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EXPLANATORY NOTE

The term “biion’’ signifies a thousand milion
Reference to “dollars” indicates United States dollars.
Reference to "tons” indicates metric tons. ‘










NOTE

The Expert Group Meeting on Tronsfer of Know-How In the Produc-
“on and Use of Catalysts, organized by the Joint UNIDO/Romania Certre
for International Co-operation in the Chemical and Petrochemical Indus.
trres  for the Benelt of the Develcping  Countries, was held ot
Bucharest from 26-30 June 1972 This report of the meeting, comprising
an account of the discussion ond the technical papers submitted to the
meeting, is i1ssued by UNIDO as an internal documeni The papers are
reproduced in the form in which they were received. Only typographical
errors and errors of fact or terminology have been corrected The report
vias printed in Romania wth the assistarce of the loint Centre. Ut IDQ
expresses its appreciation to the Centre |or its co-operation in the issue
of this document.

The designatiors employed and the presentation of the moterial in
thi< document do not imply the expression of any opinioan whatsoever on
the pait of the Secretariot of the United Natiors concerning the legal
status of ony country or territory or of its authorities, or concerning the
delimitation of its frontiers,

The views ond opinions expressed in these papers ore those of the

outhors and do not necessarily reflect the views of the secretariat of the
United Nations Industriai Development Organization.
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As part of the UNIDO prograrmme of work tur 19/2 an expert group
mee'ing on the "Transfer of know how in the production and Lse of cnta
lysts” was held ut Bucharest. Romania trem 26-30 lune 1972 This o
not.onal meeting constituted the ¥ir.* activity of the recently established
Joim UNICO/Romania Cantre for International Co operation in the Freld
of Chemical and Petrochemica! Industries for the Develop'ng Countries

The man objectives .t the meei:n,, were

{a) To identty problems relatad to the production. ad use of coto
lysts 107 the tenilizer and petrochemical industries in developing countnies

(b} T~ orovide guideiines for *he future work pragramme ot UNIDO
i ("HS "Qid

Additional objactives were

(c) To promota investment n production facilities .n feveloping
countries

(d) To consider wavs and r aane ot trandterring catalyst technology 1o
countries in which the chemico industry 13 sufficiantly deve'sned tn justity
fomestic production:

{#) io as.ist these developing -cuntries in planning the future pro
duction of catalysts,

(f) To identify future trend in the use of new types of catalysts for
the fertilizer und petroc emical industric

On bahatf of UNIDO, Mr M C Verghesa octed os Director of the
Meeting and Mr A. Dumitrescu as Technical Secratary On behalf of the
Romanian component of the Jomt Cervtre anu the orgamiiing committee,
Mr A Luigu served as Co Director and Mr V. lonitd wos ligison officer
M O Sukiu and Mr. |V Nicolesct: of Rom.ania were elected Chairman and
V‘m-ChQ;‘mn respectively, a4 Mr Fernar4o Colunga Diego. Rapporteur.

the meeting wos ottended by forty seven persons from fiteen coun-
tries a.d one International orgarization twenty expertc from eleven
csuntries (Bulgana, the Federal Republic of Garmany, India. Iran. Isrcel,
Mexico, Romania. Turkey, the United Kingdom of Great 8rit in and Nor-
then lrelond, the United States of Americo cnd Yugoslavi 1) and one
international orgonization; one consultant from Romenia appointed by

and twenty-six observers from eight courtries (France, the Federal
Republ.c of Germany, Inan, ltaly, the Netherfands, Poland, Romania ond
the United Stuces of Amurica).

The ingugural address wus mads by the Ministe: of the _ ...wcal
indusiry of Romania, Mr. M. Florescu. } lr. Varghese read o message from
the Executive Direcier of UNIDO, Mr. |, H. Abdei-Rot. non. Mr. A. Rotivul,
Resident Reprecerteive of the United Notiocns Development Programme
tovieowed th . projects of Romenia ar.d Mr, Dumitrescy peasented the over-
ok pregrame.e for the mesting.

e
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The meeting ciosed with messages of thanks and summaories by the
Deputy Minister of *he ( hemigl Industry ot Romania, Mr V. Belizne,
by Mr Vergrese and Mr G Suciu

I. THE DEVELOPMF~ T PRODUCTION AND uUse
OF CATALYSTS IN TH'E DEVELOPING COUNTRIES

Papers on the fevelopment. production and use of o voriety of
catalys's were presentad to the meeting The subjects ronged fro.s poticy
Questnny iy resear b from iong 'erm expenience m catolyst development
and productan and local problems relating to their se to novel reactions
ond technoiogies such s the se of phosphornc acd os o catalytic me-
dium tor orgoric ea tuns Some of the papers dealt with the specifics
of rataiyst arepargtion for v Aabydrochlannagtion of ethylene dichloride,
the hydrodesuiphornrgn o of bie i ysing a < caventional catolyst, and the
Prepa: o cinn e3b (s 12T STF RTINS ny (‘3'&']‘1'!( refofmmg 0’ potrobum 'm‘oﬂ‘;
other papers were oncerned with problems of education and training.

Various popers called attention to the nature of the eMorts made in
some developing suntries to prc mote know how in view of \he intricocies
of industnal cataivs's und cutalytic processes From reports presented ond
discussions whh ook place on this subject, # was evident that many of
the developing countries were aiready actively involved, having developed
focilities tor physico chemical studias ond pilot scale evalugtions of cota-
lysts. These countras were determined to toke steps which would qualify
ther to undertake catalyst assessment and also to produce the cowolysts
they neaded for their industres In tact, several of the papers concluded
that in consideration of the domestic bulk consumption of cotalysts, the
country concerned should take such an active part in catolyst reseorch and
development that the country cculd eventually develop into a major coto-
lyst manufacturer

It was occepted as minimym requirement that users in developing
countr.es should establish adequate facilities for coatalys! assessment to
allow for the eramination of samples received from potential suppliers,
Such focilities are needed not only because of commercia! factors involved
and geogrophical location, but also becouse of the unfortunate conse-
quences thot can result from total reliance on foreign cotalyst manufac-
tirers. In exomples given by representotives of developing countries, some
catalysts that were guaranteed for two years b led within six months, and
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the suppiiers did not oHter replccements In sprte of vy nbstacies to be
overcome the description of pilot ynits the details given of testing pro
cedures used and other revealing factors indicate that soma Jeveloping
countr.es weie compeient to proceed with the selection development and
manutacture of calotysts

The depth of the experience achieved wos clear from presentations
dncnbmg reaction mechanisms, process thermodynamics, physico chemical
characteristics of catalysts and the sHect . operating variables on catalyst
performance Several participonts however expressad thew concem gt the
expenditure involved ard the time required for o developing country to
establish such competence and at the uncertainty of ever gaining this
oujective

Not the least of the many difficulties t. be encountered was the
problem of financing cotalyst projects in develo,ng countries local pro
blems ivolved in cbtoming odequate finance fiom industrial umits opply
ing catolytic processes were presented by one of the participants

Difficulties in recruiting stoff odequaiely traned in this field were
olso discussed Because thare were so few good technologists, there was
much competition for thesr serwces Limisations in prokessionol scope ond
prospects caused professionals to che nge position frequently which has
acted as a deterrent in developing or } uilding up expertise

Representatives from developing countries in which catolyst manu
hicture had already been initiated offered suggestions from their own
sxperience relating te the transfer of cotalyst know -how to industry. The
type of tests required and the equipment ond techniques needed for
mﬂq control ond evaluation of catalysts were discussed. it was agreed

t botchas of ontolysts were best prepared in equipment

that was a prototype of o full-scale commercial unit This approoch was
considered essential for minimizing prot sms reloted to scole-up from the
loboratery scole to operations in commercial units

It wos clear from popers presented that there was now a growing
interest in the field of industrial cotalysts both in universities and industrial
loboratories of developing countries. However, the devetopment of focilities
for fundnmental and applied research should be supplemented by courses
in industrial catalysis ot the university level

Schemes for training scientists and engineers in operoting catalytic
units before urdertaking assignments in research were considered oy the
participonts as on importont step in the generation of such expertise. One
participont from o developing country believed that without such expertise
the know-how of catalyst development and production olone was meaning-
less. because the consumer was not in a position to opply the cotalysts
thagt were monuloctured. The expertise generated must include the com-
missioning steps in bringing o cotalyst to e Laccuze without such com-
petence even a proven catalyst may fail. The opinion was expreswed that
competence in cotelyst technology cannot be considered established untit
the moterighs produced continue to function in commercial units for rea-
senuble periods of time and under guarantess. i

In enploring means te evercome the difficultie. discussed, the Expert
Oroup considered co-sperative - "orts and possible .ources of ossistence.
R wos feit necessary te emamine the
for emtalyst selection.
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owas the geneai ooiman that UNIDO couid be of assistance in
Ry regatd both e supportng eHorts 1o estgbls h standards n catalyst
Cormrtenratan and by astabi stvng a catalvst doc.mentation centre.

. TEST METHODS FOR CATALYSTS AND
THE EVALUATION OF CATALYTIC PROCESSES

The probiem of catalyst testing in developing countries was con-
sidered from two points of view {q) the general problem of asmbhihmg
critenia tor catalys purchasing and uee  and (b) the exchange of expe
rence ond information on methads and reachnigues noogaalyst sl

Concerning the first Qspect representgtives from developing countnes
stressed the :mportance of cataist testing for ther ndustries, suggesting
means by which domestic competence might be realized In order to estq.
blish a rational basis for comparison of cotalysts offered by diHerent pro
ducers consideration ¢ nuld be given to  the selection of properties requi
red 1o characterize each particubar system  the establishme of corre'ations
between process cond tions and acceptable tolerances of critical proper
hes of catalysts and he definition of methods to be used in catelyst
'ei!mg

In regard to the standardization of methods fo, catalyst testing, the
significance of some of the conventional criteria for the evaluation »f
cotalysts was questioned The basic criterio tor evaluating and selecting
cotalysts were define! ng the effoctiveress of thew octivity and their telec-
tivity and stability, that s their "life"” under operating condtions in com.
mercial olants It was nointed out that the endeavours of the industry to
develop reliable methods for investigoting *he dynamics of catolyst ageing
'n reactors were still active

Representatives of several of the catalyst manufacturers expressed
the opinion thgt catalyst users should not test catolysts themselves, byt
should leave testing to the cotalysts suppliers This approach, based on
confidence wn supphers in heu of effackiv+ local testing facikties, was dis-
cussed extensively and considered by most speckers os not entirely ade-
quate It was concluded that in spite of the numerous difficulties involved,
a developing country should strive to establish competence in cotalyst

testing to ensure optimum performar e in the operation of its  hemical
industry

Consideration . iven to methods applied in the investigation of
the physico-chemicai «erties of cataiysts as well as 'her relationship to
reactor characteristics 1 was noted thot in this area the exchange of

experience between developing countries ond co-operative progrommes
should be encouraged.

nstrumentatior. and the application of numerous methods were revie-
wed adsorption measurements and BET techniques, pressure porosimetry,
magnetic balance. X-ray, electricol conductivity and ESR, thermogravimetry,
* . quartz microbalance, chromatography and activity tests With regard
to the activity tests. the determinatic , of the activity of solid catalysts,
gccount was taken of the physical phenomena associated with catalytic
reactions, and the mechanicol design and functional characteristics of
variaus types of catalytic reactors. k was pointed out that the choice of
o significant test reaction for a particulor catalyst involved q critical
decision.
Three levels of catalyst testing were defined: (a) simple comparative
testing: (b) intensive catalyst evaluation, including simulated plant opeiqa-
tion; and (c) fundamental examination to charactcrize in detail the catalyst
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and the react:ons it catalyres The vanous techn.ques used ot each level ¢
catalyst testing were described and thesr usefuliness to the catalyst resea:-
cher. catolyst manufacturer and catalyst user was assessed [he testing
of the several types of catalysts used 1n ammoma manufocture was used
as an illustrotion, considering both those testing methods which are com-
mon to oll catalysts and those which are particular to individual catalysts.
The measurement of a cotalyst’s octivity, chemicol constituents, and phy-
sical properties, such as surface aieq. pore structure, shapa ond strength
was ¢ scussed.

/As on .mportant step in catalyst testing, the physicol and mathe-
matical modelimg of heterogeneous processas was presented. This con-
sisted of:

Kinetic characterization of the catalyst,

Thermodynamic characterization . the reaction,

Scale-down of the commercici re 1ctor.

Formulation of the equaticn for heat and mass tronsfer.

Subsequent adjustment ot the kinetic data which characterizes the
catalyst,

Highly instructive surveys of methods and procedures applied in manu-
facturing practice were presented by several catalyst manufacturers. These
contributions conformed with the central theme of the meeting.

1. PLANTS AND EQUIPMENT FOR CATALYST
MANUFACTURE AND CATALYTIC PROCESSES

o

The papers surveyed various aspects reluted to catalyst manufacture
and their use in catalytic processes. The views of experts from large cata-
lyst manufacturing companies in highly industrialized countries were con-
fronted with the views, ideas and problems of experts from developing
countries. The animoted aond interesting discussions of the popers pre-
sented served to underline the Importance and need of examining thorou-
ghly the vorious aspects of this porticuiar field. However, Sime did not
permit such an examination oand the discussion therefore was somewhat
limited.

There was a sharp divergence of ideas and opinions expressed by
experts from the developing countries and experts representing large In-
dustrial catalyst manufacturers in developed countries. The were
rother sceptical as to the possibility of 1aanufocturing catalysts in deve-
loping countries and suggested that the production of catalysts should
be limited to qualified componies in highly industrialized countries. Experts
from developing countries smphasized the necessity of establishing cata-
lyst manulocture in their countries, not only for economic reasons but also
for political, social and techno-educational reesons. From the discussions,
it oppean that the mhdmdmmdoualnhmmbh
with relatively simple production units. Such units could constitute a begin-
ning of domestic manufacture of catalysts in dcnlo':m countries. From

The smoli-scole manufocture of o phthalic anhydride cuw:rt was
mmmmm%dthhcm.ﬂu'mﬁmmd Is kind
plant con be used dmmwmmmmwm-
aﬁrm&hﬁwml. Several exom-

as well
zammm M!hommbmneimmm

miadmhﬂu'mmhshmmwshodhmm
unm-ﬁmulmﬂddﬂnmm.
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From the contents of the papers presented in this section and from
the giscussion which followed # appeared that the instailation of carefully
selected cotalyst production umits, initially !imited to projects which can be
reclize i with a relatively modest capital expenditure. was feasible in many
developing courtnies In certain instunces these could perhaps be under-
taken as joint ventures with manufactirers established in the field; this
wauld canstitute a concrete cxpression of the transfer of know-how to
developing countries.

It was suggested :hat UNIDO encourage and® support intentians to
install suck cotalyst manufacturing plants and their subsequent use for
technological development in developing countries by the following means:

(o) Procuring o technologicol smail-scole model of o cotalyst monu-
tacturing plunt comoined with semi-technical scale demonstration units
and piiut plants for the further development of cotalytic processes:

(b) Orgonizing on information service and technological documenta -
tian centre designed to provide developing countries with information on
catalyst monufacturing processes and focilities os well as or catalyic
processes, this centre should contain a patent documentation section. It
was suggested that UNIDO -o-ardinate its own activities in this particular
field with those of the newly organized International Patent Documenta-
tion Centre in Vienna, Austria. UNIDO wos offered the services of dato
processing facilities by a participant from one of the developed countries,
it was hoped that other countries would follow this initiative:

(c) Acquiring a mobile and easily transportable oatalytic reaction
demonstration unit which could be ploced temporarily at the disposal
of technical centres in aifferent developing countries tc. promote deveiop-
ment work in this field. This demonstration unit might be a corollary to the
model cataiyst manufocturing unit mentioned above:

(d) Appointing experts ta study the feasibility of oatalyst manufocture
and use in developing countries requesting such services:

(e) Organizing subsequent meetings on the subject of cotalysis with
more detailed agenda, narrowly defined topics, and possibly with an In-
creased number of participants. Discussions couk! be combined with
visits to cotolyst monufacturing plants and to plants using cotaiytic pro-
cesses. Emphasis ot these meetings should be placed on catalysts which
appeared to be of porticular interest or importonce to developing coun-
tries, and ‘hich could be manufactured feasibly in these countries. It was
suggested ti at a group of papers could be presented briefly by o rappor-
teur ot these maetings thus leaving more time for discussion ond an
opportunity to exchange opinions in informal gatherings.

IV. NEW TRENDS IN CATALYSIS AND IN THE USE
' OF CATALYSTS

Both In papers and in discussions amphasis was placed o, the in-
creasing role of cotalysis in meeting the vopidly exponding world-wide
energy Jemand, and in providing feedstocks for an ever w ening variety
of products. Catalytic processes have become the most important ool Iin
the majority of chemical conversions, irrespective of the size of the country
or its ecanomic scope. In spite of the fact that research efforts were not
unifarm throughout the warld, ond the most imporant achisvements in
catalysis were found in the develaped countiies, the deve couniries
were also becoming involved In catalytic research em‘:ﬂ ;:ﬂkmﬂ

activities.
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it was indicoted that most of the over all research at the present
time was still devoted to heterogeneous catoiysis, the development of
improved cataiysts, and more efficient processes. An increased interest
was olso being shown in homogeneous catalysis, in spite of earlier reser-
vations in this field. Kessorch achievements in heterogeneous cataiysis
relote particularly to improving the economics of prevalent transformations,
decreasing reaction temperature ond pressure, increasing cotaiyst life and
yields, improving product quality and other such accomplishments. The
improvenien. of catalysts and the deveiopment of new catalytic systems
would be aided considerabiy by advances in methods for their synthesis
ond characterization. The extent to which developing countries could devote
efforts to research in catalysis wili be dictated by domestic conditions ~
techno-economic, social and politicai. The scole of operation wili greatly
influence the selection of routes which might be pursued in process
development. Smalier units ailow for ?reoter flexibility in considering pro-
cesses which give coupied products. These units may increase the scope
of the industriai development.

Some opportunities of this kind were suggested in a paper on “New
trends in ootalysis”. Other developments were described which promised
significant commercial advantages. The impact of homogeneous catolysis
wos emphasized in this review of the more recent processes for the manu-
facture of acetic acid, ammonia and methonol, nylon intermediates in
ethylene epoxidation, the oxo-synthesis, the ammoxidation of propyiene for
acrylonitrile production, hydrogenation processes. and others.

l.'!ordinq the oxo-technology, it was suggested that in the near
future, rhodium cotalysts wiil probobly replace thosa containing cobakt.
Catulysts based on rhodium also appeared to be more efficient for the
synthesls of acetic acid, showing important economic advantoges uver the
Woacker process.

In connexion with the manufocture of ammonia and methanol, recent
technological changes cllowed for considerable reductions in operating
pressures. [t wos pointed out thot interest in ammonia production gene-
rally precedes that of methanol in countnies. Becouse of the
similarities In these technologies, consideration should be given tc the
design of an initiol ammonia plant which at a later stage could be con-
verted into o methanol plant when ammonio capacity is to be extended.
It seemed that in such coses it would not be advisable to use the low
pressure methanal technology.

In the field of hydrogenation, new and interesting catalytic systems
hove been arninounced, several of which were expected to achieve com-
mercial implementation in the near future. New catalytic systems which
combine the advantoges of homogeneous and heterogeneous catalysis
were described. They were indicated os being highly selective, capable of
functioning under mild conditions and easily removed from the reaction
product by filkation.

In the munufocture of ocrylonitrile by ammoxidation, important pro-
rots has baeen made in the development of improved cotalysts, such as
uranyl antimonote ond tellurium molybdate, which decreosed the formation
of by-product acetonitrile.

, The poper entitlec "Activity and lifs of catalysts for the production
of ammonia” stressed the importance of mutual understonding between
the cetalyst supplier and the customer. Becauss of *e mony factors invol-
ved, care must be taken in selecting the catolysis: quality and cost con-
wira oont lncurved con be regovered rapidly by improved plant operation.
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Trends for the improvemen: of contemporary cotalytic proresses n
the o1l processing indusiry were ndicated These processes include (ato-
yhe cracking reforming hydrocracking, hydrodesulphurization and others

The paper enttied “Improved economics in catalytic reforming” con-
cerned the advantages gainc.! by introducing bi- or poly-metallic cotolysts
instead of the conventional platinum catalysts for the production of aro-
matics and high-octane gasoline

The increasing importance of hydrogenotion processes, which essen-
tiolly cover the entire range of petroleum products, wos emphasired in
the paper entitled “Trends in the development of cotalytic petroleum refin-
ing processes. The development of new catalytic systems for reforming
and cracking hos improved over-oll refining efficiency and product quality,
and has led to o reduction in the heovy ends of the barel

V. THE TRANSFER OF KNOW-HOW IN
THE PRODUCTION AND USE OF CATALYSTS

The world’s major basic chemical technologies, such as those used
in fertilizer monufacture, petroleum refning and petrochemicals, employ
processes promoted by catalysts. Succes: in operating such industrial
installations on a viable basis depends on the judicious selection of cata-
lysts, their prope: application and their uninterupied avaitobility,

Relioble catolyst manufoctures can provide know-how concermning the
first two of these requisites, but the lotter is subject to external ond objec-
tive factors. Aithough capi al costs for catalysts are high, the aconomic
loss which moy be suffered when a plont lies idle because of the lack of
a catalyst may be much greater thon the capital costs involved. Countries
in which cotalysts ore not manufactured, developing countries in parti-
cular, may find themselves dependent upon munufacturers and thus in
an insecure position concerning their most important chemical industries.

Reievent factors were exomined to Jatermine the extent to which
pertinent knrw-how could be transferred to developing countries ~ which
were particularly sensitive to the disruption of services ~ to guarantee
continuity of supply of catalysts.

The cotolysts considered were of several types classified as:
Conventionol heterogeneous catolysts

Coated heterogeneous catolysts

Molecular sieves

Homogenec . catalysts

Single compound catalysts (unsupported Lewis acids, organo-metullics,
peroxides etc.)

The discussions were concerned primarily with the first type, whose
materials olso serve os the catolyst supports for the second type. These
first two types of catalysts comprise the bulk of those vital to the basic
chemlical industries concerned ond are ot the focus of the central problem
discussed.

The know-how pertinent to this subject was discussed with respect
to such foctors as:

(a) Know-how in the selection of catolytic processes, cotalysts and
catalyst manufacturer,

(b) Testing and characterization know-how.

(c) Know-how in the use of oatalysts,

(d) Manufocturing know-how.

(e) New processes for catalysts production.
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A variety of types of materials exist even among the conventional
heterogeneous cotalysts, differing in complexity and volume of manufacture
and uniqueness in application. Although the discussion was mostly general
with respect to this point each specitic situstion deserves tc he studied
on its own merits.

KNOW-HOW IN THE SELECTION OF CATALYTIC PROCESSES,
CATALYSTS AND CATALYST MANUFACTURER

Criteria for the selection of cotalysts oppropriate for the intended
application ore complex except when these are specified by the process
to be applied. Reliance upon a supplier and his record of good service
may be the determining fuctor in selection. More information with respect
to both cotalyst properties and manufacturers should be made available
to developing countries to assist them in selection.

TESTING AND CHARACTERIZATION KNOW-HOW

The complex procedures used in the monufacture of catclysts are
the propriety of relatively few producers. The nature of the materials on-
cerned and the techrologies of their manufacture has led to a situation
wherein characterization and testing techniques are often empirical and
vary from manufocturer to manufacturer. Catalyst performance is also often
difficult to correlote with definitive moterial properties, which makes it
difficult to specify simple #woluation procedures that would guarantee
pmjnr catolyst selection. Competent persons may also not be availoble
in developing countries to carry out evaluation studies. Opinions expressed
supported the contention that much could be done to render these tech-
niques more uniform and to extend and Intensify professional competence
in develcping countries. Furthermore, co-operation between research groups
in developing countries couid contribute to this end.

KNOW-HOW IN THE USE OF CATALYSTS

Know-how in the use of catalysts is Intimately related to the process
concerned and may Indeed be part of the proprietary technology trans-
mitted to the user. Such information Is usually not pertinent to other cata-
lysts, even for the same process. Operctional parameters may be optimized
in application, but the primary Information, including training of personnel,
is optimally provided by the catalyst supplier. As there is o constant danger
that some troinees may not continue to work i their trained capacity,
replacements should be avallable to meet such challenges.

MANUFACTURING KNOW-HOW

The transfer of manufacturin, ‘now-how constitutes o very sensitive
and complex protien. icaprover s« in manufacturing have let to a situa-
tion in which smaller volumes of idividua!l catalysts are being manufac-
ture! and on over-capacity in meaufacturing lities has developed.

Manufe are reluctant to encourage competitors to enter this field.
Mumbers of the Expent G oppreciated the difficulties of this problem
R‘dedMMz.me. for any such transfer
of imow- Users might expect to from Improvements
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by ther suppliers and licensors .n the field of the subject licence, without
additional. buraensome royalty expenses. Such conditions should be con-
sidered for negotiotion in the basic contractual agreement In some cases,
know how couid be transvatted by establishing joint companies which
would employ the praprietary technology in the developing country. Means
should be tound for transterring the know how in cutalysi manufacture
that is evolvedd i some developing countries and which moy best benefit
to other countries because of then smilarity of need, economic structure,
and the l:ke

In spite of the wital need of the basic chamicol industries of many
developing countries, the local domestic manufocture of catalysts in these
countries. may not always be desirable or even possible. Many foctors
must be weighed in anclysing needs and the potential viabdity of such
an industry. Mary aspects of the situation including economic, technical
ond cultural factors such as current catalyst requirements. industrial de-
veiopment plans, over-all industrial structure, ovailable markets, patent
protection for processes involved. level of risks which could be supported,
level of technical competence of labour force and the availobiiity of sup-
porting services must all be taken into considerotion.

NEW FROCESSES FOR CATALYST PRODUCTION

Co-operative efforts between developing countries and manufucturers
of cotalysts in developed countries can be perosived in the area of joint
research in new catolytic materials; these would relate to new processes
for existing products or new products entirely. This effort would be mutually
beneficial for the monufacturer os it would: introduce new concepts to
his research and development programme, lower his research costs and
make new markets ovailable. The developing country would benefit from
hoving access to evoluation techniques and applicction techniques, and
from the financial aid received for research.

Vl. CONCLUSIONS AND RECOMMENDATIONS

The documents prepared for the Expert Group Meeting form valuoble
reference material for developing countries in the field of catalyst pro-
duction and use The report and papers presented should therefore be
edited and published with minimum delay and distributed. The meeting
noted with satisfaction that the Joint UNICO,Romania Centre offered to
print the report and papers.
The contacts ond discussions during the meeting proved to be very
useful for experts from developed and developing countries; it was recom-
mended therefore that similar meetings be organized or sponsored by
UNIDO in the future. The possibility of large catalyst-producing companies
or countries hosting such future meetings, and UNIDO making it possible
for experts from developing countries to participate should be explored,
The test methods and procedures for analysis and use of catolysts
now in use by producers, users and researchers differ considerably. Becnuse
of this a common basis for comparing physical ond chemical characte-
ristics, and tests on the efficiency and lHe of catalysts do not exist. The f
following participants were therefore Invited to constitute a committes to E
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study (by correspondence) the feasibiiity of setting up uniform test pro-
cedures for catolysts:

W. Bedford (United Kingdom of Great Britain and Northern
lreland)

O. F. jokiik (Federal Republic of Germany)

E | Korchak (United States of America)

H. 1 Lovink (The Netherlands)

i. V. Nicolescu (Romania)

Paula Putonov (Yugoslavic)

S.P. Sen (india)

S.W Weller (United States of America)

The committee is requested to report its conciusions within six months
to UNICO. If the standardization of methods is feasible, the committea
shouid initiote action to draw up such test procedures for the catalysts
used in sulphuric and nitric acids and fertilizer production, the petroleum
refining industry and the petrochemical industry, starting with one sector.
Mr. Weller was requested to be the convenor of this committee.

Information such as the nomes and addresses of catalyst manufac-
turers throughout the world, the types of catalysts they prouuce, the spe-
cificotions recommended, the services they are prepared to render, test
methods and precautions to be taken, is not availabie to many users in
developing countries. UNIDO therefore should collect such information
and make it qvallable to all interested catalyst users in developing coun-
tries. Such di#o should be up-dated when new information becomes
available. The participant from the Federal Republic of Germany tenta-
tively offered facilities and his services in setting up a cotalyst documenta-
tion centre.

It is necessary to avoid duplication of effort which might be under-
taken in the field of catalysts. UNIDO therefore should establish contacts
with the International Congress on Catalysis, with the relevant professio-
nal societies ond with major institutes of catalyst reseorch to minimize

duplication of effort.

Some developing countries which have already built fertilizer and
petrochemical industries have felt the need of troining technical
in this field. k was recommended therefors that UngO should explore
the possibility of establishing such training in the catalyst development
centre of the Fertilizer Corporation of India, in the Joint UNIDO/Romania
Centre and in other developing countnies for groups of five to ten scien-
tists, engineers or chemists, for periods of three to six months, (A request
was made to the expert from India to inform UNIDO in due course about
such a possibility. Other countries were also invited to offer such training
focilities.)

Because difficulties exist for catalyst users in developing countries
in testing the claims of varous catalyst manufacturers, it is recommended
that physical and chemical tests for cotalyst characteristics be set up by
catalyst users in developing ccuntries. Pilot testing of catalysts in units
simuleting plant conditions may give adequate evaluation. UNIDO how-
ever, should consider rendering assistance in establishing such testing raci-
lities it a country specificolly makes such o request. A tentative proposal
for the transfer of know-how on this subject was offered by the participant
from the Federal epublic of Germany

Difficulties are often encountered at various centres in testing oo::.

lysts using the some ure and test methods ond in

results. The Joint UNIDO/Romania Centre Is therefore requested to investi-
gate setting up such a facliity to which developing countries could refer
cases for testing and advice.




Visiing onJ siudying the facilties af catalys: manufacturers in de-
veloped countries to learn testing procedures and the like presents difficui-
nes tor some people in developing countries and UNIDO is therefare
requested to provide fellowships to countries which may maoke oMficiai
requests tor such training

- me developing countries expressed the desire ta go into catalyst
menufacture UNIDO theretore should assist cauntries which request hela
in performing feasibidity studies tor catalyst productian. The paiticipant
from the federal Republic ot Germany expressed his intentian to affer
tree assistance in this regard.

Because difficulties are encountered iri the standardizotion of methods
for catalyst testing and b ause it 15 desirabie ta co-ardinote the efforts
made in developing counines in this direction, it is recommended that
UNIDO support the reclizatian of co-operative programmes proposed by
devzloping countries concerning the elaboration of met.ods ior ocota-
lyst testing.

REPORT OF THE VISIT TO THE PLOIESTI
PETROCHEMICAL WORKS AND THE PETROCHIM AND
LC.P.T.P.T. RESEARCH INSTITUTES (23 JUNE 1972)

Mr. V. lonita, Praduction Manager of the Petrochemical Works
Ploiesti, greeted the members of the Expert Group and gave an over-all
presentation of the enterprises. A film was presented on the devel spment
af this instaliation, followed by discussions with the participants.

The visit ta the refinery included: (a) The ocatalytic crackii g unit
whase thraugh-put is 1 millian tons per year, producing C; ¢nd C,
tractions for further petrochemical processing and gasoline, and (b) the
catolytic reformirg unit whose through-put is 1 million tons of gasoline
per year, producing high octore gasoline, benzene, toluene an/. isomeric
xylenes.

The alefins plant of the Petrochemical W.ks wos then visited.
Ethane ond propane raw materiais ore processed to produce 35,000 tons
per year of ethylene and 20,000 tons per year of propylene.

The activities of the Petrochim Research Institute were presented
by Mr. G. Musca, its Direcior. Mr. I. Ghejan, Scientific Director of
LCP.TP.T, described the work ond structure of this institute. Following
a period of questions and answers, the laboratories were visited.

The ~articipants particularly enjoyed the opportunity for discussion
with the personnel of the plunts and loboratories.










DEVELOPMENT, PRODUCTION AND USE
OF FERTILIZER CATALYSTS IN INDIA

$. P SEN

I. INTRODUCTION

Over the last tew years there has been o spectacular world wide
increase in ammoma production for intensitying agnicvitural productivity
Refinemunt in process and equipment tecinology has kapt n step wirh
the increasing demanus for ammoria With changing technology, rata
lysts have also beer improved to secure better on stream eHicency In
India, the product.on of nitroger. has shown o steep upward frend, tending
towards 3 to 4 miion tons 2 year by 1975 This will have an obvious
‘mpact on cotalyst requirements. In hgure 1 the nitrogen production
in India and the ~arresponding figure of cotalysts in use have baen
shown.

1vdia made 1ts gppearance in the field of fertilizer catalysts in the
year 1951 Storting with nothing, « e Pl¢ 'g and Development Diwvision
of F.Cl is now in possession of self-generated know how far production
ond utilizatio:: of nearly the entire range af fertilizer catalysts The deve
lopment, production and use af the first of our own series of catalysts
was o necessary response of our R&D organization to a crisis which
developed when the Sindr fertilizer factory waos commissioned. Within
a few weeks of the first trial runs, all 8 CO conversion units of the installa
tion, employing 280 tans of catalyst, were de activated and the plant had
to be put out of commision becouse cf high CO leakage Spare rharyes
were not readily available and at the same time it was a matter of prestige
for our government to get this first state-owned chemica! complex firmly
established, and quickly. It was a serious crisis tor a developing country
os India was in 1951. The nucleus of the present day R&D division. known
as the Technological Department, took 'ip the challenge and developed
a highly sophisticated technique for renovat g the catalyst The entire
quantity could be regenerated and put back in line, reducing CO-leakage
to less than the design limit.

This single efort resuited in o direct saving of Rs. 2.8 million in
terms of foreign exchange and consequ~ntial prevention of substantiol
loss In production. Thiz was the initiation of our activities in the field of
catalyst development.

In the next 2 years, o breck-through was ochieved by develaping
proprietary know-how for the production of an improved CO-conversion
catalyst. in 1953, lorge scale production of this catalyst was started in o
plant bosed on our design, engineering and know-how Process know-how
for the production of a highly active desuiphurization oxide as o substitute
for imported raw materials was also gererated. With the commencement

1 Thin paper wa lnsued in provisional form under UNIDO reference IDIWG.12Y/5.
* Fertiliser Corporstion of India, New Dethi, India.
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of production of the oude mass o rtarger of 400 rory per gnnum could
be achieved

These deveiopmants rspued «~ the wientgts and ancpneecy of thug
organganon remendous canhidence o ther owa gfplites 1o mprovise and
ta understand the nature of the role of catalysts in iarge chemical planty
The nsk involved m depending entirely on imports bom abrood was
realized

Tha invastnn of new and moroved atalists has greotiy ¢ hanged
the complexion of tartilier technology In 1951 g space velocty of only
300 was considered sate tor CO conversion catalssts In 1957 the opera
tional demand in Sindr's expansion was for a space yeloaity of 1 000 and
in modern plants it iy of the arder of 4000 Continuous improvement in
the intrinsic activity of the cotalyst to cc e with this tremendous increase
In spoce welocity 13 o real mdex of odvoncement of catalyst tech
nology

Even ot the very early stages it was reaized that unless tacilitres
avciiable for fundamental studies are applied judsciously, it would be
difficult to cope with ‘he growing need for improve I varieties of fert!lizer
catolysts and keep pace with changing process demands The expertise
generoted ord fundamental concepts developed juring those early days
helped us ronceive these focilities and instruments which aore even to day
considersd modern Physical and physico chemical instruments desc ribed
below, were applied in our institution as early as 1960

Each cotolyst research institution hos its own approach tu invest-
gations in ootalysis and may even have #s own theories The theory and
the fundamental concepts which have guided most of owr octivities leading
to generation of know how in this field ore hased on postulations by
Chakiogmty (1. 2)

i changes in process technology and the odoption of new pro-
cesse§ different catalysis subsequently made their appearonce in owr
country. We developed the now how for each cotalyst in such a manner
that our own cutalyst could be put into service whenever the imported
stock, wupplied with the porticular plant, was exhousted.

In this way, we entered the held of cosulysts for pressure CO-con-
version ond the relorming of goseous hydrocorbons in 1965, Within another
2 yoors, we were able to produce ond put im0 commencial use our own
catolyst for the primory and secondary reforming of notumal gos. In 1969
there was another breck-through when we put our own nophtha reforming
ostolyst iMe cammaercial operction.

Know-hew for the monufocture of an ommenia synthesis ootalyst
was genorated in 1965. By this time our formulations for low temperature
Mmmmmmwmwmmmm
production. By 1960 we were eble export an entire roange of fectilizes
ootolysts encepting those for ommonia-

i
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TABLF ¢
OPERATING CONDITIONS OF PLAMNTS USING F C | CATALYSTS

Secondary desuiphuritation and guard catalyst

v ,':‘ Inloe Avyg beog Outlet [Car ¢
f' Process Faod rats ::.- "8 oo n.8 ot :G.ﬁ‘lm
cam ) | toewmy c (pom)  Nm:) (m)
Secondary dey., 430G g n | 21 8 3 S3%C 170 J 0§ - 4 1-3
B gar o L, Max Sphericat
phtha baity
H] Secondary deyu: VA% kg he 1 150 15 100360 380 [0 15 .0 ) 26 1.3
phur zation af aa Spherical
pheha bails
it ] Secondary desyi 140k hr | 148 10 J15C Y7V | Traces 12 3-3%
phur zation of Spherical
naphtha baliy
IV ] Guard for  iow |95 00C 130 G5 JIO0 250 ] Traces N 4
temp  CO con Nm ke Spherical
version ;atalyst baits
TABLE 1
OPRERATING CONDITIONS OF PLANTS USING F.C.I. CATALYSTS
Primary referming
Steam | Pres- . ‘ Toms . Hosted] Pross. Cas. Core,
Piane] Penderock | Paad rate | tarbon] wre ,:;:. < longeh | drep. vel. | emie
retie j(vg em) in owt (m) | thgiom®) | (m*) | (%)
! Naphtha| 1 418 650 ] 148 176 | 3133)/800 30 17 490 0.7
kg hr
] Natural | 2 400 §5% | 170 0 | 4007301 107 17 414 70
gas Nmdihr
1l Naturai | 6000 3001 2850 132 | 410/800] 10.2 10 70 10.0
gas Nm? e
TABLE 11
OPERATING CONDITIONS OF PLANTS USING F.CI. CATALYSTS
Secendary reforming
|
Prossure Tom~. Catalyst | Moshane Catnld yor 5
’ Pood rete Steam. gue € volome oxie sine ‘
(N inr) resio (hg/em™) toewt (") ) tmm) :
J
i 11.250 130 17.¢ 733/87¢ 3.3 0.30 - 10x
15-2
Dxtrusion
tt 18,100 1.40 230 800/960 7.00 (% ] 16x8x18
. 43,000 087 8.0 670/940 14.23 018 [texexis
iy 47.137 297 210 no/no0 12.70 0.20 16xéx 16
v 61,494 0.7 4.0 T74/90 19.40 0.4 16 x 6x 6 s
vi 55,73 1.2¢ 0.5 880/97%¢ 15.52 0.23 xéx1e “‘
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TABLE v

OPERATING CONDITIONS OF SLANTS USING F.C.I. CATALYSTS

Low temperature

CO-conversion

tnlet Casalyst Catalywe
Gas rete | Steem goso "murl. co TYemp. € €O aaie
Plant (N e retre (g w') P inout "N::;'o ) ‘c‘::,
| 52 400 0.60 189.0 336 220 240 16.6 020 4.6
" 95.385 058 21 4 3.20 100.220 530 0.2 )
1] 94 520 056 N 110 200:220 $3.0 0.3 -6
v 1 500 1 40 159 110 232:2137 07 o} 6
TABLE vt
OPERATING CONDITIONS OF PLANTS USING F.C.I. CATALYSTS
Meothanation
1t A £ . Catal Outtot Cs
Plane | G2t rate | Pressurs co,co < veteme |cO+e0,| Share
(Nwm* nhr) (hg/em®) (%) in/ouwt (m9) (pom) {mom)
(3 37.500 17.0 02000 0 350/300 7 10 6x<é
i. 75.000 218 0.10/0.38 367402 16 10 oxé
. 73,523 70 0.10/0.37 116/348 15 10 éxé
TABLE vii

TYPICAL OPERATING DATA OF STRAM-NAPHTHA REFPORMING
PILOT PLANT

1. Ne. of reformer tutes =l

1. Diam. of the tube (0.4 x 1.d)(mm) =107.9x99.4

3. Tetal length of the tube () =g

4. Heated longth (mm) udlé?

5. Velumas of the catalyst (litre) =39.33

6. Sixs of the catalyst (mm) =16 %6 x 14 (ring)

7. Hours of run =500

8. Operating pressure (kg/em?) =12.9
%1
! i ”":m .":""“ "to:: 05 [ Tube shin tomp. “C) "‘.'::"
!!} Steam steam ratera | tura sxit scress the | Methane

~ amp. ra L 4 rRace -
ﬁf ce) [¥) ) Tor [iBertom | (igiom) ] W

0.60 4.20 470 810 870 870 8% 1.10
0.68 . 47% 815 741 870 ™ 1.9
0.72 Jeo 470 810 875 865 805 1.60
0.77 44 470 810 875 865 8% 180
0.00 n 465 800 870 70 8% 2.%
0.85 3.05 450 800 870 7o L 2.9
0.8 3.03 450 795 70 73 8% 2.6
6.8 3.08 450 7% 870 14 s in
0.9 3.00 450 7% 870 (4] s 1%
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Il. FORMULATION AND EVALUATION

The general charactenstics of an industrial cotalyst nre: (a) highly
developed surtace. (b) appropriate pore size, (c) high mechanical strength,
(d) odequate intergranular binding, (e) predictable conversion efficiency,
and in some coses (f} seiectivity

Ail these characteristics cannot be optimally achieved in a single
catalyst because of opposing factors. For exomple, the demand for high
mechanica! strength can be fulfilied (3) only by sacrificing o part of the
surface areo. While achieving this, there may be a growth in crystal size
af the active component and elimination of favourable pores. These factors
in turn will account for a fall in activity. An efficient catvlyst results from
a suitable comprumise between these opposing factors.

While formulating o new catalyst, we have always tried to use
indigenous row materials. The objective is often to find a suitable replo-
cement for an imported constituent. Where complete substitution is diffi-
cult. a minimum level of the imported component may be determined which
would not affect activity and stability. In this way, the nickel content in
our reforming catalysts was reduced to less than that in other commercial
varieties. In case of low temperature shift catalysts, intensive search was
made to fix the optimum copper content (4). Some of the 1esults are given

in figures 7 In our latest version, the five component catalyst system
contains 23.5%, CuO.
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Some catalysts need to be highly selective. In such cases, funda.
mental studies are Implied. In the case of a naphtha reforming m
tor example, before attempting formulation we camied out oxtensive sl
on the acidity of the possible corriers, the imer-action betwesn corrier
Impurities and octive components to form spinels, characteristics of & -and Y
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-AlZO; in modiftying the crystal habits of the compaunding medium, bor-
riers for arresting the growth of nickel crystallites, doping of rare earths,
etc. Some af the findings led us ta canciude that on acceptable formu-
lation of a naphtha reforming catalyst is possible without potash (47).

A catalyst may have oll the desired physico-chemical characteristics
and yet fail in a commercial reactor. Criterio for assuring the success of
an industrial catalyst are as yet unknawn. Only by testing the catalyst
under actual running cor.ditions, one can verify its industrial warthiness.
However, it s not possible, particularly in the developing stages, to
subject ail the batches of the catalyst to service tests to evaluate its life. It
is therefore necessory to rely on same indirect method of testing (5, 6, 15),

In our institution, the typical physical and physico-chemical methods
appiied are: BET technique, selective adsorption, helium and mercury
density, prassure porosimetry, magnetic balance, X-ray, electron micro-
scopy. spectroscopy, electrical conductivity, thermogravimetry, quartz micro-
balonce, chromatogrophy, differentiol thermal analysis (DTA), eloctron spin
resonance (ESR), etc. Physizo-chemical tests are extensively used at various
stages of development (7, 8) in quality control of the intermediate stage and
for the end product as well. These provides us with informatinn valuabie
in predicting catalyst life.

The following discussion has been lim'ted to some typical methods.
These are not necessarily the hest approach. Nevertheless, the approach
indicated will bring in#® fight the character of our organization s a
catalyst manufacturer, and may be of help to those who intend to embark
on catalyst development and manufacture.

Adsorption measurements and BET technique

Physical adsorption constitutes an important means of investigating
the surface properties of heterogeneous cowalysts. It can be put to good
advantuge in the study and assessement of the nature (9. 12) of the catalyst
surface.

The estimation of surface orsa of solids is made by the low tem-
perature gas adsorption using the BET equction. For reasons mentioned

e, measurements are done with sumples before initiol activation and
ofter, and ot intervals of an actual run. Physical adsorption alse forms
the basis of anolysis of the modification of ‘he pore structure of oar-
riers (10) brought about by chemical and thermal treatment.

Like physical odsorption, chemisorption is inextricably related to
heterogeneous catolysis, and an understanding of the mechanism of ad-
sorption Is o prelude to the understanding of the mechanism of catalysis.

For surface area mecsurements and chemisorption studies, the con-
ventional BET opparatus as well as adsorptometers and vacuum micro-
balance are used. The surface orea values, in combination with either pore
volume r peliet density, is further utilized (3, 9) in determining the avétage
pore sizs and average particle diameter of a catalyst.

A new methed (11) was developed for the measurement of surface
areas of catalyst carriers, like silica gel. -

Pressure porosimetry. Pore si-a distribution controls {12) ths transport
of reactive gases into the interio. of the catolyst. if the pore diameters are
m:;mm&ouammmmthmmwksmymbe
utiised ot ol in o flow system. From analysis of pore size distribution
m«hmmmmwmu.mm.mmyoum
octivity in some cuses is due to the eliminotion of desired We
employ pressure porosimeters having ronges up to 15000 Ibs/sq.in. The
MM&MMG&&MM&:MM@MWM(H}.
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Magnetic balance. The magnetic balance is used for monitoring the
disparsion of the active component of o supported catalyst during deve-
lopment and production, as well as for determining changes in crystal size
This technique can account for the unpaired electron in the catalyst spe-
cies, the valency state, phase transformation, and the size of the crystallite.
Figure 8 shows two typical applications af the magnetic technique in eva-
luating the dispersion and the state of axidation of nickel as a function
of Ni concentration in a nickei-aiumina catalyst Figure 8A shows the
varigtion in magnetic susceptibility with increasing nickel concentration

Figure 8 B shows the changes in magnetic moment and Weiss con
stants as a function of nickel percentoge, which is related to the nickel
porticle size growth.

Aher treating the sample under plant aperating conditions for various
periods cf time, it is examined for growth in crystallite size of the active
components as a part of the accelerated test for catalyst stability.

X-ray. X-ray analysis is one of the oldest techniques applied ta the
study of cotolysts. in each formulation it is necessary to identify which
specific phase composition contributes to the activity and which are the
phases necessary for stability. Identification of these essential phases helps
in the formulotion of a cotalyst as weil as in defining the process steps
for its preparation. X-ray analysis is applied by us both in develop-
ment (14, 15) and in quolity control work with particular reference to phase
composition and crystollite size.

Electrical conductivity and ESR. The catalytic activity of a semi-con-
ductor is determined by the position of the fermilevel ot the surface of the
crystal. During reaction, the concentrations of reacting and product mole-
cules in the cdsorbed phase change. This causes a chai.ne in electrical
conductivity yielding valuable information on the mechanism o1 *he surface
reaction. The change in electrical conductivity of a semi-conductor s
related to cutalytic activity. A typical resuit of the work (16) dane with a
CuO/Zn0O catalyst is represented in figure 9.

The ESR technique is applied to understand the mechanism through
which heterogeneous catalytic reactions occur as well as to predict the
consequence of formulation (17). While selecting the active component for
a particular reaction, the state of its electron levels is examined to ossess
Its capacity for surkuce Iinteraction with recctont molecules as well as with
the carrier.

Thermogravimetry. Thermograms are used for studying reduction (6),
carbon deposition, gasification of deposited carbon in naphtha-steam
systems, otc. The equipment in use has o working temperature up to
1.600°C, and has facilities for testing under controlied otmosphere, thereby
simuloting actual reaction conditions in a plant.

Thermogravimetry Is also utilized for studying the decomposition of
sabks, such 0s nitrates and corbonates, and of the active cotalyst compo-
nents. This is of help in programming the temperature in the heat-treat-
ment in catalyst manufacture.

DTA. A batrery of such units serves to study the mechanism of release
of wolotiles from the surface of porous solids and the oppearance of new
pheset in the course of cotalyst preparation. Almost every batch of cotalyst
we produce is tested to samine the uniformity of drying, curing and grind-

n vorious stoges of its preparation. Some typicol DTA curves for o
-caaversion catalyet are presented in figure 10.

- Quorts microbolonce. The instrument finds opplication in studying
the mechonism of reduction (18, 19) and for the direct mecsurement of
cutbon Hberotion from @ hydrocorbon-steam mixture under limiting con-
dions, of steam to carbon ratlo and temperature. This renders the inttru-

0
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ment very usetul in the development of efficient reforming catalysts. It is
olsc used for the assessment of selectivity of o cotalyst’s surdace by apply-
ing the process of graduai poisoning.
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Chromatography. Gas chromdogmphy is widely ueed as en ancly-
tical tool for the srparntion, detection and estimation of varoue compe-

nents invoived in a chemicol reaction. This technique is opplied In
cotalytic processes in pulse reactors for undestanding the mechaniam o
kinetics (20) of catalytic reactions os well as for the initiol evolvation
catalyst formulations.

Activity test. All eleven varieties of cololysts menulectwed by
are produced by botch processes and each batch is tested for ts perior-
mance characteristics. in 1931, we hod 6 units of 1,000 sl ”-
ployed In the measurement of octivity. NMM
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scale units, and 30 sem: pilot units. Besides these. a number of units gre
located in various plants In addition, there arm composite pilot plants, in
which naphtho purification. primory reforming, secondory reforming. and
high ond low temperature CO conversion units are ossembled in series
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din 1o the ngtie of the equipment used ond factors such as the thick
frsg b thie digyer be g dred the rano of the volume of the Chﬂ’g‘ to
the volume of the dr.ery ate of air recirculotion partal pressure of wates
vapou - ‘he system  rara of nsa of temperature etc . are much different
broos daborasary pracy e This the nperation of commercial units to pro
dure 1 product semaar 1o that of *he laborgtory can be ochieved only oflter
1 camhees of rrigls

Greiting In tre jaboratory grinding s done 1n a0 mon and pestle
a0 por m Depend.ng an the grinding hime ond the reduction of size
electran. rhanges are ~tuced Grnding on a commercio! scole s gene
ratly pertarmad v 3y ball midl attrihan mil coliosd mill, etc The operation
~ such equ pment can tead to a h:gher degree of lottice distortion. bes
ten L hagnging the tearv . evsl in the crystal of the active component (22 23)
Su.h chonges wil modity the properties of the finithed product

The energy coctent (22 24) of a sohid state may be enpressad os
Fs (Raauxt On grnding the lamce distortion (8a/a) may increase
from 005 v NG per cant in the case of ron oside while lattice delects
x } fest increase and then decrsase The nature and estent of the chan-
qes B 21 2% wll tepend on the type of equipment cnd on the time of ope
raon A typical thermogram of o FeyO,-CryOy type shift cotalyst ground
tor various tmes in g ball mill is shown in figure 10 The split which deve
loped n the hrs' endothermic peok probably indwcates the formation of ¢
new snecies the sh i of the second endothermic peak to higher tempe-
ratures  represents the delayed dehydration of goethite (FeO OH) 1o
Fe,(3. and t( appearance of a0 new exothermic peck 1s a phase tianslor-

Tableting in the laboratory. this oper tior is corried out in o hand
operate 1 hydrauhc press, whereas «n production plants ogutomoatic machines
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whirh produce toblets of uniform wize shooe and mechoncol strength
ore used Apart from the propertes imported by the machine uniformity
of strength of the rablets depends on porticle size luwibutior nature of
lubricont and its mixing with the granules. mosst re conterst groin strength.
compression etc In figure 11 the ellect of moisture ond Qrowr size on the
strength of the wabiet 4 shown The condit\ans adogted m the baborotory
are of littie use in selecuing optimum cor 'itions in the plant These can
only be set o‘ter o series of trol runs on a I rge scole

Soaking A sooking operation s kequently odopted for incorporating
promoters and active ingredients into the semiirshed ootalyst The eoffi
clency of the soaking operation depends on the concentrotion impurity
level (26) of the solution. temperature. the ratio of the solution to the solid
ond the time of soaking

Curing. Controlied thermal treatment 13 necessary ot variout stages
of production to decompose the salt of the octivy COMpPOnent or Promoter.
1o import edequote mechonical strength and to effect the necessary phose
changes (13, 21. 27-30). Heoting 1n any of the stages has o great influence
on the octivity, nkcthymtdnobﬂhydhcadm. It is not possible to
duplicate the loboratory conditions in an industrial fumace handling 1.000
to 2,000 kg per charge. As o result of recirculating gas in the comemercial
funace, which 1s gene.olly done to obtain uniformity in temperoture, the
curing otmosphere is laden with gases ond vapours formed by the decom-
position of the solt present in the oot . We hove observed thot in the
case of a reforming catalyst, if oxides of nitrogen are present in the recir-
cuiation etmosphere end the curing operation is long, the material under
muu s ronami-
in
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decompose ! ot .y racommended that [GA investigations be corried out
first A compos:te DTA TOA study s useful n studying the heot treotment
operghon {31} Resuits of some typical TOA experiments are shown in
bgure 12

it can be concluded that development work should be based on
the preparation of samples in prototypes nf the equipment employed in
commerciol manutacture This will involve higher costs in the higher con.
s: mphon of row matenal in tnal formulaotions of a cotalyst. for example
But this will be more than compensated for by a more raprd ochieve
ment of the process know how needed for commercial production. For
example one of our reforming catalysts went into full commercial pro-
duction the day our prototype studies were completed The work started
using a reaction tank of Y m dameter and 1 m height, o steam tray dryer
ot 500 kg capacity electricolly heated curing furnoces 2 m deep. 1 m wide
and 07m high ball mill of U7Im <075 m suze on extrusion press and
tablet:ng mackine of 100 g hr and 350 kg hr capacity, respectively, wic
All the equipment used are prototypes of the commercial units. Following
this route. this particular catolyst wos in manufacture within 18 months
of taking up the project

V. COMMISSIONING

The initial activation step and loading of the reactor to the
level are tick'ish operations The cotalyst may loil simply becouse of
careless on  rapid londing Similordy, cotalyst lile moy be in danger during
periods of long shutdown if the catalyst be exposed to oxidizing conditions.
The catalyst scientists ond engineers must be knowledgeable in pro-
blems of commissioning and running the ccmmercial catalytic reoctors.

A catalyst supplied to a customer must be accompanied by a com-
missioning schedule describing the charging, activation and loading ope-
rations. with precautions ' oe token to safeguord cotalyst lfe.

Charging It the charging of a cotalyst Is not properly done there
may be channelling ard the catalyst may not function at its optimum. The
charging procedure .3 comprised of cleaning the converter interior, checking
the supporting Grate, sieving and hand elimination of the broken tablets,
caretul placement to avoid tablet fall from o height which may lead %o
breakoge leveiling the catalyst layers. and blowing air through the system
to get rid of catayst dust In onse of charging reformers, certain addienal
steps, such, as the pressure drop measurement of each tube, are neces-
sary. Also to assure uniform pocking, a shaking device should be In
operation while chorging the catalyst in a primary reformer.

Activation. It is this step which imparts life to the cotolyst by bringing
into existence the reduced catnlytic components In a fine state of division. The
activation step is also responsible for bringing about changes in texture
and the desired phase composition (32-35) Therefore, the reduction ope-
ration is very critical, and activity and stability both depend on the con-
ditions under which this operation is carried aut. In general, it is desirable
to carry out the reduction ot a very slow rote. But it is not alwoys safe
to keep the catalyst ot the low temperature needed for slew .
ht is preferable to adjust the temperoture %o a point where the rote of
reaction is measurable and to keep the level of the reducing gas flow low

A cataivst supplier in genenal stipulates an initlel dose of redusing
gas of 5 to 10 mole per cent. However, in most plants, the
is admitted s.mply by cracking the inlet valve. The gos flow Is
uncontiolled. Furthermore, insufficient inert gas or steem may be

Ih
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to maintoin the minimum required lineor velocity through the catalyst bed
In view of these uncertaintes, we have odopted the practice of sending
our specialists 1o the plant to exomine the tocilities for the reduction
operation before entering inta o commitment to supply catalyst

Yet another problem which catalyst manubacturers are likely 1o foce
is the attitude of the users to hasten initiating operation of the plant and
stort testing the functioning of the equipment Even when there s reql
necessity to extend the reduction period beyond thot specified plant
personrel are usually reluctant 10 agree to it There are instances where
such short-cut procedures have led to cotalyst failure. forcing long
shutdowns

looding. Follow ng the reduction operation, the unit i3 loaded to
the design level. This should be performed in steps and the system allowed
to stobilize before the next increment of feed The special..ts on the job
must know the temperature shock the particular catalyst can withstand
without odverse effects, while recommending the incremental feed.

While commissioning, problems may arise requiring changes in occep-
ted practice A porticular problem faced while commissioning a primary
nctural gas reforming catolyst in o plant 13 cited here. The plant employs
4 m? catalyst in 60 tubes of 10.5 m length each At the site there wos
no provision for synthesis gos and reductlon had to be carried out with
noturol gas. The nermal reduction schedule with hydrogen did not work
when notural gos was used Aher reviewing the whole situation, the spe-
cialists made changes in the normal procedure. The pressure and flow
of notural gos were increased and the cotalyst was successfully reduced.
This happened nearly four years ago and aven today thot batch of cato-
lyst s @ ity . ot 100 per cent load. Copacity to assess the
. e ond immediote decision for overcoming
for thote who have both o fundamental back-
ground and plant sxperience.

group comprised of scientists and engineers well experienced in
o Mondprpnbbms‘MMnc!noequtndth
in the fundamentais involved in the process of commissioning.

of the speciolist .‘
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duction This suggests thot if necessary the reduction cperation of the
coprecipitated batch moy be done at o higher temperature using o greater
concentration of reducing gas without harmiul effects on activity and life
ot the catalyst Other typicol reduction curves with high and low tempe-
rature shit conversion cotaly.ts ore presented in figuwes 14 A ond 14 B.
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the reduction temperature employed. Such information holps us in
the danger of introducing higher concentrations of reducing .rl on the
basis of hydrogen consumption just at the commencement reduction
operution,
In our organization, all new honds are first sent to commercisl units
tAoﬂ understo‘:ud ﬂndpromsm euodahdM with the operation :ém converters,
or completion 3 ore sent to various aniie
in the country using our Mm to collect plaat dota and fellow e :
behaviour of the catalyst since thy dote of commissioning. They else i

examine the physical
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after use. During this period they feed scientists engaged in fundamenta!
work with plant data and problems. After completion of this study, which
normally extends for 2 years, they are absorbed into research progrommes.
A similor number of recearch staff go out for phant studies and discussions
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acid. The steps leading to ommonia sythesis are conside-

cotolyst poicons and desulphurization of
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and dry box purificatior. Since 1953 we have
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presence of ether cobalt-molybdenum or nickel-molybdenum cotalysts
to convert organic sulphur compounds to H,S. followed by ZnO at
350-400'C to retan the H,S Considering, the non availability of costly
ingredients in our country, we are developing (39) an alternative to con.
ventional hydrodesulphurization catalysts. The formulation at hand is of
80 per cent relative activity.

For retention of H,S our product finds wide application. It retains
its imtial activity up to 20 per cent fouling A second formulation is used
os guard cutalyst. The eticiency of ZnO depends to o great extent on
the particle site und pore geometr, Our studies show that pores in the
region of 300-500 A ure most effective (40).

B) WATER GAS SHIFT REACTION

fa) HIGH TEMPERATURE

Carbon monoxide reacts with steam to produce hydrogen (CO+
+H0 -CO; + H,) in the presence of o catolyst. Since our oppearance
in the field «n 1951, various investigations (41-43) enabled us to improve
cotalyst reactivity and stability to cope with the demand. of process tech-
nology for higher space velocities, lower steam to gos rotios and higher
operating pressures At present we manufocture 3 types, meeting the
demand of 18 fertilizer foctories in the country as well os obrood.

(b} LOW TEMPERATURE

Where as in old plants copper liquor and liquid nitrogen washes
are used to remove CO from synthesis gas, in newer plonts,
1s effected by methanation. Methanation could be included in the pro-
cess technology becouse of the low temperature shift catolyst which oan
bring the level of CO down to 0.2 per cent. This is one of the most
sophisticated and critical among catalysts. It Is highly sensitive to sulphur
and its fall in efficiency due to poisoning or thermel sintering leads to
high purge loss.

In parallel with efficient sulphur removal to protect this cotolyst, we
have improved it with respect to sulphur resistivity. The improved voriety
hus the percentage composition Cu-23, ZnO-20, Fe;0,-8, my—ﬂ ond
TiO,-5 This catalyst is charocterized for its high sulphur ond
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hgh activity. Figure 15 shows the tolerance of the new formulation compared
to that of other commercial catalysts.

) RBORMING

Reforming is broadly clossified into primary and secondary opera-
tions. The family of reforming catolysts is comprised of refractory based
NiO systems (44 -46).

i . Our first production batch of notural gas reforming catalyst
employed in primary reforming has been on line at Namrup for nearly
four yeors.

The naphtha reforming process had a very long development period

lor to its industrial exploitation. Some of the elementary steps indicaied
show the mechanism through which reforming takes pilace.

Indm

1. CiHa+nH0->nCO+ (257 W,

2. CO+HO-+CO,+H,
) 2C0-+CO+C

4 CHe—nC+ -f- H,

3. CoHuw—Coke.

Carbon deposition on the catalyst under certain conditions (steps
3, 4 and 3) can lead to an increase in pressure drop, cha in catalyst
function and some time crumbling of the catalyst (15, 33, 46). Even today
cotalysts in use ar~ skll sensitive to carbon deposits. The incorporation of
olkoli and olkaline-earth oxides accelerctes gasification of deposited
corbon (47). We have developed a catalyst which possesses o high degree
of selectivity and does .. t permit carbon formation on the cotalyst sur-
face (33). In this formulotion ‘“ere is no potash or other component which
will volatilize and deposit on d. vn-stream equipment. Depending on the
q@m'y of feedstock, we market two different varieties.
= Secondary. Gas from the primary reformer is received by the secon-
ddly olong with a calculated volume of air to give the 2quired nitrogen
content in the synthesis gos. Oxygen reacts with port of the CH, and H,

as follows:
CHi+204-COy + 2H,0; 2H,+0p+2H,0

Mmﬁmkmsmhhﬁnmdmhuhm-
pomns.gnnhubdyctmo of the units, and the cotalyst in use

have high thermai stability . No doubt, in the secondary reformer
the coenditions are predominently under thermal control (48). Nevertheless,
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af 0.3 per cent to o few ppm demands high intrinsic activity. At the same
time. temperature shocks may occur due to surges of CO+COjp becouse
of a fall in activity of the low temperature shift cotalyst or trouble in CO,
sarubbing  Therefore o commercial cotalyst must have adequote shermal
stabibity

£) SYNTHESIS

Since the time of Haber ond Bosch, the principal constituent of
the catalyst used for ammonia synthosis has been FeO, in combination
with promoters ihe introduction ot high capacity synthesis converters and
the lowerng of opeiutny pressure mode it necessary to increase the
activity and thermal stabdity of the cotalyst. Keeping the primary com-
ponent, FeyO, the needed improvements could be effec.sd by altering
the sequence »f addition of promoters to the me'i and changing the
formulation of promoters. We have developed a <ctolyst comaining four
promoters w'.ch meets present doy requirements.
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PHOSPHORIC ACID AS A CATALYTIC
MEDIUM FOR ORGANIC REACTIONS'

L M. SHORR®

I. INTRODUCTION

CHEMICAL TRANSFORMATIONS IN SULPHURIC ACID.
THE CO-PRODUCT AMMONIUM SULPHATE PROSLEM

Liquid concentrated sulphuric acid serves as a cotalytic medium for
a number of commercially important 1eactions. Oxime derived caprolactom
and methyl methacrylate produced fram acetone cyanohydrin are among
the better known At the conclusion of these transformations, the ocid is
commonly neutraiized with ammonia to produce ammonium sulphate as
co-product. In some instances, neutralization is indispensable for the
liberation and recovery of the orgonic compound produced. In many of
these processes, the acid is present in large excess. It serves both as
catalyst and solvent or liquid medium for the efficient transfer of the
tometimes very considerable hoat generated by the reaction. Therefore,
several tons of the co-product salt are often obtained for each ton of
primary product.

In 1968, about 6 million tons of the sulphate were recovered trom
world caprolactam monufocture alone, ond the figure hos grown consi-
derably since. Co-product ammonium sulphate has beon the major source
of this material in the United States of America in recent years. The total
world consumption of the salt in 1966/67 was less than 10 milfion tons.
The market trend is towords o reduction in consumption of this compound
os o fertilizer, especially in developing countries where ommonium sul-
phate (20.5%, N) is being replaced by urea (46%, N). Not only has an
over-capacity for ammonium sulphate thus developed, but a woste dis-
posal problem may even be encountered in certoin geographic areas.

EFFORTS TO LiMiT AMMONIUM SULPHATE CO-PRODUCTION

There has been a considerable development effort in recent yeors
to find alternate routes to these arganic products which avoid, or at least
decrease the amounts of co-product ammonium sulphate. To occomplish
this end, both new chemistries have been proposed and known reutes
have been modified. The photonitrozation of cyciohexone and the Unien
Carbide coprolactone route ta caproloctom are exomples of the former
approach. The Stamicarbon nitrophosphate process, which halves am-
monium sulphate production, is an example of the lotter.

But thouomotbo«onlyopcrlolncluﬁonwemm
embracing mony chemical reoctions. Efforts to effect some of these trans-
formations with catalytic quantities of ocidic materiols have sc far et
borne fruit. Raw material costs are generclly the major cost compenent;

! This wuuhmummmmmm

-ummuurmumm).m.m.mmmn

co-operation of A. Beniel, R. Blumberg, M. Nesberger, ). Sogail and A. Varsawy! snd is grecolel
t0 [Ml for permission to pubiieh this paper.
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very high if not essen- TABLE |
tiolly quantitotive con-  y;ngMaTIC VISCOSITY? OF PHOSPHORIC ACID
versions are required, SOLUTIONS

and these have not

been ochieved by con |

V.ﬂ“m ww‘ Tompersture ( CH 1009 M.PO, [110, PO, 113Y M PO,
Polyphosphoric ocid

has been exensively 25 100 2,200

ssud'ed as an ocid cota 30 ] 1.600

lystin o wide variety ot or- 40 8 L

ganic reactions (1), It has 22 ;: ;;g 1.500

also been applied to the 80 14 100 "800

Beckmonn  reorrange- 100 ”2 50 250

ment (2-5). Aci('s of con- 120 6.2 2 120

centrations equivalent to :3 ; : :; ::

1108/, H,PO, or higher '

have been used, the
impression h,ng held Source: Phospheric Acid”™ by Momsanto.

whot 'm loctom y‘.zd‘ *}Yiscosities expramed in centivtokes.

were a0 Necessary corol-

lory to lower acid concentrations, However, the industrial application of
polyphosphoric acid is seriously impeded by its high viscosity (see table 1).

CHEMICAL TRANSFORMATIONS IN PHOSPHORIC ACID

Studies in our laboratories have shawn that controry to the prior con-
tention, encelient yields of caprolactum con be achieved in 1008/ H,PO,
In foct, many of the subject transformations can be efficiently catalysed by
ooncentratad phosphoric acid. its substitution for sulphuric acid ollows for
the coproduction of mineral acid derivotives, such as ammonium phosphate,

volue thon those obtoined with sulphuric acid. ever, it

should not be assumed that this advontage con be realized by a one to

one.dransiotion from sulphuric acid based processes. The chemical chorac-
two

teristics of the acids are not identical, and the optimal process con-
ditions using the one are not necessarily those when vsing the other.
There have been two significant
deterrants % the oppﬂooﬁon of phos- TABLE 1
- -~
”‘M Mm :z, ’:d’,m m tost :’: PRICES OF INORGANIC CHEM)-
purities emonating from the catolylic CALS (3/TOM)
medium contominate the product. Pure, 1,30, »
fumace acid is 100 eapensive 0 serve s (100%) »
n this copuchy; wet process acid s ‘ ™
8 mpure. Technologies developed by 15 ()
i1 (6) for: n
the production of phosphoric
acid hydrochloric acid as the pri-  eomeanic asAGaNT BcOoNO-
mary ond MICS (PER TON OF ACID)

i acid roves: § 10.40 cred

ﬁhuﬂmdm process ,
yrnge '“‘d ; h mid reuss: § 13.70 qont
,-,'L:‘ ,'
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far suiphur o ood o g quver apphe ation, all other process parmeters being
‘onen as equal The Cost data given in tuhie il show the odvantage of the
substitution. even assuming the marketsbity of ammomum sulphate at
$ 15 per ton A process charge ot $ 1370 con be converrad to a § 10.40
credit per ton of acid employe |

This approach ta hetter acnram. s 13 applicable to a wde variety of
chenical processes which nciude aromatic nitration and hydrocarbon
sep rations. Of these, the Beckmann rearrangement for coproloctam pro-
d _ton and the Ritter reaction used i~ the synthesis of N substituted
amides have been selected for illustration

Il. BECKMANN REARRANGEMENT

SOURCES OF THE PROSBLEM

The Beckmanr rearrangement | cyclohexanone oxime to copro

lactam
s . = Q
ON M /
O N e s G~
N
v

entals two major technoiogical hurdles its . g* exothermicity and the
bosic character of the product loctam

The calculated reaction enthalpy of the tronsformation is
- 45 Kcal mol. This is one reason why it has been difficult to opply hetere-
geneous cotalysis to this transformation. in commercial practice, ¢ weight
ratio of sutphuric ocid to oxime of 4:1 s commonly used. The excess acid
serves o ensure elficient heot dusipation, mNMﬁn&.by—m formation.
Since the lactam is a weak base, it is bound by acidic medium ond
can be liberated only by neutralizing all the acid present. This leads %o
the coproduct problem.

BECKMANN REARRAMGEMENT IN PHOSPHORIC ACID

A comparison of the viscosity dota fer 1008, and 1138 HyPO)y (mble
shows the mared technological advantage to be gained by the use of
more dilute reaction medium. On the other hand, hydrelysis of beth
oxime and the amide is sensitive to the concentration of the acid. | lowews:,
with gond control of the reaction parameters, efficient, conwersions
achievable Two modes of operation on o loboratory scale were exominsd
batch reaction and in a continuous moanner.

£ £

'

BATCH REACTIONS

Similar to the Beckmann rearnangement with concentrated mm:
acid, an excess of phosphoric acid is needed to achieve high of
caprolactam. Quantitative conversions and yields of 93%, and higher can
be obtained when 1008/, HyPO, is used in o system contoining weight
ratios of acid to oxime between 4.5 : 1 and 8§ : 1.

Reactions were performed by immensing stirred solutions of the exime
in the ocid into a bath mointained at approximotely 140°C for o peried of
5 tr 6 minutes. Even on o small loboratory scole, the high rearangement
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enthalpy could not be efficiently dissipated and temperatures deveioped
in the reuction mixture which were five 10 ten degrees higher than that
of the both. In view of the short reaction times required, a continuous
process was mdicated.

CONTINUOUS RIACTIONS

The bench reactor was a stirred 35 mi jacketed chamber heated by
pumping hot glycerine (140-150°C) through the jacket. The feed solutions
of omme ir phospho.ic ocid were introduced through o 60 mi preheater
maintained at 70-75°C by a ht woter jocket The residence time was
reguloted by the How rate of the feed, while the reaction voiume was
maintained at 17 mi by reguloting u reactor bleed off system

By operating in this manner, the temperature within the reictor
remained constant ot 2°C above that of the bath and the residence tme
was only siz minutes. In this apparatus quontitative yields of loctom were
obtoined at 97 per cent conversion using an acid to oxime ratio of 6 1
With half this amount of acid, 94 per cent yields were at 92 per cant
conversion,

PRODUCT RECOVERY

Caprolactam can be separated from the reaction mixtu.e by dilution
with woter and ammoniation of the phosphoric ocid to pH 7. The beha-
viour of this system parcllels that of solutions of caprolactam in sulphuric
ocid. The choice of ammoniation conditions is based on the phose dia-
gram for the system (NH),O-PyOy—H,O (7), being selected to cause am-
monium to precipitate directly as a solid phase. At tempero-
tures below 40°C and pM up to 7, an upper phase of caproloctam, water
and troces of phosphoric acid are obtained. The lower liquid phase is o
brine saturoted with respect to the solid phase. The caproloc-
wom con be extvocted from the upper phase with a solvent such as
chiorclorm,

|

Thus, for eno carboxylic aclds, as such or in the form of their
lides or with aminos; unsubstituted

emides con be on the nitrogen otom; osimes can be recrranged

in the presence of acidic reagents, etc. A versatile proosdurs, and one
which could lend itsell well 10 indusiriol application because of its appli-
sive indusirial row motericls has been

advenced

Ywdvated clefine (secondory or tertlory aloohols) in the presence of large
quantitles of concentmted sudphuric ocddd. The N-substituted amide Is
sepasdted irom the hydrolysed produ t after neutralization:

T
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RITTER REACTION IN PHOSPHORIC ACID

()niy nre aftempt OpEaars to have been made prewously o use
[ RS RLa TS T A IR PONTE B ET LR S RTFARRTALY ) " A yredd ol only 42 par cont d amide
Wiy sty et

fronyy neen tnugad n our loboratones thot essentially quontitative
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ayte ot s eete d s ok e acd aithe agh HPOy of sl lower con
eatrart e (RS e cen'l can he apphed sth rcosonobh good results
Wby e e ety prowe ded n that  {a) : Tkab andfor  ammonium

Pt ey e chined s Lo product (b aromate and other sensitive
Mote of s present o g Temy 10N MQdIuM are inent
hos aise been found that trectment of tha oiefin nitrile mecction

proddae t weth s ampoanddy ¢ f)nf(jmmg the hyd.ro:y{ or !uiphhw group p"“ﬂ’
tythe atroductoo of weiter ar nes tralization, produce: the comesponding
mona substtoted phoasphora acrd denvatives as by products.

Tre toilow:n; outiine reprasents three ofternatives when uring phos-
Ui‘:oyu 3 vd

2 H,O NH, L(NH,),HPO.

. of [
PPy 2 RO _ROPOH, + RCONH-C-C-H
or b

2 RSH RsPOM,

The substituted phosphoric acid derivatives have found opplieotien
as  lunrcant additives. components in oorrosion  resistant coolings, in
leather *unming and water proofing, as insecticides ond lorvacides, o
emuisitiers and as components in piostics o impont fing resistonces end
plostucity

To effect these reactions it is only necessery to contact the olefin,
nitrile. and acid in a liquid mixture ot ombient tempercture for
tely cre hous 3nd then add the second component, the alcohol, !Mo«
phenol, etc

It s important to note that when using phosphoric ockd, under pre-
terred conditions tor reaction. 1 e. ambient temperuture and abeence of
additional solvent or diluents, the molar ratio of acid 1o nitrile should be
ot least 2 1 1o produce maximum yields, which in most cases are Quanti-
totive with respect to the organic reogents.

The nitriie and olefinic (or hydrated olefinic) component may be any
of a wide range of aliphatic or aromatic compounds. Some of these are
asted below
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The hydroxyl or sulphhy
RCN Oigf ’ 13
dryl  component odded ot ol e:‘-:‘:: hydrated
the terminction of the pr -, ,
mary rearcton. and used W " 'C,H. + Butane
produce the subsituted phos oM, : :»:u::; ’
phoric acxd, con be on un g‘g::ﬁ' Ds,.::buunc
i .
subsututed or substitured ﬁH,u‘(((H,) gamp“cm '
primory, secondary or temo P NO, CMCH, "y: iohenano
rv  oicohol or  #woaicohol NCICH,, T e satane 1
phenol or .ophenct  The (M = CH
reoction o very ragd ond 30

mild  that  worgane  acwd
esters ditficult to prepare by other megns {# g ' butoxy denvatives of
phosphoric acid) con bo obtained i this manner

The product omides may find use as such. or be converted 1o amines
by hydrogenation or hydrolysic. Thus. alkyl acrylamides, useful monomers
in ocrylic resin.. “an be synthesized by this route from orgor . .uw mate
rials costing ress than 10 b In an ndditi example. t butylamine can
be prepared from inespers.ve isobutylene and acetonitrile

IV. SUMMARY AND RECOMMENDATION

Sulphuric acid is frequently applied in the petrochemical industry as
o catalytic medium and solvent. Spent acid 13 subsequently transformed
into a chemicol fertilizer, usuailly ammonium sulphate Markets for this
commodity ore reaching saturotion, though the number of commercial
processes and installations which are potentiol producers of the salt is on
the increase Many of the new petrochemical installations are sheduled
tor developing countries. These countries are olso major markets for
chemical fertilizers.

it is possible to replace sulphuric acid by phosphoric ocid in many
of these opplications. New processes for phosphoric acid manufacture and
wﬂsﬂ‘:ﬂion make this substitution both technologicolly and economically
viadle.

The use of phosphoric ocid in the Beckmann rearrangement for co-
prolactam production and in the Ritter reaction for the synthesis of N-sub-
stituted amides has been described In addition to these. phosphoric acid
con be used in aremetic nitratiors, in hydrocarbon sepoarations, etc. Spent
ocid con be tronslormed into phoschates which are mare valuable and
morkotoble ce-products. This substitution should be considered for enami-
netion when concentreted minero! acid medio are called for.
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CURRENT PROBLEMS IN SCIENTIFIC-
TECHNICAL CO-OPERATION INCATALYSIS
BETWEEN A RESEARC' ‘«STITUTE AND
INDUSTRY IN YUGOSLAVIA'

PAULA PUTANOY*

I. INTRODUCTION

The chemicol industry In Yugoslavia is characterized by a long tradi-
tion, but with non-uniform development, with periods of stagnation and
a disproportion in development of its particular bronches.

Discontinuity in the development of the chemical industry reflects
itself in the development both of fundamental and applied research in the
industry itsei anc' in the colloboration with scientific institutions engaged
k. industrial reseorch. The lack of a broader interest in the technological
ond economic aspects of camlysis in industry and the neglect of scientific
resecrch in this demain are perticulorly remarkable.

During the past decode this situation has chonged substontially.
A wide spectrum of | ¢ in catalysis have been studied in scien-
tific institutes, ﬂn&dm several large enterprises usirg cotalytic
processes. This collaboration is planned to be more intensive in the future
os the roie of cotolysis is growing ropidly, particulory in the development
of the besic organic chemical inde try.

Scientific-technical coliaboration in the domain of ootalysis in Yugo-
slavia will not be restricted to internal comtocts, but more and more will
include the exchange of achievements ot the international level. On the
basis of past and future developments of the chemical Industry and
results already obicined in this scientific-technicol coflaboration, one may

1. THE DEVELOPMENT OF THE CHEMICAL INDUSTRY
OF YUGOSLAVIA

The first of the besic chemical industries of Yugosiowia was inswalled
in the second holf of the nineteenth century. Among these were chemicol
ond electrochemical plonts, factories for sulphuric and hydrochloric acids,
for soda eic. The period between 1908 and 1918 wos characterized by
the contiaueus development of sulphuric gcid, coldum carbide, super-

end other chemical production, copacities of these plants
the technoiogies applied were not behind production in other countries.
"*'h‘hWhMMWﬁGSM&MMd
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basic chem cal 1o fustry was reduced The major part of the export was
bosed on raw mate :als and semi finished products. more than 85 per cent
of the bas.c chamical industnal products were exported. Up to the Second
World War ‘he Yugosiav chemical indusry, becouse of a great number
of circumstonces remaned an undeveloped industrial branch, with @ num-
her of small economically poor tirms with out of date technologies

The development of the Yugoskaw chemicol industry ofter the Second
World War can be divided into two periods before and after the yeor 1956

The mawn characteristic of the development in the first period. be-
fore 1956 was the favouring of the inorganic basikc chemical industry,
based primanly on domestic row materials (the production of sulphuric
aod. soda  chinrine nmitrogen compounds, phosphote fertilizers, colcium
carbide and so on) The deveiopment of the orgonic chemicol industry in
this period was not remarkoble, with the exception of polyvinyl chioride
production

in the second period, after 1956, funds were invested in the erection
of larger plants for basic organic and inorganic chemicals, especially
those related to petrochemistry. From 1956 to 1958 o great number of
factories were put into operation as shown in table |.

TABLE !
THE MAJOR INSTALLATIONS BUILT AFTER 1954
The chemical-electro-metallurgy factory 33,000 ¢ of cysnamide
Yugohrom™ legunovci 30000t of celcium corbide, variows

saits, ferrouiloys etc.

The factory of sulphuric acid Bor

134,000 ¢ of sulphuric acid

The chemical indust y
Kosovska Mitrovica

130,000 ¢ of sulphuric xid
230,000 ¢ of phesphate fertilizers

The factory of phosphate fercilizera in
Prahovo

575,000 ¢ of phesphate fertiiizers

The chemical industry in Panievo

340,000 ¢ of caiclum smmonium nitrate

Organic chemical industry .OKI* Zagreb

:
-
1
1
g
i

of styrene
f polystyrene

-

seeSH
1
&

Organic  chemical industry .OHIS" Skopje

polyscrylic fibre
polyvinyl chioride

1 scotate
Bracies

-

oo

280220 | 2R

o
11111
-,

The factory of polyamide fibres in the com-
piex of che chemical factory of Moste

1,200 ¢t of polyamids fidre

The factory of aynthetic fibre

wProgres”|
Prizren .

2,000 ¢ of polyamide fibre

The capacities of some of these factorles were zoon increased. Thys,
the production of calcium ammonium nitrate In the Chemical indu
Panievo was increased by 480,000 t. The
extended, too.

pharmaceutical industr, m
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TARLE N
THE PRODUCTION OF THE BASIC CHEMICAL INDUSTRY
{000 1)
I
1930 1964 1968 1970
Sulphuric acid 132 4723 80 747
Nitric scid - 1178 340 579
Phospheric acid m ~ 18 152
Ammonia . 128 ) m 347
Chiorine 01 302 8 4“4
Phosphate fertilizers 178 5 L, 1 1294
Nitrste fortilizers 4313 414 582 131
Yiscess products - 21 n n
Synthetic fibres - 47 101 110.5

in this period the development of the basic chemwcal industry was
slow, becouse of insufficie * investment in basic organic chemica!l pro-
duction, especially in petrochemistry. This will be the source ¢ many
difficulties in the next period.

If we measure the development of the organic chemical industry in
Yugoslavia, by the extent of production of the basic .ow material compo-
nents (ethylene, propylene, butadiene, benzene, toluene nd xylene), we
can Jdrow the conclusion that the Yugoslav organic chemical industry is
still in o~ early stoge of development. This level is subject to the priorities
established for ihe development of the Yugosiav economy.

As o prerequisite for future development in Yugoslavio, the or,anic
chemical industry must be intensively exponded on the basis of rawv ma-
teriols for petrochemistry.

TABLE M
THE CONSUMPTION FORECAST OF SOME IMPORTANT CHEMICAL
PRODUCTS
(000 ¢)
Consumption
L MIOASANIC PROSUCTS
1978 1990 1988
Suiphuric scid 1,208 1,200 1.300
Ammenia in ¢t N $40 §50 758
Chlorine 108 147 mwm
Caustic sods 168 208 150
Cuicinmend sods 33 326 437
fertilizers in ¢ 1,0, 400 400 500
Nitrate fortilizsers in ( N 430 $00 6460
0. GNEAMIC PROBUCTS
Pei ehioride 190 -120 1150 240 - 300
L . %10 100 - 240 270 - 400
i W-23 #-~5 50 —40
Other ariifieial materiaks 4173 210 - 340 320 - 540
Viszcse pres ~ 0 B 11
fibres " 13 0
Pelyscrytenitrile Mre : g :
Cuher fibrte 2 $ s




. PRODUCTION,DEVELOPMENT AND PERSPECTIVES
OF THE PETROLEUM INDUSTRY

There was 1o petroleum production in Yugosiavia until 1939 Between
1945 and 1970 25 million tons of petroleum and about 48 mil. New! of na-
'ural gas. were produced This increosed production brought obout an
increase n petroleum consumption as an energy source ond it supported
the development of nower technology ond industnal petrochemical instol-
lations

As table IV shows. the production of petroleum and notural goas
during the last ten years increased constantly but not uniformly. In spite
of this. domestic petroleum could not satisty the need for consumption. 3o
tha' petroleum import increased as well

TABLE Iv

PRODUCTION OF PETROLEUM AND OF NATURAL GAS DETWEMMN
1960 AND 1979

Production of pesrelsum Proguction of notwrel gae
Your inde inds indon lndon
o0 e . o0 ¢ ) N
1960 944 100 - 4] 100 -
1965 208} Fil ) 218 1% 12 n
1964 1 138 107 402 758 m
1%7 2374 251 107 441 [ 74 114
198 2. 494 264 10§ 8 1100 12
1969 2.49 s 100 e 9m 128
1970 2 854 W1 106 " 1804 14

index (1) - index ralating to 1960 100
index () Index relsting 1o the previous your

Unless some unexpected rich source be found, we can expect @
continuction of the tendency for the consumption of domestic petroleum o
decrease. This tendency is shown in toble V. Reserves of petroleum and
natural gas emounted to obout 66 million tons of crude peticleum and
40 mil. Nm3 of natural gas ot the beginning of 1970. The consumption of

TABLE ¥
DOMESTIC VERSUS IMPORTED PETROLEBUM IN YUGOSBLAY
MANUPFACTUARS
@0 o)
Partietpntion of
Yoo tnpert Spers prveraa i e ————
- %
190 435 - 1,288 .
1965 1,407 - 1.9 7.t
1964 1.202 4 4,132 $7.3
1967 1,547 m 4.9 528
198 2,603 m 4,931 0.9
1969 3,300 37 5. 74 47.1
1% 4,442 150 7,100 L ¥ )
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petroleum derivatives in Yugosiovia, although in remarkable growth during
the last few yeors is still low. As can be seen from toble \' the partici-
pation of the chemical industry in this consumption is continuously incres:
wng. A moarked Increuss in the consumption of gasoline as a fuel and
for industnc | purposes is expected in the future.

A corstent increase is expected in the consumption of all other
petroleum derivatives such as liquefied Qases, speciol benzines, oiis, lubri
cants, tar and peirol coke. The lorgest consumer of these derivatives s
industry, with its participation of about 608/,

TABLE vi
PARTICIPATION OF PAATICULAR SE CTORS IN TOTAL GASOLING
CONSUMPTION

(%)
Sester of compumption 1960 1945 1984 1947
industry 14.¢ M4 n2 137
Traffie 435 “.7 6.2 3.0
Ageleueure [ ¥ 24 18 2.1
Porsenai. goneral and ether
spplisesions 16.1 12.) 124 11.2

Petroleum manufocture in Yugoslavia increased particularly after

Lo capocities and swer processes, led to on improvement in

of derivatives. They now meet world stondards.

other hand, hasty construction of new instaliations has led
use. Rofineries worked ot obout 2/3 of nominal

i

3.,2
s
|

%

ticipate the production of obeut 45108 tons of crude petro-
obout 2510 Nm* of notural gas by 1975. The consumption
petroloum derivatives will also grow: in 1973 i is expected to reach
of about 12510 t with an occelerated increase, forecast. With
to aevalloble sources of domestic row materials, existing refinery

as well as those being erected. will be swiMicient if operated at
up to 1975, in the next five yeor period, it witl be necessary
capaciiies for petroleum monufocture, moinly to assure con-
supply of petroleum derivatives after 1973,

"
§&
g
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In the early post war deveiopmant there was o lorge disproportion
betwee: tha number of o:tua! problems and the number of availoble ex.
perts Later on when the number of experts :n ndustry increased, pro-
blems of catgivas did not receive adejuote atlention for 1"any reosons
n new plarss lLeence conditions limited the competencies of the domestic
eper's and nhibied ther .nterest in problems of this kind  In older plants
the relatively small contrbution of the price of the cotolyst in the total
cost of production did rot lead to an oppreciation of the reol economic
aspe<ts of catgl st ter hrology In addition, expens employed in the che-
mical industey ot Yugosiava were not odequately educated toward o
deeper .rs.ght o this problem

At the Un versity level catalyss was treated very superhicially it was
ught only as a part of gther courses -general chemistry. physical che
mistry orgamic chemicgl tehnology et

Cotalysis, as o special sub,ect was fist taught as a one somestor
course ot the Faculty of Technology, University of Belgrade A yeqar ago,
catalysis including laboratary pract ce, was introduced as a regulor sub-
ject in chemical engineenng g the Foculty of Technology. University of
Novi Sod A few years 0Q0 courses i theoreticol and applied catolysis
were included as subjects in postgraduate lectures at the Universivies of
Belgrade. Sarajevo and Novi Sod

Nevertheless these courser are not as fully developed as other sub-
jlects and they do not include all important aspects of theoretical and
opplied catolysis These deficiencies could not be compensated for ade-
quately by training ergineers on the job. pecause of mobility of stal

In the postwar development of scientific research in Yugosiavia, the
subject of catalysis wes nvestigoted ta some extent. on an adequate level.
The Institute for Tech el Catalysis was founded in the chemisiry depart.
ment of the Faculty of Technology in Ljubliana (1946-1948). It ceased to
function because of rersornel chonges. At the Facuhy of Technology in
Zagreb, in the 1950 engineering catalyss was studied. but this initiative
could not serve as a basis for the Jystematic development of this complex
speciality. -’

Actually the development of broader, speciclized research in :::
field of catalysis in Yugosiavio storted only 10 yeors ago, through
foundation of the Department for catalysis of the Institute for Chemistry,
Technology and Metallurgy in Belgrade. This department is not large, but
it is a well equipped specialized institution, which has initioted and co-
ordinated aoll the major scientific research projects in the field of catalysis
during the last 10 years

Along with the applied research which this department performs, it
is also concerred with periodic arbitration investigations for Industry.

Besides this department, other Institutions ore concermed with ocata-
lysis ta a smaller degree These are the Chemicel Institution Boris Kideid,
Liubliana, departments at the University of Belgrade, the University of
Sarajeva, the University of Split, the University of Nowi Sod ond the -
search laboratories of some big enterprises, such as the Chemical Industry
Pandevo, INA — Zagreb, etc. The major part of the Investigations in Indus-
trial cotalysis are performed in co-operation with the Department for Cate-
lysis of the Institute for Chemistry, Technology and Metatlurgy. This de-
partment is the subject of the following discussion.

Their more important avenues of research for industrial development
are presented, excluding subjects at controct research.

One of the first problems which drew the attention was

of industyy,
the establishment of criteria for cutalyst choice. Excopt for cotplysts for
polyvinyl chloride manufacture, there is no catalyst production in Yuge-
slavia. Ten years ago our firms were Passive as regards se'ecting eotelysts,
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trusting in the ioreign producers This othitude is changing. Another areq
of investigation s the influence of vanous process parumeters on the
activity and stubility of cotolysts interest n this subject vanes from con
cern over insuthcientiy stobilized process condibons in the older. not auto-
mated plants, to voriations 1 the quaiity of row matenals and process
interruptions becouse of mechanical breakdown

"he subject of cotaiyst production has not been given 0o much
attention until now This seems to be unwarranted on the basis of the
present caopocities of catalyst in Yugoslowia Interest has been expressed
by several enterprises in making the common cntalysts for selected pro-
cesses. Investigations, started n order to unify process condtons and
cotalysts could be the Frst phase in preparing the domestic market for
catalysts produced in the country

There is now a growing interest in industry in the orgamization of g
permanent co-operative efort with the institute, covering o broad research
programme in the field of cota'ysis The formation of @ common research
centre in the institute associoted with industry will further this interest.
Under this arrangement, a single research team con perform investigations
ranging from ones in fundamenrtal science to applied subjects

This progromme is supported by training personnel working in the
industry, in the form of periodic seminars on actual problems of theorstical
and applied catalysis Sf:'ch seminars were started in 1970 by the Depart-
ment for Cotalysis of the Institute for Chemistry, Technology and Maetol
lurgy, Beigrade witt the participation of some eminent foreign lecturers.
Lecturers are inv.eu from well known institutions.

V. SUBJECTS OF INVESTIGATION FOR INDUSTRIAL
PURPOSES

Attention is being drawn particularly to the standardization of me-
thods for the examination of cotolysts, the analysis of the opplicability
of dota 3‘“" for the characterization of catalysts and the development
of s for he study of catalysts uge ng n reactors.

Becouse of the variety of catolytic systems, the large number of
foctors influencing their activity and the voriety of process conditions used,
the problem of standardization in cotalysis is particularly complex. How-
over, practice has shown that the comparison of ditlerant somples of
cotalysts is necassary. in order to establish o rotional basis for such o
comparison, the following trend is observed:

= the selection of charocteristic properties for the particular system;

~mmmshmdwnnhﬁomhm:;:nﬁws p;‘ocmm

ditions vorigtions in  porumelers racteristic catalysts;

- t::udolmm of methods for charocterizing and evaluating cate-

ln!ormtion on these subjects is not freely available.
As @ resul, a tendency to establish standards be
wm.m«ghadwmﬁnm
«bynwm For example, when lg:.mm':t:hf'ﬂc acti-
cited, not usually explained whether activity is bosed on
) the cotalyst, nor by which methed
prund . .‘ J:.madcbmlmd.hht
- mechanicel catnlysts, terms “strength”, “‘crush
o wn& but no datells on the

| X1
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The results are largely influenced by the method used. This situation
hoids for other charoctenzoton tests as well.

Some properties, given as characteristic of o cotalyst, are not sulfi-
cient f complementary data ore not gwen. For ceroin types of cowolysts
some of the dota usuolly given are no value. A good enample is the
vanadium ctolyst used for the production of sulphuric ocid whose octi-
vity 3 influenced by the thickness of the liquid layer under process com-
dihons Dota on the magnitude of the specific surkace orea are of limited
value f the relationship between the octive mass and ocorrier is Aot
known For other ~atalysts, data on the percertage of octive component
present are insufhicient if the role of other components in the mechanism
of catalymus s not known and f rheir concentration is not cited.

The dynamics of the catalyst aging in reoctoers is on rmm subject
because of the very high costs of interrupted planning
'3 required in changing cotalyst CM?‘ as well as M disaipline Mag
shutdown penods for other recsons. of process conditions
to changing cotalyst properties due W oging, mH also be desirable.

These problems ore very complex ond their solution requires fundo-
mental knowledge in ocotolytic systems, engineering esperience ond o
fam:harity with computer techniques. in the absence of oll of thess ele-
ments, foreign services must be and ore used. However, the interest for
such nvestigations in Yugosiowa is emphasized and coliaboration in
solving these problems is more than desirable.

L




THE PREPARATION OF AROMATICS FROM
CATALYTIC REFORMING OF PETROLEUM
FRACTIONS'

ABBAS PALLAM®, AMIR BADAKMSIHAN®,
MANOCOCHEMA SHAMAS®. AMIR M. AZHHPOUR®,
PARRO KM KAMALL®

INTRODUCTION

Eighty per cent of the benzene (1), 96 per cunt of the toluene (2)
ond 98 per cent of the Cq aromatics (3) in the world are produced from
petroleum fractions. Cotalytic reforming of petroleum fractions over pla-
tinum cotalyst is the main source of these products in petroleum indus-
MgtMonyWhonb«nmbdoutontMpnpomﬂondbonnm
(4. 3, 6), toluene (7. 8, 9) ond Cq aromatics (10. 11, 12) by cotalytic refor.
ming of petroleum fractions.

In this poper, dota from a coiytic retorming pilot-plant are pre-
sented on two fractions ot different reaction temperatures and pressure
to optimize proress voriables. Some correlation curves on the yiald of
hydrogen, methane, ethane, propane and heavier than hexone (Ce+)
Mﬂhhb@dmmﬂclcﬂo&ﬁkdmﬂgmimn

ment using the specific feedstock compositions, o reaction model is
presentad.

it has been shown that there is o lower limit of pressure for refor-
ming below which the plotinum cotalyst deactivates rapidly.

Among the total conversions toki~g oloce in the experiment, de-
hydmycﬁuﬂondp«dﬁmn:lmmgmd. Even under very severs
cotalytic | conditions, @ small portion of naphthenic hydrocar-
bons remains unchenged.
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HYDROTREATING AND REPORMING
CATALYST PREPARED PFROM "PROCATALYST

me.. Refurmtag H
ey e e

Physcar properties

St tace arer m?ogm 140 20

Butk Sensity gmicm!? [ B} ars

Pore valume cm¥igm 045 982

Crushing strength kg 80 -

Chemical composition.

LA

L} LN )

1 - oS

4 ¢4

Ajun na by dif by 44t

Mo, 190 -

CoO 15 -

Na,O [ X < Y00 ppm

£,0, 00 < SO0 ppm

Heating ioss at $50°C % 0 5%
Resctor tempersture 315°C
Reacror pressure M kg jem?
LHSY et 33
Hydrogen 15 hydrocar bon 761 141

The properties of the feedstock belore and ofter hydrotraating are

shown in ble Il

The reforming study was carried out over @ platinum cotalyst with
06 wt per cent plarinum (physicol and chemicol propenties of the cotelynt
are g.ven in table 1) in u -atalytic reforming pilot-plant having o copacity
of 24 litres;day A simplified process flow diagram is given in 1 (19).

Fresh hydrogen of 98 mole per cent purity was prepared from a hyd
plant for start up of this unit and olso for operating the hw

unit. The liquid feed after hydrotreating was continuously sripped
dissolved air in o packed column. The reactor was opercted te meinain
isothermal conditions throughout the catalyst bed.

Gas and hquid analyses were carried out by @ Varion

with EMEE (30 per cent) and glycol (30 por cont) packed columas in

W
lengths of 16.5 ft and 5.0 k, respoctively. Helium was used es camier gas
for both analyses.
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RESULTS

PHere ab e G Gy e e stuhied for he rwo mentongd

byt e oige b 8 0 ST gt 1Y g 2% kg cm? w3 axamingd
w Pttt gt s b mabke seytoas brem S0 10 10 686G 10 and
ATy s e eeion Ty ot 20 The o wohcanens ol platiormotes
[FEATE NS NPT, PRgv’ Y TR T 0ey e giwent - toble (N kow vhe 90 14907 C
AR I Fre sowe S gne e e o vable 1Y bor the range of 480 to
SMT s M g by moath cardrngen ) hyde s o rbon mole IO
bBom 70 0 0 B 0T and wgad hourty MPGCR vedox 'y around 20 bos
e Y I N D T
Hon ot mater of Doidnces o the above 'eat cuny wos carted
Pt wtt e by girat Gmprter ( Lrves un the yiekd of by O Cy
. fa N s and Ly nre whown n hgares 2 aed §
Ve pet of totn: gramat s toigens Cy aromatics and the yald
Nty g c@itayegt oyt fobbmemy fe’ﬁfmﬁng condittans are g ven n ’QUM

4 5 anl A

Tre prod,otan  of hyd oger was  mermum ar 310PC  nder the
i e ved bor the Gighirer bractian gt 0 tor the heavier tractior
{hwmeer  re macm,wm geld of hydrogen in all cases was 1 380 wt bbi
i teet ot S1Y 0 gaq 0D kg om’ tor the Lighier traction

A the vonous  reaction mechanisms siggestad tor the retorming
opure mydcarbons and naphtha (13 & 14), for our feed stock COMPo-
stion the preferred reaction mechanism .y presented i hqu" 7

Witk ne auqd of the rsachon mode! and rote squations given by
Hearningse: and Bundgaard Nielson (1970} and Krane et al (19%9). ma
trematical walculanons were performed on o few runs Experimental ond
calculared rewl's are n g good agreerasnt, byt the viebd of aromotics
obroined ar any gven pressure s lower than the cokuicted results. Thot
was e 10 the rapd deactivation of our cotulyst ot that low pressure
lowe: prasswes ugribicontly increase the amoum of aromatic formed
but colung of the Loraiyst 1y nrensed owing w0 lower hydrogen portial
pressre

“rogucton  t taiyene (s aromatizs and total aromatics InCreases
when the | xess operates ut higher temperoture Mony naphths res
'amo e unconverted gt low temparature  Even of very high reforining,
tempecture (S C) o small concentration of naphthene is found in the
produdcts

Dehydrocyclization of parathing to aromatics takes piace under swevere
conditions The results of some expeviments (13) show that the production
of henzene s much lower than the nroduction of heavier aromatics in

the dehydrocyclizator. reaction The rote of dekydrocyctization is quite
conside able becoute of tha arantar ewtemnt o rancbinn in S |

oa ~
wies  Ase OO

heavier parathne Aromatic hydiocarbons producsd by the dehydracycii-
Iation reaction and the conversion rate of poraffing 10 aromatics is shown
in toble V for the heavier fraction. The rote of the dehydrocycliation is
actually higner than calcukated because some wromatics undergo rever-
sible reaction to non aromatics and the conversion of naphthene 10 aro-
matics is not always 100 per cent under all conditions experienced in

practice. The maximum conversion s 27.5 per cont ot 3520°C ond
20 kg/cm?
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TABLF v

THE RATE OF CONVERSION IN DEMNYDROCYCLIZATION UMDEIR
VARIOUS CONDITIONMNS

i
Case | E
R e oan k : i 4 %
Tora a0 5 ateas ;
b e Vo b )92 "o 412 “) 507 |
A v gty by dehydrs |
yorogat o Yol % 12 20 102 14) 197 ;
Covmweryon s are of |
Sehy toa gl patien 106 132 150 no s
Case 1}
Ry s 4 * b4 K4 153 1t
Rt e atigy
protuced Vol Uy w7 7y 37 920 41147
A, ety by dehydro.
cy ration Yol % 47 s s 100 162117
o Ryergion rate of
dehydr oy, (1ation (%) 5 7 147 13011712
Case il
Ry ne 12 i 14 1% 16
Towal aromaticy
produced Vol %, ns i1 E B 4.4 417
Aromatics by dehydro-
cyciiration. Vaoi % 0} 18 [ R 1.4 157
Conversion rate of
dehydrocycitation 04 $1 1901 197 PiR|
CONCLUSIONS
Toluene and C, aromatics were the major products in the reform
of both the 90-140°C fraction of Aga-Jari crude oil ond the 110-1
fraction of Ahwaz crude oil under various conditions.
A reaction mechanism for the performed experiment is presented.
The yield of hydrogen was maximum at 500-510°C for oll pressures

uied The maximum yield of hydro en was 1350 sef/bbl of feed ot 310°C
and 20 kg cm? for the lighter fractic ..

Even under very severe rerorming conditions ¢ smcll poriion of
naphthe vic hydrocarbons remained unconverted.

Dehydrocyclization occurred to ¢ moximum amount of 27.5 vel, %
for the heavier fraction
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HYDRODESULPHURIZATION OF FUEL OIL
USING Co-Mo CATALYSTS'

MANOOCHEHA SHAMAD®

Ropid technological advancements have created Qreat concem over
our environment One of the major causes of alarm is the burning of
foss:t fue! whose sulphyr containing compound give off hazardous sul-
phur dioxide upon buming. SO; o major poliutant of today’'s industrial
communities. 13 not only determintal to health but also costly to industriai
installations. To remedy this problem, mony institutions hove set aos o
major goal the removal of sulphur from petroleum crudes or petroleym
products.

Researchers from the young cotalyptic unit of the National Iranian
Oil Company’s Research Centre, ir conjunction with scientists from other
disciplines, from analyticol and or gineering groups, have formed o teom
to investigate the hydrosulphurization of an lranian fuel oil. The challen-
ging goals set are summarized as follows:

1. To examine sulphur remuval processes with respect to a particu-
lar lronian fuel oil containing 2.4 per cent sulphur by weight.

2. To investigate the economics of o desulphurization process in
lran where raw matericls are abundant ond labour is relotively cheap
compared to many other ountries.

3. To gain an insigh' inta the process of desulphurization which can
have valuable applications in the removal of sulphur from less proble-
matic crude oils. This can pcve the road for the competitive marketing
of low su!phur crudes 1~ world markets considering strict polhution laws
and regulations.

To this end the following stages have been approved:

(a) Identification of varicus types of sulphur condaining compounds
ir. the fual oil

(b) Preparation of o hydrodesulphurization cotalyst

(c) Determination of physical properties of catalysts such as surface
orea and porosity meosurements

(d) Propane deasphalting of the fuel oil for removal of osphak and
heavy m is such as vanadium

(e) Hydrodesulphurizatian of the propane deasphalted fuel ond
identification of products

(i} Determination oi optimum process conditions

(9) Economic caloulation of the process

(g) Implementation of the process on an indusirial scale.

A commercial activated alumina having a spedific sufface ares of
200 m?/g wos used as a support. Three catalyst samples were prepared.
In all cases the alumina support wos impregnated with solutions of

'Mmm“lanfmn‘cMMM!M

* National irsnisa Oii Company Ressarch Centre, Tohras, m.mmm’
the co.operstion of M. Hashemi, 5. Sainjedhve and F. Behbohoni.
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cobolt acetote and ammonium moiybdate and the ialt molecules adsor
bed onto the support surface, were then reduced to the metals by heat ng
in a stream of hydrogen The techmques of impregnaton varied from
one cose ta onother /n examinoton was mode of the suroce areo, pore
size ond surfuce activity of the cotalysts They have been su! jected to
small loboratory bench experimants and pilot plant tests

A tuel oil having o viscosty of 1446 ¢cs ot W°C wos pretreated n
o liquid-liquid extroction priot scole L PG wos used as extracton s« 'vent
to remove asphalt ond heavy metals The deosphaoited fuel was pum, ed
into the top of o reactor equipped » .l several thermocouples Hydrogen
was fod through a drying tube to the reactors The reactors were opecated
to maintoin sothermal conditions thraoughout the catalyst bed The tam-
perature distribution was kept to within + 2°C The pressure drop did
not exceed more than | per cent of the operating pressure

The reactor was warmed grudually and then the feed was introduced
under steady conditions The reactor products were cooled by a wate:
cooler ond then possed to a high pressure separator. where hydrogen
rich gas was flushed from the liquid product and the products were
measured and icentified.

RESULTS

1. Sulphur removol Increased with an increase in the reaction tempe-
roture when the liquid hourly space velocity was fixed.

2. The rate of wiphur removal Increased with increasing hvdrogen
pressure ot fired temperctures.

3 Vonodium and other heavy metols con be effectively removed
from the fuel oil to prolong the life of the hydrodesulphuriiation catalyst.

”4’.' The rote of suiphur removal is decreased with the ageing of the
catatyst.

3. improved desuiphurization will result with increasing total pressure
or increasing hydrogen partial pressure.

The economic feasibility study is under Inve: .

In conclusion, it should be mentioned that lran with its expanding
oil and petrochemicol industries may be considered as one of the biggest
future consumers of o variety of industrial cotolysts. The cointry should
follow on active line in cotalytic reseorch work which should, one doy,
fead to the estabiishment of the manufocture of most industrial cotalysts.




PRESENT STATUS AND FUTURE
POSSIBILITIES OF CATALYST PRODUCTION
IN INDIA

A M LALLAE

. INTRODUCTION

Soon after goning ndependence in 1947 the Government of Indio
decided 10 mplemant ity plans tor a chemical fertilizer factory based on
coal gas:itation a* Sindr. The plant was set up by o pubkc company
known os Sindr Chemicals & Fertilizers Limited A small research and
development ceil was crganized within the company to study the techno-
iogies involved n the manutacture of chemical fertlizers Dunng the
commissioning stage of the Sindri plant, apparently due to an upset in
the operations. the high temperature corbon monsxide conversion cota-
lyst operating at near a'mospheric pressures wos observed to have lost
some of its activity This 270 tons of cotalyst imported from the Unded
Kingdom of Great Britain and N. * e iretand » s regenerated by the
eHorts of the research and develc .« W cell ~* .ne Sindri Fertilizers.

The success in the regenerat ' o1 a catalyst provided the necessery
impetus and confidence to undertake further developments towards the
production of the cotalyst itself in Indic. These efforts resuited in pro-
ducing. before the mid 1950s, o small quoantity of proprietary high tem-
perature shift catalyst for operation at pressures close t© atmospheric
pressures only Soon thereafter Sindri Fertilizers olso produced some
quontities of an iron oxide mass for desulphurization of rew gos obtained
from coal gasfication Both these cotalysts tound immediate applicotion
in the Sindri ammonia plant. However the success 3o achieved in the
production of proprietary catalysts did not result in sovering much of the
demands of the developing fertilizer industry.

Il. TOWARDS SEL*.SUFFICIENCY IN CAT/LYST
PRODUCTION

A survey carried out as lote as 1965 revealed tha he requirement.
of every type of cotalyst for all the ammonia ploms the. under construc-
tion, without exception, were still to be met by imports, usuolly l’uonh
procuremant by the enginasring contractors concernad Fven the Sindri
exponsion corried out in the late 1950s had s initiol ond spore charges
of cotalys': imported, and the first Sindri plant continued to impont is
requirements of ammonia synthesis cotolysts. This will be clear frem
table |, which lists the various ammonia plants in 1965 which were either
using or had ordered imported catolysts for initial and spare charges.

The survey also considered the projected growth of the ommenie
industry. Table 1l ksts the various ammonia plants that hod been projected

' This paper was lssued in provisiens! form uader UNIDO reference ID/WG.123/18.

* Catalysts and Chemicals india (West Asia) Prt. Lid., Bombay, Indis,
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more or less on a firm bass for start up betore 1969 It alcs 515 the v
rious catalyst types 10 be used n these piants It was slear 'hat establ
shing an additional ammona capac ity of about 20 mition 'ons per ann m
(in terms of ntogen) by 1969 would necessitate large scole mports of
cotalysts

TARE

AMMONIA PLAMTS IM INDIA USING ORDERED IMPORTFD
CATALYSTS iM 1943

Capaciay ' of
Plom i:‘- M; “::,.m *vedotach
1 Sindri | FCH 45 000 i Coke oven gas
1 Sinder 1 FCH 50 000 2 e f Colr oven gas
3 Rourkeia MSL 120 000 Aty By product colle aven gas
4 Nangas! FCi 80 000 ) & Electcniyrie hydrogen
L) Trambay FCI %0 000 f Parriat sxidatinn naphtha
¢ Gorakhpur FCI 80.000 a fy do
? Namrup FCI 50 000 b e t Naturaigas reform:.ng
L Always 1 FACT 15.000 fy Pirtal oxidation napheha
9 Atways (1} FACT 10,000 f do
10 Meyveli NLC 70 000 af Lignite gasification
11 Varansst NFC 10.080 iy Coke
12 Eanore Parey 19.000 fy Partial oxidst on naphtha
45 000
TABLE 1
AMMONIA PLANTS IN INDIA PROJECTED
iN 1945 POR START-UP BEFPORE 1949
Capacity
Ammmonis plont (tens. your Trpe of och Seart-ap
) Visskhapatnam €.d o f
Coremandel $4000 fgnij | Naphtha reforming 1940
2 Bureds G3PC 9%.000 ~ do - § Naphtha/gas relorming 1968
3 O e PCH 190,000 ~ 4 1 Naphths referm ing 196%
4 Coehin FACT 140,000 - o - deo - 1969
$ Trembey U #CI 140,000 - do - ~ 4o - 1969
¢ Adwaye IV PACT .00 -~ do - L 1949
7 | Bareds 1t GSPC 110.000 - do - do - 1969
[ ] Kanpur L 140,000 - de - de - 1969
L4 Gos Zuart 150 000 - do - - do - 1969
10 ] Madrm MR 190,000 ~ de ~ - 4o — 1969
" Keota Srirem 120,000 - de — do - 1949
;] Mangaiore
s Gowt. 150,000 - §0 ~ - 40~ 1969
13 % Altied 40,900 atl Cosl gasification 1948
| Sindei rmer PCH c. df Maphths reforming 1969
1S | Reurhals | oformer
i "t e - do - 1969
i-a-‘-—i
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bodenates righ temperature (O ronversion
g denotes ow remparature L} consersion
h denotes chongde sulphur guard
fenoltes methanotion
. denotes synthews
kK jenntes Je Ox0
FOU denotes Ferttirer T orporaton of Indw L:mited
HSL denotes Hindustan Steel Limited
FAC T Jendtes fertilizery & “hemice s Travancore | mited
NLT denores Neyvel: Lignite (o poration | imuted
Parry fenctes t D Parry L:mweu
{ promandel denctes (oromondel Fertilizers Limited
GSHO denotes Gujarat Stote Fertiliers Company Lim-ted
£ denotey Indian Explosives Limited
luan denotes luar Agro Chemicols Limited
MF1 denotes Modras Fertilizers Lirmited
Sriram denotes Sriam Fertilizers and Chemicals
Ailed denotes Abed Chemicals of the United States of America

In consuktation with Catalysts & Chemicols Inc of Louisvilie, Ky.
United Stater of Amenca o further study was carmned out The conclusions
ot this study w~ere broadly thot

® o0 minimum economc capoacity bor a catalyst manulacturing unit in
India. such as would encble the contumer 1o buy proprietary cato-
lysts ot o pnce not exceeding the price he woukd pay for imported
cotalysts required o market potential equivalent to cotolyst requi
rements of
a) operating ammonia plants of ot ieast 1 mullion tons per year of
nitrogen capaaty and
b) new ammonia constructions of at leust 500,000 tons per yeor of
n Wwogen copacity,
@ o cotolyst manufoctuiing unit should preferobly be in a position to
supply the compiste range of cotalysts equired for large ammoma
plaonts based on modemn technology.

@ o cotalyst manufocturing umit locoted In Indic would Le adwamage-
ously ploced to serve the cotalyst raquirements of the petroleum
refinenes. hydrogen and ammonia plants in the West Asian region,

® o catalyst manutacturing unit in India could aiso cater to the cata-
lyst requirements of the indian refineres and petrochemwcal industry,

@ the successfui marketing ! cotalysts was possible only if the cata-
lysts being offered had prove. emcellence in commerciol operations
ond the performance could be guaronised to mest the parometers
of the { lont design.

On the basis of this study, collaboration was sought from Catolysts
and Chamicale tne | and an anplicatinn lnr A lrenre tn manulacture
cotclysts in India was mede to the Government of India in September
1965. In June 1967, the project roceived preliminory approval. The coliabe-
rotion agreement received preliminary approval in February 1949 and finel
a | in November 1970 Catolysts and Chemicols india West Asia
((.?gm)'s catalyst foctory commenced commerciol production by Apnil
1971, th;k:omod instolied copacity of CCIWA's foctory in Kercle is given
in table 1.

Meanwhile the Fertilizer Corporation of india has also estoblished
production of o large range of catalysts (manulactured entirely on the
know-how developed themselves). it is understood thet at present, Fertilizer
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TAR B
CAPACITY OF CATALYSTS AND CHEMICALS 1M INDIA (WEST ASIA)
Casnlyaee Yone yonr
1 Desuiphur gation < ataipsts L]
i Potrochem (2 tataiysts S0
] Hydrotreating cotaiysts w00
4 Maphths & hydrocarbon crmRing & refor ming

catalysta [ ]
$ High rempersture (O convervion catatysts 450
[} Low temperature (O conversion catatysta 450
’ Methanation catalysts o
[ ] Ammaonia synthesia cataiysts 00
L) Zinc onide type desuiphurization cataiysts 300
10 Puatrochemicals hydrogenetion cataiysts 1%
1 Catalytic reforming cetaliysts 30
L34

Corporgtion of India offers to ammoma industry the following catalysts

@ Naphtha and gos cracking and reforming ooialysts,
@ Desulphurization cotalysts of iron oxide type,

@ Desulphunzation cot iysts of 1inc omde type,

@ High temperature CO conversion cotolysts,

@ Low temperature CO conversion catalysts,

® linc oxide desulphunzotion catalysts, and

@ Methanation cotalysts.

. CATALYST REQUIREMENTS IN INDIA

The requirements of catalysts in India at present and projected up
to 1974/75 are given in table IV. The requirements have been estimated

TABLE 1Y
CAYALm‘ ABQUVIRBMENTS IN THE FERTILIZER AND PETROLEUM
¥ STAY IN INDIA EXCLUDING THE REQUIREMENTS
OF FCl PLANTS (FISUAES M TYONS)

Aversge
Caslysen tite, 197373 ] 197274 197475 | TVomt |
o0 ;
1 | Desuiphurization ‘
treated carbons) 1 » » 0 120
2 lphurizstion
fzinc onide type) 1, 13 130 20 460
3 | Hydrosresting
catuiyoss $ 50 150 150 830
4 | Croching/refermi
catalyons " 4 4 % ”®% 178
3 ¢ righ wsmperssure
CO convarsion 3 118 11% 1%
4 | Low temporaiure
CO conversion 1, 108 169 we 400
7 ] Mechanation 4 » » o 140
§ | Ammenia symthni 7 plme nit 100 y 00
I Bt w !l » | 1
vorisss
10 | Patrachamicals
[ variow 13 1 ] S
11 | Comiyeie retarming
extaiyume Py eype 1" " L, »
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tor only those ity oysts that are presently aporoved o manu’octure by
CCIWA ard axciydes the requiremenis of caralysts bar the plants suerated
of under carot e by the Fertiliser { arporatinn v India
Ite requirements have besna e t.mated after taking irte consuders
tion, « nong other tocturs the following
@ e twotal ostalled desige volumes of operating ammonria plants as
given 1 table V.
® the ictai design ratalyst volumes of ammonia plants sched led tor
start up betore 1973 71 as goen n tabla VI
® overnge oparating ile of the s agiaiyits as indhiogted in table Vo wk B
sself 15 based on the tedhincioges involved and aperaticrg sxperceice
in the severil piants us knoan to - UIWA's rechnical service divis.on
Laader y tbies Voand VI obvs L ve the otals of the desiyn voiv

TABLE v

TOTAL INSTALLED DESIGM VYOLUMES IN OPERATING AMMOMIA
PLANTS iN INDIA

C T Teotai
C Nox PCH
Cacnlysnr slants hants | Prowy
Cum Cum Co.m. (astivnasnd)
I — [
t Negtphurization
fron axide typel + 100 670 1.370 1.600
Fi {resuiphur zaiion
{treated ©arboansi 10 50 50 15
) Dese phurigation
irine axide sype) 13 1911 ns s 125
4 Hydrotr eating Vs 151 2 154 1 12%
5 “iaeking refarming “45 3 16 6 1751 s
Hogh remperarure
{3} 7 nversion 171 & 351 ¢ Tii 200
’ Low Temperatare
C4) conver ston N 114 2 124 1 150
9 Mathanar on 7 " 4 " ”»
9 Ammo. g syntnesis 91 12192 198 3 458
L | —
TAB(E vI
TOTAL DESIGN CATALYST VOLUMES OF AMMOMIA PLANT
STARTING UP DURIMNG 197271 AND 197274 IN INDIA
Tatet "
L Naa-FCH I
Catolyens pinnes pinnre ' eme
Cu m Cu.ne Cu.-n (otimered)
\ Desu phur 1aton
{:ron omide type) N LT L1 Nil
1 Desuiohur zation
itreated < arBans 0 56 4 e ¢ 50
3} | Duviphurzation
Igine oMide type “e 79 4 1180 120
4 | Hedroirenting %4 nr 1637 1%
s  Wing etnrming o7 %9 M e e |
[ High tem g sture
€O convervion 1430 07 0 4700 14 )
* 1 on ramonratuce
(O conve sren 156 3 8 0 424 5 L4 ]
[ ] Matnanst ion 3.0 "7 1%.7 113
[ ] Ammania s ynthasis L (TR ] My e 13 1)
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mes of plants in operotion gad those it SART et gwre @
wheduled for start un before 197374 b heor 3 TT VT
ammonic plarts in India,

® ihe reqquirements of the petroleun: refinaiies i et om0 sloots

a3 rougnly estimated Ly CUIWA ¢ sales dovosnn

IV. EXPORT POTENTIAL IN WEST ASIAN COUNTRIES

Tha ferose ! I R AR RO L 29y Nty 0l gty Yiogto et g F o ¥
CUIWA 18 n countrias of Was Asa inclading Afghuamstan an bag
lordor, Kuwast Scudi Arobws and the hew (3 if States A Abo 1ty
Bahrein  Dubar Muskat. Uman e Indias immediate  neiy bours
Banglodesh. Sri lonka and Pokistar are also potential morkets However
their requirements have not beer consideror

The tota’ presestly nstalied copocity operating ammona  plants
in this region s about 5.CC0 tons per day or about | 3 mllion tons per
your in terms of nitrogen, viuding the ammeona pionts 6t Shahpur and
Shiraz in lran, at Dammar in Saudi Aribia three piants ~ Xowaid  ar
Doha in Qwar, ot Basrah in trog und ure plant i Afghan st n

Furthermore, within the next three i bour years addmonal ammonia
capecity of 1000 t/d in iran and 800 t'd in irag may be expected to mate
rialite In eddition to these ammora plants, there are three lorge ol
refinery hydrogen plorws ‘n this ares including *hose a. Teh-an n lran and
two in Kuwait hawng o total capa.ity of abeut 140 MMSCFiday of hydro
gen Additionally, three more hylrogen plants i iran, Jordan and Scud
Arabiu m 1y be expected to commence production within the newt three or
four ymars Based on the operitional experisnce n these plants related
10 catolyst life, the catoiyst Jemand in these countnes has been broadly
estimated by CLIWA's rechm. o sarvice dowstion as given n table V1

TABLF v
AS1'MAYED CATALYST REGUIREMENTS 1N ¥ ES3T ASIAN LOUNTRIFS
(M TONS)
L2
Camives 1973 ~ 73 973 - 74 1974 - 73
{ Dusu ipherizst.on
{rrouted cerbons) » b L]
1 [ omeniphurimndon
rime emide type) 123 150 100
3 | tiygdeatresting 1% 150 350
4 | Raforming » 30 ]
5 | igh cempersture
C‘g conversion 13 115 130
4 | Low 1emaermure
CO conversion 190 113 5%
7 | VMisthanation 1 ~ »
§ | Ammonia ssathesia - 100 e
¥ ] Petrochemicals hydragen - - 5
18 | Patrachemicais catniyms
various - 5 10
1 ! Casslytec soforming Pt type 10 L
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V. SURPLUS CATALYST PRODUCTION IN INDIA

Considenng the present installed capouty at CCIWA's footory in
Indir und tertiizer { orporation of india’s production capocity, it is esti-
mared thnt about S per cent ot CCIWA's capaoity will remain surplus and
avastable tar exports atter the total Indian requirements have been met tor
at ieast the rext three yeors

VI. INDIA AS A CATALYST SUPPLIER TO WEST ASIA

india as o supplier of proven catalysts olfers many advantoges to
the caralyst consumers in the West Asian countries. These advantages arise
primarly because ot ' nearness to the region and since age old trade
routes berweer India and these countries are well established. The con-
sumer in West Asa can now depend on quick avallabslity of his cotolyst
requirements and need not e up s money unnecessarily in hoiding large
nventores of spare catalysts, From Indio it is now possible for the cata-
lysts to reach any of the consu 1ers in this region withn ten or fifteen days,
whereas previously 1t requwed six to eight weeks or more Further, it It
now possible tor them to ootain the services of ¢ technicul service engi-
naar tor any emergency situations within a few hours. Experience has
skown that tre importance of this prompt availobility of techniocal service
canaat e aver emphasized The scope of technicul services hos been
e‘aborated elsewhere in this paper

ind:a as o major fertthizer iImpocting country, offars an outiet for the
surplus fermhirer production in West Asia and their purchore of the cate-
fysts produced i Indio would assist, though in a smoll measure, towords
balaonang of trede between the West Asion countries and India.

Vil. CATALYST PRODUCTION AS AN INDEPENDENT
INDUSTRY

The tunction of n good omalyst is to increase the rates of chemical
reactior such ¢s to make possible the production of product: under much
more tavourable wonditions of temperature ar«d presswie than it no cato-
lyst or an infenor 0ne were present Hence, the right catulyst is often the
secret to successtul manutacture of a particular chemiord preduct.

Unt:i 1950, cutolysts were developed and produced only by very large
chemical compames usually for use n their own chemicol plants. These
cthamical compames jealously guarded the know-how on ocotelysts both
with regard to their production and use Only when the chemical com-
pames chose to do s0. would they agree to sell the prooess together with
the catulysts 10 another party on payment of huge hcence fees in uddition
tc exhorbitant prices for the cotaiysts, the esoct formulations of which
were seldom or never disclosed

Since that time, however, o few corpanies have been
scecifically to manufacture ond market catulysts, no longer just as edjuncts
to another main chemical preduct. These comparies begon moniuosturing
cotalysts that were erther developed by others or by themselves. Cammiyws
for specitic applicatiors then became ovalnble outside the group of the
then existing lorge monopolistic chemical companies. Engineesring oon-
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tractors were now . to offer to build economic chemical plants for
new entrepreneurs without having to pay large licen e fees and catalyst
prices. To be sure, this also contnbuted, in no small rreasure, towards a
wider ownership of larger chemical plants, particularly in the ammoma
fertilizer industry, all over the w~orld.

VIll. SUCCESSFUL MANUFACTURE OF CATALYSTS

The successtul manufacture of catalysts requires, amongst othe-
things, a clear appreciation nf the fact that calalysts are not simple che
mical compounds or mixtures ot chemical compounds having a set or pre
determined anolysis. i must also be understood that the manufacture of
catalysts can only be carried out botchwise or at best on a semcont: -
nuous basis, since it is not the mere compounding of materials in set
proportions that yields o good catalyst but the varicus techniques of ccn.
trolled precipitation, treatment, compounding and forming that results in
high activity calalysts. The proper selection of row matenals and the
avoidance of uny poisonous contaminants even in the smallest concen-
trations is no less important in the manufacture of a good catalyst. The
maste y of these techniques, which is almost an art tor producing cota-
lysts, r.oquires years of experience and the strictost quality control checks
at various stoges of manufacture. Having r nized the specialized and
sensitive nature of ocatalyst manufocture, CCIWA opted to obtain this
know-how by collaborating with Catalysts and Chemicals Inc. whose
skills in production had b . clearly prowen.

1X. TECHNICAL SERVICE

The marketing of catalysts also requires special technical competence
which is not generally avoilable. This is because the successful perfor.
mance of o cotalyst depends substantaily n know-how regarding its use,
which is provided by the covalyst suppher. Often, more than one catalyst
is suitable for a pamicular chemical reaction and usualy several will give
the same result if the operating conditions be modified.

Thus o chemicai Jesign con be fitted to an availoble catalyst or
madﬂmﬂmmbnmybomweownameompf
toble process i .Ahuqdmmhatme#scbomdetoperform
but in doing se, user would probably have 10 adopt o less economic
process design involving higher capita’' and operating costs.

Thve cotoiyst supplier therebore hos 1o have facitities and technical
compeatences to provide :

@ Process informetion te the engineering contractor or the customer
mmmlmdwmmwmammm
Rolioble informotion obwiously con be provided only if the cotalyst

, fully proven in Sommerciel operation under several

4
1
{
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® Subsequent foliow up service to assist the customer in maintamning
optimum operating performance of the catalysts and to assist in the
solution of any problems which relate to the use of the catalysts.
This service has often assisted an operating company in keeping its
through put at the moximum while maintaining the desired quality
of the product by recommendations ot changes in operating con-
ditions to compensate for any damoge to the cotalyst resulting from
upsets in opergtion of unexpected contamination of the feed matenial
The engineering contractofs and the customers, particularly ammo-:a
manufacturers are becoming wmoreasingly  conscious of the importance of
these services and often nsist that o clause providing for them is written
nto the contract while purchasing the cotolyst At the same time, they
demand suitable performace and life guarantees on the catalyst There is
no doubt that the catalyst vendor recognizes the nght of the purchoser
to demand these services
Among other services that u catalyst vendor provides is operator
training which inclides discussions of the theoretical aspects relating to
the catalysts with special emphasis on the proctical opplcotion of the
catalysts in the customer’s plant it also includes discussions on the eva:
luation of varnous factors that infiuence the performance of the cotalysts,
the physical properties of the catalysts, warious precautions necessary in
using the cotalysts. loadwng and un'rading procedures. start-up and shut-
dowr. provedures and methods of evaluating the performance of the
catalysts

. CONSIDERATIONS FOR SETTING
UP NEW MANUFACTURING UNITS

I+ will be clear from the foregoing that a good catalyst per se does
hot ensure success in its marketing Price also tharefore, is net *he only.
or even major conwideration when an unproven catalyst is being n arketed
against a proven catalyst A prerequisite for setting up a cotelyst producing
unit, 1 o devetoping or any country is tirstly avoilability of ecceptable
know how oither deveicped from commercial experience over severc! yeors
or obtained by transtfer through Hcensing of outright purchase.

Price assumes considerable significance when selection is to be made
between 'wo proven cotalysts for the same service. There are ot least
three or four renowned catalyst supphers competing severely for the limited
markets presently avaikable

The mushrocming of the ammonia industry all over the world during
the early and mid 1960s resulted in lorge cutalyst manufacturing facilities
being established not only in the United Seates of America but else
slsewhere n the world For instance, Catalysts ond Chemicols Inc., in
collaboration with Mechim (Société Générale) and Mitsui Toatsu, estabii-
shed catalyst manufacturing piants in Bdrum and lopan respectively, in
adamon to the CCIWA plant in Indic At the same time cotalysts are
produced by other companies m the United Kingdom, other Europea
countries and the United States. With the subserjuent siachening of
growth in the fertilizer industry, there now exists  lor,e surplus omtalyst
production capacity. resuing in seve’e CCTRON 0: and very low soles
prices.

Row materal availabilit ot competitive prices therefore has assumed
greater importance Not every country. developed or developing, is essured

of low priced raw materials
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Similarly, of great importance is the cost of technica! expertise. india
is Eoniculorfy well placed in this respec because of the high order of
technical competence available in the country at rates perhaps one third
or less than those in developed countries.

Xi. CONCLUSIONS

Successful manuf cture of highly sc .histicated and sensitive catalysts
requires a mas'ery over the prodiictic techniques. The manuta uring
know-how must L~ available. either - wei ped independertly o1 obtain 1
by transfer through licensing or outright pu~hase. Oniy o very few com
panies in the world possess this know-how.

A necessary factor in the successful marketing of oatalysts, apart
rom price and produc. acceptability, is the capah lity of the catalyst
vendor to provide >mpetent technical service assistance durin the design
stages of a chemical plant, at the time of cotalyst loading, during initial
plont start-up and thereafter throughout the kfetime of the catalyst. The
coatalyst vendor must aiso provide acceptable performance und life guaran
taes on his cotalysts. Yet amother very importar factor in this regard is
that the cotolyst vendor must be in a position to meet the emergency
requirements of catalysts and technical service promptly, sometimes ot
very short notice.

There is surplus copacity for ammonio catalysts on a wold wide
basis resulting in severe competition between the manufacturing compa-
nies for the limted markets presently awailsble. Long-term growth of de-
mand, however, may be expected on the premise that ammonia production
must be stepped up considerably to meet the desired levels of fortilizer
use, perticularly in the developing countries.




TECHNICO-ECONOMIC ASPECTS RELATED
TO HEAT RECOVERY IN HETEROGENEOUS
CATALYTIC PROCESSES'

v CIORT: D CIOCOHTON®. | ZIRNA®, ST DESPA°, D. GRIGORN®

1. INTROODUCTION

Due 1o the fact that the reaction products resulting from hetero-

genous catalyic provesses ore  later processed at temperatures lower

tha~ thaose 0f wh 'h the reaction onours the reactor eMuent must be
ol

Th.s necessity 1§ aven more evident in catalytic processes which ooews

wnder hydrogen pressure  redsrcuiation of which requires ns separntion

from the reaction product. in kquid phase, at the process pressure and &

the inwest possibe temperature Due to this fact and considering thet

the eHlent contans o large quantity of heat and it is at @ high thermel

level. partlal  reco-

i very of this heat Is

. possible
The typical dia-
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The heat exchange equipment may be so sized as to obtain o
~r less complete recovery of the heat contoined in the effluent which
r.arm Adetermines the heut requirements of the heater
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This paper was 4 in provisional form yader UNIDO reference ID/WG 123/,
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The economic implications of h ot recovery are discussed in this
article. and the effect of effiuent outiet temperature from the charge stock
preheater is analysed as an independert variable, on the operating cost
(cost of heot introduced in the heoter, cost of oHfluemt cooling, foliowing
heat exchange with charge stock) and investment charges (cost of effluent-
charge stock heat exchonger, heater, eMfiuent cooler),

i. THERMAL DUTY OF EQUIPMENT

A hydrogen treating process is considered, as an enample, of
100,000 t/year capocity, the charge stock being o heavy oil fraction.

It i1s assumed thot the charge stock at 40°C, blended with the hydro-
m “weheated by heat exchange with the reactor effluent, and further

in the heo-
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The percentage oi vapor .:d provluct from the streoms concerned
was calculated each time hrst . ssuming and then checting the portial
pressure of vapours and (juid an the basis of equilibrium vaporization
curves plotted 11 accordance with the Edmister (1) method The enthalpies
for liquid and vapour product. were taken from (3), those for gos,
trom (4) Heat calculations were corried out by multiplying the quantity
of product by the difference of enthalpy corresponding to the two tempe-
rature levels in order to exclude the calculkation basis of the enthaipies.

11i. INVESTMENT CH. ARGES

Invastment charges were estimaoted according to dat' given in lite-
rature (2) for which it was required to knuw the heat exchange surfuces
and thermai duty of the heater.

The prices obtained from the data specified above were corrected
according to the procedure as a furction of the quality of materiols used
and the operating pressure.

in the following paragraphs only the resuii . these colculations are
presentad. with all the sizes required to determine the cost.

A 10 per cent amortization rate per year was established, considering
that the unit would be paid oft within 10 years

Ultimately. the cost variation of t .e equipment os well os the vo-
nation in amorticohion rate was plotted as a function of the efuent
nutlet temperature trom the excha ger

In order toc emphasirte the effect of the material (although in the
example considered, the equipment should be fabricated of alioy steel),
the cost prices were calcu'ated for cnses where the exchanger and cooler
would be either caroon steel or lloy sieel. the hecter being of alloy stoel
in all cuses

s. COST OFf CHARGE STOCK PREMEATER

In order to establish the cost of the charge stock preheater the heat
exchange surfaces were calculated Insidering, aon overall heat tronster
coefhicient of K--400 Kcol m?h°C, according to practical eperating dota
tor similar equipment.

The costs of the heat exchanger for the foir akernatives are given
n table | The variation of the cost price with the effluent outiet tempe-
rature from tna prehectar is plotted in figure 3

ABLE !
COST OF CHARGE STOCK PREMEATER
Cont of Acauat em -wiresion,
S ) PR * R
: oy Koniih : Carben A Carbgn
€ L c:.d’ L ::'

ne 206 1,300 14 11.400 MO8} 1108
174 156 1100 42 16,100 M. 790 1.6t 340
bal | 300 4.050 T4 19,400 $30001 1.9 4. 300
154 150 l 5,000 146 58.000 | 124,000 5 90 11,400
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b. COST OF MEATER

Mémbduhomm!umtm(z).thmdthewrms
ostablished a3 o hunction of the thermal duty of the hester. The results
are given !n table Il A graphical presentation of the vardation of heater
cost @3 @ function of exchanger outlet temperature is given in figure 3.

TABLE 1
COST OF HEATER




¢ COST OF $PPFLUENT COOLER

Air coolers were suggested to be used for effiuent cooling, consi-
Jering the advantages of these as compaied to water coolers (deposit of
scale in certain points. conservation of water ecsier to maintain, etc.).

Heat exchange surfaces were calculated acvording to the procedure
proposed by the Hudson Engineering Corporation, wng on ower-all
heat .ansfer coethcient against a finless tube surface ¢ 317 Kcoljm#hC.
The o used in the calculations, s dried. at 21.1°C anc 760 mm Hg
pressure Results obtained are given in -hie 11, and a graphical presen
tatlon, in hgure 1}

TABLE I
COST OF COOLER
Ananel
) Ceost of coster, § son, 18%
BIFluent, [ 77 2
< Nenl & s, m
Carbon Carten »
v, T senel m stonl '::
3 1.95%0 135 6.700 12,800 470 1.200
274 3.1%0 112 §.000 11,200 80 1,120
218 1.200 108 5. 200 10,000 320 1,000
154 1250 b44 4.10C 7.000 19 0

é. TOTAL INVESTMENT CHARGES

The variation of investment charges for the 4 colculation alternotives
13 obtained by totallizig the cost of the 3 units (carbon steel or alloy steel
fabrication).

As can be seen from figure 3. v*an the units ore of carbon steel,
investments are minimum at 180°C effluent outiet temperature from the
eschanger, while for alloy steel. the investments are minimum ot 20°C.
The influance of operating costs on the position of this minimum will be
studied further.

1V. OPERATING CHARGES

In order to establish operating charges. only the cost variation of
heat transfer in the haater and the power consumed by the fan, are con-
sidered below

The cost of power consumed by the dump an. COMPIrOISONS was Not
token into account as these are procticolly constant. The pressure drop
variation is small as compared to reuctor eperating pressure. and the torel
surface of heat exchanger and effuent cooler. vories wethin wnail limits
with respect 10 that of the exchunger uind Ciige #ack heater

Operating charges were established for one year of operation, k king
terature data for the cost of heat § 0.11/1000 Keal (3) and for power.
the value of 3 00V/kWh (6)

l
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a. COST OF HEAY TRANSP' & WITHIN THE HEATER

Knowing the absorhed heat for the four alternatives gnd assuming
a value of 075 for over oll heater athciency. the consumption of heat per
venr was determinec The results of the calculation cre given in table IV
ond the varigtion in cost of heat, as a tuncrion of the exchanger outiet
temperature (of the effluen:) is plotted in higure 4

CABLE tv
COSYT OFf HIAY

Gu 19+ KRanl/h Cont of hom,
houser W yanr

4,200 49,2
3,400 %0
1450 0.0
1,500 17,600
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COST OF POWER

TABLE V

Con of
Rifivent, s m KWK yesr power
c $ yonr
319 135 136,000 1,360
274 122 120,000 1.200
218 105 104,000 1.040
156 n” 80,000 800

results of these calculations, and in figure 4 cre plotted the cost variations

of electric power for the four aiternatives.

<. TOTAL OPERATING COST

The variation of the total cost with the exchanger outlet temperature
wos obtained by totallizing the operating costs in the four calculation

alternatives.
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FIGURE 5, VAMTION OF OVER-ALL OPERATING COST IN ARLA.
TION TO IFFLUENT TEMPESATURE OF PRENSATIR

As can be seen in figure 5, the cost of power for the fan represents
only 5 per cent of the total operating costs. Operating costs Inorease
rapidly with the increase of effluent tempercture at the exchanger outiet,
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V. CONCLUSIONS

[+ order to establish the effect of heat recovery on the total cost
{annual amortization plus annual operating charges), the total cost va-
riation, as o function of effluent temperature ot the exchanger outlet was
plotted (figure 5).

As iy be observed, operating costs have a great influence on the
position of minimum investments established earlier, giving the total cost
curve an aspect of continucus increase from the high pressure separator
operating temperature to a practicaily complete recovery of the efflu-
ent heot.

Since more complete recovery of heat leads to more expensive
equipment, while the annual cost (amortization 4 operating costs) does
not emphasize this aspect, the initial cost must be taken into account.

Only the general approach is given in this art.cle. For each actual
case, the specigc conditions of the country, company, and the industrial
complex within which the unit is locoted, must be considered. Particularly
for developing countries, a careful study must be made of the economic
aspects of suggested technical solutions and the choice of the optimum
alternotive prescribed by the operating conditions.
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CATALYSTS USED IN THE FERTILIZER
INDUSTRY IN VURKEY'

REFIK S. OENUER

Cotalysts used in the fertilizer industrv were first introduced in Turkey
when the first nitrogen based fertilizer plant was completed in Kitahya
ot 1961. Ahter this ane phosphoric acid-tripl super phosphate, and two
nitric acid-calcium ainmouum nitrate plants were compieted and the
ammonia plant in Kitahya was expanded. Same difficukties were encoun-
tered with the cotalysts and cotolyst beds of the ammonia plants at
Kitahye. The CO conversion catulyst of tha old plant was oxidized twice
during the opening of the reactor for maintenance purposes. Even though
both of the oxidizing processes had been carried out with extreme core
it was not possible to prevent local over heating. Consequently, in both
cases, consid-rable amounts of the catalyst had been found severely
sintered. Since then, a nitrogen atmusphere has been used in the mair-
tenance foad.~g and '- .loading operations. The catalyst of the new plant
however was oadized successfully. The only difference between these
two catalysts that we observed is that the new one is tableted and the
old one is not.

The heater caver tube of the new ammonia converter (which was
put into aperation in the middle of 1968) was damaged at the end of
1968 and in May 1969 it was damaged again. In both cases caialyst was
unloaded and iaaded under nitrogen atmosphere. After these two opera-
tions, the converter couid not reach 80 per cent of its nominal capacity.
So the catalyst was changed with fresh stock.

Unfortunately in 1971 the cooling tubes of the some converter were
deformed and broken. Catalyst was unloaded, tubes were repaired and
.hen new catalyst was lnaded.

Thus, during a period of three yeurs ammonio production was stop-
ped at three different times for repair purposes and once for changing
the catalyst, for a total of eighteen weeks.

Tle reasons of these troubles are explained as follows:

1) Heating of catalyst to the reaction temperature at start is possible
using o small amount of gos nnd a small heater in a reasonable time.
This causes a great temperature differences between the lower and upper
part of the catalyst bed and between the heater tube and the catalyst
bed. These thermal stresse; can damage the cor.verter seriously. To obtain
uniform temperature distribution throughout the converter at stort-up, the
heater capacity should be sufficiently high.

2) In developing countries like ours start-up and shut-down can
occur in ammonia plants, because of electricity power interrupting. in every
shut-down and start-up, therma! stresses can cause great domage. The
design of such installations should take such points into consideration.

1 This paper was issued in provisiona! form under UNIOO reference 1DJWG.12))17.
* Turkish Nitrogen Industrivs, Kicshyr, Turkey.




VINYL CHLORIDE PRODUCTION
BY CATALYTIC DEHYDROHALOGENATION
OF 1,2-DICHLOROETHANE'

F. COLUNGA D.*, ). M. FEPREIRA F*

The present paper is concerned with research on the production oi
vinyl chloride by the dehydrochlorination of 1,2-dichloroethane. Specially
trected aluminas were prepored in the institto Mexicono del Petrolec
and were used as catalys's.

In this particular dehydrochlorination reaction the influence of tem-
perature (300, 325, 3%0°C) and the influence of space-velocity (0.63, 1.86,
375 g/g/hr) on conversion yield and carbon deposit on the catalyst
wera studied.

Experiments were run in a pilot plant with o tubular, fix bed reactor
of 2.5 cm internal diameter, ard charged with 20 g of catalyst. Each run
took ten hours and included a gos chromatographic and voluraetn:
analysis of the reaction pro.lucts hourly

The regeneration of the catalyst was examined also, and the results
showad the possibility of operating in an intermittent cycle process by
using at least two reactors. The conversion obtained {which may still be
improved) was from 80 to 90 par cent, per pass, with a stoichiometric
yield of vinyl chlonide of 40 to 57 per cent (theoretical yield is 43 per cent)
ond a selectivity of 95 to 99 per cent. Therefore, it appears to offer a com-
petitive route to the classical thermal procass.

I. INTRODUCTION

{a Mexico the demond for viny! chloride Is about 35,000 tons per
yeor (1). The current process is based on the use of a tubular fumace
which produces vinyl chloride ond hydrochloric acid from the pyrolysis of
dichlorosthan., with o maximum conversion of &0 per cent. Several
attempts have been made to obiain o beter conversion in this process.
During the course of studias on the production of vinyl chicride by cata-
Iytic pyeolysis of dichlorosthone, it was found possible to increase the
total of vinyl chioride.

are two main routes to vinyl chioride production. One Is via
the addition of hydrochioric add to lene; the other route is via the
chlorination of ﬂhm;mehg which omi then be
thermally decomposed, vinyl chloride ond hydrochloric acid. Both
of thise proceeses are desoribed in the Hterature (2, 3, 4, 5).

,k'mmwmmmuugmummmnm. ;
¢ Muxicsa Tastitvte, Miodeo City, Maxteo. The work described in this paper way
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The pyrolysis reaction invulves a free radical chain maechanism (6,7)
in which o free radical af chlarine starts the chain.

Ci+ CHyCI-CH,Cl = HCI 4 CH,CI-CHQ) (1)
CH,C1-CHCI — CHp,=CHGCI+& ()}

"hese twa steps ore thought to occur primarily, if not exclusively,
in the n.s phase The first step of the chain has not been established
with certainty, but there 1s some evidence that initiation ooccurs at the wall
of the reactor to some extent. When a cotalyst is used, initiatian appao-
rently occurs at the catalyst surface. This means that characteristic pro-
peities of the catalyst (8, 9, 10, 11) such as the crystal aphic morpho-
logy, the surface areq, the pore volume, the acidity, etc., aftect the reaction.

The mechanism of the catalytic reaction may alsa be ionic because
it has been proved that the alumina surface ocon have an acidic cha-
racter Two possible ways far the reaction to take place are assumed:

+ —_
CHyC1-CH,Cl+CHyCI-CH, 4+ CI )

a) The formation ot o carbonium ion by interaction with acid cen-
tres {catalyst).

+ —
CHyCI-CHCIl _csoebvt | CH,CI-CH,y+Cl )

and the rearrangement of molecule by the elimination of a hydrogen ion
as the malecule is deadsorbed fram the catalyst.

a/
]
CHOM CH, - CHCI =CHy + H * (s)

b) By ¢ concertated mechanism

WH
l'; !

- C 2 C-H-CH,=CHCI4+H* 4-CI” )
[
Cl C

At present the |.M.P. laboratorles ara investigating the Influence of
the acidity in the reaction by controlling it on the alumina surface or by
the addition of other compounds in the production procasses.

Catalytic dehydrohalogenation processes. Mumercus patents are
claimed in this area, Some references (12, 13, 14, 135, 16) refer to the use
of the system CuCly/AlyO; CuCly/C for vinyl chloride. Others (17, 18) work
with HgCl/SiOp HgCh/C ot low temperatures. By wiilizing A, (14, 19,
20), gooa yiekds om? selectivity one claimed.

1l. EXPERIMENTAL
PRODUCTION OF CATALYSTS

The propeities of aluminas used as cotalysts depend on their pre-
paration (8, 9, 21, 22, 23). In general they are obtained from oluminium,
aluminium chloride, aluminium sulphate or from nometallic com-
pounds such as alkyl aluminium. in all cases, an alkoli treatment, Is
Involved, and hydroxide is precipitoted. Subsequent heoting ylelds alumine
with distinct chemical characteristics.
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Some aluminas (A-4, A-5) were synthesized in the !nstituto Mexicano
del Petroleo and their catalytic activity was compared with that of com-
mercial aluminas.

All the cluminas used were analysed by X-Ray micro-ditfraction
spectroscopy, electronic microscopy (E.M.) and surface odsorption. Also
pore volume, purticle size, obsclute density, bulk and compact density
were measured. See table |

TABLE |
PHYSICAL PROPERTIES OF THE CATALYSTS

:nwnmr A= A-1 A2 A4 A-sa

Surface, BET
mfgr 350 25¢ 100 100 250

Pore voiume A 65.0 90 120 - -
Absoiute density 1.3813 - - 2.6321 1 0228
Buik density 0.6097 0.6097 0.6410 0.7178 0.6931
Compact density 0.581~ 0 5555 0.5814 0.6931 0.7143
Size (mesh) 18 —-14 18 -14 18 -14 10 - 14 1014
Shape spharicai sphericai spherical rotls rolis

3 Thess wers produced in the Instituto Mexicano dei Pstréieo.

PRODUCTION OF VINYL CHLORIDE

Pilot plant (figure 1) studies, carried out in a tubular fixed bed
reactor, were used to pivide a measure of the distribution of products

L 74
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SAURE 1. MUOT PLANT BIAGAAM

and to establish the space-velocity and the temperature. Feed con-
wainer A (for technical 1,2-dichloroethane) is connected to piston pump S,
whick hos a device for controlling the Impulses of the pump and a micro-
motric cuntrol of plston displacement, so that liquid pumping can be
changed rapidly from 0.3 mi/minute to 4.5 mi/minuto. These changes were
verifisd by turning on the valve V-3 and measuring the outlet liquid
with o cylinder. The Installation also has a liquid flow rota-
meter (F-1). Reuctor E (025 m In length and 0.025 m In interna! dio-
meter) is made of woinless steul. it wos heated by a tubulor and elecirical
fumace (H), ond the ten:percture woas regulated by a proportional con-
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trol (G). The reaction temperature was measured by a thermocouple. In
all the erperiments, 20 gr of catalyst were used.

Each run started by heating the system with M, os carrier, controlled
by gas flaw rotameter F-2. It took one hour far the fix bed cotalyst ta
reach 350°C. Simulianeously, the How feed wos measured and was passed
into the reaction zone. The products were collected in cold trop C-1 and
in special traps C-2 (figure 2). Analysis (24, 25, 26).

e G pount

o

Cass o,

FIGURE ). SPECIAL TRAP C -1

The reaction products in the vapour phose were bubbled ot room
temperature through N-methyl-2-pyrolidone for 60-120 seconds. The spe-
cial design of the trap permitted the quantitative dissolutior of reaction
products without changes of pressure in the reactor.

The anolysis af arganic products (27) was done in o Perkin Elmer
F-11 gos chromatograph, with a flame ionizotian detector. (wo steel co-
lumns of a length af 0.45 m and 18 inch inteinol diometer were used,
filled with poropak Q (80-100 mesh). The injection temperature program
was from 30 to 200°C at ¢ rate of 30°C/minute. The carrior gos was
nitrogen (150 ml/minute).

Ethono! was used as an internol reference standard and the sample
size wos 3 micrcelitres.

Under these conditions the analysis time was 9 minutes, after which
the N-methyl-2-pyralidone was vented inta the atmosphere through the
backflush system of the chromatograph. Vinyl chloride, 1,2-dichlarosthane,
ethano! and ocetylene were idantitied.

Hydracholoric acid was analysed by pouring aoll the reaction pro-
ducts ond soivent of the trap except for the 3 microlitres used for organic
onalysis into an Erenmeyer flask, woshing with 50 ml of water and
titrating with 1.0 N NaOH. The content of carbon in the catolysts was
determined by buraing at 450°C for 18 hours while air was passed through.

CATALYST ACTIVATION

The dehydrohalogenation reaction was carried out at relatively low
temperatures (275-400°C). However, cracking reactions were detected by
the gas chromatographic analysis and by the deposit of carbon on the
olumina surfoce. This diminished the convarsion with time and thereforo
the activation af catalysts was studied after 10 hour runs. The resuits for
some experiments are given In table Il.
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TABLE .
CATALYST REGENERATION

Ene Time (k) % Conv. % Ceonv. % Ceonv. % Conv. % Conv. % Conv.

. oy, 2 k. 4 h. ¢ h S h. 10 b, average
1 - 70.0 65.0 56 0 445 7 54.6
2 7/450 $9.0 66.5 57.0 45.0 4.0 $4.3
3 10/450 67.0 75.0 67.0 L7.0 490 3
4 18/45C 66.0 82.0 67.0 60.0 47.5 .9
S 18/450 63.5 60.1 $2.0 8.7 2090 46 9
[ 18/450 61.0 54.0 47.0 455 38.0 491
7 18/450 65.0 56.2 53.0 40.5 30.0 48.9

i1l. RESULTS

Table | to IV and figures 1 to 6 show the experimental results. Al
the experiments were run at atmospheric prassure (585 mm Hg) and at
least 2 runs were made with the same catalyst. Ten samples were trapped
and analysed in each experiment.

The calculation of yield, conversion and selectivity were obtained
from the average content of trips during each run.

The carbon deposited on the catalysts was ¢ stermined after each
10 hour run,

IV. CONCLUSIONS

THE EFFECT OF CATALYST

Catalyst plays an important role in this dehydrochiorination reaction.
With the aid of the data of table | and table IIl, it was possible to deduce
the effect of the catalyst. In the case of catalysts A-1, A-2, A-3, the effect
of the surface area is shown in figure 3. By com.paring experiments 1, 10
and 25 or 4, 13, 28 or 7, 16, 31 it is possible to infer that as the surface
area of the catalyst increases, the conversion also increases.

THE EFFECT OF TEMPERATURE

Figure 4, (experiments 11, 14, 17, 19, 23 ord ©4) illustrates the

of tempenature on vyield of vinyl chloride iron: 1,2-dichloroethane
in a fixed catalyst bed, at space velocity of 1.87 gr/grfhr. Thus an increr e
from 275°C +. 400°C increases the yield from 2.09, to 38.6%, Simultane-
ously, the selectivity decreased from 100.0%, to 80.8%, and this was
corroboraied by the increase of carbon deposit from 4.2%, to 23.09/,:
However, the best yleld of vinyl chloride was at 375°C. Nevertheless,
350°C Is recommended as the optimum oreration ‘emperature — because
the yisld Is still high and the carbon deposit is lower than that attained
at 375°C,

THE EFFECT OF SPACE VRLOCITY

The effect of space veloclty on rasults ot 350°C is shown in figure 5.
Experimonts with the increasing spoce velocity (16, 17, 18, 20, 21 and 22)
ho%g.& ta 7.3 grigr/hr decreased the yield of vinyl chloride from 47.4
to por cent, L :
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TABLE Iv

THE DEGRER OF EQUILIBRIUM DEH YDROCHLORINATION FOP THE

FOLLOWING REACTIONS :

T (*°K} A H cal mol AG cal moi

Kp

CH,CI - CH,Cl > CHymCHCI § HC!

300 0.173 x 108 0712 104
400 0.174 - 10* 0370 - 104
500 0.174 < 10% 0.270 < 103
600 0.174 < 10* ~0.316 . 10%
700 0.174 - 10 —~0.659 < 10¢
800 0.173x 108 ~0.100 < 10*
900 0.172x 10* ~—0.134 x 10
1000 0.171 x 10* —0.168 10%

065010 % %
0.946 10 *
0.762 - 10°
C.142. 10%
0115~ 103 &
0.546 - 10° &
0.182 <104
0.47y - 104

CH,Cl -=CH,Cl —» CH= CH+ HCI

300 0.410 - 10¢ 0.219. 10%
400 0.415 10% 0.155 . 10¢
500 0.418 < 10* 0.900 ~ 104
600 0.420 x 10% 0.242x 104
700 0.420x 10 —0.418 < 104
800 0.420 % 10* ~0.1n8 « 10%
900 0.419% 144 —~0.174 < 108
1000 0.417 <108 ~0.239 x 10*

0972 <1018
0323~10°%
0116 - 10-°
0.132~10°
0.205 < 10°®
0.893 . 10*
0.167 < 108
0173 x 10%

Ko =P .

Effect of pires. ure:
1-al

for vinyi chloride:

AH = 016941054+ 016810 x T~ 0.152> 10-%x T®

AG = 0174x10* — 034410 - T4+ 0.183%x10-x T?

log Kp =—-0.142x10%4 037IX10 8 T— 0197104 x T?
100
04 350t
804

3

Lonergion, (%)
g B

325c
/

an%

mwuma
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Independent of *he temperc.ure, the ratio of vinyl chloride and
arbon formed remained proctically constant when the space velocity
wos greater than 3.75

o0 —
90 4
. 801 X serectivitv
1 tocmometne yels 53 %
ﬁb" T -T-- ooz mEEToT
04
40
% yrelc
30
% carbdon
201 /
101
Jo0 250 400 450 °c
FIGURE 4. THE BFFECT OF TEMPERATUAR
100~ -1
917‘
304
704
| Stochometne pield 63%
;604
\:\\’
‘% 504
> 404
301
24
m.
Tz 4« & &
FIGURE 5. THE EPPECT OF SPACE VOLOCITY (g/g/h) ON ! &
THERMODYNAMIC CONSIDERATIONS 5
It was shown earlier (28) that the reaction of the ocaicistic inter- s
action of 1.2 dichloroethane which results in the formation of viny! ch! de %
and hydrochloric acid is peculior not to these simplest product . bat
to the other different !~sses of rehalogenations. The results of




103

it will be the formation of molecuies with less malecular weigh: by he
substracion of hydrochloric acid. The thermodynamic cu’ ulations show
(see table V) (29) that the dehydrochlarination of 1,2 -dichlor »ethane can
be successtully reclized with temperctures exceeding 500°K.

{0 e e
r

e e

A

: " 54 4 .
Yoy /
% N
<
& 264
P
N
N

é 241 (2 >

o34

02

a,*[

200 400 600 8ov °K

FIGURE 6. THME CONCENTRATION AT ZQUNRISRIUM

A comparison of the concentrations at equilibrium for vinyl chloride
with those for acstylene (figure 6) under the given conditions, shows that
the possibility of beth compounds e.isting in 1e mixture of reaction pro-
ducts is strong. It follows from this, that selectivity in this dehydrochlori-
nation demands the search for a cotalyst which would be distinguishuble
for it: selective action. We have sbserved that the concentration ot vinyl
chloride at temparatures from 300 to 350°C and high contact time (low
space velocity) was close to the equilibrium value o :d the maximum yield
of vinyl chloride can be expected.
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RESEARCH AND PRODUCTION
OF CATALYSTS!

1. V. NICOLES CU*

I. INTRODUCTION

The chemical and petrochemical industry in Romania has developed
considerably in the last two decades. Some of the more important products
manufactured are: fertilizers, plastics, synthetic fibres, ethylene oxide, glycols,
phthalic anhydride, and phenol. Our petroleum refineries produce high
octane (90-100) petrol, aromatics hydrocarbons - benzene, xylenes,
ethylbenzene, — and other raw materials for the petrochemical industry.

This large and varied production is depe ‘dent on catalytical pro-
cesses and especially, heterogeneous cotalysis. For this reason, we have
undertaken extensive research in the field of solid cotalysts. The relevant
branches of science in the universities have also been oiganized to the
personnel necrssary for these activities.

In 1950, the vear of our first economicol plan, the first research groups
in the field of heterogeneous catolysis at the University of Bucharest -
chair of chemicol ‘echnology and catalysis — ond at the Institute of Petro-
leum Research (IPR), then functioning in Bucharest, were organized.
Today there exist in our country a whole network of research groups,
which co-operate and co-ordinate their programmes. Within the Ministry
of Education, there are three strong groups — at the University
of Bucharest at the Centre of Physical Chemistry ond at the Institute of
Petroleum, Gas and Geology. Smoller groups are frund at the Universities
of Cluj and Timisoara.

The Ministry of Chaemica! Industry hos established a research organi-
zotion specializing in the technology and engineering at institutes PETRO-
CHIM Plolesti, LC.P.T.P.T. Plolest! and CHmlGAZn&edku. To these one
should add the specialized groups which manufocture catolysts (Industrial
Central for Chemical Fertilizers Cralova, the Petrochemical Works Borzesti),
as well us those using catalysts, especially at the Industrial Central for
Pefineries and Petrochemistry Ploiesti and the Petrochemical Works Pitesti.

As catolysis is an interdisciplinan, sclence, recently research in this
field was also undertaken in the Institutes of Physics in Bucharest and
Cluj. The researchers in these Institutes co-opercte with chemists ond
technologists.

The research in the Ministry of the Chemical Industry and
the applied research in Miniswy of on is co-ondinated by the
Control institute of Research in the Ministry of Chemical Industry and by
the ‘Notional Council of Science and Technology.

The structure of the research groups is determined by their research
sxperience and Interest, by thelr material possibilities ond especially by
gl&!hain&mﬂmwahdmbpmmd,m industry and

f the necessity to ensure g tachnico-scientific potential for the future.

3 Thig piper s foweed in form v rofar A0,
TR Tt e e e UM i
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The research carried aut in Romania in the field of catalysts and
catalysis moy be grouped os follows

a The determ:nation of the relatianship hetween chemica. ~ompo-
sition, conditions of preparation and the physical and chemical properties,
with the activity and selectivity of catalysts in specific reactions.

An additiono! aim in this field of activity is the elaboration of criterla
for the prediction of perfarmance and the selection of cotalysts.

b The impravement of existing technologies and the development
of new technologies for the use and manufacture of cctalysts.

c. The mathematic modeliing of cat.  ic pr -esses ond problems
of catalytic engineering.

The following is a presentation af the approach used in the develop-
ment af industrial catalysts and the state of cotolytic manufacture in
Ramania Examples are chosen from the results of applied ressorch por-
ticularly ot the universities laboratories and in the Centre of Physical
Chemistry.

This activity is dependent on the knowledge, expsrience, intelligence
and inspiration of the researchers and the facilities of the Iaboratory.
Concept research comprises the choice of active components, the con-
ditions and technique of catolyst preparation, the study of the physical,
textural and structural properties of catolyst, the anolyses of the thermo-
dynamic parameters of the test reaction, the determination of the kinetic
parameters with a view to determining catalyst activity and selectivity in
test reactions which are pertinent to is use in practice. On the basis of
the resuits obtained in laboratory, there is elaborated o preliminory pro-
cess autline for the svnthesis of the catalysts.

The activity ntinued in the pilot installation in two diretons -~
that relating to : st properties and that to process development. The
fallowing are check- i and completed: the macro kinetic parameters (dif-
fusion, mass and heat transfer), there are specified the yields, moterial
balances. the purity of the product as well as other choracteristics neces-
sary far the designers.

In the case of catalysts having a functional life of one to two years,
many elements of pilot experimentation are eliminoted by introducing
small reactors in the circult of an industrial plont. In addition to the
eccnomic advantages, this method subjects the cotolyst to the vorious
conditions of the industrial process,

1. METHODOLOGY OF STUDY OF INDUSTRIAL
CATALYSTS

Our study of industrial cataiysts is a multi-faceted progrom which
may be better understvod with reference to the diagram in figure 1.

o. We call the first activity concept research, the finalization of
which is the technologic process ot the laboratory level.

b. The transfer of catalyst fobrication technology from the pilot plant
(100-150 kg) to the industiial plant is not without lis minor difficulties
and surprises. However, those concerning the catolysts life, is activity
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and poisoning, may create more serivus problems, requiring a longer time,
production cutbacks and consequently great expense.

These difficuities may also arise from a change in dimensions of
the reactor which can bring about significant differences in the composition
of materials olong the length of the catalyst bed, as well as in the effi-
clency of mass and heoat transfer.

Conceptron
resaarch
Ledovalory
exparmment
m Oevwr:oimenl
Mmooy 1 1 resedrch
2ot
epermeal
1
hdystra/
Rt ——
experrment
Inch/stred) l mproved
catdiyst calayst
R

FIGURE 1. METHODOLOGY OF BLABORATION
AND IMPROVEMENT OF INDUSTRIAL
CATALYSTS

Progress in cotolytic engineering and the electic computer have
made possible the use of simulation by the transposition of pilot plant
or laboratory results directly in the industrial reactor.
- ¢ The cotalyst, having succeeded under experimental industrial con-
ditions, may now be considered an "industrial catalyst”. From that moment
development research begins, o continuous effort aiming at catolyst im-
provement. Development research can refer back to concept research in
the laboratory or the pilot.

~ The programme In its entirety must take Inta account oll the factors
dewroining cotolyst performance according to the scheme of interdepen-
dence shown in figure 2,

The chemical composition, the nature of octive components and the
method preparation determine both the cost of the :atalyst, its textural
ajed 4 characteristics, its surface geometry and the energy poten-
tial of its surfoce. In our studies, as well as thuse of others, it has been

shown that the structurol and textural properties, the physical composition
ond the valence degree of active components are very different to those
of the cutplyst under the conditions of the chemical process it promotes.

Y m“m of this is shown in the studies of the ammonio
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FIGURE 2. THE PACTORS DETEAMINING THE GUALITY OF INDUSTRIAL CATALYSTS

In figure 3 is shown the difference between the pore siz. distribution
of an industrial catalyst before (curve 1) and ofter (curve 2) reduction
and reaction. The surfoce area increases five times in this cose.

Figure 4 describes the electrical conductivity issthesns of an in-
dustrial cotalyst for ammonia syntliesis, determined in s k’.m
(N;+3Hy) and nitrogen media ot 500°C. When the initial non-
catalyst is in contact with the reactant, the electrical conductivity increases
consideraily, s o result of the dissoclative chemisorption oi hydrogen.
After twelve hours, ammonia is produced. Thot time is for the
formation of the active centres under the reaction conditions, slec-
trical conductivity remains practically constant during this period.

At point 2 pure nitrogen is introduced. The electricel conductivity
decreases (point 3) and reaches a new constant level.

Here chemisorption of nitrogen is reveaied. Agoin the synthesis goi
is Introduced (point 4).

The electric conductivity increnses and ammonia Is producsd divwatly

This method, first initiated in our loboratory, shows the differcr lnter-
actions of the reaction components with the catolyst, the time necebsiy
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Same cf the cotalysts studied by our research groups, are produced
by industiv. such us the desulphurization catalyst and the catalyst for the
meshanation of carbon monoxide present in pyrolysis gases.

These programmes ejoyed the co-operatian af the Ministry of Che-
micet ondustry, the industnat Cental for Refneies ond Petrochemistry
Ploiesti. the PETROCHIM Insutute, CHIMIGAZ and the Industrial Centrol
for Choemcal Fertilizers Craiova.

i111. CATALYSTS MADE IN ROMANIA

Catalysts are manufactured 1in Romania as a speciolity of the indus-
inal Central for Chemical Fertidizers Craiava, where a plant has been set
up for the manufecture of catalysts used in the fertilizer industry and
associated manufuctures.

Anothe: plant has been set up at Petrochemicol Works Borzesti for
the manufacture of catalysts used in the synthesis af manomers, for syn-
thetic rubber and styrene

The catalysts naw manutactured are listed in table l

TABLE |

INDUSTRY PROCEN
Ammenia industry 1 first and second reforming

1 desulphurization

3 CO conversion high temperature
Synthetic rubber and styrene 4 butane dehydrogenation

5 butens dehydrogenation

6 aipha-maethylstyrene synthesis

7 ethylbenxzens dehydrogenation
Monomers, pet: - 8 vinyl chloride
chemica! syntheses 9 vinyl acetate

10 buty! alcohol

11 CO methanation of pyrolysis gases
12 fatty acid hydrogenstion

13 aikyl tion of cumane

14 disthyibenzene dehydrogenstion
15 2-ethylhexsnol synthesia

Research laboratories in the plants, in co-operation with the Inet-
tutes of the Ministry of Chemical Industry, cony research to improve the
manufacturing processes and to exploit new technologies.

IV. CURRENT RESEARCH

In recent years, our research teams have given special attention to
the study of mixed oxidic catalysts used in the oxo-dehydrogenction of
hydrooorbons and octive aluminas.

Diene production, and particularly, that of butadiene, has increased
greatly in the last decade, both using processes for the catalytic dehydro-
genation of butans as well as the separation and purification of bute-
diene which results in the pyrolysis prooess. Howewer, the trovwior-
mation ratio butene/butadiene Is still unsatisfactory, owing to the low
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selectivity of the catalysts used. Oxidotive dehydrogenation greotly improves
selectivity; it Increnses the tronsformation rotio butene/butadiene, as well
os the yield of butadiene per paoss.

New fabrication technologies hove been developed for catolysts,
based on Bi-Mo-Fe, of reduced omounts of Bi,O; ond which ensure good
reproductibility. The method is based on the principle of mechano-topo-
chemical reactions. Increased performonce is achieved: selectivity with
regard to butenes 92 to 94 per cent, butcdiene yield, per pass 60 to 62
per cent ot reaction temperoture of 420-440°C.

With the purpose of obtaining alumino carriers for cotalysts, with
predetermined texturol, structural and surface properties, research was
undertaken in two directions:

— the introduction of tensio-octive odmixtures in the formation me-
dium of colloidal oluminium hydioxides

~ the preparation of oluminium hydroxides, by solid phase mechano-
topochemical reactions, o procedure developed by the outhor.

In the first procedure, using common raw materials, such os olu-
minium nitrate solutions, we have shown the infivence of adding tensio-
active materiais to the formation medium on the species of aluminium
hydroxide obtained. These hydroxides, upon thermal transformation lead
to aluminas of different textural and izomerization properties. Among the
tensio-octive modifiers used, we mention: polyacrylamide, carboxymethyi
cellulose and polyvinylalcohol.

In the second procedure, based on mechano-topochemical reactions,
for obtaining aluminas with predetermined properties ond isomenzation
activity, we use vorious raw materials: oluminium nitrate, chlorlde or
sulphate, and we apply various thermal treatments.

The surfoce areas of the obtained aluminas vary between
120-320 m?/g, the greater part of these having bimodal pore distributions,
depending olso on the ageing conditions and therma! treatment used.
These aluminas have been used for preporing industrial ootalysts, of
satisfactory performance.

Further efforts in these directions should bring new scientific achieve-
ments and interesting practical applications.




METHODS FOR THE ESTIMATION OF CRUDE
OIL PROCESSING CATALYST ACTIVITY'

M. A. SAKBUL', T.M. FILOTTI", 1. SLIDISIL®

I. INTRODUCTION

Research in the development of new catalytic systems as well as the
control of catalyst fabrication, life ond performance, involves a lorge
volume of work, sophisticated equipmert and highly trained specialists
in various fields of chemistry and physics. The main criteria in the esti-
mation and selection of catalysts is their activity and selectivity, as well
as stability naomely “life” urder operating conditions in commercial plants.

The determination of activity and selectivity of catalysts is carried
out in micro-reuctors or other laboratary equipment, pilot plants and evun
in commercial plants. To date, experiments carried out in commercial
plonts are the only ones by which full information con be abtained regard-
ing the performance of cotalysts. This is the most severe test which must
be passed by a new catalyst. Pilot units are built so as to reproduce os
closely as possible the parameters of commercial reactors. Testing of
catalysts in such units is corried out under conditians very similar to those
encountered in commercial plants, to obtain experimental results for trans-
lation to commercial scale. Experiments carried out in commercial plants
and pilot units are expensive, requiring large quontities of materials,
costly installations, a high degree af automation and much time.

It is evident that economic considerations require that the greater
part of the work related to the characterization of catalyst activity should
be carried out in the laboratory, while pilot unit experiments shauld be
carried out only with those samples ot ocatalysts previously selected by
laboratory tests.

in the following paragraphs, reference will be made only to work
regarding the determination of catalyst activity on the laboratory scale.
Interest in this approach is twofold:

— the possibility of studying catalytic process kinetics and catalytic
functians in the case of complex catalysts;

— the development of standardized and fully tested procedures,
which would make possible the ccrrelation of data with those obtained
for the same type of cotalysts in industrial practice.

Il. PROBLEMS IN SOLID CATALYST ACTIVITY
DETERMINATION

The determinatian of catalytic activity means the measurement of
the velocity of o givan reaction in the presence of the cotalyst ond the
determination cf the selectivity for the desired product. The mecsuremen:

! This paper was issued in provisions! form under UNIDO reference ID/WG. 12312,
s Romsnian Research and Design Intitute for Patroleum Refineries, Piciegsi, Remanis.
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of reaction velocity under o single set of experimental conditions allows
for the selection of catolysts, on condition that experimenta! conditions
remain absolutely unmodified during the entire experimental cycle. By
varying reaction conditions, informotior is obtained on the kinetics of
heterogeneoux cotaulytic reactions (activation energy, order of reaction,
reaction velocity equation), which s especiaily useful for o more refined
seiection of the cotaiytic system and. in some cases. for the design of
commercial catalytic reactors.

It is well known that a reaction catelysed by o porous soiid, involves
o series of mass ond heat transfer effects to and from the solid catalyst.
Moss transfer oocurs in the following stages:

— transfer of reactant molecules from the fluid stream surrcunding
the catalyst porticles to its outer surface;

- diffusion of reactant molecules within the catalyst pores,

~ chemisorption of reactant molecules on pore walls;

~ reaction of chemisorbed molecules;

— desorption of reoction products:

— diffusion of reaction product molecuies out of pores:

~ transfer of reaction product molecules from the catalysts outer
surface into the fluid stream.

Heat transfer takes ploce simultoneously, through a series of ana-
logous stoges, which, for on endothermic reaction, may be described
as follows:

— heat transfer from the fluid stream to the catalysts outer surface:

~ heat transter from outer surfoce of catalyst inward;

— heat absorption during chemical reaction.

The complexity of the phenomena assnciated with o heterogeneously
cctalyssd reoction requires that special care be taken in the interpretotion
of experimental doto obtalned from o reactor.

The results obtoined may not corectly reflact the activity ond selec-
tvity of the catalyst under study. it moy be useful to examine some
examples.

The distribution of the ocotalysts pr-c size may have considerable
influence on the experimental data. In most reactions under hydrogen
pressure, one of its funcions is to avoid the formation ond accumulation
of precursors that would lead to polymeric substances. These might block
the catalyst pores and diminish its active surface and thus, its activity. If
the hydrogen does not have total access to the interior of the catalyst,
aation and degradation processes may occur within the catalyst
pasticles, In such a cose the cotolyst appears to hove o low adtivity al-
though the nature of its surfoce is odequate for abaaining high conversion.

The tempercture inside the reactor Is mecsured in the reactant
stream. In the cose of reactions with high thermal effects, the temperature
ot the surface of the catalyst may diffe: greatly from that measured and
con lead to wrong conclusions.

in view of the above, experiments in laboratory units should be
carried out in such o manner os to be influenced as little as possible by
mess ond heat transfer phenomenc. As a rule, this could be achieved by:

- creating a high turbulence in the fluid stream;

- small porticles of catalyst, with large sized pores and high
thermal ebomgmméd‘ operati ditions that | i id
- ng ol conditions that low conversions woul
be ebtvined {(below 108)), far "e?wuy from the thermodynamic equilibrium
carvesponding 4o the reactor tempensture,

¥ the sbove wonditions ore achieved, the reactor will operate proc-
toally under iscthermel conditions, while the partisl maclant pressures,

I
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or either side of the cotalyst layer, will be practically equal. A reactor
which operates under these conditions 15 calied a differentiol reactor.

Most laboratoswy reactors are 10! of the diferential type, but the
so colled integral reactor These have a fxed bed of cotalyst, obtain high
conversicns, are simiar to commercial ones and information 1s obtained
quickly regarding the possibility of applying a yiven catalyiic system in
the mdustiy  With such senctora s difficult to estimote the intrinsic
actvity of the calalysis a ¢ 1o establish the kinetics of a catalytc reaction
independent af mass and heat transfer phenomena Nevertheless, these
reactors are st:ll being used to estimaie catalyst performances in standard
processes used in the crude ol processing industry

. TYPES OF LABORATORY REACTORS FOR SOLID
CATALYST ACTIVITY DETERMINATION

Laboratary reactors used today may be clussified as follows

~ closed reactors

- flow reactors, which in turre may be divided into:

- impulse reactors, and
- continuous flow reactors.

In the closed reactors, therc 1s no exchange of materials with the
axterior  The catalysts togethet with the reaction mixture are located in
o close volume from which, fron. time to time. small somples of Huid
are taken to determine the degree of chemical transformation.

The impulse reactor consists of o tube in which the catalyst is ploced
and over which a gas is constantly passed, preferably inert to the che-
mical changes which are to be achieved. At intervals, small quantities
(impulse) of reactants are introduced into the gos stream. The reaction
products are analysed with a suitable instrument at the reactor outlet,
Such a reactor may also be the column of a gas chromatograph filled
with the cotalyst being studied.

These two types of reactars are used primarly for preliminary studies,
the closed reactors especially for non-catalyzed of homogenously oota-
lyzed reactions, while the impulse reactors are used to elucidate reaction
mechanisms or to study the effects of various inhibitors, poisons or pro-
motors.

In loboratory proctice, reactors with continuous flow of feedstock
are more frequently used. Methods developed between 1930 and 1960,
used in the study of crude oil processing technologies, such as gasoline
cracking, hydroretining and reforming, were based on the use of Integral
reactors. Today, there is a tendency to extend the use of differentiol reactors
in research work to examinge new catolysts, or improve existing ones, of
well as for the usual controi of catalyst fabrication and application.

Differential conditions can be approached in several ways, the main
elements referring to:

— achievement of o fast flow over the catalyst layer (Rey higher than
30), limited by the pressure drop in the catalyst bed:

— use of the smallest possible catalyst particles to avold internal
diffusion, the limitation also being the pressure drop:

— catolyst diluation with an inert material;

— reactant dilution;

— experimenting at low conversions, the only lmit being In this
case th- sensitivity and accuracy of the method of enalysis.
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Laboratory reactors differ by structural and functional choracteristics.
One may distinguish the fallowirg types:

- fixed bed reoctars,

~ fixed bed reacters with reactant recirculatian:

— reactors with fluidized catolyst;

— rotating cotalyst bed reactor.

1. FIXED BED REACTORS

This type o' reactor is the most simple to obtain, being composed
of o gloss or metal tube, partially hiled witn catalyst, over which the
reactart .tream is continuously passed. Differential conditions are cppra-
ached by:

— operation at very low conversions (araund 19);

— dilution of catolyst with an inert material, especially in the caose
of roactions which occur with significant thermal effects:

- dilution of feedstocks,

~ us'ng such a flaw that Re, would be higher than 30.

The achievement of these conditians is seriously limited by the
degree of sensitivity and accuracy of the analytical procedures, as well
os the pressure drop along the catalyst bed.

In current proctice such reactors are of the integral type and anly
in special cases can experimental conditions be achieved which could be
considered os differential.

2. FIXED BED REACTOR WITH REACTANT RECIRCULATION

in such a reactor, the reactants are recycled over the fixed bed of
catalyst by means of @ pump, at the same time maintaining o continuous
fesdstock stream ond evacuation of reaction products. A high flow rate
of reactants is thus achieved over the catalyst bed, conversion being very
low in each passage (differential). A rotic between recycle rate and feed
rate of between 10 and 15 is sufficient to achieve experimental conditions
close to differential ones.

In spite of difficulties in construction, which limit its use, this type
of reactor has the following advantages:

- it operates under conditions very similar to those of o differential
reactor;
~ linear velocities of the fluld stream Jver the catalyst bed are very
simitur to those of commercial reactors;

- It does not require an exceptionally sensitive analytical method.

The use of this type of reactor is not recommended when secondary
h reactions can oocur.

circuits through which recirculation is oarried out ore dead

spaces favourabie to the development of homogeneous, secondary reac-
tions. Cooling of these circults In order to minimize secondary reactions
makes it di?cuh to control the temperature within the reactor, reducing
the accuracy of the experimental determinations.

3. MACTOR WITH RUIDIZED CATALVST

mmsmmmmmmmamm
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. extremely smail sized catolyst porticles con be used which prac-
tically eliminate the resistonce to mass and heat transfer within the
particles.

Limitations of the gas stream flow rote by those conditians required
to obtoin fiuidization, produces the donger of back-diffusion, which may
modify the kinetic data.

4 ROTATING CATALYST BED REACTOR

Such o reactor is composed of an enclosure within which there is a
catalyst basket on a .haft, on which are also mounted one or more im-
pellers. The catalyst basket is rotcted in the reactant stream at the speed
chosen by the experimenter. In such a system, the foliowing is obtained:

- o uniform reactant concentration ond temperature within the
reactor;

_ minimum inter-phase tronsfer phenomena even at low charge
stock rates, because turbulence is produced exclusively by the rotation of
the cataiyst bed and is thus independent of the feed rate;

conditions to study the influence of physical phenomena on the
rate of 1w -tion, simple variation of the speed with which the catalyst
basket rotates being sufficient for this purpose.

From the data published to date, it seems that this type of reactor
is more appropriote for operating conditions prescribed for differential
reactors. Its use is therefore indicated for the study of kinetics in heteroge-
neous catalyst reactions and to compare the performance of different
catalysts. The reakization of such a reactor, especially when it is to be
operated under pressure, requires high techinicol skill, thus limiting its use.

IV. TEST REACTIONS TO ESTIMATE CATALYST
ACTIVITY FOR PETROLEUM PROCESSING

Optimally, complex feedstocks identical to those used in industry, are
submitted to reaction in pilot units under conditions very similar to indus-
trial ones.

The difficulties encountered and the high cost of pilot experiments,
as well as the need to individually choracterize cotalyst porameters, hove
led to the development of methods for studying the ocatalysts by test
reactions with single compounds.

A test reaction must be so chosen as to ba completely characte-
ristic of the catalyst. In other words, the technique used must bring obout
the some transformations as would be obtained in industry in the presence
of the corresponding catalyst. It is recommended that the following consi-
derations be taken into account when choosing a test reaction:

— choose a single reaction and avoid parallel or consacutive re-
actions;

— the selected reactior. should be as near as possible thermo-
dynomicolly complete;

~ the reaction must not alter the ocotalyst significontly, so that its
activity is mointained constant during the reaction cydle;

— reaction products should be analysed as quickly und acourately
as possible.

In the crude oil processing industry the main catolylic recctions are
cracking, and lsomerizotion, which take place by an acid mechanism, and
hydrogenation and dchydrogenation reactions, catalyzed
metals, metallic oxides or sulphides. Bi-functional catalysts having both
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ocid and metallic functions, must not be omitted. These catalyza simultane-
ausly cracking. isomerization and hydrogenatian-dehydrogenation reactions.

In order ta characterize catalyst activity, representative reactions,
either acid ar metai catalyzed. are selected A few example: of test
reactions, cutalyzed by active acid centres are given helow.

Non-crystalline or crystalline silico-aluming oracking catalysts are
tested by cumene cracking ar by conversian of a linear ar branched
paraffinic hydrooarbon,

Isomerization catal,sis are characterized by their activity in paraffinic
ar alkyleromatic hydrocarbon isomerization (far example n-pentune or
xylene isomerization).

Acid supports used far the preparation af different catalysts are alsn
characterized by their capociiy ta catalyze dauble band isomerizatian or
that of some hydrocarbon chains (e g. isomerization af cyclohe ane to
methyl cyclopentane).

All these reactions can be chosen for tests ta estimate the acid
function and specific aciivity of the above cotalysts.

Aromatic hydracarbon hydragenation or the dehydrogenatian  of
cycloparaffins, can be used in test reactians for estimating the metallic
functior. of hydrocracking and reforming catalysts.

Finally, the hydrogenolysis reaction of a sulphur compound (such as
thiophene) or nitrogen compound (such as pyridine) are tests to estimate
desulphurization or denitration activity of the catalysts used for the puri-
fication of petroleum fractions by hydrogen treating (hydrorefining).

The test reaction concept, though a simplificat.... of the real case, is
of groot aid In solving certoin problems regording the selection af oatalysts
and catalytic systems. In some simple cases (hydrogenolysis reaction of
sulphur or nitrogen compounds), it can even be used for scale-up prob-
lems. Howaver this concept must be carefully applied when dealing with
the characterization Mndioml catolysts os it may sometimes lead to
o misleading over-simplification. Thus, In the presence of hydrocracking
or reforming catalysts, composed of o support with an acid function and
a metal in elementary forin (sometimes os on oxide or sulphate), simulta-
neous reactions toke place, cotolyred by the acid and metallic fuactions
of the catalyst. Reactions, such as paraffin isomerization or aromatization,
occur through a mechanism in which the presence of both functians of the
catalyst is required. Estmotion of the activity of such a catalyst by a test
reaction of only one of the functions is not correct. it is olso neces-
sary to effect a reaction which would be representative for the catalyst
as a whole in order to obtain o comect picture of its activity. For this
reason, for bifunctional cotalysts, relotively complex test reactions ore
olso used, such os conversion or nommal paraffins with more than six
carbon atoms. Thus, in the presenca of gasohine reforming catalysts, of
the Pt on olumina type, ond under hydrogen pressure, the heptane is
transformed by hydrocracking into low molscular weight hydvocarbons, is
isomerired and dehydrocyclized to toluene. Such a test reaction, apparently
selocted in contradiction to the selection principks. mentioned previously,
I':' required ¢o charocterize certain catalysts of this type whicn have complex

nctions

V. STANDARD METHODS FOR INDUSTRIAL
CATALYST ACTIVITY DETERMINATION

&cﬁmdm erastersiting catalyst cctivity in the main pedro-
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in many cases, were the basis for commercial implementotion or are used
in the control of commerciol plants.

in the standard methods, the petroleum fractions used as feed are
representative with respect to source and composition. Thesc method. are
carried out in a continuous system under operatirg conditions similar to
those applied in the industry.

Catalyst activity and selectivity is 2xpressed in terms of technologicol
or commercial interest, such as the yie!ld of th.. most interesting product
or the value of a key characteristic of the process such os a property or
composition of the product. In many moathods, in order to express the
catalyst seiectivity at the same time, these charocteristics are related to
the designed operating conditions or are correloted with the predu::,t'
yields. ‘

To obtoin representative data in this manner, deep conversions must
be effected. close to thermodynamic equilibrium. as is done in commercial
plants. For this purpose the operating conditions of these standard me-
thods place the reactors in the integral gfoup.

Optimally. the behaviour of the catalysts in different sized plants
and industrial reactors should be known. Sincz in the case of catalysts for
petroleum refining processes there is such extensive expefience, the stan-
dard methods are useful and are widely employed. Some of these methods
effect determinations in comparison with a known catalyst token os a
stondard.

A brief summary is givan below of the principle, operoting methods
ond expression of catolyst activity and selectivity by these methods.

A relatively large number of methods have been developed by
various companies in differert countries to charocterize cracking catalysts,
using vorious operoting conditions, space velocities, charge stock/catalyst
ratio. temperature and cycle time. In all cases heavy distillate cuts, espe-
cially atmospherically distilled gas oil obtained from a well known crude
(East Texos or Mid-Continent, ewc.). are oracked. Fixed bed, as well as
fluidized bed cotalysts are used, the tendency being to generalize the
fluidized bed cotalyst procedure.

Activity is expressed by the “activity index” which differs from one
method to another. In most cases, the activity index represents the pro-
portion of hydrocarbons of boiling temperature below 200°C in the liquid
product obtained by crocking under given conditions, plus distifkation
losses (D4L1). In other procedures, the activity index represents the yield
of gasoline which distils up to 200 or 210°C compared to that in the feed-
stock processed. Often this activity index is related to that obtained using
a standard cotalyst.

For the determination of the uctivity index of o fresh cracking cata-
fyst, steps are tcken to overcome non-characteristic initial catalys. activity.
For this purpose the catoiyst is brought to a constant activity levidl, some-
what corresponding to the equilibrium catalyst activity in industriol plants,
either by steam trectment or by consecutive reaction-regeneration cycles.

No special methods have been develcped for the characterization of
catalyst activity and selectivity for gasoline reforming and aromatization
cotalysts, although the literature is very rich in describing the performance
of these cotalysts. However, cotalyst manufocturers and oil processing
companies of various countries have developed their own methods. This
state of affairs is partly explained by the high cost of equipment as well
as of the work itself. These are prohibitive for activity determination In
certain refineries which, in case of need, contact the specialized companies.

Reforming catalyst activity and selectivity are characterized by the
reformed product octane number of the gasoline cbtained by standard
atmosphenc distillation, under conditions similar to those used commer-
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cigiiy (‘gosoiine stabiiized by debutanizing or even depentanizing). Expres-
sion of reforming cataiyst activity and selectivity aiso takes into account
the stabiiized reformed gasoiine yield, the content of aromatic hydro-
carbons in the resuiting product, in correlation to the feedstock and
operating conditions (temperature, pressure, space veiocity, hydrogen/
feedstock ratio, stc.).

Hydrorefining catolyst ave tested under hydrogen pressure, in units
similar to commercial ones. i{ydrorefined product: are chemicaliy analysed
after removing hydrogen su!phide, water or dissoived ammonia, resulting
from hydrogenolysis reactions of S, N and O compounds in the processed
oil cut. Cotalyst activity 1s expressed by the degrees of desuiphurization,
denitration ord deoxygendtion, which represent the .atio between the
respective contents of suiphur, nitrogen and oxygen of the feedstack and
produci, expressed in percentages. In order to ensure reproducibility of
determinations, it is absolutely necessory to work with the some feedstock.
as the large voriety of heterocompounds in the oii cuts and their dissimilar
reactivities are well known. Many times it is preferable, as in this case,
to compore the performance with that of a standard catalyst. it must Giso
be poninted out that in the estimation of hydrorefining catalyst activity,
other commercial characteristics of the product are used, such as colour,
colour stobility or product odour,

Vi. CONCLUSIONS

The present state ~f knowledge in the characterization of cotalyst
activity indicates thot it would be desirable to test the catalysts in diffe-
rential reactors if selection is to be based on intrinsic activity. On the
other hand, kirnetic studies can be carried out from which the rate of the
chemiool reaction can be determined, excluding the influerce of mass ond
h ot tronsfer phenomena. There is a basis for the application of test reaction
studies in the design of commercial units where relatively simple catalytic
reactions are concemed. Unfortunately, this is not the case in crude oil
processing. In order to obtain design data for oil processing catalytic
plants, studies must be carried out in various steps, including pilot units.
An exception is the relotivoly simple hydrorefining process. 80%0 relating
to this process obtained by test reactions have been used to design com-
mercial reactors.

On the other hand, despite the empirical character of the so-called
standard methods for determining industrial cotalyst activity, these proce-
dures are still being used widely, since the techelogical dota ore fur-
nished, or are easily accesaible to those who use industrial catalysts.




CATALYST TESTING'

R. W. BEDFORD*

It moy seem ta be stating the obvious to say thot o catalyst tester
must be sure he is measuring the property he desires and that the pro-
perty he is measuring is relevont to the performance of the catolyst in a
full scale plant. Testing catalyst is, however, o complex science requiring

testing techniques have increased in complexity and sophisticetion in
paroliel with the development of the chemical plants using the catalyst
being developed. Nowadays it is possible to virtually co np etely charac-
terize now catalyst and predict with reasonable confidence the way R will
perform in a commercial plant. It is ?onmlly true, however, that the cost
and sophistication of the sxperimenta techniques is foirly closely paralieled
by their usefulness in predicting plom performonce.

This paper will discuss the testing of solid catolysts used in promoting
gaseous reacticns such as those used in ammonia plants ond similar
plants based on hydrogen preduction.

1. INTRODUCTION

Developing a new catalyst requires a lengthy, complex testing pro-
gramme. There ore four groups of charactenstics which must be evaluated:

1. Catalytic activity

2. Physical charnocteristics

3. Mechanical strength

4, C'.emical composition.

Of these groups, the fourth one that of analysing a
comporition Is not particular to catalyst testing and w'li not be discussed
lnthi,popor.Inoochofthemrﬂwu.owldowdmdm be
carrl :d out of varying complexity. These tests may be sorted into three
grou 3s which represert three different levels of tezting:

1. Simple comparative testing

2. Major catalyst evgluation, including simulated plant operation

3. Fundamental testing in order to completely characterize the

cotalyst and the reaction it ocatolyzes.

! This paper was Issued In provisional form under UNIDO reference 10{WG.123/20.REVN
* imperisl Chemical Industries Ltd., Billingkem, Toesside, Unitad Kingdom of Grest Britain
and Northern Ireland,
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. CATALYST ACTIVITY

The measurement of catalyst octivity is, of course, the whole basis
of o cotalyst ressarch programme. The steps involved in developing o
successful catalyst are set out diagrammaticolly ir. figure 1. The procedure
is designed to permit

the maximum number Research
of variables to be catalysts
uo:thlnod In o way
which results in  all y bt
thermal and adidbal
potentially  suitable *0 fsz “ Rejecied
OOMW! receivin (1&7) o Cormuiations

much more detoll
investigation. By this /\\
technique, full-scale Semi tachmeal Prant

testing Is reserved

those cotalysts ackatalc pressure sioestream
which have passed tests wits vmts
the other tests.

A rapid initiol
screening Is carried
out ot atmospheric Rejected
pressure, 3o  that formuiations
those  formulations
showing promise can
then be tested more  OA¥rentw/ Full-scale’

rigorously under semi- r fmst
technicol ond side- plan
:tnam conditions to ‘
bosic kine- Mingtic Life data
and life data. data
Mbd kinetic
In!::
mation con then led
obtained under diffe- %ams
rential operating Lon- A
ditions. tions Production
which m:‘u , side- astalysts
sireom somii-4ach-
FIGUAL 1. STEPS INVOLYED IN DEVILOPING A SUCCESSIUL
ﬂ”md mn satisfacto- CATALYST
putod of time, ofe
ly submitted to full-scale plant tests.
rapid scresning tests represent the first level of testing defined

ohone.ihcnmf and plont sidestreom tests represent the second
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Thm«’ of o cotalyst is generclly assessed in terms of the
maMkmuomdm%tahpm?th:‘dw
the following equation :
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Before considering how catalyst aclvity is measured, the properties
controlling mass transfer to and from the catolyst surfuce must be con-
sidered. The flow of reactants to the surface of the cotalyst can, aond
usually does, affect the meosured actvity of the catalyst Specific activily
's the measure of the rec-tion rate available when there ore no externa!
limitatians. The observed activity af the catalyst may not be equal to the
specific activity because of external limitations.

Unless the mechanism by which reactarts are transported to the
active surface of the cotolyst and the products transported away is fully

understood and the

DAusion of prt el rate limiting step ot

nle £ 780 am steps are recognized

serigus errors in cata-
lyst testing may

mode. The commonly

accepted route by

which the reactants

reach the octive

surfuce of the cato-

lyst in pellet farm is

DRy 00 of Prodcts
to sur Qce of peviel

D¥uswon of

OFUsion o reactants reactanl i hown  diagrammoti-
within pore up to aclive e pore mouth colly in figure 2.

site L—/ The first stage

is normally regarded

FIGURE 2. DIFFUSION OF REACTANTS AND PRODUCTS as the diffusion of

WITHIN CATALYST PBLLETS reactants ta 'h‘ sur-

face of the pellet
through the gas film which surrounds it. Having reached the pellet, the
reactan’. pass thraugh the peilet's internal structure cansisting of macro,
mic-> and sub micra pores, befare they reach the active surfoce. The
reaction products desorb fram the catalyst surface and return to the bulk
of the gas streom by the reverse procedure. The behaviour of o catolyst
in o commercial plant, depends on the over-all effect ond this is often
very different fram the effect which would be postulated from the catalyst's
specific activity. Care must be taken, therefore, in cotalyst testing to make
sure thot the catalyst test accuratelv reflects the iimiting process or pro-
cesses as found In a commercial unit.

With most catalysts the over-all reaction rate con be considered ta
depend on three separate processes:

1 The diffusian of ane of the reactants from the gas phase to the

surface of the catalyst porticle.

2. The diffusion of one of the reactants in the pores of the oatalyst

particle.

3. The rate of reaction ot the active surface of the catalyst.

Process 1 is called gas film diffusion and process 2 pore diffusion.
Normally the difficulty of mass transfer inside the peliets outwelghs that of
transfer from the gas stream to the pellet surface. At high reaction rates,
ond with low gas velocity, however, gas film diffusion may become himiting.
It is worth remembering that this type of limitation is more likely to occur
at gas velocities used for catalyst testing than under plont conditions,
where reactor height usuolly ensures that velocities are also high. Care
must be taken therefore, ta find aut If testing is being carried out In this
region and, if so, steps must be taken to avoid i.

If pore diffusian is a contributing limitation, the rate of recction Is
dependent an the praperties of the catolyst particles, for example, size,
vaidoge, and surface area. It is therefore important, that catalyst testing
should, wherever pr-z:t'c, e = .iod out on the full size catolyst peilets,
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Serious errors may be made in determining the cotalyst activity if different
sizes of cotalyst paricle are used during the test. The best experimental
method for assessing the importance of pore diffusion i« to measure the
rote of reaction with varying particle size In the absence of pore diffusion
limitations, the readtion rate will remain unchanged It should also be
borne in mind that pore diffusion limitation increase with temperature and
pressure ond cotolyst activity measured at .noderate temperatures and at
atmospheric pressure will not usually be applicable for full scale plant
operation at higher pressures.

While considering possible physical limiations in testing methods,
it is worth while to point aut the danger of so called "edge effects’” in
small scale reactors. Where catalyst porticles are in contact with the walls
of a tubular reactor, the vaidage 1s much higher than that in the centre
of the cotalyst bed. Because af this, there is a preferential flow route for
the gos ailong the edge of the catalyst bed. In o full scale reactor this
uneveness of flow is negligible in relation to the totel flow through the
catalyst bed, but in small-scole reactors the amaunt af catalyst in contact
with the reacior wall is much greater in proportian and can result in errors
in the meusurement of cotalyst octivity. This is especially true for reactions
where high conversions are obtained, such os during methanation. If skp
is occurring under these circumstances, not only will the catalyst activity
be underestimated, but the difference between differing catalysts will be
minimized. A poor catolyst of smaller particle size may well compare
favourably with a better catolyst of larger particle size, not only because
of the smaller pore diffusion limitation but also because of the smaller
sdge effect which will be obtained.

ili. REACTOR TYPES

The simplest typs of reactor is one which consists of a tube, made
of glass or metal, containing the catalyst through which reactant gas is
passed. This pasic design can be developed for use in either of the three
leveis of catalyst testing. It is the type of reactor most widely used in iCl's
catalyst testing programme.

There are two fundamental types of continuous test reactor, the
integral recctor and the differential reactor. The simple tubular reactor
Is the type used for integral reactor systems. With an integral reactor a
reactant concentration profile will develco along the length of the cata-
lyst bed, and the rate of reaction along he length of the converter will
change. With a differential reactor the reoctant concentration in contact
with all parts of the catalyst bed will ideally be the same, and the ra'»
of reaction will therefore be the same ot all points in the converter. This
is why the differential reactor is potentially the more suitable for the
derivation of kinetic data, because the reactior rate can be calculated
directly from the flow rate and the inlet ond exit reactont concentrations.
In the case of an Integral reactor, an integiation, which may be
impessible to corry out algebraically, is often required. Integral reactors
are, however, much simpler to operate, and this Is the type normally used
for the bulk of catalyst testing.

} | t:m‘m can be epcg:todd;» m diffeﬂ ways:
isot ., loally or pseudo-adiabatice is neither iso-
thormally mdww'gy). in prodtice isothermol operation is rorely
possible, particularly with reactions m:: high hect of reaction, because
of heat transfer limiotions, These ns are important because poor
heot flow control, leading to smell temperature difference in the bed,
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can have o very severe effect. since the rote of reaction is exponentially
dependent on temperature.

With exothermic reactions, tubulor adiobatic reactars are commonly
employed in order to overcome ttis problem The temperature control
systera is arranged in such o way as to prevent heat flowing either in or
out ol the reactor through the walls Consequently o temperature profile
similar to thot found in operating plants develops along the length of
the reactor the extent ond shape of the latter depending on the heat of
reaction, the specific heat of the gos ond the reactian kinetics. Small-
scale odiobatic converters are therefore useful for life tests or for simu-
lation of full scale plant operation where adiabatic operation is normal.

In the first level of testing, perhaps 100 to 1.000 formulot.ons are
tested in a coolyst research programme, It is often convenient to do a
quick screening operation using even simpler reactors operating pseudo-
odiabatically. In this case, the reactor is surrounded by o heating jacket
as in the smali-scale adiabatic reoctor, but no attempt is made to %olana
the heat flow in or out of the reactor. In this case it is essential that the
test conditions for each catalyst be os near identical as possible, so that
a true comparative test is obtained. The test is essentiaily qualitative and
can sort good cotalyst from moderate catalyst from bad cotalyst but it
cannot sart out good catalyst into very good and not so good. In all
camporative testing it is essential that o standord catalyst size is used,
together with o standard catalyst volume. standard temperature condi-
tians ond standard gos compesition. The simpler the test the more stan-
dard the conditions must be if meaningtul results are to be obtained.

in oddition in ~hoosing the operating conditions it should be bome
in mind that it is much more difficult to differentiate between catalysts
under conditions of high conversion or conditions which result in a pro-
duct gos being clase to equilibrium.

When more odvanced testing is required it is necessary to have
much more complicated apparatus. Whether the testing unit is o semi-
technical laboratory unit or o plant sidestream unit, great care must be
taken in its design. Whereas fairly simpie control and measurement
systems may be used ot the first level of catalyst activity testing, much
more precise methods must be used at this level. These units are essen-
tially miniature versions of full-scole plant units and so require minioture
versians of all the control and measurement devices which are used in
o full-scale plont. In addition, equipment is required to maintain adia-
batic operation and to provide further information, such as tem
profiles, on the behaviour of the cotalyst which is not normally re ,ulred
in a full-scale plant. In order to obtain as much precise information as
possible, ottention must be paid to the detcil design. The o.dfo effect
coused by miniaturization of equipment hos been mentioned earlier.
A simikar effect is that of conduction of heat from the exit of the ootalyst
bed to the inlet along the reactor itself. The reoctor material must there-
fore be chosen so as to minimize this effect. The location of measuring
devices for the control circuits is alsc imporiant and the position of them
must be chasen so as to give quick response to changes In ng
conditions. This is particulorly true of those thermocouples oo ng the
adiabatic operation of the converter, They must be located so as to minl-
mize the fluctuations of heut inflow to heat outflow i the system con-
trolling the adiabatic function ‘s sluggish in its response. Under these
conditions, extremely good results can be obtained and catolyst con be
sorted with great accuracy. Life testing over several months con be
carried out and the effects of poison meosured on sidestream units. The
optimum catalyst may then be developed by balancing the requirements
of a good life, high initial activity and poison resistance.
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Although it 1s generally more ditficult to derive a kinetic equation
from integral dato than fiom differentio! data it is nevertheless pessible
to obtain a large amount of information from a relatively small numbet
of experiments and often it 15 possible to derive design equations pre-
dicting full-scale plant operations from odiabatic integral experiments.
in ony case. a design equation obtained trom differential dota must be
cross checked against integral doto obtained both on the small scale
tnd the tull scole before it con be used with any degree of confidence.

In @ normal research programme one might think in terms of testing
20 to 30 catalysts an sem:-technical units ond obout 10 to 20 on plant
sidestream units before choosing the two or three formulations to be
investigated mare fully in differential reactors ond in full-scale plant tests.

IV. DIFFERENTIAL REACTORS

In differential reactors the reaction rate is the same for all the
catalysts being tested and changes in reaction rate caused by changes
in each variable can be studied separotely. The procedure can be very
time consuming because a very large number of experimental resuits
over a wide range of conditions may be needed before a design eguation
can be produced. The exercise is therefore very expensive, but is warth
while for a catalyst researcher becouse the very acourate results obtained
are extremely useful in plant designs.

Single pass tubulor reactors may be used under differential condi-
tions. Mere the conditions are chosen so that the amount of reactian over
the cotalyst is very small and thus the change of concentration of reactants
in the gos phase and the change in temperature due to the reaction may
be ignored. The use of single pass tubular reactors, however, suffers wom
the disadvantage that very accurate composition anaiyses are required
if an accurate reaction rate Is to be calculoted from the small differences
between inlet and exit concentration. With modern methods of analysis
this can be done for many reactions, but it is often better to use other
methods if very accurote results are requires.

This analytical requirement is removed when a recirculating system
is used. With this system, port of the exit gas is recycled and mixed with
a small amount of fresh gas. Alter some initinl chonges, the system wi'l
reach a steady state und the composition of the make-up gas and exit
gas are then measured together with the exit flow rate. Since the pass
conversion depends on the recycle rate, which can be very large, the
system can be made to approach very closely to true differential operation.

The over-all concentration difference between the feed gas and the
exit gas can be very different, even though the converter is operating
differentially, which dscreases the importance of analytical eror. A major
disadvantage of this system, however, is the potential for build-up of by-

or impurity concentrations. For this reason it cannot be used for
reactions in which there are likely to be by-product formadons but it has
boen used very successfully to study the kinetics of ammonia synthesis
frem nitvagen ond hydrogen (see later).

A type of differential reactor which is being widely used within ICl, is
the continuous stimed tank reactor. in this system, the reoctants are fed
Moﬁom'hwamkwhﬁﬂwan perfectly mixed ond brought into
contact the cotalyst by o stiver. in order to balance the inflow of
reactants, gas which comoins both the maotants ond the products is
continuously removed from the system. Within ICl it hos been found con-
venient to comtain the eatalyst in baskets which ’f:mmm:dmo
r

stiever and it has been feund porticularly the differential study
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of poisoning reactunts since all the cotalyst s exposed simultaneously to
the same concentration of potson

The simplfying assumption of perfect gas mixing is necessary if con-
tinuous stirred tank reactors are to be used for the derivation of kinetic
data, so the occurrence of such mixing must be checked befare corrying
out expermental work ! any deviations fram ideal behaviaur are dis-
cavered, their causes should be traced and the situation corrected,
because th.e experimental data resuiting fram a combinotion af the efects
of bath imperfect mixing and the chemical reactian are sually too com-
plex for accurate interpretation

V. STRENGTH TESTING

Cataiyst particies must be strang enough to withstand four different
torms of stress:

1. Abrasion during transit

2. Impact when laoded inta the converter

3. Internal stresses, especially thcse occuring 1during reduction or

being brought on line

4. External stressing coused by pressure drop, cotalyst weight and

possibly thermal cycling.

It is generally difficult to subject catalysts to o simulotion of the
conditians which affect their strength during life while measuring the
reactian af the catalyst ta thase conditians. ICl uses twa types of genercl
tests which may be applied ta both new ocotalyst and ta catalyst sub-
jected to operaling canditions. One test is to meosure the crushing
strength of the catolyst and the other test involves tumbling the ocatolyst.

The equipment used far the crushing strength is manually operated
and cansists of two flat palished platens ane set abowe the other. The
pellet is placed an the lawer platen and the platen is raised manually
until it cames inta contact with the upper platen. The pressure generoted
by campressing the pellet between the platens actuotes a piston which
hydraulically octivotes a pressure gauge. The piston has a aross section
of exoctly ane square inch sa the pressure gouge measures the lood on
the catalyst particle in pounds weight. The load ot which the octalyst
particle breaks is then nated. This test is carried out on ot lea 20 par-
ticles and the mean taken. For solid pellets it is usuol to mecsure the
crushing strength with the cotalyst pellet set vertically so the platens come
in contact with the flat ends of the peilet. For extrusions and rings the
particles have to be laid horizomol, and in the cose of rings, it is normal
ta replace the battom platen with a bar shoped one. Some care must be
taken in the aperation of the machine as the crushing strength obtained
does vary with the speed af campression, but it has been found better to
use a simple manually operated machine than 0 complicate it with a
mechanical drive.

In the tumbling test a fixed volume of cotelyst (normally 25 mis) is
placed in a steel tube which is rotated end over end at a speed of 40 rpm
for 45 minutes (3,600 falls). After the test cotalyst is sieved to remove
dust and catalyst chips and the percent weight loss Is measured.

In establishing these tests as standards, ICl carried out emtensive
investigatians into the parameters measured In the tests and their
relationship to the strength requirenents outlined above. Most of this
work was once and for all project relating the pressures involved in o
catalyst bed with the bed size and shape and Involved analysing the way
catalyst forming methods affected tha final strength. For eoch new oota-
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lyst, however, the relationship between strength os new and strength under
operating conditions has to be determined so as to establish parameters
for production control.

One interesting outcome of ICs work on catalyst strength, was that
the most important requirement for high strengtn n a cowalyst was
resistance to the forms of stress outlined under 1 and 2 above and that
the actual strength required during operation was much less than that
required for handiing the cataiyst betore aperation.

Vi. PHYSICAL CHARACTERISTICS

When deciding on the required strength of o new cotalyst, it is often
necessary to arrive at o compromise botween the strength of the catalyst
and other foctors. The other major factors which are affected are the
density of the cotalyst and thus its pore structure and surface area. Ge-
nerally speaking, because of the pore diffusion limitatian which exists for
most cotalysts, it would be odvantageous to make lower density, more
porous cotolyst with higher surface areas. The requirement of sufficient
strength to withstand handling of the catalyst, however, often results in a
cotalyst being denser than otherwise would be required.

Density, pore structure, and surface area measurements are usually
made ot both the first and second level of catalyst testing ond are done
by the normai techniques of mercury density, helium density, and BET
surface arec meosurement. In ICl we now use Krypton as the absorbent
gas in our BET experiments. At the highest level of testing information
can be obtained by measuring the pore size distribution using o mercury
porosimeter or adsorption desorption techniques

IC! hos also developed o method for measuring the surface area of
the active species in the cotalyst rather than the total surface area. This
is done using a gas
whic':\‘ is chemisorbed onl’; [
on the active species an Ot Hy O->COpt .
the diogrom below (figure COrHp O+ thz
3) shows & cowelation be-
tween the surfoce orea of
the octive species in low
temperature CO shift ca-

the catolyst

ration of the catalyst. At
the fundamental level of

v X 0 0 D
Copper area (m'¥y catajyst)

g s e st oL SATR StoRETL TS
AN S L Y
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Vil. APPLICATION TO PARTICULAR CATALYSTS

The above discussion s relevant to oimost all catalyst testing but
eoch cotalyst used in a modern ammonia phant has certain ooints which
need tc be borne in mind when testing is corried out These points are
outhned in the ‘following paragrophs

vill. HYDRODESULPHURIZATION CATALYST

Generally speaking one uses the standard series of tests to test
hydrodesulphurization cotalysts but it is beter to use stondordized feed-
stocks, whether gaseous or liquid hydrocarbons, because of the compli-
cotion of the diHferent reaction rates obtaoined with different types of
sulphur compounds. When comparing different cotalysts or different
botches of the same catalyst it is essential that exoctly similar feedstocks
are used so that synthetic feedstocks which oan be reproduced time and
time again are most convenient. in ICl, o useful standard test involves
the use of thiophene doped heptane.

IX. ZINC OXIDE

When comparing zinc oxide catolyst, the total sulphur pick-up
nossible with the catalyst is mecningless, because this is merely a measure
. the available zinc oxide in the cotolyst. What is important is the mea-
sure of the amount of sulphur which may be picked up under normal
operoting conditions before significomt quantities of sulphur break through
the catolyst. Besides the standard series of tems, and again one must
bear in mind the question of the complicotion of different sulphur types,
ICi use o standard test to measure the absorpton bilitier of zinc
oxide catolyst. The test uses 5 per cent hydrogen suiphide in a hydrogen
stream which is passed through the zinc oxide ocatalyst in o pseudo-
isotehrmal reactor at 370°C. When the fimt minute toce of hydrogen
sulphide breaks through, as measured in lead ocetate solution, the test
is stopped and the average sulphur content of the catalyst bed meusured.
This is only a simple, semi-quantitative test with an oocuracy of plus or
minus 5 to 10 per cent but is a uselul accelerated life test for d ti-
ating between good catalyst and those which are second rote.

Because ICi catolyst 32--4 is in the form of gronuies, the crushing
strength tests are meoningiess ond the standard strength test is the tum-
bling test.

An interesting example of the use of sophistiooted techniques is the
use of electron beam soanming in the study of the obeorption of hydrogen
sulphide by ICl catalyst 32—-4. In this case the sulphur prafile across o
cross section of a oatalyst gronule is measwed ofter varying degrees of
sulphw absorption. The granule cross section forms the target in an X
tube and the sulphur concentration is measured by the ampiitude of the
characteristic fluorescence given off by the sulphur atoms. This work shows
that the controlling rate in the absomption Is ditfusion of
through the sulphided layer.




X. REFORMING

Unfortunately there appears ta be na short cut ta accurate testing of
reforming catalyst. A simple test had been found ta be of very little use in
evaluating primary reforming cotalyst. For o lang time full size tube tests
were the only way in which reliable intarmation could be faund, and
this proved very costly. iICi have, however, developed small tubular reactors
with o complex heating system to simulate the heat input ir o reforme-
tube. These units have proved very successful for tests in the first ond second
level of cotalyst testing but have proved a little less than 100 per cent in
simulation of full scale plant operation, not least because the catalyst has
to be in smalier gronules thon full size rings. The ultimate test remains,
therefore, a full scale triol in o full size tube in a semi-technical reformer.

ICl have also carried aut strength tests under operating conditians but
it was generolly found that tests on the strength of the catalyst discharged
after operation in a full size tube were sulficient indication of the strength
durh% openation.

ests of a seocondary reformer catalyst are similar to those far o
primary roformer, except that the temperatures which the catalyst must
withstand are much higher. in this context it may be pointed out that
thermal shock tests on these types of cotolyst are more or less meaningless.
i vhe high temperature strength of the ocatolyst is to be determined, it
must be taken using o stondard strength test while under simulated ope-
rating conditions.

Xi. CO-CONVERSION CATALYSTS

Whereis the high temperature conversion ootalyst has been manu-
faciured for many years, ow temperature conversion catalyst are a recent
addition to the ammonia plant scene. In developing their present catalysts,
ICl cotlyst 52-1, ICI followed the process steps outlined in figure 1.
Spscial comalyst test units were built for the programme, both in the

and on a semi-technical sonle. All the units were truly adicbatic
ond ware designed for sorting tests both for initial activity and life and run
under full automatic control for perlods of up to several
The laboratory units consist of two reactors in serier so that two
oaialysts moy be t¢ ted on each one ot any one time. A con-
line chromou&r'aph measures the inlet ond exit concen-
each ctor end dry inlet gas of the corract composition
ng the purified constituent gases in a mixer/preheater/
water s odded o metering pump via o vaporizer.
similar ore built to withgtand the normal
e the wftects of igpoiesdies e Bl
process o ® soning were out using a sti
reactor technique s wmd obove, Under these conditions the
ars olso used for high temperoturs tonversion and metheanation
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be made In IC| use is mainly made af high space velocity tests for these
sorting tests. Even so a special analytical technique ond opparatus wers
developed to enable the accurate analysis required to be made.

XI1. AMMONIA SYNTHESIS

For studies on ammoia synthesis cotolysts veny .inio’ reactors to
thase used for CO conversion are used but, of course. only pressure units
can be used because equilibrium ammonia concentrations ot atmospheric
pressure are neglgible. Because of the large volume of gas required ICl
uses on ammonia cracker to produce the feed gas to its smoll-scole ammo-
nia units. The differential reactor used for ammonia kinetics and poison
studies was o recirculatory type similar to thot developed by Professor G. K.
Boseskov and mentioned above. Ta maimain isothermal operation, the
reactor is immersed in a heated, fiuidized sand bath.

XIl. THE CATALYST MANUFACTURER

Once the manufacturing method has been established, further use
of the more sophisticated testing techniques are unnacessary. it the monu-
facturing technique is opplied rigorously, good ocatolyst should aways be
produced but the cotalyst manufocturer has to carry out snough tests
measure critical parameters which directly or indirectly identify the colg-
lyst he is produding. He must detarmine that it is similar ta that oniginally
deveioped under laboratory conditions. These tests must, however, be
simple so as to aliow them ta be carried out quickly on a ragular basis
to control production. =

Besides chemical analysis, strength tests ore also routine on oll
cotalysts. Also routine are pellet density, buik density and size medsure-
ments because these infer the catalyst has the requisite internal pore
structure.

Cotalyst activity measur.> .amt is avoided unless absolutely necessory
because of its time consuming nature and this is especially true for those
cotalysts where activity measurement must be meosured under olevated
pressure. If initlal octivity must be measured then m pseudo-adia-
batic ar pseudo-isothermal units are to s the procedure.
Activity measurements are, of course, required when other
do not infer that o catalyst must have good or bad activity. Similarly sur-
face area ar pore voiume measurements must be made on some
if measurement of density ond other charactevistics do not enable one
to infer that an adequate pore structure is present,

Besides tests on the finished podtmnlsmmdmmam
on intermediates and vital stages In the production strength.

XIV. THE CATALYST USER

It is unveclistic for a catalyst user to qwiwbom
catalyst tester. He is only interestedt in testing his ORI ARSI
plommatosymcsu\w raquire changing: ond Wis b
ficient opportunity for him to build up the required expartise in

nizotion. Nar is i likely thot he would be in a position 0 _spend &
required amount of money. Most ferttlizer producers who are Rt [YONRG
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in catalyst manufocture do not test catalyst themselves but leave it to the
catalyst suppiiers. They rely on building up o relationship of mutual trust
between them ond their suppliers. Many fertiliter producers find they need
to concentrate all their resources on the running of their plams and this
leaves litlle opportunity for them to develop their techrical abilities as
catalyst testers. Some simple tests can be cciried out by a cotalyst user,
If he so desires. Tests which lend themselves to be done by a oatalyst
user are chemicel onolysis, density and strength measurement. There is,
however, reclly no possibllity of fully checking on the catalyst supplier.
Because of this there is no substitute for the relationshin of mutual trust
mentioned above ond the competence and reliability of the catolyst sup-
plier should play a major role in the catalyst choice.




THE PHYSICAL AND MATHEMATICAL
MODELLING OF A PROCESS FOR
ALKYLAROMATIC DEHYDROGENATION
IN ADIABATIC SYSTEMS'

V. MOCEBAROV®, G. CSOMONTAMNY!, $. POPA’, G. PANAITEBSCU®,
A. PANOVICH

Modern trends in the transfer of laboratory research results to pilot or
commercial scales involve physical and especially moathematicol modelling.

In physical modelling, the nature of the phenomenon is identical in
the model ond opparatus, the totality of the individual stages being
seen as o single phenomenon. From the given equations with one va-
riable one deduces similar oriteria, and the relationships between them
are established in an exparimental way.

In mathematical modelling it is nece:sary to compute the material
anrd heat balance equations for the initial and local conditions of tem
perature, reactant concentration and the geometric features. Mathemo-
t.cal modelling contains three stoges: the elaboraiion of the equations
describing the process, the elabomtion of the algorithm for the solution
of these equotions and the check of the reliablility of the mathematical
model on the studied plant.

Our group studied the optimization of the process used in obtoi-
ning styrene, for implementation on a commerciol scale. The programme
aimed to scale down a commercial ethylbenzene adiabotic dehydrogena-
tion reactor and to sluborate the mothematical model describing the In-
dustrial process for obtaining styrene.

PHYSICAL MODELLING

In order to test the warious improved versions of the dehydrogena-
tion catalyst recommended for use in the styrene process, it was necessary
to construct the physical model of the commercial reoctor. To ensure the
plug flow through the rcactor the foMowing conditions must be fuliileu:

;°~> 30 where D is the diometer of the catalytic bed and dy the diameter

L 4
of the pellet and Pé, (radiol mass transport factor) must be one order
of magnitude greater than Pé,_ (axia: mass transport foctor) (1, 2, 3).

In a commercial odiabatic plant used for allylbenzene dehydroge-
nation, these condi.ons are fulfilled because D/d, » 30, ond for Re,,
==80.5.

Pé, =095 and  Pé, =85
Tha voriation of the values of both Péclet nuinbers os a function

gf the modifiec Reynolds number is representad on a logarithmic plot in
gure 1.

1 This paper was issued In provisior al form under UNIDO refersnce IDWG.123/44.
* Romanian Research Instituts for Petrochemistry — PETROCHIM, Plolegti, Romania,
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the D/H ratio (dia-
meter of the omtalytic
bed to the height of
the cotolytic bed), "
led to a physicol
model n which the ~|. Pé,
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Re,=8.2 are the same. v —
Therefore the axial /
mining of reactants
connot be avoided. /
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commercial
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commercial  reactor
at on Re  number of 50.2. Therefore there is no danger of axial mixing
ohhcrood.unu ond the Row opproaches plug typs.

Based on these considerations, an adicbatic reference device with
a copacity of 10 litres of odtolyst was designed and constructed. it wos
used for comparative tests in on odiobotic sysem using catalysts which
were previously tested in the laborotory isothermol system with the view of
recommending the best plant conditions to apply in the commerciol plont.

" 'ummmu MODELLING

Mmml modeling for the catalytic dehydrogenation of ethyl-
benzene to styrene wus on the reference adiobotic reactor which
represenis the scale-down of the industriol reactor.

Six cotolytic reaetons (J—V1) were proposed to describe the process.

Mmforthcpmmmmumng gos effluent of ethyiben-

mc(i),vm(?) ydmgm(&}ﬁdum().nﬂhm(&}.bmmo(ﬂ).

sthylene (7), corbon dioxide (8), woter (9) and corbon (10). Reactions I-IV

are considered In a number of papers concerned the modelling of

mmmwmwmmmmmm
system (4, 5, 6)

keaction XV woas considersd by us in o kinetic study of cotalyst
M“aﬂ.mdmdtonﬂnwksmamdydmbstmmﬂﬂ)
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2. Toluene generation:

CeHs—CaHs +Hy>CHs—CH, + CH, o
3. Benzene generction:
CeHs~CaHs—CeHg + CoH )
CeHy=CHy+ Hp+CgH + CH, )]
Coke generation:
CyHs—CaHg—>3H, 4 CH+7C m
Coke regeneration:
C+2H,0-CO;+2H, vn

In elaborating the mothematicol model, the following simplifying
assumptions and calculation formula were used:

(a) It was ossumed that amal and rodial mass ond heot transher
phenomena have no influence on the kinetics of the studied reactions
ond as @ result, the therms represanting mass and heat wansler from the
materials and the heat balance equations were considered negligible.

(b) It was ossumed that the h anation reactor proposed for the
mathematic modelling is perfectly adiabotic, i.e. there is no heot exchange
with the outside.

(c) It was ossumed that the pressurs variotions are negligible in
the catalyst bed; in th~ colculations, ¢ meon pressure value of 1.10
atmosphere was used.

(d) In ocalculating the molal specific heats, a simplified formule
was used (4):

Cp, = A+ B,T+C,T (Vi

where A, B, C. are constants, defined in Table | for sach component
of the gas phase (1-10).

TABLE

VALUES OF CONFFICIENTS A, 8, C, FROM MOLAL PECIMC

: HEAT EXPRESMONS, Cp (VN)

i~y ) " €

1 —0.9209. 109 0.3509 t0* ~0.4988 - W+
Dl s | | e
4 ~0.7390 - 108 0.2935 - 10° -i‘.'&ﬂ—o
5 0.3422- 102 .17 0t T . ad
6 —0.7405 + 100 .27 19 ~0.9408 + 99~
7 0.2706 - 108 0.2916- 10— ~0.9900:
] 0.6850 - 10! 0.5533 104 82478 10
’ 0.66% 10 0.3283 - 19 ~0.3400- -
10 ~0.1097 - 109 0.3692- 103 ~0.0134 {04

(e) In ocaleuloting the heots of the reaetion —  Hn (colfmol) there
wos used the simplified relation (4) i

AHr,=A 48T ‘ _ (v
where A, B are constants which characterize th: redetions (1-V), as
shown in table |l

() Values of the equilibium oconstamt for obtaini ]
function of temperature were calculcted using the nbm d::nd
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TABLE It
VALUES OF CORFMCIENTS A, 8. FROM THR
RELATION AHr =A +8,T (cal/mel)

Resssion A »
| 28.043 1.0%
] —12.702 ~3.150
m 25.9m —1.900
v - 9.568 —2.668
v 23.653 —2.490
Vi 22.320 —~2.604

from literature dota (10).

Kp==0.483.10% exp (-29.685 RT) (iX)

The differential equation system which describes mass and heat
balances can be expressed in a ocondensed form when defining the
matrices of the following terms: the stoichiometric coefficients (S), reaction
rotes (R) heat copacities (C), heats of formation for reaction products (H)
ond molal concentsations (X).

11 1 00000 0 O
“10-1 11000 0 0
s |10 0 00110 0 0
e ]l oo-1-1t1100 0 o
' 4 10 3 01000 0 7
606 2 0000 1 -2 -1

The horizontal rows of this matrix represent the stoichiometric coeffi-
danis which interoct in the six reactions (I-VI) and the columns of the
motrik represent reactions stoichiometric ts, nomely those of
tho reoction products (1-10), Stoichiometric coefficients of compounds

which ondmwm:’i' in ona of the studied reoctions are ':mrkodmwith o
m and those compounds which ore , with a plus.

‘R, C, H ond X motrces are shown the form of multi-dimen-
slonal vectors,
‘ “ s i | Cf‘ Hi X,

SRR 1 Con Hi %
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where:
R*~ reaction rates transposed moatrix,

X'~ molal concentrations transposed matrix,
AX, AT -~ finite voriations for concentration and ‘emperature on
the increment of the cotaiytic bed height,

F = molal effluent flow (row materiat -+ diluent).

The knowledge of the finite differences X and T makes possible the
calculotion of concentiations and temperatures values, successively, for
each increment of the catalytic bed.

It is obvious that:

X 49 m X, 44X (XW)
Tiyy=Ti—AT (M)
The developient of relation (X) gives:

AXy=—ry=r3—ay=ry .1
AXp==ry 2
AXy==ry~ra~1+ 354214 .3
AX¢==ty—ry .4
AXg==ry+ry+vs x.5)
AXg=ty+ey 0c.6)
AXy=ry o
AXgz=rg o &)
AXy=—2r¢ &9
AXyg=Trg~14 o0

and from relation (XI), AT takes the form of: 1
AT ry b Mg G b My o1

Simplified forms for the expression of the reaction rates (r, ..., rgd were
used, in complionce with some literature scuwces (4, 5, 6, 9); the studied
reactions (I-VI) were considered as first order ond pesudo-homopeneoLs,
each reaction being taken separately.

rimky (= 222) oav)
ri==hg-py'p * S
rimby-py oWy
ri=kq: pypy v
ry==hg-py v

rymke o} | e
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vwhere:

Pii=s,1, ..., wy = portiol pressures colculated by the multiplication of
the molal concentrotion vectors with the averoge
pressure of the system

Kitiwt.2,....6) = rate constant
Fig=1.2,....4) = reoction rate, mole/gr.cat.H.

In a kinetic study made by us on integral laboratory reactors, under
pseudo-isothermal conditions, the values of the rate constants ki, kj, ..., kg
mbdﬂt;minod for the six reactions, The results obtained ore shown
in toble Il

TABLE 1

VALUES OF THE KINETIC CONSTANTS i, B,
FOR REACTIONS I-viI

ke &
Renction mei/gr. ent. il caljmel

[} 0.120 107 30.000

H 0.990- 107 30.900

i 0.190: 101t® 47.600
iy 0.720 - 10°* 45.000

v 0.i175- 108 30.400

vi 0.194 . 10° 30.600

These values were adjusted In o computer in order to correspond
to the macrokinetic curditions of th~ modelled adiobatic reactor.

With the help of the values k,. <3 ...., ke using relations XIV-XIX,
tt\;Avoluos n. f3 ... ¢ wore coiculated ond these were multiplied by
p 3

Where:
p ~ cataiyst bulk density, gr/cm?
A= area of the cotalytic bed section, om?

z-% = incroement of heigt, where Z=:the height of cataiytic bed, n=the

number of Increments. This yielded the volues ry, ry....rs which
inmg‘ in vector R.

F




ae - — peroture vaiues meo-
T  sured experimentally
{ ot thiee positions
v along the height of
ﬁ the cotolytic bed of
. the adiobotic reocior
oow ; (also morked in figu-
re 2) confirm the
.! that the model deve-

oas r e permenia) wahirs 02085
2003 w MM
= o follows temperature
o a o5 Qe as ar . .
o changes in the che
mical prooess.

FIGURE 1 THE VARIATION OF BTHYLBENIENE CONVERSION
TO STYRENE (1), TOLUBNE (§), BENEENE (8) Ab & FUNCTION Good agreement
OF UNIDIMENSIONAL LENGTH 3/ AT 430°C between the wvolues

calcuioted with the
help of the model and experimental can be seen in figure 3 which shows the
variatian for ethylbenzene conversion ta styrene, toluene and benzene,
colculated on 2 increments, from Z — the height of the catalytic bed
(effluent inist temperature assumed to be 630°C;, the experimental values
(marked with X in figure 3) ore practioally superimposed on those ocaleu-
lated from the madel.

CONCLUSIONS

We have presented one of the methods currently used in our re-
search work on hetero-catalytic processes. The method consists of:

— charocterizatian of catolyst kinetics in a dynamic Isothermal system
using an integral loboratory reactor,

— the thermodynamic characterization of the principal reactions
studied,

~ the scale-down of the commerciol reactor,

— the formulation of the anolyticolly balonced equations for heat
and materals from axperimentol laboratory dota,

- subsequent odjustment of the kinetic data which characterize the
cotolyst in an isothermal system to correspond to the microldnetic con-
ditions of the adiabotic reactor,

With such a system of differential balonced equations, one proceeds
to the optimization of the system bosed on economic criteria. The optimeol
conditions obtoined by colculotions are checked In on odiabotic pilet
plont, which is olso used to esablish cotalyst operoting conditions In
an odiabatic system,

In a very short period of time, our group Is able to give optimum
solutions In the following cases: E

~ the choice of the best catalyst in a wide variety of provesses in
an odiabatic system, ‘ o

~ the recommendation of the best operating conditions from ¢n
economic point of view,

~ the discovery of possible follures existing in some adiabotic com-
mercial reactors and recommendotions for avoiding them, e

We also offer our technicol oid in orgonizing such octivities in other.
countries and the training of techrical staff, S o
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NEW TECHNIQUES IN ECONOMIC
EVALUATIONS OF CATALYST EFFICIENCY'

SECRETARIAT OF UNIDO

INTRODUCTION

The problem of examining the efficiency of cotalysts is encountered
in several coses:

o) in usage of catalysts for technical processes or laboratory scale

experiments

Usually, there is no need for new techniques in evoluating o cota-
lyst during its usage as the yield pottern of o catolyzed reaction and
its chonge due ta the operating conditions or ogeing of the cotalyst show
directly its efficiency.

b) in planning a specific catalytic process

Relying upon the experience of the vendor or other users the planner
will select the most convenient omong different calysts with guaranteed
efficiency without testing the catolyst itself.

c) before, during and after production runs catalysts ore tested core-
fully on o commercial scale with regard to the requested gucrantee. These
final tesis are swpensive os the equipment used must o the catalyst
to be tested under normol process conditions regarding temperature,
pressure, heat exchange, spoce velocity, cotolyst to reactonts rotio, ond
quality of the catolyst and feed stock.

d) in search and development of suitable cotalysts

Most techniques for testing cotalysts efficiency had been developed
for this orea of activities. There is o wide range from micro-catolytic scule
up to pilot plant tests.

All these techniques attempt to predict catolyst octivities desied
for specific reactions,

The properties normolly used for such predictions are:

area
pore volume
pore size
pore size distribution, ond
reoctivity

All techniques allowing the determination of one or these
properties, as well os those techniques which deoi with the determingtion
of the interoctions of reactonts with o ootolyst bosud on the mentioned
properties, moy serve os a tool for the evoluation of cotalysts efficlency.

NEW TECIHNIQUES IN ECONOMIC EVALUATIONS
OF HETEROGENEOUS CATALYST EFFICENCY

FIELD IONIZATION MASS SPECTROMETRY

This technique offers the possibility of ionizing the molecules of the
gas phase, at o pressure of about 10~* tor, which are in interaction with

! This paper was issued In provisions! form under UNIDO reference IDIWG.123/24,
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o oatolyst by moons of high electric fields ond to analyze them by mass
spectrometry.

Although not new os a technique, its application to catalyst evolua-
tion has been described by W. A. midt in 1968 (1, 2) with regard to
the NH; synthesis ond its possible intermediate products.

Table | shows various ion types and their relative intensities obtained
by field ion moass spectrometry of NH; on iron.

TABLE |

ION TYPES IN THE MELD ION MASS SPECTRUM OF
NH, ON AN IRON TYPE (FIELD STRENGTH 190’ Viem)

on type Relstive intaneiey fon type Relative intencity
N+ 1.0 NH,+ 2.3 x10%
NH+ 5.0x 100 NH,+ 1.0x 108
H,+ 3.8 10! NH,+ NH, 2.85 108
R+ 1.0 107 N+ 1.2
+ 1.0 10! H+ 1.0
+ 3.3 101 FeN Hn* 1.0-10.0
PoN, Hyt 0cng12
K:(G
N, 38
N+ 15
N.H.: 6.5
N H, 1.5
+ 10
. + 1.0-10.0
gag?

The high intensities of the NH;* and NH,* lons and the obsence
*, NH* and N* lons are . Sehmidt investigated the fleld

sructures of PtNx* (0n<6) ond PIN* were found. No hydrogen
these ions. ~ .
The high efficiency of iron in this experiment is evident.

Nakota and Motsushito
riace exes after adsorption of
at higher \
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The bosic processes ocommon 0 all electron spectroscody
are shown in figure 1. lonizing radiation couses the ejeckion
electrons. The electrons go into an electron monochromotor and the en
of the photo-ojoctod electrons is determined. Aher energy

the :
]ooWWl
to ntensity

m E:;ctectar s reod out on the
- detector.
v e The lind of in-
Saurce o Ewctron depends  upon the
' hromnalor
rodiation

vacowm < 10 Ctorr nochromator.  Wath

trons may
HIGURE 1. SCHEME OF SLECTRON 2p8CTROSCOPY and their binding e-

With low energy rodiation, such 0% ultraviolet radiation. valence shell
eloctrons vtllboo}mdondthok onizoMon potentiol determined.

This qualitotive flexibility ond the possibility of quontitative MeONINe-
ment make this rechnique attroctive n chemiool and swucturol anolysis.
in particular, eloctron $pECLroscoPY is subable for surfoce studies sven
though the swface may be covered by o md materiol. The surfoce
and the layer can be studied simultaneously. is passcutarly interesting
for catol Mos.mﬂnMndMﬂmmmumm-
wes o oMcmﬂawmmMMM
onto the cotolyst. may be determined simuitaneously.

) Cotaiytic pulse metheds. deveioped '
dﬂ!«lnthowymdorusmmmdwdlmmmacfmdm&
flow system. ‘
These techniques — ﬁ\cmpdnmdnd.

have In common
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A simple sxample, figure 2, moy illustrate the method and its eva-
luation (12):
Catalytic exidation of methanol at 270°C,
1. CHO formad after a pulse of methanol,
il. Oa consumed after a pulse of oxygen.
This example shows a two-step oxidotion — ocotolyst regeneration
process which may be descrieb os follows:

i. CH KAT- CH -+ KAT(s)+-H
) K ‘,(?}1(?)-{- ?(A})fo(‘)zo(o) (s)+-H,Olg)
CH,ON(g)+'/704g)=CH,O(g)+H,(g)

poccsvenr seee -----Q—--—~

A LY T e PR T Y Y T T R T k

b
:
'
[}
(]
[ ]
.
5
;
'
:
4
s

t 2 3 4 5
— Pylse number

HGUALE 1. FULSE METHOD, CATALYST Fodle-d




TABLE

METAL OXIDE CATALYSTS IN THE ORDER OF
DECREASING ACTIVITY

o NO ° <O Q, Agon
ith nidati tentepic anchange Maati

(A “un [t iy (an
Cu0 Co0 Co0. CuO
Cod Cu,0 MAD, MgO
Mn,O, Nid NIO Fe,0,
N?b MnO, CuO Ca0,
CuO CuO Fe, 0, Mn 0O,
MgO Fe,0, InO Cd
C20 Zno €O, NIO
A1,O, Ti0 S ZnO
220 cr,d, 110, $i
Cd0 v% crd,
TiO Al,0,
Cr.é,
Fe,O,

trend (14). We recognize thot the mo:t active cotalysts ore those having
cations with unpaired d-electrons. The behaviour of chromium oxde Is
anomalous. Hydrogen is absent in all of these systems.
In poraliel, one moy examine hydrogen cc laining reactants with the
same catalysts (toble HI).
TABLE 1

METAL OXIDE CATALYSTS IN THE ORDIER OF

DECRAASING ACTIVITY

ABACTIONS WITH

HYDROGEN CONTAINING COLIPOUNDE)

[~ ] m NM. [ ]
oran ) ae o-‘g -
Co0 c Co,0 ¢
& | oo, | o0 | S0 b
MO | o, | mao, | e o,
AL A

O s J
v T v
C.% f0,0 o' s b3y

s ] fobly
T NiO o A&.
;}o‘ o | Vo, ;;3?

This set of reccions produces the same octivity pottern. Cheomium
onide appears in its expected position.

In spite of such correlations catclysis Is a very complen
and connot be exploined in terms a singia cterion,

observed uctivity patiern can be of help in the sslection of esidetion cowm-

lysts. The extension of this approoch to include other, physice-chemics!

properties of catolysis might be equally rewerding.
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let us consider the monufocture of a reforming catolyst for a capa-
city of 2 million tons/year reformed gasoline of octane number 90. A o
yield reduction of 2 per cent for the same auality, o loss of 20 million
FABLE |

STAGES IN THE PREPARATION OF AN INDUSTRIAL CATALYSY

Noture of | pothed 3‘?..‘.21 Thorms! Spaciel oad reme
camalytic tion frem renction Shaping tr o homieal ivatt
constizvents medivm tr e poseibitiel
Elements or| Pracipitation, Forcing Controlled at- | With: Ci, ] Maethoda
combinatl- | coprecipitation mosphrere H,S, O4H,. | vary
ons (temperature, Tableting (air, inert gas,| HO, ote.

concentration, reducers, etc). | to introduce

time, pH) Atcmizacion] tamperature | special
Crystailine, | Solid-solid reac- and time con-| festures
non-crystai- | tions trol
line, gels, | Separation, inter-
solutions mediats wasking,

transport
Supported, | Ageing (speacified
unsupported| medium, pH, tem-

perature, time)

TABLE il

PROBLEMS IN THE FABRICATION OF A CATALYST POR GASOLINE
REFORMING AND AROMATIZATION

& dand

of of

"ml"'“ "' b | cataiyes progorties

progersies
major intarest

Nature of alumina
used a8 aupport and
preparation procedu-
re

Alumina activation
procedure

Active component in-
tegration procedure

Special suport trest-
ments, for acid treat-
mant (CI, F, SIO) In
catalyst {inishing

Surface area and
purity

Placinum disper-

slon
Crysta! stabliley

Acld and hydro-
gena:lon-dehydro-
genation bailance
Nsture of acid
centre

Adac ption me-
thoda (BET etc),
impurity dosage
Selective sdsorp-
tion, arbitrary
method

CO, H,, stc, che-
mhisorption
X-ray diffraction
Elsctronic micro-
KcopY
Gas adsorptions
measurable by:
@cofourimetry
@thermodif. ansl
@l K. and NMR
@apecisl titra-
tions

Activicy by test resctions
to estadlish supporting
qualities

Activity by test resc-
tions for hydrogenation
and dehydrogenstion.

Activity for dehydrocy-
clization snd lsomerizs-
tlon reactinne

Activity under speciei
conditions for the com-
trol of catalyst stability

lei/year would be

the gasokine of quality shown and goses
Several exompies of the fo

sustained, considering the

formed

brication of a cotalyst,
proceduy

ndnoasawpport,obtainodbythopmipm'!
of the above aspects.

s) PRECIPITATION OF ALUMINIUM HYDROXIDE GEL FROM AN

ALUMINIUM
Usually the hydrogel is

at Isast two filtrations are required
the other, or others, for the woshed precipitate.

SALT SOLUTION

#htered, but flkrability is very poor. Qenerally,
, one for the

formed
in sizing the Hiering

difference in volue betwaen
in Heu of gasoline.

using active olu-
re, elucidate soms

precipitote and
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equipment, suspen-
sion filterability must
be taken into account
for each fiitering ope-
ration since filterobi-
lity chonges during
washing. It hc-
determined sx-
rerimentaily that fil-
tering rotes are re-
duced 3 to 4 times
by the washing ope-
rations. However, cor-
toin preliminary pre-
parations of the sus-
pension may increase
filtering efficiency se-
times, thus
investment

. These must be
utilized.
A second exam-

ple, in the cose of
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tion temperoture on the structurol properties of olumina hydrates (2, 3). It
is observed that hydrate properties ara sensitive to even slight voriations of
the porameters shown, offecting the suppoit or cotolyst structure at
iater stages.

Automation cf the precipitation step must be considered not for the
soke of a reduction in manpower but as o means to achieve process
control. in oddition, the control instrument must be ploced in the weakest
point of the operation and not some ploce where it sholl detect average
volues of the parameters required.

The chemical engineering aspects are difficult since the reaction is
procticaliy instantaneous and the products are solids and solutions with
a strong reciprocal influence.

b) OBTAINING HYDRATED ALUMINA 8Y ILIMINATING
INTERPARTICLE LIQUID

This is onother production step which imprestes its charocter on
the properties of the finished catalyst stiongly. As a function of the predi-
pitation conditions used, tri- ond mono-hydrates ore obtained which, in
the dehydrating treatments, successively poass through o series ol species
inta a-olumina (3). The transformotion procedure is o function of initial
structure, temperoture, drying medium, colcination, etc.

It is sufficient to present only one variont of this transhformation in
order to see the importance of control in this stoge. Table I shows the de-
composition siages of aluminium hydrates by heating in dry cir (4). It con be
observed thot although the final decomposition swucture of any hydrote is
olpha-alumina, the intermediate stages depend upon the initial hydrate

TABLE Il
DECOMPOSITION STAGES OF SOME ALUMINIUM HYDRATES
140* w»r %0° e 1000° " J
Alpha-trihydrete —oo Alpha-monohydnta;;: Chi e Gnmmn;;; Kaps Pyt Thun‘-;“-: Alph
140° . [ 190"
Bets-trihydrate = Alpha-monohydrate -« Eta b Thu;;; Alpl\T
L4 . o 10
Alpha-monohydrate —e—— Glmml;;: Dalta prvnd Thcu;;; Alphat
-«
Betr-monohydrate - Atphy
® Tramformation conditions: one hour heating ir dry alr
@ Above arrcwa: temperature at which phase transition sets in (°C)
@ Below arrows: temperature st which transfermation is complets (°C)

structure as well as the temperature ot which the transformation occured. As
regards the gomma and eta forras, which ars more frequently
as catalytic supports, it is observed that these require that the initial
structure be either trihydrates or alpha-monchydrates, but in no case
beta-monohydrates which lead directly to the alpha form. k is understood
that in some cases alpha-aluming is the one required, but onl; when
speciol structural properties ore not vequired in a cotalytic support,
The specific area of the alumina obtoined by the decomposhion of
alpha-trihydrote and alpha-menchydrote @3 a function of temperature ond
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dehydrating medium (4) are shown in figure 3. it can be observed that
while the specific area of the alpha-monohydrate practically dous not
undergo any modification up to 400°C, the specific area of alpha-trihy-
drote undergoes a maximum modification in the intervo! shown. Thus the
hydrate’s initiol structure influence the properties of the support obtained.
In wbles IV and V

ore shown  other wor tead
sructural  modifica-
tions of the above
mentioned hydrotes,

indicoting  essenticl ~
differences between
the behaviour of mo- -
?3- ond wihydrotes

" From the above -

# oon be seen thot
it is obsolutely naces-
sory that the proce-
dure for obtoining ’Lz ™ w0 ] -~ - -

hydrogeds, hydrate of ... ) vus INMUSNCE OF TEMPERATURE AND MEDIUM
hydrotes, must be ON ALUMINA SPECIFIC SURPACE IN THE DEHYDRATION OF

cleody defined in ol SOME ALUMINA HYDRATES
denails.

h is the researcher's duty to estoblish the bosic parometers for the
Industrial plant. The laboratory studiss must be considered only as a
preliminary phase prcw-ini:| the feasibiity of such a product but not the
monner in which i should be obtained on an industriol ecale. Arbitrary

TABLE IV
ALPHA-TRIHYDRATE TRANSPORMATIONS
Valoe after
et l:‘l'c:..l 18 hour caicinstion at!
200°C 208°C 200°C 1t C 1erc “arc
H0/ALO
!’uouo" ' 3.0 25 2.0 1.8 1.0 0.5 0.1
3‘.";":"“ 2.4 2.4 2.4 2.5 2.6 2.7 3.0
+ im K R . . K . R
D«:hy. with
Hg. gimi 2.3 1.9 1.7 1.6 1.6 1.7 1.9
Pere velume,
nla 002s | otta] o] o0222] o024 | 0044 | 0203
C Aren,
g [nugligivied S 50 125 250 ns ns
Pore radiug, A u}'..' 400 » 3 % 15 18
TABLE V.
ALPHA-MOMNOMYDRATE TRANSFORMATIONS
Yulee aloor .1
P tatiee Iniltis! 20 howr aaldination at:
‘ 245°0 Hees e
iy
1ALO, ratio 1.5 1.0 0.5 0.1
'&gcy. with He, g/mi 24 24 24 1.8
m“n with Hg, g/mi ‘ 0,.;‘ 0.8 2.8 0.03
velume, M 8. 0.0 (X )] 0.7
Spacific sres, m f'( M0 Mo "n s
- Pucd vediug, A SO m T " 55
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repetitian of the process cn a pHot scale will not give more information.
On the contrary, in many :ases. the pilot units are so constructed that
more problems ore raised by they thon they solve ond, in the ond, the
industrial plant is designed without having the necessary data in spite of
having had @ process pHot unit.

¢) INTEGRATION OF ACTIVE COMPONIENTS AND CATALYST
FINISHING

Due to the numerous problems relating to the preporation of the
support, in many cases, researchers are tempted to limit their attertion
to the subsequent steps of active component integration and cotolyst
finishing. If the proportion of the active components with respect to the
support is high, this aspect may be less important. The sitvotion changes
when the active component cancentration is low. In this case, it is the
interdependence of support and active components which plays o decisive
role in catalyst performance.

As an example, a bifunctional cotalyst may be considered which
contains platinum or platinum associated with other elements where the
active metal content is in the arder of 0.3 to 0.6 per cent.

When using the impregnation method, complications orise in extra-
polating laboratory resuts to an industriol scale, especiolly due to the
strong adsorbant properties of the support resulting in an uneven distri-
bution of the platinum in the catalyst. Absorption and diffusion pheno-
mena, as well as intergranuior flow must be thoroughly studied in order
to design and size the equipment properly. There is no information given
in literature regarding impregnation process engineering. Moreover, this
problem must be solved specifically for the type of support ond catalyst
finishing method (forcing, tableting, atomization).

Usugally, in order to ensure an even impregnation, o so-catled “com-
petitor” is used. This consists of another solute, which, in certain con-
centration, reduces the relative adsorption of the plotinic compound on
the support surface, promoting its penetration into the granule. Determi-
natian of adsorption coefficients with respect v the given suppor, for
both the platinic compound and competitor solute (ucid, sakt, etc.) repre-
sents the first step in eloborating the data required for desgning the
industriol equipment.

In figure 4, the influence of several competitors on the octivity of
o platinum cotalyst in the dehydrogenotion of cycichexane to benzene
is shown (5). The effect of the competitors depends on their nature as
well as an the content of the active component, in this case platinum.
They caon stimulate or Inhibit catolyst octivity. Under ail clrcumstances
compounds which might potentially endanger catalyst stability must be
avoided, even tho they seem to present advantoges. Thus, in the
example quoted, i been shown thot sodium nitrate can be o good
competitor although it is known that alkaline elements are not desired
in plotinic type cotlysts for gusoline reforming. A premature
in this respect may be very detrimentol to the catolyst's performance
during operation,

e above conclusions are also valid for tableted catalysts. in this
cose, impregnation is done before the tableting operction in corvin
grained powders. h problems relating to "3.. cbsorption of active
components is simplified, other complications arise dus to the use of
additives before and during the tableting operation. In some cases, these
strongly influence cotalyst properties.

As an examole, figure 5 shows schemotically the relotive distribution
of density in the moss of a cylindrical tablet (6). The distribution of density
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varies considerably, depending on the preparation af the granular material
to be tableted, as well as on the type of tablet and tableting machine.

Thus. the tobleting machine should not be selected simply by com-
paring the prces quoted in various offers. The mochine characteristics
should be incarporated into the development programme. Far this reason
the type of machine must be selected by the researcher and not by the
designer.

The few ospects given in this paper were selected from industrial
practice as well as trom speciclized literature. The purpose was to empha-
size certain problems not fully considered to date. These must be the
abject of future studies of cotalyst process development if the products
are to fulfil modern requirements.
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ECONOMICAL SMALL SIZE PHTHALIC
ANHYDRIDE PLANT AND A SMALL PLANT
FOR THE MANUFACTURE OF CATALYSTS'

OTTO F. JOKLIK®

This poper describes economical smoll size phthalic onhydride plonts
and a small plont to manufacture cotalysts suitable for the cotalytic pro-
duction of phthalic anhydride. The detailed description together with many
dota hitherto unpublished enables the exparts from developing countries

to carry out feasibility studies for the realization of similar plants which
will sooner or later become a necessity for any development country.

Maphthaleme
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The production of phthalic anhydride - and subsequently of maleic
anhydride — is of great importance to developing countries. in the initial
stage of industrial deve'opment, phtholic onhydride serves as a voluable
raw moteriol ond intermediate product, mainiy in the field of PVC addi-
tives, paints, dyes and plastic mater.als in genercl. With further industrial
development and the subsequent organization and growth of a petroche-
mical industry, o domestic production of phtholic anhydride becomes an
outiet for petrochemicals such as o-xylene or petro-naphthalene.

The initial modest production copoaoity of a smol phthalic onhydrde
plont con be increosed stepwise according to the needs of the locol in-
dustry. The transtormotion of this voluoble product to intermediates can be
organized os the market will require.

In view of the progressing consumption of maleic anhydride, the
industrial experience gained in the prcduction of phthalic anhydride, can
prove to be beneficiol in the erection ond operoting of o moleic anhydride
plant, using benzene or other raw material available.

Owing to the interconnexion of phthalic and maleic anhydride pro-
Juction with o wide variety of smoller processing plonts, even production
plants, of relatively modest praportions, can prove to be beneficial ond
profitable. Such smali production plant capacities perhaps not economic
in highly industrialized countries may prove to be more advantagecus as
part of a large industrial complex.

In the following pages is described a combined, relatively smoll,
multipurpose plant for the production of phthalic anhydride from naph-
tha'ene and/or a-xylene and of maleic onhydride from banzene. The main
advantages of this plont is its remarkably low cost, simple concept. robust
construction, extremely resistant long-life polyvolent oxidation catalyst, ad-
vanced reactor design and maximum safety in operation. Production moay
be optimized by the use of o process control computer in plants with fully
automotic process control instrumentation (opsional). The phthalic anhy-
dride production capacity ranges are illustrated:

500-1,200 tons per year (one or two bosic units of 500—-600 t/y each)
ond

1,000-2,500 tons per yeor (extendable to 5,000 t/y).

A sumniary of potential uses of phthalic anhydride, a description of
the production of oxidation catalysts and of ¢ multipurpose pilot plant
ond a survey of the literature and potents completes this report.

A typical example of a series of complementary transformatons based
on phthalic onhydride production Is shown in the schemafic
diagram. The development of an initial production of 220 t/month of phthalic
unhydride to some 330 t'month of valuoble intermediotes is Hlustrated. The
manufacture of catalysts for the phthalic anhydride plants described here
is dealt with in the second part of this survey.




PHTHALIC ANHYDRIDE PLANTS
1. INTRODUCTION

Phtholic anhydvida is more ond more in demond ond requirements
can only be met with difficully by the present producers. Up to now, the
complexity und cost of phtholic anhydride plants hove discouraged many
producers of crude naphthclene or o-xylene, who, however could not but
realize that the conversion to phtholic onhydride constitutes a ol oble
improvement of a product which Is often difficult to sell, chiefly in its crude
state. The complexity, cost and production harards have also discouraged
many potential users of intermediotes such as plasticizers, synthetic resins,
and PVC-compounds, from undertoking its manufacture.

Naphthalene has been one of the important by-products of the car-
bonizing industries and has been marketed in various stages of purity for
many years; o-xylene is a typical petrochemical product awailable in
growing quantities In modern petrochemical plants, Until recently, however,
mony of the producers hove not seriously onsidered the extension of their
ochivities, i.e. the production of more voluable compounds starting with
nophthalens o1 o-xylene 08 a prime moteriol. While it is admitted thot the
chemicol synthesis of other materials storting with the boasic materiols
availoble from cool tor or petroleum is on ertremly wide field and Is deck
with in large part by speciolized chemical woris, there is at least one pro-
duct very easily obtwined from naphtholene or o- which could rec-
dily be hondied ot the tar ond by-products plant of any large carbonizing
und or ot any petrochemiocol plont as well. This is phthalic anhy-

inducement to even relatively small-scale production.

The process here is the result of extensive research ond
development work camied out with o view to simulifying instaliations,
Ingreosing thelr output, improving the catalyst, determining the optimal
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sconomicolly as

' The choite was moade of working automaticotly
mrdlmkd1mlﬂluhourea

‘ A
8¢ tens por month (500800 tonafyear), con produce as




158

produced by an installation of the type described is smaoller than corres-
ponding prime costs in all plants using other processes. The cost of the
plant itself is considerably lower than that of comparabie plonts, due to
the principle of prefabricated “pockage plants” with @ minimum expen-
diture for ossembly and erecting.

II. DESCRIPTION OF THE PROCESS (general)

The production af phthalic anhydride from naphthalene ar o-xylene
takes place in the not gaseous phose, in the presence of a cotolyst, by
air axidation. The reactian, which is exothermic, is as follows.

a) CigHg+-45 Or—"C.H‘O3+ 2C0O;+ 2H10
b) CgHig+3.0 Oy »C,H.03+3H;O.

The naphthalene or o-xylene, or mixtures of both, are heated and
evaporated in an excess of hot oir which passes over the cotalyst in the
oxidation reactor where the reaction takes place ot a controlled tempe-
rature. The gases leaving the reactor are cooled and the phthalic anhy-
dride is precipitated directly as o orystoliine solid without possing theough
the liquid state.

The cntalyst is of particular importance in the efficient operation of
the reaction. While its essential component is vanadium pentoxide on a
special carrier, certain additives and modifications differentiate the various
catalysts avoiloble and have on oppreciable offect on the over-ail e#h-
clency. In the process here described, a new polyvalent long-kfe catalyst
is used, which has been studied and developed porticularly to enable the
use af low-quality, off-specificatian feedstocks of various services. It is
possible to switch from one feedstock to another, or even use variable
mixtures of both feedstocks without changing the cotalyst.

Of particular importance is the reactor engineering and design. A
new type of oxidation reactor of a very simple and fail-safe concept hos
been developed and is being used in this process.

Control of the reaction temperature is critical and, various systems
have been used. in the process in question, a double, fdi-safe automatic
control of the reaction is ensured by the use of a process control com-
puter with automatic proportioning of the feedmock and the oxidation air
os a function of ‘he reaction tomperature and in parallel with an auto-
matic control of the molten saits temperature in the reactor. This auto-
matic control is particulerly benefidal in the start-up and running in ope-
rations, considerably reducing the time required.

Another feature of the process in question is the remarkably Increased
safety of the plant by using newly developed explosion-proof vessels and
containers for oll feedstocks.

Porticulor note should be taken of the controi of the final tempe-
roture of the deposition of the phthalic anhydride, since if this is to0 low,
the water vapour present will form phthalic acid. While it is possible to
drive the water away by controlled distillation, this iwoives the use of
odditionc! heat. Another disadvamoge lies in the fact thot phtholic ocld
is corrasive to mild steel whereas the anhydride is not. In the process hare
described, a particular control rystem ensures the optimal tempergture
in the condensation section of the plant.




. PHTHALIC ANHYDRIDE PLANT 500—600 T/Y
PRODUCTION CAPACITY

1. DESCRIPTION OF THE PROCESS

Crude naphthalene melted in an internally heoted kettle by pressu-
rized water superheoted to 145°C (or preheated o-xylene from a seporate
vessal), is pumped into o vapourizer where it is vopourired by an injection
of heated air at 145°C. Then the mixture naphthalene-air (or o-xylene-air)
is fed inta the oxidation reactar. The reactor is of the multtubular type,
salt-cooled and filled with the granulor ocatolyst mass (fixed bed oatalyst).
The naphthalene of the air-naphthalene mixture (or the a-xylene af the
air-o-xylene mixture) in the apprapriate ratio, is catalytically oxidized to
phthalic anhydride. The reaction being highly exothermic, excess heat is
absorbed by the circulating molten salts in the cooling system. The vapours
leaving the reactor pass into a secondary coaler heot exchanger and water

reheater where their temperature is reduced to just above the dew-point,
hey then enter on air-cooled sublimation system where technical grode
crude phthalic anhydride is sublimed in the form of long-needls-like white
crystals.

The water preheater/heat exchanger supplies the required pressurized
water overheated ot 145°C, under a pressure which allows it ta circulate
in the system for air preheating and naphtholens mehing'.. The general
arrongement makes the use of steam quite unnecessory. stort-up the
reactor is externolly heated with gas, LPG or electrically.

The technical grode crude phthalic anhydride produced is of a
high degree of purity, nearly approaching the theoretical melting point.
It is then subjected to a purification distillation and solidified in the form
of flakes that can easily be packed and stored

The simple charocter of the plant and its high efficiency result not
only from the use of o new catalyst, but also from the low-pressure, high-
temperature and high space-velccity of the process.

Automatic controls regulate the flow of the air-naphtholene (or of
the oir-o-xylene) mixture ond s constant rotio, the preheating tempe-
rature, the reaction temperature, etc.

2. PRODUCTION CAPACITY

One basic stondurdized oxidation unit produces 46 to 50 tons
month, which curresponds t0 o yoori‘y production copadity of

wns of purified phthalic anhydride. The production capacity
can be to 1,000 to 1,200 tons per yeor. In such
preferable o instoll mitiolly a distthation unit of the erwisoged
duction copaaity.
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4. RAW MATERIALS

Crude naphthalene, preferably hot-pressed quality with a solidification
point of 79°C or o-xylene 979, However, ony naphthalene with o lower
solidification point and higher impurita< content or a lower grode a-xylene
can be used, giving a correspondingly lower yield.

5. VIELD

168 kg max. of crude naphthalene (79°C) or 110 kg of o-xylene
(97%,). yield 100 kg of phthalic anhydride os o purified bagged commer-
cial product in flakes.

6. PRODUCTION COST

For the production of 1,000 kg of phthalic onhydride (99.80y min.)
the requ rements are:

1,000 kg of crude naphtholene 79%y max.
or 1,100 kg of o-xylene 97/, mox.
720 kWh of slectric energy max.
80 kg of fuel oil (9,400 kcal/kg)
130 m? of cooling water for secondary cooling circuit.

7. MANPOWER

For one bosic standordized unit there are required Wwo
men per shift of eight hours, hanbaﬂcmhpndmmmlln
of phthalic anhydride in 24 hours, direct dobour will be 20 hours man-

power. The same crew, however, can operate up to four basic units with
o substontial reduction of manpower cost in subsequent unfts.

8. GROUNDSPACE REQUIRED

Eoch basic standardired production unit of 300 ty, production
copacity requires 10bymmm(8mh%).l.o‘m'a’
production facilities. For a plant of 0 move generous design,
15 by 15 metres, i.e. 375 m? would be ired.
mthoopmclr.wﬂ\awmdmdmtamaﬂy.

9. CATALYSY

Th.mcﬁonlshvouudbycwocidshhﬂonumm.
Its normal life is ot keast five to

necessary to renew or cegenevate It
mbhsmta%immmmum.wahﬂm
naphthalene ta o-xylene, without changing the cotalyst and without leng

running-in periods.
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10. CONVERSION OF THE PRODUCTION

With minor aklerations in the condensation and distiliation sections,
the plant is capable of producing maleic anhydrde from benzene. The
plant can aiso be used as the first stage of an instaliation to produce
benzoic acid, anthraquinone, phthalimide, anthranilic acid and o wide
varisty of other intermediate products of great importance to the industria!
organic chemistry.

11. INSTALLATION AND ERECTION PERIOD

A basic, standardized plont con be manufactured, erected and
installed in approximotely 10 to 15 months. The start-up and running-in
period will require another 2 months,

12. TYPE OF PLANT

Fully outomatic, extremely simple and robust "package” plants, with
a minimum of repairs and maintenance, safe and reliable even under

h and adverse conditions of operation. All containers for liquid hydro-
carbons are explosion-proof using novel safety design. Particularly suitable
as a fully independent plant brngwabp'mg countries.

IV. PHTHALIC ANHYDRIDE PLANT 1,000--2,500 T/Y
PRODUCTION CAPACITY

1. DESCRIPTION OF THE PROCESS

purification of phthalic anhydride.

Air is paseed by the blower (1) through the oir heaters (2) which are
of the tubular type employing hot water under pressure obtained from
the heat exchonger (8).

Naphthalene is melted in kettle (3), where heating Is also by hot
pressurized water In tubular colls, and from the kettle, en naphthalene
is dsown by pump (6) and pumped to vaporiser (4). Part of the hot air
coming from oir hecters passes through the voporiser where air picks up
Mmthw cuy?:ld the (5';“::’. of oir and mph;‘homd vop;hu:

an posses on through one ere Gny oy over naph-
ne is removed from the oir streom and retumned 1o the vaporiser.

o The o alr then joins the stream which passes imo the

oxidation raoctor (converter) (7) where naphtholene is oxidized by oxygen
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from cold to provide the necessary temperoture at which the oxidation
reaztion storts.

The mixture of hot air ond vapours of mhthalic anhydride posses
from the oxidation reactor through a tububar heat exchanger (8) in which
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it is purtly cooled and where it ves up the greater port of its h
the water which passes ‘hrough the wbes under re. This hot w
thine cbtainad is used 10 melt the naphthalene and to preheat the oir.
From the heat exchanger the alr stll carrying the vopeuss of phnho
onhydride, pasces through a seriss of atmospherically cooled sublimation
condensers (9) in which the phihalic anhydride is sublimed n long needle-
shaped crystals. The air leaving the sublimoticn condensers thon pasees
to the atmosphere through chimney (10). the lower part of which is peo-
vided with special scrubbing fociities 10 remove residucl waces of phihelis
anhydride vapour carried in the air from the sublimotion condensers. ..
The umvﬂnedﬁnheﬂcanhydﬁdommhmmdm*%
mation condensers on o G w(t:)mu‘mmmm‘m
in which the onhyddde s meited and from whict, it is pamped o the
refining section by pump (13). : o R

:

&
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According to the over-ad production capoacity of the plant, more
thon one unit for the production of unpurified phtholic onhydride con be
operotad in paraliel and in conjunction with a common single refining
plant. In such o case the naphthalens meiting vessel, the phthalic anhy-
dride conveyor and te moiten anhydride tank can be common to all
units,

The osidotion section of the plant is suiable for the oxidation of
o-xylene to phthalic anhydride, 0. In such a oase, o-xylene is fed di-
rectly by mecns of ¢ dosoge pump from a storoge tank o the vapo-

riser.

in the refining section the molen anh' inde is pumped into still (14)
which is surmounted by a column which operates in conjunction with a
reflun condenser (15), ting n the still is by diathesmic oil operated
from a boiler (16). The reflux carried out in this still and column is o
preliminory treatmert, reploces acid washing which was formerly found
necessary, and subsawiolly reduces the content of impurities without
loss of i anhydride.

or this preliminary treatment the molten anhydnide is pumped from
the still by pump (17) into the refinkng still (18) which is ogain heoted
from o diathermic oll boiler (19). The still is surmounted by a column and
the vopours poss from the column into dephlegmator {20) and condenser
(21). The condensote is retumed as o reflux reblux receiver (24)
from which, port mtums to the column, ond port passes forward to the
finol phtholic anhydride recelver (27).
vapours from the dephlegmator {20) pass to o second dephleg-
motor (22} connacted with condenser (23) and tha condensed molten puri-
fiad phthalic anhydride trom this dephlegmotor flows to receiver (27) which
in turn feads o flaking machine (28) where flaked solid phthalic onhydride
Is produced, bogged and welghed.

The dissiliation in the reflning section of the plant is corried out
under o controlled vocuum exsrted on the systam by the wacuum pump
M)whbhdnwsmynddmlwc Acndvo&?;mh:wthtu-
cond stage dephlisgmotion section through separators where any carry
over of liquid la sliminated.
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In the system described, the coolant is an eutectic mixture of molten
salts, the temparature of which is controiled by the quontity of feed-woter
fed into the external cooler/heat exchanger ond consequently o relatively
simple control ot high efficiency. Another, stél more precise control of the
temperature ir the reaction rone is ochieved by on outomatic variotion
of the raw moterial ond air ratio, related to the reaction temperoture.

For smoller plants, boiling mercury con be used os o coolant tor
the oxidation reactor. The temperature at which it boils is ossured by the
pressure at which the mercury system operates. A reiatively simpile pressure
control is found to be highly effective. Other odvantages in the use of
mercury are that it is liquid at normal temperatures, is very stable ond
although expensive does not deteriorate in service.

A second point of control is the temperature ot which the phtholic
anhydride is arystollized in the sublimation oondensers, Since there is
always some water vapour in the air corrying the phthalic onhydride vapour
it is imponant not to lower the tempercture below the dew point, since
if the vrater is precipitated it combines with the phthatic anhydride to
form phthalic acid.

The ocid con, of course, be heated to drive off the water agoin, but its
melting point is obout 70°C higher than thot of the anhydride, and con-
sequently if phtholic ocid is allowed to be formed, the heot consumption
of the refining section will be increased very appreciably ond elficiency
reduced. In order to prevent the formation of phtholic acid, the airjvapour
mixture shauld not be cooled below 30 to 40°C, depending on the moisture
content of the air Because of this a small quantity of phthatic onhydride
vapour passes the air with into the chimney, ond it is necessary ta orronge
to scrub this out at the base of the chimney.

Since the reaction in the oxidation reactor must take place in on
excess of oir, the quantity of vapour in the obr is so smoll thot it is im-
possible to condense It as a liquid. It is precipitated directly as a crystol-
line solid. Consequently the simplest method is to give the air ,vapour
mixture o relatively long conte~t time in atmosphericolly cooled sublimation
condensers. This method has some disodvartages in that some manuoal
work is required in the dischargirg of the crystals.

An altemative method con be used, which involves cooling in
speciolly designed tubular vessels (switch condensers) in which the crystals
ore daeposited on water or oil cooled tubes and subsequently steam or
hot oil is passed through the same tubes meiting the anhydnde cryswls.
This is practical only In iorge size plants as ‘he cost of the switch con-
densers is relatively high cs Is the cost of operotion since not only is i
required to melt the anhydnde crystals but aisa the very large mass of
steel in the tubes must be heated akternating cooling and heating
being used.

Adter the foregoing considerations the next most importont matter is
the engineering of the reactor ond the reactor . The problem is
not only to develop and find a suitable catalyst. the problem is
finding the reacio, und wunditions io peitorm i iash erficucioualy. Touay
more cotalysts are available to perform o requied tosk, yot more otpects
of the catalytic events are recognized which must be engineered to opdi-
mize the catalytic reactor. '

Since the s cotolytic reackor aperates in what is usually
o non-uniform field of temperotures and concentrotions within which may
exist both short- and long-range diffusional then the problem

of reaztor design and analysis is indeed complex. These extra-catoiytic
phenomena have allways existed in nature; however, they were not expit-
citly recognized decades ago whan the prime concem was to find o cata-
lyst, not to engineer its environment. Indeed, the fact that modern cotalysie
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plants operate more efficiently thon their fore-runncrs lorgely due to
advances in reactor engineering as well as to intensive machanistic studies.

Reaction engineering is that octivity which attempts to find, correlate,
and manipulate all those foctors which affect the velocity and course of a
chemicai reaction network. Such foctors are chemical (catalyst composition,
apparent reaction order. octivation energies, and Arrhenius coefficients)
and physical (cotalyst size, structure of pores, transport coefficients
inroughout the reactor, oround ond within the porous catalyst pellets).
Reactor engineering embraces reactor shape, size ond, of course, -
nical aspects of design. Intensive studies in this particular field have
resilted in the design of o new advanced oxidation reactor to optimize
the process in question.

The type of plant described has been designed for moderate capa-
cities, for exampie one standard unit size is for the production of 500 tc
600 tons of pure phthalic anhydride per year. A second standardized unit
is designed for the production of 1,000 to 1,200 tons per year and yet
another unit would be for o production capocity of 2000 to 2,500 tons
of pure anhydride per veor. If greater production is required, it is suggested
to achieve this by instolling futher standard oxidotion units in parallel.

The control of the reaction in the oxidation reactor is less easy when
the reactor is of larger diameter. For very lorge capacities other plant
designs have employed fiuidized bed reactors. Though heat control is
easier in fluidized beds the limitations of the velocity of the gas used
maimtain Huidization means that such a plant should preferably work at
a constont output. With the type of plant described here, the installation of
two or thiee standard units working in poratiel oflows the over-all plant
to handle much less thon the maximum load, when required, and still to
operote at maximum yield efficiency.

Since the plant described here is fundomentally o design for oxida-
tion over a fixed bed cotalyst it is also possible to convert it to uses other
than the production of phthalic onhydride from naphthalene andfor o-xylene.
An exomple is moleic anhydride from benzene. Noturally, in any such
apphication, modifications of the details of conswucion of the standard
units would be required in the case of an eventuol modification of o
phthalic anhydride plant to ¢ plon for the production of maleic anhydride
from benzene, the moin modifications apply to the condensation and final
purification systems. Nevertheless, # i intere to note this possibility
since it would mean that if for any reacson ir the future it became imprac-
ticable to monufacture phthalic onhydride, #t would techniooily be possible
to modify the existing phant, keeping all bosic items, and produce some
other compound from a differant . A combined multipurpose plont
con olso be desi to produce alternately either phthalic anhydride from
naphthalene ondjor o-xylene, or maleic anhydride from benzene, and even-
tually from othor feedstocks.

3. DESCRIPTION OF THE PLANTY

8) RAW MATERIALS STORAGE




b) OXIDATION SECTION

2

2
2
1
1
1
2
2
1
1
1
1
1
1
1
1
1

air intake filters
turbo-blowers

silencers

air preheater

carburettor

vapourizer

dosoge pumps

heated flowmeters

reactor

heoter for reactor for stort-up
salts cooler/circubator
melter/storage of salts

heat exchanger/cooler
overheated water pump
secondary cooler/heat exchanger
water preheater for start-up
control panel

¢) CONDENSATION $E CTION
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switch condensers

sublimation chambers for residues
chimney with scrubbes

diathermic ol comtainer

diothermic oil heater

diathermic oil cooler

diathermic oil fikers

control panel

intermediate storage tank for crude P.A.

d) PURIFICATION SECTION

1
1
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1
1

belt conveyor

phthalic anhydride pump

crude P.A. vessel

purification vessels with column, condenser etc.
distillation vessel with column, condenser etc.

phthalic anhydride pumg

residues collecting chamber

Dowtherm generators

flaking machine

vOCuum separator . ;
vacuum deconter i
vacuum pump L am
control ponel

control vessel for pumfied ilquid F.A. ~
phthalic anhydride pump . v e Y

¢) SUNDRIES

-h b wbh wd wh wd ah

steam generator

woter working-up section _ )
fire protection system coa e e
plant laborotory R N

pllot plant ~
catalyst manufocturing section

e
v

o R
set of spares for 3 years of m%&m super-

structures, steel framework etc.
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V1LY 2. PHTHALIC ANHYDRIDE UNIT 1,500 T/Y IN A 11,000 T/Y PLANY
4. PRODUCTION CAPACITY
Th=pl.ﬁdudb0dksuhohhhapmdud of 1,000 to 2,500 t/y
of purified phtholic anhydride requiring practically the some ground space.
The basic oxidation unkt of 2,500 t/y con easly be doubled to a production
d.’:.@!hlnwdmcuuhhodvhd-b lanh outset o distilia-
tion section of the envisaged final vanacity of the plant.
5 FNAL PRODUCT
, .
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Melting point 78  °C min,

lron 0.005%/; by weight
Ash 0.05 %, by weight
pH value 70
Moisture 0 7 Y, by weight
Sulphm ? by wdght
Nirogen 0.02-0.06 4, by

enol and h

wmod) 0 14 °I. by weight

(ooloﬁmdﬂc method) %, by weigh*
Insoluble in benzene 0(24 J by weight
Non-volatile substances {160 °C) i, by weight
Volctile substonces (144 °C)

b) o- Co“w
Molecular weight 106.16
Density 0.&3 !cm’
Purity
1B.P. W {:ma boiling i)
F.B.P. 1452 C | boiling point)
Sulphur (H2S+50y) nil
Olefing nil
7. YELD

1,080 kg max. of crude nophtholene (79 or 1,100 kg of o-xylene
(97%,) yielkd ‘I(IX) kg of phtholic onhydride aos o purifed bagged com-
werciol product in flakes.

8. PRODUCTION COST
Same as for the 300-600 tfy plant.

9. MANPOWEP

of
1,000 to 2,500 tons/yeor there ore required two men Per each shikt of
8 hours. The same crew, however can operate an enlarged plont up to o
dmh&%wquMmm/memmmm
ay shi L

10. GROUND SPACE REQUIRED

The mlvam2 wammdmdmwdmﬂn 0% 30 wmatras,
i.e. 2000 m2, average height of the ngs, opps 10m
and of the distillotion unit opprosimately 18 m. Tetel Iny orea

uired for the rec lization of the plant is appwoximately Mx&
oy10mm‘hﬂwdmvbugdwm) on
the climate, thophntcnnhoofwdhihooponﬂ,whhpgiw
thermol insulation and o wind and roin shelter only, -~ ©

11. CATALYST
See description for 500800 ty plant,
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12. CONVERSION OF THE PRODUCTION

The conversions described for the 500-600 t/y plant apply in this
case as well.

13, INSTALLATION AND ERECTION PERIOD

A basic standordized plant con be manufactured, erected and
installed in approximately 16~18 months. The start-up and running-in
period wi' 1quire some further two months.

14. TYPE OF PLANT
See description for 500-600 t/y plont.

Rt i e o

£, Flow guealee ASwlch cormnser




CATALYST MANUFACTURE PLANT
I. INTRODUCTION

An economic smoll size plant for the manufacture of impregnated
and/or coated catolysts is described in this suivey, using as example, the
manufacture of cotolysts for the catalytic vopour-phase air oxidation of
cru“e naphtholene andfor o-xylene to phthalic and of benzene to maleic
anhydride in o fixed bed cotolytic process.

Varadium pentoxide cotolysts, used in the manulocture of sulphuric
acid, etc., are employed in this vopour phase heterogeneous cotolytic
reaction.

The cotolyst consists in principle of an inert carrier and an active catalyst
mass which in either impregnated when porous corriers or coated by a
special procedure to hard sotid corrlers.

The quality ond octivity of the cotolyst derive from the quality and
geometry of the corrier, from the compositian of the r ive ingrediems
and from the method of preparation. The product m st have high dura-
biity and resistance against mechonical, thermol ~ .d chemicol attacks to
ensure continued operation of the industriol plo~.. even under adverse ond
extremely rugged conditions. Another feature of the cotalyst must be its
high selectivity to obtain the highest possible yield at moximum load and
to achieve on optima! quolity of the final product.

1. DESCRIPTION OF THE PLANT

The cotalyst production plant is subdivided Into the foliowing sections:

Raw materials storoge

Preparation of silica gel

Preparation of tha octive catalyst mass

Coating (or impfmnoﬂon) of the active catalyst mass onto the ocorier
ni

Dyl the finished
C&a:%bation. pocﬂgca‘;’nfr d‘th‘ finished @dw _‘

Btlas alomsd fue o o Bl meda iy P
L= F'-vm e SO Vg SRR W TMTWST TOREMIUI GBI OWVerag-
ment work.

1. RAW MATERIALS STORAGE

ond shopes and the vortous chemiools reciuired for e compr

the active oatalyst mass. The chemionls are stored uridir pres
didons.
The row materials In question may be for example the following (for

the monufacture of o cotalyst for phtholic anhydride production):




A

a) Corier: Aluminium silicote in granules of vanous size:

b) Chemicals: Ammonium monovanadate C.P.
Titantum dioxide
Tin oxide
Oxolic ocid
Hydrochloric ocid
Potaussium silicote
Distilled water

2. PREPARATION OF SILICA OB

In this section of the plant, silica gel is produced from hydrochloric
acid, distilled woter and potassium siliccte. The sillca gel s required for
the preparation of the coating Hquid. it is prepored in stainless steel con-
tainers on o table equipped with four electric heating plates. Further
either o water suction pump or @ small vocuum pump is required for fil-
tration. A stoinless steel contrifuge con also be used. The filbered product
is placed on steel plotes and dried in a drying oobinet under occurately
controlled heating. Alter drying, the silica ge! Is ground to o fine powder
and stored in tightly secled containers.

FIGUNL 1. PRBPARATEH. % OF SIICA ONL.
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cabinet provided with
electric heating
plates on o stainless
stee! support and @
PVC exhaust fan for
the removal of fumes.
The concentroted
coating  liquid s
stored in  polypro-
pylene contoiners.

4. COATING
OF THE
CARRIER

iTh.d ooncontrr:é
ted liquid is

into the pumtod
carrier granules in o

rotating drum. The
drum Is made of

adjustment ond @
precise temperoture
control. An exhgust
fan eliminates fumes
emanating from the

FIGURE 2. COATING OF THE SUPFORT. ROTATING Daum wrry  drum during the cot-
GAS HEATING ing process.

5. IMPREGNATION OF A POROUS CARRIR

A porous ool be Impregnated simiiudy, though the viscosiy
of the coating nquu;mmm

6. DRYING OF THE FINISHED CATALYST

Tk | her cooting is dried under corslu! santrel In ¢
cabinﬂ'.m;.?:yzft' :wmh» stoel. Swmh:; sl troye ”Mﬁm

on racks in the drying cabinet, ‘ T

7. CLASSIFICATION, PACKING AND STORAGE

The finished ootolgstl Is fincly inspected and (:;I:IM by sleving i
on an appropriate mesh. it is once more inspected Mﬂ.m
merates etc. and then pocked into tiginly sealed conta ‘wade of paly.
ethylene. Usucily, these containers ove of 10 litres net content which ore
suitable for 20 kg net of the finished catalyst,

The filled contoiners, appropriately marked,
shipment. Usually 10 polysthylene comainers each
catalyst are placed In a solid wooden box for shipment.

§

h
g
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FIGURE 3. CATALYET POR
THE MANUPACTURE OF
PHYMALIC ANMYDRIDE,
PACKED Y IN POLYERTHY.
LENG CONTAINERS

FIGURE 4. SMIPMENT OF
1.8 TOMS OF A PHTHALIC
ANNY ‘RIBE CATALYSTY
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8. PILOT PLANT FOR CATALYST TESTING

Eoch charge of the finished cotalyst is tested for quolity in o pilot
plant which is practically @ minioture edition of an industrial catalytic
phkant. In this pilot plant ootolyst activity can be examined as a function
for the evaluation of newly developed catalysts and for studies and expe-
riments in the ressarch and developmont of new cotalytic processes.

A particulor fecture of this pilot plont i3 its complete control ond
measurement equipment which paroliels thot of o lorge suole industrial
oxidation unit. A process control computer, such as o pneumatic (fluidic)
UNALOG computer, can be included for process optimization studies.

M. LIST OF EQUIPMENT
PLANT LIST

1. RAW MATERIALS STORAGE
1 wooden or steel rack ond shelves for dry storage of plostic
chemicoly

contolners for principol
1 wooden platform for storage of carrierns
1 scole, 30 kg

2. PREPARATION OF SIICA OB

4 gloss cylinders, graduated, 100 cc
2 water suchon pumps

w6 o

cuwraBaan
3
i
’

R
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2 Teflon bowis

2 drying ocbinets made of polypropylene, with interral electric
heating on a stoinless steel support (3 electric hexting plates
of 2,000 W for each oabinet), with ventiloting fon of PVC
and an exhoust system for fumes

6 polypropylene containers for the concentrated liquid

1 tempercture control system
various Jccessories

4. COATING OF THE CARRIER

2 rotating drums, of specicl design, made of staintess steel, com-
plete with motor, variable speed , variable angle of incli-
nation, with electric or gas or LPG hea'ing, outside protoction,
fumes aspirator kan, ventiotion fon, etc.

2 spare rototing drums (drums only)

8 speciol tools for couting, stainless steel

2 comainers, stoinless stoel, 50 litres, with heoting and agitator

1 tamperaturs comtrol system

1 smoll experimentol rotating drum, 3-5 litres

5. DRVING OF THE FINISHED CATALYST

1 drying cobinet made of siainless stesl, intemally heated, com-
plete with 36 trays, olsc mode of wainless steel

vorious accessories

w )
plastic viners of polyethylene, 10 litres
sealing device ,

1 wooden or sies! vack ond 3 brWe’lnrde
comiciners consining 20 kg et welght of Rushes oty
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il filter/separator
purge valve
regulating valves
fiow-meter for oir
gas counter/meter for air
air container
manometers
valves

purge valves
special valve
sec.rity valve

air preheater
tharmometers

b) Dicthermic oil circuit

oil pump, complete with motor and skarter
cil filter

ail container

manometer

thermometer

security valve

valves

ombined melting/heating vessel

complete melting heating vessel of special design
filling device

purge valve

cleaning flanges

discharge valve

security valve

thermometer

manometar

inside tube

outar she.| for diothermic oil
manometar

thermometer

security volve

3 heating coils

6 valves

3 electric heoting resistances

d) Carburettor
1 corburettor of special design

1 injector of special design
1 heoted flow-meter for na

o} Reactor
1 oxidotior reactor of special design
1 molten salts circulator, complete with molor
1 set of electric heating resistances (or LPG or gas heating)
2 special volves
t container for sons

1 fourubes condensation sysiem
1 sublimation cham. »
1 Teflon condenser

N Ba N vt i s R = e

B = = -

(o T i e Y

0

<)

- s b b b ml wd b wd ) b - =
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1 gas coumer/meter

1 exhous' column

4 special volves

1 additional switch-condense;

1 water wash system

g) Control equipment

1 control board, panel

2 automatic *emperature regulators

1 temperature indicotor and recorder, 12 colcurs
various telecommands, switches, control lights, alarm
clock etc.

h) Dosage pump for liquid fesdstocks
1 dosage purp, complete with motor and starter
1 fikter
1 flow-meter
2 special vaves
1 electronic pumo sneed regulator
1 comainer for liquid feedstock

i} Steel structures, piping and tubing
1 steel frome support $or melting vessel and reactor
1 complate 1ystam of heoted connexion piping for product fine
1 complete system of pnpmg for air circuit, particlly heated
1 complete sustem of piping for diathermic oii circuit
2 hected flcw-meters for product lines

§) ‘nuiation
cmplete insulation of the plant
k) Emciric connerions
all electric connexions for the plant's motors. resistances etc.

ali elactric wiring for 12 thermocouples, teiecommands etc.
control board

1) Augiliavies
Catalyst chorge for the reactor
Eutechic scits for the molten salts cooling systern
Diathermic oil for the cil circuit

m) Miscellaneous

1 opparctus to make distilled water

1 labonotory equipment
1 fire proteciic) equipment
pmeocﬂve clothing, goggles. face masks, glover etc, for ope-

1 m':rwork

1 small alectric
¥ first aid kit

IV. YEARLY PRODU CTION cgncm

The is oapable of b3 of finished atalyst
humma.mamm ’ w).%qminw
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V. SPACE REQUIREMENTS

For the production of the catalyst an area of approximately 150 to
200 square meters is required. The layout of this produrtion plant is shown
in figure 5.

vi. COST OF
OPERATION

= Hh
T

The plant needs
R ‘i' on installed electric
nﬂy of 20 kW. This
is sulficient to produce
JD 200 kg of finished
d cotalyst in 24 hours.
The monpower
2 2 I required ore 2 spe-
T I ciclized workers per
| each shift of 8 hours.
18a A totol of 8 specia-
: 7 lized ::rlm‘s will be
yi required, considesing
f ot e I N leaves, illness, etc.
For the rumning
of the plont ot pilot
scale for  ootolyst

| 1180 g tai{L . !
OGO T ] SR

» red (3X8 h shift41

' 9 1:100 reservs).
A Where it ap-
{ Raw aaleriahs stora = (hemcass) 8 Aot piant Aor Losting pears to be econo-

2. s maLeriale s2rage (i) 9 Pravariation of sica to use LPG or
3 Mhngmfa:z;nz-cufmg 10.Storage of cirrver oo instead of elec-
4.5 Dryng « Lunels, AlS! 3% 11 Storege of frwshed procie { tricity the insalled

6.5 Orynq caberels, poypropylene 12 OP¥XCe &l 'AboraBirYy, rpivig M
elsctrical energy can

FIGURE 5. LAYOUT OF A PROBUCTION PLANY “OR CATALYSTS be reduced to 10 kW.

065

.

(-

Vii. CAPITAL INVESTMENT

The cost of the plant will vary from $ 45,000 to $ 50,000 according
to the instrumentation chosen ond the instollation of o procss compaster.

Instaliation costs ars $ 20,000 to $ 25,000. Therefore, the total capital
investment for an operaiing plant of a daily production capacity of 200 kg
of finished catalyst will be in the range of $ 65,000 to $ 75,000.

CATALYST SPECIFICATIONS (The Jokdik-Catalyst)

Prowded that the specified feedstock working conditions cre used,
the efficiency of the polyvalent catalyst will remain constant for at leost
five roars.
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Temperature of the gases at the entrance to the reactor: 135° to

155°C.

Reaction temperature, depending on the raw materials used:
naphthalene 78.5°C min. 460-530°C
o-xylene 978/5 min. 460--490°C
naphthalene/o-xylene mixture 20/80 460-495°C
naphthalene/o-xylene mixture 30/70 460--500°C
raphthalene/o-xylene mixture 40/60 460-505°C
naphthalene/o-xylene mixture 50/50 460~510°C
naphthalene/o-xylene mixture 60/40 460--515°C
naphthalenefo-xylene mixture 70/30 460--520°C
naphthalene/o-xylene mixture 80/20 460--525°C

Yieid of technical grode phthalic anhydride (129.5°C min.) depending

on t-e raw materials used:
naphthalene s.p. 78.5°C min. 96 9,
o-xylene 97%/5 min. 94 Of
naphtha -xylene mixture 80/20 95.75%,
nophtholene/o-xplene mixture 70/30 95.509/,
naptthalene/o-xylene mixture 60/40 95.259/,
naphthalene/o-xylene mixture 50/50 95 90f
naphtholene/o-xylene mixture 40760 94.75%/,
naphthalenefo-xylene mixture 30/70 94.500/,
naphthalene/o-xylene mixture 20780 94,250/,
vod Airfraw material ratio by weight, according to the raw materiols
used:
naphthalene s.p. 78.5°C air 19-22/1 kg
o-xylene 979, min. qir 17-19/1 ky
nophthalene/o-xylene mixture 80/20  air 18.75-21.50/1 kg
naphthalone/o-xylene mixture 70/30 air 18.50-21/1 kg
naphthalene/o-xylens mixture 60/40 air 18.25-20.50/1 kg
naphthalene/o-xylene mixture 50/50 air 18--20/1 kg
naphthalene/o-xylene mixture 40/60 air 17.75-15.50/1 kg
naphthalene/o-xylene mixture 30/70 air 17.50-19/1 kg
naphthalene/o-xylene mixture 20/80 air 17.25-18.50/1 kg

Contoct time 0.15—0.18 m/sec

Cotolyst height in the contact tbes:

Zone A 450350 men
lone B A0U-300 mm

Potertichity (load) of the catolyst:
grom nw sesrini
oo 300350 g/tie. eotolyst/h

Specific weight of the cotolyst: 1.85—1.9%

SPECIMCATION OF A CONVENTIONAL COMMERCIAL
PHTHALIC ANHYDRIDE CATALYST
(UNITED STATES OF AMERICA)

CONVENTIONAL PELLETIZED OXIDATION CATALYST
PHYSICAL FORM

1/A7X1/8" pellets
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CHEMICAL COMPOSITION
Vanadia 109/,
Silica 650/0
Potassium sulphate  23%,

ACTIVITY

Catalyst pellets ground to 10 and to 20 mesh ond activited for two
hours at 800°F. placed in a test unit were run under the following condi-
tions for the conversion of naphthalene to phthalic anhydriae:

Jacket temperature 720°F

Primory air 120 oc./minimum
Secondary air 550 cc./minimum
Space velocity 1,400 V/V/hr
Air/naphthalene ratio 36 : 1/weight ratio
Volume of cata’ st 33 ce. {poured volume)
Catalyst space in reactor 2X10 om
Naphthalene used Baker's C.P.
RESULTS

Yield phthalic anhydride 91 9,

Carbon balance 95.29,

Hot spot tempenature 851-966°F

POTENTIAL APPLICATIONS

OXIDATION OF:
Naphthalene Furfural and reloted compounds
Benzene Ortho-xyleno
Micro-crystolline waxes Quinoline
Aliphotic side chains Toluene
PACKAGING

250 pounds per fibre drum - smaiber lots on request.

SPECIFICATION OF A CONVENTIONAL COMMERCIAL
PHTHALIC ANHYDRIDE CATALYST
FOR FLUID TECHNIQUE ;

CONVENTIONAL POWDFRED OXIDATION € ATALYST
(For fluid technique)

PHYSICAL FORM

On 80 mesh 8.0%, maximum

On 100 mesh 1 maximum

On 200 mesh o maximum

Through 200 mesh 45.0%, minimum
CHEMICAL COMPOSITION

Vcnadkl 1@[0

Smoo 55°Ig

Potassium sulphate  33%

2
5
»




ACTIVITY

Coatalyst pedlets ground to 10 and to M
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mesh and activated for 2

hours at 800°F piaced in a test un’t were run Lnder the following ~ndi-
tions for the conversion of naphthalen. to phthalic anhydride:

Jacket temperature
Primary air

Secondary air

Space velocity
Air/nophthalene ratio
Volume of catalyst
Catalyst space in reactor
Naphithalene used

RESULTS

- Yield phthalic anhydride
Carbon balance
Hot spot temperature

POTENTIAL APPLICATIONS
OXIDATION OF:

Naphthalere

Benzene
Micro-orystalline wares
Aliphatic side chains

PACKAGING

720°F

120 cc./minimum

550 cc./minimum
1,400 V/V/hr
36 : 1/weight natio
33 oc. (poured wolume)
2X10 om
Baker s C.P.

95.1%; based on naph. feed
95.20/,
1-866°F

Furfural and related compounds
Ortho-xylene

Quincline

Toluene

300 pounds per fibre drum — smaller lots on request.

VHI. CONCLUSIONS

Catub ¢ production in a developing country akready using cotolytic
relatively

mea. mﬂnﬁhuwwnhmnmde

mﬂmﬁhl

would enable the country to
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Combined multipurpose gas-phase catalytic oxidation pilot plant
using fixed bed polyvalent catalyst.

Naphthalene 79°C  o-Xylene 9706 Xylen« < Anthracene
Naphthoiene o-Xyrene 95% mixtures Chenanthrene
(low grade) o-Xylene 80%,

PHTHALIC ANHYDRIDE

MALEIC ANHYDRIDE

PN

Cyclohsxone  Benzgne  m-Xylens 2.Butene  Butodiens  Butylene Cratonuidehyde

FIGURE &

APPENDIX

The term catalyst, as it is used in this survey refms to the classic
definition of a substance which changes the rate of a chemical reaction.
On a commercial basis, cotalysts only rorely consist of o single component.
Promoters, activators and co-catolytic agents may be introduced into the
catalyst system during pieparation to enhance the performance of the
major catalytic constituents. This basic cotalyst formulation may then be
distribut>d or dispersed on, or in some cases condoried with, a catolyst
currier. The oatalyst carrier serves as a suppomt for the active catolyst and
can Ivorydwidely in i own intrinsic activity for she specific reaction being
catalyzed. .

Despita the relative inertness and normal lock of cotalytic oactivity
onthopmdsomccuﬂm,penkda‘hm%b« ©reas,
significant differences in product yield, selectivity, and produect distribution
have besn achieved by changing the bosic type of canier employed in a
given system. A cotalyst carrier shouki provide the following properties to
a catalyst system:

A suitable framework for deposition of the catalyst, often resulting
in a greater totol surface.
Optimum catalyst costs (as in the case of expensive catalyst mate-
rials such as noble metals).
An increase in resistance to sintering on the part of the cotalyst.
An improved thermal conductivity to and from the cotolyst surface
and in the cotalyst bed.
An increased resistance to poisoning.
Q reduction in pressure dmph Iﬂifho mdord e

n improvement in mechanical § systoms, muh?
in bwerabroﬁmmmmm of plugging

catalyst tubes,

-

NOw W N
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The industr; offers a wide variety of materials, shapes, sizes, porosi-
ties, and structures to the catalyst chemist. Low surface area materials are
avalable in fused aluming, sihcon carbide, zirconla, zircon, sthca, and
fused mullite. Intermediate surface area materials are supplied in alumina.

intar-intrapiase gracints
RGURE 2. SCHEMATIC OF INTERPARTICLE GRADISNTS (N A FXED SED AND INTSR-
INTRAPHASE GRADIDNTS FOR A CATALYST PHLLETY

LOW SURFACE
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PORE DIAMETER RANGE

2-70 microns

AVAILABLE SHAPES

Spheres, pellets, grooved pellets, rings, grooved rings

TABLE |
LOW SURFACE ARRA CATALYST CARRIERS
Typical chemical analysis®
| x0,
ALO, sio, 0,0, Ti0, CaO M0 M0} o0 + e
| wo,
Alyminum oxide
9y.40 8.46 ¢.0.26 028 | 0.04 0.07 033 ]| 0.09 ] 0.05 -
86.96 11.65 0.30 04 | o0.05 0.11 032087 ]o02| -
76.60 16.80 1.20 1.5 0.80 060 [040[100] - -
92.67 6.03 0.22 0.2 0.11 0.16 043 } 0.1 - —
86.9¢ 11.65 0.30 0.42 ~0.05¢ 0.11 032017 ] 0.02 -
9.3 0.4 0.10 - 0.10 - 0.10 - - -
95.9 3.5 Tr. Tr. Tr Tr. 0.20 | 0.40 - -
+ Ali eiements reported as metal oxides. Actual presence of the metals in the form of
compiex silicates and [ or aluminates. -
TABLE I}

LOW SURPAL § AREA CATALYST CARRIERS
Typicai chemicai analysis*

zr0,
ALO, $i0, PO, Tio, CaO mgo |Nso| X0 + siC
O,
Silicon carbide
473 | 8.8 [ 0.34 [Tm.-| 0.24 | 0.06 [ o - | ss8
Silics !
3.1 9.0 026 | o2 | o004 | od Josefoo f - | - .
0.8 9%.9 0.10 - - 0.10 | 050 | B, 1.6% - ‘

Zirconium silicate

297 [ 33 [ 047 | 020 | o046 | 028 |oM [ 0.08 1 63.04]

i

Muilite N
7007 | 9% | 029 | 03 | 043 | ois {otofoos} - | -
Zirconia B
038 | 157 | 016 | 028 3‘“«.1,._,.;.\4";: | - [|ee94] -

s Ail siements reported as metal oxides. Actual presence of the metals In the form of
compiex siiicates and / or aluminates.




| 1854
|
» TABLE 11l
. LOW SURFACE AREA CATALYST CARRIE.S
‘ Physical properties
|
‘ Apparent Water Sulk Apparent | Packing Attrition Po'r..n:.ia ' Surf.
‘ peresity, absorption, density, cpecific density, loss, (microns), srea,
| % % glee sravity ibe/fes % 1he BT lume| ™YE
|
Aluminum oxide
847 17-24 | co-2afas-ar| se-78 | tsma | %, 1
0-52 1-30 | 17-19] 3537 ssom3 ] asmax | % X
3945 18-24 | 20-23|35-37] 7580 { 10 max.| 3% .4
I n-4 20-2 | 1.7-19]15-37| e4-7 |15 max | %% | 4
i
‘ 44 16-22 ¢ 1.7-19)35-37| 7278 | 1o max| M% | 4
3%-42 15-20 | 20-22{ 3436 383 | 10 max | ®A 1
. 7, -
4046 19-24 | 1.8-20|32-34f 7175 | 15 max.| 3%, 1
1' 35 -40 1s—19 | 24-23|3437| 72-80] 12 max.| %5 <1
- - A-231 343, - 1 240
p 045 19-23 | 19-21|24006] 74|15 max| BB 1 <
|
‘ 3 —44 15-21 | 20-24|35-38] 77-84] tomax.| 8% | <1
- -4 12-18 | 19-21133-3s| 71-83 | 15 max.| %% <1
"-%4 12-16 | 20-22]33-35] 7084 smax| KA | <1
-4 1= 5 ] 30-32|35-37) 1101200 1max| %, [ <
95%
40-54 15-31 | 20-24|35-38] sa—es|asmax| NA 1 <
5% _
w54 3531 | a7-20]35-38| se—es| s max | %1 <1
| 95%,
‘ 0-4 16-20 §22-24]39-40] 85-09| 12 mux.| 3% | <1
9%, ]
3034 14§ 26-28| 2940 97103 Smax| Oy, | <
MACROPORE CATALYST CARRIERS
. LOW SURFACE AREA ’
VATERALS
Fuied cligha oluming
Stlicon carbide
Zireon

Muliite
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TABLE iV
LOW SURFACE AREA CATALYST CARRIERS
Physical properties

Appareas Weter Bulk Apparent | Pucking | Attritien '.,':.:.h Surt.

porosity, sbsorption, | density, specific density, {oss, microns), ares,
[% o glce grevity the/te? % 1 hr, velume | ™'is

Silicon carbide

39-43 12-25 | 1.6-18]21-30| eo—ea| omu| DR L1 <1

248 26 3 [15-18]2¢ 30 sa—a|tomu| Rl <t
Silica

3539 22-26 | 13-15]23-24] 59—63] 5 max ’:’_‘_{s <1
3238 19-25 | 15-17] 2.3-2.4] ss—s9| s mu| WK <1
® —52 44-48 [ 10-11[ 23123 42--+6 - - <1
Zirconium silicate

3-8 1-3 38400 4.1-43] 141 —147] 2max.| % <1
14-3 7-12 |3.0-34] 44467112 -121] Smex. . <1
Mullita

34 40 16-22 | 19-24]3.1-3.3] #7-73] 5§ max - <t

3440 16-22 | 1.9-2.1] 3.1-33] 64—70{ 5 max, - <1
Zirconia
a-47 | 12-16 [30-33]s5-58]103—110] 2max.|] - | a1

TABLE V

LOW SURFACE AREA ,MACROPORT* CATALYSY CARRIERS
Typical chemical swnalysis®
ALO, 0, 0, [To, | coo | me0 [ a0 ] K0 :z‘ sic
.

Aluminum oxide
84.7 13.4 0.20 |0.30 [ 0.02 | 0.04 [ 0.60 | 0.70 - -
8.0 14.0 040 |0.30]0.50 ) 050]060]o0r - -
85.5 12.4 020 0.4 /060 | 0.40] 0.30 ] 0.50 - -
Silicon carbide
16 | 65 | o ot o0 fotwfot0fon]| - | we
Zirconlum silicate
a8 | »s | o3 Jos Joa | - Joa Joa ] m4 | - |
Mullite
09 | 203 | o [oi7fessJomw|oerfon] - | -

* All elemants reported as metal oxides. Actual presence of the metals in the form of com-
plext silicasas and / or aluminatss,
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PORE DIAMETER RANGE
20~1,500 microns

AVAILABLE SHAPES

. Spheres, pellets, rings, aggregote

TABLE VI
LOW SURFAC® AREA CATALYST CARRIERS
Physical properties 7.
Agparent Water ml:.!l A'ﬂ;:‘n! m. Aoitrmon 'o::.::.‘ Surf.
srasity, shoorption, , i , ’ res,
ko % viec | Travier | Name | KTwe | Lhiermmee | W
1]
Aluminum oxide
5359 13- |1s5-1.7]33-36] s3-50) emax.| % <1
. - $-1.713.3-3. ‘| 160=1,.00
" 35 —61 1743 | 1.4-16]33-36] s50-56; o m 5% 1
) - -~ . ‘ . . - .| 400-1.500] <
55 —61 7—43 |14-16]33-3.6] 44—48] 10 max. 1100002'1.500 <1
100%,
Q47 20-24 [18-2v|35-38] -6 ] 15max| 905 0 | < .
“
. 100% |
3642 15-21 | 20-2.4] 24-38) 674 ) r0max. | 0P 0t < J
¢ Silicon carbida
»
Q-4 24-30 | 1.6—1.8] 3.0-3.3] $3-57] {5 max.| 100% <1
3-100
Zirconium silicate
“—48 | 19-1 [z.o—z.a] 39—anf 6-6r] ¢ max. | - [ <
: Mulitta
: 41 45 23-27 | 19243133} s5-59] ¢ max. - <1
4145 23-27 | 1.6-19]20-3.2] 5559} 6 max. - <1

INTERMEDIATE SURFACE
AREA CARRIERS

d MATERIALS
Sintored alumise (bonded)
AVAILABLE SHAPES
Spheres, peliets, rings
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TABLE Vit

INTERMEDIATE SURFACE AREA CATALYST CARRIERS
Physical properties

* dls.
Apparent Water Buik Appsrent | Packing Attrition .r':a‘.. BSurf.
perosity, abserption, density, wprcific density, loss, (micrens), area.
% o, g/cc sravity ibe e BT BT % mt/g
volumae
Aluminum oxide
62--66 $3-57 tt-13131.353) 2246 - - 10 - 20
62 -66 52 -%6 1113132 .34 40 —44 - - 10 - 20
B 62 —66 54 -58 f1-13131-33 40 - 44 - - 3545
62 - 66 55 -89 111313133 37 - 44 - - 35 48
TABLE vii}
INTERMED'ATE SURFACE AREA CATALYSY CARRIERS
Typical chemlical analysise
ZrO,
Al,O, $i0, fo,0, [TiO, | Ca0 | MgO | Na,0} K,0 + SiC
Hfo,

Aluminum oxide

83.0 15.3 0.44 0.50 { 0.09 | 0.07 | 0.34 | 0.16 -

* All elemants repsreed as metal oxides. Actual presence of the metals in the form of com-

plex silicates and [ or siuminates.

CRYSTALLINE MATERIALS

Crystaliine materials are praduced in high temperature electric fur-
naces ond further processed to meet demands of industry for  purity,
density, shape and size. These high temperature crystalline materials are

available in granular and pawdered form.

REGULAR FUSED ALUMINA: AL0,
HOW PRODUCED

Regular fused aluming is o dark brown grein, produced by fusing o
mixture of calcined bauxite, coke, and iron fitings in the Higgins electric
arc furnace at a temperature abave 3,630°F (2,000°C). During the process,

purificaticn and crystallization of the grain takes phace.

PROPERTIES
TYPICAL CHEMICAL ANALYSIS

A'zOg - 94470/0 (by di".)
SiO - 17
F 63 - 020
TiO, - 310
Zr0, - 0.15
CaC - 0.08

MnO - 0.10
MgO - 02
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CHARACTERISTICS

Crystal farm Aipha agiumina

Max. usabie temperature About 3,450 F (1,900°C)

Chemicai nature Amphoteric

Reaction with acids Subject to mild ottack by aqua
regia and or hvd ofluoric acid

Reoction with aikaiies Very slight with strong hot
solutions only

Onxidation-reduction effects None

True specific gravity 395

Packing density 110-128 Ibs. cu. ft. depending
on grain size and shape

Hardness (Knoop) 2,000

(Mohs) 9.0
tlectrical rasistivity 10% ot 80°F (30°C)

\ 105 at 1,650°F (900°C)

GRAIN SHAPES

Two shapes ore available, strong ond intermediate. These grain
shapes are determined by the degree of crush.~g and milking.

Strong shape — a strong, blocky-shaped grain.

Intermediate shape - o wedge-shaped grain intermediate hetween
a stronger blocky shape and o weaker slivery shape.

GRAIN SIZES
Crude Lumgs 1-Y," and finer.
Grit sizes In either strang or intermediate shape.
Coarse to fine
4
é 20 70 120
8 24 46 80
10 54 150
12 0 60 90
14 180
16 34 100 220

WHITE FUSED ALUMINA: ALO,

Thers are many applications that demand high purity white grain.

White in colour, it is somewhat more refractory than iegular fused
alumine.

HOW PRODUCED

«%hrmm‘umwmmmm.
WWHVW.MM properties are comparable to
r groin,




PROPERTIES
TYPICAL CHEMICAL ANALYSIS

Algo_) - 90‘28"/0 (hy dl")
SiO, - 005
Fe;é; - 0.15
TiO, - 002
NO;O - 050

CHARACTERISTICS

Crystal form Alpha aluming
Maximum usable tempera:ure  3.630°F (2.000°C)
Chemical nature Amphoteric
Reactio’. with acids Less attack than regukar groin
Reoction with alkalies Very slight with stiong hot solutions
Cxidation reduction effects None
True specific gravity 397
Packing denaity Approx. 107-119 Ibs./cu. ft.
depending on gnain size
Hardness (Knoop) 2,000
{Mohs) 9.0
Electrical resistivity 10% at 87FF (30°C)
10% at 1,650°F (970°C )

GRAIN SHAPE

A wedge-shaped grain intermediate betwean a strong or blocky
shope and o weak shane.

GRAIN SIZES

Crude Lumps 1-,” and finer.

Grit sizes

Coarse to fie
6

70 120
8 20 46 80 150
10 24 54
12 30 60 90 180
14 36 100 220

FUSED MULLITE: 34,0, 78i0,
PROPERTIES

Refractory products using mullite groln have good high temperature
strength and thermal shock resistance. The following toble presents o
typical chemical analysis and other technical data.

HOW PRODUCED

Mullite grain is on aluminium silicate (3 ALOy-2 SiOy) fused in an
electric furnace to insure complete reaction of the raw muaterials. Aa excoss
of alumina is used in the fusion, causing the resultant composition to be
on the high olumina side of theorstical muMite (I. e. — 720/ AlgQy), Petre-

graphic examination revealis about 2 per cent free alumina and 1 per
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cont glass. these factors enable mu'lite rain to remain in the crystaliine
form g e. — no liquids are formed) up to the eutectic melting point
3,340°F (1,840°C) between mullite and oluming.

TYPICAL CHEMICAL ANALYS!S
A0y ~ 75.10°/y (by diff.,

Si 24.35

F%é,

TiO,

0.12

0.03
Nazo 0.35
C

0.05

CHARACTERISTICS

Crystal form Ornthorhombic (excess aluming - present
as corundum)

Melting point Congruently at 3,340" F (1,840°C)

Chemicai nature Slightly acid

Reaction with acids insoluble in most acids

Alkalies and general Attacked by molten aikalies
and many basic slags

Maximum usable temperature  3,340°F (1,840°C)

True specific gravity 323
Packing density 85 to 103 ibs./ft.3 depending
on grain size
Hardness (Knoop) 820
(Mohs) 7

PRESSURE DROP

A study has been completed on pressure drop dota for air Howing
through packed beds of catalyst corriers. In this study ail products tested
were in dense packed beds 4" in diameter and 2° length. All materials
wer? loose filled and the outer columns were pounded with ¢ hammer
until no more settling was observed, Additional moke-up was added to
top off the bed and the pounding repeuted. Thus, oll materials were tes-
ted at inaximum packing density and minimum bed voidage for the im-
posed ponticle to tube .

Following is a tobulation on pressure drop data for spheres, pelists,
rings, grooved rings and aggregate.

P,

HO

Specific ASTM C20-46 (except boiling
Bulk vaﬂv time changed to 30 minutes)

m m e m Q
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TABLE IX
CATALYST CARRIERS PRESSURE DROP
P L (inches of HOH per foot of packed depth)

Soharas Gas mass valocity (Air) Ib-Mr.fe?
100 100 Jee 406 sod 2] Tee e o0 1 008
1.8 031 Jos4 16 [24 {35 J47 et [74 |52 [ 110
316 017 1046 [088 |14 |20 |28 |36 |44 |55 |67
14 oo097jo7 Jose losaf vy vy |27 {27 %% | 41
S 16 0075]022 |o43 yr8] 099 |14 |19 {23 |29 |3
18 0059f019 jo38 Joet fo90 )13 [17 [21 |26 | 31
112 00421013 |o25s |o4 | os9fos2 |11 |14 |18 | 21
1 0.011}0.036{0.075] 043 | 0.19 | 0.27 | 035 [ 044 | 055 | 0.68
Peliets
1/8 18 039 f10 |19 |29 |42 |sée J74 191 11101 14.0
316 - 3116 021 [0.59 [113 {179 6 |34 |45 |55 | 69| 82
14114 04 1046 (082 /13 |19 {26 |34 |42 | 521 65
3/8 - 18 0088026 {051 o8 | 1.2 §1.7 f22 J27 | 341 4.1
Grooved peliets
5:32. 512 019 |053 (099 |16 [2.3 J31 |40 |50 | 62] 7.6
7132732 012 1033 fo63 |10 |15 j20 |26 |32 | 40| 4.8
Rings
18 5116516 00891026 (049 Jo78] 1.2 16 |21 |27 | 34] 42
3/16 - 38+ 7116 0052{016 {031 10514078 1.9 |15 119§ 241 3.0
14 - 1/2.1)2 0.040{012 |0.24 | 039|059 | 084 | 11 |14 | 18] 22
Grooved rings -
1/8<5/16:5/16 | 0.069] 016 [o32 Jos ro.n [ 11 14 {18 | 23| 2.8
Aggregate
3-5Mesh  Jo.10 | 0.28 Jost | o83 J12 |17 ] 23 |27 | 34] 44

Note: All matersals were tested u: moximum packing density and minimum bed
voidage for the imposed particle w0 tulie geometry.

Gas temperature 77°F Bed diometer 4.03”
Gas pressure 14.7psia Bed height 2’
Procedure for determination

of apparent porosity, water

absorption, apparent specific

gravity and solid bulk density

METHOD
ASTM C20 - 46 except bciling time 1/2 hour

SQUIPMENT
1. Rectangulur stainless steel wire m ash boasket (2" XWX 1"
deep with wire handle) for holding. sample.
2. Balance weighing to nearest 0.1 g-um.
3. Deep porcelain dish.
4. Damp cloth.
5. Small alummium or plastic contatrar.
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TEST PROCEDURE

1. Weigh dry wire mesh basket in air to nearest 0.1 grom.
2. Place about 80-100 groms of dry carriers in bosket gnd reweigh
in air,

Note: This weight suggested for 12~ size and smalier, weight per cubic foot 40 to 80
pounds. For sizes lacger: than 1/2” or dense matcerials, sample weight 230 grams.

3. Subtract # 1 from § 2. This ts dry weight of corriers in air. Call
this weight ‘D"

4. Fill porcelain dish with woter and heat to boilirg

5. Immerse wire basket containing carriers in the boiling water.
Boil gently for 30 minutes.

Note: Keep carriers covared with water at a!! times during boriing. Do not fet basket
rest on bottom of porcelai dish.

6. Remove porcelain dish from heat, »lace under cold water faucet
and run in cold water until mass has cooled to rcorn tempera-
ture.

7. Remoe wire mesh basket containing carriers from cold water
«nd we.gh entire mass suspended in water at room temperature.

8. Weigh dry aluminium or plastic container in oir.

9. Soak a piece of cloth towel 1 water and wring out thoroughly
by hond

10. Transfer sample from bosket to damp cloth towel ond blot lightly
to remove all drops of surface water.

1. Transfer sample to weighed aluminium or plostic container and
weigh antire mass in air.

12. Subtract weight ft 8 from weight 3# 11 to get weight of satura-
ted caorriers. Call this weight *W"".

13. Weigh wire mesh basket submerged in water.

14. Subtract weight # 13 from weight 4 7 to get suspended weight
of carriers. Call this weight *S’’.

CALCULATIONS
Exterior volume ¥

This volume V, in cuble em. of the carriers is obteined by subtract.
ing the suspended weight from saturated weight.

V=W-§

Apparent poresity P

The apparent Porosity expresses as a percentage the relationship of
the volume of the open pores of the casriers to its exterior volume and is
colculeted os follows:

Water absorption A"

Th ) " G O pen the relationship of
the weight .Tmmmlﬁo ‘w of dry camiers. Calculated
as follows:
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Apparent specific gravity "T”

The apparent specific gravity s that portion which is imperviaus to
boiiing water. Calculated os foltows:

T D

D-§

Bulk density “B”

The bulk density in grams per cubic cm. is the quotient of its dry
weight divided by its exterior volume inciuding pores. It is colculoted as
tollows:

B 2
v

PROCEDURE FOR DETERMINATION OF PACKING DENSITY
(VOLUMETRIC BULK DENESITY)

A. EQUIPMENT

1. Metal cone
(a) 90° angle ot vertex
(b) 12-3/4" diameter at top
(¢) 1.1:2” diameter hale at bottom
(d) 1”7 height from bottom of cone to top of weighing cyiinder ‘
facilitoted by three legs on outer surfoce of cone.
2. Metal base plate (10 101" thick) '
3. Standard 1 8 cubic foot grain density com
(o) Dimensions
3-7/8" |. D. ot bottom
3-7/8" |. D. at top
17-15/32" inside height
(b) A mubtiplination factar should be applied to the results — as
the groin density com is slightly under 1/8 cubic foot.

Note : This factor must be obtained for ea-h contsiner.

8. TEST PROCEDURE

1. Weigh out 3-5 pounds of carriers. This weight dependent on
density of materiol to be tested.

Note: Amount to weigh out shouid fill contalner half full,

2. Place grain density cam on 10X101” thick steel plate. Steel
piote must be placed on solid rigid surface. A conorete Hoor is
advisable.

. Place metc! cone on grain density cam.

. With one hond under 1-1/2” cone opsning pour the sample to

be tested into cone. :

. Release hand under cone opening allowing constant flow of

carriers through 1-1/2” cone opening into cylinder.

(a) Raise container 1/2” until it touches o bar clamped to a labe-

ratory clamp stand.

(b) Aliow to fall freely onto the steel plaie.

(c) Repeat to o total of 10 drops.

o v aw




. Repeat steps 1 through 5.

. Level overflowing cylinder with metai straight adye

. Repeat step # 6.

. Add odditional carriers to fill grain density cam 1o overflow.
. Level overflowing cylinder with metol straight edge

. VWeigh contents of grain density cam and convert to weight per
cubic foot using proper factor for cylinder

PROCEDURE FOR DETERMINATION OF ABRASION RESISTANCE

This test is designed to measure how well catalyst carriers will resist
abrasion. The abrosion loss is determined in terms of materiol fine, *hon
10 mesh (0.07”+0.1” screen openings ten per inch) which is removed from
the carrlers by tumbling under cantrolled conditions.

A. EQUIPMENT

1. Fibre drum with lid (Continentel Can Company No T.158.2 X)
having the following dimensions.

Outside diameter 8-5/16"
Inside diameter 8”
Inside length 7"

The inside surface of the bottom of the drum, and the lid sholl be
covered by discs of smooth wear resistant rubber 1/64  thick, cemented
to the respective surfaces by rubber cement (Gaodyear Pliobond).

After attaching the rubber disc to the inside of the bottom of the
drum, the entire inside wall of the container sholl be covered by one piece
of ribbed rubber cemented ta the walls by rubber cement. This rubber
shall be attached so that the ribs ore paraliel to *he length of the drum.

2. Laboratory ball mill rollers capable of rotating corrugated rubber

lined drum charged with sample at 60+ 1 rpm.

3. A 10 mesh wire screen (0.07"+01” screen openings 10 per inch).

4. Scules capable of weighing up to at least 10 pounds to two
decimal places.

8. TEST PROCEDURE

1. Weigh out sample of screened material and place this weighed
sample in contoiner.

Note: Sample waight depands on sizs, shape and density. Sample waight generaliy 5
pounds however, ~Macroport” series sample waight is 3—1/2 pounds.

2. Place lid on container and seal lid joint with 2” wide rubber
band.
3. Place container and contents on rollers and rotate for 15 mi-
nutes at 60 rom.
4. After 15 minutes remove the container unc empty all contents
ono the 10 mesh wire screen.
5. Shake screen by hand to remove all fines.
6. Weigh moterial remaining on saveen,
7. Calculate percunt loss for a total of 15 minutes.
), R pellets In corrugated rubber lined drum.
| ot steps 2, 3, 4, 5 and 6.
k¢ percent cumulative loss for @ total of 30 minutes.
dap 8. ;
sep 2,
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13. Replace container on rollers and rotate for o 30 minutes at
60 rpm.

14 Empty ali the contonts onto the 10 mesh wire screen.

15. Repect steps S ond 6.

16. Calcuiate percent ~umulative loss for a total of 60 minutes.

IPRESSURE DROP

EXPERIMENTAL TESYT METHOD

All materials were loose filled in @ 402 1.D tub. 2' in length. The
outer walls were pounded with a hammer until no more setthng was obser-
ved. Auditional make-up wos added to top off the ted and the pounding
repeated. Thus, all materiois were tested ot maximum packing density and
minimum bed voidage for the imposed particle to tube geometry.

Pressure taps were installed i the column just above and below
the bed. The p.essure differential was observed by sighting through o
cothetometer, a woter filled manomater. The empty tcwer provided a
neglgible pressure drop of less than 0.01 inches HOH at a G equalling
1000 pound oi1 per hour per foot squared. Use of the cuthetometer allowed
detecti~n of a pressure drop of less than 0.04 incnes H{OH with excellent
accuracy and reproductibility.

Pressure regulated plont compressed air was fed ) two needle valves
in parallel. These needle valves acted as critical flov: orifices above a
25 psig supply pressure at the moximum back pressure c-eated by the air
line, column, bed and gas meter. The open area of each needle valve
was set at positions which would provide coveroge of the flow regime
desired. Both needle valves were calibrated individuolly anc together to
provide a straight line piot of superficiol mess velocity as "ilet pressure
to the needle valve. Air was directed down flow through the v «d. Air flow
was measurd sing a standord 60 light gas meter.

All data wer: cotained by measuring the press.ie 4 terential over
the bed dato minin.um of 15 values of superficial mass v locity. A dis-
proportionately greater numkber of points were obtained at | w superficial
mass velocities for large particle sizes to overage out any errors in reading
the manometer at small nressure differentials.
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A SURVEY OF DEVELOPMENTS IN
CATALYTIC GAS PHASE OXIDATION
REACTORS'

OTTO F. JOKLIK®

The subject of cotolys” . not concerned only with finding the cata-
lyst but also the reactor and conditions to perform the catalytic task efii-
cociously. As the heterogeneous catalytic reactor network consists of the
catalyst (with corrier, promoters, inhibitors ond the active substonces),
operating in what is usuolly a non-uniform field of temperature and con-
centrations within which may exist, short- ond long-range diffusional gra-
dients, the problem of reactor design ond engineering is indeed complenx.

The following survey deals with developments in reactor teclinology
and reactor engineering in the field of heterogeneous gos-phase catolysis,

. e ithustrerted by o fined-
bed catulytic reactor
for the production of
phthalic or maleic
anhydride.

I. INTRODUC-
TION

ORIGINAL  DEVILOP.
MENTS N REACTOR YECM-

NOLOGY
Modern advan-
ed veactor techno-
logy derives from two
bosic engineering
and st bath cooley
reactors,

1. MERCURY
COOLED REACTORS
a.Catajat tubes A.Mm‘u, ooy’ The mercury
A Distancing rocs . Meguiating waie cooled reactor -
¢. Mercury coolant K. Etectric heating known as the Downs-
o Reflux cacler Léntrance of air naphihalme T reactor in the
:wm mixtre nited States litera-
PIRSSUTE QUasDing Wesel  m.Exit of the reaction ture — wos potented
9 Compressor 1. Explovion alec - by Charles R. Downs
FIGURE 1. MERCURY.COOLEID REACTOR (BOWNS-TYPE) in 1926 (US Pownt

'ﬁhmml“hrMMMWﬂOWMi .
'mcm.m.mmn«m. Bt
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1604739, The Borrett
Company). This reoctor
consisted of 1,300
squore ocontact tubes,
(18¢ 1,150 mm), contoin-
ing 300 iitres of cotalyct
ond required a cooling
vath of approximately
3000 kg of mercury.
The production capacity
of this reactor was 30 to
35 tons of phthalic an-
hydride per month, the
reaction temperature
being in the range of
400 %0 500°C, with o
space velocity of 4,000~
5000 and a contoct
time of 0.6 sec. Reactors
of this type were buiit
ond used in the United
States of America and
Ewope even in the late
1950s, 0.q. in the phtha-
lic anhydride olonts of
ACNA/Montecatini  in

ltoly and >OAB i, Swe-

HGURE 2. RYRER-CUCOOLED OXIDATION REACTOR POR
PHTHALIC ANHYIRIDE, 40 oy,

i k m W soble and although expensive
worvle.

bm 1 lud-m ah mmbﬂ reactor (Downs-Tyra),
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2. SALT BATH COOLED REACTORS

The solt bath coolad reactor is based on the substitution of mercury
as coolant by a high temperature soit (KNO3;NaNQ;) melt under forced
ciroulation by an cgitator or a pump. This principle was first realized in
Germany by the IG-Farben at
the beginnng of the Second
World War (viz. BIOS Finai Re-
port No. 649). The concentration
of nophthalene in the feed was
63 g/Nm? (1 :20), the raaction
temperature being within the
range of 420 ta 550°C, the space
velocity 5,000 ta 7,000, and the
contact time 04 sec. The pro-
duction copacity was 300-600
t' month.

An example of a salt both
cooled reactor (IG-Farben) of a
somewhat modified des'gn is
showr in figure 3. The cotalyst
volume is approximately 3,000
iitres. The reaction temperature
is between 360 und 400°C with
a 20 to 30°C spread.

The space velocity (volume
ratio of air catalyst 3,000 : 3) is
1,000, the contact time 1.5 sec.
The production capacity of this
reactor is approximately 90
t/month.

SIZEOF CATALYST TUBES

FIGURE 3. IG.PARBEN (BASF) REACYOR DOOLED

wIiTH L MO
TIONS o0 POTASENIN mn::.:v:o n::t: The tubes are of weel
NITHATE and of the following size: 1.D.=

25 mm; 0.D.=30 mm; Length=

3288 mm. The ends of the tubes are turned down to a slightly smoller

O.D. to make a tight seal in the tube plates. A reactor contains 2,946

tubes ond each wbe is filled with the cotalyst ta a depth of 2,500 mm.

The cotalyst is supported at the bottom of each tube by a screen

disc of V2A stainless steel wire 0.5 mm diameter. The screen mesh is

about 1.0 mm. The screens are fastened inside each tube by a spring
clump or lock rings located just above the lower tube piate.

39 REACYOR VESSEL

Material: steel. 1.D.=22,580 mm: Wali thickness= 16 mm. The cooler,
which Is oxially oriented in the reactcs, is 650 mm O.D. The LD. of the
cooler is 540 mm. The 37 tubes in the cooler are of 2,500 mm s . Bach
of the tubes has o second one installed concentrically Inside. outer
tube has an O.D. of 57 mm and a wali thickness of 275 mm aond the
inner tube has an O.D. of 40 mm and o woll thickness of 230 mm.

s aaad
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The salt mixture in the reactor is kept circulating from the catalyst
one to the inner zone, containing the tubular air condenser, by an agi
tator, with spec.clly designed blades, rotating at 200 rpm. The inner
cylinder, 54 c¢m in diameter, encloses the air coohng tube, acts as a
thermal barrier between the cooler ceniral zone and the warmer catalyst
one The salt bath s equipped with 14 pyrometer pockets, eoch con
taining & couples measuring temperatures af various depths in the bath.

PRODUCTIONM CAPACITY

Each reactor has o rated output of 75 tons of phthalic anhydride
per month although this figure could be increased to 100 ions per month.

ll. FURTHER DEVELOPMENTS IN REACTOR
TECHNOLOGY

1. THE DWE-REACTOR

ln a loter design of salt batt cooled oxidation reaciors o forced
salt melt circulated by a central agitator combined with a steam generator
and introduced into the reactor core by an opening in the upper tube
plate. (Design and engineering by D rfer Werft nd Eisenbou
DWE, Deggendorf, Federal Republic Germany.) These reactors are
largely used in phthalic anhydride plonts operating on BASF or Von
Heyden processes.

Figures 4 and 5 show the design of the DWE-reactor as specified
in the relevant patent specification. The central molten saks agitator ond
steam generator are shown in figure 6. Figure 7 shows a series of four
oxidation reactors of a production capacity of 300 tons/month of phthalic
anhydride each (total 14,600 t/y), manufactured by DWE in 1967.

Onidation reactor (conventional design for BASF and Von Heyden
processes) with central salts cooling and heat exchange system. Manu-

f Cpray st toae

2 upper tobe pale

3 Lomor lvbe piate

4 Uppar comm

§ Lowor cover

&5 0ecter wivt
TCONI gun denew Bvbe

11. Ag Rty itk Jpacin/ Moo
2 dohr bdes

13 Ugper cobectur Py
.Lower coveclar ring
##Cgnira’ o

8 Conow 000 tude
TXConme olibe tuieg/ stupe el
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FIGURE 5. THE DWESABACTOR (30 /MONTH)

focturer of the reactor: Deggendorfer Werlt und Eisenbau DWE, Deggen-
dorf, Federal Republic of Germany (Patent 1181177).

Oxidation reactor (conventiona! design for BASF and Von Heyden
processes) with central salts cooling and heot exchange system. Manu-
facturer of the reactor: Deggendorfer Werkt und Eisenbou DWE, Ueggen-
dorf, Federal Republic of Germany.

8,928 contact tubes, 1.D. = 25 mm
0.D. == 30 mm
length = 3072 mm
Diameter of the reactor = 4,540 mm
Height of the reactor = 4,800 mm
Volume of the catalyst tubes = 13,500 litres
Weight of the oatalyst == 9,450 kg
Weight of the reactor = 62790 kg
Weight of the salt bath = 38800 ky
Operating weight of the reactor = 111,000 kg

Production copacity of the reactor = Ymonth
o

Design temperature 1
Reaction temperature : o PG
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FIGURE & THE DWE-AEACTOR, CENTRAL
SALYS COOLEBR ~ HEAY EXCH/ANGER —
STEAM GENERATOR

% iﬁn mum mm- m PHTHALIC ANNMYBAIDS, 300 YNONTH
[y gy A YMONTH (14,400 wy). MANUMETUNSR: DEOGANDORIER WIRFT UND
BISENBAL), DWE, DESOENOORP




208
blhics (Awdiejewka Donieck, etc). The pro-
Jduction capacity of the plant in Poland
15 4000 t/y and of those supplied to the
Union of Sowviet Socialist Republics (in
1967) 24,000 and 16,000 tfy
Two new phthalic onhydride plants,
using the sume type of revctar have been
contracted recently by Polimex-Cekop for
supphes to the USSR in 1973 The manu-
tacturers of these reactors are Zaklady
Urzadzern Chemicznych i Aparatury Przem.
yslowe; in Kielce and Zaklady Urzadien
- Przemyslowych in Nysa. Poland. The new
N ph halic anhydride renctors suppled by
Polimex-Cekop will use o new catalyst de- ;
a7 veloped by the author, permitting higher |
conversion rates. 3
Volume in the comact %
tubes 18,500 litres
e Volume outside the
e contoct tubes 25,500 litres
i Volume of the catalyst
mass 13,400 litres
Working pressure
"¢ in the contact tubes 0.7 at
9 Working pressure
- outside the tubes 0 at
it Working pressure
oy it ’ in the steam generator 240 ot
- _ Temperoture ot the
FIGURE 8. THE POLIMEX-CEXOP REAC- oorrtoct tubes entry 140.0 *C
Ton Tempevoture in the
contact tubes exit 380.0°C
Temperature in the contact tubes 420.0°C
Temperature outside the contact tubes e C
Aghator for moken salts, motor 40.0 kW
r.p.m. 780
Total head 7.0 mWQ
Capacity 1,100.0 mih
Steam generator, heat exchange area 0 m
Contact tubes 8,540
Woeight of the catalyst 8,30 kg
Diameter of the reactor 4070 mm
Heigh: of the reactor (without support) 9,500 mm
Total of the reactor 11.500 mm
Weight of the reactor 88,200 kg
Weight of the salt bath 38,000 kg
Total weight of the reactor (working) 135,300 kg
Matenial of construction C-Steel
Contact tubes, 30 2.5x 4,000 mm C—Stesl
Production capacity of the reactor 4,000 tfy

3. THE ROLLE REACTOR

Am«wdmmﬂivﬁvw I
has been suggested by the author in 5. A rescter m
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was engineered and monufoctured by Ariosto kolle, Padova, laly for o
plant in Turkey The production copacity of this reactor is approximately
7.900 t/y. This reactor uses the Joklik cataly~t

Ill. OXIDATION REACTOR DESIGN INCORPORATING
RADIATION TECHNOLOGY

1. THE JOKLIK-REACTOR

An advonced oxidotion reactor design has been engineered for a
process utilizing high energy gomma radiation from o cobalt 60 gamma
source for the catalytic conversion of crude naphtholene and/for o-xylene
to phthalic anhydride or for the conversion of benzene to moleic anhy
dride. (O.F. Joklik: Austrian patent 258 892, 1967). This reactor is describe §
in {igure 9.

124
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JOKLIK-REA CTOR

Reactor wall

Lower tube plate

Upper tube plate

Contact tLoes

Lower reactor cover

Upper recctor cover

Support of the lower tube plate
Support of the lower tube plate
Support of the lower tube plate
Expansion element

Gas inlet

Turbulence device at the gas entrance
Distributor for the gas stream
Gas exit

Contact tube closing device
Gamma radiation source
Gamina radiotion shielding

ORBNONEB WA —
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IV. NEW DEVELOPMENTS IN REACTOR TECHNOLOGY
REACTORS WITH LATERAL SALT BATH COOLER
1. THE ROLLE/JOKLIK-REACTOR

Reactors with a central sok both aglitator and an incorporated steam
generator have the disadwintage that considerable eontoct tube space is
occupied by the aghtator and steam generator. Owing to the rather com-
plicated design of such reactos, their cost is quite elevated. A further
disadvantage, especially when using catalysts on carriers of weak mechani-
cal resistonce, is that the vibrotion couses on undesited increase of caka-

Catah3t tobes
PHENSC wAy IV
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The BASF-reactor is manufactured by the Deggendorfer Werft und

Eisenbau DWE, Deggendor, Federa! Republic of Germany (Viz. Elwood
P Chem. Eng., June 1969, p. 80 etc ).
Figure 10 compares a conventionol (central agitator) and a new BASF-
reactor with a lateral ogitator and steem generator. The reactor itself is
o departure fron tiadition in the sense that the heot-exchange system is
located outside the vessel. This ollows the reactor core to include addi
tionol catalyst tubes, and thus increases reactar through-put.

BASF-reuctor witk external cooler 16 4-1, high’x13.8 fi. dia, contains
nearly 10,000 contact tubes. lts capacity is 15,840 tly. In the BASF design
the molten salts, previously cooled in the external heat exchanger, enter
the reactor through severol wall ports simultanaously fed from a circum-
fere. tial wall ring. This provide: better cooling near the walls, as well as
more uniform heat transfer throughout the reactor.

V. ADVANCED REACTOR TECHNOLOGY
1. THE RHEINSTAHL/JOKLIK -REACTOR

The Rheinstohl/loklik-reactor, represents the latest development in
this particular field. A simplified, but yet very robust construction increases
the reactor life and minimizes is weight and cost. The solt bath circulator

city of the reactor. The salt bath circulator ond the steom generator
form an independem unit together with the salts storage contalner and
the salt bath ciculating pump. The reactor #se¥ thus becomes vary
accessible and the assembly of the whole oxidation unit is very simple.
The sokt bath circulates radiolly 40 the contact tubes in an ideal sweam
and at high velocity, thus ensuring optimal heat removal. Figures 11, 11 q
show this new type of reactor, suitoble for o wide voriety of high-tempe-
rature gas-phase heterogeneous cotoiptic reactions over fiwed-bed cotolysts,
such as the conversion of naphthalene andfor o-xylene to phthalic anhy-
dride and the conversion of bentene to malele anhydride.

In processes requi a longer contoct time and consequently lon-
ger contact tubes, the r::gtor can be supplied in two separoted sectiors
with separote salt bath cooling circuits, so that on over-all lenght of con-
tact tubes of up to 6,000 mm con be assured. The: two
parts are cssembled on the site the plant. Figure 11 b shows such @
type of rec +tor.

The Raeinstahl/joklik-reactor is designed and enginesred in
versions. OmlsaMMrmduﬁh’MQmm.
other, to reactors up to 11,000 contact tubes and more, A
11,000 contact tubes would hw&hﬁi{kqudwﬂonmmy

:
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FIGURE 11 b. A TWO.STAGE RHEINSTAHL/JOKLIK-REACTOR

The reactor can be placed upon a special oarriage support on
wheels and rails to permit its easy movement for mointainance etc. with-
out the necessity of employing crones or similar equipment.

2. THE OXIDATION GROUP

The oxidatior group forms ¢ complete unit consisting of the reactor
itself, the salts storage and melting container, the salt bath circulator, the
steom generctor, the gas coolommt exchanger and the steam drum.
In figure 12 is shown a typical schematic diagram of the oxidation group.
Figure 13 gives more details of the assembly of the oxidation group.

same principle con be applied to phthalic anhydride and maleic
anhydride plants.

3 THE CONTROL OF THE REACTOR

Reactor terhnology is Incomplete without efficient control, Conven-
tionol processes use the voriotion of tho sak Eoth temperoture as a
Meqas to centrol the reaction temperuture, It is more appropriate to con-
tral the recction temperature by o voriation of the feedstock concentration
in the @it «ream prior to its entrance into m?hw V;‘han the mo:‘:on

P e Iposses. a praset masimum , then the conoentrotion
d\:; fondstock in the air is avlomatically reduoed and vice versa. Another
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Vil. CONCLUSIONS

The newly developad Rheinstahl/Joklik-reactor is suitable for o variety
of cotalytic oxidation reactions e.g. the conversion of nephthalene and/or
o-xylene to phtholic onhydride or the conversion of benzene to maleic
anhydride. This reactor has been designed and engineered to meet the
special requirements of high-temperature and high space velocity coto-
Iytic processes.

The design of the reactor is equaly suitable for plonts with o small
production capacity of 50 o 100 tons per month as for farge scale indus-
trial plonts with production capacities ranging up to 18,000 tons per year
and more per unit.

REACTOR TECHNOLOGY BASIC PATENTS

1. Downs, Ch. R., (to Barrect Company), .Apparstus for Promet Catalytic Resctioms”,
US 1,604,739 (Oei %. 1 "

2 ::.smo..”r.hn‘% to Seiden pany). .Proces of carrying on Catalytic Reections™, US 1,414,

3. Forrast, H. O.. st al. (10 National Synthetic Corporation), .Process of Osddizing Nephthelens
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FACTORS AFFECTING THE DECISION
TO MANUFACTURE CATALYSTS'

BRUCE CRAMEN*

To provide a framework for the discussion which follows, it wiil be
wesful 10 have o classification of vorious catalysts of potential interest
(table ). Neither lorge volume petroleum catalysts such os the fluid
cotolytic cracking type or platinum-alumina used for reforming, nor cata-
lysts used in large scale petrochemical operations, such as nickel coatalyst

hyc’ rogenation, or the several catalysts employed in ammonia plants
are witnin the reaim of our experience. The area of speciolty petrochemi-
ool catalysts, such as those we monufocture for processes making inter-
mediate chemicals such as ethylene oxide ond maleic anhydride wili be
diseussed specificolly. These imermediotes ore used o «building blocks*®,
the majority of which ewentually become polymer products or additives.

TABLE |
SIGNIMCANT CATALYST MARKITS

PEATROLEUM REMRNING
Alcytation
Croching fuid
m“




|
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Other markets

Ethylene oxide
Formaldehyde

Ag or mixed oxides
Maieic anhydride
Mathanoi
Nitric xid
Pharmaceuticals
Phthallc anhydride
Polymuerization

itanlum trichioride

it may be an over-simplification byt it is vital to recognize that cata-

lyst per‘ormance is olways ar important foctor and in many cases the
critical one in determining the economics and successful practics of a
chemical process. There is wemendous variety of commaercially ovailoble
catalysts which may find usage in relatively broad chemical process areas
such as nickel catalysts in hydrogenation reactions, while others have been
designed for and may only be used successfully for o very specific reac-
tion. Just os there ore a myriad of products beoring the nome ootolyst,
there is o wide variety in the methods used %0 make them. Tﬂhf methods
i y sometimes be limited 40

relotively simphdmﬂwloodphy:ionltmmoppoudtohqwuy
employed, very sophisticoted testing in pilot plant prototype units. In ome
cases there is a reol need for on-site proparation of a cotalyst such as o
situation where the cotolyst is consumed or its physionl lorm Is ohered
beyond the point of continued utitity in the reaction Kself

With the foregoing generol remorks as o very brief background, ist
us explore in more detoil the specific technicad and aconomic foctors which
must be carebully considered when examining the of
manufacture. These factors are raw materials; moterial, equipment and
personnel aspects of production, product testing; techrical service.

RAW MATERIALS

Availability of key raw materials and an odequacy of supply, prefer-
ably from multiple sources, mu;:l be ostobtl,i:hod in terms of suitoble dnb-’
mical and physical properies. This might be interpreted as o stotement

thoobvlombutonomiwhrommphwm point up the Cifficulties in
what seemingly is a relotively simple situatio .. In our manufacture of opig-
lyst for maleic anhydride, one of the principal consttuents is a vanadium
beoring compound. During the loboratory development of this colalyst,
a centain commercicl grade of this compound was used in the voriety of

and the need for commercial quantities o catalysts come closer W reality,
efforts were undertaken to ualify less expensive ond more readily avoil-
able commercial grades of gﬂs vanadium compound but oll of the offorts
proved ul'uuccosg;l. primarily due, it was discovered, to different combi
nations of impurity lovels. k was necessovy, thersors, to manuftioture the
initial commercial dmrfn of ontalyst using the laboretory -m
and that catalyst is still prepared today using this some quolity

compound in significant quantities. During the time thot this
been manufoctured, numerous sources of this compound havy buen
luated ond only one, the original, allows the praparation obd
superior quality. e shgigt

cations {a cotalyst oot or caused
mur;-dmmm“?Mﬁz p
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occurring or semi-refined raw materials such as clays or zeolites, whose
chemicol analysis may vory cver a fairly broad spectrum, can be the
source of major problems in the peformance of finished cotolysts. It is
vitol that ~aw materiols manubacturing procedures and quality control are
not only known to ihe catolyst manufacturer put also monitored by him
on o regular basis. The establishment of specifications for catalyst row
materials is many times in itself a lengthy, tedious development programme
wherein the effect of the impurities on catalyst performance must be deter-
mined independently. Where precious metals ore used as cotolysts, fre-
quent accurate assays are essential, metal recovery systems must be devi-
sed, contaminotion prevention procedures constontly monitored and secu-
rity programmes implemented and continuously maintained. As one exam-
ple, in the area of raw material testing let us look at the critical pro-
perties of a cotalyst carrier. Table Il Is a tabulotion of such physical ond
chemical properties that are measured to provide a definition of o cato-
lyst carrier as o suitable substrate or co-cotalyst. The list is rother a

thy one; soine of the tests required are rather elaborate ond the
u nding of the inter-relationship of oll these factors with respect
to catalyst performance is an essential element in the control of catalyst
quality.

TABLE 1
CATALYST CARRIER
PHYBICAL PROPERTIES

7 Procass steps or for the
'y beteh ;‘;{mq mdmm! wide e Tali
»! , The size of equipment in the
‘morkist for the cowsiyst. This Is

n the
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of an adequate leve! of training among operating personnel During the
long period the uiant s nct aperated. people can and will lose the ant.
There remains a measure of art and spacialized know-how needed in the
continuing successful praduction of catalysts.

In process controls are o wvital factor not anly of such vario-
bies as weight, volume, temperature, viscosity, or dryness but also
i the frequent evaluation of finished catalyst quality to ensure
that current produ tion ist meeting preset standards during every
step af the manufactunng process. In cases where g catalyst plant
ts charged with the manufacture of more than one type of catalysi

Fumes fram surrounding chemical plant, operations must also be consi-
dered in this categary. Far exumple the presence in the atmosphere of
even small amounts of halogen compounds near an ethylene oxide catalyst
manufacturing plant cauld be intolerable since these could be expected
to poison freshly manufoctured catalyst to the point of inutility. Some cata-
lysts used commercially are relatively weak from g physical standpoint and
must be handled during the monufacturing aperation with q great deal
of care to prevent attrition, crushing ar loss of active ingredients. In the
catalyst manufacturing business it is probable thot o manufacturer or
potential manufocturer will find that the specialized type of equipment
required to make one particuiar catalyst is not ot oll suitable for another
type because of the process steps involved or potentiol contamination, In
many cases it is necessary to acquire, build and operate separote and
distinct facilities.

TABLE

MANUFACTURE OF HETEROGENOUS CATALYSTS
PROCESS STEPS AND EQUIPMENT

PREPARATION

Solutton preparation

heating/cooting

viscosity controt

la controt

Solids — sotids mixing
Soltds — liquids mixing
Evaporstton | crystaliization
Dryi

ng
Grinding and sizing
Balt milling

Againg
Poliutton controt
FORMING

xtrusion

Mhtlllg‘ ¢
Impragnstion . . k

m ‘W m“ P Foga e fe Ty e
Pollu’uon m(rol catr) ‘ ‘ I ;

FINAL sTRFPS

L rolied g o
i ik oy B8
polivtion controf

packaging
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TESTING

To a potential catalyst manutacturer the areg of catalyst testing and
evaluation is as great a concern as the care necessary in the raw mate
rial control and the production process steps for that cotalyst It is possibie
to conduct a variety of chemical tests and in some cases necessary to
conduct numerous chemical tests in those areas where manufacturing con-
ditions are not easiiy controlled. The definition of the precise amount af
each of the key catalyst components and the levels of known critical
impurities is frequently imperative Similarly, depending upon the particu-
lar catalyst, physical tests may be warranted such as attrition loss, surface
area, or volume and size, or some of the others which were pointed out
earlier as being oritical for incoming quality control of catalyst carriers

In addition to all the chemical and physicai tests that may be indi-
coted as necessary controls, what interests both the catalyst manufacturer
and the chemicai plant operator is the question of catalyst perfarmance.
Does the charge of catalyst conform to the performance standards which
will allow the chemical plant to operate as it was designed? The key factor
is that performance testing carried out by the catalyst manufacturer must
be dlosely related to the chemical plant reaction system and a close corre-
lotion developed between the operation of the plant reactor and the labo-
ratory or pilot plant test reactor. Perhaps a relatively simple example, which
is pertinent to many chemical reactions, is the use of a tubulor reactor.
Such a test reactor can be designed to simulate the plant reactar by using
one or only a small number of tubes of the some dimension as the tubes
used in the plant reactor. The test reactor should have the same catolyst
bed height 5o that heat transfer, flow and recycle conditions are simulated
as closely as possible. The catalyst manufacturer must determine the fre-
quency with which he proposes to test the manufactured oatalyst. Waiting
untll a complete plant charge has beer completed is not recommended.
It iz o very expensive crisis when one finds 10,000 or even perhaps 50,000
kilograms of cotalyst have been made and none of several representative
samples tested have been alle to pass the performance test,

Analytical facilities associated with the catolyst test equipment must
be designed as accurotely and dependably as those which are used to
monitor chemical plant reactor operations on a continuing basis. Even
ofter the catalyst manufactuning plant is built ond operating, and the
quality of the catalyst has been confirmed by frequent testing of repre-
sentative samples from reasonably sized production lots, there remains
one trouble some question which is zrequently left unanswered. That question
is: What Is the life expectancy of a given charge of catalyst if operated
under normal plant design conditions? The s utting down of a plant
mactor and the consequent loss of production can very seriously affect
the economic success of o process if it occurs earlier or more frequeitly
than expected. Ensuring thot such shut-downs do not occur because of
oalalyst quolity is o foctor thot the cotalyst manufocturer must consider
ond be in & posiion to evaluate above ond beyond the initial catalyst
e o 5, 5.5 3500 il e

A the B30 of the process c , chemical plant ope-
oiyit monyfocture imubcouu&gﬁymoo-aﬁmtodwmd

%

wiripus colblysts, it is not unusual to find that
pciiities and-the taaining of people to opercie
spenshe snd Aime consuming than the catalyst
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manutuctuning operation self If no other point is made in the course ol
these remarks | do want to siress the very important and critical step that
catalyst pertormance testing represents

TECHNICAL CONSIDERATIONS

A corollary te catolyst manufacturing and testing is the need for the
support of high quolity technical manpower. Various experts are neoded
beginning with the design phcse of the catalyst manufacturing plant,
including those responsible far its day-to-day operotion, maintenarce
engineers, o diversity of onolytical talemt and detailed knowledge and
understanding of the commercial process ar processes in which the cata-
lyst or catalysts may be used. Never is the owailablity of this tolent move
necessary or vitol to success than those times when problems oocur. |
refer not so much to those problems which might be associated with the
breakdown of catalyst monufoctunn plant equipment but to those situations
where the catalyst hos been manufactured in accordance with well delin-
eated procedures using all the specified precautianary contrals and then
the performance tests show repectedly that the catalyst is of inadequate
quolity to offard economic cperation using the piant charge. At a point
in time such as this the catolyst manufacturer must have a group of indi-
viduals, each with unique skills, who can be oalied upon to investigate
and salve the catalyst manufacturing problem in o very short perizd of
time.

There is a great deal of ont involved in the manulocture of many
catolysts and it is difficult if not impossible to define specifically all of
the variables critical to the preparation of good quality catalyst. The eco-
nomic considerations at stake are great. The loss of two or three vield
points in the initiol performance of a cotalyst charge ar a greater than
expected rate of decline in activity con be extrapolated ta millions af
dollars in product losses and a completely unacceptcble, uneconomical
plant situation.

During the remarks made thus far, the basic ossumption has been
made that well-practiced technalogy would be available ta ony organiza-
tion desiring ta establish a new catolyst manufacturing facility. When this
technology is trenslated into a new plant facility it is essentiol that the
fewest possible number of charges in equipment size and type be made.
One of the major problems in the commencial manufacturs of a new
catalyst is the necessity for scaling up to economical size the successtul
catalyst preparation technique that has been developed in the lobonatory.

In the case of many oatalysts, production operations may appear
very simple or even backward in the light of known, readily available
equipment that might have been chosen. Often the reason for this Is the
fact that such relatively primitive techniques have been shown to produce
cotalyst of superior quallty, whereas seemingly more compiex, automated
techniques could produce inferior quakity catalyst.

It should be recognized that two processes for making the some
chemical commadity may very likely smploy two entirely differant catolysts
each one of which is entirely consistent with the unique process conditions
for which It was designed. they will not, however, be found to be Inter-

changeable and o catalyst manufacturing plant for the preparation of
one moy very well be completely unsuited for the preparation of the cther.
This Is onother of the market factors thot must be considered In deciding
whether or not to manufacture cotolyst. A similar point might be made
with regard to cotalysts which moy have the same basic constituent but
are used for entirely different processes. A good example of this s venus
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dium pentoxide catalyst used ior sulphuric acid or the vanadium pentoxide
based cotalyst used for phthalic anhydride or maler unhydride. The cata-
lyst manufacturing processes in all three of these cases are significantly
diferent and very little of the equipment would be interchangeable A
universal catalyst plamt is o desirable objective, but unreal from q prac
tical standpoint.

The decision t6 manufacture cotalyst is @ complex one as the fore.
going remarks have indicated. It is o decision which requires the careful
consideration of: the availability of oppropriate technical know-how and
manpower, the obtaining and evaluation of raw materials, the design and
building of & facility which may be under utilized causing technical and
personnel problems due to infrequent use, extensive and in some cases
elaborate testing fucilities and thorough understanding of the use of the
catalyst in a chemical plant.

The decisions which will be contemplated relate to specific catalysts
and specific plant situations. The problens involved and the aporcach to
their solution will undoubtediy be different in each case. However, the
factors which will offect the solutions of these probiems must universally
take into acoount ali of those which have been discussed.




NEW TRENDS IN CATALYSIS'

JOOST MANASSEN®

I. INTRODUCTION

Although it is odvisable far developing coumtries to buy proven know-
haw, there is always the danger of buying processes that are obsclete.
Many obsolete processes may actually be in use the world over, but their
capitol investmem has been written off lang ago ond therefore they can
compete with more modern processes.

if. on the other hand, the investment has to be done from the
beginning, it is important to buy the most modem prooess which, however,
must have proven itself technologically. Also local conditions, such as the
price of power, the size of the plant and the availability of certain raw
materials, are of great importance in defining the choice of process to
be used. Therefore, we present in this paper some examples of chemical
pracesses which, by the improvement of colutysts, have undergone or will
undergo drastic changes.

A great research effort has been invested the world over in homo-
genecus catalysis and, in spite of original pessimism in some quarters.
pracesses have swarted to appear which compare favourably with the
parallel processes, using heterogeneous cotalysts,

Improvements in existing heterogeneous catolysts have alsa brought
dawn drastically the reaction temperature and pressure of some processes,
but this does not alwoys necessarily mean that the new process Is better
under all canditians.

We shall give some significant examples of processes for which new
cotalysts have been developed, and instead of piving an eshaustive review,
intend more ta give some typical examples as to which factors, from the
chemical point of view, should be taken into acoount when one considers
buying new technology.

H. EXAMPLES

1. THE OXO-PROCESS (HYDROFORMYLATION)
The OXO-synthesis is concerned with the addition of CO and Hy
to a double bond. Two Isomenc products are usually formed:

o
1 1| C’
8) R-C=C- 4 H+CO - R~C~C- N
(I

1 This was lsved In slone! form ender UNIDO referenss i
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b} R-C=C § Hy4CO —»R-Ct

D— M-

7N
(o)

Becouse, for many opplicotions, the linear product is the more desir-
able one, the tosk of the catalyst is to give o maximol linear to bronched
ratio. Moreover, it is often the aloohol ond not the oldehyde which is the
desired product, und o cotalyst which not only catolyzes the hydroformy-
lation but olsn the hydrogenation of the oldehyde into alcohol, is even
more preferable.

The classical cataiyst for this reaction is based on coboit, which is
brought into the reaction mixture in the form of one of its solts. The
active catolyst has been shown to be coboh-hydrogencorbonyl. HCo(CO),,
which is soluble in the reaction mixture. Being concerned with a homo.
genecus catalyst, one of the important features of the process therefore
is the recovery of cobalt.

One of the pioneers in improving this process has been the Shell
Company, which improved the performance of the cobalt catalyst by
adding extro ligonds which are almost exclusively tertiary organophos-
phines, RyP. Although hundreds of ligands are claimed to be effective in the
patent literature, it seems that tributylphosphine and tricyclohexylphosphine
are the ones actually used. Although the reaction has to be run under
more severe conditions using these catalysts, they give a higher normal
to branched ratio and also hydrogenate part of the aldehydes formed.

A newer development is the use of rhodium instead of cobalt. Rho-
dium is one of the most expensive metals known, and q process using
this metal as a catalyst is only possible when catalyst losses are brought
down to the absolute minimum.

It has beer. shown that monovalent rhodium in the presence of
triphenylphosphine is very efficient in catalyzing the hydroformylation re-
action. It is possible to use concentrotions in the range of 10731074 M,
to work at relatively low pressures ond to obtain high linear to branched
ratios. Especially when done with an excess of triphenylphosphine, the
linear product is formed almost exclusively. Only aldehydes are formed
and no aloohols, and higher boiling condensation products are less pro-
minent with the rhodium catalyst than with the cobalt catalyst.

if only low boiling products are being produced, no catalyst s8Da-
ration Is necessary and the products can be distilled directly out of the
reaction mixture, The catalyst does not decompose under these conditions.

These features are so adwantageous that it is rather probable that
OXO-technology using rhodium catalysts Instead of cobak will appear
on the market in the near future.

2. THE PRODUCTION OF ACETIC ACID
Mmmdpmdmmmdhbyhoﬂdmd

paraffini, especially n-butene. Cobakt gnd mangonese salts are the cata-
used, and the reaction Is run in the lquic phota, o solvent,
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A serious competitor for this method is the Wacker process, which
can be formulated as foliows:

o
AN g } /
= 4 Pact, + Mo » ¢} Pa + 2MCI
SN L

Pd + 2CuCl, - PdCi,  + 2CuC
2CuCl + 2HCi+12 0, - 2CuCl, + H,0
(o] 0

| . |
-c—c/+ 127 0, = e
AN I N
OH

Palladium chloride oxidizes ethylene to acetaldehyde and is reduced
itseif to pailadium metal. Palladium metal is oxidized by copper chloride.
The cuprous chloride formed is oxidized by air. This means thot in the net
reaction, ethylene is oxidized by air to acetaldehyde. Acetaldehyde con
be oxidized into acetic acid, using 0 manganese acetate catalyst.

The same Wacker process is used for producing vinyl acetate, when
a mixture of ethylene, ace'ic acid ond oxygen is led over a poHodium
catalyst. It is even possibie to produce the acetic acid in situ and to
pivduce vinyl acetate from ethyiene, air and water directly.

There exists a liquid phase process, using a homogeneous catalyst
and a gas phase process, in which the palladium catolyst is precipitated
on a carbon or alumina support. i seems that the heterogenecus gos
phase process is more economical, becouse of the inevitable st
losses of the hamogeneous process, which must be prevented when using
an expensive materiai iike palladium.

A more recent development in this field is the Monsanto process
of making acetic acid out of methanol and carbon monoxide:

o

| Y 4
~C~OH + CO -+ --C--C—OH
| |

According to the patent literature, the catalyst is based on rhodium.
This process is sold to have inwortant economic advantages over the
Wacker process.

3. THE PRODUCTION OF AMMONIA AND METHANOL

The changes in ammonic production in recent yeors have been mostly
of a technological nature. Because of improvements in the manufacture
of synthesis gas, which enables operation of the plant at 33 atmospheres
instead of 5 and the use of centrifugol compressors which an compress
the gas in one step to 200 atm., ammonia synthesis presently run at 200
otm. instead of 300 atm. previously. The lower conwersions per poes are
more than nompensated for by the greater eose of recycling the zcm
T:e conventianal synthetic ammonia cotalyst has not undergone drastic
changes.

The conventional way of synthesizring methanol from is gas
uses te~hnology simdar to thot used in ammonia synthesis, Temperotures
of several hundred degrees Celsius ond pressures of several hundreds of
atmospheres are used. in this case, new cutaiyst deveiopment hos brought
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about a decrease in working temperature and pressure. By using zinc-
copper chromites instead of the unc-chromite cotalyst, it has become pos-
sible to design plants that work qt 50 atm. pressure and approximately
250°C.

These technological and chemical considerations have some interes-
ting implications. As in q developing country, the need for ammonia is
probably felt at an earlier stage than the need for methanol, because
ammonia is a fertilizer ingredient and methanol, a chemical intermediate,
ane might consider plonning an emmonia plont such, that at o later stage
it can be converted inta a methanol plant, when ammoniq capacity has
to be extended. In such a case it wonld nat be advisable to use the low
pressure methanol technalogy. But also in other cases, the fact that o
process can be run at lower pressures and temperatures does not always
mean an economic advantage. This should olways be weighed caretully
agoinst factors such as the price of electrical power and the turnover
of the plant,

4. HYDROGENATION

Hydrogenction is an aperation which is used in many processes and
ranges from the massive hydrogenation of henzenc into cyciohexane to
the spudific parual hydrogenation of fatty acids employed in madern
margarine manufacture.

Although hetercgeneous catalysts based on the conventional noble
metals and nickel and cobalt still dominote the field, new developments
in homogeneous hvdrogenation are so rapid that we should like to dis-
cuss some of these aspects. It |s quite conceivable that some homoge-
neous catalysts will find a place in this field in the near future.

The best studied of all homogeneous hydrogenation catalysts is tris
(triphenylphosphine) rhodiumchloride, wich is assumed to work as follows:

P
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rhodiumchloride complexes with one molecule of hydrogen and the olefin.
Th2 hydrogen adds to the double bond of the olefin in the complex shell
and the paraffin thus produced leaves to moke place for o new set of
Lydrogen and olefin,

o?hks catalyst works efficiently at ambient conditians of pressure and
temperature in organic solutions ot very low concentrations. The fact that
the cotalyst is @ homogeneous might be o drawback in many cases, becouse
the expensive catolyst he; to be recovered quontitatively.

Several patents duscribe methods to bind the homogensous cota-
lyst to on insoluble corrier, by which meons this disadvantage con be
circumvented.

For instance, the carboxylates of noble metols like rhodium, ruthe-
nim, iridium or rhenium in their bivolent stotes ave good hydrogenation
catalysts in the presence of wiphenylphosphine in methanol solution. I
the carboxylate anion is replaced by a cation exchanger:

Rhy(CH3COO~)s + cation ench.—»Rh?+ (cation exch.)+ CH;COOH

A heterogeneous catalyst is obtained which, in the presence of tri-
phenylphosphine in methanol solution is capable of hydroganating olefins.
In such a case cotalysts are obtained that combine the virtues of a homo-
geneous and a heterogeneous catolyst in such a way that, ofter the ra-
action, the catalyst con Le removed by Silsration.

Cther .77 octive hydrogenation omalysts con be obtained the
combination of a wranshion metal solt and a derivative of lthium olumi-
nium hydride. In paricukx, saks of thonium and cobok are extremely
offective. For instance, o mimture of cobak bromide and LIAIH (OBu)y in
a ratio of one to four at a concantration of 3 m mol/L is capable of h
gmingcydopmuhnin tetrahydrofurcn ot a rate of 0.44 mole MHyflitre/min.,
w is extremely fast.

There are numerous examples of other very active homogenesous
hydrogenotion cotalysts and cemoinly severai of them will find their woy
imo technotogical hydrogenation processes in the neur fuure.

5. NYLON 6—¢ INTERMEDIATES

The conventional woy of producing nylon 6—6 intermediates Is based
an cyclohexanone, which is obtained by the oxidation of cyclochexane which,
in turn, is based on benzene.

in short:
0on-0
o
O+1ﬂ°t”’.o
T 0
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The production of adipic ocid following this route is quite satisfac-
tory, and the improvement which is sought is to perform the oxidation of
crclohexanone by air and not by nitric acld, which wouid be expected
to lower its price.

Hexamethyi. .amine, on the other hand, is too expensive by thi,
route and several ot wr routes are being tried, some of which will appeur
as availoble technology in the near future. One of these is the dimeri-
zation of acrylonitrile, itself a raw material for artificial fibres. Mony cata-
lysts have been developed to effect this dimerization, but none seems to

be 00 successf |. An electrochemical route has been developed by Mon-
santo ond is in actual production:

I | B
1-C=C~C=N+2e+2H*>N=C~C~C-C—C—C=N
A
Another interesting possibility has reached the pilot stage. It utilizes

sodium amalgam, which is formed Guring conventional sakt electrolysis for
chlorine uction:

I I
2—-C-C-—C.=.=..==N+2Na+1H*—»N?._=C-C—(!:—C-C—C.==_N+2Nu+.
| (I

Conventionally, the sodium omaigam is subsequently decomposed
with water to glve a caustic soda solution. in the proposed process the
amaigam would be used for adiponitrile production, stil ending up with
a caustic soda solution.

One drowback of all the methods in which adiponitrile is on inter-
medicte is the rather cumbersome reduction of nitdle to primory amine,
which suffers from short cotalyst life and the formation of secondary and
Srtiory amines. There are patents that describe other methods of synthe-
sis in which the amine is not formed vio a nitrile. For exomple
con be dimerized rather efficlently using a bismuth cotalyst:

| | I
I—C-C-(".'- »n -C-C-('Z—?-Cnc-

This diclefin can be converted into hexamethylenediamine by the od-
diion of HBr and reaction with ammonia:

I T N R I | N N A
~CmCmC e CeCan +2le—>er-C!Z-C-C!Z-(!Z-C':-Ir
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The catalyst most used i3 bismuth molybdate, which produces about
10 por cent of acetonitrile as a by-product. The Sohlo Company in the
United States of America has developed o uranyl amimonate cotalyst,
which yields more acrylonitrile and less ocetonitrile. The Montecotini-
Edison Company in italy has developed a telluium molybdote cotolyst
which seems to be as satisfactory as the other cotalysts in use.

A drawback of the ommoxidation process is that ks mindmum size of
economic production is rather large, as is the cose with most fluidized
bed processes. Therefore, a process to moke henomethylenediomine from
acrylonitrile is very important becouse the same acrylonitrile plant delivers
raw materials for acrylic fibres os well as nylon.

7. EPOXIDATION

The epoxidation of ethylene with ai- so give ethylene oxide is on
established process, using silver cotalysts. The direct oxidation of propy-
lene, however, according ta this method, is very difficut and most propy-
leneoxide is still made acoording to the estoblished chiorohydrin route:

-(l.zé-(::-— +NeOH4-Cly-» -é'-—%-—(::— 4+NaCli

C! OH
_é..é—é- b —é-—é-—L +HCl
d YT
et Oy, Tevopeses have beer o renction, 1o oo a0

developed an electro-
chemical cell. This route might be important for countries which de ot
have enough chiorine avaiiable. By electrolysis of NaCl, chiorine Is formed
at the a.ode; it is ht into contact with progylene ond forms chioro-
hydrin. This diffuses to the cathode, where, becauie of the high pH, it Is
decomposed into propylene oxide ond NoCl is formed agoin. The net
process is thus an electrochemical oxidation of propylene inte
oxide. This process is under development and might, under cir-
cumstances, be competitive with the clorine route.

An entirely nmmhu.mmmmmown
Inc. It is based on an interesting cotahytic reaction be:ween organic
hydroperoxides and an olefin:

RH4+-O; -+ ROOH

ROOH+ -é-é—t}- = "‘{3},"}" +m

A hydrocarbon is oxidized to0 o oxide with ol ond te
hydroperoxide reacts with 2 0 ghve onide and on
aleohol. Compounds o, um seem to be the ootalysts for this
latter reoction. '

One of the disady of

FOTR sy 5 . o P T ¢ e
$ . i, ) A ; =
mnbepmdumdbydshmdm,ﬂahd.umm
um::ﬁb:mm\omfmfm propylens: oride in
some plo.t,
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Several companies are octively studying the oxidation of propylene
to the oxide directly with air, as is done with ethylene, and technology
based on this direct oxidation might well be avoilable in the near future,

I11. CONCLUSIONS

Some of the newer trends in catalysis for the production of chemi-
have been described. Mmobo conceming the type of process to
| conditions. An electrochemical route,

be advontogeous In countries whers electrical power
P and only @ small factory size is necessary for the time being.
-technology and the production of ammonia and methanol are in o
of flux, ond more advanced technology may be e in the
. production can be coupled with sak lysis and

le production. and styrens, with thot of proﬁzlonc oxide. Al-
h processes which give coupled products are not o ays attractive to
producer in a developed couniry, they may be ottroctive to a deve-
countiv. Therefore, local condlions dictate the choice of processes
”T‘::omﬂdsd»edbodhm may be of help to those who
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ACTIVITY AND LIFE OF CATALYSTS FOR
THE PRODUCTION OF AMMONIA!

$. P. 5. ANDREWY*

The ammonia plant manager is more concerned about the Mfe and
reliability of the cotalysts which form the heart of modern plants than he
is about their initial activity, provided this is adequote. Yet there Is no
aspect of the technology of catalysis less quantified than lkfe ond the
factrrs which determine i, and no phenomenon more open to bel
dismissed with the pseudo-explanation that the catalyst was " »mg'
than an undesircbly early loss of octivity of o plant catalyst. In this paper
many of the cotalysts which are required in modern ammonia plants will
be considered with particular reference to th ir activity and life, with the
aim of showing how the cotolyst monulocture:, through a knowledge of
the structural changes which take place in catalysts over long periods of
time in use, can 5o formulate his products and recommend to the plant
operator the optimum conditions for their use that they are better able
to retain their activity over years of ammonia production.

I. CATALYSTS FOR AMMONIA PRODUCTION

The process unit sequence employed in ammonia synthesis 1)
consists essentially of three synthesis reactions, each preced the

appropriate purtfication
y S ik o tions which are designed to reduce
nmw,/%/q.:m g st ers  greatly the concentration of compo-

w"w'“ w0t 1284 m which mufd:h;.wh: ocause
gy  CE N sor U0 ' ootclysts. Thus the of CO
‘;’r e Nt gas i 674 otd H; from naphtha in the Mm
orwroaw  § mviese b feadoascs” et s preceds
. ul 2otion. .

Corpo Aoy ny WO IS ing desuiphurizotion sulphur is §i-

oo cays ] 200t «r 52~/ berated as HyS by hydregenolysis of
et . the ‘:ﬁ;hurmhg species in
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phurization section is determined by the sensitivity to sulphur af the re-
forming cataiyst.

It hos been recently discovered thot the life of the law temperatyre
shift cotalyst, used for converting CO ta CO,, is markedly influenced by the
presence of hologens in the gos strcam. A halogen guard absorbent is
therefare, an modern plants, often inserted before the law temperoture
shift catalyst.

It has long been known that oxygen-contoining compounds, if in
excess, cause rapid lass of activity of the ommonio ~ythesis catalyst. The
methanation stage immediotely preceding ammonio synthesis is the meons
by which CO,, and even more important, CO ore remaved.

Becouse aof these relotions between synthesis cotalysts and purificotion
operations this paper will cansider each of the synt asis catolysts in turn
and the manner in which its activity and life ore offected by poisons. The
requirements of the apprapriate purification aperations, and the cotolysts
used in them, ore then sketched with particular emphasis on recent
deveiopments in both stages. Noturally in o paper os short os this only
highlights can be included.

l. STEAM NAPHTHA REFORMING

The discovery that o sufficient oddition of potash in an avoilable
form enabled o supported nickel catolyst to be capahle of steam reforming
naphtha ot low steam ratias was made in 1959 ond revolutianized the
gosmaking stage in ammonia pro-
duction for 'm% whotT: nah;:’al Naphtha
gos was not ovo ‘e, The mode b
of action of this cotolyst (ICI 46-1) ke / T~
is shown in o simplified manner in I~~~ —

. figure 2. The ability of this catalyst - Methane ans otefing

‘ to operate without corboning up is

cbtained not so much by inhiblting
the carbonforming reaction (thought cAwy
the non-acidic support  used no
does not promote carbon forma- * Cardon o+ y

tion) but rather by introducing a I——‘——}
sacond active component into the -
ocatolyst formulation, mobile olkaki, i i
which urv:‘s to cotolyze t':e sgeam

oxidotion any oarbon that doos

b Mm both alkolies and /{
e o s

o capa catalyring the HGUME 2. DUAL PUNCTION AgTion IN STRAN
Weom oxidation of corbon When  NEQUINED o recs enTaT (IC] 44~
they are iuntlmotdy mived prior to GARSON PFORMATION

regotion, alkaline eorths ore

relactory ond are nct capable of self-mixing, by diffusion, with corbon
foming on a nicke! surface. Potash, ot the temperature of steam reform-
% : 15, howsver, able to do so. This is the Lkely cause of its unique

The Mﬂ'ﬁ mobility -of potash in two dimensions unfortunately
end pesses am"m‘“& s dva botath slowly vaporzes

pa £ n wa:
*M ; ﬁ.?sM shit ocotalyst and in time

i
!

iﬁu units so thot ulimotely they must be
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cleoned. The potash also tends, by obscuration, to reduce somewhat the

activity of the nickel surface for methane reforming During the post ten

years, meons have therefore been sought of overcoming these disadvan-

tages without losing the proven good abilities of 46.1 in steam naphtha

« . reforming. A duol cotalyst system

oy FMI 9 gvnploying oatalyst 46-1 in the top

(iniet) port of the reformer tube and

a noiu-potash-evoiving catalyst in the

iower port of the tube has been

, shown to be the preferred method. A

PR o combination of three quorters tube

of 46-1 ond one quarter tube of 46-2

PN N ot b 4 has been used for several years for

, this purpose. Recently, as o result of

. further research, a combination of one

half tube of 46-1 and one half tube

of 46-4 hos been developed. Figure

0 02 o0s o6 o4 <03 shows that os a result of these In-

Relalne loss of oltall novations it is now possible to reduce

potash evolution ta about one quorter

R T ot for 461 clome, iy oter

same time reducing the approach to

the methone-steam equilibrium at the exit of the refarmer tube by gbout
o factor of four.

The latter change permits, for instance, such improvements as redu-

cing the tube temperature for o given methane content of the product

gases.
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. STEAM METHANE REFORMING

The carbon forming tendencies of hydrocarbons undergoing pyrolysis
diminish with decrease In their molecular weight and boiling poiut to
such an extent thot it is possible to steam reform methane ot low steam
ratios without the necessity of using a catolyst containing mobile alkoll,
provided the catalyst has on adequate low temperature activity. The

by pyrolysis on the surface of existing pyrolysis corbon enceeds the rate
at which this corbon is being removed by steom gasification.

The hydrocarbon pyrolysis reactions hove o markedly higher activa-
tion energy than the uncotalyzed steam gatification reaction, in conse-
quence high temperatures favour carbon build-up. This feature is illus-
trated an figure 4, which very roughly indicates the relative rates of carbon

reactions at low steam ratios. The addition of potash, it will be seen,
Increases the carbon removal rote at temperatures above 523°C ot Jeost
one thousand fold. Below 475°C the effect of potash rapidly decreases
and Is small ot 400°C because of Hs low mobility ot thsse lower tem-
peratures.

For methane reforming the formation rate line iniersects the uncoto-
lyzed removal rate line at about 660°C showing that provided the methane
conoentration is reduced in the steum reforming below the carbon-methone
equilibium partial pressure before the reforming gas mixture reaches
660°C then carbon build-up should not occur on a non-potash comaining
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catalyst. With higher boiling point hydrocarbons this critical temperature
is. as can be seen from figure 4. lower, and the requisite reforming acti-
vity is so difficult to obtain at the lower temperatures particularly in view
of sulphur poison.ng that a po'ash contain ng catalyst must be employed
if long catalyst life s required,

The necessity for using o steam reforming catalyst having a good
low temperature activity when reforming natural g2s or methane in the
absence of potash catalyst is readily seen from figure 5 which is plotted
to demonstrate why "hot bands” occur in reformer tubes when the cata-
lyst is insufficiently active Figure 5 is based on the methane pyrolysis
equilibrium, CH,= C + 2H; plotted as a function of temperature, and the
equal rate line where carban deposition rate equals removal rate. If gas
compositions anywhere in the reformer fall in the right-hond bottom corner
of figure 5 os defined by these two lines, then carbon will be firmed and
will accumulate. With an inactive reforming catalyst the composition-tem-
Ferature sequence down the reformer shown by the right-hand broken line
is followed. Carbon formation accurs between 660°C and 675°C and o
“hot band” is visible an the reformer tube where the carbon acts as an
internal insulant. With an active catalyst the composition-temperature
sequence foliows the left-hand broken line being well clear of the carbon
formation region and hence no "hot band” is formed.

IV. DESULPHURIZATION

Sulphur, either in the form of H;S, COS or organic sulphur com-
pounds is normally present in oll hydrocarbon feedstocks for steam refor-
" mers and must be re-

o < moved down to low
levels as it polsons
the nickel catalyst.
The extent of nickel
poisoning for two dif-
ferent sulphur levels
is shown in figure 6
as a function of tem-
perature, Used in con-
Junction with figure 4
which requires sub-
stantial removal of hy-
drocarbons by steam
reforming before
the steom/hydrocor-
bon mixture attainsa
temperature of about
650°C (whether refor-
ming notural gas over
201 @ non-potash cotolyst
or naphtha over g
potash containing ca-
tolyst) then it Is ev.
dent thot the nickel
400 P Py - must have subssantial

»o oo
Temperature, ¢ activity in the tempe-

FIGURE 6. SULPHUR PO‘T”NDNG OF NICKEL IN HYDRO CARBON ra rang o
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fore indicates that sulphur must not be present in the feedstock to an
extent greater than about 0.5 ppm.

In order ta attain the almaost complete removei of sulphur required
by the reforming stage a sulphur removal unit is necessary far prior prg-
cessing of the hydrocarban. The farm of this unit depends on the type
and amount of sulphur compounds in the feedstock and these agre pri-
manly dependent on the feedstock boiling points. Thuys naphthas contain
substantial quantities of thiophenic campounds which must be treated with
an active hydradesulphurization catalyst (typicaily a cobalt moiybdate cata-
lyst) in arder ta liberate H,S to be subsequently absorbed in zinc oxide,
whereas natural gas may contain sulphur compounds such as H,S, COs,
RSH or RSR and very occasionally small quantities of a stenching agent
such os tetrahydrothiophene. Active carbon is used on many plants to
remove sulphur from natural gas, but its capacity far H,S and COS is
limited. The system, however, aften proves unreliable due to uncertainties
in regeneration or because of the presence af higher hydrocarbons in the
natural gas. This can lead to premature sulphur break-through. A more
efficient and rcoliable system uses o cobalt molybdate catalys: with recycle
hydrogen to convert all the sulohur to H,S which is absorbed by iinc
oxide. If only H,S and COS are present, zinc oxide alone is adequate
for sulphur remowal.

As with most catalysts operating on hydrocarbon systems, ocobalt
moiybdate catalysts can become deactivated in time due ta carbon depo-
sition. The formulation of the catalyst support and the cperating tempe-
rature gre most important factors in determining the rate at which carbon
deposition occurs, Aluming silicates are acidic and pramate cracking and
carbon deposition. Even alumina is somewhat acidic, and the more basic
a support is, the less the rate of carbon formation at o given tempevrature
of operation. Typical data from accelerated iaboratory tests in which an
acidic alumina-supported cobalt molybdate was compared with a non-
acidic-support cobalt molybdate (IC 41-3) with respect to carbon depo-
sition are shawn in figure 7. With suitable formulatian both these cato-

Foy

o
gofic 34
K99}

et 1e0%
Woter content of gus viv ¥y
L

Lpuiinoom sopuber vt PasIRd AqpLsa ppe nye

: mmnuuﬂg

R R R Nt e

o

e
it g R e



138

lysts have the same initiol activity (ot o fixed temperature of operation)
but the non-acidic supparted catalyst takes longer to become carboned up.

The rate af carbon depositian is, of course, also markedly dependent
on the feedstock. in general, heavier feedstocks tend to corbon up the
catalyst rnare readily and hence shauld be hydrodesulphurized using non-
acidic supparted catalysts whereas lighter feedstocks can be satisfactorily
treated with more ocidic supports.

The requirements for efficient absorption of the H,S liberated sets
o severe duty on an HpS absorbent. ZnO is the preferred absarbent, as
the equilibrium H,S over ZnS is only about one-hundredth of that for
Fe3O4 as can be seen from figure 8.

V. WATER GAS SHIFT REACTION

The material efficiency of the conversion of naphtha into ammonia
in a modern ammonia plant is markedly dependent on the ability of the
low temperature water gas shift reactor to replace CO by H, Every mole-
cule of CO slipping past this reoctor represents o loss of four molecules
af hydrogen in the make-up gas to ammonia synthesis, together with o
turther loss of hydrogen in the synthesis loop purge required to remove
the additional methane formed by methanating this CQO. Reliable beha-
vigur in use of the low tempaerature shift catalyst is, therefore, most desir-
oble. Experience has shown that twa factors which are most important in
securing freedom from ropid loss of activity of copper-containing low tem-
percture shift catalysts are firstly, correct formulation, and secondly, the
absence of chlorire poisoning. }!'igure 9 shows clearly how important is
the cormect choice of preponation conditions in securing iie, as two oata-
lysts of identical chemicol compositions have very different die-off curves.

The reason for this difference can best be understood by reference
ta the sketch in figure 10, which has been drawn up as a result of X-ray
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FIGURE 9. INMLUBNCE OF METHOD OF FOR- FIGURE 10. Hm‘l‘ﬂﬂl% " oF A
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RATURE SHIPT CATALYST BY PRECIPITATION AND REBDU

diffraction, elactron microscopy, surfoce orea ond other physicol tnvesti-
gations of the structure of these types of cotalyst. Essentially, in order to
secure long life the metal crystals must be seporoted from one another
by smuail refractory oxide crysals. "
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Furthermore, in order to secure high activity the scale of this geo-
matry must be very small. The copper crystals in ICl 52-1 are only about
100 A (107 cm) in diameter. The refractory crystal: are even smaller, only
same 20 A in dia.neter. Provided a small but even separation of che metal
crystals is produced, by a suitable catalyst preparation procedure, then
even over-heating of the catalyst does
not produce sintering of the copper

and loss of activity, provided halo- .. 2 ] e eve

gens such as chlorine are absent. In  arcmiar | actity

the presence of halogens, however, *™7 ¥ | -

the structure of the catalyst is rende- L st growthualeon

red mobiiv and recrystallizotoin takes 0 {Z',ff,':::"!w P

place, driven by the thermodyno- “ r

mic differences in chem cal potential /

between small and large crystals. The

rate at which this phenomenon takes 280y R B L

ploce is, for a given formulation, pri- :

marily a functian of the halogen level.

Typically this recrystallization pro-

cess, which is similar in principle to 200 e o0
ripening of precipitates, fol- 71 08 o e (clays)

lows the law indicated in figure 11.
This type of plot of log activity 75,V ot QLAY SUE TO He.
against log time is very usof?:? for pre- COPPER CATALYSY
dicting life from relotively short term
data. Chlorine “poisaning” of the above type is, of course, nat o true poi-
soning but an acceleration af the structural collapse af the catalyst. It
is necessarily irreversible and the only method of preventing # is to stop
chlorine from reaching the cotolyst by the use of a guard absorbent.
Levels of chlorine greater than 001 ppm in the gas can have a
serious effect on the catalyst life. Two types of guard have been devised
by ICI. One (ICI 59-1) is for use where chlorine contaminatian is kiable
to be_heavy, the second (ICI 52-1G) is {>r use where chlorine is less plen-
tiful. The second type also has high shifi catalytic activity and is not simply
an absorbent as is the first type.

VI. AMMONIA SYNTHESIS

Very much has been written an the kinetics of ommonia synthesis
from the stondpoint of the chemist. Rather less has been written from the
mdmd&he catalyst user and the subject of cotalyst k

dlﬁ:cu’md in mntmnm L:::k.o mo:tdothor u.mm
ommon osis is no nange of powt
derived by different degrees of crushing and sieving of the frozen ion
onide-promoters meht. smaller the pamicle sizo, r the ocate-
lyst activity (figure 12). This increased aclivity is only secured, however,
ot the expense of an Inherently higher pressure drop, which increases mom
rapidly with decrease in particle size thon does the activity. The plant ope-
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gained by lower die-off rote by reducing the volume of catalyst in the
canverter,

Oxygen contoining compounds are the primary couse of loss in
activity in modern plants. In porticular, CO slipping the methonotor passes
straight ta the synthesis cotolyst. In the modern synthesis loop both H,0
and CO; are finally removed by passing the make-up gas olong with
converted gas tarough the ommaniag separation section of the synthesis
laap. The condensing ammanio then effectively scrubs both these species
from the gas streom,

N
~

i ;
H N f
i | i
R N
2 . 8 ) ozs o5 10 20 40
Particle sze mm Years on line
FIGURE 12, RSLATIVE ACTIVITIES AND FIGURE 13. POISONING OF AMMONIA SYNTMHESIS
PRESSUAE DROPS AS A PUNCTION OF CATALYST

PARTICLE SI1Z8 FOR NH, SYNTHESIS
CATALYST (iCI 33.4)

Oxygen compounds have both a temporary and a permanent effect
on the synthesis catolyst. The temporary effect is due to chemisorption
which is greoter at lower catalyst temperotures. The permaneni effect |s
more significant, as it results in_an accelerated destruction of the catalyst
surface due to crystal growth. Typical die-off plots for high and low CO
in the gas entering the synthesis converter (not the make-up gas) are
shown in figure 13. This figure has been plotted in the same manner as
figure 11 for low temperature shift catolyst, as both die-off phenomena
ore the result of acceleroted recrystallization. In modern plants it is desir
oble to reduce CO to 1 ppm or less, which corresponds to between 3 and
5 ppm exit the methanator, depending on the recirculation ratio in the loop.,

VIi. METHANATION

Considerotion of the effects af oxygen-containing compounds, in
particular CO, on the life of the ammonia s nthesis ocatalyst thus define
a required performance of the methanatsr. Choics of ootalyst formulation
for methanation in order to secure high activity is imporiant. Even more
important is a uniform charging of the catalyst in the reactor so thot the
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cotolyst bed has a

N
i
|

uniform density, Usu- % -

ally methanators have $

a single adiabatic § N

bed of catolyst. Gas & 42} §

enters containing so- X 1390 vouts
me 3,000 ppm of CO  § ) <

ond should leave ot 3

only 3 ppm CO, a § 30

thousand-fold reduc- one bed
ton in concantration. 3 converter
Under these ciroum- & o

stances it is most im- 5 < r

portant thot the cota- @

lyst charge has a uni- 43

form voidage aaross L ) e

the reactor cross sec-  § Desion

tion. The consequen- 10 7

ces of non-unitorm u'j | PP

voldage in reducing O o e,
the pufornmoe of §) 005 010 ors
the methanator may
be seen from figure

14, which has been D.frerence in vordage 48
calculatad for a me- Average vodage

thpnator dgsngned 10 HiGURE 14, INPLUBNCE ©F UNMSVEN PACKING OF CATALYST
give on exit concen- ON PERFOAMANCE OF A METHANATOR

tration of the total

carbon oxides of 10 ppm. Differences in voidage of 15 per cent are surpri-
singly @osy to achieve if the catalyst is weok or is charged in an asym-
metric manner,

Vill. THE COST OF UNRELIABILITY

The modern ammonia plant process sequence, indcated in figure 1,
reveals clearly how dependent the operation of this plant must be on the
satisfactory performance of each of the cotalysts or absorbents emplayed
in sequence. No duplication of the major process items is narmal so that
the fallure of one catalyst results in the shut-down af the whale plant.
It is therefore most important that, as all catolysts inevitably lose activity
in time and therefore must be replaced, this loss of activity must proceed
slowly and at a predictable rate, so that catelyst changes can be syn-
chronized and unscheduled shut-downs for catalyst changes are minimized.

uled shut-downs, if at all numerous, severely reduce plant avnil
ability and, in effect, increase the capital cost of the ammania plant ner
ton of ammonia produced. Their economic effects are even more serious
#, In oddition, they reduce the output of the whole fertilizer plant through
shortage of ammonia. Shut-downs and start-ups are aiso occasions aof
reater process and engineering hazard than Is steady running. Shut-
ns thus are liable to lead to further shut-downs. Even ignoring the
Indirect affects on the output of other dependent plants or the hazards
associated with shut-downs, the major effect of catalyst unreliability can
wisily be apprecicted from figure 15,
In this figure o comparisen is made between the oapita! + catalyst

m per ton of ammenia produced for unredioble free ocatolysts and for
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“ —1 relioble normal purchose price cota-

lysts. Thus, taking o mean iée of one

\ year as an exomple, the froe uniei -

able catalyst, it is assumed, might tu.l

at any time between the first on

line and the end of the second yeor

on iine. The relioble catalyst folls ot

T —{ the end of one year, and % hos W

k be pu.chosed ot the normal price.

Because of the number of catalyms

/1 ;= ommee—-e i sequence, unrelobilty leods to

Mo CRIAY ST iR Gyears) frequent shut-downs with the scono-

- . mic consequences evident from fi-

SR AN TN SINTAIRE O T Foen when e mean o

iad PRO DU CTION o of both types of catolyst is as long

as two years, the free unrelioble oa-

talyst is, in reality, more costly to the plont manager thon is the purcho-

sed relicble catalyst. Reliability is worth purchasing, unreliobility is enpen-
sive even if opparently free.

The consequences of relatively small amounts of sulphur entering the
naphthu reforming catalyst, of chlorine entering the low temperature shift
cotalyst and of oarbon monoxide entering the ammonia synthesis coto-
lyst have been outlined above. It is worth while noticing thot these levels
of poison in the gas sireams are not eosy to measure. Frequently the plant
manager only learns of the excessive lavels of these puisons when It is
too late and his catalyst has lost its activity and has been discharged ond
examined. His first defence against such o calomity must be an ass.rence
that the appropriate punficotion systems, hydrodesulphurizction plus zinc
oxide, low temperature shift guavd and the methanator hava relioble cota-
lysts in them, chorged cormectly, and operated in the correca manner. Poi-
sons are not the only reasons for loss of activitly of the reforming, shift
and ammonia synthesis stoges. Poor formulation of the reforming ootalyst
can load to carbon laydown, poor lormulation of the shift cotolyst can
lead to siructurcl collapse with loss of nopper surfoce area and activity,
poor formulation of the ammonia syrtlwsis cotalyst leads to lock of ma-
bility reictive to thermal sintering. “hese cotolysts muy olso be demaged
by mol-operation. The only sure cuurse for the plor.c manager must there-
fore be both ‘o choose relicble cotalysts for =i stages in ammonia syn-
thesis and, having leornt tho necessary ~unditions for optimum aperation
of these cotalysts, ic initiate operatirg routines which ensure, so far as
Is possible, that these conditions are adbered to.
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IX. IMPLICATIONS FOR DEVELOPING COUNTRISS

The arguments put forward in this paper apply 10 oll ommonla plants
ﬂn&mewﬂon.ThamnhphmwheMﬁ
country Is, however, under greater presmire 10 operate plam
becouse of the importont place his plant occuples in
of his country’s economy. The fertilizer it produces is

. ' I' i
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ties. His plant operctors are often less exparienced than those in an indus-
trial country and spare parts and catolysts may not be so freely availoble

Iocuuuoiol!thmhmthogmnﬂmmunbehbn in
selecting cotalysts to be used in the ammonio plamt. The choice must be
made on the grounds of catalyst quolity and reliability and the temptation
to merely buy the cheapest catalyst must be resisted. K is the responsibility
of manogement (and Govemmert) to ensure thot adequate funds are
availoble for plant managens %o buy the qualty of cavalyst they require.
Any extra cost involved will be rapidh recovered in improved plant
eperakon,




TRENDS IN THE DEVELOPMENT OF
CATALYTIC PETROLEUM REFINING
PROCESSES'

ION GHEJAN®

I. AN OUTLIME CATALYTIC PROCESSES
DEVELOPMENT

The trends in the development of catakytic processes used in oll
processing are a direct response to some of the major challenges facing
the contemporary world: providing adequate resources to meet the steeply
increasing worldwide energy demand and providing feedstocks for the
great organo-chemical industry which is increasingly turning into a “petro-
chemica!® one,

A massive growth in energy requirements Is predicted for the next
10 years amounting to more than 50 per cent over the 1970 level and
more than 50 per cent of these requirements are to be met by oil. In order
to meet such demonds, the crude processing capacity in 1980 will hove
to soar to 170 per cent of the 1970 figures (V).

This copacity was 2.6 billion tons/year on January ist 1970; it will
be in excess of 4.2 billion tons/year in the lote 1970s (2).

Conddoﬂngthopmd&utﬂbuﬂmpcﬂomdoﬂpmdumand!ho
trends manifested in vorious countries, t may be assumed that in the
» v future, :n '\:'i:l developments in m!ho

—Uwitd Skates of Averves processing vary mding to
- social-economic conditions and to ts
Bt turape resources ovoilable in particular

‘ countries. This differentiotion is tel-
_,___,."—-—u-—-q‘ lingly illustrated by the oll products
distribution pattern In the United

[ %) States of America and In Western Eu-
""‘ Sy g "'-~-ﬁ rope. The comparison shown in fi-
L gure 1 Is s niﬂwmlnthctmz

e __ ___ ] posing les pravall In

—

A Y

v o) ’

\ it is directed towards obiaining heoy-
e -i-”: wr o o ,,,,.,.;,(,;n‘,‘if‘;,‘mm‘é,"m.
7 ted in the shore catelytic technigis

‘ o _comparison ik given bl the
capacities of the moin processes in relation 10 crude Brochising cami.
%MWmﬂEurmandmeu::MMz ‘ mw"

: , i
Thve suthor scknowlodgts the oo oparain 1 iown sod 8




TABLE |
PROCESS CAPACITIES IN REFINERIES IN RLLATION TO
TOTAL CRUDE PROCESSING CAPACITY

Westsra United Staten
Burepe of America
Crude capacit 100 100
Catalytic cracking and
hydrocracking 8 1]
stalytic reforming 13 22
Alkylation 1 7
Thermsl cracking 4 13

Current development trends have been computed from the capa-
cities of the units expected to be built in various countries after January
1970. As the conswruction of these units may be expected to take about
three years, ‘his computation in fuct offers a most up-to-date picture of
the trends in the building of refineries around the world. The capacities
of various processes, also in relation to crude capacities, are given in
toble # {1). Note that the table leaves out thermol oracking processes, as

no data on their copacities were avolable; most of the projects refer to
coking units.

TABLE N
PRAESENT DAY DEVELOPMENTS IN CRUDS PROCESSING IN
DIFFERENYT PARTS OF THE WORLD
North Latin Westeran | Middia Sasnt Asis and :

Ameries | Amorien | Burepo | 4 Atrica japan Aocetralie

Crude capacity 100 100 100 100 100 100 g
- Cuslysic 14| 207 0.4 7.7 123 0.0 i
- Hydre 3.1 1.6 18 15.1 s 0.0 il
- Tota! 505 | 03| 122 78 228 0.0
Casiptkcreforming | 445 |  10.9 1. 22 22| 108 4
Alkylation s4| oo] o8 12 0.0 05

S A
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Comparing the data In table | ond II, it appears that the trends
previously presented for Western Europe and the United States have not
WM.&&WMMMAM@,NM!«MMI”-
Ing b in Afrios and the Middle East, there Is o sharp Increase in
the application of By ‘ prooesses. This is an expression of the
her yields - m petroleum resources, thus making it

i i Mm‘umhd,%ndfudorh%-
‘ for catalytic crack- .

chomical- dndustry, that is to say, support
S o present
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resuiting in so-called “chemical refineries”, just as other refineries will
undovbtedly continue to be orfented towards the production of briconts.

Among the present preoccupations leaving their mark on the de-
velopment of catalptic processes, mention should be made of the outo-
mation ond optimization of manogement of such processes, and of the
attempts made to avoid pollution of the environment. All these aspects
affect to o considerable extent, the economics and mode of operation
and construction of new units.

While aiming at higher-quality oil products, the possibility has been
considered of utilizing more general terms to characterize 3 ich materials
in o more comprehensive manner. Thus, it has been found that oil pro-
duct characteristics are determined largely by molecular weight ond hydro-
gen contet, the former being correlated with distiflation, ond the latter
with physico-chemical properties (3). It has been found to be of interest to
use the minimum hydrogen content of materiols as o oriterion in cersain
quality requirements. This value decreases ar the distillation range of the
respective fraction increases, from approximately 18 per cent for liquefied
goses, to less than 8 per cent for fuel oll. in the following, some examples
will be given to iilustrate the possibilities opened up by this opproach.

Combustion or engine performance of jet and Diesel fuels can be
expressed by the hydrogen content of the respective fractions. Thus, o
relationship has been found between this content and the Diesel index
of fuel oils. For instonce, for o satistoctory Diesel fuel with an D4.==50,
the hydrogen content will be around 13 per cent.

The severe reguiations regarding octane number imposed by many
countries on motor gasoline, are well known. ,Premium® gasolines
obtained today by various techniques, especiolly by cotalytic processes,
have a content of about 14 per cent H. in order to ensure both a good per-
formance in the motor and to meet anti-poliution requirements, this
content should be no less than 13.2 per cent.

On the other hand hydrogen addition to the fractions in refining
implies rather high costs. it is therefgre easy to understand the interest
shown for refining processes which maintain a maximum hydrogen
content in the products compared to the hydrogen fed in with the crude.
This ,.hydrogen efficiency” of processes hos been continually improved,
resulting in higher selectivity oand o lower percentage of coke and
non-saturoted gases. A typical example in this respect is furnished by
the recent development of cracking over zeolite catolysts.

The Increasing number of cars in use poses the problem of air
polliition in the great urban centres. The severity of pollution problems
differs with each country, depending on the number of cors in use, their
density on traffic routes and various climatic factors. Regardiess of these
variations, poliution problems are faced everywhers, the tendency of
imreasing the number of motor vehicles assumi o general chanacter.
:h"h.Mpo doubt.dwlll be a 'ma}or determinont ln'?umn In

ning, and porticularly, in the development of cotalytic processes
ond of cotalysts.

It Is of interest to discuss the problem of lessening polfution in the
case of spark-ignition engines In relation to the characteristics of
gasolines and the trends of changes In of such characteristics, :

smwmammmkmawm
ignition, this cannot be pushed sy for. No lowering below approw-

mately 465 mm is expected. Neither pro
of distilltion characterstics wil e e (B Tt O ModWectioms

ﬂnoﬂmlncﬁonémwmw
bmundthﬂrtoﬂcuyendd role o8
producers, Besides, aromatics ars responsible




47

engines. Far these reasans, althaugh no legislatory steps are anticipated,
it is desirable to obtain gasolines with as lw a percentage of oromatics
as possible. it shouid be noted that air poliction by aromatics can be
avoided by the cuioltic conversion of engine exhausts.

Sulphur in gasoline is being drastically brought down today through
cataiytic refining processes, and the sulphur content is expected to be
brought even lower thraugh the more intensive use of catalytic hydro-
treating processes, even where sulphur-rich crudes are concerned.

Olefins are quoted as producing photo-chemical smog, a probiem
characteristic for California, but which may became of concern for ather
areas of similar climate. This, along with their effect to decrease the
Research Octane Number mokes it likely that some limitations on their
corvoentrations in gasolines will be inroduced, e.g. max. 15 per cent.

As regards metallic additives in gasolines, especiolly fead, ample
dispute has been heard; it has been concluded that in future, metailic
additions will be greatly diminished or even eliminated altogether.

For the present, no increase of gasoline octane number is expected;
it is to be noted that even in the United States, there is o tendency to manu-
facture lower octane engines. On the average, the research octane
(RON} requirements of automobiles manufactured in the United States
in 1971 was 91. Some predictions even go so far as to assume a decrease
of RON down to 93 for premium gasoline and 85 for regular gasoline in
the United States, after the mid-1970. Howaver. taking into account the
foct that present ievels would have to be attained withaut additives, the
average anti-knocking value of gasolines would have to be Improved
through increased severity of refining processes, that is to say, by intro-
ducing new flow-diagrams where catalytic processes will continue to play
a predominant port.

eless, o marked decrease in fuel consumption and an
increase in octane number of laad-free gescline is expected. It is pre-
dicted that in the United States, the level of 95 RON will be ottained
in a first stage and then rise to 97 RON (4, 5, 6).

Based on the obove considerations, ir table Il is given a synopsis
of predictions on the quality of gasotine which wWl used in the
United States.

TABLE I
WWSOHNGMWOUN!(UNM
STATES OF AMERICA)

Qasoline grades 2 minimum
RON. (overoge) 9597

M.ON. {overage) min, 87

Motliic qdditives contalned il

Vepour prasture (RVP) min. 420 mm Hg
End bell poimt foss than ot present
Sulphor corliemt foss thon ot present
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genation of cracking recycle or dehydrogenation of C3—C, cut to increase
olefins far olkylatian, all implying various separation techniqu=s.
In principle, o salution to the problem of producing gasolines of

the required quality is offered by ane of two woys (1):

! "Aromatics” route

? "Aliphatics” route

These two refer mainly to pracesses employed for the conversion
poroffinic hydrocarbons (C7+). The "aromatic™ route is bosed on the
reforming praocess, which, besides nophthene dehydrogenatian, achieves
7 major gan in octane by oromatization of C7+ poraffins, Improvements
in cotolysts and reforming processes in recent years hove made it possible
to operate under conditions of higher severity (lower pressure, lower H,
recycle ratio) far the production of higher actane gasolines, ot o higher
liquid and hydrogen yield.

in order to make the “oliphatic”® route explicit, the yield and octane
number potential of an average naphthenic gasoline is shown in table IV;
*his gasoline underwent processing by the “aliphotic® route — dehydro-
genation and dehydroisamerization. If, by some process, the poroffins
could be converted into their respective olkylates, oan 93. 5 ON product
would be abtained, with the same yield, and, finally, @n 103.6 ON gaso-
line at o 94 per cent yield. Should such a conversion be possible, it would
certainly be most advontageous.

r

TABLE Iv

YIELD AND OCTANE NUMBER POTINTIAL OF A
MEDIUM NAPHTHENES CONTENT GASOLINE 9

Fosdsteck Yieig Ostans Neo.
Paraffing, 9 vol. 50 50 2.5
Naphthenes, % vol, 40 4 115
Aromatics, % vol. 10 Jo 118
Total: 100 103.4

In arder to boost gosaline production along this line, besides the
production of cat-cracker gasaline, the production of C3~C; olefins for
alkylation would hcve to be augmented. This could be achieved elther
by more severe catalytic cra.king, subjecting hydrogenated recycles to
cracking, to obtain q cracking conversian as high os 98 per cent or by
combining catalytic cracking and reforming with pyrolysis of some
gosalines, or even of some light hydrocorbons (e.g. isobutane). A hydro-
cracking process hos been claimed by which poraffinic hydrocarbons in
the gosoline boiling range are broken virtuolly In the middle without
methane or ethane and with little propane proJucﬂon (4). The feedstock
for such a process can also be o heavy gasollne fraction or a raffinate
derived from reformed gosoline. Figure 2 is o dlagram of conventional
catalytic processing. In figure 3 Is sg:wn a prccess f?mv for light fractions
which yields high octane number aromatic gasoline and a paraffinic
fraction which constitutes the feedstock for the catalytic or thermo-
catalytic pracesses montloned above.

These widely different ways to meet requirements make it necessory,
to select carefully between the many variants possible taking inte oLooUM,
besides technical and economie factors, the types of feedstock avafiable,
the unit capacities and the additives allowed. Such o caleulation
been m on a compuier, assuming four odditive levels, Lo,
3.0-0.5-0.25-0 expressed os TEL/gal., and four rude copacities, i.e, 4,800,
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9,600, 18200 and 36,400 cu.m./doy (7). These calculotions have shown
that the production pottern of the refineries would change drastically if
the additive level is lowered, but is virtuolly unaffected by changes in
thwough-put. Besides the basic processes mentioned previously, i.e., distil-
latlon, hydrofining, reforming, catalytic MWN\ and deloyed
toking. It appeors imperative thet, as are veduced, new
B processes should be brought into play clong with the intro-
oot ,iwemm“ such as C isomerization,
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The increasing emphasis laid on the building of refineries oriented
towards productivn of feedrtocks for the chemical industry, has been
ponted out previously. Thir emphasis is explained by the moarket
value thus obtained for crude, os well as by the fact that only thus con
some countries cope with shortages of some producis, such as benzene.

lnﬁgun:h:;‘glm'ty‘hommd;'dwﬂm bok:d mdnuﬂmim

ng, in cataiytic s are Processes
gasolines, kercsene and fuel oils, Individual aromotic end
olefinic hydrocarbons are obtoined as products of high veive. These
Is can oluboochmodwhhothummcendmuﬁmm
?do:ongthmmshouidmﬂmmm lsomerization ond m-xylene
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As an example of the actual trends, figure 7 shows the rates at
which processes are being odded to the United Stares refineries (1.

Il. CATALYTIC CRACKING

Among the catalytic processes employed In crude refining, catalytic
cracking looks back on a history cf 30 years of steady progress. Since
May 1942, when first appliod In crude processing, the fluid-bed catalytic
cracking (FCC) process has known a most dynamic development and has
remained to this day the main woy to convert heavy distillates into
T:oum and petrochemical feedstocks. it can be seen from figure 8 how
the significance of this process increased between 1940 and 1970.

for
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In 1954 the growth rate w1s 18 per cent in the United States and
41 per cent outside the Unied Stotes. Between 1955 and 1963, cct-
cracking copacity increased by 8 per cent in the United States and by
6 per cent outside the United Stotes. omounting to 42 per cent and B per
cent of the totol cru le through put rsoe.tiely (9)

Besides the other cat-cracking processes - fixed ond mobile bed -
the fluid bed process has gained prominence from the beginning: in 1955
it occounted for 72 per cent ond 1965 for 82 per cent af the entire cot-
oracking capacity 1 the United States anli for 7§ per cent outside the
United States.

Following 25 years of service. in 1967, FCC was being written off by
some os a tired holdover. The growth rote hos settled at about 50 per
cent of the totol crude capacity in the United States. The leading position
in the growth rate was taken over by hydrocracking. Since thot time, o
quickening of catalytic cracking has been brought about by the intro-
duction of ieolite catalysts. These new catalysts. by their higher con-
versions and better selectivity, have led to the conservation of more
than 30 million m? crude in the United Stotes only.

The savings brought about by such catolysts hove been estimoted
at 250-350 million dollars/year (10).

More recent statistic data show that between January 1st 1969 and
Jonuary 15t 1971, cat-cracking capacity had increased by about 1.25 per
cent/year in the United States ie. from 923,000 m? SD ta 950,000 m3/SD
(12). It has been conceded, however, that this growth does Injustice to
the true state of offairs, since FCC growth was 3 per cent but the
capacity decrease in ather catalytic cracking processes hos brought down
the total growth rate (13).

These capacities account for 50 and 47.4 per cent of the crude pro-
cessing capacity respectively, and indicate a slight re-distribution of orude
umong various processes.

The world-wide distributian of cat-cracking capacities is evident
from the data given belaw (1st January 1969) (11):

Cat-cracking Percontage
Area capasisies of erude
m' /8D through-put
Africa 4,050 3.4
Middie East 13,300 3.6
Asis and Pacific Area 57.400 7.2
Western Europe 109,000 5.3
South America 95,000 11.
North America 1,010,000 9.)

Owing to the decidedly leading position of fluid catalytic crocking,
our further considerations will deal only with this type of process.

The opplication of the fluidization technique of finely divided
solids renders this process more complex thon the fined-bed cotalytic
process.

As we have already shown, ofter the 1942-1954 period In which
the process was brought to maturity, the main Incentive for dovelopment
during the next 10 years was the covering of increasing demands on the
oil product morket. The ylelds were oriented within possible limits towords

maximizing gasoline production (the cose of the United States) or
chemicol feedstocks and middle distiliates prodistion, r“pocﬂnm

was the case for markets in Europe and elsewhers.




The main trends within this periad were:
catolyst development

= construction of larger units with capocities up to 1,600 m3/SD.
- increases of aperating cycle lengths

~ constructive refinement on existing units aiming at elimination of
bottlenecks

- refinement in unit design

— operating imprav_orients

The shore of synthetic silica-alumino catalysts hos grown aver that
of the natural ones, and the 20%, or 28%, Al,O; catalyst hos claimed
increosing attention as the most stoble ond active. At the same time,
micro-spherical catalysts have brought about improved circulation, sim-
plified unit operations and decrensed catalyst losses and equipment
erosion.

Setting up of larger units has braught installed casts per unit capa-
city down to about 1/4 of the 1946 level (9).

Mechanical sophistication, on-stream repairs and improvements of
operating conditions have increased cycls lengths from 1 to 2 years to
2to 3 years on the average, bringing down openating costs.

The catalytic hydrogenation of feedstocks improves their quality by
lessening the metals, sulphur, nitrogen, Conradson carton and aromatics
contained, aiding to iower coke production and increase gasoline yield
of higher lead susceptibility.

Catalytic cracking, due to its capacity of processing heavy feedstocks,
has contributed to a substantiol decroase of residual fuel in the United

States between 1955 and 1967 from 15 to 5 per cent in good ogreement
with market changes (9).

f
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PRESENT POSITION AND FUTURE TRENDS

The present position of catalytic cracking as a major process of
heavy feedstock conversion should be viewed in conjunction with the
introduction of hydrocracking. The great flexibility, of the latter has been
welcomed as *he most suitable toof for the conversion of the heavy ends
of the barrel into o variety of products with remarkable marketing poten-
ti'oul‘i:t:s. Hydrocracking is at present much more expensive than catalytic
cracking.

Sirce most of the technological improvements in catalytic cracking
lotely are centered around zeclite cotalysts, the latter deserves closse
scrutiny,

Of the great variety of crystalline aluminasilicates, known also -

ular sievss, the ones noted X and Y have gained paramount impare
tance In the field of industrial catalysis. Certain cationic forms of thess
lon-exchangers”, and especially those containing trivalent rare earth
lons, are stable even at high temperatures and in the presence &
steam. The cracking activity of such cationic forms s higher than thot of
amorphous siica-alumino by severel orders or magnitude ond -

permit the use of much smaller reactors. This development Is, hor
basic e process ieelf. In ¢ t
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heat reservoir The ieolite particles, which are catalytically active, must
be accessible to feed molecules, thus calling for a porous form of the
matrix.

The zeolite matrix system features important synergism as tobles
V and Vi show (10).

TABLE V
MATRIX BFFECT ON ZROLITE STABILITY
- 18% zeeilire’
Catalyse Toslive ' g Siticu-alumine *
silico-nlumine
a b s b s »
Conversion. % wt. 678 6 67.8 58.2 M4 3.2
Gasoline, % wt 58.) 5.8 54.7 49.7 .0 0.4

1) Conditions: 480°C LHSV == 16: timae, 10 minutes.

1) Conditions: 480°C LHSY =4 time, 10 minutes.

8. Alr caicined for 10 hours at 550°C, then cakined for 24 hours In 100% steam at 1 atm,
b. Treatment (3) followed by 48 hours at 850°C In 5% steam air.

TABLE vt
MATRIX SFFECT ON ZROLITE ACTIVITY
l.c,lh. ¢logersed in sliies-alumine
Pure neelite ' o

s | e . »
Convarsion, % vol. 434 ] 457 3.1 4.9 8.5
Reactor 1eolite, g 7.5 17.0* 3.1 7.) 29 67
Convaersion modification, %

20 A LLEREPPN 20 v

Increase of zeciite q—ty, g 4. } ]

The catalysts had baen diluted with quartz st 300 cm?,
i. lon-sxchanged with

. lon-exchanged with wa«f RE Ci; (rare serth chioride)
8. 4% zeolite; t. 10% ite

* Amount of zeolite 1o give sbout the sum conversion as the composite catalyst.

The stability against high temperature and steam is thus much
increased by dispersing zeclite in amorpheus silica-alumina (table V) and
a maximum gain of conversion per gramme of zeclite in the reactor Is
obtained by this means (tabie VI).

Zeolite catalysts exhibit a ren.arkably high hydrogen transfer
which is reflected in the product distribution pattern and in the very high
hydrogen efficiency of anacking {toble VN) (10).

TABLE WVH

CATALYTIC CRACIGNG AT 40°C OF A WIEST TEXAN
CRUDE DISTILLATE

Amorphoss
Comires 0% A, | 5% ML, | e
Recycle ratio 1.0 1.4 1.0
Conversien, % wt. ns .0 M4
Guelim, % veol. ¥ ) “ .6
Coke, 9% wt. 5.2 32 s
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The zeolitic catalysts undoubtedly point to a rnew direction and the
foct that now more than 90 pei cent of the cotolyst wnventories
of all the FCC units in the Un ted States is inade up of this type of cato-
lysts, constitutes proof of therr werationai and economic efficiency, at
least for the North American areo.

Maximizing gasoline production with simultoneous reduction of C,
and C, olefins content does not enjoy universal acceptance. In some
areas, constant shifts in product demand take place. A single typn of
catalyst moy nc longer suffice (14). Cotaiyst producers have developed
or are studying new types of catalysts, the so-called “onented vield cota-
lysts®, in order to meet the demunds ditfering with season and geographic
location,

The Dovison Chemical Division of W.R Groce & Co have reported
(14) the following catalysts tailored to such needs:

— catalysts for the production of C3-C, olefins

~ olefin producing catalysts retaining good gasoline and coke
seloctivity

~ superactive stable catalysts for maximum production of Cy°

= catalysts for increasing light cycle oil yield.

The cotalysts of the near future should Her prospective users:

- higher equilibrium activity and selectivity iy increasing the zeolite
content as well as by ensuring o be‘ter occessibility of the cotu-
iyst dispersed in the omorphous moti'v and ninimizing the lotter's
cracking effect;

~ higher mechanical strength and the reduction of fines (minus 20
microns) in oder to meet environment poliution regulotions;

~ higher insensitivity ta contaminants (heavy metals, sodium, chlo-
rides and nitrogen).

SOME FACTS ABOUT THE PROCESS

Before going on to discuss the changes in operation a1d construc-
tion of FCC units, it would be useful to review the main zeolitic catalyst
properties which have brought about such developments:

~ they crack nophthenes and panaffins quickly and wery selectively;

~ they crack aromatic nuclei slowly and with low selectivity;

- g:'k crocking cate is relotively little offected by the feedstock

ing range;

- tlh:d{r efficiency is adversely affected by deposits limiting access to

‘“‘

These properties lead to the following consideratians as to the con-
ditions under which the process should be applied:

= @ contact time from 1 to 4 seconds is sufficient for achleving

conplete conversion of non-aromatics in the feed;

~ the optimum conversion is largely dependent on the conten’s of

r aromatics; id be sele |
- ancklg conditions shou cted such as to avoid gasoline

4

=~ regeneration should ensure lowest coke level on the catalyst

Replacing amorphous catalysts In existing unit with zeolitic catalysts
bolﬂhnhﬂodhbﬁngobomthoupoctodngmult‘s as the process con-
mm%mﬁﬁ"“ mzﬁﬁ.Wama l‘eb.c:t:!.dtlo

a con minutes resi-
Maﬁomhﬁmwmduwmg zeclite performance
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The introcuction of zeulite cotalysts therefore poses two design
problems:

1. Adaptation of existing units

2. Design of new units.

The odoptation of existing wnits consists moindy in over from
bed cracking to ricar crocking. Table Vi gives the yi changes as a .
result of going over to riser cracking.

TABLE Vil
INCAEMENMTAL YIR.OG "OR RISER MINUS BED CRACKING (15)n
Opor. “~; sondisions Inarcments
Tamperature, *C +4%
Through-put ratio, vaijvol, -3.33
Conversion, %, vol. +5.0
Yialde, % vol,
—~WC gaseline +74
gra ¥4
i 8.3
e +18
g:* @ 0.9
€. pn i v
. -
- o2
Cy % e,
Matar, cloar
+3cc TR
I, cloar
4+




In table IX are given some of the design criterion.

DESION CRITERIA FOR NIW FCC UNITS
1. Reaction syztem
= ol risar cracking
~ Mgh temperstures for ~ctzass ond olefine
— minimsl recycle
~ feedoteck prohasing
= flanibifity of product distribution pettern.
2. Regenerzior systam
~ colis on regensratad catalyet 0.003 -0.15 per cont
-mmtmwmmmmmm
~ SOmporstures, parcial axygen pressure
~ bl diatribution and eataiyst circuistion pattarn
3. Swipping syvem
= thinimwm iwveatory, minkmum stesm
- in disperse hame
4. Gencral considurations
-~ functionality and simplicisy

Keeping in mind 2eofitic catalyst end riser cracki properties, h
temperature, riser limited once th ofnc'gﬂlmsundp‘?:-.

raffing s predicted . clear aromatics or gasoline




ass

The FCC process is therefore very flexible. However, this flexibility
cun only be attained ot some sacrifice of the co-product yields and, evi-
dently, with higher unit costs,

POLLUTION PROBLEMS

In_highly concentroted industrial areas, air poliution problems affect
the FCC units by:

= restrictions on particulate matter in the flue gos;

= restrictions on product and flue gas sulphur content;

— the trend to reduce lead contained in gasolines,

A recent study by the Air Foliution Centrel Administration ot the
Midwest Research Institute, Kansas City Mo. (17) hos shown thet FCC
units in the United States release into the atmosphere cbout 43,000
tons/year of particulote motter. Alth this is a smell percentoge of the
totol of 18 million tons/year relea by all stationory sourcas In the

States the standards,
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do not vary so widely, generally ranging from

economics of a FCC unit increases rapidly with slight

n conversion and vyield for the case of good over-ail

officiency. For this reason the prior hydrogenation of feedstock migh

lock attractive since it not only improves the quality of the finished pro-

duct, but also has o beneficial effect on conversion and yields, usually
keeping coke down.

Although feedstock hydrogenation costs be about § 1.25/m3
and more probable somewhere between $ 1.9 on'ga‘ 2.5/m? such u combi-
nation muy benefit over-all economics. It is attractive for those units
which are bottlenecked ot coke combustion,

Refinements in catalytic crocking technology and the possibility of

eedstock hidrogenation have probably limited the
ing for gasoline production.

1H. CATALYTIC REFORMING OF GASOLINES

The cotalytic reforming process has undergone sudden development In
recent yeors, which mrg::ﬂut in novelty, scientific foundation or con-
sequences, olf that had achieved in the previous 20 years of exploi-

of this nrocess. These o::vommnu ha:: g‘nn classified into four
T improvements optimizotion @ process, subsaquent
BeN dhmpmdua.nwcppllenthnsdthapmuend
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reactors il and IV, to obtoin more advantageous thermodynamic condi-
tions for the conversion of poraffins into aromatics. To protect the cata-
lyst in these reactors, the hydrogen recycle rotio is increased by oddi
to the stream leaving reactor Il, a new stream of hydrogen discha

by the hydrogen recyole compressors. Thus the hydrogen flow rate Is

AMearer

Nel separalor pas

My stream X NS

I N

.
Naf 2 1 4 NS g stream X Foed

N\

FIGURE 0. MAOMAIOIINNG PRD CRES
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reactors benefits from the odvantoges of fresh cotalyst maximum activity
and selectivity. It has also been shown that the catalyst charge in the
regenerator, is smaller. The volume of the catalyst in the entire plant is
therefore not increased markedly.

SUBSEQUENT PROCESSING OF THE REFORMATE

Subsequent processing of the reformate has been considered in
order to avoid overly severe conditions in the reforming process. Ir prin-
ciple, an aromatic concentrate of very high octane number can be obtained
by extraction, but the yield is too low. On the other hand, recycling
raffinote, suggested by some older processes, seems to suffer the accumu-
lotion of the most refractory components in the feedstock, thus reducing
the efficiency of the process.

Another more modern way is the separation of the n-paraffins and
I-paraffins by moleculor sieves. These processes are olso expensive, but are

Justified economically when the high purity n-paraffins constitute feedstook
for the chemical industry.

solution hos been brought forward by the process calied
in which the reformote product is processed globally
as %o hydrocrack the n-paraffing exclusively. An in-
thus obtained with higher s than those
reforming, le X! shows a

s when processing o gosoline to obtain ON=102

to hydrocracking, was operated at

The inorease in yim of depentanized

TABLE XI

EPPECY OF SBLE CYTOFORMING ON YISLD
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TARLE LNt
FRACTIONATION-ISOMEMZIATION APTER TREATMENT OF
REFORMATSE

Tote!l reformate octane number (research cleer) »”.7
Overhesd 25 vol. par cent octane number (reseerch clear) ns
Bottoms 75 vol. per cent octane number (rese=-ch clear) 105.1
lsomerization of overhes 25 per cent yield, voi. 2% per cent based on

feed to lsomerizatior. %..
Octane number (ressarch clear) 978
Pinel blend yield, vol. per cent ”.7
Octane number (ressarch clear) 10%1.0

NEW APPLICATION OF THE CATALYTIC REFORMING PROCESS

The use of very acidic cotalysts produces severs hydrocracking of
go;:l';no’::lding Kquid petroleum gases (20). Such applications are not
wi used.

IMPROVED REFORMING CATALYSTS

The most i andpmuhmmmimm
mtinncontymmw in the field of cotalyms, hos besn the
introduction of she bi- or polymetallic ootalysts.

Studies, camied out over many years on metals with colahtic ooli-
vity, have shown the leudi position of platinum. Plotinum axerts inten-
sive catalytic octivity in the rogenation of naphthenes and the hydeo-
maﬂmdumc«e:.%rﬂodthmmﬁbmlsmm
with platinum than with any other metal, including plotinic metols or
non-platinic metals of the Vill-th of the periodic systera.

Mm&hmtvmism%rxwmmm chief reoction
is hydrocracking (26).
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Good temperature stability, and iower fouling rate than the best
platinum catalyst.

Very low yieid decline with temperature. This allows working at
higher tempeictures. Expressed in another way, (table Xill) tempercture
i the rote of dehydrocyclization and hydrocracking reactions

differantly,
TABLE X |

SPPECT OF TEMPRERATURE ON REACTION RATES IN REFORMING

d (Rate of ldaﬂroqcllntlon;_
47

d (Rate of hydratnetlw_ .
av

A

Conventional reforming catalyst B> A
Fatinum-Rhenlum catatyses .t )

Good regenaration stabifity.

Another claimed quality, resistivity against poisons, or capacity of
mgenerction after acdidental poisoning, has not been confirmed. On the
: ofrtain sources indicate that th. . vty of the Pt-Re catalyst Is

the severe purification of the feedstock (27). The conclu-

slons of the 1 Question and Answer Session of the Nationa!l Petroleum
Refiners Asseciation (35) were similar. Thus, it has been shown thot the
Increase of the sulphur content in the feedstock over 2 to 3 ppm produces
serious declines of the operating cycle, and o significant increase of the
reactor temperature. Therefore, a maximum limit of 1 ppm sulphur is recom.

ing reforming plants with bimetallic catalysts.
up the advontageous behaviour of the bimaetaMic cataiysts,
that the of plants with such cotulysts ii0s the

oclkune levelt
higher feed rate
sSuUre

' at lower
' 6t Jower H fhydrocarbon ratios
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TASLE XV
RHENIFORMING OPERATION IN PERTH AMBOY REFINEBRY

Typlca) sparetion bafers Current?t)
~heniferm ‘ng eperation
Reguiar Promium Regutar Premium
Feed rate. bbi/ oper. day 11,800 8,900 15,000 12,000
Octane, F—1 clear ) % ” 9 -100
Pressu-e, lact reactor out, psig 500 415
Run length between regenerations,
months k2 3-8
Yield decline, LV Y, c} 5 1

3) Operating data after three regensrations (about 115 b/ib).
Note: Refinery estimates yisid improvement through lower presure, adjusted to9S F-1
clear average octane as:
<} 1.5 LVY%,

Hy 100 sct/bbi

and 12 show the change of temperatute and reforming gasoline yield,
when manufocturing a gasoline with ON=100 (F,-claar) (27).

The above mentioned advantages connot be obtained simultanecusly
and existing plants cannot be easily converted to onerate under the most

0 ~ PRats o - risgrmom
* [ catayst
§ %0 } b
g 1020 ‘ Matinvm . s
catast
S DO L4
§ Aot
/- ; ot cadeper
f » ‘: . .
Patinum-riveniom -
~ catayir v »
i - : » ~ .
[ 00 200 o0 0 o F o
Howrs an stream Noyrs on stream
FIGURE 11, MEPORMING POR 108 R.O.N, 3 RoUN
PHTHA NITH P AND Pelle CATALYEVE ' HonE L Po A0 Pt A TALS

advantageous conditions recommended for bimetallic cota
ot about 10 kgtfom2 has been mentioned with the 4mrmmwm
of working ot very low pmswm,bm&nnmoumﬂ:mm,

system of cotolyst regeneration, One con the o
mting at 7 kalhom2 prasuwe in tha emes '_J%-w o mnbbini o :....4.‘.4..%

Also, one mnn«no'olodd'nblgh«mdﬂ;o':um' I.ﬁ?:: t
towards suiphur and water (37), i
k is of interest to know the
catalysts operate, o
Although o clear yndersta
but it seems thot one cannot of a
varlous reactions which occur in the reforming procas
vations have been made ond s m offered with
stobility of the Pi-Re ocotalysts. of the om
melting point of thenium, 3440°C, as con '
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has been proved by the fact that the promot.ng action of rhenium is
related to its concentration with respect to platinum (figure 13) (20).
Working under highly severe conditions, g larger amount of coke is
unavaidably deposited an the catalyst. If, in the case of conventional pla-
tinum oatalysts, a coke
deposit of 3 to 10 per
cent requires regenerqa-
tion, the bimetallic co-
salysts admi* much lor-
ger deposits, amounting
to 20 per ocent. This
observation can leod
to the assumpiion that
the existence of the
ailoy has a dispersing
eoffect on the coke de-

69}

68}

67}

66

65
posits (38).

ned J:h‘ th":ul”?R:b:: ar 02 03 0% 05 a6 07 08 09

talysts have stimulated Rhenum Paction in total meta/
investigations with other  ;icure 13 mATINUMRHENIUM CATALYSTS - sPrcT
olloy type cotalysts OF METAL COMPOSITION ON C} YLD

based on platinum. Thus

with the purpose of reducing catalyst cost and the severity of feedstock pusi-
fication, new types of catalysts have been announced containing additional
metals with promoting effects, sometimes in combinution with a sulphur
compound. The subject is treated in patents, which mention palladium and
inidium, group IHA elements, such as scand;um, group IVA elements, such
o8 zirconium, group IVB elements such as germanium, tin or lead, or of
Ep VIA. Such a cotalytic system is represented by the latest UOP coto-

70

Average Cs +inpnd Wl % yield

~ R20 - which is characterized as being polymetallic but without
lum. This cotalyst is described os having a higher selectivity than the
;&Ro mh‘%t. R-16, producing on cdditional gascline yield of over
per cent (20).
Processes with bi-metolfic cotolysts of the semi-regenerctive type,
working ot 15-20 atm., hove also shown good pedormonce in oromatics
praduction (39).

LA SR~ A4
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especially of Cs and C, hydrocarbons, to obtain the largest possible
amounts of isoparaffins. There are, in principle, three ways of increasing
the isoparaffin concentretion - alkyiation. isomerization and isomer sepa-
rotion,

Alkylation, as o process for manufacturing, light gasoline cuts with
clear octane numbres close to 100, is apphed todoy on a large scale in
the countries with free market economies, especially in the United States.
Less interest has been shown for atkylation n Western Europe and in
developing countries. Be ng o reiatively expensive process, other processes
have been preferred. However. trends toward diminishing ar alim'nating
gasoline doping could stimula:e interest for alkyiation in these countries too,

Of the two commercial alkylatior processes, tha capacity of sulphuric
acid alkylatior: plonts is about double *hat of HF acid alkylation plants.
Efforts devoted to the improvement of the alkylation process refer to mecha-
nical aspects of corrosion, acid recovery, product purification, etc. This s,
however, beyond tha purpose of this paper, which refers to processes using
solid catalysts and to the catalysts themselves.

The isomerization processes, especially of n-pentane and hexanes, al-
though representing a small capacity with respect ta the total processi
capacity, recently has become of interest for the increose of the antik
properties of light gasoline cuts. These light gasoline cuts, representing
10 to 15 per cent of the total gasoline, usually have an octane number
between 65 and 70, markedly lower than thot required. Reforming pro-
cesses, aven modern anes warking ot low pressures, are not fed with these
cuts since no satisfactory isomerization is abtained. Only mild orometiza-
tion of the Cq hydrocarbans occurs. Even the light top of reformote might
constitute the hewdstock for isomerization.

The isomerization of light poraffinic cuts produces an increase of
obout 13 to 15 octane units, the increcse depending on the nature of the
feedstock and on the isomerization process applied. With recycling, almost
total conversion to isoparaffing is obtained, and the ontane number of the
cut reaches 83 (95 with lead). Table XVI the motor and research
octane numbers of the main Cy, Cs, C4 a Cy paroffing (41),

To understand the lmisasion

TABLE XvI and present tends in developing
OCTANE NUMBERSTOP PARAPFIN  the isomerization process, R s

HYDRO CARBONS useful to consider the »—3
Metor | Researen | NOMics of the Isomerisation of
meshed | methed | ond C, poraffins. Figures 14
15 show the chonge of the equi-
Isobutane » | 1004 Ce cuts as a function of temperg-
n-pentane Q @ ture. of lsomestzing
Popontane » | n ot the lowest possible tempenat
n-hesane % 23 h Vg =
2-methyipantane n|n "GW-W%g'L_ aral-
2.2-dimethylbucane ” " Hing inpraneas with oh o slinges of
n-hepeane 0 e the we. In e _eme of
n-hexane the sope of the eww

It Is ‘nteresting to note the stes Increase with temperatyre of
concentratic + of -dlmdhylbuton:.in interesting component due &
s high octoc e number. A

somerization ooccurs through an fonic mechanism, formation. of
mfymlnw:moﬁonmnhchmmm NP

— catolysts based cn AICl; or other vam

= bifunctional catolyst contai "Wm
funoﬁmlnudditimhmouddma ,
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Eorly commercial isomerization processes, working with Friedel-Crafts
type catalysts, suffersed a number of difkculties such a3 high reactant
requirements, losses through formation of residual products, strong corro-
~on, pipe fouling and difficulties in product purification. Subsequent deve-
lopment, led to processes using bi-functional catalysts ot high tempera-
tures. Aithough opercted with increased sofety and without corrosion, these
processes require high working temperatures. Due to the relatively low
conversion into isoparaffins, the costs are relatively high, as a conss~
quence of the need to recycle n-pentane and sometimes, n-hexane. .

Working temperitures have been reduced by ncreasing  catulyst
oddmbykmrmwamgbmumab,ﬁummm
tion of the corrier. The most interesting resuls in regard 10 the lotter wers
obloined by Introdudng molecular sioves type — or mordenite. By this
means, the working temperature was decreased to about 300°C. =

Combining the advantageous characteristies of bifunctional ,
with iie strong acidity of Friedel-Crafts cotalysts, even more effective col-

l
Friedle/ -Cratts  High temparature hydro-
cataysts ‘someryzation catalysty
AlQy /My compiex  120°C P/Alg Oy ®0-500T

AlCy fnbamina bavtn 2585 °C P/Alg Oy ~SiCy N-290T
Ay /88L1y/¥C) 65-100°C | | Rals -8 promoted WIN'T
Abry/uar 25- 50
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lysts have beer achieved, which toaoy are used in low temperoture pro-
cesses (42). The deveiopments which led ta this solution are outiined in fi-
gure 16, in correlation with the temperatures af the respective processes (43).

The low temperature isomerization processes, which work below
200°C, employ a fixed bed of noble metal catalyst deposited an an acid
alumina carrier to which a strongly acid Friedel-Crafts type promoter
is added.

A derivative process uses an arganic chlorinated compound as
promoter togethei w th the hydrogen-hydrocarbon feed. The arganic com-
pound decomposes in contact with the catalyst forming HCI, generating
in situ o catalyst with high asidity. Though the system involves HCI, it is
nat very corrosive due ta the lack of humidity (44, 45).

The low tempearature isomerization processes have the odvantage
of deep conversions coupled with high product yield, stability and excel-
lent cotalyst regenerabikty. As a consequence of these advantages it is
expected that they will be app''ed in future capacity increases.

V. HYDROGEN TREATING

A series of cotalytic hydrogen trecting processes have besen dewve-
loped, whose common characteristic is the improvement of the quality of
certain hydrocarbon cuts.

The removal of heteroctoms like sulphur, nitrogen and oxygen, the
sa.uration of double bonds In varlous olefinic structures, and the removal
of the heavy metals and asphaltenes are the main torgets of these pro-
cesses,

Recent literature has trected the wide field of industrial applicotions
in detail. The Vii-th Word Petroleum C ., held ot Mexico City in
1967, devoted considerable time to the analysis of the status of hydrogen
treating processes. Therefore, in the following. only tendencies which seem-
ed to us most significant for the future development of this field, will
be reviewed.

The themes discussed at the Vii-th Congress (1-3), indicoted a ten-
dency (borne out in the subsequent years) to widen the applications of
hydrogen trecting. Thus, besides progress in distiliate desuiphurisation,
innovations have been claimed in residue desulphurization, catelytic
:r:‘c&ng feed hydrotrecting, lube hydmtreating ond pymiysls nophtha

ning.

Hydrogen treating copacities are increasing in the United Seates
ot a yearly rate of over 7 pee cent, repeasenting today over 35 per cent
of the crude oll essing caopacity, This puts hydrogen tresting pro-
cesses in second place, foliowing catolytic cracking.

The following data show the distibusion of hydrogen treating cape-
cities In the world In January 1960 (41).




269

Table XVII shows the distrnibutian of processes and theur dynamics
in the last two years, in the Ur:ted States

TARTE =yil
HYDROGEN TREATING OF VARIOUS PETROLEUM CUTS (12)

Capacity m' sd
Poos A A
Jan. 70 T—— Jan 11 - jar ‘72
vear yaar
i Reforming ieed 341 000 + 12 392,000 + 8 413.000
? Middie disti‘laves 168 D00 7 156,206 F6S 166.000
3 Catalytic cracking
feed and cycle il 42,000 +05 42,500 0 42,500
4 Naphtha saturation 19 200 1 38 800 +13 44,000
$ | Lube oils 71,500 75 23,300 + 65 23,500
& | Heavy gas oi)
hydrofining 14,800 -18 12,100 +18 19.60n
7 Residua desulphuri-
1ation, etc. 16.200 + 158 27,500 0 15.50v
Totat 644,700 4+ 8 690,400 +75 744,100

The yearly increase of the rapocity of hydrogen treating processes
surposses the rote of increase of catalytic reforming in most of the geo-
graphical areas of the globe.

The main purpose of hydrofining remains the removal of sulphur
and nitrogen from the feed, as well as of metals such as arsenic and
leod. The tendency to blend reforming feedstocks with increasing umounts
of naphthas from thermal decomposition (coking and vis-breakirg), has
supplemented the duties of hydrofining with the saturation of olefins
and diolefins.

Recent advances in reforming catalysts, which led to the commer
cial use of promoted platinum catalysts, raised new possibilities for the
hydrofining of naphthas. Improvements have been achieved both in the
procaess technology ond cotolysts.

Thus, thermally cracked naphthas can be successfully hydrofined in
two stages, avoiding the fouling of the reactor with gums resulting from
diolefins. It is preferable to operate the first stage under very mild can-
ditions to soturate diclefins selectively. Space rates (LHSV) of 10 to 15
and temperatures of 150 10 200°C are used. The second stage is operated
under the conditions tequired to ochieve the desired degree of desuiphu-
rzation (51).

Complete exclusion of air, by feeding the discharge of the coker
naphtha directly to the hydrofining reactor, seems also to be a solution
to prevent friuling of the reactor with aums (51).

in hyirogen treating of lube stocks, two processes can be applied
depending on the operating conditions and on the goal. Hydrogen treating
under mild conditions, ot temperatures between 315 and 370°C and
pressures of 30 W 40 otm, aims ot the improvement of the colour and
stublity of the olls, and represents the hydrokinishing process. This suc-
onefully eploces the finishing operation with clay both for oils and waxes.

- More sewere treoting not only compietely eliminctes the hetero-atoms
fom the ofl, bat the hydrocarbon skeleton is modified, leading to a
warked incrense in viscosity index. The lotter process is sometimes colled

{49), and may be considered on alternative to mild hydro.

- The edventoges of hydregen . Mktn jube oils manufocture, cre
 shewn by the increase of he poocessing oapacities of plonts smploying
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considesed udylmmmmcmhdmhammm»ud
to reform the gascline owt (72).

ckiCommringmﬂn relative od
cracking and ca! mcc
This ‘combingtion
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INDUSTRY TRENDS WORALD CAPACITY, SEVIERITY,
CATALYSET LOADING SSTIMATES
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dent upon chioride content. It folicws that maintenance of good octMt‘
depends upon water and chi»ride parial pressures over the catalyst.

definite relationship has been *~amired for these two agomfodﬁc
to the individual cotalyst ond the o . ttions of use. The benefit of envi-
ronment control as related 10 moistu.- level in a apecific unit is shown
in figure 1. The moisture content of ¢ ¢ ik ting gos is shown for a perod
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contractual arrangements with Chewvron, Engelthard first introduced o
tinum-rhenium cotalyst, E-501, in March 1969, A following and immﬁ
piatinum-rhenium ocatalyst, E-601, was put into commercie! ves

in mid-1971. Other platinum plus supplementol metal catalysts hove bees
announced ond introduced by others into commercial trials in the pest
two yeors.

New catalysts are typically firt evoluated in ocosterated or
saverity tests 1o dotermine their relative yield selectivities and cycle
capebilities. Thess bench scale, small u-" tests provide selectivity
relotive ogeing results which can be rectly related to com
peviarmance.

The comporative severity tes mlul«eurm
RD-130C; our pbﬁm%m oote! 5, C-30% ond ‘W.umA

in figure 2 These tests are ot conskk  space welodity und 100
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Commerciol experience with the catalysts compared in figure 2 is,
of course, proportional to the tme since they were imroduced. RD-150C
and RD-150 catalysts (of 0.35 and 0.6 wt.%, platinum respectively, came
into use in 1934-1955 With the use of the optimum procedures in reform-
ing and in in situ regeneration-reactivation these catalysts run very long
ultimate lives, 5 to 10 yeors being reached frequently. Feed naphtha
hyd-otreating and stripping to prepare a clean reformer feed hus '.een,
and is, widely recognized as n requirement for longest reforming catalyst
life. Earl.er ogerations on these cctalysts were characterized by succassively
shorter cycles foliowing the succesion of in situ regencrotions. As the
sigmificance of procedural steps were better understood and applied, cycles
of catalyst use were not only lengthened but have come to be closely
reproduced in successive cycles.

The E-501 catalyst first used in commercial units s 1969 is opera-
ting in 27 units amounting to about 32.000 t/day in capacity. These loadings
have been made using from 100 to 65 wt.%, as much cotalyst as hod
previously beer used. Depending upon forward operating circumstances
with the individuc! units, these char.ges in operotion, in different combi-
nation. have been the experience: (i) increase feed rote; (i) increase
severity and reduce octane additive (lead) use; (i) reduce pressure to
gain in yields; (iv) reduce recycle concurrent with reduced pressure and,
in addition, to reduce recycle utilities. Thus, the more stable catalyst permits
be:ter reformng economics andfor quoity improvement. In new units
desigred for use of a platinum catalyst, os little os 40 per cent of design
loading os E-501 catalyst is operating wel'

The longer or more severely used charges cf E-501 cotalyst ore now
in their sixth cycles. Instonces of improper procedures or cbnormalities
resultig from upsets have coused a few short cycles. Proper neration -
reactivation brings the following cycles back to their projected length or
better. Over-all, these cycles of operation on E-501 cotalyst ore running
2 1/2 to 3 1/2 times as long as estimated cycles for plotinun. catolyst.

The new and more stable E-601 catalyst has been shown in labona-
tory testing to give significontly longer cycles than E-501 catclyst. This
catalyst is presently in use in three commercial units and is scheduied
as the next replacement catalyst in several othe:r units. The first use cucles
storted ¢'x and seven months ago are still in progress.

Unit designs require restudy from time to time to adapt to impro-
vements in procedures and catalysts. Engelhard and Atlantic-Richfield
Company collaborated on the Magnaformer design concept to get best
reforming economics at higher severities with the RD-150C platinum
catalyst. This concept is based on optimizing catalyst distributions, reactor-
inlet temperature, and gas recycle rotio for a given feedstock, and
operating pressure. The primary object of this optimization is improved
yield selectivity and ocatalyst utilizotion. Recydle gas flow is sphit for
maximum increase in cycle life relative to compression costs.

As shown in the flow sheet, figure 3, a typloal Magnaforming design
consists of a four-reactor system using a highly skewed catolyst distribution
and gas recycle introduced ahead of the first ond third reacturs. The
reactor-inlet temperature pattern is ascending with inlet temperatures of
the first two reactors held constant throughout the process cycle.

Due to the initial napid rote of nophthene dehydrogenation and
associated temperature drop, the aromatic/nophthene equikibrium is closely
approached at high spoce velocities. As temperoture decreases and equi-
libium is approached, additioral cotalyst is inelective and may octuelly
contribute to over-all loss of selectivity. It is, therefore, most adva
to utilize cotalyst in the terminal reactors where it can be used ot highet
temperatures. Use of low reactor-inlet temperctures minimizes poraffin
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FIGURE 3. MAGNAFORMING FLOW DIAGRAM

naphthene cracking and contributes to the improved selectivity. Low
reactor-iniet te~perature aiso makes it possible to operate these reactors
at very iow hydrogen-recycle rotios without significant catalyst deactivation.
The use of low tempercture in the iead reactors results in a slightly lower
conversion. However, the use of an additional reactor, relative to conven-
tional design, and the catalyst which has been shifted to the terminal
reactors when operated at a slightly higher temperature provides the
necessary compensotion.

Pilot-plant ard commerciai-unit operation show that reformate yields
up to 3 per cent over those from conventional designs are possible with
Magnaformer designs. The greotest yield adwantages are obtained on
paraffinic stocks, with the least improvement shcvn by heavy products
obtained through hydrocracking.

The gos-recycle split is provided by use of two compressors, or more
typically, a single side-takmoff centrifugal machine. Since the quantity of
Jas which must accompany the fresh feed through exchange and preheat
is significantly reduced, the savings in compression cost can be applied
to supply additional gas recycle to the terminal reactors. As a result,
higher iecycle in the terminal reactors and thus better catalyst life is
obtined 7t no incroase in utility cost over a lower over-all recycle rotio
in a conventiono! single-recycle-loop design. Since reactor-inlet tempera-
tures to the lead reactors ore not roised over the cyde, the additioncl
heat, obtained from exchange as terminal-reactor temperatures are raised,
can be diverted by use of vaives V; ond V, to supplement the No. 2
interheat requirement.

Seventeen Magnaformer design units are operating or in stages of
construction or design. They total about 31,000 t/day reforming copacity
and include four expansion ravamp units.

The Magnoforming operation with E-601 cotclyst was ewuluated in
a multiple reactor udk:%dlc pilot unit with the results shown in figure 4.
Initiol operation was at equal reactor inlot temperatures and a single
recycle gos flow. After a period of conventional operation, the inlet tem-
perotures and recycle flows were adjusted to Magnaforminy conditions. The
yield selectivities showed on immediato increase. A cycle of conventional
operation on RD-150 catolyst is shown for reference. This illustrates that
improved selactivity derived from the Mognaforming operation and

cotalyls are compatible, the two being complemeniary.
) w cominuous onstream operation

" Should ¥ be neceseny to
e ¥ the fesdntock o sevetity be that semi-regenerctive ration is
not proctical becsuse of short cycle length or poor stream efficiency, @
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swing-reactor design may be emploved. Since the lead reactors operate
at very low average caialyst temperature over the entire prooess cycle, their
deactivation rate is extremely low. Cycle lives much greater than one yeor
have been established. Thus, in a swing-reactor design, the lead reactors
would be regenerated a“ter about 24 months operation when the unit is
brought down for mainte yance.

An external regeneration loop and additiono! reactor can be provided
tc allow continuous operation while a portion of the cotolyst in the ter-
minal reactors is being regenerated. Should the swing-reactor operation
not be required for initial operation of the unit, provisions con be mode
to add the regeneration loop and additionul reoctor when required.

An ontimization study of Magnoforming design for most economic
use of E-601 catalyst has been comied through o multiplicity of coses
based on o specific feed reformed to 103 clear research octane number.
An exemplary case using anticipated 1975 United States product values
is shown in table . The recycle loop pressure drop shown is a sofe

TABLE Il
SEMI-REGENERATIVE MAGNAFORMER — OPTIMUM ECONOMICS

SASIS

Mid-continent (United States of America) naphtha ferd 2,600 t/day

C; plus reformate, RON, clear 103

Cycle length, months ]

Catalyst &40
CONDITIONS FOR BEST 10-YEAR ECONOMICS, ALL COST
INCLUDED

Average reactor pressure, kglem? gage . 11,.2

Waeight hourly space velocity 2.

Terminal reactor recycle gas [ feed mol ratio

Recycie loop pressure drop, kgjcm? 4.8 ~ J
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minimum proctical for fow pressure circuits as demonstrated by experience
to daote.

In developing the conditions for optimum economics in this case,
the incromental totai dollar walues varied with the inter-related process
conditions cs shown in fig re 5. Total dollor vclue increased but slow'y

with change in cycle length, WHSV, and pressure at a constant gus
recycle ratio.
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FIGURE 5. MAGMAPORMING DESIGN OFrTIMIZATION CONSTANT H, M.
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For a constart cycle length, say five months, the maximum dollar
values can be determined with change in recycle gas rotio, in space
velocity, and In system pressure. A plot of incremental total dollor values
vs systerr pressure for the different opimum cases is shown in figure 6.

Definitive design and pricing of a Magnotormer as described pre-
viously In toble Ill shows capita! requirements to be lower by about 20
per cent for a 2,600 t/day unit than for other cument unit designs requiring
continuocus colaiyst regenenation. An Intermitrent terminal reoctor regene-
ration system to permit a Mognaformer to supply hydrogen continuously
for up to 24 month pertods is estimated to increcse the capitol require-
by about 15 per cent for this size unit.
preserit sidte of cotalytic reforming (improved cotalysts, proce-
ind unit designs) prompt a compavison of reforming resukt using
wudmﬂw to that going inw use in new units today.
ok ¢ o W gwering the change in industry sevenity opproximated
.l 1980 e 1975, Is shown in tobles [H-A and 1II-B. The pre-1960
poration on the fesdstack shown produces 92.0 ressarch octane
th in §2.5 volume % vield of Gy plus reformate. The current
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FIGURE 6, MAGNAPOAMING DESION OPTIMUM PRASSURY (PIXED CYCLE LIPE)

design is shown to produce the same reformate yield, 82.5 volume 9%, but
these supplementory advantages are obtained:
o) reformate research clear octane is up by 7 numbers, 99.0 compared
to 92.0
b) aromatics yields are greater by 1.3 times
c) hydrogen yielas are greater by :lose to
2.0 times.
in summary, catalytic reforming has progressed with these significant
attainments:
a) Semi-regenerative, lower cost unit designs can produce the pro-
bable maximum quality products required with aoceptable operating cycle

lengths of 6 to 12 months;
b) Operating pressures

TABLE NI-A  for these units will be incroas-

ingiy in the 7.0 to 15.0 kg/
COMPARATIVE REFORMING CURRENT ,sz o with comes-

AND PRE-1940 DESIGNS
pondingly hlgh yields of re-

Feedstock formate and hydrogen;
AP 5).8 c) While cotaiyst costs
ASTM distiliation, °C pe unit weight will trend
':: 101 upward, due to increasi
30

90

Er

Paraffing, Vol. %

Naphthenss

Aromatics




287

TABLE III-B
COMPARATIVE REFORMING CURRENT AND PRE-1960 DESIGNS
1] A current design A design prs-1949
! B-601 catalyst RD-130C catalyst
Operacing conditions and vields magneferming st conventional referming
low pressurs et intermediate pressurse
]
Cy-EP, Res on clear 99.0 92.0
Cy-EP, Res on +3 CC tel 103.0 985
YIELDS, %, Wt Vol. Wt VYol
Hy 31 1.6
C, 149 1.9
C, 1.6 1.8
% 13 38
1Cq 1.0 1.4 1.7 1.1
i nC, 1.5 1.0 2.6 33
C: 9.4 8215 85.6 81.5
|
Cy-EP REFORMATE
AP 395 47.5
Paraffins. vol. %, 1.8 355
Naphthenes, vol. % 15 5.5
Aromatic., vol. % 7¢.0 59.0
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