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Studies on the Solid Phosphoric Acid
as Polymerization Catalyst for Olefin Gases.

Hiroshi Ohtsuka

Abstract : -

In the course of preparation of the solid phosphoric acid, the following factors may influence
on its catalytic actlvxty k

(1) The state of phosphoric acid on the catalyst surface

(2) The kinds of the carriers.

(8) 'The methods of activation of the catalyst.

We will discuss fully on these factors. ‘

(1) The State of Phosphoric Acid on the Catalyst Surface.

As the raw materials of the solid phosphoric acid are commercial mthophosphonc acid and
some porous carrier and the catalyst is activated by heat treatment, there may exist three phosphoric
acids on the finished catalyst surface.

These are ortho-, pyro- and met'lphmphonc acid.

According to the experimental 1esu1ts pyrophosphoric acid has the highest catalytxc activity,
then follows orthophosphm}c acid, and metaphosphoric acid is quite inactive. )

Such difference in activity is supposed to be due to the stereochemical structure of the acids.

Prof. H. Horiuchi has the opinion that the first step of polymerization or isomerization of
olefins in the presence of acid catalyst is the “proton-exchange” between the acid and the hydro-
carbons. Pyrophosphoric acid, he says, has the most favorable structure for the “préton-exchange”.
While, metaphosphoric acid molecules connect with each other in a fibre-form and almost all the
protons belonging” to the acid are’used as the connecting joints, and so the acid becomes inactive
owing to the lack of catalytically active protons. ‘ '

The structures of the three acids were examined by Prof. 5. Yamaguchi by means of electron
diffraction.

Pyrophosphoric acid being most powerful, the phosphoric acid on the catalyst surface must be in
the “pyro-form”. It is the well-known fact that orthophﬂsphnoric acid changes gradually into pyro-
phosphoric acid and the latter into metaphosphoric acid on heating. Hence there may be two pos-

sible ways for maintaining the acid on the catalyst surface in the “pyro-form”. First, orthophosphoric
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acid is converted into pyrophosphoric acid by heating in a vessel made of, noncorrosive material.
Second, orthophosphoric acid is adhered to the carrier and converted into"pyrophosphoric acid on
b‘ the catalyst surface by heat treatment.  We adopted the latter as it was more suitable for in-
dustrial prepération. ' o . o

(2)‘ The Kinds of the Carriers. )

Materials used for catalyst carriers usually have high adsorptive power and give a Iérge contact
surface. R 7

To add to these properties, the carriers for phosphoric acid are required not to react with the
_acid and to hold as large amount of acid as possible.

I divided conventional carriers into three groups:

(I) Active charcoal, animal or bone charcoal.

(I1) Silicious earths (diatomaceous earths).

(III) - Acid clays, kaolin.

Those belonging to the group I, have comperatively small maintaiﬁing power for phosphoric
acid, though they hardly react with the acid. 7

Group IT is the most important. Siliciois earths being mainly consisted of hydrated silica as
shown by the name, they are attacked by phosphoric acid only slightly. ~The oxides of ifon, alumi-
num and other metals, found in silicious earth as impurities, react appreciably with the acid.
Silicious earth can hold a large amount of acid. Three to four parts of acid may be contained
safe in one part of it. ‘ \

Group III is fepresented by adsorptive clays. These may be considered as aluminum silicates’
accompanied with iron or some other metal co‘mpounds as impurities. Alumina to silica ratio being
usually 2 to 6 in them, they are fairly reactive to acid.  Their acid holding capacity is small.

Comparing the‘ above three groups, it may be admitted to say that group II, that is silicious
earth, is the best carrier for phosphoric acid from the industrial and economical standpoints.

But here, we must notice that there are many kands of silicious earths having different ad-
sorptive power in very wide range due to different surface area respectively. I investigated almost
all kinds of silicious .earth found in Japan in order to find ouf the most suitable ones for manufac-
turing the solid phosphoric acid.  These of excellent quality were found in OQkayama Prefecture,
Miyagi Prefecture, and in Hokkaido. '

For industrial preparation of the catalyst, a kind of silicivo.us earths produced in kayama
prefecture was used. -

The apparent specific gr\avity of typical silicious earths of good quality lies between 0.1 and
0.41. The smaller is the apparent specific gravity, the greater.is the acid holding capacitsr. But,
on the -other hand, small a pparent specific gravity of the carrier often lowers the mechanical strength
of the finished catalyst, though the latter is highly modified by the method of pilling.

Silicious earth used as carrier must be as/pure as possible, because the impurities have harmful
influence on the activity of the finished catalyst. Of the impurities, iron compounds have the most

powerful effect. “The influenc of the impurities is too large to explain it by their high reactivity -
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to phosphoric acid which causes natural]y the consumption of the free aid. ‘The action of the
impurities is not clear in the present state, but it may be a kind of surface phenomena, as, in the
case of the same acid content, the larger is the adsorptive power of thei carrier, the greater is the
influence: of the impurities. . o

‘We used graphite powder for improving the properties of the solid plfbsphoric acid, The amount
of addition of graphite powder is twenty to thirty percent of the weight of silicious earth, though
the addition up to fifty percent does no harm., X

The composition of our typxcal catalyst is as follows: 400 parts of 9024 orthophosphoric acid,
100 parts of silicious earth, 30 parts.of graphite powder.

. (8) The methods of Activation of the Catalyst.

(i) Activation by Heat Treatment, i .

The mixture of ortllophosphonc acid and SlllClOuS earth (containing graphite) is dried at tem-
peratures near 200 deg. C. until the state of the catalyst powder becomes suitable for pilling. Then
it is made into pills, and the pills undergo heat treatment.

The principal aim of heattreatment, in my opinion, is to remove the small quantity of water
strongly adhered to the catalyst surface. The conversion of orthophosphoric acid into pyrophosphoric
acid is completed in comperatively short time before the water removal is finished. The water
adhered to the catalyst surface can not be removed by mild drying, and its existence considerably
decreases the activity of the catalyst, even though its amount is only enough to form monomo-
lecular Jayer of water over the surface.

‘When the catalyst surface is covered or partly covered with thin film of water, the protons
of .phosphoric acid on the covered portion of the surface may combine with water molecules to form.
hydroxonium ions and may adsorb more water molecules by their ionic force around them. Hence,
the existence of water on the ¢ata'yst surface greatly decrcases the number of free active protons
(not coatediwith water). I think this is the reason why small amount of water on the surface so
1em1rk1bly lowers the .activity of the catalyst. .

’ As mentioned above, orthophosphoricacid on the catalyst surface i{s almost completely converted

) into pyrophosphoric acid during heat treatment. - But, at the same time, a part of pyrophosphoric
acid gradually changes into inactive metaphosphoric acid. As pyrophosphoric acid i comperatively
stable below 250 deg. C., two methods of heat treatment are theoretically possible. Namely, the
first method is to heat the catalyst pills below 250 deg. C. for avoiding the conversion of pyropho-
sphoric acid- into metaphosphoric “acid, though it requires fairly lonz time to remove the adhered
water (low temperature treatment),, ‘The sccond method is to treat the catalyst under higher
temperatures than 250 deg. C. Chigh temperature treatment). In this case, the formation of meta-
phosphoric acid {s inevitable to some degree,-but the time required for too water removal is much
shorter than in the former case.

According to my experimental results, the former method takes the long time for obtaining
highly active catalysts by the removal of water to put it into industrial use. It usually takes a

few days to obtain the finished catalyst. while the latter method, when properly applied, gives ef-
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fective catalysts in comperatively short time. =~ The most favorable temperature range is 300 to
850 deg. C., and under this condition the treatment requires 10 to 20 hours.

During my study on heat treatment of solid phosphoric acid, I found. very interesting relation
between the heating time and the activity of the finished catalyst. "

In the course of heat treatment, -activity of the catalyst increases first ﬁp to the highest peak
and then decreases. This tendency is qtiite natural. ‘The higher is;thertemperature of treatment,
the steeper is the slope of the activity-time curve. This fact is also self-evident. ’ ’

At first T expected that the activity-heating time relation would be obtained as a smooth curve.
But the curve actually obtained was not smooth but notched. This notched curve means that the
activity of the catalyst does not increase (or decrease) steadily but fluctuates with heating time.

1 propose here an explanation for this fluctuation of the catalyst activity during heat treatment,
but this problem.may require further discussion.’ ‘

During the heat treatment, two competitive dehydrating actions proceed on the catalyst sur-
face. The one is the removal of adhered water to increase the free protons, and the other is

the dehydration in pyrophosphoric acid molecules to produce metaphosphoric acid, which causes te

o

decrease the free protons. B '

If we assume the activity of the catalyst is proportional to the number of the free protons
on its surface, the increase of the catalytic activity by a certain duration of heating shows the in-
crease of free protons by this heat treatment, which is the difference of the appearing and disap~
pearing protons caused by the above-mentioned two dehydrating actions.

The rate of the removal of adhered water, or the rate of increase of free protons, is fairly
different at every stage of heat treatment, while the dehydration of pyrophesphoric acid, or the
diminution of free protons, is considered to proceed rather steadily during the course.

Hence, at a certain stage of heat treatment, it is possible to notice the fall of the catalytic
activity as compared with that in the preceding stage, even though there prevails a general tendency
towards increasing the actvity.

(ii) Activation by Steaming.

When silicious earth used as carrier has extremely high adsorptive power, the catalyst becomes ’
sufficiently active by heat treatment only. But, in most cases, we apply the “steaming” to the
catalyst after heat treatment to obtain its highest activity.

The treatment of the catalyst with superheated steam is called “steaming”. ‘The steam tem-’
perature lies between 300 to 350 deg. C. and the time required for- this treatment is a few hours.
Steaming is equally effective whén applied before and after heat treatment. But it usually follows
heat treatment. ' .

In my opinion, the action of steam is “stripping”. The water strongly adhered to the catalyst
surface may be stripped off by steam flow. This action of steam is very‘similar to that of “strip-
ping steam” used in petroleum distillation.

Steaming being more effective than heat treatment for the removal of wéger, the time required

for preparing the catalyst may be reduced to a »co'nsiderable» degree by pertinent combination of
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steaming and heat treatment.

Mild heat treatment is always necéssary after steaming, as the latter usually lowers the me-
chanical strength of the catalyst. ‘

(4) Regeneration of thé Catalyst. _

Regeneration of the solid phosphoric acid catalyst was not applied to industry in Japan, as
the poly-plant operation was always discontinued by choking of the reaction tubes. ’

The surface of the catalyst is gradually covered with carbonaceous materials (probably highly
condensed or pélymerized products ©f olefins) during use and this decreases the activity of the
catalyst. Hence regeneration of the catalyst is achieved Ly removing the carbonaceous materials
from its surface. ' '

In our laboratory, the spent catalyst having about 509 activity of the fresh catalyst was treated
with.inert gas containing 224 of oxygen for a few hours at 350 deg.C. By this treatment about
ninety percent of the original activity was recovered. ‘

(;As the catalyst towers of the poly-plants in Japan are heated by means of hot pressure water
circulation, it is difficplt to elevate the tower temperaﬁu‘e ‘over 200 deg. C. Consequently, if re-
generation were applied to industry, it could not be done in the catalyst towers, unless the heating
medium is Charlgéd. /

~ 'When the solid phosphoric acid catalyst is used for the dehydration of butanol,~the fall of
catalytic activity is partly due to the loss of phosphoric acid caused by }iigh operating'temperature.

Accordingly, recovery of the activity of the spent catalyst by regeneration is quite difficult-in this case.
(Chemical Engineering Laboratory, Faculty of Engineering,
. - Hokkaido Unlversity) ‘
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