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FOREVORD

The research deseribed in this report, Catalytic Combustion of Hydrocarbons, 1V. Effect
of Preparation Method on Catalytie Actwity, by E. P. Koutsoukos and Ken Nobe, was carried
out under the tecnaical direction of Ken Nobe and is part of the continning program in Air Pollu-
tion Hesearch in the Department of Engineering.
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Five types of CuO catalysts were prepared in this study by varying
the amount of KOH used in the precipitation of Cu(OH)‘; from aqueous
Cu(N03)2 solutions. The rate of the catalytic ~ombustion of ethyle~e
was used as a measure of the i_activity of these catalysts. Overall rate
expressions of the form ;-'—' kﬁ; wei-e ased to éo;relate the experimental
data. An average reaction order cf 0. 60 provided the best cor -lation of
all the kinetic data.

The experimental data indicated that the temperature required for a
given conversion decreased with increasing amounts of KOH used in the
preparation of the catalyst (up to 25 per cent greater than stoichiometric).
The BET surface area and mechanical strength of the catalyst increased
with increasing KOH used. Using the specific rate constant per unit
surface area as a measure of activity it was found that the catalytic act-
ivity of CuO decreased with increasing pH (or amount of KOH used).

Comparison of the activity of the stoichiometric catalyst prepared in
this investigation with the activity of cupric oxide-alumina (1:1) cataiyst
studied by Accomazzo for the same reaction proved greaily in favor of

N
- PN
pure Cul.
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INTRODUCTION

The activity of Catalysts depends on their chemical and physical
surface properties. Properties such as surface area, pore size and
pore distribution, crystal structure, grain size, pH, depend to a large
extent upon the mettod of preparation of the catalyst. A survey of the
litergture indicates that there is a dearth of available data on the eifect
of preparation of the catalyst on its activity. There have been only a lim-
ited number of investigations on *he factors that influence the surface area
of a given catalyst and even fewer studies on the effect of the acidity or
alkalinity of a given catalyst on its activity. This effect, in the case of
acid catalysts such as silica-alumina, is considerable and studies made
on this rather narrow group of catalysts have been extensive and quanti-
tative.l—5 Methods for determining quantitatively both Lewis acidity and
protonic acidity have been developed.6 x In general, the catalytic activity
increased with increasing acidity. Unfortunately, in most cases, either
the specific rate constan: or the temperature of a specific conversion was
used as a measure of activity. Thus, it was not clear whether the surface
area of the catalyst increased or the activation energy decreased or both.

Recently, studies of other types of acid or base catalysts have been
reported?' 9,10 The main problem seems to be the lack of a method for
quantitative measurement of the pH of a catalyst which is not strongly
acidic, and the few investigations reported were either qualitative or
semiquantitative. Usually, the activity was related to the amount of
base or acid used in the preparation of the catalyst.s' 10

The investigation reported here is a study of the activity of CuO in
the catalytvic combustion nf ethylene -— specifically the effect of the
amount of KOH used in the precipitation of Cu(OH)2 from Cu(N03)2
on the overall kinetics of the reaction, the activation energy of the

reaction, the snrface area of the catalyst.




Five different CuO catalysts were prepared by varying the amount of
KQOH added to the copper nitrate solution from 50 per cent less to 50 per
cent greater than the stoichiometric quantity. Care was taken to eliminate
or minimize other variables in the process of preparation. The surface
area of each catalyst was measured by the BET method. A rate equation
of the form r = kpn was used to correlate all the oxidation data. Indi-
vidual reaction orders were determined and an overall average value was
used in the rate expression. Finally the reproducibility of the catalysts

was investigated (surface area, density, activity).




EXPERIMENTAL

Five groups of CuO catalysts were prepared distinguishable only In
the amount of KOH used in the precipitation of Cu(OI-I)2 from Cu(N03)2
solution. The catalysts prepared were:

A. Sample #1 (50% less than stoichiometric).

Four hundred and eighty four grams of Cu(N03)2 . 3H20 (99. 9%
"Analytical Reagent'') were dissolved in 2 liters of distilled water
resulting in an approximately 0.5 M solution. The exact molality of
the solution was determined gravimetrically by electroplating the copper
from a known volume of solution on a platinum electrode. One hundred
and thirty grams of 85 per cent KOH pellets were dissolved in 1 liter
distilled water giving a 2M solution (the exact molality was determined
by titration with 1 N HCl). The two solutions were separately heated
to 80°C; the KOH solution was then added, at the rate of 3 liters per
hour, to the salt solution under constant agitation and constant temper-
ature of 80°C.

The cupric nitrate solution changed to a light green suspension,
cupric hydroxide, when the first few cubic centimeters of KOH solution
were added, changing to green heavy precipitate with further addition
of base. Subsequent to the addition of all the KOH, the mixture was
kept at 80°C, under constant agitation, for 2 hours. At the end of this
period the mixture ¢hanged from green to light brown. it was then
guction filtered. The mixture before filtration had a pH of 3.8. The
precipitate was then dispersed in 2 liters distilled water, brought to 50°C
and filtered. The same washing procedure was repeated once more.
Approximately 2 cc of the final precipitate was dispersed in 30 cc distilled
water. This solution attained a pH of 5. 7. The precipitate was air dried
until it acquired the consistency of paste. With the aid of a stainless steel
spatula the paste was forced into the 2 x 2 mm holes which were punched

in the aluminum plate, placed in an electric oven and baked for fifteen

Ca




hours at 220°C. To insure the complete dec smposition of Cu(OH)z to
CuO, a known weight of the resulting pellets was dissolved in concentrated
nitric acid and the copper in the solution was gravimetrically determined
by electroplating. The results showed complete conversion, within one
per cent. There was n~ evidence of shrinkage in the resulting dry catalyst
pellets, but they possessed rather poor mechanical strength. Upon com-
pressior they pulverized easily; howecver, there was adequate resistance
to erosion to make them suitable for use in the catalytic bed.

B. Sample #2 (25% less than stoichiometric).

This catalyst was prepared identically as the #1 sample, except
that 195 grams of KOH were used instead of 130 grams. The pH of this
and the remaining samples were determined in the same manner as for
sample #1. The pH of sample #2 was found to be 6. 3. The resulting
nellets showed no shrinkage. Although slightly stronger than those of
sample #1, the mechanical strength of sample #2 pellets was poor.

C. Sample #3 (Stoichiometric).

In this case 242 grams of Cu(NOs)2 : SHZO and 130 grams of KOH
were used. The preparation pro-edure was the same as above with the
exception that instead of 2 honrs, the resulting dark brown mixture after
the addition of KOH, was kept at BOOC for only ten minutes. The pH of
this sample was 6. 8. The dried pellets showed no shrinkage and possessed
good mechanical strength.

3. Sample #4 (25% above stoichiometric).

This catalyst was prerared identically as sample #3, except that
162. 5 grams of KOH were used instead of 130 grams. The pH of the
sample was 7. 2. The pellets, after baking, showed no shrinkage and
kad exceptionally good mechanical strength.

E. Sample #5 (50% above steoichiometric).

For this sample 195 grams of KOH were used. The preparation

procedure was the same as for sample #3. The pH of this sample was 8. 8.

The resulting pellets showed exceptional mechanical strength.




The surface area of all catalysts was measured by N

(BET method) at liguid N

2 adsorption

9 termperatures.2 Samples of 2 to ; grams were
used. Surface areas ranged from 6.4 m" /gram to 28.5 m" /gram.

A schematic diagram of the apparatus used is shown in Figure 1. The
entire apparatus (reactor tube and lines) were built of pyrex glass sup-
plemented by tygon tubing connections where temperatures permitted.

The air stream was stripped of CO2 and H_O by passage through a

molecular sieve column which was changed evzry six hours. Frequent
tests were made for presence of CO or hydrocarbons in the air stream.

The air flow rate was measured by a ball flowmeter which in turn was
calibrated by a rotometer. The hydrocarbon concentration was also
measured by a ball flowmeter which was checked at least twice a day by
timing a rising soap bubble in a 10 cc burette. The two gases were then
mixed in a mixing chamber and then introduced to the reactor. The latter
was a pyrex cylinder 1. 9 cm inside diameter, 60 cm long; it was equipped
with 2 sampling outlets and 8 thermocouple wells. The entering mixture
of gases was passed through 35 cm of packed glass rings to insure further
mixing and to preheat the gas and then passed through the catalyst bed
which ranged from 7. § to 8.5 cm in length. The thermocouple wells were

2 mm O. D. pyrex cylinders extending from the walls of the reactor tube

to the center of the tube. The latter end was sealed. The wells, spaced
from 1 to 1 1/2 cm apart, were well staggered around the tube to minimize
the disturbance of the flow pattern. The thermocouples were iron-constantan.
A Honeywell recorder was used to continuouely record temperature. The
reactor tube was enclosed by an electric furnace consisting of two sections
with two variable resistance controls in each section. Isothermal conditions
within the bed were maintained both radially and axially within + 1°C at
hydrocarbon concentrations below 1000 ppm and conversiona below 50 per
cent. At conversions above 50 per cent the temperature variation (axially)
ranged from + 1°C to + 3°C. The latter temperature gradient was ooserved

at conversions above 90 per cent and at 1000 ppm hydrocarbon concentration.
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lie radial variation of temperature was measured at 1/4 and 1/2 diameters
from the reactor tube walls and never exceeded 2°C. The pressure drop
across the bed was measured periodically by a manometer and at no time
exceeded 0. 5 per cent.

The hydrocarbon concentration, both inlet and outlet, were measured
with the aid of a FIAD flame ionizer and recorded by a L & N recorder.
When both temperature and concentration steady states were reached, the
output hydrocarbon concentration reading was taken first and then the in-
put, in order to avoid disturbance of the steady state. The linearity of
the recorder, in changing scales of sensitivity, was checked regularly.

Each catalyst was activated Lefore use, by passing air at 400°C
thrugh the bed for at least 48 hours.

Periodicaily a mass balance was taken by measuring the CO2 in the
outlet. In addition ihe outlet stream was analyzed frequently for CO,
employing a CO analyzer =ensitive between 0 and 2000 ppm.

The ethylene used in these experiments was Matheson's C P (99. 9

per cent pure).




RESULTS

The experimental data of ethylene oxidation on all five catalyst samples
are represented in Figures 6 to 13 of the Appendix. Conversion is plotted
against bed temperature, giving the familiar S-shaped curves of hydrocarbon
oxidation. The air flow rate used to determine the overall kinetics of
ethylene combustion on each catalyst was 500 liters/hcur (Figures 6 to 10).
The ethv'ene initial concentration was varied from 200 to 1000 ppm. The
axr  mental points represented in Figure 11 were obtained aiter 300 to
" -8 of use and demonstrate the consistency of the data for each cat-
alys. eod since the continuous curves represent the data taken initially. In
this figure only samples #1, #3 and #4 are depicted, but similar results
were obtained from the other samples. An empirical rate equation of the

form
- m n = n
r kp P 02 P ka (1)

was used to represent the overall kinetics of the reaction. The reaction
order, n, was determined by trial and error using temperatures resulting
in 20 to 80 per cent conversion. Table 1 shows the variation of n within
this range of conversions and also the average n for each catalyst.

The specific rate constant was determined from the design equation“

L. Qe

. [1 - (1-X) “'"’] (2)
wW(l-n) ,

for each temperature a :d each one of the catalysts. From plots such as
Figurg 16 in the Appendix, the activation energy, E, and frequency factor
A, were determined and the specific rate constant was expressed as a

function of temperature according to the Arrhenius equation

-E/RT
e

k = A (3)
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To test the validity of equation (1) data were taken by varying the
air flow rates. Figures 12 and 13 depict data taken on samples #1 and
#4 with air flow rates other than 500 liters/hour. Similar results were
obtained with the rest of the samples. The experimental points taken a:
air flow rates of 600 and 400 liters/hour are in good agreement with thz
curves determined by equation (2).

The data taken at 700 liters/hour air flow rate is urreliable since the
catalytic bed was partially fluidized at this flow rate hence, the observed
discrepency. The poor agreement between the experimental data and tne
predicted values at 300 liters/hou air flow rate can be attributed to the
fact that the plug flow assumption implied in equation (2) was no longer
valid in this case. At 300 liters/hour the Reynolds number of the flow
through the reactor tube used was 87. Accord _ to Schv.vartz12 and
Dorwoiler13 the velocity destribution of flow through packed beds becomes
a strong function of the flow rate for Reynolds numbers smaller than 69,
where the plug flow assumption does not hold. From Figure 13, however,
it seems that even at a Reynolds number of 87 guch an assumption is a
poor one. A(‘comazzoM in his work with light hydrocarbons reports
similar discrepencies at low flow rates between the experimental data
and values predicted from an empirical equation based on plug flow.

The reproducibility of the catalysts is shown in Figures 14 and 15.
Sample #6 was prepared identically as ea.nple §3; the same is true of
samples #5 and #7. The solid lines represent the Jata for catalysats #3
and #5, and the data points represent the results obiained with catalysts
¥6 and & The reproducibility is excellent. Surface area measurements
and density determination also showed good reproducibility fur all samples.

The BET surface areas, per unit weight of catalyst, are shown in

Table 1. These values were obtained from plots such as in Figure 17.

11




DISCUSSION

Figures 6 to 10 show that the conversion increases with temperature
and with decrsasing initial concentration of ethylene for all five catalysts
studi~d. This is ir accord with the results obtained by other investigators

. . 10, 14,15
using various other catalysis.

A comparison of these five graphs
shows alsoc that at a given temperature conversion increases with the
amount of KOH used in the preparation of the catalyst, with the exception
of sample #5. This latter effect is more apparent in Figure 2, where the
data for only one ethylene initial conceniration are compared.

For comparison purposes an overall reaction order, n = 0. 60, was
used in equation (2). This apparent order is equal to the average n for
three of the cataly=ts and differs only slightly {rom the other two. A
~ check of the reasonableness of this choice of the reaction order with the
experimental data for all the catalysts is shown in Figure 3. Eguation

{2) was rearranged and p;: replaced by Xo . 10.6 where X0 is the initial

ethylene concentration in ppm; thus

6
W n, _ 10 (1-n)
- X, k = (70=) [1 - (1-X) ] (4)

F

where F = Q e p%/Pt and n = 0. 60. Figure 3 is a plot of equation (4).

The slope of this curve should be constant, independent of flow rate,

initial concentration of ethylene, and the catalyst used. Figure 3 indicates
that equation (4) correlates all the experimental data quite well. With the
exception of the data taken at 300 and 700 liters per hour the agreement
appears good up to almost a conversion of 80 per cent. At higher con-
versions the pressure dsop between ambient gas ar. © the catalyst surface
becomes appreciable and the kinetic mechanism becomes affected by
diffusion.14 Thus, the experimental values of conversion at higher con-
versions are lower than the predicted ones. The deviatio.s for the 300

and 700 liters per hour flow rates have been discussed earlier.

12
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Table 1 is a summary of the physical and kinetic data for all five
catalysts. Table 2 compares conversions, reaction rate constants and
reaction rates at 2400(3, and also surfare areas and activation energies.
Table 2 shows that an increase in the amount of KOH used in the prepara-
tion of the catalysts resu.ts in an increase in the mechanical strength of
the catalyst, the conversion and the reaction ratc constant {frequency
factor) a! a given tempcrature, the apparent activation energy of the
reaction and the surface area of the catalyst. The only exception to this
trend is catalyst #5.

According to the experimental results then, catalyst #4 (the least
acidic of the 4 samples) is the best of the five catalysts for the combustion
of ethylene. The superiority of catalyst #4 is apparently due to its relatively
high surface area. The magnitude of the surface area of a catalyst depends
not only on the amount of KOH used, but also on a number of other variables
in the preparation procedure as, for example, the temperature at which
precipitation takes place, the pressure applied during the molding process,
the decomposition temperature and the gas environment at which decom-
positicn takes place. Pella16 reports that CuO of very high surface area
can be obtained when the Cu(OH)2 is decomposed, at 850°C, in the pres-
ence of pure oxygen instead of air.

In order to relate the pH of the catalyst to its catalytic activity the
effect of surface area should be eliminated. In this study the specific rate
constant per unit surface area is taken as a measure of the activity of the
catalyst. Another quantity that is independent of - . area is the ap-
parent activation energy; it has also been used as a means of comparison
of catalytic activity in various other studies, but it is a less reliable
experimental quantity in this study.

The last entry in Table 2 indicates that the catalytic activity o CuO
increases with acidity of the catalyst up to 25% less than stoichiometric
CuO. In the case of sample #1 (50% less than stoichiometric CuOQ) the

activity reaches an unexpected minimum., This, however, can be explained.

15
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at least partly, by the fact that the error in the calculation of the BET
surface area al such low values becomes large (0. 2 cc uncertainty in the
volume measured could resull to approximately 20% uncertainty in BET
surface area). The sms!l discrepency at the other end (sample #5) can
ke attributed to experimental error. Although no linear relationship

has been developed between catalytic activity and catalyst acidity, the
results of this study irndicate that catalytic activity increases with acidity,
with the effect being most eviden: in the range of 25% less than to 25%
greater than stoichicmetric CuQO.

When the apparent activation energies for the combustion of ethylene
are compared, the same trend as above is observed up to sample #4. Thus,
the activation energy for the process decreases with increasing pH of the
catalyst or KOH used in its preparation. In Figure 4 activation energies and
rate constants, at 240°C, are plotted against the catalyst samples.

The results of this investigation are consistant with those reported in
literature for various other reactions and catalysts. Most of the previocus
studies on this subject have been on the etrongly acidic catalysts used in
the petroleum indusiry. A. Clark et til4 studied the effect of the acidity
of silica-alumina catalyst on its activity in the polymerization of propy-.
lene and in the hydrogen transfer reaction between decalin end isobutene.
They report increased catalytic activity with acidity.

M. S. Boreesova et 115 studied the dehydration of isopropyl alcohol
and the dimerization of propylene and iaobutylene using the following
catalysts: silica-alumina, aluminum oxide, silica gel, calcium silicate
and phosphoric acid-silica gel. They report an increzase of catalytic activity
with an increase in acid sites on each of the above catalyst surfaces.

J. B. Figsher and F. Sebbu6 report that the activation energy for the
formic acid decomposition reaction decreases with increasing acidity
of te silica-alumina catalyst used. The decresse in the activation energy
is pronounced as the acidity is changed from 0 to 0. 05 meq. /gm., leveling
off at higher acidities (about 0. 25 meq. /gm. ).
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J. Blumenthal10 studied the effect of the amount of KOH used in the
preparation of CuO on its catalytic activity in CO oxidation. He also
reports increased activity with acidity.

Studies, underway by A. Cohen at UCLA, on CO oxidation with NiO
catalyst indicate a similar relationship between the amount of KOH used
in the preparation of the catalyst and its activity.

Ryland, Tamele and Wilson,17 in an article on cracking catalysts, give
an excellent review of the results of investigations on acidity vs activity
of acid catalysts. In all cases reported, catalytic activity increases with
acidity. In most cases the rate of increase is high at moderatz acidities
leveling off with increase in acidity. Unfortunately, in many of thes.
studies, activity is expressed in terms of conversion, overall rate const-
ants, or conversion temperatures with no mention of the procedure of
preparation of the catalyst or its surface area; thus, the effect of acidity
on the activity of the catalyst independent of its surface area is not known
making comparison between investigations very difficult. The recent
development of quantitative methods for the determinetion of acid site
concentration and distribution over the c italytic surface, in the case of
high acidity catalysts, have offered an effective tool for comparison
between various studies and subsequently should lead to a better under-
standing of the effect of acidity. The results obtained {rom measurements
of the concentration of acid sites also indicate that activity increases
with acidity.

Ryland et aln alsc report that adsorbed alkali metal cations reduce
the activity of the catalyst. The same effect is observed when aluminum
atoms are replaced by alkali atoms on silica-alumina catalyst surface
The deactivation is proportional to the concentration and the size of the
cation. This phenomenon his been interpreted as being the result of the
adsorption of cations on the active acid sites, thus rendering them inactive.

Recently, Malinowski et nla studied the basicity of silica gel catalysts

iinpregnated with various quantities of NaOH. Their results were only

19




semiquantitative, since in contrast to strong acid catalysts, there were
no quantitative methods for determining the basic site concentration or
distribution on the surface of a basic catalyst. They report the presence
of both acid and basic sites on the surface and conclude that the basicity
measured is a net value. This conclusion is based on the assumption
that basic and acid sites interact on the surface of the catalyst neutral-
izing each other. It was assumed that the basic sites corresponded to
-ONa groups on the surface.

In the case of acid catalyzed reactions (cracking, isomerization,
alkylation, etc) it is generally accepted that the reaction mechanism
involves the formation of carbonium ions (in the hydrocarbon dissociat-
ion step) and that the acid sites are directly responsible for the catalvtic
activity. I it is assumed that ethylene oxidation follows the same mech-
anism-involving the formation of carbonium ions - the higher acti.Vity
of the more acidic CuO observed in this study seems reasonable (Jenkins
and Ridealls report that ethylene when adsorbed on Ni surfaces decompose
to a CIH) complex). The deactivation effect due to blocking of acid ali;es
on silica-alumina by alkali metal cations as reported by Ryland et al,
offers a reasonable explanation for the de ‘line in activity of CuO with the
amount of KOH used in its preparation. The fact that the basic CuO was
not completely inactive could be explained from the results of Mnlinowski'aa
experiments. According to the latter results, a catalyst surface with a
net basic pH retains a number of acid sites which are still distinct and
therefore catalytically active.

Pines and Schnp19 report that isomerization and alkylation reactions
of olefing, believed until recently to be catalyzed only by acids, are also
catalyzed by bases. Similar catalysis for hydrocarbon oxidation have not,
however, been reported. |

One of the purposes of this study was to compare the activity of pure
CuO and CuO-alumina (1:1) investigated by Accomazzo. The results are

depicted in Figure 5 where ethylene conversion is plotte 1 against temp-~
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eratures. It is seen that pure CuO has a much higher activity than the
supported one. When activities are compared on the basis of unit surface
area the results again favor the pure CuO (Table 2). A better comparison
would have been possible if the degree of CuO coverage of the alumina

surface were known. Such data, however, were not available.
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CONCLUSIONS

The results of this investigation have resulted in the following con-

clusions:

1)

2)

3)

4)

5)

6)

The catalytic activity of stoichiometric CuO catalyst as prepared
in this study was much higher than the stoichiometric CuO-
Atuinina (1:1), prepared by similar methods, in the combustion
of ethylene; this was indicaled by the higher specific rate con-
stant and the lower conversion temperatures.

The amount of KOH used in the precipitation of Cu(OH)2 from
Cu(NO3)2 played an important role in the activity of the resulting
copper oxide catalyst. The experimental results indicated that
CuO was a very active catalyst for ethylene combustion. The
temperature for a specified conversion decreased with increasing
amount of KOH used up to 25 per cent ahove the stoichiometric
quantity.

The surface area of the catalyst increased with increasing
amount of KOH used.

The mechanical strength of the catalyst pellets increased with
increasing amount of KOH used.

The catalytic activity of CuO, represented by the specific rate
constant per unit surface area, increased with decr~asing pH

of the catalyst. The apparent activation energy increased with
increasing pH and is in accord with the results obtained in a
number of investigations.

The overall kinetics of the reaction for all the catalysts

between 20 and 80 per cent conversions were described by the
emnpirical rate expression r = kpoE' 60. For conversions below
20 per cent the uncertainty in k due to experimental error is
greater than 6 per cent; for conversions above 80 per cent

the reaction is affected by diffusion and the experimental values

23



1)

of conversion are lower than those predicted by the above
equation.

The method of preparation used in this study produced catalysts
of high activity. The reproducibility of the catalytic activity by
the preparation procedures was good. The catalyst activity
remained at the same Jevel for at least 500 hours of continuous
use {initial conversions were reproduced within + 2% conversion

after 500 hours of continuous use).
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APPENDIX




EXPERIMENTAL DATA

The following figures represent the complete data taken in this

study.
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SURFACE AREAS OF CuO CATALYSTS

(B.E.T METHOD)
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