evacuated at (A) Room Temperature (B) 100°C
(C) 200°C (D) 300°C (£) 400°C (FY 500°C.



128

H3 %5H5
O\N/ﬂ 0t 0
Al Al
(2.18) . (2.19)

1

The infrared spectra of adsorbed ammonia and pyridiné on
7’-a1ﬁm1na are shown in Figure 6-4 (B) and (C). A broad hydrogen-
bonding band at around 3500 cm—] was observed?with the disappearance
of the hydroxyl band at 3785 cm_] in both spectra. Both ammonia and
pyridine were believed E104] not to adsorb on the Bronsted-acid sites
through hydrogen—bonding.. Rather, the hydrogen-bonding was formed
between the adsorbate and the neighbouring Bronsted-acid sites. Other
spectral bands of the adsorbed NH3 occur at 3841, 3280, 1620 and
14472 cm_]. The re]ative magnitudes of the latter two bands, were much
larger than the former ones. For the adﬁorbed pyridine, the spectral

1

bands were at 3085, 3064, 1617, 1575, 1490 and 3458 cm . All bands

but those at 1617 and 1458 en! were weak.

TheQmagnitude of the spectral bands of the adsorbed species '
could be varied in two ways: first, by using different pressures of
adsorbate and second, by perform;ng adsorptﬁon af different tempratures.
In the present work, an arbitrary amount of pyridine or ammonia was
tontacted with the cata]yst wafer at room temperature to provide an
initial magnitude of spectral bands. The catalyst wafer was then
{évacuated at room temperature and eventually, by evacuating at progres-
sively .higher temperatures, it exh{bited spectré] bands pf smaller

magnitude.,
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The intensit%es of the 1620 ! and 1617 cm™ ! spectral
bands were chosen to rnpresen{ the amounts of Sdsorbed ammonia and
pyridine. This was aue’té their relatively strong intensity and
freédom from interfereﬁce of ‘the spe;tra] bands of adsorbed H,S (and
the adsorbed 502 discussed in Sectjon 6.3). Both ammonia and pyridine

were found not to react with hydrogen sulfide on Y-alumina, as

: confirmed~by the infrared specfroscopic analysis. Since ammonia and

pyridine are both adsdrbed on the Lewis-acid sites, the 1260 cm—] or
1617 cm_]<spectra1 band cou;d be used as a measure of Lewi§-acid site
occupation. | |

In the case of oxide ion sites, Schwab and Kral [128] found

that boron trifluoride and acetic acid could be selectively adsorbed.

Presumably, adsorption'took place in the following manner.

9.
0 C—CH3
F I 0
B3 C- CH3 s
: 0 H
X H | y H 0
7\ NS A
Al - Al Al OR Al
(1) (11)
6) (6.7)

The infrared spectrum of adsorbed acetic acid on Y-alumina

(Figure 6-4 E) is characterized by a broad hydrogen bdﬁding band at
around 3500-cm_] and three other bands at 1561, 1468 and 1355 cm-].

For adsorbed boron trifluoride (Figure 6-4 F), a spectral band at

1402 cm_] is detected but not the broad hydrogen bondfng band. In  this

work, the 1561 cmf] band was chosen to represent the amount of adsorbed
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acet%c acid on Y-alumina because of its re]afﬁvely larger magnitude.
For the adsorbed boron trifluoride, there was no choice Lut to pick
the only band, 1402 cm—]d Since acetic acid énd boron (i 1fluoride are
adsorbed on the oxide-ion sites of Y-alumina, the magnitude of the

T bands could be used as a measure of the

1561 en ! or 1402 cm”
occupation of these sites. The method of varyfng the amount of
adsorbed acetic acid and boron trifluoride on j—a]umina was the same
as that used foy ammonia and pyridine. No reaction was found between
hydrogen sulfide and acetic acid or boron trifluoride un Y-alumina
surface,-as confirmed by the infraredvspectroscopic éna]ysis.

With every variation in the amount of each adsorbate on
Y -alumina, 5 cm Hg pressure’of HZS vabor was allowed to contact with
the catalyst wafer later at room temperéture for 2 h. An infrared
spectrum of the4adsorpétes on Y-alumina was <hen recorded at room
temberature. For each specira] scan, there are mainly two types of
adsbrbates on the cata]y;t surface. One i§ HéS and the other is the
species preadsorbed prior to HZS exposure (ammonia, boron trifluoride
étc.). Since"eaéh‘adsorbate (excluding H25) could be used as a
measure of the occupation. of a particular type of sites, by %fottiﬁg
the magnitude of fhe spectral band of this‘adsorbate and that of the
adsorbed H,5, the importance of a particular type of sites towards HZS
adsorption could be examined. When the Bronsted-acid Sites,;re
examined. When thé Bronsted-acid sites are examined, only one adsor-
bate H,S is pré§¢nt on the catalyst surface and the magnitude of the
~adsorbed st‘specfral pand is’p1otted agaiﬁst thatlof thé surface
~hydroxy1 groups. A1l results are ;ummarized in Figure 6-5. There is

not much significance on the absolute value of the infrared absorbance
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of the adsorbates shown. More important are the slopes of the lines,
which will be used for discussion in the next sectioh.
6.2.1.1 Bronsted-acid Sites

Deo et al. [34] proposed the following model for HZS
adsorption on the Bronéted-acid sites of}'Y—alumina based on the brdad
hydrogen bonding band and the disappearance of the hydroxyl band

observed in his infrared spectrum of adsorbed HZS'

T (2.26)

The hydrogen bonding was formed between the bydrogen atom of the .
Bronsted-acid site and the sulfur atom of HZS N
The broad hydrogen bonding spectral band is not sufficient

"to ve;ify the model propos®d above. Peri [104] provided experimental
evidence to prove that the broad spectral band around 3500 cm -1 -could

be attributed to the hydrogen bonding between hydrogen and oxygen.

Deo et al. did not provide evidence or exp]anat1on about any
d1ff€rence in the spectra] bands between the hydrogen bonding formed
by hydrogen—oxygen and that by hydrogen-sulfur. The following models
probably can also account for- the same observation of the broad

|
hydrogen bonding band produced by adsorbed HZS on Y-alumina.
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WS T
H 0--H" “H S 0
0 0 | H “H--0 0 |
NarT N NarT Ny
: (11) (111)
/H\S/H\ H\S/H ~ N
H / . \ H , R \?
O t 0 O’ | O -
NarT N | c Nar 7Ny
. (1V) (V)
Ho H y He M
/ S N / S \
’ | N 0 / | \
0L | _0_ | 0L 1 _0
ST N Sar7 T N
‘ (V1) ' ) (VII)
(6.8)

-

On the surface ofnavcata]yst, one type of s{té may not be
completely isolated from the influence of other types of sites in the
neighboring area, As measured by Peri [104],there is always a
significant quantfty of hydroxyl .groups on th& surface of ‘Y—aiumina,
eveh.at temperat - re as high as 500°C. Hydrogen bonding formation '
need not proceed via the adsorptidn of adsorbates on the Qurface
hydroxyl groups. |

. Figure 6-5 (A) shows that as the magnitude of surface hydroxy} N
band_(popu]ation of Bronsted-acid sites) increases, the magnitude of
the adsorbed HZS band (popu]atign of adsorbed HZS) decreases. If HZS
is adsorbed on the Bronsted-acid sites, as proposed by Deo et al. [34],
tﬁe reverse situatio ould happen. The results in Figure 6-5 (A)

clearly demonstrate that H,S is not adsorbed on the Bronsted-acid sites
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of Y-alumina. As a result, the broad hydrogen bonding band and the
disappearance of the 3785 cm_] hydroxyl band recorded by Deo and also
in the present work should be interpreted as the interaction of

adsorbed HZS with the neighboring oxide-ion sites and Bronsted-acid

N

AN

sites of Y-alumina.
| On the other hand, if HZS is not adsorbed on Bronsted—acidi
sites, then the line in Figure 6-5 (A) should be horizontal. This
means that a fixed amount of HZS may be adsorbed regardless of the
population of Bronsted-ucid sites. This will be explained in greater

detail in Section 6.2.1.3.

6.2.1.2 Oxide-ion Sites

Very little has been discussed in the literature about HZS
being adsorbed on the oxide-ion sites of Y-alumina. Deo et al. [34]
proposed that 502 could interact with the surface oxide-ion sites to

prdduce a sulfate Tike structure shown below

0~ (2.29)

Using similar model, the interactioqﬂgf/ﬁg§‘w¥th oxide-ion sites was
suggested by Deo et al. [34] as shown below

H. H ’
\\;S e ~

~
-
- ~

0 -0 {
~ \m/ ~
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Figure 6-5 (D) and (E) both eghibip_the relation between thg
extent of occupation of oxide-ion sites (magnitude of the spectral
bands of adsorbed acetic acid or boron trif]uoride) and the population
of adsorbed H,S. The almost horizontal straighz\jﬁge of Figure 6-5 (E)
implies that no matter how many oxide-ion site§ were\dEEupigd by boron
trifluoride, about the same amount of HZS can be adsorbed on EFEFya“\\
Y -alumina surface. 'Thé resu]ts‘clearly demonstrated that”HZS is not \\\ *
adsorbed on the oxide-ion sites. The more negative slope of the line -

indicated by Figure 6-5 (D) will be exp]aihed‘in'greater detail in | \

Section 6.2.1.3.

§.2.1.3 Lewis-acid Sites

De RoéSet et al. [33] found that adsorbed HZO or HZS both
presented the deve]opment of the acid color by dicinamal acetone
(pKa = -3.0) on Y-alumina surche. While it is difficult to determine
whether ;onversion of the dye to its conjugate acid is due to intéfac~
tion with a.lewis- or Bronsted acid site, the exper1ment c]ear]y
showed that H S:reacts as a base with the acid sites of Y- a]um1na
High isosteric heats of adsorption for HZS (25 to™88 Kca]/mo],
depending on the degree of predrying of the a]um{na) were detected by
Dé Rosset et a1. and théy argued that reaction of'HZS with a surface
Bronsted-acid site (as suggested by Deo et al.) by hydrogen bonding

could not account fdr a high heat of adsorption. Instead, reaction of

l

'HZS at a Lewis-acid site would create an Al-S bond and more nearly

satisfy energetic requirements. They did not indicéte»whether such
adsorbent—adsorbate interaction was capable of transforming part of

A]203uinto A1253. Similar nhigh isosteric heats of HZS adsorption (16.3
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and 32.5 Kcal/mol at 0.02 wol/m’ and 0.42 mol/m’ at 423°K) on
T—a]uhina were a]so‘measured by Glass and Ross [46].

In the présent work, the strong interaction of adsorbed HZS
with Y-alumina surface was also noticed. The magnitude (absorbénce)
of the spectral bands at 2565, 1568 and 1345,cm'1, which represedt the
adsorbed H2$ on Y-alumina, cdu]d not be diminished by prolonged
evacuation at room temperature. |

Figure 6-5 (B) and (C) exhibit the relation between amount of
- adsorbed ammonia and pﬁkidine (which represents the extdnt of occupd—
tion of Lewis-acid sites) and that of adsorbed.HZS and Y-alumina. The
b]ot shows that as more LewisQacidbsites are occupied (more adsorbed
ammonia or pyridine) less HZS could be adsorbed. This imb]ies that
Lewis—a;id sites are importdnt for H25 adsorption, a conclusion which
coincides with that of De Rosset et al. The’HZS adsorption can be
represented by any one of the, following models depehding upon which

sites are in the immediate vicinity of the adsorbed HZS’

H H H H
B Sy 0" N7
0 0 0 0 0_ | '
| / ' / N ]
Na S N Al
(1) (I11) (I11) _
(6.10)

A1l three models could exist simu]taneous]y on the catalyst -
surface and all could involve hydrogen bonding and agree with the
e

results of infrared spectrum for adsorbed HZS on-T-alumina.

. Slager and Amberg [133] did not believe that HZS‘is adsorbed



on Bronsted-acid site of Y-alumina by hydrogen-bonding, as proposed by
Deo et al. [34]. They observed a shift of -166 cm -1 asymnetric
stretching. frequency and +51 cm ol bending frequency from the gas-phase
to adsorbed HZS by using infrared spectroscopic measurements. Such a
shift could not be explained by the hydrogen bonding formation between
the sulfur atom of the Bronsted-acid site. They proposed the following

model for HZS adéorption.

H H
- H s
, 0
Q]\\ //A]
0 (2.27)

In this model, HZS is adsorbed on the Lewis-acid site which agrees with
the experimental results of the present work. Hydrogen bonding is
formed between>the hydrogen atom of the stland the oxygen atom of the
Bronsted-acid site. ' ‘

In addition, they also observed the increase in 1ntens1ty of
the spectra] bands in the hydroxyl and hydrogen bondinc  3ion of
around 3600 cm -1 as well as the appearance of the spectral band at
1625 cm-] which represents the bending mode of the adsorbed water.

They proposed that adsorbed H;S decomposes to produce hydroxy] groups

and water as shown be]ow,

138



139

These were supported by infrared spectroscopic and gravimetric measure-
ments. The authoniaiould obtain a Tinear relation between the total
weight of the adsorbed material and the sum of the area of the infrared
spectral bands of the adsorbed HZS'and HZO’
) The Y—alumina catalyst used by Slager and Amberg was pre-
treated in the same way as the "oxidized- alumina" in the present work
mentioned 1n\Sect1on 6.1. Results similar to those observed by Slager
and Amberg were d1scussed in Section 6.1 upon adsorpt1on of HZS on
"oxidized. alumina", a]though a broad hydrogen-bonding band at around
3300 cm_] band was recorded. It was difficult to cohfirm whetherath #é
was any increase in hydroxy1 groups upon HZS adsorption on "reduced
alumina" because all spectral bands of the hydroxyl groups (except thath
of 3785 cm_]) were covered by the b;Oad‘hydrogen bonding band. From
the clese similarity ofythe mo]ecu]ar'st;uctures of HZS and H20 and the
stight difference betweeﬁ the disseciation energies of OH and.SH bonds,
it is quite possible that some adsorbed HZS can dissociate. in a s1m11ar
way to that of HZO upon dehydrated Y-alumina as confirmed by many
published works [100, 104]. The possible dissociation of HZS on
Y-alumina was demonstrated in the present work by isotopic exchange
method. First, the surface 0D groups which have 1nfrareg bands at
around 2700 cm_] were created by contacting D20 vapor with Y-alumina.
On contacting the Y-alumina with HZS “he magnitude of the 0D bands
diminished while that of OH groups increased. The qualitative adsorp-
tion-dissociation nature of HZS has also been investigated by'Sabatier
~and coworkers- [122,123]. De Rosset measured HZS adsorptibn on
Y-alumina and from the energy of adsorption, concluded that some

adsorbed HZS dissociated with the formation of surface aluminum sulfide.



Little is known about the nature of HZS dissociative adsorption, e.q.

what percentage of the adsorbed HZS is dissociated and under what
' conditions. However, it has been demonstrated in the present work
that dissociation of adsorbed HZS on Y-alumina, if it occuurs, did

not proceed far enough to produce adsorbed HZO because the spectra]

band of adsorbed HZO at 1625 cm -1 was not detected upon adsorption of

HZS on ‘reduced aluming".

6.2.é Adsorption Model Concluded from the Present Work

From the results mentioned in Section 6.2.1, it has been
concluded that HZS is not adsorbed on the Bronsted-acid or the
oxide-ion sites of Y-alumina. It is adsorbed on Lewis-acid site
and presumably a strong chemical bond is formed between the
~adsorbate and adsorbent because adsorbed HZS could not be removed
by evacuation at room temperature. The postulated adsorption model

is shown be]ow which is similar to that by Slager and Amberg [133]."

(6.11)
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The HZS is adsorbed oh Lewis-acid site via its sulfur atom and
various hydrogen bonds can be formed as shown depending on the fypes
of sites in the immediate vicinity of the adsorbate. The above
model also agrees with the experimental evidence collected from a
number of other pub]ishéd,works [33,133]. .

Partial decomposition of adsqrbed HZS on dehydrated

Y -alumina is possible although the extent of decomposition is not

)
certain and it does not proceed far enough to produce adsorbed water.
Immediate formation of Mater upon adsorption of HZS on dehydrated
a]umina i's not 11ke1y without the-presence\of surface oxygen
(Section 6.1). Some of these resylts agree with‘those of past
workers [34,133].

The adsorption of HZS on Lewis-acid sités can be used to
explain the results in Figdre 6-5 (A), which shows that although
Bronsted-acid sites are not responsible for HéS adsorption, they do
affect the amount of adsorbed HZS on Y-alumina. As Bronsted-acid
sites increase, the amounts of adsorbed HZS on Y-alumina decreases.
As proposed by Peri [104] and Parry [100], the hydration of
Y -alumina by water involves the creation ot two Bronsted-acid

sites and the occupation of one Lewis-acid and one oxide-ion site.

—



0 0
N o7 + o H0 N, - AN

Therefore, as more Bronsted-acid sites are created by increasing
hydration, more Lewis-acid sites are occupied. With HZS being adsorbed

on Lewis- ac1d s1tes,ﬂj éga1ns why the amount of adsorbed HZS
. ; y

decreases w1th 1nc;f ensted-acid sites.

v pplies to Figure 6-5 (D) , which shows
that progress1v‘vV ‘t/éou]d %I adsorbed if the Y -alumina surface
s preadsorbed w1th 1ncrdhs1ng amounts of acetic acid. As acetic acid

9

is adsorbed, one Lewis-acid and one oxide-ion site are occupied
3
=0

O\ \/\O\ /+ CH.jCOOH +/O\
AR AL

6.2.3 The Effect of Temperature on HZS Adsorption

In the previous Sections, the measurements of HZS adsorption were

carried out at room temperature. To provide more informations,

the adsorption was also investigated_gt’higher temperatures.

Figure 6-6 shpws the infrared spectra of the adsorbed HZS on y-alumina

wafer at various temperatures. At each temperature, about 5 cm Hg absolute

pressure of HZS vapor was allowed to contact the wafer for 2 h before

an infrared spectrum was recorded. -

A (6.7)(1)
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As indicated in Figure 6-6, the magnitude of the infrared
spectral bands of adsorbedoHZS decreases as the adso?ption temperature

I

increases. At temperatures above 100°C,. these bands becone a1most
undetectable. This may or may not indicate the abéence of adsoirbed L
HgS,at temperatures hfgher than‘]OO°C. It depends on the sensitivity
of the infrared spectroscopic analysis of adsorbed H23. With Tess than
half a gram of Y-alumina in the wafer the amount of adsorbed HZS may be
too low to allow infrareg epectroscopic detection. From the volumetric
‘ me%§urements of H2§ adsoePtion on Y-alumina by de Rosset [33] and Ross
145], significant amounts of HZS»cou1d be adsorbed at a temperaf&re as
high as 500°C. Table 2-3 shows some of the adsorption data collected

by De Rosset end Ross. The reaeen suggested why the volumetric method
cou]d'detect H2§ adsorption on y-alumina but the infrared spectro-
scopic method could not is that a much larger sample of Y-alumina could
be used in the volumetric method. In the infrared spectraoscopic method,
too Targe a sample would broduce a wafer with a thickness that would

substantially reduce its transparency to the infrared beam and th1s, in

turn, greatly reduces the analytical sens1t1v1ty

6.3 ‘Adsorpeion of S0» on Y-alumina _

The work described in this Section para]]é\i\iﬁat described
in Section “6¥2 except that SO instead of HZS was used.

~The adsorpt1on of SO2 on Y-alumina at room temperature
produced an 1nfrared spectrum character1zed by a broad hydrogen bonding
band around 3500 cm -1 with the disappearance of the hydroxyl band at

3785-cm_] as shown in Figure 6-8 (A). Three other spectral bands at
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2499, 1335 and 1140 cm”) attributed to adsorbed 50, were also detected.

‘These agree with other observations [34,78]. From the infrared spectrum ,

alone, it is difficult to conclude whatrtype of site which 502 is
adsorbed on Y -alumina. Unlike the HZS‘quorption, the.color of

Y -alumina wafer did not become yellow. Identical results were obtained
regardless of whether SO2 is adsorbed on "oxidized'aluminaﬁ or “feduced
alumina". The infrared spectral band frequencies for gas-phase SOS and
_502 adsorbed'on y-alumina are summarized in Tabie 6-2,

> ' TABLE 6-2

INFRARED BAND FREQUENCIES FOR SO2 ADSORBED ON

Y-ALUMINA AT RQOM TEMPERATURE

Compound | Observed Gas Phase Assignment
Frequencies Freguencies
(en™) (cn™)
: #
502 3 1140 1130 ‘
Sl 335 o 1158
, % ‘ 1342 . S-0 (stretch)
. 1351
1365
© 2499 2480
: 2497 5-0 ‘(bend)
S Y , 2509
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6.3.1 Selective Adsorption Method to v .ale Sites
of Adsorption “

The methods And experimental steps used in this:Section to
evaluate the typg of site for sz~adsorption on Y-alumina were
exactly the same as those described in Section 6.7.

From the infrared spectgg;copig analysis, it was found that no
réaction occurs betweéﬁ the adsorbed SO2 and any other absorbate used

in the present work. The results for 502 adsorption on y-alumina which ..

T
are analagous to those of H,S adsorption in Section 6.2 are’ summarized "

<3

in Fiéure 6-7. . .
6.3.1.1 Bronsted-acid Sites
Deo et al. [34] studied the 502 adsorption on,y—a]umina using
. w

infrared spectroscopic techniques and with the broad hydrogen bohdingu
spectral band at around 3500 cm_] plus the ni:appearance of the hydroxyl

band at 3785 cm-i’ they proposed that SO2 may- Le adsorbed acéord{hg to

3,

the following schemes: ‘ . -
0 0 | S
| : 0L !
; S
H i o
‘ (l) H o M
;;},0 ' //D ~ . 0 “ //0
\m ) AN ‘ AQ; \
(n (I1) (6.12)
IR

Actua]]y,\the infrared spectral observations by Deo et al. arexiﬁgﬁf’

sufficient'tb support the above two schemes. The fo]]owingiélternatives-

: D . . ! ' ‘V ;
ey g, €8N also’ ~ account for.their infrared spectral observatigns,
AT g L Lo N
TR O

T -
oy Dl . o
: ; . ) A
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N 0
/75 s : 0
1 S \
0 N 0 0 0 0 A
H y o N7 N 7 2>
0 ‘ i > 0o 3 07
, H - ~H : .M
0 0 0 0 0 0 0 0 0 . - B«
N 4 « AN N/ N ’/
Al Al Al Al AI 1!%$
(111) (1v) (v) () gy
, (6.13) -
Figure 6-7 (A) shows that as the surface Bronsted-acid sites 6 .
1ncrease, the amount of adsorbed SO2 on y-alumina decreases This Qé,
‘ Fu
demonstrates that 502 1s not adsorbed on the Bronsted ac1d sites. The :
detection of a broad hydrogen bonding band and the disappearance of the
hydroxy] band at 3785 cm”>

upon SO adsorpt1on,as observed by the infra-
red spectroscop1c technique

» are believed to be due to the interaction
i
of adsorbed SO

2aw1th the neighboring Bronsted acid s1tes
On the other hand, if SO

- 9
2 is not adsorbed on Bronsted-acid s1tes,
Hor1zonta] 11nes should be shown in Figure 6-7 (A)
negat1ve slopes

and not Tines with
The explanation will be discussed in Section 6.3.1.3

| , - N
6. .1.2 Oxide-ion Sites

-~

3 Uy
Deo et al [34] found that when the absoﬁﬁte pressure of 502
vapor in contact with -the Y-a]umina was increased to 3.1 cm Hg., new
infrared spectral Bands at 1685 andvléSO cm o oas well as a Wéaker pair
at 1410-and 1090 cmh]'were_detected. They attributéd these‘to the sym-
metr1c and asymmetric stretching vibrations of the perturbed adsorbed
50,.

Upon 1ncrea§1ng the temperature of adsorpt1on to 400°C

and- coo11ng
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to room temperature, a further pair of bands at 1570 and 1449 cnf]
appeared. Finally, after evacuation at 400°C and cooling to room tempe-
rature, two pairs of bands at 1375-1110 Cm_] and 1570-1440 cm-] remained.
They suggested two interpretations. One was that the two pairs of
remaining bands éepresent different chemisorbed species, each vibrating
With its own characteristic frequency. They did not elaborate on the
forms of the hypothetical chemisorbed species and the types of sites
involved in the adsorption. The other explanation involves the possible
formation of surface sulfate whlgﬁ/phe authors depicféd as follows:

O‘ 0 | n

RS A" | | (2.29)
The infrared spectral bands of some inorganic sulfites, su]fété;wand
bisulfates are listed in Table 2-5. A strong spectral band at';rbuﬁd ‘
1100 cm_] exists in every compound listed. Only thoge members’with'f'{.
crysta]]it? water produce a sizeable band around 1600 cm-] which y ¢
represents molecuTar water. None of them Possess the two pair of bands
'af 1375-1110 cm-] and 1570-1440 cm -1 as observed by Def et al. This
shows that the two pairs of .bands observed by Deo et a]*“ﬁ!y not be
sulfate bands. The exper1menta] exploration of su]fate formation on
Y-alumina in the present work wi]],be discussed in Section 6.4.

Figure 6-7 (B) and”(C) exhibit that when the adsorbed BF3 and

CH3C00H increase (oxide-ion sifes decrease), the aﬁ;unt of adsorbed
4 SOZ’decreases only very slightly. Although these results did not prove
that SO2 is not adsorbed on oxide-ion s%tes, thgy’do show that'the

oxide-ion sites are not very ‘important for S0, adsorption. Section
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6.3.1.3 will provide further clarification on this boint.

6.3.1.3 Lewis-acid Sites

Figure 6-7 (D) and (E) show thét as the surface Lewis-acid sites
decrease (amdunf of adsorbed NH3 and pyridine increase), the amount of
adsorbed SO2 decreases. This c¢learly demonstrates that Léwis-acid sites
are important for SO2 adsorption. The adsorption may be depicted by the

following scheme:

Ox S .~ 0
0o 0.
T UEAR e, (6.14)

In the above scheme, 502 is adsorbed on Lewis-acid site via its sulfur
atom. Low et al. [79] observed'a.shift_of 24 cm_] in the séectra]
band frequency from gas-phase SO2 to the adsorbed SO2 on Ca0 via
sulfur atom and a similar shift of 32 cm-] was observed in the present
work. With this type of adsorption scheme, it is possible to explain
the'resu1ts in Section 6.3.1.1 and the arguments used are the same as

those 1ift Section 6.2.2 Similarly, it could explain the results in

Section 6.3.1.2 by usihg'the arguments in Section 6.2.2. L

Ip.
t

6.3.2 Adsorption'Modei Conclided from the Present Work

From the present work, the model concluded for 502 adsorption on

" y-alumina is shown below,

t ' 9%540. H”/O‘\\ ¢O ’.’i““
e Hoo 0 i
3 0 _0_ v _0o . 0. . 0 B -
N . [ ' I ‘
R O 'R R T (6.15)
, ‘ . 7 \F;' . .
‘t"ﬂ,, »’ ;’“ .
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The SO2 is adsorbed via its suifur atom oh the Lewis-acid site of
y-alumina and various forms of hydrogeh bonding could be tformed, as
shown in the model, depending on the types of Bronsted-acid sites
surrounding the adsorbate.

Unlike the adsorbed HZS’ the majority of the adsorbed 502 could
be desorbed by evacuation at room temperature. Such phys1ca1 adsorption
has also been noted by other workers using the vo]umetr1c measurement
method. Ozawa et al. [97] found that the amount of-SOZ'adsorbed
increased monotonically with pressure. Ross et al. [118] considered the
SO2 adsorption’ to be a physical surface process.

On the other hand, Roux et al. [120] observed a high heat of
adsorpt1on at initial Tow Toading and then the heat dropped and Teveled
off quickly with increase SO2 adsorpt1on on H-mordenite. They attributed
this to the syrface heterogeneity of ﬁﬁe catalyst. Strong chemical
adsorption cge1d ocCur on some specific sites and when these sites
are occupied, the remainder of the adsorption woyld proceed
by physical process. ,f A s1m11qr phenomenon was observed by
Glass and Ross" [46] from their 1nvest1gaé;%n of 502 adsorption below

!.‘/ Lo
monolayer coverage on silica gel.

{
6.3.3 The Effect of Temperature on SO2 Adsorption.

Figure 6-8 shdws the effect of temperature on SO2 adsorption.
The infrared spectra were recorded with the y-alumina wafer in contact
with 5 cm Hg absolute pressure of SO2 at various temperatures. Each
contact was allowed to proceed for 2 h before the record1ng of 1nfrared

spectrum From Figure 6-8, it may be seen that as temperature 1ncreases,
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the a%bun@ of adsorbed SO2 decreases. At 100°C or higher, the spectral
bands of adsorbed 502 become non-detectable. This may infer that
nég]igib]e amount of SO2 adsorption occurs at temperatures higher than
100°C. The decrease in 502 adsorption with increase in temperature
was also noted by Roux et al. [120]. They found‘that the amount of
adsorbed SO2 at- 160°C on H-mordenite is oqjy 0.4% that of 0°C. Other
(upY ished vorks, listed in Table 2-6 show that 0.5 - 2.0 mol/m’ of
JSOZ could be adsoried on“Y-alumina and Silica Gel at 80 - ]59°C as
measured by the volumetric method. Comparing the published results
with those of the present work, the failure to detect infrared spectral
bands of adsorbed SO2 abo¢e 100°C probably means that thé quantity of

Y -alumina used is too little and hence the amount of adsorption too

small to allow detection by infrared spectroscopic techniques.

6.4 The Relative Importance of Varjous Types of Sites for Reaction

In Section 6.3, it has been concluded that both HZS and 502 | ¢
are primarily adsorbed on the Lewis-acid site of Y-alumina via their
su]fur atoms. It is the purpose of this section to investigate
whether'Lewis—aciq siteg (or any other types of sites)'a#é essential
for the react}on between H,S and SOZ' |

In heterogeneous solid-catalyzed gas-phase reactions, several
physical and ghemica] steps may be’involved before reagfénts'are
converted ihto‘broducts. The physical steps involve mass trar¥fer ‘

processes whereas the chemical steps involve adsorption-desorption



154

s

processes or chemical reactions. The latter may be a simple trans-
formation of reactants directly into products‘or may involve several
éteps in which more than one reaction 1ntermed1ate.may be formed.
After two reactants are adsorbed, they produce a number of reaction
intermediates and in doing SO, often require the participation of
other catalytic surface sites not related to the adsorptlon Depen-
d1ng on which reaction step-is rate contro]]1ng, the type of sites
which are respons1b1e for adsorption may not be as critjca] as those
sites which take part in the intermediate reaction steps.

In this section, the results of addition of various chémica]s
to the feed which are selectively adsorbed on a particular type of
'sites on Y-alumina were presented to the reactor. The réaction rates
unaer a fixed set of.conditions and with the presence ofvdif :nt
chémicais for selective adsorption are then compared. Pyridine and
ammonia were cho;en for selective adsorption on Lewis-acid sites and
HCT, BF3 and CH3COOH fd? oxide-ion sites. If the reaction rate
between HZS and 502 in the presence of pyridine or ammonia is lower
than that in the presencé of HCI or BF3 or CH3C00H then Lewis-acid
sites w0u1d be expected to be more critical than oxide-ion sites. W4

A un1form\gata1yst we1ght of 100 mg was used in all the runs
while all the reaction temperatures and pressure were set at 256°C and
715 mm Hg. The feed stream contained 4.0 mol ¢ H S 2.0 mol % SO2

94.0 mol % N In cases where a "selective adsorption” agent was used.

2°
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10.0 mol % N2 in the feed stream was replaced by that agent. Due to

the possible irreversible adsorption of t! se Pgents on.y-aiumiha, the
used cata]yst wafer was always replaced by a new one whenevér>the agent
was changed. The analysis was done by the infrared spectroscopic method
and the extent of 802 consumed was chosen to measure the react;?n

o

conversion. )
The results are summarized in Figure 6-9. Curve (A) r;presents
a series of runs without any "selective adsorption" agent and-was used
as a basis for comparison. Highest Teaction conversions were achieved
in this as compared to other series of runs. Before the commencement
of other serie; of runs, the possible reaction Betweén any of the
"Selective adsorption" agents and the reactants (HZS or 502) was
carefully examined aﬁd the results showed that no reactions occurred.
Curves (B) and (C) représent the runs where the feed streams
contained\‘NH3 and pyridine, repective]y.v The SO2 conversions shown
were less than those depicted \in curve (A). Two 1nterpreatjon§ may be
inen tb such oBservations. One’is that pyridine gnd NH3 competed with
the reactants for adsorption while the other is that Lewis-acid sites

may participate in the reaction (besides adsorption) and hence being

part]y'occupied by pyridingJoneNHB, the reaction rat® is)lowered.
Curves (c), (D) aﬁa (E). are results of runs when the feed
Streams contained HCI1, CH3CO 1ndeF3 respectively. The SO2 conver-
sions indicated by these curves are much 1ower‘than for the previous
curves. This is most clearly demonstrated by curve (E) where the SO2
conversion is almost zero. Both}HC],and CH3COOh are adsorbed on the

Lewis-acid and oxide-ion sites while BF3 is adsbrbed on oxide-ion sites

only.
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From the results of the curves shown in Figure 6-9, the extrene
1mportance of oxide-ion sites for the neact1on between H “ and SO has
been c]ear]y demonstrated although these s1tes are not respons1ble for
the adsorption of eijther reactants as shown in Sections 6.2 and § 3.

.Such experimental evidence may 1mp1y that the reaction mechanism between
HZS and SO2 is not of the);1mp1e Hougen-Watson type where the two
reactants are adsorbed on the adJacent Lewis-acid sites and then react
with each other to form the products. Some sort of intermediate react1on
steps which involve the participation of oxide-jon sites may be the rate-
determining step(s).

It des very difficult to evaluate tne import-ce of the Brorétedj
acid sites on the reaction in the present work. A *' -ugh by ~0OH
impregnation, the Bronsted-acid sites can beddecreaseq and Lhere are some
chemicals which can be selectively adsorbed on oronsted-acid sites,
the results 5 produced can be ambtguous The reason is that Bronsted—

-acid sites can be continuously generated by water wh1ch is a product
from the H S/SO reaction. 1Woreover water vapor pressure {which in

turn is related to reaction conversion) and reaction temperature also

p]ay an 1mportant role in affect1ng population of Bronsted-atid sites.

6.5 Sulfate Formation on ¥-alumina

The sulfate formation on Y-alumina has been investigated by
others [65,102], as mentijoned in Section 2.3.3.3. Two approaches ¢

were adopted in the present work for SUCh an 1nvest1gat1on

The first approach involved the use of infrared spectroscopic



"

method. A wafer'containihg 100 mg of v-alumina was contacted with

. £
502, O2 or 803 vapor under various conditiens and then the presence of

sulfate was aralyzed by taking an infrared spectral scan at room

temperature. The second involves wet chemical analytical methods. A
5 g batch of y-aTumina was exposed to gaseous 502"02 or SO3 at
various conditions. The catalyst was then removed ar 1§ | ed in 50 ml

\

IN HCT solution, filtered and washed with 100 ml of boi. 1y water
twice. The filtrate and wash-solution were combin  and cooled to room
temperature. Excess BaC]2 solution was added, the mixture stirred and

allowed to sit overnight. The mixture was then filtered and washed

throygh an ash]ess filter papeF The filter haper was 1gn1ted in a

cruc1ble whose we]ght was measured before and after the ignition to

determ1ne any ash present. Sufficient KBr was added to the crucible

to mix with any ash present and a wafer was prepared from the mixture.
The infrared spectroscopic method was used to detect any presence of

BaSO3_or‘BaSO4 on the wafer.

-6.5.1 Sulfate Formation from SOZ-

First, the experiments performed by Deo et al. [34] were repeated
twice to determine whether the pair .of infrared spectra] bands at 1570-
1470 cm ], which they attributed to possible sulfate format1on, could
be detected here. The eXperimenta]‘procedures were the same as oﬁt11ned
in Section 2.3.3.1. The y-alumina cata]yst used by them and 1n the
present work was of the same type A]on) Sufficiently s]ow scanning
speed was used to ensure an adequate sens1t1v1ty of the analysis by

3

the infrared spectrophotometer ’ ‘ p

158
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.

o Attempté to Tocate the 1570—1470‘cm-] bair of spectral bands were
fomp]ete1y unsuccessful. Eventually much higher SO2 pressure (50 cm Hg)
énd longer contact time (36 h) than'fhose in Deo's work were used and
siﬁiTar]y, it was not possible to observe any spectral bands around
1570-1470 em™ . . ’

The experiments were repeated uging 5 g stead of 100 mg of cata-

.1yst and wet chemical plus infrared speétr( copic analysis were adopped.

: Again, neither BaSO3 nor BaSO4 nof any other su]fite/snyate could be

detected. Apparently, cbnfacting of SO2 with y-alumina under the
experimental conditions adopted in the present work does not generate
observable amcunts of sulfite or sulfate.

n

6.5.2  Sulfate Formation from 50, and 0,

Since sulfate formation could not be detected by contacting the
y-alumina with 502 alone, another series of experiments invol;ing bdth: )
502 and.O2 was carried out. The experiment consisted of two pdrts.

First, alternate 100 cm Hg doses of 302 and 02 were coniacted with the
same Y -alumina wafer at - 400°C for 2 h, after which the tkeétnent'gas T,
was evécuated. After:abtotal 6f ten consecutng ¢ (fivé for SO2 and
five $0r 02), the wafer was evacuated and cooled ‘to, room tgmperature

to be.§cahned by the infrared‘spectﬂbphotomefér‘ 'Iﬁe~acanﬁing

speed as well as sensifivity wére carefully ton;ﬁp}led'gdurihg recording
of thg spectrum. The SECOﬁd part of the experiment involved using three
gaseous mixtures of 10:90, 50:50 and 90:10.502 to 0, ratio.to ﬁontaét
with Y-aTumina separateTy-for 12 h at 400°C and under 4 600 min Hg/}Qtal

pressure.. For each mixture, a separate y-alumina wafer was used. After

-
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each contact, the wafer was evacuated, cooled to room temperature and
FE analyzed by 1nfrared spectrophotometry * These exper1ments were repeated ‘

e by using batches of 5 gm y- a]um1na and with the wet chemical plus the

infrared spectroscop1c method of ana1y51s as ment1oned in Section 6. 5

w?

A]l results falled to produce the pair of infrared bands at
©1570-1470 ¢m -1 as obscrved by Deo et al. [34] but formation of sylfate
' was detected as shown in_Figure 6-10. f ‘i These bands bear a close
resemb]ance to those of pure BaSO,, BaSO,, Al (SO ), or A1 (SO ) and
3 4 2'77373 413 ¢ ot

1nd1cate that in the presence of oxygen, formation of su]fate on
y-alumina by contact1ng with SO2 is possible.

9] 1

1

6.5.3 Sulfate Formation from‘SO3 N

S1nce sulfate format1on on y-alumina was indicated by contact1ng
7
w1th the ~gaseous mixture of 502 and 02, the next otwect1ve was to 1nves—;

t1gate the format1on of su]fate from SO3 A 1( q x—a]umina wafer v

was p]aced 1n the infrared ce]], subJected to the al pretreatment

uSed in th1s work and then exposed to about 5 nm Hg absox pressure .

“of anhydrous 503 vapor at room temperature Tbe contact W alntagned -?‘;

R

for i 1/2 h and then the@1nfrared ce]t wasvf1rst evacua/ed for 2 h

at room temperature fo]] degas51n at 4OD°C for 2:K." The 1nfrared
9

cel] was a]]owed to cool s]ow]y;%o room - temperature and an 1nfrared

-

spectrum was taken on the &aa]um1na wafer, Dur1ng *he anrared scan the
’ SO3 treated wafer was p]aced in th;'sample beam while another equa] size

pure v-alumina wafer was in the reference Heam of the 1nfrared spectro-‘

photometer. This match1ng Was requ1red since both the su1f1te and sul-

fate bands are near the\alum1na band By placing an equa] size wafer in

14

~

\ _ : . ) T - T
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PR

ot




L

JONVLLINSNVHL -

Y0+ 0%+ %5 (H) 0% + Y05 (5) <o () ““0 + %05 (q) o5 (0) - )
U3tm pa3oeduoy eutunjest ¢ E(Ypg)py (8) E(%0s)%1¢ ¥ (y)
- <« ‘eutwnie- £ uo coﬁm:io.f 9384 1NS JO euydads um;m&& "0L-9 8unby
. ] (1-wo) ...,.%OZmDOmmm _ L .‘
’ 000! 0061 000 "7 .00ST  * o000t : 00SE  °  ooop
T " ™ T ERE , @ T _ T .
3
\
C I
<

-



>

prev1ous section, it appears th%g§?6‘~

the referedci beam, the intense A1-0 band could be compensated enabling

any sulfate r sulfite present to be observed. The spectrum, as shown

in Flgure 6 10 contains both the sulfite and su]fate bands at around
1100 cm ]. These bands bear a c]ose ‘resemblance to. those of pure BaSO3

Bas0,, Al (503)3 or Al, (504)3 | ‘ '

-

The experiglent was repeated by using 59 v-alumina and wet

chemical plus 1nfrared spectroscop1c ana]ys1s When excess.BaC]2 was

added to the f11trate in the ‘wet chemical analysis, g white- R@gc1p1ta}e -

was obtained.  As ana]yzed by the 1nfrared spectroscop1c method “this

wh1te precipitate was‘?oun%ﬁto contaTn both BaSO3 ahd BaSO4 as shown in

L .

Figure 6-10. .aﬁjt‘ i . e

By compar1hg the resuTts 1n¢th1s sectqon with those in. the
o LN el

2 Q\,e";)

_ﬂthe QOB/O mixture were strong

enough chem1ca11yyto form su]fate and/or su1f1te bn y-alugin hlle S
Qe W

w® 0
a]one was not‘ In the case of 802/02 m1xture, 1t was not’ c]ear whether
*‘*rx {.K‘_, o, U g
502/ reacted d1rect1y on the Y~alumina surface(to‘produce su]fate or
b L AR e , A
7nd1rect1y v1a the format1on of SO3 f1rstﬂ”' : S € : :
. - &Py
Ti woo SR > . . ‘
- ‘ ’ ' ’ b
. b . .
6 §‘4 Su]fate ?orm§%1on in th g esence of Water Vapor o, ) @i“§7

" ‘
Sinte water vapor is a1ways presea% in the 1ndustr1a1 reactors

involving. the C1aus react1on, the pos#

¢ a
. * the ﬁ]ﬁﬂéie of - SO2 and 02 on y-alumina.in the presence of water vaporf

was also 1nVestlgated A 100 mg y a]um1na wafer was contacted at 400°C

for 12 h with 30 cm Hg of 302 vapor which had been saturated with water

at room’ temperature The wafer whs degassed for 12 h and cooled to room

.ot - ~

T1ty of su]fate formation by SO?

.témperature for .an infrared scan. Durlng the scan, an identical wafer .

i
‘\
]
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of y-alumina was placed .in the reference beam of the infrared spectro-

photometer. No sulfite or sulfate colld be detected in the analysigy

'.I

The same resilt was -obtained by repeat1ng the experiment with 5 g

- A"’
iy

y-aluntina Legether with Wif che@ica] plus infrared spéctra]}ana]ysié.

T @ spectrum showv in Figure 6-10 was récorded after an experiment
. ) X .

identi . to the above but which jrang

s &

of - )2. Both sulfite and gu]:@h‘

The ~esence'of sulfite and sulfate wee'congirmed by repeating the
erperiment With 5'9 Y-alumina and using wet chemical plus infrared
spectral analysis. - / o

From the resu]fs, it appears that formation of sulfite or su]fate |
on y- a]um1na was feasible with the mixture of SOZ’ 02 and HZO whereas the

absence of 0, or SO reduced the format1on, if any,to a neg]1g1b1e rate. ' Co
2. 2 . . dad ' Ry

: . . . s

| ©In order to eva]uate,whether,’-the&lfite or sulfate formation on

+ i

o a]umlna was feasible undervthe exper1menta1 cond1t1ons of k1ne§$c ' o

runs in the present work, the three Y a]um1na wafers emp]oyed in test1ng K

7

‘ther “catalytid activity in Sect1on 6.10 were examined. These wafers all
A S
had aJServ1cé”hJstory of 63 h (each with seven 9 h continuous runs)

Lo

P

fNo sulfite or sutfate could: be detected 1n any one of. these wafers by wet

J

‘4

"chem1ca1 plus 1nfrared spectrpscop1c ana]ys1s $1nce any one batch of
y-g]umina used\in the ﬁresent kinetic runs had less than 40 h s?rviee, §~

<the possib™ effect of su]flte or su]fate on react1on rates cqu]d be

-, . -
neg]ected o ;
v : . 4
8 - *@ > » : ’ ~ o~
“-.7 6.6  Preliminary Kinetics Experiments o
B i - a
o , -

Before commencing the kinetics study in depth, preliminary

A .

“experiments were carried put. In a "blank" gun, passible hdmogene?us_j

/
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reaction orﬁCﬂta]yt1c effect of the equipment, walls were examined. The
reversibt11tékef the reaction was then tested to determine whether the ,

.reverse reaction occurred at a detectable rate. The significance of mass
transfer effects in gas-film or pore diffusion was also investigated.
Finally, the stability of the. cata1yst activity was checked to ensure the

reliability of the kinetics data. These exper1ments will be discussed

in the fo: owing sections.

6.6.1;, Blank Run - R

? \ .
'QF" The possible catalytic effect of the surface of the experimental
:equjpment was evaluated by using-ahfeed containing 10.0 mol % HZS’ 5.0

mol % SO2 and 85.0 mol % N2, first, without the recyc]e pump

4]
and then with the recyc]e pump in operation. . Before the introduction

o ﬁft}-of feed the reactor and feed syi&ﬁm were chganed carefully to eliminate

J‘particles of cataTyst EUrﬁng th1s test, the reactor pressure was ma1n—

% ) ,;- r"\'ﬂ
Y, tamed.,near one atm. and” the tﬁtor temperature was 1ncreased from %‘ iR 2
S R

iy, . %

to 350 Cin steps of 50 C. At each"’-temperature, the operat1on wa

~

allowed to proceed for at least one hour before the fEed .and product

analysis were performed. T ‘ i

5

" » i By measuring the water vapor content in the feed cell by infrared
o spectroscopy (accord1ng to'Sectjon 5.1.3), it was poss1b1e to determ1ne

U:‘\'” W

1f reaction had occurred in the system upstream from the feed ce11 On
the other hand, by eompar1ng the concentrﬁt1cwgof SO in both feed and
product ce]]s (again as per Section 5.1.3), the occurrence of chemical

reaction in the reactor or recycle pump could be found. In all runs, no g '~§3}

evidence of reactin cquld be,detected. '
, Qu % _ //
- ".';;,', ‘-\i;-;U.:A‘_x~" F.8 v TN ' v < .“u-»: - ’ .
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f,: The absence of reaction without cataLyet.was true only if
reactants and products in the system remained in the vapor state. If
:either water or sulfur was allowed to condense, reaction between HZS and
Sbéycou]d be observed to occur in the resulting liquid ohase. This
effect has previously been observed [22,64].: McGregor'[84] studied the
kinetic of the reaction between HZS and SO2 over a bauxite catalyst and

. also reported that the surFﬂ%e of his equipment.fabricated from 316

stawn]ess steel was non- -catalytic.

6.6.2 The Reversibility of the Reaction

"The reaction between HZS and SO 15 revers1b]e, although the . ) ;

I

forward reaction 15 much more dom1nant;at 1ndustr1a1 cata]yt1c react1on ,
temperatures To dﬁderstand the react1on mechan1sm and ‘to deve]op‘a -
“k1net1c mode], it will be usefu] to ascertain the significance of re-

verse reaction w1th1n .the range of reactlon condi tions adopted for the"

sent work,~exper1ments were des1gned to ¢

“I

. rate measurements Iq t: y
investigate the'equi]ibrium;cbn&%rsion oifgiéétjon~(2.l) and to. evaluate

the extent of reverse reaction occurring at the conditions used. . {
\

6.6.2.17 Equilibrium Conversion N

<

Gamson and Elkins[42] studied the rate of H S/SO reaction

3>
“over baux;te and found the measured H S conversion was higher than

9

thelr theoret1ca1 equ111br1um conversion for the same cond1t1ons
Cho f2]] ga1cu]ated theoretical equilibrium convers1ons by using the
" free energy m1n1m1zat1on met hod [84] and. pub]1_bed thermodynam1c data- »

F83 144]’ He. qons1dered a sto1ch1ometr1c ratlo of H: S/SO in his feed  __

V/~ ) . .\‘_: T 3
gL ET Ly O T

i B - -
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compositions. .
‘ h At 4005C, he found that as the'NZ/SO2 ratio in.feed compositions
increased from 3 to 200; the equilibrium SO2 canversion increased from
76 to 89 %.

"'fCho_a1so measured tr: r .o of Aeaction between HZS and 502 over
a[commeroia] y—a]umina (Kajs«r = = ; *n a packed bed reactor. Using a
- feed stream conta1n1ng 95.5 mol % NZ’ 3.0 mo] % HZS and 1.5 mol % 502 and
space velocities of 100 or 4 h 1, his measured 502'conversions were
5 and 10% h1gher than his ca]cu1a%ed equ1]1br1um convers1ons
) TYmr%ﬁscrepancy between measuredland ca]cu]ated equ111br1um conversions,
%t as repnrted by both Cho [2] and Gamson (421, may be exp1a1ne? in two

"Ways. F1rst the theromodynam1c data used for theoret1Ca1‘equ111br1um .

cq]cu]atTon may not be accurate Second]y, both authors a]]oWed the : ‘v\

t

'hp«hp condense in orderuto remove it from the product stream before

t

rgo1ng chemvca] ana1y$1s Sns a resu]t, it may be poss1b1e that

g "
B the1r observed convers1bns are excess1ve ‘ ’
In this work the equ1pment shown in F1gure 6-11 was used to

7 .

examine the estimation of equ111br%um conver51on for the H S/SOZ' ’

3

reaction. The equipment cons1sted of an 1nfrared ce]] connected to a

reacﬁionwchamber conta1n1ng some cata]yst'pe11%§s. The\ﬁan 1nfrdr%d

Te

" windows at both ends of the infrared cell were sealed with the silicon
" potting compound. Except for the infgared windows, the only material s
) L , .
of construction used for the equipment was 316 staigless steel. To heat‘5

this ce]] externa]]y, tw separate sets of nichrome wire were wound

v

around the equipment and fﬁsu]ated with asbestos tape The f1r§t coil
j t

of nichrome wire heated the “infrared cell and the needle valve above it.
{ L « ' ‘
1 /” ! -
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The second coil of nichrome wire heated the reaction chamber and the

needle valve located between the infrared cell and the reaction chamber.

The voltage input to the nichrome wire cauld be varied and the tempera-

ture in the infrared cell (or the reaction chamber) was calibrated

against the Variac settings., The’two nichrome wire heaters allowed the -

infrared cell and the reaction chamber to be heafed separate]y
The equipment was carefu]]y'chégied for the absence of Jeaks.

To start an experiment, a known weight of Y-alumina was introduced

into the reaction chamber by removing the plug at the end. After the’}h

X i

plug was carefully secured, the entire equipment was connected to the
9]

vacuum system through the ball joint. The valve on the inlet line Was..

slowly opened so that the infrared cell could be evacuated. Next, the

valve ort the reaction chamber'§dde was opened to evacuate the chamber.

After the system pressure was reduced below 0.01 mm Hg, "the temperature
of the infrared cell was gradually raised. The infrared cell could be

heated to 250°C by setting the Variac at 50 V. Whenmthe temperature

'df the infrared cell was above 100°C, heating'ot the reaction chamber

was commenced. It was important that the infrared cel] temperature
‘ g : J

be above 100°C before the reaction chamber was heated because the water

vaporized from the catalyst could recondense on the CaF2 windows. The
»

’cata1yst was degasseq at 400°C for 16 h and then cooled back t he

temzfrature at which the experiment was to be conducted. The

temp rature of the 1nfrared cell was ma1nta1ned at 250°C throughout

-

A gaseous m1xtuqe conta1n1ng 4:0 mol % HZS 2. 0. mo] % 502 and

94.0 mol % N, was~ then introduced 1nto the 1nfrared cell (250°C). During

“ne introdu~ t1on the need]e valve to the reaction chamber was c]osed

4

- (e S
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to prevent catalytic reaction. After.the 1ntroduction, the total
pressure in the infrared tell was measured bv a manometer and the entire
}lr apparatus was transferred to the sample cqgf&rtment of the infrared
?4§§ag5pectrophotometer for analysis. A complete infrared spectrum of the SO2
in the infrared cell was recorded and this is shown in Figure 6-12 (A).
Then, the vé]ve leading to the reaction chamber, which contained the
catalyst maintained at 210°C,owas opened, allowing the gases to‘contact
the catalyst. ‘During this contact, the partial pressure of'SO2 in the
» infrared cell was determined at intervals. .After about 6 h of reaction,
the SO2 partial pressure in the infrared cell was Tess than 5% of that
present originally. The<pertia7 pressure of SO2 increased s]iéhf]y when
the temperature of the reaction chamber was raised to 350°C.The results
~are shown in Fjgure 6-12. The accuracy of the equipment was inadequate
; J
for determining the exact extent of equiliprium convérsion. However, it
was quite evident that more ;?ﬂ ,90% ‘of t&reactants had been consumed
after the 6 h contact with thgét&jyst\k T'h’e*measured equilibirum-
conversions are s]1ght1y higher “than the theoret1ca]]y ca]cu]ated‘Wa]ue
[84,21] but Tower than those measured by Cho [21]. _ -

- The greater reliability of infrared spectrophofometry over gas
chromatography for measuring the equi]ibrium conversion results from |
e]1m1n?;3ng the need to condense su]fur fpr:}he IR fna]ys1s To improve
the re71ab111ty of equd 1ibrium compos1t1on measuréments the equjpment
described here1n.shou]d include a small magnet1c centrifugal pump. By

\c1rcu1at1ng the gases between %he react1on chamber and infrared cell,

J» @ more rapid approach to equ111br1um by reduction of concentrat1on

grad1ent would be an; c1pated
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6.6.2.2 The ixtent of Reverse Reaction

. Aty R N
Ari experiment was carried out with the equipment mentioned in

* Section 5.1 to examine whether the reverse reaction was s1gn1f1cant under

. the reaction cond1t1ons being studied. The approach adopted was to
sintroduce Sx and HZO‘diﬂuted with a carrier gas (NZ) into the reaction
chamber containing*y-alumina catalyst and then to observe the formation

*of H,S and 502. A catalyst wafer containing 1.0351 g of y-alumina was

2
employed in this experiment (compared to lTess than 0.13 g used during
all of the kinetics studies). A flow-rate of 40 ml1/min of pure nitrogen
was bubbled through Tiquid sulfur in a reservoir kept at 300°C. : This

N mixture was then combined with a continuous stream'df 1595 X 10-4 g mo]/
min of water vapor in the preheater. The combthed gaseous m1xture then
entered the infrared- ce]] reactor and f]owed over the Y- alum1na wafer

' _The 40 m]/m1n n1trogen carrier gas f]ow rate was Jower than the lowest

-

- - one (62 m]/min) used in the k1net1c measurements Thedreactor
- was maintained at 210 C and 805 mm Hg " The cont1nuous flow of}gaseous }‘
mixture (nitrogen, water and su]fur) over the cata]yst was allowed to ’

*proceed for over 1.5 h before any analysis was attempted To prevent

condensat1on of sulfur, the recycle pump was d1sc_ ed prior to this

- < . -

exper1ment Then both feed and product cells of’ the reactor Toop were'

introduced. into the: sample and referenee beams of the 1nfrared spectro-.

\

stream which had been in fontact w1th the'cat§1yst The resu\t1ng
analysis revealed the absence of 502 1nd1cat1ng that the HZO and S had

not reacted. Th1s experiment suggested that the reverse reaction,

&

§ ' . . :
;—Sxf + 2H20 > 2H2 S + 502 » (2.1)

B . 'y

4

photometer, respect1ve1y, to detect the presence of 502,1n the gaseous \

ke

X



does not occur measurably at 210°C and 805 mm Hg. The experiment was

then repeated at a reactign‘temperature of 320°C and once agai‘n'SO2
was not detected. Since this experiment employed a larger quantity
of catalyst, a lower carrier gas flow-rate, and’comparable if not
+higher sulfur and water part1a1 pressures than used in any o# the
k1net1c measurements, it would therefore be reasonab]e to assume

-that the reverse réaction rate may be 1gnored in the kinetic' runs

oy

carried out in the present wark

S e Sdhe published rate equations proposed fo[ the C]aus
i 1.5

v react1on, e.g. (-r HZS)‘ kPHZS' PSQZ by Taylor a
: *ﬂﬁ US1ng Pyrex glass as catB]yst, and (-r, ) = kP’ by Georget[25]
q@% | HZS ) HZS .
us1ng var1ous aTumtna based cata]ysts, are, a]so expressed w1thout

R
LI

d Wes1ey [138]

. revegse ‘reaction térms:

6.6. 3- Mass Tragsfer Conswderatlg_

oL Thg®1nvest1gat1on of oata]yttc react1ons is comp11cated
by the fact that the prpcess frequent]y 1nvo]ves diffusion as we]]
as chem1ca1 phenomena. - The ]1ke11hood of encounter1ng s1gn1f1cant

d1ffus1on effects is greatest in ‘the case of the most active -
v‘g"

catalyst. Interpretc¢1on of experimental kineticg results becomes

v

difficult when mass transfer res1stances are s1gn1f1cant in
comparison to chemical resistences. Satterf1e]d [125] and

Carberry [17] have extensive1y reviewed the effect of mass transfer

172
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upon observed reaction kinetics., Carberry [17] expressed the various
rate-controlling domains as a functyen of key experimental variables, g
as summarized in Table 6-3. v . )
_ o . P
,// ‘\.
TABLE 6-3 - }
BEHAVIOR OF VARIOUS KINETIC@PARAQETERS
IN EACH DOMAIN OF CONTROL (17)-
- - I” :
. *
Domain Activation Order Pellet ‘Size  Flyid Velocity’ =
. .Energy ‘ ; : '
J ‘«m L p ) .
,s\,'."’ o N . BE
Chemical Reactio%%% . E . coon " s, independent independent
Pore diffusion- © nl (—r‘A)=f5%) “independent
reaction 2 L2 o !
o K : 3 . - 3
Bulk Mass Transfer , first (—rA)=f(%) /2 '(ve]ocity)]/z
(:'.;) | . . ‘ o
- v AN
. ¢ -
1/L = external surface area-to-volume ratio for the wafer." ’

/

Before measuring the k1net1cs of react1on (2.1) using the IR

ce]] -reactor, the 1nf1uence of mass transfer on the rates of react1on

~must first be evaluated. Accord1ngly, the effects of’ both gas f11m

v T
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~Such an empirical correlation allows one to estimate kG (which is
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diffusion and pare diffusidn on the reaction rate were-invéstigated.
. . : ) R &>

¢

76.6.3.1 "Gas-film Diffusionb - . L N

>

A react1on is cons1dered to be gas f11m d1ffus1on contro]led if

®

the rate of d1ffu51on through the gas= f1] mds. much slower than any of

the compet1ng chem1ca1 react1on, pore d?ffus1on, adsorption or desorpt1on

steps Theoretical as well as exper1menta1 methods exist for examining

.whether gas- £11m i ffusion is ‘significant in a reaction. In the

theoretical methods, the raté (or f]ux) of-gas film diffusion is

predicted using the relation,
N = k. (P, - P.7) (6.16)

If the predicted N s much greater than the. observed rate of reactlon
(either measured experimentally or ca]cu]ated from a rate equation)
then the reaction is probably ‘not gas-film coqtro]]ed.

From dimensional ana]ysis,Chiltoh\and Colburn [20] developed the

N\

\ .

corré]atioh shown below for"kG

I3

: R’ (6.17) e
/ ]2 e C ;

used to calculate Ni) if the physical properties of the gases including
difﬁJsivity data are known. They sugges ted that in the osence of

d1ffus1v1ty data, the folTlowing Chapman- Enskog expression can be used to

_estimate the d1ffus1v1t1es,
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AU , 3
D, =§?0.b01 28 T [(My+M,)/MM,]
_ P s 2
12

(6.18)

&
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Iniadditioqc they also provide a graphica].correlation of'jD versus NR
' ‘ e
whioh SEen is very useful for obtaining kG from-the following equation,

4
. 2/3 .
= LN (6.19)

‘McGregor [84] performed the theoretical calculation for gas-film

diffusion in his study of Claus reaction o . Lewsite catalyst by using
-two examples. The first was by using tt condii, used in one of his
“kinetic runs while the second was done : - adupiin  _he operating

-conditions ofcohe ofxthe industfia] sulfur plant chosen by him. In both
e;amples, gas-film diffusﬁon was not found to be rate-controlling. A #
similar theoretical calculation is described in Appengix_F and thé fesu]t
| again suggests that gas—fi]m diffusion was not rate—con%:b]]ing.

Experimental]y, the signjficance of gas—fglm diffusion in‘a
reaction can bé examined by varying the’feed rate while keeping
both the feed composition and spacé—time constant [73]. If the reaction
conversion is not affected by the different fluid ve]oqitieg in the bed,
the reartion is probably notogas-fi]m diffusion controlled. With a pe-
cycle ;eactor, the gas-film diffusion fs tested by varying the recycle -
ratio and holding other reaction conditions constant. If the bulk flow-
rate in the recirculation Toop does not affect the rate of reaction, the
gas-film diffusion is probably not sign{ficaht. .Since a recycle reactor
was used in these kinetic meaSUrements; the gas-film diffusibn was
investigated by changing .the recyc]e;ratio. \ -

About 0.1105 g of y-alumina wds employed inﬁthis experimeﬁtu
carried ‘out under the reaction conditiohs;GUt1ined in Table 6—4./During

- the experiment,the recycle flow was varied from 28.3 to 45:1 L/mih .
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by changing the recirculation pump speed.

» (fABLE 6-4

REACTION CONDITiONS USEDFFOR_EXAMINING GAS-FILM DIFFUSION

1

» ratalyst Weight (g) S _ 0.1105 - C.1105
‘eed Fldw Rate (ml/min) . 80 . 80‘ .
Feed Composition N2 k- _ -94.0 o © 94.0
(o1 %) HS 4.0 - 4.0
| S0, 2.0 0 S
Reactor Temperature (°C) ' 210 ) 320
Reactor Pressure-(mm Hg) V 801 | 801

. [

A}

[The reaction conversion was found to be unaffected by the volumetric
flow rate in the recycle loop. ‘

\ Normally, Qas-fi]m diffiusion contreiled is more ﬁrobablg wheﬁ’
the rggg;ion rate is'high,and/or when the reactant paftfa]
pressure is low in thé system. More generally [125], the probability
of gas-film diffusian ;ontro] is proportional to the ratio of the reac-
tion rate to-the reactant partial pressure. Thé two sets of conditions
in Table 6-4 had Ehe highest.raiio of reaction rate to reattant partial *
prgséure. In addition,-the recycle rates used‘in kinetic measurements
were all higher than those used in the gas-film diffusion 1nvgsti§atﬁon.
Repeating the experihents by changing..a 0.1085 g wafer from a pqsition

perpendicular to the direction of gas flow to a posjtion parailel to the
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direction of gas flow also indicated that the gas-film diffusion was not

Significant. Therefore, it is reasonable to assume that the bulk ,

diffusion was probably negligible in a]]'the kﬁnetic runs in the,presenf §
’,

work. (one may also speculate that the reactive area of the extremeTy

thin wafer was rap1d1y ac- ess1b1e to gas flowing on e1ther side of the

wafer. This has implications concerning pore-diffusion).

6.6.3.2 Pore Diffusion -

Pore diffusion may occur by one or more of three mechanisms:
ord1nary d1ffus1on andsen diffusion and surface d1ffus1on. Satterfield
'{125] in his study of these.subjects reports that surface diffusion
becomes significant only when the pahpial“pressure of the,reacting
species is an appreciable fraction of the vapor pressure and availab]e
zpub]ished data indicate that it contfibutes very little to tﬁe overall
transport processes through a poéous media.

Ordinary gas diffusion occurs in pores if. gas-gas molecular col;
1isionsApkeQOm1nate. The efféct;ve diffusivity D12,é%f’ may be used to

relate the mass flux to the total cross-section of‘thg porous. sotid, as

~

- D, 8 ' . |
Mlaerr T 2o | (6.20)

where 8 is the pgrosit?’and T is the tortuosity factor. The

overall diffusiviﬁy D :fh'the pore is then related to the effective

\

d1ffus1v1ty D]2 o ff and Knudsen d1ffus1v1ty DK of f accord1ng te equat1on
(6.21), , /

—
O] =

1 - — o+  (6.21)
eff K,eff 12,eff a
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Knudsen d1ffus on predominates when the ‘gas density is 1ow
and/or when the pores are quite small . .Under this s1tuat10nm
the molecules collide with the pore wa]f much more fréquent1y than with
each other. The molecules hitting the wall are momentarily adsorbed
and theh given off in random directions (diffusively reflected). The
gas flux is reduced by thc wall ”resistaacé“ which causes a delay since
both the diffuse reflection and the finite timé the molecules are y B
adsorbed. Kinetfc theory provides the following relations for Knudsen
diffusion in gases in a étraight round pore,

4

Dk = 9700 r, VT/M ‘ ‘ (6.22)

—\

where o is the pore radius ig cm, T the temperature {H. k and;M the -
molecular weight. -

Normdally, the iﬁterna] geometry of consolidated porous solids
are poorly ﬁnderstood; énd the following re]ation has been prdposed

[125] to afcount for this unknown,

2
- Lo
= 19800+ T, /I/M (6.23)

D
,eff
K gf mg’p : e .

where g is'the tortu&sity factor calculated from a mean pore radius, Sg
is the/totaj surface area in cm2 measured by BET method and o is the
density in g/cm of the solid.

From a practica] point of view, one.would 1jke.to have é crite.
rion which used measured values of reaction rate, effective diffusi?%ty,
read&ion order, and so forth, which could then be used‘to discern whether
a 7 action is‘operating near the pore-diffusion cdntrq]}ed'¥egime. The

hd}e commonly uséd [84,125] and simpler criteria for such purpose are



Hudgin's method f59] and the effectiveness factor method [125].
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Hudgin's

" method is considered to be ééﬁ%érvatiVE, perhaps more than necessary [84].

The pore diffusion is

insignificant if the following relation is

- satisfied. i
L ra
ﬁlLr- < ! (6.24)
eff r (C.) -
O .
where L is the radius of the solid in cm and r is the first derijvative

of- the rate of react1on with respect to the! reactant concentration.

- For the effectlveness factor method Satterf1e1d []25] provides

T

b]ots of effectiveness factor, n (the actua] raj?heiL the rat1o which
mi

.wou]d be observed in the absence of diffhsion 1

tations), 'versus the

Thielediffusion modu]us for reactions with different activation energies.

[f the effectivenss factor n of a reaction is near unity, the reaction

is probably not pore-diffusion'pontro]]ed.

required to caTculate

The following equations are

the values used for-determ{ning the effectiveness

factor: .
. L2 . . ;ﬁ {
= e - '-.-\ A 2 \
e _‘Qt 'DRA ( Y' )/CA, “‘&»’—_—‘—7"‘* AT Sx¥ oy
A -
1/2 .
D, = 9700 y_(T/M) . (6.26)
Ka e -
K = [K, - Dy i (K, vi/DKi)]/w | :(€;27)
and w =14 ? K.‘(P. + (r KA/D ] ‘ ét~ (6. 28)

1

Examples demonstrat1ng the calculation method are descr1bed by Chuang

[23] and also in Appendix F of the present work. .



(found that the value of Lr /D
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_McGregof [84] used Hudgin®s method to examine'the.significaqce of

pofe diffusion 1in his experimental runs by'using ihe values from one of

hié kinetics runs. He found that the va]ue of his L /DK eff was about

three and one-half times that of his 1/r and hence, accord1nq to Hﬁ@-

gin's criterion, pore diffusion could nat be ignored in his experiments.

DE?]a Lana et al. [29] correlated McGregor s kinetics data by using

statistical modelling method [130] and obta1ned a d1fferent set of rate

constants. McGregor s calculation was repeated in this work (Append1x F) v

tsing r'the rate constants obtained by Dalla Lana et al [29] and if was

was close to 17r (CO). This may

k,eff
indicate that whether the pore diffusion is significant in McGregor's.
experiment or not is Jery difficult to confirm from this calculation.
(espeeia11y considering that Hudgin's method is very conservative in any —
case). Furthermore, the value of L /DK ff becomes sma]]er
than 1/r (CO) when a pore diameter of 80A° was used to repeat McGregor's
calculation. This, in turn; shows that pore diffusion may be ignored
in McGregor's kinetic run. o | ! |

Both Hudg%n's method and the effectiveness factor method were
used to calculate theoret1ca1]y the significance of pore d1ffus1on in
the kinetic runs of this work. The data for a kinetic run in wh1ch
the highest r/CA ratio applies was used for such ca]cu]ations(shown 5n
Appendix F). It would be ant%cipated that the higher the rate of reaction
r and the lower the reactant concentration CA,‘the more eignificant the
pore dfffusioq. The calculation shows that.it'ﬁs reasonable to assume
that pore diffusion Qas\ obably nealigible.

-The Sffects of pore diffusibn=can_be detenmined experimentally

measuring the reaction rates for various particle sizes catalyst .



under otherwise identical conditions [73]. If.the reaction conversion
remains constant when the catalyst partic/i sizé is varied while keeping
the ratio of catalyst weight to the feed/f]ow rate as well'as other
reaction cond1t1ons constant then the pore diffusion is probab]y not
s1gn1f1cant |
Accordingly, chree different w@ights of y-alumina wafers, and

correspondingly, three difierent catalyst wafer thicknesses were investi-
gated. The expérimenta]‘conditions and resq]t& from these runs are shown
in Figure 6-13. The‘results indicate that pore»diffusion is probably
negligible as Tong as the catalyst weight is kept below 250 mg.

4 From the results of these thenretica1 calculations and the experi-
mental investigatidn, it is reasonable to assnme that pore diffusion

‘limitations were probably negligible in the range of kinetics studied in

the'present work as long as the catalyst weight is less than 250 mg.

-

6.6.4 Stabilijty of the Catalyst Activity

In hetérogenedus catalytic reactiong;zthe problem of catalyst
© poisoning by éither a reactant or a, product is/not uncommon. The cata]yst
3ct1v1ty could deteriorate with use and eventua]1y become completely
1nact1ve. For example, Liu [78] found that y~alumina could be poisoned
by the product CO in the reaction between COS and,SO2 Ptarson [102]
reported that the y-alumina catalyst used in the industrial Claus su]fur
plants could ée po1soned by sulfate formation.

Successful kinetic measurements require reproducible catalytic

activities during the experiments. Therefore, while taking

kinetics meaSurements in this work, the maintenance of a constant

3
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Figure 6-13. Evaluation of Pore Diffusdion.
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catalytic activity was cgrefui]y checked. Two approaches'were followed:
in the first approach, the activity of a catalyst wafer which was

subjected to a long perqod of service was compared the xct1V1ty

Aof a "fresh" catalyst ; the second appraoch 1nvo]ved examining the
AL o \. " :;‘»\
‘activity of a catalyst wafer under a fixed set of parimental conditions
- '\‘,', ‘ {

and with a total service t1meilonger thanmany to be emp]oyed

.f\~

actual kinetic runs. i <’t~' k
. .‘c N

-~ vy

Three series of expenlmenta] runs at 220, 260 and 300° C were
carried’out to check the cata]yst act1v1ty. For each series, a new
v-a]umina wafer'was used and seven runs which constitgtgd 9 h each were
performed ‘Therefore, each catalyst wafer had a total of 63 h service.
It was found that in all of the runs, the repeatab111ty of reaction
conversion in each 9 h period was within one percent. The overall
repeatabiIity for all three series oﬁ;runs was approximate]y two percent.
The reaction conditions used for these experiments are summarized in
Table 6-5 while the results are shown in Figure 6-14.
| At the end of Ehese expaﬁnmnts, the ‘three catalyst wafers were °
removed and analyzed for the presence of sulfate according to the method
mentioned in Section 6.5. Neg]igib]e amounts of sulfate were found in
each of_the wafers'which suggested  that the sulfate formation within
63 h of use might not be significant.

fThroughout these experiments,,none’of the catalyst wafers had
been used for a totd1 time exceedtng 63 h. As a result, the problem of

catalyst deactivatign cou]d be ignored:

L3
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6.7 Infrared Spectra of y-alumina under R(act1on
Condition .

rd

The\infrared spedtroscopic techuique has been applied to examine
. the adsorption of.reacants and products on 2 catalyst surfacernithout
‘interruption of the reaction. It has also been proven use;ul to identify
the presence of 2ntermediate;(if they are suffictent'in quantjty and are
1nfrared—active)“during reaction.  Hopefully, such informatton could be

revea1ﬁng on the reaction mechanism. .o
4

The reactor designed for the present work enabled “the observation

of catalyst surtace phenomena w1thout affect1ng the steady-state of the
reaction. Two infrared spectra shown in F1gure 6- 15 were recorded at
275°C. Curve (A) was one taken when a stream of pure- n1trogen was passed

through the reaction system with the recirculation pump in operat1on.

1 ‘ -1

A broad hydrogen-bonding band at 3500 cm.' and a band at 1000 cm

representing the Al -0 bond of y- a]um1na were detected Curve (B) was
8

recorded when a stream containing 91 O mol % N2, 6.0 mo] 9 HZS and 3 O

mol % SO2 was 1ntr0duced into the reaction system w1th the rec1rcu1at1on

pump switched on. Th1s spectrum, recorded\ in situ dur1ng the. react1on,

was 1dentica1 to curve (A). It was not certain’whether this was due to .
the absence of adsorbates on cata]yst surface or the amount of adsorbate

were too low to a]]ow detect1on

-

6.8 Kinetics -and Mechanism

A total of 118 data points were collected from the kinetfc.mea;

surements, covering six reaction temperatures from 200°C to 323°C The

rd

data points and the part1a1 pressure range of the components 1n,the

reactor under each of the -six temperatures are summarized in Table 6- 6"

e
~

av
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TABLE 6-6

PARTAL PRESSURE RANGE OF THE COMPONENTS IN KINETIC RUNS

Partial Pressure (mn Hg) Range

Temperature . No. of o ¥
ogy % "H,s P50, ~Phy0 "s,
200.0 19 11.92-33.40 11.47;32.59 5.21—36.01 0.99-4.19
212.3 19 12.07-39.07 10.%1531.87 9.06-40.31 1.44-2.33
235.18 16 9.33-28.43 B8.96-28.89 8.14-58.86 1.51-2.34
261.5 14 8.97-35.01 8.56-35.01 7.64-65.32 0.84-3.20

' 298.24 36 5.52-55.97  7.96-55.97 7.01-41.30 1.38-5.39
323.0 14 8.53-29.40 8.28-28.81 10.57-60.02 1.76-3.64

More details onlfhe 1lé data point are to be found in Appendix I. =
In the following sections, several plausible reaction mecha-
nisms, ones which are in agreemeht with the overall chemistry and
obéervations, will be proposed. Kinetic models will then be deduced
‘ frdm the various méchanism§. A model discrimination technique was
then applied to test these rival models with the aid of experimental
data. Hobefu]]y, the model producing the "best" correlation with.the
experimental data could be chosen to represent the reaction.

6.8.1 Ceneral Methods for Developing and Testing Kinetic Models

Basically, the success in developing a kinetic model for a given
reaction system relies oh the effectiveness of the model discrimination

technique. At the same time, it is affected by how the models are

- v
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developed and whether adequate models have beennfonsideréd If an
.adequate model is<not 1nc]uded among those models proposed for.the sys—
tem, any soph1st1cated model discrimination technique will generate

a mean]ﬂg]ess~corre1at1ﬂﬂ. In fact, all statistical discrimination
techniques are developed on the basic assumption that one adquate model
must be contained\gmong fhe rival ﬁbde]s to be discriminated.

Generally, there are two methods for developing and testing

kinetic models.

6.8.1.1 Empirical Models

Some empirical models are written down (e.q. Qower-function”
modg]s)'and then correlated with the data as a function of the various
oherating conditions.  This method does not consider the nature of
the reaction or réfe—determining steps although, by»cdincidence; the

mode1 that ' produces the"best" correlation may reflect the rate-

detérmining step or some characteristic of the reaction. The two major '

disadvantages of this method include: firstly, it does not provide any
insight into the réaction mechanism anda good correlation can only be
interpreted to mean a good correlation. The bestusuch model does not
necessarily reveal . the true naturg-of the reaction. Sécond1y, wjth
a lack of understanding on the nature of the reaction, it is 'not

safe to extrapolate the range’of application beyond the rahge of .
the éxperimenta] data and thebmodé1s to be included fdr discrimination

cannot be prescreened on.the basis of the chemiétry of the reaction. As

a result, the number of rival models to be discriminated isusually large.

i

This is very tedious and the chance of ending up with more than one

ecrally good models after the discrimination process are also

189
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higher. Moreover, this method does not generally provide an under-

Stand1ng of the catalytic nature cf the solid catalyst.

6.8.1.2 "Mechanistic" Models

This method involves obtaining as much knowledge as possible on
the mechanism of the reaction and then developing the rate models (if
more than qne is feasibIe) which best describes the plausible mechanism.
The following are the advantages of this method over the previous one. ,
It provides some understanding of the nature of the reaction and the
catalyst, which allows one to reject some rival models least conform
with the accumulated know]edgésfd?%hﬁay a1so allow one to extrapo1ate _—
the range of application Seyond‘the experimental range although .
one should still do this with caution. The reason of caution is that
when the range is extended by simple extrapolation, the rage—controlling
step might change. For example, thepbukk gas—phase diffusion step may
not be rate-controlled in the range of the exper’menta1 data but may be
rate-cgntro]led at some point in the'extrapo]ateé range.
. In this method, the models most widely used to describe the.mech-
anism of gaseous reactions on solid surfaces are the E]ey—Ridea1 and Lang-
| mufr—Hinshe]wood type mode]s The Eley- R1dea1 type model assumes that '
the reactant adsorbed on the cata]yst surface reacts with another compo-
nencs 1n the gas-phase adjacent to the catalyst surface. The Langmuir-
Hinshelwood models assumes that the reactants are adsorbed on one type
of active site on the cata]ysf surfacevwhere they react, either with
themse]ves or witu other adiacent adsorbed Species Further assumpt1ons
in formu]at1ng Langmuir- H1nshe1wood rate mode]s inciude the ex1stence of

a single rate—contro]11ng step, such as adsorpt1on, surface reaction,



or desorption, within a mechaﬁism involving a series of reattion steps,
and the absence of interactions between adsorbed molecules.

1 Although the approach fo]]owed in developing rate equation of
the Langmuierinshelwood type is straightforward, the task involved in
determining the best rate expression for a complex reaction.system_is}
immense. If all possible reaction modelé aré listed within the assump-
tion of the Langmuir-Hinshelwood scheme, a re]gtive]y large number of
models is obtafned. For examble, 84 empirical models have been postu—/
lated for méthane oxidation by Mezaki et al. [85] and 47 models fo;
ethanoﬂ dehydration by Kittre11'[67]. The number of que]s could be
increased if the assumptions app]ied~1n'the formulation of Hougen—
Watson‘rate equation are modified in y@rious ways‘(for exampie, using
more tﬁén oﬁe type o% édsorption sites).

The preseht]y‘aVai]ab]e mode] discfimination technidues cannot
be easily applied to a large groups of rivaj models dﬁe to the
prohibitive amount of computer time that would be reQuired. Consequent-
ly; it is desirable if not necessary to eliminate obviously inadequate
models before htjlizing the better model discrimination procedures.

In those cases where intermediate reaction steps are involved,
the infrared spectroscopic technique has provided considerable insight '
into the identity of chemisorbéq species which may éct as intefmediates
in catalytic reactions, and also the nature of the interaction

1]

between an active site and an adsorbed molecule. According to the

\
\

nature of surface intermediates observed, various intermediate

reaction steps could fﬁen be formulated.  Such-information

191
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accumulated by infrared spegtroscopic techniqué at the molecular rather

than the macroscopic level, should serve as a good screening method

because the mechanjsms proposed accor&ing to infrared data would incofporate

more detailed knowledge of the mechanism taking place on the catalyst
qsurface. | ’ | ~

After such prescreening, thé"remaining mode]s could pe tested

by a mode} discrimination technique and hopefully one model that provides

the "best" correlation with the experimental data co&]d be evolved. Not

frequently, the results of the discrimination proéedure turn out to be

ambiguous in that.no one model is shown to be clearly superior. This

di]emma may possibly be reso]ved_by_measuring more experimental rate data

under reaction conditions outlined by a statistical design of experiment

[138].-

6.8.2 Deve]opmeht of Kinetic Models

The "mechanistic" approach- for developing kinetic models
was adopted_in the present work. In the process of
writing reaction mechanism for developing the kinetic models, the
experimental evjdence accumulated inSection 6.1 to 6.6 was vtaken into
cohsiderationf

In Sections 6.7 dnd 6.3, both HyS and S0, were found to
be adsorbed on Lewis-acid sites and their adsorption nature were found
to be quite similar. In Section 6.6.1, it was fouﬁd that no reaction
was detected without the presence of catalyst under the reaction condi-

tions employed in this work Therefore, by combining the experimental
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observation in Ihesé three sections both H,S and 50, are assumed to be
adsorbed on the Lewis-acid sites of y-alumina before they react with
each othér according to the reaction mechanisms proposed)in the
subsequent sections.

In Section 6.5, the importance of oxidenﬁon sites (which were
not responsible for the adsorption of H,S or SOZ) towards the reaction
has clearly been demonstrated. This means that some intermediate

|

step(s) must.be included in the reaction mechanism to allow for the
vital participation of the basic oxide‘sites, There are several
_‘possib1e intermediate steps that could enable fhe involvement of the
basic sites. In Section 6. 1, it was shown that a certain amount of -
oxygen” or "oxide" is present on the surface of y- a]um1na but whose
state is still not c]ear]y understood This surﬁace "oxygen" or |
"oxide" has oxidation capab1]1ty atvroom temperature as demonstrated
by %he ox{dation of HZS into water p]dé sulfur and CS2 into carbon
dioxide plus sulfur. The quahtity of this surface "oxygen" or "oxide"
is finite and can be restored by heatiné Y-alumina with oxygen or 502.
Such oxidation capabi]{ty of y-alumina has also been observed by others

(23, 87, 115]. Considering the heterogeneity of the catalyst surface,

pernars some of the surface oxide-iond are more active and possess

s

xi/' ion capability while others do not. This cou]dﬁgx?1ain the
expe: i bservations in Section 6.1 that the amount of surface
"oxy =" ‘de" is finite. Parkyns [98, 99] interpreted the form -

- of thi- sur axygen" or "oxide" in terms of a ”strained oxygen

bridc-".
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Other published results have revealed that fhe "oxygen" or "oxide"

on the y-alumina, regardiess of its fohns, can be exchanged with isotopic

oxygén like HZO]8 [87], 0218.L38] and_02]7 [35]. The exchange reaction

seemed to imply that some surface "oxide" or "oxygen" is removable.andA

rep]aceab]é; Presumably, when the removable surface oxides are consumed,

a structural strain is creéted on the catalyst and this strain can be

removed when the oxygen from an adsorbate is donated to the catalyst

surface. This is demonstrated by the hydfation and dehydration process -

of y-alumina,

Ho o H |
0 0 o . ,
< N S’ \Asz n7r H0

‘??, ’ (6?29).(::::::

. The above scheme does not represent the actual picture because it is not
three-dimensional. Tamele [135] aﬁd Cornelius [27] reported that a

remarkable amount of heat was released when water was contacted at 100°C

with canefu]]y dehydrated alumina. The release of heat was also detected.

by adsorbﬁ@g HZS on y-alumina [33,84]. Perhaps, the consumption of .
oxygen by H;§”and restoration of oxygen by,SO2 on the 7-alumina surface N
s a continuous oxidation-reduction. process. "This oxidation-reduction

process may be depicted by the following scheme,

v
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o OHO H _ H ¥
S S H.S~ H S H
o' o' o0 9 o1 ol 0 9
/\;\/\/\', /\/\m/\']
Al ] Al AV — A1 AT A
No” \O/ N o \0/ \0/ \O/ N
HoS S
- H,0 N !
_c . Al Al Al AT
: \30// o~ \\O//
o0
H S. S Ns” H S S S
0 | | 0 0 0
% arl \/In AT amoo— \ll\l/ \|1/ \/'\1 | :
\O/ \0/‘ \O/ \0/ \O/\ \0/ )

~

The above schemé may not represent the actu.l picture on the surface of
7;-a1umina because it is not three-dimensionail where fhe final step may
not be impossible. As hasAbeen shown by Tamele [135] and Cornglius
[27], the exposed aluminium-ion on the dehydrated alumina is quite
unstable and readﬁ]y covers itself with hydroxyl group on. hydration and

may proceed in one of the following manners,

/O\ /O\ H H
Al Al Al 0
. .
0" o7 AN
Al Al Al
No” N
i (1) ‘
H,0 0. ¥ o
’ a? SnT "o 0
- " 0 0
\0/ o~ _— A]/ \[]/ N



Case (II). can be shown taking place on the 110-plane of y-alumina as

below.

[111] plane-of r-alumina

two water molecules sitting
on the [110] plane of
T -alumina

«

two hydrogen ~*oms dissdciated from each water molecules sitting

on [110] plane of T-alumina

\ > o i °

Oxygen Hydrogen Aluminum
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If partial dissociation of two adsorbed water molecules occurs,

fojlowed
by desorption of one water molecule, then

q

[111] plane

two water molecules
adsorbed and partially-
dissociated on [110] plane

water
desorbed from
[110] plane

O

Hydrogen

Aluminum



2
A "surface oxygen" thus remains on the surface of the 110 planes. By

the same analogy, such "surface oNygen" could be created by dissociation

of 502 on 110 plane as shown below.

N

[111] plane of --alumina

ong SO, molecule ~
adsorbéd on [110] plane

-~

the two oxygen atoms
dissociated from the

“adsorbed SO2

O,. O, -

a ‘
Sulfur Oxygen 4 Aluminum

198



199

It is not certain whether the oxidation-reduction reaction between H?S

and SO2 takes place via. the "lattice" oxygen or the "surface" oxygen of

~y-dlumina. However, the experimental evidence in Section 6.1, shows that ¢

a finite amount of "surface oxygen" (whatever its form) exists on

Y—a]umina. Such an alumina exhibits strong oxidation power, which effect

" has also beenobserved by others [23,86,87?]15] and SO2 dissociation is a

means of surp]émenting this "surface‘oxygen” in its process of reaction
with H,S. Therefore, in developing the reaction mechanism in the sub-
sequent sections, SO2 adsorption‘fo]]owed by dissdciation Will be consi-
dered as a react1on step. Other steps in the mechanisms involved the
adso'ptlon desorpt1on of the products su]fur and water.

. The major differences among the various sets of ﬁechanisms

deve1opedvjnAthe later sections include dissociation of adsorbed

HZS as obser?ed by.others [33,133], the various surface species Tocated

“in the closest vicinity of the reactants, and the possibie participation

of the surface sulfur (as adsorption sites or reaction intermediates) in

the reaction. All of these will be diccussed in greater detail when the

specific mechanisms involving them +r developed.

6.6.2.1 K1net1c Models Derived from a Reactlon Mechanism
Involving Dissociation of Adsorbed HZS into

‘ Hydroxyl Groups -
The'disséciation bf adsbrbea HZS-on Y-alumina was obsérved by
de Rosset et al. [33] and Sjager and Amberg [133]. The way by which
adsorbed HZS dissociates depends'vefy4much on what is 1ocated'éround
its closest vicinity. The various arrangements of the "QH" dnd "O"QPOUPS‘
have been discussed extens1ve1y by Per1 S computer. s1mu1ated models plus

his infrared spectroscop1c and m1cro grav1metr1c studies [67]. Briefly,



—
the d1fferent ways by whlch adsorbed HZS dissociates on Y- a]um1na

surface are shown below:

Ho
g7 N HooS  H
T S TN T (6.35)
H Heo He  “H
0 ~g S0 S H
R N 0 > 1 0L 0
AN M N g (6.36)
TN HO H oo o H
0. 0 - 0L o
SNy o N (6.37)
N HOH ¢ H
0L ! "0 0L Y _0
S mT > a (6.38)
» .H H .
H H o H. H Ho o H
0. ? 0 . o S ~07
' 0 ' 0 : 0 ' 0 '
el \Az/ \AQ TN N (6.39)

I herefore, after the adsorpt1on and d1ssoc1at1on of HZS’ adsorbed water
is formed which then desorbs and each water’ mo]ecu]e takes along with it
one oxygen atom from the surface of v-alumina. The oxygen 1is then
~replenished by the dissociation of adsdrbéd~502. In terms of mechanistit
equétions shown in Table 6-7, to maintain the stoichiometric balance,

it was assumed - that one HZS mo1ecu1e’dissoCiates to produce one su]fdrl

atom and two hydroxyl groups (regardiuﬂs of whether according to that

shown by the left hand term of 6.36 or 6.37) which eventually react with

one more H,S molecule ‘to produce water and sulfur.
By assuming various .alternative step(s) as rate-controlling in

the mechanism; more than one Kinetig models could be derived, as
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~ shown &n Table 6-7. During the derivation of each of the k1net1c models,
all reaction steps in the proposed mechan1sm were originally assumed to
be ‘reversible and examples of the derivation cah be found in Appendix H.
In Section 6.6.2. 2 the reverse react1on was found to be pract]ca11y

1ns1gn1f1cant under the process cond1t1ons employed in this work. The

‘._)‘

\insignificance of the reverse term was also noted by others[84 43,64,138]
consequently, the reverse terms of £%e derived k1net1c models were
dropped and the resulting models are listed in Table 6-7, where the
sulfur is represeoted by Sx and x represents the number of su]fur
atom (1,2,.... 8) of various sulfur mo]ecL]es. No reliable method
'of measuring the distribution of varioug sulfur species (S], 52, etc.)
during reaction is yet available. In this work, a pseudosulfur species
Sx was calculated by asSumfhg an equilibriom distributfon among the va-
rious sulfur species. McGregor[84] conc]Lded from the material oalaoce
ca]cu]at1on around his reaction system that the se]ect1on of S from
equ1]1br1um d1str1but1on calculation to represent the various sulfur
species in his reactor was qu1te‘reasonab1e. When more than one step
is eonsidered to be rate-controlling, overcomplication of the derived

kinetic, models results. To avoid this problem on]y the relativély

simple models were used.

6:8.2.2 Kinetic Models Derived from React1on“Mechan155§*invb]vin§
Adsorbed HZS Reacting with Surface ”Oxygen" and Hydroxy!l

Groups . . e ¥

As pointed out in Section 6.7, a broad hydrogen bonding band yas
recorded by the infrared spectrophotometer: during the»reaotion A signi-

f1cant quantity of hydroxyl groups were present on the cata]yst surface

o



TABLE 6-7

KINETIC MODELS DERIVED FROM:REACTION MECHANISM INVOLVING
DISSOCIATION OF ADSORBED HZS INTO HYDROXYL GROUPS

Proposed Mechanism

(1) 2H,S + 2 2H,S - 4

(2) - 502 + 4 502-#
S (3) S0, # 42 S . #4220 . f
S .

(4) H,S-# + 20-¢ S . #+ 2HO . #

(5) H,S-# + 2HO- # S o # +2H0 . #

(6) ZHZO .

(7) 35S . 4

2H20 + 24

3/% Sx + 3#

JHOH O

where # is the Lewis acid'site

Sx is a pseudo sulfur species representingVSZ, S., S, etc.

6> 78
(mostly 58 under the process condition used here)
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TABLE 6-7 (Continued)

Controlling Rate Expression (—rSO ) Assigned

Step(s) 2 Model No.

(1) b, P, <, .2 |
] HZS /Y HS1

(2) b8 PSOZ/Y . HS?2

3
1/x :

(4) b P p / P Y HS4
10 HZS SO2 SX

(5) 7 T

5 b P P / P Y HS5
11 HZS SO2 SX

(6) same as HS5

(7) same as-HS5H

(1) + (2) same as HS5

where b], 2 b3 b4 are adsoprtion equilibrium constants for HZS 502 HZO
S Ki is the equilibrium rate constant for reaction step i.

x,

-ki is the forward rate constant for reaction step i

= vK, KK b K VK K, K = k b8‘=

2377 37472 1

2 2 KK

K K, K5K by = kK 7 K5Kg

100 "4™M17%2 %7 3N 571

=[1+bP + b,P + b, P
1 HZS ) 5

6 HZS 2 X

by~= k

2°S0 3 "H,0 4'S

k2,vb9 = k3k2,

1/x 1/2 1/2x
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during reaction. .Under a tempevature/comparab1e to that used in the
kinetic runs of the present work, Peri (104] observed a large number
hydroxyl groups on the y-alumina surface. Therefore, because of their
population, it is logical to consider that the hydroxyl groups may also
participate in the reaction. |
In this mechanism, the adéorbed HZS is assumed to transfer its
two hydrogen atoms to the two neighb0urjng hydroxyl groups to produce
two adsorbed molecules of water and sulfur. This has been considered in
the mechanism in Section 6.8.2.1. At the same time, the adsorbed HZS'
~is assumed to be oxidized'by "surface oxygen" to produce one adsorbed
molecule of water and sulfur but in the mechanism in Section 6.8.2.1,
the adsorbed HZS was oxidized to-two hydroxy1 gkoups.Another difference
between this mechanism and the one in Section 6.8.2.1 is that the hydro-
gy] groups were not generated by the dissociation of adsorbed HZS but by
‘the dissociation of the adéorbed HZO'
Other reaftion steps for the two mechanisms are practically

the same. The proposedlnecﬁanism and the kinetic models derived from

it by assuming various step(s) to be controlling are listed in Table
6-8. Again, to conform with the experimental observations in Section
6.6.2.2, fhe reverse terms of all derived kinetic models were dropped
before writing them down in Table 6-8, although a]i steps were consi.
dered reversib}e’during the model derivation process. This practice
will be the same in all subsequent model derivations and will not be

emphasized again. “
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TABLE 6-8

N

KINETIC MODELS DERIVED FROM REACTION_MECHANISM INVOLVING

ADSORBED HZS REACTING WITH SURFACE

"OXYGEN" AND HYDROXYL GROUPS

Proposed Mechanism

2H.S- i

(1) 2HS + 24 )
(2) 502 + # 502'#
(3) 502 CH R0 # S-# + 204 N

(4) H,S-# + 2HO-# 2HO L #+S 4

botoHoH Y

2 2
(5) st.#+o.#' HoO . # +S . 4
(6)'H20.'#+o.f; - 2HO . ¢#
(7) 2H,0 . # T2H,0 + 24

(8) 35 .4# =34+ 3/x S,



TABLE 6-8 (Continued)

Controlling Rate Expression (—rSO ) ‘ Assigned
Step(s) , 2 Model No.
' 2,2 c

(1) b7 Pst /Y : o DOH1

(2) bg P502 /Y DOH2

(3) b Pso, /Y DOH3

1/2 1/2x 3

(4) b, P, < P P /P Y DOH4

10 HZS H20 SO2 Sx . i
‘ Cy2 1/2x ,

(5) b, P, . P /P Y . DOH5

11 Hys "so, S,
v

(6) same as DOH4 '

(7) .. same as DOH4

(8) - u“iﬂ . same as DOH4

whefe b],bz,b3,b4 are the equilibrijum adsorption-constants for HZS’L
802, HZO and Sx
Ki is the equilibrium constants for reaction step i- .
1/2

ki is the forward rate constant for reaction step in b5=(K2K3K8)
- 1/4 /2 . v
_ S e w o, \1/2 '
D107 KgKiKgKs (KyK5Kg) |
) ' 1/x 172, 1/2x
R R L R bgPg ™ -+ bgPgn” / P
2 2 2 X 2 X
+ ppl/d p1/2 1/4x ]

P /°P
6 502 HZO SX
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6.8.2.3 Kinetic Models Derived from Reaction Mechanism Involving
Dissociation of Adsorbed HZS by the Sulfur on Catalyst

Surface But Without the Participation of Hydroxyl Groups
in Reaction ’

.In the mechanism, the adsorbed sulfur is assumed to participate
in the ‘reaction. The adsorbed HZS is assumed to have a choice to react
with fhe adsorped sulfur or‘"surface oxygen" depending on which is in
the nearest vicinity. If it reacts with the former, it dissociates

" to produce two adsorbed SH groups. Thesenthen react with the “surface

\oxygen” to form adsorbed sulfur and wafer. On the other hand, if it
Efacts directly with "surface oxygen" then adsorbed sulfur and water
wi]]vbe prodqced without going through the formation of $H groups. The
fo]lowing scheme demonstrates how adsorbed HZS dissociates on adsorbed

sulfur and then reacts with "surface oxygen" ~

) ) 1 B )| o !
0\) TN
e

. A i
R SN Fd o S /

h /
. o < Y \ %
® Aluminum Hydrogen ws/Sul fur . _/Oxygen
In this scheme,’ the adsorbed HZS transfers one of its hydrogen atoms

to a neighbouring adsorbed sulfur to form a SH group. Two of these SH
groups are assumed to be located next to a "surface oxygen" and coyld

then transfer their hydrogen atoms to the "surface oxygen" to form an
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adsorbed water. The two SH gfoups are hence transferrad into sulfur.
The possible dissociation of adsorbed HZS has been suggested by
De Rosset et al[33] and Slager and Amberg [133]. Wiewiorowski and Toure
[147,148] studied the experiment of bubbling HZS into molten sulfur
by using infrared spectroscopy. They observed poss%bie dissociatidn of
HZS in the molten sulfur and found that the total concentration of HZS
in molten sulfur varied from 0.0544 to 0.145 % in the temperature range
of 125 to 181°C. Their experimental evidence included the detectioh
of the formation of polysulfide, HS....S....SH. They detected the band
at 2570 cm_] whiéh represents the H25 in mbitén sulfur from the infrared
spectrum ai aboqt 5 minutes after bubbling HZS into molten sulfur, but
only after more than 30 minutes later did they detect the 2498 en”! band
'"which indicated the presence:of polysulfide. After.bubbling 20 Aours of
\izﬁzs into the molten sulfur, the HZS was'removed and nitrogen was used
to continue the bubbling. This'time, the more volatile HZS which was
represenfed by the 2570 cm-] band disappeared 15 minutes after the
bubbling started but the 2498 cmp] band polysulfide was removed from the
molten sulfur on]yv20 hours Tater. "Hyne [60] theorized the formatioh of

stn as a step of producing sulfur from HZS' This will be discussed in

Section 6.9,

6.8.2.4 Kinetic Models Derived from Reaction Mechanism Involving
Dissociation of Adsorbed HZS by the Sulfur on Catalyst

Surface But With the Participation of Hydroxyl Groups
in Reaction i .

This mechanism is the same as that mentioned in Section 6,8.2!3
except that the surface hydroxyl groups are assumed to participate in the

reaction. They do so by reacting with the adsorbed HZS to geherate HS



TABLE 6-9
.

KINETIC MODELS DERIVED FROM REACTION MECHANISM INVOLVING DISSOCIATION

- OF ADSORBED HZS BY THE SULFUR ON CATALYST SURFACE BUT WITHOUT

THE PARTICIPATION OF HYDROXYL GROUPS IN REACTION

Proposed Meqhaﬁism

(1) 2H,5 + 2 4 == 21,54
| (2) so, +4 = S0, #
- (3) SO, . #+24 == 5.4 4 0.4
(4) HS . # 404 == 40 .#+5 . 4

2
(5) H,S . #+Sy == 25 . 4
(6) 2HS . # + 0.4 —<;H2'0.#+2s.#
(7) 2H,0 . 4 = M0 + 2 4

| (8) 35 . # = 3/xs +3¢
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TABLE 6-9 (Continued)

X
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“Controlling Rate Expressions (—rSO ) : Assigned
Step(s) . 2 : Model No. °
2 2
(1) b, PH28 /Y DSO01
(2) | b8 P502 /Y DS02
(3) by Pepy / ¥ DSO3
g SO2 .
1/2 1/2x 5
(4) by P, o P / P .Y : DS04
10 "H,s © o, S, ”
1/x 2
(5) b]] PHZS PSX /Y DSO5
_ » 172 1/2x 3
(6) b]2 PH S PSO PS /Y DSO6_
2 2 X
(7) ccmbination of DSO4 and DSO6
(8) combination of DS04 and DSO06
where b]’bg’b3’ b4 are the equilibrium adsorption_constants for

HZS’ 502, H20 and Sx

Ki is the equilibrium constant.for reaction step i and

ki is the forward rate constant for reaction stép i

)]/2,_b )1/2 b = k

= k 8

K,KoK 7 1

3KgK, = (KKK

" by = 5K1Kg

5 » b

6 2° 79

)1/2

= kKK

b0 = 6855

10 K (K

K K IKgKoKg) T by = kK /K by

| | 1/x 1/2
PHys T PoPsg, * By Py gt bgPg T+ bgPg

2 2 X 2
1/2x p 5 172 |

!
1/2x
/P ]
Sy 6 "HS S

Y=[1+b /

1

P
X

b =

K3k,

1/2
(K2K3/K8)



211

groups and water. The HS groups are oxidized by the “surface oxygen“
to water and sulfur or to hydroxyl groups and sulfur. The k1net1c mode]s

derived from this mechanism are summarized in Table 6-10,

6.9 Model Discrimination

The model d1scr1m1nat10n process genera]]y 1nvo]ves selecting the
best. candidate out of the various eligible models under the assumpt1on |
that an adequate mode] has been included- -among the models proposed for
the system studied. The various usefu] model discrimination technlques
, have been reviewed extensively by others [4, 67]. Basically, after the -
prescreening to eliminate some poor models according to the observed
chemistry of the reaction, the following three steps were carried out:

1. parameter estimation.

2. computing the model discrimination index - 1fke]inoods

of the data, and

3. sequential design of experiments.

In the present work, the statistical model] discrimination tech-
nique developed by Singh [130] was adopted. Details of this technique

are summarized below.

6.9.1 Statistical Model Discrimination Technique . L

6.9.1.1 Model Discrimination Procedure

Out of the various criter{é for classifying model performance,
the earliest one was the minimum sum of errors squared. = One of the
most successful criteria is the Bayesian expected Tikelihood precedure

based on a Bayesian interpretation of probability described below.
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TABLE 6-10 |
KINETIC MODELS DERIVED FROM REACTION MECHANISM INVOLVING DISSOCIATION

OF ADSORBED HZS BY THE SULFUR ON CATALYST SURFACE BUT WITH THE

PARTICIPATION OF HYDROXYL GROUPS IN REACTION

1
s

Proposed Mechanism

(1) 2HyS + 2 # | == 2H,S-#

(2) S0, + # '_‘ = S0,-#

(3) S0, . # 204 ~= S-# + 20-#
Ly

(4) Hz"s.‘#+s.# = 2 Hs-#
C(5) HS . #+Ho- # T H0 L #+HS 4

2
(7) HS . #+0.# <™HO . #+S . #

(6) 2HS . # +0 . # <ZHO . #+ 25 . #

(8) 2H,0 . # = 2H,0 + 2 4
(9) 35 . # =3xS, +3 ¢4



TABLE 6-10 (Continued)
. %

o ©

Controlling Rate Expression.(—rso ) Assﬁgned
Step(s)" ' 2 - Model No.
(1) by Py g /Y7 r | DSOH1
. 2 2 ' )

(2% b 5o, / ¥ 5 DSOH2
(3) b, Peq /YO ‘ | DSOH3

| 10 7s0, 1 | =
1/x 5
(4) by, Pst Pe /Y DSOH4
X
I(5) by, P, /2 p 12 J b /X y2 DSOH5
) 12 . H.S SO S
o2 2 X .
6 | V2, 1/, 3 X
(6) by3 Py s Psg Pe /Y DSOH6
2 2 X - .
5 * /2, /2 2 | :
(7) b4 PHZS PSO2 VA . Dsow
- (8) . combination of (5) and (6) °\'
(

.(9) combination of (5) and (6)
where b],bz,b3,b4 are adsorption equilibrium constants

]

K., is the equilibrium constant for reaction i

k. is the forward rate constant for reaction i

1/2 _ yl/2 .
(K,KKg) ,_b6 = (K4K]/K9) ; b7- K7(K4K3K]K2

1/2
2K3Kg )UK

(=2
]

9

=k, b

o
|

Byg = k3Kys byy = kgKi/Kg

g~ %10 Pg T s
- 2 1/2
byz = KgKiK7Kg(KyKaK3Ky) \\ by3 = kgKgK;(KoKa/Kg)
i 72 _
b]4 i k7 (K]54K2K3) \ . ) . o

_ | 1/x 1/2,, Wax
P D14 by Py g+ bpPgg °3%u,0 * PaPs T+ bePgg /P

| 12, " /2x 172, 1/2 1/x
PP Pus Ps Tt b7BH25 Pso, * / s, p
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.

Assuming that m models have been left for discrimination .fter

the preliminary screening which comprises the metamodel:

N

YoE ot (g ey

¢ (X, a) te
b

y = (x, >+em.

\;‘.
where metamodel is defined as the'model space conta®ming all the

poténtial mechanisms which are considered simultaneously, and -;>

= vector of independent variables

= vector of unknown parameter corresponding

-
. th
to the k™ model
y = dependent variable
€. = error term in the ith model.

1

The models may be in differential rather than algebraic form but that

will not affect the argument to follow.

- Uncertainty: about which model form is the true one is expressed

~quantitatively in the form of a discrete probability distribution, where

Pk is the probability that the kth model form is correct. Obviously,

_ the set\of’Pk's satisfy the ‘axioms of probabjlity, i.e.

' m
AL R  (6.41)

. Conceptually, the Pk's are personal or §ubjective probabilities in the

" Bayesian sense and not objective or frequency probab111t1es1n the classt

/
cal sense. Bayesian probab111t1es are a measure of our- “Gurrent state of

knowledge about an uncertain quantity or hypothes1s, they are modified

k " (6.40)
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with the acquisition of new information in accorc.ice with Baye's Theorem..
Probabilities are assigned to the different models before taking

data and'without strong information about the reaction,it is conventional

to make these "prior probabi1ities“'a1] equai.Similarly, lacking specific

information aboug\the perameters,their values are assumed to be distri- -

buted over the range - to + (called the improper unifohm distribution).
With n sets of obgervations ly; L Xy i=1,2, ..... n}, the

posterior probabilities, Pj , can be ca]cu]ated by the Bayes Theorem.

Ly L (y/05)

(3 =1,2,.....n) (6.42)

Where P' designates the probab{1ity prior to observing‘the data of and
L(x/¢ ) is the expected 11ke11hood wh1ch is used to designate the
Aprobab1]1ty of observ1ng the data, g1ven that the mode] fonu pj'is
correct. '
Ball [4]5meq;&ened‘that the excessive computations inv&&ved in
evaluating the‘expeefeaxiike1ihoods when the number of observatioﬁs s

| more than 20 has been aid&sadyantage for the Bayesian discrimination
procedure fhis has been overcome by Singh[]BO}bydeve1oping new expres-
,s1ons for ‘the expected 1ikelihoods and thus s1mp11fy1nﬂ the
computations. o . They proposed the following express1ons.for
computing the expected 1ikelihood for jfh mode]l when the prior informa-

tion about the parameters in each mode] form is so vague that it can be

approx1mated by, the improper uniform distribution,
L( )¢ ) = (2m o f)VE (172) ex '—gjz ’
2% j P =) (6.43)
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where r = number of parameters involved in the jth model.
§j2 = the minimum sum of errors squared; -
min . n T ~
A2 2
Sj T ay. §=1 (yobserved, i - Yealed, i)
éj = parameter vector that hinimize the sum of errors squared.
2 2 . . , .
o, = Sj /(n-r); the unbiased estimate of error variance.

The posterior probabilities of success for the competing models can now .

be computed from equation (6.42)an the parameters, aj (With 952

confidence intervals, are calculated from following equation::

a. =

A
aj,k + 2/cj,kk

(6.44)

kth element of the parameter vector éj that minimize

the 'sum of errors squared for the jthfmode1.

the diagonal element of the variance covariance matrix

of the parameters, <5 for the jth

model.

In order to compute Cj’ the fo]]oWing°equations are refined:

ik

A5

+ A

_j"
The Qj

=

9. (X., a.
_fl (—ﬂ Eﬂ)la. i
aajk 195 = 55

X {i=1,2,.... n; k = 1,2,...

Jik,
n x r-design matrix .

t
= X, .
—J lﬂ

can now be obtained by
=. 2 . -]
57 9 A

e

LR

(6(45)/

(6.46)

(6.47)

(6.48)
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6.9.1.2 Design of Experiments

The idea of planning of experiments is to explore-the entire
operating space to locate a region’ in which predicted responses of
the var1ous competing models, based on existing information, will
provide maximum discrimination. The expected entropy changes criterion
used for design of experiments in this thesis is dye to Singh [130] and
is both exact and analytically simptle un11ke the earlier criteria that
were only approximately correct [4]._ .

For a set of m models after observing n data points, the

entropy may be defined as:

M
En - ?§ Pi,n in pi,n
i=1
where Pi n is the probability of the ‘th mode] being true after n

" observations. A hypothetical (n+1)St experiment is carried out and the
expected posterior probabilities ﬁi,n+] are now used tohcompute En+]’
It is the difference, -R = _En+1’ that is a measure of the improve-
ment in our knowledge. The following expression for -R g1ves the

negat1ve of expected entropy change.

) . ’ -0 2
T i,n & 7 2 2 - 2
=1 : T+l Tt
v 2 o2
7 i,n+] n+1
' 0'2 + 0'2 ]
n+1

, 2 . L
where  «° = error variance of a single measurement.

(X.t - X. )I‘Sc—z

2 -
=X Zi,n Sin

7 i,n+1 =D
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1 x r design vector for (n+1)%% row of

XD =
the design matrix Kn+]
A
Yi ntl prediction from the 1th model corresponding
to ED
2 - ;é p. 2y
“Tn+ s=1  1en Yi,n+]
A M p A ’
y = :
] =1 T T e
The hypothetical (n+1)St experiment is carried out at various experi-

mental conditions and the negative value of the expected entropy change
is examined to obtained a region where -R is maximum.

Computer programs used for the above calculations are listed ih

Appendix B.

6.9.2 Some Published Models on Claus Reaction

| Befére the kinetic models developed in Section 6.8 are consi-
dered, it would be interesting to correlate some of the published
‘models on Claus reaction with the rate data measured in the present
work. Such correlation can provide a compar%son of the pub]ished

result against that in this thesis. The pubﬁished‘mode]s selected are:

(1) Hammar's [55j models

' 2

(a) -r = b, P Pen /(1 +b,P, .+ b,P.. )
S0, ~ 71 "H,S - Tso, 2"H,g T 73S0,

2 2

(b) -r = b, P p /(1 + b,P + b.,P )
S0, ~ 71 "H,S "so, 2"H,S T 3750,

) 3
(¢) -r = b, P Pen /(1 '+ b,P + b,P )2
502 1 HZS _ SO2 2 HZS 3 302
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(2) George's [44] best model

@) “rys - b op

2 1 HZS
(3) McGregor's [84] best model
1/2
(a) -rey = by P P / (1 +b,P )
502 1 HZS 502 2 HZO

The statistical model discrimination techniqUes mentioned in Section
6.9.1 were employed for the cérre]ation. To minimize complications, -
the rate data collected in a set of isothermal kinetic runs were used
.for preliminary correlation tests. There are 36 data points -in the
isothermal kinetic experiment at 298°C and less than 20 data points in
each of the other five sets of isothermal exp;riments. Therefore, the
298°C run was employed for the preliminary correlation tests aga{nst
?he selected published kinetic models and the results are summarized

“in Table 6-11.
TABLE 6-11

CORRELATION OF SOME PUBLISHED KINETIC MODELS ©

WITH RATE DATA AT 298°C

N : N
Kingtic Models ,;/? b, b, % b, Vatwdnce
Hammar's Model (a) o 6.19451070 -0.0014 0.0141 3.1847,,
b PHZS Psoz/(Hb2 PH25+b3P502) +1.4657x10 ~ +0.0038 +0.0103 x 10
Hammar's Model (b) , 1.4335x1070  0.0517 0.0299 7.5801,,
by Py s Psoz/(1+b2 PH25+b3P502) £1.2315x107 £0.0613 0.0481 x 10 '¢
‘Hanmar's Model (c) 6.062 x10:g‘ -0.0060, 0.0089: 3.3197

+0.043Z +0.0095 x 10°12

b 0.5 3£2.0508x 70

p .
T HYS Psoz/“*bz Phs  P3Psg)
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TABLE 6-11 (Continued)

Kinetic Models ;b] b2 b3 ~ Variance
George's Best Model | 6.7713x1077  0.007 1.3983
5y g5 /(140 Py o) +5.8321x107° 0. 02) o)
McGregor's Best Model 2.0006x1077 - 0.0051 5.4180
b1 Puys Ps0, /21 4 by b, ) +5:8648x1071 0 0001 10715

2

Table 6-11 shows the values of the parameters and variantes.together
with their 95% confidence limits for the various kinetic models tested.
McGregor‘§ model exhibits’fhe best fit wHi]e George's model is the worst.
From the statistical model discrimination technique, it was found that
the posterior brobabiTity of McGregor's model is very nearly 100% whereas
those for Ehe other models are almost zero. The clear superiority of
McGregor's model is also shown by its relatively narrow 95% confidence
limits of the correlated parameters in contrast to those of_othér models.
The form of McGregor's model differs from that of the other four
models not only in denominator but also in numerator terms. To test for
the sensitivity of the numerator and the denominator’term§ in McGregor:s
models, the following two models were correlated using the same 298°C

isothermal rate data.

“fgq = b] pH s PSO /{1 + b2 PH 0) " Model No. DEM 2
2 2> % "2
= b, P 1/2 2 Model No. DEM 3

1

“r'sg /(1 + by Py o)

2 2
Model DEM 2 was established by changing the power of the 502 term in

P
HZS SO2

McGregor's model (DEM i) from 1/2 to 1 while modéls DEM 2 was obtained by
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changing the power of the denominator. terms in McGregor‘s model (DEM 1)
from 1 to 2. The results for the correlation of model DEM 2 and DEM 3

with the 298°C isothermal data are shown in Table 6-12.
TABLE 6-12

EXAMINATION OF THE SENSITIVITY OF THE NUMERATOR ‘AND DENOMINATOR TERMS

OF MCGREGOR'S MODEL BY USING THE ISOTHERMAL RATE DATA AT 298°C

MODEL DEMI MODEL DEM2 . MODEL DEM3

1/2 1/2 .
"1 s"s0, 7 (1+0oPy o) P1Pu,sTso /{1+boPs ) bPy oPog /(]+b2PH 0jz
2 2 2 2 2550,
7 -8 7
b, " 2.0006 x 10 4.3711 x 10 1.9883 x 10
+ 5.5648 x 10710 £ 61586 x 1070+ 4.6796 x 1070
b,  0.0081 £ 0.0001 T 0.0050 £ 0.0051 0.0023 + 0.0001

Variance 5.4180 x 10 ~1.2007 x 10 4.4370 x 10

As exhibited in Table 6-12, both the values of the variance and the 95%
confidence Timits of the parameters are poorer for mode]lDEM 2 than DEM 1
while those of DEM 3lang-DEM 1 are about equal; This i]]uétrqtes that
changing the power of SOz‘term in the dgnominator term from 1/2 to 1

. is more sensitive in affecting the results of correlation than changing
the paower of whole denominator terms from 1 to 2. In George's model, the

SO2 term was completely left out and as a result, his model fitted poorly.

r
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The clear superiority of McGregor's model over other published

model suggests that the powers of PH S and PSO terms in the numerator
2 2
should be 1 and 1/2. This can be verified by the correlation of the

following model,

b b
-r = b, P 2P
502 1 HZS 502 4 H20

against “"he isothermal rate data at 298°C and then examine whether the

3/ (1 +b, P ) Moedl No. DEMXI

values of parameter b2 and bé are 1 and 1/2. The values of the para-

meters obtained from such correlation are:

by = 1.9899 x 107" + 4.7919 x 1079
b, = 1.0008 + 0.0040

by = 0.5010 + 0.0047 . =
b, = 0.0051 % 0.0001

Variance = 5.7199 x 10_]5

which also strong]y indicate the powers of PHZS and P:02 to be 1 and
1/2 respectively. To investigate whether thrs 1s also true for other
temperatures, the model DEMX1 was correlated aga»nst the isothermal
rate data at other temperatures. The results aré)summarized in
Table 6-13. , | \_.

| | As can be seen in Table 6-13, the powers on PH S add‘PSOZterms
(that‘1s, b2 and b3) in mode] No. DEMX] are 1 and 1/2 regardless of
temperature. The 95% confidence ]gmits on a]ﬁ parameters dgduced from
the correlation are relatively small as are the variances. The good-
ness of fit for McGregor s model against the rate data collected in th1s
work has apparent]y been demonstrated A]though the values of the para-

meters of P 0 term (b4) do not show a good correlation as a funct1on of

Hy

S ameereacers
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temperature, they do indicate that the retarding effect of water vapor

against the rate of reaction is significant. This may be due to the

greater experimental errors in the runs with high water vaporTpartial

pressures.
Because of the relatively good correlation éf‘McGregor's mode]
~against the rate data collected in the present work, it would be
“interesting to.proceed a step further. The powers of the denominator
terms will be varied and the models so obtained Qilﬂ be called Modi-
fied McGregor's models. Rate da&a will fhen be correlated against

these models to find owt the best power for the denominator terms.

| This will be described in the following section.

6.9.3 Correlation of Modified McGregor's Model

Table 6-14 shows the results of the correlation of various

isothermal rate data collected in the present work against following

models. . 1/2 . ‘

50, T PPy s Pso T/ (14 by Py o) Model No. DEM 1

2 2 2 2 R
- 1/2 2 :

S0, T PyPy s Ps 7T/ (1 +b, Py )" Model No. DEM 12
2 2 2 2
e b 1/2 43 |

S0, T P1Ph,s Pso, T/ (14 b Pu,0) Model No. DEM 13

which were obtained by assigning\the Ist, 2nd and 3rd power to the
denominacor ferms of McGregor's model. .

The model DEM 1 fitted best at 235.2°C, 261.5°C and 323°C;
the model DEM 12 at 298.2 °C; and the model DEM 13 at 200 °C and
212.3 °C. It may appear that the first power modelxDEM 1 emerges
to be the best model because it fits best with most isothgmal
runs.  However, among thg three isothermal- runs that it ffts

best, the values of the variance were somewhat larger than

those where DEM 12 and DEM 13 fft best. Therefore it is really

225
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difficult to conclude which of these three model fits best. However,

all models illustrated the significance of PH 0 term - the retarding

. 2
effect of the reaction rate.

6.9.4 Discrimination Among Models Derived in the Present Work

Among the various models derived in.Section 6.8, some are similar
to Hamnér'§ moggl or George's best model, while éthers are similar to
McGregbr‘s best model. Ip has already been illustrated in Section 6.9.2
to 6.9.4 that basica]iy McGregor's model corre]ateslextreme]y well With
the rate data co]]ected‘in the present work. It has also been shown that

it wa: vital to have the P, . P ]/Z.terms in the numerator of the model
in order to achieve good correlation. Based on these results, the models
derived in Section 6.8 which do not contain the P P 1/2
o HZS SO2
their numerators are rejected during this preliminary steps of the odel

discrimination. The requirement of the PSO 172 term 'in the numerator of
2

terms in

the model may indicate that the reaction mechanism should be one that

involves the-dissociatioq of adsorbed SO2 into two "oxygen" which

" then react separately (shown in Table 6-8 to 6-10 as inteRmediate steps).

This may also mean thét ﬁhe simple Eley-Rideal and Langmuir-Hirshelwood

type of mechanisms which do not include these intermediaté steps could

not be the representative mechanisms for the reaction sysTem studied.

The whole mechanism dep;cted in Table 6-7 must hence be rejectedf"The

. models which remained from these pre]ihinary steps of distrimination
“are Tisted in Table 6-15.

' A]i models lﬁsted {n Table 6-15 contain seven or more parameters.

Substantial computer time would be required for the correlation process
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the va]ues of the variances ach1eved from such correlation are summa-

~!,
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in order to determ1ne the values of these parameters Without first
know1ng whether all terms in the bracket of the denominator of the
models are s1gn1f1cant, it seems not worthwhile to 1nvest the amount of
computer time at this stage. Therefore, all bracketed terms in the

denominators of the model are first rediuced to only v,

. 1/x
where Y = 1 +p_p + b, P + b + b P
. 2 st 3 502 4 HZO Sx

This step reduces the number of Parameters in all models. to five
instead of seven and the model Nos. are modified tq DOH4', DOH5' etc.

These modified models were then! correlated with the rate data of
all isothermal runs performed in the present work. Model DOH4' is

dropped at th1s stage because of the PH 0 terms in the numerator Only
2

\D’

rized in Table 6-16 while the corre]ated values of the var1ous para-
meters are 11sted 1n Table H-1 of Appendix H. From the correlated \

va]ues of the variouys parameters, it can be notices that the terms PH S
2
and PSO in the denom1nator of the models are not significant. Thisg is

2
exhibited by two poqnts first, some of the corre]ated constants for PH

25

and PSO are negative and second the values of these constants are
2
neg11g1b1e in compar1son to their 954 conf1dence Timits in most cases,

The insignificance of the PH S and PSO’ terms in the denominator may be
2

2

due to the relatively weak adsorption of H25 and SO2 companed to that of

,water or sulfur. The strong adsorption capability of HZO as compared to

st or 502 had been verified at room temperature.in the prese rk by
using infrared spectroscopic technique. The experiment. to support this
/i ew 1nc]uded the preadsorpt1on of 1 cm Hg pressure HZS(Or SQé) on'a y-

-1ina wafer whwch was then exposed to a mixture of HZS(or SOé) and HZO
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t

vapor at room temperature. Figure 6-16 shows the infrared spectra
recorded in such an experiment. It can be seen that the infrared bands Z;
at 25@5, 1585 and 1335 cm_] indicated in spectrum (A) and characteris-

tic of adsorbed HZS are no longer present in spectrum (B) after theu
exposure of that wafer to water vapor. Instead“a broad hydrogen bon-

ding band around 3600 cm_] plus the scissqrs—]ike bending vibration ‘
band of adsorbed water at 1625 cm—] were detected in spectrum (B).
Apparently, the adsorbed HZS was displaced by the adsorption.of water.

A similar result was obtained; as depicted in spectra (C) and (D) when

SO2 was used in place of HZS' In"both cases, tHe complete displacement
took about 3 h.

| From Table 6-16, it can be seen that the models DS04' and DOH5',

' _ - 1/2 1/2x 1/x,2
-r = b,P p /P (1+b,P b P b P )
‘SOZ 1 HZS 502 2 H2$ 3 SO2 4 HZO 5 S
provided the best corre]ation for all isothermal runs. These two
models were derived, according to Section 6.8, with the mechanism which
, ~ch
involves the,

HyS . # + 0.4 —=H,0 . # + S f (6.51)

' surface reaction step as rate-determining, where # représents Lewis-

acid site. Hence the adsorption ‘of HZS and SO2 on Lewis-acid sites

and th importance of oxide-ion site for the reaction had been'observeqﬁ;
experimentally and verified by the results of model correlation. 'Amdng
aii-the modeTs Tisted in Tab]ev6-16, the water term in the bracket of
the~denominator was proven to be significant irrespective of the mode]

or set of jsothermal data. Therefore, the retarding effect of water on ..
the rate of reaction was not only demonstrated by experiments but aiso

illustrated by the data fitting results.
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On the other hand, the sign of desorption equilibrium constant
for su]furPS 1/x in the bracket of the denominator term was negative for

X
some models and positive for others. The 95% confidence 1imit on this

parameter could be considered as good or bad depending on the model.

But as far as the best model is concerned, the PS 1/x term in the bracket

X
of the denominator is insignificant. As a result, the best model is

reduted to the following form:

1/2 1/2x

. 2 ’
) / PSx (1 + b, PHZO) Model No. FHS]

-r = b,P P
SO2 1 HZS_ SO

after the terms P s P and P. were dropped from the bracketed
HZS SO2 Sx \ ~ T
terms of the denominator of the model..

6.9. 5 Kinetic Model with Tempefature Dependency

The most successful ‘model, FHSI, obtained from the model
correlation process uSing isothermal data at different temperatures, o

is rewritten below according to Arrhenius expression: : .

ko exp(-E, /RT) PHZS P502
= Model No. FHS2
1/2x -
Psx 1+ Kag €xP (EZ/RT) PHZO]

-r
S0,

This model 1is then correlated with all the rate data collected in the

present work and the results are listed in Table 6-17.
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TABLE 6-17

RESULTS OBTAINED FROM THE CORRELATION OF THE MOST SUCCESSFUL

MODEL AGAINST ALL RATE DATA

kg = 9.72%107°: 4.37 x_107°
E\/R = 3509 + 254

Kng = 1-15x 107 218 x 107
E,/R= 3158 + 1049

Variance y 7.15 x 10']3

9

TheSé final results indicate the significance of retarding effect of

H20'on rate of reaction although the 95% confidence 1imit of the PH'

50

term parameter obtained here is worse than those deduc  from the

correlation against isothermal rate data in Section 6.9.5.



CHAPTER VII

'CONCLUSIONS AND_RECOMMENDATIONS

7.T. Conclusions

7.1.1 Adsorption of HZS and SO2 on Y-Alimina

Contrary to other reports [34, 84], this work suggests that both
HZS and 502 are not adsorbed on Y- a]um1na via the formation of hydrogen
bonding with the. surface hydroxy] groups. Rather they are adsorped
thr0ugh their sulfur atom on the Lewis-acid sites and the adso tioh‘is
reversible. The broad hydrogen bonding band detected by infrared _
spertrophotometry'upon the adsorptfon of HZS or 502 on Y-alumina is due
to the interaction of the adsorhgte\with the heighbouring sites like :
surface hydrox}] groups or oxide-ion sites. |

With a wafer less than 150 mg, the amount. of HZS or SO2
adsorbed” at temperatures above 150°C could not be detécted by infrared
spectroscopy a]though detection of these adsorbed species was achieved
at room temperature. By using the volumetric method, others[33, 45,
46] were able to measure significant HZS or SO2 adsorption easily at
temperatures ‘as high as 500°C because they ceu]d employ substantia]]y |
larger quantity of y-alumina in their experiments.

Upon adsorption of HZS r CSZ) on Y-alumina pretreated by
heating in oxygen or air followed by degassing at 400°c, fhe HoS (or
CSZ) was found to be oxidized to sulfur by avfinite amount of
"surface oxygen' on Y-alumina. Heating the catalyst with hydrogen
at 400°C after zhe "normal' pretreatment_process could prevent the

oxidation of the edsorbate. The exact form (molecular, lattice or

236
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other forms) of such "surface oxygen" is still unknown. This
}inite amount of ”surface oxygen" could be hestnred by heating the
" Y-alumina again wiith oxygen or 3021 Others [35, 38, 57] reported
that the surface oxygen of Y-alumina cou]d be exchanged with the
isotopic oxyéen or H20]8. |

No sulfate formation could be detected upon adsorption of

SO. on Y-alumina from room temperature to 400°C regardless of which

2 .
cata1yst pretreatment method wa$ adopted. It was found that the
presence of oxygen was necessary for the formation of sh]fate on
7’-elumina from SOZ‘although the formation of §u1fa§e could be
enhanced by adsorbing only SO3 on Y-alumina. Among.the various ways
of forming sulfate, the adsorption of 803 vapbr on Y-alumina was

| found(}o be the most effective and fastest. It is still unknown
whether the formation of sulfate from SO2 and 02 proceeds directly

or via the formation of SO,. No surface sulfate could be detected

on the used catalyst produced in the kinetic experiments.

7.1.2 The Catalytic Role P]axed bx'Y -Alumina_in Claus Reaction

The Lewis-acid sites of Y-alumina were found to be 1mpcrtant
for ‘the adsorpt1on of both HZS and 502 " On the other hand, the oxide-
jon sites were more essential than the Lew1s—ac1d sites in affecting
the catalytic activity of the reaction. Hence, somehow the oxide-ion
sites should be expected to_play a vital role in the reaction.

In the model discrimination process, it was fpund that those
mode1§ which were derived by assuming a reaction mechanism .involving
the simple reaction sfep between two adsorbed reactants at adjacent

“ sites or between one adsorbed reactant and the other in gaseous phase
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produced poor correlation results. Models with mechanisms involving
intermediate reaction steps generated better correlation results and
those with dissociation of adsorbed'SO2 @s 2 step gave best results.
The catalytic role played by Y-alumina in the Claus reaction is
one that involves adsorption of the reactants and acts as a medium for
the oxidation-reduction process to take place. The adsorbed HZS is
oxidized by the "surface oxygen" on>the Y-alumina which in turn is
replenished by the dﬁssociation of the adsorbed 502' Hence the
continuous consumption of the fsurface oxygen' by HZS and replenish-

ment by 502 hence accounts for the Claus reaction.

7.1.3 Kinetics and Mechanism of Claus Reaction

Tﬁe use of "in situ" quantitative infrared spectroscopy was
found to be able to eliminate the possibility of error attributable to
the catalytic effect of molten sulfur. In agreement with Karren [64],
molten sulfur was found to-exhibit a catalytic effect on the reaction.

The general form of the kinetic model determined from the
rat; measureménts of the present work matches surprisingly well with
that by McCregor [84], who used bauxite as a catalyst. This implies
that it is the skeletal structure of Y-alumina in bauxite that is
responsible for the catalytic action. In agréément with McGregor,

water was observed to have imposed a retarding effect on the reaction

rate. The rate data derived from the present fork demonstrated the

retarding ef%ect of water more than those of McGregor.

=N



239

This is because the water concentrations in the present work were

varied over a wider range. McGreqor did not mention about the effect

of éﬁlfur on rate of reaction but in the presént work, sylfur was

statistically found to exert a retarding effect on reaction.rate.
McGreqor concluded from h1§ rate da ta f]ttan process

that the reverse reaction term was probably not significant under

In the present work; the

where by = 9.72 x 1075 4 4.37 x 107°
Eyo/R = 3509 & 254 _
i 5 - 5
b,y = 1.15 x 107° £ 2,78 x 10
E,p/R = 3158 + 1049

This model was derived from the mechanisms shown in Table by omitting

the P , P and P 1/x from the bracketed denominator .terms. In
HZS' SO2 'SX }

these mechanisms, the reaction between the adsorbed HZS and "surface

oxygen"

S - # + 0 4 * (6.51)

Ay
T
)
=
+
w
B

Ho
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is rate-determining. The "surface oxygen" is replenished (after being
consumed by HZS) by the dissociation of adsorbed 502‘ In paralle)
with reaction step (6.51);1aEsorbed HoS could also be diSSOCiatéd )
by the surface éu]fur into SHﬁpf\SxH groups which were in turn
oxidized by "surface éxygen” into sulfur and watef. On the other hand
the adsorbed HZS could also be oxidized by surface hydroxyl groups into
water and sulfur. Thgfe;steps were assumed not to be rate-determining
# because the models der%ved by consideringnthese as rate-determining
produced poorer correlation results. Mechanisms involving the
dissociatipn of adsorbed HZS into water and SH qroup did not generate
models that cofre]até satisfattori]y with the measured rate data.

The épparent rate constant and activation .energy are only
slightly different from those obtained by McGregor. Thié 1mp11e§'

again the similarity of catalytvic activity between pure 1 -alumixa

and bauxite towards the Claus reaction.

7.2 Recommendations

7.2.1 Equipment

7.2.1.1%Reactor
There are several items on the reactor that can be improyed

and these are fgéted below B |
(1) The gears on the stirrerglof the reactor fused sé]t

bath were tdo noisy durfng experimental runs. Although this did not

- affect the results of the experiment, the noise pollution should

definitely be reduced. This could possibly be aqcomp1ished by
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redesigning the gear.or by using other types of driving devices (for
example, » belt drive instead of a gear drive).

(2) The Teflon 0-rings employed on the infrared cell windows

could withstand a finite period of application beyond which they

Started fo4deform. Which type of O-ring would be the more suitable

is not known but a <earch for a better 0-ring should be continued.
(3) The screw threaded holes for holding the infrared cell

windows were tapped right onto the wall of the fused salt bath container

«of the reactor. Since the container wall.is re]at1ve1y thin (1/8 1nch)

very 11tt]e metal was left in the wall on the tapped spot. Thermal stress

plus corrosion could generate a crack easily and hence fused salt

- could leak out through'those tapped holes and could damage the infrared

~ cell windows. This problem could be overcome by either increasing the

”~

wall th1ckness at that reg1on or by adopting other methods of holding
)

o

the infrared cell w1ndows

" (4) A]though‘the catalyst sample holder seemed not to have

‘created significant mass transfer or flow restriction to the reaction,

it could eertainly be improved by reducing the weight and to have more

.

clearance for the access of reactants to the catalyst.

7.2.1.2 Recirculation Pump

There were mainly three types of difficu]fies encoun%efed in
the operation of the reciprocating recirculation pump in the present
work. First, the electric coils wound around the pump cou]d not be
heated, above 275°C and hence th1s Timited the amount of sulfur vapor
pressure to?erabﬂe in the pump Second, the method of insulating the

pump by winding asbestos tape around it was poor and new insulation
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B
b

had to be used every time the pump was d1smant1ed for cleaning. Third,
due to care]essness, sulfur could be condensed in the pump by inadequate
purging prior to shutdown. The f)rst problem could be overcome by .
‘seTecting an electric wire for the winding whose insulation wou]d with-
stand higher temperature. The second prob]emlcould‘be reSo]ved by
placing the pump in a temperature—contro]]ed'compartment and by doing
so, it.Wou1d eliminate the use of the asbestos tape. As for the third
problem, more careful opeFation will be reQujréd although some safety
aevice like switching on an auxiliary nitrogen purge to the pump whén—
ever the pump is shutdown or,ifs temperature lowered to some prset

point could be installed.

7.2.2 Studies on Equilibrium Conversion

“The infrared spectrophotometric téchnique has been prbveh to be
very'dseful for the measurement of equilibrium conversions of the Claus
reaction. This is because the analysis could be done "in-situ" in the
reactor and does not require the removal of a sampfg from the reactor’
'forf5h51ysis Iike gas chromatograph. Very often, sulfur has to be
eliminated from the sample befoﬂ$ ana]ys{s by gas chromatography and
in so.doing the sample composition may bé affected. This is due to the
possibiffty that‘Fondensed sulfur either to adsorb the reactants or
catalyzes furt;er reaction. The equilibrium conversion so meaéured
may'possib]y be in error. | ‘

The method and equipment used for measurement of equilibrium
conversion in Section 6.6.2 could gp.used for a more deta]]ed study on

equilibrium conversion of the Claus reaction Some modifications on

the equipment shou]d be made before attempt1ng such: a study. This

© . . .}_
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»

includes the 1nsta1]at1on of a smatll rec1rculat1on pump between the
reactor and the 1nfrared ce]] so that equ111br1um cou1d be reached

sooner. The .infrared célJ should also be lengthened to provide more

| s

sensitive analysis. ;
~m; Y

W

7.2.3 Kinetics and Mechanism
1 - -
Several unclarified points stjll remaip’cohcerning the kinetics

and mechanism of Claus reattion. The suqqusted future work is

v

summarized below:

(1) The nature of "surface oxygen" on the Y-alumina surface
wh1ch is capab]e of ox1d1z1ng adsorbed HZS at room temperature and
1s an 1ntermed1ate for C]aus reaction is still- unknown The c] - ©

f1cat1on of thws point cou1d provide further understanding ofClaus

[ 4 \
reaction and also, more 1mpor’znt, ti..rease the knowledge on the
\ . ’

cata]yt1c nature of vy- a]um1na The exact method *of achieving this is

8 —

not clear at th1s stage. Perh ns by ompar1ng the h’at of reaction of
hydrogen w1thﬂa]um1na and w1th pure Oxygen accurately, it may be .
p0551b1e to find out whether the ”surface oxygen" is of the mo&egu}ar’
" or "strain- br1dge" type [99] _ ‘ | o
(2) It has been assumed'that SOé dissociates on the éurface
of Y-alumina in this thesis and‘in the process of mode]idi;crfmination,
only models derived from mechanisms a;suming the dissoeiation of'SO2
provided good correlation with rate data. However 1t has not been’

. demonstrated conc]us1ve]y by experiment that SB' dﬁssoc1at1on actually

jtakes p]ace Iwo methods are porposed here for such investigation.

A‘«,

D First, by contacting SO2 with the "reduced-alumina" at temperatures

B B “ .: “’:‘Vi.‘

4
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from 200°C - 400°C and then evacuating the resultant gases,into a mass
spectrdmeter for the analysis of <nlfyr. If g trace of sulfur is
detected, th]S should be from the. d1s>oc1at10n of SO Second, by

18

us1ng isotopic SO Tike SO for adsorption on -alumina .and if SOZ]

is detected exchange of oxygen and hence dissc. 1.,' ion of SO2 should
have occurred. - |

(3§T The catalytic 'etfect of molten sulfur on Clauys reaction
has been dctected qua11tat1vely [22, GJf To gain more ‘knowledge in
’]h1s fleld quant1tat1ve measurements are needed. - Goddin et al. [48]

2> .
reparted a h1gher C]aus unit efficiency by operating the, reaction

”"7tenmerature Tower than the sulfur dew point. The additional research

onﬁno]ten sulfur- cata]yzed Claus reaction can provide valuable infor-
‘-hmat1on to the design and operat1on of -a Claus process” involving the
removal of sulfur by condensatidn beforelthe unreacted HZS and SO2
are introduced to downstream reactors. | . W

(4) TIf molter sulfur is capable of catalyzing the C]aus
reection, ¢ shou]d the condensed sulfur in the pores of the catalyst.
It appears tha- type of exper1ment required for such 1nvest1gat1on
is not too c0mp11cated First, -4 porous solid which is inert. to the
Claus reaction could be chosen as a medium for. su]fur condensat1on in
“the pores. In the present work oc-alumina was found to be 1nert to
Claus reaction and cou]d be used far ‘such pu >ee. To carry out the
Texper)ment,vsulfur vapor (at as high a conceqfration as possible).
‘shode be intrdduced with HZS 502 and N2 (which acts as a carrier gas)
over o(- a]um1na of the reaction temperature, I? reaction between HZS and

Z‘ﬁﬁ\detected this should be from the cata]yt1c effect of condensed
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sul fur (of coufso; it should be absolutely established that the porous

solid is catalytically inert).

)
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NOMENCLATURE

The following 1ist summarizes the nomenrlature used in this
thesjs. Symbo]s and constants are a1s> defined where they first occur
The special symbols separate]y-used and defined in the Appendix are

not included here. K

English Letter Symbols

LN

AE Specifjc external surface area of catalyst (cmz)
A Adsorbance at wave]enéth
a Vector of unknown parameters corresponding to the kth mode]
bjL Arb1trary constant of i th- independent- variable
- C Concentration (g-mol/1) ' .
gj Variance-coy§rjance matrix of the parameters imva kinetic )
mode] | “
qp o Diameter, of catalyst wafer (cm)
D Diffusivity
eff~  Effective diffusivity o v
E Activétion energy (K cal/g-mol) ) =
Eﬁ Entropy o | |
EO - Apparent ag}ivation energy (K ca]/g~mb]) ;o ¥
ET True activation enerqy (K éa]/g—mo])
&1 ' Error term in the ith kinetic model )
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r, FAé' Molal flow rate_ot the’reactant’(g~mo17h)
I | Intensity of the'transmitted tnfrared bean | N
15 © "™ntensit- of‘the'incident infrened beam ™
K Gas diffusi‘b’n ceotﬁcientv b .‘ . W
Ki' ‘ Equj]ibrium constant for the réaction step i, or adsorption EO
cor,lstant,for'~-1'th species | ‘ v L
ki React1on rate constant for react1on step 1
Li - Jlotal number of active sites of type i Un the cata]yst
surface
£ Length of the IR cell zcm)'
LA MoTeCU15r‘wefght of.component i |
mo The power factor for H,S term in’the ‘e equgtfon
N | ‘Total number of datajboint-obtginea P v
Nf v D1ffus1on f]ux of component i (g:mol/s cmd)us, . ..
n The power factor for 302 term 1n thg rate qu‘ n J ' .~
#57 o | Tota] pressuré (atm) ”A‘f S ) j’? ¢ :1~§: ¢’ v ; !
‘vPi S Probab1]1ty that. the i th model form 1svcorrect, on part1a1 n ) L
~ pressure ofﬂ\ltitomponent (mm Hg) . o t ,: - :
PO (/, 1 Part1a1 preszgre o} reactant n the feed stream (mm gg)
R - Ideal gas.law constant ‘ )
R Expected entropy change
r . Rate of reac: ‘on; g-mol ot ‘reactant. converted per second k

per gm of cata]yst

r Rat1o of vd]ume over surface area of the cata]yst (cm)

r ," Rate of react1on for the. react1on step i; g—mo] of reactant

converted per second per gm of cata]yst ,

\
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o Initial rafe of reaction; g-mol of reacta?t converted per -
second per gm of ceta]yst -
Sk_ Minimudt*sum of error-squared
T Aisolute temperature (°K)
& LW, N R ‘ . .
W ht. of cata*yst (gm)
Xj sign matrix for jth kinetic model
. - o .
X Independent variable for mode} d1scr1m1nat1on
“7XA;r( Fracf1on of reactant oonverted into product ) ‘ n ‘
y Dependent var1ab]e for mode1 d1scr1m1nat1on , I
X ‘AJ’ ) ) l":‘ | ‘ . . R -‘% 3 v“‘vi,,{" ' ] : . 3. : ’ ) ::' -
. L o . o t\(‘»;”:?'v‘ ‘ ,»;?Af‘"" f‘ . Y. g
> ) R ‘ o . I ‘g‘; : :“, ‘: I“' "'9}‘ .\ R -
® ’# : i . ’\r;‘ V n ?. g o £y :} N T ’
o o C Greek Letter SymboV& y%;~’ a
‘ . O - ] r- " w] j@ . e ‘ (f\ , ‘ o . ; , N
€ Extinction coefficient % S : .
P . 2 Nt B \‘:_4” .
g Error of var1ance oﬁ&a s1ng1e measurement . .
4l The unb1ased est1mate of gggor varwance L N s :
oY . - A . S e
; th S R S
Qi'ﬂ  Propgsed 14 k1net16 §oqe);ﬁf , . )
“5 0" ..Thigde d1ffu%jon moduTues sﬁuared , : -
: : 4 , D ;o
8. yPoros1ty of catalyst o : Lo ‘ o
T | Tortuosity faetor.of catalyst - ) )
Y . :
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A-1.

| . e

A. CALIBRATION OF GAS CHROMATOGRAPH

A sketch of the apparatus used for gas chromatographic '

Ay

calibra .on is shown in Figure A-1. The Whole apparatus was made of

amber, a storage chamber, a

glas< -nd consisted of a ca11br f?@n;

-oma d and a vacuum system Th vo ume in the ca11brat1on chamber

wa sa11brated by filling with various welghed amount of water. The
‘stze of both the talibration and storage chamber is about 1 11tre
To start a calibration, with reference to Figure A-1, both
the ca]ibration‘chamber and storage chamber were vented to atmosphere
via stopcocks D, E, F and G while stopcock C was c]osed. _ht the same
time,‘the mercury level in=c2]ibrationrchamber was dropped to the

; ]owest po1nt via stopcock H by ventﬁng !Q: mercury reservoir No. 1 ' 'iuff
@ e

throdgh stopcock A to the atmosphere Then the ca]1brat1on andggtor- - ,
“ age chambers were evacuated by c]os1ng stopcocks D B and H,. and

op\n1pg stopcocks F and C. Bur1ng the evacuation, a certain mercury

ety
o

lTevel shou]g‘be kept in both chambers Th1s could be done by opening
¥ slightly the stopcocks H ahd J and then c]osedgaga1n

¥

-5 . . ”

' The system cou]d be evacuated to below 107° mm Hg. A Pirani

gauge not shown in Fiéure A-1 and situated between stopcock C aﬁd the i

“ vacuum sy.tem s1m1]ar to the one descr1bed in Chapter 1V) wa§ used to
’measure the uacuum inh the system. 3 .
q;'-A D After the evacuation had been contﬂnued for more than 2 h, i
: the system was ready for 1ntroduct1on of gases (HZS or 502, depend1ng
on which was to bé ca]1brated) To proceed both chambers were ’

-

1so]ated by c]os1ng stopcocks F, G, H and J« The. des1red Gas - supp}y gL

o

11ne was connected to the ball Jo1nt on stopcoqﬁ B and at that stage,
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some air from the atmosphere still remained in the gas supply line.
L;? This could be eliminated by repeated purging and evacuation of the gas
supply line and the manifold. The purginé could be accomplished by
“turning on the regulator of the gas supply cylinder and opening stop-
cocks B and D wh11e§$1osing stopcock C. The evacuation was done by ‘
closing stopcock B ahd D while opening stopcock C. It has bea® found
from this work that repeated purging-and evacuation for a total of 15
min could almost completely reduce the.air trappeﬁ'th the system. Thehﬂ
the mercury level in the ca]ibration chamber was raised to a poiht such
that the void volume above the mercury level was about equa] to the r
des1red g@@,volume to be 1ntroduced Th1s was carr1ed out by opening
and c]os1ng stopcock H and by keeping’ mercury reservo1r No 1 vented
through stopcock A to “the atmosphere To introduce the gas, stopcock B

was opened for ,»NoA'§ sec and then stopcock F was opened s]ow]y

About 20 sec 1ater“ Jwith the ga 141 f10w1ng, stopcock D and F were
opened.. to a11ow the pressure in fhe ta11brat1on chamber 'to drop to

‘round atmospheric pressure. ""hen stopcocks D followed immediatgly by B

and F were closed and the H,S (or S0,) gas supply could be shut off.

. 3
» , Next the stopcock-H was opened and the mereury reservoir:’
: A

No. 1 was vented to the atmosphere through stopcock A. As soon as the .

mercury level in the ca11brat10n chamber was stab111zed a cathetometer

was used to measure the 1ocat1on of mercury 1eveTs in the calibration

5.

chamber (h ]vnm) and resarvoir No. hz . The read1ngs of atmos-

T pher1c pressure (Pmm Hg) and amb1enf’temperature T °C) were a1so

, recorded The vo1d volume V1c .c.) above “the mercury in the catibration
i
%hamﬁ%r could be read o?*zt ca]?brated scale on the chamber wall. By

v 4
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using equation (A.]); the number of gram-moles of HZS (or SOZ) intro-

~ duced (N]) could be ca . nlacri.

Ny 20 (A.1)

After a]] the neqb1red measurements and calculation had been
1#&& comp]eted the gas SUpp]y line‘of: HZS (or SOz) was removed from the
| pa]] joint on stopcock B and rep]aced by N2 supp]y 11ne The who]e’
procedure of purg1ng and evacuat1ng the gas supply ]1ne and man1fo]d

was repeated same as dur1ng the ﬁntroduct1dn of H S (orASO NherI‘P
&th1s was comp]ete, stopcock C and D were c]osed and stopcock B was -
P Kfslowly opened Ibe¥maqgfold shou]d be pressur1zed suff1c1ent]y above

o Y . & {
the atmospher1c pressure before stopcock F was opened to a]]ow the:

Co

introductjon of”N2%1nto the ca}1brat1on chamber. In add1t1on, stopcock
H should be closed and the mercury reservoirS‘No 1 vented to the ?
~ atmosphere through“stopcock A. After all these requ1rements had been

Vo

;.. Checked, stopcock ¥ was opened s]owly and at the' same time ihe _mercury
r‘]eve] drop was watched closely ‘to make‘ture that it did not go below
“the Towest scale mark on the ga]]brat1on chamber. When suff1c1ent N

had been introduced, stopcock F was c]ose]x\su1ck]y, fo]]owed 1mmEd1ate-
1y by stopcock B. Then Nz‘gas supply could be shut off and the mercury

7 level in the calibration chamber allowed to stabilize. Similar measurez

ments taken dur%ng the introduction of HZS (or SOZ) were‘repeated. By

{ us1ng equat10n (A.2) the number of gram-mo]es of N2 introduced could be

calculated. R _
, , )



264
A-5

)
_'vD’ry.‘v\
e
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‘ (A.2)
RTa 2 : #

By combining equation (A.1) and (A. 2)‘;he final molar ratio between HZS
(or 502) and N2 in the ca11brat10n chamber could be calculated according

to the followdng equation (A.3)
L;

L v '(Po - hy o+ hz? |
N, _ RT, 1
—_—— = —\" —
No-N, V (Po - h, +¢h_2) V (Po - hy + h,)

-

: indicate HZS (or SO ) and N2 respect1ve]y
& " At this stage, the gas sample in the calibration chamber might T
not be adequate]y mixed. To improve m1x1ng, the man1fo]deas well as'the
stdrage chamber was first evacuated by opening stopcock C and G. Then

- the stopcock C‘Was closed and stopcock F was opened to allow part®of the
.gas sample to flow into the storage chamber The mileage was accom-
plished by ra1s1ng the mercury 1evels ih the two chambers to- as high as
poss1Q£g feed dropp1ng to as 1ow as possible, thé raising and dropping -

.could be carr1ed out -ejther srmu]ta1neous]y or alternate?y between the
two chambers The mercury level in the calibration chamber cou]d be

(’ ralsed by applying compressed air to the mercvry reservoir No. 1 =
) k

through stopcock A and w1th stopcock H open!d. ’It.cou]d be dropped by
J

P



repeating the procedure, replacing compressed air with vacuumi 6n the
other hand,'the mercury level in storage chamber could be changed by
moving the whole mercury reservoir No. 2 up and down with stopcock J
opened. It was found*in this work that adequate mixing could be -
achieved in 15 min by such methqd. . Adequatk mixing was defined as

no change in the gas ghromatégr%phic‘ana]ysis results between two
samples taken from the same gas m1xture but 24 h apart.

At the completion of mixing, the mercury 1eve1 in the
calibration chamber was raised to as high as poss1b]e but)below stop-
cock F while that in the storage chamber to as low as possible but
above stopcock J. This was to transfer the gas ‘mixture from the
calibration to storage Shamber-.

- At this state, standard gas sample had been prepared}and
ready for gas chromatographic calibration. The whole storagé“chamber;
stand and mercury reservoir No. 2 were detacqu from the system at
~ball joint E. The point of detachment wae then reconnected to a
similar hall jojnt. at the samp]e,tnjection point of the gas chromato-
graph. To allow the injection of gas samples into the.gas chromaton
graph, the mercury level in the storage chamber was raised to build up
the gas pressbre and then stopcock G could be opened ar 1osed for a
short duration of time (about 1,sec) for every TnJectqon; The initfal

" few 1njections were actually used to purge the 1ine free of trapped

4

air and thereforé the correspond1ng ana]ys1s resu]ts should be discarded.

As the ana1y51s proceded, the gas pressure 1n the stotage chamber
drcoped, resu1t1ng the progress]y diminishing of sample 51zes. Th1s
crild be corrected as required by ra1s1ng the mercury 1eve1‘1n the

storage: chamber further. It was found in this work that the storage

[| 039
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‘ ' A-7
chamber wag bic enough for at least’ ﬁfx analysis (exclud]ng the
initial few 1nJect10ns) ﬁg~»
During calibration, the gas chromatograph was Operated at /
the conditions outlined in Chapter V. For every analysis, the peak
areas of the chromatograms were measured by a dish 1ntegrator The
peak area ratio between HZS (or SO ) and N2 ca]cu]ated from the R

measured results and since about Six ana1y51s of various sample sizes .

1

were obtained, an average area rat1o was used. In this work, Jess
than 0.2% variation in area ratio was produced by changing samp]e’
sizes.
A plot of'average peak area ratio vs. molar ratio for

H?S/N2 anu SOZ/N2 is shown in Figuree A-2 and A-3 respective%y. A
goou 1inear relation wa}:obtained f] k oth plots. Tables A-1 and
A-2 indicate the resu]t;; *%ﬁed R{ 1easf ‘SQuare method for the same
data shown in Figures A- Z‘aanA 3 A computer program LEAST,used

for the data f1tt1ng process is listed 1in Append1x C. S

~t
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ret ”.r“i‘ "‘ u'l ) A + .
"')\”;'.‘(‘”’ '...a; - *
o ,‘n'b(_' . . -«
% TABLE A-1. Least Square Fitting of GC Calibration Data for HZS
X STANDS FOR AREA RATIO OF H2S 10 N2
Y STANDS FOR MOLE RATIO OF H2S TO N2 (X10)
W . .
- THE COFFICIEMTS OF THE POLYNOMIAL ARES$ /
) ' \
AO = -0.,01279 \
\
Al= 0.24807
REGENERATED DATA
X MEASURED Y OBSERVED Yy CABULATED  PCT ERROR
» 1.197 7 0,282 - - De2 84 @ 0.477
: R w_ ] o . ."’A‘"!{' 4
b ' SO - i . R e
1.676 . 0.400 VOURR s ML 0,593
, ) Ve ! *‘e(\".“-' -~“(Cv" ‘
1.952 . 0.470 C0.471% 0.116 %
2.260 . 0.558 0.547 . 1.818°
" 2.770 0.668 0.674 %5 0.878
. “*
' ' . / '?J"
d .
VARI ANCE =  0.000036 L.
STANDARD DEVIMDION V  0.006025.
LMAXIMUM PCT ERROR = 1.R18433 N \ .
- j
! ¥ -
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TABLE A-2. Least Square Fitting of GC Calibration Data for S0,

X STANDS FOR DISK INTEGRATOR AREA RATIO OF '_SDZ TO N2
Y STANDS FOR MOLAR RATIO OF S02 TO N2 (X10)

THE COFFICIENTS OF THE POLYNOMIAL ARE$
Gty . . '
. AO= 0. G959
) ; :
S 0.22709
'.ﬁm}s A ’ ‘
)g;’ o
T . * 7 REGENERATED BATA .
‘j@&\. - o . ) T .;w \,\\\\ .
“o . X MEASURED Y OBSERVED Y CALCULATED  PCT ERROR
_ 0.573 % 0.142 .0.139 20111
0.812 .~ - 0.191 0.193 Y 1.358
A.635 0384 0.380 . 0.961
Sy L e o s R -
oo Wy e ., W0L559 . - . 0,565 1.158
92.5000 . = 0.579 . o 0,577  0.303
£ 3,737 . [ 0.848 % 0.858 ©1.133
3 . B :
) 4,084, - 0.947 . 0.937 _ 1.079
: , - E .
7 Ve *
VARIANCE = 0.000045
STANDARD NEVIATION V. 0.006729
MAXIMUM PCT FRROR = 2.111648
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v B. COMPUTER PROGRAMS'FOR MODEL DISCRIMINATION S R

Ihe appendix contains e programs used in th1s thes1s

The notation :

A Dispérs

JAOQ ¢ ,4 Prio} estimate f the'dispersion matri;

B A Least-sqyares estimqte of the parameters (vector)

C 'Yariance¥covartance matrix | F
D' i " Determinant, normalizing hétr1x . -

‘DSNM A function subprogram to set up the design mat;1x

‘ER . Errors vector -

FUC& A fun-tion subprogram to compute the mode]vpredictions

Lgx ~  Mesh size in the/pé;fgn of‘eiperimentgx L

rﬁ " Reference index for the competing models:

L,k1,L2 Expected 11ke11hoods p - “ ' i\\ _

LAM A parameter 1n Marquardt 5 a]gor1thm '

M - Number of parameters_in the given model

MO . Prior estimate of the parameters (vector)

N Numbefﬁof_date points -, ,
NM Total number of‘compet1ng models )

PA,PW - ‘Indepehdent variables
“R‘ . Negative of the expected entropy change

SS . ‘Minimum sum of errors squared

T,
%
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B-2

A function subprogram to specify-the prior parameter

distribution for the given. mode]
Ey

s
Error variance

Vector of observations ’g

Expected vclue of the prediction from the entire methamodel

+



W DRHYDRATION MODEL M3,SPECIFIED NERE BY LH=2
= .
Lif%2 , e .
A GPUCIFY THE PARAMLCTER PRIOR VARIARCE-COVARIAICE
i A “HATRIX AND ©HE STARTING VALUE FOR THE PARAMITERS.
. A0+3 3p0 | . L -;
Re.1 .01 .1 R “
a4t QUARDTTS(1963) ALGORIZUM IS USED TO COLPUTE THE
, A LEAST SQUARE ESTIMATE OF PQRAHETEHS AND VARJAICE-
A COVARIANCE MATRIX IS COMPUTED AS DESCRIBLD 1i
A CHAPTER TWO. PROGRA,'?HST' I5 USED TO OBTALN
A | THE MODEL LI%ELIHQpD.CALL';McT' 70 PERFORI. TIE
N ' » X , .
A . ABOVE CAchLATIONs; A'SAMPLE OUTPUT IS:
) ‘ ~ ' 1
: HGT ™ .
0798712325 0.01163917306 0,1354432714 PARAJETER VALULS AT

< O O oC

L0BHB5.36293
.09233897556
.09519688775
09543472473

) - o
: ' . B-3

A SAUPLE OUTPUT USING THi PROGIRAS OF APPZIDIX H.

007873153225 0.2560221165 ORITH.I.
.007855672149 0.,2574704119

OO OO

PARAMETERS : 0.09543515955 0.007855869105 0.2574720037
95 'PCHT L!{F: 0.007887637281 0.001980287403 0.0u827574289

VARIANCE :+ 4.12564007857S S5TD DEV: 0.00642311%457

VAR-COVAR: ) . :
1.595058733L°°5 T2.85751139Q1 6 9.130670633%2 5
2.8574113935.6 _9.803845500E_7 T2.152669197E_5
9.1306706337 5 ~2.1526069197F 5 5.826368378F 4 -

&ﬁNg;rL LEKLIID: 3.4362550981017

Ty

.01Q01N86825‘ 0.1888224163 VARIOUS TTERALIONE
.0185821263 0. 2382591273 O0F HMARQUARDT'S AuG'

273
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T B-4
J/ ! h N N
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A PROCHA ' [ip
. CNIS PROSHTT CONMPUTES THE INVORSE 7 4 BOi-
o SINGULAR JATITE BY CLULSL-JORDOL PIVOLING. ’
& ' T o’

VINVEIY
VozeINV UyId K

+3x 1 (2=pp;il)as=/p.!

0, pllet 0 INVERS! ROULD!

H+@(1 0 +p0/)po(,&/1) , el «ltp

A . G U VR B /*k\f/ “| 0TIl
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el

A : CHUAGH ALY 'QEZ}

A S YOETY OBTATHNS THE Dfﬁ/?ﬂ/[l!/i/‘l'f’ OF &4

A DNUARL HATRIX BY CHIO'S IETHOD.

VoDeDDT AN A

//4-01-[ 1, J ' . ‘ .

‘J+0 - b

1)‘-1 C \

+LADxAll=]

IAL:T+«T+1 .

DeDxALTI] ‘ ) /

AL T J*A[I J+al.T; I]

Le]
CLAD e+l .
T ATLI«AL0)=-A0T 3 )xAl 1) o
1 2 LADx Pl : -
] wLALx\I<il-1 / ,
J LAB:D<DxALi30 ) _
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» & . , n
Ao PROGRAM 'Sy
\. . L .
A THIS PROGRAM COAPULES THE EXPECTED LIKELI -

A Hoovs FROM THE SUFFICIENT STATISTICS OF THE

A VATA WHEN IMPROPER UNIFORM PRIORS ARE USED.

VASILQlv
OV UST MN
L1 A+ o8B
{2]) N+ox[ ;1)
~3J L+ ( (2% VAR)*(-//*?.))X(O.5*(1'4*2))!(*(-SS*('ZKV/IH)))

q v,
.

on ‘ PROGKAIT "USS! .

| Lol \
A YHSSY COMPUTES THE EXPRETED LIKTLITOOD OF oS S

N !
A AODE, TRO!N SHE SUFPFICILNND SCAVTSIYCS OF 5D oa v "
8 AU DEVELOPED Il CHAPLER N2 UF 2HIo Ilko i, ol Jopy
~ . ~*

A POSIRRIOR DISTRIRULION AND L2 ULES 2'HiE 02I0%

CDISUNIBUNION OF TUE PANSIETERS,

) YHLSII)Y
oV IRGRAL AN A AC 11 A0 00 S e
L1 iepilin), 7/
L2) . DU=DET(AG+4) SR
(3] L11((2xOVAR ) w (=142 )x (% (=554 (2xVA)) )
T AA«<(AO0+ . xMU0Y+A+, xD
L] AR<(A0+.,%/MJ0)+2xhi+.x]3 : -
| AD((QB )4 . xA+ . xP )+ (QAA )+ . x(TilV Autd )+. x4
71 L1 (w0, 5x(AD~(QAS)+. x(IHNV AVO+2xA )+ x5 ))xL 12
[ LI+CLIE(DETCAC+AX2) ) >0 5 )xDD0 5 .-
PO ALCC(RA) 4. x A4 x )< (RAAD+ X (TIIV AU+ )+ 7 ils
10 ACe(AT+((QiU0 ) +. xATY, x*1U0) )
U11)  L2«L1ix (DL AO)%0,5)x ("0, uxAC )4 (10%0. 5 )

\V

~

.U
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. B-6
A’ © PROGRAII ~ 'yGT" .
THIS PROGRAN IS BASED ON HARQUARDT's (128)(
A ALGORITHM FPip pARAuEé>X‘ESTIuATION FRO/ A \\W\N
A JON-LINEAR MODEL.
VIGTL U}V A
v MGT ®
LAN«0 01
I+ 1
I+«(1if)o, =Y
LBB =10
PHI+FUCH Li - :
X«DSIM Ll "\
G+(&X)+.x(Y-PIT) - :
SS+(&(Y-PUI))+,x(Y-PHT) -
A<((QX)+.xX)+40 : . . , :
)] AA«a- b -
1] D«
2) IL+«o
3) LAS:IL+IL+1 ‘
41 DLIL;IL]«ALIL;IL)+ 0.5
5] SLASX\TL<M ' '
6] A«D+.xA+.xD
7] Dl«(D+.x(INV(A+LAHXI))+“XD)+.XQ
8] D2+(Dt . x (INV(A+(LAL+NUYXT) )+, xD ) 4. xG .
18) Bi1+B+D1 . .
(20] B2+«3+D2
(211 BB+3
[22] B+B1 )
(23] "PuTi<FUCN L’ ‘
L24] pBem2
[25) PiI2«FUCN L4 , )
(26] "IT<«I7+1 o -
ﬂ5?7ﬂ“ST*TQTI-FH11))+.X(Y-Pﬁ?1) : ¢ ‘ o
(28] S24(Q(Y-PNI2) )+, x(Y-PIT2)
[29] T THREXA((|(+/(BB-B1)))<0.0001)
an}- B+51 . -
31 B -
(32) +7wox151>55 -
Eaa] +LBEB ‘
L38) ONE LAM«LAM+RY -
(35]" -8B . - e
L36] THO:LAN«LANXNY
"[37] -uBB :
(38] THAE:+FOURX155<51
E 39 3 X<DSt? Lt
50 VAR+51+17.

(ul] CONTINYED on NEXT PAGE



[41]
(u2]

; w3l

(uu)
(45]

. [ug]-

(u7]
{ug]
. [ug]

"\\; >

rﬁr—-‘rgr—ﬁr—xﬁr—\r—\
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3

-
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(@]
(W]

[13]
.S {123

: (23]
(14]
[15]

T

< .

RV %

(127)]
[18]
(19]

[20])

{21]
f22]
[23]
[24]
{25
[(26]
[27]
(28]

+L,AD ! .
£29]) LAT:+10
v .

A<C(QX)+.xX)+40 -~
C+VARX(INV A) )
~FIVD
FOUR:B+BB

VAR+SS+N
C«VAR=(INV AA)
FIVE: '"PARAILTERS
VYVARIANCE 'S VAR
"VAR-COVAR: ';C

';B

PROGRAI  'EZPD1'

"EXPD1' COMPUTLS THE' EXPECTED CHANGE IN

ENTROPY FOR A EYPOTHETICAL EXPERIngf,”

04

VEXPD1[[]]V
EXPD1;MyN,IT ;I ;N
N«l -
VARV+YHV+2DO

I+0

WM+2 . 2
INX+2 - el
VAR<+10%*" 3

PA«PlW+2
LAB:T+I+1
+LAT*x\Pi/>40
.*LASXx1PA>50"

IT+0
LAC:IT+«IT+1 \ _
A0+SETUP IT . -
YuvrLIrl«s FUCH IT A

PHI«YHVIIT)

X+«B DSNM IT

VAPV[ITJ*X+ x(INV(AO) )+, x(Qx)xVAH

+LACX \IT<WlS

Y+t /POXYHV

VARR+(+/(VARVXPO) )+ VAR

VIT«(®(VARR+ (VARV+VAR))) ~

R+0. 5x((+/(POX(VTT+(((YHV YH)*2)+VARR)))))

R;' PA,PHC= ';PA; s Pw ; ‘
PA«PA+INX

+~LAB )
LAS: PU«Pi+IlIX o ‘

PA<0,2 : '

\\\\\\;\\\

B-7 .
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VA PROGRAN  Vpucy:
A « THIY PROGRAM STrorrs THE FULTCTIONAL FOR/S
v FOR 7THE VARIOUS DEHYDORATTFON MODELS .
T VEUCHL])Y

v ’HJ*U FUCH Lt ;R

L1 »200x \Lif=2
(2] S THREX \LM=3 :

[3] FEOUR X (L1 Y : i’)
M4} S PTVEx \[M=5 ‘ /

[5]" SO Xx\Lit=6
(&) OE HHr+B[1JXPA¥((1+(B[ JX’A)+(B[3JXPW)))

(7 . ~rew + "
(8) Iwo;: PHI+P[IJXPA%(((1+(BEQJXPA))X(1+B[3IXPV)))
(91 . -7gpy ‘ -
[10) HDP 2PIIT+8[1)xpA+ (1+(B£2JxPA)> i

[11]) TEN

[12] Fuum PHI+B[1])xp4s ((1+(B[2JxPW)+(B[3JxPA))*2)
(13]) =+rew ) . ,
l14] FIVE. $PHI+R01 ]x (*-3[2] (1, 987xTJP))xPAe((1+(B[3Jx?#))*2)
(15] +2py
(i1e]) s7x. PHI+7FIJXRA-(((1+9[2JXDA)+Q[SJXDP) (147304 )xpr))
(17) werEn , .
(18] 2zw:s10 p
v L . /
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. . © PROGRAI "DSLL
A DUt COMPUTRS rir DEJJGn JARTX X FOR Tas
A VARIOUS DINYDRATION 'ODELS
. ~ - B . * { -
VouLLGIy S 3
VoD D80 LDt B o T N
Xl )e =0y / a
_>_“w[rf))< W L1=2 ) w7 v ,
WOV \[,,,_'{__ o Y
POV x AL T=y _ SRS .
IVD=x\L/t=5 e SR
ST A {LI=6 T R
ORZeX0 11PN 1) . Vs 7
VL0 e-PHIx fuT<1+<mm[ﬂaupw[aﬂ) .
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S0 XL 1‘_]*‘p'1'IYE[1] . :
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A.:""w - o3
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f[,/}*“LVIXP +(1+(2 [ZJXPA)) ‘ . ¢
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POUR X 311+PHT R 1]
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ALv2]e=-2xPHIXxPsDI -
AL i3 J==2xPHIxPA2DH
o _ . “ s ~
FIVZc XL 1 1+PT+B0 1] . '
32 01«-PRIs(1.987xT1)
Al 8 e~ /XPz/IX."»’%(1+(JL3JxP 7))
WA,
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. CROGRAN QE .
/ : o
A "RENTY COMPUTES THE DESIGN MaTRIx 107 "THE ) \
. ~ )
/; CUHTDNOGENATION (JODELTNG. Lo
vnsiafnly T .
V o ABoDSI Lit LB DI
L1 R R TR o
Lol S0 =2 / ’ :
L3 =uiliv - \inl=3 5
[4] =FPOoUnRx \Lit=y .
[ ¢ > TVEx R Lit=5 Ve &
[f,] > T X% L =6 : )
(73 S VXL =7 , .
Lyl QT A1 ;1 4 P/I«T.J[.L.J !
loj\i_7uf+(Pﬂ7ro )+(RF2JxDA)+(B[3Jx’H2)
[1¢ “r 2«-PHTIxPA DI
C11]) 0 J]+-D”IxP727Dg'
[12]) =rEW ‘ ' .
(13] Wo:x(; 1J+rHI+B[1] ‘ o ; -
L16) X0 ;2 «-Pilx(PH2%0.5)4(1+3[ 2.)x; PH2%0.5) )
[15] fr- ]«-"}Ix(vA+Pvz*o 5)+(1+R[3]1xPA+ PH2%0.5) -
[16] rrn ~
(27 xu? s X031 0+PiI+20 1) .
(180 202 «-PHIx(PU2%0. 5)#(14B[2)xPH2%0.5)
(19) L3 J«-PUIx(PA+PI2%0.5)+(1+8(3]xPA+PlI2%0.5 Yy
(20] ~rEN : -
[(21] FOUR:X[ ;1 )J«DPHI+B[<)
(221 Diry«(PL2=0, S)+(B£21%Pi )+ (BL3IxPII2) i
L22] AL ;2 ]«- Pﬂ["]’A*DA// . /
(261 ZL33Je-QUIxDI24D0)
[254 »er
(261 FIVE: X[ ;1]«RFT+B[1] .
L27] ’va+1+(fr2]—°nﬁro 5)+(Ef3]xPn PH2*O S)+(Rlu]xd) »
28] Al 20«=-2UIx(+pP02%0.5):D.0.1
(29 ;54 —Iulx(aﬂfpuz*o 5)2DilM . )
300 AL ;u J«-70IxPAsDid ’
21 0k
321 SIX:xU31]ePrIapia) -
23 JlJr((1+wr2prgv,J>*0.5)x(1+3(3]xPH236\s))+(3tu]xﬁﬁeﬁﬂ2%o.q) ’
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C. CALIBRATION OF LIQUID SYRINGE F. EDER

The syrﬁnge feeder used for 1ntroduc1ng Tiquid through ti ‘

sage syringe pump into the reactton system was ca]ibrated'by filling
w1th d1st111ed water at room temperature at 24°C. The distilled -
water was first deﬁgerated hy repeated thaw1ng and unthawing in a
vacuum system. The amount of water filled into the syringe was

R

measured bj'weighdné‘the.Water'at 24°C. During ca1ibratioq¢ the water

‘eJected through the syringe needle was ‘collected in a 2% mi pycnometer

submerged in an ice-water bath to preqent the loss of water due to
evaporat1on The quant1ty of water co11ected in the pycnometeh was
measured by weighing. The duration of each ca]ibration‘was one hour.
Each piston speed was ca11brated four times in such a way that the

who]e range .of p1s}on travel (about 12 cm) was covered. The repeata-_

‘b111ty of the results showed that the speed was reproducib?e within.
- O 1% w1th respect to the position of the Syringe position. The

_ average values of the four runs for each speed is used to obtain

calibration curves. For thevspeed range of 1/1000X, six data points

(avera@e vaiues) were co]]ected and of 1/100X, f1ve were obta1ned

These two sets of data were fitted by the Teast squares method and

the~fesults are shown in Tables C-1 and C-2 for each speed range.
The computer programs, LEAST, of the Jeast squares method are also ' {/'

Tisted.
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TABLE (=), Leasﬁ.Square Fitting of Calibration Data for

the Syringe.Feeder at Low Speed Range

n

X=OF (1/1000x) on THE CONTROL praL = THE
L ] ’

mn

M
C'u
™

=

i
-

Y= FEED RATE= CC. PER HCUR AT 24 CE%f

-
4

' : ‘ S ‘)
. B . N t .
THE COEFFICIENTS OF ThE POLYNOMI AL YTAO+A13X+A2*X*!24

A0 £ =0,00600

Al = 0.2527.
A2 = -0.00000 ‘ A

REGENERATED. paTa
/X MEASURED Y oéssRvsD Ty kALgyﬁﬁrsd PCT ERKkOR

10,0000 " o,e5;, 0451%7 © o 0.2854
20.C000 | 1.0433;;‘ 1.oa492 Del584 .
3040000 ‘145666 ©lesegs 001264
40,0000 240935 240907 01329
60,0000 3.1300 341304 “ \'o.blzq
80.0000 4elbue 4,164 CCeco2s

<y

_ ;\\\\‘“’//// o | - ‘
VARIANCE = 04000003 ’ o .

STANDARD DEVIATION

04001803

) £
MAXTMUY pCT ERROR = 025546

[N
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TABLE C=2: Least Square Fitting of Calibration Data for

the Syringe Feeder-at High Speed Rgnge

[ -

X= OF (1/100X) ON THE CONTROL DIAL OF THE FEEDER

. }
Y= FEED RATE= (C PER HOUX AT 24 DEG.

THE COEFFICIENTS OF THE POLYNOMIALs Y = AQ + Al #* X

. AQ
Al

‘_O|038‘07

0452202

n o

REGENERATED DATA

N
-

X MEASURED Y OBSERVED v Cﬁiiitilgp‘ PCT ERROR

© 104000 5211 © - .5.181 o.a;f*\
\\
204,000 104439 _10.402 04360
30,000 154575 ’ 154622 0.304
40,000 204765 . 20.842 04372
804000 37.341 314283 0s184
VAR IANCE = 0.003467
STANDARD DEVIATION = 0,058884

"

0e561762

]

MAXTIMUM PCT ERROR

C-4
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13
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C

MAINLINE LEAST

MAINLINE LEAST /’

LR R R R R T R R i Bl R ok R R R R TR A NI T T W T T R s

* k %k ¥ % X%

NCASE
- NCCPY

N

M

NTL

NPAGE

NPLT

XNAME
YNAME
X(1)
Y1)

3#
#
3
*
*
*
*
$#
*
*
*
*
+*
*
*
*
*
*

DES(K)

THIS PROGRAM

MAINLINE LEAST ~ g

-~

WAS WRITTEN FOR FITTING A MAXINMUM OF .
50 DATA POINTS TO. POWER SERIES TYPE POLYNOMIALS OF
ANY ORCER UP

INPUT DATA

TO A MAXIMUM OF FOURTH DEGREES

NUMBER OF SETS OF DATA

NJMBER OF COPIES OF OUTPUT DESIRED

NUMBER OF. DATA POINTS
DEGREE OF POLYNOMIAL
NUMBER OF CARDS FOR TITLE
PAGE NUMBER OF OUTPUT
CATA REGENERATION FLAG

+« s 0-REGENERATE GIVEN DATA ONLY
seal=R NERATE GIVEN DATA -PLUS 20

INTERMEDIATE POINTS

ALPHANUMERIC DESCRIPTION QOF THE TITLE

ALPHANUMERIC - DESCRIPTION OFX

ALPHANUMERIC DESCRIPTION OF Y

INDEPENDENT. VARIABLE
DEPENDENT VARIABLE

*******#***%#******%********.*%#*#**************#***%

(,

*
*
*
*
#*
*
*
*
»*
*
*
*
*
*
*
*
*
*
*
*
*
*
»*
¥

. %
DIMENSION X(50)9Y(50)9A(5095)9P{20+20) sV (2012120

ICES(10915) 9 SNAM(S) s XNAME (100) s YNAME(1 LU

DATA SNAM/'YAQ =1 'Al =",'A2 ="'y 'A3 =',4'A4 ="'/

READ(541) NCASEWNCOPY

DO 9 NC=1sNCASE

READ(S21) NoMNTLANPAGEINPLT

FARMAT (515)

DO 11 NT=1sNTL

READ(5412)
READ (5420)

READ (59211

(DES,(NTsK)sK=1+15)
FORMAT (15A4 )

(XNAME(1)91=1+15)
FORMAT (15A4)

. (YNAME (J)9u=1415)
FORMAT (15A4)

FORMAT {10X»15A4/)

MNEM+ ]
O 2 I=1»N

READ(5493) X(1)sY(I])
FORMAT(ZFIO 5)

DO 4 1=1
DO 4 J=10MM

ACTyo)=X(I)%n(y=1)

287
C-6

7



288

* . Cc-7
b

C MAINLINE LEAST ees (CONTID)

A X L ‘
DO 5 I=1yMM .
DO 5 u=1yMM <
P(1su)=00
DO 5 K=1aN

S5 PUIvdl=PlIsul+A(KyI)I®A(K»y) ~
DO 6 I=1yMM
V(I)=Oc .
DO 6 "uslyN o

6 VIIIevII)+Y(U)*A(U])
CALL GAUSS(PsViIMMy2Z)
DO 16 1COP=14NCOPY -
WRITE(6410) NPAGE ;

10 FORMAT (V1M 3/ / /466X A= 9124/)
DO 17 I=1sNTL

17 WRITE(6913) (DES(IsK)sK=1415) -
WRITE (6930) (XNAME(I)sI=1915

30 FORMAT (///312Xs15A4) :

WRITE (643L) (YNAME(J)»u=1s15) ] o
31 FORMAT (12Xs15A4)
WRITE(618) .
8 FORMATI( ///410Xs'THE COEFFICIENTS OF THE POLYNOMIAL
1y "AREA /) o :

DC 15 I=1sMM ' :
15 WRITE(6+7) SNAMI(I)s2Z(])

7 FORMATI(15XsALsF114W5/) SR
16 CALL REGEN(XsYsZsMMsN)
) IFI(NPLT) 949,14
14 CALL POLYT (XsZsNsMM)
9 CONTINUE , !
CALL EXIT : : -
END
i
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1 FORMAT(///432X,

L

Ny W

15 CAL=CAL+Z(J)*XY**(J-I)

~

¥ POLYT SUPPLIES REGEN
¥ NEDIATE TO THE GIVEN

#*

***%*#%*****#*4&

SUBROUTINE POLYT

ERATED DATA=AT pomes INTER-

DA™,

SUSROUTI'NE POLYTU{XsZyNyMM)

CIMENSION X(50),2(20)

WRITE(6y1)

ly'Y CALCULATED!

XMAX=0 s

XMIN=99G¢G,

DO 2 I=14N
IFAIXMAX=XU1)) 343,4

XMAX=X (1]}

IFIXCI)=XMIN) 545,42

XMIN=X(])
CONTINUE

DELX= (XMAX~= XVIN)/ZO.

XY= XMIN

00 6 1=1,20

CAL=0.

2

DO15 J=1,MM

WRITE(6+7)
7 FORMAT(24X92(F10e3,5X) ) .
& XY=XY+DELX

" RETURAK

END

XYsCAL

N

**%#**-N-***%****%*%#%**%***%***********

'PLOT TEST DATA!'//25x1tx CALCULATED'

*
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C SU8ROU1INE REGEA

SUBROUT INE REGEN N .

* rad !

*******%%*****%#**;**%#**%*****#**%********%*****#****

* /Aal v ) ‘ *
* SUSROUTINE REGEN - ’ *
* . . ' »*
¥ THIS SUBROUTINE REGENERATES THE GIVEN DATA AND ,  *
# CALCULATES THE VARIANCE AND STANDARD DEVIATION OF
% THE FIT. - : *
# ) . *
LR R R LR R R R REEEEER YRR R R EREE R R R RIS PR I T SN IR (v Ay

SUBROUTINE REGEN(XsYsZ s MMyN) ‘ oo

DIMENSION X{50)2yY(50)+2(20) °

WRITE(691) ,
‘1 FORMAT(///+29X s 'REGENERATED DATA'//10X»'X MEASURED'»5X

19'Y OBSERVED'35Xs'Y CALCULATED'+3Xs'PCT ERROR's/)

VAR=C

H1=0.

D0 2 I=14N

CAL=O- ‘

DO 3 J=lyMM™
3 CAL=CAL+Z (J) *X (1) %%(y= 1) : .

CAT=ABS(Y(1)=CAL)

PCE=CAT/Y(1)%100, . , -

VAR=VAR+CAT*#2 : ‘

IF(HI PCE)GL g 42
4 HI=PCE
2 WRITE(695) X(1)sY(1)sCALPCE
5 FORMAT( 9X»4(F10e345X) /)

VAREVAR/ (N=1)

CEV=VAR*#0,5

WRITE(616) VARSDEV,HI
6 FORMAT(//910X'VARIANCE ='4F1046//10Xs

1'STANDARD DEVIATICN ='3F1046//10X)

2'MAXIMUNM PCT ERROR ='4F1046)

RETURN

[=uN
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C SUBROUTINE GAUSS

SUEROUTINE GAUSS

‘v
L R RN *ﬂ*‘k‘k')\'#%i«"r*****%%**%i:*'It***ﬂ ‘N’*ﬂ’***%%'****‘%*#*%***%
L3 —— * *

SUBROUTINE GAUSS \ *

. _ . SR Py

* THE FUNCTION OF THIS SUEROUTINE IS 7O SOLVE The *
* SET OF ZQUATIONS Axx=8 USING GAUSSIAN ELIMINATION *

} AND BACK SUBSTITUTION ROTATIAG ABOUT THE ELEMENT % ¢
¥ OF MAXIMUM MODULUS. ' : *
* ’ *
* *

**%#*%****%*%#%#%%%**#*#%*ﬁ—%f;*%%*#ﬂ*w*%%h%**&-*w%%%*%

SUBROUTINE GAUSS (AyRoNsx) = .
CIMENSION AlL20420)yR{20)+X (204
M N=-]
DO 11 u=1,M
S=Oo R
‘ DO 12 I=uyN : -
Us ABS(A(Iyy)) R ‘ , -
IFtU=-8) 12412,117 S
112 s=y B
K - C
12 CONTINUE ' ' ,
IFlL=0) 1194194119 . :
119 DO 14 1=y,N
S=A(Ly])
¢ ALLYIN=A(UyT)
14 Alusld=s ’
S=R(L) ' ’ g
RiLI=R{U)
Riul=gs
19 IF( ABS(A(UIU) ) ~1WeE~=30] 1155115,1%
115 WRITE(643) :
GC TO 500 .
15 vu=_s) : oo
DO 11 I=MMyy :
IFC ABS(A(Iyy))=1,E=30] 114111,111
111 S=A(UsU)/A( 140 T : _
C o A(Isgl=0.0 . ‘ , .
DO 16 K=MM,py : -
16 A(I’K)=A<J9K)-S*A(IOK) . . ‘
ROTIV=R(U)=S*R(])
11 CUNTENUE
DO 17 K=1,N
S I=n+1eK , .
5=0.0 Ld )
IR CI=NY 1174174117
117 MM=1+)
DO 18 u=MMsN
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< SUBROMT INE GAUSS  vuWw (CORT'DY

18 S=S+A(1vu)*x ()
17 XCI)=(RUII=S)/A(1y1) .
500 RETURN ‘ N
3 FORVAT (1k »'MATRIX SINGULAK')
END g S
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D. INFRARED SPECTROSCOPIC CALIBRATION. OF 502
The infrared ce]] which was used for infrared spectroscopic
ca]lbrat1on of S0, is shown in Figure 4- 1 The length of thisg
1nfrared cell was the same as that of the infrared-cell-reactor
ment1oned in gect1on 5.1,3. The whole apparatus set up for the calij-
bration is indicated in Figure D-1. Tt {s essentia]]y a vacuum rack
\\equ1pped with S0, gas reservoir, manometer, Pirani vacuum gauge and
\tacltTt1es to allow introduction and evacuat1on of gasec from the
infrared cell. .
Before a calibration was started, the whole vacuum rack and
_ the infrared cel] were thorough]y eévacuated. When the Pirani gauge
1nd1cated a pressure Tower than 1075 mm Hg, the stopcock used to
isolate the system from the co]d trap and vacuum pump was closed.
_ Next, the stopcock on the S0, gas reservo1r was s]ow]y opened, thus
introducing the gas into the system The reading indicated by the - \
manometer was c]ose]y watched while introducing the SO, gas. The _
stopcock on the 502 gas had been introduced. The system was allowed
to sit for 3 h before~the exact pressure reading was taken. The
duration of 3 h was cons;dered suff1c1ent because it was found that
an equilibrium pressure/ dﬁ]d be reached in2h. A cathetometer was
emp]oyed to measure the.{wrcury levels in the manometer and the
observed pressure recorded ‘The temperature in the infrared ce]] was
ma1nta1ned at 200°c dur]ng the whole process of the 1ntroduct10n of
S0, gas. ‘
‘\( The infrared cell containing a desired Pressure of SO, was

removed from the- vacuum acs to the Perk1n—Elmer 621 infrared
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spectrophotometer. ‘With air in the rgference beam, the infrared cell

was placed in the sample beam of the|infrared sbectrophotometer. An
infrared absorbapge chart paper was laced on the recording drum‘énd
“then the frequency of the infrared spectrophotometer was set at

4000 cm !. Depending on the trapsparency L% fhe iﬁfrared cell windows,
the absorbance indicate the recorder at this inétance could be
from 0.01 to 0.07. The des1red start1ng absorbance (i.e. at 4000 cm 1)

——ﬂaj//d be changed by adjusting the attenuator opening on reference beam

"

side of the infrared spectrophotometer. Before a scan was starte , the

se]ectﬁon knob was set at "PROGRAM", suppress1on knob at 4.8 and 5
amplifier gain 6.0. The scanning speed was set at 1/32. A codmplete
scan from 4000 cm ! to 200 cm' ! was carriéd.out. ‘During the engjre
scan, -the temperature in the infrared cell was kept at 200°C.

After a comp]eté scan, the magnitudes_{in terms of absorbance)
of all the infrared Eands recorded were measured. Two more complete
scans using different starting absorﬁances at 4000 cm ! were thén

- performed and the magnituaes of the three spectra wereAca1cu1ated.
Figu;e D-2"t0 D-9 .indicate the plots of the magnitudes of the various
infrared spectra recorded Vs. theiéorresponding known‘SO2 pressures
in the infrared cell. The least square fitted results for these data

are shown 1in Tab]es_D-Z to D-=9.

295
D-3



TABLE D-1.

at 1369 cm” !

X STANDS FNR RECORNER MEASUREN pEak HEIGHT (ARSPRRANCE )

Y STAMDS FOK MEASURED PRESSURE (CM HG)
THE COFFICIENTS 0F THE polyvmmom s, ARE &
Af= 0.02235

Al = 1.89G659

REGENERATFD NATA

¥ MEASIIRER Y NBSERVEN Y CALCULATED  pCT

/

0e12/5

0.054 0,123
0.120 0,252 o 0.7@1
0.211 0.431] 0.423
0.369 0.718 0.724
0.638 1.230 1.234
1.082 2.081 2.078
/J LN

VAR TANCE - 0.000028

STANDARD DEVIATION vV  0.,00520)

MAY T UM PCT E+ROR ; 1.9756645

Least Square Fitting of IR Calibration of SO2

ERROK
1.295
0.222
1.975
0.924

0.291

0e131

D-4
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Figure D-2. IR Calibration Curve for SO, at 1369 cn”
using Beer's Law.
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TABLE D-2, Least Square Fitting of IR Ca11brat1on of SO
at 1357.8 cm

2

X STANDS FOR - MEASURED PEAK HETGHT FRO4 RECORDER (OBSORBANCE )
Y STANDS FOR MEASUREN §n2 PRESSURE (CM HG)

THE COFFICIFNTS OF THE POLYNOMIAL ARES

p0= 0.0036] i
al= 1.70324 ¢
P ﬂ
REGENERATEN PNATA L
XMEASUREN Y OBSERVED v CALCULATED ~ PCT ERROR
0.069 N.123 0.122 1,407
0.147 0.252 ~0.253 0.708 . ’
0.24¢ 0.431 ) 0.426. . 1.316
| .. ;
0.425 0.718, 0.727 : 1.321
0.71 C1.230 o 1.227 0.3
AN
VAR T ARCE - 0.600035'
STANDARH>DEVIAT]DN Y% 0.005987 -
HAX THUN PCT>ERRDP\ = 1407143
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Figure D-3. IR Cah’brafion Curve for SO, at
1357.8 cm™' using Beer's Lag.'
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~
TABLE D-3. Least Square Fitting of IR Calibration of SO2
at 1339 cm” ! ‘
¥ STANDS FAR MEASURED PEAK METGHT FROM RECORDER (ARSORHANCE )
Y STaAnDS FOR MFASURED\SO? PRESSURE (CM HG)
e N
THE COFFICTENTS OF THE POLYNOMIAL ARES B
L0 = 0.00502 (
al= 2.38502 \
REGENERATEN NATA ‘ “ .
X MELSURED Y OBSERVED Y CALCULIED PCT FRRbR
0,080 0.123 0.124 0.497
o
0.101 0,252 0.248 1.661
0.180 0.431 0.434" 0.609
0.300 0.718 0.720 0.352
0.513 1.230 1.229 ©0.133
VAakTANCE = 0.00000R
STANDARN DEVIATION V. 0,002896 - l

MAXTIHMUM PCT ERROR = 1.641148
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Figure D-4. IR Calibration Curve for SO2 at 1339 cm -1

;;ﬂng Beer's Law.

© D-9

301



302

, s D-10
1)
TABLE}D-4. Least Squar$ Fitting of IR Calibration of 802
’ at 2500 cm” '
X STAaNDS FOR RECNAKNER MEASUREN PFAK HEIGHT (ABSORRANVCE )
Y STANDS R MFASHRED PRFSSURF (CNM HG)
THFE COFFICTFNTS NF THE POLYNAMIAL ARFE &
an= a. 1@.’36
al= 73.697209
KEGENFRATFED NATA
Y LEASIIKED v UHSE§VFD Y CALCULATEN  PCT ERKNK
0.033  2.450 2.623 ‘ 0.987
0047 3.659 ° 3.648 i 04264
0.068 5,227 5.195 , 0,545
(.003 6£.958 7.038 1.154
6.121 ¢.040 . 9.101 0683 ™
0.16# : S A 12.565 0,617
0.22¢ 1/.233 17.061 n.9a7 (
,6.345 25.670 25.683 0.053
0.446 33.021 33.053 0.00H
VARTANCE = 0.005685 ‘

STAWDARD NEVIATION V  0.07540]
MAXIMUF PCT ERRNK = 1.154195

. ~ ) -
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TABLE D-5. Least Square Fitting of IR Calibration of 502

at 2506 cm” ! \
A

X STAMDS FNR RECORDER MEASURFED PEAK HETGHT (ARSORBANCE)
YOSTANDS FMR MEASURED PRESSURE 1CM HG) .

THE COFFICIFENMTS OF THE POLYNMMTIAL ARES

AN = (. 14848
61= 6£3.41037 ’
‘ ! S
| . - N\
\\ REGENERATED NATA
¥ m&mswq%mp Y OESERVED vy CALCULATED  PCT FRRAR
O.106 A.956 bH.914 0.627\
0.130 9.040 - 8.962 - 0.856
0.178 11.356 11.435 i.?OG
0.195 15,514 12.513 0.003
0.271 17.233‘ . 17.332 ‘ 0.578
0.33] 21;10; 21.137 0,172 ,'
o.amf i 25.670 25.576 f 01356
VAR T ANCE - = 0.005719.

STANAARD DEVIATION v 0.075A27

MAXTIMUM PCT ERROR = 0.856977
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IR Calibration Curve for 50, at 2506 cn”!
using Beer's Law.
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TABLE D-6. Least Square Fitting of IR Calibration of 502‘

at 2485 cp”! .

X STANDS FOR RECORNDER MEASIHRED PFEAK HE IGHT (ARSQRBANCE)
Y STANDS FOR MEASURFN PRFSSIIRF (CM HG) :

| ~
THE COFFICIFENTS 0OF THE POLYNOMIAL ARES
AN = 0.0596]
A= 91.56909
/"/
J
REGENERATFN NATA
X MEASURED Y ORSERVED Y CALCULATED  pCT
0.028 >.650 2.623. 0.
0.040 3.659 3:722 | 1.732
0.057 5.227 : 5.288 - i.171
0.075 6.958 6.927 0.441
- 0.098 9.040 9.042 0.028
0.136 12.514 17.513 0.007
0.159 14.579 14.619 0.275
T 0.186 17.233 17.091 " n.821
rﬁ§.279 | 25.670 25.607 0.243
0.361 33.021 33.116 0.287
Jo
VARIANCE = 0.004889
STANDARD DEVIATION V  0.06992¢
) LN

MAXIMUM PCT ERROR = 1.732226
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Figure D-7. IR Calibration Cdrve for SO2 at
2485 gm'] using Beer's Law.
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TABLE D-7. Least Square Fitting of IR Ca11brat1on of SO2
at 1162 cm -1
kwéTﬁNDS\FﬂR RECORDER MEASURED PEAK HE [GHT (AéstHANCE)
Y STANDS FOR MEASUREN PRESSURF (CM HG)
- THE COFFICIENTS OF THE POLYNOMIAL ARES
///i;;::~ =0.06971
Al= 17.62653 ‘ | o .
C
REGENERATEN DATA
X MEASURED Y ORSERVED R Y CALCULATED  PCT FRROR
0.075 1.231 C1.255 2.014
0.124 2.081 2.115 1.680
04154 T 2,650 2,644 0.197
0.214 3.659 3.702 1.184
0.295 5.227 ‘ 5.130 1.853
0.398 6.958 6.945 0,177
0.517 . 9.040 '9.03} - 0.035
0.712 12.514 . 12.480. -0.268
0.984 . 17.233 17274 0.242

~
//

VA@{ANCF = 002021
/)QNDARD DEVIATION vV 0.,044943

MAXIMUM PCT ERROR = 2.014337



PRESSURE-- cm HG
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Figufe D-8. IR Calibration Curve for 50, at 1162 cn -1

using Beer's Law.
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TABLE D-8. Least ®quare Fitting of IR Calibration of S0, g
o oAt 1132 en” |

X STANDS FOR RECORDIR MEASURFEN PEAK HEIGHT (ABSWRBANCE)
Y STANDS FEQop MEASURFD PRESSURF (CM HG)

/

\\THF COFFICIFNTS 0F THE POLYNOMT AL ARE 4
AD = ~0.0322¢q

Al = 19.532724

REGENERATED NATA

X MEASUREN Y 0BSERVER. Y CALCULATED bt epupn
0.065 1.231 l.24) © D.828
0.109 \ 2.08]1 2.098 - '\ 0.755
0.139 2.650 2.682 N i.2333
{189 3.659 . 3,659 0.008
0.266 5,207 5.163 1.219
| y .

0.357 6.958 6.940 0.248

0.463 ' 9,040 9.011 $.319

0.586 11.356 \ 1l.613 £ 0.507

0.642 120514 12,507 // 0.052
VAR ANCE ’“ = 0.00124¢ ' ;,/“

STANDARD PDEVIATION v 0.035307

MAXIMUM PCT ERROR = 1.233335

. . : //
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using Beer's Law.
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Figure D-9. IR Calibration Curve for S0, at 1132 'cn”]
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s  E. CALIBRATION OF SULFUR FELD SYSTEM

It was not practical to use the syringe mentioned in
Appendix C forxintrodusjpg sulfur into the feedisystem of the
reactor. The reasons are two fold. First it is difficult to heat and
' operate the syringe at'temperatures'above the sulfur dew point. Second,

it would be almost impossible to separate the piston from the

N

cylinder if the syringe containing sulfur is allowed to cool to-
‘room temperature.' Moreober; introducing su]fgr into the syringe and
accurate recording of sulfur fed‘wou]d be quqfe complicated. As a
resu]t,'éther means of introducing sulfur into the feea'system of
the reactor was necessary. .
In the present work, a method that involved the bubbling

of an inert carrier gas (N,) into a rese?voir of molten sulfur and
hencg carrying the sulfur vapor into the feed system of the reactor
was employed. By maihtaining Fhe moTten sulfur reservoir at
different temperatures, various amounts of sulfur could be intro. ced.

_ A schematic sketch of the apparatus>used for such service
together with its calibratisi\equipment is shown in Figure E-1. A1l
Lma%erial of fabrication except that of the flasks and burette were

-

of 316 stainless steel.. A1l lines befbré the cold traps das well as
the sulfur résgivoir were wound with nichrome heating wf}e. "The
distance from the tip of the tube be]ow valve A to the molten su]fur
Ti]eve] was kept constant. Cold trap A was used before ca11brat1on
started and cold trap B was emp]oyed to trap su]fur during ca11brat1on
The su]fur reserv01r temperature was measured by a ‘thermocouple. The
soap bubbTe meter was USed‘tO measure the flow rate of jnert gas.\

\
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Before a calibration started, cold trap B was dried and

weighed and the ice bath was empty. To start a calibration, the

apparatus was set up as shown in Figure E-1. Valve A was closed while

valve B was opened to allow inert gas to by—paés the sulfur reservoir.

The inert gas was allowed to purge trap B thurough]y free of water and

air. While doing so, the inert gas flow rate was adjusted to 40 m1/min.

After 1 h of purging, the two valves on trap B were closed while those

on trap A were opened, thus diverting the inert gas flow. The power

supply to the sulfur reservoir and all nichrome wires were turned on.

When the sulfur reservoir temperature reached 200°C, valve B was

closed while valve A was opened to allow inert gas to bubble into

molten sulfur and then into cold trap A. This bubbling was continued

for 1/2 h and then if the 1nert'gas flow rate remained’unchanged, the

gases exit from the sulfur reservoir was diverted from cold trap A to -

cold trap B. As soon as the valves-on co'd trap B were opened, time

courtt'was started. One hour later, the flow was diverteé from cold

trap B back to A again. ‘The cold trap " containing sulfur was removed

and weighed and the increase in weight represented the amount of

sulfur trapped. N

fimi]ar runs were repeated at various sulfur reservoir

temperatures (250°C, 300°C and 350°é). The calibrated results are
summarized ig Table E-1 and plotted in Figure E-2. Since only one
flow rate of inert bas Was émp]oyed in the whole calibration process,
the same 4Q ml/min inert gas flow through thé sulfur reseryoir also

used for feeding sulfur into the system during the experimental runs

of the present work.
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! ]
200 250 - 300 350 °C
SULFUR RESERVOIR TEMPERATURE

Figure E-2. Calibration Curve for Sulfur Feed System.
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Table [-1

Calibrated Results for Sulfur Feed System 3.

(with 40 m1/min N, through sulfur reservoir)

Temperature

Amount of Sulfur
Accumulated (gm/hr)

0.9121
- 1.5430
3.0157

5.8437
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F. _MASS TRANSFER_LiM:TATIONS

F.1 Film Diffusion
The theoretical calculation for examining filf-diffusion
limitation is shown below:

S If Ni = KGPi is much larger than the regdetion rate
then film-diffusion is not the Timitation

where KG can be calcuiated by ' .

(F.1)

: jD can be found from the plot of JD Versus NRe [125]

- o

TQF kinetic kun T6CC5 was chosen for examinétion'of film-

diffusion limitation because it has high rHZS/ EHZS value and low PHZS

value and the numbers used for such calculation are shown in-Table F-1.

Table F-1

Results for Theoretical Estimation of Mass .

.Transfer Coefficient

¥

dp (cm) - particle diameter ' ‘ 2.54

6 (g-mol/s cn?) | - 0.0067

Noe - Reynolds number. | 183.2

Ng. - Schmidt number - 1.252

iy ' .;" ‘ 9137 - A
P (atm) - total pressure e 1.0

p (mm Hg) 10.07. a

HyS

317
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Using the data in Table F-1.and equation (F.1), the value of KG was
calculated to be 0.00082 g-mol/s cm® atm.  This va]ue is rather high
for the type of system under inveStigation. A more realistic value
should be about half i.e. 0.0004 g-mol/s cm® atm. With this value,
then, |

Ni = K:P. = 0.0004 x 10.07/760
2

n

5.3 x 10°% gomol/s em

The values of the reaction rate and the external surface area
of the catalyst are 2.4648 x 107° g-mol/g s and 10,22 cmz/g,

Therefore,
-5
2.4648 x 10
rHZS/ AE 0,27 fﬁ x 0.1036

0.25 x 107° g—moik/s'cm2

1

n

- where 0.1036 is the weight of the catalyst fn gram.
3
The above results show that the possible diffusion flux is about 21
times as rapid as the flux required to sustain the surface react1on,
and hence the k1net1c run T6CC5 was probably not f11m diffusion
controlled. Since the reaction conditions of run T6CC5 had the highest

chance of film-diffusion rate controlled, the problem of film-diffusion

limitation could probably be theoretically ignored in the present work.

F.é Pore Diffusion

F.2.1 Pore Diffusion Limitation 1in Mchegor's Work

McGregor [84] used the following Hudgin's criterion [59] to

318
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investigate the significance of pore diffusion in his study of the

kinetics of Claus reaction

»

e L ]
= < T , then pore diffusion is
eff T (C,) , ,
. insignificant. . (F.2)
‘ 1 mn-1
were e gy = e )(RT_)(Py)

G — : (F.3)
(3600) (2™ :

The data used and the results calculated by McGregor are summarized in
the first column’ of Table F-2. McGregor omitted the porosity (5) and
tortuosity () factors in his calculation of effective diffusivity Deff'
According io Hudgin's criterion, the pore diffusion 1jm1tation was
theoretically significant in his work. McGregor's Calcu1at§ons were
repeated in the present work us1ng the values of poros1ty and tortuos1ty
factors of an vy -alumina catalyst [125] with pore radius of 96 A
(closest to that used in the present work), ggt different results were
obtained as exhibited in the second column of Table F 2., .According to
the results obtained here, the pore diffusion’ 11m1tat1on shou]d actual]y
be theoret1ca11y insignificant in McGregor's work. However, w1th0ut the
true va]ues of poros1ty and tortuos1ty factors for. McGregor s catalyst,
it would be difficult to conclude whether pare- diffusion 11m1tat1on was
significant in McGregor's work. “An increase in the value of tortuosity
and/or a decrease 1n the value of porosity can easily change the

Fesults listed in Table F-2:.



TABLE F-2

Results of McGregor's Theoretical Pore Diffusion

Limitations Calculation

McGregor's work This Work

o E 34 84
b g-cata]yst/cm3 2.55 oo 2.55
m-n *
. (g-moT H,S)(m Hg) 2.198 1,28
] (h) {g-catalyst)
i
L cm 0.0255 0.0255
r N : X
m A 0.963 0.828 -
n ' 0.359 . 0.467
Exp F1I exp (-7589/ exp - (-7440/
; 1.98x533) - 1.98x533)
R mm 'H Cm3 82.057 x 760 82.057 x 760
g-mol °K R
Ta K 533 533
- *
r- (Co) sec 1 92.0. 44,86
/r (Co) sec ‘ ’ 0.011 0.022
Deff cmz/sec | 0.032 / 0.03]
Lg /Dy g sec ' 0.203 0.0213
*%
o 0.812
*k
7 0.850

Where * represents the values calculated by using rate equation

deVe]bped from McGregor's rate data by 1l1la Lana et al. [29]

-** represents values obtained from the alumina (pore radius 96A)

in Table 1.9 [125]

A d

The value of Deff in Table F-2 was calculated from equation (F.4)

Do g 9700 r, i (F.4)

The pore diameter of 84A and molecular weight of 34 were



used for the above €quation.

F.?.Z Pore Diffusion Limitat1on§_1g_£h§_jj§§gyﬂijiggk

After examining McGregor's work, kinetijc data with the highest
Possibliity of pore diffusion rate-control|ed in the Present work
were ysed tg investﬁgate tbe theoretica) Significance of pore
diffusion. Two methodsvwere‘used for such investféation. The first
is according to Hudgir™s criterion and is fhe Sdme as that ysed by

McGregor. The second is to examine whether Concentration gradient

F. 2.2 Pore Diffusion Limitation According Hudgin’s Method . .
The datga and resylts of the three kinetic runs in this work
summarized in Table F-3. According to Hudgin's Criterion, pore

diffusion was not significant,in all three runs, fhe values of

er/Deff. Therefore accourding to Hudgin's Criterion, pore



Vad

Is

TABLE F-3

Results of Theoretical Pore Diffusion

Limitations Calculated by Hudgin's Method

JLo

Run No.
T4CA4 T5CGI T6CC3
d 84 84 84
e
2.55 2.25 2.27

fp

,Exp F1 2.56 x 1077 3.62 x 107/ 4.86 x 1077
T, 535 571 596

L. 0.00900 0.00876 0.00826
m 1 ] ]

n ’ 0.5 0.5 0.5

., '

R 82.057 x 760 82.057 x 760 82.057 x 760
8 0.5 0.5 0.5
“m 1.4 1.4 1.4

r (Co) 55.6 100.6 94

1/r (Co) ‘ 0.018 0.9099 0.0106

D 0.0100 0.0104 0.0106

eff

.0078 0.0076
L2/Dg¢s 0.008 0.00 '
F.2.2.2 Pore Diffusion Limitations by Estimation of Effectiveness
Factor Method

N The detail description on the method of estimating effective-

i

L
\pess factor for the determination of theoretical pore diffusion limi-

fsﬁions has beén reported by Satterfield [125] and an example for such

 calculation has been given by Chuang [23]. Therefore these will not

repeated here. Briefly, the following parameter values-are required:

b
] .

F-6



and W

The terms within

follows:

) . 323

F-7
1/2
9700 - vg (T, /M) / (F.5)
\[\- , |
A .
*,j
(K, - Dy (K, V. /D) ]/w (F.6)
T4 K (Pt (Py oy D,/D.)] (F.7)

the expression for Dy » QL, K and w are defined as

effective diffdsivity of reactant based on Knudson

diffusion within the pores, cm?/sec

pore radius, cm

absolute temperature, °K

molecular weight

Thiele diffusion modulus squared

the observed reaction rate, g-mole/sec. c.c. of
catalyst
ratio of the catalyst volume to outside surface

area through which reactant has access, cm

K, w = parameters ysed to evaluate n

i =

U =

CA =

subscript for species other than reactant A
stoichiometric coefficient |

concentration of the reactant, g-mole/c.c.

By using the data from kinetic run T6CCS, the calculation

results are shown below: : Mﬁ\\>



w

D ‘ -8

eff = 9700 x 84 x 10 (596)”2 x Y5 = 001134
_ | | 34 1.4
2 |
Lo = 225w 0.00826 (32L + 2,50 X 0.00826)
= 0.00413
i -5 |
_0.00413 ,1.2363 x 10
= T3 (- 5.0 ;) x 760 x 82.06 x 596
- 0.025

\

, Using the above results and from figure 4.3 and 4.4 in

Sattertield, the effectiveness factor approaches unity even for the

.extremely high adsorption component @nd even the highest tortuosity

and lowest porosity for catalysts with pore size larger fhan‘60 A

listed by Satterfield were used) and this means that the pore
diffusion Timitation is theoretically insignificant.
Accourding to the results obtained from the calcuﬁations by

using Hudgin's and the effectiveness factor method, it could be

assumed that pore- d1ffus1on limitation was theoret1ca1]y 1ns1gn1f1canb

in this work because the runs chosen for the calculation had highest

~possibility of po  “iffusion rate-controlled.

324
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G. PUMP PERF( PERFORMANCE AND. CHARA(IL@}Q_QE_CHLLK

The performance and chqracteristic of the recirculati pump
were evaluated by using e set-up shown in Figure G.1. Theipump Was
tested under two modes; namely open flow mode and recycle flow mode.
Undér each mode, a stop watch‘was gscd to mecsure the time elapsed for
a flow of 2 cubic feet through the dry test meter. The cheice of 2
cubié féet was arbitrar& and was only based on convenience so that
excessive time was not required for each measurement yet‘Toﬁg enough
tc provide reasonab]g accuracy. The preésure difference across the
rec1rcu1at1on pump was measured by mercury manometer. For the sake
of simplicity throughout the test, only atmospheric awr and not the
gaseous mixture employed in the present research was used. The
readings on the pump speed control dial were used to represent the |
reciprocating speeds of the pump piston. No attempt was made to
c0uﬁt the actual numbér of reciﬁrocation per unit time for each dial
setting. | | | |

The performance data 1S‘£abu1ated in Table G-1 and thg curves
are depicted in FigureAG—Z.‘ The flow rate under recycle flow mode was
é]ways Jower than that under open flow mode. The pressu}é on,thek- -
pump discharge was not varied since it was felt that the reactor
recycle 1oop including the catalyst bed wou]d offer less res1stanée
to flow than the dry test meter uged in this experiment. The puaB was
then allowed to run for more than 12 hours Contjnﬁous1y and the

performance test repeated. It was_ found that the reﬁéatab11ity'was

better .than 98%.
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open flow mode

o

recycle mode

4

pump
4 dry
) test
“ meter
>
ménometerv
Figure G-1: Apparatus for testing Pump Performance.
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Table G.1

Performance Data for Recirculation Pump

Dial Open Flow Mode Recycle Flow Mode
Reading Time Head Flow Rate Time  Head TFlow Rate
40 2.703 1.3 21,0 3710 1.5 17.9
50 2.109 1.7 26.9 2.354 1.7 24.1

60 1.645 z.3 34.5 1.984 2.0 28.6

70 1.381 3.0 411 | 1,664 2.4 34.1

80 1.175 3.9 48.3 1.404 2.9 40.4

90 - 1.022 5.1 55.5 . i.275 3.4 44 .5
95 © .28 45.1
AtmosphericlP(essure 702 millimeters of mercury

Atmospheric Temperature 22.0 degrees Centigrade

Time‘ - number of minutes elapsed for the flow of two cubic feet !
of air through the dry test meter

Head - static pressure difference across the recirculation pump
in centimeters bf mercury.at"the éntrancé of,the dny test meter

Flow Rate - standard litres per minute

328
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H. SAMPLE DERIVATIONS OF

329
H-1

RATE EQUATIONS

H.1

Reaction Mechanism Involving Dissociation of Adsorbed

HZS into Hydroxyl Groups

(1) ZHZS + 24 =
(2) SO2 + 4 -
(3) 502.# + 2# =
(4) H?S.# + 20.# =
(5) HZS'# + 2HO. # =
(6) ZHZO.#' -
(7) 3S.# pruma

where notations ‘are identical

Assume surface reaction step (4)

_.r = r -

2H,S. ¢
S0,.4
S.# + 20.4
S.# + 2H0. #
S.# + 2H,0.
2H,0 + 24

3/x SX + 3

to those given in Section 6.8.2.

to be rate determining, then

rg where subscripts refer to the reaction step numbers

in the above reaction scheme with the negative sigﬁ on the subscript

numbers to indicate the reverse reaction term.

The other reaction

steps are assumed to be in equilibrium and thus

7 Cus / Ph,sCs o (m)
%27 Cs0,.# / Pso, % (H.2)
SR /.Csoz.#ci (3)
Kg = Cs.#cﬁzo.# / CHZS.#CSH.#' (K.1)
% = Phjo% / “h,0. 4 (H.6) 1%
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Ho?
K, = pl/x

77 s/ Gy (H.7)

Now the total number of active sites # are assumed to be constant L
Therefore

hpS.t T Cs0,.8 * CoLpt Coy gt Oyt ‘0.4 (H-8)

Substitute equations (H.T) to (H.7) into (H.8)

) 172, 129
Cp = 700 + KIPHZS ¥ szso? toOKgKoK, Psoz’Ps
‘. X
- |
1/2x 1/2 S 1k
* Psx PHZO/KGPHZS - KgKqKy o Psx /Ky + szo/Ks )

I

. . ,'
| 1/x 172 1/x
L/(1 + blszs ¥ b2Pso2 * b3PH20 + bapsx ¥ b5p302/P5x

Do 1/2x 1/2
¥be P/ p s pl/2
68, 0 T

"

L7y (H.9)

- : .
_“The rate equation can be written as

2 2
HyS. #%0.4 . KgCoryCoy

k4C
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H-3
> .
- 3 T/X 3
k4L K]Pst 2K3PSO / f\ P
X
2/)( P 2 3
- k_ L P / K Y
q X O 6 7 }25
1/x 3 2/X 2 3
= b P p /P Y - b /P Y
10 HZS .SO2 Sx -10 S H20 HZS

,Sinceyné‘ reverse reaction was negligible in the present research,

the rate expression becomes

/

P Xy

THys T T2rgg = b1oPst so T (H.10)

which is the model HS4 in Table .7,

H.2 Réaction Mechanism Involving Adsorbed HZS Reacti\hg with

Surface "Oxygen" and Hydroxyl Groups

(1) 2HS+2# -— ZHZS.#
(2) SO +# = 502.#
(3) SO Ao+ 24 ===  S.#+ 20.#

(4) H,S.# + 2HO. # <=  2H,0.# + S #
2 2

(5) HZS.#+O.# = HZO.#+S.#
. (6) H0.# + 0.# <= 2HO.#
(7) 28,04 == 2,0 + 24

(8) 3s.# . = 3# + 3/x SX
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Again the notat1ons are identical to those given in Section 6.8.2.
Assume surface reaction step (5) to be rate determining, the rate

exp(ession can be written as

It
i
™
s
ol

-r
HZS

C

S0 T kg (H.11) ¢

C
HZO.#WS.#

" Thoe other Ssteps are assumed to be in equilibrium and can be expressed

in terms of equilibrium conctants,

Ky = CHZS.# / PHZSC# (H.12)
K, = cSO2 ;! PSOZC# (H.13)
) 2 2 H
K3 = Co 4Co 4 / rsoﬁ.kc (H.14) :
2 2
Ky = CH 0.4%s .4 / CH s.#Con. ¢ (H.15)
Ke = COH 4/ CH 0. #Co # (H.16)
Ky = H;O 4/ CHZO.# ‘ (H.17)
g
Ky - PSX Cy / Co (H.18)

14

Substitute equations (H.12) to (H.18) into (H.19) .



B WEEE

o
Cp =17 O+ KPPy o+ kP + P 7k + pl/% )y
, # ] HZS Z SO? HZO 7 Sx 8
, 1/2 ,,1/2x 1/2x . 1/2
T KaReKy Psp /PSTT  py P K, KqKqKgPy )
- 2 X 2 X 2
= L/Y  (H.20)
Substitute equations (H.12) to (H.20) into equation (H.11), the rate g
expression becomes ) °\\
/
H,s T 2o | | -/

S kG o [ y/// .

0.4 k—SCHZO.#CS.#

5°H,5S . #
_ 2 1/2 1/2x,2 1/x
T ksKy KoKy LRy o Pglts P YE k_5Py_oPs" "/
27 T2 X 22 X
| | KKy ¥
. 172 . 1/2x.2 /X ) ok y?

Py P 7 P Ly p
117HyS"50, / Ps. -11°H,0°s. 758

Since the reverse reaction was. found to be neg]igiB]e, the final rate

expression can be written as #hs
Eas ; ‘
h,S 7 ‘2'“'502
- 1/2 1/2x 2
" PyiPusPso, /0 PgTTTY
2 2 X

which is the model DOH5 in Table 6-8



334

H-6

m-oﬁ X GS0° ¥ @uoﬁ X y9° (3 muo—.x 69p°¢cF w|o~ X 2LEbF o~|o~ X GpL €%

w~-o~ X 28271 Noom X £95°1- mho~ X {G9°g mnop X G26°¢2- muow X ¢mm.Na m|o~ X L1} 2'86°¢2
Nloﬁ X £92° ¥ -0l X 6£€°¢¥ g-0L X wmo.mﬂ\ mnop X 28p°GF ‘muo— X 648 v¥

st-00 X O8STH 0L LS ol X 0sL L o1 ¢ zep'g gOL X 6YE°2- 0l % ggg) 5192
N|©~ X MmN.eﬂ v|o~ X [80"1¥ m|o~ X 86l ¢F mnop X 60%'€F m|o~ X 9pbecr

mmnoﬁ X L1072 m:o~ X 6L p- muoﬁ X 0667 % mn0h w 000" ¥ m|o~ X Q%2 2- w1o~ X 6£6°8 AN
mnoh X (08 2% m|o~ X 281°2% mnoﬁ X 290" p¥ g-0l X 502°g% 0(-0t ¥ wQWAMM

mﬁaoﬁ X 666°¢ m|o~ X 82bL- m|o~ w S¥9°9 muop X 08L°G wnmﬁ X wmwdv wuo— X £06°9 m.NFN
ﬁuop x,¢mo.~ﬁ v-o— X [96°2% w-OE X £60°GF muo— X £00° ¥ mIOF‘x 699" ¥

m~|o~ X g£6¢°| ﬁnoﬁux veL g~ muop X £€9G°¢ wuop X m+m.w W|o~ X 1106 wnoﬁ X $/0°2 07002

3oueLaep Sq vq- tq °q lq méumwmﬁweﬁ

Vivad 31wy TYWYIHLOST SNOTYYA ISNIvoy »SHOQ 7300W Y04 SLINSTY NOTLY13440)

\

1 =U Iau



) M~

oy I

o

p-0L ¥ vl6°6% o1 ¥ elsy ool X £92pF

| g-Ol X 95°€+ o\ 0L X zpp-gF
g -0l X £9¢7y -0 X 28 l- oL x ozp'p 50l X 89€°2

;-0 X 6569 ;-0 X 60L°2 0°eee

€

3due ey Sq Pq q- o °q L w;:umwmwsmh

an:chcouv [-H 379yL



O
[apRee]
o
B o
¢ 0L X 6/2°2% | 0L X 62271+ o 0L X Lp9'8+ , 0L X 6LL"L+ ;) OL X Gyl E+ S
g 0L X ¥E6TL 5 0L X 603°L- 0L X BLO'L g OLXS¥L'y ¢ OLX 183G, OL X LIE"L 2°862
o OL X 689 "6+ o0l 990° 2+ m-@ﬁ X Oby 9+ ¢ 0L X 1267 €+ (0L X 881" G+
S0l % €99y 0L X 2027l- (0L X 1vg'L g OLX Zly'y o OLX8p'l-  OLX LSE° L 5192
g DL XLEE L (0L X 299° G+ -0l X 8EY'ZF 0L X 909" @-o, X G20" g+
L7088 Z UL XS85TS 0L % w6L'E 0L X L. o 0L X 6L6TE- g 0L X SHL'6 2752
0L X UITE 0L X ¢M@.mWVwm-o,,x 529°2% ¢ 0L X LOL'€F 0L X §8¢’¢e¥
" / N . ’ . .u . . -
[ OL 12972, 0L % v8e7 L m-oﬁ,wummﬁ.q mwo_ X L90°L ¢ OL X S8Y'L g OL X 90€°9 g2l
[0l X vSw'LF ‘ 50l X 696°GF 0L X €2L°LF o 0L X €80" L%
g0l X 90Uy 0L X 8yL72- & Ol X YEL'E 0L X866'8 o 0L X ¥50°2 0°002
S RS ¢ 2 L (26)
aoueLdRp q e q g sunjeaadua)
Y1vQ 3Lvd 1YW43HLOST SNOTEVA LSNivaV ,90SA 1300W 404 S1I1538 NOILv134940)
Z-H 3781



337
H-9

m.
. ., )
’Of}f .«./\
-0l X SE07 /¥ g0l X LyL 2% -0l X p86°2% -0l X 1052+ -0l X 958°95%
90l X 9257} -0l X (9679~ c-0L X 9v8°7 er-OF X 626 g-0L X 892"y ;200 Xjres 2 o.mmm
aouelieq 5 "q 2 ‘q g (2 5)
v 3dnjeaadws}
.AM.W . - .

u | . (PNUTTU03) 27 74V




338
H-10

(0L X L6E" [+ p-0L X (60" 6+ q-op.x 996" L+ ,-0L X 197°2% g-OL X 2v5°8%
g0l X £28°L SeUL S 0L x 182 ¢-0L w 265°¢ . 0L X 1y8'9 -0l X 8819 2°862

2-0L X Nmo.mm‘.m-o_ X /9% g% 5-0L X LSS 1+ ¢-0L X 25 " 6+ -0l X G602+
o =0l X 959°p (-0l X 960°¢ ¢-0L X 660°¢€ g-OL X €8¢°8 -0l X 0Ly 2- ,-0L X 90p°¢ 5192

(0L X 64572+ ,-0L X 8086+ p-OL X v¥672+ oL x'g51 g% 0L X 2097 1%

14
¢ -0L X BiL7] P-op X 28€°6 ¢-0L X ﬁmw.v. ¢-Ol X [ee 8- g-OL X mmo.w m-o_ X 6lL°E ¢ G€¢

(0L X 092"1+ . 0L X 8(§"6+ o0l X [82°8% oL x 22015 g-OL X ££97¢}
100 X €Lp°2 60LL 0L X 6" L L X L9171 g-0L X €66'0- 0L X 500t g7z

(-0l X 99; i+ -0l X Svb 2+ g-0L X 290" L+ ¢-OL X v06° L+ g-0L X 020°¢+
gL -PL * ¥58°€ vﬁ-o_ X 880° |- -0l X 22079 p-0L X 9§27/ e-0L X (2671 g-0l X ¥€€°¥ " 07002

30UR Luep S . Vg €4 T < lq (9 4)
d4njessdwa |

V190 31¥4 WHYIHLOST SOTYVA LSTTVaY ,9H0SO T3GOW W04 SITASIH NOTIVISHNGs
w £-H 378v1 n



339
H-T1

gy-0l ¥ 96£79

L

0L ¥ 5907 1% ,-0L X 999°6% -0l X ¥50°2+

14

0L X 80/ 1+

£00°1L muow X $€5°6 g-0L X 8LL"1 mno~ X 8ye"L-

;0L X LOEpLt

-0l X LEL'L  0'gze

‘

JoUBLUARA

aq T4 R

Lq {0 p)
unjedsdua)

(Penui1uoly ¢-H 18yl



340
I-1

®
I. DAT/ ..DUCTION

The ideal gas law is inherent in the data reduction

calculation procedure and the validity of its use has been verified
VAN

by McGregor [84] whose experamental conditions were similar to those
in the present work. The kinetic run No. TI1CA1 (Table I-2) was
chosen to demonstrate how the rate data was obtained by the data

. <

reduction procedure. The measured data of this kineticirun is .

summarized as follows -

GC Area Ratio
/A, = 0.99
‘ ASO / AN2 = (.80 ‘ -

Ay

2
’ -
IR Absorbance of S0, at 1. U .

Ay =0.683 ;
| : . A
Room Témﬁérature = 22°C
Reactor Temperature = 200° C ' Q @
Atmosphericlpressure “=703 mm Hg h
Reactor Pressure = 805 m Hg
Nitrogen Flow Rate = 99.38 ml/min
Catalyst Weight = 0.1036 g
‘-Convgr§jon of 50, =. 17.64 % 8
Ejfazﬁ- - ?;:'Molecu1ar volume of N2 at standard gonditidg%?£22,4 1/9-mol
v R ' '

LG
AL
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By applying the GC calibration results in Appendix A to the measured

Ggen@a ratio, the following molar ratio's are obtained

MHZS/MNZ’ = 0.0221 (I.1)

Mey /M - 0.0190 : (1.2)
S0, N2 ‘

By applying IR calibration result to the measured absorbance with

with temperature correction

N | 273 + 200
Pgg, In feed = 11.64'x ————— = 14.76 m Hg.
SOq

2 4 373

| 3 -

P

P in feed = 776.8 x 0.0221 = 17.13
S

-};, o . .j\ ‘

s pSO in reactor = 14.76 (1 - 0.1764) = 12.16 mm Hg.
: 2 .

g Ve P
oL s

17.13 - 2(14.76 x 0.1764) = 11.92 mm Hg.

e 14.76
in 'feed = —— = 776.8 mm Hg.
20.019 -

pHZS in reactor

Py o 1n reactor = 2 x 14.76 x 0.1764 = 5.21 nm Hg.

2 L )

By assuming equilibrium distnfbdtion among varijous sulfur species

: PS calculaced = 0.99 mm Hg.
v ‘ X .
P, =P ~P,c-P - P9 - Pe  =.775.7 mm Hg.
N2 Reactor HZS 502 HZO \ Sx A )

‘:} o
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I-3
Moles of various i)/mponen't in feed.
703 273.16
MN = 99 .38 x X — X ————
2 760 295.16 22400
= 3.7978 x 107 g-mo!/min
Moo= 3.7978 s o0z 7 - 8.397 x 10°° g-mol/min. L
H,S _
2 . LR
: .
M = 3.7978 «x = 7.238 x 1077 g-mol/min. o
307 . e S8
o
Reaction rate of 502 .
| ©
. -5 N
7.238 x 10 ©~ x 0.1764
Yep - =
0 0.1036 x 60 | .
= 0.2054 x 10°° g-mol/g-catalyst sec.
N : a $
Other kinetic di‘ga obtained by same method of calculation are
. . . _ X
summarized in Tables I-1 and I-2. _ : 7. 9
F
N
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