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INTRODUCTION 

Object 

The superiority as cracking catalysts of synthetic 

alumlno-*silicates to natural alumlno-silicates has 

become evident in the last few years of the development 

of catalytic cracking (7)» Unpublished results in 

this laboratory have confirmed this fact. The purpose 

of this investigation was to learn whether the lower 

efficiency of clays, which are natural alumlno-silicates, 

is due to differences in certain measurable physical 

properties, such as surface area, pore sizes, porosity, 

and density, or to differences in the chemical nature 

of the surface. 

Previous work 

Many catalysts are used in the oil refining 

industry^for cracking high-boiling hydrocarbons to 

lower homologs. The first, aluminum chloride, was 

proposed by Macaffee (23) in the year 1915» although 

the action of aluminum chloride was known in 1877, 

having been discovered by Friedel and Craft (9)* 

Some investigators have stated that metal halides 

when mixed with organic acids form cracking catalysts 

of high activity. Reported yields of 45^ gasoline, 

rich in aromatics and olefins are obtained at 350- 

400°c (21). Other suggested catalysts Include active 



carbon* metals of the molybdenum and vanadium series, 

and chlorides and nitrates of iron, zinc, and copper. 

Catalytic cracking is one of the latest commercial 

developments of the oil industry. In November, 1938, 

only three cracking units, with a total charge capacity 

of 20,000 bbls. per day, were in operation. These were 

of a type developed by the Houdry process Corporation 

(13)• A typical Houdry catalyst (14) is an activated 

hydrosilicate of alumina containing SiQg and AlgO^ in 

the proportion of four to one with the two oxides 

comprising at least 90^ of the catalyst. Other Houdry 

patents (15) disclose silicates of alumina and clay 

minerals as catalysts*. 

The patent literature contains many disclosures 

of clays as catalysts for hydrocarbon conversion. One 

patent (39) claims clays treated by acids as catalysts 

for the preparation of light hydrocarbons and gas 

from petroleum residues. Only certain types of clays, 

of which montmorlllonite is the most important, are 

susceptible to improvement by acid treatment; not all 

montmorlllonites, however, may be activated in this 

way. The ability of a pretreated bleaching earth con¬ 

taining Floridin, fuller's earth, Terrana, etc. to 

catalyze thermal hydrocarbon conversion is claimed in 

another patent (20). 

Kobayashi and Yamamoto (22) have found that an 



acid Japanese clay has a strong catalytic action In 

the cracking of hydrocarbons. 

A patent by the N.v. de Bataafsche Petroleum 
Maatschappij (24) claims cracking conversion of 

hydrocarbon oils containing solid paraffins at temp¬ 

eratures of 350-400gC in the presence of more than 

15% powdered fuller's earth. Another patent by the 

same company (25) claims that hydrocarbon oils of 

high boiling point may be cracked using as catalysts 

fine carbon mixed with clay. 

The use of leached zeolites in cracking hydro¬ 

carbon oils has been disclosed (35). The zeolites 

are leached to remove - exchangeable bases, the final 

catalyst having an apparent density of between 0.4 

and 0*8 and a molar ratio of Si02 to AlgOj- of from 

5 to 1 to 20 to 1. In a similar patent (34) catalysts 

are made by treating base exchanging products with 

ammonium salts containing tin, arsenic, bismuth, 

chromium, manganese, tellurium, and selenium. 

Vapor phase cracking in the presence of a gran¬ 

ular clay has been disclosed (32), the oil vapors 

having a sufficient velocity to give the catalyst a 

whirling motion. 

Many patents contain claims involving clays as 

carriers for other active conversion agents. A patent 

(18) of the I«G. Farbenlndustrie claims carriers- 
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materials such as clay pieces impregnated with salts 

of copper, silver, gold, manganese, etc* Conversion 

of methane homologs to olefins and aromatics between 

570-900°c and one atmosphere when 1-10# oxygen is 

present in the gases is claimed. A similar patent 

(19) claims metals of Group IV to VIII as catalysts 

in conjunction with carriers such as fuller*s earth. 

Clays act both as a carrier and as a preliminary 

catalyst according to a Houdry patent (17)- Vapors 

of oil together with steam are subjected successively 

to the action of an adsorbent silicate (as Florida 

earth), ah adsorbent carrier impregnated with a metal 

(as nickel or cobalt), and finally with an adsorbent 

Billc&te impregnated with a metal or metal oxide 

(as alumina). 

Clays are also known to raise the octane numbers 

of gasolines on contact in the vapor phase. Many 

patents have been issued in this field, in a typical 

patent (30) naphtha in the vapor phase at 480-565 C is 

subjected to the action of an activated aluminous 

material such as clay. Clays also serve as carriers 

in reforming reactions. Thus (38) gasolines are'reformed 

in the vapor phase at 400-750°C and 1-70 atmospheres 

over catalysts of bentonite or montmorillonite, poss¬ 

essing only weak activity, impregnated with 2-5# of 

metal compounds, such as Ti, 2r, V, Cr, Mo, MgO, and 

AlgOj. 



Highly active clays of the montmorillonite type 

are claimed (36) to accelerate dehydrogenation of gas¬ 

eous hydrocarbons of the paraffin series# According 

to the same source, montmorillonite will catalyze the 

polymerization of gaseous olefins. Clays are also 

said (10) to polymerize propylene and amylene at 350°C 

under one atmosphere pressure to give a volatile 

motor fuel. Other examples of the action of clays as 

polymerization and condensation catalysts or carriers 

for these and other reactions are to be found In the 

literature (2). 

Several patents have been written covering methods 

of forming catalysts into pellets suitable for catalytic 

use. The formation of the catalyst pellet by extrusion 

of an adsorptive clay with a paste-like dispersion of 

bentonite in water has been patented (16). Another 

patent (33) claims conversion of higher boiling hydro¬ 

carbons to lower homologs is catalyzed by an adsorptive 

clay pelleted with water and naphthalene. 

Very little data has been published on catalytic 

cracking outside the patent literature. A review by 

Egloff and Bloch (3) of catalysts for thermal decomposi¬ 

tion of long chain aliphatic hydrocarbons led to the 

conclusion that difficultly reducible refractory oxides 

were the best potential catalysts for carbon-carbon 

bond scission. 



To discover what reactions take place in catalytic 

cracking* a number of hydrocarbons were cracked by Egloff 

Morrell, Thomas, and Bloch (4) using a catalyst of an 

activated silica-alumina type at atmospheric pressure. 

They found extensive isomerization to occur in addition 

to oracking. The products were also found to be quite 

different from those of pyrolytio cracking. 

The role of the surface in catalytic cracking has 

been discussed by Fussteig (6). He believes that active 
; 

centers on the catalyst initiate the cracking reaction. 

The different types of cracking given by different 

catalysts are discussed with reference to this theory. 

The theory and kinetics of cracking has been dis¬ 

cussed by Rideal (26) • He shows that the kinetics may 

be explained in terms of a radical mechanism. Homo¬ 

geneous reactions can, he says, be brought about by 

free radicals, and heterogeneous reactions by chemi- 

adsorbed radicals# The energy of activation of such 

heterogeneous processes is less than one-fourth that of 

the corresponding homogeneous reactions. 

Very little data on the physical nature of crack¬ 

ing catalysts has been published. However, the relation 

between catalytic activity and size of porous catalytic 

material has been treated mathematically (37). It is 

believed that a given catalyst has a certain grain size 

below which the catalyst volume will tend to control the 



reaction rate and above which the total external 

surface of the grains will tend to do so. The 

division between these two conditions is determined by 

a dimensionless quantity, x_ c 
, 

where xs is the grain radius, 

f c is the activity of unit internal surface 

of the pores, 

r is the hydraulic radius of the pores, and 

k is the diffusion coefficient. 

Interpreted, the size of grains can be increased until 

a size is reached at which products are produced faster 

in the interior of the grain than diffusion can take 

them away I the catalytic activity will become propor¬ 

tional thereafter to the external surface of the grains 

as their size is increased. 

Scope of Work 

This report includes work done from October 22, 

1942 to the present. A total of fifty-nine catalysts 

were prepared and tested during the period. 



EXPERIMENTAL WORK 



EXPERIMENTAL WORK 

The experimental work was divided into three parts: 

preparation of catalysts, determination of area and 

porosity of catalysts, and determination of catalytic 

efficiency. 

Preparation of Catalysts 

In this paper catalysts will he identified by 

code numbers. Details of each preparation may be 

found in the Appendix. Four distinct types of 

catalysts?;; were prepared* 

1. Texas sub-bentonite (Lena clay) 

A deposit of this sub-bentonite is found near 

Lena, Texas. It has a low catalytic cracking activity 

An analysis of a typical sub-bentonite Is: 

310g 57.66% 

A12°3 19*59 

FOgO^j 4,92 

CaO 4.05 

MgO 3.32 

Ha0 9.54 

NagO small 

K2O small 

The above analysis was conducted on the dry sample 

which had lost 8.18^ water at 105°C. An analysis by 

the X-ray method revealed that its structure was that 
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of montmorlllonite, whose structure has been determined 

by Hoffman (12)* individual crystal layers of the clay 

consist of layers of silicon atoms about which oxygen 

atoms are coordinated tetrahedrally* Aluminum atoms 

and hydroxide ions bind the silicon-oxygen layers to¬ 

gether as showp in Figure I. Aluminum may be replaced 

isomorphically by iron, magnesium, calcium, or other 

cations. Data by Hoffman show that as water is added 

to the clay the sheets are pushed apart from one another. 

Individual clay particles as shown by the electron 

microscope have the same sheet-like appearance as the 

crystal layers. 

In the remainder of this paper reference will be 

made to ‘'activated0 clays and to “spaced" and “unspaced" 

clays. By an activated clay is meant one which has 

been boiled with diluted sulfuric acid. For a typical 

treatment refer to “Texaco treated Texas sub-bentonlteV 

Appendix, p.ll. 

By a spaced clay is meant one in which silica gel 

has been used to cement the individual sheet-like clay 

particles apart, thus giving a higher porosity to the 

clay. Unspaced clays do not receive this silica gel 

treatment. A typical method of spacing may be found 

in the Appendix, p.4« 

The manner in which spaced and unspaced clays differ 

may be seen from their adsorption isotherms. On p*13 



of the Appendix the isotherms of a typical spaced and 

a typical unspaced Texas clay are reproduced. The 

weight of benzene adsorbed per unit weight of catalyst 

is plotted as ordinate against the ratio of the pressure 

of benzene to its total vapor pressure as abscissa. 

The amount of adsorption in the low pressure region 

(p/pQ from 0 to 0.3) is used in calculation of catalyst 

surface area. Adsorption in the high pressure region 

(P/PG from 0.8 to 1.0) , on the other hand, is a measure 

of the total volume of the pores in the catalyst, for 

it is generally agreed that capillary condensation 

takes place in this region. 

From the curves it may be seen that although 

spacing improves the area of the clay somewhat, its 

main effect is to increase the total pore volume* 

Details of the two preparations may be found in the 

Appendix, pp. 8, 11. 

in general the method of preparation of a spaced 

clay was to extrude dry 100 mesh clay with freshly 

prepared silica gel, the purpose of which ?/as to 

prevent a collapse of the clay sheets on one another 

on dehydration. The mass was then boiled in acid, 

washed, formed into pellets and activated by heating 

six hours at 900°F. In some cases metallic oxides were 

precipitated on the clays before pelleting. 
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2. super Flltrol 

This is an acid treated sub-bentonite found in 

Mississippi and California and is used commercially for 

decolorizing ^lubricating oils* The samples used as 

catalysts had been ground and pelleted mechanically* 

The possibility of using clays, previously spent In 

decolorizing oils, as catalysts is the subject of two 

patents held by the Standard Oil Development Company 

(29* 31). 

3.Synthetic silica-alumina catalyst 

This type of cracking catalyst is being used 

commercially. A typical synthetic catalyst is one 

disclosed by Blooh and Thomas (4i). Silica gel and 

alumina are precipitated separately, mixed while wet, 

agitated and boiled, heated at 3Q0°F to remove water, 

formed into pellets and fired at 900°F. 

4. California magnesium silicate 

Cracking tests were also made on a naturally 

occuring silicate, found in California and having the 

61.88^ 
0 #10 

0.10 

27.70 

2.87 

following analysis (27). 

SiOg 

H203 

CaO 

MgO 

Ka,0 
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Li2° 

K2O 

F2 

LOBS on Ignition at 
2000°F 

Oxygen equal to Fg 

1.13 

trace 

5*53 

3*17 

102*28 

2*24 

100*04 

The silicate was waxy white and swelled enormously 

when placed in water* The x-ray pattern Is diffuse, 

indicating a small particle size* 

Silica gel was precipitated with this clay as 

with the Texas sub-bentonites, to cement the small 

particles together and prevent a collapse to a flat, 

plate-like structure on dehydration* The mass was 

then acid leached in the cold, since acid boiling 

was found to remove nearly all the magnesium, leaving 

only silica# Various oxides were precipitated on 

this base, after which the mass was extruded into 

pellets and fired for six hours at 900°F. 

The pellets used in the catalytic tests were 

made by extrusion of the wet clays or of the clays 

mixed with sugar solution through a one-eighth Inch 

orifice, and by cutting the extruded threads into 

cylinders of onsFQSghth inch length* 
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Legend of Figure 2 

A. Trip Balance* for weighing in oil charge 

B. Oil Charge 

C. Constant Flow Charge Pump 

D. pressure Gage 

E. Preheater 

F. Preheater Winding 

G* Catalyst Chamber 

H. Aluminum Bronze Heating Block 

I* Block Heater Winding 

J. Condenser 

K* Receiving Flask 

L* "Knock-back" Condenser 

M. Refrigeration system 

N. Low Temperature Trap 

O. Sargent Wet Test Meter 

P* Air Flowmeter 

Q. Nitrogen Flowmeter 

R. stabilizer 



Determination of Area and porosity of catalysts 

Area and porosity of the catalysts were deter¬ 

mined from adsorption Isotherms, the calculation of 

area being made by the method of -Brunauer, Emmett, 

and feller (1). Porosity was evaluated qualitatively 

from the amount of total adsorption as discussed on 

page 10 under “Preparation of catalysts”* The adsorption 

balance used for these determinations has been described 

elsewhere (5)» the only modification in the procedure 

given in this reference being that the temperature of 

the isotherms was 26*2GC, at which temperature the 

vapor pressure of benzene was 100 mm* Hg. 

Determination of Cracking Efficiency of Catalysts 

The cracking efficiency of the catalysts was 

determined with a bench model cracking unit. A diagram 

of the unit is given in Figure 2. Itsponsiats essen¬ 

tially of a system for weighing in an oil charge, a 

constant-flow charge pump, preheater, catalyst chamber, 

condenser, receiving flask, "knock-back” condenser, 

low temperature trap, and Sargent wet test meter. 

The determination is carried out as follows: 

After purging the catalyst with nitrogen, a light 

Oklahoma gas oil {see Appendix) is pumped through the 

preheater where its temperature is raised to 950°F. 

The vapors enter the catalyst chamber at this temperature. 
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/, ;J. 

On leaving the chamber the vapors are Immediately 

cooled below the thermal cracking temperature in the 

condenser which leads to the flask where the liquid 

product is collected. Above the flask the vapors 

not condensed by the air condenser pass through a 

“knock-back” condenser kept at 32°F by means of ice 

and water. They next pass through a copper trap 

kept at 10°F by means of a refrigeration system? 

the trap contains 25 ml. of topped kerosene to aid 

in holding back light hydrocarbons* 

In some runs the trap was not used, the “knock- 

back” condenser being held at 10°F or below by means 

of a kerosene-dry ice mixture* Runs on the same 

catalyst using both systems gave almost identical 

results. 

From the trap non-condensable gases pass through 

to a wet test meter and then to a flare where they 

are burned. Samples of gas are taken at fifteen 

minute intervals for determination of density. Density 

determinations are made by comparing the time of dif¬ 

fusion of the cracked gas through an orifice with that 

of air at the same pressure and temperature. 

The unit is run at atmospheric pressure with an 

oil charge rate of two volumes of oil per volume of 

catalyst per hour, processing periods of two hours 

are used* 



After completion of the run, the liquid product is 

stabilised with a small electric heater for one hour. 

The temperature of the product during stabilization was 

found to vary in the following manner: 

Time heater is on Temperature 

15 min. 

30 

45 

60 

95°F 

147 

196 

223 

The flash is then removed and, after adding the 

product collected in the trap, the total liquid is 

distilled through a Hempel column of two cm. inside 

diameter packed a height of twelve cm. with glass beads. 

The distillation condenser is kept at 0°C, but the 

receiver is eooled initially below 10°F to prevent 

loss of the low boiling vapors which come over first. 

Distillation is stopped when the vapors at the column 

head reach a temperature of 395°F. The rate of distilla 

tion is kept between three and five milliters of 

product per minute. Distillation losses are recorded. 

They are usually small. 

Bromine numbers were determined on the naphtha 

distillate by the method of Frances (8), aniline points 

after Sach&nen (28). Both methods give reproducible 

results. 

The total conversion by a catalyst of the gas oil 



charge to naphtha, gas, and carbon was taken as a 

measure of Its efficiency. This was obtained by sub¬ 

tracting the weight of gas oil remaining after dis¬ 

tillation from the total charge, and expressing as a 

percent of r.the total charge. 
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RESULTS 

Relation of surface Area and Density to Catalytic Activity 

1. Variation of conversion with surface area 

The total catalytic conversion of gas oil to gas¬ 

oline, gas, and carbon is plotted in Figure 3 against 

the total area of the catalyst in the cracking unit. 

The total area in the unit is obtained by multiplying 

the area in sq. meters per gram,as determined from 

adsorption measurements, by the total weight of catalyst 

used in the cracking run. The same volume of catalyst, 

100 cc, was used in each run. The numbers on the graph 

refer to the catalytic run number. Table 1 summarizes 

the data not found on the graph. Detailed clay prep¬ 

arations may be found in the Appendix. For the meaning 

of •’ spacedV clay refer to page 9 • 

Table 1 

Run Catalyst Type Catalyst Appendix 

IT 11-23"42A California magnesium silicate p. T 

41 — commercial silica-alumina catalyst — 

49 — Texaco treated sub-bentonite (I^na) 11 

53 u i? n 11 

52 12-14-42F spaced sub-bentonite 8 

54 12-14-42E I! it 8 

55 1-16-43 !f it 9 

56 10- T-42A 0 H 4 

58 — Super Flltrol — 



FIGURE 4 

RELATION BETWEEN TOTAL CONVERSION 

AND CATALYST DENSITY 

WEIGHT OF CATALYST IN 100 CC 



AB may bo seen from the graph, there ie no simple 

relationship between percent conversion and total area 

of catalyst* In the Texas sub-bentonite (Lena) group 

the conversion rose to a maximum and then decreased 

with increasing surface area* The synthetic catalyst 

and Super Filtrol had both higher activities and areas 

than the sub-bentonites. The magnesium silicate had 

about the same activity as the Texas sub-bentonites 

although its area was much larger. The synthetic 

catalyst is not as active in proportion to the surface 

area as are the natural clays. 

2. Relation between total conversion and catalyst 

density. 

This relationship is shown by Figure 4* in which 

only the Texas sub-bentonite group is included. The 

general upward trend of the curve indicates that con¬ 

version is higher for denser catalysts. Since the same 

volume* 100 cc* of catalyst was used in each cracking 

test* by spacing the clays with silica gel we lowered 

the mass of the catalyst used in the test* Thus we 

lowered the apparent efficiency of cracking* based on 

total conversion of gas oil charge. The increased 

porosity of the spaced clay does not compensate for the 

lowering in mass. Since all the clays compared were 

from the same origin, the divergence of the points 



from a linear relationship indicates that other factors 

are responsible for variations in catalytic efficiency. 

The numbers, on the graph refer to the catalysts given 

in Table 1♦ 

Relation between Chemical Nature of the Surface and 

Catalytic Activity 

1* Activation effect of combined aluminum on 

y..: activated clays. 

The addition of aluminum to clays, or the partial 

removal of it from the structure in order to activate 

the surface for hydrocarbon conversion has been the 

subject of several patents* According to one patent 

($0} a substantial amount of aluminum is removed by 

acid treating, and the clay is used for catalytic con¬ 

version at 425°-570°C. A mixture of activated aluminum 

silicate with 30% clay-like aluminum silicate containing 

a small amount of free aluminum oxide is claimed (11) to 

catalyze the decomposition of heavy hydrocarbon oils. 

Either sillcayor alumina gel alone is a poor crack¬ 

ing catalyst* However, silica gel is very effective 

Yihen coprecipitated or properly Impregnated with aluminum 

In such preparations the ratio of Al to Si is significant 

and the optimum ratio 1§ lower than that in most clays. 

The usual acid activation of clays is sufficient in 

intensity to remove much aluminum and thus approach the 
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optimum ratio of Al to Si. Tt is indicated, however, 

that some free silica surfaces are produced during the 

acid activation which are no longer associated with 

aluminum. Some experiments were performed in which 

aluminum was reintroduced into the acid activated 

clays In umall amounts, enough being introduced to 

combine with an appreciable portion of the exposed 

clay surfaoes. Obviously, it is equally undesirable 

to introduce free aluminum surfaces, and it Is also 

undesirable to introduce enough aluminum to obstruct 

the capillary openings Into the clay aggregates. 

Accordingly» aluminum was precipitated in many 

ways and in various amounts on clays during the 

course of our experiments. The sample giving the 

highest conversion is compared below with the best 

of the group of spaced Texas sub-bentonites containing 

no aluminum. 

Conversion was raleed over 7f by 'the addition of aluminum. 

'/"aether the aluminum was derived from the chloride 

or nitrate salt has thus far prodjced about the same 

Run Catalyst 

7 10-31-42B 

55 1-16-43 

If ° n on a spaced 27.6 
olay 

a spaced Texas clay 20*3 

P» 5 

9 

catalytic activity The two catalysts compared in Table 3 



were prepared In exactly the same manner except that 

the aluminum on one was precipitated from the chloride 

salt and that on the other from the nitrate salt. 

Table 3 

Run Catalyst Aluminum Salt % conversion 

11 11-11-42A chloride 25*6 

12 11-11-420 nitrate 26.2 

2. Activation effect of other compounds on activated 

clays. 

To test the activation effect of magnesium on 

clay, a preparation 11-11-42D was made by precipitating 

1% magnesium oxide on the base clay used in preparifig-; 

the catalysts mentioned in Table 3* The total conversion 

given by this catalyst was only 15*8$ compared with 

25*9$.(mean) for the alumina activated samples (Table 3)* 

Catalytic tests were not male on the base clay with no 

oxide on Its surface, but since the average conversion 

of spaped Texas sub-bentonites with no oxide on their 

surface was 19$, it is definitely indicated that the 

addition of magnesium actually caused a lower conversion 

than the'prigihal clay would have given. The California 

magnesium silicate preparations were found to behave 

similarly:.. 

Refer to 
Appendix 

p* 6 

6 
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Zirconium oxide 

The activation effect of zirconium was determined 

by a catalytic test on a preparation 8-1-428 (see Appendix 

p* 3)« This catalyst was a Texas sub-bentonite spaced 

with silica gelj on the total mass 1$ ZrOg was precipi¬ 

tated . The total conversion of gas oil to naphtha, 

gas, and carbon was 21.9$. This is about 1*5$ higher 

than that given by the best Texas sub-bentonite spaced 

with silica gel* An Interesting feature of the conver¬ 

sion was the low molecular weight of the cracked gas. 

The average molecular weight was about 16, as compared 

with an average of 21 for Texas sub-bentonites. Alumina 

activated Texas sub-bentonites gave gas whose molecular 

weight was about the same as that given by the unactl- 

vated clays, synthetic silica-alumina gels gave a gas 

of molecular weight 25, or over. 

3* Activation effect of combined aluminum and 

zirconium on activated clays* 

A series of six clays were prepared on which were 

precipitated varying amounts of mixed aluminum and 

zirconium oxides. As a base for three preparations 

a Texas sub-bentonite spaced with silica gel (1-16-43) 

was used. The base clay for the other three preparations 

was the same Texas sub-bentonite, not spaced ?/ith 

silica gel but acid treated by the Texas Co. at port Arthur* 



FIGURE 5 

VARIATION OF TOTAL CONVERSION 

WITH PERCENT ALUMINA 

PERCENT ALUMINA 
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This acid treated clay is used for decolorising lub¬ 

ricating oils, preparations of all samples may be 

found in the Aooendlx. Data are summarized in Table 4. 

Pable 4 
Refer to 

Catalyst Type £A12°3 ^r02 j?0onv. BrgNo. An,?t. Appe] 

1-16-43 spaced 0 0 20.3 111.8 67.5 p. 9 

2-1-43 £ spaced 
m
 • 

0
 0.05 26.4 116.1 66.2 10 

2-1-43 1 spaced 1.0 0.10 25.6 121.8 68.0 10 

2-1-43 2 spaced 2.0 . 0.20 26,7 125;.7 67.6 10 

Texaco clay un- 
soaced 

0 0 22.0 IO7.O 73.6 11 

1-30-43 unspaced 0.5 

i
n
 

0
 * 
0
 27.7 112.4 73.3 12 

2-1-43A unspaced 1.0 0.10 25.6 117.0 72*2 12 

2-1-43B unspaced 2.0 0
 

ro
 
0
 

22.2 119 »4 70.8 12 

Figure 5 presents the variation of total conversion 

corresponding to the variation in the amount of aluminum 

(calculated as percent alumina, Al^O^) PreBeilt* Addition 

of aluminum to the unspaced clay caused the activity to 

rise to a maximum and then to decrease. This may be due 

in part to the fact that unoombined alumina, coated the 

surface at many places as increasing amounts were added. 

Since alumina, itself, is a poor catalyst this would 

explain the partial loss in activity. It is also probable 

that the alumina "plugs0 some of the small pores in the 

unspaced clay when introduced in too large amounts. The 



FIGURE 6 

VARIATION OF BROMINE NUMBER 

WITH PERCENT ALUMINA 



spaced clay, having much larger pores, will not '’plug'1 

as easily, FCr this reason its activity would not be 

expected to fall off as rapidly as increasing amounts 

of alumina were added* 

The variation of the bromine number of the gasoline 

product with the amount of alumina introduced Into the 

catalyst is given in Figure 6* Behavoir in the case of 

both spaced and unspaced clays was the same. Alumina 

seems to catalyze the conversion of gasoline hydrocarbons 

to olefins, the conversion being about proportional to 

the amount of alumina-. The spaced clays gave higher 

bromine number gasoline than did the unspaced clays:, 

containing the same amount of alumina. Thus,making 

the clay more porous seemed to facilitate the conversion 

of gasoline hydrocarbons to olefins. 

Aniline points are generally regarded as a measure 

of the aromatic content of a gasoline, but low aniline 

points may be caused by large amounts of olefins rather 

than aromatics* In Figure 7 the aniline point of the 

gasoline product is plotted as a function of the amount 

of alumina added to the catalyst. The aniline point 

of the gasoline from the spaced clay runs was found to 

remain about constantj whereas the aniline points of 

the products of the unspaced clays decreased with in¬ 

creasing amounts of alumina. Since the bromine numbers 

indicated an increase in olefins with increasing amounts 



FIGURE 7 

VARIATION OF ANILINE POINT 

WITH PERCENT ALUMINA 
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of alumina, the decrease in aniline point is probably 

due to this cause, in the case of the un^paced clays. 

The behavoir of the aniline point of the spaced clay 

gasoline is difficult to explain. The aniline points 

of gasoline from spaced clays were much lower than 

those of gasoline from unspaced. This bears out the 

indication given by the bromine numbers that more 

olefins are produced by spaced clays than by unspaced. 

4. Activation effects of combined aluminum and 

magnesium on a California magnesium silicate. 

This silicate is the one described on page 11. 

Three samples of this silicate were tested catalytic- 

ally. Sample A» the base preparation, consisted of the 

silicate spaced with additional silica and leached with 

dilute acid. On this base alumina, in one case, and 

magnesium oxide, in the other, was precipitated to give 

samples E and c respectively. Details of the preparations 

may be found in the Appendix, page 7* Results of the 

tests are summarized in Table 5* 

Catalyst Oxide 

11-23-42A none 

11-23-42B A12Q5 

11-23-420 MgO 

Table 5 

Conv. Br2 No 

19.1 102.6 

21.5 106.5 

14.3 106.3 

An. Ft 

86 

Area 

165.5 m^/gm. 

133.8 

1Q2.1 

82 

86 
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The low area of the magnesium oxide sample indicates 

that the oxide plugged the pores of the catalyst, 

making them Inaccessible to hydrocarbon vapors. It 

is noteworthy that addition of magnesium to the catalyst 

caused a 5% reduction in catalytic conversion. As 

mentioned on page 21, magnesium also lowers the con¬ 

version ability of Texas sub-bentonltes. 

Aniline points of the gasoline given by the silicate 

catalysts are 20°F higher than those given by Texas 

sub-bentonite catalysts. Lower aniline points indicate 

a smaller proportion of normal paraffins with more 

olefins, aromatics, or branched-chain paraffins. Since 

the latter have higher octane numbers than n-paraffins* 

low aniline points are desirable. 

The relatively high ratio of gasoline to gas given 

by the magnesium silicate is noteworthy, 

seen from the following table. 

Table 6 

Catalyst No. Type Gasoline 

Texaco treated Lena 13*9% 

11-23-42A California spaced 13.4 
magnesium silicate 

The clay chosen for comparison with the magnesium silicate 

gave the highest conversion of any Texas sub-bentonite 

studied. The magnesium silicate gave almost as much 

This may be 

Gas Br2No. An.Ft. 

5.2? 107.0 73.6 

3.1 102.6 88 
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gasoline and much less gas. The gasoline}gaB ratio 

in the above table is 4.3 for the magnesium silicate 

and only 2.6 for the sub-bentonite. Gas from the 

silicate run had a.rather high molecular weight, 24.5, 

as compared with 19 for the sub-bentonite run. The 

percentages in Table 6 are weight percentages} thus a 

gasolineigas ratio on a volume basis would have shown 

a wider divergence for the two samples than did the 

weight basis ratio, because of the molecular weights. 

In some initial experiments the response of the 

magnesium silicate to alumina activation compares 

favorably with that of the most active Texas aub- 

bentonite prepared. These samples are compared in 

Table 7. 

Table 7 

Gatalyet wo. Type Gasoline Gas BrgNo. An.Pt 

11-11-42A 1% AloO-a on Texas 
sub-bentonite 

18.8* 3.9* 124 67 

11-23-42B 1% AlpO-x on Gal. 
magnesium silicate 

16.6 3.4 106,5 82 

The low gas yield in both cases is due to the fact that 

the Hknock-backH condenser was about 5°C colder than in 

most runs. The high aniline point of the silicate 

gasoline is typical of such silicate catalyzed gasoline 

prepared thus far. *2 
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SUMMARY AND CONCLUSIONS 

It' is possible to disperse clays into individual 

crystals and to respace these crystals Into less dense 

aggregates having much larger pores and greater porosity. 

When acid treated, these spaced clays have areas which 

are slightly higher, per unit mass, than those of the 

unspaced acid-treated clays. The cracking efficiency of 

the clay, however is reduced by spacing if this efficien¬ 

cy is expressed as percent conversion per unit volume of 

catalyst. 

Spaced plays; usually have lower areas per unit 

volume than urispaced although, as mentioned above, they 

have a higher area per unit mass. This Investigation 

Indicates that the loss of area per unit volume, brought 

about by spacing is not compensated by the increased 

porosity and consequent Improved availability of the 

surface to hydrocarbon vapors during cracking, in 

general, without considering other variables, the dense 

clays are better catalysts on the volume basis of com¬ 

parison and are poorer on the mass basis. 

Acid activation of sub-bentonites, whether spaced 

or not, greatly increases the area per unit of mass. 

Selected natural clays, which activate to yield very 

high areas, are capable of forming better catalysts than 

clays having lower areas. This conclusion can not be 

applied too broadly, for the chemical nature of the 



surface of the clay must be considered as a factor 

determining this catalytic activity* 

This investigation indicates that acid activation 

in selectively removing Na20, KgO, and much CaO, MgO, 

and Al2fl3 leaves some silioa surfaces which are not 

catalytically active* Further investigation has shown 

that a small amount of aluminum# recombined with these 

acid activated clays without greatly reducing their 

area, will'substantially Increase their activity. This 

applies to the spaced as well as to the unspaced clays, 

but the activity of the unspaced clays is more easily 

impared by an excess of alumina. 

Synthetic silica-alumina catalysts were found to 

have both higher areas and higher activities than those 

of the most active clays tested. The catalytic activity 

of the former, however, was not as large in relation to 

their area as was that of the activated clays* Expressed 

in another way,y the specific surface activity (on a 

volume basis) appears to be higher on clays than on 

synthetic catalysts. We may therefore conclude that the 

poorer catalytic efficiency of the activated clays can 

not be attributed to afcpporer surface activity but may 

be attributed to the smaller available area. 

TJae fact that the activity of the synthetic cat¬ 

alyst is not proportional to its area indicates either: 

(a) That the surface is partly Inactive, or (b) That 
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the small pore size, which accompanies the production 

of its large area, prevents the free access of the 

hydrocarbon vapors into the interior of the catalyst 

grains* If (a) is true, the problem of Improving the 

efficiency of the catalyst lies in the field of surface 

chemistry!-if (b) is true, it lies in the field of 

vapor dynamics. In either event it may Be possible to 

improve the efficiency of the synthetic catalyst. 

Other indications of the Investigation are: 

Gasolines from activated clays have higher bromine 

numbers and lower aniline points than those from synthetic 

silica-alumina catalysts. 

Gasolines from activated spaced clays have higher 

bromine -numbers and lower aniline points than those 

from activated, but unspaced clays. 
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Cracking Stock 

Light Special Oklahoma Gas Oil 

Gravity, A.P.I< * 33*3 

Sulfur, bomb % 0.18 

Viscosity, SUS 100°F 44.6 

Distillation °F 

IBP 434 

10 508 

50 598 

90 679 

EP 712 

Rec. % 98.0 



Sodium Silicate 

The "K*1 brand sodium silicate 

used in the catalyst preparations was 

secured from the Philadelphia Quartz 

Co# Its analysis is: 

Na20 8*85# 

S102 28.7 

HgO 62*2 

density 1*395 
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Catalyst preparation 8-1-42B 

A silica gel was prepared by adding 6N HGl to a solution 

of "N'1 brand sodium silicate diluted with fifteen times its 

own volume of water. Acid addition was stopped at a pH of 

5*85* and dilute sodium hydroxide was used to raise the pH 

to 7*95* The gel was then washed free of chloride ion. 

A weight of the gel containing 40 gsis. of SiOg was mix¬ 

ed with 400, gms. of dry 100 mesh Texas sub-bentonite and 16 

gms. of sodium carbonate * The mixture was allowed to hydrate 

overnight. /The sample was extruded once at 100 psi, dried 

and extruded once at 400 pai; 15 ml. of 6N NaOH were added, 

mixed well, and the clay was extruded at 300 psi, after which 

it was again allowed to hydrate overnight. The sample was 

then extruded once at 500 pal, dried and extruded twice at 

1400 psi. 

After allowing the sample to stand in contact with 

one-half its weight of warm sulfuric acid for two hours, 

the acid was diluted to give a ten percent solution, and the 

mixture was boiled with reflux for six hours. After washing 

frae of sulfate the sample was dried, a solution of ZrOClg 

was added and X% ZrOg (by weight of the clay) precipitated by 

neutralizing with dilute ammonium hydroxide* The sample was 

washed free of chloride ion, fired six hours at 900°F, and 

then washed and dried at 120°C♦ 

The adsorption curve on this clay was very high near 

saturation pressure. This Indicates that many large pores 

were produced. 
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Catalyst preparation 10-7-424 

A silica gel was first prepared by passing GOg into a 

solution of "Hn brand sodium silicate, which had been di¬ 

luted with water until it contained five grams of Si02 to 

100 gms. of solution, A small amount of cane sugar was also 

present in the solution (2.5 gms. per 100 gms. of solution). 

After setting, the gel was immediately extruded with dry 

100 mesh Texas sub-bentonite at zero pressure .through a 1/8” 

orifice. An amount of the gel was used sufficient to give 

10/ SlOg by weight of the total mass, after drying* 

?/hen dry the mass waB allowed to stand In contact with 

concentrated sulfuric acid, of amount equal to 88/ of the 

weight of the extruded mass. After standing overnight, the 

acid was diluted to a ten percent solution and the clay was 

acid boiled for six hours. Finally the clay was washed free 

of sulfate ion, dried at 120°C, washed again, fired six hours 

at 900°F, washed and dried at 120°C. 

For catalytic tests the clay was pelleted with sugar. 

The sugar was burned off before the tests. 

One hundred cubic centimeters of the 1/8" pellets 

weighed 45*9 gras. Their area was 113»5 sq* m*/ gm. 

This clay adsorbed a very large amount of benzene near 

saturation pressure when placed in the adsorption balance. 

It was the most porous (and least dense) of any prepared 

by us. 
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Catalyst preparation 10-31-42B 

A silica gel was prepared in exactly the same manner 

as that of 10-7-42A. It was immediately extruded with dry 

100 mesh Texas sub-bentonite at zero pressure, the amount 

of slOg being 10# of the total weight of dry material. 

After drying the gel and clay were extruded once at 700 

psi, and then twice at 4500 psi., and then completely dried. 

A small amount of water was added to the sample, and it 

was extruded at 1500 psi; then with more water it was extruded 

at 1750' psi; finally after adding more water it was extruded 

at zero pressure. 

The mass was allowed to stand in contact with one-half 

its weight of sulfuric acid for twelve hourB and was then 

acid boiled In 10# acid for six hours. The clay was then 

o 
washed free of sulfate ion, and dried at 120 C. After 

grinding t<? pass eighty mesh, 120 gms. were mixed with 153 

ml. of water and 8.83 gms. of Al(KO^)^.9HgO. This mixture 

was then brought slowly to a pH of 5.5 with ammonium hydroxide, 

adding 357 ml. more water to keep the mixture fluid. This 

weight of aluminum salt should give one percent AlgO^ on the 

clay. 

The mass was then extruded at 1000-4000 psi into pellets 
o 

which, after drying, were fired for six hours at 900 F. 
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Catalyst preparations 11-11-42 A# C, and D. 

A silica gel was precipitated in the same manner as 

that of 10-7-42 A, except that no sugar was used. This gel 

was immediately extruded with dry 100 mesh Texas sub-bentonite 

at zero pressure, the slOg in the gel forming 10$ of the 

total dried mass. The mass was allowed to stand In contact 

with one-half its weight of sulfuric acid for twelve hours 

after which the acid was diluted to a ten percent solution 

and the clay acid boiled for six hours. This clay was wash¬ 

ed free of sulfate Ion and dried; it was then ground to pass 

eighty mesh, and used to prepare the following samples: 

■. 11-11*42 • A ! 

To 100 gras. of the above clay was added 127 ml. of 

water and 4.74 gms, of AICI3.6H2O (1 gm. of AlgQj)♦ After 

adding 297 ml. of water, dilute ammonium hydroxide was used 

to bring the pH up to 5.5. After filtering the mass was 

extruded into pellets at zero pressure, dried and fired 

six hours at 900°P. 

11-11-42 G 

This procedure was exactly the same as for 11-11-42 A 

except that 1$ AlgO^ was precipitated from AlCNO^^^HpO• 

11-11-42 D 

To 65*8 gms, of clay were added 200 ml. of water and 

4.19 gms, of Mg^O-^Jg^HgO (0.658 gms. of Mg); dissolved In 

50 ml, of water. Ammonium hydroxide was added to ammonia 

odor, the mass was brought to boiling, filtered, extruded 

into pellets, dried, and fired six hours at 900°F. 
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Catalyst Preparations 11-23-42 A, 8* and C. 

A. silica gel was prepared in the same manner as that of 

10-7-42 A except that no sugar was used. An amount of gel 

containing 30 gms. of SiOg was mixed with 270 gms, of Cal¬ 

ifornia magnesium silicate and extruded. After allowing 

two hours for hydration the mass was placed in contact with 

5% sulfuric acid for two hours. When washed free of sulfate, 

the sample was divided into three parts; 

11-23-42 A 

This part was extruded into 1/8M pellets, which were 

fired for six hours at 900°F. 

11-23-42 B 

The second part was slurried in water where the pellets 

were broken up. For each 100 gms. of pellets there were 

875 gms. of water. To this slurry ms added 1.0 s». of Al^ 

as 4.74 gm. of AlC1^.6HgO in 33 ml. of water. Dilute ammonium 

hydroxide was used to bring the pH to 5.6. The mass was 

washed once, dried to a paste, extruded into 1/8” pellets, 

dried and fired six hours at 900°F. 

11-23-42 C 

The last third was allowed to stand in contact with a 

\% magnesium acetate solution for several days, the solution 

being changed several times. It was then extruded into 1/8” 

threads, dried, and fired six hours at 900°F. 



Catalyst preparations 12-14-42 E and F. 

A silica gel was prepared in the same manner as that 

of 10-7-42 A except that no sugar was used. This was ex¬ 

truded first at zero pressure with 100 mesh dry Texas sub- 

bentonite through a one-eighth inch orifice, the SiO_ form- 
d 

ing 105? of the total dry mass. After drying in air the 

mixture was extruded twice at 1000 psi through the same 

orifice. The sample was then divided into two partes 

12-14-42 E 

This half was allowed to stand with one-half its weight 

of concentrated sulfuric acid overnight, after which the 

acid was diluted to a 10^ solution and the clay acid boiled 

for six hours. The mass was then washed free of sulfate ion, 

dried at 120°c, and fired six hours at 900°F. For catalytic 

test it was pelleted by extruding with a sugar solution. 

12-14-42 F 

This half was acid boiled in the same amount of acid 

as the other half, but was. not allowed to come in contact, 

with the concentrated acid. The remaining treatment was 

the same as for the 1 sample. 

The adsorption curve of 12-14-42 F is given on page 

13 of the Appendix. The E sample had almost the same curve. 
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Catalyst preparation 1-16-43 

This preparation was acomposlte sample of several 

spaced Texas sub-bentonites* which had been prepared in 

the manner of 10-7-42 A, 12-i 14-42 E and F» and the other 

spaced clays given on pages 3 to 8 of the Appendix. Its 

area was 102 sq. m./gm. and one hundred cc of 1/8*' pellets 

weighed 54.6 gms. 

This composite sample was used to prepare the catalysts 

2-1-43 i» 1* and 2, as outlined on page 10 of the Appendix. 



Catalyst Preparations 2-1-43 1» and 2. 

For these preparations mstock oxide solution was 

prepared by adding AlClj and ZrOClg to water in such pro¬ 

portions as to give a weight ratio of AlgOj to ZrOg equal 

to 90 to 10. 

2-1-43 |r 
to 100 gms. of 1-16-43*in 200 ml. of water was added 

a sufficient amount of oxide solution to give 0.5$ AlgO^ 

and 0.05$ ZrOg, based on the weight of the clay. Dilute 

ammonium hydroxide was used to bring the pH up to 6.0. 

The slurry was filtered, pelleted using sugar as a lubri¬ 

cant, and fired first at 340°C for 45 minutes and then at 

900°F for six hours. 

2-1-43 1 

This preparation was made in the same way except that 

1.0$ AlgO^ and 0.1$ ZrOg was precipitated on the surface. 

2-1-43 2 

This preparation had 2.0$ AlgO^ and 0,2$ ZrOg precip¬ 

itated on the surface* 

* see page 9» Appendix 
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Texaco Treated Texas sub-bentonite (Unspaced Lena) 

This clay had a higher density and a lower area than 

those clays which had been spaced with silica gel. The 

adsorption curve is given on page 13, Appendix. After 

receiving the acid treatment, given below* this sub-bentonite 

is used by the Texas Company for decolorizing lubricating 

oils. The treatment is briefly as follows: 

After heating to drive off adsorbed water the clay 

is slurried in water where all lumps are broken up. It 

is then acid boiled for six hours in an eight percent solu¬ 

tion of sulfuric acid, washed, and dried. 

To prepare.our catalyst this clay, as received from 

the Texas Company, was further washed until free of sulfate 

ions, pelleted by extrusion while wet, and fired six hours 

at 900°F. The area was calculated to be 83 sq. m./gm. 

One hundred cc of the 1/8" pellets weighed about 73 gms. 



Catalyst preparations 1-30-43 and 2-1-43 A and B 

These preparations were made by precipitating alumina 

and zlrconia on the Texaco treated Texas sub-bentonite (p. 11) 

which had been washed free of sulfate ion. These prepara¬ 

tions were made in the same way as were 2-1-43 ■§•» 1, and 2. 

The latter preparations are given on page 10, Appendix. 

preparation 1-30-43 contained 0,5$ AlgO^ and 0.05$ Zr0g; 

2-1-43 A contained 1.0$ AlgO^ and 0,1$ ZrOg? and 2-1-43 B 

contained 2.0$ Alg0^ and 0.2$ Zr0g. 
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