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I. INTRODUCTION

As a consequence of the energy shortage, strict pollution controls,
and an 1increasing dependence upon foreign sources for petroleum, there
is a growing incentive for clean energy production from coal-derived

1 The large coal reserves and relatively moderate price for

fuels.
bituminous coal and lignite in the U.S. make them attractive as a source
of both gas and Tiquid fueTs. Current1y, coal can be converted into
high BTU gas (mainly methane) by the carbon-steam reaction followed by
the water gas shift reaction and catalytic methanation. By means of

the shift reaction, the hydrogen-to-carbon monoxide ratio is adjusted .
.to a value that is slightly greater than 3:1. The shifted gas, after
removal of COz'and sulfur compounds, is then methanated to provide a
high BTU gaseous product.

It is 1ikely that the U.S. coals that contain the greatest quanti-
ties of su]fuf will be those that will be processed further to clean
fuels. Some of the processes to accomplish such conversions will be
catalytic, and a premium will be placed upon sulfur-tolerant catalysts.
According to German patent number 1,959,012, cobalt molybdate catalysts
impregnated with alkali salts such as cesium acetate are highly active
sulfur-tolerant wafer»gas shift catalysts once the cobalt and molyb-
denum have been sulfided at high temperatures. Clyde L. Aldridge, the
discoverer of this catalyst, suggested that it contained a catalytic

melt dispersed within alumina under reaction conditions.2 Inasmuch as

the unimpregnated cobalt molybdate catalyst is the industry standard

1



for Cata1yticAhydrodesu1furizatiqn qf.hgayy.qi]s and isla1sq active
as a sulfur-tolerant mgthanation*catalyst,»the‘VPl &'Sq~cata]ysis
group headed by Dr. Peter R. Rony décided‘to study it.in further detail.
The most exciting aspect of this particular Shift catalyst is that
_veryvfew'exp1oratory studies have been performed in industry to test
its ability to activate hydrogen for a variety of hydrocarbon reactions.
For example, the "Aldridge" catalyst has not been tested either for
catalytic methanation or for the conversion‘of cellulosic materials to
oil. Further, although it has been demonstrated to be a highly active
commerical water-gas shift catalyst, under sulfur-tolerant conditions,
the effect of a key variable, the molar ratio of the alkali salt to
molybdenum and cobalt, on the rate of reaction has not been reported.
The physical state of the catalyst under reactor conditfons is not
clear. Perhaps the molybdenum dissolves in the alkali melt, of else the
melt "conditions" the surface of sulfided cobalt molybdate in some
undetermined manner, such as by stabilizing a surface intermediate in a
reaction pathway different from that for an unimpregnated cobalt molyb-
date catalyst. Such exp]anationé rest on the correctness of Aldridge's
initial suggestion that there exists a melt in his catalyst under |
reaction conditions. Clearly, research on the "Aldridge" cataiyst could
settle some of the above issues and perhaps provide new perspectives‘

concerning high-temperature transition metal catalysis.



A. Objectives

The objectives of our studies of the "Aldridge" catalyst in the

water-gas shift, the catalytic methanation and the ethanol dehydration

reactions are presented below under separate headings:

1. Water-Gas. Shift Reaction

1.

Test out a "periodic chart" catalyst and other new catalyst

~5creening_procedures that could speéd up our studies.

Replace zinc for cobait in the "Aldridge" catalyst and deter-
mine if the high activity characteristfc of Cs-Co—Mo/A1203
can still be obtained.

Add soluble Li, Na, K salts to the Co-Mo/A1,0, catalyst and
determine if the Tower break point in thé activation energy
curve will appear at lower temperatures ahd whether such

catalysts are more active than the "Aldridge" Cs-Co—Mo/A1203

- catalyst.

5.

Test out "Aldridge" catalysts with decreased amounts of cobalt,
molybdenum and cesium‘at the same Cs:Mo molar rat107 Compare
their activities and the effect of cesium on measured rate
constants to the original cesium-impregnated Nalcomo 474
catalysts. |

Try to "see" the melt in the "Aldridge" catalyst.

2. Ethanol Dehydration.

Test the ability of the "Aldridge" catalyst to rEmove oxygen from |

cellulosic wastes. The deoxygenation of ethylene glycol may be a

useful model reaction. However, for simplicity, study the dehydration

of ethanol first.



3.

V

Catalytic Methanation.

.

Study this reaction oyer the "Aldridge" catalyst and determine

if it is better than any competitive sulfur-tolerant methana-
tion catalyst.

Develop techniques and kinetic models for interpreting the

chromatographic data so that a student that follows can

analyze the data routinely.
Develop a gas blending station that will pekmit the preparation
of mixtures containing different gas compositions.

Calibrate the new universal high pressure flow meter.



IT. DEHYDRATION AND METHANATION CATALYSIS

The dehydration of a1coho1 over alumina has been studied exten-

: sively. Although a substantia] amount of work has been performed on
the adsorption of the reactants and the reaction scheme for the surface
‘compounds, there are conflicting views as to what happens on the cata-
lyst surface in the catalysis of these reactions. The naturé of the
surface, the kinds of forces or bonds between the adsorbate and»
adsorbeﬁt molecules have not been clearly understood yet. The surface"
ethoxide (C,Hs0 - A]<)3’4’5, oxonium (CZH50+H2), and carbonium ions
(C2H5+)6’7 are frequently suggested as reaction intermediates as a
‘result of infrared spectroscopy and mass spectrometry studies. A
reaction scheme for the dehydration of straight-chained and branched
alcohols over alumina was proposed by Kndzinger and K8hne8 as a result
~ of their studies in a differential flow reactor. Although the deriva-
tion of kinetic equations was based on suggestions for the molecular

- mechanism of the reaction, kinetic analysis may not be a useful tool

~ for the elucidation of the mechanism of a reaction,kor so stated
Kn8zinger et a1? by means of their statistical analysis.

Ethanol dehydratidn has been studied extensively because of the
need to prepare olefins from alcohols. However, the interest in
catalytic dehydration declined when large qdantities of CZH4 and other"
unsaturated hydrocarbons were prepared from petroleum. Oxide catalysts
such as A1203, 5102, TiOZ, WZOS, and ZrO2 weré usually used as dehy-
dration catalysts. Winfield]O gives a good reivew of the catalytic

dehydration reactions.



Various rate laws have been proposed for ethanol dehydration.
Some of them are given in Table 1.

Catalytic methanation has been investigated over the past 70
years by many workers. The manufacture of methane from coal has
suddenly become a promising method to satisfy the increasing demands
for natuké] gas. Ruthenium, nickel, cobalt, and iron are all known
és active methanation catalysts. The high cost of ruthenuim and the
tendency of iron and cobalt catalysts to deposit more carbon make
nickel the transition metal of choice in most investigations of methane
synthesis. Commercial nickel catalysts are usually supported on acid-
washed kieselguler or on alumina. An exéel]ent review of methanation

catalysts is given by Mills and Steffgen.14 Greyson15

summarizes the
work done on methanation prior to the fifties, discusseé the chemistry
and thermedynamics of the reaction, and reviews the catalysts used in
these studies. The British Gas Research Bcard]6 hés made an important
contribution to methanation studies on supported-nickel and cobalt
cataTysts. Presently, the U.S. Bureau of Mines17’]8’19’20’2]’22’23’24
is one of the leading research groups in this area.

To correlate experimental data, various rate‘expressions havé
been propdsed for catalytic methanation. Herwijnen et a125, Nicolal
et a126, Bousquet and Teithner27 tested nickel cata1y$ts. Gilkeson

et a128'

employed a multi-metal catalyst, which was composed mainly of
iron, for the synthesis of methane in a tubular reaction whereas Frye
et a]29 used an iron oxide catalyst in a fixed-bed reactor. A reaction

- mechanism was proposed by Powers30 to account for observed effects of
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pressure; temperature, and HZ/CO molar ratio on the rate of the
methanation reaction in a differential reactor. Wencke31’32
 demonstrated the respective change in activity with increasing molyb-
dehum compositions. He tested a molybdenum catalyst, supported on

2S and H2

| A1203, which was sulfided and reduced in the presence of H
at 60000. The Institute of Gas Téchno]ogy33 tested nickel catalysts
of various compositions to determine the most suitable one for the
methanation step in the IGT HYGAS Process for producing pipeline gas
from coal. They also provided a table of rate equations‘for catalytic
methanation proposed by various investigators.

The reason we employed the "Aldridge" catalyst in our dehydration
studies is that we fhought that it might be an effective catalyst for
removing oxygen from cellulosic wastes. Therefore, we chose ethylene
glycol as a model compound for cellulose-to-0il cohversion processes.

We were quite optimistic that we could convert ethylene glycol to both

ethanol and ethane according to the non-balanced equation,

HO-CH,-CH,_~0OH > CH_CH,-OH + CH CH,+ H

2 2 32 33 0

2

Owing to its higher vapor pressure, we studied the dehydration of

ethanol. We employed a catalyst bed mixture containing the "Aldridge"
catalyst and A1203, Which is a catalyst that is used for the dehydration of
alcohols, expecting that the "Aldridge" catalyst would dominate.

However, the result was that’the mixed activity of the catalyst bed

was lower than that of pure n-A1203 catalyst used by de Boer et a1.13

4Hence, we decided not to waste our time with the dehydration reaction.



. The experimenpa] data.qbtaingd'fqr'caﬁa1yst.fVV?A(Tab1es § and 8)
and catalyst "ZZ".(Tab}es,ﬁ and 11) was analyzed so tﬁaf other
1nvestigators cou1d'b¢n¢fit:fromyqur theoreﬁicél tgchniqUes and
kinetic models. o |

Upon observing the formation of methane during preliminary
studies of the Water-gas shift reaction; we projetted that, under
suitable conditions, our "Aldridge" catalyst might be sufficiently
active to compete with the commerical nickel catalyst.

We first tested catalyst "RR" (Tables 6 and‘14) and then
catalyst fZO" (Tables 6 and 16) to see the effect of cesium acetate

on the rate of methanation.



ITI. EXPERTMENTAL

Dr. P. R. Rony, the principal investigator for the "Supported
Molten Electrolyte Catalysts" grant, constructed the overall reactor
system. A variety of "Aldridge" catalysts were tested for the water-gas
shift reaction, methanation and ethanol dehydration with the aid of

this cata]ytic reactor. As a result of these studies, 36 sets of data,
~in the form of final concentration tables and Arrhenius plots, were
obtained. In all these runs, similar experimental‘procedures were
followed. The overall reactor system and reactor operation were

2 Since the same

described in detail in the M.S. Thesis of Overstreet.
reactor was employed for our catalyst studies, we are including
descriptions of the overall reactor system and opefation, directly
from his thesis, in Appendix IL. Only the changes made in the overall
reactor system for the methanation and dehydration studies, as well as
catalyst prepartion and pretreatment, will be described in this section.

Summaries of the overall operating conditions for the three
reaction systems that we studied are provided in Tables 2, 3, and 4.

A. Changes |

1. Ethanol Dehydration.

Simi]arbprocedures were followed as in the water-gas shift reaction,
except that we placed 95% ethanol and 5% water 1nto‘the saturator and
maintained it at 50°C. A slightly different chromatographic analysis
was performed. We programmed the oven temperature to remain at

70°C for one minute, and then increase at a rate of 24°C/min, to a

10
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TABLE 2. SUMMARY OF OVERALL OPERATING CONDITIONS
USED FOR THE STUDY OF "ALDRIDGE" WATER
GAS SHIFT CATALYSTS

Operating Pressure Range: approximately 715 mm Hg

Operating Temperature Range: 1500C to 450°0C

 Flow Rate Range:

- Length of Catalyst Bed:

Size of Reactor Tube:

Water Saturator Temperature:

Temperature of Gas Samp]ihg

Region:

Temperature of gas
chromatographic column:

Quantity of cata1yst:'
Space Velocity:
Reactants:

Products:

Time fof reactor to
equilibrate for 25°C

temperature change:

Chromatographic Ana]ys1s
Time:

Composition of dry gas
feeds:

100 m1/min to 10 m1/min dry gas basis
at STP

less than 10 cm

Nominally 3/16-1.D. stainless steel
tubing

60°C
150°¢

60°C

from 0.1 gm to 1.5 gm

GHSY greater than 1000 at STP
Hy, €O, COS, H,0

Hys €O, COS, Hy0, COp, HyS

30 minutes

Approximaté]y 5 minutes per sample
Cylinder #1: 53.3% Hp, 44.8% CO,
1.5% COS, 0.4% COp

Cylinder #2: 59.8% H,, 37.6% CO
2.2% €0S, 0.5% €0,

Cylinder #3: 49.5% H , 48.3% CO,
1.7% €OS, 0.5% CO, :
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TABLE 3. SUMMARY OF OVERALL OPERATING CONDITIONS
USED FOR THE STUDY OF "ALDRIDGE" CATALYSTS
IN ETHANOL DEHYDRATION

Operating Pressure Range: approximately 715 mm Hg
Operating Temperature Range:  200°C to 450°C _
Flow Rate Range: , 10 m1/min to 150 ml/min wet

gas basis at STP‘
‘, Length 6vaata1yst Bed: less than 10 cm
Size of Reactor tube: Nominally 3/16-1.D. stainless steel
tubing
Saturator Temperature: 500¢

Temperature of gas
sampling region: ' 1500C

Temperature of gas
chromatographic column: Temperature programming from
, : , 70°C to 160°C

Quantity of catalyst: from 0.7 gm to 1.5 gm

Space Velocity: | GHSV greater than 1000 at STP

Reactants: | Hy, €O, COS, CoHgOH, CO,

Products: - H2, CO, C2H50H, CPH4, C2H6’ (Csz)zo
H,0, €O,

~ Time for reactor to

equilibrate for 25°C

temperature change: 30 minutes

Chromatographic Analysis Approximately 5 minutes pek sample
Time:

Composition of dry gas 59.8% Hz, 37.6% €0, 2.2% COS, and

cylinder, i.e., Cylinder #2:
0.5% CO0,
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TABLE 4. SUMMARY OF OVERALL OPERATING CONDITIONS
' USED FOR THE STUDY OF "ALDRIDGE" CATALYST
IN METHANATION

Operat{ng Pressure Range: épprqximate]y 300 psig

'Operating Temperature Range: 2500C to 450°0C

Flow Rate Range:

Length of Catalyst bed:

Size of Reactor tube:

Temperature of gas
sampling region:

Temperature of gas

chromatographic column:

Quantity‘of catalyst:
Space Yelocity:
Reactants:

Products:

Time for reactor to

equilibrate for 25°C
temperature change:

Chromatographic Ana]ys1s

Time:

’ :Compos1t1on of dry gas

cylinder, i.e., Cylinder #5:

100 m1/min to 1500 ml/min effluent

- gas basis at STP

less than 30 cm

Nominally 3/16-1.D. stainless steel
tubing

150°¢

60°¢C

3.0 gm to 5.0 gm

GHSY greater than 1200 at STP
Hy, CO, 002, oS

2, co, COZ’ CH4, CZHG’ H20, HZS’ cos

30 minutes’

Approximately 15 minutes per sample

74.0% Hy, 22.6% C0, 1.12% €O, and
1.96% C0S
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preéet final temperature of 16006. In this way the chromatographic
analysis time was reduced and a good separation of the‘reaction products
was achieved. |

2. Methanation

To perform kinetic studies at higher pressures, it was necessary
to relocate the Chatham'precision valve, which Was immediately upstream
of the bubble meter in the water-gas shift studies, into the temperature-
controlled sampling box. Thus, the single feed gas, after emerging
from the gas reguiator, passed through a vent line, a vacuum line, a
check valve, a seven-foot reactor-gas preheater tube, a five-foot
fixed bed catalytic reactor maintained between 150°C and 650°C and into
the sampling region. In the sampling region, the effluent gasses
passed through a Chatham precision fine-metering valve, a gas sampling
valve equippedeith a 0.7 ml sampling loop, a bubb]e meter operating
at room temperature and atmospheric pressure, and fina11y,la vent.

A novel feature of the apparatus was the measurement of the gas
flow rate at high pressures. This was achieved with a Robinson-Haalpern
P60-series potentiometric pressure transducer powered.by a Kepco D.C.
power éupp]y set at 18 volts. A frictionless level system within the
transducer amplified the motion of the sensing eTement.and operated
a contact‘wiper’over a precision linear potentiometer. The output
resistance or voltage change was proportional to the pressure change
~created by periodically closing and opening an electrically operated
ball valve. when the ball valve was in the open position, the pressure

in the flowmeter volume, Vf, was at its maximum value. Upon closing
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the valve, the pressure decreased linearly as a function of time
until the ball valve opened again.

To calibrate the flowmeter, the upstream pressure was set at
600 psig and the downstream pressure at 100 psig. The flow rate of
an inert feed gas was measured by the bubble meter at ambient conditions.
For each flow réte, thé electrically operéted ball valve was opened and
closed for a period of 60 seconds and the voltage drop, i.e., the init-
jal voltage reading minus the reading at the end of each period, was
recorded with a digital multimeter. This procedure was repeated for
six different flow rates. Similar data were obtained for downstream
~ pressures of 300 and 400 psigland the same upstreém pressure. A plot
of dE/dt vs dVbm/dt is given in Figure 1.

One disadvantagé of the pressure transducer used was the sticking .
of the wiper. The’transducer needed to be tapped to obtain reliable
readings. Several readings were taken at each flow rate to minimize
errors. It was possiblé to produce a nice straight ]iné when the
vo]tage rate of change with time was plotted versus the bubble meter

reading, i.e., volumetric flowrate.

B. Catalyst Preparation

The "Aldridge" catalysts were mainly prepared by A. D. Overstreet
and H. H. Hubble, a decision made by Dr. Rony to minimize potential
variations in catalyst batches. Nalcomo 474 Hydrotreating catalyst,

which has the following specifications,

\
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% Mo ‘ 12.5

% Co0 : 3.5

Sﬁpport ' A1,04 -
Surface area, mz/gm 270

Pore volume, cm3/gm | 0.51

Form 1/8 - inch extrudate:

was impregnated with an aqueous solution containing the desired metal
ions. The waterfso1ub1e salt was typically cesium acetate, although
lithium nitrate, sodium hitrate, and potassium nitrate were all tried.
Cééium acetate was chosen as the principal alkali salt because of the
extensive data in Clyde Aldridge's patent. The Nalcomo 474 impregnated
cata]jsts, that is, catalysts "P", "Q", "R", "S", "T", "uU", "vV", "W",
"Y" and "Z" were too active, so one-fifth and one-half strength catalysts,
based on the cobalt and molybdenum weight percent, were prepared.
The following general procedure was used in the prepération of the -
"Aldridge" catalysts
1. Prepare the alkali salt soTut1on by d1sso1v1ng 0.7 gm or
1 gm salt in 1 ml of deionized water
2. Weigh out approximately 5-7 grams of Na]como Hydrotreating
catalyst, which was ground up with a mortar and pestle and
sieved to a 20/60 standard sieve range, into a 50 ml bottle.
The sieved cata]yst must be free of moisture.
3. Remove the hydrotreating catalyst from the bottle and store

it in a 100 mi beaker.



18

4. Pipet between 0.0 and 3.0 or 4.0 ml of solution into the
50 ml bottle. ‘

5. Add some deionized water .to the 50 ml bottle so that the
total volume of the deionized water plus the salt solution
is equal to exactly 3.0 or 4.0 mil.

6. Mix the deionized water and césium acetate solution and pour
the hydrotreating catalyst from the beaker back into the 50
ml bottle. Stir with a spatula until all particles are wet.

7. Finally, place the impregnated "Aldridge" catalyst and the
bottle in the oven at approximately 150°C and let it dry for
two hours. | |

The compositions of the catalysts prepared are given in Tables 7,

215 33 and 53.

’C.' Catalyst Pretreatment

The "Aldridge" catalysts were pretreated with a dry gas.feed con-
taining 10% Ar, 6% HZS’ and 84% H2 to sulfide the cobalt molybdate.
First, a mixture of catalyst and 20/60 mesh inert alumina was weighed
qut. For the water-gas shift and ethanol dehydration studies, the
mixture contained between 0.1 grams and 1.5 grams of "A]dridée"
catalyst with the remainder being inert alumina (Air Prﬁducts and
Chemicals 200S a]umina).,vFor the methanation studies, a catalyst bed
of 5.0 grams was weighed out; the fixed-bed contained between 3.0 grams
to 5.0 grams of catalyst, with thé rest béing inert alumina partic]és.
The mixture of catalyst and inerts was poured midway into the reactor

tube,
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A plug of quértz wool was provided at one end to prevent catalyst
lToss into the flowing reactant gas stream. During pretreatment the
dry gas feed passed through the cataTyst-bed at a slow rate of 0.1
ml/sec at ambient‘conditions. The cenira] portion of the reactor was
heated  to 5500C and the two ends to 400°C. After the desired
':temperatures were established, the pretreatment was cdntinued at
atmosphekic pressure for 90 minutes for cata]ysté used in the water-
gas shift and ethanol dehydration reactions. For the methanation
reaction, the catalysts were pretreated for 60 mihutes at the same
temperatures, but at a pressure of 100 psig. The saturator was

bypassed at all times during pretreatment.



IV. THEORETICAL

~The catalytic microreactor that we used for our catalyst screening
studies was an isothermal 1nte§ra1 plug flow reactor. Thirty six runs
were made in the fixed-bed microreactor in our studies of "Aldridge"
catalysts of different compositions for the water-gas shift reaction,
catalytic methanation and ethanol dehydration. The product compositions
were measured as a fdnction of flow rate and temperature. Reactor data
~ were interpreted by 1ntegrating the appropriate rate expression. The

integra] reactor analyses that we employed is presented below.

A. Steady-State Plug Flow Reactor Model

We obtain the design equation for a steady-state plug flow reactor
by making a material balance fof a reaction component on a differential
volume element, dV. The design equation that gives the relationship .
between space time, the:rate of reaction and reactor conversion has

the following form after integration,34

=lv= 0 .._...A_ '
T F CA _ - . (1)

where, VY = reactor volume, cm3'

space time, min

-
i

volumetric feed rate at reactor conditions, cm3/min

F =

XR = initial conversion of A

XA = final converéion of A

-ry = rate of loss of A, moles of A lost / unit vo1ume per unit

time

20
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This design equation was utilized for data analysis.

. Determination of Overall Rate of Reaction

Typical rate laws in heterogeneous reacting Systems are compli-

cated owing to the presence of phase boundaries and the existence of

both interphase and intraphase mass tnanspbrt. The overall rate of

reaction will be affected by mass or energy transfer between the bulk

fluid and the catalyst and within the catalyst particTes if there is

~a strong resistance to such transport. Therefore, various processes

that may cause resistance to reaction must be accounted for in develop-

ing the overall rate expression, .Levenspie]34 cites the fo11owing

typical resistances for a single porous catalyst particle.

1.

Gas film resistance to the diffusion of reactant from the
main body of the fluid to the exterior surface of the catalyst.
Pore diffusion resistance to the transport of reactants
through the pores into the pellet. It may have an important
effect on the rate of reaction since the reaction takes place
within the particle itself.

Resistance to the adsorption of reactant mo]ecuTes onto the
sﬁrface, to the reaction of the adsorbed molecule with
another molecule on an adjacent site or with one comiﬁg from
the main gas’stream, and to the desorption of-products’from '
the surface. |

Pore diffusion resistance to the diffusion of ﬁroducts out

of thé pellet.
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5. Gas film resistance to the transport of products into the
main gas stream from the exterior surface of the catalyst. .

6. Resistance to heat flow into and out of the reaction zone.

In formulating a rate law, these resistances are considered and
the rate expression is deve1oped according to the resistance that
controls the rate of reaction. It is usually desirable for the
resistance to the surface reaction on active sites to be the rate
contro]]ihg step.

For the interpretation of the data obtained from fhe methanation
and ethanol dehydration studies, we assumed that the resistances caused
by intraparticle and interpartic]e diffusion were small. We deve]opéd
emprical rate equations that fit the conversion data through the
assumption that the surface reaction controlled the rate of reaétion.

We did not search for the actual mechanisms of the reaction
systems that we studied because of the nature of the research project
supported under a RANN Grant and its influence upon the research
objectives. Our research centered upon the development of techniques
that would allow us to search for new catalyst compdsitions for different
types of vapor-phase reactions and also yield sensible kinetic data by
.using a simple correiating rate law. We used this as our focal point,
always keeping in mind the RANN program and its concern for technolo-

~gical discovery.
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C. Integral Analysis

In the integral method of analysis for data obtained from an
integral plug-flow reactor, a rate equation is selected aﬁd equation (1)
is integrated. For each experimental run, the two sides of
this equation are evaluated numerically and plotted one against the
‘other as a test for Tineérity. Unless a straight Tine is obtained, -
another rate expression is assumed and tested. The development of
the rate Taws for the ethanol dehydration and methanation reactions
is described in this section. For an integral analysis of the water-
~gas shift reaction, please see the M.S. thesis of A. D.vaerstreet.2

1. Ethanol Dehydratioﬁ.

Four different rate expressions were tested to fit the dehydration
data. Only one expression fitted the data satisfactorily. We summarize

the four rate expressions below.

Rate Expression (a). Two iirreversible reactions in para]]e].

k ,
A -———J—4> ether

A ————ji%> ethylene

where A denotes ethanol. The overall rate of disappearance of ethanol

~can be written as.
- A - AT
e - "_'— - - (k'l + kz)CA ‘ . (2)

Integration of equation (1) with this rate expression gives

- 9) = v '
In(Cy/CR) = (kg + k) (3)
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The quantity, *1n(CA/CR), was plotted against 1/F for the data for
catalysts "VV" and "ZZ". A straight Tine was obtained only at the
lowest temperature. (See Figures 2 and 3).

" 'Rate Expressions (b), (c) and (d). Reactions of shifting order.

Since dehydration products comprise mainly ether at Tower temper-
atures and ethanol, ethylene, and water at higher temperatures, we
believed it more 1ikely that rate equations describing reactioné of
shifting order would fit our data.

‘(b) Shift from zero to first order as the concentration of ethanol
drops. The overall rate of reaction ig34

'“A"ﬁw—k“ B | 4 -
- 2%

At Tow Cp, the reaction is first order with rate constant, k; (i.e.,
‘kZCA <<1). At high CA’ the reaction is zero order with rate constant,
' k]/kz (i.E.,_szA >>1)

The integrated design equation is

0 .
]Iﬁf%ff&l. = ky * fj%;_‘____ . %-; (5)
CA-CA (CA - CA

Negative s1opés at the temperatures, 276, 355, 378°C and positive
, 1ntercepts at all températures were obtained. This rate expression
’~is not acceptable since the negative rate cohstants at these tempera-
tures are meaningless. (See Figure 4).

(c) Shift from second to zero order és the concentration of

ethanol drops.
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The overall rate for two competing reaction paths which are of

different order is

..dC ,
- = - -—A— = 2 . )
A at ky + Ky (6)
The integfated form of the design equation is
1 G VK '
tan”' ~————= = - k.k (V/F)
k 172 |
c® Vkk :
+ tan"! *5;_.__1_2. . '
B S
C \/k k . '
To plot tan™] -A~E"l—2— vs 1/F, rate constants need to be
. 1
evaluated from the individual rate equations
- dCp _
("Y‘A)'I = - —'J_E 1 = k-l
upon integration, we obtain
_ )
k1V = F(CA - CA)
or, using the ideal gas law
KV ==E (0 - p) (8)
1 A A -

T RT
The quantities on the right hand side of equation (8) are known, so
k]V can be evaluated. Similarly, kzv is evaluated from the following
relation

o
cy - FT(PR-Py)
2 PAPR

(9)



29

This form of rate equatiqn giyes a pqsitiye slope and thgrefqre,
yields a negative rate_cqnstant at 378°C.‘ A test of the rate equation
is shown in Figure 5. |

(d) Shift from first order to zerb order as the concentration of
ethanol drops

This is the correct law. Thé rate expressions for ethylene and
ethér formation are, respectively,

('rA)o = ko - - ‘(10)

]

(-rdy = kG (11)

‘The overall regction rate is the sum of the individual rates,

_(rA)overa11 kg + kqCp (12)

The design equation can be integrated with this rate law to yield

the following integrated form;

-1n ?—Z—-E]—E% = Kk V/F (13)
0 "1T°A v
where, V = volume of catalyst bed not including inerts, cm3

F = flow rate of reactant gases at.reactor conditions, cm3/sec

k0 = zero-order rate constant for ethylene formation, gm
moles/sec cm3

k] = first-order rate constant for ether formation, sec”]

CA = final concentration of ethanol, gm mo]es/cm3

(o)
Q
!

A initial concentration of éthano],'gm moles/cm3
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The rate constants, kO}and'k1,bwere evaluated using the integra-

ted forms of the individual rate equations,

-
]

F (cg -C

; 0 v
- Ca 3 . .
k.V = F In = (em”/sec) - (15)
] C, |

A) (gm moles/sec) (14)

From equation (13) we note that a plot of ]n(kOV + k1VCA)
versus 1/F has a slope of —kZV and an intercept of 1n(k0V + k1VCz)
as shown in Figures 6 and 9.

| This rate equation acceptably fits the dehydration data obtained

" from catalysts "VV" and "ZZ" over the temperature range from 200° to
400°c,
‘2. Methanation.

A rate Taw which is pseudo-first order and’reversib]e in carbon

monoxide concentration was assumed for catalytic methanation. It

has the form:
- eq '

This rate equation expressed in terms of conversion of carbon

monoxide is given by

§ - eq.0 _ 0 | ‘
“reg = KXgaCeo - *coCeo) ' (7).

where, X&§ equilibrium conversion of CO

Cgo = initial concentration of CO

X

o f1n§1 conversion of CO.



a2
‘J ‘The equilibrium mole fraction of CO(a), Ygg,vin the product gases
was calculated for a temperature range of'200° to 500°C, and was found
to be very small. Thus, the equi]ibkium conversion of CO,ng, is
essentially 1.0

Equation (1) can be integrated by substituting kcgo (1—XC0) for

-rCO 'tO} g-i Ve
1=X .
~In : gO, = %!_ . : (18)
o

If we employ the ideal gas law, equation (18) has the fo1lowing form

for zero initial conversion of CO,

Y
-tn €0 = ky/F . (19)
: Y 0 .
co
where, F = flow rate of dry gas feed at reactor conditions, cm3/min
Y = volume of cata]yst bed not including inert solids, cn’
k = pseudo-first order rate constant, min~]
Ygo = initial carbon monoxide mole fraction
YCO = final carbon monoxide mole fraction.
Y | |
A plot of -1n —5~ Vversus the reciprocal flow rate, 1/F,will yield a
Y : _
: co

straight Tine with a slope of kV at each temperature studied.

(a) A sample calculation of the equilibrium concentration of product
gases is given on pages 48 through 50.
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D. ‘Arhenius Plot

The temperétufe dependence of our reaction rate constants were
well . represented by Arrhenius plots over the femperaturé range of
200° to 400°c.

In the watef—gas shift, methanation and ethanol dehydration
studies, we normalized the measured value of kV by dividing through
by W, the weight of impregnated catalyst used in grams less the alkali
salt weight. The weight of the inert A1,05 solids was not included in
the computation of W. Each catalyst had different amounts of alkali
salt; so it was not a good choice to use the weight of the impregnated
catalyst as a normalization factor. |

- 'Vaiues of kV were divided by W, and the computed values of 1n (%MJ

were plotted versus reciprocal temperature for the Arrhenius equation,

o= AL exp (-E,/RT) - (20)
where, A = frequency factor
| E_ = activation energy, cal/gm mole
R = gas law constant, 1.987 cal/gm mole - °K
T = temperature, %K

A plot of Tn(kV/W) vs 1/T will yield a slope of -E4/R and an intercept
of Tn(AV/W). ’ '
In order to compute va1Ues of k and A from the quantities,

kV/w and AV/W, respectively, we need to know the bulk density of the
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unimpregnated-CoO—M003.cata1yst.. For Nalcomo 474 unimpregnated
hydrotreating catalyst in the 20/60 mesh range, W/V was found to
be 0.65? grams/cm3.

E. Chémistry and Thermodynamics

1. Ethanol Dehydration.

The chemistry of ethanol dehydration can be described by two major

reactions,34’35

CHEOH === CoHy + H,0  aH = 9.6 kcal/gm mole
for T = 418 - 523°C 4
2C,H:0H = (CH),0 + Hy0  oH = —22‘.0‘ kcal/gm mole
for T = 2989K

and the following side reactions:

CO + H,0 3= €0, + H,
P '

CoHy + Hy == C,H,

CO + 3H, == CHy + Hy0

The course of the reaction is disp]aced in favor of direct ethylene
formation with increasing temperature because of the exothermicity of
ether formation.

»2. Methanation.

The methanation of a synthesis gas mixture with a H2/C0 ratio

equal to or greater than 3 can be represented by the following reversi-

ble reactions:
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(a) €O+ 3H, =2 Oy + Hy0

A = 52.084 kcal/gm mole at T = 600°K
(b) CO + H0 == CO0, + H,
AH = -9.292 kcal/gm mole at T = 600°K
(c) 2C0 + 5Hy = C,Hg + 2H,0
= 298%K

" AH = -83.00 kcal/gm mole at T
(d) COS + Hy == H,S + 0
AR = +1.565 kcal/gm mole at 700°F
(e) 200 —= CO2 + Cs |
AH = =15.836 kcal/gm mole

The first two reactions are the main ones. However, reaction
(e), that is, carbon deposition can become appfeciab]e and poison the
catalyst if the HZ/CO ratio is appreciably Tess than 3. Equilibrium
methane yields are critically affected by temperature and by synthesis
gas HZ/CO ratios. Pressures do not appreciably affect such equilibrium
yields until a temperature of about 425°C is exceeded.]4 Lower temper-

atures and higher ratios favor highest theoretical methane yields.

F. Sample Calculations

Sample calculations used in the interpretation of the dehydration
and methanation data are now presented. The two examp]és involve
catalyst "VV" (Tables 6 and 8 ) for ethanol dehydration and catalyst

"RR" (Tables 6 and 14 ) for methanation, each of which was studied

at the following conditions:
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EthanoT.Dehydration : Methanatiqn
Varfable Catalyst "W Catalyst "RR"
Composftion of dry reactant 59.78% Hp/37.60% CO 74.0% H2/22.6%
~gases 46% 602/2.]6% cos €0/ 1.12% €05/
| | 1.96% COS
Flow rate o 107.20 em3/min ©122.42 cn3/min
Temperature - : 2789¢ | | 332°¢ B
Pressure ‘ 1 atm | &300 psig
‘Saturator temperature ~500C A .
Fluid in saturator 95% ethanol, 5% H, e

1. Sensitivity factors.

To compute the initial and final mole fractions for all components
from the raw chromatographic data, it was necessary to use sensitivity
factors, that is, the relative response of the thermal conductivity
detector to differeht components. Sensitivity factors on a weight
percent basis were obtained from Dietz37 and are shown in Table 5.

2. Conversion of Raw Chromatographic Data. -

When a sample of product gases at a certain flow rate, temperature
and fixed pressure is analyzed, the chromatographic area for each
component is recorded as "peak counts" by the digital integrator. The
peak count for each component is then multiplied by the sensitivity
factor for that component on a mole percent basis to obtain the
correéted molar peak counts. Thus, for ethanol déhydration catalyst

"VV" we obtain
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TABLE 5. SENSITIVITY FACTORS

Sensitivity Factor(€) Calculated Sensitivity

: ~on a weight percent Factor on a mole
Components '~~~ ‘basis " 'perceéent basis
co - . 0.670 0.0239
CH4 ' 0.450 : 0.0281
C02 , ' 0.915° 0.0208
CZHG : 0f590 0.0197
C2H4 v 0.670 | 0.0207
H,S 0.890 0.0262
H,0 0.550 0.0306
€0S BRI ~ 0.0200¢2)
C2H5OH 0.580 0.0139
(CoH5)50 0.590 0.0075
Others(b) | - 0.0180a)

(a) assumed

(b) mainly an unknown plus some other components present in small
amounts in the effluent gases of ethanol dehydration

(c) obtained from Dietz37
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NCO = 54142 X 0.0239 = . 1295.62
Neo = 1682 X 0.0208. © - . 34.99
2 S ' :

Ne 6062 X 0.0207 = 125.48.
oty : .
26

NH'O = 23236 X 0.0306 = 709.86
2.

Ne 4 oH = 32030 X 0.0139 = 445,22

25 ,

N = 42631 X 0.0075 = 319.00
(CZHS)ZO_

Nothers = T4450\X 0.0180 = 260.00

and for methanation catalyst "RR" we obtain

Neg = 101761 X 0.0239 = 2432

NcH = 4026 X 0.0281 = 113 -

4
N = 10372 X 0.0208 = 216
C0,

Ne 1 = 1267 X 0.0197 = 26.0
26

NHZS = 0 X 0.0262 = 0.0

N = 5395 X 0.0306 = 165.0

H20 »

Neos = 6813 X 0.0200 = 136.0

3. Back-Calculated Mass Balance.

The corrected molar counts can next be used to make a back-calcula-
‘ted mass balance if we use the initial composition of dry feed gas and

the chemistry of the reactions. Let NHé= Negs NCH4’ NCOZ’ NC2H6
).0 and N be the final
572 '

0,0
s N

N s Ny os Ny qs Nepes N s N
CHy” "HyS? THLO 602 C§H5OH0 (ng others
n b f Y d N " 3

umber of moles, an ) Neg NCH4’ Neo

0 0 0
N NS o, NO
2" Collg” "CoMy> THyS® THL0
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, and NO be the initial number of moles for each

NS, N
C0S” "C,H50H (CoHg) 20

component. The ca]cu]ations are performed as follows,

‘Ethanel: dehydrat1on cata]yst "V" The final molar peak count for

hydrogen must equal the final molar peak count for CO times the initial
molar ratio of HZ/CO»p1us twice the molar peak count for CO2 less the

final molar peak count for ethane, or:

=
n

' (59.78/37.60) Neg *+ Mgy - N

co H

2 2 6
N, = (59.78/37.60) (1295.62) + 2 X 34.99 - 11.39
| = 2118.61
SimiTar]y,

= N.. + N

co " “co,
= 1295.62 + 34.99 = 1330.61
N = N - N - N
Hy Ho co, C,Hg
= 2118.61 - 34.99 - 11.39
= 2072.23
NO . = + + + .
= (445.22 + 125.48 + 709 86 + 34, 99) X 0.95
= 1249.77
0 - NO
NH20 NCZHSOH X 5/95
= 1249.77 X 5/95 = 65.78
O - (6]
NCOS (NCO N NHZ) X 2/98
= (1330.61 + 2072.23) 2. 16/98

= 75.00
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NO. = 0

- Colly '

NQ = 0

NO . = Q
(CaH5)20 -

Ny = (1330.61 + 2072.23) x .46/98 = 16.00
€0y |

The initial and final molar peak count for all components are then

normalized to yield mole fractions,

Component o -~ Tnitial Mole Fraction Final Mole Fraction
Hydrogén‘ | | 0.4325 | 0.3866
co | . 0.2765 | 0.2380
C,H, 0.0 | . 0.0233
C,Hg 0.0 | 0.0021
H,0 0.0132 | 0.1391
co, 0.0048 0.0064
C,HOH 0.2616 - 0.0821
(c2H5)20 0.0 0.0788
Others 0.0 | 0.0590
cos(a) 0

.0140 ‘ —-
(a) COS is included in the final mole fraction of other components

Methanation Catalyst "RR". Since a dry feed gas at a fixed composition

(74%}H2, 22.6%C0, 1.12% CO», 1.96% C0S) was employed, the final hydrogen

mole fraction can be calculated via an atom balance. Thus, the‘ratio
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of the free and combined hydrogen and oxygen must be the same in

the initial and final gases, i.e.,

MNey, * 3Nc H P Ny o * Ny st Ny

4 26 2 2 2 _‘Q;ZQ - o8
Neo * 2o, * Noos * Mg 0.26 N
Thgrefore;’NHz = 2.84 NCO + 1.84 NHZO + 5.68 NC02 N cos " ZNCH4 -‘3NC2H6
' = 2,84 X 2432 - 11.84 X 165 + 5.68 X216 +2 x 136 -
2 X113 -3X26 (21)
= 8520.0 |
Ntota] 1]608 corrected molar counts:

The mole fraction for each component is computed by dividing its
final molar peak'count'by the total molar péak counts, whiCh is 11608

in the above example. Thus,

Component Initial Mole Fraction * Final Mole Fractions
" Hydrogen | 0.740 | O 0.7347

co | 0.226 o 0.2095

CH, | 0.0 R 10.0097

o, ] 0.0144 | 0.0186

CH, 0.0 - 0.0022

HoS 0.0 0.0000

H,0 E | 0.0 O 0.0142

CoS “ 0.0196 ' 0.0117
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. 4. Flow Rate

the bubble meter at atmospheric pressure and room temperature, which
was 715 mm Hg and 24°CQ respectively. . For the analysis of kinetic
. data, the flow rate was corrected to reactor conditions.

"Ethanol'déhydration;‘cata1yst'“VV". The wet gas flow rate at reactor

conditions was computed from the dry gas flow rate. The bubble meter
reading, 10/13.9 ml/sec was multiplied by a temperature corréction
factor and divided by the initial mole fraction for all non-ethanol
components

Wet flow rate

at reactor
conditions =

10m 60 sec = 273% + 2780C
- 13.9 sec ©min 2730K + 240C

(1. - 0.2616)
= 107.20 em3/min

Methanation catalyst "RR". A novel vo]umetric flow meter that was

independent of the nature of the flowing gas was employed to measure

the flow rate at reactor pressures greater than one atm. Its operation
has been discussed in detail in the experimental section. The,principles
behind its operation and its calibration will be presented here.

The applicable mathematics are straight forward:

PV = nRT Lpressure sensor] ' (22)
E dP = RT dn :
E"f' Vot [pressure sensor] (23)
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Pme

b = DR [bubble meter] - (24)

WVpn  _ RT dn

at = pcar  [oubble meter] (25)

Note that R"T' Ve for the pressure sensor, and Pbm'for the bubble
meter are all reasonably constant during a reactor run. Equating

_ dn/dt, we obta1n

Yif.f_ - _bm,
dt

and solving for Vf, we next obtain

P dv '
v - - _bm bm/dt (26)
f de/dt ‘ _
dP¢
dt can be related to 35 s the slope of the voltage-vs-time curve,
as follows: |
E = CP, (27)
dpP
dE f
a = ¢ @ (28)

where C is a constant [units of pressure/voltage] characteristic of the
pressure sensor. The term, dﬁédi_’ is substituted in equation (26).
Thus,



44

or
L Y 3 |
dt - TR dt (30)

which states that the molar flow rate can be determined.

The symbols employed are:

Vf = flowmeter volume, on’

me = bubble meter volume, cm3

Pf =  flowmeter pressure, psia

Pbm = ambient pressure in bubble meter, psia

R = gas constant, atm-cm3/gm mole - ok

n = gm moles

T = temperature, %K

t = time; sec

E = voltage when there is no flow, mV

C = presSure sensor proportionality constant, psia/mV

To calibrate the flowmeter, the electrically operated ball valve
is opened and closed periodica]]y as the feed gas stream at about 600
~ psig passes through the valve and the flowmeter volume, Vf. Meanwhile
the pressure in the volume, Ves changes. Pressure change is meaéured :
as the rate of change of voTtage associated with the Robinson-Halpern
pressure sensor. Both the pressure and voltage are proportional to
the volumetric flow rate measured by the bubble meter at atmospheric
pressure and room temperature. Equation (29) describes this relation-
ship between the voltage drop and volumetric flow rate. Thus, a plot

of dE/dt versus dme/dt will yield a straight line passing through the
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Qrigin>that has a s]qu vaCFbm/vf.. yf can bg‘dgtermingd frqm thg
s]qpe since Pbm isfknqwn.and C can he ca1cu]a§gd from gquatiqn,(ZZ).

- Once V¢ and C are known, the number of moles of dfy gas passing through
the flowmeter volume is evaluated using equation (26). Finally the
molar flow rate is converted to actual flowrate at the reactor conditions.

A typical calculation is given below:

g 3
- - 5.88 X 10 N s
C E/Pf T mY/psia
C = 9.55 mV/psia
‘ _ . dv
- Therefore, the slope of dE/dt vs dgm from Figure 1 1is 8.0 mV/cm3

v - 9.55 X (;10/760) 4.7 - 16.4 emd

Using equation (30), where T is the ambient temperature, we can calculate

dn ‘ 16.4 ~ :
dt = 8206 X 297 X 9.55 dE/dt (31)

7.0 X 10~5 dE/dt

Upon combining equations (29) and (30), we obtain

CP, &V,
dn/dt = 7.0 x 71070 bm _bm
| V. Tat
| , A
= 5.6 X107 "Eim'» gm moles/sec
For dv,/dt = 10/6.3 cm®/sec
dn/dt = 4 x 10

5.6 X 1070 X 2 = 8.88 X 10°% gm moles/sec
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Since the total number of moles of gés stream passing through the

catalyst bed changes, the molar flow rate is.corrected as fo]]ows§

G- ossxwt x (32)
Where, Qo = the initiai total number of corrected molar counts
| = (NHy + 2N., +3N. . + Ny o+ Ny o) /0.78
27 TTCHy  TTCHg - TS O
qQ = the‘ffnal total number of corrected molar counts
= NH, + N.. + N + N + N + N + N + N

27760 T TcHy T 0, T TCoHg T HpS T HN0 T COS

Thus, dn/dt = 8.88 X 10‘4_x -}—]2—%-8—3- = 9.30 x 1074 gm moles/sec

Molar flow rate is finally converted to volumetric flow rate at

reactor conditions, F, according to the following computation, |

' 3
F = 9,30 X 10°% gmmoles y ppa00 __Cm
sec gm mole

TOK y 0.94 atm y 60 sec
2730K 21.41 atm min

For T = 332 + 273 = 605%
F = 122.42 cm3/min at reactor conditions.

5. Integral Data Analysis.

* Ethanol dehydration, catalyst "Vy". To compute 1h(k0V + k]VCA), values

of kdv and k]v were calculated for each flow rate at reactor conditions
using equations (14) and (15). Also, ideal gas law behavior was

assumed,
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At 278°C and @ wet flow rate of 1.785 cm3/sec

o
o = qr Pag - Pl

. ;é58§ g5 (0.2616 - 0.0821)

1.011 X 107 gm moles/sec

KV =
KV = Fm‘gﬁa
| A
= 1.785 1n g.?(zjg.%.?.
k1V = 2.09 cm3/sec
o = 1.8X10°6 gm motes/cm’

In (kOV + Vkq€ n (1.011 X 107% + 2,09 X 1.80'6)

A)

-11.093

0.557 sec/cm3

Reciprocal wet flow rate, 1/F

Methanation, catalyst "RR". 1In obtaining the integrated form of the

design eduation, we assumed the equilibrium conversion of CO, ngs to
~be essentially equa].td unity. To justify this assumption,a sample
calculation of the equilibrium compositions for the methanation reaction
is given below. Because of the complexity of this reaction system, the
~equilibria for reactions (a), (b) and (e) were employed in our compu-

tations whereas equilibria (c) and (d) were ignored. The calculations
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were performed for the temperature range 2599,— 5009;, at a pressure
’of 300. psig by ufiTizingthe techniques of thehaas Research Board.
A H2/00 molar ratiq of 3;9 was used fqr.cqnyenience'instead of 3.27.
Since the equifibrium.mole fraction of CO was found to be\very small,
the error introduced in assuming a complete conversion of CO is small.
Let yq» yz; y3, y4,‘and.y5 be the mole fractions of €0, H,, CH4,
H,0, and C0,, respectively, in the gas mixture in equilibrium at a
~given température and pressure. Also assume that P, in atm, is the
are the equilibrium constants

3
for reactions (a), (b), and (e) respectively at the temperature in

tota] pressure and that K], K2, and K

question.
The five ke1ationships required to find the five unknowns , ERZY
y3, y4, and y5 are:
(1) The methane equilibrium, i.e.,

Y3Yq

2
K, P? =
X 3

Y1¥,

(2) The water-gas equilibrium, i.e.,

2 Yy
(3) The carbon equilibrium, i.e.,
K3P= ——
N

(4) The sum of the mole fractions of all the constituents of the

final gas must be equal to 1, i.e.,

+ + + +y =1
Y ‘yz Y3t Yy T Y
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(5). The.ratio.of the free and combined hydrogen to the free and

- comhined oxygen in.the initial and final gases must be the same, i.e.,

Yo t2y3tyy
Yyt Yyt oy T

By brogressive elimination, the number of unknowns and re]ationé
‘ships were reduced to two:
Step 1
Solve equation (5) for Y33
Y3 = 3/2 Yy - 1/2 Y, + 'y4 + 3Y5
and substitute it into the other equations.
- Step 2
Solve equation (4) for Yo
Y ¢ 0.25 - 0.625 Yy - 0.125 Y, - O.5y4
and substitute it into the other 4 equations.
‘Step 3.
Solve equation (3) for Yy
Yy = (—2K3y] P+0.5-1.25 ¥y - 0.25)
and substitute it into the remaining equations. The two resulting
equations have the following forms, where
X=y;and ¥ = Yy
j vir -y , 2
- (0.25%+0.75Y+K X"P+0.5) (+2Ko X"
) k= AT TSI

'l . .
xy3p?

P+0,5-1,26X:0.25Y),




€ I S .
22K X%Pr0.5-1.25%-0.25Y),

The equilibrium constants, Ky, K,, and K;, were found by a
Togarithmic -interpolation procedure from tables of equilibrium cons-
tants;38' The two unknowns, X and Y, in these two simultaneous nonlinear

39,80 g

equations were solved by the Newton-Raphson numerical method.
~ method of‘so1ution by the computer program is explained in Appendix III.
The computed final mole fractions for all componénts at equilibrium

are:

Component . "Fina] Mole Fraction at equilibrium
o ~ 0.00007(2) 0.00531(b) ~ 0.00092(¢)
H, 0.01690 0.12613 0.00100

CH, 0.53148 0.47753 ~0.48000 -
Hy0 0.40767 0.34016 0.01910
C02 0.04405 0.06415 0.49900
(a) P = 300 psig; H,/CO molar ratio = 3.00, and T = 332%
2
(b) P = 300 psig, H,/CO molar ratio = 3.00, and T = 527°C
2 . ‘
(c) P =0.0 psig, H,/CO molar ratio = 1.00, and T = 327°C
2

6. 'Arrhenius'Ploi

- 'Ethanol Dehydration, catalyst "YV". Values for the activation energy,

E;» and the preexponential factor, A, for ether formation are obtained
by plotting 1n(k]V/w) versus 1/T. The term, k]V, is the negative slope
of the straight Tines obtained when 1n(k0V + k]VCA) is plotted versus
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1/F at a given temperature.  The value of k,V is normalized by
diyiding by the weight, W, of the unimpregnated Nalcomo catalyst.

The quantity; kol is,coﬁputed by subtracting k]Cg frqm the
ekponentia1 of the intercept of the above plot. This term is also
normalized to yield 1n(ka/W), which is then plotted versus 1/T to
determine the activation energy and the preexponential fagtor for
ethylene fOrmation; | |

For catalyst "VV", the straight Tine at 278°C had a slope of
-0.758 and intercept of -10.64.' The quantitfes, 1n(k]V/W) and
In(kgV/W), were evaluated as follows:

1n(k]V/w) = 1In (0.758/0.463) = 0.492

exp (In(k,V + kveQ) - kvel
= exp (-10.64) - 4,98 X 10-0

]n(kOV/W)

= 19.0 X 1076
From plots of 1n(k]V/W) vs 1/T and 1n(k0V/w) vs 1/T, the following
sTopes and intercepts were obtained, respectively:

(—S1ope)]-R = (Ea)]

5.1 Kecal/gm mole

(-S1ope)0°R = (Ea.)D = 6.9 Kcal/gm mole
where R = 1.987 cal/gm mole %K
(Intercept); = 5.24 |
(Intercept)0 = -3.99

The frequency factor, A,was obtained by mu]tip]ication of the
exponential of the Arrhenius plot intercept by the experimentally
determined value of the bulk density of the unimpregnated hydrotreating |
catalyst, W/V. The value of W/V was measured and.found to be 0.65 grams/

cm3.2 Thus,



(A); . = 0.65.exp [5.24]
= 122.64 sec”!
(R, = 0.65 exp [-3.99]

1.20 X 10'? gm moTes/sec-cm’

i

"Methahatidﬁ'catalyStf“RRﬁ, ‘The raw chromatographic data was analyzed

via the computer program?given 1nlAppendiX III. A Teast square fit -
B of the quantity, —1n(yc0/ygo), versus the reciprocal flow rate at
reaction cbnditions, 1/F, provides a s1ope, intercept, and correiation-
coefficient with and without (0,0) considered as a data point at each
temperatUre; Such slopes are norméTized by W, and In(kV/W) is then
plotted versus 1/T. From such an Arrhenius plot, the activation
energy, Ea, and frequéncy factor, A, are determined.

For catalyst "RR“,kthe.§1ope of the Tine at 332°C equals kV and
‘has a value of 10.61 cmaymin. The weight of the unimpregnated catalyst
used is given in Table 6 as 3.14 grams. Upon norma]iZétion by this'
weight, we calculate a value for kV/W of 3.32 cm3/gm catalyst-min.
The natura1 logarithm of 1.218 and reciprocal temperature, 1.65 X 10-3
°K'],provide a single point of the Arrhenius plot. Six such poinfs |
fall on a straight line with a slope of -6.48 X 103 °K and an intercept
of 11.87. If we multiply the slope by -R, the Qas constant, we obtain
the activation energy, 12.9 Kcal/gm moTe. The frequency factor, A, is
determined by multiplying the exponential of the intercept in the
Arrhenius plot by the vb]umeufo-weight'ratio of the non-impregnated

catalyst, V/W. Thus,
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-
il

0.65 exp (intercept)
0.65 exp.(11.87)
9.3 X 10" min”]

The temperéture.dependence of .the pseudo-first order rate can be
eXpressed as follows:

k = 9.3 10% exp (-12.9/RT)



V. 'RESULTS.

In this section, we present the complete experimental and kinetic
data obtained during the first twenty-two month period of the RANN NSF
research grant. The results fall intb the following categories: |

o Catalyst compositions, including the weights of salt
and catalyst support and the calculated alkali méta]:‘
molybdenum melar ratio.

0 Raw chromatographic data, in the form of effluent gas
compositions for each temperature, flow rate, and catalyst
studied.

0 Analyzed rate data, in the form of space velocity plots
based upon a chosen rate Taw. The reciprocal flow rate
at reactor conditions was used in place of the space
velocity.

0 Arrhenius piots.

Given are data for each "Aldridge" catalyst that we studied for the
water-gas shift,ethano1 dehydratfon, and catalytic méfhanation reactions.
Eight of the thirty-one different “A]dridge" water-éas shift catalysts
(cataiysts P, Q, R, T, U, V, Y, and Z) were studied by Andrew D.
Overstreet and ha?e been reported in his M.S. thésis.2 The remaining
catalysts were studied by the co-principal investigator on the NSF
research grant, Dr. David S. Newsome, and myself. I was in full charge

of the studies of the "Aldridge" catalysts for the dehydration and

54
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methanation.reactions, and qu?g.a11,cqmpu?§r programs, quratgq the
.keactor;.deve1oped kjnetickmod¢1s; and aha1yz¢d thg raw chrqmatq—
‘ graphic‘data;
The tables and figures in this section are divided into three
parts, each part corresponding to the reaction system studied:
1. The ethanol dehydration reaction, Tables 6 through 13
-and Figures 6 through 11.
2. The methanation reaction, Tables 14 through 19
and Figures 12 through 15. |
3. The water-gas shift reaction, Tables 20 through 90
and Figures 16 through 46.
The results fbr the water-gas shift reaction are further subdivided
into three categories according to the amount of cobalt and molybdenum
present per gram df impregnated catalyst:
3a. One-fifth strength cata1yst§ having one-fifth the amount
- of cobalt and molybdenum as in the Nalcomo 474 cobalt-
‘molybdate hydrotreating catalyst, Tables 21 through 32
and Figures 16 through 20.
3b. One-half stréngth catalysts having one-half the amount of
cobalt and molybdenum as in the Nalcomo 474 hydrotreating

catalyst, Tables 33 through 50 and Figures 21 through 28.

- 3c. Full-strength catalysts based upon the Nalcomo 474 hydro-

~greating catalyst, Tables 52 through 90 and Figures 30 through
46.
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In.our water-gas shift studies, ve were primarily interested in
determining the relationship between the catalytic activity of the
fA]dridgef_céta]ysts and the Cs:Mo or alkali metal:Mo molar ratio.
This is why the molar ratio is éhOWn.on,each Arrheﬁius plot;

Table 93  summarizes the 1inear regression data for all of the
Water—gas shift catalysts studied. Given are the activation energy
Ea, in Kcal/gm mole, pre-exponential factor, AV/W, in cm3/gm—min,
~and correlation coefficient for each catalyst. With most of the full-
strength cata1ysts, two sets of activation energies and pre-exponential
factors are shown.

The computer-generated tables that summarize the raw chromato-

; graphic data require some explanation. The temperature is in oC, the
flow rate is in cm3/min at reactor conditions, and the final gas
compositions are in mole fractiors. Such data can be used by other
individua]s to test other kinetic models for the water-gas shift

reaction over the catalysts that we have studied.
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MOLE FRACTIONS OF PRODUCT GASES FOR CATALYST "zZ®
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MOLE FRACTIONS OF PRODUCT GASES FOR CATALYST "EE"

TABLE 85.
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MOLE FRACTIONS OF PRODUCT GASES FOR CATALYST "FF"

TABLE 87.
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~ YI.. DISCUSSION

In this section, wngha11‘discu55'thg‘resuips‘qb;aingd frqm our
watgr;gas Shtft; methanation, and ethanol dehydration studies and provide
recomﬁendations for further work. fhe five important reaction variables
and the implications of the data presented in thé results sections are
~ also discussed.

A. 'Gas Composition

Three slightly different gas compositions (Tables 2, 3, and 4)
were employed for the water-gas shift studies. Only one catalyst was
tested with the three different cylinders. Upon examination of the
bresu1ts for catalysts "V", "W", and "X", all of the same composition
(Cs:Mo = 0.43), catalyst "V" was found to be slightly more active than
kfhe others. Catalysts "R" and "S", each with Cs:Mo = 1.07, were tested
with cylinder #1 and cylinder #2, respecfive]y. Catalyst "R" was more
‘active. The differences‘in catalytic activity of these catalysts may
be within experimental error, so we will make no attempt to correlate
the data with the compositions of the different gas cylinders.

For catalytic methanation, preliminary studies indicated that
carbon‘deposition occurred with a dry gas feed of composition 37.2% HZ’
59.1% CO, 1.49% 602, and 2.22% COS. In addition, the water-gas shift
reaction dominated the mefhanatiqn‘reactiqn. We were ab]g tqbqbtain
higher methane yields with a gés feed that had a H,/CO molar ratio
equal to 3.27. »
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B. Catalyst Loading

The activity of .the "Aldridge" catalyst is markedly dependent
a'upoﬁ catalyst 1qading,"As can bg seen frqm Figures 50,thrqugh 52
at'4OD°C; a pressure of 715 mn Hg, and a Cs:Mo molar ratio of 1.0;
full strength catalysts are much more active than the ohe—ha]f and
one-fifth strength catalysts. The rate constants for the full, one-
half; and one-fifth strength catalysts at these conditions are 3400,
1810, and 460 min'1, respectively. Transition temperatures were
frequently observed with high catalyst loadings but not with Tow
catalyst Toadings. The difference in gas cylinder composition (éy]inder
~#1 versus cylinder #3) might have obscured or eliminated such effects
in the one-fifth and one-half strength cata]ysts;

C. Cesium:Molybdenum Ratio

The Cs:Mo molar ratio is the most important experimental variable
in our water-gas shift studies. The activities, kV/W, of one-fifth,
one-half, and full strength catalysts, respectively, are plotted versus
this ratio at 260°C. As can be seen from Figures 47, 48, and 49,
the data are not sufficient for the one-fifth strength catalysts, and
some points do not fall on the corre]étion curve for the one-half
strength catalysts at this temperature. For the full strength catalysts,
the activity appears to be a maximum at a Cs:Mo molar ratio of 1.07.

The activityvis correlated better at 40090.‘ The one-half and full
stréngth cata1ysts apparent1y have maximumfaétivity at a Cs:Mo molar
ratio of 1.8 and 1.07, fespective]y. For the one-fifth strength cata-

lysts, the relationship is linear, and maximum activity probably occurs
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at higher Cs:Mo molar ratios.. The existence of smooth curves in
Eigures'So; 51, and 52.suppdft$ thg'validfty of‘dur data.

H The decrease of activity at higher Cs:Mo molar ratios such as in
- Figures 48; 49, 51, and 52 may be an indication of pore blockage. The
bresence of an excess of coba]t, molybdenum, and cesijum causes the
pores to b]ock; thus diminishing the catalyst surface'area. This
interpretation accounts for the fact that the full strength catalysts
have the maximum activity at the same Cs:Mo molar ratio for both
temperatures.

- For the methanation and ethanol dehydration reactioas, the Cs:Mo
‘molar ratio had a small effect on the activity,fi.e., the addition of
cesium acetate did not appreciably inf1u9ncé‘the activity of the
unimpregnated cobalt molybdate cafa1yst.

D. Temperature
Temperature is clearly an important experimental variable. The
temperature dependence of the experimentally measured rate constants
is discussed in connection with the Arrhenius plots.

E. Total Pressure

The water-gas shift and ethanol dehydration studies were performed
at one atmosphere pressure. Ne made some preliminary water-gas shift
runs at 100 psig and observed a reasonable amount of methane formation
at temperatures greater than 325°¢. The water-gas shift reaction
should be studied at higher pressures because ih some coa1,gasif1cafion
processes the synthesis,gas will be shifted at pressures as high as

1000 psig.
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Preliminary studies of methanation at 100,,ZQQ;.BQQ,Land 400 psig
and temperatures‘qf'300 and 4OQ°C with.a_Hz/CO molar ratio of 0;63 .
indicated an increase in methane yield at higher pressures.

F. Rate Law

The water-gas shift and methanation reactions are first order in
carbon monoxide at témperatures ranging between 200 and 400°C, and
between 275°C and 450°C, respectively. This relationship.is Tinear up
to conversion levels of 90% and 40% for the water-gas shift reaction
and catalytic methanation, respectively. The heterogeneous catalysis
of these reactions is complex. It will require considerable experi-
mental work to obtain the true dependence of the rate on the partial
pressures of the reactaht gases.

The rate law obtained for the ethanol dehydration reaction corre-
v1ates the experimental data up to 98 percent conversion of. ethanol,
as can be seen from Figures 6 and 9.

G. Rates and Their Comparisons With Other Commerical Catalysts

The activities of catalyst "ZZ" and catalyst "RR", which were
employed for the ethanol dehydration and the methanation reactions,
‘respectively, have been compared with the activities of the existing
commerical caté]ysts. The former are considerably 1ess actiye. The
fATdridge“ catalysts for the water-gas shift reaction were very active
when compared to the competitive Fe/Cr and Zn/Cr/Cu water-gas shift
catalysts, the latter being sulfur into]erant.z

Although the kinetics of ethanol dehydration and catalytic methana-

tion have been investigated by many workers, the number of comparisons
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that can be made is Timited.owing to.difficulties in finding conditions
similar to the ones that we employed. Such conditions include temper-
ature, pressure, and reactant gas composition. For example, The Bureéu
of Mines?? has performed an extensive‘study of methane synthesis in
fiXed—bed, conventional fluidized-bed, and multiple feed, fluidized-
bed reactors. However, no rate eduation was reported. Neither were the
equilibrium concentrations of CO and the product gas compositions obtained
from the fixed-bed reactor reported. In evaluating their data, The Bur-
eau of Mines employed the calorific-conversion efficiency to determine .
the activity of the nickel catalysts that they studied.

In comparing their nickel catalyst No. L-6025, which was used in |
a conventional fluidized-bed reactor, with our "Aldridge" catalyst, we
were aware of the fact that their conversion data would be misleading
owing to back-mixing in their fluidized-bed reactor. The percent
conversion of CO for their spéce velocity should be Tower 'in a fixed
bed reactor since the average residence time for CO molecules would be
shorter.

1. Ethanol dehydration catalysts.

After having tested catalyst fVVf and catalyst "ZZf for their
~ethanol dehydrafion activities, we fitted the data satisfactori]y by
equation (13) and obtained rate constants.

The first order rate constant for ether formation for
cata1yst "VWW" was then compared to the pseudo-first-order rate constant
for the water-gas shift feaction with catalyst "W" (Tab1e 70) at the

following conditions:
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T .= 3779

SO | ]

p # ;1atm:
Both catalysts had the same composition and cylinder No. 2 was
used for both reactions.
The rate constants were found to be
Keat myyn 168 minf]
Keat "y = 414 min”!
We next compared thé %nitia] rate of ethanol dehydration for
catalyst "ZZ" to that for the n-A1,04 catalyst used by de Boer et a1.31
The comparison is summarized below:
At saturation of the surface with adsorbed alcohol and water

molecules, they represented the rate of ethylené production as

AY
ethylene = k. (1-8y)
1 (33)
= kI
and the rate of ether formation as
Vether kan (1-6.,)2 + ka (1-8,)P
2 -ew 3 w/tA (34)

= kg * kypp Pa
where, k; = Trate constant for ethy?ene formation according to the
| Langmuir-Hinshelwood mechanism
kg and kIII = rate‘cqnstants ﬁn~gth¢r production according
to the Langmuir-Hinshelwood and the Rideal-Eley mechanisms
respectively.

n = number of available sites
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PA

6
W

Values of the rate.constants for ethyl alcohol dehydration on

S ||

~average-alcohol pressure, mm Hg

1

_the degree of coverage with water molecules

n-AT503 at a temperature of’307°C were reported to be
k; = 0.93cn’ (STP)/mzfmﬁn
kyp = 0.101 cn® (STP)/m-min
kIII = 0.014 cm3(STP)/m24minemm‘Hg
~ The above rates can beveva1uated ét standafd conditions for an
initial ethanol pressure of 325 mm Hg, and the above units can be
- converted to gm mo1es/m2-m1n, as shown below:
( Vethylene) initial = kp
0,93 cm® (STP)/min-m?

10.93 22400 gn mole/min-m?

4,15 x 10'5 gm mo]e/min—m2
( “ether) initial = kg * kqp PR, where PR = 325 mm Hg

i}

0.4267 atm

0.101 + 0.014 P§ cm® (STP)/min-m?

(0.701 + 0.0104 x 325 mm Hg)/22400
mm Hg

gm mo]e/min—m2

4 gm mo1e/min-m2

1l

2.08 x 10~
The data obtained for ethano1;dehydration on "Aldridge" catalyst

MZ7" were fitted by the following rate equation.

"Moveratt = (-rg) + (-r;) (35)
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where, = A -= ethanol =
=rg = kg = rate of ethylene formation
#r1 = ,ki CA = rate of ether formation

\,At'3070C; the values of koV and k;V, respectively, are 45.35 x 10"

6

- gm mo1es/sec'and 1.592;cm3/seq both at reactor conditions; The initial

rates for ethylene and ether formation can be calculated separately.

The reactor volume, V, is given by

H

0.502 gmx 1 o
- gm X 0.65 gm/cm

0.773 e’

The value of kOV can be divided by the reactor volume to give the

initial rate of

k0

ethylene formation

45.35 x 1070

0.773 = 58.5 x 10'6vgm rﬁo]es/sec—cm3

and its units can\be'conVerted to gm moTes/min-m2 through the use of

values for the bulk density, gm/cm3, and surface area, m2/gm,,f0r

unimpregnated catalyst "ZZ".

Ko

The initial rate

Thus ,

O

-6 gm moles ] e R T
58.5 x 10 %EE:E53~j X o

o X 7w 2

j{=]

X 60 sec/min

1]

2.0 x 10f5 gm'mo']es/m.in«m2

of ether formation can be evaluated in the same way.
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k, = 1.592 cm’/sec X __ 1 ___
= 2.06 sec”! = 123.5 min~!
Therefore;
ciie 1 0
(—r]) initial = KCy
_ P ae atm-cm®
= ]23.5](D.4267 atm/82.0§ gm mole 9K
X —e—p—
273 K
= 2.35 x 10'3 gm mo1es/min-cm3
) 31 emd 1 gm
2.35 x 10 0.65 gm X 270 2

m

= 1.34 x 10°° gm moles/min-m2

In the above calculations, CK is the initial concentration of ethanol,
fn units of,gm-mo1es/cm3.

The comparisons of the initial rates can be summarized as shown
below:

Initial rates, gm moTe/min—cm2

Ether -+ - Ethylene
‘Production ~ Production
n-Al,05 catalyst 20.8 x 107 415 x 1070
Catalyst "zz" 1.34 x 1072 2.0 x 107
Ratio, n=Al,0a/ 15.5 2.08
catalyst "EZ :

The "Aldridge" catalyst "ZZ" is not as active as the n-Al,0,
catalyst; however, it may be preferable in a commerical process since it
is tolerant to sulfur. The selectivity toward the production of ethylene

for catalyst "7Z" is better than that for the n-A1203 cata]yst.»
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2. ‘Methanation Catalysts
Catalyst "RR" (Tables 6 and 14) was cqmpargd withﬂphg nickg]
‘catalyst'emp1oyed by the U.S. Bureau of Mines2? in their f]uidizedébgd
reactor studies at the following conditions; | |
Catalyst composition: Ni0-Al1,03-kaolin; 100:159:97

Pretreatment: Reduced with H, at 400°C and 100 psig for 60 hrs.

2
HZ/CO, molar ratio 2.5
Fresh feed space velocity, hr.”! 5530
Catalyst age (end of period), hrs. 032
Reactor temperature, O 304
Reactor pressure, psig ’ 300
Conversion of CO 96

Product gas analysis, (dry basis),

percent by volume:

CHy : 80.8
602 . - 11.9
H2 ‘ ‘ 5.96
o 1.38
Calorific efficiency, percent | 99.9

We can calculate the conversion of CO that would be obtained for
our ?ATdridggf catalyst at 30390 and 300 psig by using equation (18)
and the value of their space ve1oc1ty,<5530_hrf], used in their fluidized
bed studies. The first order rate constant for catalyst "R" at1303°C is
65 hrl.

For Xgo = 0, the final conversion of CO is calculated to be
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k(YR

§1n.(]ﬁxcoj‘~5
T 65, hr*? (-—~———-)
5530 hr“‘
= 1.175x 10-2
1 ~ Xco = 0.988
Xco = 0.012 = 1.2%

It is clear that the activity of our sulfur-tolerant catalyst is
relatively Tow when compared to that of nickel. We emphasize that the -
comparison of the activities of an impregnated cobalt molybdate catalyst
in a fixed-bed reactor and a nickel catalyst in a fluidized béd reactor
will introduce some errors owing to the operation characteristics of the
two reactors. The above calculation is the best that we can do with
the information available to us.

Catalyst"RR" was also compared to the commerical nickel non-alumina
catalyst used for the fixed-bed methanation of a synthesis gas mixture
by 16733, The 1/4~inch nickel pellets supported on alumina and crushed
to -12 + 18 USS were used for the initial tests. The feed gas contained
a CO mole of 4 to 13 percent. The rate éxpression, |

0.5

2

Kk Peo Py

r =

correlated their data satisfactorily.
At 302°C, the rate equation can be expressed with the computed

values of the constants as follows:

(2x1075 0.5
o ) PCOPH,

r = T - (37)
"7 TR, 0 R, | |



215

We can make a rough comparison of our catalyst to.theirs by
employing the initial partial pressures of €O, Hy, and CH, in our
reactor at 303°C and 300 psig.to evaluate the rate of reaction for their

' cata]ystlj At 303°C and F ='43,34“cm3/min at reactor condjtions;

PCO = 10.226 x 314.7
= 71.2 psia
P = 0.740 x 314.7
H, .
= 233.0 psia
P = 0 psia
CH4
Thus, '
-4
r = 8.92 x 10 1b moles/pr-gm cat.

At these conditions, our rate constant, k, was eva]uated to be 1.085

min , as shown below,
kv = 5,24 cm3/min
3

k = 5.24 cn¥/min/4.83 cn® = 1.085 min”!

The rate of reaction with our catalyst is calculated with the aid
of a pseudo-first order rate law in CO,

o €9 N
g = K (CeCep) (38)

where, ng is negligible when compared to Cgq- Therefore,

o -1"21.41x%0.226 3
"Y‘CO = ].085 min 87.06x576 gm mm?s/cm
copmin 1 el

hr 0.65 gm
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1.025 x 1072 gm moles/gn cat.-hr.
- 2.28 x 107° 1b joles/gn cat.-hr

I | B

 Therefore, |
CThickel o 89.2x10°° oo
(-rgpl catalyst "RR™ = 528 x 105 T

This comparison again shows that the "Aldridge" catalyst is not compete-

tive with the commerical nickel catalyst.

H. The Effect of Physical Processes on the Observed Raté of the

" 'Methanation Reaction

A reaction that occurs in a fixed-bed of porous catalysts occassion-
ally is accompanied by mass transfer and/or heat transfer limitations.
If the effective diffusion coefficient and thermal conductivity are low,
there will be both concentration and temperature gradients across the
~gas film and within the catalyst particles. The effect of temperature
gradients within the porous catalysts may be more serious than that of
Concentration'gradients when the heat of reaction is large. ’In the |
presence of such gradients, the observed rate may differ appreciably
from the actual rate at an assumed constant bed temperature, T.

To determine the combined effect of mass and heat transfer, we can
ca1cu1ate an effectiveness factor. For exothérmic reactions, this will
be the nonisothermal effectiveness factor, which is defined by Smith41 as

=‘ ‘actual rate for the whole pellet B
rate evaluated for the outer surface conditions

A solution for  the combined energy and mass balance is required to

evaluate the nonisothermal effectiveness factor.
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Neisé and Hick$43.éo1vedithg‘diffgrgntial mass and energy balances
numerica]]y to obtain.theiCOncehtration prqfi]e within.thg porous
' cata]ysts: They expressed the nonisothermal effectiveness factor
for first-order reactions in spherical catalyst pellets as a function of
a Thiele-type modulus, Arrhenius number, and heat-reaction parameter.

Our rate expression has the same form as a first-order irreversible
rate equation since the equilibrium concentration of CO is very low.
The Arrhenius number, E/RTS, can be evaluated if we assume the temperature
and concentration gradients are small across the gas film Ts‘can be taken

as the temperature of the bulk fluid. Thus,

- 12500 cal/gm mole
E/RT ]
S (1.987 cal/gm mole -OK)(643°K)

9.8

"

In this case, we can use Figure 3.4 given by Satterfie1d.44 It
is a plot of the effectiveness factor n as a function of A the Thiele
type modulus, for E/RTS = 10. |

To calculate o, We need to know the value of the éffective
diffusivity, D,, for gases diffusing in the porous "Aldridge" catalyst.
Since the pores are quite small (the aVerage pore diameter is 38 R), the
molecules co]]ide with the pore wall much more frequently than with each |
other.%* This 1is known as Knudsen diffusion. The Knudsen diffusion
coefficient for gases in a straight round pore can be calculated from

the following equationﬁ

D, = 9700 r,\/ T/M - (38)
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=
=
- @
-3
- M
-
=
n

Knudsen .diffusion coefficient, sz/sec

re = the pore radius, cm
T = ~the temperature, %
M = the molecular weight of a typical component

In eva]uating D> it is assumed that each component of a mixture
behaves as though it alone were present. We can determine the Knudsen
diffusion coefficient for CO in the porous catalyst particles because

it is the limiting reactant and diffuses more sTowly than H2' The pore

radius is calculated from the following re]ation,44
| 2V |
re = P = & | (39)
s Pp
where, VP = the pore volume, cm3/gm
S = the catalyst surface,area, cmz/gm
6 = the total void fraction

P = the bulk density of the catalyst, gm/cm3

Therefore,
2 x 0.51 -7
r = = 3,77 x 107" cm
e 270 x 10% : '
and .
o o 3:77x107 x 270 x 10* x 0.65
= L = 5 :
0.331

on

We can determine the effective Knudsen diffﬁsion coefficient for CO by

using equation 1.33 in Satterfield,**



Dy @

K,eff T (40)

= 9700 o T/M e/Tm

= 9700 x 3.77 x 107 g%i- 0.331/0.53

= 10.9 x 1073 cmZ/sec

The value of t.,, the tortuosity factor, was obtained from Table 1.13.44

me
It is for a cobalt molybdenum catalyst with a total void fraction of
0.354 and a pore radius of 22.4 x 108 cm. For this same catalyst, we
calculated the effective Knudsen diffusion coefficient of hydrogen
through nitrogen at room temperature and one atm to make comparison
with the value given by satterfield.** The reported value of the
effective diffusivity was 17.5 cm2/sec, whereas our computed value
7.7 cmz/sec. This comparison‘shows that the Knudsen diffusion regime

assumption for the calculation of the effective diffusivity of CO is

reasonable.

3 cm2/sec, for the effective

We employed the vé]ue, 10.9 x 10°
diffusivity to calculate the Thiele-type modulus with the aid of equa-

tion (11-78) given in Smith.¥)

((PS)S = r.s_ f__.l_i)).s._fL_ (4])
e
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where, r_.. = vradius of a spherical catalyst pellet, cm

. , . . =]
(k125'v = the rate constant at the surface temperature, min

0y = ‘pellet density, gn/om’
D, = effective diffusivity of CO at 370%C, cm®/sec
Ths, —
' -2 / 1 emd yi g7 AM_
_ 5.45 x 107 3.87 x L 0.97 I0_
(3 ) = 22X A0 am\ f3.87 x gm0 o

1.09 x 10-2 cmz/sec X 60 sec/min

-2
45 10”

0.027

With this small value for ¢, and E/RTS =10, the nonisothermal
effectiveness factbr can be determined from the Weizs and Hicks chart |
in Figure 3.4 given by Satterfield.44 Since the curves for different
values of the heat-reaction parameter, g, approach an effectiveness
factor of unity for values of o less than 0.2, we can conclude that
there is neither diffusion control nor resistance to heat flow for

the methanation reaction for a Thiele-type modulus of 0.027.

I. Transition Temperatures

The reason for the occurrence of transition temperatures for the
full and one-half strength cesium impregnated cata}ysts, but not for
the one-fifth cata]ysts; is not clear. It is difficult to _
eXp1ain such behaviour. The identity of the anion in the cesium salt
that is formed during the course othhe reaction is not known at
present. Such an anion might be carbonate, bicarbonate , formate,

hydroxide or some combination of these. Most 1ikely, it is carbonate.
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We.initially thought. that the.transition ?gmpgraturg-was an
indication of a phase change, that is, the meiting point of the "Aldridge"
: catalyst. We performed.an experiment to determine whethef a
'salt mixture consisting of cesium acetate, cobalt nitrate; and ammonium
molybdate at Cs:Mo and Co:Mo molar ratios of 1.07 and 0.538, respec-
tively; would melt. A one gram solid sample of such a mixture was

pretreated in 6% HpS in H, at one atm and 55006 in a small glass tube

2
wrapped with heating tube. We then passed a reaction gas mixture
through the tube and watched the physical state of the catalyst through
a small hole as we increased the temperature from 200°C to approximately
SSOOC. We did not observe any melting but did see some sintering. This
experiment demdnstrated the absence of bulk melting in our "Aldridge"

cata1yst$. Consequently we do not believe that the "Aldridge" catalyst

is a supported catalytic melt. Transition temperatures obtained from

Arrhehius plots are given in Table 91.
' J. Effect of Alkali Salt

The activities of Nalcomo 474 catalysts whiéh are impregnated with
alkali sa]ﬁs of potassium, sodium, jithium, cesium; and a mixture of
" cesium and Tithium are compared at 260°C and 400°C in Table 92 . The
difference in activities is more pronounced at 4000C. The potassium-
impregnated catalysts are quite active.' Potassium may be the alkali
'sa1t of choice in commerical processes because it is cheaper than
cesium. Tkansition temperature is observed only for the Tithium‘

impregnated catalyst.
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. Metal: Transition
Catalyst AlkaTi molybdenum temperature,
. Mumber - " metal ratio DU

ule)’ ~ cesium 1.64 351(d)
J(C)‘ cesium 1.09 358(d)
rla) cesium 1.07 180
S(b) cesium 1.07 170
t(a) cesium 1.07 341(d)
v(a) cesium 0.43 268
x(c) cesium 0.43 315
y(a) cesium 0.21 362
aac) Tithium 0.43 292

(a) cytinder #1.
(b) Cylinder #2.
(¢) cylinder #3.

(d) Diffusion-controlled transition.
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K. Arrhenius Plots

Arrhenius plots for 31 water-gas shift catalysts and three methan-
ation catalysts provide a clear indication of the quality of our data.
fhe temperature dependence of the first order rate constant for each
~catalyst is corre1atéd very well, as can be seen from the nice straight
lines.

In the water-gas shift reaction, the activation energies and fre-
quency factors don't follow any trend with respect to the Cs:Mo ratio.
For the one-fifth strength catalysts, the activation energy does not
change appreciably, whereas the frequency factor decreases with de-
creasing Cs:Mo ratio.

For the one-half strength catalysts and the full strength catalysts
with cylinder #1, correlations of activation energy and frequency factor
- with the Cs:Mo ratio make 1ittle sense. Linear regression data for
the Arrhenius plots for the water-gas shift cata]ysts are given in
Table

For the methanation reaction, catalysts_"RR" and "Z0" have appkoxi-
mately the same activation energies (12.9 and 9.9 Kcal/gm mole) and |
frequency factors (9.3X104 and 9.6X103 cm3/gm min). Catalyst "00", a cesium
impregnated A1,04 catalyst, has high activation energy of 31.8 Kcal/gm
mole and a frequency factor of 7.68X108 cm3/gm min. Linear regression data
for the Arrhenius plots for catalysts "RR", "Z0", "00", and the catal-
ysts used for the ethanol dehydration reaction are presented in Table

94.
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- Y1I.. .CONCLUSIONS

On the basis of our investigation of the "Aldridge" catalyst, an

alkali impregnated cobalt-molybdate on an A1,05 support, for the water-

~gas shift, methanation, and ethanol dehydration reactions, we can make

the following conclusions:

1.

The cesium-impreghated "Aldridge" catalyst is highly active
for the water-gas shift reaction under sulfur tolerant condi-
tions.

The activity of this catalyst is strongly dependent upon the
cesium:molybdenum molar ratio. The normalized first order
rate constant increases with this ratio until an optimum is
reached for the full strength and half strength catalyst.

The transition temperatures appeared only with the cesium-
impregnated full and half strength catalysts, but not with

the one-fifth catalysts.

The potassium-impregnated cobalt-molybdate catalyst is quite
active, in comparison to Tithium- and sodium-impregnated
versions.

The cesium-imprégnated zinc—molybdatglcata1yst is not as active
as the unimpregnated coba]temo1ybdate. Its activity is appro?
ximately half of that of catalyst "Z" at 400°c.

We don t be]ieve that the "A1dr1dge" cata]yst is a cata]yt1c
melt.

230
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7. A rate expression of shifting order, which shifts from zero

10.

11.

12,

‘to first order as the.concentration of ethanol drops, fits

the experimenta] data obtained for our ethanol dehydration
studies.

The fA]dridgef cata1yst is not as active as the commerical
n-A1503 cataTyst for the ethanol dehydration reaction, but
may have the pbtentia] to catalyze it better under sulfur
tolerant conditions. |

The cesium:molybdenum ratio has 1itt]e effect on the rate of
ethanol dehydration reaction.

The sulfur-tolerant "Aldridge" catalyst is a fair methanation
catalyst. Its activity is considerably Tower than the best}
existing nickel catalyst. |
The experimental data for the methanation reaction are
correlated satisfactorily by a pseudo-first order rate Taw
at temperatures between 275 and 450°C and a pressure of 300
psig up to a 40% conversion of CO.

The diffusion énd exothermic heat of reaction effects on the

rate of methanation are small.

13.  The difference between the activities of the cesium-impregnated

"Aldridge" catalyst and the unimpregnatéd catalyst is not

appreciable forﬁfhe catalytic methanation reaction.

—



- VIII. RECOMMENDATIONS

We recommend the.following steps to be taken as a continuation of

the study of the "Aldridge" catalyst for the water-gas shift, ethano]

dehydration, and methanation reactions:

1.

Various compositions of the potassium impregnated "A1dridge“
cata]yst should be tested for the water-gas shift reaction to
see whether it is as active as the cesium impregnated one.
This is important in view of the fact that the potassium salt
may be preferred for commerical processes owing to its low
cost.

In some coal gasification proceéses the water-gas shift
reaction will be performed at pressures as high as 1000 psig.
The activity and stability of the "Aldridge" catalyst should
be investigated at suéh pressures. _

An independent method for observing of the meiting point of
the "Aldridge" catalyst at reactor conditions should be

developed.

The ethanol dehydratioﬁ reaction should be studied with a
catalyst bed consisting of only the cobalt-molybdate catalyst
to determine whether the “inert" Al,04 parfic]es used with
catalysts "VV" and “ZZ“.contribute to thg'activity.

The reaction of ethylene glycol with the synthesis gas should

be investigated next. We expect the "Aldridge" catalyst to

232
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. be quiteIactiyg”fqr.thjs:reactiqn as.wgll. A diffgrent gas

f chrqmatqgraphic,chumn'wj11 be needed fqr,Such a study.

Other "Aldridge" catalysts, such as those based on nickel
molybdate should be tested next for the catalytic methanation
reaction.

Other means for cqntro11ing the flow rate should be employed

for the above reaction system. Thé Chatham precision valve
positioned in the sampling box does not stand up very long to
corrosive gases such as COS and HZS at high pressures. The
potentiometer of the Robinson-Halpern pressure transducer

sticks and must be tapped continuously in order to obtain
reliable readings. The replacement of this pressure transducer
would enable to measure the flow rate more accurately.

To determine the temperature and pressure dependences of the
overall rate of methation, the catalytic microreactor should

be operated differentally. This can be achieved through the

use of less catalyst and consequently Tower conversions of

the synthesis gas. For effluent gas analysis, a flame ioni-
zation detector, which is quite sensitive to organic substances, -
will be needed in cohjunction with the hot wire detector.
The catalyst particle size should bé kept at 20/60 mesh or
sma]]erfto‘avqid heat and mass transfer Timitatiqns’in the

methanation reaction.
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APPENDIX I

A summary of the materials and apparatus used in this work is

~ taken from Overstreet? and presented here with several additions.

‘Materials and Apparatus

This section contains a description of the various materials
and apparatus used.

Materials Used for Catalytic Microreactor

‘Nitrogen
Obtained from Airco, New York, New York. Used for detecting

Teaks in the reactor.

94% Ho/6% HpS. Matheson Gas Products, Division of Will Ross, Inc.,
East Ruterford, N. J. Used in pretreating catalysts.

497% Ho/49% CO/2% CO0S. 1000 psig delivery pressure. Obtained from
' Matheson Gas Products, Division of Will Ross, Inc., East Rutherford

N. J. Used as feed for study of water gas shift reaction.

CoO-MoO3 Catalyst. 12.5% C003/3.5% MoO., Nalcomo 474 hydrotreating

3
catalyst supported on A1203. Surface Area = 270 m2/gm. Nalco

Chemical Company, Houston, Texas. Used as hydrogenation/dehydrogenation

component of "Aldridge" catalysts.

‘Al,05. Hard Alumina Catalyst 200S, code #520-CP-45, Air Products and

Chemicals, Inc., Paulsboro, N. J. Used for diluting catalyst beds.

238
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‘Ceésium Acetate. CsQAc, Research Organic/Inorganic Chemical Corporation,

Be11ev11]e; N. J. Used as the alkali metal component of the

"Aldridge" cata]yst;

“'Regulator. Matheson Model 8-H two stage regulator, delivery pressure
from 0 to 650 psig, Matheson Gas Products, Division of Will Ross,

Inc., East Rutherford, N. J. Used to regulate tank pressure.

Regulator. Airco, 2 stage, delivery pressure 0 to 50 psig, Airco,
New York, New York. Used for regulation of gas pressure before

- precision value.

4-way, 5-port Ball Valve. Whitey Company, Oakland, California.

Used for selection of feed gas.

Safety Valve. Hoke Model 6564L4Y Stainless Steel adjustable Safety

Valve, Hoke Inc., Cresskill, N. J. Used to prevent excess

pressure inside the reactor.

On/off Valves. Whitey Company, Oakland, California. Used for

connecting reactant line to exhaust systém when flushing system.

Fittings. Fittings are either brass or stainless steel, several types,
exclusively Swage1ock; Crawford Fitting Company, Solon, Ohio.

Used for connecting tubing throughout entire reactor system.
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~'Pressure Gauge. Matheson 0 to 1000 psig, 6-inch dial, Division of

Will Ross; Inc:; East.Rutherford; N. J. Used to monitor reactant

- gas pressure before entering precision metering vaive.

'Water Saturator. Obtained locally [of unspecified origin]. An

appropriate substitute would be the 1000- to 500- ml stubby
stainless steel bombs sold by Whitey, with one end welded closed
and the other end welded to a stainless steel Swagelock tee.

Used for saturating dry gas feed with water vapor.

Temperature Controller. Love Model 72-1, 0 to 800°C with type J

thermocouples. Love Controls Corp., Wheeling, I11. Used to

control temperature of central portion of catalytic microreactor.

Temperature Controllers. Love Model 72-1, 0 to 2009C with type J
| thermocouples. Love Controls Corp., Wheeling, I11. Used for
controlling temperafures of water saturator, sampling valve,

and exit tube.

Témperature Controller. Southland Chemitronics Model A solid state

temperature controller, 0 to 80000, Southland Chemitronics,

Newport, Va. Used for controlling temperature of reactor ends.

“Heating Tapes. Arthur H. Thomas 5954-H50 heating tapes of various
dimensions, Hotwatt, Inc., Danvers, Mass. Used for heating

reactor and for heat-tapping lines.

e,
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‘Glassrope Heaters. Hotwatt, Inc., Danveré, Mass. Usgd,for heat

tapping various Tines.

'Insulation. Johns-Manville 4-1b density Cerafelt. Used to insulate

reactor tube and various lines. Johns?Manv11le Co., New York.

Insulation. Cerakote 5" by 1-1/2" thermo 12 pipe covering. Used to
enclose reactor insulated with Cerafelt. Porter Hayden Co.,

Baltimore, Md.

Sampling Valve. Valco Model ACMY5V-10-HPx C-20 valve, 10 port,

multifunctional with 1.16" zero volume fittings, carpenter 20
steel, with UA-1 air operator and 0.7 ml Tloop. Used for obtaining
gas samples from reactor exit. Valco Instruments Co., Houston,

Texas.

Gas Sampling Region. Made by VPI&SU Chemical Engineering Shop. Box

made of pressed asbestos, insulated with cerafelt, heated with
150 watt 1ight bulb. Contains a fan to circulate air. Used to
maintain the sampling valve at a constant temperature and to

minimize water condensation.

- Chromatograph. Perkin-Elmer model 900 with thermal conductivity

detector, Perkin Elmer Corporation, Norwalk, Conn. Used for

analysis of exit gas stream.

 Chromatographic Columns. 1/8" stainless steel columns, 6' long,

packed with 80/100 mesh chromosorb 102,



‘Digital Integrator. Auto]ameodeT,6300902.Wdth para]]g] BCD output
‘available at back, area and retention time output, Autolab
Company, Mountain View; Ca]if; Used to analyze chromatographic

areas.

Beckman Instruments, Fullerton, Calif. Used for obtaining

analog representation of chromatograph output.

Sifter. AT]en-Brad]ey #3 Sonic Sifter, with No. 20 and 60 sieves,
Fisher Scientific Company, Pittsburgh, Pa. Used to obtain

- 20/60 mesh catalyst for use in reactor.

Chatham Precision Metering Valve. Model 5G SST, 0.0005 Cv, Viton

0-Ring. Chatham Precision, Inc., 9 Commerce Street, Chatham,

N. J. Used to control the flow rate.

Power Supply. Kepco D.C. power supply, Model ABC 40 -0.5 M, Kepco Co.

New York. Used as power source for the pressure transducer.

Pressure Transducer. Robinson-Halpern, Potentiometer Pressure

- Transducer Model No. P6D-320-31N, 0-3000 psig, 100052. Robinson-
Halpern Company, Plymouth Meeting, Pa. Used to measure the

pressure or the pressure change in the volume, Vf.

DTgita] Multimeter. Keithley Model 171. Used to measure reactor

temperatufe with a thermocoup]e.
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‘Repeat-cycle Timer. Eagle Signal Company, Davenport, Iowa.

Maximum time range is.5 minutes.



APPENDIX 11

The detailed expefimenté] description of the overall reactor
system and the reactor operation procedure are presented here directly
from Overstreet's‘M.S;'thesis.z The reactor system is subdivided into

three parts. Photographs are provided in Figures 53 through 56.

A. Overall Reactor System

1. "Gas Handling System.

A single'feed gas passes through a four-way ball valve, an
on/off valve, a two-stage gas regulator, a check valve, a relief
valve set at 500 psig, a pressure gauge, a vent Tine, a vacuum Tine,
a precision fine-metering valve, and a bubble metér in the order
_ gfven. With the aid of the four-way ball valve, different feed
~gases may be readily selected: nitrogen for preliminary studies
and Teak checks; CO and CO2 for calibration of thevgas chromatograph;
6% H23/94% H2 for pretreating the "Aldridge" catalyst; and 2% COS/
~ 49% C0/49% H, for studying the water gas shift reaction. A bubble
meter is uséd to measure dry gas flow rates.

2. Reactor and Water Saturator

After the precision metering valve, the feed gas passes through
a high pressure water saturator [equipped with a 1/8-inch stainless
steel bypass valve] maintained at approximately 60°C, a heat-tapped
stainless-steel line, a seven-foot reactor-gas preheater tube, and a
five foot fixed-bed catalytic reactor maintained betWeen 150°C and

650°C and packed with 20/60 mesh catalyst. Four inches of insulation

244
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surround a 3/4-inch I.D. stegi.;ubg which contains the 1/8-inch
1.D. preheater tube and 3/16 inch I.D. reactor tube.

: Heating of the reactor is accomplished by a qnevinchqbywsix—foot
length of heating tape stretched adjacent to the 3/4-inch I;D: steel
tﬁbe. Additional short lengths of heating tape are wound at each
end of the steel tube to reflect heat back into the center of the
furnace and to minimize axial temperature profiles. ‘

Figures and demonstrate the temperature profiles actually -
established over the Tength of fhe reactor. It is clear that 120 cm
is usable at 250°C with + 29C precision or at 500°C with + 4°C
precision. | |

A water saturator is employed as the method for metering water
into the flowing reactant gas stream of C0S, CO, and H2. Gases enter
at the top of a stainless steel bomb and pass through a fritted glass
tube through approximately 200 ml of water. The saturated gas passes
out through a heat-tapped side arm and into the catalytic reactor via
an additional segment of heat tapped 1ine.

‘Alternative apprdaches to the metering of water into the feed gas,
such as a liquid metering pump or steam generator/needie valve, were

rejected. The importaht advantage of a water saturator is that the
| fixed gas feed rate can be varied without significantly changing the
pefcent water in the feed stream entering the catalytic reactor. With
the saturator, only one flow rate adjustment neéds to be made to adjust

the flow rate at conétant composition. With the metering pump and
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steam generator, two.flow rate adjustments need to be made in order

to change the gas flow rate while maintaining constant gas composition.

3. Gas Sampling and Analysis System.

After the fixed bed catalytic reactor, the effluent gases pass
through a heat-tapped Tine, a gas sampling valve equipped with a 0.7
ml sampling loop, a tfap for water vapor, and finally, a vent. The
sampled gas passes through a heat-tapped line to a nearby gas chroma-
tograph, where it is analyzed for low molecular weight organic and
inorganic gases. The peripheral equipment associated with the gas
chromatograph include a digital integrator, a8 homemade digital inter-

face to a minicomputer located five laboratories away, and a recorder.

B. Reactor Operation

A dry gas feed of 49% H,/49% CO/2% COS was used in this study.
An equimolar ratio of hydrogen and carbon monoxide is called "synthesis
gas"; such a gas composition is frequently found as an intermediate
stage in hydrogen production. A substantial amount of carbonyl sulfide
was added both to demonstrate the sulfur tolerance of the "Aldridge"
catalysts studied and to maintain the sulfide Tevel within the catalysts.

By choosing a water saturator temperature of 60°C, a steam-to-dry-
gas ratio of one to 3.35 was established. Higher temperatures led to

pfob]ems of varying water composition with changing feed gas fiow rates.

1. Startup.

The startup of the reactor system proceeds as follows:
1. Ready the chromatograph by setting the column heater to 60°¢,

the hot wire detector to a temperature of 2500C, and the hot
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wire current to.125 milliamps. Qrimpgd.flqw.restric§qrs
permanently estab]ish,thg.h§1ium carrier‘gas f]qw<tq

the chromatograph at 24 milliliters pér minute.

Turn on the digital integrator and recorder.

Adjust the regulator on the reactant gas tank to achieve
maximum delivery pressure and open the regulator valve to
establish flow.

Adjust the regulator inside the hood to achieve maximum
delivery pressure and then open the regulator valve.

Adjust the precision metering valve to establish flow to
the reactor itself. By setting high delivery pressures
using the regulators, very steady flows can be observed
past the precision metering valve. The water saturator is
initially bypassed.

After flow through the reactor has been observed, turn on
the two reactor temperature controllers to the Towest
experimental temperature of interest.

Set the temperature controllers for the water saturator,
the sampling valve region, and the region between the reactor
exit and sampling valve at 60°C, 150°C, and 150°C, respective]y.:
Switch on autotransformers controlling the heat-tapped exit
lines and carrier 1ines between the sampling valve and

chromatograph.
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After a period of ten minutes, close the water saturator
bypass valve, thus causing the dry reactant gas stream to

become saturated with water vapor.

Data were taken after the initial steady state temperature profile

was established in the reactor, a warm-up time that took approximately

45 minutes. The initial temperature used was generally 200°C which

was then increased to 400°C in 25°C increments. Data for a single

"Aldridge" catalyst could, be obtained in one 8-hour day.

For any given "Aldridge" catalyst, the following procedure was

used for obtaining data:

1.

Establish a dry-gas flow rate using the precision metering
valve. Determine the actual dry gas flow rate using a

bubble meter. Flow rates generally range from 15 ml/min

to 75 ml/min at ambient temperature and pressure. Allow

two or three minutes for equilibration of the reactor system.
Switch the sampling valve to the £i11 position. Allow 30
seconds for the sample Toop to fill.

Switch the sample valve to the sample position while simul-
taneously pressing the injection reset/totalize button on the
digital integrator.

Observe the output for the five detected components in the

order: CO, C02, HZS’ HZO’ and COS. The gas chromatograph

output for each component is given in analog fashion by the

recorder and in digital form by the digital integrator.
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.- Repeat steps (1) through (4) between three and five times.

Discqnnect.thg:thérmocqupie attachgd.to the central reactqr
temperature controller. Connect it to a digital voltmeter
and record the actual temperaturé at the center of the
reactor.

After all desired flows at a given temperature are run, raise
the reactor temperature 250C by adjusting the two reactor
temperature controllers.

Allow thirty minutes for the reactor to come to equilibrium
at the new temperature.

Repeat steps (1) through (6).

Repeat steps (7) through (9) as often as desired or until

~an upper temperature T1imit is reached.

The flow rates chosen for a given catalyst depend upon (a) the reactor

temperature, (b) the type of catalyst, and (c) the amount of catalyst

in the microreactor. For example, flows were maintained in the faster

flow regime for a "hot" catalyst at higher temperatures. For such a

catalyst, slower flow rates led to equilibrium conversions.

3. Shutdown.

Shutdown procedures are similar to startup procedures:

1.

Shut down the gas chromatograph by turning off the column
heater, the hot wire detector heater, and the hot wire current.
Turn off the recorder and digital integrator detector.
Disconnect the power to the temperature controller for the

two reactor zones, the water saturator, the samp]ing‘valve
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~ region, and the region between the reactor exit and

~sampling valye.

Switch off autqtransf@rmers.contrql1ingﬂthg heatatapped
exit lines and C§rrier lines between the samp]{ng va1ve and
chromatograph.

Open the water saturator bypass.

Allow fifteen minutes for cooling before shutting off dry
reactant gas flow; then close the flow valves for fhe two

reQu]ators. Finally, close the precision metering valve.



APPENDIX III
.COMPUTER PROGRAMS

The computer programs that we wrote to analyze the kinetic data
and to calculate the equilibrium composition for the feed gases at a
given temperature and pressure are described and the Tistings of the

both prdgrams are presented in this appendix.

1. ‘Data Analysis.

The computer program receives the data for the initial gas compo-
sition, chromatographic sensitivity factors, reaction equilibrium
constants for a temperature range of 300-1200%F, reactor temperatures,
the time (in seconds) needed for the product gases to pass through a
10 cm3 volume of the bubble meter, and finally component peak areas.
The variables, AIN, BIN, CIN, DIN, EIN, FIN, GIN, and HIN, are the
initial mole fractions of Hy, CO, CHy, COp, CoHgs HpS, Hp0, and COS,
respective]y. SFCO, SFCH4, SFCOp, SFETN, SFHpS, SFHp0, and SFCOS are

37

the sensitivity factors”’ on a mole percent basis, and Al, A2, A3, Ad,

A5, A6, and A7 are the final chromatographic peak areas in total counts,

for CO, CH,, CO,, C,H., C,)H., H,S, H

4> "72° 7276 726 2 2
variables, KC1, KC2, and KC3, are the equilibrium constants at the

0 and COS, respectively. The

~given temperatures for the following reactions:

co + 3H, N CH, + H0 (a)
C0 + H,0 == (0, + H (b)
200 = 0, + C (c)

255
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The flow rates at reactor conditions, the mole fractions of the .
product gases and the.conversion pafameters are cqmputed at each
temperature in the Toop that covers the statemgnts 11 and 12, The
data points for the p]qt of the chversion parameter, -]n(yco/ygo),_
versusvthe reciprocal flow rate for a set of flow rates are fitted by
subroutine STSQMZ, which employs a least squares method. STopes,
intercepts and correlation coefficients are evaluated and printed
at each temperature both with and without the assumption that (0.0)
is a valid data point. The flow rates are calculated by using the

following two equations:

FLOW = 1.285 * (T + 273)/SECS (1)
FLOW = FLOW * ((A8/0.74)/Q) (2)
where, T = reactor temperature, °C
SECS = time, in seconds it takes the product gases
to pass through a volume of 10 cm’ at ambient
conditions.
A8 = the final corrected molar counts for hydrogen
Q@ = the total number of'mo1ar counts
1.285 = unif conversion factor, cm3—sec/min-°K |

0.74 = 1initial mole fraction of H2
A sample input to and output from the program at 3320C is given with

the listing below.

2. Equilibrium compositions.
We can calculate the equilibriUm mole fractions for the product

_ 9ases by assuming equilibria for reactions (a), (b), and (e) are
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satisfied. The equilibria for reactions (c) and (d) are ignored for
simplicity. The details of the reduction of the number of unknowns
and reiationships to two by progressive elimination are given in
section IV. |

The solution of the last two nonlinear equations by a Newton-
ﬁéphson technique will be described in'this section. Those two
equations fbrm the fo]1oWing system of nonlinear equations when

expressed as F(x,y) and G(x,y):

F(x.y) = K{XY3PZ - (K3XZP - 0.75 Y + 0.25 X + 0.5)
(-2K3X2P - 0.25 Y + 0.5) = 0 (3)
G(x,y) = K,{(-2K3X2P + 0.5 - 1.25 X - 0.25Y) - K3XYP = 0 (4)

By expanding each function in a Taylor series and dropping the
higher order terms a linear system of equations with respect to the
increments, XONE-and YONE can be obtained. Beginning with initial
estimates for X and Y, the increments are calculated and compared
with the values of x and y. This iteration is continued until the
absolute value of the difference between X and XONE and that between
Y and YONE are smaller than a given error, EPS. When this condition
is satisfied, the calculated values of XONE and YONE are printed out
as X and Y respectively. The mo]ekfrabtions of CH4, H50, and CO,,
which are, respectively, X3, X4, and X5, can be found from the rela-
'tionships obtained during the progressive elimination procedure.

We tried to calculate the equi]ibriumlcompositions by a direct

approach, but could not obtain reasonable results owing to the divergence
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of the Newton-Raphson method as applied. to the.following three

nonlinear equations:

| e 32
‘X1(X1TX21(A*B‘f ZX1'71XZ'j'ZXB)
K oy o o 1352 (5)
(A5x1~x272x3)(5_3x]fx2) P |
X + B-3X%_+ '
e "(XZ‘XB)(“'X1'X2)f ; | o)
2 : (Aex]—X2f2X3)(X1—X2)
(X2+X3)(A—X}—X3) v
Ky = Y (7)
(A-X}-XZ— X3)°P
where, A = initial number of moles of CO
B = initial number of moles of H2
X] = moles of CH4 formed at equilibrium
X1—X2 = moles of HZO present at equilibrium
X2+X3 = moles of CO, present at equilibrium
A-X]-XZ—ZX3 = moles of CO present at equilibrium
B—3X]+X2 = moles of H2 present at equilibrium

The Tisting of the program with a sample output is given below.
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STUDIES OF AN ALKALL INPREGNATED COBALT-HOLYBDATE.
CATALYST FOR THE WATER-GAS SHIFT AND
THE METHANATION REACTIONS
by

Vasfi Berispek
(ABSTRACT)

An alkali impregnated cobalt molybdate on Al,03 support was tested
under sulfur-tolerant conditions for the water-gas shift, methanation,
~and ethanol dehydration reactions in an isothermal integral plug flow
reactor. Experimental data were obtained for 31 catalysts of different
compositions for the water-gas shift reaction and two catalysts for the
~ethanol dehydration reaction over a temperature range of 200°C to 400°C
and atmospheric pressure. The catalytic methanation reaction was per-
formed at temperatures ranging between 275°C to 450°C, a pressure of

-1 2t STP. The

| 300 psig, and a space velocity of greater than 2000 hr
synthesis gas used for the above experiments contained 2% COS and had

a H2/CO molar ratio of 3.27 for the methanation reaction and approxi-
mately 1.0 for the remaining two reactions.

A table of the mole fraction of the product gases'and a plot of the
activity, In (kY/W), versus 1/T are presented for eéch catalyst for each
reaction system. A change in the activation energy was observed at
. higher temperatures for some of the full strength water-gas shift
~ catalysts, but not for the half strength and one-fifth strength catalysts.

The reason for the occurence of the "break" points in the Arrhenius plots

is not known. The catalyst does not appear to melt at reactor conditions.



The most important-variable in the water-gas shift studies is the
cesium:molybdenum ratio. The activity, 1n(ky}w1, is éritica11y affected
by this ratio; A maximum in activity appears to exist for the one-half
“and full strength catalysts as a function of such a ratio.

| In the ethanol dehydration and methanation studies, the addition
of cesium acetate to sulfided cobalt molybdate on alumina didnt' enhance
the catalyst's activity. The 'Aldridge' cesium-cobalt-molybdate catalyst

thus appears to be uniquely effective for the water-gas shift reaction,





