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7 INTRODUCTION AND BACKGROUND

The project opts to meaximize the rational use and
complete processing of natural resources thus leading
to the conservetion of raw materials and energy end
improvement of envirommentel conditions in the couniry
by reducing end/: & eliminating wastes generated by the
chemicel industry.

Specificelly tke project focused on four widely used
chemical technologies:

- 0il refining with speciel attention tc removel of
sulfur capounds fran petrochemical rav materials
-and products

- production of sulfuric acid with special ettention to
minimize 502 enigsions and to use waste heat

- production of nitric acid with special attention
to m."imize NOx enigsions

- orgenic synthesis with special ettention to replacement
of traditional chemicel reduction by non-waste cata’y-
tical hydrogenetion.

The project staff wes represented by specialists from the
Prague Institute of Chemicel Technology (University grade),
who cooperated closely wita eppropriate industriel speciz-
lists in Czechoslovekie., lLesding steff specialists visited
during study-tours principle industries deelinag witz <ke
ebove mentioned technologies in Austrie, FRC and United
Kingdon end discugsed the proovleas elso witii counterparssz
et some urniversities ead research institutes in visited




countries. Their travel-reports are available at
UNITO.

It is also aknowledged veluable contribution to the pro-
ject by Project-expert Prof. L.S.Gordeyev end Project-
consultants Mr.J.Eimers end Prof.Dr.H.Schulz.

The output of the project vas discussed internatiomally

at the Workshop on Low-wasce Techmology in Selected
Chemical Proresses, which was held 23-24 October 1986 in
Prague. About 25 specialists from developed and developing

‘countries and from Czechoslovakia atteanded.

Also the representants of Czechoslovak chemical industries
expressed their eminent concern to utilize the project
outputs in the plaming and management activities.

Principel project staff:

Prof. Dr. Petr Grau - Project Manager

Dr. Peter Lischke - Assistant Proj ect Manager

Prof. Dr. Otto Weiser - 011 refining and Petrochemistry
specialist

Prof. Dr. Jaroslav PoZivil - Sulfuric acid specialist

Dr. Ji¥{ Michdlek - Sulfuric acid gspecialist

Prof. Dr. Jan Vosolsobé ~ Nitric acid specialist

Prof. Dr. .Joset Pafiek - Orgenic synthesis specialist

Dr. Ji¥{ Cerveny - Orgenic synthesis specielist
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D. PRINCITIES Or LOW-WASTE TECEROIOGY 1IN CE=MIICAT TRGCESS=S

l. Introduction

The steady growth of the world s population has been
accompenied by increesing industrislization in most countries
and, inevitably, by & sherp irncreese in the consumption of
the world s naturel resources. At the present time, over

100 billion tons of various materiels are extracted eech

vear fram the earth, and practically all the elements

listed in Merdeleev's periodic table ere used in infustry.

e activities 9f men ere linked with the sccumuleticn of
waste materials, the non-use of which is causinc the con-

sunption of netursl resources tc soer end the enviromment
to detexriorate.

The wastes cen be broken down into three groups:

- production westes - leftovers of raw materials end inter-
mediete products which heve lost some or all of their
quality and usebility

- consumption westes - products end substances elrecdy used
eerlier, of whick the regeneration or further use is
inexpedient economicelliy

- side products - genersted together with ike primzi7r ¢re-
duct, not represerting the desirable finel objectiive of
the production process in queation.

Developments in the eree of low-veste
teckhrnologies are contingent on en interdisciplimory ccope-
retion o2 e numter ¢f brenches where the situsiicn pre-




vailing in both the sphere of production and that of con-
sumption must bYe analyzed together with the pertinent
effects on all components of the living enviromment, in
order to arrive at a proposel for modifying and altering
the produciion process so as to achieve in particular a
perfect utilization of the raw materials being processed
/2rom which the desired species is extracted as fully as
possible/ and, on the other hand, also to enhance the
value of the ballast matier or, should this prove to de
impossible, to convert it to a form which will make it
possible to return it to the naturel enviroment with a
aininun of envirommental demege. Another important pre-
requisite is an economicel use of ull forms of energy,
owing to the limited reserves of fossil fuels which today
account for most of the negative effects arising from
conbustion and 8ffecting tine enviromment /heelth of the
population, acid rainfell, damage to forests and'agricul-
ture, contamination by bheavy metels/.

Other requirements imposed on the low-wesie techmology
systems include limitations on the generation of all

kinds of wastes /solid, liquid, and gaseous/ by the manu~-
facturing processes and, in the consumer sphere, & high
usability and dependability of the products themselves
which otherwise would rapidly dbe .mverted to wastes of
which the disposal egain burdens the enviromment. The last
stage which completes the whole production and consumption
loop is & comprehensive utilization of the wastes from pro-
duction es well as of the used products as rew materials
recycled to the repetitive production process.

Introduction of low-waste technology

rgreses  an issue not Just purely technica.l or economic
but, es a matter of fact, cne which also involves the
implementation of e new philosophiceal approech displayed
by men, a new attitude toward life. Of necessity, the




ideels acknowledged as meeting mex’s recuiremertcs end desires
will need some reassessnernt which might pec-heps enteil

g trend towserd more modesty on the one hand but, on the

other bhand, would provide an opportunity for securing a
better future for the generations to come. Examples will

be mentioned releting to the chemicel end petrochemical
productions, including the besic products, the kinds o
westes involved, and the ways of handling the problem.

These data are listed in Table 1.

The recommendations which can be found in Table 1 do

not represent & full-fledged solution to the nroblems

faced. These problems can only be resolved by creating e
low-woste ovroduction process. Non-weste production emounts
to such ar orgenization of production where the procduction
vastes que cut down to e minimum or are entirely reprocessed
to seconéarv materiel resources. Creetion of non-waste tech-
nology relies on an implementistion of the optimum process
flow disgrens involving closed streams of materiels end
energy. A comprehensive utilizetion of rew materiels ie

the fundsmental principle.
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2. The otjectives of non-waste tecknolcey end releted
probliems

2.1. The objectives of non-waste technology

These objectives can be defined as follows:

- to minimize production wastes and to make tke¢ wastes
less detrimental to the enviromment

- to use raw materials and energy more economicelly

- to seek ways end means of further use of the waste
products

- to produce envirommentally acceptable products

~ to extend the service life of products and to meke
them easier to repeir.

2.2, The problems involved in the creetion of non-weste
technolozies in the chemicel industry

The chemicel industry is a branch involving a broed
spectrun of compounds being processed and produced, es

well as a variety of techniques end processes. This is

why e great number of specific probleme which are difficult
to generalize is typicel of the industry. This is also
demonstrated in Teble 1 which includes date on just seversl
kinde of production. The key to low ~waste technology mey
rest with feedstock selection but elso with the selection
of process, epperatus, and design. Cleerly, quite specific
studies must be worked out to handle specific production
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projects end to develop the process variemnis. It is also
evidenrt thet the methods of tackling the pro®ler ere
different, as & tule, for mass production phemistry enc
for specielity chemicels.

The gereral principle epplies that, es the production unitc
grov larger, the technicel stendard of the process, its
control, end its operation are also enhanced end frequeanily
approach the non-waste technology level. At the saie tine,
e comvination cf more kinds of mass proluction processes
operated concurrently at one plart may bring about ean
improved interlinking in the use of feedstocks, weastes,
water, and energy. However, attention must simultaneously
be paid to hezerds facing plants which are too large,

where even & reletively minor operationel defect may
manifest itself by greatly damaging the environment.

It can be stzted thet in most countries, the chemicel
industry has to bear up with the authorities of the Stete
enforcing limitations on the envirommental effects of
oroduction. However, the existing chemical planis mostly
repressent enclosed and rather inflexible technologicsl
entities where additions of new processes or new apperatus
that would fundementally cut the quantity and type of
westes produced are faced with difficulties. In such e
case, an improved protection of the environment tends to
be etteinable preferably by installing pollution control
facilities such as waste water treatment stations, off-
gas cleaning apparatus and the like.

The most effective implementation of techmology cen be
achieved when new facilities are being built. On the world-
wide scele it is felt that literature sources whicz would
deal with critical assessuents of production processes from
the angle of low -waste technology are rather scarce.
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An atteapt et esteblishing e draft system ol criteria
for the eveluaticn of technologies from the standpoint
of westes ebetemert cen be found in the Appendizx.




11 SPECIF1C PART

tATERTALS AND PRODUCTS BY H‘ID...OGIIATIOI- AITD EKFI_OI"‘ TION

OF HYDROGEN SUIPIDE GAINED AS RECOVERED #“ATERTAL FOR

FURTHER CHEEMICAL SYHTHESES
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T RENCVAL OF SULFUR AIND OTHER HETEROATCMS FROM HEAYY QILS AS
OBTAINED FROM PETROLEUM, COAL AND FURTHER RAW MATERIALS

The fossil fuels as crude oil, oil sand shaie, coal ans
natural gas consist not only of hydrocarbons but also of
compounds which incorporate heterocatoms i. e,, sulfur,
nitrogen, oxygen and even metals. In their majority, these
non-hydrocarbon components are detrimental to the quality of
final products, and if disposed e. g. by combustion their
impact on the living environment is very negative. Many
refinery and petrochemical proces-:es are tharefore devoted to
the removal of the heteroatoms. This is as we'l afforded for
most of the catalytic hydrocarbon conversion processes.

The higher the boiling point of the hydrocarbon feedstock, the
higher is its content of heteroatoms and the more difficult
will be their removal. Hence, the refining of the high-boiling
and residual feedstocks represents, both technicaiiy and
economically, one of the greatest challenges faced in
industrial processing of fossil fuels, and also concerns a
fundamental ecological problem which has to be soived. Due ts
this situation both fundamental and applied research are
focused on this problem worldwide, and the practical
implementation of the results from research is increasingly
important, .

High-boiling and residual hydrocarbon fractions can be re 'ned
by means of physical methods, as extraction, adsorption,
deasphalting., special distillation, thermal diffusion etc.
These processes have two basic disadvantages: they are not
universally applicable and they produce substantial quantities
of wastes, which are frequently converted further enly with
great difficulties.

A universally advantgeous method for refinitg h.gh-boiling anc

residual fractions is the hydroprocessing route. Meny
nydroprocesses have been developed in which at different




severity of reaction conditions the undesirable components are

removed and refined products with desirable properties are

obtained. Most important hydroprocesses are the following:

- hydrofinishing

- hydrovisbreaking

- hydrodemetalization
- hydrotreating

- hydropyrolysis

- hydrocracking

In addition the hydroprocesses are very effective from the
ecological point of view: the are of low- or even non-waste
technology nature. Undesirable components are transformed to
valuable hydrocarbons and heteroatoms are removed as their
hydrogen compounds (H2S, H20. NH3) respectively metals. They
are relatively easily separated from the hydrocarbon reaction
products and are used for other chemical purposes.

From the economical point of view maaximum intensity and

productivity of the hydrogenation processes must be achieved.
Therefore generally (if it is technically and economically
possible) catalytic processes are used. However for high-
contamined feeds the application of catalysts is not feasible
and other methods for ensuring a sufficient reaction rate of
hydroprocessing must be sought.

Because of these interreactions some of the above mentioned
problems, mainly those of ecological importance, will be
treated in more detail in the chapters below. '
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1.1 Contents of heteroatoms and properties of heterocompounds
in heavy oils of varicvus origin and environmental impact

of their uses

Heavy oils, that is oils of relatively high specific gravity,
are rich in carbon and poor in hydrogen. Correspondingly their
hydrocarbon composition is preferentially of aromatic and less
of aliphatic and naphthenic nature. Heavy oils commonly are
characterized by relatively high values of

- C/H atomic ratio

- multiring compounds

- average molecular weight

- asphaltenic compounds

- fraction of non distillable matter

- and compounds others than hydrocarbons which
specifically contain such elements as Sulfur, Nitrogen,
Oxygen, and the metals Nickel and Vanadium

Heavy oils are less attractive than light ones because of
several reasons.

-~ Their simple use as a fuel is allmost not acceptable due to
poor fuel properties and particularly due to the atmospheric
pollution being encountered.

~ Their use as a source for high quality motor fuels and
burning fuels is generally possible with modern technology
however relatively high investment and production costs are
afforded.

- Heavy oils can be used as feedstocks for the production of
chemicals as Hydrugen, Carbonmonoxide, Olefins and
aromatics, however again the lighter oils or also the
natural gas are the prefered raw materials as long as these
are available due to much simpler conversion technologies
being applicable.
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However all the cruce oils., even be light ones contain 2
certain fraction of residual oil., which has to be processed
for final use specifications and as the resources of light
oils become increasingly exhausted the heavy oils will be the
main feedstock for high quality fuels and chemicals as well in
the future. Therefore it is of greatest importance and must
generally be recognized, that modern heavy oil processing and
useage should approach the "non waste” principle as close as
possible.

Contents of the heteroatoms Sulfur, Nitrcjen and Oxygen in
selected liquid fuels refering to petroleum oil from coal
hydrogenation, tar from high temperature coal carbonization.
shal2 oil and an oil from tar sand are given in Figure A-1

/1. 2/.

Petroleum can particularly be rich in Sulfur. Even the cited
light Arapian atmospneric residue contains about 3.5 wt-Z of
Sulfur. a content, which is much too high for its direct use
2s a burner fuel because of rnontolerable emissions of S02 and
303, Tre Sulfur content in the coal derived oils is relatively
low, however the Athabasca bitumen, which has been extracted
from a tar sand is particularly rich in Sulfur (~4.7 wt-%)
again, Reactivity'of sulfur compounds for hydrodesulfurization
is relatively high howevar residual oil desulfurization is
complicated by catalyst contamination from metals- and

cokedeposition.

Sulfur in heavy fuels is prefereably bound in thiophenic rings
which are constituents of multiring systems.

Nitrogen as a constituent of liquid fuels is primarily of less
environmentals impact because of its lower concentrations and
jts main route of conversion during combustion to ammonia
which is not so serious a contaminent of the atmopshere,
However, when regarding the problems being encountered with
Nitrogen in the fuel in more details it is seen that Nitrogen
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can be a more problematic contaminent than sulfur. Emissions
of N0y, which can be particularly harmful to needle trees in
special situations, result from both, from the nitrogen in the
fuel and from reaction with N2 of the air during high
temperature combustion of the fuel. In addition Nitrogen
compounds are much more stable against hydrofining demanding
for more severe reaction conditions, wvhich result in higher
costs for Hydrogen consumption, for higher reaction pressure
and temperature reaction apparatures and for higher costs
because of poorer selectivity towards the wanted products.
Nitrogen occurs in fossil fuels mainly in derivatives of 5-
and 6-membered rings (pyrrol and pyridine) as constituents of
higher mulitring compounds. As _utlined below in more detail
the slow step of hydrodenitrogenation of a liquid fuel
preveillingly concerns hydrogenation of an isolated carbocylic
aromatic 7ing to which an amino group is being attached, which
renders the C/N-bond reactive.

Oxygen is a main constituent of cocal derived oils. (In
petroleum it is only a minor constituent). In the original
organic matter of coal the oxygen has been often obseirved as a
bridging atom, connecting individual rings of the larger
molecule. In the 0ils obtained from coal degradation Oxygen is
mainly present in the form of phenolic Ok-groups /3/.

Again the bond between oxygen and aromatic ring is rather
stable and 1s only broken hydrogenolytically after weakening
through satturation of the sromatic ring.

Metals (Ni, V) as constituents of heavy petroleum derived oils
are largely associated to the complexing capability of
nitrogen compounds such as porphyrins which prefereably takes
up Nickel, These complexes are soluable in the crude oil and
are rather stable. Demetallization mainly concerns
hydrogenation of the conjugated system of double bonds of the
ligand and its dinitrogenation. The metal is then deposited on
the catalyst. Partiell demetallisation is obtained also
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through deasphalting of residual oils. Ni and V are typical
constituents of petroleum residues however, not present in

heavy liquids from coal as tars and pitches.

Regarding the environmentally most favorable uses of heavy
oils second major route, which is not the subject of this
study, should be kept in mind: gasification of the oil with
oxygen and steam and purifying the synthesis gas from any
contaminents before its further use for the production of
Methanol, Ammonia, Gasoline and other produ’.ts. In analogy.
production of fuels and chemicals from coal via gasification
js environmentally particularly beneficial. New coal
gasification processes as HTW (Hochtemperatur Winkler)-
Prczess, suited particularly for lignites, the Texaco-Ruhrkoh-
le-Ruhrchemie entrained phase gasification process for any
kind of coal and the Prenflow-process of Krupp-Koppers and
Saarbergwerke which is under development as an extension to
e’evated pressure of the commercially successful Koppers-
Totzek coal gasification.
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1.2 Catalytic and non-catalytic processes for conversion of
petroleum and coal derived oils to fuel o0ils and
feedstocks for further deep conversion or refining

Recent trends in the petroleum industry exhibit substantial
cutdowns in crude oil consumption and a reduction in
production of petroleum residues to be used as fuel oils. The
changes in structure of consumption of the petroleum products
and especially of fuel oils can be derived from the data in
Table A-1. It is clear from these data that in the countries
regarded, the rate of consumption of petroleum products will
drop in the 1980 - 1990 period and this trend should be

strongest for fuel oils.

What attracts the eye in particular is the reduction of
consumption of fuel oils envisaged for FRG and France (to
about 50 Z).

The task of effectively using petroleum residues has become
prominent in research and development activities. Owing to the
challenges faced and the demands with respect to experimental
equipment and its operation, numerous agreements have been
established for cooperation among, otherwise often competing,
jnstitutions. For instance, an association ASVAHL/Association
for the upgrading of heavy 0oils/ has been etablished in France
where, with participation of the French government, the
petroleum groups ELF, IFP, and TOTAL have joined for

cooperation in this areas.

At present nearly 50 processes are known which aime at the
utilization of residual oils; out of these processes some.40 )4
are commercial. Their classification is shown in Fig. A-2. The
individual processes attain different degrees of conversion,
as is to be taken from Table A-2.

The following general conclusion can be drawn with regard to
the individual processes and develompent trends:
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a) The fundamental difficulties faced in direct catalytic
processing of residual oils which are due to the presence
of asphaltenes and crganometallic components in the case of
hydrogenation processes can be overcome by means of the use
of special catalysts which exhibit mainly the following

properties:

- very high metals retention power
- very low coking tendency

- very large active areas

- appropriate porosity distribution
- moderate HDS and HDN activity

The catalytic reactor can profitably apply moving of the
catalyst and its continuous regeneration.

The combination of HDM and HDS catalysts is advantageous in
hydroprocessing of residual oils. A suitably selected ratio
between HDM and DS catalyst can regulate the degree of
conversion and desulfurization.

Table A-3 presents an example of hydrotreating of an
atmospheric residue for use as a feedstock for FCC or for
the production of low-sulfur fuel oils (IFP results).
Naturally, life time of the catalysts is limited in such a
process. According to IFP data the catalyst operating costs
are ca. 0.3 USD per bbl which amounts to 2 million USD per
year as an indicative value /2/ for a facility of 1 million
tons annual capacity.

Direct hydrodesulfurization of residual oils produces low-
sulfur fuel oils in the simplest technological way, however
due to an intensive deactiviation of the catalyst is very
challenging both technically and economically. Therefore,
such "indirect" processes of residual oil desulfurization
come into use where the basic principle is, to limit the




contact between the major contaminants present in the
residual oil (i. e., organometallic components and
asphaltenes) and the hydrodesulfurization catalyst, to
which only the prerefined oils are fed. This is achieved as
illustrated in Fig. A-3.

Table A-1: Development of consumption of petroleum products in
the years 1980 - 1990 /1/

Country Total of oil products Residual of oil products
106 w3/d wt.

1980 1985 2990 1980/90} 1980 1985 1990 1380/90
France 0.293 0.247 0,201 -3 27,1  22.1 141 - 49
FRG 0.347 0.3i9 0. 307 - 12 18.6 9.5 9 - 52
Italy 0. 264 0.287 0.262 -1 47.7 47.6 41.3 -13
Great
Britain 0.212 0.208 0.197 - 17 28.8 23.5 22.% - 22
Japan 0.327 0.322 0.316 - 4 38 33 28.4 - 25
USA 2.22 2.10 1.97 -1 18.1 13.4 11.9 - 34
Czecho-
slovakia - 14 - 14

Table A-2: Residual o0il conversion achieved in technical
operation of different processes

Process Conversion, range /Z/ depending on
severity of process conditions
Hydrorefining 0 - 33
Visbreaking 5 - 30
Hydropyrolysis 25 - 617
Coking 50 - 70
Hydrovisbreaking 55 - 70
Hydrocracking 60 - 95
FCC 70 - 88
Pyrolysis 75 - 85
DSV 82 - 92
Partial oxidation| 97 - 100




Table A-3: Results obtained with a HDM-HDS catalyst
arrangement applied for FCC feed preparation or
fuel oils production /2/

Feed: atmospheric residue (Arabian Medium)

Feedstock - properties

Sp Gr 0.980
Visc., at 100 °C cts 70.5
Sulfur, wt-2 4.0
Conradson carbon, wt-% 12.2
Cg insol., wt-2 9.9
C7 insol., wtl 3.6
Ni. ppm 18

V., ppm 61

After 2000 hours of operation
Net conversion in 360 ©C minus: 20.5 wt-%

Product properties residue 360 °C+

Sp Gr 0.927
Visc., at 100 °C cts 22.8
Sulfur, wt-% 0.24
Conradson, carsbon, wt-2 4.5

Cs insol., wt-2 0.8

Cy7 insol., wt-Z 0.3

Ni. ppm less than 1

V. ppm less than 1
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Because the fundamental problems involved in direct
catalytic residual oil conversion, the commercial
tendencies appear to favour more widely the thermal route.
The pure thermal variant is improved by the application of
"additives” which exhibit only little catalytic effect and
have their main importance in acting as "dischargers” for
coking deposit. The coke precursors and other contaminants
deposit preferentially on their surface, and not on the
apparatus walls . Suitable additives are:

I. Amorphous and crystalline earths, Bayer s mass (waste
product from alumina production)

Il. Low-temperature carbonization coke impregnated with
iron compounds; here the adsorptive effect of the
addition is combined with a moderate hydrorefining
catalytic activity of iron (disposable catalyst).

The hydrogenation processes proceed more easily, when
applying solvents with hydrogen donor properties, which
produce hydrogen radicals required for the chain reaction
of thermal cracking respectively satturation of unstable
intermediates (e. g. the processes DSV, HDSC; HODV - see
Fig. A-2).

In catalytic hydrocracking processes a number of reactor-
engineering means are applied to slow down catalyst
deactivation:

I. "Protective” catalyst layers (guard reactors) are used
for hydrodemetallizing the feedstock (this is done in
a separate reactor or in the first layer of the
hydrocracking reactor)

I1. Catalyst "tailoring”, i. e., optimization of chemical
composition and texture, such as wide pores for the
top lTayer and narrow pores for the bottom layer of the
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catalyst in the react -

Use of moved catalyst particles (bunker flow,
ebullating bed, slurry process); the catalyst can be
continuously regenerated or replaced.

Catalysts highly resistant to deactivating metals and
cokeforming components are applied; special supports
are used (such as Mg-Si for the ABC process /9/) or
special zeolithes highly resistant to deactivication
by metals (RCC process /24/) etc.

Special reactors are used: trickle phase with perfect
distribution of the liquid phase and with wall effect
elimination; reactors with ebullating or pseudofluid
beds; slurry reactors etc.

e) As for the non-hydrogenative processes, the following

trends can be noted as to be typical:

I.

II.

With respect to 2 wider chemical use of heavy oils
(serve cracking and hydrocracking of VGO) the
classical visbreaking has been modified to
hydrovisbreaking

The coking processes are being optimized. The
Flexicoking process with outstanding thermal
efficiency can be taken as an example. The high
efficiency is due to gasification of a part of the
coke being produced so as to produce synthesis or -fuel
gas. A modification of fluid coking is the ART process
with an inert carrier on which metals and coke
deposit. A modification of delayed coking 1is the
Japanese process EUREKA /25/ in which the formation of
coke is inhibited by means of superheated steam and
tars of high aromaticity are formed. These can be used




as additives to raw materials in the production of

metallurgical coke.

[I11. Efforts to extend FCC application as to cover residual
oil processing have led to catalysts which are
passivated against the deactivating effect of metals
(Sb additives). Further progress obtained concerans the
regeneration of catalysts which have been deactivated
by metals (e. g., the DEMET III process). In a
subsequent development, efforts have been undertaken
to replace the FCC catalysts based on aluminosilicates
by more resistant catalysts. For instance, the
Japanese process HOT /10/ which is under develcmpent
makes use of iron as a catalyst on which the following
reactions proceed:

Cracking: Fe30; + feedstock — Fe30s . coke + oils + geses
Regeneration: Fe30; ° coke +-5-02-—+ Feq04 + CO
Fe304 + CO —+ 3Fe0 + CO,
FeO + S0, + 3CO —+ FeS + 3C0,
3FeS + 50, — Fe304 + 350,
Reaction on
incompletely
oxidized .
iron: 3Fe0 + H20 — Fe304 + H2

Thus hydrogen is formea during cracking, and less coke
is being produced.

IV. Processes are also under develompent whereby residual
oils are used as feed for pyrolysis to produce basic
olefinic, chemicals.

An important raw material of industrial chemistry which enjoys
great perspectives is coal (not speaking of other carbonaceous
materials such as tar sands and oil shales). Transformation of
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bitumen to high quality fuels or chemicals ranks among the
most chailenging developing processes both as a technical and
economical goal. Such processes are highly important. They
have a bright perspectise particularly as the reserves of oil
and natural gas will be nearer to exhaustion within medium

teras of industrial planning.
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1.2.1 Fundamentals of hydrotreating of high boiling and
residual heavy oils. Thermodynamics, kinetics and

reaction networks of removal of ijndividual heterocatoms.

Hydrogenative removal of Sulfur, Nitrogen and Oxygen from
organic heterocompounds under formation of H2S, NH3., H20 and
the saturated hydrocarbons is generally feasable froam the
thermodynamic point of view at hydrorefining conditions as
being 300 - 450 °C, and 30 - 300 bar,

The enthalpy of reaction for splitting of the bonds between
heteroatom and carbonatom and saturation of the fragments with
hydrogen is generally only weakly negative. However, the
overall conversion jncludes commonly strongly exothermic
reactions like the hydrogenation of aromatic rings, so that
the process in generall is of exothermic nature.

Free reaction enthalpies of removal of S-, 0-, and N-atoms
through hydrogenolysis from the organic compounds are
generally negative in the range of normal process conditions,
however the overall conversion proceeds through 2 complex
network of jndividual reactions and reaction steps and
thermodynamic limitations may specifically jnterfere. Thus
among all of the hydrocarbons methane is the thermodynamically
most favoured compound and formation of methane has to be
inhibited kinetically in the system. Similarly decomposition
of most of the hydrocarbons to the elements carbon and
hydrogen 1is thermodyaamically possible. Coke formation which
deactivates the catalyst is most probable from relatively high
molecular weight asphaltenic compounds and is particularly
retarded through increasing partial pressure of hydrogen.

The overall reaction rate generally increases with increase of
partial pressure of hydrogen up to at least 150 bar. High
partial pressures of hydrogen thus are gencrally favourable
with respect to'reaction rate and selectivity as well,

Investment costs increase, however with the height of process
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pressure and therefore the minimum respective by economicaily
optimum partial pressure and total pressure, respectively wili

be chosen for a process.

HDS., HDO and HDN conversions imply a -ulitplicity‘of
individual reactions and reaction steps. Regarding the
composition of the heterocompound fractions each of the
fractions (S, O, and N-compounds) consists of numerous
substances, which are even difficult to determin qualifically.
However the most abundant classes of heterocompounds in the
different types of fuels have been identified and on the other
hand, the most decisive slow steps in the reaction networks of
HDS, HDO, HDN have been discriminated for several typical
examples of model compound conversion. Severity of reaction
conditions for removal of S-, O- and N-atoms increases in the
order

HDS < HDO < HDN

Hydrodesulfurization

The ease of removing sulfur hydrogenatively as H2S from
organic sulfur compounds depends strongly from the structure
of substance. Aliphatic sulfur compounds as mercaptans and
alkylsulfides which are the main sulfur compounds in natural
gases and light petroleum fractions are very reactive.

Sulfur as a constituent of heavy oils predominantly is of
thiophenic structure. '

HDS-conversion of thiophene has been shown to follow the
reaction path /26/:

() +2H ‘"ZS

Scheme 1: S
*2" HzS
ﬂ\ W e e RS N 7 e = f‘k
(n (2) H (3) m
1 2 3 13 5

s SLOW REACTION . f= FAST REACTION
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Reactions (1) and (2) are similarly fast. The catalyst
therefore has to be active as well for hydrogenation of rings
with aromatic character (reaction (1)) and olefins (reaction
(¢)) as for splitting of C/S-bonds.

A model compound being more related to heavier coil
hydrodesulfurization 1is benzothiophene /26/. Its
hydrodesulfurization proceeds according to Scheme 2:

Scheme 2:
+2H i +24 ’2“{ﬂzs
ag T g T Sl <
m (2) Y
1 2 3 L3

It is the most important feature of this schenme, that reaction
(3) - the hydrogenolytic splitting of the bond between the
sulfur atom and the aromatic ring - is feaseable without prior
hydrogenation of the aromatic ring. This statement is very
important, because it allows for complete hydrodesulfurization
of an oil without hydrogenation of isoiated carbocyclic rings,
which is a particularly slow reaction: and this behaviour of
sulfur compounds is different to that of corresponding oxygen
and nitrogen compounds , where the bonds of the heteroatoms to
the ring are much more stable.

With respect to sulfur in much higher molecular weight
compounds the reactivity of the c/S-bonds will not be less.
than in the model compound benzothiophene. However, for large
molecules, as those of asphalthenes, it can be doubted that
the necessary intimate contact of the bond which shall react
with the active catalyst site is stericaily possible. Hydrogen
donorsolvents like tetralin can provide the hydrogen for
saturation of radical fragments produced through breaking of
C-S-bonds in such cases where catalytically activated hydrogen

is not accessible. Naphtheno-aromatic compounds with hydrogen

donor solvent properties are therefore very valuabie




constituents of reaction mixtures during hydrodesuylfurization

of heavy oils which suppress the tendency of coke formation.

Hydrodenitrogenation

Nitrogen compounds as constituents of fuel oils mainly are
derivatives of pyridine, pyrrol and aniline. A typical model
compound for hydrodenitrogenation 1is chinoline. Its
denitrogenation reaction network is pictured in Scheme 3 /21/.

Scheme 3: Chinoline hydrodenitrogenation
*2H, -NH3
$sS
H (nl

| l
1 m {3] S(SI m (5) " m
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The principles with significance of fuel oil denitrogenation
are as follows:

- Hydrogenation of a heterocyclic ring (reaction (1)) in 2
dicyclic ring system like chinolin is much faster than that
of a carbocyclic ring (reaction (2))

- Hydrogenation of one of the aromatic rings of a conjugated
two ring system is much faster than hydrogenation of an
isolated ring.

- A important intermediate is o-propyl aniline., It has been
shown /28, 29, 30/ that the C/N-bond in anilines is very
stable. Thus the isolated aromatic ring has to De
hydrogenated in a slow reaction to make the C/N-bond
reactive, It is due to this interrelation, thet anilires
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accumulate in oils from coal hydrogenation, and it is 2
conclusion hereof that the slow steps of hydrodenitrogena-
tion reaction networks is particularly that of hydrogenation

of isolated aromatic rings of anilines.

This again implies as a demand for hydrodenitrogenation
systeamas to have high hydrogenation activity - and as a
result for commercial hydrodenitrogenation - that
necessarily high hydrogen consusmption is associated as
compared with hydrodesulfurization.

Hydrodeoxygenation

Organic oxygen compounds are major constituents of oils
derived from coal through hydrogenation or pyrolysis.
Irrespectively of the orginal structure the organic oxygen
compounds in the oils are preferentially of phenolic nature.
which reflects the high stability of the C/0-bond of the
phenolic structure.

As the slow step of hydrocdeoxygenation reaction networks the
removal of oxygen from phenol therefore has to be regarded.

Scheme 4: Hydrodeoxygenation of phenol /27/

OH

&, 1 2 o 20

Similarly as outlined for aniline the aromatic ring of the
phenol is hydrogenated in a slow reaction step the further
reactions of oxygen elimination and saturation of the
hydrocarbon fragment are comparatively fast,

With respect to hydrodeoxygenation of fuel o0ils it 1is
concluded., that high hydrogenation activity of the system is
desired, whereas hydrogenolysis activity can be kept low.
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1.2.2 Catalysts for the hydrotreatment of heavy oils and

their possible uses and restrictions

The hydrotreating catalysts, Co/Mo, Ni/Mo and Ni/W on supports
as A1203 or A1203/Si02 have been introduced to heavy oil
upgrading by Matthias Pier during his pioneering work on
process development for coal liquifaction, in the 1930ies
years. Since then only gradual improvements of the catalytic
system have been achieved.

For removal of sulfur the CoMoS/A1203-System is best suited
because it shows the highest activity at relatively low
temperature /26/. Additionally the unwanted hydrogenolysis
activity is low. During reduced crude hydrodesulfurization
catalyst activity declines because of deposition of metals
(Ni. Y) on the surface and pore blocking due to coking of
asphalthenes. Wide pore type catalysts have been developed for
this application.

Removal of nitrogen needs higher reaction témperature and
higher pressure than hydrodesulfurization, because the
hydrogenation of isolated carbocyclic aromatic rings is
involved. At higher reaction temperature NiMoS-catalysts are
more active than CoMoS-catalysts /26/. Particularly for
refining of coal derived oils which have elevated nitrogen
contents as compared with petroleum fractions NiMoS-catalysts
are best suited. /31, 32/.

Removal of oxygen is also performed adventagously with NiMoS-
catalysts because again hydrogenation of isolated aromactic
rings of the phenols has to be achieved /33/.

When mild hydrocraecking is being desired to accompany
hydrofining in order to produce Jlower molecular weight
products than a catalyst support of adequate acidity, as
A1203/Si02, is applied.




Such catalytic systems do yield additionally the reactions of
bifunctional hydrocracking and hydroisomerization with
olefinic hydrocarbons and carboniumions as reaction
intermediates /34, 35/. Hydrogenation- and cracking-activity
of the system have to be adjusted very properly for the actual
purpose of application.

1.2.3 Comparision of hydrogenative and thermal routes of
heavy oil processing

When comparing hydrogenative with thermal routes of heavy oil
processing several aspects have to be taken into account:

- product distributions

- product qualities

- availability of appropriate processes
- feedstock properties

- investment costs

- production costs

- environmental impact

This complexity of the matter suggests no simple general
solution but only best individual approaches.

Product distributions of the hydrogenative route can
principally be regarded as favourable because of high
selectivity and flexibility of the processes, high purity of
products because of hydrofining properties of the catalytic
conversion and high hydrogen to carbon ratio of the products.
Thermal conversion generally produces a solid product (coke)
in addition to liquids and gases and the yields of liquids are

lower.

Product quality for the hydrogenative routes is generally
superior to that of thermal routes. Products from thermal
conversion are of unstable and unsaturated nature and need
further upgrading, The yield of low value fuel gas is normally
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higher and particularly the coke being obtained is often only
of low value because it contains much of the sulfur and the
metals which were present in the heavy oil feedstock.

Thus the approach of fludized bed coking (Flexi coking)
combined with burning and gasification of the coke and offgas
and fuel gas purification or the Lurgi process which uses an
inert circulating heat carier are favourable because no coke
is being produced and no pollution of the environment
encounterred.

The resently commercially most successful process of thermal
residval oil conversion to coke and liquid plus gaseous fuels
is that of delayed coking, because of its comparatively low
investment and prodvction costs. However, large scale
application of this process could lead to a production of such
amounts of coke, that these were not marketable. Proven
processes of the hydrogenative type for heavy fuel oil
conversion are available (see sections 1.3.1, 1.3.2, 1.3.3,
1.3.4) and the approach is particularly recommendable with
respect to product quality, flexibility and nonwaste
operation. However, relatively high costs are involved for
hydrogen production and high pressure operation.

Feedstock properties are of minor technilogical impact for the
coking processes and even the heaviest oils with high contents
of asphaltenes, sulfur and metals can be processed. Feedstock
properties must contrarily taken into account in detail for
the hydrogenative route and catalyst and reaction condition
adjusted properly.

Another environmentally particularly beneficial route of heavy
fuel conversion, which is however not subject of the present
expertise, is gasification with oxygen and steam at medium
respectively high pressure. Commercial processes (Shell or
Tecaco partial combustion processes) are available. All of the

sulfur is being recovered as H»S (and mainly converted to
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elemental sulfur) from the raw geas. Asphaltenes and metals in
the feed don't affect the process. The clean synthesis gas can
then be the feedstock for fertilizes and any high quality fuel
(Otto motor and diesel motor fuel) or basic chemical (small
olefins, aromatics, oxygenates etc.). This refers also to the
modern area of fundamental research and process develaopment of
"Ci-Chemistry”. Here not only heavy oils but also coal of any
quality (high in ash and sulfur or lignites and hard coals
which are not suited for hydrogenation) can be the ultimate
organic matter which is being used. The actual option for one
of the competing nonwaste technology routes is thus
particularly governed by the availabilty of the different

fossil fuels in a country
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1.3 Examples of modern processes of heavy oil conversion and
their major ecologic and economic relevance

As has been mentioned in chapter 1.2 the deep conversion of

petroleum is based on its hydrogenative or nonhydrogenative
cracking of the high-boiling and residual fractions for
obtaining maximum yields of lower-molecular weight products
which can be used as motor fuels, fuel oils, petrochemical’
feedstocks and other applications. The main reasons why
numerous deep conversion processes are used in modern
refineries are saving of crude o0il to 2 maximum extend

- producing of high-quality products which can be used without
pollution of the environment

- and, at the same time a sustantial increase in overall
economy and flexibility.

For demonstration of these statements the following typical
processing rcutes of high technical and ecological importance

have been selected:

a) Mild hydrocracking of high-boiling petroleum fractions as

an efficient and flexible process for producing low-sulfur
fuel oils, components of lubricating oils, feedstocks for
steam cracking and FCC and for producing of high-quality
motor fuels;

b) Hydrovisbreaking of residual petroleum fractions for

obtaining higher conversion rates and better product
qualities than via visbreaking:

¢) Desulfurization of reyidual oils, especially the combined

process of solvent deasphalting and hydrorefining of
deasphalted oil;

d) Direct coal ligquefaction as a most important case of
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production of fuels and ca~bochemicals from substitute

petroleum resources.

1.3.1 Mild hydrocracking as to be obtained in existing HDS-
plants

Modern hydrccracking offers several possibilities for
producing refinery products of excelent quality and valuable
petrochemical feedstocks. The most important hydrocracking
conversion routes are illustsrated in Fig. A-4 /{/._

Naphtha — LPG
medium distillates —® Gasoline
—a= Gasoline

—= Medium distillates
Vacuumgasoil — Lubricating oil

—= Steamcracker-feed

——a= Mild Hydrocracking
Heavy oils — Distillates

Residues —a Distillates

Fig. A-4: Alternatives of hydrocracking applications

The main reactions of the complex hydrocracking process are &s’

follows:
olefins
Hydrogenation of monoaromatics
polyaromatics
organometalic compounds
Hydrogenolysis of sulfur compounds

nitrogen compounds

oxygen compounds
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(.aromatics. hydroaromatics,
(hydrodealkylation)
Hydrocracking and J nhaphtenes (hydrodecyclisation)
Hydroisomerisation of | paraffins (hydrocracking)

paraffins (hydrecisomerization)

The course of these reactions depends on the severity of the
process i. e, it can be influenced by reaction conditions
(temperature, pressure, space velocity., Ha/HC-ratio) and also
by the type of the catalyst.

The main difference between conventional hydrocracking (HC)
and mild hydrocracking (MHC) of vacuum gas oils is the control
of catalyst and reaction conditions in such a way that hydro-
dealkylation, hydrodecyclisation and hydrosplitting of
different hydrocarbon groups proceeds with most selectively
and high flexibility.

The operating conditions may vary within a wide range /2/:

LHSV 0.5 - 1.5 h-1
temperature 350 - 450 °oC
hydrogen partial pressure 4 - 6 MPa
hydrogen recycle 250 - 500 m3/m3

The influence of reaction conditions on conversion rates is
evident from Fig, A-5. Owing to cracking reactions and
aromatic ring saturation, the consumption of hydrogen is
higher than in the case of pure VGO - HDS, nevertheless it is
lower in comparison with other types of hydrocracking (cf.
Fig. A-6).
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fig. A-5: Eifect of reaction conditions on VGO conversion
The field of application of MHC is relatively extensive:

-~ production of low-sulfur components of fuel oils:

- production of high-quality components of lubricating
oils;

- production of diesel fuel and jet fuels of exellent
quality;

- production Of FCC feeds;

- production of steam-cracker feeds.

It is particularly attractive, that MHC allows the use of
existing HDS-units, i. e. there is a possibility of improving
substantially the economy of a refinery when VGO - HDS
overcapacity exists. The use of an existing HDS plant for MHC

affords only low capital expenditure and slight engineering
modifications.
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The most important parameter influencing the perfurmance of
the MKC process is the choice of high efficient the catalytic
system, which has to ensure simultaneously high

hydrodesulfurization and hydrocracking rates.

E. g. BASF /2/ developed two hydrocrackirng catalysts of
outstanding performance: M8-81 and M8-80S. Both catalysts
contain Ni and Mo as active components supported on amorphons
alumo-silicate with a moderate acidity. M8-81 is generally
used in combination with a HDS catalyst of CoMo or NiMo type.
the Catalyst M8-80S is characterized by both,
hydrodesulfurzation and hydrocracking activity and it can be
used without pretreatment catalyst.

Similarly, in the IFP-process the combination of the HDS
catalyst HR 306 and the MHC catalyst HTH 544 /3/ is used.

Halder Topsde A/S has developed special catalysts for MHC
which, if the critical rezction temperature is not exceeded,
exhibit high activity and stability /4/.

As an example of typical application of MHC in modern
petroleum refining, the hydroprocessing of FCC reeds is
discussed in more detail in the next chapter.

1.3.2 Hydroprocessing of catalytic cracker feeds
Commercial fluid catalytic cracking (FCC) today is of a high
standards of technology particularly due to the major
innovations outlined below: '
I. leslite-type catalysts of high efficiency allow for a
substantial increas: in reaction rate and octane number

of the gasoline;

I1. The reaction now proceeds already in the riser allowing

for shorter residence times with a narrower distribution:
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Catalysts with special additives are made more resistant
to the deactivating effects of metals present in the
feedstock. The SO2 and CO concentrations of the offgases
from catalysts regeneration are 2lso reduced.

Hydropretreating of a vacuum distillate as a catcracker
feedstock increases the total conversion as well as yield
and quality of gasolines obtained. Hydrotreating is
particularly beneficial when residual fuel oils are used
as part of the feedstock.

In this chapter, attention is being paid to hydroprocessing of

catalytic cracker feeds. The following reasons create improved

properties of the feedstock due to hydrogenation:

I.

Il.

I11.

The ccntenat o0of aromatic compounds is reduced
substantially and the content of paraffinic and
naphthanic components increesed correspondingly, thus
cracking is fazilitzted and hicher vields of cascline are

obtained.

Especially the polycyclic aromatic compounds are
hydrogenated, making the mixture more resistant to
coking; the aromatic compounds remaining arter this
hydrogenative treatment are mainly naphtheno aromatics
which on hydrocracking, yie\d monocyclic aromatic
hydr.carbons. Coking deposits are reduced and formation
of aromatic gasoline is favored.

Hydrorefining reduces substantially the content of resins
in the raw material, particularly in mixed feeds these

most significant coke-precursors are being converted. -

In principle, there are two modes of hydrotreating of vacuum
gas oil (VGO, b. p. 623 - 823 K):




1. High-pressure hydrodcaromatiziag /7, 8/, which is
associated with hydrorefining (desulfurization). The over-
all content of aromatics is reduced dramatically and the
composition of the oil according to instance classes is
fundamentally changed (Fig. A-7).

2. Mild hydrocracking /6, 7, 8/ where the reactions are
similar, however, additionally there is a more pronounced
reduction of the mean molecular weight (Fig. A-8).

Effective desulfurization is a positive feature of both these
processes. As the degree of desulfurization is improved the
cracking performance of the VGO is improved (see Table A-4).
The yield of gasoline is increased and the deposition of coke
on the cracking catalyst is minimized. The petrochemical
useability of the by-products from cracking is improved: The
amount of alkylate obtainable from the C4q4 fraction is raised

and the fraction of i-butylene is significantiy increased.

Hydrotreating of VGO as a feed for catalytic cracking is a
highly efficient pracess. This is illustrated by the operating
data e. g. from the OMV refinery in Schwechat/Austria /5/:
Hydrotreating proceeds on the hydrodesulfurization catalyst
(HR 306) and a2 mild hydrocra.king is obtained on the catalyst
(HTH 544, The unit is operated under conditions as shown in
Fig. A-9. The process is very flexible as depending on
variation of the reaction conditions (cf. Fig. A-10).

Table A-5 lists the properties of the VGO feedstock and its
product after mild hydrocracking. Table A-6 given a comparison
of the cracking yields for the two feedstocks (reactor
temperature 518 9C, pressure 0.16 - 0.18 MPa, regenerator
temperature 740 ©C, catalyst/oil ratio 5.6 - 5.9). The
gasoline from the hydrogenated feed has a slightiy lower RON
because of a lower content of aromatics. The recycle oil has a
substantially lower sulfur content due to hydrogenation of the
feed, the anilin point is higher (lower content of aromatics)
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the Diesel index is also increased making it suitable for
blending as a Diesel fuel component and a fuel oil of Two-

sulfur content.

Profitability of catalytic cracking is comparatively high with

the hydrotreated feedstocks. For instance, wunder the
conditions prevailing at the OMV petrochemical works in
Schwechat the increase of total daily profit due teo using
hydrogenated FCC feedstocks is 28.5 Z /9/.

Hydropretreating of FCC feedstocks also turns out to be of
ecoloaical importance: sulfur emissions are reduced in the use
of these products as motor fuels or of the cycle oils as a
fuel. The same applies to the catalyst regenerator of a
cracking plant where a substantial reduction of 502 emission

is achieved.




52

7
1 B Monoeromaacs
VGO = O Dwromancs
o} VGO vGO 2 B Polysromancs -
vGO
2 so.i? » x2 -
; vGO VGO
3 z VGO
”P -
75
el
ﬂ- =
5 45| |
p . Res. -
oy c 2
- 14 1 N
10 5 o
[ 1 1 '
0 2 - badt § -y 1

Dubas Basrah  Araban

-‘Annnn Sront Arzow Emslena

gt
Bu 4

Fig. A-7: Yields of products, aromatics reduction in residue

(>623 K) and group composition changes for

hydrodearomatizing of different feedstocks (Results

by BASF /7/).

Reaction conditions:
catalyst

pressure of Hp
temperature
WHSV
gas/oil

Typical yields (wt-2):

C1 - C4

Cg - 353 K (light gasoline)
353 - 458 K (heavy gasoline)
458 - 553 K (kerosine)

458 - 623 K (Diesel o0il)

623 K

residue >

Ni-Mo/A1203

15 - 20 MPa

613 - 653 K

0,2 - 0,5 kg/liter/hour
0.3 - 2,0 cu.m/kg

O = &N O O
[ ] L]
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Fig. A-8: Yields of products, aromatics reduction and group
composition changes obtained from MHC processing of
different VGO feedstocks. (Results by BASF /7/):

MHC conditions:

catalyst Ni-Mo/aluminosilicate
pressure of Hp 8 - 13 MPa
temperature 643 - 693 K

WHSV 0.6 - 1 kg/liter/hour
gas/oil 1 -2 md/kg

Typical yields (wt-2):

Cy - Cq 2.0 - 4.0

Cs - 353 K (light gasoline) 2.0 - 3.0

353 - 458 K (heavy gasoline) 7.0 - 13.0

458 - 553 K (kerosine) 9.0 - 14.5

458 - 623 K (Diesel oil) 20.0 - 29.0 ?
residue > 623 K 60.0
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Table A-2: Effect of VG0 hydrorefining on the results of

catalytic cracking

Feedstock Untreated Hydrorefined
A B c .
S content. wt-a 2.68 0.53 0.28 0,01 .
Density 0.924 0.902 0.894 0.857
Total conversion, vol-2Z 78.1 80.7 81.7 92.0
Relative coke formation 1.0 0.78 0.76 - 0,43
Octane numer of gasoline 93.8 93.9 94.0 92.0
(RON clear)
Potential quantity of
alkylate, vol-2 33.6 37.2 37.1 41.8
Isobutene/butenes ratio
in C4 fraction, mol-2 0.68 0.72 0.79 0.81
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Table A-5: Feedstock properties /5/

=

Type Hydrotreated Unhydrotreated
VGO VGO
Denisty at 1t ©°C 0.905 0.934
Sulfur, pct wt 0.17 3.02
Basic Nitrogen, ppm 150 220
Conradson Corbon, pct wt 0.17 0.87
Aniline Point, 9C 89.8 77.4
Bromine Number, g/100 g 2 4
Refractive Index 50 °C 1.4955 1.5087
Carbon/Hydrogen Ratio 6.67 7.02
Viscosity, cSt 50 °C 35.3 57.6
100 °oC - 10.2
Vanadium, ppm 0.17 1.2
Nickel, ppm 0.03 0.2
Iron, .ppm 0.3 -
Copper, »opn 0.03 -
1[0 2 ¢ 11.95 11.60
Distillation D1160 ©C
5 368 351
10 393 385
95 550 551
99 583 580
Elution-Chrom, pct wt.
Anon Aromatics 55.9 44,2
Aromatics 43.6 52.8
Resins 0.5 2.8
Brandes, pct
Ca 12.2 18.8
Cp 59.6 52.6
Cn 28.1 28.6
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Table A-6: FCC yields (wt-Z) /5/

Type Hydrotreated Unhydrotreated |Difference
VGO VGO

Capacity, tons/day 3400 3200 i

Gasoline EP 205 9C 57.3 49.0 + 8.3

ASTM '

C2 minus 3.9 5.2 - 1.3

Propane 1.4 1.4 0

Propylene 4.8 4.3 + 0.5

i-Butane 1.9 2.2 - 0.3

n-Butane 0.4 0.6 - 0.2

Butenes 2.3 3.8 - 1.5

LCO, EP 390 OC ASTM 18.4 20.3 - 1.9

Clarified 0il 4.4 7.7 - 3.3

Coka2 5.2 5.t - 2.3

Conversion 250 ©°C

Vol-% 78.7 74,8 &.3

Wt-2 77.2 72.4 + 4.8

Gasoline Selectivity

Vol-2 88.4 81.2 .2

wt-2 74.2 67.7 .5

CO Selectivity

Vol-2 82.8 75.3

wt-2 80.9 73.6 +

Gasoline + LCO .

Wt-2 75.7 69.3 + 6.4

vy —— -
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combination HR 306 + HTH 544 /1/
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1.3.3 Hydrovisbreaking

When visbreaking of residual petroleum fractions is performed
in the presence of hydrogen the main reactions are
substantially influenrced and their kinetics changed. In
hydrovisbreaking the asphalthenes and resias are transformed .
to some extend into oils, which contain metals and nitrogen as

porphyrins. -

The following reaction scheme could be adopted for the
hydrovisbreaking process /10/: :

Reak-ions of primary cracking:
H2

1. Asphaltenes —+ distillates + condensed
asphaltenes + gas + oils

H2
I1. Condensed asphaltenes — gas + coke

H2
III. Resins — distillates + asphaltenes +
gas + oils

H2
IV. 0ils —+ distillates + resins + gas

Reactions of secondary cracking:

H2
V. Distillates —+ lighter distillates + gas

The concent of hydrovisbreaking is also based on the fact thet
the solubility . hydrogen in oil increases with pressure and

temperature /11/. It operates at similar temperature and LHESY
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as hydrocracking and yields significantly higher conversion of

the feed than visbreaking.

Hydrovisbreaking has a donor - solvent version, which is a
modern development of the old Pott-Broche process. Donor-
solvent-hydrovisbreaking uses a naphtenic fraction, which
dehydrogenates at the reaction conditions used and produces
hydrogen radicals available for the cracking reactions. The
hydrogenated donor solvent fraction is then separated and
recycled via a hydrogenation stage.

The application of donor-solvent principle is advantageous
because it minimizes the make-up hydrogen requirement by
retarding thermal cracking reactions which otherwise leads to
the formation of undesired light fractions (C4- and naphta).

For the reduction of coke formation, especially when the
thermostability of the feed is low, some aaditives {whicnh may
exhibit a limited catalytic function at the same time) can be

used in low concentration (s 2 wt-%).

As once-trough-additives., e. g. "Bayer mass" (waste product of
the alumina industry) or iron sulfide on lignite coke can be
used /12/.

As an example, the Lurgi-Donor Solvent Hydrovisbreaking
process is analyzed in more detail /13/:

The feedstock (vacuum residue, donor-solvent fraction and a
part of the upgrading residue is heated in the presence of
hydrogen (pressure 12 - 15 MPa) and enters the liquid phase
reactor (soaker) upstream at a LHSV of about 0.5 - 1 h=1, the
reaction temperature (350 - 420 °C is adjusted according to
the intended severity of the process. After leaving the
reactor. the reaction mixture is cooled (to about 50 ©C), the
1iquids are separated from the gas in a high pressure

separator, Hydrocarbons in the gas phase are removed if
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required in a recycle gas scruber and 2 hydrogen-rich gas is
obtained and used as the necessary make-up hydrogen and acdded

to recycle system,

The product from the high pressure separator is split into
distillates and residue (part of which could be used for Hp-
production by gasification). The distillates are refined
further in the hydrotreating section. Part of the 200 - 500 ©°C
distillate is hydrogenated in a special donor-solvent
generator where naphtenic type hydrogen-rich hydrocarbons are

formed.

Typical results are shown in Table A-7 /13/. In this case, 2
low severity DSV operation for 90 Z residue has been applied
which avoids any coke formation or precipitation of metals.

Interesting conclusions can be drawn from the comparison of
pure hydrovisbreaking and lJow severity donor-solvent
hydrovisbreaking. In the conversion range 40 - 90 % the light
hydrocarbon (Cg)-yield in donor-solvent hydrovisbreaking is
only 50 % of that of pure hydrovisbreaking and similarly less

hydrogen is consumend.

Intermediate distillate fractions from hydrovisbreaking can be
hydrorefined in a conventional mode using e. g. 5 MPa

hydrotreating for naphta upgrading and a 8 MPa process for the
200 9C + fraction,
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Table A-7: Typical results of DSY of a Venezuelan heavy o:1
(90 X conversion of residue 500 9C + recycle ratios
per 100 parts of heavy feed oil, containing 65 X of
vacuum residue: 24 parts of residual recycle oil

500 °C + 14 parts of donor solvent /13/

Heavy feed oil 0SV-product
Yields wt-Z on feed:
Inorganic gases - 2.5
Cq4-hydrocarbons - ' 2.5
Cg - 200 °C - 20.1
200 - 500 ©C 35 . 69.0
500 oC + 65 7.3
Chemical Hy consumpt. (m3/t feed) - 152
Inspections:
Sp. gravity (g/ma) 1.01 0.94
Av, mol, weight 470 232
H/C molar ratio 1.48 1.57*
Sulfur (wt-2) 3.9 2.66
V (ppm) 420 < 1 *
Ni (ppm) 100 < 1 *

*) 4in distillates 200 - 500 OC

It can be concluded that hydrovisbreaking is an efficient
conversion process for upgrading of residual oils making their
application much more acceptable from the ecological point of

view.
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1.3.4 Catalytic desulfurization ¢f resicual oils

As has been stressed before (cf. 1.2). the production of low-
sulfur liquid fuels from residual oils ranks among the most
important refinery processes for reducing 507 emissions which
presently cause serious and increasingly more extensive
environmental detoriation. In the introduction the principal
possibilities of desulfurizing residual oils have been quoted.
However, direct hydrodesulfurization on fixed bed catalysts is
of limited applicability.

Among the highly efficient production routes for low-sulfur
fuel oils the combination of deasphalting vacuum residues,
hydrorefining of the deasphalted 0il and blending of the
refined deasphalted oil with other refinery streams is to be
recommended.

A process to be presented below in more detail, has been
developed at the Research Institute for Chemical Applications
of Hydrocarbons (Czechoslovakia) in cooperation with the
Bashkirian Science and Research Institute (USSR) where the
deasphalting process DOBEN has been developed (14, 15). These
studies performed in extended laboratory, pilot plant and
industrial scale work, have been brought to the stage of
actual project execution.

The process flowsheet showing also the balances for the
production of fuel oils containing only 1 2 S from 2
Romashkino crude is presented in Fig. A-11. Table A-8 lists
the properties of the major fractions. Hydrodesulfurization of
the vacuum distillate presents no difficulties and can be
effected either by a classical route using more HDS or by
application of mild hydrocracking, in order to obtain higher

yields of motor fuels.
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Table A-8: Characteristics of the atmospheric and vacuum

residues and deasphalted oil as obtained from
Romashkino crude oil
Distillation residue Atm, Vacuum Deasphalted oil
from Romashkino crude resid resid from vacuum resid
300 °C 500 OC+
* *

Yield, wt-2 49 25 21.5
Density at 20 ©C, g/ml 0.960 1.010 0.986
Elemental compos. wt-Z

C 84.90 84.47 85.20

H 11.10 10.57 10.82

S 2.70 3.24 3.08

N 1 0.48 0.39
Molecular weight 510 820 740
Conradson carbon residue
wt-2 10.5 18.4 12.5
0ils, wt-2 80.5 62.5 72.4
Resins, wt-Z 14.6 27.0 26.8
Asphaltenes, wt-2 4.9 10.5 0.8
Ash, wt-Z 0.054 0.076 0.032
Metals, ppm

v 160 328 115

Ni 50 94 55

Fe 30 25 15
Viscosity, ¢St/100 ©C 52 860 220

*) Asphaltenes were determined using n-hexane, resins by adsorption on
silica gel and desorption by a benzene-ethyl alcohol mixture 4 : 1.

Other analyses as per CSSR standards.




A much more demanding operation is the hydrogenation of the
deasphalted oil, a product which is similar to the atmospheric
residue in some of its properties, however, containing a
substantially lower amount of asphaltenes. Thus the
hydrodesulfurization proceeds more easily and catalyst
deactivation is slow. The conditions of pilot plant scale
hydrodesulfurization of the deasphalted oil are outlined in
Table A-9. The reaction proceeds on fixed bed catzlyst
(sulfides of group VI and VIII suppcrted on a carrier having a
specially modified texture): the feedstock is fed to the
bottom of the reactor. o

A fundamental prerequisite for successful commercial hydrode-
sulfurization of the deasphalted oil is the use of a highly
active catalyst having a sufficient life time. Common hydrore-
fining catalysts for distillate feedstocks are rapidly
deactivated by coking and by the metals introduced with the
feed.

In Czechoslovakia, the carrier texture has been modified and
other optimizing means have been taken in order to develop
hydrorefining Ni-Mo and Co-Mo catalysts with substantially
high resistance to deactivation. These catalysts permit
de5u1furization.of deasphaltate (less than 1.7 :-7 S) and,
simuitaneously an effective metal removal (on a fresh
catalyst, up to 2500 hours, the V and Ni removal is 80 - 90 Z,
whereas on a partly deactivated catalyst, up to 4500 operating
hours, the average removal is 60 - 67 Z).

The used desulfurization catalyst retains high quantities of
nicke! and, above all, vanadium. For example, a Co-Mo catalyst
which had been used to desulfurize 2700 kg deasphalted oil per
1 liter catalyst, was found to contain 12.5 and 2.8 wt-Z of V
and Ni, respectively. Hence, the exhausted desulfurization
catalyst represents a much more concentrated source of
vanadium than the natural ores, and processes have been worked
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Table A-9: Hydrodesulfurization of desasphalted oil. Reaction
conditions and properties of products.

Data Laboratory Pilot
Temperature oC 330 - 420 . 380 - 420
Pressure MPa 10 10
LHSV vol/vol.h 0.5 0.5
H/HC ratio Nu3 Hy/w3 | 1000 1000
Duration of run h 2500 2100
Hydrogen consumption Nex3/ton 103 85
Average product properties:
Density at 20 °oC g/mi 0.930 0.850
Conradson carbon residue wt-7 6.2 8.6
. aur Point ' oC - 12 + 6
Kinematic viscosity cSt/100 °C 13 45
Elemental analysis wt-2

c 86.57 85.96

H 11.52 11.45

S 1.20 1.30

N 0.34 0.39
Content of resins wt-7 12.0 18.0
(silica gel)
Content of n-Cg asphaltenes wt-Z1 2.2 1.3
Metals ppm
Vanadium 17 32
Nickel 13 20
Iron 15 1
Yields w-3
Cy - C4 (without HpS) 1.6 1.4 i
C5 - 200 °C 5.0 2.0 |
200 - 350 oC 18.0 12.0
350 - 525 oC 31.0 24.0
525 °C + 43.0 59.0




67

out (e. g. by Lurgi /16/) by which this vanadium can be

recovered,

A special problem is the effective utilization of asphaltenes,
the by-product obtained during feedstock deasphalting.

One of the possibilities, tested successfully in Czechoslova-
kia, is to add the asphaltenes to bitumen to be used in the
construction of roads, in cases where the bitumen properties
do not meet the standards asphaltene additions alter the
original, unsuitable group composition of the b%tu-en and can
improve some of its properties.

Another suitable technique of processing asphaltenes has been
elaborated by Lurgi Co. in collaboration with the Venezuelan
research institute INTEVEP S. A. (subsidiary of Petroleos de
Venezuela S. A. /17, 18/). Deep deasphaltizing can be applied
to prepare asphaltenes. The flow diagram of this process is
reported in Fig. A-12. The feedstock is mixed with an
aliphatic solvent (e. g.. a mixture of Cs - Cg alkanes).
Asphaltenes are precipitated in the form of fine particles and
separated from the liquid. The ungerflow stream from the
separator contains between 40 and 60 Z by wt of asphaltenes
and is dried to recover the solvent and to obtain the
asphaltenes as a fine powder. Typical results from
deasphalting a Venezuelan crude oil with hexane as solvent are
given in Table A-10. High deasphalted oil yiells were
obtained (more than 87 Z of the crude).

The asphaltenes obtained can be subjected to coking by the LR-
Coking process (Lurgi-Ruhrgas /18, 19, 20/). The principle of
this techn>slogy is shown in Fig. A-13. The feedstock is fed to
the reactor in liquid or solid form., In the reactor the
asphaltenes are mixed with particles of hot coke, which has
been obtained in the process and is used as a heat corrier,
The reactor is a special double screw mixer in which the feed
and the heat carrier are blended.
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Table A-10: Crude cil deasphalting

Sclvent Hexane l
Properties Feed DAQ Asphaltenes
i Yield T & 100.0 87.4 12.6 |
APl Gravity 12.2 14.8 - 8.5
) Specific Gravity
60/60 0.9847 0.6972 1.15
Sulphur T W 3.0 1.8 4.32
Nitrogen T W 0.54 0.40 - 1.58
Conradson Carbon Z W 10.3 6.3 38.40
C7 Asphaltenes 7 W 8.2 1.9 -
Vanadium ppm 330 165 1480
Nickel ppm 77 41 326
Viscosity
CST + AT 140 °F 630 150 -
CST 4 A 230 ¢r 72 31 -
Softening Point OC - - 220
Dropping Poiﬂt oC - - 270

The volatile products are separated from the coke, coolrd, and
the vapors condensed. The fine coke particles are transferred
to the liftpipe in which they are transported upwards
pneumatically with an afr stream and thereby partly burned,
and heated up. In the collection bin the hot coke is separated
from the flue gas and recycled to the reactor.

The main products of the LR-Coking process are

- coke
- coker liquids (free from heavy metals)
- high-calorific coker off-gas

Figure A-14 provides a summary of the main results of the LR-
coking of asphaltenes. Clearly, the quality of the liguigd
products is improved as the coking temperature is lowered,




Fig. A-13: Principle of the LR-coker
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However, there is a practical minimum temperature owing to the
requirement of producing a coke with a low content of
volatiles. This coke is a good fuel that can be burnt in power

stations.

The coker liquids are stabilized by common hydrogenation
processes if desirable.

Hydrotreating of the deasphalted oil can be performed as a
single-stage operation but the recommended method is to apply
a two-stage process; metals are removed 60 - 80 % in the first
stage using special catalysts and this oil is subjected to
finishing refining using common desulfurization catalysts (e.
g., of the Co-Mo type).

An example of the effectiveness of deasphaltized oil
hydrorefining using the INTEVEP demetalizing catalyst in the
first stage and a commercial Co-Mo catalyst in the second

stage, at ca. 10 MPa pressure, 375 - 400 °C temperature, and
LHSV 0.4 h-! is furnished by Table A-11 /17, 18, 19, 20/.
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Table A-11: Deasphalted oil hydrotreating

Product Yield | Feed Hydrotreated Product |
H2S/NH3 2.65

C1 - C4 1.70

Cg - 375 °F 6.50

370 - 650 oFf 30.50

650 - 950 oF 38.40

Hydrogen Consumption SCF/BBL 1000

Liquid Product properties

API Gravity 14.8 23

Sulphur wt-% 2.8 0.55

Nitrogen wt-2 0.4 0.31

Asphalten: Cy7 wt-% 1.9 0.6

Conradson Carbon wt-2 6.3 3.0

Viscosity ¢ST at 140 ©OF 150 22

Vanadium ppm 165 12 ‘

Conclusion

The alternative route of desulfurization and chemical
upgrading of residuizl o0ils through a combination of
deasphalting and hydrorefining of the deasphalted oil has been
shown as technically reasible and profitable. The hydrogenated
deasphalted 0il represents a low-sulfur fuel cil or a low-
sulfur component suitable for blending so as to obtain fuel
oils with reduced sulfur contents.

The asphaltenes produced can be used as a blending component
in the production of asphalts destined for rcad making and for
other proposes. Alternatively it can be submitted to coking so
as to produce petroleum coke suitable for use as 3 fuel for
power stations and, on the other hand, to obtain liquid coker
products which, after hydrotreating, can be used as motor fuel.
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1.3.5 Direct coal liquefaction and hydrogenative processing
of the primery products

Heavy oil conversion and conversion of coal to motor and
heating fuels and to organic chemicals proceeds in comparable
processes and coprocessing of coal and heavy oil petroleum
fractions can circumstantially be particularly beneficial.

It again depends basically on the type and properties of the
fossil fuel which is available domestically or could be
obtained from the world free market. However fluctuations in
world market energy prices, especially for petroleum are very
hectic, so that it is neither reasonable nor recommandable to
found any medium or long term energy political decissions on
the present weakness of the world oil market. Thus the
development of processes for coal hydrogenation can be very
actual even today in specific cases,

Basis for any decission, if and according to which process a
coal hydrogenation plant will be built, is the kind of coal
which shall be converted. The ash content should not exceed
the value of e. g. 10 wt-Z. Accordingly South Africa produces
more than 4 million tons of 1iquid fuels from a coal with more
than 25 % ash arnually via the route of coal gasification and
subsequent Fischer-Tropsch CO-hydrogeantion /21/. A high
sulfur content of the coal is adventageous for liquifaction.
Bituminous coals of high reactivity are best suited. Lignites
can also be hydrogenated successfully. However, the range of
different lignite properties is very broad and its suitability
for hydrogenation varies correspondingly. ’

Basis for all modern coal hydrogenation processes is still the
classical development of Bergins and Pier (IG-Process). A flow
sheet is given in Fig. A-1% /22/.

Hydrogen was then produced by means of coke gasification. The
highest possible yield of oil was then achieved at pressures
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up to 700 bars. The residue of hydrogenation (ash and
unreactive asphalthenes) was separated from the product stream
by means of centrifuging, a procedure, which works not very
satisfactorily. This residue was pyrolized to yield addition2l
liquids and a remaining coke of very poor quality, containing

the ash an¢ the iron catalyst which was only deposited then,

A modern development based on the former German technology is
that of Ruhrkohle and Veba, who have build a 200 t/d pilot in
Bottrop and operated it successfully for several years
/23/.The designed feed and product comgposition and the process
conditions are shown in Table A-12.

Another process, related closely to the former IG-technolgoy.
ijs that of Saarbergwerke (GfK, Gesellschaft fir
Kohleverflissigung), which has been demonstrated in a 6 t/d
pilot plant /24/. The process flow sheet is shown in Fig.
A-16.

As compared with the classiczl IG scheme the following changes

have been made.

- The feed slurry of coal, recycle oil and catalyst is heated
partially through direct internal mixing with hot condensed
reaction products.

- Separation of volatile products and residue of hydrogenation
is obtained via a vacuum flash evaporization.

- The residue remains a still pumpable mass and shall be used
for hydrogen production via partial oxidation. The
feasebility of this process has been demonstraﬁed
successfully by Ruhrkohie/Ruhrchemie in their high pressure
partial oxidation pilot plant which has been designed for
coal gasification /25/.

The adventages of this use of the hydrogenation residue are
that of an perfectly nonwaste technology approach. The
reaction pressure can be taken as only about 3C0 ber, becaucse




Table A-12: Feed and products (design)
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and process conditions

of the coal oil pilot plant Bottrop /23/

Feed:

Products:

Process Conditions:

t/d
Coal (m. a. f.) 200
Ash 10
Catalyst 8
Hydrogen 12
230
t/d
Gases (C1- Cg) 40
Light Distillate 26
Middle Distillate 66
Residue 80
H,0, €O, COz, H2S, NH3 18
230
Pressure 300 bar
Temperature 485 oC

Spec. Throughput

0.5 /a3 + &

Solids Concentration

in Slurry

42 7
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nonreactive asphalthenes are no langer recyclec to the

reactor.

Following results have been published.

Table A-13: Composition of the bituminous coal (w-Z on a dry

basis)
ash 6.2
volatiles 37.2
Carbon 17.8
Hydrogen 5.2
Nitrogen 1.6
Sulfur 1.9
Chlorine 0.5

-

H Pacduct ccaposition {in wt-% of the dry 2n esh

2 .
e 20

Tatle A-

free feed coal

€1 - C:s 17.9
0il 51.7
Cs -200 °C = 14.2
200 - 325 °C = 34.9
> 325 °C = 2.6
Bitumen 21.0

The same pilot plant has been used for coprocessing of coal
together with a residual mineral oil. As shown in Table A-15
“the yield of distillable oil is substantially increased and
consumption of hydrogen lowered. [f one assumes the yield of
oil from coal to be the same as when processing the coal
fndividually then the degree of conversion of the residual oil
to distillzble oils amounts to 80 %,
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Table A-13: Product y:eids from coprocessing of bitumincus
coal (83.7 wt-% maf) coke oven tar (7.8 wt-X) and
residual o0il from heavy o3l hydragenation (6.5 wti-
Z). (Values given in wt-Z of the feed)

€y - C4 15.9
0il yield 57.0
Cg =200 ©°C 12.8
200 - 325 °C 27.7
> 325 oC 16.5
Bitumen 19.1

Typical data characterizing the product oils as according to
the coal described in Table A-13 are given in Table A-16.

Table A-16: Characterization of the oils obstained by coal
hydrogenation

Cs - 200 ©°C 200 - 325 ©C > 325 oC
sp. Gr. kg/m3 855 977 1010
Mol. weight
kg/kmo} 109 166 235
Elemental compos.
at=2
o 83.4 86.6 89.3
H 11.3 9.4 7.7
N 0.6 1.0 1.8
0 4.7 3 1.4
S 0.036 0.04 0.06

Rzaction conditions for running the pilot plant were given as:

Feed céal 3.1 - 6 t/d
Temperature 460 ~ 483 ©°C
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It has also been tested to conduct the refining of the hot
volatile products from coal slurry phase hydrogenation
directly. After condensing some of the higher molecular weight
compounds in a hot trap, the product stream is being fed to a
refining reactor. The flow sheet of this process mode 1s shown
in Fig. A-17. Results as compared with conventional refining
of the products are given in Table A-17,

Table A-17: Characterization of oil from coal hydrogenation as
obtained and after refining (A in situ refining, B
refining results by BASF, /26/

A: In situ refining 8: Convention, refing
feed oil product feed oil product
sp gravity, kg/m3 960 870 950 860
mass per mol, kg/mol 157 150 140 130
Analysis (wt-%)
c 86.7 81.17 85.9 87.3
H 9.8 12.2 9.7 12.7 ;
N 0.7 0.1 0.8 0.0003 ‘
0 2.7 0 3.5 0 |
S 0.06 0.004 0.05 < 0.0001 ;
Pyrosolprocess

Saarbergwerke have also anounced a new process of coal lique-
faction in which the bituminous coal is hydrogenated only
midly to an uptake of hydrogen of about 2 wt-Z and the heavy
0il together with the suspended solids is fed to a hydrocoker,
Fig. A-18 shows the product composition as a function of
severity of reaction conditions respectively the consumption
of hydrogen,

Additionally the maximum content of ash cf the feed coal is
given as a function of severity of conversion.
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The adventages of this process are

- less hydrogen consumption

- higher yield of oils

- and the possibility of converting cheaper coals with
higher ash content

Fig. A-19 shows the flowv sheet of this process.

Fig. A-19: Pyrosol process for coal ligquefaction. Simplified
flow diagramm /24/

§a1zg1tter/1mhausen high pressure process

In this processes the reactor consists of a long high pressure
tube (256 m) the ratio of length to diameter is ca. 10,000.
The pressure range is indicated as 700 - 1500 bar. A pilot
plant with a capacity of 75 to 220 kg/h feed coal has taken
into operation in 1984 1n Lahr (FRG).

The expected advantages of this process have been described as
follows:
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High specific through put due to relatively high reaction
temperature and pressure. The high reaction temperature at
shorter space time is possible without coking due to the
high partial pressure of hydrogen,

Reduced formation of hydrocarbon gases and asphaltenes
because of high reaction pressure and short space time.

Increased selectivity of oil formation due to the uniform
residence time distribution as pertinent for the tube
reactor.

Increased reaction rates bhecause of high concentration of
dissolved hydrogen.

Reduced tendencies of coking and formation of diposites in
the reactor because of the high hydrogen partial pressure
and the relatively high linear velocity of the reaction
mixture and the simple geometry of reactor.

BCL-Process (Brown Coal Liquefaction Process)

A 50-ton-per-day pilot plant has been built and is being put

into operation at Morwell (Victoria, Australia). This process

has been developed by Nippon Brown Coal Liquefaction Co., Ltd.

The specific features of this process which spezifically take

into account the properties of brown coal feed material are

the following:

1-

Deweeting of the coal is obtained via evaporation at 140 -
200 O°C after preparing a slurry with the organic solvent,

Hydrogenation is performed in a conventional reactor
(disposable catalyst added to the slurry, 430 - 460 ©°C, 150
bar). However the recycle solvent being used is partly the
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hydrogenated middie Gistiiiate and hydrogenated deashed oil

with favorable hydrogen donor properties.

3. Deashing of the liquid product is obtained with the help of
a diluting solvent. In a settler the ash and the catalyst
form a sludge together w@ith the preasphaltenes. The sludge
from the settler bottom is fed to a gasifier.

In all of the modern coal liquefaction processes the present
requirements of a nonwaste technology are taken into account.

Locations for hydrogenation plants will be particularly
dictated by the availability of cheep coal as in Australia,
Canada, USSR, China., USA or Columbia.
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2. CHEMICAL USES OF SUFLUR AND HYOROGEN SUFLIDE AS OGBTAINCD
FROM THE HYDROTREATING PROCESSES

2.1 Introduction

The traditional use of sulfur is for the production of
sulfuric acid. About 90 Z are cornsuaed for this purpose. The
remaining 10 Z are used in paper industry., agriculture, for
production of some important thio-organic chemicals, and
elsewhere.

The main sources of elemental sulfur are as follows:

(Frasch) mined sulfur

- hydrogen sulfide from natural gas

- hydrogen sulfide or sulfur obtained by removing sulfur
from petroleum products and othecr perspective
substitutes of petroleum as ter sand anc 0il shalszs

- sulfur from coal gasification

- sulfur from the flue gases of power plants

The dominance of Frasch mined sulfur was passed in the 1970s
by sulfur recovered from fossil fuels and these sources are
likely to satisfy all demands of the various industries. For
jnstance, in the early 1980s coal combustion was the largest
jndividual source of sulfurdioxide emissions to the atmosphere
with about 100 million tons/year, equivalent to 50 million
tons/year of suifur.

Because of increasing amounts of recovered sulfur, its new
applications are very specific and attractive. The mcst
important fields where substantial quantities of sulfur can be
consumed are the following /1 - 6/
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- sulfur asphait

- sulfur concrete

- sulfur coatings

- suifur foams

— sulfur based composites and

- special thio-organic chemicals.

Sulfur asphalt /5/ is a mixture of asphalt, mineral aggregate

and sulfur. Sulfur reduces the viscosity of the asphalt and
improves the workability of the paving mixture. Sulfur asphalit
can be laid without rolling compaction. The increased
structural strength of sulfur asphalt in comparison to
conventional asphalt allows its use for reducing winter
cracking and deformation of road surfaces in sumaer, Sulfur
also improves the resistance to water stripping. Paving
products of high sulfur content are very stiff so that 2
reduction in paving thickness may be possible. The content of
sulfur in the sulfur asphalt usually varies from 25 to 35 wt-%
depending on the type of mineral aggregate and its intendend
use. There exist several sulfur asphalt technologies for
mixing and handling (Shell, SNZA, CGulf, Bureau of Mirnes,
Pronk, OMV, etc.). In principle, all these technologies
include mixing of solid or liquid sulfur, hot asphalt, and hot
mineral aggregate. The mixing temperature is very important
because above 160 9C, sulfur starts to show dehydrogenation
properties acompanied by H2S formation which results in
making the asphalt more viscous. The lowest possible
temperature and contact time while preparing the final mixture
are desirable from the ecological point of view, because
emission of HpS ani sulfur dust, which acts irritatingly to
the eyes is minimized.

Experiences hitherto acquired with thz uss of sulfur esphalt
are very satisfactory. For example, six demonstration roads
have been constructed :n Auystria, with best results.
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Sulfur concrete /1, 2, 3,

When sulfur is mixed with the hot mineral aggregate 2%
temperatures above 120 oC (120 - 15C °C) a concrete-like
material 1is obtained after cooling. To decrease sulfur
fragility and improve the durability of the sulfur concrete
under changing weather conditions several additives have been
used which modify the plasticity of sulfur and the shape of
its crystais.

Several processes for the production of sulfur concrete are
available (the most important ones are those of Sulfur
Innovations Ltd.. OMV and SUDIC). These technologies differ
mainly in particle size distribution, type of the sulfur
plastifiers being used, and in process control equipment.
Important advantages of the use of sulfur concrete are 2s
follows:

- It can be applied at temperatures below 0 ©°C

- It obtains its final strength very quickliy in about
several hours

- It has 2 superior performance in corrosive
environments.

Some disadvantages make the application of sulfur concrete
impossible for certain kinds of constructions:

- 1s looses its structural strength at temperatures above
100 °C
- Sulfur dioxide is formed on burning.

An unconventional use of sulfur is the improvement of the
strength and durability of the concrete by impregnating its
pores and surface with 1iquid su.fur, By this means the
compressive strength and the resistance to the attack by salt
soluticns and acids is improved. Additionally waler adscrption
ijs weakened and the frost recistance being increases.
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Sulfur coatinecs /1, 2., 3/

The high resistance of sulfur to chemical attack led to its
use as a coating. Nevertheless, additives must be applied for
producing coatings with excellent properties:

- Addition of unsaturated hydrocartons or other amonomers
prevents the formation of the crystalline state and
stabilizes the long-chain polymer modification of
sulfur

- Compounds for terminating chaine propagation reactions
are added to restore a low viscosity

- Fibres and other filler materfals are added to increase
the mechanical strength.

The main applications are as follows:

- Protection of concrete structures {in corrosive
environments

- Stabilization of earthworks and mineral tailings piles
or dumps

- Repair material for cracks

- Coatings for irrigation ditches. retention ponds, etc.

- Coating urea with sulfur as slow release fertilizer

There are several companies and institutions which developed
srotective sulfur coatings: South West Research Institute,
Chevron Chem. Co., OMV, and others.




Sulfur foams /1, 2. 3/

The main constituent of sulfur foams are:

- Chemically modified sulfur
- Foaming agent
- Special additives

The most important propertiy of sulfur foam is its high
resistance to compression as compared with foams based on
polystyrene and polyurethane.

The main advantage of sulfur foam is the possibility of its
production on site, even under conditions of adverse weather,
The foams show exellent thermal insulation properties and are
particularly suited for preventing frost damages to roads.

Sulfur-based composites /1, 2, 3/

Sulfur is a suitable component of some composites, mainly used
ijn civil engineering. For example, light and easily built
structures can be erected by means of surface bonding of
block-like materials., The blocks are normally stacked, and a
mixture consisting of plasticized sulfur and other additives
is applied to the outside surface ¢f the wall, Such walls show
higher resistance to tension than conventional walls made of
mortar joining material.

Production of special thio-chemicals

Conversion of sulfur or hydrogen sulfide to special chemicals
can be very advantageous and especially in integrated
petrochemical plants can substantially contribute to overall
economy with the possibility of making use of what originally
were wastes or by-products as HzS and sulfur, The
corresponding important and challenging problems are discussed
in the next chapters.
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2.2 Syntheses and applications of technically important thio-
chemicals

2.2.1 Survey and application of the major technically
important thio-chemicals based on petrochemistry

The range of applications of the main primary thio-chemicals
produced on a petrochemical basis is rather broad. A survey of
applications is listed in Table A-18. The following comments
apply to the table:

a) In addition to the metallurgical applications, the use of
thio-chemicals for the odorification of fuel qases is a

traditional area. As related to the growing natural ogas
distribution pipe-line networks, production of
odorification agents (to be added to the natural gas) has
substantially increased. This application is of world-wide
interest.

b) In petrochemistry, selected thio-compounds such as dimethyl

sulfide, dimethyl disulfide - find use as modifiers for
some metal catalysts, as supported platinum wused in
reforming. The addition of thic-compounds (dimethyl sulfide
and dimethyl disulfide) to the feedstocks for thkermal
conversion (particularly to medium oil fractions) has a
strong effect on reduction of coke formation and improves
the economy of the process. In petrochemistry, dimethy]
sulfoxide is an important solvent which is used to a
growing extend for extraction of aromatics.

¢) In the production of rubbers and other polymers a few thio-
chemicals are important. Aliphatic mercaptans are used as
chain transfering agents and molecular weight controlling
agents in polymerizations; Without their addition the
produced rubber would have 2 too high molecular weight.
Among the mercaptans used for this purpose, the tertiary
dodecyl mercaptan and the n-dodecyl mercaptan yield the
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Table A-18: Application of petroleum-based thio-chemicals

Area
Retallurgy

Rare metal extraction

Odorization of gases

Petrochemistry

Production of rubbders
and other polysers

Tribology

Bu1lding of roads

Phytotherapy - plant
trestment

Pharmacevticals

Cosmetics

fodder production

Glassmaking snd pottery

Applicattion

Sulfiding agents for setallic
surfaces. extration of metals

Providing odor for matural and
other gases

Nodifying agents for catalysts
snti-coking agents to be added
to feeds for pyrolysis,
extraction of arosatics

Chatn propagstors in radical
polymerization resctions

Additive to polymer
Prevulcanization tahibitor
Synthesis of additives for PVC
Solvents for polyurethane foams
and acrylics

Special polysulfidic sealants

High-pressure additives for otls

usad in cutting and grinding

Thio-elastomer sdditives for
ssphalts

Synthesis of herbicides and

tnsecticides; solvents for
these syntheses

Intermediates of synthesis,
and solvents

Intermediates tn the synthesis
of cosmetic products

Synthesis of methionine

Color glazes (gold) for glass
ond China

Thio-chesmical

liquid WS, dimethyl! sulfide

ethyl sercaptan

n-propy! msercaptan
isopropyl mercaptan
tertiary butyl mercaptan
dimethyl suifide

diethy! sulfrde

tetra hydrothiophene

dime.ayl disuflide
disethyl polysulfide
dimethy! sulfoxide

a-octyl mercaptan
n-dodecy! mercaptan
tertiary octyl mercaptar
tertiary nonyl sercsptan

tertiary dodecyl mercaptan
escers of thioglycolic acid
cyclohexyl mercaptan
thioglycalic acid

dimethyl sulfoxide

high molecular weight polysulfides

tertisry dodecyl polysulfide

special polysulfides

sethy! merceptan
sthyl mercaptsn
dimethy) disulfide
dimethyl selfoxide
thiophenol

thiobutyraside
thioacetic acid
ethane dithiol
dimethy) sulfoxide

thiogiycolic acid

methyl mercaptan

pinene mercaptan
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highest efficiency, but further thiols are also suited such
as the tertiary nonyl mercaptan, tertiary octyl mercaptan,
etc. The use of esters of the thioglycolic acid as a PCV
stabilizer is also noticeable.

Cyclohexyl mercaptan ranks among the basic raw materials
for synthesizing the prevulcanization inhibitor N-
cyclohexyl thio-phtalimide, a thio-chemical of growing
significance for the production of the lates generations of
tyres. Another prospective trend in macromolecular
technology is syntheses and application of sulfur-
containing polymers which exhibit particular properties.

Also worth mentioning are the appliction of dimethyl
sulfoxide as a solvent for polyurethane foams and acrylates
and the application of special higher-molecular weight
polysulfides (e. g. the French product named Sulkot) in the
production of sealants.

d) In tribologx.‘it were mainly the polysulfides like tertiary

e)

dodecyl polysulfide which found application as high-
pressure additives for cutting, grinding and special
transmission oils. These non-corrosive additives which
exhibit great thermal stability and oxidation resistance
have high sulfur content, and mix easily with the basic
oils. They have recently found considerable expansion.
Several well provan products are commercially avajlable, e.
g.. Elf-Aquitgaine operates a facility in their Lacq works
where sulfidic bottoms from the production of mercaptans
are processed to type TPS 20 and TPS 32 additives with
outstanding properties.

Modern roadbuflding faces the task of constructing high
duty roadway capable for withstanding today's frequently
quite enormous traffic under any weather and climate
conditions. Modern bitumen mixtures are improved by
polysulfide additives or the conventional roadway surfaces




f)

are coated with protection layers that contain
thioelastomer additives (e. g. the French product
Thiostone). Polysulfides of higher molecular weights,
obstained as by-products during producing of mercaptans and
sulfides, are the raw material of these special products.

In modern agricultuée highly effective insecticides and
herbicides manufactured by processes involving certain
thio-chemicals are of importance.

Among the synthetic insecticides the product Sistox from
BAYER, 4hich contains O0,0-diethyl-0-/2-
ethylmercaptoethyl/thiophosphate (XIV) and 0,0-diethyl-5-
/2-ethylmercaptoe.hyl/tiophosphate as the active species
has to be mentioned. The substance from which the
production of Systox is started is 2-ethylmercaptoethanol,
prepared directly from ethyl-mercaptan and ethylene oxide,
The same starting materiai is used in synthesizing
Metasystox and Ekatin.

in the production of herbicides methyl mercaptan and ethyl
mercaptan find application in the syntheses of symeric
traizines of the Simetryn type.

Beyond Simetryn, a number of products has been marketed by
Geigy These include Demetryn, Ametryn, Terbutryn,
Prometryn, Dipropetryn.

Modern agrochemistry can not operate without pesticides,
made from basic thiochemicals. The major thiols used in the
production of agrochemicals include CH3SH, C2Hs5SH, n-
Ca3H7SH, n-Cg4HgSH, n-CgHy7SH, thiphenol and 2-
mercaptoethanol. Further processes of herbicide and
fnsecticide synthesis also make use of dimethyl disulfide
as a thiomethylating agent, and dimethyl sulfoxide as a
suited solvent.




q)

h)

i)

In the production of pharmaceuticals the main intermediates

and raw materials which are used for syntheses include
thiochemicals such as ethane dithiol, thioglycolic ard
thiocoacetic acids, and also dimethyl sulfoxide which, in
many cases, provides a suitable reaction medium.

In the cosmetic industry tie major sulfur containing

substance 1s thioglycolic acid; El1f-Aquitaine 1is the
leading European producer hereof.

Modern fodder productio s within those areas where

sulfur-containing compounds are most prominant,
particularly, because of synthetic-methionine of which the
production grows steadily worldwide. The world produztion
of this compound amounted to ca. 30,000 tons in 1979 and
has grown te 100,300 tons in 1978. According to estimates
by Monsanto, the annual increase of production rate in the
1980s should be 5 - 10 Z.

The over-all reaction for synthesizing methioning
commercially is

NH2
'
CH3SH + CHp=CHCH=0 + HCN + H20 + CH3SCH2CH2CHCOOH

This means that methyl mercaptan {is becoming an important
industrial thiochemical.

In Europe, Rhone-Poulenc is the greatest producer of
methionine., Other important methionine producers in the
world are E1f-Aquitaine (France), Degussa (Germany),
Sumitomo, Nippon Soda and Nippon Kayaku (Japan), Ugilor
(France) and Monsanto, Dow Chemical, and Dupont (USA). A
remarkable capacity for methionine production is also
available in the USSR. Construction of a joint methionine
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production facility was also considered by Poland and
Czechoslovakia.

Methionine, in terms of its annual production ranks second
after L-glutaminic acid among the asmino acids,.
Nutritionally the two optical isomers are equivalent
allowing for a direct chemical synthesis of D,L-methionine.

j) The glass making and pottery industry makes use of special
mercaptans, of the terpenic series. These substances find

application in the production of decorative color coatings
for glass and chinaware.

2.2.2 Survey of production trends of thio-organic chemicals
and the theoretical principles of the thiolating
reactions

Modern oroduction of thio-organic chemicals on the basis of
petrochemicals represents a rational and economically
established system of predominantly catalytic reactions with
hydrogzn sulfide, yielding the desired products in a very
straight forward manner with a minimum of intermediates. A
simplified diagram of these production-routes is shown in Fig.
A-19,

Commercially the basic thio-organic chemicals are formed by
catalytic thiolation of suitable oxygen-containing substances
or by catalytic addition of H2S to olefins [/7/. The simplest
mode of producing thiols and sulfides is the addition of H2S
to the double bond. These addition reaction may, in technical
practice, proceed in accordance with or against Markownikoff's
rule:
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SH

P CH CH 1
_— 3 (M)

R CH2CH2SH (2)

RCH=CHp + HpS

Secondary reactions in the system involve direct synthesis of
sulfide, addition of mercaptans to alkenes, or dehydrosul fura-
tion of thiols:

2 RCH2=CH + H2S -+ RCH2CH2SCH2CHR (3)
RCH2CH2SH + RCH=CHp - RCH2CH2SCH2CHR (4)
2 RCH2CH2SH + RCH2CH2SCH2CHZ2 + HRS (5)

Figure A-21 lists the equilibrium constants for the reactions
(1) - (5) as a function of temperature for small olefins.
Clearly, most of these addition reactions are thermodynamical-
ly limited above 300 - 320 ©°C, so that, considering the
requirement of high conversion, the temperature range actually
available is up to about 250 ©C.

When the production of thio-organic compounds by HyS addition
to olefins operates near the chemical equilibrium, the
composition of the product mixture can be influenced
significanzly by varying the reaction conditions. This is seen
in Fig. h-22 which gives an example of the equilibrium
concentrations of ethyl mercaptan and diethyl sulfide for the
reaction of HpS addition to ethylene. It is obvious that the
selectivity of the process is affected by all the major
reaction parameters, i. e., the molar ratio CoHg/H25,
temperature, and pressure.




1 - C,H, + E,5 === C,HSH

2 - CH,CH = CH, + H;S zzcn3cnacnzsn

3- cnacn CH, + H,S === CH,CH(SH)CH,

4 - CH,CH,CH + H;S = CH,CH, CH,CH,SH

5 - cnac(cn3) = CH, + L,5 &% cn3cn(cn3)cn253
6 - cn3c(ca3) = CH, + H,8 <= CH4C(CH,)(SH)CH;

7-C n + cn3cnzsn z(czns)zs + B8
8-2cn3sn=z(cn)3+nzs

9-2 CHBCﬂzsﬂ = 633032)25 + BS

Fig. A-21: Equilibrium constants as function of temperature
for selected addition and dehydrosulfuration

reactions




TK)

Fig. A-22: Equilibrium yields of products obtained by H2S
addition to ethylene
ethyl mercaptan
_ _ _ _ diethyl sulfide
n; number of moles of product per 1 mol C2Hy
0.1, 2, 5, 10 total pressure in MPa
1:1,1:10 ratio CaHg : H2S
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The second basic reaction for commercially producing thio-
organic chemicals is thiolation (or reductive thiolation) of
suitable oxygen or nitrogen-containing substances:

RCH2CH20H + H2S -+ RCH2CH2SH + H20 ( 6)
RCH2CH20CH2CH2R® + H2S  » RCH2CH2SCH2CH2R' + H20 (7)
RCH2CH20CH2CH2R + 2 kS =+ 2 RCH2CH2SH + H20 ( 8)
RCHzCH=0 + HpS + Hy - RCHoCHoSH + Hp0 ( 9)
RCH2COCH2R + H2S + Hp - RCH2CH(SH)CH2R + H20 (10)
RCH2COOH + H2S + 2 Hp + RCH2CH2SH + 2 H20 (11)
RCH2COOR' + H2S + 2 Hy - RCH2CH2SH + H20 + ROH (12)
RCH2COOR' + 2 H2S + 2 Hpy » RCH2CH2SH + R'SH + 2 Hp20 (13)
RCH2C=N + 2 H2S + 2 Hp =+ RCH2CH2SH + NHgHS (14)

The equilibirum constants for some of the thiolation reactions
are shown in Fig. A-23. As compared with the addition
reactions, these equilibrium constants are substantially
higher (= yielding water as a reaction product) and the
reactions can be run at substantially higher temperatures and
consequently proceed at higher rates.

Both kinds of thiolation are exothermic and, hence; an
intensive removal of reaction heat from the reactor is of
engineering significance.

In practice, all thiolation reactions require catalysis to
proceed smoothly, Most of the catalysts used belong to eigher
of the two types:




l - 08303 + HZS -— CHBSH + H20

2 - C,HOH + HS & C,B-SH + H,0

3- n-c3n.,on + LS n-c3a7511 + B0

4 - n—C4H903 + HZS 2='an4ESSH + 220

6 - (caB)?_o + B8 & (033)25 + B0

7 - (czns)ao + 2 H;S = 2 czﬁs SH .+ H,0
8 - (0235)20 + ES = (0235)25 + B0

9 - C,HgOH + 1/2 Sz(s) + L= C,HsSH + H,0
>
10 - CE,CH = 0+E, + BS = C,HgSE + B,0
11 - CH,COCE, + H, + B8 = CH3CH(SH)CH3 + B,0

12 - CH3CfR+2H2+stz—’Czﬂssﬁ+M13

Fig, A-23: Equilibrium constants for the thiolation of
alcohols and for reductive thiolation of carbony]
compounds and nitriles.
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I. Lewis'type acids (A1C13,BF3) used at low-temperature (-30
to 100 °C) and low-pressure. They are applied either as
suzh or in the form of suitable complexes (e. g. with
CH3JH, ethyl ether, olefins, etc.). Other acid catalysts
include phosphoric acid supportec on an inert carrier, and

certain alumosilicates.

I1I. Heterogeneous sulfidic catalysts on supports used either
as such cr obtained by conversion of starter catalyst
systems <involving metals, oxides, or salts. They are used
both for H»S addition to unsaturated bonds and for
thiolation of oxygen as well as other suitable starting
compounds.

2.2.3 Selected examples of the synthesis of major technically
important thio-organic chemicals

2.2.3.1 Low-temperature synthesis of tertiary dodecyl
mercaptan /8/

A typical example is the synthesis of dodecyl mercaptan,
important in the production of macromolecular susbstances. The
E1f-Aquitaine process flowsheet is shown in Fig. A-24. A
tetramer of prophylene (b. p. 180 - 215 ©C) is led from the
tank 1 to the upper part of the reactor 2 packed with Rasching
rings where a contercurrent saturation with HpS takes place. A
catalyst complex (A1C13 bonded to olefin or to finished
mercaptan) is added from the tank 3 and the reaction proceeds
in the bottom part of the reactor 4 maintained at a low
temperature (ranging from -30 to +10 ©C, A mixture of H2S and
CO0» used as the thiolating agent 16 is fed to the reactor
bottom and flows upwards as bubbles through the 1liquid
reaction mixture., The product of reaction is purified in the
separation vessels 5 and 7, and is led to the continuous
densitemeter 9, the washing section (washers 10 and 11 with
acidified and untreated water, respectively) and then to the
distillation column,




Fig. A-24: Process flowsheet of tert. dodecyl mercaptan
procuction in Lacq
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2.2.3.2 Production of pinene mercaptan /5/

This is an example of high-temperature H25 addition using
heterogeneous catalysts. The product is pinene-mercaptan, the
basic component of golding overcoats for glass and china such

as ara oade in Czechoslovakia.

Turpentine (high grade alpha-pinene), together with elemental
sulfur and hydrogen (at a ratic such that H2S is produced at
an optimum stoichiometric excess related to the olefin and in
the presence of a sulfide catalyst (molybdenum iungsten. and
nickel sulfides individually or mixed., as such or supported on
A1203) is heated to 200 - 250 °C in an autoclave. During the
reaction the addition product is controljed with respect to
the content of mercaptanic sulfur and the conversion is
terminated as soon as the optimum mercaptanic sulfur content
ijs obstained. In case of this synthesis being performed in a
flow reactor, H2S which had been prepared in an independent
process is introduced, and an optimum volumetric flow rate is
chosen. Unreacted (and, in part, isomerized) hydrocarbons are
separated from +he product of reaction by distillation and the
finished product obtained from the distillation operation is a
pure pinene mercaptan fraction which is a mixture of
positional and stereo isomers.

2.2.3.3 Production of methyl mercaptan /10/

The production of this important thiol is an example of the
thiolation of alcohols using heterogeneous catalysts. A
typical flowsheet can be found in Fig. A-25. Methanol
(containing 0.5 - 1.0 wt-Z water) and H25 are preheated to the
temperature of 400 9C and, at a pressure of 0.7 ~ 1 MPa, the
mixture is fed into the reactor packed with a catalyst which
contains K- or Na-thiotungstate on A1203, The LHSV of methanol
is approximately 0.4 - 0.5 h=1. The reaction product is cooled
and led to a stabilizing column where the unreacted H3S is
separated (in order to be recycled) with a small fraction of
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Fig. A-25: Process flowsheet of the thiolation of CH30H

1 -

~N

~N O N W
U

preheater
reactor
stabilizer
absorber
compressor
stripper

, 8 9 - distillation columns




109

CH3SH which is retained i.: the adsorber. The stabilized
product consisting of CH3 1t (CH3)2S, CH30H, and water is
fractionated in a series of distillation columns, yielding
pure CH3SH and (CH3)2S. The unreacted methanol is dried and
recycled.

The higher tiols can be produced similarly.
2.2.3.4 Production of sulfur-containing odorants /11/

The production of efficieant odorification agents expands
together with the consumption of natural gas for heating
purposes. An important requiremont imposed on the odorants is
a high sensoric effectiveness and, simultaneously, a high
stability of odor during the distribution of the gas. The
lower mercaptans and sulfides, individually or mixed, provide
the most effective odorification agents. These substances
account for the greatest fraction of all odorants produced by
specialized companies (e. g. Elf-Aquitaine, Phillips Petrol.,
Pennwalt, etc.).

The C4-fraction from the steam cracking process, after its
dienes and acetylenes have been removed, is allowed to react
with H2S on a sulfide catalyst at 250 ©°C and 5 - 10 MPa
pressure to a mixture of Cgq-mercaptans and sulfides. The
product is separated by means of distillation and the mixture
of Cq4-mercaptans is ready for application as a strong
odorifiction agent. '

2.3 Conclusion

a) As the resources of petroleum become more exhausted, the
fraction of crude oils with higher sulfur content which is
supplied for processing increases. The expected increase in
coal consumption to replace oil in conventional power
stations is necessarsily expected also to produce larger
amounts of sulfur oxides.




b)

c)

d)

e)

f)

The sulfur to be avialable from these two potential sources
should be sufficient to cover the demand of the chemical

industry.

There will be a gradual jmplementation of high-efficiency
processes for desulfurization of combustion gases. No
pollution arising from sulfur emission in offgases from
power stations and heating plants can be tolerated after
the year 2000; this is imperative if serious ecological
catastrophes are to be avoided.

In spite of the upward trend of sulfuric acid production,
which is due mainly to the increasing production of
fertilizers required to boost agricltural yields in the
developing countries, substantially larger quantities of
sulfur will become available for use in further branches of
the chemical and consumer industries.

A number of applications of sulfur may in the future
jncrease the demand for sulfur substantially; tahis concerns
primarily the sulfur asphalts and concretes but also
various sulfur containing composites, special sulfur-
containing polymeric subsitances, and thio-chemicals.

Certain thio-organic chemicals are of great importance for
anutrition of the Earth's growing population, particularly
in the developing countries. This concerns above all d,1-
methionine which, through fodder fortification, {s a
prerequisite for a substantial boost in meat production.
Expanded production of sulfur-based insecticides and
herbicides will be caused by an intensification of plant
production.

Hence, the new trends in the use of sulfur tackle two
fundamental problems of develompent of the modern society -
the yield novel, progressive products having outstanding
applicability and, simultaneously, they provide for an
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effective protection of tte living environment because the
noxious sulfur compounds ar: prevented from burdening the

environment.

Last but not least, the untraditional applications of
sulfur are rather profitable, thanks to the fact that waste
and by-products, often harmful ecclogically, are converted
at relatively low capital costs to products of considerable
value having superior appiicability.
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SOME ADDITICGAL OBSERVATIONS

The present expertise comprises a general part dealing with
the principnles of lowmwaste technology and a specific part
devoted to four selected areas of chemical industry to which
the following conclusions are related.

The contents of sulfur in the crude oils being recovered and
used as well as in the coal which are mined is generally
growing and simultaneously, there is an intensification of the
necessity of removing it either from the offgases and exhausts
after combustion or alternatively, prior to combustion from
the fuels being used for power generation transportation, and
as chemical feedstocks.

Important developments are recently underway in de2p
conversion of crude oil where high-boiling distillates and
substantially the residual oils are used as a source of high-
grade fuels and petrochemical feedstocks. Substantial progress
has been achieved in the production of low-sulfur fuel oils,
in the innovation of coal liquifaction, and chemical

processing of carbochemical products.

Conversion of the high-boiling and residual petroleum
feedstocks is obtained via highly effective catalytic and
thermo-catalytic hydrogenation processes in which the
undesirable elements (sulfur, nitrogen, oxygen, metals) are
eliminated and upgraded fuel oils are produced, which can also
more easily be processed in catalytic or thermal conversions,
such as pyrolysis, fluid catalytic cracking, productioh of
lubrication oils, etc.

Most important among the new processes are: catalytic
desulfurization and hydrocracking of residval oils, mild
hydrocracking and hydrovisbreaking. These processes are highly
effective technologically they are more economic because of
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reduced energy consumption, and they meet the ecological

requirements of low-waste technology.

An important complement to modern hydrorefining and
hydrocracking processes is the non-traditional use of hydrogen
sulfide and elemental sulfur. The production of sulfur
asphalts and concretes, of special sulfur-containing
composites, and of organic thiochemicals presents a
substantial economic and ecological contribution to the
traditional oil refining and petrochesmical chemical {industry.

Sulfuric acid is one of the most widely used chemicals. Its
world production, ranks first asong all individually produced
chemicals. Thanks to this it contributes substantially to the
jndividual national economies. Because the greatest part of
the sulfuric acid being produced i{s used in the production of
fertilizers, it is obvious that the development of sulfuric
acid production is related to the solution of problems of food
supply in the developing countries.




5. PRODUCTION OF SUL=UXIC ACTYD

Sulfuric acid ranks smong the principel products of the
chemical industry. The extent of sulfuric acid production
end consumption in individual industrially advanced countries
inay be regarded as one for the criterie by which the standerd
. of the entire chemical industry can be judged. HNost of today's
chenical plants had their beginnings in the past century
linked exactly with the production of sulfuric acid. As the
other chemical technologies developed the consumption of
32504 kept increasing and its importance to the present-2ay
chemical industry certainly has not dropped a single point.
According to incomplete data, estimates of present sulluric
acid production figures worldwide run as high as 120-130
million tons in terms of 100% H,SO,. '

The high production of sulfuric acid and the relatively low
costs of raw materials were conducive to making the present
sulfuric acid production plants to be of high standard both
technologically and technically, so that even the production
proper is rather inexpensive. This is due primarily to the

- high degree of utilization of the feedstock which is 98-99,5%,
unparalleled elsewhere within the industry, and also to high
utilization of the reaction heat for rising steems and producing
hot water, and to high reliability and dependability of the
process equipment. Inasmuch as the operating modes of the
individuel apparatuses of the production line are relatively
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staeble, the apslication of simple regulatory loops or even
02 control computers to control the process presents no
difficulties and, with a minimum of servicing, the operation
can proceed in modes near the economic optimum.

All taese factors reflect favorzbly on the profitebility of
production, chiefly in the case of the most advenced aigh-
capecity plents where the cost of turning out 1 ton of product
are substantielly lower than in the case of verious other
sterting materials and intermediates used by the chemicel in-
dustry.

Another advantage of using sulfuric acid is that not only

can any arbitrary concentration of aqueous 112804 solutions

be used but also the 32504 solutions containing dissolved 803-
the funing sulfuric acid - at any content of free sulfur
trioxide, up to pure 1005 503. In this wey can be creeted
various environnerts exhibiting various activities of indivi-
dual ions, of free SO3 etc., to suit e.g. tne organic synthe-
ses.,

At the early steges of developuent of the chemnical industry
the greatest amounts of sulfuric ecid had been used to produce
superphosphate, to pickle steel sheets and plates, to process
ores, produce sulfates, to provide electrolyte for lead
storage batteries, etc. While these areas of consumption gave
no indicetion of falling consunption, other outlets heve been
added more recently to include thne production of mern-made
fibres, caprolactam, nitro compounds /es part of nitration
mixtures/, the requirements of sulfonation reections, etc.,
which all represent a large consunption of sulfuric acid.

Even though the storage of sulfuric acid nor its transporte-~
tion at shorter distences presents no difficulties, it is more
advantageous, with a view to the great extent of consumption,
to have the sulfuric acid produced on site or at least near
the site where it is consumed.
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Therefore, from the aspect of constructing end developing
the chenical industries of tbe developing countries, it is of
edvantage to take off, Just as it had been the case dozens of
years ago in what today are the advanced countries, with the
production of the primary intemediates which are less challer-
ging tecimologicelly and which include sulfuric acid, ferti-
lizers, HHB' HN'O3 and the like. The developing countries no
longer heve to go e£ll the wey unaided committing the senme

0 errors but raether, mey put to use the experience of the
advenced countries, thus avoiding some of the problems which
hed to be overcome in the process of years.

Not speeking of the fact that & certain number of varients is
eveilable from which to choogse technically end technologicelly,
including opportunities for processing varicus raw meterisls,
the greetest importence is attached to utilizing the experience
ecguired in hendiing the vroblems of enviromment protection.
In the case of 32504 this proolem can be broken dowr into i
perts. The first one relates to the protection of the
enviromment right during production, i.e., mainly the pollution
by unreacted 502 exhalates and by 82504 mist. The other one

: - 1s linked with the ways the E,SO 4 Produced is consumed and,
possidbly, with subsequent utilization of its waste solutions.
Teking the liberty of some simplification, we can stete thet
the dominent part of sulfuric acid produced will eventually
be ebsorbed by the soil, the water streams, end the seas, with
accompenying environmental damege.

If we may essert the cleim that the first group of problenms

has been successfully mastered by now and thet it is merely

en issue of economics to find out how far we need to go with
abatemert end control of pollution, we cannot say the sene of

the second group of problems. At the present time, the processing
of waste sulfuric ecid solutions presents one of the most
challengizg problens wkich will have to be dealt with in tke
nearest future. For this reason, the present report will elso

go into the question of waste H2504 regenerction end rezro-




cessing, inasmuch es by closing the loop of H2304 production -
consumption - ard regenerstiion we would cope not only with

an issue of environment -rotection but elso with one of the
base of raw materials cnu of the 32304 production methods.

2. Outline of SO0, production

S ——————

2.1. The voroductg

when describing the process, sonme of the methods adopted
£0~ soluticn may be jnterlinked with the properties of the
substances being processed and of the products. rer tais
reason, monographs dealing with sulfuric acid produciion
frequently pay attention to the properties of all the sub-
gtances met with in route of the production process. In our
case, only the products obtained will be described. More
detailed infommetion on the substances and products can be

found in literature /1-5/.

The product encountered most widely at the sulfuric ecid
production plants is the so-called concentrated H2504 which
contains 94-98% 32504. It is qf advantage from the aspect of
the technological use that sulfuric acid solutions of over
90% concentration cen, at ambient temperature, be stored in
tenks made from plain-carbon gteei. Diluted sulfuric ecid so-
Jutions heving less then 85% F.2$04 corrode the steel, for
the protective film of PeSO4 ig digsolved in such solutions.
Thie is why lead or selected plastics ere used.
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Dissolution of sulfur trioxide in concentrated sulfuric ecic
yields the fuming sulfuric ecid which contains verious con-
centretions of free 303. Compounds of the type H’2804.n.803

= polysulfuric ecids - can be identified in a ecrystalline fom
at lower temperatures; they are also known in the form of
salts.

In eddition to concentrated and fuming ecid, tke sulfuric
acid plents elso turn out 100% 803.

2.2. Rew materigls for sulfuric ecid production

If we rega>d the historical development of HZSO4 preperetion
end prcduction, we may siete that eny sulfur-beering substance
can be used es raw meterial &s long e&s it cen be transformed
to 802 or So3 by some process. However, today's production of
sulfuric ecid which is of so great an extent must elso meet
other conditions, such as an abundent supply of given raw
material having e determined standard quality /reserves for
several decedes/, acceptable price, low contamination, etc.

The material which at the present time, can be said to best
setisfy these requirements, is elemental sulfur. The other
sulfur compounds formerly used heve gradually lost their
importance as far as production proper is concerned. If they
still are used, it is mostly for the reeson thet some outlet
is sought for vaste SOZ' This is why we usuelly classify sucz
sulfuric scid production methods as desulfurizetion methods.
In the combustion of sulfur-conteining fuels, the amounts of
sulfur dioxide wkich enter the atmosphere in the European
countries es pollutents would suffice for the production of
all sulfuric ecid in those countries. In reelity, however,
oving to reesomes both technicel and economic, the sulfur
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dioxide from offgases is not yet reteined Iindustrielly to e
‘greeter extent, so that most of the sulfur dioxlde enters the
atmosphere where it oxidizes to sulfur trioxide end, in the
fom of sulfuric acid /as acid rainfell/ is return to the sur-
face of Barth. '

When using sufficiently pure elemental sulfur /which is the
most expensive of a&ll the sulfur rew materials/, the entire
processing line of the sulfuric acid production plent cen

be much simplified. In technicel practice this emounts to
low capital outlays, high operating reliability, and easy
process control. In contrast to that, when other raw mete-
rials are used the entire process flowsheet becomes more
complicated, the production is more prone to defects and re-
guires more demending inspection and control. For this reason,
even if very inexpensive sulfur raw meterials are used, such
methods of production are no lorger more adventageous econo-
micelly ther is the production of H2504 from elementer sul-
fur,

The situation is quite different under such conditions

where waste sulfur dioxide has to be processed which mey hsve
been produced e.g. in roasting of polymetellic sulfidic ores
or in desulfurization of combustion geses, etc. Since re-
cently, another case can be edded to the above examples, name-
ly that of waste sulfuric ecid end sulfates processing where
no suitable use can be found for them, nor any other method
of disposal. |

On the whole, it cean be steted in relation to the raw materials
issue that, in ceses where it 1s our intention to produce
H2804 golely as an intemmedie%e product in either ean indu-
strially edvenced country or & developing country, the method
which presently is most adventageous economicelly is to pro-
duce the sulfuric ecid from elementel sulfur. Cnly in such
cages where, within the framework of e.g. a specific ckemicel,
metallurgicel, or power generatirg plent, the questicn muszt
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be faced of the exhelation of SOZ' 503, H2504 wastes, end
waste sulfetes, the solution to this problem may be combined
with sulfuric acid production. At the gemeresl level it is
rather difficult to enter considerstions of profitability,
because that is determined entirely by the preveiling locel
conditions.

Such solutions were relatively successful where several wastes
or low-value substances conteining sulfur could be disposed of
simultaneocusly. For exsmple, the thermic decomposition ol
waste 32304 or waste sulfates st temperatures of 600-900 C
provides an outlet for fuels /heeting o0il, coke, coel/ of high
sulfur contents which could not be burnt ir ordinary combu-
stion processes. In this case it is also the sulfur conteined
in the fuel used for H2804 production which is utilized.

Pundarentiel differences among the 22804 production processes
arise from whether or not e SO2 ges free from eny impurities
is produced by the combustion which can be used without
further cooling and cleening for catalytic oxidatior %o 503,
or whether the SO2 carries mechenical and other impurities
that would have to be removed prior to oxidation. In the case
of sulfuric acid being produced from pure sulfur, the 502 can
be oxidized directly. In all other cases it 1s & roaster gas
containing mechsnical impurities, ashes, dust, water vapor,
catalytic poisons /chiefly 13203 from ores/ etc., which must
be removed prior to the catelytic oxidation, as & Tule using
gome combination of dry and wet processes /dust settling, dry
electrofilters - washing towers, wet electrofilters, roester
gas drying/. Owing to the fact that, at the present time,

it is more edvantageous economically for the industrielly
advanced countries to produce sulfuric acid from sulfur, we
will 1imit ourselves to this method in the treetment presented
below. Should a sufficient source of waste 502 become evaileble
in some developing country as the result e.g. of sulfite ores
processing, this would warrent an independent study.




2.3. Sulfuric gcid produciion from sulfur

Adhering to the same production principle we may meet faci-
lities in the indusirielly adverced countries which produce
sulfuric ecid to capecities rengirg from 50 to 2,500 tpd.

The raw material - sulfur of min. 99.9% purity - is brought

to the production plent either in solid or in molten condition.
A1l subseguent handling at the production plant usuelly in-
volves molten sulfur /m.p. 119 C/, even the supply of sulfur
in stock for several weeks of production is maintained in
molten condition in heat insuleted storage tanks. The sulfur

is metered out into the combustion furnaces following only
filtering on plug filters; several per cent kieselguh- is added
to the sulfur as filtrstion materiel.

2.3.,1. Sulfur dioxide production

Sulfur combustion by dry eir proceeds in furnaces rather ci-
miler in design to steam boiler fireboxes where heevy oil or
other liquid fuels are burnt. The only difference is theat
sulfur is burnt in dry eir, of max. 0.1l g water per 1l Nmz.

The sulfur is sprayed into the combustion area by special
burners. It is the design and proper operation of these burners
which largly decide the raite of combustion which is described
by the equation

S + 02—>SO2 AH = =295 kJ

The combustion temperature may reach 1200 C. The sulfur/eir
combustion retic is mainteined et e velue such that the
sulfur dioxide gas produced conteins 9-12% S0, and 9-11% 0,0
Only in those cases where some of the roaster gas 1s used
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for the production of 100% 302' the ges produced here is
ellowed to contair up to 185 SO, (3% 02).

The combustion eir is teken in from the etmosphere by &
rotery blower, across & dedusting filter. The overpressure

et the blower is so selected as to exactly cover the prescsure
loss of the entire procduction line which is 20-50 kPa. Sub-
sequently, the air is dried by concentrated sulfuric ecid
/983 H2304/ in packed ebsorbers. The humidity reteined by the
drying sulfuric scid depends on climate end seeson and ccovers
20-60;; of all water necessary for sulfuric ecid production.

The sulfurous gas foimed by sulfur combustion is cooled at
the preheaster and at the water banks of the steem boiler
to the working temperature of the vadadium catelyst which
is 40C-420 C. Some 0.9 - 1.2 tons of steam at 4 :Pa can be
produced ver 1 ton of H2804 output. -

2.3.2. Sulfur dioxide oxidetion to sulfur trioxide

This reaction, S0, + 1/2 0, & SO3 at aH = -¢5 kJ,

proceeds very slowly if unaided, so & vansdiur cetelyst is
used to speed up the reaction. The converter groun, consti-
tuted by the catalyst beds and auxiliary equipment required
to maintained the desired tempereture conditions, is the most
essential part of all the production equipment as far as the
process control is concerned, inasmuch as it is its proper
operation which alone can make it possible to obtain the
necessary conversion of SO2 to 803. VWith the 30-called single-
stage conversion the yield of SO3 from 502 can in practice
reach 98%. Even though a number of ingenious designs of the
contact unit had been proposed, the one used worldwide today
is a very simple and reliable design where the structure is
composed of four to six adiesbatic beds, with inter-<ray

cooling by integral heat exchanzers. The flowsheet showing the
connections within the contact unit cen be seen in Fig. B-1l. |
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Fig. B-1 Sulf:huric asid normal catnlysia process, S - Steam, W - Wnter, UG- Waste gaa,
1- Waate hant boiler, 2- Converter, 3= Heat exchanger, 4~ Economizer, 5- Air dryer,
§- Oleun absorber, T- Final nbsorbar, &- Sulphur, 9- Tank for henting 0il, 10~ Mnin
blover, 1ll- internediate acid tonk, 12~ Acid Coolar, P- Product !12804, F - Air filtter,
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We cannot go into detail when considering the problexs re-
lating to reactor design. The problem reduces to proposing
the most edvantageous ceatalyst distribution to the indivi-
dual treys end, at the same time, proposing such temperature
conditions for the individusl trays as to maximize the con-
version at the reactor outlet, obtaineble with given pro-
duction end with given type and quentity of catalyst. As hes
already been mentioned, the maximum conversion is 98% in en
optimized situetion, but in cases where unsuitable conditions,
fluctuations, or defects intervene it may be substantielly
less /e.g., merely $5%/.

The gas leeving the reactor is aftercooled either at the
water banks of the steam boller or by an economizer, and is
led to the last process stage.

2.3.3, Sulfur trioxide ebsorption

The reection taking-place is

et o - —— 1) - = - —ar —
o —— — .

803 + Eéo-—er H’2504 4H = -50 kJ
Sulfur trioxide reacting with water or with aqueous sulfuric
ecld solutions - having a certain water vepor tension -

would only yield 32504 in the fomm of hard-to-cetain mist,

80 this is why the absorption of SO3 is done in concentrated
H,50, /97%/. It can be seen in Fig. B - 1 that the absorption
and drying towers constitute one unit where the acid 1is
processed under common control., The heats of reaction and
dissolution which are generated in these two processes must
be removed from the acid loops by cooling water. The tempe-
rature and concentretion conditions in air drying as well es
in ebsorption cen be taken from ¥Fig. B-1l.

Vhen funing sulfuric acid is the desired product there ere
two ebsorption towerg - the first one 1s the oleun tower
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where oleum having up to 305 free S04 cen be produced, the
second one is the so-celled monohydraste tower where the
remaining gaseous SO, is turmed into 98% HéSO Only the
second tower is used “unless oleum is to be mede.

The offgases from the absorption tower pass over filters
/denisters/ where entrained H2804 droplets are retained, and
thence to the steck and to atmosphere. The offgeses contain
approximately 0.2% SO,. In smaller production plents, this is
not a concentration which would threaten the neighborhood

of the plant. Difficulties may arise however in the case of
the larger production units. '

As has glre=dy been msntion2d, thz over—-zll conversion of
sulfur dioxide to sulfur tricxide is 96% et the most, which
megns thet 25 of the sulfur dioxide processed is en effluent

which goes to the aimosnkers, thare to be greduziliy oxidized
to sulfuric acid end, eventuelly, to return to Earth ir the form
of acid rein. For example, thus, a sulfuric acid plant of
1000 tpd capacity emits sulfur dioxide in quantities yielding
20 tpd H2504 in the atmosphere. Such amounts of sulfuric ecid
can be disregarded neither ecologically, nor economicelly.
For this reason, considerable ettention is paid to trepping
the unreacted sulfur dioxide emitted by sulfuric acid pro-
duction plants.

fvom aulfuric ecid nlsrtse

(4 [
and possinle nrocessing g;,sulfur dioxide from other sgources

Atmospkeric pollution by sulfur dioxide ranks emong the pro-
minent ecologicel problems of this time. This is why e con-~
siderabls ettention is devoted to issueg 0 retaining exé
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further use of the sulfur dioxide. In spite of substertiel
cogts already incurred in efforts to find e solution, the
problem has not yet been successfully resolved. The chellenge
becomes greater as the total quentity of exhalates to be
processed grows higher but also as the S0, dilution (as e
rule, 0.05-0.2%) and the contents of mechenicel contaminants
(dust and ashes) are increased. Por instence, in the cese of
e 800 MV power stetion fired by lignite, the offgases lezve the
stack which hes a cross section of 80 m? et a lineer velocity
of 15-20 m s 1, Under such conditions it is a formidable
problem to retain even just some of the sulfur dioxide, and
the problem is technically umsolvable at present.

4 certein degree of success at SO, retention hes only been
etteined in tke cese of smeller pollution sources which
bowever are without significence for the over—ell balsnce of
sulfur dioxide pollutent. This only solves the locel problems
of cities and certain outdoor loczlitiesz. Trhz sulfu-ic egcid
production plants can also be counted emong the successful
ceses of SO2 pollution control.

It has already been said that & conventionel gulfuric eciéd
production facility makes use of no more than 98% of the
sulfur raw material, whereas the remeining 2% is turned to the
502 pollutant. A mmber of methods are theoreticelly available
but only some of them have been applied in practice.

3.1, Alkeline waghing

This is e rather simple unit tecknologicelly. & pecked ebsorber
is used to absord the 502 residues in NaOH, HaZCOB. or KH40H
solutions. When properly designed the absorber process will
reduce the 502 content dowm to 0,0001 % SO2 in the exit ges.
The sulfite golutiors produced are then processed to crystel-
line selts. 2 wider aecceptance of the method is hindered by
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the 1limited outlets for these selts, where e.g. in photo-
chemicels production, the requirements regarding purity ere
rather stringent, too.

3.2. The double conversion method

This method hes become generslly widespread in recent yeers,
even though its implementation cennot be said to have avoided
all problems. The principle of the method is very simple and
congists in that the catelytic oxidation is discontinued on
Teaching 90-94% 502 conversion, whereupon the gas is cooled
and the 503 produced is removed in the so-celled intermediate
absorber. The sulfurous gas containing up to 1% 802 is then
heated to the cetslyst working temperature end the reection
is allowed to continue. The theoreticel attaineble conversion
is 99.99% and, in practice, 99.5% is actually ettained.

The sulfur trioxide produced is absorbed again in the final
absorber. The gas leaving the finsl ebsorber contains no more
then 0.05% SO, - end this meens that a mere 0.5% S0, produced
is not used by the sto4 production process and becomes an
effluent. In contrast to suliuric ecid plents operated without
the intermediate ebsorption, the exhalations are cu* down to
about 1/4 of their original value. This method also has the
edvantage of producing only the desired product which is
sulfuric acid.

A dravback car be seen 1n that the contect unit comnnections
ere somevhat compliceted, thet ome or even two large ges—-gas
type heat exchangers are needed, end thet the amount of
generated steem is slightly less - tkus reducing the degree of
heat utilizetion.




A further reduction of exhalations from the sulfuric ecid

production plents would indeed be theoreticelly feasible

by "adding-on" yet another absorption unit but, owing to the

. necessity of working with highly diluted gaeses /99.95% of
inert components/ the process would no longer be of eny eco-
nomic benefit. The alkeline washing cen be used agasin but,
of course, the ebsorption of sulfur dioxide from this highiy
diluted ges proceeds very slowly.

3s 3. Sulfur dioxide orxidstion in the liquid phase

These methods are based on trepping the residuel eulfur
dioxide in water and then oxidizing it. The forst of these
methods whichk bhas found a practical application is knovm
under the neme "Sulfacigd". 302 and 02 from the diluted

ges ere trapped in e diluted aqueous solution of sulfu-ic
acid where the reaction tekes place. This is accelersasted

by the presence of certain metal ions /Pe>*, cu®*, Co’* etc./
which cen be either dissolved or bonded to ective charcoel,
The method suffers from the disadvantage thet the maximum
obtainable sulfuric acid concentration is 25% /and may actuelly
Tun as low as 10-20%/ and the product can be contaminated
with the metel ions used.

This is & way to treat gases having 0.1-2%50, and min. £5 O,,

: whereas at higher sulfur dioxide contents the requirement for
02 is that its concentration in per cent be five times as high
. as the SO2 concentration. Sulfur dioxide conversion to sul-

furic ecid is ebout 90%. The diluted sulfuric ecid obteined
can be used in some other production or, in the case of
sulfuric acid production plants, &s a replacement for the
process water supplied to the ebsorption loops.




130

Another such trocess of treating the waste geses by SO2
absorption is the so-celled PERACIDOX process whereby

SO2 is oxidized by 8202 additions to the circulating so-
Jution. At verience with the foregoing method, no catalyst
is required to oxidize the 502. One of the varients of this
method is a process where a pert of the circuleting sul-
furic ecid is oxidized in en electrolyzer to a mixtwe of
H202 and H23208 or to Ceroos acid.

The drawbeck of tke PERACIDOX method is the rether high
consumptior of 3202 or of electric power for the oxidation.
For this reason the method cammot be used e.g. es a sub-
stitute for the intermediate absorption but cen only find
epplicetion in the treetment of offgases which leeve the
plert dovnstresm of the intermediete absorption.

Except for the concentretion of tke acid /mex. 305 H2504/
thie process peremeters can bte edjusted with e rather wide
letituce =0 thet the degree of 502 retention es well &s the
H202 or povier consuaption can be veried to suit the locel
conditions. Just as with the SUIPACID process, the sul-
furic acid >roduced cen be used as a replacement of the

process water.

A number of other methods for SO2 retention were proposed
but have not so far found application to any apprecieble
extent .

4, Sulfur dioxide oxidation cetalvsts

From the aspect of rew sulfur utilization and the quuniity
of sulfur dioxide pollutant vroduced, it is the contact unit
which 1is of key importence in any sulfuric ecid production
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plant. This is where the catalytic oxidetion of sulfur
dioxide to sulfur trioxide tekes place according to tae

equation: §0, + 120, = S0, aH- -9§ kJ

This equilibdriua reection would not proceed spontaneously,
s0 a suitable type of cetalyst must be used. Even though,
theoretically,.& whole renge of cetalysts are spplicable,
only the vanediun catalysts ere used in practice. This
type o2 catelyst can be obteined from several importani
oroducers. Hence, a certein latitude is possible when
designing the contact unit, concerning the catalyst selec-
tion, its loading, and the operating conditions. It is
true that every supplier of the vansdium catalysts does
specify in the form of documentation the properties of

the individuel tynes or offers the so-called engineering
service - i.e., pertinent reactor design calculations in-
cluding the process conditions, but it is believed that
the desizning be better done indeperdently of the suppliers.

4.1. Venadiun catelvst guelitv assesgnent

High-quality vansdium catalyst must exhibit a high cata-
lytic activity throughout the range of operating temepra-
tures, an adequete mechanical strength, nomel life ex-
tending over 5-10 years, and must be reasonably priced.
Only some of these properties are accessible to leboratory
measurenentas.

The mechanical strength cen be ascertained rather easily.
The particles are tested for compression strength and weer
resistance. Both these methods are applied and the semple
groups are ranked by decreasing strength, which may be
either the compressive strengih of the tablets, or the wear
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registaice. As for the wear test, the procedure usually

adopted involves wear by the same particles in en eapv,y .
drun of the leboratory bell mill or some similer device.
The velues found must only be regerded as relative velues,
inagruch as these measurements are taken at ambient tem-
pereiure while in the reactor, the catalyst operates al
temperatures ranging from 400 to 600 C, i.e., ‘under
conditions where its mechsnical properties are guite dif-
terent. As indicated by practicel experience, those cata-
lysts which are stronger mechenically are less prone to
partizle deformation and to wear during operation; elso,
they do not become demeged by handling, thus atteining e
longer life.

Another important property is the catalytic activity. Even
though it is the main mission of the catelyst to speed

up tke reaction, the catalytic activity as e factor should
not be overestimeted in practical evaluetions - for in-
stence, even a highly active catalyst is of no use in the
process unless it possesses a sufficient mechanical
strength - which means that one should look for a c: 1~
lyst which would be mechanically strong end, as the . e
time, highly active. In reality, these two properties

tend to be somewhat mutually exclusive, because to attain
e higher activity one needs to increase the porosity end
the mean radius of the pores, which in turn detracts from
mechanical strength.

4.2, Ensuring relisble operation at the contect unit

These ere reasons which meke it advantageous in designing
and constructing the sulfuric ecid production plants to use
only such types of catelysts which have proven well in long-
term operation in commercial facilities and which exhibit
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properties thet can be checked ir so-ca:led reference
units. Unless this is true one cennot guerantee e suffi-
cient operations reliahility end e long cetelyst liZe

in the contact unit.

At the present time, some 10 compenies deal in the pro-
duction and distribution of the vanasdium catelysts. Inas-
much as the supplier of the cetelyst assumes liability for
dependable operation of the reactor as a whole, it is

~ common these deys that the aupplier's compeny personnel
takes care of packing the reactor with the contact mass,
on the basis of design and optimization calculetions. Si-
multeneously, checks are made of the vechrical condition
of the reactor, its insulstions, measuring devices, etc.

Years of experience with operating sulfuric ecid production
plents suggest thet technologicelly, it is of advantage to
edhere to certein ccnditions whick eraz stipulated by the
reactor end cetelyst menuZecturers to ensure relisble,
extended operation:

1. When hendling the catalyst and elso when operating
the reactor, the vanadium catalyst must never be contacted ’
with water, because once it becomes humid a pert of its
catalytic activity is lost for good. For this reason,
not even the water vapor from the startﬁp furnace off-
gasgses must enter the reactor. Prior to shutdown of the
sulfuric acid plant, the sulfur trioxide bonded onto
the active component of the catalyst must be allowed
to desorb for a sufficient period of time. In cese
that any free sulfur tricxide remains in the cetalyst,
the latter is turned strongly kygroscopic end picks up
water even from atmospheric humidity.

2, Owing to the fact the ective component of the venadium
catalysts 1s melted during the reaction (et 400-5600 C),
the sulfurous gas must be practicelly free from eny
microscopic dust perticles. Unlegs this is 30 the porcus
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structure of the cataelyst becomes clogged with dust,

At higher dust contents in the ges or in the cese of
insufficiently strong catalyst particles /fregmentation/,
even the area in-between the catelyst grains of the bed
becomes clogged.

3. Catalyst 1life is adversely afrfected by every more signi-
ficant elteration of the process operating mode. This
concerns meinly an extended overheating of the catalyst
beyond the maximum admissible temperature /620-640 C/
but also fluctuations of the temperature conditions as
e conseguence of changes in sulfurous ges concentration,
gas feed interruptions, short shutdowns without undue
tenpverature drop, as well es long shutdowns conmected
with reactor cooling. If properly run the production
plent should not have more then two extended shutdormse
in e yeer.

4. From the point of view of maximum utilization of the
cortact unit, it is imperetive that modeling and opti-
mizing techniques be used to ascertain what are the eco-
nomicelly most advantageous operating conditions /rela-
tion between process line load and output, sulfurous ges
concentration, catalyst activity, and the temperature
conditions/. For the purpose of these calculations,
reguler meesurements /during shutdowns/ must be made
of the true cetalytic activity of catalysts from indi-
vidual trays, end corrections of the process must be
made on the basis of the results. Over the service life
period of %the vanadiuwm contect mas /up to 15 years/,
one hes to reckon of course with a gredual feding of
catelytic ectivity.

It is the reliable operation of the contact unit which
determines not only the degree of utilizetion of rew
sulfur but 2130 tbe opportunities for using the reaction
heet for riszing steem. The next Chepter is devoted to these
problems, |
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Weste hegt utilizetion in sulfuric acid production

5.1, Backgroupd

When &ssessing the sulitebility of this or thet sulfuric
scid produciion plant, end importent pert is pleyed by the
utilization of the waste heat generated in the process. Its
rational use is generslly adventageous for the developing
countries of which many are poor in the power resources,
end is of edvantage from the envirommentelist s point of
view as well, because of the partiel replacement of the
combustion of s0lid or liguid fuels, represerting the
essential source of pollution.

The most important sourcee of heat in the production of
sulfuric scid are the chemical reactions - combustion of
the sulfur-bearing raw material which mostly is elemental
sulfur, and oxidation of the sulfur dioxide to the sulfur
trioxide. Heat is also liberated in various nhvsico-
chemical processes - air drying by sulfuric acid, sulfur
trioxide absorption in sulfuric acid, and in diluting the
sulfuric acid, Finelly, heat is also produced by certein
physicul operations, e.g., & turbine blower heats up the
alr while compressing it for sulfur combustion. This
list makes it evident that heat is liberated at difrerent

: temperaiure levels and at verious conditions relatinrg to
output, the state of the heat-cerrying medium, and tre

- corrozion of equipment. Hence, the degree of utilizatiorn of
heet et various sulfuric ecid production planis is different
and as a rule, emounts to 55-605% of all the heet genereted.
The individual methods of utilizing this heat and the
possibilities of enhencing the energy consciousaess of
the sulfuric acid making process will be treated below.




The reection heats of sulfur combustion end sulfur cdioxide
oxidetion ere usually used for rising high-pressure stee:.
L steem boiler is installed immediately downsiream of tlre
sulfur combustion furnzce, most frequently es e unit
designed integrelly with the furnece. The furnece gas is
heeted by the reaction heat of sulfur combustion to S0C-
1200 C depending on 802 concentretion in the gas. In the
steam boiler it is cooled down to 400-460 C derending on
the desired gas input temperature et the contact reactor
inlet. The reection heat of SO2 oxidation is withdrewn
from the gas after each individusl reector tray. Other
gteem boiler sections, steam superheestexs, or economizers
ere uged for cooling the reaction ges from the tempere-
tures of 440-620 C and for preiesting the feedwater for tke
steanm boiler or for preheeting eir needed for sulfur com-
bustion in heat exchengers. Hence, the liberated heat
agein is used for rising steam. As an exemple mey serve

a production plent of 1000 tpd 32304 capacity which pro-
duces 60 tons of overheeted steam per hour at 2.1 MPa
pressure.

5.3. Opoortunities for reising the steam production

At a given producticn rate of sulfuric ecid, i.e., at

a given amount of sulfur for combustion and SO2 for
oxidetion, the amount of the generated stear: will depend
on the balance of the sulfur combustion unit and the
contact unit. Lt the sere time, the amount of heet cerried
ewaey from tke system considered by the exit gas will sig-
nificently depend on the sulfur dioxide concentration in
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the ges. The more diluted the ges is, the more pitrogen end
oxygen must be heeted and the higher are the losgses of heezt
due to gas leeving for the absorption loops. From this
angle, it ig disadvantageous to cool the reaction mixture
in-between the trays by admitting cold eir, & method which
is rather frequently used still.

In principle, what is required is the higﬁest possibvle ges
concentretion,which not only improves heat utilizetion but
elso pushes down the consumption of power for driving the
blower, thanks to lower pressure loss. In older plents,
becasuse of fear from too low conversion, the opersting
concentration of 302 was 9% at the point of zero conversion;
a value of 109 is regerded es stenderd, but the euthors

hed en opportunity to witness e concentretion of 11.5% in

g successfully operating plent /BASF ILudwigshafen/.

Another important opportunity for reising the generstion

of steam is to reduce the gas temperature &t the inlet of
the absorption loops, end to use its heat e.g. for prehesting
the feed water for the boiler or of air for the furmece. Ais
a rule the temperature of the conversion ges is maintained
at 180-200 C, for fears of corrosion by the liquid phase
condensing from the reaction gas. With a suitable design
of the heat exchanging apparatus /without "cold spots"/

and with their esdvantageous intercomnnection, the gas tem-~
perature can be lowered to 150°C without giving rise to
oleun condensetion, as tae authors had en opportunity to
see for themselves e.g. at the sulfuric acid production
plant of Eoechst in Prenlfuri/Mein.

The production of steem csn elso be reised by increasing
the tempersture of the inlet streems, end here the possibi-
lities are relatively limited - tke tempereture of eir et
the outlet of the dryer cer -~ Yboosted from 40-50 C to

60-70 C by chenging the tem -: “ure of the circuleiirg ecid,
without incurring e rise in .. .. %er corntent in the &ir
beyond the velue of 0.l g/Nm3 which is reguired in order to
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minimize corrosion by the condensing oleum. Also the

ges temperature et the exit of the intermediate ebscrption
can be raised by shifting the operating mode of the eb-
sorber toward the higher temperatures, i.e. to 75 C end
even higher from the usual 65 C. It means that pumps end
coolers provided witk en imrroved corrosion protection
must be aveileble. As we were able to see at Donauchemie
Co., one of the intermediate absorbers had operated et ecid
temperature of 130 C downstreams of the mixer, end tke
corrosion problems were overcome by using properly se-
lected materials.

As for the consumption of energy, the question of instel-
ling & blower in the process line is of importence. Tn the
blower the air is heated by the compression heat and when
located ahead of the éryer, this heat must te removed

in the acid cooling loop beceuse the eir tempereture on
leeving the dryer is oJnstent and given by the feed tempe-
rature of the dryer ecid. When the blower is located down-
streems of the drying tower the heat of compression is
taken to the furnace and, in the adjoining stesm boiler,
is utiliged for rising steanm.

At the present the blower is mostly situated at a locetion
ahead of the dryer absorber, for fear from corrosion by
sulfuric ecid mist. However, the problems arising from
entrained liquid heve been eliminated by intreducing

the demisters. As we were able to witness e.g. at Doneu-
chemie and Hoechst in Frankfurt, where the blowers are
situated downstreem of the dryer, corrosion presents no
problem in spite of the fact thet the blower is mede of
plein-cerbon steel.
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. 9.4, Utilizetion of low-potential heat

A principal turning point in the efforts for increasing the
utilization of energy at the sulfuric acid production plants
is represented by utilizing the waste heat from the absorp-
tion loops. This allows to raise the degree of heat uti-
lization from the usuel 55-60% to 80-90% of totel heat
liberated. Most heat is liberated in the intermediate ab-
sorber, less in the final absorber; relatively little heat
is liberated in the dryer or the oleum absorber. On the
whole, a total heat output of 27 MW has to be withdrawn
from the acids in the absorption loops, e.g. in a produc-
tion plent of 1000 tpd HQSO4 capacity.

Utilizetion of the waste heate from the absorption loops
is contingent on resolving e whole number of provlems -
installation of suiteble compect exchsngers. conmeciing
then in & way such as to minimize the heat exchanging sur-
face, and availability of a suitable consumer of the
heated water. The compact coolers are understood to dve
enclose exchangers of the type liquid-liquid, or sulfuric
acid - water. The hitherto most widely used cast iron
spray coolers or alr coolers are poorly suited for the job.
At present the compact coolers have already become less
capital-intensive, even in cases where the heat is not
utilized eand they take up less space. Out of the compect
cvolers available, those which are commonly used in the
world include plate coolers, tube coolers with enodic
protection, and tube bundle coolers made of ZT7=, The mo-
dular plate coolers are manufactured from high alloy ma-
terials /Hastelloy C/ and exhibit e heat transfer coefficient
0f 2000-4000 W m K™%, As e rule, for reasons of materiel
end sealing, they are approved by the manufacturers only
for use et acid temperatures max. 100 C, but otherwise
they are highly edventageous and impose little demand on
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floor area. The teflon tube bundle coolers by DuPont
impose prectically no limitations as concerns the acid
temperature, and are free from corrosion. Owing to the
low velocity of flow of the acid in the tubes and to the
low conductivity of PTFE they have relatively low heat
transter coefficents /ca 250 W m 2K 1/ and, therefore
reguire more space. They are more expensive, too. The
compact tube bundle coolers with anodic protection are
made of alloy steels having heat transfer coefficients of
400-600 ¥ m~2K"1l. Various compenies would approve their
use for various maximum admigsible temperatures of the
acid - 100-130 C. The operation of anodically protected
coolers requires automatic control and great care, and
may tlkerszforz be less suited for the developing countries.
As gn exemple, let us outline the cooler operation et
Donauchemie Co. (Tab. B-1):

Teble B-1
acid temps. water temps, flow rete

inlet |outlet |inlet |outlet weter
cooler with
enodic protection| 100 83 63 83 175
plate cooler mede -
from Hastelloy C 90 75 55 75 . 150
teflon tubelet , .
cooler DuPont 130 110 100 110 320

Vhet may be decisive for the economic effectivity of wamm
water utilization is the outlet opportunities - i.e., the
consuaers. It is best if there is a need right et the
chemical plent - e.g., for phosphoric acid solution thicke-
ning, in reyon staple production, etc. Relatively extensive
is also the utilization of warm weater for heating, either
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within the plant or of whole towas /e.g., Eelsingborgz,
Sweden/. Heating of hothouses is elso common.

An interesting possibility for using waste heat from the
absorption loops is to convert it to electric power
using the fluorocarbon Rankin cycle where the waste heat
of the acid is used to evaporate & low-boiling liquid. The
vapor drives a turbine and is then condensed and recycled
to transnit more heat. The system is similer to the steex
turbine principle for the case of the turbine operating
in a closed cycle, the only difference being the uge of
a liquid having a boiling point lower than that of water,
so that the system cen be operated with lower-potential
heat source.

6. Sulfuric ecid oroduction nlznts - nroieci and nrocess
ontimizetion

6.;. Background

Sulfuric acid production plents have etteined to a corsider-
able degree of perfection during their many years of de-
velopment in competition of the world s fcrefront compenies.
In spite of this, the individual projects end operating

. conditions differ from eecl: other rather prsofoundly. This

1s due to the local conditlions - rew materisls selectiorn,
product quality, product destinetion, weste heet utilizeticn
poasibilities, standerd of the inspection, control, and
meintenencc personnel, etc. A plant which 1s best under
given conditions need not be setisfectory et some other
location or in anotker courtry. This is vhy it is importent
to comprehensively essess both the production plent proper
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end its links to ites environment, in order to select

the best - optimel - veriant from those gveilable.
Evsluation of e whole number of varients without expensive
experimenting can be done by the use of computers - with
methods of methemeticel modeling and cptimization of the
chemicel processes. It ought to be reelized that, with

e view to the large production volumes involved in the
cage of sulfuric acid, reletive savings of no more than
just fractions of a per cent amount to millions in terms
of annuel profits, so that the payoff of the optimizetion
operations underteken is high.

6.2. liethemeticel modeline of sulfuric scid plents ené
their verts

Hatheggﬁical modeling ranks emong the basic rationslize-
tion techniques aveilable to the design of the sulfuric
acid production plents. Modern computers make it possible
to scen e whole number of varients to the behaviour of the
equipment, including emergency situations which cennot be
modeled on the actual unit. Hence, the simulation calcula-
tions render it possible to work out specific technicel
solutions more repidly, less expensively, and without eny
hazerds vwinich might be involved in actual opereting expe-
riments, for e.g. the modifications to the process condi-
tions in the case of chenges in the emounts of quelity of
raw materiels, in the cese where tre meterial or engineering
requirements ere to be cut dowa, or vhen eliminating pro-
duction line bottlenecks, etc. They also take into account
the poszible interections of units, tune in their inter-
linking reletionships, i.e., the gystems approech is imple-
rented. It is an edventege of the processes involved in the
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production of sulfuric acid thaet they have been studied
rather thoroughly and are understood well enougk to ellow
for modeling and/or optimization using reliable thermo-
dynamic, kinetic, and chemical-engineering data available,
The mathematicel models are most often used in conjunction
with optimization techniques.

6.3 timiz uric scid production plents

A design of e sulfuric acid production plant including its
process conditions usually involves a greet number of
varients of various kinds, of which all meet the basic
requirements which is the production of & product of

given quality, and also satisfy other limitations such

es thoese arising from envirommentsl standerds and the like.
The designs differ from each other in their individuel pera-
meters such es e.g. the tempersture profile of the reector,.
the quantity and quelity of catalyst for individusl treys

of the réactor, the type of certain pieces of equipment,
etec. What ief understood under the term optimization is the
identification of the best solution, best design, or best
operating conditions in terms of & chosen criterion, with
respect to the existence 0f verious limiting conditiones con-
cexrning mainly the velues which the individuel variates mey
assume., The criterion of success in optimizetion, which ie
called the object function, usually represents some eco-
nomic perameter of .he process, e.g., the cost incurred par
1 ton of sulfuric ecid produced.

The objective proper of the optimizing calculetions is te¢
scertain the velues of the verieble paremeters, so es
to make the object function ettein 1its extrezun -
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meximum or minimum. At the present time, abundent suiteble
optimizetion techniques are eveileble for solving tke
individual types o2 optimizetion problems, which need not
be described here.

The conterpoint of an expert s job in essessing the sulfuric
ecid plants is on the one hand to formulate the optimization
problem, i.e., to set the object function, to select the
intervening variables, and to specify the limitetions -

and on the other hand, to evaluate the results and to drew
conclusions relevent to practice. In the text below, there-
fore, we ghall list examples of several optimization prcb-
lems already solved in the erea of sulfuric acid produc-
tion.

6.3.1. Ootimizing the inlet temversture for the venediwam
cevelyst bsd

The essential element of the sulfuric acid production
plant is the contact reactor where sulfur dioxide is
oxidized. It pleys a decisive part as far as the burdening
of enviromment by sulfur dioxide pollution is concermed.
The better the contact reactor is operated, the lower is
832 pollution. At the same time, merely by properly con-
trolling the temperature profile of the reactor we may
contribute to pollution abetement without incurring any
capital outlays.

Tne exothemic reversible reection taking place at the
individuel adiasbetic beds o0f the multi-tray reactor at
given flow rate and composition of the reacting gas is
controlled solely by changes of the inlet temperatures.
Tempereture hes a twofold effect on the yleld of the SO2
oxidetion. On the one hand, a rise in temperature brings
ebout e higher reaction rate ard, on the other hend, cauces
e reductiorn to the velue of equilibrium conversion at which
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tke reection rate is zero. Hence, the task of optimize-
tion is to find such temveratures at the inlets of the
inéividuel reactor trays at which the degree of SO2
conversion at the reactor outlet will be maximum. One of
the availeble search methods involving nonlineer one-
dimensional optimization is applied - e.g., the golden
section method. The result then is the optimum inlet
temperetures for thke individual cetalyst leyers, for
different reector outputs &nd reacting gas concentre-
tions at which the SO2 conversion at the reactor outlet

is maximum. The study of the effect of amall changes of the
system parameters allows then to find the ranges within
which these parameters should be held. Thus we errive at
a conplete documentetion es mey be recuired for en ontimi-
zed control of the reactor end for minimum SO2 pollutiox.

6.3.2. Ootimizinc the cz2telvst distribution to heds o2
—. ~edinbatic-resctor

Iv. the case of adiabatic multi-trey reectors for S0,
oxridation, the verisbles which significantly influence the
degree of conversion include the total quantity of cete-
lyst used, ite distribution to individual trays, and its
quality /kinetic parameters, pressure loss, end life time/.
The effect of temperature hes already been treated in Pare-
graph 6+3.10

An importent problem 1s the determination of the total
quentity of catalyst to be used, and especizlly its distri-
bution to the individuel treys of the reactor, sgo es to
meximize SO2 conversion at reactor outlet. By e suiteble re-~
distribution of a given quantity of catalyst among the indi-
viduel trays and by simulteneous determinetion of the optimum
temzeratur? conditions we mey contribute to SO2 pollution
ebetement even in the case of the stending sulluric ecid
production plents, without eny capitel outlays. Eowever,

no sirgle, generel recipe for cetelyst apportioning tc tke




146

trays cen be defined. It alweys depends on its kinetic
oroperties which differ in the low-tempereture end the
high-temperature renge and differ for gases of different
concentrations. A combination of several types of catalyst
can sometimes be used to an advantage. Therefore, it is
necessary when detemining the distribution of catalyst to
the reactor trays to ealweys apply the optimization of the
degree of ébnversion. i.e., for every production output
and 802 concentretion in the reecting gas, and for every
catalyst used. The object function is the 302 degree of
conversion at reactor outlet. The intervening veriebles
considered are the gas temperatures et tray inlets and the
catelyst weights at the trays. Thus the problem mey involve
6-10 intervening varisbvles, depending on the number of ireys.
Methods of multidimensionel nonlineer optimizetion must be
employed here. The results ovtained froa the celculetions
showed thet tiae 502 conversion cen bte increesed end the 802
pollutiop cen be reduced by redistributing the ceielyst.

6.4, Importence of the comouter methods

The aforementioned exsmples were intended as demonstra-
tions of the potential of computer techmology in contri-
buting toward the control of pollution end, in genecel,
toward rationalizetion of the sulfuric acid production
plants, be it at the design stage or at the level of
operating the existing plents. A greet number of otner
problems were also solved - deteraination of the optimum
concentretion of 502 in the reecting ges, the sgymthesis
of en optimum petwork of heat exchenzing epperatus for the
purpoge of utilizing tne weste heat, or a cowprehensive
simulation of the entire sulfuric ecid producticn fecility.
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In all cases was the epnlicetion of the methematicel

: modeling end optinizetion techniques highly profiteble
eand it can only be recommended that it become an in-
. separable part end parcel of design and project assess-

ments, including proposals for the construction of new
sulfuric acid production plents in the developing
countries.

1. Coziclusions

Pert B deelt with the production of sulfuric acid and

glso with its enviramental effects end with opportunities
for cutting dom the westes, perticuiarly for SO2 pollu-
tion abatement.

The sulfuric acid process has been chosen on account of
reasoning that this is the truly mass-produced chemical
where the production standard and the level of consumption
bave a direct bearing on the industrial maturity rating

of the country, and also vecause ranking amopng the biggest
consumers of sulfuric acid is the fertilizer industry, of
paramount importence to the solution of the food problem
of the developing countries.

The selection of specific tecknology for the sulfuric acid

. process as well as the design end interlinkirg of apperatus
end the raw meteriels to be used meke a rather comprehensive
issue where a great numnber of local factors, evailabilicy
of inputs, menpower skills, waste heat utilizetion, etc. ell
ought to be considered, with different solutions reprezsenting
the optimum under different condiiions. Nevertheless, e
nundver of specific solutions based on the anelysis performed
can be defiped:
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1. The pollution problem of the 32504 plent working

from elemental sulfur has been overcome with success by the
double catalysis technology which werrants a total 502
conversion higher than 99.5%. Bmissions of SO, cen be
pushed dowx even further, to amounts of no concern to the
environment, by the Peracidox process if the facility is

to be located in e densely populeted area.

Proper operation of the contact reactor - which, for the
purpohe of attaining e sufficiently high 802 conversion,
is the key epparatus - elso is contingent on & proper
catalyst selection; this matter was dealt with in Chspter
B-4.

2. The pollution problem relates to the utilization in
production of waste heat which can substitute in pert the
combustion e.g. 0of solid fuels, thus elleviating pollutiorn.
fihile the use o2 high-potential heat for rising stesa

is common, the use of lower-potential heet sources by ede-
quate consumers hes been recommended here and the related '
engineering requirements heve been outlined.

3. Considerable ecological problems are provokes by sulfuric
acid wastes. Description was given of how this problea
appears to be coped with successfully using themmic decom-
position - recycling end fresh acid production.

4. 0f importance to the developing countries is also a

high production reliability coupled with nonexecting requi-
rements for meintenance and service. It is elso for this
reeson that fecilities where sulfur is worked to sulfuric
acid cen be recommended for the developing countries. In
contrast to plant where other sulfur-bearing rew meterials
are processed, the facility which starts from elemertal sul-
fur i3 very simple end relieble, its operation is stable anéd
is not maintenence~intengive. As for process control, this
cen be mestered without difficulty using either menuel
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controls or simple computerized control systems,

+ can be stated in conclusion thet, as long as the reco-
. : mmendations mede in Part B are adhered to, & sulfuric acid
production facility can successfully be operated without
unduly burdening the atmosphere by 502 emissions and other
pollutants.

At the seme time, such production represents en important

{ source of steam for the associeted productions at the che-
mical combine where the new facility is built, totalling
some l.2 tons steam per 1 ton 32804 produced.
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C. PRODUCTION OF NITRIC ACID

The productior of niiric acid bases totzlly on the
raw materiel amaoria, -

pege
2
gz2ses eare absorved in weter giviag nitric acid and waste

I.Ox geses.

This exmozia is burns z2nd tke resultiazg LO -

-

In pest times when only pressure-less in sialieiiors
were Known the waste geses contained about 30C0O ppm HOI.
The development of ecid resisteaat turbocompressors brought
the use uf npiixric acid planis operating et pressures 57
0,3 - 0,4 22 gxnd reduced the ycx contenrs iIn the gzses
to abosut 12C0C - 1500 ppz=.

A further improvement wes t2e develspmernti of siesve -
trays wzich ezetled opersiion at pressures 0,7-C,E8 Pa,

Computer designed abdsorpiisn towers, together wish
coastructicanezl improvements sllow now opiimal yields axnd
industrial plzntsg designed or this basge resch, wiez using
cold cooling water, emissiorn vaiues of less than 20C som
NOX.

This develspmeat ellowed %0 design and instell planis
with increasing cespacities. The fallowiang Tebvle I shows
the increese of everage cepecity during the period
155C - 15€5,
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Table C-1
Pexriod Aversze capacity oif nisric

ecid planis expressed as
tpé 5303

1350 - 1955 1aC

1956 - 1908 200

1960 - 1985 270

1666 - 1970 280

1970 - 1975 515

1976 - 19€2 359

1681 - 1685 . 1220

£rom 1565 szwerd ap I3 1520

The “irs+ dusl pressure plents wiza cepacities ud

ts 1500 mtpé ere now under constructicn Rs by

Grende Paroisze for Rostock/DDR and ©y Unde Ior
Norsk Hyéro Fisons Ltd GB end for Chemie Linz/Austrie
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1.2. Develsvoment of pit=ic¢ acid
praduction in C.S.S5.2.

Production of aitric acid started in 1954 in the
C.S.S.R. at present there ere 18 plants in operstion,
divided sver 5 locetions :

Lovosice

Duslo Sels
Semtin

Ostreva and
Strezske

The totzl production amounts to ce lxlO6 tons
EIIC3 100 % per ernun.

‘tne pnitric acid produced is e bese for the menufacture
of fertilizers. The quantity of N in fertilizers is ce
600,000 tons,/year. Together witk emother 100.000 tors
imported nitrogen, the totel quantity of N in fertilizers
is about 700.000 tons. On an agricultursl aree of 6.800 he
this meens e consumption of 105 kg/ha.

The ammonie necessexry for this fertilizer production
is partly produced in C.S.S.R. plents, partly imported
from U.S.S.R.

Frecz the 19 nitric acid plzznis perntioned, +two plzzis
are for “gn ¢-liveries : one in Duslo Sale and one in
Ostrava.

The other 16 plants are designeé end constructeé by

CeSeS.R. groucs.
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Lovcsics 358.708 tzns EIDB 100 %
Duzlc Sels= 36G.02Q n

Semtin 136.455 “

Chemks

Strezske 76.185 "

Ostrava 68.1C0 n

iy

meking a2 totel o §70.532  tons EEIO3 100 %
This productior was echieved in 7196 hours o ope-
ration, making an eversge production of 134,87 tons per

houre.

Phe mzin problezs wnica encourtered tie CeSel.Xe
produacers esre :
- environmentel poliutioz
- seviag 2% ensrglaEs
- gavipg of rew meteriels
- affectiveness e) from egriculturel
point of view
b) from economicel side.

In environmental pollution the czecas mede good
progress in tine reduction o nox ir weste g=zsées.

In 1978, with = total production of 1.017.600 tocms
there was en everage NO_ emission of 12,6 kg NOZ/t EHO3
equivalant to 1723 k3 HOZ per nour.

cned foilowing velues :

fL

In 1585 zhesse figures re

S

produciicrn QT3 532 =:zis

emissisn 2,84 ez N0,/ HIIO3
383 ZE ch/ho_:
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This means oaly 21,5 % 9f the velues reached iz 1578.
»

The C.S.Se.R. eutcorities prescribez for old pl=snzis
e maximum allowable emission of 10 kg~ N02/t HNO; end
for new pleats e maximum allowable 2mission of 2 kg NOZ/
/t HFO, in the following & review is givwen with ;ega:ds
to the emissior velues of the plants (fizures for 1985).

Plant kg NO,/t HIO,

SCHZ Lovosice

I-1IV 1,89

v 0,89
Duslo Sela I - IV 1,45
Krebs - place 2,0
VCEZ Semtin ZL 18,35
Ry 0985
Chemko Strezske I 7,35
I0 K 0,35

MCHZ Ostrave 5,50
Average 2,84

t czn be seen from these figures that only tZe

plants

VCEZ Semtin Zu

CZEli0 Strazske end

L.CEZ Cstreve give resulis
far over the velue of 2,0 k3 jcz/t E:"O3 /herz 2s tie
Krebs plzcs Duslo Sele is just on :he Torder.
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The planis SCZZ V,VCEZ Ry and Chemzko IT apply tae
total cetalytic reduction; the plants SCHZ I-IV and
Duslo I - IV epply selective NO_ reduction.

Alkeline ebsorpiion is applieé in the plents MCHZ,
Chemko I ernd VCEZ ZL. : :

The Erebs plant Duslo has pressure absorption.
It may thes be stated thet the plants, working with

slkaline absorption give unsetisfaciory results in the
reductiasz of JC_ velues.

Sevings in rew meteriels end emergies.

From deta, received Irom Chemopetrol Lovosice, the
coat per ton of 8\703 cen be enelyzaed as Zollows.

Rew materials + energies

(incl. credit for energy) Kés 770,45
Catelyst " 29,58
Personnel " - 8,73
Repair, maintenance v 41,52
Amortisatiorn " 30,79
Pixed ccets, overheads " 141,17
Total " 1022,22

The officiel sales price iz C.S.Z.%. is Kes 110C/%.
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This meeas thet i & redaciion of the totel costs
could be Teeched this could only be obtained by reduction
of “he costs for raw meterials end energies.

An assumed reduction oI the costs for razw naterials
end energies of 10 % will bring down the fotal cosis to
ebout 945 Kes.

For these two cases tke break-even-point hes been

constructed.

Tr =4s ™2 S
-2 ST =2

'
H
N
vl
H

A4 éderates She Tixzed cosis
A Lz w2riz=lz c25%s
g.C tre szles price

From the greph it cen be seen the the break-evern-points
shifts from 61 % in the actusl case to 52 % inthe essumed

cese.

Means how to arrive at lower costs will be discussed in
Chapter "Coaclusions”.
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1.3, Agzicullursl econazics

< @sesrat deegl with tizis paint.

]
'

esJ

L3

The scspe 3% zis
+ may ve stated thet ix: rovements could be reecked

by treining b farzers to 2pply vae right amouns ol ferzi-
lizer oz %the righ:t tize Ior ze rigzt cuiiures.

Phig should be cleered Wit goverzzertzl agricuitural

jnsiitutes end lebsretories.
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Phe C.SeCe.R. nO% only desizaed end consiructed piiric
ecid planis iz C.S.S.R dus eisg isteads to persicipete =
the warld markes.

For this purseose a comtinesion of Zollowing groups

- Chemoprajeks Srsgue / projecis

- UACH Prezue, Acaceny / celculeticns process

-~ Chemopet>sl Lovosice / supply of know-how

— VUCSZ Srns - Pragus (Coepos) /desiza of equipzmern
- IVU Erecec Kralaove (Chepss)/ Supply 32 ecuipcent

. P - T - -—- - 3 Ly~ -
Iz zmegoviziolais wiita pateniizs 213ITImMErS TIiS ZTYCUD

slg no% only wizk zitric =zcid plz = Buv

e
8lgs with the XIUCX - process Ior selec=ive reductich,
develcped in CSSR.
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Lit~o 22l Drocessas

—

2 -

The procuction oI nitric acid Irom eprmonia bases cz
following reecsioo egqualicas @

1) 4IE;+50, - 4I0+35 30
3) 330, + B,0 = 2 Edy + H0

Reaction 1) is favoured by low pressure, reaciions 2)
end 3) are favourzbly inlluenced by high pressures.,

Phage Zzcts enzble the seleciion oF differezt comzi-

ZETILO0LS Lz €oZ2lsion gl 1D 20802rD53kn.

I~ praciice following compizations have been davelodped

- Conbugtion exnd ebsorpiioz at zeliun pressure Cyt - 3,5 ==

- Combustion a? medium pressure 0,4=-C,5 [Z2
ebsorption et nizh pressure 0,5-1,+ 2=z

- Conmtustisn erd atsorption o2 high pressure C,7-1,C Ze

Combustion and absorptior at lower pressures are obsoslete,
because at pressures < 0,3 UPe *the waste gases contein
asre then 2C0C ppm HCI waich causes heevy envircnmansel
proolezs.

Tre medium, duzl and hizh pressure planis ell hzve the
] S
following features :

©

Anmponiages i3 mixed wisz air

=& turat on a plaiisc-
rhodius catalyst, Tze heat o7 reecction is utilized to

gernerste superzneeted steam =228 o n222% tke tall 3as Irox
o
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nisric acid

u‘
®
[¢]
el
o
',
:)
if

The piirous g2ses gre 223Qr
in a sieve-itrey column witk internel coolizg coils.

The three processes diZffer in the folbwirng :

m
~
13

(1

(}]]
' D
fi

g

]

[

n

n

}

:re Dracess

The tail ges is neated and Zorced to & calaly=:i
HOI reducticn. From there the tail gas is expznded o
regein part of the energy.

e aen - o e e e .
Tze IC_ - 328 from tke cozbusiion zust e ifuscressed

. . - - . e e

in pressure 2y a- JOI- coZpressar i2 m2es the hiziher

ebgoraiicn pressure.

¢) high pressure process

The eir compressor has intercoolers, tce teil gas
after the experder is subjected to further heet exchange.

In eack casge i Kox convent in %tz2e tzil gag will be

velow 20T ppor.

Por lediunm pressure process ssze Annex
£or Duel pressure prccess ses AZEX

H H
—

H
H
H

" Zor High pressure process see Annex
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Annex I
Nitric acid plant
Medium pressure

TAILGAS

'-————-—J

AlR
PQ|43
b
C
r'- d
|
|
L
e
- -
|
I
—+-{
l
|
L4 2
ok

-

P

|

NITRIC ACID

CYODHHKRHITRHOAOOP

Air compreseor
liixer

Burner

Boiler

Economizer
Tailgasheater
Feed water heater
Gas cooler condenser
Abaorber

Tail ges heater I
NO_ Abatement
Tafl gas expander
Steam turbine
Steam Condenser
Bleoching *%ower




AIR 164 Annex II
Liitric acid plant
l _ " Dual pressure

TAILGAS

__’

—_—d—-=—0

T DR

: Air Compressor
L.ixer

Jurner

Boiler
Tallgashester II
Leconomizer
Gascooler condenser
KO Compreszor
Tailges heater
Gascooler condenser
Absorber

Teil gas expendex
Stean :urbine

Steem condenger
Sec. ALlr cooler
Bleaching tower

OCYODHHKMITR KO AQOE

NITRIC ACID l
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Nitric acid plant

@ NH3 . High pressure
N | c '

» a a . l
AIR / - b
C
1 a8 Aircomnressor
d with Intercooler
/ b lixer
k ¢ Durner
d DBoiler
¥ \ e Tailgasheater
f Economizer _
— e g Alr preheater
h Abscrber
i Tallgaspreheater
k Tailgasturbine
¥ o 1 Bleaching tower
f
TAILGAS | . \
! y NITRIC ACID
X
i
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33 3 H = CRra
Pra zelius pressure process i1s ecszozical for czpeciiies
—

up %2 5CC a%sdéd K0, 100 %. The ECY contexs in the tell
4 -
geses is high - ebout 600 ppr, sothst a selective reductiorn

mast be iacludec.

The dual pressure process I1s %tie =sst aconoaicel Zor
epacities over 5C0 mipé. rlants cen zow bte consirucied
e,

in one line up t2 cepacities 3% 1500 mipcé. Tke 4Gy contens
in the waste gases is lower than 2CC ppm, normelly 12% -
o

The hizh pressurs Jdrocess needs sczeller eguipment due ts
the kRigher opsraiions pressuras and is pence Irozm eccrncoi-
cel pcint of view attreciivs.

A disadvzntzge 1s that sShe live fime of tze czizlyss
is sksrt sc3hz2i zoore plznt szut downs ere reguired Jor
changing catzlyzi. Also tae yield of ccmbustion is lower

Bonti (1) gives following parsmeters.




Operating Parameters for Ammonia Oxidation

Operating pressure

HH3 concentration {vol %)
Ganze toemperuture (°c)
Converuion eificiency (%)
Fi,loss (g/t HNOB)

uceful life of pauze

pad (montha)

0,1 Ika
11,5-12,5
(9u-050

9,-98
0,05-0, 07

6-12

0,35 MPa

10,5-12,0
810
96-97

0,14-0,18

3-6

0,8 Mla

10,3-10,5
920
95-96
0,28-0,30

2-3

1,05 MIn

9,5-10,3
940
94-95

0,30-0,35

1'5"'2’0

L91
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T4 * S =g ] b1 - z
3. Zrissiasns iz rnizric scid DLZEZDTS Qe e <haés

cmissiors in pitric acid plarnits ere visivle as brovxz

s
1 Zzses, iiis brawz colsor seizg cdue to the aua canvezve.

tei ==
10 g=zses are n3t vizible, other nilrous oxXideés are resli-
gitla,

Wnen construesizg rpew planis tocey there ere e zZuo-
ter ¢ techniques thet czn be adszpied to Lkeep the weste

v O]

ved by the legisletor. Ii can be saié thzt $ae avallsd

ges conceatration low end to edzere to the values requi-
i

ity of hizaly efective sieve trays ellows o desizn ste

process wilth flue gas concentrations of 400 - 700 prz

At

XC_ on en eccrnozicel bese.

X
- . s

I7 tzese veluss ere s3ill oo aigh Furzher possitilisies

must te inveszigated as {tzere are

- exteniad zcidic ebsorption, paysical z2bscrpiion
- alxzlire arssrpiion

- @olecular sieves

- ca*elyiic processes,

The adventeges ené disedventeges will be discussed now




3.1, Bxtended ecidic ghzarniian

o

Due to improved energy recovery it hes becen possible

to incresse %the Dpressure in the esscrption ené %35 epd3sly
hishly effective sieve treys. At pressures over 0,8 mP=s

T

eré ©y inpcressiaz tize zumber of absorpiisn treys an IIT

W

content ol less tzan 2C0 ppm can 22 ecaieved.

An existing plant can be equipved with a newly-built
nizn pressure ebsorpiion, an existing high oressure plzns
cen -be extended by one additional ebsorption tower.

-

Extendied absorption cen be appnlied but et some exzerse

M
L}
{n

€

n

}-3
]
3 -

- . -~ - -~ Y 4 -~ -~ 1y =} —-
2s ihe volume o edbssroer increases rougkly propersisnal
< -
v >

1€ _
o ( Cm )7V12 (2). In oréer %5 reduee abscr
e ¢ rzzle,

o
' n
n

[\
tn

- = SR RS P - P .
CRE uSe TI g LLZASY 2ISIIDULIL PreEslTe mEy

& extencded absorpiicr process Is econsmic up o

IZ lower Zigures ere required, eitiher tae absorpiica
pressure must be increased and/ or the ebssrpiisz csluzz
exteaded in height.

It aust be meznsionned skhat ziis will reduce the econszic
situation of t2e plant.

3.2, Alkaline szbsorntior

)
line liguids in zze lag% per




17¢

RCX czn be rezc2ed.
Well known es scrubdizg lig

:.L;
solution, whick forms sodium piirite and sodiwrm nitrate.
The process can be alttrective ,1f & merket is evailebl

d is Zodium ayadaroxyds

for the nitriites or nizrees.

313211137 i3 V0 casmicelly wesa wiith en
rse

hi' 4]

I2is 3 S is rci so aviraciive 5 &3
first 2 weaii emmoniux nitrate solution Is gotained znd
at second expansive urez must be used To desiroy the

nitrous oxides,

3e3eMnlecler siaves

The principie o the molacualer sieves is tze ebsorp-
S~ &% low temperziares zxd desorpiicon & aizzer
2 2r2s, They consgiss of ainsrals and pixiures of
silicztes, zliumine or poizssziux, czlcium zzé or £3c
Uith t2is process very low vzlues of less tazn® pdxz caz
be Treecined.
The equipment needed for tials process is explnsive and
desorption at hizzner tezpesraitures necesz:itetes ez erperndi-~

ture of energy.

To ellow contirucus operetion it is advisztle to have
3 systens :

the first gysiem absorts Hox

the second systez is desorbed

the toird system is cooled down

3.4.,Cetalytic nracess




-
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cetalyticel combusiloz.
The mein distinciion between the two processes ’s

that nydrogen or hydrocerbons react primerily with oxysez.
Vhen the oxygzen in the teil gas is burn the excess of fuel

reacts witk HO end formxs Na.

The selectlve catglytic combustion uses emmonis ead
forms Nz and 520 efter intermediete reection.

The process using hydrocarbons &s fuel hes been
epplied meinly in the U.S.A. Aplication in other countries
is very restricted, mainly due to following reesons

- high fuel costs

- problems due to presence of sulphur

- limited lifetime of catalysts

- nitrous oxide emisgsions ere decreeseé but edditionel

hydrocexroon emissicons are relessed into the aimosphare.
Question : ere ':ea.s:J:J.e.,‘nILe'HO:c emissions pore ecced-

teble thern colorless but lerger hydrscerbon emissiors.

The legisletion of the Federel Republic of Gerzany
hes set the emission limit of hydrocerbons %o 2C0 mg C/n
teil ges corresponding to ce 375 ppm CHA

In the U.S.A. emizsion values up to 5000 ppm CH4 are
measured.

The process of selective reduction with emaorie
nes veen Xaowz for severel years and depends on the Zfect
that nitrogen oxides in nitric acid teilgas cean be conver-
ted oo e V205 catalyst with emmonie in eccordance wit

following resction equations.

INO, + 4 VEy —2= 3,5 U, + 8 E0
3E0 +2YE, 3= 2,5, +3ED




172

In tce process the weste geses o7 the esbsorpiion gre
neaied up to the calalysts cperetizg fempersiure which
lies between 250 and 350 Oc and ere then forced through e
reactor, where the a.m. reactions teke place. The treated
geses are then blown to atmosphere.

The installation of seleciive catelytic purificetion
in old plants as well as the operation of this purificetion
presents no problems.beczuse it hes the leest influence on

other process paramelers.
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4, l=%

rizls o consiruciion 2ndé corrosiorn in niiric
2

The nitric ecid industiry hes to use for the prevesi-
ling corrosive conditions special stainless sieels.
Stainless steals ere celized as iror tesed slloys with
et least 12 % croromium,

They are classilied es

- mertensitic steels with 11,5 - 18 < Cxr
- feoritic steels with 14 - 30% Cr
- austenitic steels with 16 - 26 % Cr

els gre ithe most widely used in
. . o

or>rosisn re-

In zisric acid pleats tae meterizl mosily uss

[e N
b3
{n

ct

®

& low cerion versiosn of the standard Cr-iii steel, tk
AXIST 3384 L or ivs equivelent, the germaz 1,4336. Tais
meterial in general provides goold resistance to.interzsre-
nular corrosion. If the material is used for service =t
higher concentration erd elevated temperasures is is fsuzd
that sometimes iantergrazuler corrosion will appear.

The reesoz is the presence ¢ C, Zi, P and S irn higher
emounts tut gtill wisain tihe specificaticn., To avoié zkhis
phenomenon it is advised ¥5 use meteriels with emounts r?
the mentioned elemenfs far below those speciiied.

Investigations of the influence of the elements C, =1
P and S led to the devslopment 0 e rnew special sieinlass
steel., This steel, claczsilie” as AT3II 315 L or 1,4335

[
(@]

snows Ialowirsg arelyis,

C =mz2x 0,320 &%
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Si mex 0,030 %
P pex c,220 &
S max 2,015 &
Cr 24,5 &
Hi 20,5 .
kn 1,8 3

In this steel the high amount of Cr as well &s zis
low impurity levels coaiributes to beiter corrosico
resigtiance.

Anong tiae different maaufactures the SANDVIK 2 RS 1C (4)
and the UDDEECLY UT8 25 L ray be mentioned.

This meterial shows in HULY test (with boiling 65 &
pitric ecid) extremely low corrosion rates.

The grzée hes been succesiully used in tailges
hesterz ané cooler condensers in nitric acid planis,
where iormetion and revoiling of nitric ecid droplets p=y

occur,

In one pleat 384 L tubes failed affer 12 montks in
service in a cooler condenser. After retubiagz witk 2 I 10
the tubes have now been in service for over 5 years
without any sign of attack (3).

In many plants cooling water is of bed quality and
mey contain hign emouats ol calorides. In suck plant =
speciel stainless steel with compozition.

C mex 0,920
Si mex C,4
P max g,c2C
S mex 0,915
< 25 5

jibd 22

RALY
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o 2,1 &
gives the best resulis for e cocler condenser siace It =S
excellart rezisteace 3o aitric ecid solutions.
Owing to tke hiza chromium ené molysdenum contexns 13 hes
£30d pititizng corrosion resistance.
Due to the ¥i conteant it hes good resistazce %o
stress corrasiom erzcizg. 3otk types of carrosion ne7

sccur or sae csoling water side. 4 typicel trede claszifi-
cetiogn is SATDVIX 2 25 9.

aitric acid plants wnere corrosionz

(.
3
({]
B
-
33
o
b
b
ot
n
i

> vr - <~ v Y - -
- the wet paris oI WESTe pesv wsers

- the inlet of tail gas heslers
- *he £z pzrss 37 cocler condexders,

especially uncooled walls,
erd it muss ssranzlw be recormrmended Yo consider tie espli-

cation of these types o2 sieiznless sieels Ia ordsr oo

prolonge life cI eguipzenv.
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5. Sefe%ty consilaraticns in gpersiion af ziric

Althsuzh =zod
utmost considereiion for gefety aspectis,

ern aizric acid plaxis are desizned wiisk
certein hazaxds
may not be overloosied veczuse They can lead to demaging
D gnd T0 envirgnmant.

Ir nitric ecid produciion ecmornis is oxidised with
gir, The liguid eazmosiz is veporized by means ol warmed
cooling water beiore entering the ammonia air mixer. The
gir and emmonis Ilow rates ere moaiiored, the proper mix-
ture is obteined oy rz:is control. The emmozia concenira-

ns pelow the explosion level, wiich lies between
23 vil 3 IEy et C,1 MFe and 100 °C. If liguid
exconie iz tze Iorm of sma2ll &T:3plets is ezsrzinad with

the ammoriz g2z sze flow-rz<is-coniroller cznrot &7 oz
this increased esxmount of zomonisa.

This mezas, that %he lower explosicn limit will be excesded
ead the corsequence is thet an explosive mixture exters

the corbtustiszr sectiorn causing an explosion in 3shis pert o2
the pleat.

Unreected azmonia forms enmonium selfs whea iz coz-
tact witn zitric acid. The selts formed ere anmcnium nisri-
te and ammonium nitrese.

Generally tae formztior of emmonium nisrate takes
pPlace in the cooler condez3or or boiler fesed wai2r preiez-
ter when the firs< ni<ric acid is fs*~ d.

Very small drsplets of ezmziium
formed and *rarsported o the IO zas ¢
are depogsed, maialy in the Iirst sizgss of ~ze compressor,

OP

Trate so-uvion are
apresssr Thare a2y

In the compressor tie nitrate depositc zay czuse heavy
7itresicns due to  imbalance and in

r2gfar qual sities

ey zey lcad ts explosions,
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It is thereiore necessexry to clean the compressor 37
injection of weter or steam. '
This clesning must be excuted continuously during 3ae
start up phase of the ammonia burner until complete acti-
vity of the catelyst gauzes. During normal operation this

cleaning mus*t be done once per shirt.

Passing of uarescted ammzoris through the burner caa
be monitorad by the ammonium nitrate conteat of the nmitric
acid formed in the cooler condensexr. When the emmonium
nitrete content exceeds contiruously 100 mg/lir. efter stert
up the combustion is incomplete and the burner should be
inspected.

Explosive mercusy compounds (2zidesg) mzy form if
compressed exmonie coniEning gzses come in cortact with
metzllic mercury, Pharmomstars, pressure gzuges exé tha
likte instzlled on amzorniz Seazrizg ecuipment or pipizg
skould therefore not be of the mercury type.

In the scope of the safety consideretions it must
be clear that accidents can be avoided if the production
plant is elweys kept clean and in technicelly prcper
cohdition. Also following rules must be followed :

- Escape weys end fZire escapes must be kept free

- Absorptior towers must oaly be mounted if =
serviceeble ges mesk is czrried along

- Protective covers oz mobile paris of the
equipment must be orderly Iized

- Clearing work on rulning enginsg should
nst ke zmade

- In case of open erecsioz holes zzndrails —usz: ba
provided
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Por & good treining of all operesting p=ople the
method od EAZQ? (hezerd and operztion) skoulé be Iollowad.
With this simuletor type trzicizg m2:n0d all possidle
devietions, irregularities or operating faults can be given
in and the eppropriate meaas to resolve these can be stu-
died.
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6. Ecoronv of operation

The economy of operation for the three processes
described depends on & number of local cornditions eas :
- installetion costs
- prices of rew meteriels
- plant size
~ cooling weter temperziure
- costs of energy
- labour costs
- lccal Nox-emission requirements
- ceapital costs
ené finel decision czn be tzken only efter celculstion
for eech indivicuel cese.

the three processes, P, DP gzé

v

For e comperison o

EZ, tre main consumpiio
Teble I.

(8]

figures gre givTer Iz gitecisd

From this table it can be scen thet for the MP- and
DP-processes the consumpiions of NE3 andi Pt ere ecceptadle,
for the HP process, these figures ere high. A factor whick
especially plays a role in the calculetions at high costs
for ammonia end platinum.

In order to compere the productior costs for 1 ¢
ENO3 100 % ia the MP end DP process
e calculation wes made for MP and DP processes eeck
é ZIC. 13C &,

-
s ¢

with capacities of 360, 6CC =xé 1100 =ip 3
Tke calculetions include
- rew material costs
- emoriisaticn, tzken as 10 % of inztallzsd costz
- labour, overheads end gpzintenance, %akzzz zz

25 % of izszsalleéd cosss,
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Taole II gives the costs cf rav msterials znd energies for 1l ¢t
HNO5 100% for tath processes.
The prices taken wvere suppliec by the staff of SCHZ-Lovosice.

The installed costs used tase an W-Zuropean conditions.

a) MP 360 mtpd § 12,5 x 106
600 " § 17,8 x 106

1100 * § 28,5 x 106

b) OP 360 mtpd § 14,0 x 106
600 " g 17,1 x 106

1100 " ¢ 25,4 x 106

Table III gives the total costs for 1 t HNO3 in both processes.

The influence of varying rav material costs on the price of 1 t HNC3
has zlready been discussed in Chapter II. 2.

The tables show that, starting from 600 mtpd, the Dual Pressure-

Process is most economic.
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m:3T 3 C-2

Czmperisor ¢l consumpiion figures

expressec per 1 t ENC, 100 %
L4

Process type _ MP DP
Operating pressure MPa 0,6 0,5/1,2
Azmonie kg 283 ¥ 280
Yield on emmonie % 95,5 96,'8
Pletinum gr 0,15 0,15
Boiler feed water + 0,3 0,3
HP excess steam

2,5 MPa 400°C % 0,75 0,95
Cooling weterat 1C° o 130 140
Bleciric erergy k¥R 9 ' 8
Prcczss wzis t c,5 0,5
Catalyst ckange

efter months Sb S=b

All processes with NOx
emission < 200 pom

+ ¥H, consumption for

selective reductior iccluded




.

Table C-3
Medium proasure Duol pressure
Dnit ""fzzs"”“ kes/t WNOy kes/t N0,
Ammonia L 2600 n,203 735,80 0,280 728,00
Catalyst yr 402,9 0,15 60,44 0,15 60,44
foiier feced
wvaler t 1,90 0,3 0,59 0,3 0,59
Conling water w 0,65 130 84,50 140 91,00
Process water L 1,32 0,5 0,66 0,5 0,66
=
C1. fnerqgy kwh 0,40 9 3,60 8 3,20 N
Steam credit t 125 0,75 -93,75 0,95 - 118,75
couts/L HNO3 kca 791,84 765,14




183
Table C-4
Production costs per t HNO3 100 %

A Medium Pressure _
mtpd 360 600 1100

Raw materials,

energies. 791,84% 791,84 791,84
Amortisation. 66,80 57,09 49,85
Overheads, Labour, -
Maintenance 167,00 142,72 ‘124,62
Cost /t HNU} kecs 1025,64 991,65 964,31

8 Dual Pressure

mtpd 360 600 1100
Rav materials,
energlies. 765,16 765,14 765,1¢
Amortisation 74,80 54,86 454,45
Overheads, Labour,
Maintenance. 187,01 137,16 111,25

Cost/t HNO3 kcs 1026,95 957,16 920,84
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g8, Conclusion
———

In C.S.S.8 nitric acid is procuced in 18 plants. Operational
records show that mest of these plants funcCiion well. The
plants which were visited made a good impression and the

personnel shoved good knowledge.

In a feu plants these are problems with NO, emissions.
As has been shown in Chapterlaz-these problems are met

in the plants operating with alkaline absorption. .

Probable reasons may either be found in
- unsatisfying operation of the
absorption section of the nitric
acid plant
- problems with saturation of the scrubbing
liquid

- design cf the scrubbing section

As a first step for the improvement of these plants it has

been agreed, in a discussion with Prof. Dr. Skrivanek, Head

of the Chemical Engineering Dopt of the Prague High School,

that this institute will investigate the reasons for this
unsatisfactory operation. The institute will then make proposals

for modification and improvement.

As a further step it has been agreed that two of the three
nlants will be equipped vith an additional selective reduction.

For the design of new plants the required capacity

determines the process type.

As has been shown for capacities up to 500 mtpd H:O3 the
medium pressure process is the most economical.
In orcer to obey legislative regulations vith respect to NDX

emissions a treatment of the tailgases must be provided.

From the four possibilities described in Ch, 3 it 1s
recommnended tnat the selective recduction methsd shouldg bve

preferred,

This wethod gives low emission values, aoout 100 - 15C »2am.
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fgr plznts wiih czcacities cver €00 mtpd the dual pressure
proccess shculg tSe selected. ’

This process is in this range (500 - 1500 mtpd and over )

the most economical. Plant costs are less than with the mediunm

pressure process and vith absaorption piessures of c,8 - 1,1 HPa

and using cold cooling water NO, emissions of 50 - 100 ppm can

be reached.

High pressure plants can only be recommended when capital

savings due to reduction of investment cost and elimination of

nitrons gas compressor at least compensate for lover yield,
higher catalyst losses ana more frequent shut-downs.

Lov ammonia prices and increasing interest rates favour also
the mono-high. pressure type plants.

For more eccromical opesrations ney plants should be equipped
with improvec plant jinstrumentation and also the possioility

of computer control should be considered.

An evalution of H#P and DP prccesses is given by Vcelker (5.

For the improvement of existing plants the methods of selective

reduction as wvell as an extended absorption may be proposed.

As has been stated in Ch. 3 the method of extended absorption

causes extra expenses as the absorber volumen increases

proportionally to
-1,5

o] ;

vhere Cng, denotes the local mole fraction of nitrons gas at
exit of absorber.

A higher absorption pressure, if possible to be applied, may
reduce the absorber size. .

Important for the acceleration of the oxydation reaction is
certain excess of oxygen.

This oxygen must be supplied somevhere after the combusticn
selecticn in crder nct to dilute the ammonia-concentration

in the mixed gas.

Adding seccndary air minimizes the quantity of effluent nitcons
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As tzc less 0- slaws the axydaticn and tcc much 0, diluctes

the Cne, the seconcary air supply must be so regulated that
the 03 concentration lies between 0,04 and 0,05 mole fraction
at the exit of the absorber.

Finally a reduction in temperature may increase the HNOB-

output.
B8y this reduction the gas-phase equilibrium moves towards the

formation of more nitric acid A decrease in temperature of
5s9Cc improves the absorption rate and increases the acid strength

by about 2 3.

In a nitric acid plant energy is brought in with the

combustion of ammonia.
The outgoing energy 1is in the form of steam, for electric energy

generation or far export.

Energy consumers in the plant are the air compressor and the

NQ compressor.

Enerqy sugppiers are steaa turbine and tzil gas turbine.

Essertial improvement cf plants consist of optimal utili-

zation of process heat for energy recovery.

Dual pressure plants operate with tailgas temperatures
of 350 - 400 9C. It is possible to have a higher tailgas
preheating which may improve the waste heat utilization.

The tailgases may be preheated up to ca 600 OC the remaining
heat content in the taii gas after the turbine can be used

to produce an extra quantity of steam.

It can be czlculated that in such a case for a plant with

capacity 1000 mtpo HiNOy the energy grofit will be atout 550 Ki.

This procecder needs hcvever 2 more expansive tailgas

turbine and & second boliier.

It must be studied from case tc case if the prefit cf trne
gain in energy allous the instaliation of this supplementary

equipment.
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yith regarcds to materials cf constructicn falloving
recommendziicns can be made:

It is of utmost importance to use in the critical parts
of a nitric acid plant, as these are:

wet parts of waste heat users

inlet of tail gas heaters

hot parts of cooler condensors

only these materials with very low amounts of impurities as
¢, Si, P and S. Lt
Examples are SANOVIK 2 RE 10 and UDDEHOLM 25 L or the
modified AISI - 304 L.

It is of importance to investigate the behaviour of tne
materials to be used as construction materials for those
parts with the aid of the HUEY test. Hovever the use of
those mzterizls shculd be restrieted to areas of very severe

corrosion, due to the higher cost.
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D. REPLACEMENT OF CHEXICAL REDUCTION BY CATALYTIC HYDRO-
GENATIOK IN PRODUCTION OF ORGANIC SUBSTANCES

1. Replacement of chemical reduction by catalytic hydroge-
nation-e survey

Table D-1 gives a listing of the most common cases where
chemical reduction can be replaced by catalytic hydroge-
netion, including those cases where catalytic kyirogena-
tion is irreplaceable.’

Table D~1 Survey of tne reduction reactioms

Starting substance Product or Chemical techmnigue
or type type replaced
double bond saturated bond -
conjugeted partielly or
double bonds completely satd. Na, Zn .
acetylenic dond part. saturated Ya, Zn, electrochem.
aromatic ring cycloparaffinic
ring Na, HI
aromatic heterocycles saturated Na, Zn, electrochem.,
heterocycles fomic ecid
aldehydes, ketones alcohols, Na, LiAlHg,
hydrocarbons Yeerwein-Ponndort,

Clemensen, Volf-
KiZner, electrochen.

imines, oximes amines Na, Zn

acids alcohols, Ne.AlH4, electrochen.,
hydrocarbons HI

esters of ecids alcohols Ke, LiAlE4

chlorides of acids aldehydes LiAlH

alcohols 11y 4
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Table D-1 continued

emides of acids amines elecirochnem., ila,
LiAlH4

nitriles of acids amines Nea, LiAlH@

halogenides hydrocarbons Na, HI

nitro-substances lower reduction

stages nitro- Fe, Zn, sulfides,
group reduction e%ectrochem., SnClz,
etc.

The breakdown of processes in thisg gtudy has been approached
from the aspect of the reduced bcnds as follows:

A. Teducvion or muiviple SCnds Oevweed TWi CLlilLs
B. reduction of eromatic rings

C. Teduction of cerbonyl compouxnds

D, reduciicon cr niftro-supsi=scss

E. reduction of other nitrogen-bearing compounds
P, hydrogenolytic crackirg.

2. Reduction of multiple bonds between two cerbons

2.1, Double bond hvdrocenetion

On an industrial scale tkhe reduction of bonds betweer two
carbons 1is done nearly always by catelytic hydrogenation.
This is a process thet beceme megs-implenented to the
greatest extent, meinly in various refZining tachnologles
end in hydrogeretion of fets. Recently there kes been e
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considerable expansion of either a partiel or a total hydro-
genation of cyclo-oligomers /meinly of ethylene and buta-
diene/ in conjunction with the production of new itypes of
special-purpose monomers and macrocyclic compounds. Also

of importance is the partial hydrogenestion of cyclopente-
diene to cyclopentene, the monomer for specialty rubbers.

Catalytic hydrogenations of double bonds do not constitute

a classicel exsmple of replacements of the earlier known
chemical reductions by more advenced catalytic processes and,
hence, are only mentioned for the sake of completeness, to
round off the picture of the reducible functional groups.

2.2. Triple bond hvdrozenztion

In anelogy to the case of the double bond reduction, the
triple bonds are reduced much more often by cetalytic
hydrogenetion than by chemicael reduction processes. In
organic synthesis as such, it is the partial hydrogenation
of triple to double bond which is much preferred to the
rather unfrequent total hydrogenation which proceeds up to
the peraffinic C-C bond.

Pallediun-besgsed catalysts which, moreover, very often
receive gpecial pretreatment, are used most widely in the
selective catalytic hydrogenstion of triple bonds. Certain
other catalysts such as skeletal iron end copper ere also
believed to possess a high selectiviiy for triple-to-double
bond byirogenation /1,2/.

Ranking among the most importart commercial processes in
the past was the hydrogenation of acetylene to ethylene
as it wag run e.g. in Germeny. The seme principle is ucsed




considerable expansion of either a pertial or a total hydro-
genation of cyclo-oligomers /mainly of ethylene and buta-
diene/ in conjunction with the production of new types of
special-purpose monomers and macrocyclic compounds. also

of importance is the partiel hydrogenation of cyclopente-
diene to cyclopentene, the monomer for specialty rubbers.

Catalytic hydrogenations of double bonds do not coanstitute

a classicel example of replacements of the earlier known
chemical reductions by more advanced catalytic processes and,
hence, are only mentioned for the sake of completeness, to
round off the picture of the reducible functional groups.

2.2. Triple bond hydrozenction

In enslogy to the case of the double bond reducticn, tke
triple bonds are reduced much more often by catalytic
hydrogenetion than by chemicel reduction processes. In
organic synthesis as such, it is the partiel hydrogenation
of triple to double bond which is much preferred to the
rather unfrequent total hydrogenation which proceeds up to
the paraffinic C~C bond.

Palladium-based catalysts which, moreover, very often
receive special pretreatment, are used most widely in the
selective catalytic hydrogenation of triple bonds. Certain
other catalysts such as skeletal iron and copper are also
believed to possess a high selectivity for triple~to-double
bond hydrogenation /1,2/.

Ranking among the most important commercial processes in
the past was the hydrogenation of acetylene to ethylene
as it was run e.g. in Germany., The same principle is used
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presently in the purification of ethylene to remove ad-
mixtures of acetylene, formed during the pyrolytic
processing of hydrocarbon fractions. Acetylenes are si-
milarly renoved in the processing of the pyrolytic c4
hydrocarbon fraction if thisg is to be used for the pro-
duction of 1, 3-butaiiere by what is called the CAA pro-
cess /isolation using emmonie solutions of copper salts/
through partial hydrogenation on palladium catalysts under
mild reaction conditions /so-called kelthydrierung/. Another
exazple is furnished by the commercial application of
Favorski s synthesis in the production of isoprene from
acetone and acetylene by the SNAM process, where 2-methyl-
-3-butyne-2-01 is subjected to mild hydrogenation /et
30-80°C, 0.5-1 MPa/ on a palladium catalyst to yield the
appropriate olefinic alcohol.

The high selectivity of palladium cetalysts during triple
hond hydrogenation can be tracked down to the high dif-
f2rence between tihe adsorptivities of the triple and the
double bonds, so that the substance with olefinic bonding
which is formed is displaced from the catelyst surfece by
the alkyne-type feedstock and is only capable of hydroge~
nation at a very low concentration of the alkyne substrate.
The difference in adsorptivity is made even more pronoun-
ced in a number of cases due to catalyst modification by
metals, alkalies, pyridine and quinoline, carbon monoxide,
etc. Inaamuch as the selectivity of triple bond hydroge-
nation falls off with rising temperature, the reaction
conditions preferred are rather milad.

The case of triple boni hydrogenation also is not to be
regarded as a typical replacement of established chemical
reduction reactions by hydrogenetion.
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catelysts end hydrogenated in the second stege on platinur
- group meiels end, more recently, elso on highly active
nickel cstalysts.

It is the nickel catalysts wlhich, on the whole, have

found their widest application exactly in the hydrogene-
tion of aromatics. They are at a disadventage at higher
temperatures, owing to the hydrogenolytic effect. For this
reascn the process must often be conducted under somewhet
more mcderate conditions while resorting to higher—-activity
catalysts. Cases exist where not even this is of help -

the arylhalogenides cannot be hydrogenated sofar to resson-
able yields of cyclohexyl halogenides, inasmuch as the
hydrogenolysis of the helogenide which is arometicelly
bo.ded proceeds much more eesily then the catalytic hydro-
genation of the arometic ring.

The fect tket the erometic ring, ix centrest to otker
functional groups, is relatively difficult to reduce ren-
ders it impossible, or rether difficult at the leest, to
prepere certair other subgtances featuring the cyclohexanic
gkeleton.

Por instence, nitrobenzene canrot be hydrogenated to nitro-
cyclohexane, nor arylolefins to cyclohexyl olefins; hydroge-
nation of acetophenone to cyclohexyl methyl keton or to al-
cohol meets with difficulties. In the last-mentioned case,
Ru or Rh catalysts are necessary which ere capable of hydro-
genating the arometic ring under relatively mild reection
conditions such thet the bydrogenation of the keto-group or
the bhydrogenolysis of the hydroxy-group need not occur yev.

A speciel cese of arometic rinz bkydrogenation ig
represented by the hydrogenetion of erometic hydroxy-
compounds to cycloperaffinic ketones, which in fact iz e
paertiel hydrogenetion. The greetest importence ciust be
accorded to the hydrogenstion of phenol proper to cyclo-
hexenone required for caprolectem production, of resorcin




to 1, 3-cyclohexanedione, and of beta-nephthol to bete-
tetralone. The palladium catalyst, beceuse of its consi-
darable selectivity, has proved useful for these reactions,
but once again the reaction conditions ought to be mild
/temperature of max. 100°C/. In some cases the catalyct is
subjected to partial deactivation /by N-ethyl moxrpholine
etc./. Procedures have also been worked out which meke

use of nickel catalysts; elkeline media are used /Re-Ni,
50°C, 7-10 MPa, addition of H,0 + NeOE/. Yields of about
90% sre obtained and most of the residue is the products
of totel hydrogenetion.

It is clear from what has been seld ebove that not even

the hydrogenetion of aromatic rings belongs to the classicel
exemples of chemicel reducvions being replaced by catalyiic
hydrogenations.

4, Reduction ol cerbonyl gomgoundg

The reducibility of the carbonyl function depends on what
groups are bonded to tbe carbonyl carbon. The reduction of
aldehydes is the easiest, the reduction of ketones is more
difficult. The cerbonyl group in acids and their derivatives
resists reduction to a considersble extent. A great number
of chemiceles cen be used as reduction egents /end, in some
of the ceses, interesting side reactioms occur whick cen

be put to practicel use/, oX, elternatively, the reduction
can be effected through catalytic hydrogenetion.




4.,1. Chemicel reduction of carbonvl compounds

Carbonyl in eldehydes end ketones can be reduced to a
pertinent alcohol or even a metkbyl group or methylene.
The reduction to alcohol can be effected chemically using
a veriety of methods: by metels, hydrides, electrolys:.s,
by kydrogen iodide, end by the Ueerwein-Ponndorf method /3/
/i.e., by isopropyl elcohol in the presence of aluminum
igopropyl alcoholate/.

Yhen metals end hydrides ere used as reduction egents, it
is essumed /4/ thet the reduction proper is effected by
the hydride ion

d E

~ - / -

c _ + B —_— S + HO (2)
~o0 N ):

Reduction by metals cen proceed in either en acidic environ-
ment /e.g., Zn + mineral acid/ or an elkeline enviromment
/sodium in wet ether, sodium emelgem, etc./.

The carbon atom of the carbonyl group is presumably
attacked by electrons from the metellic surface on which
the cerbonyl groups is attached by chemisorption at the
time when the reaction is taking place. It is necessm
however thet e domor of protons /weter, acid, alcohol/ be
present in the system, in order to btring to completion the
transformatior of the carbonyl group into en elcoholic

group:

~ =0 + /IZn/

~n - (2)
T2e x P ST 07 4 T4 /n/y,y (3)

=2-0" + 2H0 —— TCHOE =+ 20u()

™~
£ 1N
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Another reection which eppears feasible is the direction
reaction of protons with the electrons of the metal:

Zn ————> 2% 4 2.0 (5)

BY + 2e ——————> IH(") (6)

HZO
= ¢s0 B ——m——— O - » C (1)
- + 1 —“~o(-) T

The seme mechanismn can also be proposed for the electro-
reduction of ketones on a metal cathode. The reaction
diegrems indicete thet the reection is to be conducted
in e poler_medium.

When ketones such as acetone are reduced in e less poler
envirorment /in benzene/ using suiteble metels /meguesiuz/,
the reaction proceeds differentvly: the carbonyl group reecis
with the metel electrons yielding e redical-ion which is
doubled due to the absence of protons in the reaction me-
dium. The reaciion products are pinacols

CH CH O(-) us (+/2)
3< : o
(<) . (+/2)
cEy_ 07 g By 03 gy
CH - C. —— CH/ C-C\ ~ ol
3 3 \ CH.,
ou 0 Kz
2 2
CH
- Tc-c” 3 (9)
cH -~ |

3 0E O CHj




At suitable reaction conditions the pinacols may become the
ckief reaction products /reduction by sodium, amalgemated
megnesium end aluminum, elecirolysis//3/.

Reductiorn of carbonyl to methyl or methylene cen be effected
by ordinary techniques only with such compounds that have
their carbonyl group adjacent to the aromatic ring. FPrequent-
ly encountered reactions include “he transformetion of aro-
matic aldehydes and ketones to bkydrocarbons a< the result oi
reduction by sodium, 1ithium-aluminum hydride, zine, hydro-
gen ifodide, or electrolysis. By the last two methods the al-
dehydes and ketones can be turned to hydrocarbons quite uni-
versally, in spite of the ebsence of en activated carbonyl.
The same products are obtained by recduction using the Clexmen-
sen technique /ketone or eldehyde reduction oy emelgameted
zinc in hydrochloric acid medium/ or by two-stage reduction
usging the KiZner-%olff technique. The letter resctior ccn-
sigts in the preperetion of e hrérzzons c¢f the eldehiyde or
ketone by letting it react with hydrazine which, on heating
with strong alkalies, splits off its nitrogen end yields

a hydrocarbon /thus the initial carbonyl is converted to a
methyl or methylene group/.

A survey of these reactions cen be found in literature‘/“,G/.

The aforementioned reductions can obviously be also eccon-
plished by catalytic techniques /cf. Chepter 5.3./. However,
cases alpo exist where cetalytic hydrogenation would eccom-
plish nothing. FPor example, catalytic hydrogenation canrot
be used to turn nitro-benzaldehydes to nitrated benzyl alco-
hols, oving to en unfeilirg fczretion o pertizent emino-
derivetives on all known cetelystis /wherees e.3. toe alde-
hydic group can be reduced by NaBH4 weile rasteiping almost
quantitetively the nitro-group/. Reactions o, tkis type find
epplication in the productior of specielty pharmeceuticels.
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2 t ic t ) bo cosipound

Most of the chemical reductions of c¢arbonyl compounds,
alluded to in the foregoing Section, cen be effected by
catalytic hydrogenation.

Catalytic hydrogenation of aldehydes ig easier to perfom
than thet of ketones but, at the same time, substantielly
more difficult than the hydrogenation of other eesy-to-
reduce groups /e.g., nitro-groups, double donds, etc./.

¥hen using high-gctivity catalysts based on noble metels,

it can proceed even at moderate temperatures /up to

100°C/ but if less active catelysts are used /Ni, Co, Pe,
Cu/ it may become necessary, particularly if ketones arz to
be hydrogenated, to operate at higher temperatures and,
owing to reesons of equilibrium, also at higher pressures,
es & consequence. The reection may proceed in either the

gas phase or the liquid phase, depending on the nature of
the reectents. 0f greatest teclmical importance is the hyd-o~-
genetion of higher eldehydes from oxosynthesis. Frequently
used are copper-based catalysts, capable of catalyzing e
selective hydrogenation of the carbonyl groups while keeping
intact some other reducible functions in the molecule, such
a8 the double bondsg, the benzeme ring, or the furene ring.

Reduction of carbonyls in aldehydes and ketones dcwn to the
methyl or the methylene group can also be done by catalytic
hydrogenation at elevated temperatures. Palladium-based catc
lysts are used most frequently here.




5. Reductiong of pitro-compounds

The reduction of nitro-compounds is governed by e rether
compliceted mechanism and proceeds via a number of inter-
mediates which sometimes cen also be the finel products
depending on conditions.

Schematically the individuel intemediete stages can be
represented as follows:

RPF=N-R - R-NO -> R-F=N-R
0 ‘ 0
\ 4
R-NH=-NH-R 1=:::RPNH.QH /T \————p R-N=N-R
L———-R-NH2$:::l—J l

Pig. D=1 Reduction of eramatic nitro-compounds

In the f:irst stege the aliphatic or cycloaliphatic nitro-
compound3 also yield a nitroso-compound which, inasmuch
as it contains the —itroso-group on either the primary o
the secondery carbon, can also exist in a tautomeric fom
/isopitroso form/ ees an aldoxim /R~CH=N-OE/ or a ketoxim
/R,C=N-0H/. As & coneequence to the existence of such foms
we alsc meet compounds among the products of reduction

of the eliphatic nitro-substances thet cennot occur in the




206

eromatic series. The reduction cen be represented by tke
following diagram:

R—(’:Hz-NO2

l

R-CHZ-NC

I

R-CO-HHz - R-CH=NOH == RCHZ-NHOH www=p RCH=LH

R=CH,0H e R—%no R'Cﬂi-lm? ‘_____l
|

R-CHi-NH-CHz;R

Fig. D=2 Reduction of aliphatic nitro-compounds

The nitro-group can be reduced by nearly &ll reducing
agents. Thosgse used most fregquently include iron, zinc,
tin, stennous chloride, and sulfides, with amines as the
major product.

Should thne hydroxylemine stage be retained, the reducticn
is conducted by amalgemated aluminum or zinc in e moderate-
ly alkaline enviromment of a salmiac or calcium chloride
golution. Under certein conditions, electrolysis can yield
hydroxylamines, too. The stage of the nitroso~compounds
can be obtained e.g. by electrolysis, in the case of the
eromatic nitro-compounds as starting materiel. Nitrobenzene
can be reduced catelyticelly to nitroso-benzene using cer-
bon monoxide.




207

"he reaction prorer whick yields nitroso compounds is an
electrophilic substitution, but one which involves a low-
~reectivity nitrosyl cation, N=0O. It is used for the
preperation of nitroso-compounds /or, of emino-compounds,
efter reduction/ from those derivatives of the arometic
hydrocarbons which posses strong class I. substituents.
Nitroszaiior rroceeds selectively to the p-position end is
used e.g. in the production of p-nitroso dimethyl aniline,
p-nitroso phenol, alpha-nitroso-tete-naphthalene, etc.

Aliphatic nitro compounds can be converted to oximes by
cetalytic hydrogenation or by reduction by zinc in acetic
acid.

Reduction by zinc of the nitro compounds in strongly alkaline
environpnents ylelds hydrazo compounds. The reduction of
aromatic nitro compounds, nitroso cocnmpounds, end azoxy
compounds by lithium-saluminum hydride is brought to a

halt at the stage of the ezo compounds.

The azo compounds are reduced to hydrazo compounds by milder
egents like sodium amelgam, amaelgaemated aluminum, zinc in
alcohol, or stannous chloride. Splitting to amines occurs

in the case of a more energetic action of zinc, iron, or

tin and in the case of reductions by titanium /III/ chlo-
ride, hydrosulfide, and hydroiodic acid.

The nitro groups of aromatics cannot be reduced by sodium
borohydride, however energetic reduction agent this mey be.
Sodium borohydride may however accompligh the regeneration
of certein metals and ions which are capeble of reducing

the nitro group and, thus, act in fact as indirect reduction
agents in the presence of catalytic amounts of these metals
and ions /7/.

Partial reductions of aromatic polynitro compounds are
mostly acconplished using stannous chloride and sodium or
anmonium sulfide. Stennous cnloride and titanium /III/
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chloride are used to selectively reduce the nitro group
in the ortho position, as sulfides are used to reduce it
in the para position, in the case of homelytic 2.4-dinitro
derivatives of benzene.

The reduction products of the nitro substances find applica-
tion in a number of branches of the chemical industry,
chiefly in the production of dyestuffs, and also in the
congstruction trade, in the phamaceuticel industry, in
agriculture, etc.

Deis Chemic=] reduction of nitro compoundg

1,1, Reduction o 5 o metals

5¢1lelel. Reduction of nitro compounds in ecid medie

Béchamp is credited with the discovery in 1854 of the
reduction of nitro compounds by metals in an acid medium;
he worked with the iron - acetic acid systemn. Today, the
reduction by iron in the hydrochloric acid mediuun is the
most frequent. Other metals such &s Zn, Cu, or Al are
rarely used, inasmuch as the reductions are then too cost-
ly, the products can only be separated with difficulty, and
economic considerations make it imperstive to recover the
metals used. Zinc is used for the reduction of some in-
soluble and hard-to-reduce nitro compounds, and tin in
hydrochloric acid is sometimes replaced by a solution of
stannous chloride in the same acid. Stannous chloride acts
somewhat more moderately and is well suited e.g. for the
reduction of just one nitro gruup in dinitro compounds;
this reaction proceeds smoothly in alconolic solutions.
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Out of the other acids /hydrockloric acid may sometimes
form guall amounts of chlorinated amines, under stimule-
tion by high acid concentration, high temperature, and

slow adnission of the reduction agent/, worth mentioning

as the one most frequently used is sulfuric acid which is
particularly suitable in cases where arylhydroxyl amine
rearrangenent to bhydroxyaryl emine is the desired reaction,
and also acetic and possibly also fomic acid in cases where
undesirable hydrolysis might intervene. Protons can also be
supplied by methanolic hydrogen chloride, water, or agueous
solutions of salts /sodium, emmonium, calcium, baryum chlo-
ride; ferrous and ferric chlorides/. To improve the solu-
bility of the nitro sobustance, organic solvents are some-
times added /methanol, ethanol, pyridine, etc./.

Considerably less acid is used than would correspond to
the full dissolution of the iron used, e.g. by the equa-
tion

Fe + 2HCl -=====»> Pe012 + 2H (10)

This is made possible by the fact that, in principle, it is
not the nascent hydrogen /8/ produced by dissolving iron
in hydrochloric acid but, rather, the iron converted into
the oxide r9304 or into a mixture of Pe0 and Pe203 /with
the latter oxide dominating/ which is the agent responsible
for the reduction proper.

Bven though the reduction mechanism remains somewhat un-
clear, it is known that the electrons are supplied by iron;
hence, the reaction is best described by the formmal equation

4RNO, + 9Fe + 4H,0 —-—» 4RNH, + 31’9304 (11)
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Gray iron is the form of iron which is most suitable.

Thenks to their chemical heterogeneity, cast irons are
ratier reactive in the case of wet oxidation /wet corrosion/,
owing to the possibility of galvanic microelements teing set
up where oxygen which stimulates iron oxidation is liberasted
at the anode. In commercial reductions, slightly over 2 mols
of iron is used for the reduction of 1 mol of the nitro
coapound. A quantity of 0,06 to 0.l mol acid per 1 mol nitro
compound is sufficient. The effect can be regarded as
catalytic, consisting probably in the activation of iron.
Once the reaction is underway the substance being reduced
picks up protons from water, the iron is oxidized to ferrous
and ferric ions, and their dehydration yields Pe304. Thus
the water is recycled so thet 3.5 mols water per 1 mol nitro
conpound is sufficient.

Depending on the amount of iron and the reaction conditionms,
it is sometimes possible to helt the reection at one of its
inteimediete stages /azoxy, azo, and hydrazo compounds/ but
most often the products desired are diemines. Low quantities
of acid and water must be used for the partial reductiors,
in order to avoid nitro amine dissolution and thus to
protect it from continued reduction.

As a rule the reductions are conducted in such a way that
the nitro compound is added to a boiling mixture of iron,
water, and acid or acidic catalyst. Heat is removed by
cooling the weter vepor or the vapors of the azeotropic mix-~
tures of water with organic substances. Adequate agitetion
is important to provide for good heat and mass transport.
In the case of the Béchamp reduction the envirorment is
highly corrosive, and considerable erosion can elso teke
place due to the presence of solid iron particlee. 43 a
rule the reaction installation is made of cast iron or is
lined with cast iron plates and acid-resistant stoneware or
tiles.




The requirements imposed on the purity of the reduced nitro
substances are seldom stringent, end it is of particuler
edvantege that residuel acid from the previous operstion -
nitration is not much of a problem. The yields, as & rule,
are nearly qusntitative.

The arrengement used to conduct the operstions is to be
illustrated by the description of the reduction of m-nitro-
benzene sulfonic ecid which follows: A small amount of
water of iron sludge filtrate from previous washing is in-
troduced into the reaction, and finely ground cast iron
dust is admitted to the stirred liquid. After heeting by
steam to ebout 70°C a smell quentity of hydrochloric acid
is slowly admitted and, having allowed the violent boiling
to subside, the mixture is heated to moderste boiling which
brings to completion the etching of the cast iron dust. It
is the purpose of this operation on the one hand to pre-
pare e ferrous chloride solution as an electrolyte and,

on the other hand, to etch the iron particles and to strip
oxides off their surfece in order to activate it. During
etching, hydrogen is liberated and, inasauch as the raw
materials used are of commercial grede, elso bhydrogen
ersenice and hydrogen phosphide.

After etching, the m-nitrobenzene sulfonic acid is admitted
in the form of a wet paste of its sodium salt. It is
metered out so as to keep the reductor comtents boiling.

On completion of the reduction, the iron transferred to
. solution is precipitated by soda and the iron sludge is
retained on pressure filters. The sludges obtained, cortaining
iron oxides, are washed and eventuslly calcined, giving mine-
ral paint pigments /9,10/ such es brom, red, or black. If
eanmonium chloride is added during the reduction together
with ferrous chloride, even yellow-tinted pignents cen be
obtained. Attempts were also mede to process the wast
sludges to abrasives. Despite all these experiments the by-




-products from Béchamp's reductions are in fect unwented
wastes, with negetive envirommentel impact.

Owing to progress in engineering over the past years, the
extent of production of the aromatic nitro compounds by
Béchamp-type reductions has shrunk, and a trend of reple-
cement ty catelytic hydrogenstions hes been evident. Nevei-
theless, the Béchemp process still survives in some ceses
such as in the production of toluidines, xylidines, mete-
nilic acid, certain arometic derivatives of naphthelene,
and certain diamines. Conversion of the Béchamp process
from betch to continuous operation has also been accom-
plished /11,12/. Por instance, by continuous reduction
the Bayer i.G. 1s producing dieminostiloen disulfo acid,
used for optical brighteners in detergents.

5¢1.1.2. Reduction of nitro compounds in alkaline media

When nitro coapounds such as nitrobenzene are to be reduced
by metals in an alkaline medium /of which the systen Zn

+ NeOH 1s the most frequent,/, then the N-phenylhydroxyl
amine produced via nitrosobenzene reacts with the unreacted
nitrobenzene, yielding azoxybenzeme by condensation of
these two compounds:

(+) (+)
Pb-NHOH g==-=--% Ph-NH, + O = N-Ph ---+Ph-N = K-Ph  (12)
i =4.0
104 _y "2 19},

Azoxybenzene is then further reduced to azobenzene and
hydrazobenzene as the final product:

2H 2H
Ph - N = N-Ph =p-g? Ph-N = N-Ph ----7 Ph-NH-NH-Ph (13)
p 2

)

The hydrazo substances are isomerized with facility to die-
mines of ths diphenyl series, important in the production
of azo dyes.
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The reduction process cen be illustrated by the following
stoichiometric equetions:

2 PHNO, + 5 Zn + H,0 NaOH, ph-NH-NH-Ph + 5 ZnO (14)

Zinc oxide is hydrated !
Zn0 + 820 —— 5221102 (15)

end reacts with sodium hydroxide giving zincate

n2m2 + 2NaCH —> Nazzr.’.‘z + 2520 (16)

Ths over-zll reaction is described by the equation
2RNO, + 5Zn + 10NeOE ----» R-NE-NE-R + SNe,ZnOH,0  (17)

As a by-product the reaction may yield aniline, formed by
successive reduction of phenylhydroxyl amine or by its
disproportionation:

3Ph - NHOH ==-=5 Ph-N = N-Ph + P + 0 (18)
3 bNE, + 2H,

It is adviseble therefore that the phenylhydroxyl amine

should not eccumulate in the reaction mixture but rather
ghould be allowed to react with nitroso benzene. This is
eided by rising temperature end the sodium hydroxide con-

centration. Aniline ca2n also be formed by reduction of azoxy

benzene or even by decomposgsition of hydrazo benzene at en
eleveted temperature:

ZPh-NH-NH-Ph----QZPh-Nﬁz+Ph-N=N-Ph (19)
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These reactions also are supported by higher alkeli cor-
centration and higher temperature. In practice, therefore,
the first reduction stage is conducted at temperatures

not higher than 95°C and at the highest possible concen-
tration of the hydroxide, of which the whole amount requi-
red for the reaction /0.1 to 0.2 mol per mol nitro benzene/
is added at this stege. The second reduction stage is then
carried out after the reaction mixture has been diluted
with water, at & temperature of about 80°C. In technical
practice, an excess 15-30% zinc is used beyond the smount
detemined from Bq. 17 , but no more than 5-10% of the
theoretical amount of sodiwn hydroxide. In this case, just
as in the case of reductions conducted in acidic medie, the
trensgitory soluble catelyst obtained is subject to hydroly-
gis which is promoted, moreover, by the presence of metals.
Sodium zincate is hydrolyzed while sodium hydroxide is re-
claimed end the insoluble hydrated zinc oxide is precipi-
tated:

Fe,2n0, + (x+1)E,0 z=—= Zn0 (H,0)  + 2NeOH (20)

Hence, the foregoing reactions proceed thanks to the effect
of sodium hydroxide which keeps regenerating in the presence
of zinc.

The waste product obtained is hydrated zinc oxide, used in
the production of lipotom, salt of vitriol, or zinc metel
/by electrochemical reduction/. However, the presence of
organic species tends to considerably interfere with further
processing. A strongly elkaline environment is produced in
practice solely by sodium hydroxide; as for the appliceble
metals, it is mainly zinc but, to a limited extent, elso
iron, leed, amalgameted sodium, or emealgemeted aluminun. The
reduction is performed in reactors made of carbon steel exd
provided with vigorous stirring.
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As benzidine is formed by rearrangement of hydrazo

benzene, o-toluidine is obtained from o-nitro toluene,
o-dianizidine from o-nitro anisole, benzidine-2,2 -disul-
fonic acid from m-nitrobenzene sulfonic acid, and other
intermediates of dyestuffs production are obtained similarly
/13, 14/.

5.1.1.3. Reduction of nitro compounds in neutral and
slightly alkaline media

The reduction of nitro compounds by iron in neutrasl salt
solutions at elevated temperature yields emines. Neutral
reduction in cold solutions, using metals other than iron,
especlally zinc, allows to discontinue the process at the
stage vf beta-arylhydroxyl amine.

Ph-NO, + 2Zn + 3H,0 -=--» Ph - NHOH + 2 Zn (ou)'2 (21)

Ammonium chloride is the best electrolyte for this
reaction.

The hydroxyl emine derivatives can also be obtained by
reductions of the nitro compounds with Zn amalgem in the
presence of alum, with Al amalgam in nonaqueous solvents
containing calculated additions of water, with Al in
anmonium chloride solutions, with Zn in the calcium chloride
solution, with Zn and Pb in acetic acid electrolytes, etc.

5e1,2. Reduction of nitro compounds by sodium dithionate

Sodium dithionate is mainly used in the reduction of anthra-
quinone and of indigoid derivatives. It is rarely used in
the reduction of nitro compounds because of its relatively
high price, and that mostly in the production of vat dyes.
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The dithionate either is available as such or is prepared
only during the reaction concerned, by adding Zn dust to e
sodium hydrogen—sulfite solution. The latter method is us:=c
for the reduction of indigo and also for the preparation of
o-aminophenol from the pertinent nitro-derivative. The re-
duction is described by the equation

2NeHSO0, + SO, + Zn —-> Na23204 + Zn503 + Hy0 (22)

3
Sulfur dioxide is required for thies reaction, and is

obtained by introducing a mineral acid into the reaction
mixture during the reduction.

«1.3. Reduction of nitro compounds by sodium sulfite end
hvdrogensul fite

The reductions by sodium sulfite and hydrogen sulfite can
be expressed by the following equations:

PONO, + 3 Ne.2$03 + HyC —=-> PhNH, + 3 N32$04 (23)

2 PhN02 + 6 NaBSO3 + 2320 - 2 PhNHé + 3 Na.2304 +

+ 3 B,80, (24)
Ph/H/NO2 + 2N32803 + NaH303 ---6'Ph/303Na/NH2 +
+ 2NaZSO4 (2?)
Ph/H/NO2 + 6 NaHSO3 ———=p 2 Ph/SOBH/NH2 +
+ 3 N82504 + H2504 (26)




In a single reaction stage this process yields emines
on the one hend, end ortho and pera eminobenzere sulfonic
acids on the other hand. As e rule the reectiion is made

to proceed by excess NaBS03 and abundant sodium hydroxide
is added to produce the required emount of the neutral
sulfite.

Reductions by the mixtures of NaHSO3 and Na2503 end by e
amall emounts of Zn are used in the production of phenyl
hydrazine from aniline. Aniline is first converted to en
diazonium selt by nitrous acid, and then ‘the salt is reduced
further, as expressed by the equation

HNO,, (+) (-) Ne,SO

Ph - PE; —gpg7 Pk - ¥ = €1 ——-f-- % pn-w=y-sogte

liIaH.?»O3
-=-—-=<-y Ph - N - NHSOj¥e
|

A similar method is employed in the production of phenyl-
bydrazine-4-sulfonic acid. Diezotation of sulfenilic acid

is the first stage. Then the reection mixture is admitted
into a sulfide solution. The pertinent diazo sulfate is
formed first, and by reaction with more sulfite it 1s turned
to hydrazine sulfate and, eventuelly, to hydrazine disul-
fonate:

.lsor@-u-JN + NayS0y ~—=p Nasoj-@-NaN-SOBNa (28)

NaSO @ N=N SOBNa + Na.ESO3 > Na,SO3 @ L -I'= O e
I v
SO3.e.

23207
: /B,50,/
1:9.503-. NH-NE, + 2 NeESO, (2¢)
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In the naphibalenic series, e frequent reduction is thet
of l-nitroso-2-nepkthol to l-emino-2-nephthol-4-sulfonic
acid by hydroger sulfite.

521.4. Reduction of nitro compounds by sulfides

The reduction proceeds in alkaline environments and the
sulfides used most often are the sodium sulfide Nazs, the
sodiun disulfide Nazsz, the sodium hydrogen sulfide NaHS,
and the ammonium sulfide (NB‘)zs.

The reaction with sodium sulfide yields sodium hydroxide,
as evidenced from the equation

4RNO, + 6Nazs + TH,0 -—> 4RNH, + 3Na2$203 + 6Ha0R (5C)

Reductions by hydrogez sulfide or by sodium disulride
vield only the sodium thiosulfete while the elkalinity
of the msedium remeins largely unchenged:

4BNO, + GNa§g + Hy0 -—--» 4RNH, + Ne,S,0, (31)
BNO, + Ne,S, + H,0 --——» RN, + Na23203 (32)

The chief problem comnected with reductions by the sul-
fides consists in finding e wey of disposing with the so-
diun thiosulfate wastes, & condition whichk must be met to
offset the high price of the sulfides. Utilization of the
waste is hindered by the presence of organic specles end
tends to be rather problematic. When other polysulfides are
used, the one edditional product.is stlfur, e source of
ever riore comrlication: '
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RNO, + NaS; + H,0 --——» RNH, + Na25203 +S (33)

Witk sodium suifide used for the reduction, the sodium
hydroxide produced is often a nuisance. If of higher con- -
centration it creates conditions in the reactlon environ-
ment which favor the production of azoxy compounds; these
cut dom on the yleld and impair the quality of the primery
product. Owing to this circumstence the reaction must be
conducted so as to obtain conditions such thet the hydro-
xide does not accumulate in the reactor. This iz why ammo-
nium sulfete, sodium hydrogen cerbonate, or mineral ecid
solutions are added to modify the alkelinity of the reaction
medium:

2 NeOH + (NH4)2 SO4 ————d> NaZSO4 + 2 NH4OH (34)

NeOH + NaHCO, -====<=» Ne,C04 + H,0 (35)

NeOH + HC1 ——

» NeCl + H,0 (36)

Addition of magnepium salts is enother possibility; pH 1s
then regulated by removing the sodium hydroxide in the fomm
of magnesium hydroxide precipitate, at the same rate et
which the sodium hydroxide is formed. When using Nazs the
the formetion of sodium hydroxide can sometimes be avoided
by working with crystalline sodium sulfide Na25.9320, Tether
than with its diluted aqueous solutions. In practice the
nitro compound is melted with the sodium sulfide crystels,
at temperatures up to 110°C. This is the way to produce e.g.,
the emino salicylic acids
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OH QH
1
O —COONa @-cooma
+ Na,S + H)0 -——» \/ + Na2803 (37)
X0, NH,

The reductions by sulfides are mostly used to effect
partiel reductions of aromatic dinitro compounds /of m-~
-dinitro benzene to m-nitro aniline, of 2,4-dinitro phenol
to 2-emino-4-nitro phenol, of trinitro phenol to picre-
minic acid, of 2,4-dinitro enisole to 2-amino-4-nitro eni-
sole, etc./, the reductions of aromstic nitro compounds
which contain halogens, the preparation of amino-azo com-
pounds, end reductions in the anthraquinonic series. Ammo-
nium sulfide and hydrogen sulfide used in cold media can
reduce nitro compounds to corresponding hydroxyl amines.

52, Catelytic bvdrogznation of nitro compounds

5.2.1, Hydrogengtion of nitro compounds to eminc compounds

Inasnmuch as the nitro group lends itself very easily to
hydrogenation, the reaction can in principle be performed
without affecting any other reducible groups of the molecule.
Also aiding this purpose is a suitable selection of cate-
lysts /copper catelysts for the hydrogernation of esromatic
nitro compounds in the gas phase are inactive toward the
arometic ring/ es well as of the reaction conditions /mild
reaction conditions such as, frequently, room temperature

end normel pressure, are mostly sufficient for hydro-
genating the nitro group/. The nitro compounde can be hydro-
genated in either the ges or the liquid phase, and the choice
must respect the properties of the reactents as well as of
the products. In the case of liquid phase hydrogenation, a
solvent is used as a rule which dissolves the reaction water
thus homogenizing the liquid phase. This need not necessa-
rily be homogenized but homogenization is advantiageous,
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though, owing to e sufficienily repid mass transport. It

is often the cese thet water which is not dissolved in the
orgenic layer will strongly impede the reection by adsorbing
onto the catalytic surface and causing the catalyst particles
to cluster. Thanks to the fact that, as & rule, the ero-
matic emines are more solulle in the orgenic solvents than
the nitro compounds, the batch process can also be led in
the liquid phese in such e wey that the solid reactant is
partly dissolved in the system and partly suspended; as it
reacts it keeps entering the solution so that eventuslly

the emine is completely dissolved. Owing to the nitro group
reductions being highly exothemmic /=500 kJ/mol/, it is en
important engineering problem to consider the removel and
utilizetion of the reeztion heat. The cetelytic hydrogene-~
tion of erometic nitro compounds to amines provides us withk
e classical exasmple of cesas where the chemicel reduction by
the Béchemp method is repleced by a modern cetelytic process.
Severel specific ezamples of such replecements ere outliz:zd
below,.

Aminobenzene sulfonic acids

Reduction of the nitrobenzene sulfonic ascids to corresponding
emino acids proceeds most often in the form of water-soluble
sodium salts. Out of the chemical methods available, the

most frequent omes include the reductions by sulfides /15,
16/, by sodium borohydride in the presence of transiiion
metel salts such as CoCl, /17/, or by bydrazine in the pre-
sence of ferric chloride /18/.

o

These processes can, at an advantage, be replaced by cats-
lytic hydrogenation, meinly one where the cetalysts used
are on the basis of palladium /19-23/, platinum and raodiua
/21/, nickel /22, 23/, or nickel pramoted with palladiim
/24/.
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Aminohelogen benzenes

Meny chloranilines, chiefly 4-chloreniline ernd 3,4-dichlo-
raniline, are important components in the synthesis of
efficient herbicides. They cen be prepexred by catalytic
hydrogenation of the corresponding chloro nitro benzenes,
using various catalysts like Ni, Ru, Pd, Rh, etc. Hydro-
genolysis of the C-Cl bond and the succesaive hydrogene-
tion of the aromatic ring, most likely to occur in acidic
media /25, 26/ at higher temperatures and pressures, mekes
the process somewhet compliceted. The degree of hydrogeno-
lysis can be substentielly mitigated by proper selection

of catalyst and the reection conditions /27~ 37/. Similarly,
the subsequent aromatic ring hydrogenation can also be
suppressed. Buffer solutions are used to maintain a suitable
pH /6 - 7.5/, and sometimes the reaction is allowed to
proceed directly in an elkeline erxviromment toc dispose of
thy hydrogen ckloride formed, if any.

Hethvl]l ester of obenzoic acid

The methyl ester of 4-aminobenzoic acid is produced as an
intermediate product by the process which eventually yields
isocain, a local anesthetic. The methyl ester used to be
prepared by reducing the corresponding nitro acid with iron
in a hydrochloric acid medium according to Béchemp, followed
by esterification. In commercial application this process
suffers from a number of drawbacks. Considerable quantities
of ferric sludge are produced, and the repetitive acido-
besic trensition not only lesds to an increesed comnsumption
of inorganic chemicals but also, above all, contributes to
wagte water salinity.

Por the esterification reaction of 4-eminobenzoic acid,
the esterificetioa catalyst used is sulfuric acid. A greet
excess of sulfuric ecid must be used, owing to the pregence




02 the amino group. On completion of the reection the
. free sulfuric acid as well &s that bonded to the amino
group is to be neutralized with emmonia. Wastes amount to
1.7 tons of ammonium sulfate per 1 ton of methyl ester
produced. When adopting e modified esterification techrology
where tae process is run at higher temperatures and pre-
ssures, the guantity of ammonium sulfate produced is some-
whut lower. loreover, there is 2.9 tons of ferric sludge
/in tems of ?e203/ and 1.7 tons of sodium chloride as
wastes per 1 ton of methyl ester produced.

These shortcomings are eliminated by a process meking
use of catalytic hydrogenation. This consists in 4-nitro-
benzoic acid being esterified by methanol in the presence ol
e snall amount of mineral acid, followed by catalytic hy-
drogenation of the methyl ester of 4-nitrobenzoic acid to
methyl ester of 4-aminobenzoic ecid. Not only is it of ad-
vantege thet the Béchamp reduction is substituted for by
catalytic hydrogenation, but also the esterification of the
nitro acid is substantially more advantageous than thet of
the amino acid. When the 4-aminobenzoic acid is esterified
by methanol the basic amino group affects the acid-cataly-
zed reaction by bonding an equivalent amount of catalyst
/sulfuric acid/ on the one hand, and by the ammonium cation
thus formed being less likely to add another proton, as
required by the esterification mechanism, on the other
hand. If 4-nitrobenzoic acid rather than 4-eminobenzoic acid
is subjected to esterification, the quantity of sulfuric acid
- required is less by at least one mol per 1 mol of the orga-
nic acid. Since the ester obtained would succumd to hydro-~
lysis undexr the conditions of Béchamp's reduction, some
other method of reduction 1s necessary, and catalytic hydro-
genation is the best.




A suitable catalyst for this hydrogenation is e.g.,
palladium on active carbon; methanol is & suitable solvent
precluding potential over—esterification which might be
due to the acidic properties /38/ of the Pd-H systen should
other alcohols be used. As a consequence to the low solubi-
lity of the metnyl ester of 4-nitrobenzoic acid, the ope-
reting temperzture must be elevated /60 - 100°C/. Catalysts
based on copper, fIree from the danger of eromatic ring hy-
drogenation, may also be considered but care must be taken
to avoid hydrogenolysis of the ester group, inasmuch as the
copper-based catalysts would generally require high-tempe-
rature operation.

3-Aminobenzene sulfofluoride

One of the intermediates required for the synthesis of
color components for photographic materials is 3-aminoben-
zene sulfofluoride, produced by Béchamp-type reduction
/39/ from the corresponding nitro compound. The reduction
can be replaced by catalytic hydrogenation on Pd/C cetalyst
/40/ or possibly on Raney nickel /40, 41/.

6- o-3=indazolone

Another example is the replacement of the reduction of 6~
-nitro-3-indazolone by stannous chloride in a hydrochloric
acid enviromuent by catalytic hydrogenation using platinum
or palladiumn catalysts:

02N N H2N N
. A (37)

h
o
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The nitro group alone is reduced while the other reducible
groups are retained. The operating range is 20 - 100°C et
0.1 - 10 MPa pressure in the envirorment of monomethyl -

or monoethyl-ether of ethylene glycol, or possibly of

acetic acid. Isolation of 6-emino-3-indazolone occurs in the
hydrochloride form /42/. The nitro groups in the positions
4, 5, or T cen be reduced in & similar way.

3-Nitraniline

Even though the nitro group is very easy to hydrogenate,
successful attempts were made to selective hydrogenate Jjust
one nitro group in dinitro benzenes using skeletal nickel
or platinum and palladium black. The selectivity of the
process is said to be controllable /43, 44/ by catalyst
selection and by catelyst modification by species such

as pyridine; the kind of solvent used may also be signifi-
cant.

5¢2¢1el. Application of the aromatic nitro compounds

Aniline is the one aromatic amine which enjoys the widest
application. It is used in the production of polyurethanes,
rubber chemicals, agrochemicals, dyes, photochemicals, phar-
maceuticals, etc.

2,4-Toluene diamine is used in the production of toluere
diisocyanate for polyurethane foans end elastomers, for
paints, sealants, etc. The toluene diamines are produced by
catalytic hydrogenation of dinitro toluenes which are
formmed by nitration at ratios of 80% of the 2,4-fom to
20% of the 2,6~form, over a wide range of reaction condi-
tions if different catalysts are used /Pd/C, Ra-Ni, N1 on
various carriers/.




p~Phenylene diamine serves as anti-oxidant for polymers and
oils, and also as anti-ozonant for rubbers and special
polymers /polyamides/. The compounds used as anti-ozonants
are various derivstives of p-phenylene diamine which how-
ever are not produced from the mother compound. Diisocyanate
fron the m—-isomer is used in polyurethanes production. All
these isomers ere used in the photographic and dyestuffs
industries.

Of great importance to the phamaceutical industry, the
photographic industry, and also as intermediates for the
production of dyestuffs, are aminophenols and their sulfo-
nated derivatives. Those finding the widest application are:

2-amino phenol; 2-amino-4-nitro phenol; 2-amino-4-chloro
phenol; 2-amino-5-nitro phenol; 3-amino-4-hydroxybenzene
sulfonamide; 2-amino-6~chloro-4-nitro phenol; 2-amino-4, 6~
-dinitro phenol; 2-amino-4-chloro-6-nitrc phenol; 2-amino-
4,6-dichlorophenol; 2-~amino-4-chloro-5-nitro phenol; 2-emi-
no-3, 4,6~-trichloro phenol; 3-amino phenol; 4-amino phenol;
4-amino-2-nitro phenol; 2,4~-diamino phenol; 5-amino-2-hy-
droxybenzoic acid; 4-acetamino phenol; 2-amino-l-phenol-4-
sulfonic acid; 6-amino-4~-nitro-l-phenol-2-sulfonic acid;
6-emino-4-chloro-1-phenol-2-sulfonic acid; 6-amino-l-phenol-
-2,4-disulfonic acid.

Reductions of corresponding nitro alcohols yleld alkanol
amines, emulsifying agents. The most important compounds of
this group include:

2-amino-l-butanol; 2-amino-2-methyl-l-propanocl; 2-amino-2-
-methyl-1, 3-propandiol; 2-amino-2-ethyl-1l, 3-propandiol; 2-
amino-2-/hydroxymethyl/~1, 3-propandiol.

In these cases, too, the chemicel reduction is replaced

by catealytic hydrogenation.
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Teble D-6 Applicetions of selected eromatic aminoc compourZs

Compound Commerciel derivetives and
gpolications

o-toluidine . :§:phenyl methane dyes, sefrenin

s

m-toluidine dyes

p~toluidine alkali red 9, acid green 25

2, J=xylidine dyes

2,4-xylidine soluble red 7, Violet 14

2,5~-xylidine p-Xyloquinone, soluble red 26,
Violet 7

2,6-xylidine dyes

3, 4-xylidine eynthetic riboflavin /viterin B2/

3,5~xylidine azo dyes

-o—gnisidine syntheslis of gualacol, direct red 24

m—-anisidine soluble red 1

p-anisidine dyes

o-phenetidine dyes .

p-phenetidine phenacetine, enti-oxidant, dyes

p-cresidine FD § C red 40

o-chloroaniline dyes

m-chloroaniline dyes

p-chloroaniline azo-copulation components 10 and 15

2,5~dichloroaniline dyes

3,4-dichloroeniline herbicides, dyes

2-aminobenzene sulfonic
acid

3-aminobenzene sulfonic
acid

4-a-inobenzene sulfonic
acid

dyes, acid yellow

other dyes, acid orange 1,
basic yellow 3,80

other dyes, intermedietes for
syntheses, analy*ic chemistry
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Table D-6 continued

o-nitroaniline orange T, red 14, other dyes

m-nitroaniline intermediate for orgenic synt-
hesis end dyes, disperse
yellow 5, yellow 1

p-nitroeniline dyes, p-phenylene diesmine,
enti-oxident
2,4-dinitroaniline orange 5, other dyes
2,4, 6-trinitroaniline detonator
e2.2+ H enetion of nitro compoundgs to lower

of reduction

Hydrogenetion can be so conducted as to produce, under
suitabtle resction conditions, not ean aemino campournd but,
rether, a lower reduction intermediete es the finel pro-
duct, or possibly tne procduct of its subsequent cornver-
sion which no longer i1s due to hydrogenation. Thus, nitro-
benzene cen be bydrogenated to phenyl hydroxyl amine /ob-
tained chemically by reducing nitrobenzene with zinc in e
§H,C1 solution/ which rearranges to 4-amino phenol in an
acidic environment.

Hydrogenation of nitrobenzene to phenylhydroxyl amine bhas
been described extensively in literature. Tsenyuga et el.
/45/ have conducted this reaction in e heterogeneous sol-
vent system benzene~water using various catalysts /skeletal
Nb, promoted skeletel Ni, catelysts based on Nb, P4, Cr, end
otker metels on supports/. Using e catelyst prepered f-onm

e Ni-Al elloy containing 0.3% Fe end mex. 0.1% Cu, phenyl-
hydroxyl emine wes obtained under optimal conditions with e
yield of 60%, at en aniline content of mex. 15% in terms of
nitrobenzene.
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Another paper /46/ describes the use of Rh/C and Pd/C
catalysts in the presence of Co/EDTA/3/R03/2 /EDTA = etky-
lene diamino tetraacetic acid/. Better results were obtained
with the Pd/C catelyst - 80% yield at 505 conversion.

Heterogencous catelysts based on Rh and Pd were used by yet
another suthor /47/.

Yield was investigeted as function of the cheracter of
carrier, the nature of solvent, the nmature end concentra-
tion of the complex-forming ion /Co%*, Ni%t, Pe?*/ and the
ligand attached to it /ethylene diamine, oxicoumarin, tri-
phenyl phosphine, nitroso naphthol, acetyl acetone/, the
ratio of the components of the catalytic system used, and
temperature. The yields obtained renged from 44 to 60%.

4 Gemmen patent /48/ has described the hydrogenation of
nitrobenzere to phenylhydroxyl amine in 80% ethanol containing
max. 2% dimethyl sulfoxide in the presence of a PFd/active
carbon cetalyst, under normel conditions.

Phenylhydroxyl emine rearrenges to 4-amino phenol in an
acidic enviromment. In practice, the two reaction stages
are usually combined - the reduction is allowed to proceed
directly in the acidic enviromment /49/, e.g. by the A1 +
+ !12804 system. In order to obtein p-amino phenol by cate-
lytic hydrogenation of nitrobenzene, this must be conducted
in an acidic enviromment where the aforementioned Bamberger-
-type rearrangement from phenylhydroxyl amine to p-emino
phenol 1is possible. According to a Jepanese patent /50/
the hydrogenation can be perfommed in the presence of en
aqueous sulfuric acid solution on Pt/C, Pd/C, or Rh/C cata-
) lysts with an organic solvent added /dibutyl ether, caproic
acid, n-octanol, 2-ethyl-l-hexanol/, at 80°C and 0.2 MPa.
Other patents ere also known /51, 54/ which meke use of
the Pt catalyst. The reaction conditions are anelogous to
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what has been described above, and the yields amount to
some 80%. The reaction may also proceed at room tempere-
ture and the atmospheric pressure of hydrogen /55/. The use
of other cetelysts, viz., loSB/C, Pts/C, CoSs, WSB, PtsS,
in the presence of HéSO4, NH4HSO4. Hi3P04 has also been
patented /56, 57/, at temperatures of 120-155 °C end et
about 3 MPa pressure. The yields of 4-amino pbencl were up
to 82%. Another exmmple where the product-of an incomplete
reduction of the nitrogroup is desired is the preperation
of hydrazo benzene. It is prepared chemically by reducing
nitrobenzene with zinc in a strongly alkeline enviromment.
According to a Soviet patent /58/ it can be prepered by
catelytic hydrogenetion of nitrobenzene on a nickel or
platinum cetalyst, in the presence of pyridine.

6. Reductions of other nitrogen-teering compounds

6.1. Reduction of trirle bond between carbon and nitrogen

Reduction of the triple bond of nitriles yields imines

which cen be tramnsfoimed further in various ways. Addition

of hydrogen ylelds primary amine; rzaction with primary emine
foms & Schiff base which is reduced to secondary emine. If
the reduction of nitriles is carried out in an enviromment

in which the transient imine is susceptible to hydrolysis, it
is possible sometimes to retain the aldehyde or ever the alco-
hol., The reduction of nitriles to amines is done cetalyticelly
using sodium in alcohol, lithium-aluninum hyédroxide and zinc
in hydrochloric acid. Reduction to eldehyde is successful if

e limited amount of lithium-aluminun hydride is uged /other—
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wise ylelding amine/, or with stennous chloride /by Stephen s
y method/. The hydrogenation rate of the nitrile groups is

lower than thet of the C=C double bond. Thug, the unseture-
. ted nitriles are usually hydrogenated to saturated emines.
Bowever, when using a selective catalyst, such as Raney
cobalt for the hydrogenstion of nitriles, the nitrile group
can be hydrogenated preferentially., Chemical reduction
methods are described in literature, e.g. /59 -61/, where-
as the catalytic methods are treated in other references
/62 -64/. Of greatest practicel importance is the production
of hexamethylene diamine, used to produce Nylons and inter-
mediates for light-fast polyurethanes.

6.2. Reduction of double bond between cerbon and ritrogen

The double bonds present in imines and oximes are easily
reduced catelyticelly, by sodium in alochol, sodium amelgem,
amalgemeted aluminum, lithium—-aluminum hydride, zinc in

{ acetic acid, and by electrolysis. Amines are the products if
either of the two types of compound is the reectent. The
imines need not be isolated to prepere the amines. It is
sufficient if a mixture of aldehyde or ketone with ammonia
or primary or secondary amines is treated with hydrogen in
the presence of a cetalyst /most frequently, besed on

. cobalt or nickel/ or with fomic acid /the Walach-Leuchert

method/. Alcohol can also be used instead of the carbonyl

compound, the alcohol being partially dehydrogeneted under

the preveiling reaction conditions. .




. 232

6. 3. Reduction of double bond between two nitrogen astoms

Hydrogenation of azobenzene on I’d/Al203 catalyst in etha- :
nol cen be used to prepare hydrazo benzene /65/.

A reaction of interest rather then of commercial potential
is the reduction of the azo groups by hydrogen iodide
which performs the reduction of this group without aflec-
ting any nitro groups that might be present in the molecule
/unless they ere in the ortho-position to the azo group/.

6.4. Reduction of nitrosemines. nitrsmines, end dieszonivm
saelts -

Nitroecemines and nitramines reduce to hydrazines or a reduc-
tion-gplit to emines and ammonia. The fommer reaction tyve
predominates in the case of reduction by zinc, sulfites,

and by electrolysis, wherees the latter is encountered in
the case of reductions by tin and iron.

The diazonium salts are reduced gimilerly. Addition of two
hydrogen atoms splits them to nitrogen and a hydrocarbon
residual, by four equivalents they are reduced to hydrazines.
The replacement by hydrogen of the diazonium group is effected
by stannate, the reduction to hydrszines is achieved by zinc,
stannous chloride, sulfites, end hydrozen sulfites. The
diazo compounds can also be reduced in a variety of ways,
Either the product is hydrazines /by zinec in alkeli/ or

they are split to enine and ammonia /by zinc in acetic acid,
by emalgemeted aluminum/, or the N2 group is repleced by two
bydroger atoms /by bkydroiodic acid/
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7. _Reductive gpijtting

Reductive gplitting of verious chemical bonds may frequently
be aimed at in the case of chemical transformations, but

on the other hand it may constitute an undesirable side
reaction which detracts from the yield of the brﬂnary product
being prepared by reduction. Under the hydrogenation ~ondi-
tions the hydrogenolysis of the C-C bond is not very common.
It does occur though, mainly during the hydrogenation of
sterically stressed systems /cyclopropanic, cyclobutanic
rings/ and compounds incorporating bonds which have become
weakened chemicelly /splitting of beta-ketoecids, beta-
dicerbonic ecids/. Reductions of hydroxyl groups, mainly
from carbons adjacent to aromatic rings, are ryataer common.
The reduction of benzyl elcohol to toluene proceeds even
under moderste cornditions of catelytic hydrogernation end

may be brought about even by -2dium, sodium emalgem, lithium-
aluninum hydride, zinc, and stannous chloride. Etherified

and estherified hydroxyls also split off easily if activeted
by the neighborhood of aromatic rings, whereas the arome-
tically bonded hydroxyls would not split off unless drastic
conditions are employed /high-temperature, high-pressure
hydrogenolysis, distillation with zinc dust/. The vicinity
0of a double bond also facilitates the reduction of the hydro-
xyl group /by sodium in liquid emmonia, by hydroiodic ecid/.

Carboxyl can be converted by reduction to the aldehydic

group but also to alcoholic or even to methylene group. The
conversion to alcohols is most common, brought about usuelly
by lithium-eliminun hydride or by electrolysis.

In zases 0f aromatic acid reductions.yhere the splititing o2
the hydroxyl ylelding alcohol is facilitated by the vici-
nity of en arowetic ring, the reduction mey proceed dowz to
methyl. llon~aectivated cerboxyl can be reduced to meinyl dv
hydroiodic ecid or by electrolysis.
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Esters are easier to reduce then free acids, again mostly

to alcohols. The reduction egents ere lithium-egluninum hy-
dride or sodium in alcohol /the Bouveszuli-2lene metiaod/. The
reaction apparently proceeds via corresponding aldehyde:

(-)(-)

R-C=0  + 2Na-—-» RCO) + 2 pe ¥
I !
OE% OEt (38)
(-)() )
n-cl:-,g/ + Et0H == R-CH=0 + 2 Et0 (39)
C OEt

R-CH=0 + 2Ma + 2 EtOH ===--» R-CH,0E + 2 Eto(-)

(40)

Dissocietion of the O0-EYt bond at the first reduction stage
is made easier by the negative charge of oxygen bonded to
the same carbon atom.

The Bouveault-~Blenc reduction, discovered inm 1903, ceame to
be used commercielly in the year 1930. As it involves a high
sodium consumption, of 4 mol per 1 mol alcohol, it nas never
become widespreed end is only used in the production of some
special alcohols. An analogicel reaction is the reduction

of amides by soéium in alconol /the Lazndendpurg-Vishnegradskl
reduction/.

Certain esters cen be reduced <o alcohols also by zinc, or
electrolytically, In sugar chemistry an important reaction
is the reduction of lectons /internal esters/ to aldekyies
by sodium emelgam and sodium-boron hydride.
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From chlorides of acids the alcohols are obtained by re-
duction using lithium-aluminum hydride. Of much greeter
practical importance however is the preparation of aldehydes
by catalytic hydrogenation of acid chlorides known as tke
so-celled Rosenmnmund reduction. From salts of acids the
aldehydes are derived by reduction using sodium amalgem or
electrolysis /mercury cathode/ where the reduction is per-
fomed in the presence of an eromatic amine /p-toluidine/
which reacts with the aldehyde to e benzylidenic compound
which cean be hydrolyzed to obtain the aldehyde.

The yields of alcohols obtained by reduction of acid enhy-
drides are usually low, except for the reduction of phtha-
lic anhydride by zinc which leads to the formetion of
o-carboxy-benzyl slcohol or phthalide in more substantial
quantities. -

Amides of acids can be reduced to primary amines by lithium-
eluminun hydride or electrolytically. With sodium in alco-
hol the products are amine but also an alcohol, formed by
combination of reduction with hydrolysis and another re-
duction. Cyclic amides /lactams/ and imides can be reduced
by lithium-aluminum hydride and by electrolysis to cyclic
aenines.

Amides and imines incorporating a group susceptible to eno-
lysis

- NH - CO - <====2 -N=¢C- OH (41)

can be reduced by zine or by phosphoric bromide to com-
pounds containing the group -N=CH-.

Reduction of the carboxylic to the alcoholic group 1is more
difficult than that of the carbonyl group. As a rule the
catalytic hydrogenation of free acids is avoided /acids .
attack some of the catalysts chemically, problems may arise
with the reaction water/. Much more frequent is the hydro-
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genetion or hydrogenolysis of esters or amides of acids.

It is here that the so-celled Adkins catalysts ere used
/based on Cu0 - Cr203/ which ere highly selective for this
process. One has however to use higher temperatures and
pressures (over 250 °C, over 10 MPa). Pree acids which mey
sometimes be present in smell guantities in the ester resct-
ants can be bonded by adding alkelines (MgO). The use of

Zn0 - Cr203 besed catalysts is less common (being less
active they require even higher operating temperatures,
ebout 300 °C), and the same epplies to Re-based catalysts.
The process has found widest application in the production
of higher fatty alcohols from fats or synthetic fatty acids.
fhe operating conditions are 20-30 MPa and abdbout 300°C
temperature, with 90-95% conversion. The starting material
is triglyceride, processed by over-esterification by methsnol
to corresponding methyl esters

CHJONa

c31{.5(oo<:p.)3 + 3 CHBOH --<--% 3 RCOOCE. + c3HS(oa) 3 (42)

3

which are then subjected to hydrogenolysis. Unsaturated
fatty alcohols are produced in a similar way, too. A special
case 0f the reduction of aldehydes and ketones is the so-
called reductive catalytic amination, of which the so-celled
Wallach-Leuchart reduction is a chemicel reduction analogy.
It is only the catalytic process which is of commercial
importace. It is based on two concurrent reactions - conden-
sation of carbonyl compounds with ammonia or amines, and
hydrogenation of the imines formed (cf. Chapter 6.2). Of
industrial importance is the hydrogenolysis of oxirane
compounds, e.g. of styrene oxide to 2-phenyl ethanol. This
is done usin; nickel or palladium based catalysts /66 - 68/,
Also the hydrogenolysis of substituted 1,3-dioxanes on
Cuo-Cr203 based catalysts, which replaced the formerly used
reduction by-sodium in alcohol, finds application in the
perfumes industry /69/.
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Replacanents of the halogen by hydrogen teke place most
often by hydrogenolysis using palledium or platinum and
nickel.

Jodine splits off most easily, bromine is less active,

and chlorine is difficult to detach. The alkyl fluorides

are highly resistent to hydrogenolysis. A reactive halogen
can be reduced by sodium amalgam, zinc in a neutral medium,
by iron, tin, staennous chloride, chromium (II) chloride,

and sometimes by sulfite. An unactivated helogen requires
the use of sodium, lithiun-aluminum hydride, zinc, or hydro-
iodic acid.

Palladium catalyst is ordinarily more suitable for the hydro-
genolysis of the C-halogen bond than is the platinum cate-
lyst as it is not too much deactivated by the hydrogen helo-
genide formed. The reaction is rendered easier by the
presence of bases and polar hydrocyclic solvents /70/. In
contrast, it is retarded by the use of nonpolar solvents
(ethyl acetate, benzene, cyclohexene) /71, 72/. Hydrogeno-
lysis of aromatically bonded fluorine occurs only under con-
ditions such that the ring 1s hydrogenated, too /73/.

The pelladium catalyst is highly ective for hydrogenolysis
even under mild reaction conditions, and this is why it is
used e.g. for removal by hydrogenolysis of the protective
groups in the case of various syntheses, such as the groups
~0COR, =-OR, -NR1R2, etc.

Certain other reduction reactions also represent e hydroge-
nolysis in the true sense of the term. These are e.g. the
reductions of nitro compounds which ere dealt with else-
vhere, inesnuch as certain bonds are split in the process
there. However, from the stendpoint of whet hes become the
accepted classification of the reduction reactions, they
atill do belong under the heeding of hydrogenaticn, and
this viewpoint is adhered to in the present study, too.




8, Hydrogenetion cetelvsts

Metels and elso metel oxides and metel sulfides ere the most
frequently enccuntered active components of the hydrogenstion
cetalysts. kietels (&s conductors) end oxides and sulfides

(as semiconductors) are cepable of catalyzing those reacticns
where electron transfers occur. As for metsls, those most
widely represented as hydrogenation catalysts are the group
VIII. metals (Fe, Co, Ni, Pd, Pt, Rh, Ru, Re) and the group
I. metals (Cu). Oxides, in contrast tc metels, exhibit e
substantially lower activity and find e major epplication in
dehydrogenetion reections which, es a rule, are made to pro-
ceed -at higher temperatures than the hydrogenetion reactions.
Some of them however are also used in hydrogenetions (if
conducted at high pressures and temperatures). These are
meinly Cr203. Fe203, CuO-CrZOB, ZnO-CrZOB, W03, end noo3.

The metel sulfides also are not highly active but are grest-
ly advartegeous in that they are insensitive to sulfur
compounds which deactivate e great mejority of the hydro-
genation catalysts. Again, they ere used in hydrogenetions
carried out at high temperatures and pressures; those most
widely used are NiS, WS3. CoS, MoSB. end their combinations.

The catalyst proper may be constituted by e pure active
component (Pt, Pd, Rh black, Raney tyve catalyste etc.) but,
more frequently, this active component is epplied onto a
support (mostly active carbon, gemma-alumina, silice gel,
dietomaceous earth, etc.) where an adventage is wrung from
the high specific surface and where the particle shape cen
be influenced. This make: it also posgsible to control the
mecharicel strength of the cetalyst, its theimal stability,
service life-time, and the properties of the active component
proper. Another component that may be contained in the ceta-
lysts is the promoters which enhance activity, or the modi-
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fiers which effecv activity as well as selectivity. Most
of the promoters sre metals, most of the modiriers ere elso
metals or metsl salts or certain organic substances. The
table below lists examples of frequent application of the
individuel types of nydrogeration cetulysts, in keeping
with their most specific properties.

Table D-7 Application of the hydrogenation cetalysts

Catelyst Specific properties Application in hydrogemetion
Pt tendency to hydrogeno~ aromatic rings, aliphetic
lvtic splitting ketones, special pherma-
ceuticel kydrogenetiors,
benzene
Pe to be avoided in the selective hydrogenetiorn
case of arometic rings of acetzlenes end dienes,
end aliphatic ketones Rosenmund reduction
Rh less susceptidble to aromatic rings at normalo
hydrogenolysis then pressure &t T below 10C "C;
Pt, only limited pyridine, quinoline, end
splitting of O- and furane derivetives
N- substituente
Ru low activity in double aldehydes and ketones under
bond hydrogenations; mild condlitions, arometic
well suited for squeous amines and elcohols to
media, inhibited in cyclohexane derivatives,
elkaline and non- high-pressure hydrogenetion
aqueous media; resists of carbonic acids
sulfur, free from hy-
drogenolytic effects
Re hydrogenation of unsaturated
carbonic acides and amides
Pe mainly for NB3
synthesis
Co less active than Xi, nitriles - selectively to

low activity in double
and triple bond hydro-
genations

primary emines
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Table D~T continued

Ni requires higher T, p; acetylenes, olefins, arometics,
Cannizzsro type dis- nitro compounds, ritriles, B
proportionetion in the . oximes, carbonyl conpou:dc,
hydrogeration of alde- dehydrohelogenations
hydes; hydrogerolytic
effects

Cu leaves eromatic rings arometic nitro compourds
unatiecked

Cu0l- inactive in double and aldehydes, emides, esters
Cr203 triple bond hydrogen- of cerbonic aclds

ations es well aeg in

aromatic ring hydro-

genations
In0- unsatureted ecids to urse-
Cr203 , turated alcobols
Nis, WSB. doutle bonds end arometics
with S present; 200-300°C et
CoS, Mos3 high pressure

The costs of the catsalyst cften amount oto a significant
share 0. the production costs. Despite their high price it
is ratlier often that catalysts based on the pletinum group
metels are used in industry. Teble D-8 gives a survey of
the supply and demend of platinum in the Western world
(derived from date by Johnson Mattey, (GB).




Tfable D-8 Platinum and palladium supply und demand: Western World

Suppy Platinum Palladium
1980 1981 1982 1983 1984 1980 1981 1982 1983 1984
South Africa 2,320 1,800 1,960 2,070 2,310 870 910 820 790 250
Cenada 130 130 120 80 150 170 160 160 110 190
Others 30 30 30 40 40 60 70 70 80 90
2,480 1,960 2,110 2,190 2,500 1,100 1,140 1,050 980 1,230
USSR sales 340 370 380 290 250 1,240 1,430 1,550 1,560 1,690
Totals 2,820 2,330 2,490 2,480 2,750 2,340 2,570 2,600 2,540 2,920
Demand by region
Weatern Europe 290 420 330 330 410 330 300 ° 35 410 550
Japan 940 1,150 1,050 950 1,140 690 820 890 1,220 1,350
North America 980 700 Ti0 720 870 840 820 830 830 1,000
Reat of Weatern World 120 160 230 180 - 170 170 150 180 180 200
’ 2,43 2,32 2, 2,59 ' ’ ’ ’ y 100
Western sales
to Comecon/China 30 30 30 20 30
Movements in stock 460 (130) 140 280 130 310 480 330 (160) (180)
Totals 2,820 2,330 2,490 2,480 2,750 2,340 2,570 2,600 2,540 2,520

100 in the table = 100 000 ounces troy

The Weat and the western world = all teritories except the USSR, other Comecon countring

and the People s Republic of China

19z -



242

The subsequent teble, Teble D-9, gives an indication of the
demend broken down to individual industries, for the seme
territory.

Table D - 9 Pletinum end.palladium demend by applicetion
in Western ¥orld (total)

Platinum Palledium

1980 1981 1982 1983 1984 1980 1981 1982 1983 19+

Auto 680 640 645 615 T25 300 270 290 300 340
Chemical 260 250 260 245 290 )

Dental 520 480 590 820 960
Elatricel 210 185 170 175 190 590 800 840 1,110 1,25
Glass 140 100 85 105 140

Hoarding - - 45 90 170

Jewellery 560 755 T65 715 775 180 210 220 18Q 21¢Z
Tetroleum 130 140 65 20 15

Others 350 360 285 215 285 440 330 330 250 350
TOTALS 2,330 2,430 2,30 2,180 2,590 2,0302,090 2,270 2,700 3,100

100 in"the table = 100.000 ounces troy

Platinum is first end foremost a high-technology metal
whose unique properties render it irreplaceable in many key
industriel processes and make it stretegically of greet im-
portance.

Pletinum is still under the spell of the ellmighty doller,

low inflation, end high reel interest rates that have aff-
licted all precious metels for the past four or five yeers,
Political events continue to exert no more than passing in-
fluence. On the open merket, platinum picked up strongly early
in 1983 from its mi1d-1982 lows, but began to slip graduelly
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in the final quarter. There was e brief respite in February
and March 1964 when the price neared ¥ 400 per o0z (ounce

* Troy) as the doller weskened momentarily and, for once,
markets reacted to the situation in the World. Through

- the rest of 1964, with nothing to check the slide, the
price drifted steedily down to & two-and-~e-half yeer in
London of § 2565.50 on Decenber. By the end of Jenuery,
1985 tre spot quotation was arourd 3 275 and all eyes remeined
firmly fixed on the dollar.

Palledium has performed strongly over the past two years,
during which demand has increased by 37 % to 3.1 million
oz in 1984. Influenced by the new Soviet policy and firming
demand, the open market price for palladium began climbing
sharply late in 1982, and by mid-January 1983 had more than
doubled in two months. The 1963 average was 3 134.50
egainst £ 66.35 in the previous year. In 1984, after moving
up even further to a first quarter average of § 158.35 (the
highest since the end of 1980) and & 1984 high of & 163 in
April, tne market weakened in the second half. Although
historically less a prey to speculation, pelladium caught
some of platinum's lethergy at the turn of the year, and was
down to § 113-114 at one point in mid-January 1985 from e
second half peek of ¥ 150 on November. Soon after, there
were growing signs that the market pessimism had been
misjudged and that palladium had strong recovery potential
in view of its underlying industrial strength. It wes tra-
ding in the range of & 126-131 at the end of Jenuary, 1985.
The minor pgns (platinum group metals), i.e.: rhodium,
ruthenium, iridium, and osmiun) had an exciting year in 1984,
after attracting little attention for some time. The rhodium
- price rose gently through 1983 to § 345 in January 1984. Ry
July 1984 it had reached £ 700, ended the year at around g
900, and broke the psychologicel £ 1,000 berrier on January,
1985,
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The ruthenium price increased fourfold to § 165, having
neared $§ 200 at one stage.Although supplies of iridium
appeared adequate, the price put on § 130 during 1964 to g
465. A renewed buying program added 1,800 oz to the U.S.
stockpile in the last quarter of 1984, bringing the totel
holding of iridium to 29,590 oz. Following a long spell at
8 140, the oamium price took off strongly in lMerch 1564.
After flirting wirth § 1,000 in Septenber, osmium ended
the year at around $ 900.

With a view to the soaring prices of the platinum metals,
their application involves the use of special equipment

and techniques and is governed by special regulations

to minimize losses in production, handling, processing, re-
claiming, etc.

The hydrozenation catalysts are produced by quite a number
of companies. Tanking among the bizgest producers are BASF,
Shell, ICI, Girdler, Harshaw, Degussa, Ruhrchemie, Engelhard,
Nikki, Procatalyse, Doduco, Johnson MLatthey Chemicals, Leuna
Werke and, in Czechoslovakie, the CSSP Chemical Vorks in
Zaluzi,

8.1. Regeneration of precious metals from used catalysts

The useful life of catalysts in a given process is influenced
by a number of factors. As a consequence of their effects

the catalysts are subject to graduasl changes in properties
which are 6utward1y manifested by loss of activity.

In the continuous processing units the catalysts must

be regenerated from tine to time so as to maximally re-
store their catalytic efficiency. Even then the catalyst,
having passed a number of working and regeneration cycles,




245

will reach the stage one dey where it has tc be repleced.
These cycles, i.e., their duration, are very much pro-
cess dependent and are influenced both by the properties
of the catalyst proper and by the character of the process
(tempercture conditions, feedstock composition, side reac-
tions, etc.). The service lifes of catalysts are of the
order of months or years.

The price of the active metal proper constituting

e substantial part of the catalyst production costs,
it goes without saying that all the users of catalysts
make efforts to reclaim the precious metal from the
catalyst ir a usable fom end at maximum yield.

A number of catalyst manufacturers in the world obviously
are also engaged in precious metal reclamation from used
catalysts. Viorth mentioning are e.g. Degussa, KCE, Doduco,
Haereus, Engelhard, etc. Some catslyst producers even enter
contract relations such that the catalyst is only rented
out to the user and must be returned to the manufacturer
when it is no longer active. Any disputes concerning the
precious metal contents in either fresh or used catalysts
can be settled by the "arbitration laboratory” (Griffith in
London), the ruling of which is to be accepted by the two
parties to the dispute.

The price of catelyst reprocessing may vary to some extent
depending on the precious metal content, and the average
losses of the precious metals due to reprocessing fluctuate

. from 0.8 to 3.0 wt.%, depending on metal type and content
and on the type of carrier.

During a study tour undertaken within the framework of

the UNIDO project, the authors of the present report paid

a visit also to Johnson Matthey Chemicals Ltd. facility in
Royston where the problemes of precious metal based catalysts,
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their prices, and the prices of their regeneration were
considered in discussions. This firm is the world s

largest manufacturer of automobile catalytic converters. The
largest part of these converters are manufactured in their
branch office in USA, where exhaust converters are obligatory
in cars. These converters radically reduce the pollution of
cities by waste geses and are being graduelly introduced elsc
in other countries.

A certain probvlem still consists in the so far uneconomicai
way used for the regeneration of the active component of
the catalyst (Pd, Pt, Rh); thus, the converters used also
represent guestionable wastes. Under the circumstances,

an extension of the use of the converters to include all
cars would con.ribute to a faster exhaustion of the limited
stock of pletinum metals.

The price of the palladium catalyst and the costs of rege-
neration of Pd from the cetalyst based on active charcoal
were also discussed. The price of the new catalyst containing
3% Pd consistzs of two components: 20 pounds sterling per one
kg of dry catalyst, plus the price of palladium contained
in it. The present-day price of palladium is something
below 3 pounds starling per one gram. The costs of regene-
ration of Pd are: 1.45 pounds/kg of catalyst used, plus

140 pounds per one kg of regenerated palladium. The fim
guarantees a 98% yield on Pd in the regeneration. If a

100% recovery of metal is required, the price of 2% Pd
should be added to the regeneration costs given above, i.e.,
about 60 pounds per kg of regenerated Pd. Hence, production
costs of a new catalyst are higher than thoge, e.z., of

firm Haereus (37 DM/kg catalyst + the palladium price),

and also the regeneration costs are somewhat higher.

The return of 100% of the metal, where the regemeration due
loss is made up by the fimm that performed the regeneration,




is a wey of by-pessing, to an extent, the regulations
. governing the exports of precious metals.

The price of the Ru catalyst is 25 pounds sterling per

kg, plus the price of the metal. The price of ruthenium is
now approximately the same as that of palladium, i.e.,
something velow 3 pounds per kg. The regeneration of Ru

is said to be more difficult due to the volatility of its
oxide, and is therefore more expensive than that of Pd.

The catalysts based on active charcoal are burnt in a
muztipurpose furnace after use. Since they obtain the used
catalyst from meny users, and the cetalyst contains also
mechanicel impurities (e.g., filter cloths, bottles, end
the like), the burning equipment should be simple. Probably
it is a grid furnece with & stream of gas used for burning.
The metel is received only in the eshes as this is the

case with the Haereus compeny. The used catalyste as such
are inhomogeneous to such & degree thet no determinetion

of a representetive metal content is possible.

A number of processes were developed for isolation of the
precious metals from used catalysts. It is very important
thet these processes be perfect, inasmuch &s the catalyst
cogts represent a substantial portion of the over-all
costs of the hydrogenetion processes and, as such, &re
deteimining for the economy of production as a whole.

* tus rti rogengticns

The busic piece of equipment for e hydrogeneiion facility
is the resctor. Inaamuch as the reaction system in cuestion
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is a multiphase system, the number end condition of the
phases constitutes a criterion of the clessificetion of
hydrogenatior reaciors:

Reectors for ges phese hydrogenstion: the compounds to be

hydrogenated and hydrogen form e gas mixture which passes
through & resctor pecked with catalyst perticles - this is
a two-phase system,

Reac.oxrs for licuid phese hydrogenation: a ligquid compounéd to
be l.ylorenated, or its solution in a suitable solvent,

and nydrogen gas are in contact with a solid catalyst - this
is a three-phase system. This tyre of reesctor can be further
devided into three groups:

- batch autocleves with suspended catalyst,
- continuous reactors with suspended catelyst,
- continuous reactors with fixed bed catelyst.

The substences whick are hydrogenated in the gas phase ere,
as e .2, simpler compounds exhibiting lower boiling pointe
end treated in great quantities. Hydrogenetion of benzerne to
cyclohexane or catalytic reduction of nitrobenzene to

aniline are typical examples. With these processes, ordi-
nary apperatus is used and the behavior of the reactors

has been anelyzed in detail in evailabel literature. Much
more numerous are the liquid phase hydrogenations, end it is
exactly on this type of hydrogenation reactions thet the
present report is focused. Liquid phase hydrogenation requires
special equipment such as pumps for transporting the cetalyst
suspension, and filters which may be more costly than the
reactor itself and whose reliability is essential for amooth
operation of the entire production line.

In princa,se, ary liquid phase hydrogenation cen be performed
using any of the aforementioned three types of reactors,

but the proper selection of an economically optimal reector
does require a certein amount of experience. The discussion
in this study relating to the problem of reactor type selec-
tion is based on the suthorg abundant experierce with the




249

development and operation of numerous industriel hydrogera-
tion facilities.

9.1. Reactors for gag phase hydrogenetion

Prodigious literature is devoted to anal yzing the cete-
lytic reectors for gas phese reactions, and this Las more
then once been treated synopticelly in monographs end
textbooks /74, 75, 76/. Hence, just a few selected techno-
logical provlems will be discussed here.

9.1.1. Reector with heat exchenge end ediabstic reactor

In e tubular resctor witih hegl exchange, the reaction heat
derived from the hydrogenetion reaction is removed from the

cetelyst layer across the tube wall to a cooling medium
which mey be water, boiling water, or an organic hesat
transfer agent. In an gdisbgtic reactor whick is of simpler
design, the evolved reaction heat increeses the temperature
of the reaction mixture. No precisely defined criterion

of selection between these two types of reactors is aveil-
able. It is always possible in principle to meet the
condition for the adiabatic reactor, viz., that the adiaba-
tic rise in temperature must not exceed an admissible tempe-
rature range defined by various factors. The adiabatic
heating can be modified nearly arbitrarily by excess hydrogen
ellowed to circulete in the reactor node. Even though the
adiabatic reactor is very simple, it is not alweys that it
offers the optimum solution:
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bydrogen to_hydrogenested compound) incresses the costs
incurred in recycling the hydrogen are rising. The
importeance of this factor diminishes with increasing
pressure, owing to lowering the compression ratio at
the recycling compressor;

/b/ as the excess of hydrogen increases, the hydrogenaiion
rete mostly slows down and the reactor size increasecs;

/c/ recycling of large amounts of hydrogen requires large
size heat exchangers, wide pipings, and bulky fittings;

/c/ the tubular resctor can better utilize the reaction
heat of hydrogenation, mostly for steam production;

/e/ the volume of the catalyst in the tubular reactor
is subject to design limitetions. Reactors having over
10,000 tubes and over 20 m3 catelyst volume are unique
products of meckenicel engineering. The limiting size
of the reactor goes down as pressure goes up.

In the history of cetalytic reactors, contradictory pheno-
mena may be encountered. For instance, the very first

system of catalytic reduction of nitrobenzene to aniline

at BASF /Gemmeny, F.R./ was adiabatic and used e hydrogen/
/nitrobenzene molar ratio of 200. The reectors built todey
all incorporate heat exchange and are operated at molar
ratios of 10-20. An interesting develorment took place in
the case 0f reectors for methanol synthesis by hydrogenation
of cerbon monoxide. The eerly reactors had ZnO-Cr203 cete-
lysts and were adiabatic multilayer reactors operated at

30 )MPa pressure. The application of the copper catelyst,

of higher ectivity, has made it possible to reduce the
reaction ftemperature and thus also pressure, down to 5 MPe,
which in turn has allowed for the use of a tudbular reactor
offering an excelent utilization of the reection heet

(the Lurgi process). The tubular reactor however is limited
as to its size and, apparently, the growth of the production
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capacities up to 2000 tons delly per reector over the lest
years tends to prefer the adiebatic reactor which operstes
at about 10 MPa pressure (the ICI process).

Inasmuch as the growing pressure tends to suppress the
disedvanteges of the ediabatic type of reector as listed
mder (a), (b), and (c), the ediabatic reactors ere being
given preference perticulerly for high pressure hydrogena-
tions end in the case of large production capacities. In
contrast, the tubular reactors are met more frequently

in the case of hydrogenations conducted at pressures not
exceeding 2 MPa.

J.1.2, Pived bed or fluidized bed of cetelyst

A fluidized bed of catalyst approeches en ideal mixer end,
thus, is practicelly isothermic; the danger of overheeting
is at its minimum here. Also, the fine grains of the fluicdi-
zed catalyst are more effective, with a view to internel
diffusion, then are the greins having around 5 mm in size
which are commonly used in the fixed bed arrangement;

in the case of the latter greins the internsl surface uti-
lization is no higher than just 10-50%. In spite of the
bright outlooks which had been predicted for the fluidized
reactors just a few years ago, they have not become too
widespread. Considering the requirement of high conversion
of the reactent, the fluidized reactors are exposed to the
danger of break-through of the unreacted feedstock, owing to
so-called bubble fluidization.

Undisputably, the fluidized reactors are et an advantege
in that the deectivated catelyst cen te continuously
regenerated, and this is why they heve cerried the dey
unambiguously in the aree of cetalytic cracking. As for
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catelytic kydrogezztions, however, the deectivetion of the
catalyst proceeds rather slowly. Nevertheless, e.g. in
nitrobenzene hydrogenetion to eniline, the fluidized
—2pciors (the Americen Cysnemide process) compete with
tubular reactors (the NIOPIK process, USSR; Sumitomo,
Jepan; Moravien Chemical Works, Czechoslovekia).

1.3, Apveratus for ga e hydro tio
Figure D-3 depicts a typicael structure of an installation

incorporating a tubular reactor. Control circuits are de-
noted by internetionally accepted symbclse.
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Fig. D-3 Schema of apparatus for ges phese hydrogeneticn:

1 - evaporation of compound to be bhydrogeneted invo
a stream of hydrogen; 2 - feed preheater; 3 - heat
exchenger; 4 - cooler; 5 - hydrogen/liqu’d seperzior;
6 - recycling compressor; 7 - tubuler reectior
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Various compression engines are ugsed for hydrogen
recycling. The type of engine to be used depends primerily
on the capacity desired:

- piston compressors - used rather seldomly, and only
exceptionclly et pressures up to 1 MPa. Their 1limiting
output et 1-2 MPa pressure is approximately 20,000 XNm-°/h,

- screw compressors - are used for outputs of 1000-20,000
Mn3/h and are very relieble,

- centrifugel compressors - for outputs over 20,000 HmB/h,

- blowers of various deeign - for compression ratios up
to 1.7; being substantially cheeper then compreseors
they are expedient if the pressure loss of the spparatus
is to be reduced below a level at which the use of blowers
becomes feesible.

The hydrogenated compound is mostly allowed to evaporate

in a streem of hydroger; this is done by eitber bubbling the
hydrogen through a layer of heated liquid or in tubuler
eveporetors using the felling film principle. Inaanuch as
the catalyst can become deactiveted even by low quentities
of the higher-b.p. suticvances, it is expedient to have a
rectificetion element incorporated in the eveporator

(Pig. D-3).

9.2, Ligquid phage hydrogenetion

Two monographs appeared recently, devoted to the kinetics
and chemical engineering problems of the reaction system
liquid - gas -~ solid phase /77, 78/. Therefore, we shall
limit ourselves to pointing out certain important chemicel
engineering espects of designing the hydrogenation eppara-
tus, and to expanding these by our own experience. Adequate

attention vill also be paid to the auxiliary equipment which
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tends to be neglected when discussing reector technology.

2ele Hydrogen itrervsport in the three-phese gtem

The compound being hydrogenzted only reacts with

hvdrogen on the catalyst surface end, hence, must be trens-
ported toward a catalyst particle by diffuszion through the
liquid medium. Hydrogen is first dissolved in the liquid
and then it diffuses through it toward the catalyst surfece.
Both the hydrogen molecules and the substrate molecules
difrfuse via the pores of the catalyst to its internal surfe-
ce. Thus, there operate several transfer processes in the
syston, and the rate of each of them may in fact inlluence
or even control the hydrogenation rate. As a rule it is
only the trensfer of hydrogen which becomes subject of
studies; this cen be eccounted for by severel circumstances:

(a) The concentration gradient is the driving force
of mass transfer. As the hydrogen concentration in liguid
ordinarily is much lower then the substrate concentra-
tion, the driving force of hydrogen trensfer cen only
assume very low values, even in the case where there
is a zero concentration of hydrogen in the layer
which immediately adjoins the catalyst surface.

(b) The hydrogenation rate frequently is of the zeroeth
order with respect to the substance being hydrogenated,
and this 1s why a drop of its concentration near the
catalyst surface against the bulk liquid concentretion
will not affect the reaction rate. The hydrogenation
rate with respect to hydrogen is usually of the lst
order.
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(c) Hydrogen must first dissolve in the liquid phase,
end this as a rule is the slowest stege of transpori
which, accordingly, exerts the greatest infiuence.

At very low resctant concentrations, i.e., just prior to
completion of a batck hydrogenation process or in e con-
tinuous stirred reactor, the arguments listed sub (e) anl
(b) lose their validity and the diffusion of substrate
toward the catalyst surface mey become the controlling process.
For example, with certain proprietary processes of aniline
production (ICI, Tolo-Chimie), nitrobenzene ig hydrogensted
in the liquid phase in a continuous reactor equipped with a
stirrer, at a nitrobenzene concentration of 0.0001%, and in
this case the hydrogencstion rate is influenced by the diffu-
sion of the nitrobenzene.

The path of hydrogen from the gas phase to the catelyst
perticle surface or the hydrogen concentration drop are
illustrated in Fig. D-4 on the basis of the film theory.

As a rule the resistance at the gas side can be disregarded,
the mass transfer coefficients in the liquid at the g-1
interface (k;) and at the 1-s interface (ks) are approxi-
mately the same. This holds true for the agitate. particles
suspension where, moreover, the mass transfer coefficient
is nearly independent of the agitation rate. Hence, by agi-
tation the mass transfer is only influenced by the gas-
liquid interfacial surface (a).

Por the hydrogen dissclution rate in the liquid it holds
that

+
I = kL a (Cm - Cm) (43)

where a 1s the interfacial area g-1 per 1 m-> of mixture (m 1)




256

+

CHl

i ndindindiondien fhaniihd

[ B

fmmmmm e

2]
=
i~

Fig. D-4 Scheme on hydrogen transyort from gas phase into
liquid end through liquid to catalyst surfece

+

CHl is the hydrogen egquilibrium concentration in the
1liquid corresponding to the hydrogen partial
pressure in the gas phase

cﬂl is the hydroge: concentration in the liquid bulk
(mol m™2)

The rate of hydrogen transfer to the surface of the catalyst
particles is

r= kam (Chp = Cyy) (44)

on the condition that ks ~ kL

where a is the external surface of catalyst particles
(mzkg'l)




257

m is the weight of catalyst per 1 m3 of mixture
(kg m™>) )

cHs is the hydrogen concentration just above the
catalyst surface.

The value of kL can e.g. be calculated using tne expression
proposed by Calderbenk /7S/: -

ky = 0,42 (D-\,I-‘H)l/2 (Y3 (45)

where DH is the diffusion coefficient of hydrogen

Vi 1s the kinematic viscosity of liquid (m? s71)

g 1is the acceleretion due to gravity (m s 2).

The mess transfer coefficient depends above all on the
viscosity of liquid,

k;, o const. Y;2/3 (46)

and this is why with viscous liquid the kinetic mode of
operation is more difficult to attain. Hence, stirring
systems which gusrantee a high level of gas dispergation
in the liquid find application in hydrogenations involving
fats and other similar substrates.

The external surface of suspended powder catalyst is of the
order of 1,000-10,000 m%/m> (the true value agn), the surface
of bubbles in the sane volume of mixture usually is lower by
one order of magnitude. Therefore, it is rather the effect

of the g-1 interfacial surface on the hydrogenation rate than
the effect of diffusion toward the catalyst surface which is
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ercountered. The kinetic region is understood to be that
mode of operation where the whole volume of the liguid is
saturated with hydrogen to the maximum i.e. equilibrium,
concentration. In well designed reactors with suspended
catalysts /autoclaves with stirrer, bubble towers/ the
kinetic mode of operation is commonly achieved (cf. Chapters

902.2 and 9.2- 3)-

In a trickle bed reactor where the liguid trickles through
e fixed catalyst layer the g-1 and 1l-s surfaces are roughly
equal to each other. The rate of hydrogen diffusion across
the flowing film of liquid depends above all on the film
thickness and, thus, on the spraying density. In this case
it is only with low activity catalyst that we may approach
the kinetic mode of operation; the actual hydrogenation
rate usuelly is 30-707; of the kinetic rate (Chapter 9.2.5.).

The diffusion of hydrogen in liquids is slower by three
orders of magnitude than that in gases, and this keeps low
the utilization of the internal surface of a porous grain
of the catalyst. With the suspended powder catalyst having
a grain size below 0,05 mm there is a nearly total utili-
zation, whereas with the granules for the fixed bed having
a mean size of 5 mm the utilization is no higher than just
1-5 %. The catalysts for the trickle bed reactors are there-
fore made is such a way as to have the active component only
in the surface shell of the granule. This can well be done
when the catalyst is prepared by impregnating the carrier
with the active component; it finds application chiefly

in the case of catalysts based on precious metals.

2 tc ut: ve

Figure D~5 presents a simplified view of an autoclave with
gtirrer.
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Fig. D=5 Autoclave with glandless stirrer

9 ele2e 1 Agitaticn

Turbine stirrers are most widely used. The distance betreen
the level of 1ligquid and the stirrer must not exceed 1lm

in order to permit vortex generation required to drawn in
hydrogen by suction from above the liguid level. Introducing
hydrogen below the turbine of the stirrer would facilitete

the high dispergation of ges but this measure is effective
only when the hydrogen is being bdrought in continually. A
guitable design is that of stirrers with two elementis of

which the top one provides for gas dispergation and the bottom
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one agitates the liquid bulk and prevents the catalyst from
settling down. The net input on the stirrer ought to be at
least 2 kW m™-. Commercial amutocleves are usually operated
at 5-20 rps and, in this region, the hydrogen absorption
rate /kLa/ increases rapidly, nearly as high as the square
of the rps velue /77/.

An important problem of design is the sealing of the
stirring axle. Mechanical gealings are used for pressures
up to 5 MPe, double sealings wit: o0il counterpressure are
used at higher pressures. However, preference is nowadays
given to sealing less stirrers with magnetic couplings
/Fig. D-5/.

The hollow shaft stirrer is frequently mentioned in litera-
ture but rarely used in practice; hydrogen suction from the
area above the liquid is effected through this axle, and
the stirrer amms dispergate it #ithin the liquid. Labora-
tory autocleves commonly use the pulsating stir:ers which
however have not found much application witn the large size
autoclaves. The firm Buss /of Switzerland/ offers hydroge-
netion autoclaves with ejector dispergation of hydrogen. #n
ejector, s 18 well known, generates a g-l1 interfacial sur-
face higher one order of maegnituie than thet generuted by e
stirrer, and this is markedly manifested in reaction rate
enhancement during the hydrogenation of viscous liquids.
Problems releting to stirrer seeling are avoided but none-
theless, the pumping of the catalyst suspension through

the ejector is also complicated, owing to abrasion.

An interfacial area of 200-300 m%/m> can also be obtained

by bubbling the hydrogen through the bulk of a liquid. -
Here the energy required for dispergation is not supplied

to the stirrer but to the hydrogen circulating compressor,
However, the bubble column find more epplicetion for the con-
tinuous processes, even though the batch hydrogenation &ppli-
cations are possible, too.
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9.2.2.2. Autoclave heating and cooling

A common design involves heating and cooling by & mentle

or by tubes welded to the outside of the autoclave. Owing
to reasons of corrosion, it is expedient to use water
cooling and steam heeting, with two seperate tvbe systems.
Cooling by intermel helix is highly efficient but makes

the construction of the autoclave interior more complicated.

9.2.2.3. Operating pressure and autoclave capacity

Owing to reesons of design the maximum volume of autoclaves
decreases ag the hydrogenation pressure increases.

Autoclaves of up to 30 m3 capacity are made for pressures
of about 2 MPa. Hydrogen et 2 MPa pressure is produced by
stean reforming of hydrocarbons end is commonly available
at large plents. In such a case, it is well gdvised to de-
sign the hydrogenation process to operate at this pressure
because even the equipment then is relatively inexpensgive;
the reason is that it can be made by welding whereas the
high-pressure autoclaves are forgings. Autoclaves equipped
with stirrers end designed for pressures of 10-20 MPa aTe
menufactured to capacities of max. 5 m-.

At plants where work with pressure vessels is out of the
ordinary, we may meet with opinions that, for safety reasons,
it is better hydrogenations be conducted at only a modera-
te overpre. surs. This, in most cases, is an erroneous con-
clusion, TUp to about 10 MPa pressure the hydrogenetion
rate usuelly is directly proportional to the bhydrogen
pressure, so if we reduce the pressure we must couwpersate
for the decrease in reaction rate by increasing the cata-
lyst concentration. At high catelyst concentretion end low
pressure it i1s only with difficulty thet the kinetic mode
of operatior cen be obtained in the hydrogerestion process.
Pressures below 1 MPa must be regerded es ebsolutely ia-
effective.
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9.2.2.4. Batch eutociave opereting mode

With e view to rossible initietion of en explosion of

tkhe eir-hydrogeun mixture vy the csialivst, it is recommended
thet the autoclave be thoroughly flushed with nitrogen prior
to charging each betch. However, if the hydrogen is comple-
tely discherged at the end of a hydrogenstion and if then
the autoclave is flushed with nitrogen and the nitrogen
agein is replaced by hydrogen, this cuts dowvm on the time
utilizetion of the apparatus and induces great losses of
bydrogen in the asutoclave is operated in this manner. The
following procedure is more economical: on completion of

the hydrogenstion the hydrogen pressure is reduced to 1-2
MPa end the liquid mixture is pushed out of the autoclave
by the residual pressure oi “ydrogen while the eventual
preasure of geses in the eutocleve is 0.3-1 MPa. Then the
new batch is pumped into the autoclave, i.e., the.liquid
subgtrate with suspended cetelyst. With the eutocleve
opereted in this way, no cooling is needed end the kestv ca-
pacity of the autocleve is used for preheating the new batch.
Often, in this way, the batch can be heated up to a tempera-
ture at which the hydrogenetion alreedy proceeds at & suffi-
cient rate, so thet the autoclave heeting can be dispensed
with entirely.

Two ways of admitting hydrogen are practiced with the batch
autocleves - continuous admittence, ard periodic admittance.
If the hydrogen is being admitted continuously under the
stirrexr turbine, the dispergation of gas is better and this
method enables the kinetic mcde of operation even with less
effective stirrerz. Ia the cesz of the hydrogen veing ad-
mitted periodicelly, the pressure veries between 2 minimum
end e maximum velue. From the pressure drop one may judge
on how the bydrogenation i1s proceeding, and a stop in

the pressure drop is ap Indication cf the end of hydrogene-




tion. This is the chief adventege in contrest to tke con-
tinuous admittence of hydrogen where the end of hydroge-
nation must be indicated in some other manner, e.g., by
enalyzing the liquid substrate. In the cese of periodic
edmittence the hydrogen must be dispergated from the eree
above the liquid bath which imposes more stringent require-
menta on stirrer operation. :

The combination of both these methods is of adventage;

most of the substrate is hydrogeneted at a constent pressure
while the hydrogen is being edmitted continuously, and only
after the hydrogenation rete /indicated by hydrogen flow rate
measurements/ will have dropped below a certein level the
inflow of hydrogen is interrupted and the hydrogen pressure
drop in the autoclave is monitored.

9.2.3. Continuous hydrogenation with susnended catalvst

For continuous hydrogenation with suspended catalyst, the
options avaellable are to use just one autoclave or more
autoclaves in series, or frequently, column reactors with
hydrogen circulation /Fig. D-6/.

90 2+3+1. Bubble colunns

The basic characteristic of the bubble column is the rate

of gos flow /ug/ related to the entire cross section of

the tower. On the value of ug depend the gas holdup E

and the rate of hydrogen transport from gas to liquid as
expressed by the simplex k;a /6"Y/. A certain minimum gas
velocity must be maintained also with regard to keeping the
catalyst in a homogeneous suspension, Published measurements
/T1/ suggest thet the bubble columns attain k;e values lower
by a factor of 3 to 5 than vessels equipped with stirrers,
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Fig. D-6 Schema of continuous slurry hydrogenstion
in bubble columns

1 - preperation of catalyst suspension in compound
to be hydrogenated; 2 - diaphragm slurry pump;

3 - compressor; 4 - reactors; 5 - tank with level
indicator; 6 - slurry receiver; 7 - reflux con-
denser; 8 - pump; 9 - pressure filter

To hold the catalyst in suspension, a hydrogen velocity

ug = 0.02-0.03 m gL is sufficient, end this velocity 1s
also enough, in most cases, for reaching the kinetic mode

of operation for the hydrogenation process. At velocities
higher than 0.05 m s %, foaming of liquid and nonunifomm
bubbling are frequent; large bubbles oceur side by side with
the small bubbles. According to our industrial experience,
the hydrogen velocities of 0,02-0.05 m s-l cen warrant the
kinetic mode of operation at an absorption rate of about
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5 kmol H, 1! ™3 et 5 KPe pressure. As the catalyst con-
cenitration is increased, the hydrogenetion rete grows aighe>
end one has also to select a higher velocity, but such situe-
tions are encountered rather infrequently. £t the streeming
velocities of hydrogen of 0,02-0,05 m s-l the gas holdup

is g£_ =~ 0.1, which means that the bubbles take up some

1075 of tire totel mixture volume.

The velue of the gas-licuid interfacial area depends only
slightly on the primery distribution of bydrogen. Smeall
bubbles will graduslly coelesce and the specific surface
aree ig pushed down as the distence from the distributor
is increased. Despite thig it is expedient to distribute
the hydrogen uniformly across the reactor cross section,
e.S+y by perforeted tubes or at leest by severel nczzles.
The hydrogen distribution also reletes to the necessity

of making tiie choice between passing the hydrogen from
tover to tower in perellel or in series. As for the liquid,
e series of towers represents sequential flow, and the
bydrogen can be led in perasllel or, together with the liquig,
in series. Obviously, the amount of circuleting hydrugen is
greater in the case of the parellel arrangement, but the
recycling compressor operates at & lower compression retio.
FProm the point of view of the irvestment costs, of power
conswnption for hydrogen recycling, and also of simplicity
of control, it is better the use the series connection. In
that cese, what enters the second and subsequent reactors
is a mixture of liquid and gas so that it is impossitle to
use a distributor with smell perforations.

9020 30 ¢ Axinl mim

Stirred autoclave cen be regarded as an ideel mixer, whereas
the bubble column is a system with limited axial mixing.
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Numerous hydrogenstions are controlled by zeroeth-order
kinetics es far as the hydrogenasved species is concerned,
end this is why the mixed reector /CSTR/ can be used even
for a high reactant conversion. This is how nitrobenzene

is hydrogenated to aniline in a stirred autoclave, to a
conversion exceeding 99.999%. This however is an exception
rather then e rule. The zeroeth order of the hydrogenation
usually applies only at conversions of up to 90-55 %, end
many hydrogenstions, particularly the hydrogenation amine-
tions, have an order considerably higher than zero. In sucn
cases the CSTR would perform very poorly and the flow of the
liquid must be mede to approach the plug flow. In this con-
nection, it is useful to know the intensity of axial mixing
in the bubbled tower, and this can be measured by the axial
mixing coefficient Dy _. Deckwer /80/ correluted the expe-
rimental data obtained by several euthors using the
equation '

Droy = 27 d%"‘ ugls 3 (47)

where dT is the tower diameter.

Other authors as well have found the axial mixing of the
liquid to be strongly influenced by the tower diameter /77/.
According to our measurements coaducted at a tower of 1 m
diemeter and 12 m liquid keight at e hydrogen velocity of
0.03 m s'l, this tower cen be regarded as equivalent to

two mixers comnected in series. Axial mixing cen be limited
by baffles. '

As en example of an expedient utilization of limited

axial mixing can bYe presented the hydrogenation of a water-
methensl solution of the 4~-nitrosodiphenyl amine codium
salt /81/

(o1 «Oaona + 21, 2 (o)-wH<0 1, + NaOH  (48)
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This hydrogenation is controlled by zeroeth-order kiretics
with respect to substrate up to 65% conversion, whereas
further on the effective order is 0.65. A 1005% conversion
of the nitroso compound is required. Vith a view to the
low stebility of the reectent the hydrogenetion is per-
formed within the tempersiure range of 70-100 °C, at 5 WPa
opereting pressure. Adiabatic heating of tne reaction mix-
ture is 70 K. A pelladium catalyst is used. The highest
hydrogenation output was achieved in a plug flow reactor
where however the liquid feed had to be preheated while
the reector iteelf had to be coocled. If & system providing
adequate axiel mixing is selected, the hydrogenstion can
be conducted adiabatically with cold feed, reaching & high
specific output. In three towers of which each corresponds
rouzghly to two mixers, the distributions of conversion end
temperature are as follows:

conversion % temperature °C
No. 1 resctor 70 75
No. 2 resactor 98 95
No. 3 reactor 100 96

With most bydrogenations the final product is ususlly more
stable then the unsaturated reactant, but ceses e¢xist

where the selectivity of the hydrogenation is influenced by
" axial mixing. Such en undesirable consecutive reection is
hydrogenolysis, e.g., when esters of fatty acids are hydro-
genated the desired aslcohol is splitted to hydrocarbon:

H
2.
RCH,COOCH, -- RCH,CH,0H + CH,OH

1
L—-:RCHZCHB + Hy0 (49)




9,2.4, Bendling catalvgt suspensions

The powder catalyst must be metered out into the reactor,
er2 must agaein be separated from the hydrogenetion product.
Especially in the case of continuous bhydrogenations, these
operations tend to involve serious difficulties.

%.2.4.1. Catalyst metering

For & continuous reector the cstalyst is always to be

metered out in the forxm of a suspension; for a batch euto-
clave a dry cataslyst cen be used but tkhis is not expedient,
either. Pumping of catalyst suspensions elweys involves
abrasion and clogging of pump velves. The catelyst is either
mixed within the substence to be hydrogeneted /or its solu-
tion/, or is pumped seperately in the form of & concentrated
suspension in some pure solvent. Either method hes certsin
edventiages:

/a/ When metering out the catelyst togetkher with the sut-
stance to be hydrogenated, the suspersion conteins a low
percentage of solid particles and pump abrasion is relatively
low. In cases where the suspensions involved are particularly
thin, it is possible to apply ordinary centrifugel or plunger
type pumps,.

/b/ When metering out the cetalyst in the fomm of a concen-
trated suspension, ordinary punps can be used for the mejor
part of the clean liquid feed and the speciel pump can be
used only to handle the catalyst suspension. Separate metering
of catalyst also ellows for an operative control of the
catelyst concentration in the reaction mixture.

Various types of pumps are used to pump suspensions into the
reactors or onto the filters:

- centrifugal pumps up to 2 MPa pressure sas long as the con-
centration of t.e s0lid phase is max. 1% and the abrasive
weexr is not too high,
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- pumps witk excentric worm up to 1 MPe, even et high
catalyst concentretions,

- diepkragn pumps or, less Zrequently, fiushed plunger
punps or twin cylinder_pumps at higher presgsures.

€.2.4.2. Catalyst filtering

For safety reasons the hydrogenation product is not
filtered using the hydrogen pressure in the reactor. The
product being discharged from the reactor is expanding,
expulsing hydrogen by desorption, and only then it is f£il-
tered. The filters mostly used are sealed pressure filters
of various design. For low outputs, these are beg filters
or certridge filters, while vertical or horizontal plete
filters are used av highexr outputse The filtraticn czie Is
removed from the plates by vibretion /Zilters made by BES,
FRG, the so-celled Niegera filters, etc./, by centrifusetion
/the Funde filter by CHEiAF, Switzerland, the Hercules
Filter by Seitz, FRG/, or by gcraping. The presgsure filters
tend to be equipped with sutomatic filtration cycle control,
The pressure filters can hendle 0,32 m3 of suspension per
hour per 1 m® of the filtering partition. The size of the
filter eres must also be chosen with a view to the emount
of solid particles, inaamuch the filtration must as & rule
be discontinued as soon as the cake is 20-30 mm thick.

It is edvisable that a emell gafetv filter be included
downstreem of the mein filter. This is usuelly an inexpensive
bag or plug filter.

In hydrogenetions involving higher catalyst concentratiors,
it would not be feesible to continmuously meter out ard filter
the cetelyst. In such cases the catelyst is sepereted by
settling and is returred to the reactor. Only the fine pexti-
cles of catelyst ere filtered /Fig. D-T/. A special cese of
this design is represented by the fluid opereting mode of

the bubbled tower, whereas in cetalytic kydrogencticas this
system hes not found ecceptence.
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Fig. D=7 Bubble reactor with internal recycling of
catalyst

9,2.5. Reactorg with fixed bed of catelvst

These are applied es either the itrickle-bed reactors or the
fized=bed recctorg with cocurrent upflow with dispergated
bubbles of hydrogen /Fig. D-8/. Under certain conditions ol
. flow however, even in the cese of cocurrent sireems of
liquid and of hydrogen flowing dovmwards the cetalyst bed
may become flooded with the liquid. The trickle bed is en-
countered more frequently in catelytic hydrogenetions. The
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Pig. D-8 Reactors with fixed bed of catalyst

e = trickle~bed reactor
b - fixed-bed reactor with cocurrent upflow

recctor with cocurrent upflow has the advantage of perfect
wetting of the granules and less danger of local over-
heating. However, the flooded bed imposes higher demends
on the mechanicel strength of the catalyst grenules end
usuzlly requires kydrogen recycling, wherees the trickle
bed can often be operated with only & stoichiometric emount
of hydrogen.

9.2.5.1. Hydrogen tremgport in the trickle-hed

%itb poth the liquid and the hydrogen being led cocurrenily
from top to bottom, the mode of operetion of the trickle-~
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bed depends on the gas and liquid flow rates. At a cexrtein
velocity of flow the trickle flow will convert to pulsed
Llow, or to foeming flow in the cese of foemy liquids. The
boundaries of the two modes were studied e.g. by Cherpentier
and Favier /82/ and by other asuthors /77/. In the region

of pulsed flow there is an actuel danger of the unreacted
feed penetrating into the product. Even in the region of
low velocities, i.e., under the trickle flow mode, the
effective gas-liquid interfaecial aree is somewhat higher
than the geometric surface aree of the particles. In fact,
some of the ges is dispergated as small bubdbles within the
trickling liquid film. As the velocities of flow of the two
media grow higher, the interfacial area increases in pro-
portion to the rising pressure loss of the bed which is

e measure of the energy transmitied to the ges-liiquid sysien
and on which the friction force between the two phases is
dependent. In the triclling film of liquid there elweys is
e trensverse hydrogen concertrstion gredient end, &s e =uis,
the rate attained emounts to 20-70% of the kinetic hydroge-
nation rate /83/.

Utilization of the internal surface of the catalyst granule
having 5 mm in diameter is no more than 1-5%. In spite of

the fact thet the trickle bed reactor contains 50-200 times
more catelyst per unit volume then the reactor with suspended
powder cafalyst, the specific outputs of both types are
Toughly the same,

9¢2¢502¢ Adiabatic mode of trickle bed reactors

Most of the industrisl hydrogenetion reectors of triclile

bed type are cylinders heving 0.2-2 m in diemeter and 5-20 m
in height. The removel of reaction heat ecroes the well 1is
ineffective and the reactors are operated adiabetically. As
en exception, tubulaer trickle bed reectors cen be encountered,
which however require e complicated distribution of the 1i-
quid in the individusel tubes.




273

A number of ways ere used of how to adeapt the ediabatic
heating of the reaction mixture so as to conform to en
edmissible level:

/e/ In certain cases the reactent is so much diluted in
the feedstock that the adiebetic temperature increment is
very small. An exemple is the hydrorefining /desulfuretion/
of oil fractions, removal of traces of nonsaturated com-
pounds /acetylenes/ from hydrocarbons, etc.

/b/ The substance to be hydrogenated is intentionally diluted
by some solvent or reaction product. In the hydrogenation

of nitriles the nitrile is diluted by liquid ammonia which

not only reduces the adiabatic heating but, et the same

time, suppresses the formetion of undesirable secondary emines.,

/c/ The ediabetic heating is modified ty excess hydrogen
which is recycled. The hydrogen can be introduced at seversl
points elorg the rzscicr keight whkick ellows fo- en operative
control of the tempersture proiile of the resctor.

9424543« Catalyst bed arrangement

With increasing reactor height the density of spraying at
glven catalyst volume is increasing simulteneously favor-
ably affecting the distribution of liquid within the bed. At
low dengity of spreying the whole catalyst surface is not
wetted end this may bring ebout local overheating end may
extend the scope of the side reactions. With increasing
density of spraying the liquid film thickness increases,
causing an increese in the diffusionsl path for hydrogen,
but it has beern demonsirsted experimentally thet this does
rot detract from the rate of hydrogenetion; this can be
accounted for by an increase in interfaciel eree or even
by better wetting of the cetelyst granules.




0f negative impact on reactor performence is the so-called
wall flow. It has been ascertained thet the wall flow is
less pronounced in & bed of porous catelyst perticles than
in a bed of non-porous particles. In spite of this, laths
have to laid along the reactor walls to convey the liquid
away from the wall, inta the catalyst bed.

To obtain a uniform distribution of liquid across tame reactor,
one can use distributors developed for packed rectification
columns. Uniform wetting of catalysts requires a minimum
spraying density of about 3 m3/h per 1 m? of reactor cross
section. Some hydrogenations proceed so slowly that even
this minimum spraying density is hard to attain. At selected
elevations /spaced at 3-5 times the reactor diameter/ the
distributions of the liquid are repeated, teking the liquid
avay from the reactor walls at the same time. When the ca-
talyst is divided among several beds the mechsnicel loeding
of the granules due to the deed weight of the bed is also
reduced. However, some operators use Just one bed of cata-
lyst even in reactors as high es 20 m. The partitioning

of the catalyst packing into severel levels 1s also done in
the case where the reactor temperature is controlled by ad-
mitting cold hydrogen at several points.

9.3, Indugtriasl reactor design - uvnsceling.

9.3.1. Batch autoclaves

The betch autoclave usually have stirrer of en eeration
efficiency high enough to always reach the kinetic mode
of hydrogenetion. This mekes 1t easy to transfer lebore-
tory date by upscaling, inesmuch as the specific output
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and selectivity are identical for both the leborstory

end the full-scele reector. Sometimes the big reactor
etteins somewvhet higher outputs, owing to deactivetlion

of e part of tihe catalyst in the laborstory instelletion.
Hence, the upscsling operatian reduces to just the problem
of heat removel which however is eesy to solve by calcule-
tion.

9.3.2. Continuous slurry reactor

Kinetic date from leboratory batch reactors is easily
aveilable. In cases where the continuous apparatus consists
of a series of stirred autoclaves, it can be modeled es a
cascade 0f ideal mixers.

Kore conplex end risky is the transfer of the kinetic data
fron e betch reector to a bubble tower, even supposing

thet the letter is operated in the kinetic mode. Sever=l
fectors which cannot be forecast to any sufficient accuracy
are involved here:

/e/ The degree of axial mixing can be expressed from
published correlation equations but its effect on selecti~
vity, within a systen of several reactions, need not be
sufficiently represented by measurements taken in a batch
reactor,

/v/ If the catalyst is separated by settling and is
returned to the reactor /Fig. D~7/, it is difficult to
envisage how much of the catalyst is in the reactor and
how much in the settling tank. Moreover, the recycling of
the suspension adds to axial mixing in an undefined manner.

/c/ In our practice we have met with a case of partial
settling of catalyst in the reactor; consequently, the cas-
cade of hydrogenation towers exhibited a specific output




higher than the leborstory autocleve. The difference between
the catalyst concentration in the liguid feed aad its true
concentration in the reactor cannot be predicted but,

within certein limits, can be regulated by changirg the
kydrogen flow velocity. '

It is especially the factors sub /b/ and /c¢/ which recuire
experiments to be run on e pilot installation. The pilot
scale measurements are intended to widely scan the effects
of hydrogen flow on the hydrogenation process. The appro-
ximate ratio of tower diaemeter and height expected for the
full scale reactor should be adhered to at the pilot plext.

S.3.3. Trickle-bed reactors

The first informztion on the hydrogenation process on
catalyst grenules can be obtained from & modified lebora-
tory autoclsve: a bucket holding the grenulated cetelyst

is placed in the axis of the autoclave, and e modified
stirrer is used to pump the hydrogen seturated liguid across
the catalyst layer.

Experimenty are run very often using laboratory trickle bed
reactors having O.l1-1 m bed height, i.e., at a very low
spraying density. Such experiments may yield distorted
results, also owing to the high share of wall flow., As a
rule, the outputs reached in a bigger reactor are higher.
Hence, even the small experimental unit should have the
highest possible layer of catalyst as the density of
spraying is the most essential criterion for reactors of
such type. The hydrogen flow velocity affects performance
only in the pulsed flow region, i.e., in the regime of high
phase-interaction.




Great uncerteinty is brought into the date transfer

by the thermic effects of the side reactions for which the
kinetics and reaction heat can only be ascertained to low
precision. For this reason, some operatérs recommend thet
the upscaling be done gradually, always by just one order
of magnitude, Measurements of the temperature and concen-
tration fields in an experimental reactor and a kinetic
analysis of the nonisothermic data thus obtained which is
to be epplied to the ges phase catalytic reactions /84/
can be recommended even for the +trickle-bed catalysts.
This procedure allows to make away with some of the inter-
mediate stages involved in upscaling.

9.4. Reactor type selection

In principle, any of the three reactor types discussed
above can be used for any given hydrogemation. It is true
however thet difficulties and useless costs are avoided
12 the proper selection is mede.

Q:4.1s Trickle-bed regctor or glurry reector
The trickle bed reactor features a number of advartages

over the slurry reactor hydrogenation:

- no pumping end filtering of the catalyst suspension is
required, meking the apparatus less expensive,

= the clear liguid does not cause any wear of pipings
and fittings,

- cetelyst hendling is hazardous for in the powder fomm
it is pyroforie,
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= the three above adventages are reflected in e higher
reliebility and safety of the hydrogenation fecility.

The adventsges of the trickle-bed reactor ere that signifi-
cant as to meke it advisable that the first questicn asked
when developing a hydrogenation process should be: “cen
this hydrogenetion be performed in a trickle-bed resctor?".
There ere seversl limitations however to the application of
the trickle bed reeactor:

/e/ the adiebetic mode of operstion

Reaction heet is difficult to remove from the trickle bed.
In most cases however this cen be <teken care of by modi-
fying the adiebatic heating so as to conform to an admissible
limit, =0 this limitation is not insurmmounteble.

/b/ the cepecity of equipment

It is often claimed that the continuous trickle-~bed

reactor is poorly suited for small scele productions and
for veriabtle production progrems, i.e., as a multipurpose
facility. The batch eutoclaves with stirrers tend tc be
recommended in such cases. In fact, however, the tricikle
bed reactors fit very well also the requirements of low
production capacities and even those of a variable production
progrem. Transition to hydrogenation of some other compound
does not present problens any greater than in the case of
the stirred autoclave.

/¢/ catalyst life time

Rapid deactivation of the catalyst is the greatest obstecle
to using a trickle bed rsactor. Owing to the low utilization
of the internal surface of the granules, rapid deactivation
is conducive to & high consumption of catalyst, substantielly
higher then in the case of slurries. Frequent replacements

of the catalysts are just as unsuitable.

Indeed the trickle bed reector ought to be regarded as un~-
suitable in ceses where the catalyst life time is less than
1l month,.
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/d/ process selectivity

In the region of internal diffusion, the side reactions end
consecutive reactions cen displey greater impacts on the
process. Limitation by selectivity occurs however only with
more complicated reaction systems. '

It is solely the short catalyst life time and the process
gelectivity which can be regarded as serious objections

to using & trickle bed reactor.

9.4.2. Batch or continuous slurry hydrogenation

The production capacity is the major selection eriterion.
The continuous slurry hydrcgenation is clearly degtined
for larger production units, of a lower feed rate bcundary
of ebout 1 m> of liquid per hour,

In some processes the batch autoclaves are even usged in the
case of higher capecities, with regard to gelectivity. In
the continuous arrangement the selectivity may grow worse
as a consequence of axial mixing for a poorly adjustevle
end of hydrogenation. Even though, e.g., continuous pro-
cesses of glucose hydrogenation to sorbitol have been
developed involving both a suspended catalyst /slurry/ and
a trickle bed reactor, it i1s the batch autoclaves which
are chogen even for capacities exceeding 10 ktons annuelly,
owing to product quality requirements.

9.5, Safety at work during hydrozenation

Hydrogen foms an incerndiary mixture with air at 4-75% Hp
and the explosive range is 18-5%% H2. The hydrogen self-
ignition temperature in air is 485 C. The explosivity of the
bydrogen-air mixtures is underlined once again by the ini-




tietion effect of the hydrogenation catalysts. Explosion
or fire due primarily to hydrogen mey propagate by igni-
tion of the hydrogeneted substance. This i1s why the cata-
lytic hydrogenation is more demending a&s concerns appara-
tus design as well as the quality of operstion and ser-
vicing than ere the chenical reductions. This elso is one
of the reesons why the chemical reduction agents continue
To bpe used.

With regard to safety of operation at the hydrogenation
facilities, seversl principles can be forwarded which should
be adhered tc whenever installing and operating e hydroge-
nation process:

/a/ The design of apparatus incorporates a minimum of piping
connections and a minimum number of fittings which poten-
tially might turn leaky.

/b/ Hydrogen is a light gas and is dissipeted rapidly in the
etmosphere. Hence, the hydrogen concentration et epparatuses
installed as open fecilitiec cennot, in the case of minor
leakage, reachh the limit of explosivity. Instances are knovn
where the explosive mixture was formed exactly under the
roofing of the building where the facility was housed. There-
fore, compressor rooms where roofing is required must be pro-
vided with wither natural or forced air draught systemas.

/c/ In the case of slurry hydrogenation the dry catalyst must
not come into contact with hydrogen end air. The apparatus
must be kept clean and catalyst residues must be removed
instautly. Hard-to-remove rests of the catalyst on the outler
surface of apparatus can be deactivated by spraying with
sulfide solutions or with organic .ulfur-bearing compounds.

/d/ The bydrogenation apparatus is to contein only the in-
dispensable volume of inZlammabdble r.atter. Apperatuses con-
taining more inflammables, such as storage tanis, must be
situated et & sufficient distance from the pressure epsaratuu,




/e/ Defective seals of viping end epparatus joints and
junctions represent the most frequent cause of explosions
end fires. Hence, it is most importent to properly choose
the sealing maeterials.

sletellic sezles ere used in ell instances to hendle rreszures
over 10 !'Pa. For medium pressures, the netionsl stenderds
permit the use of &stestos seels of the tongue and groove
system but even here the metel-reinforced or all-metsl seels
of mild steel, eluminum, copper, etc. ere geining ground.

The apparatus terds to spring leaks mainly during shut-
down et which time the apperatus temperature is chaenging.
After every shutdown it is necessary therefore to the check
the apparatus for leakege, first using an inert gas.

/f/ It is recommended that the apparatus be checked once

e day or even once every shift for leekege using & detector
of inflemnebles. Eerly detection of small leakege forestelle
serious energencies. The detectors mey £lsc be permenently
instelled in particulerly dan:erous locetions, witk limit
overstep signaling.

/g/ It is recommended that the high-pressure hydrogeneticn
apparatus be equipped with so-called emergency drsinage.

In the case of deanger, e.g., of & substantial leakege of
the reactor, the valve for rapid de-pressurizing of the
reactor cen be activeted by depressing e single pushbutton,
and other velves such as those for cooling, inert gus, etc.
will open simulteneously.

9.6, Sources of hydrog.n

Hydrogen is usually available at lerge chemical plents since
it is used in the gyr.thesis of ammonia, metkanol, in hydro-
refining of oil rraction, etc. For these nurpocesz the Lydro-
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gen is oproduced as a rule by the so-celled stear reforming
of hydrocarbons, meinly of naturel! ges. This method of
production yields hydrogen at 2-3 MPa pressure, wkich is
sufficient for many hydroganations.

As for ithe contents of catelytic poisons the petrochemicel
hydrogen is of sufficiert purity, the hydrogen sulfide content
usuelly is lower than O.1 ppm. Inert geses may however be
present, mainly methane and nitrogen, to ccncentrations of
1-30 vol.%. Such diluted bydrogen is poorly suited for hydro-
genations. In the batck autoclave the inert gas would accu-
mulate above the level of liquid, which may even bring sbout
& complete stop of the Lydrogernetion process. In continuous
epparatus a certain quantity of gases must be discharged
during the process to maintain en admissible level of the
inerts but, in every cace, the hydrogenatiion croceeds et a
lower concentration of hydrogen then is that of the incomiag
byédroger.. Viithk e view to the lst order of hydrogenation to
hydrogen, this cuts down on the resctor output and the ges
being discherged represents hydrogen losses.

4 recent technigue used to remove the inerts from hydrogen
is the moleculer sieves /the so-called PSA process, delive-~
red e.g. by Linde AG./, or the inerts are separated using
polymere membranes /the PRISH process, Monsanto/.

In certain plants the hydrogen is produced as a side product
from sodium chloride electrolysis. In the cese of amalgam
electrolysis the hydrogen is conteminated with mercury which
is a catalytic poison. Apparatus for hydrngen cleaning by
adsorption on trested active charcoal is usually supplied
as part of the delivery of the electrolysis fecility.

In some plants there is no hydrogen eaveilable and thus,

the introduction of hydrogenetion is contingent on the
provision of hydroger., Not counting the cepital-intensive
steam cracking of natural ges, moderete quuantities of hydro-~
gen can be secured in two weys:
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/a/ By trancporting hydroger. in pressure cylinders on truck
treilers. One treiler cen be loaded with about 1000 Im>

of hydroger and in this way, daily consumption rates lower
than 3000 nm3 cen be saturated. It is ohvicus thet effecti-
vity will depvend on how fer the hydrogen would have to be
hauled. Hydrogen thus orovided is up to one order of megni-
tude more expencsive then thet aveileble from the distribuiicn
networks of e petrochemical plent.

/bv/ By weter electrolysis which mey cover hourly consum-
ption retes of up to 500 ﬁn3 hydrogern. Pressure electroly-
zers cen even be ordered which produce hydroger &t about

3 MPa pressure /the processes Lurgi, lLonza/. Electrolytic
bydrogen is 3-4 times more expensive than petrochemical hy-
drogen, and 4 KWh/Hm> is the power input for the electrolysis.

10. Conclu:=ions

Reduction agents such as irom, sodium, zinc, sulfides, etc.,
commonly used for the reduction of organic subsgtances, are
being replaced to a growing extent by catalytic hydrogena-
tion. FPor instence, as far back as 30 to 40 years ego tke
use of sodium in the reduction of higher fetty acids to
alcohols hes been supplented by catalytic bkydrogenetion, and
iron came to be replaced by Lkydrogzen during the last two
decedes in the production of aniline from nitroberzene. The
major reason of this trend is the oxidation products of the
reduction agents, which as & rule are wastes difficult to
hendle and hardly of any use. To illustrete this on the
production of eniline, some 4-5 tons of wet iron oxide slud-
ges which, moreover, omitting aniline to the atmosphere by
evaporation, are turned out per 1 ton of the procduct.




In the pest, the substitutions of such reduction agents by
hydrogen were regerded ecoromical solely in the case of
lerge production capacities tut, &s cstelysis and the hydro-
genation technology have become more advenced, they find
apnlicetion even in relatively low production volures, suck
ecs in the preperation of dozens of dyestuff intemediates.

A survey has been given of the reduction reactions, indice-
ting how the replacement by catelytic hydrogenetion is
dope, i.e., specifying catalyst selection and the reaction
conditions. Inasauch as the precious metals palladium

and platinum are used rather frequently as catalysts, the
study hes elso sddressed their recent pricing trende and
the cocst eveluetion methods to be sdopted when tkese cete-
lysts are epplied.

Production equipment decscriptions as well as the discussions
concerning hydrogenetion tyrve selection are largely besed

on the authors'practical experiencs with developing and com-
mercielizing numerous hydrogenaiions. It is not always at
chemical plents thet hydrogen is readily available, ené this
is why & chapter Les elsc been devoted to the sources of
hydrogen. Attention has elso been peid to presenting the
principles of safety at work which apply to the hydrogenetion
facilities where hydrogen is nearly always handled at ele-
vated temperature end pressure.

Referen C ter D

1 Sokolskii D.V., Ualikhanova A.: Dokl. Akad. Nauk
SSSR 230, 1149 /1976/

2 Sokolskii D.V., Ualikhancva A.: Dokl., Akad. Neuk
SSSR, 235, 144 /1971/

3 Hudlicky M., Trojének J.: Preparative reactions in
organic chemistry I., Reduktions and oxidations /in
Czech/, NGSAV Publishers, Prague 1953




10

12
13

14

16

17

Cervinke O. et al.: Mechanisms of orgenic reactions
/ir Czeck/, 2nd ed., SNTL-Alfe Publishers, Fregue

1881

Ng.Ph. Buu-Hoi, Ng. Hoan, Ng. Xuong: Rec. Trav. Chim.
71, 285 /1952/

Franzen V.: Chem. Ztg. 80, 667 /1956

Ullmenns Enzykiopaedie der techn. Chemie, vol. 20,
4th ed., Verleg Chemie, Weinheim 1981

Zaehradnik M., Vanidek V.: Dyestuff intermediates /in
Czeck/, SNTL Publishers, Prague 1963

PB 77729 /also issued es BIOS Report No. 1144/, Report
of the British Intelligence Objectives Subcommittee
on /1/ The manufacture of nitration products cf ben-
zene, toluene, end chlorobenzene at Griesthein end
Leverkusen, end /2/ The menufacture of eniline end
iror oxide pigmnents et Uerdingen, BIOS Trip Report
No. 2526, Sept.-Oct. 1946

P35 79306 /also issued es EICS Report Mo. 1272/, Repozt

___of the British Intelligence Objectives Subcommittee
on Inorganic pigments synthetic iron oxides, BIOS
Team No. 2347 /not dated/

Goldfarb M.J. et al.: USSR pat. 118 506 /1959/; Chem.
Abstr. 53, 21813b /1959/

Issoire J., Long C.: Mem. Poudres 39, 447 /1957/

Vorozhtsov N.N.: Basics of the synthesis of inter-
mediates end dyestuffs /in Czech/, Tech.-sci.Publ.,
Pregue 1952

Mejstiik B.: Production of dyestuffs intemmediates
/in Czecn/, SNTL Publishers, Prague 1956

Shinozobu Heshimcto, Junzo Sunamoto: Bull. Chem. Soc.
Jepen 39, 1207 /1966/

Shinczobu Hashimoto, Junzo Sunemoto: Bull., Chem. Soc.
Japan 41, 499 /1968/

Setoh Toshio, Suzuki Shuicki, Suzuki Yoshkio, Miyji Zuters,
Imeji Zenjiro: Tetrehedron Lett. 1962, 4555




18

20

21
22

23

28

29

31

32
33

34

35
36

285

Hirashime Tsuneeki, Mensbe Osemu; Nippon Kegeku Keishi
1975, 1223

Gati G.; Steingaszner P., liendy T., Siposs Z., Fezekes
M.A., Haydegger E., Karolyi F., Szabados I., Vernei
I.: Hunger. pat. 155 609 /1969/

Gerveny L., Marhoul A., RiZiSkas V.: Proc. Prague Inst.
Chem. Technol. C24, 131 /1976/

Wolf F., Fisher H.: J. Prakt. Chem. 317, 103 /1975/

Gait R.J.: Brit. pat. 1 499 533 /1978/: Chem. Abstr.
89, 42 791 /1978/

Hiller H.: Ger. :‘ffen 2 301 739 /1974/: Chea. Abstr.
81, 120217 /1974/

Shmonine V.P., Ibrasheva R.Ch.: Chim. Chim. Technol.
19731, /11/ 12

RiZiGke Ve, Sentrochovd Hes Cuil. Cocci. Cilehe comiide
34, 2999 /196S/

Cerven§ L., Drehordd R., RG3iSke V.: Chem. Prim. 22,
364 71972/

Kuemerle K., Albers A., Hille E., Heise EH.: Ger. pat.

2 24C 849 /1972/

Harlan B,, James B.N.; Eugene V.H.: US pet. 3 146 217

2081/

Dow Chemicel Co.: Fr. pet. 1 334 504 /1962/

Tsareva R.S., Arikova G.M., Savchenko V.I,, Brikensh-
tein K.A., Astekhova A.J., Khiedekel M.L.: Khim.
Prom. 49, 734 /1977/

Kazuo T.: Sci. Papers Inst. Phys. Chem. Res. /Tokyo/
56, 285 /1962/

United Stetes Rubber Co. Neth.: US pet. 6 409 250 /1963/

Bouchet P., Coquelet C., Jenchexdy G., Elguero J.: Syn.
Commun. 4, 57 /1974/

Hirotede I., Govt. Chem. Ind. Res. Inst. /Tokyo/:

J. Chem. Soc. Jepan, Ind. Chem. Section 56, 906 /1953/
Andrev J.D., Theodore R.¥.: US pet. 2 051 753 /195€&/
Keemmer H., Hower L., Beck H.: Ber. $1, 1376 /1<5e/
Sokolove N.P.,, Balandin iA.A., Meximeve NM.P., Skulskeve

Z.Me: Izvest, Akad. Neuk SSSR, Ser.Xhim, 1S66 /11/

19el




38

39

40

41

42

43

44

45

46

47

48

49
50

51
52
53

54
55

56
57

287

Cerveny L., RiZidke V.: Proc. Frague Inst. Chem,
Tecknol. C27, 61 /1961/

Neumov J.I., Izmelskii V.A.: Zhur. Prikled. Khim. 3§,
2562 /1965/

De Cet 4., van Poucke R.: J. Org. Chem. 28, 342€
/19€3/

Mozingo R.: Organic Syntheces, J. VWiley Publ., New
York 1955 D

Sporke K., Esnike J., RiZilka V., Aufart J.: Czech. pset.
163 533 /1973/

Moldabaev U.: Khim. Neuki 1975, 18, from Ref. Zhur. Khim.
1977, Abstr. No. 3B 1180

Moldabaev U., Sokolskii D.V.: Khim. i Khim. Tekhnol.
1975, 168

Tsenyuge. VoS., Kruglikove T.A., Ovchinikov P.N.: Kata-
lizatory osnovn. orgen. sinteza 1974, 47

Shevaldove A.D., Kravtsova V.N., Bolshinskova T.A.,
Selyeeva E.V., Khindekel il.L.: Izvest. fkad. Fauk
SSSR, Ser. Khim. 7, 1665 /1975/

Bolskinckove T.A., Selyaeve E.V., Kravtsovz V.N,.:
Issled. v Obl., Sinteza i Kateliza Organ. Soedirenii
1975, 40; Chem. Abstr. 84, 30566r

Rylender P.N., Karpenko I.M., Pond GeR.: Ger. Offen
2 118 369 /1971/

Bean J.: US pat. 2 446 519 /1948/

Pujisawa K., Tanaka K., Kimijime J.: Jep. Kokal
75 142 525 /1975/

Daumis H., Perres P.: US pet. 3 654 365 /1972/

Browvn B.B., Schilling P.A.E.: US pat. 3 535 382 /1¢70/

Rylender P.N., Karpenko I.M., Pond GeR.: Brit. rat.
1314319 /1970/

Benwel N.R.V., Buckland I.J.: Brit. pet. 1 181 969 /1968/

Rylander P.N., Kerpenko I.M., Pond G.R.: Amn. ¥.Y.
Acad. Sci. 1970

Henke J., Vaughen J.: US pet. 2 198 249 /1940/

Greco N.P.: US pat. 3 953 509 /1966/




56
59

60

61
62

64
85
66
61
68
69

70
71

72
73

14

15

76

17
78

79

Shmonina V.P., Sokolgkii D.V.: USSR pet. 165 174 /1974/
Zakharin L.Io, kaslin D.HQ’ Gavrilmko LeVe: Izvest.

Jkad. Nauk SSSR 1964, 1511

Stibor I., Jenda k., Srogl J.: Z. Chem. 10, 342 /1976/

profimenko S.: J. Org. Khim. 29, 2046 /1964/

Brovn HeC., Garg C.P.: Jo AmeT. Chem. Soc. £6, 1085
/1964/

Tinepp P.: Angew. Chem. 80, 152 /1968/

Pinapp P.: Chem. Ber. 102, 2770 /1969/

Etienne &., Piat R.: Bull. Soc. Chim. France 1962, 55C

Newmen Me.S., Underwood Ge, Renoll M.: J. Amer. Chem.
Soc. T1, 3362 /1949/

Toyo Soda: Jap. pat. 5 3031 635 /1978/

Viood Te: US pat. 3 579 593 /1971/

Servery L., Marhoul A., RaZiZke V., Soukek J., Prochdzka
V., Srne V.: Czech. pet. 198 081 /1979/

Hem G.E., Coker W.P.: J. Org. Chem. 29, 194 /1964/

Kindler R., Oelschieeger H., Henrick P.: Ber. Eo,
167 /1953/

Veizmann A.: J. Amer. Chem. Soc. 11, 4154 /1948/

Freedman L.D., Doak G.0., Petit E.Ce: Jo Amer. Chem.
Soc. 11, 4262 /1955/

Smith J.M.: Chemical Engineering Kinetics, McGrew-Eill,
New York, 1970

Beek J.: Design of packed catalytic reactors. Advences
in Chemicel Engineering, Vol. IXI, Academic FPress,
New Yozk, 1962

Froment G.P.: Fixed bed catelytic reactors, Technological
and Fundamental Design Aspects, Chem.Ing.Tech. 46,
374 /1974/

Remechandran P.A., Chaudhari R.Ves Three phase cetalytic
reactors, New York, 1983

Mass Transfer with Chemicel Resction in Multipkase
Systems, The Hague, 19€3

Calderbenk P.E., Moo-Young M.B.: Chem. Eng. Sci. 1€, 31
/1961/




80

el

82
€3

84

Deckwer W.D., Burchhert R., Zool C. Mixing and mess
transfer in tal) bubble columns, Chem. Eng. Sci.
29, 21717 /1974/

PaZek J., Jerkovsky L., ReZdbek A., DoleZel P., keSek
J.: Czech. pat. 184 062 /1975/

Charpentier J.C., Pavier M.: AICHE J., 21, 1213 /1S75/

Henike J., Stenék V.: Handbook of heat end mess transier,
Chapt. 24 Operestion and design of trickle becd
reactors, Gulf Publ. Co., S. Louis, 1986

Pexidr V., Cerny J., PaZek J.: Reprint 4th Europeen
Symp. on Chemical reaction engineering, Bruxelles,
1968.




III. CONCLUSIONS

The present report comprises e Generel Part dealing with
the principles of non-waste technologies and e Specific
Pert devoted to four selected technologies of the chemicel
iIndustry to which are related the conclusions outlined
below,.

The contents of sulfur in the crude oils

as well as in the types of cnal being used
ere incessantly growing and, in parallel, theze is &n
intensification of the necessiiy of removing it either
from the offgeses end exhausts after combustion or,
alternatively, prior to combustion while using the
raw materials for power engineering, transrortetion,
and chemical purposes.

Intensive developments have been underway since recently

in the deep processing of crude oil where mainly the high-
-boiling distilletes and, ebove a2ll, the residuel oils

are used to produce high-grade fuels and petrochenicel
feedstocks. Substential progress has been ecliieved in the
modern production of low-sulfur fuel oile, in the innovation
of coel licuefaction, and chemicel processing of cerboche-
mical products.

Conversion of the high-boiling and residuel hydrocarbon
feedstocks 18 effected by modern, highly effective catalytic
and themmc-catalytic hydrogenation processes whereby the




undesirable components (sulfur, nitrogen, oxygen, metels)
are elimineted from the feedstocks and quality fuel oils
are produced, together with starting materials which lend
themselves much more easily to further cetelytic or themmic
processing, such as the feedstocks for pyrolysis, fluid
catalytic cracking, production of lubrication oils, etc.

Worth mentioning in the first plece from emong the new
processes used for suck purposes are: catelytic desulfu-
rization and hydrocracking of oil residues and csrboche-
mical raw materiels, mild hydrocrackirg, and hydrovisbreak-
ing. These processes are highly effective tecL.ically,

are economicel because of lower emergy consumption, and
meet the ecologicel requirements relating to the low-
veste technologies.

2n important complement'to the modern hydrorefining and
hydrocrecking processes is the non-traditionel use of

the liberated hydrogern sulfide or of elementel sulfur pro-
duced from this hydrogen sulfide. The production of sulfur
esphelts and concretes, of special sulfur-cornteining con-
posites, and of organic thiochemicels represents e sub-
gtantial economic and ecologicel contribution to tredi-
tional refinery and petrochemical production.

Sulfuric acid ranks among the most widely used products of
the chemical industry. As to the extent of production, it
ranks first in the world out of all individuelly produced
chemical compounds. Thanks to this it is of peramount im-
portance to the development of individuel national economies
end to the development of the chemical industry. Inasmuch as
the greatest share of sulfuric ecid produced is destined for
consumption in the production of fertilizers, it is clear
that the development of sulfuric ecid production has an
impact on the golution of the problem of food in the ed-
vancing countries.




The enelysis made end the report present meke it cleer
thet the selection of specific production technology, the
design end interconnection of epperatus, the selection of
raw materiels, and the links to subsequent chemical produc-
tions amount to e rather compliceted guestion which must

be solved with respect to the preveiling local conditions.

The fundementel guestion - i.e., the question of aininizing
sulfur dioxde pollution - is solved et the present time

by using e double conversion technology which cen warrsnt

e degree of 50, to 503 conversion higher than 9S.5:..

This very high efficiency, unparalleled in the case of
other chemicel productions, also relates to the selection
o2 proper catalysts and to an optiimization of its opereting
conditions in a commercial reactor.

Prom tre ccological viewpoint, another sroblem being
feced is thaet of disposing of end using the weste solu-
tions of contaminated sulfuric acid. This problem is
successfully solved in conjunction with the use of high-~-
~sulfur residusl fuel oil. Contenineted H2804 sclutions
at concentrations higher than 50% end even sulZate solu-
tions can be used for themic decomposition in furncces
fired with this kind of fuel oil.

From the economic viewpoin%, a question which is essential
for the sulfuric acid production plent is the utilization
of waste heat for rising stean.

On the basis of recommendations given in Part B, en
effective production of sulfuric acid can be designed so
as to suit the particular requirements of the country in
question while guaranteeing living enviromment protection
from damege.
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Nitric acid ranks also among basic inorganic chemicals
important for chemical industries, espesially for the produc-
tion of fertilizers.

As has been shoum the medium pressure process /0,4-0,6 MPa/
appears to be the mos: advantageous for capacities up to
500 mtpd HNO;. The NO_ concentration in the tail gas is,
however, high /about 600 ppm/ and selective reduction must
be applied.

For capacities over 500 mtpd the dual process is the most
ecoromical and shows also low level of nox in tail gas.
Combustion ia at medium pressure, while absorption at
high pressure /0,5-1,4 MPa/. The concentrations of NO_ in
the tail gas are lower than 200 ppm, normally 125-150 ppm.

It has been documented by full-scale data on operatior
from 18 plants in Czechoslovakia that application of low-
-vaste technology principles can guarantee emissions lower
than 2 kgs NOZ/t EBOB. Present average figure is 2,84 kg
N02/t EBO3 and the best plant produces as little as 0,35
kg N02/t HNO3. Further improvement of the average figure
is expected in near future. Appropriate ways and means
are reccommended in the report.

Attention was paid also to operational and environmental
safety of the process, especially to construction materials
resistant to corrosion. Recent development in emergy comser-
vation and vaste energy utilization was also assessed.
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The chemical methods of reduction of organic compounds
entail the necessity of disposing of the products of thre
reduction agents. As a rule their use is very problemetic
and, mostly, such products represent detrimental wastes
exerting a negetive effect on the enviromment. From this
gtandpoint, then, the replacement of the reduction agents
by hydrogen, which acis as a reducing species in the pre-
sence of hydrogenation catelysts, is very much welccme.

The present study surveys the chemical reductions of orgenic
compounds, presenting a classification by type of group

to be reduced and indicating the appropriate method to be
used in the substitution by catalytic hydrogenation. The
next pert is devoted to catalysts - their specific pro-

- perties, most frequeri applications, and regenerstion.

The front-ranking producers are listed end the trends are
showa which cen be discermed in the development of prices
of the precious and rare metals thet have been considered
in recent years for the preparation of catalysts. Attention
is paid to equipment for catalytic hydrogenations - the
reactor types for gas as well es liguid phase hydingenatiorn,
tne methods of heating and cooling, and the questions of
catalyst metering and separetion involving a number of
practical aspects are enslyzed.

The concluding part presents the guidelines for safety
at work with hydrogenetion and sources of hydrogen.
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APPENDIX

l. Criterie for evelustion of low-waste and roon-waste
tecirnologies

As already mentioned, assessment of the various effluents
emitted is problemetic. Solutions proposed for input/out-
put analysis, however, are normally based on lineer pro-
duction relationships. Corresponding models permit not

only economic but aleo ecologicel parameters such as pellu-
tion emission, as well as rew materiel end energy consump-
tion to be takexn into eccount.

Within the scope of suck model calculation can be deter-
mined the share of pollution accounted for by final pro-
ducts and by intermediate products.

The most importent steps of the method epplied are the
selection of criterie to be taken into account in the
eveluetion. It is possible to rank the eritcrie into four
groups:

- the criteris of enviromment protection

- the ecomomic characteristics

~ the technological characteristics

- the social criteria.
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l.1. Tke criterie of enviromment nrotection

The environmental criterie group selected for the evaluation
of the various technologies contains three mejor sub-groups:
- Criteria based on materiasl and energy balences

-~ Criteria relating to envirommental standards

- Economic criterie.

The criterie belonging to this group indicate the queli-

tative relationships of air, water, thermal pollution,
and waete production.

1.1.1. Criteria baged on materisl and energy belences

- D e > S . S G P > - D e o~ o o - e e on - o

tical comparison of similer operstions and technologies
in the s%ege of bot: design and execution. All the ecri-
teria to be shown here ere denoted by the letter C and e
subscript.

Cl = end geses /finel product
C2 = waste water/final product

Specific_fresh air and c¢lean water consumption relating

to unit_of_ finel product

D D i 20 ID G B G S S S Sy S T P =

The lovwer the figures, the more favorable tkhe technology.
C3 = air requirement / final product
C4 = water reguirement / final product

Ratio_of tne_ emount of purified end gaseg and waste vater
to_the_totgl amount_of end geses and waste weter.

These criteris are of major envirommental importarce but




they also cheracterize the technical level of tre techro-
legy.

C5 = purified end gases /total end gases

C6 = purified waste water /total vaste water

Production_criteria

These indicetors express the emount of finel product
thet could be produced /theoretically/ from the material
lost in waste weter and end gases. The lower their value,
the more favorable the technology. Tha equivalent emount
of the final product can be celculated from the meterial
balance.

C7 = equivalent finel product / finel product

Waste_produced per unit_of finsl product

This gives the absolute emount of waste relating to unit of
finel products. The lower its value, the more advantageous

the technology. Its value can be determined by measuremert

or it can be calculated.

C& = waste / final product

Wagte_produced per_unit_of raw meteriel

The ZLower its value, the more favorable the technology.
The value cen be both measured and calculated.
C9 = waste / raw material

Ratio_of utilized and totel smount of wagle

This figure indicetes how much of tie waste produced by

a technology can be utilized either witi.in or outside the
production facility. Its value can be either measured or
celculeted. The closer its velue to unity, the more favor-
able the technology.
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Cl0 = utilized weste / totel waste

These indicstors are of major importance when low- _
heat consumption technologzies are evaluated. Their vealues
can be measured or calculated.

Cll = actual hest conswaption / final product

Cl2 = theoreticel heet consumption / actusl heet consumption
Cl3 = exergy of total products / exergy of feed materiels

General environmentel noise level

Criterion for envirommentally harmfull components cen be
written as additivity by weight coefficients.

1:1.2., Criteria releted tc environments)] standsrdg

in air_and_waste water

These indicators can be either determined by anaslyticel
methods or calculeted from meterial balences. The permitted
values change from ome country to another.

Cl4 = discharge concn. in end gases / pemmitted cc cn.

Cl5 = discharge concn. in waste water / pemmitted concn.

The_ratio_of_pollutent emigsion_and permitied discherge

levels

C1l6 = emitted pollutants in erd gases / pemitited 2mission
Cl7 = emitted pollutante in waste water / pemmitted emission

Toxicity indicetor

C18 = toxic material / final product

Note: exergy = maximum possible use of work
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Bpidemiological indicators, envirommentel effecte,
corrosion/erosion indicators etc. should be evalueted
by specielists.

l.1.3. Economic criteria

Thig indicetor shows the ratio of capitel investment in
envirorment protection to total capital investment.
C1l9 = cepitsl investment in enviromment protection

/ total c.i.

Operation_criterion

C20 = operating costs of enviromment protection
/ opereting costs

Waste_processing_criterion
Phis is an indicetor which is to take account of the
costs of waste sbatement end control, plus the costs of

weste trensportation and dumping, and elso of the profits
that can be derived from waste utilizetion.

1.2, The economic characterigticg

Methods which use economic categories for the description
o? technological systems allow for more reliable charac-
terization of technologies and selection between variants
of given technology.

The economic criteria can be classified into three groups:

/a/ Investnent characteristics of a technology
/b/ operational characteristics of a technology




/c/ economic consequences of the environmental eZfects
caused by the implementation and operation of a
technology.

For the purpose of evaluation of the essential cuentitaetive
characteristics of the technology, its production capacity
is needed.

The criterie used for economic evaluation of various
technologies may differ from country to country and most

of thenm are commonly used in assessments of the feasibility
of projects.

1,3..0the: technological considerations

The aim of the technological evaluation is to exemine tke
technological system end to evaluafe the technical level
of the system. It is worth considering the following
aspects cf the problenm:

- which system elements, process parameters, and inter-
face conditions are most conducive to producing westes
and energy losses;

- which of the waste streams can be re-used.

Eveluation of a system should incorporate the following
information:

/e/ Sophistication of the technology /number of process
steges; the yleld of wastes at each stage and their toxi~
city; provision of waste processing within the enterprise;
necessity of creating an individual enterprise for waste
processing; necessity of waste transportation; necessity of
using special materials, equipment, and ingtrunents; ea-
ployment of new methods for the analysis of raw materials,




products, end wastes; complexity of starting end setting-
up a non-wast process/.

/b/ Analysis of inputs /amount and purity of raw meterials
used, amount and purity of auxiliary materisls used,
energy required/.

/c/ Anelysis of the operating characteristics /capacity
of plant with respect to most advanced technologies,
degrees of freedom under control, use of computers/.

/d/ Analysis of envirommentel outputs /air pollution;
water pollution; thermel pollution/.

Process development may involve experimenting, theoretical
analyses, mathematicel modeling, and optimizetion from
the point of view of enviromment protection.

1.4. Social considerptions relatinz to non-wagte
technologieg

The social criterie include:

- Bffects of technology on man, the working conditions
/climatic factors, noise, maximum physical lebor,
monotonousness of work, health hazards/.

- Effects of technolegy on the social climate /work force
and its composition, educational end cultural changes/.

- Evaluation of technology from the aspects of public
relations /public opinion about the desirability of the
technology/.




2. Plen of ection for minimizing wagte of energy end raw

materiglg for selected chemical vrocesses

The initial step is the selection of & system for study.
Then it is necessary to define the system boundaries.

The next step is to have a complete picture of material
flows in the system, a matez ial balance.

Third, the energy requirement of each process is assessed,
as are the sharee of output energy that can be utilized.

The fourth step includes calculation of the criteria.
Hethematical modeling of the process may be employed.

The fifth step is to appropriately gelect the technology
and apparatus.

Phe sixth step 1s to optimize new low-waste and non-waste
process verients and to recalculate the criteria.






