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D. Synthetic fibres

INTRODUCTURY SUMMARY

The synthetic-fibre journey of a petroleum extraction
from its source to the consumer's home proceeds in a
series of transformations effected by various chemical
processes. This journey which is technically described as
the “process route™ may be described in non-technical
terms as follows: first, there is petroleum extraction which
is followed, in order, by refinery operation, production
of aromatics and olefins, production of petrochemical
raw materials, production of synthetic fabrics and,
finally, the shipment of these fabrics to the consumers.

The most important synthetic fibres manufactured
from petroleum intermediates are polyamides (nylon),
polyesters (dacron, terylene, fortrel etc.) acrylic fibres,
(orlon, acrilan etc.). Of the total world output of synthetic
fibres, approximately 51 per cent are polyamides, 20 per
cent polyesters and 19 per cent acrylic fibres.

Polyamides and polyesters differ in clasticity and chem-
ical resistance. The former are largely based on benzene.
In particular, nylon 66—a brand of polyamide—may
be based on propylene, butadiene or cyclohexane
A reaction of acid with amine, followed by condensation
polymerization (elimination of water), yields a polyamide
(nylon). At each stage in the process route, that is, before
the final product is manufactured, one or two raw
materials may turn out to be the most important. An
example of this is caprolactam which is the relevant
monomer for the production of polyamides. An important
point to note is that the cost of producing such interme-
diste raw materials largely determines the commercial
feasibility of producing the final product.

Caprolactam may be produced from cyclohexane,
benzene, phenmol or toluene as primary raw materials.
For the manufacture of nylon 6, the cyclohexane method
is considered the least expensive. But, the economy of a
process should be conceived as varying not only with
the price of the most important intermediate raw material
Ji?the process, but also the size, location of the
plant and the by-products generated. The production
of fornoninporuntbuisnotonlyfot

i a constitutent of proteins, can be produced from
caprolactam. The alternative uses of caprolactam, as
well as of any other important raw material, should
influence the decision on its use in any specific chan-
nel.

A reaction of acids and alcohols, the most important
of which are terephthalic acid and ethylene glycol, results
in the production of polyester fibres. In the United
States, polyester fabrics are sold under the trade name of
“dacron”, and in Britain under “terylene”. In Japan,
ltaly and the Federal Republic of Germany, different
trade names are also in use. For the production of tereph-
thalic acid, p-xylene, a product of petroleum refining,
is the major raw material, while ethylene glycol is based
on ethylene production. The other synthetic fibres,
namely acrylics and polyacrylonitrile are, respectively,
based on acetylene-cum-hydrogen cyanide and propylenc.
Acrylics can also be manufactured by a direct synthesis
of ammonia and propylcne.

The main issues that emerge from thinking about
the prospects for the establishment of synthetic fibre
production in developing countries are whether the inter-
mediate raw materials should be imported or manufac-
tured domestically and, if this decision can be easily
made, which technical processes had better be used.
To develop the production of synthetic fibres, in develop-
ing countries, it is suggested that production should
start from the last stage and develop backwards to the
manufacture of petroleum intermediates. This means
that importing the intermediate raw materials might be
more economical initially,

The successful establishment of a synthetic fibre
production depends not only on the prospects of cost
minimization, but to a large degree on the extent of the
market and its fashion-taste orientation. A thorough
investigation of the customer’s acceptance of the end-
product would be advisable. Consideration should be
given to the fact that urban-dwellers arc generally more

i to accept synthetic fibres than the country-
dwellers who prefer natural fabrics, notably cotton,

especially in less developed countries.




s @ . - ce RPN e e e g ®

1. THE PETROCHEMICAL INDUSTRIES
Synthetic fibres

Prepared for the United Nations Centre for Industrial Development by UInstitut francais du pétrole

1. Introduction

Synthetic and artificial fibres constitute approximately
23 per cent of the total world consumption of natural
and chemical fibres, of which synthetics are about 25 per
cent and artificials 75 per cent. Synthetics and artificials
are estimated to be equally divided in the United States
of America for 1965.

The field of synthetic fibres is only little more than
twenty years old. First-comer was nylon, a polyamide
based on adipic acid and hexamethylene diamine.
To-day nylon fibres, including the caprolactam-based
types still make up some 50 per cent of the synthetic
fibres market. In the second place, both chronologicaily
and in terms of present importance, it is the acrylic
fibres which have been introduced largely at the expense
of markets for wool. A strong market growth is shown
by polyesters, notably types based on condensation
compounds of dimethyl terephthalate and ethylene
glycol. Still other fibres which are being introduced
include products based on vinyl chloride and polyvinyl
alcohol.

I1. Role of petrochemicals in synthetic fibres manufacture

If petrochemicals play a relatively minor role as to the
supply of intermediate products (acetic acid and acetic
anhydride) as feedstocks for the cellulosics manufacture
(viscose rayon and acetate rayon), synthetics constitute
both the most significant and the fastest growing market
for petrochemicals in the textile field.

It will be the purpose of the following sections to
consider for the most important synthetic fibres as:
nylons, acrylics, and polyesters

(@) The manufacture of the principal monomers,
which are supplied by the petrochemical industry and
which find their principal outlets in the manufacture of
wholly man-made fibres;

(8) The manufacture of polymers derivatives;

(¢) The spinning and drawing of polymers into syn-
thetic fibres.

HI. Nylon-type fibres

Two types of nylon make up almost the entire’' market:
nylon 66 which Is a copolymer of adipic acid and hexa-

methylene diamine; and nylon 6 which is formed by
polymerization of caprolactam. Nylon 6 was not intro-
duced to the American market until 1954 (it had
previously been produced in Europe); but since its
introduction this fibre has grown rapidly and if it accoun-
ted only for 12 per cent of the United States market for
nylon, everywhere else it has the first position.

A. MANUFACTURE OF MONOMERS

Three intermediates constitute the bulk of raw material
requirements in nylon production: adipic acid and
hexamethylenc diamine for nylon 66; and caprolactam
for nylon 6.

1. ADIPIC ACID

Adipic acid is not only one of the monomers for
nylon 66, it is also an intermediate in one route to
hexamethylene diamine, the other monomer. Two routes
are used in the commercial synthesis of adipic acid. The
older approach employs phenol as raw material, while
the alternative method starts from cyclohexane. In
both instances, the key intermediate is cyclohexanol.

(a) Phenol route

Cyclohexanol is obtained by the hydrogenation of
phenol and converted to adipic acid, using nitric acid as
oxidizing agent.

(b) Cyclohexane route

Conversion of cyclohexane to adipic acid is effocted
in two steps: air oxidation to a mixture of cyclohexanol
and cyclohexanone, followed by nitric acid oxidation of
these intermediates to adipic acid.

2. HEXAMETHYLENE DIAMINE

Hexamethylene diamine is the second key intermediate
in the manufacture of nylon 66. The compound may be
produced by the hydrogenation of adiponitrile which is
obtained commercially by one of two routes which start
from adipic acid and from 1,4-butadiene, respoctively.

(a) Adiponitrile via adipic acid
Adipic acid is reacted with ammonia. The resulting
ammonium adipate and adipamide are dehydrated to
adiponitrile,

m




(b) Buradiene route to adiponitrile

This conversion is carried out in three successive steps:
(a) chlorination of butadiene to dichiorobutene; (b)
nitrilation of dichlorobutene with hydroggn_cyanide;, .
(¢) "hydrogenation of dicyanobutene into adiponitrile.

3. CAPROLACTAM

This material offers a potentially lower-cost raw
materials base than hexamethylene diamine and thus
provides a long-term competitive advantage ‘or nylon 6
over the more firmly established nylor 66.

Caprolactam may be produced from cyclohexane,
benzene or toluene as primary raw materials. In the case
of cyclohexane and benzene, the routes of synthesis lead
via cyclohexanone oxime and the synthesis of this inter-
mediate is the key to the manufacture of caprolactam.

Thus, cyclohexanone oxime may be produced from
cyclohexylamine, derived either from aniline or from
cyclohexanol. Alternatively, cyclohexanone oxime can
be produced from phenol via the cyclohexanone. Both

: cyclohexanol and cyclohexanone thus figure as inter-
1 mediates in the synthesis of both caprolactam (for nylon 6)
) and adipic acid (for nylon 66), emphasizing the close
chemical relationship between the two types of nylon
(see figure I below).

Synthesis of caprolactam from cyclohexanone consists
of two steps:

(a) Reaction of cyclohexaiione with hydroxylamine
sulfate, producing ammonium sulfate as co-product;

(&) Beckmann rearrangement to convert cyclohexanone
oxime into caprolactam.

Synthesis of caprolactam from anilin= is also carried
out via cyclohexanol oxime. The route involves inter-
mediate production of cyclohexylamine.

(a) Economics of caprclactam manyfacture

Elements of the operating cost for a 15,000 tons/year

Taste 1. 15,000 TONS/VEAR CAPROLACTAM PRODUCTION BASED
ON  BENZENE-CYCLOHEXANE ROUTE *

Operating cost elements
investmen T va e “on
Process units (MM §) 13.5
kaw-material consumption
Benzene (tons/year) . . . . . . . . . 16,600
Hydrogen (10* m¥/year) 17,200
Ammonia (tons/year) 28,500
Oleum at 20 %; (tons/year) e oo ... 20300
Sulfur(tons/year).................14.300
CO,(tons/yeary . . . . . . . ... . 9,300
By-product ammonium sulfate ( tons/year). . . . ., . . . 75,000
Utilities requirements
Electricity (1" kWh/year) . . . . . . . . . . 23,000
Steam (10* tons/year) 280
Fuel (10¢kcalfyear) . . . . . . . . . . .. . 1,000
Refrigeration b (10* kFrigories/year) . . . . . . . . 45,000
Cooling water (10* m*/year) . . . . . . . . . . . 30,000
Demineralized water (10° m¥/year) . . . . . . . . . . 150
Chemicals and catalyst consumption (108 S/year) . . . . . 16
Labx:ur
Men/shifts . . . . . . . . 30
Menday . . . . . .. .. ... .. .. . 6

* Hydroxylamine sulfate production is included.
® At — |5 °C (NH,).
¢ Including chemists.

The benzene cyclohexane process is carried out in
five steps :

(a) Benzene hydrogenation;

(&) Oxydation of cyclohexane;

(¢) Production of cycohexanone oxime;

(d) Conversion of the oxime to caprolactam;

(e) Extraction of caprolactam.

The phenol-based process consists of:

(@) Phenol hydrogenation into cyclohexanol-cyclo-

caprolactam plant based, respectively, on phenol and hexanone mixture;
::em%h?ﬁm feedstocks are presented in the (8) See steps (b), (c), (d) and (e) of benzene-based
ables ow. process.
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TaBLE 2. 15,000 TONS/YEAR CAPROIACTAM PRODUCTION BASFD
ON PHENO! FEFD-810CK

Operating cost elements

nvestmens o . . e e.e
Process units (MM §) 124
Raw maierials
Phenol (1ons/yeur) . 14,700
Hydrogen (tons/yeary . . . . . . . . . 1,320
Ammonia (tons/year) . . . . . ... . . 28,500
CO, (tons/year) . . 10,500
Sulfur (tons/ycar) o 14,300
Oleum (20-25° M tonsiyear) . . . . . . . . 22,500
By-product ammonium sulfate (lons/year) . . 81,000
Ulilities
Electricity (10 kWhjyeary . . . . . . . . 24,800
Steam (10° tons/year) . . 400

Fuel il (10° tons;year) . . . . ‘ e 0.6

Refrigeration » (10¢ kFrigories/yea‘r) S 45,000

Cooling water 10°* m%year) . . . . . . . . .. 16,50

Demineralized water (10° m¥year) . . . . . . . . 150
Labow

Men/shift"..................30

Men/day . . . . . . 6

* A)- 15:C (NH,).

¥ l'wluding chemisis.

B. PoLYMERIZATION

|. NYLON 6 PRODUCTION

The polymerization of eaprolactam to nylon 6 can be
realized batch-wise, but it is more usually carried out
continuously at atmospheric pressure, in a tubular
reactor.

Solid caprolactam is melted and passed into a mixer
with the catalyst and the chain tsrminator. The mixture
is introdueed into the reactor, the tubes are heated to
250°C; the residence time is about twenty hours.

The polymer leaves the reactor in a molten state; the
impurities are removed by distillation. The polymer may
be either cast into ribbon form, quenched and cut, or
sent direetly to the spinnerets,

2. NYLON 66 PRODUCTION

This manufacture is carried out in two phases which
are explained in (a) and (b).

() Polycondensation of adipic acid and hexamethylene
diamine

In order to obtain large molecules, we have to introduce
into the polymerization reactor an equal number of
molecules of the diamine and of the dibasic acid. This
problem is solved by feeding the reactor by the salt.
There are two methods to form this salt: cither in water
or in methanol.

(i) Process in water

An aqueous solution of hexamethylene diamine s
added to a mixture of water and adipic acid. The tempera-
ture risc is controlled. When the pH is adjusted to that
of the neutray).salt, the, pravuct « a shation of about
50 per cent of salt — is concentrated to 70 per cent by
evaporation.

(i) Preparation in methanol

Solutions of adipie acid and hexamethylene diamine
tn methanol are introduced continuously into a stirred
reactor. The heat of reaction vaporizes the methanol
and this is removed by condensing the vapours. The
salt, insoluble in the methanol, is separated by erystalliza-
tion. The erystals are centrifugated and dried. The salt
is then dissolved in distilled and deminer."7ed water.
We obtain a 60-70 per cent solution.

(b) Polymerization

The aqueous solution of salt is sent to a heated auto-
clave, the atmosphere of which is free from oxygen,
The pressure and temperature in the reactor are increased.
Then pressure is reduced, while the temperature continues
to rise. The total residence time is about five hours.

The polymer is then extruded; to realize the extrusion,
we apply a nitrogen pressure in the autoclave. The polymer
ribbon is cooled by water jets. The surface moisture
is removed by air; then the ribbon is cu into “Chips”.

C. MANUFACTURE OF POLYAMIDF FIBRES

The eonversion of nylon polymers into fibres is carried
out in two steps: spinning and drawing.

1. THE SPINNING PROCESS

There are three methods of spinning:

(@) Grid spinning. mostly used for nylon 66;

(6) Band spinning, to treat aylon 6 of an accurately
dimensioned form;

(c) Direct spinning from the polymerization reactor;
this method which avoids the need to remelt, is most
casily applicable to nylon 6.

(a) Grid spinning

To avoid thermal decomposition, the polymer flake is
placed under inert atmosphere (steam or nitrogen).
For spinning under nitrogen, the flake is dried and charged
into a hopper, free of air, under nitrogen pressure. Then
the flake is passed into a second hopper, which permits a
continuous spinning during purge and recharge of the
superior hopper. The second hopper is purged b
to remove the moisture produced during melting.
polymer passes through a heated melt block and falls
into & hot grid.

Melting under steam needs not more than one hopper
and is carried out at & known pressure, generally one
atmosphere. Thus, the melting control is easier, but an
overcharging pump must be added.

mn




The molten polymer is filtered by sand and sent to a
spinneret; the holes are circular, bout 2/10 mm in
diameter. The cxtruded filaments arc cooled by air and
solidified. They fecd a steam-filled tube where their
moistyge incrgasgs apd the sfatic sroctsical-eharges roduce,
After an oil finishing, the filaments are wound.

(b) Band spinning

The installation is fed by an accurately sized band of
polymer. The band passes at a fixed rate into a heated
channel of the sanie dimension as the band. The polymer
melts and passes through a filter of sand and a spinneret.
The filaments are cooleu and treated in a similar manner
as with grid spinning.

(c) Direct spinning

At the end of the polymerization tube, the viscous
polymer is pumped through a battery of spinnerets and
extruded to filaments. Then the filaments are cooled,
lubricated and collected.

2. THE DRAWING PROCESS

The yarn is fed at a uniform rate to a draw roll. The
peripheral speed of the roll is greater than that of the
feed.

A number of wraps around the rolls are needed to
avoid slippage. Then the yarn passes to a down-twist
spindle, giving a low twist totheyarn to facilitate handling.

3. STAPLE FIBRE MANUFACTURE

After drawing, the yarn is crimped. Then the crimped
tow is passed on to a cutter,

D. ProcucTioN oF 5,000 ToNs/YEAR NYLON 6 FILAMENTS
40/50 AVERAGE DENIER

The elements of the operating cost for such a plant,
starting from caprolactam monomer and including:
polymerization, spinning and draw-twisting, are given
below :

Investment
Procesunits(MM® . . . . . .. . .. ... . 12.5
Rew material consumption
Caprolactam (tona/yssr) . . . ... .., .. .. 5,500
Utilities reguirements
Electricity (10°kWh/year) . . . ... .. ... .. 35,000
Steam (10°tona/year) . . . . . ... ..., . .. 18
Coolingwater (10 m*/ysar) . . . . . . ..., . .. 18,000
Detnineralized water (I0° mfyear) . . . . . . . . . 20,000
Nitogea (10°m¥year) . . . . .., . ... . .. 00

1V. Acrylic fibres

The main raw material for acrylic fibres is acrylonitrile.
Jhis cogstituteg 170 ngzwng o the monemer for Sre Pemt's
orlon, but only 40 per cent of the raw material for Union
Carbide’s Dynel (a vinyl chloride copolymer). Other
fibres vary in acrylonitrile content from 55 to 85 per cent.

A. MANUFACTURE OF ACRYLONITRILE MONOMER

By far the most important source of acrylonitrile is the
direct synthesis from acetylene and hydrogen cyanide,
although a smaller quantity is reportedly still made by the
conventional route based on hydrogen c¢yanide and ethy-
lene oxide,

An alternative route, in which propylene and ammonia
Serve as raw materials, is expected to become an important
factor in future production and utilization, both in the
United States of America and abroad. The advantages
are the following:

(8) Greater abundance of suitable raw materials at
lower prices than acetylene, cthylene oxide and HCN;

(b) Process simplicity compared to other processes
which require several steps;

(¢) Lack of necessity to feed and store the HCN;
(d) High product quality.

Extension of acrylonitrile consumption in the major
outlets: acrylic fibres, nitrile rubbers and plastics,
notably ABS resins, allied to the development of these

new manufacturing processes, allows cheaper acrylonitrile
to be produced.

Taste 3. 30,000 TONS/YEAR ACRYLONITRILE PRODUCTION BASED
ON PROPYLENE FRED-STOCK

Operating cost elements

Fnvestmeny

Including process units, general installation and tankage

MM ... .. T 12
Material balance (tons/year)
l’ropylubltﬁ'/................. 48,300
Ammoaia . . . . . . . . 21,600
By-products credit ;
Utilities requirements

Eloctricity (100kWh/year) . . . . . ... ... . . 42,000
Steam(tons/year) . . . . . . . . ... .. . 216,000
Cooling water (10° m*/year) . 18,000
. 6
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TABLE 4. 30,000 TONS/YEAR ACRYLONITRILE PRODUCTION BASED ON PROPYLENE FRED-STOCK

Manufacturing cost
Unit Unit cost [* " Awnual cost
$us wenircy 10° $iyenr
. . * Varioble chargss
Raw materials
Propylene . . . . . . . Tons 50 48,200 2.418
Ammonia e Tons 70 21,600 1,518
HsSO, . ... ... . . Tom k| 24,900 745
4,675
By-products credit
Ammonium sulfate . . . Tons 4 30,900 740
HCN . ... . . ... Toms 240 4,500 1,080
Acrolein . . . . . . . . Tons $00 1,200 600
Acetonitrile . . . . . . . Tons 500 450
Utilities
Electricity . . . . . . . 10® kWh 10 42,000 420
Steam . . .. .. . .. Tom 1.6 216,000 346
Cooling water . . . . . . 10° m* [ 18,000 108
874
Catalyst and chemicals . . . Tons 12 30,000 360
Labour
Salaries and wages . . . . Men/year 5,000 26 130
Supervision at 25 °; of salaries
and wages k »]
162
TOTAL VARIABLE CHARGES ) 3,201
Fixed charges
Depreciation at 12.5 % of total investment
Interest at 3.5 % of total investment
Maintenance at 4 % of total investment
Geners! plant
overhead at 2 % of total investment
Taxes and
insurance at 1 % of total investment
TOTAL FIXED CHARGES . . . . . . . . e e e e e e e e e e, 2,760
Manuracrummvocost .. L T-___l.

A comparison of the acrylonitrile manufacture based, Detailed elements of the operating cost for a 30,000
respectively, on acetylene and propylene feed-stocks, is tonsfyear acrylonitrile plant based on propylene are
given below. presented in table 3. Manufacturing cost and derived

Rew masertats Propyione Aceizions selling price are given, in tables 4 and §, respectively. |
amnenie ammonde 3
Investment (MM $) . . . . . 12 1 TAME 5. 30,000 TONM/YEAR ACRYLONITAILE PRODUCTION s>
Raw material price (3/ton) . . Propylens: 30 Aocstyleme : 290 ’ wmxm |
Masnufacturing cost ($/ton) A
e o oeo. crylonitrile selling price
......... T M0 g ot
v labour wd -
....... 47 47 20
Piaedcharges | | || % % B Degmacion proviie o f totalinvestmens ==
Profits * and taxes ¢ w ® s Neticomeaflertanes . . . . . . . . . ... . %00
Acrylonitrile selling price Nt income before taxes at SOpercent . . . . . . 1,000
Gon) . . .. .. . 0 W 5% coRt .. ... ..., 3,961
. 'g-bwm are fully valorised. ToraL sam 1%
ammonium sulfats is valorised, Acrylositrile selting price (S/fton) . . . . . . . . 20
¢ Corresponding to & five-year payout.
"hnuuml-u.nnau (ocgid). . ... ... 12
L1
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B. POLYMERIZATION OF ACRYLONITRILE

Acrylonitrile is polymcrized in suspension. Acrylonitrile
is introduced into a reactor with methyl acrylate (about
6 per cent), demineralized water and reactants able to
form free radicals such as SO, or OH. Such radicals are
polymerization initiators. The reaction is carried out
under nitrogen atmosphere. The temperature in the reactor
is controlled. The reaction product is sent to a stripping
column. The monomer is withdrawn at the top; the
polymer and the water leave at the bottom of the column,

The polymer is separated by rotational filters, and then
granulated and dried.

C. MANUFACTURE OF POLYACKYLONITRILE FIBRES

The polymer is ground and dispersed in a solvent.
The dispersion is degasified under vacuum, heated and
passed to a pressure filter. 1..e collodion passes through
another filter and goes to a coagulating bath. The fila-
ments are gathered in bands and are cold drawn. They are
passed into a washing vat and hot drawn. Solvent and
water are recovered: the solvent is concentrated by
distillation and recycied. The bands must be dried and
then stabilized by saturated steam. The filaments are

plasticized and crimped by compression, to increase
their cohesion.

D. ProDUCTION OF 20,000 TONS/YEAR ACRYLIC STAPLE
FIBRES

The elements of the operating cost for such a plant,
based on arrylonitrile monomer, are given below:

TABLE 6. 20,000 TONS/YEAR ACRYLIC STAPLE FIBRF PRODUCTION
Operating cost elements

Investment
Process units, includiug : polymerization; spinning;

finishing; solvent distillation (MMSY) . . . . . .. 14.4

Raw material

Acrylonitrile(tonl/year)..............20.4(!)
Utilities

Eloctricity (10° kWh/year) . . . . . . . . . . . . . 37,000

smﬂ@wﬂ/w)............... 400

Cooling water (10° m¥year) . . . . . .. . . . .. 17,400

Demineralized water (10° m¥/year) . . . . . . . . . 640

Compressed air (10* m¥/your) . . , . . . . 860
Chemicals and catalyst (S{year) . . . . . 800,000
Labour

Men/shift . 75

Meofday . . . . .............. .. 20

V. Polysstor fbres

Terephthalic acid and its ester (dimethyl tcrephthalate)
(DMT) are the key intermediates in the polyester fibres
production. The polyester fibres are made of polyethylene
terephthalate which is obtained by reaction of s molecule

s

either of terephthalic acid or of dimethyl terephthalate,
with two molecules of ethylene glycol.

All the manufacturing processes of the cster have a
step where tercphthalic acid is produced: this acid s,
impure and very difficul* o purify. So it is preferred 1o
produce the ester by distillation, in which it is more
easily purifiable.

At present nearly all the world production of polyester
fibres is carried out by the DMT routc. However, with
the problen of the acid purification being solved, in

Japan we assist in the erection of units to prepare tereph-
thalic acid.

A. MANUFACTURE OF TEREPHTHALIC ACID

Tercphthalic acid is prepared commercially by the
partial oxidation of p-xylene. The agents for the oxidation
of p-xylene are: air, or nitric acid.

1. AIR OXIDATION PROCESS

This is the most attractive approach, but if it is a rela-
tively simple means to oxidize one of the two mechyl
groups, the difficulty remains in converting the second
methyl group of the xylene molecule.

2. NITRIC ACID OXIDATION PROCESS

This method is practiced by Du Pont, who is the
largest manufacturer of terephthalic acid.

Economics of DMT manufacture

The elements of operating cost for a 10,000 tons/year

plant based on oxidation by air of p-xylene are given
below:

Investment (Process units and off-sites) (MM $) . . . 4
Consumption per ton of DMT
Raw materials
pxylene . . . . . ... ... ... .. 0.75 ton
Metharol . . . . . . . . . . .. . ... . 0.31 ton
Utilities
Electricity . . . . . ... ... ..... . 500 kWh
Vapour . . . ... ... ..... ... . 5 tons
Coolingwater . , . . . . ... . . . . 1,000 m*
Chemicalsandcatalyst . . . . . . . . ., . . . 4
Labour(menfshifty . . . . .. ... ... ... 4

B. POLYCONDENSATION OF DMT AND ETHYLINE GLYCOL

—POLYMERIZATION AND MANUFACTURE OF POLYESTER
FIBRES

1. POLYCONDENSATION

One molecule of dimethyl terephthalate reacts with two
molecules of ethylene glycol under formation of methanol
and dihydroxyl diethyi terephthalate, the monomer.
Industrially, the reaction is carried out between 150 sad




210°C, in the presence of a catalyst and with an excess
of diethyiene glycol. The equilibrium is displaced, by
removing the methanol formed, in a column.

2. POLYMERIZATION

The monomer is not separated: some polymerization
occurs in the reactor, and the effluent is a mixture of
monomer, dimer, trimcr and sthylene glycol. The polyme-
rization is carried out in autoclaves, under an absolute
pressure inferior to | mm of mercury, at about 280°C.
The reactor is stirred and the glycol formed is removed.
When the desired viscosity is reached, the polymer is
extruded, cooled and cut into “chips”.

3. POLYESTER FIBRES

Polyethylene terephthalat is melt-spinnable to give

drawable fibres which then possess desirable properties
of high strength and flexibility. Polyethylene terephthalate

fibres are being produced as filament yarn, staple fibre
and continuous staple.

C. ProDUCTION OF 5,000 TONS/YEAR POLYESTER STAPLE

[FIBRES (60 PER CENT COTTON TYPE AND 4Q, PER CENT

WOOL TYPE)

The elements of ~perating cost for such a plant, in-
cluding polycondensation, polymerization and fibre
manufacture are given below:

Investment (Process units and off-sites) (MM $) . . . 7
Raw materials consumption

Dimethyl terephthalate . . . . . . . . . . . . . 53500 tons
Ethylene glycol . 1,000 tons
Utility requirements

Ele "~ 'y(l0°kWh/year). . . ... ... ... 450
Stean. . Stons/year). . . . . ... .. . ... 23
Labour

Menjshit . . . .. .. ........... 4
Men/day . . . . .. .. ... . ]




2. THE PRODUCTION OF SYNTHETIC FIBRES ON A PETROCHEMICAL BASIS

P, Seifert, Director, Inventa AG. fiir Forschung und Patentverwertung, Switserland

1. INTRODUCTION

Petroleum chemicals form part of the chemical ind ustry.
so that their substantial development can best be antici-
pated in areas with a highly developed chemical industry,
The lack of availability of raw materials was the early
limitation restricting petrochemical development beyond
the United States. After 1945, for a variety of reasons,
it became w..  olicy of the petroleum industry to locate
oil-refining capacity in the regions of major consumption.
This resulted in a vast expansion in the refining capacity
of Western Europe and caused attention to be diverted
to the possibility of chemical production from these
refinery sources.

1. RAW MATERIALS FOR PRODUCTION OF PETROCHEMICALS

The basic raw materials for chemical manufacture are
natural gas, refinery gases and liquid hydrocarbon
fractions. From these basic raw materials are derived
the secondary raw materials, such as:

(a) Acetylene, prepared from methane;

(b) Methane, 2 major constituent of natural gas;

(c) Higher paraffins (cthane, propane, butane), which
may be separated from natural gas or from refinery
gas streams;

(d) Ethylene, propylene, present in refinery gas streams,
or produced by pyrolysis or thermal cracking.

The lower paraffins are used too for the production of
synthesis gas, which may be transformed to a mixture of
CO, and H,. Hydrogen gas produced in this way goes
into the manufacture of ammonia, as well as into a
variety of hydrogenation reactions.

For the production of synthetic fibres, not only alipha-
tic hydrocarbons are necessary, but also aromatics.
These are obtained by catalytic reforming of naphthenic
hydrocarbons. Benzene, toluene and xylenc are used,
mainly, as aromatic, secondary raw materials in the
synthetic fibre industry.

All these compounds are available from coal also to
the extent that coal is carbonized. This, in turn is related
to the progress of the steel- and gas-making industries.
However, these industries are not expanding in tune
with the demand for aromatic hydrocarbons. The trend
from coal to oil may best be illustrated by the United
States production figures for aromatics (table 1),

Petrochemical units are usually continuous, elaborate,
operating with catalytic promotion, and highly automated.
They consequently require a large scale of operation to
secure an economic advantage. Unless there is an econo-
mic advantage, there is little purpose in the development
of petroleum raw materials to serve the chemical industry
in any particular instance. Therefore, it is important to
ensure that any project envisaged includes production
facilities of not less than “minimum economic size”.
Having established the minimum economic size for a
particular operation in a particular area, it is necessary to
take a clear, cold look at the market available. A single
petrochemical unit may be expected to serve a much
higher proportion of the total market than most petroleum
units would do. Since the final product is likely to be the
subject of precise chemical specifications, there is little
flexibility in production available to such units. This
low flexibility of petrochemical units it a point to keep
in mind.

The chemica! industry thrives best in an industrial
climate. Only in such a climate will exist the major con-

Tastz 1. UNITED STATES AROMATICS PRODUCTION

Bonoony Tohune Xyione
Coal on Coal o Cond o
1952 . ... 216,000 35,500 64,000 41,000 10,000 61,500
19%¢ . . .. 165,000 92,000 36,000 123,000 10,000 100,000
195 . . . . 225,000 112,000 43,000 131,000 12,000 124,000
1958 .. . 144,000 142,000 32,000 207,000 9,000 191,900
190 . . . 140,000 309,000 33,%00 40,000 £,900 274,000

Souncs : Waddams, Chuwionls flom Pesroloum, p. 122,
m




TABLE 2. WORLD FIRRE PRODUCTION

1950 1963 1980
- _ e — testim.
Mill. metr. tons Per cemt Mill. metr. tons Per cent per cont)
Cotton . . . . ... . .. 6.25 69.5 15.50 724 P
Wool. . ... ... ... 0.95 10.6 1.5 7.0
Cellulosicfibres . . . . . . 1.73 19.2 3.05 143 40
Synthetic fibres . . . . . . 0.07 0.7 1.32 63 |
TotaL 9.00 100.0 21.37 100.0
sumers of its products, which the large-scale operaticns TABLE 4. SYNTHETIC FIBRE PRODUCTION 1963
of petrochemical manufacture demand. Moreover, the
production of chemicals from petroleum and—as we Per comt
shall see—-of intermediates for the synthetic fibres produc- =" T T T T e e
tion, involves a considerable consumption of such Ppolyamides . . . . . ... .. . . ... .... s1
chemicals as sulphuric acid, nitric acid, ammonia etc. Polyesters . . . . . . . . ... ... .....,. 20 ;
These are generally available on an economic basis only Acrylicfibres . . . . . . . . . . . . .. .. .. 16
in an industrial region. Others . . . . . ... ... ... . ...... 13

The above outline will indicate the difficulties of initiat-
ing petroleum chemical manufacture in less industria-
lized areas, even where the raw materials are cheaply
and abundantly available. One is faced with the alternative
of building a plant mainiy to meet local needs, in which
case it will be so small as to be below the normal economic
size (and may require government subsidy or some sort
of protection to be viable), or of building the plant to
an ecopomic size, and then to hunt for external markets.
Chemical plants are normally more expensive to construct
(#nd maintain) in a less developed country, the techniques
of industrial exporting are less highly organized, and
most of the nearby markets will also be relatively small,
Exporting chemicals from a less developed area is there-
fore a matter of some difficulty.

In the main part of our discussion paper, we would
like to show the way from the secondary raw materials
mentioned above to the praduction of the different
synthetic fibres.

Let us first take a look at the present role of the syn-
thetic fibres in world fibre production (tables 2 and 3).
The magnitude of the sums involved in the synthetic

TasLe 3. WORLD PRODUCTION oOF
(1,000 METR.TONS)

MAN-MADE PIBRES

Towul
Celluivsic Mdves Synthetics man-made

RAbres

9% ... .. 2,521 (31%) 517 (19%) 3,09

1960 . 2,603 710 3m

19 . . . .. 2,690 838 kX7 ]

196 . .. .. 2,068 1,01 394

196 . . . .. 3,05 (0% 1,320 (30 %) 4,370
Tnoreass

1959-63 2 % 129 % 0%

SoUnce : Chemiefasern (1964). 8. 78.

fibre business may be assessed by the fact that, with an
assumed mean price of $2,000/ton, an annual sales
volume of $2,600 million is reached (1962).

Polyamides, polyesters and acrylic fibres are the most
important representatives of the synthetic fibres kn. -~
today. The relative position of these groups is shown in
table 4.

The rapid development in the field of polyamides and
polyesters may best be seen in figure 1. It reveals that the
relative growth of polyester production is superior to
that of the polyamides. This trend may, however, change
in the coming years, depending on which of the two,
polyamides or polyesters, wins the final contest for tyre
cord.

In the following, we shall try to take a closer look
at the production methods of some of these fibres.

1,000 metr, sone

. o e 1
Figuee L. World produstion of polyamids and polysster

‘4.
it
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II1. POLYAMIDES OF THE NYLON 6 TYPE

Nylon 6 represents a European development originated
by Professor Dr. Schlack, whereas nylon 66 was invented
before the Second World War by W. H. Carothers of

‘b8 Pont (Untéd- States). The differeni development in

the United States and in Western Europe persists to the
present day. It scems, however, that in the near futuce
this difference will get smaller, as nylon 6 capacities in
the United States arc built up, and production of nylon
66 starts in Western Europe. The figures relating to the
East European countries are as yet uncertain and will
therefore be disregarded in this survey.

The assumed capacities for caprolactam, the starting
material for nylon 6 are given in figure 1. A cheap
caprolactam synthesis is decisive for any economical
process for the production of nylon 6. It goes without
saying that questions of location and starting materials
available must be considered in the selection of a process.
In the main, the following processes so far adopted for
industrial utilization are known at present:

(a) The classica! process starting from phenol;

(b) The classical process starting from cyclohexane
with direct oxidation;

(c) The photo nitrozation process (PNC);
(d) The SNIA Viscosa process, starting with toluene;
(¢) The nitration process of Du Pont.

The next illustration (figure I1I) is a formula representa-
tion of the various syntheses.

We would like to discuss now in more detail the
cyclohexane oxidation process and shall, as an example,
describe the procedure developed by Emser-Werke, and
licensed by Inventa Ltd.

The process is in principle performed in two stages :
i.e, it involves first the oxidation of cyclohexane with
atmospheric oxygen at elevated temperature to yield
a product mixture of un:.acted cyclohexane, cyclohexa-
none, cyclohexanol and higher oxidation products,
and secondly, the catalytic dehydrogenation of cyclohexa-
nol to form cyclohexanone.

1,000 m. tons/yeor
174 r

.84

Eureps

UsA

Figure [1. Caprolactem production (1963) (broken down for the
United States, Westorn Exrape-and Japan)
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The oxidation stage yields part of the cyclohexanol
esterified with by-product carboxylic acids. Therefore,
the oxidation stage is followed by a hydrolysis step, in
which the cyclohexanol is liberated, while all acid by-
products arc simultancously separated. Next, unreacted
cyclohexane is distilled off from the refined oxidation
mixture, and the bottoms are pumped to a combined
distillation-dehydrogenation system to give pure cyclo-
hexanone. This product, derived from cyclohexane, gives
on oximation and Beckmann rearrangement high-
quality caprolactam and subsequently polymeric nylon 6
which is at least equal to the product obtained from
phenol.

A cyclohexane-oxidation plant with a capacity of
1,000 t/month cyclohexanone was put on stream in
March 1962. In more than two years of operation now,
the process data originally established in the pilot plant
were industrially confirmed and partially even exceeded.
In addition, the plant supplied a wealth of chemical and
technical data. The yields of cyclohexanol/cyclohexanone-
mixture reach up to 80 per cent depending on the level
of cyclohexane conversion. The following figures show
the flow-sheet of this process and a few glimpses of the
plant itself,

It is our opinion that the syathesis of caprolactam
according to the cyclohexane oxidation process is a very
economical way to produce mylon 6. UBE Industries
(Japan) is operating successfully an Inventa oxidation
plant, s0 is Mitsubishi Chemical Industries (Japan):
further plants are in construction. BASF in the Federal
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Figure 1V. Cyclokexane oxidation process

Republic of Germany and Staatsmiinen in the Nether-
lands operate on a similar principle. Recently, Scientific
Design sold a cyclohexane oxidation process to France.
This process is, however, not yet industrially proven.

The importance of cyclohexane oxidation may be
shown by listing the leading producers of caprolactam

and their processes. The figures are taken from literature
or cstimated.

The economy of a process depends on the prices of the
starting materials, i.c., cyclohexane, phenol, or toluene
(SNIA) prices as the case may be. In addition, the size
of the plants ifly be decisive fot tite Sele®ion of a process,”
According to our calculations, with capacities under
5,000 tons per annum the phenol process is more econo-
mical than the direct oxidation process, due to the lower
capital requirements. On the other hand, the cyclohexane
oxidation process is profitable above 5,000 tons per
annum.

In the classical process involving the oximation stage,
the provision of Aydroxylamine and its price is of par-
ticular significance. For hydroxylamine, the following
processes are known today:

(a) The classical process via sodium nitrite ac: Jrding
to Raschig;

(b) Gas-phase nitration of metbane, ethane or propase.
The corresponding nitroparaffins formed are converted
to oximes by means of concentrated sulphuric acid:
finally the oximes are hydrolised to hydroxylamine ;

TABLE 5. CAPROLACTAM PRODUCERS AND C \PROLACTAM PROCEJSES

Capactiy
Producers 1983 Process Expansion| plans
{m. ton/yoar)
JaraN
Ubs Industries,
Ube 32400 Inventa 40,000

10,800  Own Process (ond of 1964)

Toyo Rayon,

Nagoya 43,200
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(c) The direct hydrogenation of nitrous Bhset;
(@) The Inventa process via ammonium nitrite.
Direct hydrogenation and the Inventa process provide
the advantage that the only by-product formed is ammo-

.. niv sulphgte, hich can . be wsed .as fertilizer. & his

possibility is of interest wherever by-products cannot be
conducted imo water courses as waste owing to water
contamination.

To round off the picture, mention may be made of
some caprolactam production processes which, for a
variety of reasons, are not yet industrially performed.
A process developed by Union Carbide Corp involves
cyclohexane oxidation to cyclohexanol, followed by
controlled oxidation to caprolactone and reaction with
ammonia under pressure to give caprslactam,

Scientific Design starts with a cyclohexane oxidation
step and continves in a not hitherto disclosed way to
caprolactani. Emser-Werke/Inventa have developed pro-
cesses as shown in the next figures.

Caprolactam pas: nto nylon 6 production virtually
exclusively. The larpest part thereof is used for textile
production for yarns, fibres or silk for tyre-cord. A small
pnnw”imthcplwiam,whichwmh
delnwithhuoth«uction.hwoddmam
that textile requirements in the polyamide fleld can at
mvhﬂyhmbylybntmnybn“.
Otherpolyn-iduunhrdlycmoo-mmmm
prodmlémprioumrchﬁnlylov.thnhtohtp-
production rates. [a recemt yoars, a certaia stabilimtion
of prices has been witnessed as well.
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sought for the textile fleld: rather, the existing products
are subject 10 improvement. As an exsinple, we have the
climination of fiat ing in tyre-cord which Du Post
appears 10 have solved by polymerizing in trimellite
or ic acid.
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Polycondmantion of caprolactem and AH-salt, sphming

A few words may be appropriate here to the subject
of polycondensation. Caprolactam may be polyconden-
sated continuously at normal pressure in o very simple
apparatus. The polymer may, then, be extruded to bands
and cut into chips' these are then washed 10 remove
unreacted monomer, dried and subsequently spun to
yisld staple or fibres. In a more sophisticated way,
monomer is removed from the melt by mesns of vacwum,
steam or warm imert gas, and the melt is spun-—withowt
intermediate chips-stage—directly into bres or saple.

For AH-salt, continwous polycondensation hes as
yot not been carried out industrially. AH-salt—and
carely caprolactam—are polymerized discontisuoualy
inmhmundnmmudthnverh‘.b
chips as noted earkier. For aylon 66, an cxtraction of
the chips is wannecessary.

V. POLYACRYLOMITRLE POR THE PFBOE PRODUCTION

The production of acrylonitrile may be based on
(@) Acetyleme + HCN;

(#) Ethylene (othylemonide) + NON;

(¢) Acetaldehyds + NCN;

propylene-based methods. For example, ICI has disoon-
tinwed production of acrylonitrile from acetyleme. It is
building propylene-based facilities.

The acetylene-HCN synthesis is carried out ia aqueows
ammonium chioride solution with cuprows chloride as
8 catalyst. The reaction is carried out at 30-90°C aad
slightly clevated pressure. The yield is 30-85 per ceat,
based un acetylene, 90-95 per cent based on HCN.

In a two-step synthesis, based on propylene, a very
dilute stream of propylene in air is passed over molten
selenium and then over a copper on aluminia catalyst
heated to 280°C: the exit gas, containiag acrolein and
uncombined propylene and oxygen, is then mined with
ammonia and passed into a second reactor, which cos-
tains peliets of phosphomolybdic acid oa
maintained at 370°C. The contact time is parts a
second, the yield around 75-80 per cest. Distillers Co.
Ltd. and Shell keep patents on this process.

The presently most popular synthess of acrylositrile is
the single stage process developed by the Standard Oil Co.
of Ohio. Following the patent description, a mixture of
m,mh,wmmymudmhm
at 435-300°C, at a pressurse of 2.) stmosphores,
over a fluidized bed of catalyst comprised of bismuth- or
tin-phosphomolybdate on a carrier. The contact time is
srownd 23 seconds. The conversion te scrylenitrils ie
30-33 per cent (besed on carbon): miser by-preducts
are acetonmitrile and acrolein.

The polymerization of acrylonitrile is industrially
mbdoninomulnionormmmm
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aid of perony- or redox-catalysts. The dry polyacryloni-
trile powder may, then, be spun into fibres by two different
processes:

(@) A solution of polyacrylonitrile in dimethylformal-
dehyde is dry-spun into air;

(b) A solution of polyacrylonitrile in dimethylformal-
dehyde 1s wet-spun into a coagulating bath containing
glycerine or certain inorganic salt solutions.

Pure polyacrylonitrile cannot be satisfactory dyed by
the usual processes, although special techniques are
available today. To improve dyestufl-affinity, other
monomeric substances are copolymerized with acrylo-
nitrile, such as methyl methacrylate, 2-vinylpyridine,
polyvinylacetate and others. The chemical composition
of the modified acrylic fibres produced varies rather
widely.

V1. PoiLyestens

Owing to the ready availability of its raw materials
the polyester of ethylene giycol and of terephthalic acid
has so far made its way, particularly in the field of Alms
and fibres. Polyethyiene terephthalate fibres differ mainly
inmpoctoltheirchsﬁcpromiufromllmsmsde
of polyamides and have thus become accepted mainly
in the field of garments. This difference in the elasticity
of polyamides and potyesters is shown in figure X.

Polyester fibres are also characterized by their low
water absorption and their good light fastness. Thus,
they are weed for curtains, and, on the techaical side,
in the manufacture of conveyer belts, tyre-cord, tarpaulins,
screen fabrics, fler cloths, fishing nets and the like.
Woven fabrics made from polyester Abres—or from blends
with wool—such as trowsers and women's skirts, are
creaseproof. The polyesters based on terephthalic acid
hwahouoodthmoftiminthebldofhi;h-
quality films aad foils,

Wehwnu..tthbom‘ ing, that the share of poly-
osters in thmlhoprodwionhuilmmly
m,mkmwm,mttumm
olthhnbwmhoaaunpw'.dm.

Before sarting the discussion of the production
methods of polyesters, let ws mention some less satiefac-
tory properties of the polyssters. Naturally onough, it
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Figure X. Stress-strain diagram for polyester and nylon 66

has been and it is the aim of considerable research to
improve these properties, By way of example, the compa-
ratively poor dye affinity of fibres formed of terephthalic
scid and ethylene glycol is due to the low water absorp-
tion, the low-swelling tendency and the high crystallinity
of the stretched fibre. Another property of polyethylene
terephthalate fibres worthy of improvement is their
proneness to polling. This results in poor appearance
owing to the pollets forming on the surface of the fabric.

A modified polyester fibre which is easy to dye and less
subject to polling has been developed by the Emser-Werke,
Switzerland. It is a copolyetherester which contains
besides terephthalic acid and cthylene glycol, p-hydroxy-
benzoic acid. This may be see in the figure X1

This copolyetherester contains besides the ester bonds
also ether bonds, which are formed during transesterifica-
tion as well as during precondensation and polycondensa-
tion. With increasing contents of p-hydroxybenzoic acid,
the melting point decreases, the crystallinity of stretched
fibres is lowered and the dye affinity improved. The next
illustration shows the influence of a 10 per cent content
of p-hydroxybenzoic acid in the polymer on dye absorp-
tion under comparable conditions.

Dyeing was in both cases effected at boiling temperature
withommunmdwithomthcwofurﬁm.'ﬂe
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incorporation of p-hydroxybenzoic acid in the polymer
chains interferes with the formation of the macromolecules
and causes reduced crystallisation This phenomenon
benefits not only the dye affinity, but also the production
of films and foils made from copolyether ester. Inciden-
tally, the p-hydroxybenzoic acid inay be replaced by
vanillic acid or other aromatic hydroxyacids of similar
structure. This may be important if attempts are made to
obtain vanillin from sulphiie waste liquor in an econo-
mical manner. The most important raw materials for
the production of linear polyesters are still terephthalic
acid and ethylene glycol. There are various methods of
producing them.

Terephthalic acid

The different processes for the production of tereph-
thalic acid are shown in figure XII.

1. Nitric acid oxidation of p-xylene

The oxidation is carried out at 200-230°C under system
pressure (25 atm: 400 p.s.i. at 200°C). 2.1 kg 100 per cent
HNO? are used (supplied in 25-40 per cent strength)
per 1 kg xylene. The yield is reported as up to 89 per cent.
In this process, a comparatively highly contaminated
acid is obtained which can be purified via the dimethyl
ester. This is the reason why dimethyl ester and not free
terephthalic acid has been taken as the starting material

p-xylere Toluere Phthalic acid anhydrids
CHy CH,y
- QO
0
- &eo
Chlorine
methyletion Neutralization
CHy
p=chloro- €00K
mathyl- OieK«
tolvene C00K phthalote
CH.CI
Esterificotion Reorrangerment
HND 4 COOCHJ Lok
Oxidetion Toluic acid Dl-K-
methylester terephthalote
Cetalytic HNO
air 3°
oxidetion | 3 Air oxidatlen | Oxldation  COOK
‘ Liquid phase
COOCHJ
Tersphthalic
acid mono-. Precipliation
mathylester
COO0H
&Elnrlﬁcaﬂm
COooN Co Hy COOH COOH
COOM COOCH:, COOH COOH
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ould dimethylester cid

Figure XII. Terephthalic acid

so far in all major production plants. The dimethyl ester
can be readily brought to a purity of 99.99 per cent by
distillation and recrystallization. This high purity is
essential, as small quantities of inipurities may block the
growing polymer chains and prevent the formation of
products with a sufficiently high molecular weight.

2. Catalytic air oxidation of p-xylene in solution

This process was developed in the United States.
It provides a better terephthalic acid than does the nitric
acid oxidation process, but purification is still effected
via the dimethyl ester. The oxidation is carried out
between 140-200°C, under system pressure. Manganese
acetate combined with ammonium bromide are reported
as catalysts: sometimes, acctic acid is used as a solvent.

3. Chloromethylation and nitric acid oxidation

Toluene is taken as the starting material: it is first
chloromethylated, then the product is oxidized with
nitric acid. Forty per cent o-phthalic acid is obtained as a
by-product. The crude acid must also be purified via the
dimethyl ester.

4. Two-stage air oxidation of p-xylene in the liquid phase
( Wittener process)

Xylene is oxidized, in the presence of catalysts such as
Co-toluate, at 140-160°C to p-toluic acid (conversion
20-40 per cent per pass). The toluic acid formed is esteri-
fied with methanol. The toluic acid methyl ester formed
is catalytically oxidized with air to yield terephthalic acid
monomethyl ester, which is finally esterified to the di-
methyl terephthalate, which may be readily purified.

5. Rearrangement of the dipotassium salt of o-phthalic acid
to salts of terephthalic acid (Henkel process)

O-phthalic acid is produced from naphthalene, from
o-xylene or by carboxylation of toluene. The rearrange-
ment of the dipotassium salt is occurring at ca. 400°C.
Cadmium salts are reported to be used as catalysts.
The dipotassium terephthalate is dissolved in water.
This solution may be readily purified. When the terephtha-
lic acid is precipitated by means of hydrochloric acid
or o-phthalic acid, an exceptionally pure terephthalic
acid is obtained. It need not be purified via the dimethyl
ester, but can be directly esterified with ethylene glycol.

This process has thus made it possible for the first
time to start from free terephthalic acid in the production
of the polyester. This involves considerable advantages,
since the recovery of methanol is rendered unnecessary.

In addition, terephthalic acid can be more economically
produced according to the Henkel process than an

equivalent quantity of dimethyl ester according to any .

one of the processes described.

While the direct esterification of terephthalic acid with
glycol still offers a number of technical and chemical
difficulties (problems of charging, formation of diglycol),
the production of polyesters appears to have obtained a
considerable impetus.
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I. GENERAL INTRODUCTION
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. Polyester fibres are relative late-comers to the field of

¢ synthetic fibres, arriving on the scene as they did a few
years later than rayon, While the use of polyesters in
fibres (as well as films and other forms) has enjoyed
a rapid growth, polyesters are still out-paced by
3 nylon.

Polyesters, by gencral definition, are a polymeric
substance made by the reaction of polybasic acids (or
their esters, anhydrides etc.) and polyhydric alcohols.
In actual commercial production, the acids and alcohols
used as the basis for fibre polyesters consist in the main
of one combination—terephthalic acid (or its derivative:
dimethyl terephthalate, known in the trade as “DMT")
and ethylene glycol (or its precursor ethylene oxide).
The polymer formed is known as polyethylene tereph-
thalate. It might be worth noting, in passing, that a rela-
tively small amount of isophthalic acid is used along with
§ terephthalic in special cases, but not in important enough
quantities to deserve attention here.

There are a relatively small number of companies
g in the world who have the “know-how” and who are
producers of polyester fibres. The fibres are sold under
the trade names Dacron (Du Pont), Terylene (Imperial
Chemical Industries (ICI)), Fortrel (Celanese-ICl), Teto-
ron (Japanese), Trevira (Germen), Tergal (France),
Terital (Italy) etc. Increased emphasis on polyester
fibre production may be expected now that United
States patents covering polyester fibres have expired.
These patents were originally owned by United King-
dom’s Calico Printers’ Association, which sold world
rights, except in the United States, to Imperial Chemical
Industries. The United States rights went to Du Pont,
The new American entrants thus far into polyester
fibres are Tennessee Eastman, Beaunit Mills, and Fiber
Industries (the ICI-Celanese Joint Venture). Considerable
publicity has recently been given to the licensing by
ICI of its polyester fibre technology 1o countries with
centrally planned economies, particularly the USSR,

for terephthalic acid and certainly for the case of ethylene
glycol — are far less concentrated. It is interesting to
note a difference between the two precursors at this point.
Terephthalic acid (or DMT) is a relatively new industrial
chemical and is manufactured emsentially for the sole
purpose of use in polyesters it is consequently manufac-

3. POLYESTER SYNTHETIC FIBRE MATERIALS FOR DEVELOPING COUNTRIES

David Brown, Halcon International, Inc., US4

tured by a reasonably limited number of organizations.
Ethylene glycol (or ethylene oxide), on the other hand,
has been a major industrial chemical for many decades
and is used mainly for the purposes other than polyesters
(major example: anti-freeze); the world production
of ethylene glycol is consequently many times that of
terephthalic acid. Possibly because of the situation descri-
bed above, the cost of production and “transfer” price
of ethylene glycol is about half that of terephthalic acid.
Since more than two-thirds of the weight of polyester
fibres is made up of the more expensive component,
terephthalic acid, it is obvious that economic develop-
ments in the production of terephthalic component
will have the greatest effect on polyester fibre cost.
Incidentally, it is far more likely that important economic
improvements in the manufacture of terephthalic acid
will be made in the future than is the case for cthylene
glycol, which is now almost at a rock-bottom price and
will probably enjoy only marginal improvements in the
future. As a matter of fact, as will be discussed later, the
costs of manufacturing terephthalic acid have already
undergone drastic reductions in the past few years, and
still more arc soon to come, which could possibly
contribute to a noticeable improvement in the competitive
position of polyester fibres vis-d-vis other synthetic
fibres.

It will be the purpose of this paper to examine factors
affecting costs and competitive situations for terephthalic
acid and ethylene glycol as they exist today in the highly
industrialized countries. It is hoped that from this discus-
sion may arise constructive ideas as to the strategies
which should be considered by nations in the earlier
stages of industrial development.

I1. TEREPHTHALIC ACID AND DIMETHYL TEREPHTHALATE

A. General survey of commercial methods of manufacture

The major raw material used today for the manufacture
of terephthalic acid is p-xylene. The source of p-xyleneisa
reformed product made in modern processes of petroleum
refining, and results from efforts to increase yields and
octane numbers of hydrocarbon raw material sources by
8 process of cyclization and aromatization of the more
paraflinic hydrocarbons. While it is possible to synthetize
p-xylene from isobutylene, it is not known that this
process is practiced on a large commercial scale, if at all.
A commercial process for terephthalic acid, but used on
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a relatively small scale, involves the rearrangement of the
potassium salt of benzoic acid or o-phthalic acid. Other
materials that have been considered as raw materials for
terephthalic acid are p-diisopropyl benzene and p-cymene;
since, among other things, there is more carbon and
hydrogen to oxidize in the preparation of terephthalic
acid for these two materials, they have not to date
been found to be economical in the major industrial
countries.

The oxidation of p-xylene to terephthalic acid or
DMT is done in two basic fashions: by nitric acid and
by air. Nitric acid oxidation was the original process
used, and commercial production of terephthalic acid
was performed by this process for approximately a
decade before the discovery of economic methods of air
oxidation, which have rendered nitric acid oxidation
uneconomical for new plants. The commercial methods
of air oxidation include the Witten (formerly the Im-
hausen) process and the Mid-Century process, the Mid-
Century proccss being by far the more predominant
commercially. Other ai1 oxidation processes haveappeared
lately on the scene, but comprise only a minute fraction
of the commercial picture. Needless to say, since the
discovery of economical methods of air oxidation of
p-Xylene to terephthalic acid, essentially all new plant
capacity based on p-xylene oxidation has been installed
using these new techniques.

The following discussion includes more details on
processes commercially uscd and considered for tereph-
thalic acid manufacture.

B. Discussion of important commercial processes

1. P-xylene manufacture

P-xyleneis found in the Cqaromatic fraction of petroleum
refinery reforming operations that are directed towards
the improvement of octane numbers by cyclization of
straight chain compounds, followed by isomerization
and dehydrogenation reactions leading, in the areas in
which we are interested, to a number of alkyl-substituted
benzenes. The major proportion of the so-called “aroma-
tics” cut which is generally isolated and purified by the
petroleum refineries consists of benzene, toluene and
mixed xylenes. These materials are generally not isolated
for the purpose of use in gasoline blending but only
to provide a source of either solvents or petrochemical
raw materials. It is, of course, the xylene cut in which we
are interested here. The composition of this cut generally
approaches the thermodynamic equilibrium of the four
alkyl benzene isomers in the C, range; approximately
15 to 20 per cent each of ethylbenzene, o-xylenc, p-xylene,
with the remainder (and majority of the mixture) m-xylene.
Para-xylene is commercially recovered from the mixture
of xylenes by fractional crystallization which, to the
author’s knowledge, is the only commercial method used
today, although such processes as Clathration (formation
of crystal complexes with other materials) have been
widely studied. Commercial crystallizations have been
dope in many types of equipment, i.c., scraped surface
crystallizers, evaporative crystallizers, and the like.
There is generally a system included which involves t
re-meiting of the product and counter-current washing

of the crystallizers with this rc-melt, so as to obtain a high-
purity p-xylenc product. Unfortunately, only approxi-
matcly two-thirds 'of the p-xylene can be extracted from
the mixed xylene stream by this method, sinc= in order to
incrcase the amount of xylene recovered the temperature
must be lowered until eventually other materials such
as ortho and meta xylenc begin to cocrystallize with
the p-xylene. Since only about one-fifth of the original
mixed xylcne feed-stock is p-Xylene, and since only about
two-thirds of that p-xylene is recovered by crystallization,
it is obvious that very large amounts of feed-stocks must
be handled. undergoing costly refrigeration at extremely
low temperatures (lower than 100°F.) In order to
reduce the amount of material handled, and at the same
time isolate other raw materials of industrial interest,
there is considerable practice today of the removal by
distillation of both o-xylene and ethylbenzene, prior
to crystallization of the p-xylene. Of the two, the o-xylene
is the easiest to remove and, because of this fact, coupled
with the wide availability of cheap mixed xylenes, o-xylene
now offers an invitingly low-cost and widely available
raw material for phthalic anhydride manufacture.
Ethylbenzene removed from the xylenc mixture is used
in a few commercial concentrations for styrene manufac-
ture.

Since only slightly more than one-tenth of a pound
of p-xylene may be recovered from a pound of mixed
xylene feed-stock, there often arises a situation in which
the need for xylenes is greater .han can be supplied by
direct crystallization of p-xylene from the available mixed
xylene raw material. An answer to this problem has been
found in the inclusion of a xylene isomerization system,
which can form new p-xylene, up to the equilibrium
concentration of about 20 per cent, from the effluent
stream from the crystallization process {(which contains
approximately 10 per cent or less p-xylene). Although it
is obvious that the feed to the crystallization system will
not be reduced by such measures and, therefore, the
cost of crystallization will be approximately the same,
the inclusion of the isomerization scheme will permit
essentially a/l of the xylene feed-stock to be converted
to p-xylene, thus allowing substantial production of
this terephthalic acid precursor to be made in areas
in which the supply of xylenes is limited either by virtue
of the presence of small refineries or by the necessity for
importation of xylenes specifically for terephthalic acid
manufacture.

With regard to factors affecting costs and prices, there
has been a considerable change throughout the world
in the past decade. Originally, it was almost what one
mignat call a “sellers” market in p-xylene, since there were
a I'mited number of sources of the desired mixed xylene
stream, but a strong demand for the product by the
first companies engaged in terephthalic acid manufacture
for polyesters. As a result, the price of p-xylene approxi-
mately ten or fifteen years ago used to hover in the range
of sixteen to twenty cents per pounds in the United
States, for example. At this price, it just barely did not
pay large p-xylene consumers to develop their own
processes for xylene isomerization, with uses for the
by-product derived therefrom. As time went by, and more
and more aromatic fractions became available to the
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refining industrics (notably by the Udex process as a
major factor in this area), coupled with larger p-xylcne
plants and process improvements in p-xylene crystal-
lization, competition has become greater and, again as
an cxample, the p-xylene price in the United States
has tended to approach the ten cents per pound level;
it s believed that it may drop even one or two cents
lower in the not-too-distant future. This price drop has
naturally been encouraged by large consumers who
have resorted to various strategies, such us the public
announcements of intcresting developments of other
lerephthalic acid precursors. Also a few isomerization-
crystallization units have been installed commercially,
for example by ICI in England and Mitsui Pctrochemical
in Japan, cnabling those producers to start with
the very low-cost mixed xylene raw material to make
p-xylcne.

Costs of production of p-xylene are typical of other
petrochemicals in that probably the strongest factor is
plant size. In the case of thc manufacture of p-xylene
from mixed xylenes, the effective net cost of production
is immensely complicated by the necessity of obtaining
a suitable market and by-product credit for the xylenes
that are discharged from the crystallization step (approxi-
mately six to seven pounds per pound of xylene product).
Since the xylene solvent market is limited, as is the use
of xylcnes in gasolene, it may be necessary for refincries
- to dispose of the waste mixed xylene stream at very
'~ low cost, as in diesel fuel. How these matters would be
handled by a petroleum ccmpany would probably vary
 with the internal bookkeeping picture from company
. to company. Other costs of manufacture in the crystal-
. lization plant, at least for large plants, are a relatively
i small factor in arriving at the selling price, since
the process costs exclusive of raw materials and
- by-product credits, will run only two to three cents
per pound of p-xylene in very large plants for such
items including utilities, labour, maintenance and
'~ depreciation.
 For the combined isomerization-crystallization plant
. the processing costs are a few cents per pound higher,
' again very largely dependent upon plant scale, but the
' by-product disposal problem is largely absent. For

commercial scale p-xylene plants incorporating recycle

isomerization, assuming a low-cost mixed xylene raw
- material and a 60-70 per cent weight yield of p-xylene
from mixed xylenes (in the general neighbourhood of
that obtained in commercial processes) the total
works cost of production, including raw materials,
utilities, labour, mainterance and depreciation, can vary
within the range of five to ten cents per pound of p-xylene,
the variation depending mainly on plant size, mixed
xylene cost and by-product credits.

It should be noted, in passing, that certain air oxidation
techniques, notably the Mid-Century process, can oxidize
combined mixed xylenes to form a mixture of benzoic
acid, isophthalic acid and terephthalic acid, which can
then be separately isolated and refined as products.
Tkis system has been in commercia) use for several
years and while it avoids the separation of p-xylene from
mixed xylenes it does involve the isolation of the indivi-
dual acid products from the crude product mixture and,

more significantly, the devclopment of a market for the
acid products oticr than terephthalic acid.

2. Nitric acid oxidation of p-xylene

As meniioned above this was the first developed process
for the commercial production of terephthalic acid. Since
it is not being used today in any plant expansions and
would, in any case, be of very little interest to developing
nations, we will give it an abbricvated treatment in this
discussion. Basically, the process is a liquid phase opera-
tion in which p-xylenc and nitric acid are mixed togcther
with a catalyst in a kcttle and the solid terephthalic acid
product rccovered from the mixture. This product must
be converted to dimcthyl terephthalate before it is used
in fibre manufacture, since the acid itself would be
extremely difficult to purify. This purification difficulty
is due, to a considerable extent, to the formation of
nitrated materials in the terephthalic acid product.
A small, but not inconsequential, disadvantage of the
nitric acid process is the fact that the very large quantities
of oxidant and p-xylene which may be simultaneously
contained in the reactor has led to violent explosions
in this system. However, thc major disadvantage of the
nitric acid process, even though selectivities to terephthalic
acid are high (ca. 90 per cent), is the large consumption
of mitric acid—about two pounds per pound of tereph-
thalic acid. Even though the oxides of nitrogen which
Icave the nitric acid oxidation step may be sent through
a portion of the nitric acid plant and be re-oxidized to
nitric acid, this large throughput of nitric acid has a
crippling economic disadvantage to the nitric acid oxida-
tion process as compared with the newer process to be
discussed below. As with many older processes, however,
it often does not pay to abandon a smoothly-running
existing operation completely for the installation of the
more efficient process, and for this reason nitric acid
oxidation in already existing facilities is still practised
on a large scale. However, it is believed that the time has
finally arrived, particularly in view of important improve-
ments in air oxidation techuiques when large-scale
abandonment of existing nitric acid oxidation facilities
will be economically justified, particularly to those who
have access to the most efficient air oxidation technology

With regard to costs of manufacture, again these are
tremendously affected by plant scale and by the general
integration of the manufacturer in nitric acid operations,
Because of the large nitric acid consumption, however,
information available to us indicates that the cost of
production by this route s approximately one to three
cents per pound higher than by the best air oxidation
technique.

One further word with regard to nitric acid oxidation,
In the highly industrialized countries, and also very
probably in the case of the developing countries, more
and more attention is being paid to the effect on society
of atmospherie pollutants. Organizations engaged in
nitric acid manufacture and nitric acid oxidations are
particularly sensitive to these trends, since the fumes
from such plants are particularly noxious. It is belisved
that the economic consequences of various social and
governmental pressures on such manufacturers have not
beon fully realized.
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3. The Witien or Imhausen process

This method, used for a number of years by Hercules
Powder Company (among others) for producing DMT,
utilizes a four-stage oxidation process as follows:
(@) p-xylenc is oxidized to toluic acid, (b) the toluic acid
is esterified with methanol, (¢) oxidztion of the remaining
methyl group to form the half ester of terephthalic acid,
and (d) csterification with methanol to product DMT.
California Research Corporation has patented the basic
chemistry of this process in the United States, and Im-
hausen has similar forcign patents. This process is also
in use abroad by companics such as Chemische Werke
Witten and Hocchst.

Whilc this inethod is most ingenious in that it effectively
permits the high-velocity conversion of p-xyleue to the
dicarboxylic form (in this case, the dimethyl ester), it
is somewhat more complicated than the dircct air
oxidation system (discussed below) due to the increased
number of steps involved in the partial conversions. It
also has the growing disadvantage of forming only the
DMT product and thus not being entirely flexible for the
polyester market, for which considcrable interest is
now being developed in the direct use of terephthalic
acid as a feed-stock for the polymer. It is true that pure
terephthalic acid could be made directly by hydrolysis
of the DMT ester made by thc Witten process, but this
would introduce yet another step in the process and make
the cost of production of terephthalic acid quitc uncompe-
titive with that produced by direct air oxidation of
p-iylene. With regard to costs of the Witten process,
complete details are not known by the author. Such
information as is available to us, however, indicatcs that
the yields and cost of manufacturc for the production
of DMT from p-xylene are approximatcly the same for
the Witten process as for the Mid-Century process (incor-
porating an esterification to DMT added to this Mid-
Ccntury oxidation) but that the capital investment for
similar-sized plants is approximately 20 per cent lower
for the Mid-Century process. In general, it takes approxi-
mately | pound of p-xylene to produce 1.4 pounds of
DMT and assuming that p-xylene would be in a ten to
twelve cents per pound range, costs of production of
DMT by the Witten process should then run in the
fifteen to twenty cents per pound range, depending to a
very large extent on plant size.

4. The Mid-Century process

In 1956 the Mid-Century Corporation (then a Scientific
Design affiliate and now a subsidiary of Standard Oil
Company, Indiana) developed a series of processes for
the liquid phase oxidation of xylene and other petroleum
feed-stocks into several aromatic acids. After further
development by Amoco’s parent company, Standard
01! Company (Indiana), Scientific Design built and de-
signed a 60 million pounds per year commercial aromatic
ucids plant for Amoco. In the process used in this plant,
a mixed xylenc stream is charged with catalyst, a heavy
metal and some form of bromine into a reactor. Air is
passed through the reactor at the proper ranges of tempe-
rature and pressure, The resulting solid acids — isophthalic,
phthalic, terephthalic, and benzoic -— are then separated.
In a similar manner, in a simple one-step operation,

meta-xylene alonc can be oxidized to isophthalic acid,
ortho-xylenc oxidized to phthalic acid, ethylbenzene
oxidized to benzoic acid and para Xxylene oxidized to
terephthalic acid. A typical reaction (to form terephthalic
acid from p-xylene) is as follows:

CH, COOH
e
() ‘/\J 30,(\},}2&,0
N \\//
CH, COOH

This is the tirst process to make terephthalic by direct
oxidation in one stcp. Besides Amoco, other companies
now using this process (under licence) are 1Cl, Maruzen
and Mitsui in Japan, and AKU in the Netherlands.

As could be cxpected during the period of commercial
operation of thc Mid-Century (M-C) process, considerable
development and improvement of the process has taken
place, so that important cost reductions and improve-
ments in product quality have now been realized. A
most important area that lies ahead is believed to be
the ficld of pure terephthalic acid product which may be
used directly as feed-stock for the polyester fibre process
without forming the intervening DMT. As alluded to
previously, DMT was developed as « feed-stock for the
polyester process since it was in early days quite difficult
to purify terephthalic acid (a most insoluble material
in ordinary solvents) while DMT easily could be punfied
to almost any desired degrec by conventional distillation
procedurcs. Developments in the Mid-Century process
have resulted in the producibility at low additional cost of
a highly purified terephthalic acid product which has
been found by the fibre makers to be acceptable as a
raw material for polyesters.

With regard to costs of production for the Mid-Century
process, DMT may be manufactured at a works cost
in the range of ten to twenty cents per povad, the costs
being mainly a function of plant scale and p-xylene
transfer price. Pure terephthalic can be made at a cost of
production in the same gencral area. Crude terephthalic
(99 + per cent pure but not suitable for direct use in
fibres) will be several cents per pound cheaper. When
mixed xylenes are used as & “eed-stock for the oxidation,
the presence of a very large number of co-product acids
complicate the cost picture, so that no generalization

can be made regarding the products of terephthalic
acid itself.

5. Henkel process

The Henkel process is based on the discovery that
under the proper conditions of temperature and pressure
the potassium salt of an otherwise unsubstituted car-
boxylic aromatic acid will rearrange to form cipotassium !
terephthalate. For example, dipotassium orthophthalate
can be used as a raw material or potassium benzoate may
alternately be used; in the latter case, there is a benzene |
co-product along with the dipotassium terephthalate.
Since potassium is an expensive chemical, a considerable
portion of the process development of the Henkel process
has been directed to the recovery and recycle of potassium
in order to minimize its loss.
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The author of this paper has no direct personal know-
ledge of the detailed break-down of operating costs for
various versions of the Henkel process. From talking
with many people in the field, however, who have had
experience with other processes for terephthalic acid
manufacture, and who arc also familiar with the econo-
mics of the Henkel process, it is believed that the Henkel
process 15 less economical than cither the Mid-Century
or Witten processcs for the production of DMT and is
less cconomical than the Mid-Century process for the
production of pure fibre-grade tercphthalic acid, except
in very special situations. Although the Henkel process
might appear to offer the use of cheap raw matcrials,
such as toluene or o-xylene, as the basic raw material,
the processing steps are apparently numerous, complica-
ted and cxpensive before the final pure tercphthalic
acid is obtained. It must also be remembered. in counter-
argument for the air oxidation processes, that p-xylenc
itself is made from very cheap raw materials, The fact
that the Hercules Powder Company in the United States
has made an exhaustive pilot plant investigation of the
Henkel process, and was in fact the first to do soon such
a large scale, but has chosen to proceed with the commes-
cial exploitation of the Witten process may be of some
significance.

Other processes

Considerable information has been made available
i the literature regarding the oxidation of p-diisopropyl
benzenc to terephthalic acid. It s understood by the
author that this may currently be practised commercially,
but on a small scale. An obvious disadvantage to this
routc is the large amount of carbon and hydrogen that
must be oxidized to carbon dioxide and water along with
the formation of terephthalic acid. Furthermore, the
selectivities to terephthalic acid by the air oxidation route
are noticeably lower than for the case of p-xylene oxida-
tion by the Mid-Century process. Nevertheless, this route
should not be complctely ignored by the countries who
happen to have ample supplies of benzene and propylene,
(for example, an area which is manufacturing phenol
from cumene) and to which a source of xylenes is quite
expensive. It is believed that the Mid-Century techniques
are by far the best when applied to air oxidation of
p-diisopropyl benzene to terephthalic acid.

A number of syntheses for preparing other para-
substituted benzenes which could be used as precursors
for terephthalic acid have been proposed. It is not known
that any of these have been even seriously considered as
a basis for commercial manufacture.

Another alternate to terephthalic acid, using cheap
mixed xylenes as raw material, which has been given
strong consideration is as follows: with the M-C process,
oxidize mixed xylenes to their respective dibasic acids
and benzoic acid; these acids can then be used as feed
to the Henkel process to produce terephthalic acid.
While this proc:dure is technically adequate, it is our
understanding taat it is cheaper to use a xylene iso-
merization and crystallization unit rather than a Henkel
Trearrangement piant to produce, in essentially the same
oyzr—all transfonaation of mixed xylenes, terephthalic
acid,

D. Present and future economic Jactors

As is usually the case in the chemical industry, it is
very difficult to definitely point out a clear-cut advantage
of any one route or process over all the others. In parti-
cular, the development of manufacturing methods for
terephthalic acid and DMT has becn an cxtremely
rapidly moving ficld, and it is most difficult for any
one organization to have access to all of the facts at the
same time. Probably the gencral conclusions at which one
might arrive concerning tercphthalic acid and DMT
manuiacture, might be summarized as follows :

(a) The nitric acid oxidation process is clearly out-
moded and it is highly unlikely that any new plant capacity
for tercphthalic acid or DMT will use this technique.

() The Mid-Century and the Witten processes for
DMT are fairly close in operating costs of production,
but the Mid-Century process appears to have an appre-
ciable advantage with regard to capital cost. The Mid-
Century process has a substantial advantage when it
comes to the manufacture of pure tercphthalic acid.

{c) The Henkel process, while in commercial use,
apparently has some cost disadvantages when compared
with the Mid-Century and Witten processes.

(d) The basic material for terephthalic acid will very
probably continue to be p-rylene. It is likely if develop-
ing countrics manufacture their own p-xylene it could
very well be based on use of the above-described isomeri-
zation-crystallization cycles, unless the country happens
to be hcavily committed to farge petroleum refining
operations.

One of the interesting  problems facing developing
nations is at what point in the process raw matenials
should be imported. For example, in making polyester
fibres should one import the pre-polymer, the terephthalic
acid (or DMT) and glycol, the xylenes for making
p-xylene, or the crude hydrocarbons for making the mixed
xylenes” It would seem that, since the total investment
in any given period of time to which a developing nation
has access is limited, the contributions that each segment
of capital corresponding to the various conversion stages
of raw materials listed above must be thoroughly
evaluated and compared with the contributions that
investments in areas other than fibres might contribute.
Such decisions certainly cannot be made internally, but
must involve the evaluation of prices negotiable for
various stages of raw materials obtainable from the
outside world. It is certainly not a strictly technical
matter and will involve economics and political leaders,
as well as technical — and businessmen.

11l. ETHYLENE OXIDE AND GLYCOL

A. General comments on commercial processes

Ethylene oxide (and slycol) is among the select few
synthetic organic chemicals that are manufactured world-
wide on a multi-billion pounds per year scale. Aimost all
of the ethylene oxide and glycol made in the world today
is based on ethylene raw material, which in turn is almost
entirely based on the cracking and dehydrogenation of
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petroleum-based hydrocarbons. The only known cxcep-
tion to the usc of ethylene as a 1aw material is Du Pont’s
process, a small fraction of the total world production,
which is based on formaldchyde and carbon monoxide;
this process is considered to be uneconomical for future
plant expansions and will, therefore, not be discnssed
in detail in this study. The remainder of the woild's
ethylene oxide is manulactured from cthylenc by chloro-
hydrination and hydrolysis, or by direct oxidation, using
cither air or oxygen; thcse processes are discussed in
greater detail below.

B. Ethylene chiorohydrination process

The first large-scale chlorohydrination process for
ethylene oxide was put on-stream in the United States
in 1925. Even though, as will later be shown, the chloro-
hydrin route generally operates at an economic disad-
vantage as compared with direct oxidation, sizeable
plants using the chlorohydrin synthesis were installed
in the United States as late as the 1950's, and many of
the older ones are still in commission. This process has
been described at length in many rcference books and
other publications, and no attempt will be made here to
discuss it in detail. The main reactions inciude the forma-
tion of ethylene chlorohydrin:

@ GCH, + H,0 + Cl, > CH,0H CH,Cl + HCl

followed by the lime hydrolysis of the chlorohydrin and
neutralization of the solution:

(6) CH;OH CH,Cl + HCl { Ca(OH), -» C,H,0 + CaCl,

The major side reaction is the formation of ethylene
dichloride:

(C) C’H‘ + CI’ - C’H’ CI’

which is very casily formed by the reaction of chlorine
and ethylene. Small and economically unimportant
amounts of dichloroethy! ether are also formed. A high
dilution of the reactants in water is necessary in order
that high ethylene oxide yields, in the neighbourhood of
75-80 per cent of theory, may be realized. Although it
is possible to obtain higher yields (mainly by higher
dilution), it is generally not justified to incur the increased
capital and operating costs which would be necessary,
since the ethylene dichloride by-product usually has a
market at a price which just covers its raw material value.

The chlorohydrin process is extremely corrosive at
points where aqueous hydrochloric acid is present, and
selection of suitzhic materials of construction is further
complicated by the presence of chlorinated organic
solvents. Gases purged from the system generally must
be treated for removal of chlorine-containing compounds.
A likely candidate for attention as a community nuisance
is the extremely large uqueous effluent stream, which
contains about four pounds of calcium chloride per
pound of ethylene oxide manufactured. Waste treatment
or special handling of this stream can provide a signi-
ficant proportion of the process costs.

Among the advantages of the chlorohydrin process,
relative to direct oxidation, lie the high yield of useful
products from ethylene, its ability to use a more dilute
ethylene, and a somewhat lower capital investment;
among its disadvantages are the dependency on large
amounts of chlorine (approximately two pounds per
pound cthylene oxide produced) and lime, its corrosive-
ness and potential high maintenance costs, and its sizeable
waste-disposal problem.

The works cost of production of ethylenc oxide by the
chlorohydrination process is in the ncighbourhood of ten
cents per pound, depending greatly, of course, on the
price at which chlorine is charged into the system; note
that each one cent-per-pound of differential in chlorine
price represents a two cents-per-pound change in ethylene
oxide price.

C. Direct oxidation processes

1. Process description

The world's first commercial direct oxidation process
for the manufacture of ethylene oxide was installed in the
United States in 1938, Air was used as the oxidant. Since
then, installation of further direct-oxidation facilities has
proceeded at a very rapid rate, so that by now the direct
oxidation production is several times the chlorohydrina-
tion production, some chlorohydrin manufacturers having
switched over to direct oxidation plants. The economic
justification for such a switch-over is probably aided by
the fact that the abandoned chlorohydrin facilities can
be used for the manufacture of propylene oxide, for which
there is a growing demand.

The direct oxidation of ethylene to ethylene oxide has
been the cbject of a tremendous amount of costly experi-
mental study by most of the major chemical and petroleum
refining companies in the United States and abroad, as
well as by a number of research institutes. It appears to the
author, and it could very well be a fact, that more pilot
plants have been installed for the study of ethylene oxide
by direct oxidation of ethylene than has been the case for
any other single chemical process. Many sophisticated
approaches have intrigued investigators. Since hcat
transfer and “hot spots” are major design problems in the |
conventional fixed-bed tubular reactors, a considerable
amount of money has been spent in investigating fluidized- |
bed reactors, as well as reactors in which the catalyst |
is coated upon an extended heat transfer surface. In
spite of all this work, the only direct oxidation processes
known to be practiced commercially today use conven-
tional fixed-bed tubular reactors, filled with a catalyst }
consisting of silver deposited upon an inert support.

The reacticns for the silver-catalyzed direct oxidation |
of ethylene are shown below: ‘
(@ GeH, + 1/2 0y » C;H,O (main reaction)
® GH;+ 30, 30,4 2H,0 (side reaction)

The reaction selectivity decreases slowly with increased
ethylene conversion per pass; it is, therefore, economically §
attractive to operate at an incomplete ethylene conversion.
For this reason, gas recycle is usually practiced. Recycle
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1s further required because it is necessary to dilute the
reactor feed stream to an oxygen content of less than
8 10 10 per cent to avoid an explosive mixture.

When air is used as oxidant, a substantial bleed stream
must be removed from the gas cycle in order to carry
off nitrogen which ¢nters with the incoming air. This bleed
stream contains unconverted ethylene, which would be
tost to the process were it not passed through a high-
conversion purge reactor system for essentially total
conversion to ethylene oxide.

When oxygen is used as the oxidant, (approximately
1.5 pounds of oxygen per pound cthylene oxidc), there
is no necessity for bleeding off large amounts of nitrogen
and so the purge reaction system may be omitted. In this
case, however, carbon dioxide removal facilities must

be added to remove this by-product of the side reaction
described above,

Over-all yields in commercially operating plants using
dircct oxidation generally run in the neighbourhood of
60-70 per cent of theoretical, depending on the age of the
plant, or how hard it is being “pushed”. Probably a good
industrial average yield is slightly over one pound of
cthylcne oxide (or abour 1.4 pounds ethylene glycol)
per pound of ethylene feed.

2. Basic differences between air and oxygen processes

The essential differences between oxygen and air
processes which can effect economics, can probably best
be summarized as follows :

(a) The cost of the air compression plus the oxygen
compression for the oxygen prociss is only slightly
greater than the cost of air compression alone for the air
process. The difference is small because it is not necessary
to compress air for the oxygen plant to as high a pressure

as 13 economically desirable for the ethylene oxide
process.

(6) The main investment difference between the two
processes lies in the oxygen-nitrogen separation unit which
is, of course, required for the oxygen process. It is of some
interest to note that when oxygen is used, considerable
fort is first made to separate it from the nitrogen, after
which it is almost immediately diluted with a large stream

f recycle nitrogen to avoid explosive mixtures, The
nalty of this cost differential as well as (a) above,
an be greatly minimized or even eliminated if oxygen is

aken from a very large facility which also serves other
Xygen consumers.

(¢) The oxygen process requires one additional process
itep lfor CO, stripping which results in a small economic
nalty.

(d) A sizable utility saving may be made in the air
rocess, as compared with the oxygen process, since the
nergy contained in the high pressure nitrogen purge gas

tream may be used to drive mechanical oquipment in the
TOCEss,

(¢) A major factor which can influence costs, but in
n unknown way, is the basic question of safety. Mis-
perations due to untrained personnel, faulty maintenance
f equipment and control instruments can result in errors

theuﬂoofoxi&nntndethyleu.wmmhuedu

oxidant, the resulting combustions are not disastrous,
as has been found out in decades of operating experience in
air-fed plants. On the other hand, experience has shown, as
one can also calculate, that when oxygen is used as the
oxidant, any serious mistake in ratio in reaction gas
composition can lead to a devastating explosion.

In addition, the oxygen plant itself is a matter of serious
concern from a safety point of view. There have been many
explosions in oxygen plants (including those connected
with ethylene oxide manufacture), leading to extended
damage and shutdowns, and these catastrophes continue
to this day. Obviously, the safc distillation of oxygen
requires the most sophisticated attention not only to the

original plant design, but also to operating and mainten-
ance techniques.

D. Ethylene glycol

Little need be said here with regard to the manufacture
of ordinary ethylene glycol, since it is one of th: most
simple of the chemical processes. Ethylene oxide is
mixed with a considerable excess of water and then reacted
thermally (without catalyst) at moderate temperature,
pressure and residence time to substantial extinction of
ethylene oxide. The higher the ratio of water, the higher
is the yield of the monoglycol and the lower the yields

of diglycols, triglycols and heavier, according to the
reactions :

(a) CH,O + H,0 - CyH{(OH), monoglycol

)  GH,0 + GH,(OH), » C,H(OH)OC,H,OH
diglycol etc.

The dilute glycol solution is then sent to an evaporation
system for water removal and a distillation system for
purification of the various glycol products. The yield
of total glycols is almost quantitative, based on ethylene
oxide feed, and comes to slightly less than 1.4 pounds per
pound of ethylcne oxide. The yield of monoglycol will
vary with the water ratio to the reactor, but is generally
about 85-90 per cent of the total glycol weight.

More claborate purification provisions are necessary
for the preparation of a “fibre-grade” glycol, suitable
for use in polyesters. Our organization has built several
commercial plants which can make fibre-grade glycol
directly from dilute ethylene oxide produced in air-
oxidizer plants making it unnecessary to go throngh the
expense of concentrating and purifying the ethylene oxide
for this purpose.

B. Factors qffecting present and Juture economics

As was mentioned above, the works cost of production
of ethylene oxide made by the chlorohydrination process
is approximately ten to twelve cents/lb., United States
basis, assuming chlorine can be purchased in the neigh-
bourhood of fifty dollars/ton. The United States works
cost of production for ethylene oxide by the direct
oxidation processes, assuming modern large-scale plants,

is about five cents/Ib. lower then for chlorohydrination,
coupled with calcium chloride dispossl

For this reason,




problems, there has been no new ethylene oxide plant
expansion in recent years based on the chiorohydrination
process, nor is there likely to be in the future for either
the industrialized or developing nations.

The main decisions, therefore. to be made by those who
are contemplating the manufacture of polyester fibres
will be:

(@) Make or import ethylene oxidc/glycol?
(h) Make or import ethylcne?
(¢) Use oxygen or air?

As was discussed in rcference to terephthalic acid
manufacture, a number of the consideratioas involved
in these questions are political and economic in nature
and not particularly related to the technology of the
manufacturing operations with the cxception of item (c)
above and possibly, to a small extent, item (b).

1. Make or import ethylene oxide glycol?

This question, for a developing nation, must very
likely be decided on the bases of how large a scale of
glycol manufacture is cnvisaged by the area to be served.
As we have discussed above, ethylene glycol comprises
less than one-half of the weight of the polymer used in the
polyester fibre and, therefore, very large fibre manufactur-
ing operations would have to be undertaken to require a
glycol supply that would be of an economic plant size for
this use alone. A major consideration, therefore, would
be whether or not there were other uses for ethylene
glycol in the geographical arca to be served. As an
example, if it were desired to make 20,000 tons per year
of polyester fibre only about 7,000-8,000 tons of ethylene
glycol would be required. In a plant of this small size,
assuming ethylenc at the same price as in the United
States (four to five cents/Ib.), the cost of production of
ethylene glycol would probably be from two to four
cents/lb. higher than in the very large plants now recently
installed in the major industrial countries. Furthermore,
the investment in the small glycol plant per unit of annual
product would be high compared to major plants else-
where, requiring a considerable burden on the transfer
price of the glycol made therefrom in order to recover
the value of this invested capital in a reasonable number
of years. A basic question must, therefore, be considered
by areas contemplating glycol production on this small
scale as to whether it would not be better to negotiate
a long-term supply of giycol from an industrialized
area and pay the relatively modest freight of perhaps one
cent/lb. or less.

Very naturally, it would help matters greatly if other
uses could be found for cthylene oxide and/or glycol
in the territory to be considered, and though it is beyond
the scope of this study, it might be well to re-emphasize
that the percentage of total glycol produced in the
industrialized countries that is used for polyester fibres
is practically miniscule. It is, therefore, highly probable
that any developing area that was planning to undertake
such a sophisticated manceuvre as the manufacture of
polyester fibres would also simultancously contemplate
other industrial ventures that would be consumers of

giycol.

2. Make or import ethylene?

Practically the same consideration obtained here as for
the question regarding the manufacture of ethylene
oxide and glycol. This question would probably not have
existed a few years ago, since it is only in recent years
that ethylenc has been transported on a large scale.
Great strides have been made in the bulk transportation
of ethylene at low cost in large specially designed vessels,
and it is not entirely inconceivable that such transfers
of ethylene could be made in the future from. say, an
industrialized area to a developing arca, or between
developing areas, one of which has a very large produc-
tion of ethylene.

In some cases, for small consumers, ethylene has been
made by the dehydration of ethyl alcohol, which in turn
has been made by the fermentation of local products.
While we do not believe this can be a long-range solution
to the problem of economic advancement of developing
areas, it could be a temporary solution to some problems
of raw-material supply, and we have ourselves been called
upon to install such cthylene-from-alcohol plants in a
number of circumstances as described above.

3. Oxygen or air for direct oxidation?

This question is a moot one for the highly industrialized
countries. It s a difficult decision to make, since the
economics are exceptionally close when very large plants
making low-cost oxygen arc available to supply an
cthylene oxide plant with this incremental oxygen.

Forgetting, for the time being, the safety question, an |

economic case can be made for oxygen in these exceptional
cases., Where the oxygen plant must be built directly
to supply the ethylene oxide plant, however, our studies
seem to always show that no matter what size plant is
contemplated, it is slightly more economical to use air
as the oxidant, particularly when one insists upon a high-

quality oxygen plant of the highest available performance

from a sufety point of view.
For the developing areas, however, the decision is far

simpler. Here there is far less chance that very large |

oxygen plants (say on the 500-1,000 tons/day scale)
will be in the vicinity of the desired ethylenc oxide/glycol
production. Furthermore, the size of the plant will
undoubtedly be smaller than would be justified for the
instullation of an oxygen plant for ethylenc oxide manu-

facture alone. The one exception to the above analysis |

might be the case in which nitrogeneous fertilizers are

made, in which case there could conceivably be a by- :
product production of oxygen which would be available

for petrochemical manufacture; this availability has
been the exception rather than the rule, however, in the

industrialized nations and would not be expected to play |

a large part in the developing ones.
Probably a major consideration to be taken into account

by the developing areas in the choice of whether to use

oxygen or air would lic again in the question of safety.
As discussed above, the use of oxygen requires sophistic-
ation and precision in control, operation and mainten-
ance, which might be difficult to achieve in areas in
which large numbers of newly trained persounel of
perhaps limited education must be relied on for not only
routine operations but also supervisory responsibilities.




4. FROM CRUDE OIL TO SYNTHETIC FIBRES
with special consideration of process sequences for polyester-type fibres

D. Natus, Lurgi Gesellschaft fiir Mineraldltechnik m.b.H., Federal Republic of Germany

INTRODUCTION

The growth of the population of the world is indicated
in figure 1. The present figure is 3.2 billion, and by
1977/78 approximately 4 billion people will have to be
fed and provided with clothing. We all know how dificult
it is to provide the present 3.2 billion people with adequate
food. How much more difficult will it be to meet not only
the demands of the growing population, but also the
requirements regarding increased production, better
quality, and greater variety of products. Figure I also
indicates that the growth rate is highest in those countries
which are in the process of economic development.

With the increasing population of the world the output
of natural fibres, such as cotton, wool and silk can no
longer meet the requirements for clothing.

The consumption of chemical fibres, and particularly
synthetic fibres, is nowadays a criterion for the standard
of living.

The textile industries in almost all countries have
created fabrics which are produced from blends of natural
and synthetic fibres. Hereby the good qualities of various
fibres are combined to yield products of optimum charac-
teristics which offer a greater variety of new fashions.
Also the technical sector demands evcr-increasing
requirements from chemical fibre producers regarding
quantity, quality and typical characteristics.

The present total demands for textile raw materials
are roughly 16-17 million tons per annum, of which about
10 million tons are cotton. The chemiical fibres involve
4-3 million tons including 1.3 million tons of synthetic
fibres.
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Since its recession during the Second World War,
world production shows a strong upward trend. Cotton
is still the dominating fibre, although its production vol-
ume rises only slightly and its relative proportion of the
total fibre output is declining. Wool has been overtaken
long ago by the chemical fibres, and recently even by the
synthetic fibres. As can be seen in figure I1, rayon produc-
tion is rising, but not as rapidly as the synthetics which
have an annual growth rate of 20-25 per cent. Experts
forecast that in the seventies the volume of synthetic
fibres will have exceeded the output of cellulosic fibres.

In summing up, it may be concluded that the needs
and consequently the production of synthetic fibres
will rise considerably in the future. It is necessary for the
economy of any country to analyse and solve the pro-
blems connected with the supply of synthetic fibres. It
is hoped that this paper will make a small contribution
to the solution of these problems.

I1. CONSUMPTION AND PRODUCTION OF SYNTHETIC FIBRES

Nowadays synthetic fibres are known all over the world,
but not all people enjoy the privilege of using synthetic
fibres for their clothing or to raise their standard of life.
As mentioned carlier in this paper, the consump-
tion of synthetic fibres is in direct relationship with the
standard of living. The annual per capita consumption
in the different countries therefore varies rather consider-
ably.

The comsumption of textile fibres is first analysed
in:msmulway (see figure III). The, figures avail-
abie from United Nations statistics or other sources are
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not identical so that only rough average figures can be
quoted. But for the purposes of this paper the general
tendency is of interest rather than absolute figures.
Average world per capita consumption shows s constant
upward trend and is presently at a level of 5.5 kilo-
grammes per annum. In some developing vountries which
have already established a powerful modern textile
industry, the per capita consumption is almost parallel
and at the same level. The figures apply to countries like
the United Arab Rep. and Brazil. Couatries which have
not yet developed their textile industry to the same
standard should have a lower annual consumption of two
to four kilogrammes per capita. Of particular interest is
the curve for the United States where the per capita con-
sumption of textile fibres of roughly twenty kilogrammes
in 1960 was twice the consumption in the Federal
Repudlic of Germany, three times the consumptioa in
USSR, and almost four times the average world . -
sumption. For the last few years this per capita consump-
tion seems to have remained constant, and one might
wonder whether the twenty kilogrammes per year are the
upper limit of consumption. Production of course
increases permanently. The curve for the Federal Republic
of Germany equally applies to other highly industrialized
Couatries, such as the United Kingdom, France, Japan,
Italy etc. The consumption of textile fibres has been
increasing but seems mow to be levelling off.

Figure 1V shows the per capita comsumption of verious
fibre types as a world average. The total world average
comsumption is 5.5 kg.
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Cotton is in the lead, rayon is striving towards
1.2-2 kilogrammes, while the consumption of synthetic
fibres is increasing at a fast rate; the present level is
0.3 kilogrammes, and consumption in (970 is lLikely
to be 0.8 kilogramme«

The estimate of the per capita consumption of synthetic
fibres for the co-ning yeurs is of particular interest (sec
figure V).

The consumption in the United States has exceeded
2.2 kilogrammes per ani'um. Federal Republic of Ger-
many and comparable countries will soon have reached
2 kilogrammes, while the world average is only 0.3 kilo-
grammes. Various forecasts indicate that the per capita
consumption will reach a !.... of 0.8 kilogrammes in
1970. This clearly characterizes the dyuauiic development
of this young branch of industry. To meet the increasing
demands a lot of work remains to be done towards the
establishment of production facilities, the supply cf
raw materials and textile processing. This is a big task
for planning authorities and industry in all countries.

The evaluation of all data available on the consnmption
of synthetic fibres is shown below :

Yoar Por capita World pepuistion Nood
1962 . 0.2 kg 303 x 1O 850,000 t
1965 . . 0.4 kg 322 % 100 1,380,000 t
1970 . . . .. 0.90 kg 390 x 10° 2,500,000 ¢
1978 . . . . . 1.20 kg 1% x 10° 4,500,000 ¢

Although the forecast for the future is vague, it can bs
expected that the consumption of synthetic-fibres will
increase threefold during the next decade.

An anal:'sis of the production of synthetic fibres shows

the following sales of synthetic fibre products in the
United States

Mullion US doitars
Imiso . . . .. 10.5
In 19% . 3151
In 1960 1,500

Since the United States produced about 40 per cent of
the world output in 1960, the total sales of synthetic-Sbre
products in the world during that year can be estimated
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of this branch of industry

The following percentages show the proportion of
manufacture of commodities

synthetic fibres used in the
for our daily life :

Per cont symthotica

M uange for
4 . . All outer garments
L Linings
93 Umbreilas
8. Dodepreads
» . Tiss and shewls
. Upholstery and curtaine
0. .. . Shirts

To conclude this section an examination is made of the
proportion of each particular type of synthetic fibre
in total production. Consumers are puzzied by the
immense number of different types of fibres and by the
great variety of fashions. In the fifties, the technical press
reported about the creation of many new chemical com-
pounds having fibre-forming properties, and it seemed
that a different type of fibre could be developed for each
particular application. At the same time, research work
was carried out with a view to finding fibres for universal
application, and advertisements spoke of miracle Abres.
This enthusiasm which is typical for the development
ofambnnchoﬁndutryofmtomomicinporum
hai givea way to a sounder judgement in conformity
with market requirements. Excessive bopes have dwindled
away, and there exists no miracle fibre for universal
application. New fibre-types seldom become known to
the public and even more seldom sain any importance
on the market. Any inventor of a new fibre will have to
struggie hard to meet the extremely high standard of
conventional fibres on g commercially economical basis.
The of a useful fibre from its discovery to

its indvetrial upplication surely takes between six to ten
years and requires capital investments at a rate of 10 mil-
lion US dollars or more.

Dwiuncentmnrmrchbuthnfmhncom
Monthcco-vntkmlpopuhrﬂ:m.mlu:
polyamide, polyester, polyacrylonitrile,

and others, such as polyviny! alcohol, polyurethase. amd

at 3.7 billion. This proves the great economic importance
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Figure VI. Development of symthetic fibre production in the world

development. The curves on the diagram
future growth are therefore fanned, and it ca:
that the production figures will be within the
fan (see figure VI).

Polyamide fibres are leading and represent roughly
60 per cent of the total output of synthetic fibres. Amongst
the popular fibres are nylon, perlon, ¢nkalon, lilion,
amilan and many others. In the second position are
polyester fibres with a very steep rise in output which
is likely to increase further in the future. The popular
polyester fibres include terylene, dacron. trevira, diolen,
tetoron, fortrell, and others. Also polyacrylonitrile
fibres hold a considerable proportion of the market
although their growth rate is loss than that of the two
leading fibre types. The conventional polyacrylonitrile
fibres are orion, draion, acrilan, courtelle. Included in the
seneral category of “other’’ fibres are products based on
polypropylene, polyvinyl alcohol and polyurethane;
they cosstitute an almost squal propurtion of the total
world production.

The growth rate of ali synthetic fibres is
20-25 per cent per annum, and it is expected to be 230,000
tons this year. A rough estimate leads to the supposition
that approximately one US dollar per kilogramme of
additional annual output will have to be invested for the
Prooessing of the monomeric raw meterial into the fibre
alome. This means that roughly 250 million dollars will
b inverted for this production step. When adding the
investments for the expansion of the raw material supply
n-llumd«-mﬁhmnmm, the total
imvestments will bcumdinuthonhmlm,i.o.,
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Figure VIL. From petroleum to synehetic fibres

petroleum from which varicus routes lead to the petro-
ical raw materials for the textile industry which
processes these materials into a great variety of fabrics.
As will be scen from figure VII the process routes
include the following major steps : petroleum extraction;
reflaing; aromatics and olefin recovery; petrochemical
raw materials; synthetic-fibre production (polymerization,
wpinning, finishing); synthetic fabrics; consumers.
In the following a brief description is given of tae
principal methods used nowadays for the manufacture
of synthetic fibres.

The process route from petroleum to
includes the following five major steps: production of
chemical raw materials; production of monomers;
formation of high-polymers; spinning and stretching of
fibres finishing.

These steps are required for the manufacture of all
types of fibres. They are therefore of general importance
8o matter whether orlon, nylon, or teryleme are to be
produced.

A. Production of chemicel raw materials

Since the starting material is always petroleum, the
first step would be the refiniig of the petroleum which
i apart from motor fuels, gas and fuel oils,
aleo a great variety of valuable raw materials, Cortaia
hydrocarbon cuts are suitably treated by special processes
to recover aromatics and olefins of high purity. These
sub ‘amces include benzene, tolueae, xylens, ethylone
an. propylene which are the basic materials for all fibre
typer Polyester is based on xylene, polyamides on benzene
poh acrylonitrile on propylene, and 30 oa.

In view of the fact that many countries have Tesources
of petrolewm, it can be expected that the maaufacture
synthetic textiles from petroleum base stocks will
taken uwp aleo by the ing countries ia the
future 50 that still more peopie will become the bene-
fsiaries of modern, bigh-quality snd low-cost sextile

synthetic fibres

TR
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B. Production of monomers

This processing stage must already consider the specific
properties required from the particular type of fibres.
The high-purity requirements demanded by synthetic-
fibre producers have led to the specification  “fibre-
grade” which characterizes a very high standard.

The aromatics and olefins are converted by seversal
processes into monomers which constitute the direct
raw materia! for polymerization.

If the polymers obtained have sufficient intermolecular
attraction forces, if the molecules are stable, and if
the polymer melt or solution has fibre-forming properties,
they will be suitable for the synthetic-ibre industry. The
fibres must have the properties required by textile produc-
ers, such as mechanical strength, cluticity, dyeability,
light and heat stability, high melting point, pleasamt feel,
and many others, Last but not least, fibre-grade monomers
should have 2 high purity and 800d keeping properties,
and their price should not be more than twenty to forty
US cents per pound, or forty-five to ninety cents per
kilogramme. The low price is of greatest importance,
because the price of the monomers constitutes abowt
30-75 per cent of the fibre production costs and exceeds
by far the cost for amortization, encrgy, labour and main-
tenance. This is the reason why the petrochemical
industry has centred on the manufacture of low-cost
monomers by economic processes,

The following are the major typess of momemers:

() For mylon-type fibres: nylon slt, i.e., the sah
from adipic acid and hexamethylese diamine ;

(5) For perlon-type fibres: caprolactam;

(¢) For terylsne-type fbres: glycol sster from teroph-

(4) For orloa-type fibres: acryloaitrile.
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into fibres. The processes vary with the individual type
of polymers. Recent developments tend towards continu-
ous methods as commonly applied for caprolactam
polymerization since 1940, Jn special cases, nylon,
t00, 18 produced by <ontinuous +-olycondensation
this is relatively easy wheis polyacrylonitrile is involved.
However, the continuous processing of polyester is more
difficult and 1t 1s applied only on a limited scale, although
comprehensive patent literature has been published about
this processing method. The plants are generally built
for large capacities of three, six or ten tons per day.
Modern plants are arranged for substantislly automatic
operation, and the polycondensation ‘process s
programme controlled to provide for optimum conditions.

Polyacrylonitrile is polymerized in an aqueous sus-
pension or in a solvent. Other polymer types may be
processed direct. For instance, in the case of polycapro-
lactam the molten mass of monomer is charged to a
reactor where it is polymerized over 24 hours at 260°C,
under atmospheric pressure and in the presence of a small
amount of water and s stabilizer (chain breaker). In the
case of polyester. the glycol sster of the terephthalic
acid condenses to set free slycol in the presence of a
catalyst. The final temperature is 280°C, and the pressure
rsnges from above atmospheric to adequate technical
vacuum of a few millimetres of mercury. Also nylon
salt can be condensed into nylon under similar operating
conditions, whereby water is formed which has to be
removed.

As the polymeric substances gonerally have little
Tesistance to oxidation, the processes take place in aa
inert gas atmosphere. Even the slightest effect from
oxidation would cause filament breakage during textile
processing and would create troubles during dyeing.
Optimum purity and uniform properties are therefore
absolute requirements for polymers.

Polymerization processes imply equilibrium reactions
which means that afser reaction the formed high polymers
and the unreacted low-molccular proportion are ia
equilibrium. The latter is enerally removed as it might
have an adverse effect during spinning and stretching.
In some processes the moiten mass or the solution is
spun directly into flaments, although most processes

subsequent processing steps have to produce a great
variety, possibly several hundreds, of different types of
fibre. The major uses for synthetic fibres are: outer
garments, underwear, hosiery, household textiles, carpets,
tyres, industrial textiles, and bristles,

Each particular use requires different viscosities of the
polymer, different stabilizers, dyes, dulling grades,
finishing treatment, and of course different deniers,
twist, strength, elongation etc.

D. Spinning and Stretching of fibres

This stage converts the polymer into the fibre for the
textile industry. The spinning section is therefore the
heart of any synthetic fibre plant. It produces the great
variety of fibre types and deniers. Although spinning
processes are basically identical they can be divided into
the following two main categories.

The polymer is dissolved, eg., polyacrylonitrile in
dimethyl formamide, and the solution is dry-spun or
wet-spun in a bath. Dry-spinning permits higher spinn-
ing speeds (scveral hundred metres per minute), but
it is limited to a few hundred holes, i.e., single filaments,
per spinneret. Wet-spinning affords the use of larger
spinnerets having 10,000 holes snd more, but the spinn-
ing speed is low. In both Pprocesses the solvent is separated
and recovered. The deniers are within the range of | to
20 which is adequate for all fibres, such as cotton type,
wool type or filament.

Compared with the above, the use of melt-spinning is
casier. The polymer chips are melted on heated grids or in
heated screws at 250-270°C. The melt, also when it
comes direct from polymerization, is metered by gear
pumps through spinnerets having 1-500 holes each and
spun into fibres. Spinning speed ranges from 500 to
1,800 metres per minute. The filaments are finally wound-
up on bobbins or depoaited in cans as tows,

At this stage, the molecular chains of the filaments
are in s disordered condition so that they lack tensile
strength and other mechanical properties. Molecular
orientation is therefore indispensable and is accomplished
by stretching the filamenta under clevated temperature
at a apeed of 200-800 metres pet minute. The filaments
are atretched to three to five times their original length.
The stretched filaments have the necessary mechanical
strength of, for instance, 4-9 grammes per denier at an
clongation at break of 15-40 per cent. Spinning and stret-
ching generally require special airconditioned rooms
ladthhhutobeoouidoredintheduim of the
buildings.
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E. Finishing

In many synthetic fibre plants the stretched filaments
are subsequently twisted, thermo-set and delivered to the
consumers as precision wound filaments in packages.
Fibre tows are shrunk under temperature, crimped,
thermo-set, cut into staples and baled. Yarn for socks,
bathing costumes, pullovers, etc. are crimped by various
methods, such as helanca, ban-Loon, to make them
elastic and voluminous, These additional processes are
to make the product more adaptable for use by the textile
industry, and they are the last step in the sequences of
processes from petroleum to synthetic fibres.

The individual types of fibres have preferred fields of
application where their specific characteristics are specially
effective. Examples of these are :

(a) Outer garments: polyester or polyacrylonitrile fibres,
separately or in blends with wool, cotton or rayon;

(8) Underwear and shirts: chiefly nylon and perlon,
i.e., polyamide and polyester-based fibres

(¢) Stockings and socks : polyamide fibres;

(9) Pullovers: polyacrylonitrile and polyester fibres;

(¢) Tyre cord: polyamide and polyester fibres;

(/) Industrial yarns, and fishing industry: polyamide and
polypropylene-based fibres;

(8) Carpeting: polyamide and polypropylene-based

es;
(#) Curtains and ties: polyester fibres.

Any new production scheme should therefore be
planned with consideration of the market situation,
textile demands, climatic conditions, industry, capacity
and many other aspects.

IV. PRODUCTION OF POLYESTER FIBRES

The preceding chapter described the various process
routes which lead from petroleum to synthetic fibres.
The processing steps for one particalar type of fibre are
now described in somewhat more detail. The example
refers to the production of polyester fibres since this
fibre has the fastest growth rate at present. A great
number of polyester plants are likely to be built during
the next years. Polyester fibres are very suitable for
blending with natural fibres, and also polyester filaments
bave excellent properties, so that even the automobile tyre
industry shows anever-increasin ginterest in polyesterfibres.

Since Whinfield and Dickson made their invention, and
since ICI and Du Pont developed the technology of
polyester fibres, almost the entire polyester-fibre produc-
tion in the world has been based on dimethy] terephthalate
and ethylene glycol. Only recently a few new processes
were developed which furnish modified polyesters based
on comonomers, such as para-oxybenzoic acid, isophtha-
lic acid etc. Moreover, it has been possible to produce
terephthalic acid of high purity which permits direct
esterification with glycol, so that the route via DMT can
be saved. These processes have been developed by
Amoco and Henkel-BASF and they appear to offer
sonomic advantages over the classical DMT process.
Various types of polyester are produced nowadays
to meet the specific requirements of industry and textile

processers. Co-polyester with much better dyeabil[ty
and reduced pilling effect is preferably used for the textile
clothing industry. The production of high strength yarn,
and particularly tyre cord, requires highly viscous
homopolyester.

In principle, there are two major routes from petroleum
to polyester fibre.

The classical route starts with the petroleum and
includes the following steps: refinery; reformer; primary
distillation; paraxylenc recovery by crystalllzat{on;
possibly isomerization of orthoxylene and metaxylene into
paraxylene to increase the yield; single or two-stage
processing into dimethy| terephthalate; interesterification
with ethylene glycol; polycondensation and chips produc-
tion; chips drying; melt spinning; take-up or tow take-
off; stretching, shrinking, crimping, thermo-setting,
cutting into staples, and baling.

The production of filaments proceeds similarly.

These processes have been developed to a high standard
and are arranged fof largely automatic operation so that
they fumnish products of optimum yield and Quality.
Since the processes for the classical route are commonly
known nowadays, they need not be described in detail,
This paper therefore deals with a new route to polyester
which became known approximately one to two years
ago and which should be of interest.

This new route again starts with petroleum and includes
the following steps : refinery; reformer: primary distilla-
tion; final distillation to produce orthoxylene; phthalic
anhydride; high purity terephthalic acid; direct esterifica-
tion with ethylene glycol; polycondensation and chips
production; chips drying; melt spinning; take-up or tow
take-off; stretching, shrinking, crimping, thermo-setting,
cutting into staples, and baling.

The major difference between the new route and the
classical route is the use of lower-ccst orthoxylene, the
production of phthalic anhydride, the production of high
purity terephthalic acid by a new process and the direct
esterification of the tere phthalic acid, so that any methanol
does not occur. All other stages are classical processes
similar to the original route, except for chips drying
which should preferably be accomplished in a continuous
whirling and fluidized bed dryer with hot air. At the
present market prices for paraxylene and orthoxylene,
the production cost of the polyester by the new route is
somewhat less expensive. According to publications by
a large Japanese synthetic-fibre producer, the price
difference is nine cents per pound. This is the reason
why some firms in Japan, the Federal Republic of Ger-
matty and Switzerland have shown an interest in this new
route,

Apart from the discontinuous polycondensation proces-
ses, continuous polycondensation processes have also
become available recently which have, however, not yet
proven their suitability for industrial application.
Although some large producers might have collected
sufficient experience in this field, the major output of
polyester is still produced by discontinuous processes
in  autoclaves,

A detailed description is now Siven of the new process
route.




A. From orthoxylene to Phthalic anhydride ( by the process
of Chemische Fabrik von Heyden AG.)

The raw material is orthoxylene with a minimum
purity of 95 per cent. The end product is high purity
phthalic anhydride which is suitable for further process-
ing into terephthalic acid.

A mixture of orthoxylenc and preheated oxidation air is
charged to the top of a reactor consisting of a bundle of
tubes which accommodate the catalyst and which are
externally heated by a salt melt. Since the reaction, the
partial oxidation of orthoxylene to phthalic anhydride,
is strongly exothermic, the salt melt is used for cooling
the mixture after reaction has started. The surplus heat
of reaction is transferred by the salt melt to a tubular
vaporizer for the generation of high pressure steam,
which contributes towards an improved economics of the
process,

The reaction mixture is cooled and sublimated in
gilled tube coolers. The surplus air is cleaned and dischar-
ged to atmosphere. As soon as one sublimator is loaded
with phthalic anhydride crystals, the anhydride is molten
and subjected to distillative treatment in a three-stage
vacuum distillation plant. The high purity phthalic
anhydride runs off into heated intermediate tanks from
where it is supplied to the next processing plant.

The smallest economical size plant should have a
capacity of 6,000 tons per year. The production of 1 ton
of phthalic anhydride requires 1.022 tons of 100 per cent
orthoxylene and approximately 1,000 kWh. The process
generates steam at 5-15 atmospheres gauge at a rate
of 1 ton per ton of phthalic arhydride. The operation
of a 6,000 tons per year plant requires 14 operators
and helpers on the basis of four-shift operation.

The plant is installed out in the open and requires a
groundfloor area of approximately 25 x 60 metres.

B. From phthalic anhydride to terephthalic acid (by the
Henkel-BASF Process)

The raw material is high purity phthalic anhydride and
the end product is high purity terephthalic acid which
is suitable for direct processing into polyester.

The phthalic anhydride is converted to dipotassium
orthophthalate by two-stage precipitation and then
neutralized. After evaporation and the addition of zinc
catalyst, the mixture enters a spray dryer and leaves it
in the form of powder at a temperature of 100°C. The
powder is briquetted, and the briquettes discharged from
the press are heated further. The briquettes are then in-
troduced via a lock chamber into a reactor with a travel-
ling steel vonveyor belt where the major reaction takes
place. During the isomerization reaction, the dipotassium
salt of the ortbo-phthalic acid is converted into the
dipotassium salt of the terephthalic acid at 430°C and
20 atmospheres gauge pressure. The caking properties
of the feed-stock created some difficulties, but the travell-
ing belt has mastered this problem and the dipotassium
terephthalate is discharged from the reaction chamber
by extrusion presses as properly crushed materisl.
Anerdiuolvingtbemctionproductinwater,itia
npuntodﬁmtheuulystalurry.ﬂ:eoolourofthe

solution is improved by treatment with activated carbon.
The purified terephthalate solution now enters the first
precipitation stage where the potassium terephthalate
reacts with potassium hydrogen terephthalatc solution
from the second precipitation stage to form dipotassium
orthophthalate and insoluble potassium hydrogen tereph-
thalate. The latter is passed to the second precipitation
stage where is reacts with molten phthalic anhydride to
form insoluble terephthalic acid and soluble potassium
hydrogen phthalate which is returned to the first precipita-
tion stage,

After filtration and drying, the terephthalic acid is
stored in an intermediatc bunker from where it is supplied
to direct esterification.

The minimum size plant should have a capacity of
6,000 tons of terephthalic acid per annum. The production
of 1 ton of terephthalic acid requires 1.0l tons of phthalic
anhydride, 800 kWh, approximately 5 tons of steam and
200 cubic metres of water. Operation of the plant requires
32 operators and helpers on the basis of four-shift
operation.

The plant is installed partly in the open and partly
in a building. The floor space requirements are 83 x 25
metres,

The terephthalic acid has a purity of 99.8-99.9 per cent
which makes it suitable for direct esterification with
glycol.

C. From terephthalic acid to Ppolyetherester chips (by the
Ems/Inventa Process)

The raw material is high purity terephthalic acid, and
the end product is dried polyester chips which can be
spun into fibres.

This process furnishes a modified type of polyester of
improved dyeability. For this purpose, a co-product, the
parahydroxybenzoic acid, is incorporated. The example
described starts with the terephthalic acid, and not with
the dimethyl terephthalate, which means that trans-
esterification is replaced by direct esterification.

Terephthalic acid and parahydroxybenzoie acid are
esterified separately. The ester and the ether are charged
together with catalysts and dulling agents, to a poly-
condensation autoclave which operates fully automatically
and which is programme controlled. Temperature,
pressure, and vacuum are therefore identical for each batch
which ensures that the product has uniform properties.
At the end of the Process cycle, the molten mass s
extruded through a slotted spinneret and a casting machine
as a ribbon. The ribbon is chopped into chips of uniform
size. Water cooling of the chips reduces their moisture
content to approximately 1 per cent. This moisture must
be reduced further to less than 0.01 per cent before
spinning for which a continuous drying system consisting
of whirling dryer and fluidized bed dryer is used.

From the cutting machine the chips are conveyed
pncumatically to a storage and blending silo. Several
batches are combined at the bottom outlet of the silo
compartments which provides for a still higher degree
ofmneuofthepotyma. i in the whirling
bed of a Venturi tower in an air current of 180°C takes




5 minutes. The chips arc then passed automatically to
the fluidized bed where theyarcdried to a residual moisture
of 0.01 per cent in an air eurrent during approximately
forty-five minutes. The dried chips are conveyed pneuma-
tically to the spinning section where they arc automatic-
ally distributed between the various spinning hoppers.

A polycondensation plant should have a minimum
capacity of 6,000 tons per year, although a 2,000 tons
per year plant might also be cconomical under favourable
conditions. Plants of this capacity arc already in operation
in small countrics and also in developing countrics. The
complete polycondensation plant is aceommodated in an
enclosed building, except the oil- or gas-fired Dowtherm
heating unit which is located out in the open.

D. From polyetherester chips to fibres

This processing stage converts the polymer chips
into the fibre. It is the last stage in the route from
petroleum to fibre and the preliminary stage for the textile
industry. Spinning, strctching, and finishing should
therefore be adapted to the future use of the fibres. The
conventional types of fibres are cotton-type of 1.5 or
2 denier, wool-type of 3, 6, or 8 denier, and filament of
40, 70, 90, or 150 denier.

The process arrangement for the production of staple
fibres is as follows:

Each spinning hopper supplies one melter with chips.
Screw melters are substantially employed with screw
lengths of twenty-four times the diameter. The use of
special material and adequate surface finishing of screw
and casing ensure continuous scrvice over many months
and the supply of a homogeneous melt of uniform
characteristics. Screw melters have an inert gas purge
system, five different temperature zones, automatic
pressure control, and they feed several spinnerets. For
instance, in a fibre plant for six tons per day or 2,000 tons
per year, three screw melters feed cighteen large spinnerets.
One precision gear pump is arranged between each
screw melter and spinneret which accurately meters the
melt to form the proper denier. One spinneret is preceded
by a number of filters and has up to 500 holes depending
upon the denier required. A take-off machine located
three to five metres below the spinnerets provides for a
constant take-off speed which is far beyond 1,000 metres
per minute, or sixty kilometres per hour.

The filament bundle leaving the spinnerets is cooled
uniformly in blowing ducts with conditioned air. On the
take-up machine, the filaments are wetted, treated with
finishing oil, and combined to a tow of 30-80,000 deniers.
The tow is deposited in cans, approximately fifty cans
being mounted on a creel. The so-formed tow of roughly
2 million deniers is stretchad in several zones with the
application of steam and also shrunk, depending upon
the type of fibres. The tow is then washed, treated with
Avivage and crimped. After thermo-setting the tow is cut
into the required staple lengths. The staples are passed
to the baling press, and after textile testing in the laborat-
ory, the baled fibres are supplied to the textile processers,

The production of filaments requires smaller spinnerets
with maximum fifty holes. In that case sixteen spinnerets
are combined in one Dowtherm-heated spinning box,

and one screw mclter normally feeds thirty-two spin-
nerets, i.c., two spinning boxcs. Herc again the melt
is metercd by gear pumps through a filter pack to the
spinneret. From the spinncret the tilaments pass through
blowing duects to the take-off machine wlhere they are
wound on bobbins. After hot stretching on draw wisters
the filaments are finished on cops. Further processing
of the filaments on false twist or other texturizing
machines. or on twisting, shrinking and coning machines
to the finmished filament on cardboard tubes is handled
cither by the fibre producers or by the textile processers.

It should be mentioned that fibre plants have to be
installed in largely air-conditioned buildings without
windows. Extensive analyzing and testing facilities are
required to test the products and to sort them according
to the various quality grades. These facilitics in conjunc-
tion with properly trained personnel and modern and
cconontic equipment arc fecessary to produce fibres
which meet the high quality standard required on the
market,

The production of onc ton of polyetherester fibre
requires the following raw materials :

Ae
Terephihalic acid e R 1 7]
Parahydroxybenzoicacid . ., . . . . .. ... 92
Ethylene glycot . . . . . ... . . .. . . .. 44§
Tianiumoxide . . . . ..., ... .., ... 4

Also catalysi, Avivage ctc.

The production of one ton of polyctherester fibres
requires the following utilitics:

Llectric power . . . 2,200 kWh
Steam 2.8 tons
Water 230 cu.m.
Fuel gas 280 st.cu.m.

The operation of a plant from terephthalic acid to
fibre with a capacity of 6,000 tons per annum requires
approximately 230 engincers, chemists, operators,
and helpers, substantially on the basis of four-shift
operation. The plant is accommodated in one multi-
storeyed building of twenty metres height and approxi-
mately 45,000 cubic metres, and one single-storeyed build-
ing of approximately 35,000 cubic metres.

Other processes for the production of polyester fibres
are basically identical to the above-described process.
The object of all processes is to provide for largely
automatic uperation, high quality of the products and
optimum economics. The progress made is reflected
bv the decreasing market prices of the products. The
production costs per kilogramme of fibre largely depend
on the cost of the raw matcrials, while the costs of amor-
tization, energy and labour are comparatively low.

V. GENERAL ASPECTS FOR THE PLANNING OF SYNTHETIC
FIBRE PRODUCTION PLANTS

The comments on the market situation for synthetic
fibres, given in section II, has shown that in almost all
countries efforts are being made towards the expansion
of the existing production facilities. Although the big
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centres in the United Statcs, Japan and Central Europe
arc still dominating, there are also smaller eountries
in South Ainerica, Europe and Asia which have estab-
lished production facilities. Their capacity is generally low
and their production programme is limited to the spinn-
ing and stretching of imported chips, but in some cases

also includes polymerization for which the monomers
have to be imported.

These countries frequently have a domestic textile
industry. For instance, in Pakistan several textile factories
were built since 1947, But even countries which are less
developed industrially may start with the development
of a textile industry, apart from agriculture, foodstuffs
industry, transportation system and a light industry.
These countries have a desire to install modern types of
machines which are suitable also for the processing of
synthetic fibres. They may soon thercafter import synthe-
tic fibres and process them into textiles either alone or
in blends with domestic or imported natural fibres.
This development is promoted by the desire of these
countries to ¢xpand their export market to get the necess-
ary joreign exehange for the payment of machinery and
equipment. Hence, many countries base their domestic
textile industry on imported fibres, such as polyester
fibres in bales, or filaments on cops.

At the same time petroleum refineries are being built
in many countries which process domestic or imported
crudes. These refineries initially include equipment for
the distillation of petroleum to produce fuel oil, kerosene
or diesel oil, but they are soon expanded by the inclusion
of reforming plants and facilities for the production
of high octane gasolene, olefins and aromatics. The next
step would be the upgrading of these intermediates to
manufacture plastics and petrochemical raw materials.
This leads to the establishment of plants for PVC,

polyethylene, fertilizers, general chemicals, and many
other products.

An interesting situation exists in many countries in so
far as they have a textile industry based on imported
synthetic fibres, while their petroleum processing industry
produces valuable aromatics, such as benzene and
xylene, which are not fully utilized yet.

Consideration might therefore be given to closing this
gap between the petroleum industry and the textile
industry by incorporating the relevant process routes.
The setting up of such compound industry is certainly
the object of many planning authorities and is attractive
to many countries. Projects of this magnitude, however,
have to be planned most carefully since they have an
influence on numerous secondary industries. Besides,
each country is faced with different problems for which
an individual solution has to be found. The model of
the large industrial countries should not be copied before
a very critical study has been made.

Since the above-described development is bound to
take place, sooner or later, in all countries, those coun-
tries which already have large petrochemical industries

In consideration of the aforesaid, some recommenda-
tions for the establishment of synthetic fibre plants may
be given. They should be installed in locations where the
demand for ordinary type fibres has reached such a level
that one or two economical-size plants would be sufficient
to satisfy the market requircments. For the production
of special types of fibres and development work reliance
should be placed upon large and experienced producers
in the United States, Japan and Europe.

A reasonable cconomic evaluation of a fibre plant is
often altered eompletely by special laws in force in a
particular country. For instance, some compunies have
managed to monopolize their business by means of
protective duty, while other countries stop all imports
s soon as the first fibre is spun in their own plants.
Subject to these problems there are certain standards
for smallest economical-size plants. For the start, the
production of synthetic fibres should be based on impor-
ted polymer chips. The plant would include spinning,
stretching, and possibly also crimping or other finishing
treatment. When nylon or perlon-type fibres are to be
produced, the plant should have a minimum capacity
of two to three tons per day. A general rule is that the
higher the denier of the produced filaments, the larger
the production capacity shall be. In the case of polyester,
the initial plant shall be for three to six tons per day, and
in the case of polyacrylonitrile five to ten tons per day.

The capital costs for these plants are within the range
of 1 to 2 million dollars of which 25 to 33 per cent are
required in local currency to cover the cost of buildings,
erection etc. The local personnel can be trained in the
operation of the plants by a few experts, and after an
adequate running-in period of several months, it can be
expected that the plant will produce marketable products.
It is recommended that production be confined to a few
ordinary types of fibres.

The establishment of domestic synthetic fibre plants
will result ir a rapid increase in the demand for synthetic
fibres. This also leads to higher imports of raw materials
and of some special fibre types from highly industralized
countries, which are also processed. This is the reason
why there was never a decline in sales or production
anywhere in the world, although many countries have
built their own fibre plants.

When an initial plant is expanded and reaches a capa-
city which justifies the establishment of a polymerization
plant of its own, this will considerably improve the econo-
mics of fibre production. The chemistry and technology
of polymerization for all fibre types are rather complicated
and difficult so that new specialists are needed, and new
laboratories and facilities have to be installed. A polymeri-
zation plant ior nylon should have a capacity of three to
siX tons per day, for polyester six to ten tons per day,
and for polyacrylonitrile ten to fifteen tons per day.
The additional capital investment is within the range of
0.5-2 million dollars.

Petrochemical intermediates and monomers, such as

should give reasonable assistance. The phnnin’ of dimethyl terephthalate or terephthalic acid, caprolactam,

projects should not be confined to the territory of any and acrylonitrile, can be produced economically only in

one country, but should also consider markets in large ity plants of to thirty tons per day, for

trading areas and in the whole world. whichthcupiulinmtmcnumbetwunsmdUmmion
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dollars. The operation of these plants demands a conside-
rable amount of know-how and experience from the plant
owner and his personnel. The products available on the
world market are of such high and uniform quality that
equivalent products have to be produced in order to be
competitive.

It should further be considered that compound plants
for synthetic fibres in the main producing countries have
presently reached capacities of 50-100 tons per day and
more, after several expansions have been made. At the
same time, intensive research work is carried out in
laboratories and pilot installations. The capital invested
in these big industrial complex plants amounts to 100 mil-
lion dollars. This shows that it is difficult for a company
which starts production on a small scale to compete.
New projects should therefore be limited to the produc-
tion of a few ordinary-type fibres utilizing the experience
and know-how from competent producers and engineer-
ing companies from developed countries. This can be
arranged either on a licence basis, or by co-operation
with competent producers who provide the necessary
specialists for an adequate period of time.

To sum up it can be said that consumption and produc-
tion of synthetic fibres are in a stat= of rapid development
and that in almost all countries new plants or additional
plants are being built. Production and research are centred
on the improvements and reduction of cost of the four
or five popular fibres. All synthetic fibres are produced
from petroleum base stocks. The process routes lead from
petroleum refining to fibre spinning as has been illus-
trated by the example of the polyester fibre. Some general
recommendations have been given for the planning of new

synthetic fibre projects on the basis of practical experience
which would have to be elaborated in more detail for any
particular project. It is advisable to start the development
of new synthetic fibre plants with the last stage, namely
the spinning of the fibre from the chips, and to expand
the plant stage by stage towards the petroleum raw
material corresponding to the increasing demands. This
is also the best way for the progressive training of the
personnel in the operation of the plants. When consider-
ing these points it should be possible to establish complex
plants, ranging from petroleum to synthetic fibre, which
can supply the raw material for domestic textile industries.
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S. DEVELOPMENT OF A SYNTHETIC FIBRE INDUSTRY, SUCH AS NYLON 6,
IN DEVELOPING COUNTRIES

D. Thormann, Hoechst-Uhde International G.m.b.h., Federal Republic of Germany

I. INTRODUCTION AND FIELDS OF APPLICATION FOR NYLON 6

TanLE 1. CONSUMPTION, PER PERSON, OF SYNTHETICS DURING 1960

FIBRES AND FILAMENT (Inib)
If the Government, an organization, or an enterprise .

of a developing country intends to construct petro- ge':;ewfjls,'{“f’blr fGermany ::;g

chemical plants, the prerequisites are: careful planning, ana::d coublicofGermany . . . ... 2728

detailed marketing information, and customer acceptance Spain . o S S S S 0.2

of the end products. USSR . ... . .. ... .. ... . """ om

E-caprolactam, a petrochemical product, is used as Latin America . . ..., .. . 0.198

raw material for the production of the synthetic fibre Affica ... ... L L o0

nylon 6. NmEast....................0.022
. . FarEast....................0.308

The producer intending to manufacture nylon 6 fila- World .. ... ... ... .l 0.58
ment or fibres, has to examine most carefully all possibi-
lities of sales in order to be in a position to establish the
production programme, and the capacity of the plant.

The buyers as well as those who use chemical fibres for TasLE 2. PoLyAMiDE PRODUCTION
further processing, must consider sales, this remains a (Million 1b)
basic consideration with regard to the whele chain of
production and consumption and extending to the textiles West Ewope S h o
customer.

The production requirements of synthetic fibres are 1959 . . .. 215.6 420.2 1298
determined by many factors; such as 1960 . . .. 283.8 4510 162.8

(a) Populttion of the country; :961 L 3432 528.0 193.6

A . %62 . . .. 431.2 673.2 2283

(%) Industrial develoyment of the country in general; 1953 | & s41.2 7678 303.6

(c) The efficiency of the domestic textile industry in  Capacity 1963 $91.0 1,128.6 503.8
particular;

(d) The textile raw material bauis;

(¢) The social structure of the population; TASLE 3. WORLD PRODUCTION OF POLYAMIDE

(/) The buying power of the individua! consumer; (In Bb)

(g) The climate;

(A) Last, but not least, fashion. o . ... 11,000,000
Most of these factors are intimately connected and 190 . . ... . .. .. o 123,200,000
inﬂunoeeachotber.Tbemisarehtiomhipbetween 1960 . $73,400,000
POptlhﬁon uo“h, Ww ‘ndwuﬁoﬂ, .nd 0 . Z,SSO,M,M

improvement of the standard of living, on the one hand, Number of polyamide plants in 1963 = 149 (including pliot planis).
and increased consumption of synthetic fibres, on the
other.

It may be considered that an increased production of the consumption per person of synthetic: of Spain, or the
natural fibre raw materials due to better cultivation USSR, or even the average world consumption per person.
methods may be desirable. However, the more intensive  The consumption figure per person in the Far East is
methods of agriculture or increased cultivation must, due to the high specific consumption of the Japanese
above all, ensure and improve the food basis, population. The indicated figure of the polyamide-

The following tables show the production and consump-  production plants of 1963 includes the very large plants,
tioa of chemical fibres, particularly of polyamide fibres, similar to those of North America, as well as pilot piants,

The figures show that many developing countries Dwe to the ou

tstanding fibres propertics of the poly-
have to master encrmous tasks in order to attain only mmcmmm«.m.:m




TasLE 4. FIELDS OF APPLICATION POR NYLON € FILAMENT

Knitting : Hosicry :

Stockings (15 and 20 den., 30-60 den. for reinforced hosiery)

Smocks (70, 100 den. textured)
Knitting : Underwear
Weaving : Shirts t
Blouses 40 to 60 den.
Overalls
Smocks
Light dress material for women
Rain coats
Umbrella cloth
Lining fabrics

40-100 den.

Warp and weft elastic fabric for | 70-100 den.

sport wear, ba.hing suits

textured

Miscellancous : Laces, bobbin lace work, ribbons, sewing thread, iulle, surgical silk, textured

carpets.
Technical articles :
Tyre-cord, fishing nets, filter material, sieves,

for storage ¢! .) ropes, belts, ribbons, straps.

parac wte-silk, canvas (air supported struciures

TABLE 5. FIELDS OF APPLICATION FOR NYLON 6 FILAMENT
IN MIXTURES WITH OTHER FIBRES

Articles with a prevailing part of nylon 6 filamens :
Carpels, filter material, shirting, waist bands and bindings
for trousers, ropes, straps, cords and ribbons.
Articles with an admixture of nylon 6 and other textile fibres such
as cotion, wool, rayon filament :

Outerwear, work clothes, overalls and combinations, stockings
and socks, pants for children, knitting thread.

be manufactured. The breaking strength of nylon 6
filament is approximately double that of cotton or
natural silk, its abrasion resistance and bending strength
is ten times superior to that of cotton, and the resistance
against decay, attacks of insects, fungus, and bacteria is
extremely good.

The percentage of polyamide used in processing
industries in the United States is shown by product
class in the table 6.

There are possibilities for producers and consumers
to discover new fields of utilization for nylon 6 fibres or
filament, which is demonstrated by the following
example: instead of the poorly growing sea-weeds in a
fish-breeding basin, a green coloured nylon 6 staple fibre
was spread in an appropriate way in the water. The
successful breeding of fish is said to have been astonishing,
as apparently the breeding places have been decisively
improved by the use of the nylon 6 fibre.

It must clearly be stated, however, that, due to influ-
ences of fashion or to the further advance of synthetic
fibres with more favourable textile properties for special
purposes, one or more fields of application may cease
to exist in time.

An example may show that articles of nylon 6 can be
introduced into a developing country with an agricultural

structure. It is assumed that the actual textile industry
based on domestic natural fibre (for instance, cotton)
covers to a large extent the textile requirements of the
population.

The population outside the large cities is mostly occu-
pied with agricultural services. Due to climate and tradi-
tion the people have worn, perhaps for many generations,
working clothes mad= of cotton. For this reason it may
be difficult to start selling new textile materials to the
farmer or farm worker. A cotton suit, however, essentially
more wear-resistant made from an admixture of nylon 6
staple fibre and cotton will soon meet with the approval
of these customers, even if the cost for the apparel is
increased by a slightamount. This applies, also, to the use
and sale of wear-resistant stockings, socks and under-
wear,

In secking fields of application for synthetic fibre
tcxtiles, not only are the questions of expediency, customer
acceptance, and tradition important but also fashion as
well as the psychological attitudes of the consumer.

It is the same with a certain demand for ladies’ stockings,
underwear and other textile articles which would signify
the higher living standard of the rural population.

TasLe 6. PERCENTAGE OF POLYAMIDE USED IN FINAL PRODUCTS
IN THE UNrmap States

B Por comt

Outerwear . . . . ... . .. . ... . .. . 7
Underwear . 13
Jm .................. A |
Stockings . . . e e 10
Cumh/mmhnnlhmuﬂlﬂbhh. .......... . §
Tyrecod . . ... .. . . ., ... . N | |
Other itemm . . . . ..., . . . . e e . 16
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In the field of the commercial and agricultural commo-
dities, new possibilit:=s can be found for the use of
nylon 6 fibres and filament. Examples of these are:
harness, traction-ropes, belts, girdles, and belting, all
of which are resistant to high stress. Tarpaulins resistant
to weather and decay may be used during the harvesting
of certain agricultural products. In addition, we can
mention the use of technical nylon 6 fibres and threads
in the field of private and industrial fishing.

The normal consumption of textiles based on synthetic
fibres can be determincd after some time with due
consideration to cities and industrialized areas existing
in each country. The requirement of the synthetic fibres
is influenced to a certain degree by the fact that the
8overnment prescribes or should prescribe the type of
clothing that their officials and employees should wear in
the performance of their civil duties, and certain standards
for the admixture of chemical fibres in order to improve
the quality. Certainly new fields of application will also
be found in the military sector, with regard to wear-
resistant uniforms and equipment.

1. TASKS OF THF TEXTILE INDUSTRY USING CHEMICAL
FIBRES

The starting of production of chemical fibres in develop-
ing countries depends, on the one hand, on relevant
demands of the population, and on the other, on the
efficiency of the domestic textile industry. Those countries
which are not yet in a position to satisfy the textile demand
of the population from domestic textile plants using
conventional fibre raw materials, should begin with the
extension of their textile industry, rather than the produc-
tion of the chemical fibres. In other cases, it will be
necessary to rationalize whether to expand the existing
textile plants or to modernize the machinery. Only
when the textile industry in a country has been consoli-
dated correspondingly can the further processing of
synthetic fibres be considered.

The conditions are relatively simple where the natural
fibres or common fibre raw materials are used to date.
These can be directly substituted by relevant chemical
fibres. In a country with a domestic natural fibre indus-
try, it will not be so difficult to introduce synthetic fibres
in & number of fields. However, there are difficulties for
an enterprise where chemical fibres are to be admixed
with natural fibre raw materials to produce yarns and
textiles. Much experience and practice are needed in
order to overcome any techaical problems of synthetic

fibres (electrostatic charging, pilling effect, colour
fastness).

In many cases however, the firms for further processing
of synthetic fibres arc compelied to change their produc-
tion process and to use new methods, Stocking knitting,
warping, dying, setting of textiles, manufacture of
crimp yarns, stretch fabrics, and the finishing of the
textiles are influenced to such a high degree by chemical
fibres that it is not possible to work with old machines
using old methods.

For this reason, a transition period for the textile
industry is necessary before starting a chemical fibre
production. In this period, the chemical fibres can be
imported and should not be produced internally.

The advancement contributed by chemical fibres to
the manufacture of textiles in industrial countrics is
due to a close co-operation between the chemical fibre
producers and the textile industry, and to an intensive
and costly research programme. These costs were assumed,
to a large extent, by the industry,

The enterprises of the developing countries arc charged
with many additional problems. Therefore, they will
not be in a position to develop the methods and techniques

for the introduction and processing of the synthetic
fibres,

Itis suggested that they should utilize the experience of
foreign countries, or suppliers of raw materials. The cost
of know-how or consulting assistance is relatively much
lower than those encountered by internal development

and overcoming problems which have been solved for
many years.

Moreover, it is recommended that the governmental
institutions or industrial organizations in a developing
country establish adequate textile institutes. These instj-
tutes will be of great value when starting internal produc-
tion and processing of synthetic fibres, and can keep the
technology up-to-date regarding processes as well as
market trends and problems.

ITI. DESIGN AND CONSTRUCTION OF THE NYLON § PLANT

The basic material for the nylon 6 fibre is E-Caprolac-
tam, a ring-formed, low-molecular weight, organic-
chemical compound, which with special reaction condi-
tions joins after ring breaking via amide bridges to form
linear high-molecular weight long chains. During this
reaction no further chemical compounds are added and/
or split off, therefore, it is called a polymerization.

X = ca 200
H,—CH,—NH
xCH<§ M ety HOOC—(CH,),—NH [coqcn.).—nn] —C0—(CH,),—NH,

H,—CH,—00 260°

Nylon 6 belongs to the class of the polyamides. The
process does not produce only a high-

molecular weight product but results in an equilibrium of
reaction with a portion of about 10 per cent of caprolac-
tam and low molecular weight compounds which affect

x—2

the production of fibres and therefore must be separated
from the high molecular weight main portion. In this
connexion, there are only two possibilities :

(@) Washing of the cooled, solidified and pelletized
polymer by means of a solvent. It is fortunate that




water is a suitable extraction agent for the low-molecular
weight compound.

{5) Evaporating of the low-molecular weight com-
pounds from the polymerization melt mixture under
vacuum.

The dried pelletized polymer, the so-called nylon 6
chips, is either melted again in spinning machines by
means of extrusion apparatus or on heated contact
surfaces. The melt is then pressed through spinnerettes
by means of metering pumps and formed into continuous
filaments. The threads formed of the filaments solidify
in the spinning tubcs and are wound at approximately
1,000 m/min., or, according to the polymerizatior. process,
(as per b) — the treated polyamide melt is conveyed to the
spinning machine and spun into fibres.

The excellent strength properties of nylon 6 threads
result from stretching operation together with a longi-
tudinal orientation to the fibre-axis of the chain-
formed macro-molecules. Further textile techniques
depend on the end-use of the threads and fibres.

With regard to the production of nylon 6 material
for the textile industry, the difference between nylon 6
filaments and nylon 6 staple fibres should be recognized.
A nylon 6 filament plant comprises: polymerization;
spinning; winding; drawing; and other textile operations
such as warping, texturizing after-twisting, setting,
dyeing, coning.

The auxiliary and secondary plants necessary for the
operation are as follows: air-conditioning and refrigera-
tion plants; inert-gas purification plant; plants for the
treatment of water; plants for steam, vacuum and com-

pressed-air generation. Secondary plants for spim!ing
arc as follows: spinning pumps, spinnerettes cleaning,
instrumentation for control, and apparatus for the
preparation and distribution of spin finish solution.

In addition, laboratory facilities for production control
include equipment for the chemical and textile testing
of raw materials, intermediates and finished products as
well as for sorting of the nylon 6 filament production.

The nylon 6 fibre plant comprises:

(a) Polymerization;

{6) Spinning;

(c) Fibre tow-line with drawing equipment machinery
for crimping of fibres, setting of the crimp (eventually
the low molecular portion in the textile goods must be
washed out if the polyamide melt is spun directly without
vacuum extraction), cutting machine, and baling press,
Also, there arc the required auxiliary and secondary
service plants similar to those mentioned above for the
nylon 6 filament plant.

The principal difference between staple fibre spinning
and filament spinning is that for filament spinning the
delivered product is a continuous thread whereas the
staple fibres are cut to various lengths and can be pro-
duced to blend with natural fibres or used on a 100 per
cent nylon 6 basis on cotton or wool fibre processing
systems.

Most interesting is the lowest capacity limit for a
nylon 6 plant for profitable manufacture of filaments and
fibres that can be started in a developing country. In
general these standards may be indicated below:

Tamre 7
Tyse of production Raw material Knd-producs ".“I.:I.‘:)"m,
Nylon 6 filament Nylon 6 chips Textile filament 2,200
Nylon 6 filament Caprolactam Textile filament 3,300
Nylon 6 filament Caprolactam Tochnical filament 3,300
Nylon 6 fibre Caprolactam Cotton and wool type 4,400
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The production costs do not include the cost for baling,
shipping, selling, customers services, administration,
interest for short-term and long-term capital loans, and
taxes. Compared with the production costs calculated
here for nylon 6 filament, the average selling price in
Europe amounts to DM 13 - up to 13.90 per/kg.

For developing countries which charge chemical fibre
imports with very high import duties, the above-men-
tioned minimum capacities are feasible. However, these
lower capacity limits cannot be taken as a basis if it is
intended to export nylon 6 fibres. In this case, the same
standards hold good for the design of a nylon 6 filament
as those existing in an industrial country, if the export
is not subsidized by the government. In other words,
there are opportunities for export to the world market
only in case a production plant of at least three t/day
minimum is available. The comparison of the production
cost for plants of different sizes shows that for small-size
plants the polymerization of caprolactam is not profitable.
The investment capital of the small plant is put to better
use when the synthetic fibres or filament is processed
through the appropriate textile departments,

The following cost items are to be considered for the
financing of nylon 6 filament plant corresponding to t'
example given herewith:

Invested capital
(@) Land and preparation of ground;

(b) Building, roads, communications, and traffic. In-
stallations for electric power and water supply, etc.;

(¢) Machines and equipment including engineering
and know-how;

(d) Erection of the plant,

Current assets

(¢) Raw material requirements for three to four
months;

(f) Storage of end-products and intermediates for one
to six months.

Item (f) depends much on the production capacity and
the production programme. In case of a small-type produc-
tion plant with one spinning machine on which only one
titer can be spun, alternate titers can only be spun after
a period of production of about six weeks. Production
can then be changed to another titer if the full service
and the quality yield is to be guaranteed. In case of four
different titers, material storage of about six months
must be provided. In case of larger plants with separate
spinning machines, relatively more titers can be spun at
the same time and prepared more rapidly for shipment.

Due to the fact that the premises and building prices
are different in various countries, so that no general
standard for discussion can be found, a general figure
representing the investment requirement for only the
nylon 6 filament equipment is given below:

TanLa 8. EQUIPMENT COST 7.0.5. POR NYLON 6 PILAMENT PLANT OF VARIOUS CAPACITITS
Raw material caprolociom — end-product nylom 6 fllament on draw-twist cops, mean tliter 40-435 den.
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cost for a nylon 6 plant amounts to about |$ per cent
of the equipment cost.

The total capital requirement for a nylon 6 filament
plant ready for production 1s approximately twice
that of the equipment cost. A relevant split-up is indi-
cated here below:

Prr cont
Fquipment f.0.h. . 50-55 ‘
Erection . . . . = 7-8 ' Total investment
Building, purchase and grading ~ abou 75°,
levelling of the premises . . 13-18
Current assots for raw and end-
products for 3 months 18-23
Other cost (approximately) . s

The foreign exchange portion of the totai capital
requirement for a nylon 6 project is of interest for a
developing country. The greater percentage of the cost
for the equipment and the personnel cost, the supervision
of the erection, starting up of the production, and cost
for the training of own experts in the foreign country
which is about two-thirds of the total investment cost,
must be covered by foreign exchange. On account of the
Question of foreign exchange each government will try
to procure a maximum of the equipment in their own
country. However, the apparatus and machines vhich
determine to a large extent the technical process, are
based on the development of the licensee. These machines
can be procured most advantageously from industrial
countries. These countries have a highly developed,
specialized, manufacturing plant for these machines. The
machines cannot be manufactured in the developing
country. Geenerally only the simple apparatus, containers,
equipment for a number of auxiliary and secondary
plants can be procured domestically: for example:
lactam melting kettle; ship containers: water-treating
plant such as natural water cleaning; permutit water
plant; plant for the production of distilled water; bobbins
and transport carriages and supports «s per drawings;
plants for generation of vacuum, compressed air, steam
and refrigeration; air conditioning plants, etc. In addition,
various erection material such a piping, wiring for the
cloctric installation, can be procured locully. Usually the
amount of equipment which can be manufactured in a
developing country will not exceed |$ per cent,

The personnel requirement for a nylon 6 plant is as
follows:

0.73
Wobo .75 13 10 [ 24
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The leading personnel includes : & manager (university
graduate), a chemist or chemical engineer, a textile engi-
neer, a mechunic engineer and depending on the size of
the plant, a chief operator. a chief laboratory chemist
and a production assistant.

It is suggested that training of some of the leading
personnel before start up of the production be completed
so that they become acquainted vith the technology of
the plani.

In a developing country, an enterprise will have to
train the expert personnel. It is advantageous 10 employ
persons with working expericnce and personnel coming
from the textile industry. The remaining male and female
auxiliary personnel must be trained for special opera-
tions in the plant.

During the last stage of erection, it 1s important to
tiain the personnel as much as possible at & number of
spinning heads and drawing units: the work will hereby
be facilitated and mistakes regarding production and the
resulting increase in operations cost will be avoided.

The nylon 6 plant should be located in an area with
good communications for traffic; and short distances
from textile manufacturers offer some advantages, A
cheap and reliable supply of electric power is important
from an economical and technical point of view. Repeated
break-down of the current supply results in an inferior
quality and waste production which can be prevented
only by a large investment in an emergency power supply
system. Sufficient natural water must be available for the
generation of refrigeration and air conditioning for the
textile plant. Thus no extraordinary conditions are
generally required with regard to the location of the
plant.

E-caprolactam as the main raw material for the produc-
tion of nylon 6 threads and fibres is available in the world
market in sufficient quantity and good quality, The
other raw and auxiliary materials such as stabilizer,
preparation agent, delustering agent, nitrogen, hydrogen,
and diphenyl are used in small quantities and do mot
influence the cost significantly.

Indeed, the import of caprolactan: means for a develop-
ing country a loss of foreign exchange. However, only
25-35 per cent of foreign exchange is needed compared
with the amount of foreign exchange for a relevant
imported quantity of fibres. The demand for nylom 6
chips required for smaller production plants can be
covered also due to an adequate supply in the world
market; however, saving of foreign exchange compared
with the import of nylon 6 flament will thereby be
somewhat reduced.
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6. SYNTHETIC FIBRES OF POLYAMIDES

J. Laub and Hans J. Zimme - AG, Federal Republic of ermany

This paper presents a survey of the present state of
techniques in the field of polyamide fibres and their
importance for the textile fibre industry considering, in
particular, the technical situation existing generally in
developing countrics. One will thus get an impression of
the extent to which the production of such fibres will be
of advantage to a country.

Since this meeting is being held to discuss particularly
petrochemical problems, an endeavour will he made to
point out the special advantages resulting from setting
up polyamide fibre production and Creating, at the same
time, a petrochemical production capacity

The first attempts to produce, in an artificial way,
suitable fibres for textile purposes were nade at the end
of the last century but it was impossible up to about the
beginning of the Second World War to manufacture fully
synthetic fibres that could be used in the textile industry.
(The chemical fibres produced till then were known as
semi-synthetic fibres since they consisted of a naturally
grown material, the cellulose, made into fibres by means
of chemical processes.)

The first fully synthetic fibres which gained greater
importance were the products known today as polyamide
fidres, ie., nylon 6 and nylon 66. The corresponding
materials are comprised under the term “polyamides”
since they are obtained by polymerization and polycon-
densation, respectively, of organic amides.

The main difficulty that had to be overcome to develop
such fibres — the costs for the development of nylon 66
by Du Pont are estimated at $US 30 miltion was to
find those few amides which guarantee sufficiently good
fibre quality in the polyamide production. In fact, only
twooftheuso-cclhdmonomnmlomuodona
larger scale, i.c., the adipate of hexamethylene dismine
for the production of nylon 66 and the aminocapronic
acid in form of lactam for the production of nylon 6.

The chemical formulse of these monomers as well
88 of the polymerization processes are as follows:

n [H,N- (CH), - NH,]* 0OC - (CH,), - COOH- »
AH-saht

I—N-(CH,),-N-OC-(CH,).- CO-I + (2n -H HO
H H n
aylon 66 | water
Ec‘i"(gk).'m—-] _,lz'(CK.).'COlH

oaprolnctam ayloa 6

We shall first set aside details of polymerization and
spinning in order to give you a brief impression of the
importance these polyamides have gained and of the
special properties by means of which they penetrated the
textile sector to a considerable extent. Nylon 6 and nylon
66 differ only in some few points and in these merely to
it shght extent. The physical and chemical data by which
such materials are usually characterized are shown in
table |.

To simplify the matter it can be said that the actual
differences with regard to the applicability of the corres-
ponding fibres are so slight that they are known only by
experts. But even specialists may have different opinions
on the subject. In the following we shall, therefore, deal
with both fibre types under the above-mentioned common
term, re., polyamides.

There is no doubt that the first great success of the
polyamide fibres was in the manufacture of ladies’
stockings. As it is known today, the threads of polyamides
are much stronger than those of the cuprammosiwm
rayon, e.g. the Bemberg silk, very popular in the federal
Republic of Germany, or the natural silk which were
formerly applied for this purpose. Thus it was possible
to produce stockings that had the .ame appearance as
those manufactured up till then but were much better
wearing, and were made of finer threads. Another
essential advantage is the reduced care since nylon-
made materials are most casily washed and dried in a
very short time.

In fact, today there is no material for ladies’ stockings
in competition with the polyamides or, in other words,
100 per cent of all ladies’ stockings are made of poly-
amide fibres.

The next field won by the polyamide fibres was thet
of lingerie. Again, the decisive advantage was that dirt
could be removed quickly by simple washing methods,
that the articles dried in an extremely short time and
needed no ironing. In the United States, about 33 per
cent of lingerie was made of polyamide fibres in 1963,

With the application of the so-called texturing, polys-
mide was also weed for socks and pull-overs. Withowt
gmq too many details, it should be explained thet
texturiag means a treatment giving the thread a strong
and lasting crimp. The so-called stretch material is
Mnodadthowchm.duhenofmemyfootiun
Mﬂonodmbnofd&nmﬁumm

. Moreover, the crimp of the fAlaments
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TanLE |. CHEMICAL AND PHYSICAL DATA OF POLYAMIDES

Nvion 66 Nyion 6
1. Polymers
Formula |~ N (CHy)y N -OC- (CH,),  CO— —H “(CHy)y - CO !
H H a H n
Meiting point ('C; 245 218
Melting heat (cal/gr) 25 28
Spec. weight (grajcm®) 114 113
Spec. heat (cal/gr () . L 0.8 0.45
Humidity take up at standurd conditions (per cent) . 4045 4.0-4.5
Heal conductivity (cal/cm “Csec) . . . . . . . 0.20-:0.22 0.20-0.22
2. Fibres
Tenacity (grs/den)
Normel . . = = 45-6.2 4.5-6.2
Highwnacity . . . . . 1.59.0 7.2-8.3
Rel. wet tenacity (percent) . . . . . . . . 85-95 85-93
Rel loop tenacity (percem) . . . . . 75-95 75-93
Elongation at break (per cent)
High tenacity . e 15-20 15-20
Swelling property (percemt) . . 9-12 912

gentlemen, and children are made of textured polyamide
fAbres. Here in particular, it is of considerable advantage
that stains arc easily removed and drying is quick. It
muet, however, be considered that polyester and
especiaily polyacrylonitrile occupy a large section jin
this field of application. In 1963, 70 per cent 'of all
ladies’ pu.l-overs and 43 per cent of all gentlemen's
pull-overs in the United States were made of fully synthe-
tic fibres, part of them probably of polyester and poly-

Since the polyamide material has proved a success
for the above-mentioned articles, attempts were made at
the beginning of the 19%0’s to wee it also for shirts,
Considerable dificulties due to the subjective wearing
properties of the material were encountered in the
begisaing, a fact based on rather complicated theore-
tical connections. | need mention only the key words:
moisture absorption and moisture transport. Both
factors are comparatively unfavourable for the polya-
midies.

connexion are in carpet production, the manufacture
of draperies and furniture covering as well as of
motorcar and bathing mats. In 1962, 42 per cent of
all textiles used in the United States as floorings were
made of polyamides.

In the last two decades, the technical layman has
taken part in the development outlined so far. But the poly-
amide fibre has gained a footing also in purely technical
fields especially during the last five years of these two
decades. Primarily, this applies to tyre cord, but apart
from that also to fishing nets as well as to technical
materials of various kinds, such as cables, ropes, conveyor
beits, drive belts, filter cloths, fishing lines, protective
clothes.

Although the application of nylon instead of rayon
used tilt then for tyre manufacture naturally meant a
certain technical conversion, its extremely high strength
which has been increased today to about [0 g/den
compared to about 6.5 g/den of the best rayon material
was decisive when the applicability of this material was
discussed in mamy countries, especially in the United
Sates. In the Foderal Republic of Germany, where the
polyamiduuoordmteﬁclhnnotyetlww
such extent for reasons connected with the specificity
of the artificial Mhomindmy,tymforhi;h-tpud
wmunuuforu.vylorrmmoquippod
with polyamide carcases. In the United States, 51 per
oeat of all tyres were provided with polyamide carcasess
ia 1963

The application for fiter cloth is based on the high
aad s large number
of erganic solvents, and for the production of fishing

0 putridity and to the

!
|
E
i




TABLE 2. DEVELOPMENT OF POLYAMIDE FIBRE PRODUCTION IN THE
WORLD SINCE 1940

Polyamide Value of
Year Textite Pbwes Polsamulr peroeniage poilvarmde
total 11} oy of itextile hhre production

hhres X ERY]
1940 8,553,000 1.000 0013 3,000,000
194 8,041,000 5,000 0.06 15,000,000
1942 7,916,000 £.000 0.06 15,000,000
194} 7,650,000 8,000 0.13 24,000,000
1944 7.197,000 12,000 017 36,000,000
1945 5,973,000 12,000 0.2 36,000,000
1946 6,121,000 15.000 0.25 45,000,000
1947 6,933,000 20,000 0.9 60,000,000
1948 8,093,000 24,000 03 72,000,000
1949 8,798,000 30.000 0.35 %),000,000
1950 9,008,000 36,000 04 108,000,000
1951 10,887,000 50.000 0.5 150,000,000
1952 11,038,000 70,000 0.6 210,000,000
1953 11,753,000 120,000 1.0 360,000,000
1954 12,053,000 144,000 1.2 430,000,000
1988 13,326,000 173,000 1.3 $20,000,000
1936 13,202,000 198,000 1.5 595,000,000
1957 13,264,000 265,000 2.0 795,000,000
1958 13,926,000 275,000 20 825,000,000
1959 14,807,000 346,927 3 1,040,000,000
1960 15,003,000 408,150 27 1,224,100,000
1961 13,016,850 478,442 3.1 1,435,300,000
1962 16,056,621 606,329 )8 1,818,900,000
1963 16,824,396 802,695 43 2,408,000,000

The figures for the qualitative development described
above are given in table 2. They show that the develop-
ment of the polyamide fibre industry has been unique
in world trade. From these data, you can already draw
the conclusion that, at the moment, the demand is
continuously rising so that for manufacturers it is, at
present, very promising to enter this market.

Here is some brief information on the technical pro-
cess of polyamide production.

As already indicated, polyamide is formed by the
linkage of caprolactam and AH-salt molecules, respec-
tively - - in the latter case under emergence of water —
according to whether nylon 6 or nylon 66 is produced.
This technical process is called polymerization. It can
cither be carried out discontinuously in an autoclave or
continuously in pressure stages with succeeding vacuum
extraction sta, *s or in pressurcless reactors, the so-called
VK-tubes, which are followed by a vacuum or chips
water extraction. Figure 1 shows the processes for nylon 66
and nylon 6.

At the beginning of the polyamide-fibre ers, prices
played aimost no part —c.g. a2 fibre for which DM 12
is charged in the Federal Republic of Germany today,
was sold for DM 50 per kg in 1950 — since, for a long
time, demand ruse at an enormous speed while produc-
tion was lagging behind. Today, the potential manufac-
turer has to comsider very carefully whether the price
with which he will come on the market is sufficiently
attractive 30 guarantee a corresponding production level
and thus a utilization of the capacity of his plant.

Roughly stated, the costs arc as follows:

Expenses for the conversion
(@ From AH-salt 10 nylon 66 and from caprolaclam

10 nylon 6 DM 0.40/kg
th From polyamide -.hlps to nylon 66 and nylon 6,
respeclively (1he average denicr being 40) . DM 2.80/kg

These figures do not, however, contain depreciation.

If the assumed price for a | ton/day polyamide polyme-
rization plant is: (@) DM 1.5 million without building
costs; and () DM 1.9 million with building costs, and
for a | ton/day polyamide spinning plant (taking an
average denier of 40) is : (a) DM 3.7 million without
building costs, and (5) DM 4.7 million with building
costs, and if, furthermore, the assumed price for the
monomer used per | kg of the final produet is DM 3/kg,
for the polymer DM 6/kg, and for the produced fibre
DM 15/kg, the following minimum depreciation times are
the result:

Polymerisalion :
(a) S80 days - 1.6 years
(b) 730 days -- 2.0 yeurs
Spinning plant :
(a) 600 days -- 1.6 years
(b) 760 days - 2.1 years.

Of course, these figures are only a rough guide, for they
are influenced by factors varying largely in the diffsrent
countries. Nevertheless, the general fact that, with today’s
price conditions, a polyamide fibre plant comprising
polymerization and spinning section will be depreciated

Nylon 64 Nylon 4
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Figure 1. Preduction diagram for polyemide fibres
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in approximately two years might be of sone interest.

The possibility of a further price reduction for the two
polyamides on the market today is restricted, to an ever-
increasing cxtent. to lowering the raw material prices,
since the costs for the conversion from monomer to poly-
mer as well as from the polymer to the spun and stretched
thread can hardly be reduced any further.

In addition. it has to be considered that these costs
depend largely on specific local conditions, such as local
prices for steam and clectrical power, the quality of labour
at_hand, and, finally, the general wage level and the
depreciation principles valid in the specific country, while
the prices obtainable for the final product are influenced
to 4 large extent by the specific relation between offer and
demand. As far as we are informed, the present price for
a denier of 70 den in Argentina is ubout $US 9 per kg,
while in the Federal Republic of Germany $US 3 per kg
is paid for the same denier.

There is no doubt that trade rivalry is intensified
throughout the world so that by means of far-sighted
planning, evcn at present, producers should keep their
eyes on saving smaller amounts. This conception is the
basis of comprehensive efforts to develop new, cheaper
processes for the production of caprolactam and partly
of AH-salt.

In order to be able to understand these connexions
and the rcsulting economic consequences, it is, in the
first place, necessary to get a clear picture of the principle
of the caprolactam and AH-salt production or, in short,
the production of the monomer.

Here, again, the problems of the two polyamides
nylon 66 and nylon 6 can be brought tc a common
denominator.

In both cases, the intermediate product cyclohexanol
and cyclohcxanone, respectively, is required. To produce
nylon 66, it is oxidized to adipic acid which is known to
be one of the two components of the AH-salt. Part of the
acid is converted to adiponitrile by being treated with
NH, in the presence of dehydrating agents. By reduction
with H,, the second component of the AH-salt, the
hexamethylene diamine, is obtained from the adipo-
nitrile.

In the case of nylon 6, the cyclohexanone is converted
to cyclohexanone oxime and then to caprolactam.

The two diagrams, figures 1I and III, give you a
survey of these connexions,

The classical process still applied on a large scale is
based on the conversion of phenol to caprolactam over
the intermediate products cyclohexanol, cyclohexanone,
and cyclohexanone oxime. A common characteristic of
all later developed processes is that they are not based on
phenol but cither on Cyclohexane, which is obtained from
benzol (by hydration) or by distillation during petroleum
refinery, or on toluene. The following production processes
should be mentioned in this connexion :

(a) Du Pont process
Benzene is hydrated to cyclohexane which is converted

by nitration to mononitrocyclohexane. By reduction, the
latter is transformed into cyclobexanone oxime from
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Figure 1l. Production diagram for caprolactam

which caprolactam is obtained according to the usual
Beckmann rearrangement. As far as is known, this pro-
cess has never been applied on a larger scale due to lack of
profitability.

(b) Snie process

According to a special proccess, toluenc is oxidized
catalytically with air to form benzoic acid. By subsequent
hydration, hexahydrobenzoic acid s obtained which is
directly converted to caprolactam by a treatment with
nitrosyl sulphuric acid. A certain difficulty seems to be,
on the one hand, the comparatively slow process of the
conversion to caprolactam and, on the other hand, the
necessity of separating the non-converted hexahydro-
benzoic acid. The peculiarity of this process is that it is
the only one based on toluene and, furthermore, does
not require the application of hydroxylamine; ammionium
sulphate does not accumulate as by-product.

(c) Toyo Rayon process

Cyclohexane obtained from benzene or petroleum s
nitrochlorinated under ultraviolet rays of a wave length
of 3,600-4,000 Angstrdm units at 5-300C. Thus, cyclo-
hexanone oxime is produced whick is converted to
lactam under the influence of oleum. In this process,
t00, the application of hydroxylamine is not required
and ammonium suiphate does not accumaulate.
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(d) Union Carbide process

This process utilizes the conversion of cyclohexanone
to caprolactam passing the intermediate stage of capro-
lactonc which is converted to caprolactam under the
influence of peracetic acid with subsequent ammonolysis.

(e) Zimmer process

In liquid phase, cyclohexane is oxidized with air to
cyclohexanone.

To answer the question of profitability of the
caprolactam process, the following can be said: in
principle, all processes which are not based on phenol
have the advantage of a cheap starting material. While
for phenol DM 1to DM 1.10 are charged today per kg,
the world market price of benzene is about DM 2.5 per kg.
This makes the decisive difference. Since, apart from
minor details, the conversion costs of bcnzene over
cyclohexanone to caprolactam do not differ considerably
from those of phenol to caprolactam according to the
classical process — i.e., they amount to about DM 1.70
per kg — caprolactam prices for the two processes
compared are as follows:

According to 1he phenol process (depending
on the plani capacity, minimum size aboul
15 tons/day) L

According to the benzene and cyclchexane
process, respectively . . . . .. . L

DM 2.80 to 1.10/kg
DM 1.80 w0 1.90/kg

The fact that even caprolactam produced from phenol
can be bought on the market today, generally at the
price of DM 1.0 to DM 3.10 per kg, depends on the
manufacturers having phenol sources at hand from
which they receive this basic product below the above-
mentioned pricc of DM 1 per kg. As far as can be seen,
this is already very near to the principle lower price limit.

A further advance made only recently in this sector is
the Union CarbiJe process which makes it possible to
cheapen the process additionally apart from making
use of the low raw material price for phenol and cyclo-
hexanone, respectively. So, by means of this process
— of course, only in combination with the benzene
cyclohexane-process - "the cost-price of caprolactam
amounts to DM 1.50 per kg.

The question as to which of the above-mentioned
processes should be choosen depends always on the
special conditions of the particular country. Sometimes,
an unprofitable process, for instance, may be nevertheless
attractive if it helps to make considerable savings of
foreign exchange. In countries where only economic
viewpoints are considered, the price must be checked
at which the specific raw materials are available and the

For cyclohexane (haxancol, -one) production
see diogrom 4a
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Figure H1. Production diagram for AH salt

by-product can be sold, respectively. Finally, it may in
some cases be advisable to prefer, for reasons of operating
safety and qualification of the labour available, a
technically simple though riot quite so economic process
to a complicated, technically refined one.

For rough orientation, the following scheme may serve
as a guide.

In countries where cyclohexane is produced in sufficient
quantities in connexion with petroleum production and
refinery, the classical phcnol process has hardly any
chance considering every point of view.

Where benzene or cyclohexane is not available, but
phenol is, the phenol process will be preferred in many
a case in spite of its smaller profitability.

Independent of the question whether the specific
country intends to build up a petrochemical industry on
a large scale, it will, in any case, be advisable to par-
ticipate immediately in the turbulent development which
18 still taking place in the synthetic fibre sector. Should
a country, however, actually decide to build up a petro-
chemical capacity, a synthetic fibre capacity of s suitable
size should be part of the total planning.




1. METHODS FOR THE PREPARATION OF CAPROLACTAM
AND THE SYNTHESIS OF LYSINE FROM CAPROLACTAM

L. J. Revallier, Director, Chemical Research and Pilot Plants,
Central Laboratory of Staatemijnen in Limbourg, Netherlands

1. Imtroduction

Two of the primary necessities of life are clothing and
food. It may therefore be called a fortunate coincidence
that caprolactam can be used for meeting both needs.
Firstly, it is a starting material for man-made fibre;
polymerization yields the well-known nylon 6, which
finds an outlet in the world market mainly as textile yarn,

» the production of caprolactam is related to the
manufacture of fertilizers, i.e., ammonium sylphate.
The amount of fertilizer used in the world is much greater
than the production of caprolactam itself. Thirdly, it has
been found that caprolactam is a well-suited starting
material for the synthesis of lysine, one of the chief
essential amino acids, and, in consequence, one of the
building clements of protein in foodstuffs and animal feed.

The chemical industry of the Duich Statemines has
been very active in the three fields just mentioned.
Considering the interrelation between them, it will be
Clear that this is not & matter of mere coincidence, but
rather the result of a natural development.

The grom daily production capacity of nitrogen fertilizer

of this Dutch plast mow amounts to approximately

800 tons of nitrogen. The caprolactam production is
60,000 tons annually. For lysine a production unit is
now under construction which is to have a capacity of
3,000 tons annually.

Il. Caprelactam

A. INTRODUCTION

There exist several lactams which, by polymerization,
can be converted to vaiuable polymers (polyamides),
as can be seen from the following survey, and table 1.

Among these starting products for polyamides, capro-
lactam is by far the most important. This priority is not
based on the existence of large differences in properties
between the various polyamides, but springs mainly
from the fact that caprolactam has always been the cheap-
est lactam and will most probably continue to be so for
a long time to come.

The world production of caprolactam has grown
rapidly and this growth is still going on, as appears from
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the following survey and the estimated production
capacities:

Capacity i
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Figuse 1. Tosal number of patents for caprolactam processes
(aecording 10 fling duse)

Running parallel with this growth in production are
the activities which are still going on in research and
development throughout the world. Around 1955 the
five hundredth patent application for the production
of caprolactam and the required auxiliary materials was
filed; at the moment, the number will be not far from
one thousand (figure 1). It is getting ever more difficult
to find a new route and it is not at all simple to make
a choice from the available processes. It will be clear that
a review of the situation in a field where there is 50 much
actively in motion as the present one, can be no more
than a snapshot.

A brief description will now be given of a small number
of the most suitable production methods. Technical
details cannot be given even though some are very
interesting. An effort will be made, however, to character-
ize these processes for the purpose of making a
comparison. The processes related with the actual produc-
tion of caprolactam for making the necessary auxiliary
materials such as hyam (hydroxylsmmonium sulphate)
etc., will only be indicated.

B. PRINCIPAL ROUTES FOR PREPARATION OF CAPROLACTAM

Figure 11 shows the principal routes used for the preper-
ation of caprolactam. To facilitate the comparison of these
various routes, aromatic benzene or toluene has in all
cases been chosen as the starting product. For the prepars-
tion of phenol in this survey, the route via benzoic acid
(Dow process) has been chosen, because this route is now
being followed in our company, and also because it
links up best with the preparation of caprolactam via
hexahydrobenzoic acid (SNIA-VISCOSA).
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with hydroxylamine, is converted into oxim. After that,
the oxim is rearranged with H,SO, to form caprolactam.

At Staatsmijnen, the phenol hydrogenation and the
subsequent dehydrogenation have for a short time now
been combined into one single step for which, as can be
seen from the reaction equation, H, is still required.

This means a considerable improvement because the
original phenol hydrogenation was a laborious opera-
tion: liquid phase, 25 at. pressure, Raney nickel filtra-
tion etc.

Of Iate years, one more method has been developed
for making anol and anone, viz., the cyclohexane oxida-
tion, which is now being employed by several large firms:
BASF, Dow-BASF (United States), Toyo Rayon (Japan).
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Staatsmijnen also has its own know-how in this field
and recently brought a unit in use for the oxidation of
cyclohexane, so that the starting matcerials for the tactam
production are now being made along two different routes.

The principle of the cyclohexane oxidation is a simple
one: air is blown through cyclohexane at clevated
pressure and temperature, whereafter the resulting oxida-
tion 0il is processed into anol and anone.

An interesting feature of the cyclohexane oxidation is
that the process can be carried out not only with cyclo-
hexane but also with other saturated ring compounds,
such as cycloheptane, cyclooctane, cyclododecane etc.
In consequence, this method is basically suited for the
manufacture of caprolactam homologues.

However, this also involves a danger because if cyclo-
hexane is contaminated with other cyclic paraffins, the
corresponding anols and anones are also formed. There-
fore, it is of the utmost importance to start from very
pure benzene and cyclohexane, the more $0 as the demands
made on the purity of the final product are very high.
Whether the lactam process will be successful depends to
some extent on the possibility of making a pure end-
product at not too high cost.

In the manufacture of oxime from cyclohexanone,
hydroxylamine is needed as an auxiliary material. This
is made by reduction of ammonium nitrite with sulphur
dioxide. The process is rather simple, but the chemical
reactions involved are fairly complicated. Highly simpli-
fied, the following processes take place.

Absorption of nitrous pases

NO + NO, + (NH),CO, - 2NH,NO, + €0,

Reduction with 80,
NHNO, + 230, + 2 NHOH - NOH(SO,NH,),
hydroxylaminedisulphate
Hydrolysis

2NOH(SO,NH), + 4 H,0 — (NH,0H),H,SO,
+ (NH),80, + 2 NH HSO,

These equations demonstrate that to make | mole of
hydroxylamine two moles of 80, (in practice 2.4) are
needed. In a later stage in the process, this SO, is com-
pletely converted to sulphate of ammonia, which conse-
quently is formed as by-product. The subsequent stage,
i.c., the rearrangement of cyclohexanonoxim to capro-
lactam, also uses sulphuric acid (oleum), in an amount
of approximately 1.5 mole to I mole of caprolactam.
This also is converted to sulphate of ammonia, which
brings the total amount of this by-product at 3.9 mole
per mole of lactam, or 4.5 tons per ton of lactam. The
following quantity diagram expressed in moles (figure IV)
may serve to clarify this.

It can be clearly scen here that the quantity of auxiliary
materials is very large compared with the main stream
of phenol lactam.

In sum, it can be concluded that:

In preparing h i ust have the
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This implies that installations must be available for
making these products. Obviously, it is a great advantage
if large facilities for making them are in existence already,
so that the lactam production can be readily fitted in
with a current activity. This is the case at several firms,
such as BASF, Allied and Staatsmijnen.

(5) Another important characteristic is the required
amount of sulphuric acid, which is converted to sulphate
of ammonia. The process discussed just now yields
approximately 4.5 tons of this product per ton of lactam.
At the moment, this certainly does not mean an objection
because there are good outlets for sulphate of ammonia
on the fertilizer market.

2. Snia-Viscosa route

This process, which has been known for some years
now (Belgian Patent Specification 582, 793), starts from
cyclobexane carboxylic acid (hexahydrobenzoic acid),
i.e., hydrogenated benzoic acid (figure V),
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Caprolactam from cyclohexane carboxylic acid

This compound shows an aromatic substitution
reaction at the C-atom bearing the COOH-group. During
treatment with NO'-ions (e.g. NOHSO, in H,S0,:
nitrosylsulphuric acid) the nitrosocompound (isomer
with the oxime) forms intermcdiately. CO, escapes and
the rearrangement to caprolactam takes place in an
excess of sulphuric acid. Following this rearrangement,
sulphuric acid is, just as in the phenol route, converted
with NH, into sulphate of ammonia so that capiolactam
can be separated off.

Of course, this process has received attention also at
Staatsmijner. (benzoic acid is an intermediate product
in the manufacture of phenol by the Dow process, which
is applied at Staatsmijnen.)

The conclusions of our study can be summarized as
follows:

(@) During the main reaction, the nitrozation and the
rearrangement, contaminations are formed part of which
get into the caprolactam. It is our impression that this
highly complicates the purification of the final product.

Another part of the coloured by-products gets into the
ammonium sulphate, which, as a result, assumes a dark
colouration and, in consequence, is unfit for sale unless
further treated.

(&) Hydrogenating the benzoic acid will have to be
done in the liquid phase with the aid of a noble-metal
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catalyst, which, cousequently, will have to be filtered
off. This is & rather expensive operation; moreover, the
cyclohexane carboxylic acid is corrosive,

(¢) Another considerable drawback is that in each
pass the conversion of the cyclohexane carboxylic acid
is very low, viz. about 50-60 per cent, so that this
main product has to be recycled.

(d) A quantity diagram, in moles, of this process is
presented in figure VI.

The amounts of auxiliary malerials  nitrous gases,
sulphuric acid, and ammonia - required in the process
are about the same as in the process via phenol-anol-anone.
The yield is 4.5 tons of ammonium sulphate per ton of
caprolactam.

3. Toyo Rayon process ( photochemical nitrozation )

The essential feature of this process is the photochemical
conversion of cyclohexane into oxime with NOCI.
The first patent specifications date from 1944. It is the
only process in which the activation of the six-ring of
cyclohexane and the introduction of the nitrogen (in the
form of NOCI) take place simultaneously. The gross
reaction equation is as follows:

ND l“ Y.
iyl [hgo,

O ()~ e

NH

Jxime

hydrochiorigs HC!

\ sclobexans
Coprolactom

Figure V11. Caprolactam by photonitrozation

Caprolaciam by photonitrozation

Reaction with the excess of HCI yields the hydrochloric
acid salt of the oxime, which, after the reaction, separates
out as an oil. The non-converted cyclohexane has to be
recycled.

An undesired side-reaction is the formation of 1,1.
chloronitrosocyclohexane :

NOH Cl
O/ +2NOC]-,OZNO + 2NO + HCI

The Japanese irm of Toyo Rayon, one of the largest
llcumprodminthcwodd,hudmlopodthem
tothemgeoftodniedmlindonmdhnowm
it on a commercia! scale.

The most important auxiliary material required is
NOCI, which is prepared as follows:

() Combustion of NH, to nitrous gases ;
NHq -+ NO + NO, (= NOy)

Tbedqwofoxid.ﬁouuododhwp«au,i.o.,lnoh
of NO to 1 mole of NO,.

(4) Absorption iato H,S0,:
NO, + 2 Hy80, -~ 2 NOHSO, + WO

(c) Introduction of HCl and formation of gaseous
NOCI:
NOHSO, -+ HCl - NOCI - H,SO,

This is a rather laborious way of preparing the mixed
acid anhydride NOCI(N,0, « 2 HCl .» H;0 + 2NOCI).

Either HyO will have to be removed from the sulphuric
acid in a separate step by evaporation at a high tempera-
ture (Cl-ions present), or this dilute sulphuric acid is pro-
cessed into ammonium sulphate. Extensive measures
will have to be taken to prevent corrosion, both in the
nitrozation proper and in the preparation of NOCI, In
practically all steps of the process the presence of Cl,
and Cl-ions has to be reckoned with.

The data available a year ago justified the expectation
that the yield would be 200 8 of oxime (= lactam) per
kWh and that it would be possible to use 10-kWh lamps;
this would mean a daily production of 48 kg per lamp.
For a production of 24 tons per day an installation
comprising 500 lamps would be needed. Although it
would seem that the power of the lamps can be increased,
some hundreds of lamps will still be needed in a plant
with a capacity of some tens of tons per day. The prin-
ciple of the nitrozation is shown in figure VIII.

Photochemical nitrozation

The conclusions to be drawn with regard to this process
can — with some reserve — be formulated as follows:

(a) The difficulties in the purification of the end product
are very probably not as great as those in the Snia
process. There is, however, a great chance that traces
of chlorinated lactam will get into the end product. The
splitting off of HC} during the polymerization, may cause
formation of unsaturated compounds, which may give
rise to discolouration. Moreover, the HCI set free may
attack the equipment.

(8) The number of stages in which the process is carried
out is small, viz. three stages if benzene is used as starting
product (hydrogenation, nitrozation and rearrangement),
and two stages if the process is started from cyclohexane.
It would be expected that the capital expenditure involved
is small. This is not true, however, because the installa-
tions to be used in the photochmialplnoftheproou:
are very costly, These costs will, moreover, increase
proportionally to the capacity of the plant.

Cyslahonane sulphuric acid
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() Also in this process nitrous gases, sulphuric acid
and NH, are needed cs auxiliary materials. As no hydroxy-
lamine is made. the amount of ammonium sulphate
formed as a by-product will be smaller, viz., 2 moles per
mole of lactam, i.e.. 2.3 tons per ton of lactam.

(d) The yields will very probably be high, and it will
not be required to recycle any of the main products
with the exception of cyclohexane and HCl.

The quantity diagram, in moles, is as follows:
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Figure IX. Flowsheet Toyo Rayon process

4. The Du Pont process

The first ramours about a new process for the manufac-
ture of caprolactam developed by Du Pont started circulat-
ing in 1958-1959. Especially in the beginning, all kinds
of conjectures were made as to the route followed. In the
course of years, more data have become known, so that
the reactions involved can now be indicated. However,
it is not yet quite possible to make a comparative evalua-
tion of the process, as has been done for the two previous
ones. The process starts from cyclohexane, which is
converted into nitrocyclohexane. The conversion is
followed by a catalytic reduction yielding cyclohexanone
oxime, which can be rearranged in the normal way with
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Figuns X. Caprolucoam from nitrocysishenane

Oxime

Caprolactam from nitrocyclohexane

The nitration of cyclohexane to the nitrocompound
is not simple (explosion danger, corrosion, relatively
low yield (65-70 per cent)), but the crucial step is the
reduction of nitrocyclohexane to oxime. An extremely
large number of patents have been granted for processes
of this type, in which the most widely varying reduction
agents and reduction, methods are used: H,S, Sn and
Zn-compounds, ferrous salts, sulfites and hydrosulfites,
CO + CH,OH (Du Pont).

In most cases, the result is not encouraging: the yield
is almost invariably below 80 per cent, while, furthermore,
undesired products are formed because the reduction
gocs either just too far or not far enough: anone, cyclo-
hexylhydroxylamine (R-NHOH), cyclohexylamine.

Du Pont, in one of their patent specifications, mentions
about 8-10 per cent of amine as by-product at an 80-
85 per cent oxime yield. Another characteristic of the
process that can be given at the moment is the amount
of ammonium sulphate formed as by-product, viz.,
1.5-1.6 moles per mole of caprolactam.

5. Cyclohexylamine route

This last route in the diagram has not been associated
with. the name of a firm because I do not know of any
firm which is applying the process on u commercial
scale.

The most important step is the oxidation ol cyclo-
hexylamine to the oxime. This reaction is, as it were, the
antipole of the reduction of a nitrocompound mentioned
before. The difficulty encountered here is of the same
nature, viz., stopping the oxidation right at the end of the
oxime formation to keep out by-products.

In one of the publications, this is effected by bringing
a threefold excess of the amine in contact with the oxidant
HyO,. The oxime has to be separated from this amine
excess by crystallization, whereupon the remainder of
the amine has to be recycled (sec i.a. BASF, Germ. Pat.
1,002,233 (14 February 1957), Holzverzuckerung (Inventa,
Kahr Sw. Pat. 288,168), (Allied (U.S. Pat. 2,829,163)).
The consumption of oxidant is more than 2 moles of
H, Oy per mole of oxime, which normally means a prohibi-
tive outlay.

C. FINAL CONCLUSIONS

In the foregoing. a discussion has been presented of the
chemically characteristic features of a number of pro-
cesses. For a technical, economical cvaluation, supple-
mentary economic data must be known as e.g., the invest-
ment costs involved; it goes without saying that dificul-
ties will be encountered in collecting these data for pro-
Cesses applied by other firms. From what has been said
before it can be concluded, however, that the various
methods for prepari i

lance. For instance, in all processes a hydrogenation
hutobeearriedominwmem.uoroth-r,nothﬂb
over-all process must include production of hydrogen.

As a secondeumphmymthohctthﬂhnﬂ
processcs ammonia is aceded, which is employed as




TasLE 2. SuRvEY OF ANALOGOUS OPERATIONS IN CAPROLACTAM PRODUCTION

Process
Upevarion e e _ e -
Phone! ’ Cyclohexane J Snie- Viecoes l Tore Rayon ' Du Pont Aniline
— —— e IR e S
1. Hydrogsnation Phenol Benzene | Benzoic acid |  Benzene i Benzene ' Aniline
¥ ¥ i ! } . ' i i
Cyclohexanol Cyclohexane ' Cyclohexane- | Cyclohexune | Cyclohexane Cyclo-
iurboxylic acid | i | hexylamine
2 Activation of the|  Toluene ! | Photochemicat | _"'
C-six ring (benzene) Cyclohexane ‘r Toluene ’ activation ! Cyclohexane Benzene
' R v oy
g Phenol Cyclohexanone ' Benzoic acid : (irradiation) l Nitrocyclo- f Nitrobenzene
(oxidation) (oxidation) | (oxidation) hexane i (nitration)
; (nitration) f

Virtually identical in practically all processes.
In Snia-Viscosa combined with oxime production through application of nitrosyl sulphuric acid instead of
suiphuric acid as in the other processes.

4. Lactam purification Basically identical in all processss, but different -‘m -dauils. mainly as a mul; of the cbmpo-ition of the
rearrangement products.
3 + 8. Production of Hydroxyllﬂlmniunuulphm Ny~ _,yl- Nitrosyl- Nitric acid
active N-compouad ! sulphuric acid choride
NH, -» NO + NO, - NHg -» NO + | NH, -+ NO + . NH, - NO, —. HNO,
- NHNO, NOH(SO,NH,), NO, . NO, »
- NOHSO, NOHSO,
( — NOCI
! 6. Hydrogen produc-
tion
i 7. Ammonia produc- | i.e. for neutralizing the sulphuric acid used in the rearrangement,
tion
5 9. Sulphuric acid pro- i.c.Eorﬂom;lhumudhﬁontohmmdimomlphuofm.
duction

10. Sulpham of ammo-
aia production

For production of ammonium sulphate fertilizer from (NH 3,80, solution.

starting product in the preparation of the
materiale (NH/OH, N,O,, NOCI, HNO,) and for neutra-

lization of the sulphuric acid used,

ofboththcmlinpmductlndtheluxﬂhrymﬂ;h a

auxiliary  which for each process has been put
This has been done because at the

production capacity the
much.

at 100 per cent
above-mentioned
absolute amounts do not differ

The most important couclusion to be drawn from
this summary is that the additional investments for the
uﬂhrymnuri.hnmounttowto”perentolthe
w.mhpotuntrohphpdbythcmxﬂhduwﬂl
have become clear already from the flow-sheets. Another
oond-doainthnuhvuchhuhn-min'nwmn
mmdnotwitchomtomh«proccuwh
expanding the production unless special
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111, Lysine

A. PREPARATION OF LYSINE FROM ( APROLACTAM

Lysine is an essential constituent of animal and vege-
table proteins. These proteins are macromolecula:
products built up mainly of amino acids. Lysine is one of
these amino acids. These compounds are indispensable
for the growth and development of man and animal,
and only some of them can be synthesized in the body
from other nitrogen sources. The diet should therefore
be 50 composed as to contain already a given amouat of
the various amino acids so that the proteins canm be
synthesized in the body. One of the most important
amino acids for nutrition is lysine. The structural formula
of lysine,or x - ¢ diaminocaproic acid, closely resemt les
that of caprolactam

NH,

|
NH—CH,~CH,—CH, CH, -CH—COOH

Lysine
NH--CH, -CH “CH—-CHy—CHy—C = 0
L~ T —
Caprolactam

Of the two optical isomers, i.e., the dextro-(d) and the
hwormafy(l)lyliu,onlythol- ification is assimi-
Iudilthohedyprrouinloruﬁo..
Some years ago, Staatsmijnen swcceeded in developing
o entirely new syathesis for I-lysine on the basis of
. Introduction of ag
.-pooitionilnotlimphlondilo,udmbom
ilnildiroctmy.Nevon.hehu
laborious than other lysine

MH
e

C aproactam

e T
0

Nitrotac tem

" agemisation
T aminolae rom

e
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* @m““"i“‘""a (d-«v.molnm
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Figure XIL. Prodsection of L-lvsine from caprolaciam

Into the |- and d-modifications, After racemization of
the d-aminolactam the racemate is returned to the process,
whereas the l-aminolactam is hydrolyzed to I-lysime.
The hydrochloric acid salt of the latter (l-lysine-HCI)
18 a crystalline product with excellent storing qualities.

The whole process has been rua on a pilot-plant scale
for a few years, and a production wmit with an annual
capacity of 3,000 tons 1s now under construction,

We have carried out an extensive study on the wess of
lysine in feed and food. The results suggest that this
product will come to play a very important role in the
near future. The various applications that are poesible
will be discussed further heiow.

B. ArrLiCATION OF LYSINE

|. Significance of amino acids in mutrition

The report entitied The United Nations Developmeny
: Jor action' comtaine a conclusion
stating that, despite the considerable h‘nhm I
Progress made over the past decade in the fieid of
and agriculture, one of the basic problems facing the
world is the food situation.
It would be beyond the scope of this W~ tribution to g0
further into the nature and extent of this X

o Wproui-midud-l.
snimal protein consumption widely from ome
lu.tollother(mhth). s

AH protsiag, i.c., not thoss in food and feed but
mothoceinthchodymo‘n’y comsist of polymery
animel,

body of men sad
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body is evidently capable of incorporating a synthetic
product in the same way as an amino acid formed by
igestion of metwral proteins. This very important
principie undertios the application of synthetic I-lysine.
b in those areas with insufficient production
and consumption of animal proteins, this opens the way
for a considerable improvement of the nutritional value
of food sad feed.

2. Seme applications of synthetic Iysine

One of the possible applications of synthetic lysine is
85 a supplement to human food. Lysine deficiency in
food can cause seriows diseases.

v

mmamum«mmlm

o.;.fapi..hnihn,l.mmkmbh.fur

otc. A fow of these possibilities will be considered
asad
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Addition of lysine to a lysine-deficient. but otherwise
adequate ration, yields three advantages at the same
time:

{a) Increase in production the growth-rate ( the
anmmals increases, the hens produce more eggs in a certan
period; this can be achieved with the same amount of
labour and the same accomodation which means lower
depreciation Costs

{h) Decrease in feeding cost; less feed needed per unit
product (meat, egg),

(¢) Improvement n quality - better lean/far ratio,
larger eggs and, hence. higher marker values of these
products,

Against these economic advantages there is of course
the cost of the lysine addition. In various diets, these
£xXpenses are exceeded hany times by the advantages
that can be achieved, provided again the lysine is obtam-
able at a reasonable price.

() Pigs

In 1949 Mertz and co-workers were the first 1o prove
that lysine is an essential ammo acid for pigs. Since then,
investig tors throughout the world have performed
hundreds of leeding experiments under very widely
varying conditions as regards diets, feeding methods,
accommodation, breed and age of the animals, etc. ¢
would be beyond the scope of the present paper to give
& comprehensive survey of this work. Therefore only a
few examples will be given here. The first example may
serve to illustrate the multiple economic effect of lysine
addition?. A two-stage dici wan urad (14 per cent crude
protein for pigs of 23-57 k 8 and 12 per cent crude protein
for pigs of 57.9] kg), based on corn and groundnut
meal (83 per cent and 14 per cent respectively for the
14 per cent protein ration ). Both diets were fed unsupple-
mented and supplemented with 0.1 per cent l-lysine, to
two groups of eight test animals each. The addition of
0.1 per cent I-lysine appeared to improve not only the
weight gain (508 8/d -~ 640 g/d) hut also the feed conver-
sion {(4.07 kg feed/kg gain - 3.6, kg feed/kg gain) and
the carcass quality (e.g. higher killing-out percentage;
76.3 per cent - 78.0 per cent: more lean, less fat, etc.).

For given conditions and known price rates, these
factors can be evaluated economically. Under the condi-
tions existing in the Netherlands it can be calculated that
an addition of 0.3} kg of Ilysine-HCl to the feed of &
slaughter pig would yield a profit of approximately $7-8,
ie., approximately $2.n through faster weight gain,
approximately $2.2 through lower feed '

kg at approximaiely $0.036/ib) and approxi
$3.6 through improvement of the killing-o¢ percestage
and the carcass Quality.

on regional appreciations and price levels. In the following
therefore, attention will be given mainly to
thdoauuhfndmcoammfromtblddmonof
Iyl'nc.‘l‘hhuviuisexmuodinafmlwhich

J Mermes 10d Roysods, /. Animel Seiomes
20372907 (1961). ;
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denotes how many kg of feed can be saved by addition
of | kg of Kysine-HCl. Consequently, this factor also
gtves the value ratio between lysine and feed.

bor the sake of simplicity, the number of examples
has been restricied. Only those tests have been chosen
which were continued threughout the fatiening period
tapproximately 20 kg-approximately 90 kg) while the
abnormal diets tvery favourable ones, and very un-
favourable ones, such as those prepared with low-quality
cottonseed meal) have been left out. So, these “average™
diets were all more or Jesy deficient in lysine (see table 4).
Lysine addition invariably proved to §ive a feed saving
of some tens of kgs per kg of lysine approximately

0 R approximately 140 1.e., the equivalent value
of L-lysine-HC) in these cases is 40 to 140 nmes the diet
price).

(b) Broilers

The aspects of broiler tattening are approximately the
‘ame as those of pig fattening. Here again the advantages
of lysine addition are of Course particularly evident f
the regional agricultural conditions are such that a
sufficiently cheap feed 1 avallable which satisfies all
demands to be made on 1t except with regard to the lysine
Content. This situation exists in Many countries, e.g.
n Eastern Europe, the Middie East and Africa, which
have a sufficient production of protein-rich nutrients,
such a sesame meal, sunflower seed meal, cotionseed
meal, etc. These products are excellent feed constituents
also for broilers. but are deficient in lysine, Severa tests
have shown thar addition of synthetic lysine greatly
improves these rations, Mention can be made here e g.
of the extensive study by Al-Azzawi ? og the use of sesame
meal in broiler diet This investigator concludes that
for the Middle East, supplementation of lysine to feeds
made up of home products like sesame meal should be
preferred to other solutions, also economically. Another
irvestigator (Van der Merwe) ¢ used diets consisting of
60 per cent corn meal, 4 per cent lucerne meal and 30 per
cent sunfiower seed meal. These diets were fod without
supplementation and Supplemented with 0.§ per cent
and 0.25 per cent of lysine; the corresponding feed
conversion figures were 3.08 kg/kg, 2.88 kg/kg and 2.71
kg/kg. The calculated R-factors for the lysine preparation
(probably L-lysine-HCl) were 46 and 35. This shows
that also in the case of broiler rations,
can be saved by addition of I xg of I-lysine-HCQ), Upon
addition of 0.15 per cent and 0.25 per cemt lysine, the
weight gain moreover rose by 4 per cent aad 7 per cent
respectively.

(¢) Layers

Supplementation of lysine to a
haveanryfavounbk*cto.c. . As in
the i cluwks,thhcﬂmwinhcmﬁcm
-umwwu«r-mammmmm

» high-quality and lysine-rich feed components
are aot, or not suficiontly, available,

given dbt_ may also

* AbAmnwi, D ertatia Wl*(‘hllm

‘Vahr“nnu.?mc. 12%h Werld® M,th
(1962), pp. 254-290 s




—ﬁ—

Tans 4
e
Crudy . Awwwnt of 4 o
R L A Tl e s
i ' et dier '
Clawson and 1091 Corn 94.7/s0ybean mealiAppr. 10 026" 0.40 47 1 370 7 ; Averaged over 2 sea-
co-workers ' 2.5 ! " sons 2 breeds; total
48 snimals.
Corn 84.2/s0ybeun meal Appr. 10 0317 0.40 427 337 49 Group feeding ed ib.
S/cormsugar § i ‘ '

Vipperman  1%-34  Corn 78/Groundautmeal | 16-14 |2 0.41-0380.34 0255 4.76 3.50 ' 141 | 6 animals per diet.
and co-wor- $7)-91 | |93 ! © (average) | | ! Group feeding ad kb,
kers i t [

Nisloon and  21(-57) Bariey 93/30ybeun meal 3 14-12 0.55-0.48 005 ' 390 3.65 137 Test26 (32 animals).
co-workers 9| > 37 kg: mo soybean ! Group feeding ad /ib.

i meel
Mugruder and 20(-57)- Corn 85/soybean mes! 12 12.5-10.5 0.400.44 | 3.68 3.22 | 107 | 16 animals per diet.
co-workers (91 ! (crude pretsin ' i i }
. = 12.5%) i
Corn 96/soybean meal 6,11 - 9 | 0.420.30 f 0.12¢ 452 } 411 ! 80 | Group feeding ad iib.
o | -
=11% .‘ : :
Mile cora 87/soybsan 14 12 0.93.0.40 419 ! 3.6 | 108
| weeal 19 : [
' @rade promin 1
-14%) I !
’ {Cora T%/Grounduuimeal (14 -12 | 0.500.39 i 407 | 36 902
| 14 I .
: I (orude protsin ! j
! = 14% ! w
. {
Brooks und 18(-34- *c«.mowu!u.u‘- 0.56 (orude 0285 | 413 | 33 84 | 7 animale por ration.
co-workers |66).91 1 12 | prossin : ‘
(00 | (crude provoin | - 16.6% |
| 16.6 %
: Corn 73/Groundaut | 174 | o5 e 313 | 3.00 | 114] Groupfeeding ad .
; ! ?dlll.mmd ‘ ! | ‘
| } i I
Halo and 0o~ |26-83 Mile sorn 72/Cottonsesd 17 : 0.64 0.12% 407 ! 364 | o5 8 animals per diet.
workers wmoal (high qualiey ) ! Individual foading ad
! j ».
Hogedoorn 13090  |Corenls 73/soybona menll I3 0.63 <%hg: [ 3| 337 87! 8 snimals por dint.
| S/Sunflowersssd menl .1
f . 7/Besusee menl § > % Restrioted individual
1 | eI feeding.
Sweriey and 1939 |Mile cora 35/soybean 0.128 Y] 3.64 37| 20 animals por dist,
co-werhers (90 moal 125 (< Bhg) 15.212) 0.620.4 (%] s | 3.8 41 | Group fending ad i,
l Mils oorn
i menl 4.5(> 3 kg) ‘
1n evaluating the resuits vbtained with layers, ot oaly Lysine supplomentation gave an improvement of egg
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sias, showid be considered. If, for simplic icity, only the feeding cost is comsiciered
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Tasir §

Basal dier 14 m‘;*

Productivity (eggs/hen/day) . . 5272, 65.6%
Feed consumption (g/egg) 174.6 161.8
Egg size distribution . . 42.5. 496 - 56.7 - -638g 42.5- 9.6- 56.7 - > 6).0g

4963 5763 63.8¢gs 4965 56.7g 63.8g»

8.7% 473", 36.0°, 80% 32% 336, 4.7 14.5%
Mean egg weight . S44g 56.7g
Feed consumption (g feed/g egg) 3.21 285
Weight gain of hens (8/36 woeks) 63g 216
* Standard size.

several important advantages. The relative importance
of these advantages will, of course, depend on the condi-
tions in the various countries. In principle, however, it is
possible to find out by calculation how far addition of
lysine is attractive; in most cases sufficient data are
available concerning the amino-acid content, the feeding
standards, etc.

An important datum is the price of lysine. The aim of
a chemical industry, like that of Staatsmijnen, is to make
products such as caprolactam and lysine in large quanti-
ties. As a result, lysine need never become a costly
luxury,

Although the prices of agricultural products in the
various countries are not known exactly, it may be stated
that preliminary calculations have proved that lysine
offers very important and interesting prospects, also
from an economic point of view.

There is no point in giving economic considerations
with regard to human food. Consequently, this subject
has not been worked out further. It is obvious, however,
that also the nutrient value of human diets consisting
predominantly of vegetable protein (e.g. rice,
deficiency 56 per cent) can be considerably increased by
addition of lysine. The attractiveness of lysine, in the case
of both fuod and feed, consists in that :

(s) Only small amounts of it are needed, 50 that the
cost of transport is not high;

() 1t is a chemical compound with a salt character
and good keeping qualities under varying climatological
m“' "m.o

(¢) Tholdditionti;:ot,byitnlf. & complicated techao-
operation; only condition is that the lysine
be distributed homogeneously;

’

(d) Lysine does not affect the taste of the food and
feed. The existing feeding habits need not be altered,
provided there are no other circumstances that make
this necessary.
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8. ACRYLIC FIBRES
Y. Tounoda, Asahi Chemical Industry Co. Ltd., Japan

L. Introduction

Acrylonitrile, the raw material of acrylic fibres, was
first synthesized in 1893 by a Frenchman, Mouren, by
a process of dehydrating acrylamide or cthylene cyano-
hydrin. 1t was more than forty years later that acrylo-
nitrile was commercially produced and the Badische
Anilin u. Soda Fabrik, a member of I. G. Farben,
officially announced its synthetic rubber “Buna N”,
a copolymer of butadiene and acrylonitrile.

- Until about 1950, the industrial process of manufactur-
ing acrylonitrile had been generally an indirect process by
which ethylene cyanohydrin was produced from ethylene
oxide and hydrogen cyanide and then dehydrated. This
was followed by the development of a direct process
consisting of the addition :{p hydrogen cyanide directly
to acetylene, which was used industrially in many coun-
tries as the preferred process. In 1960, in the United

States, the Standard Oil Co. of Ohio (Sohio) successfully
industrialized a process of manufacturing acrylonitrile
by animo-oxidation of propylene. Because this process
uses propylene, which is readily available from oil
refining or naphtha cracking, low-cost acrylonitrile can
now be made and this process is being adopted in many
countries. Acrylonitrile which was initially used for manu-
facturing synthetic rubber, is now largely used for synthe-
tic fibre manufacture. The development of synthetic
fibre based on acrylonitrile as a raw material was started
by H. Rein of I. G. Farben around 1931, at about the
same time that similar research work wasstarted on synthe-
tic rubber. Since polyacrylonitrile does not melt on
heating, it must be dissolved for fabrication purposes.
However, polyacrylonitrile cannot be dissolved in a
common solvent, and therefore, one goal of research
on acrylic fibres has been to find a suitable solvent for

this polymer.

TAsLz 1. MAJOR ACRYLIC FiBaz PRODUCEAS IN THE WORLD

Eoviw
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TABLF 2. CHANGES IN WoRLD ACRYLIC FIBRE PRODUCTION

{ In thousands of tons )

1954 1955 1956 1987 1938 193¢ 1960 1961 1902 1961
Japan . . L - - 05 0.6 28 12.5 2.0 23.0 274 36.0
United States . . . . 15.9 281 i8S 485 47.6 671 65.3 65.8 76.7 939
United Kingdom . C. - - 0.5 0 1.8 7.1 1.3 93 17.2
Federal Republic of Germany 0.5 14 1.9 4.1 50 83 13.2 151 40 254
France . . . . . . — 0.1 01 09 1.4 22 3 36 70 1.3
Iay . . . . — — — — — 0.5 0.8 1.5 16 69

Approx.
Worip totaL 16,6 299 422 36.2 9.4 90.3 1129 123.8 169.6 220.0

As solvents for polyacrylonitrile, many types both Acrylic fibres are the main product among synthetic
organic and inorganic, have been discovered. H. Rein fibres which are produced from acrylonitrile. Acrylonitrile
found for the first time that highly concentrated aqueous content varies with the manufacturer, but in many cases
solutions of such inorganic salts as zinc chloride and  the content is more than 90 per cent. The comonomers
sodium thiocyanate are ysable as solvents, but their use used for preparing a polymer are chiefly methylacrylate
was dropped for a time because problems such as degrada- and vinyl acetate. Some of these fibres arc terpolymers,
tion of the polymer and discoloration could not be satis- with a third monomer added. The third monomer is
factorily solved, and the search for organic solvents was usually a vinyl compound containing functional groups,
carried on intensively. As a result, almost simultaneously, such as sulfonic groups, carboxyl groups, pyridine rings,
Du Pont discovered various types of organic solvents, etc., which influence the dyeing properties of the fibre.

such as dimethyl fonnarpigle. and I. G. Farben a series of Comonomers used for the copolymers of lic
organic solvents containing vy-butyrolactone, dimethyl fibres manufactured at present are vinyl chloride, vinyl-
formamide, etc. dene chloride and viny! acetate, which are added in

In addition to sid discovery of solvents, research in equal or nearly equal mole ratio to acrylonitrile monomer
polymerization methods and copolymerization reactions, Such & copolymer is acetone soluble and has the disad
made progress. In the closing days of the Second World  vantage of having poorer resistance to heat, chemicals
War and the period immediately following, research on and solvents,

the manufacture of acrylic fibre was accelerated. In 1944, ; ; ;

Du Pont announced Fibre A and started its commercial ciﬂs‘:c:c:y:r tf’il;re"smo? mﬁ:n;;te:e itoil:t?:‘wd ‘7;2
production in 1950 under the trade-name of “Orlon”, o use a melt spinning process Theref(;re the ;;’:I“ mer
This was followed by production of this fibre by ANy i dissolved in 8 solvent as mentioned above, and );hen
companies each using different solvents. Table | shows the prepared spinning solution is spun by a drv or wet
acrylic fibre producers of the world and their capacities, spinning proc::. lon;roducc ﬂbrupu Figure I shows an

Table 2 shows the changes in world acrylic fibre ¢yampl f such i
production. Production of acrylic fibre has continued to “iample of such a production process.

expand for the past several years and acrylic fibres have

one of the three major synthetic fibres along with {Menemers)
polyamide fibres and polyester fibres. In view of the fact [Fobmeriretion ]
that the raw material is availabie at a low cost, incentives RS
are great for further improviments of the properties of - Sotvent
this fibre and its production processes, Disseiving ( )

Filtratier,
[ Ovewrotion |

ll.hmhrm‘uh.myle&u
A. TYPES OF mpass

Houofthuyntheticnbmbondonwrylo-&-ikm
ROt homopo vmers of acrylonitrile (polyacrylonitrile),
puu!mtmcopolymfwthcmd
Improving the properties of the fibre. Such Sbres spun
from copolymers are ciamified into fibres whosee acrylo-
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content is less than 85 per cont. The former {Tow ong/er

are called acrylic fbres and the latter modacrylic fAbres, Pigueo 1. wmhmah“‘n“
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B. PRODUCTION OF POLYMER

(a) Catalyst

Acrylonitrile is polymerized by means of light, y-rays
or various catalysts and gives a linear high polymer. The
catalysts used are such inorganic substances as hydrogen
peroxide, potassium persulfate and such organic subs-
tances a5 benzoyl peroxide, az0-bis-1sobutyronitrile. Fur-
ther, 1n industrial production, the following redox
catalysts having high polymenization velocity are also
used : (@) potassium persulfate or ammonium persulfate
m combination with sodium bisulfite, (5) hydrogen pero-
vide in combination with lerrous salt or cuprous salt,
() potassium persulfate 1n combination with amings,
*.!) sodium perchlorate n combination wirh sodium
sulfite.

Acrylonitrile polymerizes so easily that a polymeriza-
tion inhibitor such as hydroquinone or methylcne blue
15 used in order to prevent polymerization during storage
or transportation. It is preferable to remove the polyme-
nzation inhibitor prior to the polymerization process,
but it is even possible to use acrylonitrile containing
inhibitor without subdstantial trouble in the polymeriza-
tion reaction provided the catalyst quantity is adequate.

(b) Polymerization methods and systems

The methods generally used at present for the polymeri-
7ation of acrylonitrile, are suspension  polymerization
n a medium of water, and solution polymerization in
a4 solvent for the polymer to be produced.

In suspension polymerization. the above-mentioned
monomers, an aqueous solution of catalyst, and water,
are fed into a polymerization reactor in a specified ratio.

Figure 11 shows the polvmerization process diagram-
matically.

Acrylonitrile is soluble in water to an extent of 7 per
cent at 0°C and 8 per cent at 40°C, 30 that polymeriza-
tion is started in aqueous solution by a water-soluble
catalyst. But. when polymerization proceeds and polymer
1s formed, it is separated from the water.

Most of the polymerization reactors used are glass-
lined and are equipped with a stirrer. Through the jacket
1s passed cooling water in order to remove the heat of
polymerization and maintain a specified polymerization
temperature. Polymerization of acrylonitrile is an exo-
thermic reaction, asi the case with other vinyl compounds.
Thehutofpolymr’mtionilupotndtohc
173 + 0.5 kcal/mole. After & specified polymerizatioa
time, the polymer yield resches over 90 per cent. When
the polymerisation is fAnished, the slurry formed is
transferred 10 a vacuum tank, and afler usreacted
monomer has been iecovered, the polymer s ssparated
out by means of a filter. Since the Altered polymer would
become coloured if exposed to 100 high a temperature, it
is dried at a semperature of %0 to 80°C. The SqUoUS
filtrate s circulated and rewesd as  water for
polymerisation.

On the other hand, solusion polymeriaation is s methed
in which the mesemers and the oatalyst, sush se potas-
sium persuifote or hydrogen porenide, ase fod inte o
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Figure 1. Polymerization process of acrvionitrile

solvent for the polymer, such as dimethylformamide or a
concentrated aqueous solution of zinc chloride 1n solu-
tion polymerization, unlike suspension polymenization, the
formed polymer is not separated but 1s dissolved in the
solvent, and the prepared solution can be used directly
as spinning solution. Therefore, this method has the
advantages "hat the equipment and the polymerization
and spinnin. solution preparation steps ca: be simphfied
and the plant construction cost, as well as man-hours
and steam consumption for polymer drying. can be
reduced. On the other hand, 1t also has disadvantages
the polymer yield is not so high as in suspension polymeri-
zation and a considerable amount of unreacted acrylo-
nitrile must be recovered. the polymer concentration
cannot be made so high on account of the imit to the
solution viscosity required for operational reasons; the
selection of comonomer is restricted, depending upon the
solvent; productivn of uniform polymer is difficult,
and to cope with this difBculty, strict control of polymeri-
zation conditions as well as, in some cases. corrective
treatment of the spinning solution or the fibre is
required.

In the polymerization reaction in general, such factors
is monomers, medium, quantity of catalyst charged,
polymerization temperature, polymerization time and
metalic impurities gemerally cawse delicate changes in
the degree of polymerization of the polymer and its
distribution, and in the composition of the polymer and
influence the viscosity of the spinning solution, coagula-
tion in the spinming process sad stretchability of the
ﬁh,aﬂdwﬁchhnh&u’utim-onth
mechanical properties and dyeability of the fibre.

(c) Necessity of copolymerization

A-memuuinmmmur
the difforent types of fibres, acryhic fibres are generally
mndmodth—mm-m
monomer.

Generally, copolymerization is weed 8¢ 5 means of
Mybmyﬁclhumi-prmal
MMT&MMMI
m.dvi-ylm.munluk?yf«thn-
pess of imparting thermeplasticity.

thermopinstic, 10 thet heat-otvotshing sad crimping
du‘hnhn&.“.lmlmhaihh
Mb—nmhi‘uhuﬂum




state, and it would not shrink noticeably when higher
temperature is applied later. At present, 5 to 10 per cent
of methyl acrylate or vinyl acetate is copolymerized
with acrylonitrile monomer for the purpose of imparting
adequat: thermoplasticity to the polymer by disturbing
the crystal structure of polyacrylonitrile. Therefore, the
fibre produced from such copolymers has a potential
shrinkage of 10 to 30 per cent, when the fibre is heat-
stretched at a certain temperature and stretch ratio
range. On the other hand, when the fibre has not
undergone such heat-stretch treatment, it has no potential
shrinkage. These two types of fibres, one having shrink-
ability and the other no shrinkability, are mixed to
produce a high-bulk yarn which will be described
later.

The thermoplasticity resulting fiom such copolymeri-
zation is created at the sacrifice of the resistance to heat
and also means a reduction of the resistance of the fibre
to solvents. However, it contributes to the improvement
of the dyeability of the acrylic fibre. The structure of the
polyacrylonitrile fibre is so dense that dyes penetrate
into such a fibre at a low speed. In the case where a
comonomer having little affinity to dyes, e.§. methyl
acrylate, iy copolymerized, the dyeabie points of the
fibre are not increased, but the structure of the polymer
is disturbed and the speed of dye penetration is increased.
Therefore, disperse dyes can be applied to the acrylic
fibre produced from such g copolymer.

However, these comonomers do not improve the
dyeability 10 basic dyes very much. In redox polymeriza-
tion with potassium persulfate and sodium bisulfite
¢ catalysts, the sulfate and sulfonic groups are attached
to the ends of the polymer chains, Accordingly, the
p;;lymer shows affinity to basic dyes to some extent, but
these groups are not sufficient to dye such a polymer in
deep colown,

In order to improve th- dyeability of acrylic fibre
distinctively and control *uch a dyeability, a third mono-
Mer as mentioned above which has affinity to dyes is
added and terpolymer is produced. Generally,
sulfonic acid, vinyl sulfonic acid and acrylic acid are
wsed as comonomers with affinity to basic dyes, and viny|
g‘ridinc i wed a3 & comonomer with affnity to acidic

C. SoLvents

A)oly-uwithnhiﬂwrylo-itrikeomcanot
be-cmdbyhutiu,&achapoly-«hlm
th‘ithnwlvm.Solmuundfath'u
are i inoorpniclolmumdinormiclolwm._

(8) Orgamic selvenss

Orgasic soivents for ucing lcrylicﬁmm-ny

mnwhummnm.nmmm

::-:u-o' mm.mthn,thw
are

N, N-dimothyl-formamide (g,"» N—-C—H)

and

N, N-dimethyl-acetamide CH, >N--C—CH,
CH, i

0]
as amide compounds and

dimethyl-sulfoxide (gg:>s - o)

as a sulfoxide compound.

There are other solvents used for production of moda-
crylic fibres, which are obtained from a copolymer pre-
pared by addition of vinyl chloride, vinylidene chloride of
vinyl acetate in an equal or nearly equal mole ratio to
acrylonitrilc. Such sulvents are acetone and acetonitrile.
A modacrylic fibre has been developed as a copolymer
which is soluble in common solvents,

(b) Inorganic solvents

Inorganic solvents are concentrated aqueous solutions
of salts and aqueous solutions of inorganic scids,

As already mentioned, H. Rein was the first to
find out that concentrated aqueous solutions of salts
arc usable as solvents for polyacryloaitrile. Later,
G. W. Stanton made extensive investigations of the
ability of acqueous solutions of salts to dissolve poly-
acrylonitrile. The results of his studies are shown in
table 3.

TasLe 3. Onpen
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Table 3 shows the order of effectiveness of cation and
anion, by which it can be easity found out whether or not
4 Ccrtain aqueous solution of a salt is a solvent for
polyacrylonitrife. Referring to this table, take an anion
of some salt as an example. If the cation of that saft s
found below the group (or tine in the table) to which the
anion belongs the concentrated aqueous solution of
that saft can be used as a solvent for polyacrylonitrile,
but if this condition is nct fulfiffed, the aqueous solution
15 not a solvent.

At present, concentrated aqueous solutions (50 10
60 per cent) of sodium *hiocyanate {NaCNS) or of zinc
chloride (ZnCly) are used in industrial production.

As for agueons solutions of inorganic acids, agueous
solutions of adequate concentrations of nitric acid
(HNO,), sulfuric acid (H,SO,), phosphoric acid (H,PO,)
and perchloric acid (HCIO,) are usable as solvents for
polyacrylonitrile,

At the initial stage of development, however, it was
found that breaks of the chains of polyacrylonitrile
and hydrolysis of nitrile groups took place in such solu-
tions of inorganic acid and the fibres produced by using
such solvents did not have satisfactory properties. There-
fore, these inorganic acid solvents were regarded as only
solvents and were not used as solvents for producing
fibres.

Later, it was confirmed in Japan with respect to nitric
acid that if impurities such as nitrous acid are removed
from nitric acid by purification and the purified nitric
acid is used at a low temperature, it becomes chemically
inert and if polyacrylonitrile is dissolved in such nitric
acid, the polymer undergoes no substantial chemical
change. Thus nitric acid has come to be used industrially.
A nitric acid of more than 65 per cent is used; this iy
a very good solvent and dissolves polyacrylonitrile even
at a low temperatures.

As a summary of the above brief explanation of organic
and inorganic solvents for polyacrylonitrile, it may be
said that a suitable solvent should fulfil the fcllowing
conditions: (a) it should be capable of formiag good
fibres; (b) there shouldi be no corrosion or other
operational troubles; (c) recovery should be casy; (d) it
should be of comparatively low cost.

D. SPNNING AND DRAWING PROCESS

There are three methods of spinning of synthetic
fibres, namely: melt spinning, dry spinning and wet
spinniag. But as mentioned above, the melt spinning
process camnot be used for producing acrylic fibres.
Therefore, the dry or wet piBning process must be used.
in the following, explanation will oaly be made regurding
the manufacture of staple fibres beususe most of the
acrylic fibres currently produced are staple fibres.

(a) Spiming methods
1. Dry spiming
Du Pont’s “orion” and Bayer’s “dralon” are manufac-
tured by the dry spinni process weing dimethylormamide
uMMdM#MMMM

and forms amines upon decomposition, only dimethly-~
formamide entirety free from impurit  is used for this
purpose. First, the polymer weighing . ‘o 30 per cent
of the solvent is dispersed in the solvent, a: ' then heated
to 80-100°C for complete solution. The poly. - solution
i8 filtered by a filter press to be isolated froi. foreign
matters and then is deacrated under reduced pressure
so that yarn breakage is prevented in the spinning step.
Thus, the spinning solution is prepared.

The spinning sotution is heated to 80-150°C, sent
through the constant volume gear pump, and passed
through the candle filter to reach the spinneret. The
spinneret used here is made of stainless steel and has
from 200 to 600 holes. The spinning sofution forced
through the spinneret enters the spinning chamber.
Since the boiling point of dimethylformamide is as
high as 153°C, the spinning chamber is thermally
insulated and receives air heated to 230-260°C. The
spinning solution forced through the spinneret permits
the dimethylformamide to evaporate while travelling
down the spinning chamber, solidifies into filamentary
form, passes over 3 godets, and is reeled up at a rate
of 100 to 300 metres per minute. The filament thus obtain-
ed has not had its molecules sufficiently oriented yet and
lacks adequate physical properties as a fibre, so that it
must be subjected to the drawing process which is des-
cribed later.

Modacrylic fibres can be dry spun by substantially the
same method as described above using acetone us solvent,
As acetone has a boiling point of 56°C, there is no need
for using such a high temperature. Yowever, caution
should be exercised to prevent loss of acetone.

2. Wet spinning

The spinning speed in the wet spinning process is very
low as compared with the dry spinning process. Due to
such low spinning speed, however, this process has a
merit that all the after-treatments including drawing
(stretching), heat treatment, crimping, and cutting can
be performed as a continuous operation. As to the spin-
neret to be employed, one having from several thousand
to 20 to 30 thousand holes can be used in the wet spin-
ning process. Therefore, it is gencrally more advantageous
to use the wet spinning process as far as the production of
staple fibres is concerned.

From the technical standpoint, the most important
factors for the wet spinning are the selection of the
solvent and the coagulant to be used and the setting
of coagulating conditions. The qualities of the product
are largely influenced by these factors. If coagulation is
not carried out properly, the fibres obtained will be coarse
and porous in structure. In the worst case, the fibres
will get a milky white colour. This phenomenon occurs
when the coagulation speed is too high for the fillament,
undergoing coagulation to acquire a closely packed
structure or when the speed is 10 low that the L.ament,
before acquiring a sufficiently set structure, is sent to
the mext steps of washing and heat drawing.

When dimethylformamide is used as solvent, the spin-
ning solution is prepared by practically the same method
uinthdry—sp.’nium,buitdou not have

be heated duriag the spimming operation. As coagulants
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4re suggested various substances including water, lower
alcohols such as glycerine and butanol. and the aqueous
solution of calcium chloride. For exampie, when water
is used as the coagulant, the coagulation bath is prepared
as about 50 per cent aqueous solution of Jimethyl-
formamide, and the coagulation is effected at 20-30°C.
If glycerine is used as the coagulant, the concentration
of dimethylformamide in the coagulation bath is about
10 per cent, and the coagulation temperature is suitable
in the range of 110°C to 120-C.

The rate at which the filament is sent through the coagu-
lation bath is generally between five and twenty metres
per minute. The coagulated filament coming out of the
coagulation bath may be heat drawn either directly as
it is or after it has been stretched slightly and freed
of the solvent content by washing. When such organic
solvents as dimethylformide, dimethylsulfoxide, and
dimethylacetamide are used, drawing can be carricd out
more easily and the product offers better yarn quality
if the coagulated filament is heat drawn without being
freed of the solvent content completely,

As an example of inorganic solvents, use of nitric actd

will be explained. Nitric acid is Tequired to be of very
~ high purity as stated previously. Before use, it must be
purified s0 as to be free of impurities such as nitrous acid.
Aqueous solutions of g concentration of more than
65 per cent of nitric acid dissclve polyacrylonitrile very
rapidly even at low temperatures. The aqueous solution
of purified nitiic acid and the polymer are continuously
weighed and delivered to the dissolver, where solution
is effected at a temperature of 0 to $°C. Subsequently,
the resultant solution is filtered and deaerated to become
the spinning solution.

Figure Il shows manufacturing of spinning solution
and spinning process diagrammnically.

The concentration of the polymer in the spinning
solution is in the range of 15-20 per cent. The spinning
solution is forced through the spinneret into the coagula-
tion bath by means of tive constant volume gear pump.
The coagulation bath used here is about 30 per cent
aqueous solution of nitrate acid. and the temperature of
the bath is in the neighbourhood of 0-C, Coagulation is
performed under substantially no drafi condition. As the
coagulated filament still contains a large quantity of
nitric acid, it is washed with water. The filament is intro-
duced into the heat drawing step immediately after being
washed with water,

When concentrated aqueous solutions of zinc chloride
or sodium thiocyanate are used as solvents, the solution
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of the polymer should be »erformed at clevated tempera-
tures, because polyacrylonitrile has not such a high soly-
bility in these solvents as in nitric acid. In the coagula-
tion step, the diffusion velocity of these solvents contained
in the filament into the coagulation bath is lower than
that of nitric acid. Therefore, the time in which the fila-
ment is held in the bath niust be increased. The washing
must also be carried out at elevated temperatures.

As an example of modacrylic fibres, the equimolal
copolymer of acrylonitrile and viny! chloride is dissolved
in acetone, and the spinning solution is spun into hot
water, in which it is coagulated. In this case of coagula-
tion, there is less chance of obtaining a milky white
colour. The filament is usually coagulated while being
stretched slightly, and sent into the dryer. In the dryer,
acetone and water are evaporated. The filament thus
dried, although containing no water and solvent, has
thermoplasticity, and can be heat drawn in the dried
state.

(b) Drawing process (stretching process)
|. Dry heat drawing

The filaments obtained by the dry spinning process
or by the wet spinning process using an organic solvent
and then dried, both contain the solvent by about 10 per
cent. and they can be drawn merely by heat. These
filaments are drawn four to ten times of stretch ratio by
he'ing heated to 80-110°C with heated air or heating
rotlers,

2. Wet hoat drawing

The flament obtained by the wet spianing process can
ordinarily be drawn with wet heat. There are two types
of wet heat useful for this PuTpOse; One using steem sad
the other using hot water. In sither case, the temperature
of the Mlament is aboys mwnoo-c,ummmh
woually fowr to ten.
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111. Eeonomies

A. CoNsTRUCTION COST vs. PRODUCTION CAPACITY

The relation between plant construction cost (for
battery limits) of acrylic fibre A, B, C and D and produc-
tion capacity is shown in figure V.

Drying, crimping and culting

The tow of acrylic is obtained by drying the drawn
filament and the staple fibre is obtained by cutting it.
During the drying, the tow is held substantially tension-
less. The flument shrinks by 5 to 20 per cent upon
drying, although the percentage varies with the type of
polymer, method of spinming, and spinning conditions.

The dried tow is provided with BECessAry erimping
for spinming purposes. At present, tows having denier

(4
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numbers up to 500,000 are handled. The tow ;s forwarded
into the crimper of the stuffing box type by means of a
pair of rolls.

The staple fibre is imanufactured from this tow by
being cut in desired length.

The construction cost index is estimated taking con-
struction cost of 15 tons per day (t/D) plant of A as 100,

For making the relation between the construction cost
and the production capacity clear, index per unit plant
construction cost is used. Such unit construction cost is
shown as the construction cost per t/D, and its index is
estimated taking unit construction cost of 15 t/D plant
of A as 100. This relation 1s shown in figure VI.

From figure Vi it might be realized that, for each of
A, B, C and D, the minimum economic production is in
the neighbourood of 15 t/D.

B. RELATION BETWELN THE ACRYLIC FIBRE
MANUFACTURING COST AND PRODUCTION CAPACITY

Figure VII shows the subject relationship. The index
is 100 for the manufacturing cost of 15 t/D plant of A
and is based on whatever other plants are estimated. A
comparison lof this figure VII and table 4 will convinue
us that the cost of solvent is an important factor in the
manufacturing cost of acrylic fibre.

The following table shows the breakdown of the manu-
facturing cost of acrylic fibres A,B,Cand D of I5¢/D
capacity.

Tame 4

A [ C »
(por cemt) (por cemt) (per o) (par ceme)

Raw maisrial cost . . 58.6 489 443 537
Solvent cost. . . | 4.0 13.7 149 10.1
Other costs . . . . . 374 374 3.8 36.2

Torar 100 100 100 109
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C. Unir RBQUIREMENTS AND PRICES OF RAW MATERIALS
AND CHEMITALS

The unit requirements are the secrets of producers.
Therefore, they cannot be disclosed, but it can be assumed
that they are in the following range. The unit used is for
1,000 kg of product (tow or staple fibre).

ke
Acrylonitrile monomer . . . . . | | 93950
Comonomers . . . 80-120
Solvent loss . 100-200

Comonomers and ternonomers generally used are
the following : methyl acrylate; vinyl acetate; wvinyl
pyridene; third monomer containing sulfonic groups.
As solvents, the following clhiemicals are mostly used :
nitric acid; zinc chloride; sodium thiocyanate; dimethyl
acetamide; dimethyl formamide; dimethyl sulfoxide.
The market prices of main raw materials and chemicals
mentioned above are the following:

TadLe §
Prices m the US4
(it - $/00)

Raw materialy

Acrylonitrile . . 170

Methyl acrylate . . 28.28

Vinyl acetate . . . . . 11.5

2-Methyl-5-Viny: pyridine . = . 129.0
Chemicals

Nitricacid . . = . = . 49

Zimc chiorids . . . . . 11.95%

Pdium thiocyanase . . . . . 34.7

Dienethyl formamide . = = Jo.c

Dimethy! sulfoxide . = = . 330

Source : Oil, Paint and Drug Reporter (July 17, 1964).
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A. PROPERTIES OF FiBREs

As already mentioned, each acrylic fibre has different
polymer compositions, solvents used, spinning processes
and drawing procesees, 30 srictly speaking, each acrylic
fibre has its own characteristics. But there are no distin-
guishing differences of properties among them. Table 6
shows a comparison of representative properties of
.crylic‘huwiththouofmbnynhuiclbrnndubk7
propcmuoflvokindnoflaylicm.htbkhbk.
properties of Orlon, Acrilan, Zefran and Creslea are
reprinted from “1962 Man-Made-Fiber Chart” published
by Textile D’orld-nmndtkprowﬁnof&u-
c-:lo-ucMmeyAnhMlndm

., Lad.

mmﬁem#mkﬁuhh.l.l&l.ller
Mhn—uﬁndq‘-‘.mhnﬂbhm

lightest of all fibres, except polypropylene fibres. Their
tensile strength is 2.54.0 g/d. This is kept at such level
because they are stuple fibres. In a case where tensile
strength s required such as for filaments, it can be brought
up to 5-7 g/d. Compared with natural ifibres, present
synthetic fibres generally have less hygroscopicity, and
acrylic fibres have higher hygroscopicity than polyester
but lower than nylon 6. Lowering of strength by heating
18 in the following order, i.c. polyester-polyacrylonitrile-
nylon 6 by drying heating and polyacrylonitrile-polyester-
nylon 6 by steam heating, which shows that acrylic
fibres have good resistance to heating. However, acrylic
fibres sometimes become less white by heating. They
have strong weatherubility or resistance to outdoor expo-
sure. i.e., there is an instance in which 70 per cent of their
imtial strength had been retained even after they were
exposed to weather for two years. Thus, weatherability
of acrylic fibres is most excellent among all fibres, natural
and synthetic.

They have strong resistance to chemicals, i.c., they are
not affected by common solvents or by mineral acid
unless it is of high concentration and at high temperature.
But their resistence to alkali is low and they hydrolyse
by strong alkali solution. Thus, since they have strong
resistance to chemicals as mentioned above, bleaching
agents hardly affect them. Dyeability varies, according to
the comonomers and third mosomer to be copolymer-
ized. When the polymer can be dyed by basic dyes, it
shows the highest degree of colowr fastness as the
colour is of the beautiful tone characteristic of basic
dyes. This brilliant and fresh colour tome is s character-
istic of this fibre.

B. HIGH BULK YARN PROCEMS

Application of high bulk yarn is recognized to be the
main factor for the success of acrylic fibres as seen today.
This may be compared to the role of textured yarn in
nylon. Generally, textured yarn of thermoplastic fibres,
for instance that of nylon, is made by either twisting,
false twisting, stuflng box or odge crimping processes.
But bulkylmofwryliclbreilnndeonthcbuic of a
principle entirely different from those processes. That is,
when acrylic fibres are heat-stresched and set in the
stretched state, they have a high shrinkability. When
they are treated aferwards with hot Watsr or steam,
they shrinkudmntoaﬂnphco.diﬁog.A mined
spun yarn is made from this highly shrinkable fibre and
ordinuylhn.which'uthn”ndvﬁhmnﬁu
seam. Since the highly shrinkable fibre shrinks and the
ordinary fibre bends outside 10 come out to the surface
of the m.thnﬁnmnhnnubdty.

Practically, there are the following three processes for

making bulk yarms:
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TanLs 6. PROPEXTIES OF VARIOUS SYNTMETIC FIDRES (STAPLE MiDRES)

"::k\\\“ ———— Flbree Nylon 6 Polyenrer Potvacryiomirie | Modacrvi
Tensile strength g/d Dry . . 4.7-6.7 4.7-6.0 2545 2545
Wet . . . . 3.9-8.7 4760 2.0-4.5 2.0-4.5
Dryand wotstremgth >, . . = = = 83-90 100 80-100 80-100
Loopstrengthgd . . = = . = 7.0-11.0 65100 2488 2455
Knotsrengthgd . . . = = == 3758 4050 2.0-3.8 2033
Elongation, Dry . . . . . == 38-% 35-5%0 7748 27-48
We . . ... 40-53 35-30 1748 27-48
Elastic recovery (at 3 > elongation) %, . . . 93-100 90-95 90-95 90-93
Apparent Young's moduius kg/mm 90-230 310-620 260-650 260-650
Specificgravity . . . . . 1.14 1.38 1L14-1.18 1.26-1.37
Watercomtent 20°C . . . . . . =
O%RH . ... 3.5-50 0.40.5 1.2-20 0508
Heat offect: Sofiening point . . . . . 180-C 238-240°C 190-240-C 150°C
Melting poim¢ . . . . . 215-220°C 255-260°C Not clear 210-20C
Weatherabitity | Sarength lowers, turns | Almost no lowering | No lowering of No lowering of
yollow of strength strength I strength
Effectofacid . . . . . . . . | Soluble in mineral Strong resistance Sirong resistance Strong resistance
askd
Effect of chomicals . . . . . . Strong resistance Strong resistance Strong resistance Good resistance
Dyeability .| Dispersible acid Dispersible, high tem- | Dispersible, basic, | Dispersible, basic,
perature or carrier acid acid
of naphthol vat
dyss

TasLz 7. PROPERTIS OF VARIOUS ACRYLIC LT

Prade nome

Acrilan
{ songle)

Zofran
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TastE 7 (continmed )
Prade nawme
Orion Acribon Zefran Cresian C aslonilon
1 staple and 10w/ CMaple + staple t ‘ ctaple and tow ! vemple and 10w )
Effect of bleaches and
solvents - Can be bleached with Good  resistunce to Good resistance 10 Unaffected by dry Good resistamee so

hypochiorite  per-  bleaches and com- bleaches and com- cleaning wlvents bleuches and com-
oxide and other mon solvents mon solvents mon solvents
agents.
Not harmed by com-
mon solvents
Dysswed . = Catiomic,  disperse Disperse, basic, neu- Wide rangs of colours Type 58 has encoliont Cationic,  dinpares,
acid (Type 44). and  tral  premetalized. with vat, naphthol,  wieny for pre-  acid and various
selected vats and  ucid, chrome, and  sulfur, after-treated metulize d, chrome,  dves
naphthols neutral direct, and asutral  direct acid, die-
premetalized perse and basic
dyes. Type 61 has
affinity for basic
and disperse dves
- not receptive to
acid
Rainistence 10 mildew,
aging walight, abra-
siom . . . Excellent resistamce Not attacked by mil- Not sttacked by mil- Excellent resistance Not atiached by mil-

0 mildew and
aging. Good resist-
anoe o sunlight
and abrasion

dew. (Material om  dew. Good resist- 1o mildew, aging,
the fibre may de  ance to aging, sun- sunlight, and abra-
attacked. light, aad abrasion sion

dow. Guod meiss-

O1 these, we give here an outline of the

bulk yarn

process wing Turbo stapler. Figure VI shows the func-

tion of Turbo stapler diagrammatically.

Ordinary tow of 400,000-500,000 denier are arrayed -
thinly with the component filaments placed parallel to
sach other and after tension is made uniform, it is heated
20-%0 per cent while

aad stretched by
the tow hot plates at the same time.
of the hot plates is normally
alber coming out the heating

is cooled down suddenly and temporarily set in the stret-

ched state. This tow is sent
comprising front rolls, middle rofls

be stretch-broken. This stretch-broken tow or sliver is

Tasir 8. END-USIs OF ACRYLIC FromE iN Jaran (1963)

Por Umanetey (1on) Por coms
Undorwear (knit) 6,000 176
pusing through  JESL N0 7.0 s
The temperature Bodding . . 3,980 ”:,
100-190 -C. Immediately  woven fabrics o “om» e
section, the stretched tow Ex”n(“’hh“‘ yora) . . . 3,%0 16.2
Others .~ 1'% 1.3

10 the stretch-break section ——— e —
and breaker bars to Torm. 3.0 1]

then crimped by the crimper of stufling box type. Of the
lﬁmmm,maummdiml‘ubo Fibre

Seteer 10 be heat-shrinked

by steam of 100-120-C.

Then, the unshrinked sliver and the shrinked sliver are

mined sormally at the ratio of‘:_J to 3:2‘Ivy Attenvator.

) yorn is made by ordinary
When the yors mede

&.’ the
hoated by hot water or stenm 2¢ i or aftor it ivtmade into

Yew Foud relle m ’
ot
. slos Sresber e o Criemger
i Coasling

hﬂ.bﬁ““

Tasie 9. Eno-uses of acayLic Pane i T Uneres Srares (1943)

'm"n M‘ - . h.,_ - . R m-'- P._.:.-A
above processss is Swesters i) . . . . 140 »e
Pie habris . m 1Y)
Appasis \ . . n
vc) --------- (2. (,:3
Copss . . 15,900 "2
Bashe. .. e 14
Cleorbaligeese . = = = 1590 ni
Ohwwowatiivis . . . L0 »)
Yoo W0 e
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knit goods, high bulk yarn or Nigh bulk knit gnods are properties such as pleat retention and quick drying, so
obtained. that they are mixed with wool. cotton and viscose rayon
: , to improve their properties, and put to such’uses as men's

¢ !:ND-UI?I v m,"w rimat _ suiting, lades’ suiting and underwear Acryhe staple fibre

The ond-wses of acrylic fibre in Japan and the United o e spun very smoothly by alf spinning processes
S4ntes in 1903 are estiumated in tables 3 and 9. Itis Clear including wool spinning, both worsted and woollen,
from these figures thet this fibre is mostly wied in meking 4o nthetic Mbre spinming and cotton spinning. This is an
knitted goods. m'bklmhmnnnmﬂﬂhumdmy
Acrylic Abres have me rivals in points of texture, other synthetic fibres, Especially, due to their soft feeling,
softness, lightness and beauty, so thet they are suited for they are most suitable for blankets, piles and man-made
mnqmmm At prosent, slmost i They are also weed as carpets and quilt wadding.
all acrylic Sbres are used 2¢ spun yarn and their main Further, their resistance 10 chemicals and weatherability

application is for bulk precesssd kait such 25 lond themeoives to application such as tent-making and
Iwenters, jerseys and waderweer. Raw other indusirial material sech ae ing cloth,
-




9. EXPERIENCES ACQUIRED DURING A

Mario Galén-Gémes, Presiden:,

Colombia has one of the most developed textile indus-
tries in Latin America. Since the turn of the century
this industry has undergone phenomenal growth, not-
withstanding its traditional reliance on imported raw
materials, such as wool and cotton, In fact. 1t was not
until 1957 that Colombia, following an extensive cotton-
development programme, became not only self-sufficient
as a producer of this fibre byt actually had small surpluses
available for export. Wool, however, is still largely impor-
ted from abroad. The production of synthetic fibres
began after the Second World War and developed appre-
ciably, aided by a liberal import policy.

In 1963, coinciding with the start of ammonia production
on the part of two private companies and the announce-
ment by Empresa Colombiana de Petréleos (Ecopetrol)
to the eflect that the expantior of the Barrancabermeja
refinery will include facilities for the production of ethy-
lene and propylene, the 1dea was advanced of manufactur-
ing acrylic fibres by direct synthesis from ammonia and
propylene. Various private and semi-governmental entities
Joined Ecopetrol in exploratory talks designed toadvance
this project. To this end, different foreign organizations
of recognized competence in this fizld were commissioned
in 1963 to prepare market research and economic

feasibility studies, which led to the following conclu-
sions:

{a) Itisestimated that by 1970 there will be in Colombia
a market for some 4 million Ibs, of acrylic fibres, provided
that the fibre is priced competitively with wool.

(5) The potential Latin American market for acrylic
fibre is estimated at 26 million Ibs. by 1970. By that time,
Argentina, Mexico and Brazil will unguestionably
possess the capacity to produce acrylic fibres, so that there

can be no expectation of Colombia capturing the entire
Latin American market.

(¢) If Colombia is to export a minimum of 5 million
Ibs. of the fibre in 1970, it will be indispensable for the
members of ALALY (the Latin American Free Trade
Association) to reduce their tariff on acrylic fibre 1o a
maximum of 10 per cent which is the current rate of duty
assessed by Colombia on wool imports. Similarly, the
assoviation members would have to introduce a common
ad valorem duty of not less than S0 per cent as a barrier
against possible dumping on the part of industrialized
countries.

(d) The Latin American market for av: vlonitrile des-
tined for the production of fibre and plastics will be of
the order of 30 million Ibs. With suitable ¢1:toms protec-

STUDY FOR AN ACRYLONITRILE PLANT

Empresa Colombiana de Petrélevs (Ecopetrel), Colombia

tion, Colombia would be in a position to capture a share
in this rarket.

In the next few years, the price of acrylonitrile in inter-
national markets 1s expected to drop to $0.10 or $0.13
per Ib. due to production stemming from large-size plants
in major industrial countries. Under the circumstances,
it 15 estimated that cven with tanff protection, it would
take a minimum capacity of 15 million Ibs. for the plant
to opcerate economically.

On the findings of these studies, Ecopetrol and the
other sponsoring organizations have reached the conclu-
sion that an acryiomitrile facility should not be established
until such time as satisfactory arrangements have been
finalized with the other members of ALALC for the
interchange of this product,

Nevertheless, it is deemed convenient to set up a plant
for the nanufacture of acrylic fibre from imported
acrylonitrile, with a yearly capacity of 4 million Ibs.
of fibre.

In conclusion, Colombia expects to take all measurcs
necessary to ensure that at the forthcoming ALALC
negotiations the Colombian Government obtain suitable
tariff reductions and the inclusion of acrylonitrile in the
“common list”. The inciusion of acrylonitrile in the com-
mon list does not automatically ensure a gradual tariff
reduction; rather, at the time of the forthcoming negotia-
tions of national lists, Colombia will have to prevail
uoon the other ALALC members to reduce their tariffs
on fibres and acrylonitrile to the levels of Colombian
import duties on wood, or about 10 per cent.

Provided that Colombia is successful in these ALALC
talks and that the indicated conditions are fulfilled, it is
virtually certain that an acrylonitrile plant will be set
up by 1970 with a capacity of 15 million Ibs., since the
country will be assured of adequate propvlene and ammo-
nia supplies at prices competitive in international markets,
In this context, Colombia is very much interested in the
opinion of Conference delegates and participants concern-

ing the economic feasibility of producing acrylonitrile
in plants with an annual capacity below 15 million Ibs.,
and would welcome information and suggestions from
countries which have evalusted comparable projects.

At the ALALC negotiations, both the Government
of Colombia and Ecopetrol will use their best efforts to
achieve a successful conclusion of their project in Colombia
under conditions affording sufficient assurance of an

export market within the Latin Amcrican Free Trade
Area.
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E. Synthetic rubbers

INTRODUCTORY SUMMARY

This introduction provides a background to, and notes
some of the conclusions of, the papers on synthetic rubber
which form this chapter and which were given at the
Petrockemicals Conference under the same title.

Until the beginning of the Second World War, natural
rubber had been predominantly in general use throughout
the world. However, since then and especially in the
post-war period. synthetic rubber has been gaining an
increasing share of the total rubber market. This is due,
inter alia. to improvement in the quality of styrene-
butadiene rubber (SBR), cost reduction, as well as the
production of various types of rubber other than SBR
with specialized properties. The production of synthetic
rubber has grown at a faster rate (11 per cent per annwm
since 1950) than thati of natural rubber (about | per cent).
By 1962, the share of synthetic in total rubber production
exceeded that of natural rubber.

Synthetic rubbers include styrene, butadiene, chloro-
prene, butyl, nitrile, polysulphide, silicone, chlorosulpho-
nated polyethylene, as well as the stereo-regular rubbers
that include poiybutadiene, polyisoprene, and cthylene-
propylene rubbers.

SBR accounts fo. about 70 per cent of total synthetice.
It is a versatile rutber, the oil-exteaded varieties of which
are the cheapest rubber available. Oil-extended SBR is
satisfactory for use in passenger car tyres. Butyl, chloro-
prene, and nitrile rubbers have established markets as
speciality rubbers. Butyl rubber is relatively impermeable
to air and has good resistance to heat and oxygen.
Virtually all inner tubes in the United States and Europe
are made from butyl rubber.

The high resilience and low heat build-up of the
vulcanized polyisoprene rubber are among the qualities
which make it a good substitute for natural rubber.

In addition, it 18 easy to process. and it can be used in
the manufacture of conventional rubber provessing
equipment.

Polybutadiene rubber is superior to SBR in that it
has improved wear, heat build-up and groove crack
resistance when used in treads of passenger-car tyres. The
disadvantages are low resistance to chipping and difficulty
in processing. In order to overcome these difficulties
polybutadiene is being used in 1:1 blends with natural
rubber in heavy-duty tyres, and in 1:3 blends with SBR
in passenger-car tvres,

The properties of cthylene-propylene  copolymers
(EPR) appear at first sight to be similar to those of SBR
but, in addition, EPR has a remarkable resistance (o
aging and ozone attack. It has beer. known that EPR
is difficult to vulcanize. However, by including an
unsaturated dienc, vulcanizing cou'd be varried out
in the conventional way using sulphur.

The Chapter notes that investment requirement (grass
roots plant) for the manufacture of SBR may be of the
order of magnitude of $270 per annual ton capacity,
assuming a 60,000 ton/year plant. This includes process
units, utilities generation, tankage and Isboratories.
Additional investment is required when an integrated
SBR plant is conceived to include production of butadiene
and styrene monomers.

Further, the investment requirement for a stereo-
specific  polymerization plant has also been rouglly
estimated-——at $400/ton of annual capacity for a plant size
of 20,000 tons/year. This investment also includes start-up
expenses, laboratories, initial catalyst and chemical
charges and paid-up royalties. The high capital charges
have been estimated at about 50 per ccnt of manufactur-
ing cost in contrast to 10 per cent for labour.




1. THF. PETROCHFMICA]. INDUSTRIES : SYNTHETIC RUBBERS

Prepared for the United Vations ( entre fo Industrial Development by I'Institut SJranceis du pétrole,

France

The demand for total new Tubber has been increasing
very rapudly while there s not and has not been the
slightest possibility of increasing the production of natural
rubber in time to meet such increased demand. For this
reason, the balance of world rubher requirements must
necessarily be supplied by synthetics.

However. as styrene-butadiene runber (SBR) is still
not available as a satisfactory substitute for natural
rubber in all of its uses, the newer stereo-regular rubbers
like polybutadiene (PB). polyisoprene (Pi) and ethylene-
propylene copolymers (EPR) will find and maintain a large
place among the general purpose rubbers of the future.

Styrene-butadiene rubber

SBR production predominates in the United States
and in Europe; however, except for certain countries
whicl have in the past been big importers of SBR and
which can foresee sufficient justificaton to construct local
plants, it is unlikely that new SBR plants will be built
in western countries, [n fact, because of the SBR technica!
limitations and over-capacity, producers are showing
increased interest in the possibility of converting existing
SBR plants for use in the making of other synthetics,
Some plants have already been converted and are now
producing stereo-regular polybutadicne.

Elements of operating cost for a 60,000 tons/year SBR
, Plant are given below :

Invesiment (gruss roois plani)
Including process uniss, utilities generation, tankage

and laboratories . . . e MMS§ 22
Raw material consumption
Tons/year
Buu.diene.............. 37,800
Utilities requirements
Electricity (10" kWh/year) = | e, 186
Steam (10 10n/year) e 20,000
Cooling waier (10% Mbyear) . . . . 1,980
Demineralized water (108 M¥year) = . . . 720
Chembnhanduulyst ($/year) . . . 3,000,000

Labour

Men/shift
Men:day

-~ .

Storee-reguinr rubbers

One of the most important points about the newer
synthetic rubbers is that they can be substituted for natural
rubber in most of those applications where SBR cansot
serve as a suitable subsiitute. Their addition to the list
of available raw elastomers now makes it possible to
Teplace natural rubber in nearly all its usesJand still
obtain products of adequate quality.

PoLyisorrene (PI)

Extensive compounding studies have shown that
polyisoprene rubber ( PIR) gives vulcanizates very similar
to those of natural rubber. The vulcanizates have high
resilience and low heat build-up.

Moreover, it is a synthetic material of good processabil-
ity - also, it can be used with but minor modification
in formulation and recipe in conventional rubber process-
ing equipment. PI has finally the potential of being of
excellent uniformity und it is finding applications in areas
previously held by natural rubber, particularly where
8ood mould flow, excellent colour and purity of polymer
are of importance. Oil extended polyisoprene is a good
prospect on ecor.umic grounds, while latexes may well
Prove to be one of the most important outlets for poly-
isoprene,

This synthetic rubber whose qualities equal those
of natural rubber is expected to go into mass production
during the next few years. For example, by 1965, six
times more Pl will be produced in the USSR and the
sacialist countries of Eastern Europe than polybutadiene,

POLYBUTADIENE (PB)

Great confidence has been expressed in the future for
PB, and proof of this lies in the large number of plants
that are planned all over the world. In the United
States of America, there is Sreat interest in the
commercial production of thig new clastomer.
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Compured vith 100 per cent SBR. PB has better wear,
heat build-up and groove crack resistance The only
falling off 1s noticed in resistance to chipping. This i
only a problem in off-the-road tires and may well be
improved as the knowledge of the compounding ol
PB advances. Also, one of the problems presented by
PB rubbers has been therr processing difficulty. One
expedient which has been used to avoid these difficulties 15
to use these materials as extenders for natural rubber
and SBR. As a result, PB 1y being used in 5050 blends
with natural rubber in heavy duty tires and in 25.75 blends
with SBR passenger tires.

ETHYLENE-PROPY1ENE (OPOL YMERS (EPK) AND PROPY-
LENE-DIENE TIRPOLYMERS (EPT)

The properties of EPR appear at first sight to be similar
to those of SBR, but in addition EPR has a remarkable
resistance to aging and ozone attack. In the latter respect,
it mav well be « competitor for butyl rubber.

it has been known for some time that EPR is difficult
to vulcanize. However, by including an unsaturated diene,
vulcanizing could be carried out in the conventional
way using sulfur. The low monomer cost would be a
great advantage and could make the production of this
terpolymer attractive.

CHOICE OF POLYMER

From an economic standpoint the choice among the
different rubbers for any particular application now
depends to & much greater degree on price and cost
considerations only,

This should not be taken to mesn that identical results
are always obtained regardless of whether natural
rubber or a synthetic substitute is employed. There are
always certain differences, sometimes in favour of the
synthetic rubber.

For example, PB shows up to particular advantage
in passenger car tire treads; Pl is the best known to use
in tire side walls and in footwear; PI and natural rubber
are required to obtain the best resulis in aircraft tires,
cut thread, and heavy duty tires,

None of these advantages of PB or PI are sufficient
to command a significant premium if the superiority
of one or other rubber is not less then I US cent per
pound.!

In these circumstances, the choice of any particular
rubber will obviously depend on considerations of
strict competitiveness and of economic considerations
resulting from raw material availability, monomer
synthesis cost, and processing difficulties.

' Sounce : Dr. Cake, Vice President of the US Rubber Coy,
Conférence inmernationale sur le caoutchouc (14-18 May 1962)
Paris (France).

Foeonomics o STERFO-REGI 1 AR R{ RRIRS MANI | A« 't R

Monomery manufae ture

Leonomics 1or styrene, hutadicne. cthylene and propy
lene have been studied chewhere, the cconomics of 180~
prene production, based respectively on propylene teed-
stock and isobutylene-formaldehyde feed-stocks  will
be studied below

Isoprene mawjacture

Elements of operating co.t for a 20.000 tons/year
1soprene plant starting from propylene and isobutylene
respectively are given in table |,

Manufacturing cost and derived sethng prices for the
two routes are presented in table 2.

Stereospecific polymerization

Polymerization manufacturing cost is quite similar
for the three stereo-regular rubbers: PB. Pi and EPT.
Table 3 presents the elements of the operating cost for
a 20,000 tons/year plant starting from butadiene or 1so-
prenc or ethylene and propylene.

The manufacturing cost for such a plant, including
profits and taxes, is given in table 4. Polyisoprene and
polybutadiene selling prices may be estimated as follows:

Monomer selling price (isoprene or butadiene) $220/ton or ¢/Ib 10

Polymerisation manufacturing cost including
profits and taxes a1 50 per cent .

Polymer selling prices

$265/ton or ¢/1b 12
$485/10n or ¢/Ib 22

Taste 1. 20,000 TONS/YRAR ISOPRENE  PRODUCTION  BASED
RESPECTIVELY ON ISOBUTYLENE AND PROPYLENE FFED-STOCKS
Elements of operating cost ¥
1
;
Isobutyiene ‘

4] He  roule
route Propylene rou

Investment in million$ . . . . . . 5.6 8.6
Raw materials balance (tons/year)
Isobutylene in C, cut .. 21,800
Methanol* . . | ... 19,800

Propylene 31,000

By-products residols;' oo (9,200)
Utilities Requirements

Electricity (10 kWh/year) . . . 6,350

Steam (tons/year) . 208,000

Cooling water (10° MP/year) . | 2780 : $135,000/ycar®

Process water (M3/year) . . . . 64,000 ‘

Fuel produced (10% kcal/vear). . (1,600)
Catalyst and chemicals ($/year) . . 150,000 90,000
Labour (men/shift) . . . . . . . 7 7

* Including formaldehyde production starling from methanol.
" Used in phenolic and polyesters resins.

¢ Including slectricity, cooling water and fuel requiremenis and taking
into acoount um.:!mm-a a1 81.5/10% kcal
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Tam g 2. 20,000 10M/YPAR 19DPRENE PRODUCTION SASED RESPRCTIVELY ON HOBUTYLEN? AND PROPY-
LENE PFEZD-STOCKS

Manufacturing cos1 * and selling price

Irsbuiyions rewse Propyions rewse
Uﬂll:w’ dmmual Sl cost Annual onet
anantity 10§, your ) oy 1 1® §/veur)
Variable charge
Raw materials
fsobutylons (toms) M 21,960 20
Methano! (toms) 20 19,800 990
Propylens (tons) . . L) 31,000 1,5%
By-products residoh (toms) .. 10 (9,000 (— 921)
Utilities
Electricity (100 k Wh) [ ) 6,3% (3]
Steam (tons) A 1.6 208,000 kXX]
Cooling water (10°M?) 6 2,790 17
Process water (M?®) . 0.2 64,000 13
Fuel produced (10%cal) . 1.5 (1,600) (-2
Catalyst and chemicals . . . . | 1% %
Labowr . . . =
Salarics and wages (men/year) 3,000 b/ | 140 » 140
Sup ‘rvision at 25 %, of salaries
andwages . . . . 3 3
ToTaL vAaRIABLE CHARGES 2,167 ) 1,9%
Fixed charges® = 1,290 LYo
MANUFACTURING CORT 34%7 39
Selling price
Net cash flow at 20 °/ of total invest-
ment . .. 1,120 1L7%
Depreciation provides . . . . 700 1,0
Net income after taxes . . . 420 0
Net income before taxes at 50 % - 840 1,300
Manufacturing cost . . . . | 3457 3,92
Isoprenesales . . . . . . 4297 5,220
Isoprene seliing price Sjton . . | 213 260
or ¢/1b 98 org/M 11.8

* Royalties not included.
v A

* Including : depreciation at 12.5 per cent of total investment, Interest at 3.5 per cent, msintenance
at 4 per cent, general plant overhead at 2 per cent, taxes and insurance at | per cent.

¢ TaBLE 3, 20,000 TONa/YEAR STEREOSPECIFIC POLYMERIZATIO! PLANT
e Elements of operating cost

Investment (MM $) 8
Including : start-up expenses, laboratories, initial catalyst and chemicals charges and paid-up

royalties
Utilities requirements
ity (0K Whyyear) . . 25,300
Swam (Tonjyear) . .. . DTt e e e, 136,000
Cooling water U0MYyea) .. 7,500
My 450,000
Nirogma (1M . e 8,000
Chemionls and catalyst ®conumeption . .. ... 1,260,000
Labour (mea/shift) . . . . . e . . %




Tabie 4. 20,000 rONS YiAR 3 IERABOIPECIFK- POL YMERIZATION PLANT

Manfacturing cost, including prafits and 1axes

U U"’:f" Anvmal queniity Aol cost

1 $ivemr)
Varabls charges
Unitisien
Elstricity (10° kWh) S o [ ) 25,300 233
Seonm (ome) . . . e 1é 136,008 218
Cooling water (10M%) = . ¢ 7,300 “
Prossss water (M . . . [ %] 43000 %
Nirogm(low® . . = = 2 8,600 17
Labnwr
Soleries and wages (mon/shift) = . 3,000 0 490
Wﬂ”".ﬁd“ﬁ‘l"s. 199
TerAL vaniAmS CHARGSS bx -]
Finedcharge® . . . . . . .« 1,000
MaNURACTURING COST 442
Neot cash flow at 20 per cent of sotal investment . | 1,600
Deprecistionprovides . . . . . . . 1,000
Netimome aftortanes . . . . . . . . = 0
Nutincome before tanes at 0 percemt . . . . . | 1,200
Mesufacturingoost . . . . . . . . 42142
Moaufasturing cost including prefits after taxes “' -
MSperoemt. . . ... . 5,442
Maaufacturing eost * including profits (S/ton) . . . m
(or ¢/v) 12,3

¢ Sen tabis 2 for distribution.
v hdmmhn“n-/mnhmhmullm




2. THE NEWERYSYNTHETIC RUBBERS

Tuhin K. Roy, Scientific Design Company, Inc., New York, USA

Lhirty years ago automohile tires and tubes were all
made of natural rubber, and chloroprene rubber was
the only commercially available synthetic  material.
Today, the planners of a developing country. having
decided to build a synthetc rubber facility have to choose
between a dozen or more synthet:cs. Of the many commer-
cially available synthetic rubber polymers, mention may
be made of the following types:  styrene-butadiene
chloroprere, butyl, nitrile. polysulfide, sihcone, chloro-
sulfonated polyethylene, vis-polybutadiene, ¢is-polyiso-
prene, ethylene propylene terpolymer, poly-acrylates,
and urcthane elastomers, These synthetics now account
for more than 55 per cent of new rubber consumption in
the world and their share is increasing steadily. The
current consumption pattern, and the prevailing price
in the United States of Americu, of the synthetic rubbers
mentioned above, are given in table 1.

In almost all the developing countries, pneumatic
tires and tubes are the largest consumers of rubber. In
India, for example, about two-thirds of the total new
rubber consumed in 1963 went into tires and tubes for
automobiles and bicycles. Again, of the total new rubber
consumed for tires in India, about two-thirds was required
for the manufacture of large truck and bus tires. Therefore,
any planning effort for a large synthetic rubber plant in
India should take into accornt the requirement for giant
on-the-road tires. This situation holds for most of the
developing countries,

Various rubber-carbon black compounds are used in the
different parts ol an automobile tire to obtain the optimum

result. Tread compounds are formulated to obtain high
abrasion resistance, while sidewall compounds must have
resistance to scuffing, weather, flex, and age cracking.
On the other hand. the rubber compounds used in the
carcass or casing of the tire must have good flow proper-
ties, good tack between the tire fabric and vulcanizate,
and good resilience. Camel-back compounds used for
retreading should not only have high abrasion resistance,
but they must also have good storage property and high
cure rate,

SBR AND OIHER CONVENTIONAL RUBBERS

Of the estimated world production in 1964 of about
2.7 million metric tons of synthetic rubber, styrenc-
butadiene rubber (SBR), will account for about 70 per
cent. Brazil and India - the only two producers of
synthetic rubber among the developing nations, except
mainland China - selected SBR for their first synthetic
rubber plants. SBR is a versatile rubber, the oil-extended
varietics of which are the cheapest rubber available.
Oil-extended SBR is quite satisfactory for use in passenger
car tires. 1t is also used widely for footwear, convcyor
belts, cable insulation, hose, and foam products,

At the present time, most United States tire manufac-
turers use either all SBR or SBR blended with a small
proportion of cis-polybutadiene for passeager car tires,
The main difficulty with SBR tire compounds is high
heat generation under dynamic conditions. These com-
pounds also have poorer hot-tcar resistance than natural

TasLE I PricE aND CONSUMPTION (IN THE UNITED STATES OF AMERICA) OF PRINCIPAL TYPES
OF SYNTHETIC RUBBER
Lstimaied comsumprion
Type of rubber Classification ;:;,’:‘;"l /,l:" — __{,T_TL_. —
1963 1964
SBR . . ., . Cold polymer unextended 0.23 960,000 920,000
Butyl rubber . , . Unsaturation (1.5-2%), stain- 0.25 70,000 70,000
ing
Chloroprene rubber Sulphur modified, staining 0.41 90,000 92,000
Nitrile rubber Acrylcnitrile content, 28-34 %r 0.50 38,000 40,000
non staining
Urcthane rubber . . . | 1.50 2,500 3,500
Silicone rubber . . . . | Gun (not compounded) 3.68 4,200 6 300
Polyacrylate rubber . . 1.34 1,500 3,000
Polybutadiene . . . 90-95 f".;cis-contem.non-staining 0.25 92,000 130,000
Ethylane propylene rubber . EPT - diene, I w1, ¥, 0.30 9,000 45,000
Polyisoprene . = = 95-96 ¥ cis- content, staining 0.25 20,000 25,000
Polysulphide General-purpose solid polymer 0.74 £,000 6,000
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rubber compounds. With the increase in tire thickness
and size, releasing tires from moulds during manufacture
and dissipation of heat in the running of the tires become
difficult problems. For that reason. virtually 100 per cent
natural rubber has been used universally m the production
of on-the-road heavy-duty tires.

In the developing countries, where the greatest use of
rubber is for large bus and truck tires, SBR is not a suit-
able substitute for natural rubber, Even in indus-
irially advanced countries, SBR appears to have reached
its peak. During 1964, the consumption of SBR s
cxpected to decrease in the United States of America
by about 40,000 tons to make way for the niewer synthetic
elastomers.

Of the conventional synthetic rubbers, butyl, chloro-
prene and nitrile rubbers have cstablished markets as
speciality rubbers, and their world consumption is still
increasing. Butyl rubber, a copolymer of a small percent-
age of isoprene with isobutylene (and sometimcs dicyclo-
pentadiene), is relatively impermeable to air and has good
resistance to heat and oxygen. Virtually all inner tubes in
the United States and Europe are made from buty!
rubber. However, butyl rubber has failed to command ‘a
sizable proportion of the tire market in the United Statcs
because of excessive tread wear. Buty! rubber requirements
in the developing countries can be judged, roughly, from
the current United States consumption of about 40,000
short tons of butyl rubber for inner tubes, out of a total
consumption of 1.12 million tons of natural and synthetic
rubbers used for tirus and tire products.

Chloroprene rubber, or neoprene, has an established
position as a speciality rubber because of its excellent
resistance to oils, chemicals, sunlight and weather. A
polymer of 2-chloro-1,3-butadiene, chloroprene rubber
is expected to remain a speciality rubber because of its
higher price. The high cost of this rubber is due to the
relatively large capital investment required, and also to
the relatively high cost of raw materials and catalysts,
The major use of chloroprene rubber is in the sheathing
of a wide variety of cables, where advantage is taken
of its flame and weathering resistance. Considerable
advance has been made in recent years in improving the
storage property of chloroprene rubber and in develop-
ing new types for special applications. However, the
market for these special types of chloroprene rubber is
likely to be small in most of the developing countries.

Nitrile rubber, a copolymer of acrylonitrile and buta-
diene, also has a small but established position as a special-
ity rubber because of its resistance to solvents including
aromatics, and fats and oils. This rubber processes well
on conventional rubber equipment. The greatest use of
nitrile rubber is for oil seals, gaskets, and O-rings in the
automobile and aircraft industries. Another common
use of nitrile rubber is for printers’ rollers. Unit costs
of this rubber are still high because of the higher cost

of acrylomtrile and. therefore, 1t cannot he considered
s a general-purpose rubber smitable lor 4 developing
country.

Simular considerations 1pply 10 other speciality rubbers
such as polysulfide, silicone, polyacrylate, and chloro-
sulfonated polycthylene rubbers. These rubbers have 4
small but well-established market in the United Svates.
For example silicone rubbers are FESISHANT o extremes
of temperature and ure physiologically ert, These
properties make silicone rubbers extremely uselul in the
aircraft industry, as well as for closures and seals used
by manufacturers of food and pharmaceutical products.
However, the demand for stlicone gums, at the current
market price ol $3.50-4.001b. will bhe quite small cven
In a large country such as India or the United Arab
Reputlic.

STEREO-R1 G LAR RUBRBI RS

During the last five years,
regular synthetic rubbers have been developed and have
already shown great potential for rapid growth at the
expense of natural rubber and SBR. These are: cis-
polybutadiene, cis-polyisoprene, and ethylene-propylene
rubbers. It is estimated that the yse of the first two
cis-polymers in the Western worid will climb to approxi-
mately 235000 tons in 1964 - an increase of more
than 50 per cent over 1963, In 1961, less than 2 per cent
of the synthetic rubber consumed in the United States
was polybutadiene and polyisoprene; this ratio increased
to 5 per cent in 1962, and to 8.6 per cent in 1963. This
year, the use of cis-polybutadiene and cis-polyisoprene
will amount to approximately 11.5 per cent of the synthe-
tic rubber consumption in the United States, while
ethylene-propylene rubbers may be about 3 per cent.
Within a few years, the stereo-regular rubbers are expected
to account for 20-25 per cent of the synthetic rubber
market in the United States, and the proportion may be
even higher in some of the western Europesn countries,

three groups of stereo-

POLYBUTADIENE RUBBERS

Polymerization of butad:
number of workers for man
Buna rubber,
It is primaril
polymerizat;

ene has been studied by a
y years. The sodium polymer,
was studied extensively in Germany in 1927.
y a product with |,2-enchainment, Emulsion
on of butadiene results in a product where
the trans-1,4 arrangement is the main structural feature.
Lithium and organo-lithium compounds seem to be
different from the other alkali metals and produce a
polybutadiene with about 35 per cent cis-1,4 and 50 per
cent trans-1,4 structure. Only after the introduction of
the Ziegler-type catalyst (such as aluminum tricthyl-
titanium tetraiodide) was it possible to produce poly-
butadienes with more than 90 per cent cis-1,4 structures:

H\C _ C/,CH.—— —cuz—::-- ——CH,\C ) C/cu,-
e by W
Trame-1.4 12 Ci-14
CH, =~ GH — GH = C,




Tasit 2 Tymwar  prorerrss o SHR ot YBU  ADIENE
VUL ANIZATES *
Blends jor tire treads of passenger cars

SBR 1712 137§ 103
Polybutadiene (budene S00) 25
ISAF bluck 68 o4
lomsile sirengih (psi) 3200 3.2%
Elongation (") 660 685
307 modulus 1,100 1,000
Shore A hardmess [N 62
Crescent tear sirength (Ib.inch)

At 212 F 188 182
Al T8F 220 228
Goodycar ring abrasion (cc 10ss) 214 152
Rebound at 212 F (")) . 0.7

* These compounds also contain conventional smounts ol sulphur.
ane oxide, steanc aaid, antioxidant, and acosleralors.

it was soon found that cis-1,4-polybutadiere rubber,
when blended with SBR or natural rubber to the extent
of 20-25 per cent, showed improved abrasion and crack
resistance in tire treads. As a large quantity of butadiene
monomer was already available in the United States, this
finding triggered a very rapid growth of cis-polybutadiene
production facilities there.

Cis-1,4-polybutadiene rubbers are characterized not
only by high abrasion resistance, but also by good low-
temperature properties, and good resistance to aging.
Typical properties of cis-polybutadiene-SBR blends for
tire treads of passenger cars, are shown in table 2. As
polybutadiene by itself does not process well in conven-
tional rubber mixing and curing equipment, it is always
used in conjunction with SBR or natural rubber. Gener-
ally, cis-polybutadiene cannot be used effectively in blends
beyond 50 per cent. Above the 30 per cent level, tread

tearing and chipping hecomes a probiem. in a pussenger-
car tire, blending of polybutadiene with SBR above
30 per cent level may affect the ride quality and shd
resistance of the tire. Most manufacturers of passenger-
car tires find that biends of polybutadiene with SBR
n the ratios of 20-25 per cent work best in the tread
formulations.

The major use of polybutadiene is in tire tread com-
pounds. The potential market for this rubber in country
or reglon can be estimated. roughly. by assuming that
about 25 per cent of rubber in all automobile tire treads
can be cis-polybutadiene, and that tire tread constitutes
about 60 per cent of the weight of the rubber in a tire
Thus, if 3¢ per cent of the new rubber consumed in a coun-
try goes mto automobile tires, then not more than
8-1C per cent of the total new rubber market there can be
assigned to cis-polybutadiene. Accordingly, the spec-
tacular growth of cis-polybutadiene in the United States
of America and Europe during the last three years does
not necessarily mean that i1 will become a major tire
rubber.

C18-1,4-POLYISOPRENE

A great number of experiments were made, even in
the nineteenth century, to see if high molecular weight
polymers of isoprene could be produced which would
duplicate the attractive properties of natural rubber.
However. attempts to polymerize isoprene in ¢mulsion
with a persulphate initiation, as in the procedure for SBR
manufacture, resulted in the trans-1,4polymer as the
main structural feature. Polymerization in bulk with
benzoyl peroxide catalyst produced about 60 per cent
trans-1,4 addition, 30 per cent cis-1,4 addition, and
5 per cent 3,4 addition. All these polymer products
were different from natural rubber which s a highly
stereospecific polymer, containing about 97-98 per cent
cis-1,4-polyisoprene units.

CH,
H,C_ CH—~  -CH, CHy  —CH--CH,— —CH—L-
N, S N, S | |
/C = C\ C= C\ C—CH, CH
—H,C H H,C Lﬂa U:H.
Trans-1,4 Cis-1,4 34 1,2
CH,
CH, d H = CH,
1 2 4

Around 1956, cis-polyisoprene closely resembling
natural rubber was obtained by polymerizing a solution
of isoprene in solvent with either a lithium-based catalyst,
or a Zicgler-type catalyst, such as aluminium trialkyl-
titanium tetrachloride. Synthetic polyisoprene rubber
became commercially available in 196] when Shell
Chemical Company put its first polyisoprene plant
on strcam. This was followed by Goodyear’s Natsyn
in 1962, cis-content of which is reported to be 95-96 per
cent. Cis-content of Shell polyisoprene is reported
to be 90-92 per cent.

Cis-polyisoprene rubber has excellent flow properties
high resilience, low heat build-up, and high tensile strength.
Table 3 shows a comparison of typical tire tread and
carcass formulations with natural rubber and synthetic
polyisoprene. (5) It can be scen that tensile strength,
resiliency, and heat build-up properties of polyisoprene
are comparable to those of natural rubber, These test
results and reports of successful road tests indicate that
stereoregular polyisoprene can replace natural rubber,

either partly or wholly, in heavy-duty on-the-road
tires.
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Tamz 3. Tyscas reovenTms o0 POLYIOPRENE AND NATURAL

RUBBER VULCAMIZATS

Natural rubber (No. | smoked shoot)
Polyisoprene (natsyn 200)
AP biack

MPC black

Sulphur

Tomile strongth (pei)

Eloagation (%)

380 °; modulue (psi)

Shore A hardness . .
Rebowad at 212°F (%) . .
Heat build-up (“F) (Goodrich Flenometer)

Twe 1road compound Carcess compound
100 100 -
— (1] 100
”» % —
— - 0 »
125 2.23 3 3
4,300 4,200 478 4,400
%0 (L] 740 %0
1,000 1,300 678 478
68 &7 55 “
16.4 74.6 M 3
34 4 »0 304

* These compounds also comtain conventional amounts of 7zinc oxide, steuric acid, antioxidents,

and accelerator

In the past, rubber bands, rubberized thread, and other
miscellaneous rubber products requiring high gum tengile
strength were dependent entirely on natural rubber because
of the inherently poor gum strength of SBR and other
Conventional synthetic rubbers. Published test results
indicate that polyisoprene is fully equivalent to natural
rubber in such gum rubbcr formulations. While cis-
polyisoprene is chemically identical with natural rubber
and almost duplicates the compounded physical properties
of natural rubber, it has the advantage of being cleaner
and more uniform in quality than commercially availabie
natural rubber. Synthetic polyisoprene bales can be
directly charged to the mill or Banbury without size
reduction or premastication, and usually require less
mixing time than premasticated natural rubber.

ETHYLEN!—PIOPYLFNE RUBBERS

The third group of sterco-regular rubbers which has
attracted the attention of tire manufacturers during
the past five years is cthylene propylene-rubbers. Ethylene-
propylene copolymers (EFR) and cthylcne-propylenc-
dienc terpolymers (EPT) produced with Ziegler-type
catalyst (4) differ markedly from stereo-regular poly-
isoprene or polybutadiene in that they cannot be blended
with diene rubbers because of their high degree of satura-
tion. They are cured by using a peroxide system in the
cases of EPR, and higher levels of accelerators in sulphur-
based curing systems, for EPT rubbers. The following
discussion is limited to EPT rubber, as EPR is unlikely
to break into the tire market because of the necessity
for curing by peroxide.

EPT rubber contains 3-8 per cent of non-conjugated
dienes such as dicyclopentadiene, 1,5-heptadiene or
l,4-hexadiene. These dienes form unsaturated side
chains, which allow the polymer to be vulcanized with
conventional sulphur cure. These dienes are relatively
expensive, as is the solution-polymerization technique
used, because of the high cost of the Ziegler-type catalyst.
That is why the price of non-extended EPT is still high,
although the major monomers, cthylenc and propylene,
are much cheaper than butadiene, styrene, or isoprene,

Tasts 4. Compararive rest DATA ON EPT AND PROPYLENE ONIDE

UL

Neturel

rubber T oxide

{Ne. t « Novdwi rubber

Smoked 1040) ' Dynagen

Sheet) xP-199;
Sulphur (phr) . . 2.8 1.5 08
Accelerator (phr) . 05s 20 0.6
Cure temperature (°F) S 287 320 300
Tensile strength (psi) . = | 4.1% 2,800 2,675
Elongation °;) = = = = 530 430 5%
300 %, modulus (psi) . . 1,800 1,450 1,228
Shore A hardness . . . . 64 70 62
Tear strength (Ib./inch) = . . . 500 110 150
Tear strength (Ib./inch) at 212°F 278 68 215
Heat build-up (°F) . . . . . . 39 58 37
Rebound at 212°F (%)) . . . n 68 76

However, EPT can be loaded with substantial amounts of
carbon black and oil extenders.

EPT rubber has shown outstanding weathering qualities
and high resistanve to ozone. However, it lacks adhesion
and tack, and typical EPT-carbon tire compounds show
lower tensile strength and tear resistance than natural
rubber (see table 4). EPT rubber, therefore, cannot be
considered as a replacement for natural rubber in heavy-
duty truck tires. Its use, at least for the next three years,
will be chiefly in the form of mechanical parts, weather-
stripping, and body mounts for the automobile industry,
in electrical cable sheathing, and household equipment.
The market for such outlets is small in most of the
developing nations.

PROPYIENE OXIDE AND POLYURETHANE ELASTOMERS

Polymerization of propylene oxide to low molecular
weight polymers has been known for many years. These
polymers require coupling with di- or poly-isocyanates
to produce high molecular weight, rubber-like materiais




widely known as urethane foam or polyurethane rubber
Flexible urethane foum production has been increasing
at a spectacular rate in the U nited States since this
material was introduced 1n 1he « ushioming marker v 1954
The use of rigid and flexible urethane foam in the U mited
States i expected 10 be well over 1000600 long tons in 1964,

Sohd polyurethane elastomers combine high 1ensile
strength with good revistance to oxygen. ozone and o),
and have good low temperature properties and ligh
load-bearing capacity Because of their high cost, however,
the use of polyurethane rubbers has heen restricted to
engineering applications such as slow-speed  sleeve
hearings. diaphragms. and seals for ball-jotnt suspension
and inkages. A small but fast-growing segment in ths
field 18 the manufacture of polyurcthune elustic thread
(spandex Hibres). which i1s stronger than rubber thread
and, unhike rubber. s oil-resistant and can be dyed to
match nylon fabrics Polyurethane rubbers will continue
to be small-volume. speciality rubbers unless ways are
found to reduce their manulacturing cost.

Polypropylene oxide rubber. made by copolymeriza-
tion of propylene oxide and an unsaturated epoxide such
#s glycidyl acrylate or butadiene monoxide, represents
something new in clastomer structure. Polymerization
of propylene oxide to high molecular rubbers 1s generally
carried out 1n a solvent using a co-ordination catalyst, such
as ferric chlonde

CH,
l CH,
CH CH, - M,A, - A]| MA, |
. [(“Ha-cnfn].
6
Where,

M - metalatom or metal atom bonded to oxygen
A Cl. H. R, OH, OR,- OM

Unsaturated epoxides are added to incorporate some
unsaturated groups along the polymer chain in order
to produce a rubber that will vulcanize with conventionul
sulphur and accelerator systems.

Propylene oxide rubbers produced so far in develop-
mental quantities heve shown exceptional low-tempera-
ture flexibility, excellent dynamic properties, and good
resistance to heat and ozone. (3) These properties are
thought to be due to free rotation that occurs about the
oxygen-carbon bond. Propylene oxide rubber bands
casily on the mi!l and can be cured conventionally. In
table 4, properties of typical compounds of propylene
oxide and EPT rubber are compared with those of natural
rubber. Each of the recipes contained 100 parts of polymer,
45 parts of ISAF black (intermediate super-abrasion
furnace carbon black), 3 parts of zinc oxide, | part of
stearic acid, and 1 part of antioxidant (nicke! dibutyl-
dithiocarbamate in the case of propylene oxide, and
phenylbetanaphthylamine in the other three compounds),
and was cured for thirty minutes. Sulphur and accelerators
and curing temperatures used were chosen to give the
best properties in each case. The results show that the
tensile properties of both EPT and propylene oxide are
much Iswer than those of natural rubber, Tear strength
and heat build-up properties of propylene oxide com-

pounds are much better than those of EPT. and approach
those of naturs! rubber. This combination of properties
in propylene oxide rubber, together with the possibality
that propylene oxide will soon be produced by direct
oxidunion of propylene, leads one to predict a promising
future for this newly developed rubber MHowever, it
will be several years before vthization of propylene oxide
rubber In tire compounding 1 tested and proven. Lintil
then, therefare, propylene oxide rubber must be regurded
as one of the speciality rubbers.

The intermediates required for the major synthetic
rubbers discussed above are butadiene, styrene, 1soprene,
acrylonitrile, chloroprene, and propylene oxide. Olefins
such as ethylene. propylene, and sobutylene are also
used directly for EPT and butyl rubber production.
Butadiene 15 often produced by catalytic dehydrogena-
tion of n-butane or n-butylenes in the C, cuts available
Irom a petroleum refinery. It is also produced as a by
product of ethylene manufacture by steam cracking of
naphtha. Of the several methods proposed for the manu-
factur  of 1soprene, (1,2) two routes have been used
commercially  propylene dimerization (Goodyear-SD)
and dehydrogenation of isopentane {Houdry or Shell).
Of the other proposed routes, mention should be made
of the 1sobutylene-formaldehyde and acetone-acetylene
rotites. Neither of these latter two proposed routes pre-
sently appears to have the potential of producing isoprene
at a price which makes it competitive with butadiene.

The dehydrogenation process of producing isoprene
from isopentane or isopentene is similar to the well-
known dehydrogenation processes for butadiene produc-
tion from n-butane or n-butene. Butane or butene, being
structurally simpler, can be dehydrogenated to butadiene
more selectively than isopentane or isopentene can to
soprene. Also, n-butane is more plentiful than isopentane.
The isopentane route, therefore, is likely to produce iso-
prene at a somewhat higher cost than the n-butane-
butene route for butadiene. In the Goodyear-SD process
(see figure 1), propylene is dimerized to 2-methyl-1-
pentene in the presence of tripropyl aluminum catalyst;
2-methyl-1-pentene is isomerized to 2-methyl-2-pentene,
which is then cracked in the presence of a vapour-phase
catalyst to obtdin isoprene and methane. This crude
mixture is then fractionated to yield a monomer of
exceptionally high purity.

Goodyeor-SD' ¢ thy #4-5lp route 1o isoprene

Propylerie Met
3
Iy
Rewrtnr Raoclor
Catalys)
A Catalyst
Flash Distitlation
lawer Distiliotion
l. Dimerize 2, lomarize 3. Pyrolize
Two propylene malecules The double linkage One corbon atom
ore cambined te mole batween corbon atoms iz crached off
one malecule of hevylene is sh'hed 10 ferm maethane
ol isaprens

Figure |

643




Production cost estimates hased on the current world
propylene price of 1.5-2.%¢/Ib show that isoprene can
be produced from propylene to compete with butudiene,
which is a well-established chemica) currently selling
at 11.0-13.5¢/1® in the United States of America and
Western Europe. The ethylene-propylene-diene combing.-
tion for EPT rubber is likely to cost 3-4¢/% lese than sither
butadiene or isoprene, but this is partially offuet at least
by Mgher accelerator coet. Propylene oxide at the current
price of 14-17¢/1», and acrylonitrile at 17-20¢/1b, are more
expensive momomers. In view of the higher monomer
cost and limised market, speciality rubbers such as nitrile
polyacrylate, chioroprene, urethane and propylene oxide
can be eliminated from immediate consideration by most
of the developing countries.

or EPT rubbers. In a commercial stereo-reguiar plant,
say, of 30,000 toms/yr capecity, the total capital invest-
ment for the polymerization plant may be of the order
of $200 ton/yr of capacity, and the net mill cost of poly-
merization of the order of 4-5¢/1b. Thus, in the case of
polybutadiene and polyisoprene, the monomer cost and
the cost of polymerization are likely to be about the same.

tire rubber will have a further disadvantage, viz., its
inability to adapt to high-speed tire-making machines.
Furthermore, as the earlier discussion showed, EPT
rubbers are not likely to be accepted for heavy-duty
truck and bus tires, which Consume a large part of the
rubber in a developing country.

One may ask why a developing country should at all
consider inatalling a stereo-regular  polyisoprene or
polybutadiene plant when it can buy natural rubber from
uther developing nations or, in some cases, grow rubber
trees itself. The countries which have a sizable domestic
or regional market for rubber products may be justified
in considering such a project for the following reasons:

(@) The foreign exchange required for importing rubber,
natural or synthetic, is saved or reduced if locally a sailable
raw materials can be used;

(3) A synthetic rubber project often helps in the
economy of a petrochemicai complex by providing a large
outlet for one or more co-products Trom a naphiha
cracker

(¢) A 30,000 ton/yr synthetic rubber plant 1v equiva-
lent to ahout 110,000 acres of rubber plantation., and some
of the developing cowntries cannot afford to allocate
mew areas for rubber plantation

(d) A synthetic rubber like polyisoprene has a uniform,
specified quality and docs not suffer from frequent price
wations;
(e) Storing an. processing costs for polyisoprene and
polybutadiene rubbers are normally lower than those for
natural rubber.

Recent technical advances made in the production
of stereo-regwlar rubbers have enhanced the acceptability
of synthetic rubber in areas where natural rubber has
maintained a prime position. The major impact of compe-
tition from these rubbers has already been felt by SBR
Producers. While developments in polypropylene oxide
rubber and polyacrylates need watching, it can be predic-
ted that the future of the synthetic rubber industry in the
developing coustries will beloag to the general-purpose
stereo-reguiar rubbers, Cis-polyisoprene, being the only
low-cost synthetic rubber that can be used interchange-
ably with matural rubber in heavy-duty on-the-road
tires, is bound to receive increasing attention from all the
countries that are planning to install new synthetic
rubber piants.
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3. SYNTHETIC RUBBER—AS RELATED TO PETROCHEMICAL PRODUCTION IN
DEVELOPING COUNTRIES

Donald F. Othmer, Professor of Chemical Engineering, Polytechnic Institute of Broolkyn,
Brooklyn, New York, USA

The Second World War brought a tremendous demand
for rubher, “Fhesc demands dowld not be met by natural
rubber, particularly in those countries which were cut
off from the sources. Every industrial country tried to
and did develop synthetic rubber from its own resources;
and there has since been a continuous growth of synthetic
rubber capacity.

In the United States of America, the success of these
developments can be seen from the fact that synthetic
rubbers now account for three-fourths of the total
consumption, which amounts to over 2 million long tons
for total rubber uses, of which about 1.6 million tons is
synthetic. In 1954, for example, synthetics were only
48 per cent of the total United States rubber consumption,
then much less than now. The present high level is the
result of the continuous growth for each consecutive
year over the last ten years, not merely in the volume
7 per cent of use for synthetics, but also in its percentage
of the expanding total. This percentage of total con-
sumption is expected to increase further in the next
decade, although at possibly a somewhat slower
pace. Some manufacturers of tires have already entirely
eliminated natural rubber from passenger car tires,
and can do the same, if necessary, in both truck and air-
plane tires.

In western Europe, the growth of synthetics in relation
to the position of natural rubber has also been spectacular,
as it has been in Japan. The tendency is for each country
to try to become more self-sufficient.

Synthetic rubber is expected to account for some
53 per cent of the 1964 rubber consumption of
4.700.000 tons for countries with free market aconomies,
and this is an increase from the 29.4 per cent or 2,517,500
tons reported for all rubber in 1964.

In peacetime, it is improbable that the use of all synthe-
tics in the United Stutes of America will go much above
80 per cent of total rubbers, because natural rubber is
expected to decrease in price to meet competition, and
will thus maintain its position. -

The technology of rubber production, processing and
utilization has changed radically in the last decade, and
shows every indication of continuing to change. The mak-
ing of synthetic rubber is still basically more of an art
than a science; this is true especially in the compounding
stages of the production. Itis even more true in the making
of finished rubber products than in the polymerization

of resins for plastic use, or the compounding of resins

“wit® ornér®addéd material®n the plastics ficld.

The many new types of synthetics which have been
introduced have greatly magnified both compounding
opportunities and compounding problems; and as a
result, the production of synthetic rubber in final form
is even more of an art than is that of natural rubber,
if for no other reashn than that the number of variables
is so much larger since there are so many more synthetic
rubbers with which to work.

Also, the fact that the boundary line between rubbers
(elastomers) and plastics is rapidly disappearing becomes
increasingly imporiant as further emphasis is made
continuously on thermoplastic materials, and relatively
soft and flexible moulded objects — one important class
being housewares, buckets, pans etc. In the immediate
past, for example, products based on ecthylene vinyl
acetate have been introduced, which, in one composition
with an appropriate set of compounding ingredients, are
flexible “plastics”, and with a somewhat different set of
compound ingredients and a slightly different composition
are “rubbers”. Hybrid materials of rubbers and plastics
can be expected to proliferate in the near future.

The total consumption of new rubber is considered to
be an index of the degree of industrialization of a country
because of its utilization in so many diverse consumer
products and industrial products.

By these standards, the United States of America
ranks first, followed by various ccuntries in western
Europe and Japan, in the same order us they would be
classified as being “highly ‘ndustrialized”; while the
kederal Republic of Germany ranks first in plastics
consumption per capita, probably because of the impetus
given to the development of synthetic materials during
the Second World War.

In developing countries, as in every other it is, of
course, necessary to provide consumers with rubber
800ds. To a very small extent these are at present impor-
ted; but as a country becomes more industrialized it
will be necessary to produce synthetic rubbers in farger
quantities. This industry must depend on raw materials
and the technology for their conversion into synthetic
rubbers. Some of the rubbers developed successfully in
the industrialized countries will ke indicated below;
and these are probably the same ones which developing
countries should produce, except that the problems of




raw materials, technology, capital for investment and
markets will bear somewhat different relations to the
over-all economic problems.

The Second World War resulted in the large-scnle
manufacture of styrene-butadiene, chloroprene (called
Neoprcne in the United States of America), butyl and
nitrile elastoiners; and this compelied the rubber industry
to entes into the production of chemicals, whercas,
hitherto rubber itself was mainly an agricultural commo-
dity, though somewhat exotic compared with corn or
potatoes. This trend was further accelerated with the
advent of the stereo-rubbers such as poly-butadiene,
and poly-lsoprene, and the later development of the ethy-
lene-propylene elastomers. Each of the basic synthetic

monomers has a long history of expensive chemical agd.

engineerifig rcséarch behifd it.

‘The new chemical rubbers threaten to push some of the
old = established agricultural rubber producers ont of
the market; and this trend will continue at an ever-
increasing rate, depending on the costs of raw materials
and specifications for products in the various markets

Today, a rubber processer has a choice of at least
seven major elastomers, plus natural rubber itself, for
large volume uses, and, in addition, there are some ten
other speciality products, Jincluding silicones, urethanes,
polysulfides, polyacrylates, chloro-sulfonated poly-
cthylene, and, most recently, epoxide rubbers, which are
based on propylene oxide, etc. The spectrum of his raw
materials is thus increased; and hc has wide latitude in
his choice, depending on his skill and technology in
obtaining and utilizing chemical raw materials in meeting
specifications, in opening new markets, and in lowering
production costs.

MAJOR SYNTHETIC ELASTOMERS AND CHEMICAL RAW
MATERIALS

In the rubbers to be discussed below, it will be noted
that there are available for compounding as the final
materials, a group of six or seven principal elastomers
— butyl rubber, styrene-butadiene, neoprene, poly-
butadiene, nitrile, polyisoprene and ethylene-propylene.
In addition to these elastomeric matcrials, there are
the usual compounding materials required — carbon
black, various plasticizers and oils for rubber processing,
rosin, stearic, and other highcr fatty acids, styrene
resins, zinc oxide and special chemicals such as
accelerators, in addition to the old stand-by, sulfur.

The clastomers may almost all be made directly or
indirectly from acetylene, olefins (including ethylene,
propylene), butylenes, butadiene, benzene, ammonia, or
hydrogen cyanide for the nitriles. Essentially all of these
may descend from petroleum or its sibling, natural gas.

STYRENF-BUTADIENE RUBBERS (SBR)

This class of synthetic elastoiners was initially known
af “GR-S” ih the United States, and may be
as a general purpose synthetic rubber. This type has by
far the largest consumption. In the United States of

America, in 1964, out of a predicted production of
1,683,000 long tons of synthetic rubbers, styrene-buta-
diene amonnted to 1,140,000 long tons. The price is about
22¢ per pound.

While there have been various changes in the manufac-
ture of SBR, the major amounts are still produced by
emulsion polymerization of styrenc and botadiene, giving
a finished product of about 20 to 25 per cent of styrene.

In the original SBR process as developed and utilized
to supply so much ot the needs of the United States in the
carly 1940s, polymerization reactions were carried out
in standaid glass-lined reactors of slightly under 4,000 gal-
lons capacity, at about 115°F. Since heat is given off,
some cooling is necessary. About 550 BTU per pound of

rubier musg be remoyed,. Alsq, iy this procass, approxis ...

mately 75 per ceut of the two monoiers, butadiene and
styrene, are converted to polymer in twelve hours, then
the polymerization is stopped by the addition of a chemical
such as hydroquinone. Unreacted monomers are removed
by flash vaporization for the butadiene and by steam
stripping for the styrene. Antioxydants are added to the
latex; and the solid polymer is isclated by creaming the
latex with brine and coagulating it with acid. The polymer
comes as “crumbs”, and is then compressed into bales,
ready for compounding with sulfur, carbon black, zinc
oxide, etc.

In recent years, the major improveinent in processing
has been the replacement of this former hot polymeriza-
tion at 115°F by cold polymerization at 42°F with a
concurrent reduction of polymerization cycle, from
twelve hours to two hours. This advancement has been
made by improvements in the types and amounts of the
rather complicated chemical materials for accelerators and
oxydizing agents which are used in relatively smallamounts
to the rubber itself, to speed the kinetics of the chemical
reaction of polymerization.

The most recent development is solution polymeriza-
tion of SBR, which is being pioneered in America. Solu-
tion polymerized SBR will be able to compete better with
the newer stereo rubbers, and may change the outlook
for SBR, the future growth of which has not been con-
sidered optimistic because of the competition of thce
newer materials.

Much remains to be learned about solution polymeriza-
tion in its application to SBR, but the data which have
been obtained show that this technique applied to SBR
gives several important advantages, including better
resistance to abrasion, lower build-up of heat in tires, and
better low-temperature flexibility.

An important development from the standpoint of cost
is the use of oil-extended SBR. If the SBR is from the
cold process and extended with 25 pounds of oil per
100 parts of rubber, tire treads have more than 20 per
cent increased wearing resistance than the standard
cold rubber; and the cost is decreased accordingly
because of the use of the cheaper oils.

For developing countries, it is obvious that, while
SBR has been the “work horse” of the synthetic rubber
business in industrial countries, it means the production
of two rather sophisticated monomers; i.c., butadiene
and styrene. The buiadiene may come in any one of
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several ways lcarned in the United States with great
effort and cost compressed into a very short time, and
the styrenc 1s usually made from benzene and cthylene,
but both would require a rather developed petrochemical
industry.

NLOPRENL

Neoprene was developed by the DuPont Company
during the 1920s and carly 1930s. In the United States
of America, the production of Ncoprene in 1964 will be
125,000 long tons by DuPont as the sole manufacturer.
In Japan, there arc two manufacturers, and Neoprenc
under thc name of “chloroprene™ is also manufactured
in the Federal Republic of Gerinany. Its present cost
structure is down from an introductory price of over

.« «obled pound.ig thedaw-irige duys,of 193], tg3d ta40¢ ..

per pound now. It is not sxpected thav the production
of neoprenc will increase without further price reductions,
and the 1970 production is expected to decrease somcwhat
because of competition with other clastomers under
present prices.

About 100 pounds of acetylenc gives 135 pounds of
neoprene; and next to vinyl chloride, it is the largest
consumer of acetylene.

Neoprene has al!l the {undamental characteristics of
natural rubber plus scveral properties not found in the
natural material. What is even more important, it retains
these properties when cxposed to heat and cold aging,
greasc and oil, chemicals, oxidation, sunlight and weather.

Neoprene is not the best clastomer in all properties,
but it is still the only major commercially marketed
clastomer that is good in all propertics. In vicw of this
unique corbination of properties, ncoprene has been
used to make more typcs of rubber compounds than any
other synthetic. Neoprene compounds protect cables that
are exposed to the baking rays of the sun or laid under-
ground in salt marshes. They cover air hosc and clectric
cords that are pulled over sharp rocks in quarries and,
mines, and on construction jobs. They also do a great
varicty of jobs in the oil fields and throughout the oil
industiv. Neoprene is uscd as a jacket for service station
fuel hoses that arc constantly being dragged through oil
and greasc and over rough pavemeuts. This versatile
rubber lincs many chemical storage tanks and pipelines.

Dissolved in solvents, neoprene can be applied like
paint. It has proved to be an exceptionally durable
protective coating for equipment and structural steel in
chemieal plants, plating shops, and other locations with
corrosive fume-faden atmospheres.

Neoprene is particularly well adapted to use in conveyor
belts. In many mines in the bituminous coal fields, the
coal is mixed with layers of slate and rock. After mining,
the products are separated and dropped on a giant con-
veyor belt. These belts have to withstand heavy loads
of sharp, jagged rock and slate and, in the case of
soft coal, a considerable amount of sulfur as well.
Ons such neoprene belt is still almost as good as
new after lifting 225,000 tons of refuse from one mine.
Power transmussion belts are also fabricated from neo-
prene elastomers.

Recently, manufacturers of tclephone wires put neo-
prene in another form to equally difficult service. They
jacketed telephonc drop wires with this eiastomer. Drop
wires are subject to rubbing against trees and houses,
and to severe weather conditions. Thcy must stand up
under rain, snow and sleet, and in the summer under
tempcratures that often exceed 100°F.

Neonrcne is used «s a jacket over electrical insulation.
It protects the insulation on ignition wircs in aircraft
and autos, and is used to protect high voltage power
lines. The clastomer is finding many other applications
for clectrical insulation purposes both ut home and in
industry.

Newer uses include covers for garden hose. jackets for
the cord on electric irons, the coating of mctal racks, and

a8 impregnant in mapy fabrjc articleg. In_qsRher formgs,,

ity employeHTor playballs, and theie is a special type
of neoprene suitable for erepe soles on casual and work
shoes. Neoprene bladders are widely used in volley balls,
footballs, and basketballs, while soft balls are mude with
moulded covers of this synth-tic.

Other household products made of neoprene now
coming off the production lines are raincoats, weather
stripping, and door seals. Neoprene seals in valves have
made hieh performance records in locations where oil.
hydraulic fuids, dust, mud, and grit are encountered.

Adhesive cements made of neoprene latex are used
for attaching soles to shoes.

In hospitals, neoprene sheeting, surgeon’s gloves, and
medical appliances can be sterilized by steam. Natural
rubber will not long endure sterilization by this method.

In a thousand ways today ncoprenc is serving industry
and thc home, making possible the fabrication not only
of better products, but also of products that could not
be made successfully from natural rubber.

The growth of neoprene is perhaps best illustrated by
sules figures. When initial production started at the bottom
of the econoinic depression in the United States — at a time
when natural rubber was sold in New York a: less than
3¢ per pound — the synthetic product was priced at
$1.05 per pound. Even at that price, the nation’s rubber
processors gave immediate attention to neoprene because
of its superior qualities. In 1932, the first year of produc-
tion, less than 20,000 pounds of neoprene were sold — at
some financial loss to the DuPont Company, the develo-
pers and commercializers of this unique synthetic elas-
tomer.

Production cach year from 1932 to 1940 more than
doubled that of the previous vear, except in the recession
year of 1938, when a somewhat smaller increase was made.
During that period, the price dropped to 65¢ per pound.
Today, thanks to continual research and Jevelopment,
neeprene sells for 40-50¢ a pound — well under half
the original selling p.ice. The total quantity o1’ neoprenc
elastomers marketed in 1963 exceeded 230 million
pounds.

The future of neoprene synthetics must have been seen
as most promising. Continued technological improve-
ments and increased application development will no
doubt help cnharce the competitive position and wider
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participation in both existing and new markets of this
uniquely versatile group of elastomers.

The basic steps of the neoprene process may be sum-

marized as follows:

1. Acetylene polymerization to vinylacetylene;

2. Vinylacetylene  hydrohalogenation to 2-chioro-1,3-
butadiene {chloroprene);

3. Chloroprene polymerization to the rubber-like mate-
rial, neoprene;

4. Isolation of ncoprene from Latex.

Neoprenc, like natural rubber, is used commercially
in three different forms: (u) as a latex; (b) as a cement
dissolved in solvents such as benzene, solvent naphtha
or chiorinated hydrocarbons; and () as a plastic polymer

p-o - «W3ich sar-bo sorie undedy shuped, drdet@IiRd 1o %P

essentially non-plastic elastic rubber-like material.

The latices and cements are used fo forming dipped
goods, coating and impregnating a wide variety of objects,
and as adhesives. The gelling ol cements is said to be
retarded by the addition of 3- per cent of camphor.

Plastic neoprenc can be processed in much the same
Inanner and with the same equipment as ratural rubber.
The vulcanizing differs from that of natural rubber in
that the addition of sulfur is not required to convert
the plastic into the efastic, non-plastic form, although
sulfur does have an activating effect on many stocks.
Uncompounded neoprene can be cured by the action
of heat alone, but the phyrsical properties of the vulca-
nizate are greatly improved by the use of certain metallic
uxides and other compounding ingredicnts. While zinc
oxide and magnesia are used to activate most neoprene
stocks, the magnesia must be omitted and litharge used
to obtain maximum water resistance. Wood rosin is uscd
to improve the stability of carbon black-loaded stocks,
and it functions also as a secondary vulcanizing agent.

The usual forms of carbon black and other loading
materials used in natural rubber can be used in neoprene
also. A considerable number of resins and synthetic
materials have been suggested to improve certain pro-
pertics. The plasticity, processing characteristics and
stability of unvulcanized, compounded stocks can be
improved by the use of many of the softening ag:nts
employed in compounding natural rubber and in plasticiz-
ing resins,

Ordinary rubber accelerators have found com paratively
little use in the compounding of neoprene, aithough cer-
tain amines and aromatic hydroxy compounds have
a definite accelerating effect.

Cured neoprenc closely resembles vulcanized natural
rubber in both gum and loaded stocks. The tensile
properties of neoprene gum stocks at elevated tempera-
tures are inferior to those of similar rubber stocks, but
there is less difference in the case of carbon black-loaded
stocks. The uses of neoprene depend upon its superiority
to natural rubber in many respects. such as resistance
to the action of light, heat, ozone, petroleum products,
vegetable oils, animal fats and many chemicals, resistance
to combustion and to the diffusion of many gases and
liquids.

Neoprene can be bonded to natural rubber or to nietals,
and is also used as an adhesive or bonding material.
While alone it is not suitable as a hard rubber., neoprene
can be compounded with natural rubber and sulfur to
yield a flexible hard rubber.

Neoprene clastomers have been manulactured contin-
uously since 1931 in the United States on a commercial
scale. The number of products which have been produccd
- initially under the trade name of DuPrene - 15 rather
targe. There arc currently marketed ten neoprenes of the
dary polymer type, as well as ninc different latices.

All the commercial varietics of neoprene can by proces-
sed on conventional rubber cquipment ard by mcthods
similar to those used in preparing corresponding products
from natural rubber. For most applications, neopiene

# supphic s mecorircimded dira®iPw o prelimin.*

ary breakdown. If brcakdown is required, however, it
may be accomplishcd hy mechanical working at low
temperatures or by means of chemical peptizing agents.
The latter are normally more effective at high
temperatures.

Many mctallic oxides affect the cure of ncoprene,
With the exception of litharge and red lead, however,
which are used te produce vulcanizates having low water
absorption, nciie of the other oxides alone or in combina-
tions approach the desirable over-all balance of the zinc
oxide-magnesia curing system.

The vulcanization of neoprene with sulfur is of compa-
tatively minor import ince. The reaction of this agent with
ncoprene is slow, even in the presence of aceclerators,
It is commonly uscd only in the presence of metailic
oxide curing agents for the purpose of producing special
properties in the vuleunizatz, The metallic oxide curing
system is suftficiently active for many, pcrhaps most
neoprcne compounds. Both speed of vulcanization and
eventual stete of cure can be favourably infiuenced, how-
cver, by the usc of additional special accelerators.

Peculiarities of the chemical manufacture of ncoprene
require considerable knowledge and skill, which would
have to be imported into a developing country, However,
the simplicity of the basic raw material supply - acety-
lene and hydrogen chloride — is an attractive point for
consideration. The general versatility of the products also
is an important advantage.

The relatively high selling price is not necessarily a
measure of its cost of produetion; and the large spread
between the raw material costs and sales price probably
includes a large profit after processing costs.

ButYL RuUBBER

Butyl rubber production in the United States is estima-
ted at somewhat over 100,000 long tons in 1964, but it
i8 expected to decrease by possibly 10 per cent during
the next five years duc to com etition with nther synthetic
clastomers. Its price is abous .2¢ per pound — compet-
ing with SBR.

The major use for butyl has beeu for inner-tubes for
automobile tires because of the low permeability to gases.
Competition with other materials makes this market
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problematical in the future. The advent of tubeless tires
will also reduce the demand. Tires made entirely of butyl
have had relativcly little success. Butyl is also important
in electrical insulation, especially for wires and cables;
but polyethylene (which is much lower in price), as well
as othcr plastics, have taken over much of this market.
It has excellent -trength and resistance to chemicals.

Butyl rubber (20 to 30 parts of isobutylene and 1 pare
isoprcne) is usually made by a solution polymerization
in methyl chloride as diluent at - 90°C. From 1 to
Z per cent of butadienc allows vulcanization. The techno-
logy 1s quite advanced in spite of the faet (whieh has been
known for many years) that the production rcquires
quite careful attention, particularly becausc this copo-
lymerization is highly exothermic. In the United States,
for example, there 1s only one major producer - - although
others have indicated, frgm timq to yrpe, an inferest in
this and on¢ may go into 1.

Isobutylene may be produced along with other olefins
as basic petrochemicals, and the isoprcne may also be
synthetically produced from acetylene and acetone by the
new SNAM Process. However, with butadiene as a third
baric material, the substantial background of chemiral
manufacture, the low copolymerization temperature,
and the relatively narrow markets, make this a less de-
sirable production route for a developing country thun
alternative processes.

NITRILES AND RELATED RUBBERS

Nitriie rubbers are formed by emulsion copolymeriza-
tion of butadiene and acrylonitrile at about 50°F. The
properties of the product are varied by changing from
40 to 80 per cent butadiene, with an average of about
70 per cent. This rubber has a high oil-resistance, which
is larger with Ligher amounts of acrylonitrile. The increas-
ing amounts of aerylonitrile decrease the flexibility at low
teniperatures. The main uses are as latex the treating
of paper, leatl.er, and textiles, and for mechanica! goods
moulding. Theproductioninthe United States is increasing
slowly from its present value at about 50,000 long tons,
under its present price range of 35-45¢ per pound.

Since acrylonitrile can be made either from acetylene
(and hydrogen cyanidc) or from prc ,lene (and
ammonia), there are two sources for this material.
However, in both cases, refatively complicated processing
is involved. Again, of course, another of the comonomers,
butadiene, is a material which requires a substantial
background of investment and operation for the chemical
plant.

Closely related is the polyacrylate rubbers, also made
from acrylonitrile as a major starting material, but with
a copolymcrization with various different materials,
depending ‘on those available and on the specifications
of products, such as ethyl acrylate and 2-chloro ethyl-
vinyl ether. In gencral, these are copolymers of acrylates
and acrylonitrile. These are speciality rubbers, used mainly
in the United States, in the automotive field. They have
good resistance to hot oils, and also to air, (to
oxygen and ozone) but age generally unsatisfactory helow
~10°F. There are three mauvufacturers in *he United

States. The voiume is small, but may increase. The price
is relatively high, about $!1 per pound.

STEREQO RUBBERS

The commercial development of stereo rubbers may
be said to datc back to 1959, and comes as an outgrowth
of the technology developed with the stereo-specific
polymerization techniques, which have been so important
in olefin polymerization. United States consumption is
increasing, and amounted to roughly 112,000 long tons
in 1963, but the capacity is raore than twice this amount.

Therc are two sterco rubbers - polybutadiene and
polyisoprenc. There are five United States producers
of polybutadiene rubber, and two United States producers
of polyisoprene rubbers. These have large production
capat-tg, “which hav tst®beer 4. Bitiized® This Iras-
the advantage, of course, that the single raw materials,
the polybutadicne and polyisoprene, may, in each case,
come from petroleum. The polyisoprene may also come
from acetylene and acetone (from isopropylene). The
price of polyisoprene is as low as 24¢ per pound; and
polybutadiene is in this same price range. Thus they
compete directly with SBR and butyl.

The main uses are Jirectly competitive with natural
rubber for tire cords, treads, blends with SBR, etc.
Both are quite similar in properties, and have good
abrasion resistance. The largest use is in tires for poly-
butadiene. The polyisoprene also goes into footwear.

Only a single monomer is required in each case, but
either will require a som:what sophisticated method of
petrochemical production,

ETHYLENE-PROPYLENE RUBBEK (EPR)

It should be noted that, for a developing country,
EPR has major advantages in that it comes merely from
the two olefins, ethylene and propylene, which come
ireom naphtha-cracking operations or cracking operations
for gasoline production, and hence would give a relatively
simple raw material stock without requiring additional
processing. Thus, EPR will be cheaper than other syn-
thetic rubbers because the average cost of the monomeric
raw matcrials will be less than 5¢.

The polymerization requires attention to developments
which are only now being made; and there is required
a specialized knowledge of the chemistry of polymeriza-
tion, and skill in its practice. The equipment required
is less complicated and less expensive than that for some
of the other synthetic rubbers mentioned previously.

It is expected that this newer synthetic rubber will
advance at a great rate in the industrial countries from
its recent start; and it is thought that it will be an excellent
material for consideration in developing countries.

There are two types of EFR being developed. One is
EPR and the other EPT. EPR is the copolymer and cannot
be cured by sulfur. It requires diffezent organic peroxides.
EPT can be a terpolymer, which can be cured with sulfur.
In EPT the third ingredient is added in smal! amounts.
Typical third ingredients are: dicyclopentadiene and
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1,5-hexadienc. These are added in relatively small amounts
to give an unsaturated cendition during the curing
process.

EPT has several outstanding propertics: excellent
resistance to aging, low cost, simple processing, the
ability to be extended with large amounts of oils and
still have good properties, etc. Thus, a very inexpensive
product results. Also, EPR has excellent strength proper-
ties, and a wide temperature range of useiul life — from
comparativcly low to comparatively high.

There are now two companies in production and two
or three others in the United States of America may soon
enter this field. The price will be competitive with SBR,
but could be reduced. It may well be the cheapest, and
may ultimately have the largest volume of all the synthetic
rubbers because of the lower raw material cost. So far,

it has not had major use jn tires. C e

URFTHANE ELASTOMERS OR RUBBERS

These are not important in volume produced. They
are rather expensive and sophisticated in production
and specialized in uses. They will probably not be impor-
tant in the programmes for developing countries. Thus,
production in 1963 in the United States wus only
7,000 tons; and it is estimated that this volume will
increa.> only to about 22,000 tons in 1970 in the United

States. These are speciality products used in either casting
or inoulding in the major markets, as special tires, for
flex and abrasion resistance in shoe products, for high
abrasion resistance in mechanical goods, also in insulat-
ing wire and cable hecause of their excellent electrical
properties.

These have certain disadvantages — poor heat aging
and poor resistance to water and oil, particularly at
elevated temperatures.

The raw materials are diisocyanates and polyesters
or polyethers, all of which result from several intricate
chemical manufacturing operations.

OTHER SPECIAL SYNTHETIC RUBBERS

Numiefous elastomeric tonipounds afk being produded
for uses as special rubbers. Some of these may be regarded
as falling into an elastomeric plastics classification. None
will be of interest to a developing country because
of the lov: volume or highly specialized uses, high
cost, complicated chemical backgrou..d of funda-
mental materials or chemical production. Among those
which might be noted as representing this miscellaneous
group arc: fluro-chloro-elastomers, silicone rubbers,
polysulfides, polyacrylics, propylene oxide rubber, and
cthyl-vinyl-acetate clastomers.







F. Selected end-products

INTRODUCTORY SUMMARY

During this session, various economic and technological

uspects ‘of'the productfon of some’specific pettochémical

end-products, namely sulphur, carbon black, detergents
and methanol, were discussed. The importance of multi-
purpose reactors in the field of petrochemical industries
was also mentioned.

I. SULPHUR

The petroleum industry has changed from a net con-
sumer of sulphur in 1950 to a net producer since 1960,
It was stated that in 1963, of the nearly 20 million long
tons of sulphur consumed in Western Europe and North
America, 19 per cent was produced from hydrogen sul-
phide found in sour natural gas or petroleum refinery
gases.

The world-wide sulphur production sources at present
were stated to be divided as follows:

Per cent
Freshsulphur. . . . . . . ... ... ... .. 3
Sulphurfrompy.ites. . . . . . .. . ... ... 34
Nativesulphur . . . . . . .. . ... .. ... 2
Sulphur from naturalgas. . . . . . . . ... .. 18
Miscellaneous. . . . . . . . ... . ... ... 16

The recovery of sulphur fromn natural gas is usually
carried out in two steps:

First step. Desulphurization plant unit where H,S is
removed from the gas;

Second step. Sulphur plant where H,S is burnt in
order to give sulphur.

Industrial seoaration of H,S from natural gas can be
achieved in several ways, all based on selective absorption.
The most common processes in this connexion were said
to be the amine process and the hot potassium carbonate
process.

The acid gases remaved from the raw gas stream are
regenerated from the adsorbing solution by heat and/or
pressure differences, then sent to the sulphur plant. In
the sulphur plant, part of the H,S is burned with air to
form SO,. This sulphur dioxide reacts with the remaining
hydrogen sulphide, thereby producing sulphur, which is
normally referred to as recovered sulphur. This process

 for the recovery of sulphur is known as the Claus process.

The cost of producing recovered plphur varies con-
siderably with sachitems as’(a) quantity of raw gas to
be treated, (b) per cent of acid gas in the raw gas, (c)
per cent of hydrogen sulphid : n the acid gas, (d) per cent
of constituents other than curbon dioxide and hydrogen
sulphide in the acid gas and (e) local factors, where the
plant is to be established. The said items will not only
affect the size and design of the gas scrubbing cycle, but
also will affect the sulphur plant. Owing to the above
variables, it is impossible to generalize a final recovered
sulphur production cost versus sulphur production
capacity.

Generally, the costs of purifying the raw gas and the
sulphur plant are not allocated to sulphur alone. This is
because the purifying process is normally needed to
produce an economic sweet residue gas regardless of
whether sulphur is recovered or not. If the sweet gas is
not needed, then it is rarely economical to process the
gas just to recover the sulplr.

Sulphur in general, however, is becoming very impor-
tant for the developing countries where fertilizer plants
are planned to be established.

2. CARBON BLACK

Chemically, carbon black is a pure elementary carbon
with a small amount of chemisorbed hydrogen and oxygen
and less than 1 per cent of ash. From the point of view
of the applications properties, quality control, technical
service and rcsearch required in its production, it must
be regarded as a highly functional, upgraded material
rather than a basic petrochemical, although it meets the
formal requirements of a petrochemical.

The best raw materials for the production of carbon
black are natural gas and highly aromatic rich fractions
obtained from a petroleum refinery.

The various industrial processes for manufacturing
carbon black from natural gas and oils are the channel
process, the thermal furnace process and the furnace
process,

Considering the minimum economic size of a conven-
tional carbon black plant, it was stated to be in the order
of 20-40 mm. Ib/year, requiring a relatively high capital
cost as well as export of a part of the output of the plant.
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Because carbon black production needs a highly
specialized operatiun requiring high capital, high technical
skill, usually an imported material for construction and
a small amount of labour, it is clear that it would not
always be among the first petrochemicals to be considered
for a developing country. However, carbon black may
often be produced in developing countries by private
enterprise or by the assistance of the Governments,
before the local demiand for carbon is large enough to
make such an operation profitable. This is done to gain
an early market position, looking several years ahead to
larger local use, and to keep competitors out as long as
possible. Thus, the introduction of carbon black produc-
tion in the developing countries has tended to lvad rather
than to lag.

3. DETERGENTS
IRIRY ] ° L J .o .
It is estimated that 75 to 80 per cent of the total demand
is for houschold detergents. The remaining 20 to 25 per
cent enter into the industrial detergents market in a wide
variety of industrial applications.

Household detergents are mostly based on alkyl aryl
sulphonate, fatty alcohol sulphates plus some non-ionics.

In the anionics market alky sulphonates are predomi-
nant, accounting for 45 per cent of the total. The main
growth in detergents is presently in the non-ionics and
n the liquid anionics formulations.

4, METHANOL

The production of methanol by high-pressure synthesis
from gas composed “CO” and “Hg” was one of the
earliest commercial petrochemical processes.

The main methanol production now is based on steam
reforming processes for producing synthesis gas from
naphtha or natural gas feedstocks. The conversion of the
synthesis gas into methanol is carried out in a high pres-
surc reactor like an ammonia converter.

MULTIPURPOSE REACTORS

The fact that petrochemical production and the
demand for petrochemical products are expanding at an
ever-increasing pace throughout the world, and that the
larger primary petrochemical producers seldom serve
tire comsumer directly, has created - need for utilizing
multipurpose reactors where a variety of consumer
petrochemical products are produced.

Multipurpose reactors are justifiable when, in a country,
there is not a sufficient demand for the output of single-
product units. The products in these multipurpose
reactors are made from a wide variety of petrochemicals,
all of which are available from either domestic production
or imported petrochemicals. This type of reactor will
greatly minimize the capital cost and, at the same time,
the cost of production.
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Methanol production

The production of methanol by high-pressure synthesis
from gas composed of CO and H, was one of the earliest
commercial petgochemical procegses. .

The main methanol production new is based on the
steam-reforming process for producing synthesis gas
from naphtha or natural gas feed-stock. The conversion
into methanol is carried out in a high-pressure reactor
like an ammonia converter.

The major portion of the methanol synthesized to-day
is used in the production of formaldehyde, methyl
methacrylate and DMT.

ECONOMICS OF METHANOL MANUFACTURE

The elements of the operating costs for a 30,000 tons/
year methanol plant, buiit in Europe, and based on
natural gas? feed-stock, are given in table 1. The manu-
facturing cost and the derived methanol selling price are
presented in table 2.

1 A similar evaluation based on naphtha feed-stock instead of
mmnl gas will lead to approximately the same methanol selling

Tame 1. 30,000 TONS/YEAR METHANOL PRODVUCTION
NATURAL GAS-BASED STEAM-REPORMING PROCESS

Operating cost elements

Investment » (MM§U§) b

Process Units and off-sites, including tankage . . . . 3.00

Initial charge of catalyst and chemicals. . . . . . . 006

Start-upexpenses. . . . . . . . . . . .. ... 04

TOTAL INVESTMENT 3.2

Raw materials and utilities consumption

Natural gas® (m*hr). . . . .. . . . . .. 4,820

Steam produced (tons/hr) . . . . . . . . . .. 9.1
Catalyst and chemicals requirements $US . 45,000
Labowr(menpehift) . . . . .. .. .. .. ... s

* Royalties included.
¢ Including fusl consumption.

A lower selling price ($USS0/tun) could be obtained
in a higher capacity unit producing 60,000 to 65,000 tons/
year methanol.

Tasie 2. 30,000 TONS/YEAR METHANOL PRODUCTION
NATURAL GAS-BANED STEAM-REPORMING PROCESS

Manufacturing cost end selling price

Unis Unit coxt Annnel Annnal cost
sUs quemeity 10808
Variable cvsts
Natural gas . . . .. . ... ...... 10° m? 13 38,600 500 i
Seam(oredit) . . .. ... ....... Tons 1.6 72,800 -11%) 3
Catalyst and chemicals 45 3
Labour
Salacissandwages . . . . . .. .. ... Mon/ysar 5.000 20 100
Supervision . . . .. ... ...... At 23 % of salaries and wages 25
TOTAL VARIABLE CHAROES 553
Fixed costs
Deprociation . . . . .. ......... At 12.5 por cent of total investment ]
Intoret . . ... ... ... e e At 3.5 per cent of total investment !
Maistonanos . . . . ... ........ At 4 peromnt of total investment “
Osnmalpisntoverhead . . . . . . . . .. At 2 per cent of total investment :
Tassandinsurance . . . . . . ... ... At 1 per oent of total investment ﬁ%
TOTAL FOUD CRANOSS 738 5
e
(Conthund)
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TABLE 2 (conmtinued)

Selli;u price

Net cash flow at 20 per cent of total investment

Depreciation provides . . . . . . . . ..
Net income aftertaxes . . . . . . . . . .

Net income before taxes at 30 percent . . . .

Manufacturingcost. . . . . . . . . ..
Methanolsales. . . . . . . . .. . ...

Annunl cost 10° $US

Carbon black production

Chemically, carbon black is a purely elementary carbon

‘with a'small amount of chemisorbed hydrogen and oxygen
and less than I per cent of ash.

Physically, it is composed of roughly spherical particles,
of colloidal dimensions, ranging in diameter from 50 to
5,000 A. The industrial properties for which carbon black
is valued are associated with its fine state of division.

PRODUCTION AND USES

Carbon black capacity in 1963 is given in table 3 below.

It is mainly used in:

Rubber industry, which consumes more than 90 per cent
of the carbon black produced. Carbon black improves
the physical properties of rubber, for instance:
abrasion resistance, toughness, tensile properties.

Inks ar.d paints as black pigment.

TABLE 3. CARBON BLACK CAPACITY
Unit: 1P tons/yeur

Process Ol furnace Gasfurnace  Channe! Total
Europe®* . . . . . . . 80 9 20 409
Asia, Africa, Australia . 148 9 19 176
America . . . . . . . 908 283 121 1,312

* Eastern countries not included.

There are now on the market 16 main types of carbon
black, the uses of which are variable, produced by three
groups of processes. From these main types, ten are
furnace blacks, four channel blacks and two thermal
blacks. They differ in origin, colour and particle size.

MANUFACTURING PROCESSES

The principal processes are: channel, thermal furnace,
ce.
Channel process

Carbon black is collected by impingerent of small
natural gas flames on a relatively cool metal surface.

The apparent density of this black is about 0.05 gr/cm?®:
Impurities are eliminated by cyclones, and density is
increased in agitating tanks, wherg occluded gir is remoygd;

" the apparent density increases to 0.2 gr/cm? and handling

becomes easier.

Thermal furnace process

Carbon black production is carried out in two phases:
natural gas mixed with air is burned in an insulated
furnace, filled with refractory. When refractory tempera-
ture reaches about 1,000°C, the combustion is stopped and
gas alone is charged into the furnace. The heated refrac-
tory decomposes the natural gas into carbon and hydro-
gep. Cracked gases, with the entrained carbon, are
cooled by a water spray. The carbon black is then separa-
ted from the gases in bag filters. When refractory is
cooled, the cycle is repeated.

The manufacture of thermal blacks amounts to about
6.5 per cent of the total production.

Furnace process

Two raw materials are used: gas and oil.

Gas furnace

Natural gas and air are introduced simultaneously into
& firebrick-lined chamber, in a predetermined ratio,
through burners which distribute the air and gas in alter-
nate parallel 'ayers.

Combustion occurs at the air gas interface and supplies
the heat necessary to crack the remaining natural gas to
carbon and hydrogen.

The gaseous effluent containing entrained carbon is
sent to a cooling tower, where water is sprayed, and is then
passed into an clectric precipitator. A part of the carbon
black is removed, the remander is flocculated into loose
aggregates which are recovered by cyclones,

Oil furnace

The operation is essentially the same as for gas. Liquid
is mtroduced into the furnace by atomization or vaporiza-
tion. Yields by the oil furnace process usually run between
30 and 60 per cent of the carbon content of the feed:
the yield can be correlated with the feed aromaticity (very

‘aromatic oils are the best feed-stocks).




ECONOMICS OF CARBON BLACK PRODUCTION

The elements of the operating cost for a 25,000 tons/
year plant, based on furnace gas process, are given below:

sus
Investment (process unitsonly) . . . . . . . . . . . $,000,000
Raw material and utilities requirements per ton of carbon black

Naturalgas. %) . . . . . . ... . ... . .. 37110
Electrioty (kWh) . . . . . . . . .. e 300
Coolingwater(m®» . . . . . . .. . . ... ... 68
Labour(menfshift) . . . . . . . ... . . ... . .. 135

Saifer preduction

PRODUCTION AND CONSUMPTION

" "Because of the ubundarice of freé acid il haturul gas,
the sour gases were not utilized and ere burned during
a long time. The increasing demand for natural gas in
some countries and the improvement of sweetening tech-
niques have developed gas acid uses after treatment,
yielding in many cases by-product elementary sulfur.
If the quantity of H,S contained in the gas is low, sulfur
is not recovered economically.

Sour natural gases may contain as much as 30 per
cent of hydrogen sulfide. Sulfur is so extracted from
refinery gases.

In 1960 there were 30 units in the United States produc-
ing sulfur from natural gas and as many processing
refinery gas.

The petroleum industry changed from a net consume,
of suifur in 1950 to a net producer since 1960.

The world-wide sulfur production is divided as follows:

Por cowt
Freshsulfur. . . . . . . . .. ... ... ... k ]
Sulfurfrompyrites. . . . . . . . . . .. .. .. M
Nativesalfur . . . . . . . . ... . ... ... 2
Sulfurfromnatural gas. . . . . . . . . . .. .. 18
Miscellageous. . . . . . . . ... . ... ... 1€

MANUFACTURING PROCESIES

Recovery of sulfur from gas is carried out in two steps:

First step. Desulfurization unit where HS is
removed from gas;

Second step. Sulfur plant where H,S is burned in
order to give sulfur.

Industria! separation of H,S from gas can be achieved
by severai ways, all based 0" a selective abscrption. The
mest-known process uses soiu ‘ons of amines which have
the property to form with weak acids (H,S) unstable
components which can be broken by heating, thus regene-
rating the oi.ginal solution.

The gascs and the amines solutions are is contact in &
couater-current column, working uader pressurs. A pant
of the H,S reacts with amines, producing & salt. Another
port is absorbed by dissolution in the amines. By heating

the rich solution. the salts formed are broken; then H,S
is removed by flash.

Generally, the gas leaving the absorber is treated by
caustic soda, which eliminates the last traces ot acid.

Su'“ur is produced from hydrogen sulfide by the Claus
process. A part of the H,S is burned. Tne sulfur dioxide
produced is mixed with the remaining hydrogen sulfide.
Sulfur is obtained in a liquid form.

2HS + 30, ~ 280, + 2H,0 )
2HS + SO, . 3§ 2H,0 @)

The reaction (1) is very exotherinic. The recovery of
the heat of reaction permits the production of a large
amount of steam that supplies partiaily what is required
by the absorption section.

*  ECONDMICS OF SULFUI PRODUCTION ° °*

The elements of the operating cost for a plant based
on a natural gas composed of 15 per cent of hydrogen
sulfide are given below.

Sulfur recovery/1,000 m* of natura! gas treated. 0.203 tons
Utilitiee and chemicals requirements/1,000 m* of natural gas
ireated

a;: mf m Tota!
Electricity (kWh) . . . . . . 38 2.3 4.1
Stepun(tons) . . . . . . . . 0.66 -0.36 0.%
Conlingwater (m® . . . . . 25 ~ 2
Process water ("), . . . . 0.02 0.5 0.52
Aminss(kg) . . . . . . . . 0.05 - 0.05
Caustic soda (kg) . . 0.45 - 0.45

Investment and man-power required for a similar plant
treating 220 million m? natural gas per year and producing
44,500 tons/year of sulfur are as follows:

sus
Precess writs cost
Aminse washing and caustic scrubbing . . . . . . . 5,2%.000
Swurplant . . . . . .. ... 3,200,000
ToraL §,49,000
Manpower (womfobift) . . . . . . . . . . . . s
Detergeats
INTRODUCTION

Detergent is a group name attached to mumerous
products which are very different as to physical aad
vhemical constitution, but which have ali the common
chasacteristic of deeply modifying the interfacial tension
of liquids in which they are dissolved, cipecially of water.

Detergents are usually classified in three groups,
according to the sign of the electrical charge of the specific
hydrophobic group entering isto the molecular structuse:

Anionics (with a negative hydrophobic group) repressnt
sbout 70 % (exprossed in torms of 100 por cent erganic




surface-active ingredient) of total detergent production.
In 1962, in the United States, benzene sulfonates. the best
known among anionics, accounted for 46 per cent of total
anone produciion. - R e

Below is given a hst of main anionic dstergents:

Alkylaryl sulfonates: basic materials are henzenes,
propylene or normal paraffins derived from kerosene,
and sulfuric acid or sulfur trioxide.

Alkyl sulfates: basic materials are olefins and sulfuric
acid ;

Fatty alcohol sulfates  fatty alcohols are prepared
from natural fatty acids or synthetized with olefins,
hydrogen and carbon mnnoxide.

Cationics (with a positive hydrophobic group) have
little importance with only a 3 per cent share of the
total detergent production. The most cationics are quater-
nary ammonium salts derived from fatty amines which
may be obtained themselves from fatty acids and am-
monia.

The last class of detergents are momionics which do not
ionize in water. They obviously represent 27 per cent of
the total detergents production. Nonionic components are
prepared by fixation of polyethylene oxide (or polypro-
pylene oxide) and polyethylene glyc:l (or polypropylene
slycol) to 1atty acids (lauric, stearic, palmitic, oleic acids),
tall oil acids, resinous acids, fatty alcohols (lauric and
oleic alcohols), fatty amines, amines.

APPLICATIONS

It might be thought that detergents ure only concerned
with cleaning but, in fact, they are found in numerous
industries under different names, such as emulsifiers or
surfactants.

Various tests have been set up for defining detergent
performances in order to employ them with regerd to
their best utilization; the most outstanding qualities are
shown by emulsifying power, wetting power and detergent
power. Roughly, it can be considered that products
haviag good detergent power serve as household or indus-
trial det-rgents, those having good emulsifying power
promote dispersion of powder or liquid in a given medium
and are used in the textile industry and for the preparation
of lacquers, paints, wanes, pesticides, herbicides, phar-
maceutical and cosmetic components; finally, those
having good wetting power are used in textile and dyeing
industries, in ore industry for flotation and dust removal,
in the preparation of special concrete.

When considering again the distribution of detergents
in amiomics, cationics and monionics, each group shows
soms specific properties
h‘m'mfotwﬁchlhymorwy
weed ay disinfectants ia mamy samitiser formulations,
‘A:ﬂhrumfwndilthdtﬂﬁuoloﬂnlhin

hkmmhmmtuumam
formation sad corrosion of equipment. Catiomics are
aleo ueed for separation of ore by flotation: sometimes
they are mined with nemiosios 10 impart their goud
gormiside proportiss to the 30 cbinined somponcats.

Anionics, because of their excellent detergent power,
serve as the major constituent in household and industrial
detergents; about half the 885000 tons of total synthetic

+ detergents produced in*i982°™ the U.S.A her¢ uded i

household products. Anionics are seldom used without
mixing them with other ingredients in order to improve
their properties or to add other properties.

For example, secondary alkyl sulfates, liquid anionic
detergent types, are mixed with anhydrous sodium carbo-
nate and other additives (sodium metasilicate, trisodium
phosphate, carboxymethyl cellulose) and, if necessary,
with water; the product obtained is crystallized and then
crushed and sold as caustic lyes for industriai or domestic
purposes. The detergent content, cxpressed in terms of
100 per cent organic surface-active ingredient, is neve-
very important,

Alkylaryl sulfonates are well fitted for preparing clean
hygroscopic powders. As mentioned before, detergents
and additives (pyrorhosphate, sodium polyphosphate,
sodium metasilicate, carboxymethyl cellulose) are com-
pounded into a viscous solution that is sprayed hot,
and afterwards oxidants (sodium peiborate) or dyes that
would be damaged by heat, are added to the sprayed pow-
der. Consideration should be given to the important share
taken by the additives in the preparaticn of household
detergents; the production of thesc additives involved a
complementary industry to that of detergents. Anionics
have found other applications in the textile industry,
mainly for washing of cotton, and in paper and painting
industries.

Nonionics have good detergent and emulsifying power
but are more expensive than cationics; they are often
mixed either with anionics or with cationics. Nonionics
are employed as emulsifying agents for oil and waxes,
in cosmetic, pharmaceutical and food industries. The
production of a good tensio-active nonionic depends
upon purity of raw materials, i.c. ethylene oxide or pro-
pylene oxide.

MANUFACTURING PROCESSES POR DETERGENTS

Raw materials to make detergents are very numerous
as previously outlined; therefore this study will be limited
to the preparation of dodecylbenzene sulfonate and
sodium secondary alkyl sulfates; then we will show the
new trends to reach biodegradable detergents.

Dodecylbenzene sulfonate
The two intermediates are propylene and benzenc ; the

preparation is proceeded in three steps, illustrated by the
basic reactions as follows :

Polymerization of propylene into tetrapropylene
(CH, = CH—CHY), -+ CH,y,

Lhkingofhtnptopybm%huunwfmw
benzene :

G+ €t~ ot — >
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Sulfonation with oleum (or sulfuric acid, or sulfur trioxide) and neutralization with sodium hydroxide

< Cnuu'*‘@kEO, o+H, O » QH,@.‘ ASOM + RO * - ° Tee .o

CpaHu —OSO.H + NaOH C,,H,—OSO.N; +H,0

(a) Polymerization of propyiene

Propylene coming from a propane steam-cracking is
charged into a reactor in which the catalyst is divided into
several zones or put in tube. The polymerization reaction
is very exothermic and occurs at a temperature of about
150-170°C and under slight pressure ranging from 40 to
60 atmospheres. The catalyst widely used is solid phos-
phoric acid and kieselguhr. The reactor efflucnt, after
heat exchange with fresh feed, is passed through a
depropanizer and tetramer freed of light polymers, which
are recycled, and of heavier components in distillation
columns.

(b) Dodecylbenzene

The condensation of tetrapropylene with benzene is
carried out at low temperature with cne of the following
catalysts: hydrofluoric acid (HF), sulfuric acid (H,S0,)
or aluminium trichloride (AICl,).

Tetramer and benzene feeds are dried and cooled before
entering into the reactor. The efftuent passes to a separat-
ing drum where the acid sctties out and is recycled;
then benzene is separated and also recycled in a distilla-
tion column. The products obtained after this operation
contained light alkylates, heavy alkylates and dodecyl-
benzene suitable for sulfonation. All these components
are separated and dodecylbenzene is withdrawn at the
top of the last distillation column.

(c) Suifonation

Sulfonation agent may be sulfuric acid (H,SO,),
sulfur trioxide (SO,) or oleum, i.c. a solution prepared by
having SO, bubbled into H,SO,. The sulfonation reaction
is not reversible and follows a smooth time-temperature
curve until a maximum yield is reached. With SO, the
reaction is nearly instantancous and complete ; the reactor
capacity is minimum, but disadvantages are caused first,
by high heat evolved which may decompose the products
aimed at, and secondly, by high viscosity of the reaction
mixture. With H,SO, the previous statements are re-
versed; the reaction requires heat for completion and
by-product formation is slight. Oleum has proved a
practical compromise between SO, and H,SO,.

EcoNOMICS oF 30DIUM D.D.B. SULPONATE MANUFACTURE

Elements of the operating cost for a 10,000 * 10ns/year D.D.B.
sulfonate plant based on propylene and benzene feed-stocks
and including a dodecylbenzene unit (tetramer production and
benzene alkylation) and a sulfonation unit, are given hercunder:

Manufacture of D.D.B.
Inveitment ® (Battery limit) (MMS) . . . . . . . . 2
Raw material balance (tons/year).
Propylene . . . . . . ., . . ........ 10,700
Benzene . . . . . . . . ... ... ... .. 4,400
By-products (light and heavy alkylation). . . . . . 4,900
Utilities consumption
Electricity (10°kWh/year) . . . . . . . .. ... 3000
Cooling water (10°M%year) . . . . . . . . ... 5,900
Fuel(10%cal/year). . . . . . .. .. .. ... 60,000
Catalyst and chemical consumption(8) . . . . . . . 4,600/year
Labour(men/shifty . . . . . ... ... .. .. 10

Sulfomation (corresponding to D.D.B. production)
Product: Sodium dodecylbenzene sulfonate detergent
Capacity: 65,000 tons/year commercial detergent (20% sulfonate)
lovestment MM $) . . . . .. ... ... ...... 1.9
Elements of the operating cost ($/ton of end-product).
Raw materials ¢

....................... 14
Maintenance. . . . . . . . ... ... ... ..., 2
Fixed charges (including depreciation, interest, general plant

overhead, taxes and insurance) . . . . . . . . . .. . 10
Profits and taxes (including sales promotion) . . . . . . . 20
Detergent selling price ($/ton). . . . . . . . . ... . .. 199

* Corresponding to a 63,000 tons/year commercial detergent
duction at 20% of active product. goat pro-

* Including fees and paid-up royalies.

¢ Including Jodecylbenzene, sulfuric acid, sodlum hydroxide and
products generaily used as builders.

Sodium secondary alkyl sulfates

Sulfuric acid directly adds up to a double bond to
form monoalkyl sulfuric acid, according to the suifona-
tion reaction

R—CH=CH, + H30, -» R—CH—O—80,H

Sulfation is more difficult to lead than sulfonation; the
mionhnpidandmymthermic;itisimponmto
control it sseadily to i i




through a tubular exchanger. Afterwards monoalkyl
sulfuric acid is converted into sodium alkyl sulfate by
reacting with sodium hydroxide in a neutralizer.

<o Both reactiqps, gulfation and neutralization,. ggc pro-
ceedcd in the same plant as those for sulfonation. The
olefins which are employed usually originate from a
high-temperature and pressure cracking of paraffins
resulting from the refining of lubricating oils.

As for sulfonation, oleum is used rather than sulfuric
acid of sulfur trioxide in the sulfation process.

Biodegradable detergents

The increasing amount of synthetic detergents used
every day has put more emphasis on the problem of
water pollution. Nowadays most detergents foam very
much and this persists in waste water before being decom-
posed. Hence the interest shown by manufacturers to
prepare products which will degrade adequately under
proper sewage treatment and which will more easily
break down by biological action; they have called them
biodegradable or soft detergents as a contrast with non-
biodegradable or hard detergents, qualifying the older
ones. Facing the tricky problem of water pollution, some
governments have regulated the utilization of non-
biodegradable detergents.

Biodegradability of alkylaryl sulfonates depends upon
the chain length between alkyl group and aryl radical
attachment; the more numerous the carbon atoms are
between the point of attachment of benzene ring and

the end of the longest straight chain, the more the degra-
dation rate increases,

To meet this requirement the sources available for
biadegradsSle Jlege-genin ase wraightechain 0lofink ofe o o ol
normal paraffins (C,,-C,)):

The alkylation of benzene by straight-chain olefins
presents no significant departure from processes devel-
oped to effect a similar alkylation with tetrapropylene.

The route to biodegradable detergents from n-puraffins is
more attractive:

Development of the molecular »:cve technique for the
separation of straight-chain paraffin hydrocarbons
(n-paraffins) from kerosene has made n-paraffins
available at low cost.

N-paraffins may be dehydrogenated into straight-
chain olefins and the end of the transformation
into alky! aryl sulfonates is similar to alkylation
of benzene.

It is more likely that the conversion of n-paraffins
on an industrial scale will be effected by the
chlorination process according to the reaction.

RH + CL, RCL + HCL

The monochloroparaffin (RCL) may be used
directly to alkylate benrene with aluminium
chioride as the catalyst or may be dehydro-
chlorinated to straight chain olefins.

One aspect of the economics of detergent alkylate
from n-paraflin lies in utilization of the by-product
hydrogen chloride.
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2. KERYLBENZENE-TYPE DETERGENTS FROM IRANIAN PETROLEUM F RACTIONS

By the Iranian participants, Iran

INTRODUCTION

Dodecylbenzene sulfonate has long been the detergent
most widely applied for industrial and household use.
However, due to the non-biodegradability of this product,
attention has lately been directed toward new types of
detergents. Intensive research has been carried out in
different parts of the world for finding new biodegradable
detergents. Although DDB is still the forerunner of all
detergents on the market at the present time, various types
of biodegradable detergents are catching up.

The use of kerosene, instead of propylene tetrainer,
to produce detergents has long been studied. However,
since by using a suitable kerosene cut a biodegradable
detergent might be produced, research in this field has
been intensified.

lran at the present time has no problem in using
ordinary DDB, but as industries grow in size and number,
the need for a biodegradable detergent might be felt
in the very near future.

Thus research is being directed towards the production
of a biodegradable detergent from Iranian crudes. The
method under consideration is chiorination of suitable
petroleum cuts and subsequent alkylation and sulfonation.
While in this paper the trend of research in this field is
presented, emphasis has been given on the chlorination
and alkylation of different Iranian crude distillates.

LITERATURE SURVEY

Dodecylbenzene sulfonate, now the leading detergent
in the market, is produced by alkylation of benzene with
an olefin (having twelve or more carbon atoms) and
consequent sulfonation of this product. Tremendous
consumption of this detergent since the last decade has
been responsible for the great variety of methods of
preparation of this product. The alkyl chain is usually

by polymerization of propylene to propylene
tetramer. Alkylation is industrially carried out by using
HF or aluminium chloride as a catalyst in liquid or gas
phase. Sulfonation of alkylate is achieved by using
oleum, chlorosulfonic acid or a mixture of SO, and
as the sulfonating agent. Consequent neutralization o
dodecylbenzene sulfonic acid produces the desired
detergent.

Alkylation of benzene by a long chain alkyl chloride
and consequent sulfonation produces another type of
dotergent, known as kerylbenszene sulfomate because of
the fact that the necessary alkyl chorids is prepared from

a suitable cvt of keroscne. In contrast to dodecylbenzcne,
little attention has been paid to the kerylbenzene type
detergent up to now, mostly because of its inferior proper-
tiescompared with DDB. This kerylbenzene typedetergent
is partly biodegradable, and due to this particular charac-
teristic attention has been directed recently toward this
type of detergent and its method of preparation.

Actually a tremendous investigation into the prepara-
tion of different biodegradable detergents is being
carried out in differcnt parts of the world, and many
different methods have been discovered. One method is
by the action of ethylenc on aluminium tribenzyl complex.
The main difficulty in this procedure is the scarcity of
the raw materials. Another method has been developed
in which a suitable petroleum cut is cracked to produce
a straight-chain olefin and the alkylation of benzene by
this olefin produces the desired detergent. The main
drawback of this method is the fact that the detergent
produced is not completely biodegradable.

It has been discovered that alkylating benzene with a
straight-chain normal alkyl chloride with eight to sixteen
carbon atoms produces an alkylate which after sulfona-
tion produces a biodegradable detergent. Since the best
source of normal paraffin of this type is kerosene, investi-
gation has been directly toward finding a practical
method for separating normal paraffin from its isomers.

Two important processes have been developed — the
urea process and the molecular sieve process. The urea
process is based on the fact that normal paraffin forms
a stable complex with urea. Therefore, addition of urea
to a suitable kerosene cut produces a urea-normal
paraffin crystalline complex which can be filtered out
from the mixture. The quantity of urea necessary for this
operation is 3.5 times that of the hydrocarbon. The
temperature of the operation must be kept at 25°C
in order that unreacted urea is dissolved in the medium.
Tne crystalline complex is washed with pentane and
decomposed in hot water,

The molecular sieve process is based upon the rate of ad-
sorption of different hydrocarbons by sodium or calcium
zeolite. In this case a suitable cut of kerosene is passed
through an appropriate zeolite column at 100-300°C and
10-70 Kg/cm® pressure. For regenerating the zeolite usually
normal heptane or hexane is passod through the column
after the operation.

The normal parafia which is obtained by one of the
above processes is chlorinated to an alkyl moncchloride.
Chlorination is carried out in liquid phase or gaseous
phase. Chlorination of nortaal hydrocarbon in liquid
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TABLE 1. CHARACTERISTICS OF KEROSENES

Kerosene Cut, 'C a,’:"o::‘“a Mol. wi. D;:lg. ap» M‘.“C""
— . . ) !
... P -y comte @ - @ o8 .4 S 8 . me9 e o Wmees *
S 2t 0 RomANarcrudeonl v 2002500 17 1755 0.8100 14525  65.6
From Bahregansar (Asmari
Honzon) . . . . . . . . . 200250 16.5 176.6 0.8071 1.4512 66.3
From Alborzcrude oil . . . . 200-250° 17 178 0.8092 1.4526 66.5 !
Commercial kerosene . . . . . 200-250° 10.5 176.3 0.7961 1.4434 71.5
Commercial kerosene . . . . . 190-230° 11 168 0.7887 1.4410 68.7
phase can be achieved at low temperature (25°C) in the These fractions were chosen because the number of

presence of ultra-violet light or at high temperature (100-  carbon atoms in this range is between eleven and fifteen,
150°C). Chlorination in the gaseous phase is usually The aromatic content of these cuts should be separated
carried out at 250°C to 300°C. Alkylation of benzene prior to the chlorination. Therefore, these petroleum
monochloride is usually carried out by the known fractions were passed through a silica-gel column, care
Fricdel-Craft method. The catalyst usually used is being taken to make sure that all the aromatics had been
aluminium chloride, and the reaction temperature is  removed. Thecharacteristics of the de-aromatized kerosene
40-50°C. are given in table 2. The silica-gel was generated by

washing it scveral times with ethyl alchohol and water

EXPERIMENTAL and then dried in an oven at 150°C for three hours.

(a) Characteristics of raw materials b
o , .
Four different Irarian crudes were considered for this (b) Operating conditions
study. Except for *'ie Alborz crude, which is paraffinic The chlorination was achieved b i ine i
AT ) y passing chlorine into
base, the others are considered to be of a mixed basc.  yerosene at a temperature of 50-70°C under ultra-violet
The petroleum cut (200-250+C) was used in each case in light. The apparatus consists of a reactor equipped with
this research, except for commercial kerosene, in which stirrer and thermometer. The chlorine passes through

both 190-230°C and 200-250°C was used. a rotameter and a series of sulfuric acid traps. The dried
The characteristics of these cuts in each case are given  chlorine passes through a flowmeter and then enters the
in table 1. reactor at a constant flow. The reactor is also equipped
T Y S T, X% P4
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TABLE 2. CHARACTERISTICS OF DE-AROMATIZED KEROSENE

Kerosons Ot °C Per cemt Mol. wr. Den.zmv. Y Ault.lne IZ8
00 NI N B A ®a b THF§ . TS s W oa-‘“.’:m.-:‘g ) l_mui—"— =2%: .o reeww T e e
From Ahwazcrudeoil . . . . 200-250° 0 188 0.7871 1.4371 80.5
From Behregansar (Asmari
Horizon) . . . . . . . . . 200250 0 1842  0.7854 1.4362 80.4
From Alborz kerosene . . . . 200-250¢ 0 181.8  0.787% 1.4372 79.8
Commercial kerosene . . . . . 200-250° 0 180.5 0.7821 1.4344 79.3
Commercialkerosene . . . . . 190-230° 0 167 0.7759 1.4332 76.7
with a valve through which excess chlorine and hydrogen
chloride produced in the course of ihe reaction are passed
O  Bohregon sor . : : : . .
X Commmreint Sorocens into a potassium 1od'1dc solution. By this system the rate
O Atbers of the chlorine flow is controlled.
®  Abwo Any excess chlorine which passes through the reactor
194 4 is detected by the change in the colour of the potassium

iodide solution. The reaction is also followed by taking
samples from this potassium iodide solution in the course
1 of the reaction and ineasuring the quantity of hydrogen
chloride in it. By this system it is possible to follow the
course of the chlorination reaction with great accuracy.

The effect of temperature on the rate of chlorination
reaction was studied. The rate of chlorine absorption at
1 different temperatures is shown in figure 1. Chlorination
was achieved on four different types of petroleum cuts
(200-250°C) under the same experimental conditions.
In all these reactions ultra-violet light and catalyst were
1 used for increasing the rate of the reaction. The rate of
chlorine absorption in each case is shown in figure II.
The characteristics of the chlorinated mixture are given
in table 3,

After chlorination, the reaction mixture was fractiona-
1 ted and the characteristics of each fraction were deter-
{ mined. The properties of the chlorinated fractions of
each crude are given in tables 4, S, 6 and 7.

Different methods were used for determining the
quantity of chlorine in keryl chloride fractions:

Abeorbed chiorine in lis,

1 1. Titration method

i 2 3 H H ‘ 7 In this method hydrogen chloride which was produced

Figure 11. Behaviour of chiorine absorprion Afferent in the course of the reaction was titrated quantitatively
zm m‘y four ot by sodium hydroxide N/10. From the quantity of hydro-

Tamiz 3. Mmaammmammw

Povr cemt of chisring in chivinased
Kercoone shares Chisrinsied heronsne Nereoens

Denslty,
»°C

2.8 1.56 26 0. 1.4555 16.1 16.2 16.1

g 8

M 1w a2
08 16 M2
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1.4545 163 15.8 16.0
1.4551 160 158 16.3
1.4533 160 158 16.1
1.4519 161 164 16.5
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chloric acid it was possible to calculate the chlorine
content of the keryl chloride mixture.

2. Parr bomb method
A mixture of keryl chloride, sodium peroxide and

- anidon was phicc® M « borfb afd heated until CoMplete

decomposition occurred. The mixture in the bomb was
dissolved completely in boiling water. After filtration and
acidification the chlorine in the mixture was measured by
the Volhard method.

3. Weight increase method

The difference of the weight of kerosene before and
after the reaction is obtained and used for determining
the quantity of chlorine absorbed by the kerosene.

Alkylation was carried out according to the standard
procedures. The apparatus consisted of a reactor, equip-
ped with a stirrer, a thermometer, and a condenser.
The catalyst used in this reaction was anhydrous alumi-
nium chloride. The rate of the reaction was controlled by
the quanity of hydfbchloric acid which “was produced
in the course of the reaction. The temperature of the
reaction was kept at 40-50°C and the reaction time was
about one hour. The reaction mixture after washing
and drying was fractionated. The characterisiics of each
fraction are given in table 8.

Alkylation cuts 290-360°C and 316-360°C were sulfo-
nated by sulfuric acid (98 per cent). The apparatus con-
sisted of a reactor, equipped with a stirrer and thermometer.
The reaction temperature was kept at 40-50°C for two

TABLE 4. CHARACTERISTICS OF DIFFERENT FRACTIONS OF CHLORINATED KEROSENES USING AHWAZ CRUDE

Pactows.c Wew. Doy
=200, ... .., 0.59
200-210. . . . . 0.68
210:23%0 . . . . 5.95 0.8046
230-2%0. . . ... 17.9 0.8119
250-270. . . . ., 24.17 0.8585
270-289 . . . . . . 35.7 0.9327
Residue . . 10.32
Loss . . ... . .. 4.67

e e oo
4.4400 — Without colour
1.4393 — Light rose
1.4390 22 Light rose
1.4413 4.0 Light yellow
1.4491 11.0 Light brown
1.4625 18.8 Brown

TABLE 5. CHARACTERISTICS OF DIFFERENT FRACTIONS OF CHLORINATED KEROSENE USING BAHRBOANSAR
(Asmart HomizoN) cruUbE

Fractions. *C :"‘c‘"’;, rry
20, ..., . 0359
20-210 . .. ... 0.707
2100230 . . . . . . 7.712 0.8000
230-250 . . . . . . . 22,61 0.8142
2%0-270. . . . . .. 20.80 0.8645

s cone
1.4400 — Light rose
1.4395 — Onion skin
1.4387 1.8 Without colour
1.4417 48 Light yellow
1.4500 12.0 Yellow
1.4624 21.3 Light brown




TABLE 7. CHARACTERISTICS OF DIFFERENT FRACTIONS OF CHLORINATED Ki ROSENFS USING
COMMERCIAL KEROSENE

Wetght, Density,

Per  cemt

Fracrions, C .. percem ‘x€ . of chlorine . Colowr DRI 3
-200. ... ... 0.94 1.4372 - Without colour
200-210. . . . .. 1.46 1.4354 — Witk.out colour
210:230 . . . . . .. 11.28 0.7893 1.4350 0.96 Light yellow
2)0-250 . . . . . . 21.55 0.8209 1.4410 6.1 Yeliow
2%0-2710. . . . . 21.49 0.8832 1.4415 14.9 Yellow
270-292 . . 26.76 0.9593 1.4650 223 Brown
Residue . . . . . | 5.69
Loss . . . . . 4.86
TABLE 8. CHARACTERISTICS OF DIFFERENT MACTIONS OF ALKYLATES
Origin h""c'.""" Y{;m D;;’"?' ) Mot wi, Anlline point
* kevyi, oM. ¢ ¢
From Ahwazcrudeoil .  290-316 11.20 0.8870 1.4908 242 12.8
316-360 27.20 0.8964 1.4988 255 12.7
From Bahregansar 290-316 6.16 0.8838 1.4910 239 9.5
(Asmari Horizon) . .  316-360 30.06 0.8899 1.4970 258 6.3
Commercial kerosene. . 290-316 12.36 0.8811 1.4908 23 11
316-360 24.74 0.8987 1.5005 253 8.4
From Alborzcrudeoil .  290-316 6.26 0.8838 1.4910 238 124
316-360 28.75 0.893$ 1.4988 256 10.5
Dodecylbenzene . . . . 0.8669 1.4878 242 1.7

and one half hours. The reaction mixture was purified and
neutralized by 20 per cent sodium hydroxide solution.

DiscussioN

In this study an attempt has been made to determine
through a series of reactions the most suitable petroleum
cut and the best experimental conditions for this process.

It was found that petroleum cuts below 160*C do not
produce suitable keryl alkylates. The cuts above 250°C
produce very heavy alkylates, the characteristics of which
differ very greatly from those of dodecylbenzene. This
chang. in charactcristics depends greatly upon the num-
ber of carbon atoms in the paraffin. Usually the paraffins
having less than eight carbon atoms do not produce
suitable detergents and those haviag less than twelve
carbon atoms have low foaming and wetting properties.

The effect of temperature on the rate of chlorination
reaction was studied. It was found that the temperature
has no noticeable effect on the rate of the reaction
when ultra-violet is used as a photomstric catalyst.
However, in the absence of ultra-violet light the tempera-
ture has a definite effect on the reaction time. Chlorination
of different types of petroleum cuts was carried out under
ultra-violet light in the presence of a small amount of
catalyst in this investigation,

One of the most important factors which has been consi-
dered in thisinvestigation was the rate of the chlorine flow.
Through the control of the chlorine flow it would be
possible to produce mostly alkyl monochloride. We were
able to adjust the flow of the chlorine in such a way that
most of the chlorinated mixture consisted of alkyl mono-
chloride,

A comparison of the rate of chlorination of different
types of petroleum cuts indicates that Ahwaz Crude
Fraction has the shortest reaction time and the highest
yield of chlorinated products, However, it should be
mentioned at this point that the quantity of aromatics
in this crude in comparison to the commercial kerosene
is high. Therefore, *he removal of this high quantity of
aromatics might produce some difficulty in the actual
operation,

As far as the characteristics of alkylates are concerned,
the alkylate cuts are a little heavier than that of the com-
mercial dodecylbenzene and have a higher refractive
index. This difference in characieristics is, of course, due
to the fact that the keryl chloride used in alkylation
consisted of a mixture of alkyl chloride having different
numbers of carbon atoms.

Sulfonation of all these alkylates produces suitable
detergents with characteristics comparable to those of
dodecylbenzenc sulfonate. It shouid be mentioned that
thntypuofdﬂummmlym&.




ConcLusioN

The most important part of this study was the chlorina-
tion reaction. The chlorination was achieved under ultra-
viokt light at low temperature. The mechanism of this
reaction is based on the chlorine-free radical produced by
the actiog of ltra-violet light on the chlorine molecule.
The chain reaction which follows the above initiation
step can be stopped not only by the coupling of the free
radicals which are present in the reaction mixture but
also by a group of inhibitors such as sulfur or aromatic
compounds. Therefore, the removal of these materials
prior to the operation poses a very important problem.
Fortunately the sulfur content of the petroleum cuts under
consideration was very small and caused no particular
difficulty, but the aromatic content of these petroleum
cuts was high and the removal of these aromatics by
chromotographic column was tediov, and time consum-

ing. However, we are able to de-aromatize these petroleum
cuts very cffectively in a reasonably short period of
time,

Another important point in chlorination reaction that
needed a great deal of attention was the rate of chlorine

flow. Qur aim was to produce -monochlero compounds.

Therefore, prevention of local concentration of chlorine
in the reaction mixture depended greatly on chlorine flow
and agitation of the reaction n " ture, We were able to
design a system in which the rate of chlorine flow and
agitation were controlled in such a way that monochloro
compounds of high quality were produced.

From the study of different petroleum cuts, it was
found that Ahwaz cut 2N0-250°C was the most suitable
raw material for this process. The kerylbenzene sulfonate
which was produced from this fraction had good deter-
gency characteristics and was partly biodegradable,




3. PETROLEUM — A MAJOR SOURCE OF SULPHUR

Gino P. Giusti, Texas Gulf Sulphur Company, United States of America

A. INTRODUCTION

Many countries of the world consume more sulphur
than they produce. With the rising production of fertili-
zers in many of these countries, even more sulphur will
be needed in the future. Therefore, many countries in the
world, and especially the developing countries, are search-
ing for indigenous sulphur sources. These indigenous
sonrces may be any form or type of sulphur, however,
the . tention of this paper will be devoted mainly to
sulphur from petroleum sources.

Sour natural gas and refinery gases are the two principal
sources of sulphur from petroleum. The petroleum indus-
try generally refers to this sulphur as a petrochemical;
however, we in the sulphur industry prefer using the
terminology “recovered sulphur ",

B. REVIEW OF SULPHUR INDUSTRY

Most of the world’s sulphur is converted into the
intermediate, sulphuric acid, before going into finished
products. The major use of sulphuric acid is in the
production of fertilizers, consequently, the largest single
use for sulpbur itself is for the production of fertilizers.

Any form of sulphur that can be converted into sulphu-

c acid may be the raw material. These raw materials
may be sulphates, sulphides, oxides of sulphur, or the
clement itself. On basis of Western Europe and North
America we find that in 1963 the total consumption of
sulphur in its various forms was as follows:

-------

small of utilized direct]
L s i e St S
of rasch sulphur, which is sulphur by the hot

Wwater process, ores containing elemental sulphur, and
recovered sulphur.

Of these various forms of sulphur, the form of primary
interest to us today is clemental sulphur and, in paiticular,
recovered sulphur. Again referring to the year 1963,
Western Europe’s and North America’s consumption
of the various types of elemental sulphur was as follows:

Western Ewcope
and North American
elemental sulphur

The use of elemental sulphur in the world has grown
considerably in recent years. This has been due to (a)
a significant increase in the total consum ption of sulphur,
(b) the availability of large su pplies of elemental sulphur,
(c) the low cost of utilizing elemental sulphur and (d) the
case of using elemental versus other forms of sulphur.
However, the most dramatic growth has been experienced
by recovered sulphur.

In 1950 when Texas Gulf Sulphur Company installed
the first large commercial sulphur recovery plant in the
United States, Western Europe and North America was
producing recovered sulphur at an annual rate of only
scme 150,000 long tons. In 1963, recovered sulphur
production in Western Europe and North America was
4,038,000 long tons, Today, some 20 countries in Western
Europe and North America produce recovered sulphur.
In 1963 three countries — the United States, Canada and
France -— accounted for over 90 per cent of this produc-
tion. In the United States there are now nearly 70 sulphur
recovery plants producing a million long tons annually
of recovered sulphur. Over one half of this amount
originates from refinery gases whereas almost all of the
recovered sulphur produced in Canada and Franoe
originates with sour gas.

From the petrochemical viewpoint, the production of
commercial quantities of sulphur from petroleum
gases and sour natural gas requires considerable special
equipment and capital. It demands marketing a new
product, sulphur. It involves considerable equipment
relating to the storage and handling of sulphur with costs
exclusively devoted to sulphur. New sources of plant
COrrosion are encountered. It requires sponding time and




C. POSSIBLE SULPHUR PRODUCTION
FROM PETROLEUM SOURCES

Recovered sulphur is produced from the hydrogen
sulphide contained in petroleum refinery gases and in
sour natural gases. Therefore. the percentage of hydrogen

- sulphide in the raw gas stream as weil as the quantity of

raw gas treated will determine the recovered sulphur
production rate.

In the production of sour naturl gas, liydrogen sul-
phide appears as one of the constituents. However, the
hydrogen sulphide appearing in petroleum refinery gases
has been gencrated through processing the sulphur
containing crude oil.

Most of the gas producing desulphurization processes
yield hydrogen sulphide. Therefore, the practical quantity
of sulphur that may be recovered in a refinery would be
equal to the hydrogen sulphide produced during the
refining steps.

The quantity of hydrogen sulphide evolved at a parti-
cular refinery is a function of (a) the quantity of crudes
processed, (b) the quantity of sulphur in the crude, ()
the types of sulphur compounds in the crude, (d) the
types of refining processes employed and {e) the quantity
put through the various processes. In general, some 20 to
50 per cent of the sulphur entering with the crude oil
is available as hydrogen sulphide; however. more exten-
sive utilization of newer desulphurization techniques may
increase this percentage in the future.

To aid in determining the possible sulphur production
at refineries, figure I shows the approximate quantity
of sulphur entering a refinery with the crude oil as a func-
tion of (a) barrels of crude oil processed daily and (b)

sulphur content of the entering crude. For this chart, -

the specific gravity of crude oil was assumed to be a
constant and equal to 0.9. As an example, one may see
from figure | that the quantity of sulphur entering a
refinery daily when processing 50,000 barrels per day
of 2 per cent sulphur crude oil is 140 long tons. If we
assume 50 per cent of this sulphur is transformed into
hydrogen sulphide, then this refinery has the capability
of producing some 70 long tons of sulphur daily.

D. RECOVERED SULPHUR PRODUCTION —
BRIEF TECHNICAL DESCRIPTIONS

1. General

To produce recovered sulphur generally requires the
removal of hydrogen sulphide from the raw gas stream
in question (cither sour natural 8as or refinery gases)
and then reacting part of the hydrogen sulphide with
air to produce sulphur dioxide. The unreacted hydrogen
sulphide chemically combines with the sulphur dioxide,
thereby producing recovered sulphur in a very pure
elemental form.

Many processes have been studied and developed for
the removal of hydrogen sulphide from the sour or
refinery gas streams, but two predominate. The one
most often used is the amine process. In the absorption
cycle of this process, either monethanolamine or diethanol-
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Figure |. Sulphur entering refineries with crude oil

amine forms a loose compound with hydrogen sulphide
and carbon dioxide. The acid gases are released by
depressuring and heating the absorbent solution to an
clevated temperature. These gases are then sent to the
sulphur plant and the regenerated amine solution is
cooled and returned to the absorption cycle.

Another process commonly used for acid gas absorp-
tion is the hot potassium carbonate process. In general,
this process is employed when treating gases at higher
temperatures and pressures and when degradation of
amine may occur due to certain constituents in the gas
stream.

A more detailed description of both of these processes
follows,

. 2. Hot potassium carbonate process

Sour natural gases containing carbon dioxide and
low percentages of hydrogen sulphide can best be treated
by a variation of the hot potassium carbonate process,
provided complete removal of the carbon dioxide is not
required. The amount of carbon dioxide present will
determine the circulation characteristics of the absorbing
solution. If very high carbon dioxide contents are encoun-
tered split stream circulation methods are frequently
employed.

The hot carbonate process is best utilized at absorption
pressures in excess of 250 psig with a sour gas stream
containing between 5 and SO per cent acid constituents,
and when the residue gas specifications permit J.1 per cent
hydrogen sulphide or carbon dioxide. Major items of equip-
ment consist of absorber, reactivator, circulating pumps
and reboilers. The primary equipment advantage of the
hot carbonate process is the absence of expensive heat
exchanger equipment. In the carbonate process the acid
gases are released from the rich carbonate solution by
pressute reduction rather than heat input.

Figure 11 depicts the various arrangements that are
usually encountered in the hot carbonate prooess. Soat
menmtheblnofthenbwrbenndilmucudﬁ
a counter-current flow of 30 per cent hot potassium ear
bonat. .olution. Residue gas leaves the top of the absorber
while hot rich carbonate solution is withdrawn from the
bottom of the absorber and is permitted to flash into s

672
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Figure II. Hot carbomate process

reactivator tower whose operating pressure is consider-
ably lower than the absorber. Normally, steam heated
reboilers maintain the carbonate solution temperature
at the same level throughout the absorption and regenera-
tion cycle.

Split stream variations, as illustrated in figure 11,
include the injection of two streams into the absorber,
This split absorption stream may result simply from a
division of the totally regenerated carbonate stream or in
a second case it may involve withdrawing a partiaily
regenerated stream from the reactivator and using this
as a preliminary absorption .eam in the absorber.
Considerable emphasis has been placed upon the use of
power recovery turbines to drive the solution pumps in
this type of operation.

When sour gases are encountered with very high
carbon dioxide and hydrogen sulphide contents, it may

3. Amine process

Ofthetwobnicaminenbmbenttnomﬂlyund
industrial practice, monoethanolamine or
ﬁmundbeuunithnaputabsorpﬁon
thucidcoudmempnnntinlourutunlu.
a increase in the absorption of higher

ight h is encountered. For the treatmen:
of refinery gases
hoavy

T

containing high

Figure TII illustrates a typical aqueous monethano!-
amine flow diagram. Normally the MEA strength is
between 15 and 20 per cent. The remaining solution is
condensate free of normal soluble water salts to eliminate
scale and corrosion. Depending upon the absorption

* pressure, the residue gas will contain from | /4 to 1 grain

of hydrogen sulphide per 100 cubic feet or less while
the carbon dioxide content will be approximately
10 ppm.

Sour natural gas is admitted to the base of the absorber
and is contacted by a counter-current flow of cooled
regenerated amine solution (lean MEA solution). The
resulting sweet gas is discharged at the top of the absorber.
All acid constituents remain in the amine solution which
leaves the absorber at the bottom. This solution is gener-
ally termed rich MEA solution. The rich solution passes
through an amine solution heat exchanger and into the
top of the reactivator.

Reuctivation of the rich amine solution is accomplished
by means of steam heated reboilers. Here the amine solu-
tion is boiled and the resulting steam serves as a stripping
medium in the reactivating tower. Hot regenerated (lean)
amine solution having lost all of its absorbed acid gas,
leaves at the bottom of the reactivator. The acid gas is
released from the solution through the action of the heat
stripping steam, and is removed at the top of the reactiva-
tor.

This gas stream is cooled and the condensed water
vapour returned to the reactivating tower to serve as a
reflux. Cooled acid gas is sent to the sulphur recovery
plant for conversion to elemental sulphur.

The hot lean solution leaving the reactivator serves as
the heating medium for the incoming rich solution as
they pass counter currently through the amine solution
heat exhangers. Immediately following the amine heat

Purified gos

Purified gos Acld gos
P L.-h,, Acid gas cosler
conler Somie
Puwy Howt
Seom
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exchanger the lean solution is further cooled to 100°F in the
amine solution cooler. From here the lean MEA solution
enters the absorbing tower to begin another absorption
cycle.

A split-stream amine process has been developed to
treat sour gascs containing an excess or’ 40 per cent acid
gas and yield a residug gas to meet the most strict residue
gas specifications. Basically, the flow pattern is that of
the normal amine operation with the exception of the
addition of a semi-lean solution stream. This stream is
withdrawn from the mid point of the reactivation cycle
and is used as a feed to the first section of the absorber.
A very thoroughly regencrated lean solution is used as a
feed to the top of the absorber. The combined amine feeds
are removed from the base of the absorber as one rich
solution stream. Such a method tends to use a minimum
amount of steam for amine regeneration.

The diethanolamine or DEA process utilizes roughly
the same equipment and equipment arrangement as the
MEA operation. The primary difference occurs in the
type of sour gas to be treated. In purifying refinery gas
or natural gas containing carbonyl sulphide and carbon
disulphide the use of DEA may be considered to be more
feasible than the use of MEA. Carbonyl sulphide and
carbon disulphide react with the MEA and form degrada-
tion products of a very high molecular weight. These
products represent a very corrosive materia! in the amine
solution as well as a loss of absorbent. DEA will not react
with carbony] sulphide or carbon disulphide, thus climina-
ting the replacement of a costly absorbent and the forma-
tion of a serious corrosive solution.

Recent variations of the monoethanolamine process
have produced a system that now permits the treatment
of very sour natural gases containing high percentages
of carbonyl sulphide, carbon disulphide, and the various
mercaptans. Generally the resulting residue gas will
mect specifications of 1/4 grain of hydrogen sulphide per
100 cubic feet, trace quantities of carbonyl sulphide,
carbon dioxide and mercaptan.

4. Suiphur plant

The acid gases resulting from the regeneration of the
absorbing solutions are next sent to the sulphur plant.
Here a portion of the hydrogen sulphide is reacted with
air to produce sulphur dioxide which in turn is reacted
with the remaining hydrogen sulphide to produce sulphur.
The process may be cither spiit stream or partial combus-
tion — this refers to hurning all of a portion of the hydro-
gen sulphide to sulphur dioxide in the split stream or
burning a portion of all of the hydrogen sulphide in the
partial combustion process. Selection of the type of sul-
phur recovery unit to be used depends upon the chemical
characteristics of the acid gas and the quantity of acid
gas to be processed.

In general, the smaller sulphur recovery plants (less
than 50 tons per day) tend toward the split stream design
(figure IV). Also, it has been advantageous to utilize the
split stream feature when the acid gas contains excessive
Quantities of carbon dioxide. Carbon dioxide volumes in
excess of 60 per cent represent an acid gas that will not
readily support combustion. It is difficult to control the
oxidization of hydrogen sulphide to sulphur when
cxcess quantities of carbon dioxide are present, therefore,
the complete conversion of the hydrogen sulphide to
sulphur dioxide is preferred.

Split stream operations involve the complete combus-
tion of one-third of the acid gas stream as illustrated by
equation 1,

HS + HO, —» 80, + H,0 U]
The combustion products are then commingled with the
remaining two-thirds of the acid gas stream in prepan-
tion for catalytic reaction as illustrated by equation 2,

21,3 + 30, > 28+ M0 @

Catalytic conversion of the hydrogen sulphide and m}-
phur dioxide to

elemental sulphur is an exothermic
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reaction, yielding considerable heat. The tota) gas stream
from the first catalytic converter is then cooled so as to
condense the vaporous sulphur. This condensation opera-
tion will yield waste heat that may be utilized in other
sections of the processing plant. Normally, the acid gas
stream after sulphur condensation would be in the neigh-
bourhood of 280 to 330°F. It now becomes necessary to
reheat this gas stream 1o approximately 400 to 450°F.
This is accomplished by either of several heat exchange
riethods,

l. In-line gas fired reheater using acid §4s or natural
gas.

2. Heat exchange with the gas stream immediately
after the first catalyst reaction.

Aga‘n, the catalyst reaction in the socond converter
yields vaporous sulphur, Immediately following the
second converter a second sulphur condenser is employed
to condense and re.nove the clemental sulphur formed
by the second catalytic reaction.

llummmaulyucop«aﬁonisrepuhd:
however, the gemeral practice has been to wtilize only
two such catatyst conversion sieps.

Cenerally for the larger type sulphur plant and for
acid.umﬂconuhiuomso”rccmhydro.u
m,-mmmmhmpbmmth
sulphur recovery plant (Figurs V).

Acid gas is metered 10 a reaction furnace and aa auto-
matically proportioned stream of combustion air is
supplied to0 produce partial combustion as illustrated by
oguation J,

BB+ 90, 078 + 000 + 0348 + 0190, (3)

maumm»uma
u*hﬁ“dbmwhn”uuad
a8 the retention tims in the combustion 3one desrenser
the conversion aleo dessenss

the gas strean. prior to catalytic conversion several heat
exchange methods have been devised.

1. A slip stream from the hot section of the waste
heat boiler may be by-passed and commingled with
the total gas stream so as to adjust the temperature
of the gas to the catalyst unit to approximately
450 to S00°F.

2. A second method that lends itself to excelient control
by instrumentation is to utilize an in-line acid gas
burner and heat the total acid gas stream to the
desired temperatures by controlling the quentity of
acid gas consumed in the burner Here the very
hot products of combustion are commingled with
the main gas stream achieving maximum heat
exchange.

The vaporous sulphur produced in the catalyst conver-
tor is condensed and remo ved from the system by a second
condenser which also acts as a boiler producing !ow-pres-
sure process steam.

A second in-line burner reheats the Jas stream prior to
entering the second (and usually final) catalytic convertor.
The gaseous reaction products then go to a third sulphur
condenser-conlescer. The object of the comlescer is to
remove fine sulrhur mist by passing the gas through a
finely divided mesh or screen.

Fiultythotoulmnmm'upundw:a
incinerator w0 convert all the remaining
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carbon. If catalyst bed temperatures fall below the sulphur
dew point, sulphur condensation will rapidly foul the
catalyst section. Some catalyst deterioration will occur
due to dusting resuiting from thermal decomposition.

Recovered sulphur is normally over 99.9 per cenat
pure, it is free from objectionable metallic contaminants
such as arsenic, seleniuni and tellurium, and. as stated
above, is very bright in colour.

E. PRODUCTION COSBTS

. General

As indicated above, recovered sulphur may be produced
in refincries that process sour crudes or in plants that
treat sour natural gas. Aiso, as shown above, the removal
of acid gases, and in perticular hydrogen sulphide,
from the sour gas produces a sweet gas. If the sweet gas
has economic value, then part of the process and costs
for producing sulphur, namely, the absorption cycle, is
necessary regardiess of whether sulphur is produced or
not. However, in instances where there is no demand for
the sweet gas, then it may not be worthwhile to produce
the sour gas or treat the refinery gas at all except where
atmospheric pollution may require it.

The chances are that most of the new sulphur recovery
plants to be huilt in the world will be coincident with
petroleum refineries rather than sour natural S48 sources.
However, if a refinery has no need for the sweetened re-
finery gases, then the entire cost of purifying the refinery
ganes and producing the sulphur must be borne by the
suiphur alone.
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What are these costs? As implied earlier, they include
much more than the capital and operating costs of the
§as absorption-desorption cycle and the sulphur plam.
They include provisions for maintaining adequate inven-

capital and operating costs of an acid sas absorption
plant and a sulphur plant.

2. Acid gas absorption-desorption plant

Fmtmmnumu-m
systera is uweed. Figure V1 indicates the capital cost of
mhaplm“afumio-of(a)qmu'tyoluvm
tmhdnd(b)p«entof.cidmilthonv“h
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90, or 67} long tons of sulphur would be produced
daily from such a gas stream. Figure VIl indicates that
the operating costs of this cycle would be 12.75/0.75,
or $17 per long ton of sulphur. The acid gas is now ready
to be sent to the sulphur plant.

2. Suiphur plant

The cost of producing sulphur is a function of (a) the
quantity of acid gas processed and (5) the percentage of
hydrogen sulphide in the acid gas. Figure 1X presents
approximate capitul and operating costs of producing
sulphur from an ucid gas containing some 75 per cent
hydrogen sulphide. Continuing with our example, one
learns that the sulphur plant costs are as follows capital
costs — $75,000; operating costs $6.50 per long ton.
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In summary, the costs of producing the sulphur in the
example are:
Amine plant  Suihwr plomt  Total costy

s s sus
Capitalconts . . . . . ., | 685000 475,000 1,160,000
Operating comts. . . . . . . 17.00/LT 630/LT 23.%/LT

F. CoNnCLUSION

This paper attempts to present data useful for apprais-
ing petroleum as a source of sulphur. Since many
v.hbknaﬂoctnotonlytheeoﬂsofpmducinnmovcnd

sulphur but also the process to be employed, generalized
conclusions are uawarranted.
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4. CARBON BLACK PRODUCTION IN DEVELOPING COUNTRIES

C. A. Polachi, C. A. Stokesand K. A. Burgess,
Columbian Carbon Company, United States of America

It is quite reasonable to begin by vicwing carbon black
as a petrochemical product. By far the largest percentage,
at present close to 80 per cent, of the cntire world's carbon
black production is made from petroleum refinery frac-
tions, Therefore, carbon black meets the first test of a petro-
chemical: it is a continuous processing plant using highly
automated reactor systems which operate with a relatively
small labour force. A flow diagram, a plant layout, and a
photograph of a typical modern furnace carbon plant
are shown in figures I, 1 and ill. As the flow diagram
clearly indicates, even the processing and packaging stages
of carbon black manufacture havc been modernized and
reduced in labour requircments so that these operations
are vcry efficient and low in cost.

Like other petrochemicals, carbon black production is
characterized by a relatively low ratio of product sales
value per dollar of investment when operating at full
plant capacity. This ratio, which tends to be higher for
carbon than tor most petrochemicals, is typicallv 0.5 to
0.8. A tabulation (table 1) of those furnace carbon plants
built outside of the United States since 1949 gives the
relationship between capital costs and the annual capacity
in the various producing locations. As noted in the two
columns at the extreme right, the cost of new plants
varies, in most cases, from 10to 15 cents per annual pound
of installed capacity. Plant expansions, on the other hand,
average typically 40 to 60 per cent as much as a new grass
roots plant of comparable capacity.

The capacity of United States carbon black plants is
presented in table 2. It is clear that the average plant size
is considerably higher within the United States than
outside, a factor which favours the economy of United
States plants over most foreign plants,

Finally, carbon black may be regarded as a petrochemi-
cal in that the production cost and sales price are each
relatively low and net profit after taxes, in turn, is often
a matter of a few tenths of a cent per pound except in
larger plants that are also favourably situated with respect
to fuel supply.

At this point, however, all similarity between carbon
black and the usual petrochemicals ceases, Carbon black
is a highly empirical product the properties of which are

entirely on a functional basis, i.e., by end-use
testing rather than by rigorous physical or chemical
tests. The plant layout diagram (figure II) indicates the
approximate proportion of a plant required for this
function,

Another dissimilarity is that the manufacture of carbon
black does not lead to by-products, co-products or next-
stage derivatives as is normally expected for petroche-
micals in general. The manufacturc of one petrochemical
tends to spawn a second generation of products and these
in turn spawn several other generations of oroducts.
For all practical purposes carbon black has no use other
then the manufacture of rubber goods; the amount used
for pigmentary purposes of the order of § per cent of
the total in a highly developed economy and perhaps
twice this percentage in a less developed country. To
justify carbon manufacture there must first be a substan-
tial demand for rubber geods and a local rubber manu-
facturing industry. It would normally be quite unecono-
mical to produce carbon black in a non-consuming coun-
try with the idea of exporting all of it to other countries.

The fact that the product is almost pure carbon is
simply coincidence. That it is made from petroleum
fractions is purely a matter of convenience and cost.
It can be made as well from coal tar by-products and
no doubt processes could be devised to produce highly
satisfactory carbons from vegetable oils and other
materials containing a high content of chemically com-
bined carbons. As a matter of fact, the ancient Chinese
made excellent carbon for tinctorial use from vegetable
oils.

From the standpoint of its applications properties and
control of quality as well as from the standpoint of
technical service and research required, carbon black is
much more to be compared with a plastic material such as
polyethylene than it is to be compared with a basic
petrochemical such as methanol, benzene, butadiene,
and the like. As mentioned, the successful operation of
an isolated carbon black plant requires a complets rubber
compounding and testing laboratory in order that the
product be suitable for use when the customer receives it
Because it is so highly end-use oriented, carbon black
must, therefore, be taken out of the category of the basic
petrochemicals and be regarded as a highly functional,
up-graded material requiring rather sophisticated techno-
logy both in manufacture and in applications testing
for a successful business operation. These requirements
tend to mitigate against small carbon black plants located
far from highly industrialized areas. Table 1 shows how
the build up of production outside of the United States
since 1949 has been concentrated in Europe and Japan.
'lheﬂ'ectofthisbuildupinhowninﬁmwintem
of production. The world production is increasing at
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TABLE 1. CAPITAL COST AND CAPACITY
(In carbon black plants built since 1949 outside of the United States )

Ownmetisi or

Comnrry Process licensee: )
Australia .« . . . . .. Cabot-United
Brazil . . . . . . . . Columbian
Phillips
Canada . . . . . . . Cabot
Cabot
Columbian
UAR . . . . . . . . ..
France . . . . . . . . Cabot
Phillips
United
Fed. Rep. Germany . . . . Degussa
India . . . . .. . Pnillps
United
haly . . . . . .. .. .  Cabot
Phillips
Columbian
Istaet . . . . . . . . Unlted
Japan. . . . . Tokai Denkyohu & Cabot
Phillips
Mitsubishi Kasei & Columbian
Continental
Mexico . . . . . . . . | Phillips
Netherfands . . . . . | | Continental (Columbian)
Cabot
U. of South Africa . . . . . Phillips
United Kingdom . . . | Cabot
Cabot
Phillips
United
Venczuela . . . . . . . . . Unlted
Argentlna . . . . . Cabot
Spein. . . . . . .. . Calvo Sotelo & Phillips

Estimared annual E.xpanzions,
ot MM rapachs. millon voundof covactiy ¥ per e

N.A, 58 -

45 40 1t

N.A. 30 —

30 28 12

3s 60 -— 6

(expunsion)
5.0 40 13
4.5 10 Not significant
(planned for 196$)

_ 102 —

N.A. S —_

5.0 S0 10

—_ 100 -

3.2 k] 10

45 30 15

33 30 11
N.A. 28 —

5.0 60 8

30 20 15

(completed 1963)

N.A. 30 -

N.A. 15 —

N.A. 30 -

N.A. 13 —

40 33 —

2.5 30 8

1.8 30 - 6

(expansion)

- 60 —

N.A. 22 —

24 20 12

—_ 124 —_

—_ 140 -

N.A. 30 -

30 20

40 26

45 22

a8 rate considerably higner than thai of the United
States reflecting both a more rapid increase in consump-
tion and replacement of importation with local produc-
tion. A key factor in bringing about the latter situation is
the high cost of transporting carbon black due to the
low density (20-28 #/cu.ft.) of even the most dense
pelletized form. Transportation of the raw material,
on the other hand, can be relatively cheap although
there are many circumstances in which this is far from
true.

1t may be well at this point to look briefly at the nature
of the raw material problem. The manufacture of carbon
black to be economic vrith present day technology requires
a specialized fraction from a petroleum refinery. This
fraction must be high boiling and high in aromatic
content. At the same time it must contain a minimum of
sulfur and almost no amount of inorganic materials.
Such a material has approximately the same handling
properties as the usual grades of bunker oils. Carbon

black raw materials of the required type are produced
only in the larger refineries which stress the production
of gasolene by catalytic cracking at the expense of heavy
fuel oils and the lighier grades of fuel oils. Such deep
cracking refining operations are relatively uncommon
outside of North America. It is therefore not surprising
to find that the first carbon black plants located outside
the United States were started with fuels from the United
States. A very large part of the carbon black manufactured
in Europe is still made from petroleum raw materials
wiported from the United States.

Since in the less industrialized countries it is practically
impossible to find a local supply of a suitable feedstock
for carbon black manufacture, in planning for carbon
black production in such countries one must start out
with the assumption that the fuel will be brought from
another country. The only practical method for shipping
fuel from a cost standpoint is by tanker. This immediately
means that sufficient tanks must be provided on the receiv-




P e torage bir.
- for hogper cors
Warehause I Worshouse
lor bagged biack ok aime for bogged black
wtor oge orkaying storage
o Carbon testing
Palistizing laborotor ies
Rubber
Oil storage o
Separation
——————my
Office
Reactors
-] T ——

Nater treoting
plant

Woter
storoge

Steam
generation

Figure 11. Carbon black plant layour

ing end to unload an entire tanker or at least a half a
tanker. Because of the relatively high cost of overland
transportation, the fuel situation also dictates that the
carbon black plant be located at the seaport, if at all
possible.

Since the cost of raw materials is a high proportion of
the total cost of making carbon black, especially under the
circumstances common in the developing nations, one
sces that the value added to manufacture is reduced by the
excessive raw material cost unless the price of the product
is artificially raised above the cost of imported carbon
black.

If we now look at the broader problem of carbon black
production in the smaller, less developed countries, it is

Plgure 1. Modern ol fwnace cardon black plant (Columbion
Continensnl -~ Iraly)

clear that the following considerations need to be applied
to their situation.

The basic purpose of developing the cconomy of o
country is to bring about the accumulation of capital.
Interestingly enough. this same result is sought regardless
of the political ideology of the country in question.
What we must know, therefore, is whether the use of a
certain amount of scarce capital in the country in question
will bring a sufficiently large return on that capital to
bring about new capital accumulation at a rate which is
significant compared to the best alternatives. Here is
where the problem begins to get complicated. If the plant
is too small, outside capital will not take any or all of
the risk because the return is not sufficient.

Such risk is considerable. While no precise figures can
be given, as a general rule it requires a production rate
of 35 to 55§ MM pounds per year in the United States
of the higher grade carbon bilack for rubber in order to
achieve a satisfactory operation from a competitive and
economic standpoint. The cost of such a plant built
abroad can vary quite widely from the range of costs
that would prevail if built in the United States under
United States standards. This United States range is bet-
ween about §2-1/2 and $5 MM or 7 to 10 cents per annual
pound, the variation being due to size and to the extent
extra facilities are required in the plant. such as a rubber
laboratory. As noted above, plants located in less indus-
trialized areas require acditional facilities in order to be
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TaBLE 2. UNITED STATES CARBON BLACK PLANTS

Producer Location
Cabot . . . Big Spring, Texas
Cabor . .. Franklin, Louisiana
Cabot .. Pampa, Texas
Caboi .. . Skellytown, Texas
Cabot . . . . . . . Vil Plaite, Louisiana
Columbian . . . . . Conroe, Texas
Columbian . . . . . . El Dorado, Arkansas
Columbian . . . . . . Eola, Louisiana
Columbian . . Hickok, Kansas
Columbian . . = .~ North Bend, Louisiana
Columbian . . . . . Seagraves, Texas
Columbian . . . . . Seminole, Texas
Coniinental . . . . . . Bakersfield, California
Continenial . . . . . Eunicr, New Mexico
Continental . . . . . Ponca City, Oklshoma
Coniinental . . = . . . Sunray, Texas
Comlinenial . . . . . = Westlake, Louisiana
Huber . . . . . . . . Borger, Texas
Huber . . . . . . Eldon, Texas
Phillips. = . . . . . Borger, Texas
Phillips. . . . . . . . Orange, Texas
Richardson . . . . . . Big Spring, Texas
Richardson . . . . . . Odessa, Texas
Shell. . . . . . . . . Pittsburg, California
Thermaiomic . . . . . Sterlington, Louisiana
Uniled........AnmuPau.Tem
United. . . . . . . Ivanhoe, Louisiana
United . . . . . . . . Johnson, New Mexico
United . . . . . | Moiave, Culifornia
United . . . . . . . Shamrock, Texas

GRAND TOTAL

Production capacisv
( mililons of pounds ennual!: )

Furnece Thermat

Channe!

170 110

P ]
5

70

115 10
115

15
120

145

100
2,313 245 201

operable. Such additional facilities include utility produ-
cers, a complete rubber laboratory and often housing
facilities for the workers. For this reason, and because of
their generally smaller initial sizes, foreign plants cost
typically 10-15 cents per annual pound as noted previously.

It would be difficult to state precisely what the unit
preduction cost would be in such a plant and in addition
fo give such costs would reveal highly confidential infor-
mation which no carbon black producer likes to do.
On the other hand, it can be stated that raw material
cost in foreign plants tends to run in the range of 15-25 per
cent of the net sales value,

Because the technology is so specialized, and because
the management it requires is considerable and of a
highiy technical nature, the fees which are charged by
owne. : of carbon black patents and know-how are rela-
tively high, ranging perhaps from $ to 10 per ceut of the
wlling price, depending upon the kind and amount of
continuing servioes rendered by the licensor to the licensee.

If carbon prices are raised artificially within the country
in order to provide a return on capital for outside inv-
estors, then the prices on rubber goods must rise accord-
ingly. In cases, an increase in the cost of rubber
800ds cannot be tolerated because such an increase will

interfere seriously with the export sales from the country
in question. Even if export sales are not important, an
artificial increase in the price of rubber goods in order to
pay a return on investment to an outside source of capital
simply penalizes the rubber goods manufacturer so that
he has less return on cagital. If the price increasc is passed
on to the consumer ther the consumer may consume less.
According to the capits listic theory of investment, there
is no way around this dilemma. If the capital is taken
away from the consumer or the rubber goods manufac-
tarer in order tc subsidize the foreign investor, there is
very little if lnypininmpiullccumuhtionintheoum.
lflllloulcnpiuliuuudandt!wphntisolw
mkliu,themuhintbelonsmnism' the same.
Capital is used for one purpose which b betder
used for another.
Vuyobvioulyupodﬂcunmuudnyuhm
ujuuﬂm.‘lhuwilldvaynbemohlcirmad
special economics governing the production of carbon
hhctinn‘ﬂmoonmy.ﬂom.hmyh
the mll case that the manwfectuse of
specialined matter requiring o
high capital, high technice! skill and usually an imported
raw material and consuming a rather low amount of

i
%
|




T wdaelins AP S D

labour. It is not among the first petrochemicals that would
be considered in the development of the economy of a
smaller nation. On the other hand, carbon plants may
often be put in devcloping countries by private enterprise
before the local demand for carbon is large enough to
make such an operation profitable. This is done to gain
an early market position looking several years ahead to
larger local use and to keep competitors out as long as
possible. Government assistance to a potential producer

may produce the same result. Thus the development of
carbon black production in the developing countries has
tended to lead the need rather than to lag behind it, a
situation which is understandably encouraged by the
local governments. Such carly producing plants are
usually built to be expanded later, a practice which further
tends to lower the return on capital in ecarly yearsbut, at the
same time, makes the cost of expansion relatively cheaper
once the market begins to grow.
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S. 'MULTIPURPOSE REACTOR FOR THE PRODUCTION OF SELECTED
PETROCHEMICAL INTERMEDIATES AND END-PRODUCTS

John B. Sproull, Director,
International Division, Wica Chemicals Incorporated, United States of America

L. INTRODUCTION

Possibly petrochemical and polymer chemistry have
influenced more personal lives and the establishment of
more businesses than has any other field in modern
chemistry, Dramatic advancements and development
changes are continuing to provide a large varicty of
products. Every country of the world uses these products
in a growing list of applications, and most countries
produce portions of their own needs in one form or
another. Countries who use petrochemicals as raw mate-
rial for production are in a position to fully develop their
own market using advanced technology available and
have export potential as well. Countries having no
petrochemical or a developing petrochemical industry
can take advantage of the growing world supply of mono-
mers to prepare finished products for their own consump-
tion. When petrochemical plants are later established
within their borders, they can integrate backwards to the
then established source of material for production of
finished products.

The large primary petrochcmical establishment seldom
makes products for use by the consumer. There have
been manv approaches to the intermediate step between
the oil industry and the ultimate user, In many cases,
single product plants aic established such as a mill to
produce polystyrene plastic for moulding and injection
users. Another mill is set up for polyvinyl chloride and
so on. In large countries with high-consumer demand,
these operations have met with some success. In many
areas, there is simply not sufficient demand to establish
single product units.

There is an alternative available which can be described
as the multipurpose reactor concept. This permits a
manufacturer to establish his operation at minimum

cost and with minimum risk. The products are made from
a wide variety of petrochemicals, all of which are available
from cither domestic production or readily imported
chemicals. The production covers a spectrum of industry
and is not confined to a single segment within each indus-
try. A company starting with a single reactor can grow
in logical increments as their own market becomes
established and grows. Research offers new and exciting
compounds to accelerate growth, There is a critical
need for multipurpose plants. particularly in developing
countries. The production of selected petrochemical
intermediates and end products will do much to relieve
import exchange requirements and to promote accelerated
industrial growth.

1. MULTIPURPOSE REACTOR

The heart of the multiproduct plant is the rea-tor,
Reactors are not unique; as a matter of fact, the fabri-
cators of such reactors offer them as standard units,
This equipment is available in the United States, Europe,
Japan, and in many other countries. In some instances,
the reactor can be fabricated locally at a saving. The
purchascr of the vessel advises the fabricator as to the
Incation, number, and size of openings and piping. Any
of the chemical products can be made in either stainless
stee] or glass-lined vessels,

The reactor specifications for multipurpose use are
based on the requirements in manufacturing stysene
butadiene copolymers (St/Bd) and polyvinyl chloride
resin, as these products require pressurc to 200 psi
maximum. Most of the other products can be manufac-
tured under normal atmospheric pressure. This reactor
provides maximum flexibility and can make the full
product mix.

RaacToR FOR THE MANUFACTURR OF STYRENE BUTADIENE TYPE POLYMIERS
AND POLYVINYL CHLORIDE RESIN

Vesset: Glass lined and/or 316 type stainless steel jacketed

D«h\pmlure.psi.................

Operatin;pmmm.pni..........
Design temperature, oC . . . |

Operating temperature,°C. . . . .. | . "

Jacket: Steel clad or Inconel

Design pressure, psi . . . . .
Operating pressure, psi . .
Design temperature, *C . ,
Operating

300 to full vacuum (21 kg/cm®)
130 to full vacuum (11 kg/cm®)

s
120
328 (23 kg/cm®)
215 (19 kg/om®)
10 (13 kg/cm®)
318
. 120
..... 30 (21 kg/om®)

i
i
¥
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REACTOR FOR THE MANUPACTURE OF STYRENE BUTADIENE TYPE POLYMERS
AND POLYVINYL CHLORIDE RESIN ( continued )

Heat transfer:

Heat of reaction (maximum for St/Bd and/or PV(C) approximately 25 kcal per mole

Approximate usage :

Steam, Ib/hr, dry & saturated ut 75 psig .
Water, minimum, gpm, circvlated . .
Water, cooling, gpm a1 S0 psig at 25 oC

Steam, Ib/hr, dry & saturated at 75 psig . .

Water, minimum, gpm, circulated . . .
Water, cooling, gpm a1 50 paig at 25°C .

4.000-gul
11 3.000-lizre s vensel

3,600 (1,600 kilos)
400 (1,500 litres)
200 (750 litres)

1.000-gai.
(3.800-lre; vesser

800 (360 kilos)
100 (380 litres)
40 ( 150 litres)

Whether a jackel alone is adequate for complete reaction heat re-
moval depends on polymerizalion rate, amount of agitalion, and
the solution's physical Properlies (viscosily, specific heal. and
thermal conductivity). Many Jow viscosity systems, such as low
solids butadiene-styrene emulsions, are suilably handled by jacket
heat transfer alone. In the more reactive or viscous systems, such
as acrylates and vinyl acetates, heat transfer is handled by condenser
as well as jacket-heat transfer.

The heat load can be materially reduccd by continously feeding
monomers or monomer emulsions to the reaction vessel during
polymerizalion. Regulation of the addition of moncmer controls
mass reaction polymerization, implementing process control,
regulated heat transfer, and safety.

Agitation

Agitation serves two purposes — it provides sufficient shear to
disperse adequately the monomer in the water phase, and it pro-
vides sufficient movement of this liquid mass to insure good heat
transfer to the jacket. Turbine agitators are satisfactory for low
to medium viscosity emulsion systems (up to 5,000 cps.) such as
acrylates, viny! chloride, vinyl acetate, vinyl chloride copolymers,
and butadiene-styrene. For these, moderate agitation is required,
because excessive turbrlence niy cause too fine a particle size which,
with corresponding increase of particle surface area, causes emul-
sifler starvation and subsequent reduction of mechanical stability
resulting in excessive floc formation.

For low and medium-viscosity systems (up to 5,000 cps), 4- t0
S-horse-power agitation for each 1,000-gallon reactor volume should
be provided. For systems with a high viscosity (compounded prod-
ucts and sodium polyacrylates), the finished emulsion may be moder-
ate (5,000 to 10,000 cps.). Turbine agitators of large diameter and
slow speed are satisfactory for these systems. For even more viscous
systems, low speed paddle, anchor, or gate-type agitators are neces-
sary. A minimum of 10 horse-power per 1,000 gallons reactor volume
is required for this type agitation.

Electricity

Single phase, 60 cycle, 110 volts and thres phase, 60 cycle,
220/440 volts (adaptable to 50 cycles and 200-volt systems).

motors, drives, wiring, lighting, etc., are required.
Instrumenration

Batch temperature is the most important control, and the temper-
ature bulb in the reactor should be properly located — away from
dead spots and in an area of good circulation. Sefe operation and
cross-checking require an indicating and recording thermometer
to measure reactor temperatures.

Batches run af reftux are not readily adaptable to automatic tem-
perature control, since the throtiling action of control valves is
based on temperature settings. Flow of condenser cooling water

All other installations in the multipurpose chemical
plant support the reactor function. A source of steam,
power and water with delivery piping is required. Two
make-up tanks of small capacity are used for supplemen-
tary materials added during polymerization in reaclor.
Facilities for incoming unioading and storage of mono-
mers arc necessary, the extent and volume determined
by plant production capacity. In general, storage is
provided in tanks (if convenient, placed underground).
Pumps for monomer transfer from tank to reactor ex-
pedite material handling.

The stripping column is used for synthetic rubber
latex manufacture. Traces of unreacted monomer are
removed by this column. This could be done in the reactor,
but the stripping column permits freeing the more expen-
sive reactor equipment for increased production. This
permits a shorter reactor cycle or increases the number
of batches that can be run through the reactor in any given
time period.

A blend tank receives the primary reactor product for
temporary storage, and other additives or polymer blends
can be incorporated prior to final product storage. When
dry resins are produced, a centrifuge, dryer, pulverizer,
and bagger are required. The type and capacity of this
equipment are determined by the volume of production
and product type. All of this equipment is of standard
type requiring no special or extraordinary specifications
and s widely available.

The plant construction should include warehouse
space for incoming chemical and finished product storage.
A small control and testing laboratory s a necessity,
Other features are common to any operation such as
office area, dock space for trucks, toilet facilities, etc.
The entire plant, allowing room for future expansion,
occupies about five acres (2 hectares) of land. Waste
disposal facilities should be considered. A sewage con-
nexion would be desirable, but inexpensive settling
and clarification ponds can be used,

The Multipurpose Chemical Manufacturing chart
summarizes the chemical products produced by the
multipurpose reactor. The raw materials are the mono-
mers shown on the chart plus other readily available
commercial chemicals such as caustic soda, refined clay,
solvents, sulfuric acid, and zinc oxide, to name a few of
the larger volume items. The products are polymers, copo-




lymers, and terpolymers that have wide trade application.
By no means is the reactor complex limited to these
specific chemical products. For exampie, many parts of
the world require urea formaldehyde resins. These are
readily manufactured. Once established, the chemical
complex can meet local needs for many products which
are sometimes not made in the United States due to
economic factors.

Flow charts showing the processing sequence are
shown in figures 1 through VIl incorporated in this
discussion. These charts cover a selected group of primary
products. All of the chemical products specified in the
Multipurpose Chemical Manufacturing summary can
be made with a similar flow and using the illustrated
equipment. A photograph incorporated in this discussion
shows a typical reactor complex. Two reactors and a

MULTIPURPOSE CHEMICAL MANUFACTURING

Ps oelrad

Basic petrochemical  Acetyieme or erhyi or eikyh E‘”':::‘:”m m“ o bt ‘w& NCN
Monomer . . . Vinyl acelate Vinyl chloride Methy), ethyl, bu- Styrene Butadiene Acrylonitrile
tyl, 2-ethyl He-
xyl acrylates
Polyvinyl acetate — Polyvinylchloride  Polyacrylate- Polystyrene- Styrone-butadisnc Styrens/butadisns/
emulsions, solu-  — emulsions, emulsions, emulsions, copolymen acrylonitrile
tions & dry resin  solutions & dry solutions& dry  solutions & dry  emulsions, so- copolymers, ter-
(beads) resin resin resin lutions, resins polymers & mo-
Homopolymers | Vinyl acelate/acry-  Vinyl chioride/vi- Polyacrylicacid  Siyrenated phe- & dry elasto- difications
and copoly- lic esters nyl acetate copolymers nols, etc. mers
mers from Vinyl acewate/cro-  Vinyl chloride/ Acrylic esters/ Carboxylated nitrile copoly-
reactor . . . ( 1onic acid acrylic esters vinyl acetate polymers mers, smulsions,
Vinyl acetate/di- Vinyl chloride/fu- solutioos & dry
buty! fumarate marates clastomen
Vinyl acetate/di- Vinyl chloride/ Carboxylated po-
buty] maleate maleates lymers
Vinyl acetate/vinyl
chilorids
Grafted polymers
Polyvinyl alcohol Sodium, potas- Sodium, potassium
Other Polyvinyl butyral ium and ameno- & ammonium
derivatives < Polyviny) formal nium polyacry- polyacrylates
from reactor l Polyvinyl aicohol lntes
Ethoxylations
PaInTs: Parer: PAINTS: TaxTiLes: Pawts: Parm:
Interior Functional coat- Interior Sisss Interior Costings
Exterior ings Exterior Stiffeners Parmn: Saturants
PAPER: Impregnators Industrial Dullers Saturants Apsmmvas;
Coatings Apmsives Paint thickeners  Antlalip finishes Coatings Tecrnss
Shoe inne! Toxrues: Parsn: : Wet end addi-  Plnishes
ADHESIVES: Stiffeners Coatings Moulded tives Sinss
TaXTILSS: Flame retardent  Saturants Extruded ApHanrves Printing pastes
Stiffeners Compoaent Apmmmtvas Floor polishes Textues: Noawoven fabrks
Sines Coatings TexTiLEs: Electrical insula- Printing binders PLASTIC rianas
Backcoating _ PLastics: Costings Noawoven LaaTien rocenms
Trade ! Body enhancing Moulded Abrasion resis- ADmmaivs fabuics Solvent resistant
osiery finishing  Extruded Impregnated Watx repelients & upholetery
Nonwonen fabrics Floor tile finishing i "h..ﬁh
LuaTsn yvsties ~ Phonographrecords  Siass PLasmics; Thickeaers
Safety glass interlayer Lasrrm : Noawoven fabrics High impact
Electrical insulation  Artificial PLASTICS: Rug & upholstery
Fibre & asbestos Finishes Moulded basking
board coating Electrical insulstion  Bxtruded Mgment binders
Pips aad hose LeaTies roanms Foam rubber
Thickeners adheives
‘ Oll additives
\ Pigment binders
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Figure 1. Flowsheet for polyvinyl acetate emulsion

stripping column are readily observed, although three
reactors are actually installed in this particular complex.

The time required to produce each type of polymer
varies greatly. Rutadiene-styrenes are processed in as little
as eight hours and as many as thirty hours. Generally,
polyvinyl acetate ca. he produced in cight hours or less.
Polyvinyl chloride pro. .ction requires ten to sixteen
hours. The polyacrylaies average nine to twelve hours.
Within each polymer group, the production time varies
for specific end products. Certainly a minimum produc-
tion rate per day would correspond at least to rated
reactor capacity (4,000 gallons or 15,000 litres).

Cost of the installed equipment for a complete 4,000-
gallon (15,000-litre) multipurpose reactor chemical com-
plex is about $250,000 in the United States. Equipment
costs arc usually less in Europe and Asia. A sizeable por-
tion of the equipment cost is in the dryer for dry resin
production. Should the multipurpose complex be used
for emulsions and polymer solutions, a substantial
saving can be made. Plant facilities and supporting
cquipment vary so much that individual plant estimates
in the country of establishment are required. The capital
cost of a complete uperation including operating capital
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Figure I11. Flowsheet for acrylic emulsion

would seldom exceed $500,000 unless large inventories
of raw material might be required or a policy of extending
credit to users exceeded an average of 45 days.

In initial plant layout, space should be provided for
additional reactor installation. Since the products of the
reactor are useful in many industries, the volume of
production will assuredly increase. The cost of adding the
first and subsequent reactors to an established plant is
less than $75,000 per unit. The cost of these additions is
quickly returned in increased sales, once the initial busi-
ness is firmly established.

II1. Probucts

The more common homopolymers and copolymers
made in the reactor are shown in the Multipurpose
Chemical Manufacturing chart (sce above). Some of
the more important other derivatives from the reactor
are given. Certainly polyvinyl acetate, polyvinyl chloride,
and polystyrene were thrilling developments forming
the base for the expanding plastic industry. The modern
development of copolymers and terpolymers using
butadiene, acryiics, and acrylonitrile has further expanded
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Figure V. Combined flowsheets for butadiene-styrene | .tex, carboxy-
loted butadiene-styrene latex ond butadiene-acrylonitrile imex

use of petrochemical derivatives. Multiple combinations
provide such diverse properties that the modern chemist
can tailor products to his needs.

Urea formaldehyde has already been mentioned as a
product of the reactor complex. Using the reactor, or in
some cases portions of the muitipurpose equipment, a
vast number of other chemicals can be made. Additions
of 1 per cent to 3 per cent of certain carboxylic acids to
St/Bd terpolymers increase adhesion to cellulose.
Detcrgents, penetrants, and wetting agents are readily
manufactured tailored to the chemist's specifications.
Sulfonation, e.hoxylation, condensation, methylation,
and esterification reactions add to diversity of chemicals.
Natural oils, gums, and other indigenous products
compounded with reactor output further add to the
storechouse of chemical products. There are literally
hundreds of useful combinations that can be made to
meet modern industry’s needs.
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on the Multipurpose Chemical Manufacturing chart.
By industry group, u few summary comments can be
made:
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polyvhylmnomuhiommimhﬂyund. Paper and
artificial leather uses overlap — some artificial leathers are im-
pregaated paper rather than plastics. Natura! leather finishes
provide another product field for polymer use.

Paper. Ons of the most rapidly growing, high-usage felds for
polymers is in the paper industry for both decorative and func-
tional applications. %¢/Bd additives to pulping and the wet end of
paper production are increasing in use Polyvinyl scetate, acrylics,
und St/Bd are used in board and paper coutings as well as in im-
pregnations. Paper lamination fulls both in the adhesives and
paper flelds and shows promise of high demand for chemical prod-
ucts. The growing paper comtainer market requires special finishes
tilored 10 use conditions. Grease resistant coatings, moisture
resistant coatings, and special uses of sturch for coatings in con-
nexion with polymers from the rewctor are new flelds in which the

wchaology is rapidly improving.

The economics of product sales will vary from country
(o country and even internally as to product mix. There
are some general conclusions applicable to product
profitability that can be stated :

(1) The United States sarting with a single reactor
hes been able to compete profitably in the chemical
market with the largest chemical producers. Sales volume
growth has averaged 20 per cent per year with additional
reactors put on stream to satisfy demand. Sufcient
return has been realised each year of operation to inance
ressarch, provide expanding facilities, and return a
profit.

(2) The solutions and emulsions manufactured consist
of up to 60 per cemt water or solvent. An importer of
monomers obviously has a distiact advantage in saving
freight. Further, he retains the profit on the production
of Anished chemicals.

(3) Flexibility in product mix enables management to
produce profitable chemicals. If competition or world

i impair

is & growing demand. Conversely, slert management
canuicklyprodmchniulprohmwmchmybe
temporarily in short supply or overpriced.

(4) Volume sales in paint, texti'ss, and plastics assure
continwows operation of the reactor complex. &poculjty

business relationships for long-range assured demand.

Figure VII. Multipurpose chemical manijucturing comple x

build future growth. The resctor should certainly be
built to manufacture all products, even if only one or
two are made in the beginning. This provides flexibility
in production and sales service for a wide raarket and
does not restrict the company’s market of the future.
The size of the reactor is established by initir] demand,
but invariably the wide market for output will soon
outgrow production facilities. A 2,000- to 4,000-gallon
(7,000- to 15,000-litre) unit is highly desirabie as an
economic unit at the start of operations.

Menfocrwing

Nouofthrowtiouoruyofthcformuhﬁouundil
the manufacture of reactor production is patented.
Speciic formulations and Processes are proprietary
information. There might be & femptation (0 start a
plant using gomeral information and “metch” trade
mm.m.mmu«mm
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when a company can readily avail themseives of the
many years of manufacturing experiences gained by
the United States producer. This experience is transfer-
red by having the overseas technician run first pilot
operations (see pilot plant illustration) and later make
production runs on every product he will make later
in his own plant. Subsequent techaology on product
vnhmnormprodm“ditkmmthnntdﬂy
tramsforred. There is mo substitute for experience in
polymer manufacturing. Quality control techaiques
and product specifications are vital to comtinued
operation.

Salos service

The multiproduct chemical producer can first supply the
meeds of local industry, saving foreign exchange used
for imports. While this alone can justify plunt establish-
ment in many cases, there are two further exteasions
of sales activity that promote a growing business.
First, technical represemtatives from the plamt can
actively assist in establishing new business, further
reducing finished product imports. Secondly, and a
vital part of a successful future, technicians both in the
plant and in the customer’s plant can improve product
ueefuiness, solve customer's dificulties or production
problems, and constastly improve the products of

Mours X. Labovatery

manufacture. The “ Technical Sales Service " concept
is the most valuable tool an overseas producer can
acquire from the American manufacturer. It is only in
this manner that modern technology can spread outward
to the larger business community, promoting benefits
for both manufacturer and consumer.

Research

Close contact with the American producer will maintain
the technological lead in all the various mubtiproduct
fleids. Polymer producers and formulators revise their
products almost daily 10 mest comtinuel changes in
industrial advancememt. For example, textile wet
processing is changing significantly in the United
States. Nonwoven fabrica are growing rapidly in many
product areas. Upholstery and rug manufacture have
undergone revolutionary chaages. Paimt today is
entirely changed from common practice even ten years
880 and continues in this changs patiera.

Neproduc«mnmmtkudmww.
His grestest long-range benefit will come from closs
;nociuion with a firm im prastical ressarch
lor the developiag market, i consept
mhluhimtomquicklyiﬂompn‘u&.
improved adaptations, and entirely new induetries
witha-him_ofcouorquip-uwA
single-product producer simply camnot kesp wp with
accelerated growth of modern sechaology.

V. ConcrLusion

The multipurpose chemical manufacturiag programine
hnlnenuc«ufullyund'mthUn'mdluOubyl
comparatively small-sized producer. A licensed operation
in Mexico is procesding Mymhrwo-
are to be established in seversl counmtries variows
popuistions snd ia varying stages of techmological
development. Where a local supply of petrochemical
monomers is available, the emtire complex is the internal
business of the using country. In countries where some
monomers must be imported, substastial savings are
reslized by processing for the fiaal local market. There
lnhmﬁlhkshmmwayhto&ru
wide a product field for as seaall an investment. Growth s
builtimthopnnionu‘mdbyex poly-
mer usags. Few manufacturing operations are as flexible
~- 30 readily adaptabie 1o changing products and markets.

Thmhﬁdn-toféy“muhimm
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poopls of the werld.




Chapter V

COUNTRY STUDIES







INTRODUCTORY SUMMARY

This chapter of country studies, the title of the Con-
ference session at which they were delivered, is concerned
with the current situation and the future prospects of
the petrochemicals industry complex in a wide regional
spread of countries, namely, Latin America, Eastern
Europe, North Africa and Asia and the Far East,

Among all the countries in the ECAFE region, Japan
is the only one which has developed the petrochemical
industry to an international level, and both consumption
and production of petrochemical products within the
region are largely concentrated in Japan. Some countries
of the region have already started to make nitrogenous
fertilizers from natural gas or naphtha. Most of the
countries have plans to establish naphtha cracker com-
plexes for the production of basic petrochemicals.

The potential for petrochemical development in some
countries of North Africa and the Middle East is based
on the existence of proved and abundant sources of
hydrocarbon raw materials which at present are not
being utilized to any great extent.

In the discussions that followed the presentation of
the country papers and statements, there were indications
that it would be more beneficial to plan petrochemical
development on a regional basis rather than for each
country individually. Furthermore, it was evident that
in the case of countries with abundant natural gas
resources, the question of export markets outside the
arca looms large in the planning efforts. It was mentioned
that regional planning is being seriously studied by some
of the countries in this area with a view to developing a
common market.

The discussions emphasized the need for more trained
personnel and for training institutions, particularly in
the field of petroleum and petrochemicals.

Apparent consumption of chemicals in Latin America
was estimated by ECLA to be of the order of $3,000 mil-
lion in 1959 with imports accounting for about 30 per
cent of this total. For 1970, demand was projected to be
of the order of $8,000 million.

The share of petrochemicals in the total was rather
limited in 1959 but it is expected to increase substantially
by 1970. Since the proportion of imports of petrochemicals

was much higher than the average 30 per cent for the
whole chemical industry, the need for a considerable
effort in import substitution is foreseen in petrochemical
raw materials and intermediates.

The Latin American countries represented in the
Latin American Free Trade Association (LAFTA) have
realized that:

While petrochemical industries are capital intensive
industries, there is a scarcity of domestic capital in
the area; aiso a high foreign exchange component of
investment is required;

Economies of scale prevail in the development of petro-
chemical industries;

Full utilization of the locally available technology and
skills is necessary;

A better allocation of resources and markets is desirable.

They therefore consider that a possible solution lies in
integrating the petrochemical industries in Latin America
and making them complementary. Sectoral meetings
already recommended this to the Executive Committee
of LAFTA in 1963 and 1964.

Positive factors to help in achieving this objective are:
the clear understanding prevailing among the countries
in the area that there is need to avoid costly duplication;
the pioneering studies in the field of chemical industries
done by ECLA ; and the existence of a State oil industry in
these countries having the strength to achieve the desired
integration, by itself or with the co-operation of private
industry.

State oil companies have already taken the initiative
in reaching agreements to study how to make their
industries complementary especially in the field of petro-
chemicals, starting immediately by exchange of techni-
cians and technical information, utilization of idle capa-
cities and exchange of products.

This trend towards integration has had recent expres-
sion in the meeting held in Buenos Aires under the aus-
pices of Yacimientos Petroliferos Fiscales (YPF), where
all Latin American State oil agencies were represented,
and the basis for joint action was discussed. The establigh-
ment of a permanent organization is expected in the
beginning of 1965.




1. THE PETROCHEMICAL INDUSTRY IN ARGENTINA

Oscar Gatti, Gro;p Chief of Chemical Works, de la Dirsccién General de Fabricaciones Militares,

Eduardo A.

asquinelli Yacimientos Petroliferos Fiscales and Roberto

F. Beltramino,

Secretaria de Industria, Argentina

1. DEVELOPMENT OF THE PETROCHEMICAL
INDUSTRY IN ARGENTINA

The petrochemical industry, one of the pillars of modern
heavy chemistry, has made great strides in the most
industrially advanced countries, including some which
are not petroleum producers. In Argentina, in spite of a
steady and adequate supply of hydrocarbons in the
form of tiquid fractions and natural and refinery gases,
this industry, until a few years ago, had not gone beyond
the initial stages becavse demand for petrochemical
products was below the minimum required to justify the
construction of industrial plants.

In spite of this adverse factor, this industry may be
considered fairly well established in Argentina in relation
to the development of the chemical industry in general,
even though it was still in an incipient form until recently.

The petrochemical industry began in Argentina with
the manufacture of products for which the demand was
certain. Its origin dates from 1943, when an industrial
plant was established for the production of iso-propyl
alcohol and a pilot plant for the production of synthetic aro-
matic hydrocarbons (toluene, benzene, xylene). These
plants constituted the first steps towards this type of indus-
try, and their establishment took place long before the real
development of an activity which today has taken on
extraordinary dimensions all over the world.

The iso-propyl alcohol plant was erected by Yaci-
mientos Petroliferos Fiscales (YPF), and was expanded
in 1949; the “synthetic toluene” plant, installed by the
Direccién General de Fabricaciones Militares, was
g-epII;;;d by a modern catalytic hydroforming plant
in .

In 1953, a closed-furnace fuel oil plant began operation
and produced lampblack, but in very small quantities;
it was therefore abandoned.

Later, several studies were made of the possibility of
further development in the petrochemical field. However,
the industry in Argentina was paralysed by the absence
o{"ﬁ the production of basic hydrocarbons, particularly
olefins.

Among the petrochemical products produced, although
in small quantity, may be included naphthenic acid
obtained from residue from the acid treatment of cuts of
lubricating oils derived from crude petroleum with a
naphthenic base imported from Peru; this is produced

at the YPF refinery at Dock Sur and at the * Céndor”
refinery at Lomas de Zamora.

The continually growing domestic need for petroche-
mical products has stimulated new and more ambitious
plans for industrial expansion, and initiatives have come
from domestic and foreign private concerns wishing to
co-operate in the development of this basic industry.

In 1956 and 1957, a period of industrial promotion
began and petroleum undertakings like YPF received
offers for making use of the residual gas of their refineries.

Under Act 14,780 concerning investment of foreign
capital, numerous applications were made for investment
in petrochemicals, and it was the firm of Koppers Inter-
national which ushered in the second stage in the develop-
ment of the petrochemical industry in Argentina.

This undertaking invested capital in the Sociedad
Industrias Petroquimicas Argentinas Koppers S.A.
(IPAKO), which commenced operations by setting up in
Florencio Varela (Province of Buenos Aires) a plant for
producing polystyrene from imported monomer. Later,
the need arose to build other manufacturing plants in
the Ensenada area (Province of Buenos Aires) and a
contract was signed with YPF for the supply of residual
gases from the La Plsta refinery. Further investment
was authorized for the establishment of ethylene, poly-
ethylene and polystyrene plants. The first two plaats
began operation in March 1963, but the third project
has not yet been implemented. In 1959, Industrias
Quimicas Argentinas Duperial was authorized to receive
capital investment for the erection of a chemical complex
consisting of four plants including one for the production
of carbon sulphide by petrochemical methods. This
project was carried out, and operations on an industrial
scale began in 1962 in the Province of Santa Fé.

The same undertaking, pursuing its plans for expansion,
decided to make a new proposal for capital investment,
which was approved in 1961. An industrial plant for the
production of ethylene and polyethylene was established
and it will go into operation shortly.

Early in 1960, the Fish International Corporation
(of Panama) proposed to set up a petrochemical plant
near the YPF refinery at San Lorenzo (Province of Santa
Fé). After various discussions and negotiations “ Petro-
quimica Argentina S.A.”, known as PASA, was formed,
and this company is constructing a vast petrochemical
complex comprising nine plants for the production of
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aromatic hydrocarbons (benzene-toluene, ete.). olefin
hydrocarbons (eth~lene, butadiene). styrene, synthetic
rubbers (SBR and cis-polybutadiene) and other essential
products for the ubsidiary industries. It is anticipated
that by the end of this year or early next year the naphtha
reforming plants and the plant for the produetion of
olelins (ethylene and butadienc) will begin operation,
to be followed next by the styrene plant and finally by the
synthetic rubber plants.

In the middle of 1960, CABOT ARGENTINA §.A. (CABA-
SA), u company established with the help of foreign
capital, began production of lampblack. This, and the
start of operation during July of this year at ATANOR
S.A.M.’s methanol plant, constitute real achievements
in the ficld of petrochemicals.

Another project shortly to become a reality is the
methanol plant which Casco S.A. is setting up at Pilar
(Province of Buenos Aires). This plant will use natural
gas. As a foot-note to the foregoing, we may add that
the future of our petrochemical industry can be regarded
as promising, for there are other production projects
which already have government approval. Some of these,
such as the Petrosur and Impagro projects for the pro-
duction of simple and compound fertilizers and inter-
mediate products for the chemical and plastics industries,
are already at the financing stage.

CARBOCLOR S.A. is another firm whieh has obtained
approval of plans for the produetion of a number of
organic products and solvents, including acetic anhy-
dride, iso-propyl alcohol, secondary butanol, iso-propyl-
butyl acetate and methyl-ethyl ketone. The company is
at present making efforts to secure Argentine endorse-
ment of financing from abroad. Early in 1964, PARAF114A
DEL PLATA obtained approval by a Government decree
for a plan tc produce *dodecylbenzene” (a basic raw
material in the manufacture of detergents).

There are other projects directed towards the plastic
materials industry, such as the production of vinyl
chloride, and also projects for the production of inter-
mediate materials used in the manufacture of nylon 66
(adipic acid and hexamethylenediamine). As for inter-
mediate chemical products, an application has recently
been received which is thought worthy of consideration
for the production of ethylene derivatives such as ethylene
oxide, glycols, paraffin wax and chlorinated olefins.
Also in the field of detergents, another proposal has been
received for the production of dodecylbenzene sulphonate
of sodium; this is under study.

The foregoing is a summary of the many proposals
made for development in the petrochemical industry;
many of them have not yet been implemented since finan-
cial problems have almost always been encountered.
In spite of the difficulties which have arisen, there are
real hopes for a bright future for this heavy industry.
Its development will make it possible to meet existing
requirements, to replace imports and to enter the foreign
market with local products, particularly in the Latin
American countries belonging to the Latin American
Free Trade Association (LAFTA). It will also help to lay
firm foundations for the development of our chemical

industry in general.

2. ECONOMIC REASONS FOR FIXING PRIORITIES
FOR THE PETROCHEMICAL INDUSIRY

The industrial development of a country COMPrIses
serics of aetivities directed towuards producing goods
needed by the cconomy. a task which should be carried
out in the most comprehensive and economical manner
possible.

Itis a well-known fact that the value of raw muterials
is multiplied several times when they are converted into
finished or semi-processed products. This is « general
principle and it is basic for our 