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ABSTRACT

A batch reactor technique is used to examine the kinetics of
thiophene hydrogenolysis under conditions of high n-pentane and
hydrogen sulfide concentration. Hydrogen sulfide exhibits an
enhancement effect at low concentrations, and an inhibiting effect

at high concentrations.
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INTRODUCTION AND

LITERATURE SURVEY

-Introduction

It is desirable to remove sulfur from oil to reduce both air
pollution and catalyst poisoning during refining. Much of the more
difficult-to-remove sulfur in crude oil, coal, and shale 0ils occurs
in the form of thiophenic compounds (1, 2). Removal or reduction of
the amount of this form of sulfur may be accomplished by hydrogen
treating of the sulfur to more readily removable hydrogen sulfide,
or by deposition as a poison in a "guard" reactor. Published
studies of sulfur removal have concentrated mainly on hydrogen
treating and on the effects of sulfur compounds on reforming
catalysts. Much of the avaiiab]e desulfurization is concerned with
cobalt-molybdate catalysts. Nickel-molybdate catalysts have not
been studied in detail (1), and the role of hydrogen §u1fide in
catalyst activation, deactivation, and poisoning is not well under-
stood.

The Catalyst

The most extensively-investigated hydrodesulfurization (HDS)
catalyst is the cobalt-molybdate, or CoO-MoO3—A]203, catalyst
(5, 9, 13-17, 83-89). Typical catalysts of this type contain 8%
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“to 15% MoO3 and 2% to 4% Co0 supported on y—A1203. Preparation method
affects the activity of the catalyst: alumina impregnated with solu-
tions of ammonium molybdate and a cobalt salt, then.dried and calcined,
is more active than precipitated cobalt molybdate on alumina. Caté]-
ysts prepared by pelletization of the compounds, or mechanical
mixtures of Co0 and-MoO3 are less active still (9, 10, 84). Several
excellent discussions of physical and mechanical properties of HDS
catalysts, and methods for fheir preparation, are available in the
literature (83-85, 87, 88, 90).

Other catalysts for the hydrodesulfurization (hydrogenolysis)
of thiophene reported in the literature include vanadium oxide (93),
vanadium molybdate (23), mo]ybdénum oxide/sulfide (22, 80, 94),
cobalt oxide/sulfide (94); nickel sulfide (91), sulfided chromia
(6, 11, 15, 18, 95), platinum (19-21), and tungsten sulfide (80),
often supported on alumina. Catalytic HDS activity of y-alumina

impregnated with oxides of various metals decreases (104) in the order
Pt>Pd>Ru>Co>Ni>Fe.

For a M003—Y—a1umina catalyst impregnated with different metal oxides,

activity decreased in the order
Ni>Co>Pd>Pt,

The Reaction

Thiophene, C4H4S, a ring-structured sulfur-containing compound,

has been used in recent years in evaluating the ability of various



T 1748 3

catalysts to desulfurize petroleum fractions

" ” (1, 2). Most investigators of the hydrogenolysis
N AN/ , )
c C reaction have reached similar conclusions about
the mechanism: that 1) two-point adsorption of
H/C‘-—C\H thiophene takes place (84, 91, 93), that 2) conver-
Figure 1

sion to a half-hydrogenated state takes place,
THIOPHENE that 3) rupture of C-S bonds is favored over
“rupture of C-C bonds, and that 4) conversion of the adsorbed molecule
to butene or butane takes place (91). Compounds such as tetrahydro-
thiophenev(91, 95) and mercaptans (3, 80) have not been identified as
intermediates or reaction products, although there is some argument
for their existence (80).
The order in‘which these steps take place is still in dispute,
however. The above order, due to work in 1949 by Griffith, Marsh,
“and Newling (91), has been slightly changed by Owens and Amberg (95),
who proposed that, following two-point adsorption, C-S bond cleavage
occurs. Conversion to the half-hydrogenated step is represented by
production of butadfene, which can be observed as a gas-phase product
over sulfided chromia (§3). Butadiene is rapidly hydrogenated, and
is observed over molybdenum sulfide or cobalt molybdate (6) only at
very low thiophene conversions. The rate-limiting step is considered
(3) to be C-S bond cleavage.
'Hydfogenation and hydrodesulfurization occur at twb types of
catalytic sites (95). Satterfield and Roberts (4) suggest that

thiophene hydrogeno]ysis follows a sequence whereby butene hydrogenation
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occurs at different sites than does the desulfurization step. Mann (8)
investigated fifteen combinations of supported and unsupported oxides
and sulfides of cobalt and molybdenum, and found that the best actjv-
ity was obtained at a 1:1 ratio of the two compounds. Differences
were explained by two types of sites, one converting thiophene to
butene and hydrogen sulfide, and the other converting butenes to butane.
If cobalt and mo]yb&enum compounds were mechanically, rather than g
éhemically, mixed, lessened activity (9, 10) resulted. With a chromia
catalyst, butenes appeargd to be found only at the first reaction site,
and HZS was a less effective poison (11). Where two sites are thought
to be present, both appear to be acid sites (3), and have been blocked
_in several studies by sbdium (deposited as sodium carbonate) (3),
pyridine (7, 89), or H,S.

Although butadiene adsorption from the gas phase and hydrogenation
is rapid, butenes produced as intermediates and desorbed (or butenes
added to the mixture) appear not to undergo further hydrogenation over
chromia (6, 102). Satterfield and Roberts, however, found otherwise,
and fitted a kinetic equation to butene disappearance (4). Butene
reaction appears to be a function of catalyst type and/or reaction
-conditions. Hydrogenation occurs predominately on the more strongly
acidic sites, with hydrodesulfurization.occurringvoh the weaker acidic
sites (7). These é}tes may be less acidic due to the presence of the
sulfur as sulfided catalyst or as HZS‘

A recent proposal by Kolboe (102), that hydrogen atoms required

to produce HZS are provided by rearrangement of thiophene to HZS and’
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diacetylene which then hydrogenates to butadiene has been tested by
using deuterium in place of hydrogen during the hydrodesulfurization
reaction (101). The amount of DZS was low, indicating spiitting out
of HZS from thiophene as the desulfurization step. (Some hydrogen/.
deuterium exchange in thiophene did take place, accounting for the
small amount of D,S produced late in the reaction.)

Reaction Rate

The hydrogenolysis of thiophene is approximately first-order in
thiophene in an excess of hydrogen. Both rate and order decrease
with an increasing concentration of sulfur compounds (16, 84). At
high concentrations, rate becomes inversely proportional to concen-
tration (84, 91). As early as 1933, the reaction was recognized to
be retarded by reactant and products (94).

Hydrogen sulfide has been observed to retard hydrodesulfurization
(HDS) rate in many studies (4-7, 91-95). Butene hydrogenation is
hindered by HZS’ but butadiene hydrogenatibn and isomerization of
butenes are ndf (11, 18, 95). The presence of H,S- appears to be
necessary as a sulfiding agent in nickel-based catalysts (103) to
increase desulfurization selectivity,even though it inhibits adsorption
.of thiophene and hydrocarbons (106). On cobalt-molybdate cafalysts,
the role of sulfiding is disputed. Though some references indicate
that sulfiding is ﬁecessary (11, 13, 14, 105), Mann (107) activated
catalyst by reduction with hydrogen. Lipsch (83) compared activation
of a cobalt-molybdate catalyst with HZS with activation with hydrogen,

and could find no difference in activity.
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Intermediate compounds are thought not to interfere with the HDS
reaction (4, 95); bﬁtene adsorption is 10 to 15 times weaker than
thiophene adsorption (95). A heat of adsorption of 11.6 to 8.3 kcal/

:gm mb]e was obtained on cobalt-molybdate catalyst (3,95,100) (on
“clean" catalyst in adsorption apparatus or in puised-flow'reactors).
‘Van Looy and Limodo (96) report a value of 17 kcal/gm mole, and |
Roberts (4, 25) reports a value of 24 kcal/gm mole, both obtained
under reaction conditions. P ST

Reaction rate is first-order in hydrogen (18, 96). The reaction
appears to occur with gas-phase, rather than chemisorbed, hydrogen (98).

The activation energy for the HDS reactfon of thiophene is
approximately 25 kcal/gm mole (6, 11, 95, 96); other studies report

values from 21.6 to 26.5 kcal/gm mole (3, 6, 20, 98). As Roberts (4)

states, the above values were probably obtained by an Arrhenius type
of relationship for overall reaction rate (a plot of logarithm of

thfophene conversion versus reciprocal temperaturej. This method is
misapplied, as the resulting activation energy then includes effects
of adsorption as well as reaction velocity, Roberts obtained a value
of 3.7 kcal/gm mole, based on reaction rate constants obtained from

a Langmuir-anshe]wood type of rate model (discussed below). By a

similar argument, his thiophene heat of adsorption value (and that of

Van Looy and Limodo) disagrees with those values previously published.
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Effect of Other Species

Compounds other than reactants and products also influence the
hydrogenolysis of thiophene. Cyclopentadiene has a Structure similar
to thiophene, and retards reaction rate (91) by adsorbing, blocking
reaction sites, and subsequently polymerizing. Steric effects are
suspected of reducing the HDS rate of o0ils with sulfur compounds of
various molecular weights. With increasing molecular weight, reaction
rate decreases (92), leading to the conclusion that bulky hydrocarbon
groups on the higher molecular weight compounds shield the sulfur
atom attached to the surface from neighboring hydrogen atoms.

Blocking effects of hydrocarbons seem to be caused by steric
inhibition rather than adsorptidn,strength. Studies with thiophene
in n-heptane/n-heptene (97), with thiophene in hexane/hexene (95),
and with thiophene in cyc]ohexgne/cyc]ohexene (18), indicate only a
slight reduction in reaction rate when olefin content is increased to
as much as 50% of the hydrocarbon mixture.

Other compounds, such as pyridine (7, 89, 108)., carbon disulfide,
and coal gas constituents (103) also retard the reaction. With the
“exception of pyridine, compounds other than HZS have nét been exten-
sively studied.-

Modeling the Reaction

Most studies of thiophene hydrogenolysis have involved varying
flowrates of compounds through a reactor and noting the conversion
obtained. Few investigators have attempted to mathematically model

the reaction. Van Looy and Limodo (96), and later, Roberts (4, 25),
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modeled the reaction with equations of the Langmuir-Hinshelwood (also
referred to as Hougen-tatson) type, to account for adsarption effects.
“More recently, Satterfield, Modell, and Mayer (108) used this type of
equation to qualitatively explain competition between thiophene and
pyridine_for catalytic sites in simu]taneous hydrodesulfurization/
hydrodenitrification._ Morooka and Hamrin (109) used Langmuir-
Hinshelwood-kinetics to model HDS over coba]t—mo1ybdate catalyst as
well as over coal mineral matter. (Thé coal mineral matter, while
catalytic, was several orders of magnitude less so than the cobalt-

molybdate.)
A Langmuir-Hinshelwood kinetic equation takes the general form:
_ hl n2 n3 4
-ry = kPLUP/ (14K PoAKP) (1)

for thiophene hydrogenolysis, where k is an overall rate constant,

Pi is the partial pressure of component i, Ki is the adsorption
coefficient for component i, and nl, n2, and.n3 are integer constants.
The value of n3 correspohds to the number of adsorbtfon sites pdrtici—
pating in the reaction.. Derivation of models of this type is discussed
at length in a number of references, and was first summarized by Hougen
and Watson (52). For given values of nl-n3, coefficients k, KT’ and

KS are estimated by either non-linear regression analysis or by
linearizing equation 1) to the form:

(P.

Linearization has the drawback that the right side (independent)

*  _see Nomenclature section beginning page 125.
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variables are used to construct a response, which is then used to
estimate the coefficients of the equation, rather than using the actual
response, -ry. This can sometimes lead to erroneous results (4, 41,
68, 110). Remedies available include careful statistical design o%
experiments, and the use of either weighted linear regression or non--
Tinear regression.

- Reactor Type

Flow reactors such as have been used in many laboratory studies
have the drawback that they yield integral conversion-data. Elimina-
tion of temperature and concentration gradients greatly simp]ifies‘
analysis of the data. This may be accomplished by using a continuous
stirred-tank reactor (CSTR), ih which the composition and temperature
are uniform throughout due to complete mixing (and intra-particle mass
transfer limitations (24) are absent if proper reaction conditions are
chosen). Another method, the differential reactor, contains a small
enough reaction zone that only a small chaﬁge in composition (approxi-
mately differential), and thus, only a small change in temperature,

s produced. If the effluent from a differential reactor is recycled
at a large rate compared with feed rate, operation apbroaches the CSTR
manner (4, 25, 35). Care must be taken that the recirculation rate is
sufficient to cause all reactions to be differential in nature (111).

If feed rate and produce rate are reduced to zero, the gradient-
less nature of both differential and CSTR reactof types is retained
but the reactor operates in the unsteady state. The reactor, termed

a batch-recirculated reactor or loop reactor, is well suited (26, 112)
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for assessing the properties of catalytic reactions. Data analysis

is simplified, since the design eqUation for the batch reactor,

derived from a material balance with the "in" and "out" terms equal

to zero, is simply the accumulation term (kinetic expression describing
the reaction).

Limitations

Batch operation does impose limitations, however. Elimination of
temperature and concentration gradients in a batch catalytic reactor at
other than relatively lTow temperatures or pressures requires not only
a very small amount of catalyst, but also mixing enhanced by outside
means in addition to the natural convective and diffusive processes.
The highest mixing rates preseht]y obtainable are provided by mechanical
agitation in the "spinning basket", or Cakberry, reactor (27) in which
the catalyst is suspended in a rapidly rotating basket, and in reactors
in which the catalyst is stationary and the bulk phase is mixed
rapidly (28). The main drawbacks to these reactors are the expense of
special fabrication (in the case of Berty et al (éé)) and‘mechénical
difficulties such as bearing and packing failure under elevated
‘conditions of temperature and pressure (29). Batch reactors are also
unsuitable when data analysis requires sampling methods which remove
more than a small fraction of the total reactant/product mixture; a
large-sized reactor of the above types may be prohibitively expensive.
An alternative is to use a standard reaction vessé1 such as a tubular

reactor and furnace, and to use an external pump for recirculation.
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Reactor Design Considerations

Design of batch reaction equipment-usua]]y requires a compromise
between large volume (to minimize effects of sample removal on the.
material balance) and capability of high recirculation rate (to insure
minimal concentration differences in the bulk fluid phase). Smith (30)
briefly describes a batch recycle reactor system used in the study of
vapor-phase decomposition of acetone (a homogeneous reaction) in which
he suggests that the validity of the assumption of uniform composition
throughout the reactor depénds on the degree of mixing in the reservoir
containing the catalyst, the volume of the reservoir compared to that
of the rest of the system (important only in homogeneous reaction
systems), and the conversion per pass through the catalyst. Several
studies have been conducted in recent years using externa]]y—recfrcu]ated
reactors. Bdtt et al (35) studied dehydratibn of ethanol and diethy]l
ether over alumina at 274° to 314°C and approximately one atmosphere
pressure. Korback and Stewart (36) conducted benzene hydrogenation
experiments over platinum-alumina catalyst at 500% to 600°F at pressures
of up to 14 atmospheres. Both studies used commercially available
external diaphragm pumps for recirculation. Diaphragm pumps avoid
the necessity for rotating shafts with packing and bearing surfaces
subjected to extremes of pressure, temperature, or chemical atmospheres.

Adsorption Measurements During Catalysis

Concurrent adsorption/reaction studies have been undertaken in
recent years in stirred flow and batch reactors (113-117). Tamaru

(115) reviews several studies which use the techniques of:
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1) Gravimetric method -- measuring catalyst weight during

reaction.

2) Volumetric method -- monitoring pressure, gas composition,

and rate of introduction of reaction components.

3)  Chromatographic method -- pulsed-flow reactor method as

presented by Amberg et al (3, 6, 7, 11, 18, 95)..
4) Infra-red analysis -- monitoring spectré of surface specfés
during the reaction.
These methods seek to either determine the type and concentration of
surface species directly, or to measure surface concentrations by
material balance re]ationships;

In an unpublished work by Siddiqui and Amberg, mentioned by
Amberg in a separate paper (113), observation of the surface of a
coba]t—mo1ybdate catalyst was attempted via infra-red spectroscopy
in a closed-loop reactor. Unfortunately, the observed spectra were
too complex tQ be interpreted unambiguously. The reaction mixture
‘Was circu]atedvby a magnetically-operated rotary vane pump, and could
be operated as high as 275°C. Whether or not this reactor was operated
as a batch reactor was not mentioned.

Additional studies have concerned formic acid decomposition
(continuous IR speétroscopy in a closed - circulation system with
occasional samp]es“withdrawn for analysis) (116), benzene hydrogenation
(continuous stirred-tank reactor with a microbalance incorporated to
monitor catalyst weight) (114), and dehydration of ethanol (batch

reactor with a microbalance) (117).
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PURPOSE, EXPERIMENTAL DESIGN,

EQUIPMENT DESIGN OBJECTIVE

»Purpose of Study

This study was undertaken to demonstrate the capability of a batch
recirculated reactor to obtain useful kinetic and adsorption information,
and to contribute information to the 1iterature oﬁ the hydrogenolysis
of thiophene over a nicke]-molybdate cata]yst-outside the usual range of

- hydrogen sulfide and hydrocarbon concentrations. Thé reactor is
designed to operate under conditions free of the masking effects of
incomplete mixing and diffusion, at pressures and temperatures
apprbaching thosé found in commercial refining operations.

Experimental Design

A typical approach to an experimental design is to carry out a
replicated multi-level investigation of parameters considered to
influence the process under study. The levels, or quantitative values,

" of each variable invéstigated are selected so as to emphasize effects
of that variable ({.e., condition the resulting daté). Previous
studies of thiophene hydrogenolysis, cited above, identified tempera-
ture, flowrates, and concentrations of hydrogen, thiophene,‘hydrogen
sulfide, and unsaturated hydrocarbons as being significant variables.
An additional factor which may influence operation of a batch recir-

culated reactor is recirculation rate.
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In this study, two temperatures (275° and 256°C) and two levels
each of hydrogen sulfide starting concentration, starting thiophene-
to-pentane (diluent) ratio, and circulation rate are used. Composition
data are obtained as a function of time, and are used to determine
kinetic parameters in Langmuir-Hinshelwood reaction rate models by
linear regression analysis. The experimental design is a five-factor
design,Atwo-1eve1 in temperature, recirculation rate, and both HZS
and thiophene/pentane initial concentrations, and four- to six-level
in time (varying from run to run).

In order for an experimental design to be a replicated factorial
design, the experimenter must be able to set operating levels of the
independent variables. In a flow reactor, flowrates, reactant concen-
trations, and temperature are controllable. However, in a batch reactor,
only initia]xconcentrations, temperature, mixing rate, and elapsed time
between samples are controllable.

In order to obtain a desired combination of concentrations at a
desired time, a knowledge of fhe stoichiometry and kinetics, and
manipulation of initial concentrations is necesséry. ~Since the
stoichiometry and/or kinetics are usually under investigation, samples
at desired concentration levels are difficult to obtain and replicate.
This problem may be partially alleviated by providing means of adding
or removing material selectively during reactjon.(such as reaction
with iron packing as used in this study). Removal of material has the
added advantage of reducing covarigace between reactant and product
compositions due to material balance relationships. A batch recircu-

lated reactor has the advantage of obtaining kinetic information



T 1748 T 18

rapidly, compared with flow reactors. The ability to test the
dependent variable directly for significance of the independent vari-
ables (and their interactions) is not sacrificed, so long as either
the material balance relationship between reactants and products ig
modified, or only independent species are considered in the kinetic
model.

Equipment Design Considerations

In addition to safety considerations, the reactor equipment was
designed to yield kinetic data for reactions of 30 minute half-life
or longer. This restriction insures negligible temperature and
concentration gradients, due to adequate mixing, as well as‘a1lowing
a sufficient number of data points to be obtained during an experi-
mental run. (A 20-minute sequence of va]Ve manipulation is required
to reduce the sample pressure to the proper level with the present
mass spectrometer inlet design.) Al1l equipment exposed to the reaction
atmosphere, except for the steel ball packing used in a portion of this
study, is of teflon or 316 stainless steel to avoid corrosion, and the
recirculation circuit is electrically heated to avoid reactant conden-

sation.
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EQUIPMENT AND INSTRUMENTATION

Description

The reaction and recirculation system was désigned to obtain' 
kinetic data for hydrogenolysis of two-percent sulfur-containing
mixtures (thiophene in n-pentane) at pressures foynd in commercial
hydrodesulfurization equipment, during experimental runs of approii-
.mately four hours. The relatively low reactibn temperature of 275°¢C

-was chosen so that most of the apparatus could operafe safely below
the melting point of the teflon gaskets required by the tubular
reactor.

‘The reaction'apparatus with associated recirculation equipment is
shown in Figure 2. Reactions occur on the surface of the catalyst
within the tubﬁ]ar reactor heated by a Lindberg, Heviduty, 3000 watt,
three-zone furnace and proportional controller. Temperature within
the reactor is monitored by four type J, shielded thermocouples, two
‘of which are positiohed immediately above and below the catalyst.

For all except the B]ank runs (when no catalyst was used), American
Cyanamid, Aero HDS-3A, nickel-molybdate catalyst was present. Prop-
erties of the catalyst are listed in Appendix II. The catalyst was
presulfided prior to the experimental study using procedures outlined
by the manufacturer, in a hydrogen-hydrogen sulfide atmosphere. Air

was excluded at all times after catalyst activation.
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Reactanfs are circulated downward through the catalyst, which is
supported by glass wool and held in place by either 1 mm diameter
glass beads or 3/16-inch-diameter steel ball bearings which facilitate
heat transfer and mixing. Circulation is provided by a Lapp Pulsa-
feeder, model LS-20, diaphragm pump, rated at 900 cm® per hour. Back
‘pressure on the check valves built into the pump is provided by valve
#4 (see Figure 2), and monitored by magnitude of the cyclic distur-
bance in pressure caused by the pump. A1l tubing (%-inch-diameter
316 stainless steel) is electrically heated and monitored by an eight
point Brown temperature recorder using type K thermocouples mounted on

the outside surfaces of the tubing. The lowest temperature in the

~recirculation circuit during an experimental run is typically 175°F;

temperatures in peripheral equipment such as the total pressure trans-
ducer are approximately 150°F. Pressure is monitored with a Wiancko
Engineering Compahyvtransducer capable of operation to 1000 psig;
read-out of the electrical signal is done on channel "D" of a four—
channel Sanborn model 150 recorder. The recorder is modified to
include a galvanometer in a parallel with the chart pen driver; read-
out is accomplished by adjusting the zero suppression so as to null
“the galvanometer. Further details may be found in Appendix VI.

‘Reactor Startup

Before reacto;_operation, liquid and gaseous reactants must be
added. A volumetric flask is evacuated, weighed, filled to a mark on
its neck with liquid, and the valve on its stem (#5) is attached to
valve #6 of the reactant inlet. Hydrogen sulfide is added by manipu-

lating valves 1, 2, and 3 of the gas addition inlet and monitoring the
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pressure by héans of a CED, Model 4-015, 0-500 psia pressure transducer
connected to Sanborn recorder.channeT "B", Details of gas addition
inlet operation may be found in Appendix VI. The-HZS and liquids

are added to the reactor system, and hydrogen is introduced through
valve #8 to the desired pressure. With valves 6 and 8 closed, the
pump, heating tapes and furnace are started, and steady temperature

aﬁd pressure conditions are reached in approximately 45 minutes.

Sampling Procedure

Samples of the reaction mixture are obtained by opening and
closing valve #9, which traps a small quantity of vapor in the volume
between valves 9 and 10. The mass spectrometer inlet system is

- maintained by a mechanical vacuum pump at an indicated pressure of
below 50 microns. With the three-way valve closed (Figure 3), and all
valves except Nos. 13 and 16 open, valve #10 is opened for approxi-
mately 15 seconds to introduce the sample to the inlet. Contamination
of the sample by any leakage past valve #9 from the reaction in
progress 1in the reactor and recirculation equipment is avoided by
re-closing valve #10. Pressure in the inlet is now above the 1000
micron range of the thermal conductivity vacuum gauge. The sample
is allowed to equilibrate for five minutes to insure no comﬁosition
gradients due to flow at low pressure are present. Valve #15 is now
closed and valves %11 and #13 to the mechanical vacuum pump are opened,
evacuating the inlet of all sample‘except that amount trapped between
valves 15 and 16.

After the pressure has been reduced‘to or below 50 microns for-

three minutes, valves #11, #12 and #13 are closed and véTve #15 opened.
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The sample expands into the larger available volume, reducing sample
pressure to about 600 microns. A five-minute waiting Beriod allows

" concentration gradients to be reduced (see Appendix VI for further
discussion). A mass spectrum may now be obtained by opening valve
#16, which introduces the sample to the mass spectrometer through a
small opening in the_disc of gold foil. The pressure in the

"~ instrument's cycloid tube is approximately 1.2 x 10”5 mm Hg, which
is excessive for most samples. This ié remedied by closing valve #14
prior to opening valve #16, which results in a pressure of about
6 x 10~ mm. It becomes necessary to use the higher pressure procedure
toward the end of a reaction run, due to the small amount of thiophene
present.

Each sample obtained reduces the pressure of the reactor/recircu-

lation circuit by approximately 2 psi at 700 psia operating pressure.
The maximum number of samples withdrawn, 6, reduces the amount of

reacting mixture by approximately 2%.
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CHEMICAL ANALYSIS

The Mass Spectrum

Each chemical compound has a unique mass spectrum, which may be
described by the sensitivity of the hiéhest (or base) peak, mass
number at which it occurs, and heights of peaks at other mass numbers.
Base peak sensitivity, measured in scale divisions per micron of
pressure, varies among spectrometers, but is approximately the same
under similar conditions of amplifier gain and ionization (all
measurements in this study are made at standard ionization potential
of 68 volts and current of 20 microamperes). In order to compare
results from different spectrometers, the base peak sensitivity of
normal-butane is reported in pure-compound mass spectral data, and
the base peak sensitivity of the compound under consideration 15
ratioed to it. Peak heights at mass numbers other than that of the
base peak are reported as fractions of base peak height. Tabulated
mass spectra, such as those of API Project 44 (39), enable approximate
identification of compounds, but calibration at periodic intervals is
necessary to insure accuracy in quantitative measurement of mixtures.
Table 1 1ists API mass spectral dafa for high-contrast mass numbers
of the C4's, n-CS, i-CS, HZS’ and thiophene.

Mixture Composition Determination

.Molecules of a compound introduced into the mass spectrometer are
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ionized and fragmented by a hot filament. The charged fragments are
accelerated by an electric field, and injected into a magnetic field.
.During passage through the magnetic field, each fragment follows a
curved trajectory whose shape depends on the mass of the fragment..
By varying the electrical potential, and thus the velocity of the
fragmenté, fragments of different mass are caused to impact and
discharge on a metal collector. The resulting current, amplified,
drives galvanometers, whose deflection is proportional to the rate
at which ions of the particular mass focused on the collector are
arriving. A larger concentration of fragments of a particular mass
results in a greater arrival rate (larger current). For a mixture,
the peak height corresponding to a given mass, j, represents the sum
of contributions from fragments of all compounds, i, present, and is

related to composition by:
(pk.ht.)j = %(b.p.s.)i(frac.pk.ht.j)i(concentration)i (3)

where b.p.s. is the base peak sensitivity. For a mixture containing
N compounds, with base peak seﬁsitivities and fractional peak héight
data available for all compounds present, N_peak heights may be used
(N equations to N unknowns, equatidn (3) at N different mass numbers)
to determine the composition of the mixture.

Peak heights used in equation (3) mﬁst be corrected for background,
i.e. res%dua] gas in the spectrometer and inlet. This is accomplished
by obtainfng a mass spectrum with no material added to the spectro-
meter, and subtracting'the resulting peak heights from the appropriate

peaks in the spectrum of the mixture under study. Typical compounds

°
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represented in the background are water, nitrogen, oxygen, and small
amounts of hydrocarbon if a hydrocarbon diffusion pumpooil is used.
~If the time between samples is relatively short or the inlet pump .
oil is contaminated, a small amount of the previous sample may be
present.

Mass Spectrometer Inlet Effects

The material in the inlet system of the mass spectrometer may be
different in composition from that in fhe spectrometer if Knudsen
(molecular) flow takes place, due to differing diffusion rates through
the gold leak (pressure-reducing orifice). As a result, some mixture
comhonents may appear in greater relative amounts in the analyzer of
the spectrometer than in the inlet. Diffusion rates in molecular
flow are related to molecular weight and structural properties through

gaSeous diffusion theory at low densities (37):

Daa © (mwA)_%(dA)-z (4)
where DAA is the self-diffusivity of a compound, A, L is its molecular
weight, and dA is the molecular diameter. Compounds differing radically
in molecular Weight and/or structure can be expected to diffuse at
differing rates, so calibration using known mixtures is necessary. If,
however, flow is precominately viscous in nature (79), fractionation
will not occur. As is shown in Appendix VI, viscous flow was present

in the apparatus and no fractionation occurred.

Concentration Determination

5

Mass spectrometers operate at 10~ mm Hg of pressure or below,

and'are sensitive to very small amounts of sampled material. It is
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ordinarily necessary to introduce samples of uniform size in order to
relate peak height information to absolute amounts of material in the
system being sampled. This is accomplished with an inlet system,
consisting of a gas metering system and pressure gauge. This equiﬁ—
ment was not included with the mass spectrometer, so an inlet had to
be constructed. An accurate vacuum gauge was not avai]able, SO an
alternate means of aetermining sample size was necessary.

The use of peak height ratios to determine composition is helpful
in eliminating errors due to varying sample size, if the concentration
of the reference compound is not changed in any way by the process
under study (78). In this case, n-pentane is added to the reactor

. as a diluent, and is assumed to undergo negligible change in concen-
tration due to reaction (6, 26, 80, 84). See Appendix III for thermo-
dynamic verification of this assumption. Absolute peak height data
at mass 72, the "parent" peak for pentane, are plotted in Figure 4
for runs 9-30. Data for each experimental run are connected with
straight Tineé. There is no significant trend toward declining pentane
concentration (which would be indicated by peak height data decreasing
with time).

The concentration of thiophene relative to that of nfpéntane can
be predicted, using tabulated mass spectral data, by using equation
(3) at mass 84 (th}ophene parent peak) and again at mass 72 (pentane
parent peak). A ratio of peak height 84 to peak height 72 is propor-
tional to the ratio of thiophene concentration to pentane concentration.

The proportionality constant is the base-peak-sensitivity-times-
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fractional-peak-height for thiophene at mass 84, ratioed to the
similar product for pentane at mass 72. Thiophene does not exhibit
a peak at mass 72, nor does n-pentane exhibit a peak at mass 84, so
the summation in equation (3) is not necessary.

Calibration of the spectrometer on a known mixture of thiophene
and n-pentane -gives a proportionality factor slightly different from
‘that predicted by the tabulated data. The value obtained by usiné
tabulated data is .0815; the equation used for predicting thiophene
concentration from a known amount of n—pehtane, based on calibration

data is:
Cr = a(h84/h7é)C5 (5)

where CT and 05 are concentrations of thiophene and n-pentane
respectively, and where a is 0.0840 for runs with H,S added and
0.0%68 for runs Qithout’HZS additién. The reason for the differing
calibrations is not known, but is suspected to be due to interaction
of HZS with tﬁe rhenium mass spectrometer filament. Since results
at both high and low HZS concentrations are reproducible, this
difference is not considered serious. Calibration is summarized in
~ Appendix VI.
The amount of.hydrogen sulfide in ‘the vapor pﬁase is calculated

from mass spectra via:

Cg = .0510 (h34/h72)C5 (6)
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which was deférmined by calibration using known mixtures of HZS and
n-pentane. This factor was eStimated, uéing tabulated data, as .0880.
This discrepancy can be explained largely by a discrepancy between
tabulated and measured values of mass 72 peak height data (see |
Appendix VI).

The amount of butane (as n-butane) present relative to the concen-
tration of n-pentané is predicted with equation (3) as follows. The
peak height at mass 58 divided by the peak height at mass 72 is equal
to:

h58/h7.2 = {(b.p.é.)T(frac.pk.ht.SS)T(conc.)T
+(b;p.s.)5(frac.pk.ht.58)5(conc.)5 7)
4(b.p.s.)4(frac.pk.ht.58)4(conc.)4}

/{(b,p.s.)S(frac.pk.ht.72)5(conc.)5}

Substitution of base peak sensitivities and fractional peak height data
into equation (7) and algebraic rearrangement yeilds an approximate
expression for butane concentration. Calibration; using known amounts

of thiophene, butane, and pentane, gave the expression:
C4 = {.2506(h58/h72) - .1624(h84/h72) - .OO]S}C5 (8)

Details of the calibration may be found in Appéndix VI. These factors
were estimated, using tabulated data, as .5396, -.3808, and -.0457.
These discrepancies also are due in large part to the higher-than-
expected ratio of mass 72 to mass 43 peak height ratio for the internal

standard, n-pentane (see Appendix VI).
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The amount of butenes present in the reaction mixture
represents only a small amount of the thiobhene-and C4 carbon
balance, due to the fact that butenes are reaction intermediates.
Calibration runs were not made on samples of the different C4
olefins. If all the butene material is assumed to be represented by
the same spectéum (as seen below, the spectra are very simﬁ]ar),
concentration can be calculated (using tabulated API data, and
substituting experimental values for thiophene and n-butane cali-

brations) as:

(trans-2-butene)

C4/Cg = .2703(hgg/h;,)-.0047 (hgg hy,)-.0733 , or (9)
{cis-2-butene)

Cp/Cs = ,2575(h56/h72)-.004s(h58/h72)-.0698,o» (10)
(1-butene)

C3/Cg = .2247(hge/h,)-.0039(heg/h,)-. 0609, (1)

where the thiophene and n-butane expressions were substituted into
equation (3) and a]gebraic rearrangement was performed. Since there
is a peak correction term for thiophene in both the butane and butene

expressions, the mass 84/72 peak height ratid terms cancel.
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" 'MODEL DEVELOPMENT

Introduction

Satterfield and Roberts (4), in their models of thiophene hydro-
genolysis and butene hydrogenation, could not test kinetic models
incorporating both thiophene and butene partial pressure due to a
material balance relationship that made the two ihterre]ated. The
problem was circumvented for thiophene/hydrogen sulfide by continu-
ously adding both thiophene and HZS to the reactor at independently-
controlled rates.

This cannot be done in batch reactors. The effects of covar-
iance due to material balance relationships can, however, be mini-
mized by a combination of:

1) varying the amount of initially-charged reactants and

products, and

2) removing a portion of the reactants or produéts by

secondary reaction(s) during the course of the main
reaction.

In this study, both methods are utilized. By varying the
amount of thiophene/pentane mixture initially chafged to the reactor,
different thiophene/pentane ratios are achieved over the desired
range of thiophene concentrations. Also, hydrogen sulfide is

charged to the initial reaction mixture in some experimental runs



T 1748 32

to raise the HZS concentration to levels significantly higher than
those produced by the thiophene hydrogenolysis reaction. Addition-
ally, use of iron packing in a portion of the experimental work
removes hydrogen sulfide during the course of the reaction. This allows
effécts'of both reactant and product to be examined by reducing the degree
of:;tatistical-cOnfpuhding~Caused by the material balance relationship.
The use of iron packing to remove a portion of the HZS’ while

statistically advantageous for the kinetic model, prevents obtaining
hydrogen sulfide adsdrption data during the reaction. At low
pressures {i.e. low coverage of the catalyst surface) this would be
of little consequence, but at high surface coverages in multi-
component systems, both gas-phase and surface concentrations of all
species must be known. Glass packing, used in place of iron packing,
allows both thiophene andAHés adsorption data to be obtained, but
due to the material balance relationship, makes the: data
_1es$f&esiféab1e for use in regression fifting of kinetic méde]s.

: Both set§ of data (iron packing, glass packing) are generated
by the same reaction kinetics, however. Thus a kinetic model derived
from iron packing data should (in the absence of catalytic effects
from the iron) fit data gathered over glass packing. This is discussed
below, and is verified in Appendix IV. .

Adsorption Derivation

In the Langmuir adsorption isotherm (Smith (30), chapters eight
and nine), expressed in terms of concentration, the rate of adsorption
of a species, A, is proportional to the concentration of A in the gds

phase and the number of vacant sites on the catalyst:
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ry = kacA(cm-cA), (12)

where the ka is the adsorption rate constant, CA is the gas-phase
concentration of A, Em is the surface concentration of total avail-
| able adsorption sites, and CA is the surface concentration of
adsorbed A. Note that the quantity in parentheses is the number of
.vacant sites. This expression is valid for single-component adsorp-
tion only.
The desorption rate is proportional to the concentration of

adsorbed A,

ry = deA (13)

At equilibrium the adsorption and desorption rates are equal, and
KaCa(Co-Cp) = Ty (14)

where KA equals ka/kd for species A. For a multi-component system,

this equation can be written

where CB represents the adsorbed concentration of species B and CO
represents adsorbed concentrations of all species other than

A or B.
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Reaction Kinetic Derivation

A first-order reaction, o
A - Products (16)
may be modeled as either single-site '
rs = Kl (17)
or dual-site

-rg = k.G,C (18)
on the surface of a céta]yst, where Cv'represeﬁts~the concentration
of vacant sites (33). There are instances, however, when such a
model can be disquised. If a large enough excess of species A is
present, the surface of the catalyst will be almost completely
occupied and further addition of A to the bulk phase will have little
observable effect, i.e. zero-order kinetics will be seen (115). If
sufffcient other species are present to interfere with adsorption of
A onto‘tWO or more adjacent sites (éssuming that the reaction
mechanism requires adsorption onto adjacent sites and that steric
hinderance or blocking prevents either proper orientation or adsorp-
tion on the second site), the reaction will be s1owef as more interf
ference occurs. ‘As notéd in the literature, thiophene hydrogenolysis
is generally be]feved to be a first-order reaction in thiophene
concentration, inhibited by both reactant and product adsorption, of
dual-site character, with the surface reaction (C-S bond fission)
considefed the 1imiting step. An adequate kinetic model must include
these characteristics, but also describe interference effects properly.
A popular means of describing kinetic behavior is attributed
to Hinshelwood (Kinetics of Chemical Change, Oxford University Press,

London, 1940), andowas developed in detail in a work by Hougen and
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>w5tsoﬁ (52).. Tﬁe resulting models, called variously Hougen-Watson
or Langmuir-Hinshelwood kinetic models, express surface concentrations
in terms of bulk-phase concentrations and adsorption coefficients.
For equations (17) and (18), the derivation is as follows.

The total number of available sites per weight of catalyst, Cm’

is equal to the total number of sites occupied by all species plus

the number of vacaht sﬁtes:

B e (19)
Rearrangement gives
1= Gy (€4 T4+ Tg1 ) (20)

Each component can be described by its Langmuir isotherm:

Cp = KACACV, (21)

etc. Substitution gives, after rearrangement,

Cv = cm/( THKCp+KaCotKe L ) {22)

with an adsorption term in the denominator for each species present
(some of which are usually assumed to be zero). Substitution of
equation (21) into.equation (17) or (18), followed by substitution
of equation (22), gives either the single- or dual-site adsorption-

inhibited model,

=1 = KCp/ (14K Cp+KoCa#K L) (23)

where m is 1 for the single-site model and 2 for the dual-site model.
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Enhancement . o

Carberry (125) discusses briefly models representing reaction
with adsorption enhancement. In Langmuir-Hinshelwood models, this
condition results in one of the adsorption coefficients being negative:

-r = KCy/ (1 + KyCp - KCp)™ . (24) |
Models with negative adsorption coefficients are generally considered
physical]y impossible.

- -Two. alternate means of considering enhancement are available (125):

a single-type-of-site competitive model

-1 = KCCy/ ((1 + KpCp)(1 + KpCy)) (25)
and a model with A and B adsorbing independently on two types of
sites:

_ 32
-r = KCpCa/ (1 + K,Cp + KgCp)™ . (26)
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EXPERIMENTAL RESULTS

Tamgoate g e
LR R IR T A

Introduction‘ﬁ

tooay of maperinenint ovidencs considered Bovas
i: a2rThere are. two types of experimenté] evidence considered

here: 1) graphs of concentration-versus-time data, and 2) kinetic
rate data analyzed by linear .regression analysis. The interaction
betWeen thiophene and hydrogen sulfide on the catalyst surface -

is complicated.by the presence of n-pentane and reaction products.

Concentration-Time Data

Figure 5 is a compilation of thiophene composition data as a
function of time for a number of experimental runs. The starting time
for each run has been shifted slightly, as noted in the legend, so as
to group together those runs with high initial hydrogen sulfide
concehtration and those with no additiona],HZS added. The purpose
of this grouping is qualitative only. Two features are apparent:

1) The rate of change of thiophene ;oncentration in the low

H2$ runs is generally lower than Fhat of theﬁhigh-HZS runs, and

tends to decrease with time.

2) The rate of change of thiophene concentration in the high

_HZS,data, particularly at high thiophene concentrations,

~appears constant, implying a zero-order reaction.
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Apparently some property of hydrogen sulfide is exhibited that

accelerates the thiophene reaction rate under these reaction condi-
tions. At the same time, the zero-order reaction suggests that the
surface available to thiophene is very nearly saturated with that |
combound, |
Studies cited in the Literature Survey have indicated that the
hydrogenolysis of tHiOphene is retarded by both thiophene and
hydrogen sulfide. However, in only one (92) of those studies were
large amounts of chemical species present other than reactants and
products. Thus it is poséib]e that the increased activity exper-
ienced by adding HZS to the reactor is due to preferential adsorption
of HZS in place of the more bulky n-pentane. This could lead
tb ah enhancement effect, indicated by what appears to be a

) aQnegéfive adsorption coefficient for H,S in Lahgmuir—Hinshelwood; -

models. . T T e

Within the high or low HZS'treatments, HZS may serve to enhance or
retard the reaétion rate. Overall, it appears to keep the rate high. The
shift ffom 1St order toward zero order with increasing HZS concentration is
probabiy due to the‘increaﬁed HZS concentration reducing the number of
vacant éites availab]e for adsorption of thiophene, causing fhe

surface to become more saturated.

Plots of composition-time data are included as Figures 6 through
15. The numerical data are tabulated in Appendix VII.

Relative Adsorption Data

Using initial concentrations of reactants and products, and
measuring these concentrations relative to an unreactive reference

compound (n-pentahe), concentrations of both bulk-phase and adsorbed
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species can be computed. A material balance requires that

B,o*Clro- "G (27)
where CB is thé butane concentration, CT is the thiophene concen-
traﬁion, Cq s the concentration of butenes, subscript o denotes

-an initial concentration, and the superscript bar denotes an adsorbed
species. In this case, the adsorbed species is actua]1y the sum of
adsorbed thiophene, butenes, and butane. Butane and butene adsorbed
amounts are considered small (95); the small amount of butenes in

the gés phase suggests that the amount of butenes on the surface
would be small even if butene adsorption was strong.

A similar sulfur balance requires that

Cr o~ Cr-C =70+ Cg (28)

where(subscript S denotes hydrogen sulfide and C} is assumed to be
made up entirely of thiophene. Appendix V contains a program
written for the Texas Instruments SR-52 programmanle calculator
which, given_initia1 concentration and catalyst data, converts mass
spectrometer peak height ratios to concentrations. Details of compo-
sition determination are contained in the Chemical Analysis section
and in Appendix VI.

Runs 32, 34, and 37 were conducted at 275 degrees Celsius with
glass beads used for packing. Both carbon and sulfur balances were
obtained for these runs. A summary of concentration-time data

appears in Figures 13, 14, and 15, and in Appendix VII.

°
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Figures 16 through 25 represent the material balance closures

for carbon (all runs) and sulfur(runs 32,34, and 37 only). Closure

is defined as initial amount reacted minus amount unreacted, times

100, divided by initial amount.

Kinetic Data

Table VII-3 lists all composftion-time data for ten experimental
runs, a total of 52 daﬁa points, with five to six compositions per
data point. Runs 9 through 19 were run over the same .1472 gram
catalyst sample, with steel ball beérings for reactor packing.

Runs 32, 34, and 37 were run over two other catalyst samples, with
glass beads for reactor packing.

Numerous authors (see the discussion and refefehces in Hunter
and Kittrell (68)) havekmentioned the problem of interrelation of

measured data. Roberts (4), for example, avoided evaluation of

kinetic models containing terms for thiophene, butenes, and butane

together, due to the fact that the quantﬁties were related by
material balance. In his study and this one, a means of introducing
hydrogen sulfide to the reactor is available in addition to the

amount generated during the reaction. This partially resolves the
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" problem of interrelation of thiophene and HZS concentration, but
difficulties are still present in runs 32,34,and 37, since in
--those runs HZS still varies directly with thiophene conversion.

The steel packing used in runs 9;19, however, reacts with a portion
of the HZS’ serving to de-couple the rates of change of thiophene
and HZS‘

A linearization of equation (23) by a]gebraié rearrangement

gives

1/n 1/n

(/)M = 1k CpH(Ke/k /MGy (29)

Substitution of thiophene for component A and HZS for component B

+(Kp/k

yieids the linearized model

(- (:T/r)”n 1/k1/n+(K /kl/")c +(Ks/k]/n)CS (30)

or,

(-c/r)'/"

Similarly, equations (25) and (26) linearize to

a + bCy + cCq . (31)

(-CTCS/r) =a + bCT +cCg + dCTCS (32)
where, for equation (25), d is forced to zero. Since d is equal
to b times ¢, equation (26) must be investigated by non-1linear
regression.

The difficulties cited by many authors (see again the summary
by Hunter and Kittrell (68)) stem from the fact that the independent
variables are used to generate a dependent variable by computational

means, and that several assumptions implicit in linear regression

analysis (43) are not always met:
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1) Errors in the dependent variable are normally
distributed with a mean of zero,
2) These errors have the same variance, independent of
the values of the independent variables, and
3) The independent variable values are contro}1ed or
observed without error.
These objections can be minimized by a combination of statistical
design‘of experiments and either weighted Tinear regression analysis
or non-linear regressidn analysis.
‘In this series of experiments, the following steps were taken
to minimize statistical problems:
1) Interdependence of thiophene and hydrogen sulfide
concentrations was miniﬁized by
a. Hconducting experiments with, and without, extra

H,S addition, and

2
b. using iron packing in some runs, which selectively
removed a portion of the hydrogen su}fide without
affecting the hydrogenolysis reaction sequence.
This prevented correlation of HZS and thiophene
- concentrations due to the sulfur material balance.
2) Randomized testing was conducted to investigate the
importance of these potentially significant factors:
5. high HZS concentration
“b. low pump circulation rate

¢. high n-pentane concentration

d. low temperature.
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Table 2 describes the seventeen models investigated. Results are
summarized qualitatively in table 2 and, for the statistically sig-
nificant models with positive adsorption coefficients, quantitatively
in table 3. In order to examine low-HZS data separately, seventeen.
regression ana]ysés were run on low HZS data only, seventeen more were
run on all data together, and an additional fifteen analyses were run
.on the'hﬁgh-HZS data (half-order models were omitted). Models are com-
pared by the ratio of regression sum-square error divided by its
degrees of freedom, divided by the error sum-square-error divided by
its degrees of freedom. If all assumptions required for 1{near regression
are met, this ratio is F-distributed. Although the assumptions are not
strictly true, nonetheless the ratio is a useful means of evaluating
goodness of fit of the models.

The negative value for the HZS adsorption coefficient obtained by
regression analysis using equations (30) suggests enhancement. Equation
(32) in several forms was successful in fitting-the data, furthering

the enhancement conclusion.

Temperature Effects

Table 3 also contains linear regression coefficients for low
temperature runs 18 and 19. In combination with runs 9-16, these data
can be used to estimate Arrhenius activation energy, -8H, from the

expression.

- - H/RT g
Models 5 for low and for -high HZS'data, both power-law models; gave activation
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energies of -10.3 and -10.6 kcal/gm mole respectively. Owens and
Amberg (95) report an overall activation energy of -25 kcal/gm mole
for clean-surface thiophene hydrogenolysis.
Oh the basis of having either a negative adsorption coefficient
in low temperature runs or an activation energy‘of the wrong sign,
all of the other statistically significant kineéic models investigated
except the two mentioned apove are rejected. Results are summarized
in table 4. Figures 26 ghdx 27&’are‘ plots of predicted-versus-actual
rate data Qsing phe two satisfactory models. In figure 27, variation in ~
slope of the experiménta] data is small, and the scaftér.in measured rates -
is not present in predicted values. As can be seen by plotting both predicted
and experimental rate as a function of time (such as in figure 28), predicted

and actual rates match well. P

Statistically Acceptable Models

‘The accebtab]e models are:

} .503 ..227
-ry = k]ow CT CS (Tow HZS) (34)
- .108 .-.103 .
-ry = khighCT Cg (high HZS) (35)
with values of k]ow and khigh Tisted in table 3. Note that thiophene

‘reaction order decreases as the amount of hydragen sulfide is great]y.
increased. The role of H,S within each of the two treatments differs:
the positiyevexponent in the low HZS treatment indicates enhancement
of the reaction rate, but the negative exponent in the high HZS
treatment represents a retarding effect. These results reinforce the
statements in the "Concentration-Time Data" section above on the
shift from firﬁt order to zero order in thiophene, and on the

enhancement effect.



TABLE 2
KINETIC MODELS INVESTIGATED

oy =.:.a.C¥].C22
(1+bC¥3+cCg4)N5
Model . : .
_No. Nl M2 " 'N3 'NA& " 'N5 " Significance

a 1 1 1 1 -

b 1 1 1 1 1 2 ok

c 5 Vb1 Vb1 0 0 0 *x

d S 0 1 1 1 -

e L 0 0 1 1 -

f 0 0 1 1 1 -

g 1 1 1 0 1 -

h 2 1 1 1 0 2 bl

i 3 1 1 0 1 1 *k

J 4 1 1 0 1 2 ok

k 1 1 0 0 0 -

1 1 0 1 1 1 -

m 1 0 1 1 2 -

n 6 1 0o 1 0o 1 *X

0 7 ] 0 10 2 *X

) 1 0 0 1 1 -

q 1 0 0 1 2 -
Significance: - Not statistically significant, or

adsorption coefficient negative
A Statistically significant; all
coefficients positive
* Coefficients positive; not statistically
significant A
X High H.S only, statistically significant
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TABLE 4

ACTIVATION ENERGIES

- k1/RT °
k koe
" Thiophene H,S
Overall Adsorption " Adsorption Acceptable
Model Low H,S or Trhko Ky Tnko Ky o Tpke o Ky
No. A1l Data =~ - "Kcal/mole -~ Kcal/mole ~~ 'Keal/mole ?
1 - Low 33.988 - 31.55 - Negative - -
All }/,— Reject Previously
High
2 - Low ————Reject Previously
A1 112.70 -117.20 - Negative - -
High——— Reject Previgusly :
3 Low 72.80 - 72.64 - - - Negative
Al - Positive - - -14.24 17.165
High ———>Reject Previously
4 Low - 3.631 -11.039 - - - Negative
All - Positive - - - -
High————Reject Previously
5 Low 11.323 -10.276 - - - - X
All - Positive - - - -
High 12.009 -10.597 X
6 Low--_\_~‘-
Reject Previously
AM—
High 51.84 -52.1 - Negative - -
7 Lows--~‘~,. ‘ ]
Reject Previously
High 30.05 -29.3 - Negative - -
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CONCLUSIONS

Qnder.condftions of high hydrocarbon concentration, the kinetics
of thiophene hydrogenclysis exhibit characteristics different from those
examined under usual laboratory conditions. Hydrogen sulfide serves to
enhance the hydrogenolysis reaction under conditions of a large con-
centration of n-pentane. However, the reaction ié hindered by high
concentrations of hydrogen sulfide, and possibly by thiophene. Activation
. energies of -10.3 to -10.6 kcal/gm mole are exhibited by power-law

fits to thiophene reaction rate.
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ERROR ANALYSIS

A11 compositions are determined relative to the concentration
‘of n-pentane. Peak height 84/72 ratio is reproduciﬁ]e to +/- 4.8%,
corresponding to a precision ]evé] of +)- 10-4 grém moles péE'Titer of
thiophene at starting concentration. Calibration on a known ﬁixture of
thiophene and n-pentane, compared to spectra predicted by use of API
data,showed a significant deviation from the predicted value. Like-
wise, HZS ca]ibratidn deviated significantly from its predicted

value. Reproducibility of hydrogen sulfide concentration is +/-3%.

Accuracy of all concentrations is dependent on the accuracy of
that of n-pentane, which is determined by weight and reactor volume.
With 1.5% uncertainty in reactor vd]ume, the accuracy of n—pentahe
concentration is approximately +/-2%, or about 10'3 gram moles per
liter. The acéuracy of thiophene and HZS measurements, then, is

+/- 6.8% and +/- 5% respectively.
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RECOMMENDATIONS

Fhis study is conducted at low temperatures compared with
_commercial operation, due to mixing and equipment coﬁsiderations.
Metal gaskets and a larger diaphragm puhp, preferably with a stain-
less steel diaphragm and high temperature hydraulic fluid, would
afford greater mixing and more rapid reactions could be studied .
Witﬁ a smaller diameter reactor, tqrbulent mixing could be obtained.
With KEL-F or metal gaskets, higher temperatures could safely be
achieved in the equipment.

One possible area of investigation is catalytic reaction in
pulsed-flow systems. The diaphragm pump offers a means of varying
pulse size and flowrate over a wide range of conditions, and the
differential character of the small catalyst charge simplifies the
mathematical modelling effort considerably.

Aﬂong more traditional lines of investigation, the batch
recirculated reactor is well-suited to catalyst evaluation work
and mechanistic studies, due to the abi]jty to generate kinetic
adsorption and reaction data rapidly in comparison with steady-state
methods. The ability to measure adsbrbed concentrations of réactants

is a benefit not easily obtainable in flow reactors.
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APPENDIX I

Reactor Design

Design Conditions

The reaction equipment is designed to obtain kinetic data on the
hydrogenolysis of thiophene, using available equipment, through batch-
operation at commercial pressures and over a typical range of sulfur
concentrations. Conditions chosen for the design are:

| Temperature- 250°C (1imit: teflon melting point)

Pressure- 1000 psia

Feed composition- 2% Thiophene in n-pentane (by weight)
Design hydrogen-to-hydrocarbon ratio is 5:1; the actual ratio is large
enough during experimental runs that hydrogen consumption can be ignored.
Major available equipment around which the design is formulated includes
a Lindberg Heviduty 3000 watt three-zone furnace with the middle zone
_contro]]ed by a proportional controller manufactured by the same company,
a Lapp Pulsafeeder model LS-20 diaphragm pump capable of up to 900 cm?
per houf pumping rate, and a Consolidated Electrodynamics Corporation
model 21-130 mass spectrometer donated by Marathon 0i1 Company and
modified for direct current operation of the fi1ament. The tubular

reactor insert for the furnace is 1.85cm in inside diameter and 84cm long.
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‘Amount of Catalyst Required

For design purposes, data and a rate expression for a cobalt-
molybdate catalyst determined by Roberts(25) are used. The rate of
thiophene disappearance is taken as:

-dN./dt = kPyP,4/(1 + KgPT +.KsPg)?
where, at 250°C,
Nr = thiqphene concentration, gm mo1es/gm cat

k=0.164 x 10°® gm moles/gm cat-min (mmHg)2

Ky = 0.031 mm ~!Hg

Kg = 0.018 mm ~*Hg

PT = partial pressure of thiophene, mm Hg

PS = partfal pressure of hydrogen sulfide, mm Hg
PH = partial pressure of hydrogen, mm Hg

V = volume of reactant, liters

T== 523°K

R = gas constant

t = time, minutes

Assuming this rate expression is good at a total pressure of 1000 psia,
and representing HZS_partia1 pressure by

Ps = Pro - Pr
where PT,o is the partial pressure of thiophene‘at the start of the
reaction, the partié] pressure of hydrogen (constant throughout the
reaction) of 43080 mm Hg may be subétituted into the rate expression,

~to yield:

r. = -7.065y5°Pp/(1 + .013P + .018P )?

T
gm moles/gm cat-minute
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If the starting composition was such that 2% of the hydrocarbon was
thiophene and, for a 5:1 H2/hydrocarbon ratio, the inté;rated
‘expression is
t - t, = 4.34 x 107{(1.804 + .00919 P_)* + 6.508(1In P
+ .03316(P ) - 38.594) V

Tf)

Half-Life of Reaction

For half of the thiophene to have disappeared, PTf = 43.1 mm Hg and
t, ), = 7-51 x 107V minute-gm. catalyst
where V is the reactor and recirculation system volume, in cubic

centimeters..

Estimation of Diffusional Resistance

In order for the rate-controlling step to be reaction or adsorption,
diffusional resistance must be at a minimum. This is indicated by a
small difference between bulk and surface compositions.

The mass transfer coefficient, Ky» is estimated from the “j-factor”

(31);
G BDeff

which is a function of Reynolds number:

jD=(

R = (de8)
e y

Here,
| K.m = mass transfor coefficient,.cm/sec
| u=1.33 x 10™ gm/cm sec @ 528°K (see below)
Deff = .354 cm?/sec @ 528°K (see below)
and p is estimated as the density of hydrogen at 528°K and 1000 psia
(48)'equa] to 3.42 x 10 3*gm/cm?d.

The mass flux, G, is determined by the circulation rate. Assuming
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that the pump operates at 100°C, the density is 5.57 x‘IO‘?/cm3 and
G becomes 4.61 x 10™"gm/cm? sec with the Lapp model LS-20 pump. For
1/8" diameter particles, the Reynolds number is equal to 1.1. From
an extrapolation of the plot of jD as a function of Reynolds number(3])

Jp = 6.0
SO 23

K = (E‘Ef;i) gfn
or 3.53 cm/sec.

The rate at which thiophene is transported from the bu]k phase

to the surface is equal to the reaction rate. At the starting composition,
the most rapid rate of disappearance occurs. If a stagnant film is
present, the concenfrations (and thus, the reaétfon rate) will be less.
Under these conditions, the rate of reaction is evaluated as 3.08 x 107"
gm moles/gm cat-min. The concentration gradient due to diffusion
through the surface layer is:

Ky a(Courk - Csurface) = ~77 .
where a, = 180 m?/gm catalyst for HDS-3A, yielding a concentration
gradient from bulk phase to surface of 9.96 x 10~'3gm moles/cm?®, which
is negligible.

Temperature Gradient within the Catalyst

The heat of reaction for
thiophene + 4H2 ~ butane + H,S
is, from heats of formation(49), (53), (54), -6.81 kcal/gm mole. Sup-
posing no heat could be conducted away from the catalyst during the
reaction, the adiabatic temperature rise would be,during the half-1life,

24.7°C under design conditions.
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Clearly, heat effects must be examined. As an approximation,

considering the heat to be generated unfform]y throughout the catalyst:

l §—"(r2 ) - Slll

r2 3reb ar
yields, on integration,

=S||| 2 _ 2

T-Ty= 2% (R - r?)
With a starting temperature of 250°C and a thermal conductivity of
.68 x 10 -2cal/cm sec °c(58), a heat generation rate of, from above,
1.47 x 10~ 3cal/sec-gm cata]yst, the temperature at the center of a
catalyst particle is calculated to be 250.25°C.

It may be concluded that the temperature gradient within a catalyst

particle is insignificant.
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APPENDIX II

Physical Property Prediction
And Design Validation

‘Viscosity
From the Handbook of Chemistry and Physics, 44th ed.(1962),

values for viscosity of hydrogen and n-pentane are tabulated in

table II-1. Viscosities for 250°C are predicted by extrapolation
(38)
1/2

using Chapman-Enskog theory in the form

Masg = (up) (523/T) 779, 3/9 H50ec
where T is the measurement temperature in degrees Kelvin, ﬁ'is'the

viscosity, and Qu I is the collision integral value at temperature T
(6]). Predicted viscosities of the pure compounds are also tabulated

in table II-1.

Mixture viscosity is predicted by the method ‘of Wilke as outlined

in Bird, Stewart and Lightfoot(38):

where @11 = @22 =] and

1 M, ~1/2 12, 1/4. 2
.. = T 1 + Ju. M./M.
b =g (T (0 Gy )
For a 5:1 Hzlhydrocarbon ratio, the mixture viscosity at 250°C is

143.0 micropoise.

Heat Capacity

Heat capacities for hydrogen and n-pentane at 250°C are computed

by evaluating polynomials in temperature. For hydrogen, Cp = 6.46
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cal/gm mol °C, and for n-pentane, €. = 45.13 cal/gm mol °C.

P
Bulk Diffusivity

The Chapman-Enskog formula for bulk diffusivities(32) relates-
diffusivities for two components to temperature, molecular weight,

pressure, and Lennard-Jones potential parameters. Where the parameters

are not tabu]ated,.they are computed by(32)

o =1.18v /3

b
EQI- = ].30T/+
& c
where Vb is the molar volume at normal boiling point, cm®/g mole, and

TC is the critical temperature. Molar volume may be estimated with
Kopp's law by adding increments due to atomic contributions(GZ).
Predicted bulk diffusivities are tabulated in table II-2.

Knudsen Diffusivity

Molecular, or Knudsen, diffusivity is estimated by(32)
T.1/2

(DK)A =9.70 x 10 é(a)(ﬁx
where a is the pore radius in centimeters, M, is the molecular weight,

and T is in degrees K. Values for selected compounds are tabulated
in table II-2, and are seen to be about two orders of magnitude less
than the corresponding bulk diffusivities. For the pore radius,

‘Wheeler's expression,

SQ

is used, with Vg representing the void volume per gram of catalyst and
Sg being the specific surface area. Properties of American Cyanamid

HDS3A catalyst are summarized in table II-3.
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Combined and Effective Diffusivities

©

The combined diffusivity is a combination of bulk and Knudsen

Adiffusivities, adjusted to account for stoichjometry:

h = T 7 T
where '
« =1 + NA/NB
“and NA and ﬁB are stiochiometric coefficients representing flow in
(A) and out (B) of the catalyst. For the net reaction under considera-
tion, five molecules (thiophene plus four hydrogens) flow in and two
-molecules (HZS and butane) flow out. For the maximum design condition
of .0167 mole fractjon of reactant or product, combined diffusivities
are as summarized-in table II-2. |
-Satterfie1d, in a review of literature on the parallel-pore mode],(59)
recommends a tortuosity factor, §, of 2 to 6 for a similar nickel-on-
alumina catalyst to obtain the effective diffusivity:
Derr = €ala’°

‘Computed values are summarized in table II-2.

Surface Diffusion

The effects of surface diffusion are estimated from Sladek's work
(60), which relates heat of adsorption, temperature, and bond type.
Schneider and Smith(so) quote heats of adsorption of hydrocarbons on
various substrates at from 3 to 5 kcal/g mole. This gives a range of

.005<D,<.01
which is two orders of magnitude less than the combined bulK + Knudsen
diffusivity. Thus, surface diffusivity is ignored for hydrocarbon

species under design conditions.
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Dew Point Calculation

o

A mixture such as thiophene and n-pentane in hydrogen is highly
‘non-ideal, and accurate phase equilibrium prediction is difficult.: An
estimation method based on work of Lenoir(63) provides an estimate of
dew point. Using as an apbroximate composition 2% thiophene in n-pentane
and an unknown amount of hydrogen, the effective boi]ing point of the
~heavy components is estimated at 99°F. The light component EBP is
taken as -393°F, which leads to a convergence pressure of 10,000 psi
at 150°F. At that temperature, equilibrium K-values are .030for
thiophene, .095 for n-pentane, and 16. for hydrogen. At the dew point,

Ix; = Z(yi/Ki) = 1.0

and

.02, .98 (1-x) _
Loz ¥ ooslx + 16 = 1-0

or x = .086, so a hydrogen-to-hydrocarbon ratioof higher than about

12:1 1is necessary to remain above the dew point of the mixture at
150 degrees Fahrenheit.

‘Effectiveness Factor

The catalyst effectiveness factor is calculated by the method of

Roberts and Sétterfie]d (123). Using a modified Thiele modulus,

] 172
f = Lk,

where L is the volume-to-surface ratio in centimeters, k is the
experimentally-observed reaction rate constant, in (gm mo]e-seconds)'],
and DA is the effective diffusivity in cm2/second, experimental data

were used to obtain a value of f;lequa1 to 9.4 X 10']] (dimension-
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less). Roberts' relation between effectiveness factor, n, and
Thiele modulus, ﬁ;w was obtained by numerical integration using

- Langmuir-Hinshelwood kinetic expressions for single reactant

-models where adsorption of reactants and/or products is significanf.
The relationships are presented as plots of logarithm n as a

function of ]ogaritmn;/ The value for the catalyst used in this

m-
study was off-scale fo the left, corresponding to an effectiveness
factor of unity.
Blank Runs

To demonstrate that thiophene does not react with iron or
‘glass packing, mass 84/72 peak height ratio is regressed against
elapsed time. For iron packing, funs 25, 26, and 27 (Appendix VII
data) yielded no‘significant relationship between elapsed time and
change in peak height ratio, which‘would indicate reaction. Runs
29 and 30, conducted over glass packing, yield no significant
relationship either. Run 30 is almost significant; however,
dropping one data point yields another, almost significant rela-
tionship indicating that thiophene is being produced rather than
consumed. (This is thermodynamically prohibited.) It is concluded

that thiophene does-not react to significant extent over iron or

glass packing in this study.
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TABLE II-1
VISCOSITY AT 250°C, centipoise
temp ux10°® Qr D50 uxlogso
Hydrogen "229°C 126p 0.798 0.793 130.1 poise
n-Pentane 100°C  84.1  1.518  1.302  116.1 poise
TABLE 11-2
DIFFUSIVITIES AT 250°C,cm*/sec
. ” _
Thiophene 3.16 1.61 1.60 .354
Butane 2.48 1.94 1.92 .424
Butenes (a?e)._2.38 1.97 1.95 .43
H,S 5.07 2.53 2.52 .557

2
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TABLE I1-3

PROPERTIES OF HDS-3A CATALYST

Apparent bulk densify, 1b/ft?
Compacted bulk density, 1b/ft3
Average diameter, in (cm)
Average length, in (cm)

Pore volume Vg’ cm®/gm
‘Surface area, m?/gm

Void fraction

40.
43.
.07 (.18)

.18 (.46)-

180.
774

80
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Run

# of
Point;

25
26
27
29,
30
30

5

A N O W o

without

86 minute data.

Equation: h84/h72 = a + b(time)

TABLE II-4

THIOPHENE RUNS WITHOUT CATALYST

_a_
000555
.000581
.000453
.000219
.000867

.000525

R® is correlation coefficient

b R F
.558 .185 0.68
.534 .257 1.39
.516 122 0.97
.631 .049 0.16
.449 .552  '6.16
.500 .730 - 8.11

F* is critical F-statistic

(F*)
(10.13)
( 7.71)
( 5.59)
(10.13)

(6.61)
- (10.13)

.81
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APPENDIX III

Reaction Equi]ibrium Constants

At equi]ibrium.the free energy of a reaction system
aA + bB 7 rR +.sS
is at a minimum, and can be eXpregsed in terms of ratios of gas-phase
mole fractions, fugacity coefficients, and system pressure expressed

most often as an equilibrium constant:
S A8 R () (111-1)
The system free energy can also be expressed in terms of component free
energies and enthalpies:
) 0 T,

0

AG, - AH. - AH co

e e T ac0dr - 5 2% ar (111-2)
0 P T T

RT0 RT

26°
RT

where AH is the enthalpy difference between reactants and products,

R is a gas constant, ACp is a heat capacity difference between products
and reactants at constant pressure, and T is the temperature. Subscript
0 denotes a standard state, and superscript o denotes pure cbmponent
properties.

Heat Capacity Expreéssions

One method forAdeveloping heat capacity expressions is that of

(Sa, in which contributions of various functional

Rihani and Doraiswamy
groups in a molecule are summed to give coefficients of the equation
for that molecule. Multiplying each coefficient by the stoichiometric

coefficient associated with that particular compound, and subtracting

reactant values from product vglues, yields the‘coeffiéients used in
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equation III-2. Reid and Shérwood(55) recommend this method for
hydrocarbons, to include thiophene. However, the method is not
suitable for hydrogen or hydrogen sulfide; coefficients for these .
two materials were obtained from Himme1b1au(64).

Absb]ute’Enthalpies and Free Energies at Standard State

The absolute enthalpy and absolute free energy of a compound at
a standard state are, respectiveiy, its heat of formation and freé
energy of formation. Values of AH? and AG? are tabulated for many
compounds (see, for example, API Project 44, or the short tabulations
of Smith & Van Ness(65) or Hougen, Watson, and Ragatz(49)), but for

some compounds it is necessary to resort to empirical means. The

(56)  which

"method used here is that of Soudérs, Mathewé, and ‘Hurd
involves summing contributions due to various functional grdups within
a molecule.

Evaluation of Reactions

Prediction of the equilibrium composition resulting from a given
reaction may be accomplished by proper substitution of stoichiometric
coefficients; enthalpies, free energies and heat capacities into
equation III-2. The reactions considered, stoichiometry, and results
‘are outlined below and summarized in figure III-1.

Thiophene Disappearance

(o

S H )
H / . ~H
e N\ H=— N H<¢ /"’
I ) h / +'Q\¥——-- //
\
"(C 'C\H H H H H' H

At 523°K, K equals 2.1 x 10'!, so the reaction favors products

almost irreversibly.
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Butadiene Disappearance

\ / | = \_/

At 523°K, K equals 0.134. Noting that K may be expanded as

K = Ey]Butene f___;éiButene
‘yButadienesz QButadiene@Hz

1
17

it can be seen that higher'pressure favors the product. At 500 psia,
{y][@] = 66.9

It must be noted here that since butadiene is being made irreversibly

and, as will be seen later, 1-butenes are being used irreversibly, the

equilibrium composition of 1-butene/butadiene mixtures can be of use

only to show the thermodynamic possibility of thiophene-to-butane

reaction schemes.

1- Butene - frans- 2 Butene Isomerization

. W
H-'C c_ 4 \'G ’
Q\& - - & Q§§§ it
C C=4
& \v ¥ '
” 1-Butene trans-2-Butene

Equilibrium concentrations are the same order of magnitude (K = 3.87)

at 523°K.
1-Butene - ¢is-2-Butene Isomerization
/'/ ¥id c
oG 7C'l/ L od /..//
\\ C—({ C
4 1-Butene c1s -2-Butene

At 523°K, K equals 2.79, indicating that both isomers should be preseht

in about the same ofderfof-magnitude concentration at equilibrium.
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cis-2-Butene - trans—Z-Butene Isomerization

L
”- - rd
C ” 4 :4 \ M
4 H
C ¢~
Cou pd P4
c1s -2-Butene trams-2-Butene

K equals 1.55 at 523°K; equilibrium concentrations should be close-to-

equal.
-1-Butene to n-Butane “
H o " M
4 H-=c-u K <
v \ / —— 7\ /
+ -~ a4
c—cl’ﬂ e i
W ” H “ o
1-Butene Hydrogen n-Butane

At 523°K, K equals 3.7 x 10'8, which irreversibly favors n-Butane.

trgns—Z-Butene to Butane " My
H~C o : T4 <
i \ i " —_— “ \ H
\ - 4‘4( + ',C f" N
) W H Wy #
trans-2-Butene Hydrogen n-Butane

Kequals 2.53 x 10'7(irreversible in favor of n-Butane) at 523°K.

cilis-Z-Butene to Butane ' p ’ ,{',,
4 ~ -I -

:‘o‘ H ‘:" H H /c Cpy
Y H _—— H

\ 4 E-p

”,c \ o " ;

H
cis-2-Butene Hydrogen n-Butane

K equals 1.65 x 10!'® (irreversible in favor of n-Butane) at 523°K.

n-Pentane Cracking

Reaction equilibrium constants are computed for two cracking

reactions: n-pentane cracking to ethylene, propy]éne and hydrogen;
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and the cracking of n-pentane to methane and 1-butene. For the
first reaction, K is 2.92; for the second, K equals 0.68. Thermo-
dynamically, cracking is possible.

However, no cracking is observed in these experiments. P10ts'
of mass 72 peak height, presented earlier, do not decline with
elapsed time. No cracking has been noted in previous studies
conducted by Kieran and Kemball (80), or by Roberts and Satterfield
(4, 25). Kolboe and Amberg (6) noted no cracking at 2889C over a

variety of catalyst types.
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APPENDIX IV

" Significance Tests

Introduction

Table VII-1 1ists the operating conditions used during experi-
mental runs. Operating conditions were decided upon so as to
conditibn the data well (enable more accurate determination of kinetic
parameters) and to enable fdentification of effects due to mixing,
concentration change, and diluent.

The method of experimental run comparison consists of calculating.
the variaéce associated with each experimental run or group of runs
(defined as the difference betWeen predicted and actual rgte, squared ,
divided by the number of -data points in the sample minus one), and
testing for equality among different treatments. Table IV-1 1lists the
calculated variances for each run, for the ,th' acceptable models.
(One data point, the first in run 37, was discarded as an outlier.)

Comparison- Hydfogen SU]fide Levels

Table 3 lists F-statistics for the various models found to have
statistical significance. Since no model was found Which gave, for
all data, a significant fit, had positive adsorption coefficients,
and had activation energies of the proper signs, it is concluded that

there is a significant difference between 1ow-HZS and'high-HZS data.
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Mixing Effects
During ruh 14, the recirculation rate was adjusted to approx-
imately 90% of the usual flowrate. Any departure from the usual degree

of mixing would result in an apparent deviation from the reaction |
rate experienced under normal conditions. The result-would be an
increased sum-square-error due to inadequate agreement with the
‘regressfon model. By inspection, run 14 variance is seen to fall

within or below the range of variances experienced in other runs. In
comparison of run 14 variance with the variance of the remaining data
using Bartlett's test (ref.67, chapter 11), run 14 is determined not
to be significantly different for either of the two Tow-sulfide models.

The chi-squared statistics both 1ie below the critical value of

*@

~05(]
Catalyst Activity

) = 6.314.

Linck(29) and Thomas (72) indicate that no significant change in
catalyst activity should be expected. If an activity change is present,
there should be a trend in variances listed in table IV-1 such that
they decrease with increasing run number, reach a minimum, then rise
again. This trend would be due to the model representing some average
activity, with positive deviation (squared) during early runs and
negative deviations (squared) during later runs. As can be seen by
inspection, except for run 32, variances exhibit a declining trend
with increasing run number. This decrease is due to a gradually decreas-
ing mass spectrum background, which is suspected to be due to the

weathering of residues in the thermal conductivity vacuum gauge in the
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intermediate pressure section of the sampling system, whfch was
acquired from a previous project. The effect is somewhat random, and
hindered chemical analysis only slightly. Lack of a minimum is suffic-
ient to reject any assumption of declining catalyst activity.

High Diluent Effect

AThe effect of a two-fold increase in n-pentane content is tested
'by the same statistical method as is used to test for mixing effects.
~The results for model five ( 1.435 ) are sufficiently far enough
below the critical chi-;quared'va]ue of 6.314, indicating that no
significant difference exists between high- and normal-concentration
runs as represented by the mathematical models.

Packing Ef?ect

No effects of changing frbm'iron to glass packing are present,
as shown in the Blank Runs section of Appéndix II.

Conclusions -

No significant effects are caused by either mixing, catalyst
activity decline, n-pentane concentration, or packing type. A trend
of variance declining with run number is believed to be caused by
weathering of residue in the inlet system. A significant difference

exists between Tow H,S and high H,S runs.
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TABLE IV-1

" EXPERIMENTAL RUN VARIANCES

Run # # of Points Model 5 Model 5
» (Tow) (high)
9 3 - 11.420
10 4 - 3.028
" 5 7.028 -
14 3 4.018 -
16 4 3.547 -
32 4 6.417 -
34 4 - .1852
37* 5 2.291 .

* The first data point in run 37 (56 minutes), rate of 18.59,

was discarded as an outlier.
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" APPENDIX V

Programs for Data Reduction and Interpretation

The following program is written for the Texas Instruments
SR-52 programmable calculator, and is used to convert peak height
ratios, initial concentrations, and catalyst information to gas
phase and surface concentrations.

Data analysis is accomplished on the SR-52 with portions of
the Statistics Library, Program Manual ST-1, available from Texas
Instruments. Programs ST1-01 (Basic Statistics for One or Two
Variables), ST1-08 (Linear Regression), and ST1-12-1 & 2 (Multiple

Linear Regression) have been particularly useful.
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APPENDIX VI

Calibration

Calibration of Total Pressure Gauge

Calibration of the WIANCKO 1000 psig pre;sure gauge, serial number
30357, used to measure total pressure in the reactor circuit, was
accomplished with a dead weigﬁt tester. A total of730 data points taken
af seven different pressure levels were used fo determine the calibra-

-tion curve by weighted linear regression analysis. The equation is:
Pressure (psig) = 7.0323 X (zero suppress rdg.) + constant (VI-1)
By balancing the recorder and nulling the meter at a zero suppression
reading of zero while the reactor circuit is under a vacuum, the
constant becomes zero and the pressure reading is in psia. Pressure
can be estimatéd to within £0.02 psi if recorder drift is not presént.
Sanborn recorder channel "D" was used, with a gauge factor of 500.00.

Data are listed in table VI-1.

Gas Addition Inlet

Hydrogen sulfide is supplied to the reactor circuit in measured
amounts via the gasaaddition inlet diagrammed in figure VI-1. Valve 1
is supplied as an integral part of the lecture bottle contaihing the
hydrogen sulfide, and attaches to the base of valve 2 with a 1/8"
threaded connection and lead gasket. Valves 2 and 3 are needle valves

constructed of stainless steel. The pressure transducer, a CEC
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TABLE VI-1

TOTAL PRESSURE GAUGE CALIBRATION

805
705
605
505
405
305

Gaugé Readings

102.00, 102.00, 102.25, 102.00
87.00 (6 times)

72.25, 72.50 (5 times)

58.75, 59.00 (5 times)

46.00, (4 times), 46.25

33.75 (twice)

97
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Model 4-015,‘§er1a1 number 1252, 0-500 psia stainless steel strain
gauge transducer, is connected with the other inlet components with
1/4" stainless steel tubing and Swagelok fittings. An electrical
signal proportional to pressure is read on a Sanborn four channel
recorder on channel "D".

Metering Procedure

Charging-- A 1écture bottle of hydrogen sulfide is screwed onto
ﬁhe base of valve 2, compressing the lead gasket. Valves 2 and 3
are opened, and the entire reactor circuit and inlet pumped out by
the vacuum pump. Valves 2 and 3 are c]osed, and Va]ve 1 opened.
Recorder channel "D" is switched to "ATTN x 1", the zero suppression knob

_turned to zero, and the "Resistance Balance" control ‘adjusted to null
the meter.

Metering-- Valve 2 is opened and the inlet filled with H,S, then
closed. The zero suppression knob is adjusted so as to null the meter,
and the reading noted. v§1ve 3 is used to meter H,S into the reactor
circuit s]owly. The zero suppress knob is turned to the desired final
reading and valve 3 used to bring'the recorder pen back to the previous

~fp6§ition. The difference in zero suppression settings and the
temperature (in degrees Ke]vin) is substituted into the equation

” _ 43.98 x 107" '
gram mo]e; gas = T°K (ZSz/z2 —ZSI/zl) (VI-1)

to give the amount of hydrogen sulfide added to the reactor circuit.
Here, z is the compressibility factor. The pressure needed to calculate

z is determined by: P(psia) = .7745 (zero supp. rdg.) + 0.0. (vr-2)
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The compressibility is obtained from generalized charts(sg),

(52)

tables » or from an equation of state.

Calibration of Gas Addition Inlet

Calibration of the gas addition inlet is accomplished by
substituting a gas burette (diagrammed in figure VI- ) in place of the
gas cylinder and valve #1. The inlet is pressured up with nitrogen

“through Va]ve #3 from the reactor circuit. The three-way valve is
opened so that the gas burette and tubing up to valve 2 are vented to
the atmosphere, and the 1iQuid level in the burette is noted. The
three-way valve is now set to allow gas from valve 2 to flow into the
burette without venting. The pressure reading is noted, and gas is
metered into the burette with valve 2. The Teveling bulb is adjusted
so that its 1liquid 1eve1'and that in the burette are_equai. The new
pressure readﬁng and the volume of gas contained in the burette are
then noted.

For the gas inlet, which is bounded by valves 1‘and 2, assuming

an ideal gas,

(3n/3P) VTS Vsys/RT (VI-3)
and, integrated,

An = (VsyS/RT)AP (VI-4)
For the gas burette equipment,

(an/éV)T;p = Paip /RT (VI-5)
or

An = (Patm/RT)AV (VI-6)

Since gas is metered from the inlet system into the burette,

VsysAPsys = PatmdV (VI-7)
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The. change in volume is directly convertible to the number of moles

of gas by

An = Py4mAV/RT, (vi-8)
SO

An = VSySAPSys/RT. (vI-9)

A total of 17 data points were taken (two were rejected due to

errors in procedure) over the approximately 250 psi design pressure
range, using the above procedure. Nitrogen gas was used, as it
approximates an ideal gas. The data obtained (see table VI-2)
defined the constant

Vsys/R = 43.981 ¥ .930 moles°K/division. (VI-10)
The pressure reading is obtained by setting the recorder null meter to
zero with the resistance balance control, with the zero suppression
control at zé}o, metering gas‘into the reactor circuit, and using the
zero suppress control to re-null the meter. The new zero suppress
reading is used to predict the number of moles of ideal gas added accord-
ing to: .

An moles = (43.981 x 10 ™) (zero suppress reading)/(T°K) (VI-11)
where z is the compressibility factor for the gas, equal to one for

nitrogen. For a non-ideal gas, such as hydrogen sulfide, the above

development with compressibility factor included yields

Bn = (Vsys/R)(/T(ZS /2 )-(2S /2 J+a(z)-z) (VI-12)

where "a" is the zero suppression reading at the base pressure where
the meter is nulled. If the base pressure is zero psia, this factor
is zero, and:

an = (Vgys/R ) (1/T)(ZS2/22-151/21). (VI-13)
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TABLE VI-2
CALIBRATION DATA: GAS ADDITION INLET
Conditions: Atmospheric Pressure 620.2 mm Hg
Temperature 25.6°C
Recorder: Sanborn Channel "D", Gauge factor 750.00

Tﬁpnsducer: CEC 500 PSIA Model 4-015, Serial #1252

Run # Moles x 10 Zero Suppfess Change
1. 8.753 59.5
10.436 69.1
7.357 ' 57.8
9.238 61.9
2 8.339 56.0
8.589 57.3
10.519 70.4
9.820 65.8
6.075 41.0
3 7.523 50.8
9.421 63.1
2.780 18.9
6.302 42.7
7.939 53.7
10.552 71.3
Mean Value = (43.981 + .9298) x 10™* moles°K/division

Variance = 2.81838-x 1078

44,
a4.
a4.
44,
44,

44.
a4.
43,
a4.
44,
44,

.959
119
.026
.586

487
781
639
585
266

242
604
943
092
167
213

101

107*
10°*
10°*%
10°*

107*
107
107"
107*

107"

107"
107*
107%

x 107"
10"

107*
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Reactor Circuit Volume Determination

The volume of the reactor circuit was determined By disconnecting
- the gas addition inlet at valve #3 (Figure VI-3) and attaching the gas
burette equipment shown in Figure VI-1 (a 1000 ml burette was
substitqted for the original 50 ml burette). Procedure consisted of
monitoring pressure with the total pressure transducer and noting}
both reactor cir;uit pressure and volume of gas ih the burette before
and after bleeding pressurized nitrogeh from the reactor circuit into
the burette. A total of ten data points were obtained. Procedural
error and leakage through an inadequately-Tubricated fitting caused
'fodr points to be discarded. . The_six remaining points are listed in
table VI-3. The volume bounded by valves 3, 5,8, 9 and 11 in
Figure 1 is 290.8 4.6 cm3. Addition of the 15.0 ml glass sample
bulb above valve 5 increases the volume to 306 cm3‘(for calculation
of initial reactant concentrations). For runs 28-37, the volume is

246 cm3 plus sample bulb volume.

Mass Spectrometer Calibration

The mass spectrometer used for chemical composition determination
is a modified Consolidated Electrodynamics Corporation CEC 23—130
donated by Marathon 0i1 Company. Calibration was accomplished by
injecting samples of thiophene, normal pentane, hydrogen sulfide,
and a mixture of butanes. The resulting data were checked against
published data available from the National Bureau of Standards. A
mass spectrum is characterized by a) peak heights at various mass

numbers relative to the highest, or base, peak (as percent of base
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REACTOR CIRCUIT VOLUME DETERMINATION

~(Iron Packing)

Volume(ml)
1 630
L2 651

3 699
4 639
5 522
6 555
(Glass Packing)

1 813
2 .- TIgl0e
3 | 825

corrected atmospheric pressure 615 rm Hg

' TABLE VI-3

103

42.25

Start End
Press.(z.s.) Press.{(z.s.) Volume
21.25 17.50 284,
17.50 13.75 294,
13.75' 9.75 296.
9.75 6.00 288.
22.00 19.00 294.
19.00 15.75 289.
54.50 148.50 227
48.25 - 42.25 227
36.50 240
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peak), and b) by height of base peak relative to that of normal
butane at the same pressure (as ratio). o

A mass spectrum, for each compound, is obtained by valving a
small amount of gaseous compound (or vaporizing a small amount of'
liquid) into the heated inlet (see Figure 2). Sample pressure is
reduced to 150 microns or below in the "holding volume" portion of
the inlet, psing the procedures outlined above. The sample is
introduced to the gold leak, an internal throttling orifice, the
output recorder is started, and mass scanning is initiated imme-
diately afterward. Three scans are obtained over an elapsed time
-of approximately one minute.

Compounds with different molecular weights and/or structure
diffuse through the goid leak at different rates. Thus a change
in ré1ative peak height with time indicates contributions by more
than one compound. A peak resulting from several compounds will
register larger than fhat.of a pure cémpound, and will be unsuitable
for calibrafion purposes unless the contaminants and the composition
of the mixture are accurately known.

Raw Data Conversion-Pure Compounds

Raw data are obtained by measuring peak height at corresponding
mass number for each of the three scans. The data are output as
recorder traces at six different attenuafions; the two greatest
péak height traces at each mass number are measured for a total of
six tabulations at most per mass number. These tabulated data are

converted to relative peak height by first subtracting peak height
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of the background spectrum at corresponding mass numbers, then
dividing each by the height of the highest, or base, péak. The

- result is three doubly-replicated measurements at different times,
which are used to compute a mean peak height, variance, and 95%
confidence interval at each mass number where a peak appeared.

Time Effects in Mixture Composition Determination

If the. reservoir from which f]qw into the spéctrometer takes
place is relatively large, even if flow is molecular (Knudsen)
in nature, its composition and pressure are not appreciably affected
by a small rate of withdrawal and the analysis of the withdrawn
material will differ from that in the reservoir by a constant
amount approximately proportional to the square root of each
compound's mo1ecd1ar weight. In practice, reservoir formed by
the inlet system may or may not exhibit composition change with
time during sampling. Varying diffusion rates could result in
depletion of the faster-diffusing species with time, resulting ih
increasing proportions of higher molecular weight material as time
passes.

Table VI-4 contains trib]y-rep]icatedvdata for four different
samples from the same blank run. Each set of three scans was
obtained over an elapsed time of 45.6 seconds. No clear trend of
increasing mass-84 to mass-72 peak height ratib within samples can
be seen; Ratios are shown to be réproducib]e to within about 3%,
which is comparable to the reproducibility observed in pure-compound

data. Thus, flow through the gold leak orifice is either viscous in
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nature (79), or the reservoir is of sufficient volume that no
fractionation is observed. ’

Variance in data is assumed to be caused by norma]]y—distribuﬁed
peak height due to instrument noise and by change in peak height with
time due to composition change resulting from differing diffusion
rates thfough the gold leak. Instrumeﬁt noise is considered the
same for any and all mass numbers, so any additional variance is

attributed to composition change.

Detection of Difference with API Data

To test significant differences in relative peak height between
experimentally-obtained pure compound data and reference data, a
test on correlated data (44) was used. This tests the hypothesis
that at each mass‘number, experimental and reference data are equal,
with test statistic

(X -X_.)
t(n-1) = e"ps/r"“ff (VI-14)

where n is the number of peaks experimentally measured at a mass

number (here, up to six) and s is the square-root of the variance
associated with the experimental data. Results are summarized in
Tables VI-5 through-VI-7. Raw data may be found in Tables VII-4

through VII-6.

Mixture Calibration

Calibration was accomplished by using known amounts of thiophene,
pentane, butane, and hydrogen sulfide. Compressibility factors for
hydrogen sulfide and butane were computed from the pressure series

Virial equation of state, using second Virial coefficient data
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COMPOSITION - TIME DATA

Run 15

Time

036.5a
036%5b

036.5c

070.4a

070.

-.070.

133.

4b
4c
6a

133.6b
133.

6c

175.5a

175.5b

175.

5c

.2337
.2339
.2341
.2061
.1985
.2073
.2920
.3010
.2994
.2658
.2715
.2751

hea/h7o

ﬁ

TABLE VI-4

Temperatures varied from 4° to

Initial Concentrations

4.363 x 10”2 moles/liter

0

8.648 x 1072 moles/liter

E‘Réngef.

... Mean

2339 £ .0003 .004 x 10°°
.2040 + .0080 .009;;x 107°
.2975 + .008] .009  x 1075
.2708 + .0079 009 x 1073

15°C above room temperature.

107

n-Pentane + Thiophene, furnace off, temperature variable

4.3

3.0

4
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TABLE VI-5

MASS SPECTRAL DATA COMPARISON

Run Date:

Mass
26"
27
39
43
45
58
69
84
85

* ~ Reject

11/16/74

Mean
Response
.0586
.0231

. 3520
/0463
.5586
.0925
.6384
.0545
1.0
.0558

Compound:

API

Value

.0555
.0164
.2860
.0023
.5690
.1290
.6480
.0724
1.0

.0505

N N Y NN O

Thiophene

Variance

4.85 x 107°

9
1

.42
.86
.78
31
.38.
.37
77

.95

X

X

10-°
10°*
10-3

.]0—'-0

1073
10°*
10-¢

10°%

108

% dev.
3.9
13.9
4.0
18.7
2.8
8.0
2.8
3.0

8.3
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TABLE VI-6

MASS SPECTRAL DATA COMPARISON
Run Date: 11/20/74 Compound: Hydrogen Sulfide

Mean API S
Mass Response Value Variance t-test- %_dev.
33 .4073 ' .420 6.6 x 103 1.56 2.1
34 1.0 1.0 --- --- ---
35 .0267 .0250 2.30 x 10-® 1.12 6.0
36 .0441 .042 6.04 x 10 ¢ .855 5.8

* = Reject
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TABLE VI-7

MASS SPECTRAL DATA COMPARISON
Run Date: 11/20/74 Compound: Butane

Mean API
Mass Response Value Variance t-test % dev.
25 .0056 .0046 2.30 x 10”° .66 2.8
25.5 .0043 .0036 6.67 x 107° 8.57 * 2.0
26 .0605 L0617 2.40 x 1077 2.45 .9
27 .3568 .3710 3.67 x 107° 2.35 2.0
29 .4449 . 4420 1.53 x 107* .23 4.4
30 .0104 .0098 2.42 x 1077 1.22 5.0
36 .0013 .0008 1.00 x 1078 5.00 * % 19.0-
37 .0105 .0101 2.31'x 1077 .83 4.8
38 .0186 .0189 2.71 x 1077 .58 2.9
39 .1129 .1250 2.95 x 10”°¢ 7.04 * 1.6
40 .953 .0163 2.50 x 1077 2.00 3.4
41 .2796 .2780 4.04 x 10°° .80 .8
42 1194 .1220 3.24 x 107%  1.44 1.6
43 1.0 1.0 --- - -—-
44 .0392 .0333 7.05 x 107" 8.78 * 1.8
49 .0044 .0040 1.33 x 107" 3.16 * 3.0
50 20131 .0129 5.84 x 107" .36 4.5
51 .0102 0105 5.22 x 107" .60 5.1
52 .0024 .0026 2.27 x 107° 1.33 6.6
53 .0068 .0074 3.79 x 107° 3.09 * 3.0
54 .0019 .0019 6.67 x 107° 0 4.8

55 .0092 .0093 1.90 x 1077 .23 5.0
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MASS SPECTRAL DATA COMPARISON -- Continued

Mean
Response

.0073
.0250
.1096
.0052

API

_Va]ue

.0072
.0242
.1230
.0054

Variance

2.03 x310°7°
2.95 x 1077
2.86 x 10-°

1.367 x 10”8

1.47
7.92 *
1.7

111
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from the Texés A&M University Thermodynamic Research Center (122).
The amount of HZS or butane added was computed with equation VI-1;
thiophene/n-pentane mixture was measured by weight.

Thiophene/n-C. Calibration

Tables VII-1 and VII-2 contain data used in calibrating for
thiophene concentration. A total of 35 data points were taken
during five experiménta] runs with varying hydrogen sulfide concen-
>tration. The relationship between mass 84/72 peak height ratio and

thiophene/n—c5 concentration ratio is:

(o]
L}

+ .
and

c

7 = (0.0968 T .0044)(hg,/hs,)Co, Tow H,S. (vi-16)

The reason for the difference is not known, but is suspected to be
due to HZS interaction with the rhenium filament in the mass spectro-
meter.

Hydrogen Sulfide Calibration

Tables VII-1 and 2 contain data used for the hydrogen sulfide
calibration. A total of twelve data points were used from the
~experimental runs with glass packing but without catalyst. fhe
relationship between masé 34/72 peak height ratio and HZS/nC5

concentration ratio is
CS/C5 = (0510 +/- .0016)(h34/h72) - .0087 (V1-17)

with significance F(1,10) = 6485. and correlation coefficient .998.

The constant term is not statistically significant.
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Butane Ca1ib}ation

The thiophene and hydrogen sulfide calibrations are straight-
forward, due to the fact that, at mass 84, only thiophene gives a
peak, and at 34, only HZS gives a peak of significant size. Howevér,
butane and the butenes are not so simple. The derivation in the
main body of the text shows mathematically that the mass 58/72
peak height ratio 15 made up not only of a butane contribution, but
also of contributions from thiophene and pentane. Butenes, having
molecular weights of 56, do not interfere.

The butane calibration was based on twenty one data points
from three experimental runs without catalyst. The relationship

between peak height ratios and concentration ratios is

C4/C5 = ,2506 ;§§-- .1624 ;§£ - .0015 (vi-18)
72 72
The constant term, which statistically could be zero, is retained
since it represents the pentane contribution to mass 58 peak height.
The multiple correlation coefficient for this relationship is».879,

with significance
F(1,19) = 137.4.

Effect of Adsorption on Mass Spectrometer Calibration

A11 concentration data are computed from calibrations based on
data from runs 25-30 and 35. During all of these runs (except for 35),
no catalyst was present. The surface area presented by both iron and

glass packing is on the order of half of one percent of the surface -
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area of the catalyst (.15 mz for g]ass heads, 26 m2 for .13 grams

of catalyst), so the amount of thiophene or HZS adsorbéd during
_calibration runs compared to the amount during runs with catalyst
is negligible. Adsorption bonds on the steel reactor parts are '
weak (4.95 kcal/gm mole at 25°C (123)), further reducing the amount
adsorbed.

The material samb]ed for analysis by mass spectrometry is
representative of the vapor phase mixture composition only. Langmuir-
Hinshelwood kinetic models, discussed before, are formulated in terms
of vapor phase compositions, so the concentration data obtained in

this study are applicable.

n-Pentane Mass 72 Peak Height

Table VII-7 tontafns data on the ratio of mass 72 peak height
to mass 43 peak height. This ratio, according to tabulated data,
should be .0531. For eight data pofnts it averaged'.0802 t.0032
(significantly different). The reason for this is not known, but
could be due to an impurity in the n-pentane or due to use of a
rhenium filament in the mass spectrometer. The .0802 value is -used
for the butene measurements, and determination of the other components
is based on calibration against mixtures of known spectrum with pure
compounds.

Likewise, the ratio of mass 56 peak.heighf to mass 43 peak
height fs observed (Table VII-7) to be .0225 f.OO]O,significantly
different from the tabulated value of .0173. This value is used in

the butene ca]ibration‘also.
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TABLE VII-4

NORMALIZED PURE COMPOUND DATA: THIOPHENE
Run Date: 11/16/74
MASS RESPONSES

SCAN 1 SCAN 2 SCAN 3 API
26 .0575 .0559  .0573 .0621  .0592 .0598  .0555
27 .0198  .0189 .0235 .0260  .0241 .0261 .0164 -
39 .3304 .3473  .3503 .3710  .3483 .3358  .2860
43 .0356  .0364 0472 .0523  .0530 .0530 .0023
45 .5489  .5589 .5660 .5838  .5542  .5399 .5690
57 0779 .0943  .0966 .0978  .0934 0951 .1290
58 6216 .6330 .6369  .6635 6368 - .6480
69 .0533  .0531 .0527 .0565  .0553  .056] .0724
84 1.0 1.0 1.0 1.0 1.0 1.0 1.0

85 .0547  .0552 .0567 .0613 .0587  .0483 .0505
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TABLE VII-5

NORMALIZED PURE COMPOUND DATA: HYDROGEN SULFIDE
Run Date: 11/20/74
MASS RESPONSES

SCAN 1 SCAN 2 SCAN 3 API
33 4120 3916 4104 .4127 .4053  .4118  .420
34 1.0 1.0 1.0 1.0 1.0 1.0 1.0
35 .0259  .0253 .0261  .0291 .0258  .0281 .025

36 .0431 .0464 .0436  .0455 .0421  .0439 .042
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TABLE VII-6

NORMALIZED PURE COMPOUND DATA: BUTANE
Run Date: 11/20/74
MASS RESPONSES

SCAN 1 SCAN 2 SCAN 3 AP
25 .0057 ~ .0057  .0056  .0055 .0055  .0053 .0046
25.5  .0044 .0044  .0043 .0042 0084  .0083  .0036
26 .0609  .0602 .0606  .0599 0612 .0602 .0617
27 .3542  .3542 .3539  .3539 .3676 - .3710
29 4503 .4264  .4501 - 4527 - .4420

30 0130 .01 .0099 .0107  .0098 .0105  .0098
36 .0014 - .0013 - ooz - .0008
37 .0101  .0110 .0100  .0105 .0104 .0112  .0101
38 .0181 .0191  .0179 .0188  .0183 .0191  .0189
39 130 L1108 L1138 .1109 1152 .1134  .1250
40 .0149 . .0161 .0149 10156 .0149  .0155 .0163
a 2778 .2824  .2790 .2775 2816 .2790 .2780
42 1192 1183 L1195 L1168 1211 L1217 .1220
43 1.0 1.0 1.0 1.0 1.0 1.0 1.0
a4 .0397 .0394  .0395 .0382  .0397 .0384  .0333
49 .0045  .0045  .0043 .0042  .0045 .0044  .0040
50 .0126  .0139 .0126  .0131 .0127  .013  .0129
51 .0099 .0110  .0097 .0103  .0097 .0103  .0105
52 .0025 .0027  .0023 .0023  .0024 .0024  .0026

53 .0070 .0070 .0069 .0068 - .0066  .0065 .0074
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. TABLE VII-6 (cont'd)

BUTANE (continued)

MASS

54
55
56
57
58
59

RESPONSES
SCAN 1

.0018  .0020
.0089  .0097
.0070  .0070
.0244  .0258
1101 1078
.0053  .0053

SCAN 2

.0019  .0019
.0088  .0092
.0071  .0069
.0244 0250
.1106  .1080
.0052 .0051

SCAN 3
.0018.
.0089
.0074
.0248
A7
0052

.0018
.0098
.0081
0253

.0050

123

APl

.0019
.0093
.0072
.0242
.0123
.0054
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"TABLE VII-7

n-PENTANE DATA (RUN #35)

Mass 72/43 Mass 56/43
Peak Height Ratio Time Peak Height Ratio
.0806 047.0 © o .0217
.0796 072.0 .0232
.0773 072.0 .0223
.0805 095.0 .0232
.0791 095.0 .0225
.0829 122.5 .0223
.0817 150.5 1.0225
0802 150.5 .0219

.0802 Average .0225
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NOMENCLATURE

a  coefficient in thiophene calibration
later, ]/CmKA, later, 1/K, later, pore radius.
A I/CmKB
a surface area of catalyst
b 1/Cm, later, KT/K
B 'L/Em for component B
b.p.s. base peak sensitivity
C concentrationiof component A, gm moles/liter
C heat capacity, cal/gm mole-2¢

ﬁm concentration of vacant sites, gm moles/gm catalyst.

CO concentration of all other components, gm moles/liter
CO initial concentration, gm moles/Titer

CT Thiophene concentration, gm moles/liter

CS hydrogen sulfide concentration, gm mo]es/]iter

C concentration of vacant sites, gm moles/gm catalyst

butane concentration, gm mo]eS/]iter

4

CE, butene concentration, gm moles/liter

C;  n-pentane concentration, gm moles/liter
dA molecular diameter of A, cm

Dij diffusivity of i in Jj, cmz/sec

frac.pk.ht. fractional peak height refereﬁced to base peak.
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kai

mass f]ux,~gm/cm2

Gibbs free energy of formation

peak height at mass j

Arrhenius activation energy, ca]/gm mole
enthalpy of formation

factor for mass transfer calculations

overall rate constant, 1/gm catalyst-minutes

| adsorption rate constant for component i

KAc,etc adsorption equilibrium constant for component C in terms

of concentration of component A, 1/gm mole

desorption rate constant for component i

adsorption equilibrium constant for component I,1/gm mole

mass transfer coefficient, cm/sec

Arrhenius frequency factor,]/gm catalyst-min. -
volume-to-surface ratio

molecular weight of A

exponent for number of adsorptio- sites in Langmuir-Hinshelwood

kinetic expression

nl,n2.. integer constants

n

Ny

ratio of number of sites for mono]ayer coverage by B to that
for species A. Later, number of data points.

stoichiometric coefficient for species I
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d4n change in number of gram moles

Pi partial pressure of species i

pk.ht. peak height

Q. heat generation rate, cal/gram-sec

r rate of adsorption, desorption, or'reaction '
R gas constant

s variance

S specific surface area, mZ/gm ;ata]yst

T temperature, degrees C or K

t time, minutes

volume of species A adsorbed, cm3/gram catalyst

YA
Vin volume of adsorbed gas equivalent to one monolayer
_vg void volume, cm3/gm catalyst

v volume, liters or cubic centimeters
x. mole fraction of species i
2 cbmpressibi]ity factor, dimensionless
ZS "zero suppress" control reading, units
[¥] mole fractiomsof products divided by reactants
A effectiveness factér, dimensionless
/J viscosity, centipoise .
§' ‘Lennard-Jones parameter

o~ Lennard-Jones parameter
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y. viscosity parameter defined in append%x I1
[4] fugacity coefficients of products divided by reaétants
#; modified Thiele modulus, dimensionless
{2 collision integral
_ SUPERSCRIPTS

nl.nZ2 integer powers

bar adsorbed species

0 standard state
SUBSCRIPTS

T thiophene

H hydrogen
4 butane
4~  butene

5 n-pentane

S hydrogen sulfide

0 initial value

J atomic mass number

i component i
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