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I. INTRCDUCTICHN

The project document requires that as Ixecutive Agency UNIDO shculd organise the
visits of Experts to Poland. There are 5 expert posts to be filled, each of
1 month's duration. Following the second meeting of the Technical Comnittee,
18 - 25th June 1979, it was agreed that shorter nissions by more than one expert
would bte preferable in order to increase the chances of securing the services of
high-level experts who are normally reluctant to accept 1 month's assignments.

This visit fills one of their posts in Pyrolysis.

The normal briefing in Vienna tock place on 21st and 22nd January. oiscussions
on the project took place with Mr M. Mau;g, Industrial Development COfficer,
Chemical Industries Section, UNIDO. Tt was agreed, that in order to allew
naximum time for the expert to work in Poland, the de-briefing in Yienra would te

dispensed with, and the two days allowed for this be used for this purpose.

B OGP Y rptn s -



ITI. TECHNICAL VISIT BY EXPERT TO INSTTTUTE OF CHEMICAL PRCCEISSING, ZABRZE
24w1-80 ——— 8-2-80

The expert travelled to Katowice on the 23rd January, and met Asst. Prof. Doc.

Dr Jadwiga Kulczycka, and Prof. Dr. Zng. O. Zbtraniborski on the 24th January.

The programme of the visit was discussed, and it was agreed that lectures on the
following subjects would be given:-

Pyrolysis in Fluidized Beds

Hydro=-Pyrolysis

¥lash Hydro-Pyrolysis

Fluidized bed combustion

Classical Coke-oven cocntrol and automatioen,

In addition, visits to the laboratories and discussion on the equipment of the

Rotary Carbonizer and Fluidized Bed Combustion would be undertaken.

On the 25th January it was agreed that the expert move from Katowice to Zabrze in
order to be closer to the Institute, and therefore te able to spend more time
there. Further detailed discussions on the programme took place with

Professor Dr. Eng. H. Zielinski and Professor Ir. Eng. Zbraniborski. A visit
was then made to the laboratories and the site of the new pilot plant, where
construction was in progress. It was pleasing to note that the Project was to
programme, Subject to Instrumentation, and control equipment.being delivered

on time, completion will be as programmed.

-




Further discussions tock place on the fluidized ted section of the project, and
the need to have the facility to precisely maintain ted conditions, to maximise

output.

A pleasant office has been prepared for the expert and full facilities for typing,

duplicating, and preparation of slides have been put at his disposal.

Monday. 28-1-80

lecture on the Pyrolysis of Coal in a fluidized bed to produce smokeless briquettes,

The lecture commenced at 10,00 a.m., and with the exception of a short break,

continued with the discussion period to 3.00 p.m. (APPENDIX I)

Tuesday, 2%=1-30

Meeting with Deputy Director Prof. Dr. Zng. O, Zbraniborski, M,.Sc. A. Kukteczka,

Research Worker,

The Deputy Director welcomed me, and expressed the hope that there would be a
mutual excharge of view on Pyrolysis, Gasification, Liquefaction, Coke-making,

toth Classical and Formed-Coke and related subjects. He also expressed the hope
that my stay in Poland, for which he thanked the UNIDO, would be a happy and
successful one., He personally was very pleased I had come to Poland. The expert
replied that he too hoped his visit would be of as much help as possible in these

sub jects.

A discussion on these matters then took place., (AFPENDIX 2).




Wednesdav.  30-1-20

7isit to HUTA Xatowice Cokeworks,

Perscns met,

1. Director.

2. Technical Manager.

(APPENDIX 3)

Thursdav. 31-1-80

Tecture on Automatic and Computer control of Classic Coke-Cvens.

(APPENDIX &)
Friday, 1-2-30

Visit to laboratory, Institute of Chemical Processing of Coal. Department of
Tnvironmental Protection,  Krakow,

(APPENDIX 5)

Monday. =2-80C

This day was spent preparing for the major lecture on Hydro-Pyrolysis and

Flash-Hydropyrolysis.

Tuesday., 5-2-80

Lecture of Hydro-Pyrolysis and Flash-Hydropyrolysis.




Tuesdav.  5=2-80 (continued)

Arrangements had been made for Scientists from laboratories and Universities
throughout Poland tsc be present.

(APPENDIX ).

Wedrnesday, 6=2=80

The morning was spent with first Professor Doc. Dr. Jadwiz= Kulczycka, Director
of the UNDP/UNIIO Project (ffice Xatcwice. We discussed the work the expert had
done in Zabrze, She had discussed this with the Director of the Institute of
Chemical Processing of Coal at Zabrze, Professor Dr. Zng. H. Zielinski, and

said both were very pleased and considered the visit had teen highly successful.

The afternoon was spent at the Institute further discussing technical details of
the new pilot plant. This is a relatively simple preccess, and could have much
value for developing countries with coal reserves, and who should not move directly

to the latest advanced technology.

Friday., 8-2-80

Final discussions took place on the Pilot Plant project, with the Director,

Prof., Zbraniborski and senior staff,

The Director asked the expert his honest views on the project, and whether there

were variations, alterations, or improvements that he would wish to recommend.
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riday. 8-2-80 (continued)

The expert replied that he had been carefully through the philosophy, and design
behind the pilot plant, and the specific requirements of the Institute's programme,

With all these in mind he considered the pilot-plant was sound in conception.

when it was commissioned there would of course be problems, but these would Te
overcome and the plant would yield much information. He believed the next stage
should be a pressurized fluidized bed. There was general agreement. The philo-
sophy behind the Pilot Plant was, that Poland had large éeserves of high ash, high
sulphur coals, If some of the volaliles should be used to produce medium 2.T.U.
gas for domestic and industrial use, the char would then be used for Power genera-

tion in e.g. a fluidized bed.

A discussion took place on what was considered a "cut-¢ff" point, where the
percentage of ash in the coal made it undesirable, and/or uneconomic for it to be
used for this dual purpose of gas producticn and power generation.  Much depended
on transport costs, (the cost of transporting ash), - and the ability to dispcse
of the ash easily and economically, Perhaps 20% ash would be a maximum content

in the coal.

A further discussion took place on the equipment being supplied under the Project
by UNIDC. It was pleasing to note that the HP.1000 was on order, dut disappointing
to note that the Gas Chromatograph (Mass Spectrometer MP59924,) and the Mass Flow

System had been deleted due to limitation of funds.

-




Friday, 8-2-80 (continued)

This would make the control and analysis of performance of the pilot plant impossible
to the precise degree required to obtain maximum information. It was hoped that

means may be found to provide this equipment.

That concluded the formal meeting.

The Director again thanked UNIDO for arranging for this expert's visit, which he
considered highly successful and useful to the Institute. The expert thanked
the Director and his staff, for all the help and assistance which they had given

and which had materially assisted in the visit's success.

AP Y S inn et o -




IV. CONCLUSICNS - RECOMMENDATIONS

On Wecdnesday &6th February, 1980 a final meeTing was held in Katowice with
Madame Kulczycka when the work carried out by the Consultant was discussed.

Undoubtedly +he UNDP/UNIDO project was strengthening and supporting the Government's
own large inputs. Specifically in Pyrolysis, the project was to schedule,

and the equipment being provided in the UNDP/UNIDO project was a vital part

of this project. Madame Kuiczycka said that they were grateful +o UNIDO for
supplying my Services. She had discussed this with +the Director, Professor
Zeilinski, and both agreed that this visit had been very helpful.

Un Friday 8th February, 1980 a *incl meeting was held wi+h the Director of the
Institute of Chemical Processing, Professor Zeilinski. Cetails are separately
recorded). The project was re-appraised and both the Director and the Consulfant
wers in agreement that the Project was sound in both philosophy and technical
content and should proceed as planned. The Consultant noted that +wo items

of equipment on the original list for the Pilot Flant had been deleted. Namely
the Gas Chromatograph/Mass Spectrometer and the Mass Flow Sys*em. He considered
this equipment as key equipment for both control and monitcoring.

CONCLUSIONS

There is an excellent rapport between the Polish Authorities and UNDF/UNIDO
which wil! undoubtedly help to bring the project +o a3 successful conclusion.
There are a number of ar=zas where problems may arise on commissioning, buT

thev can be dealt with when they arisa. The construction of *he aquipment ‘s
going ahead. The next major step will be commissioning towards The end of The
year.

RECOMMENCAT ICN

(@) For Consideraticn and Action by the Polish Authorities

[. To continue the programme as planned.

(b) For Consideration by UNIDO

l. To re-examine the possibility of providing sufficient funds to
purchase the Gas Chromatograph/Mass Spectrometer MP5992 A, tocether
with the Mass flow system originally requested in the equipment for
the Combuster/Fluidized Bed Pilot Plant.

[N ]

To continue to support the programme.
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APPENDIZ I. 28-1-80

Lecture : The N.C.BR. Char Bricuetting Process using Pluidized RBeds

Short Description of Process

General
The 1956 Clean Air Act made it an offence for smoke to be emitted from 2 domestic
chimney. This stirulated demand for domestic fuel of a smokeless nature, whilst

possessing burning properties at least equal to traditional house coal.

Processes existing in the 1950's required coal of special size or quality which
limited large scale production. To overcome this the National Coal Board

developed the Fluidized Bed Char Briquetting process to convert non-coking, low
rank small coal which is produced in large quantities from mechanizud coal faces

into domestic smokeless briquettes,
The essential requirement of the process is the partial de-volatralisation of the
coal in such a manner that the resulting char can be briquetted without the

addition of a binder,

Coal Prevarations

The coal must have uniform coking properties, minimum and uniform moisture content.
Ash content telow 4%, This is a requirement of the‘product, not the process,

The coal is crushed, classified, and thermally dried., The coal (O"-la) passes
'fhrough a primary crusher before being fed into the entrained flash dryer unit
where gases at 600°C carry and dry the coal to‘ihe cyclones for separation of the

coal particles from the gas,
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Process

The iied coal is fed via a screw-feeder into the fluidized-bed, It is fluidized
in the lower part of the carbonizer by fluidizing gas (normally air/stean nixture)
blown through nozzles. The volatile content of the coal is reduced from
approximately 38% to 22% which renders it smokeless. The bed temperature is
precisely controlled : 3% by controlling the air/steam mixture with a suitable
control box (During the discussicn, the expert agreed to send details of this

aquipment to Zatrze.

The depth of the bed is again precisely controlled by a level controller operating

the screw-feeder charger.

The char leaves the fluidized bed through char-lines, lagged and trace-heated, and
falls by gzravity to extrusion presses where it is briguetied at pressures between

4 and 8 tons per square inch.

Discussion
A lengthy discussion ensued. (The Zabrze Pilot Plant contains a Fluidized Bed).

The following information was given by the expert.

1. The off-gases carry 4.5 gms /SCF of =20 micron fines.

2. The off-gases carry 4.5 gms /SCF of Tar vapour.

3.  Each stream produces 580,000 SCF/per hour of off-gas.

L, The C.V. of ﬁhe off-gases average 290 B.Th.U.

5, The Internal measurements of the Fluidized bed are 13'0" dia x 50'0" depth.
6. Intermal cyclones are fitted to catch and return fine particles to the bed.
7, The steel off-gas lines have intermal refractory linings and are externally

lagged. They are fitted with steam injectors in case of fires.
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A golden rule for efficient operation of a fluidized bed in constant,
steady operating conditionms,

The off-gas must pass through the off-gas lines with sufficient velocity
to avoid deposition. The extraction fans were designed to give a minimum
velocity of 20 meters per second.

The off-gas was used for steam generation.

The process can te adapted to manufacture formed coke,

1




Meeting in the morning with:

1, Devuty Director.
2. Professor 0., Zbraniborski,

3. M.Sc., A, Kabeszka,.

The Devuty Director welcomed me, and expressed the hope that there would e a
mutual exchange of views on Pyrolysis, Gasification, Liguifaction, Coke-making
and related subjects. He also expressed the hope that my stay in Poland, for

which he thanked the UNIDO wculd be a happy and successful one,

I replied that I too hoped that my visit would te of help to the, and thanked
him for the kindness both he and everyone in Poland had shown me, The first
part of the business included arranging a visit to Polands largest ccke-ovens,
and a visit to Xrakov,

The following was then discussed:-

1. The Institute's Pyrolysis 2roiect

I explained that I would be discussing technical areas of this at a later
stage of my visit, - particularly control systems for the Fluidized ted.
Concern was expressed about a possible delay in the delivery of the H.P.12CQ
Computer and associated equipment. This equipment which it had been agreed
to purchase will substantially improve the operating efficiency of the new

pilot plant, and will allow a proper evaluation of results obtained.




2. Tormed Coke

I had already seen and had examined the model for the new formed ccke pilot
plant. Coal is dried and pre-heated in two streams. One stream passes to
a Rotary Kiln where it is heated and converted to char. The second stream
passes to a aixer, where it is joined by the char, us the solid heat carrier.
The final mixture (that of char and coal) is briquetted in a roll press, and
subsequently ccoled., The precise method of cooling has yet to be determined

but may be in a bunker.

A discussion on the merits and de-merits of formed ccke tcok tlace. It was
agreed, that the main advantages of a formed coke plant was its ability to

use infericer coals.

I pointed cut the failures of both Rubrkdle and B,5.C. to get their 3,B.7.
plants to operate satisfactorily. The E2,5.C. plant which was now closed decwn
represented a capital outlay of £30 millions. The consultant would, if asked

help them on their new pilot-plant when commissioning begins.

Gasification

After Formed Coke, Gasification is the second priority for the Institute. They
have a need for medium CV gas, for Industry and for Domestic use, Production of
this from indigenous resources wculd materially assist the economy. In addition
as a chemical feedstock,(and for liquid production) they are working on the
Methanol route. They already posses vehicles operating on fuels including

methanol.




Liguefacticn

The Deputy Director said that liquefaction by the Coal digest route would
continue to have extraction problems, e.g. the blocking of Candle Filters, Drum
Filters and Centrifuges. I suggested that the N.C.B. Gas extraction and nydro-
genation, aad I believed, a good chance of success! It uses a novel technique
to produce a low ash extract from coal which can be upgraded to premiwn liguid
fuels and chemical feedstocks. Crushed coal is mixed with a light aromatic
solvent (e.g. toluene) in a reactor operating at 2900 - L4000 p.s.i.g. and

300 - LOO®C.  Up to 50% of the coal passes into a gas phase solution leaving
an involatile residue. The gas phase, containing the dissolma£ constituents
is transferred to a vessel at atmospheric pressure thereby csausing the materials
extracted from the coal to precipitate. fhe solvert is condensed and re-
cycled to the reactor and the extract is hydrogenated to light liquid Suels ¢
chemical fesedstocks. The solid residue will be gasifisd <o produce process

hydrogen and S5.X.G.

Coke=Ovens

Present and proposed practices were discussed, as "classical" coke production

in Coke-ovens .

1. Pre-heating and Drying
This allowed lower quality cokes to be used and in theory had much to commend

it.

2. Pipe-Line Charging
The Corsultant pointed out that both in the U.S.A. and the United Kingdom

(British Steel) this method of supplying dried and pre-heated coal to the

ovens had been wmsuccessful. There are several reasons.




(a) Difficulties using steam as a transporter.

(v) A heavy carry-over of fines into the hydraulic main, with loss of
coke-product and degradation of the tar.

(¢) Heavy carbon build-up on the walls and roof of the ovens.

(d) Inability to fill the ovens,with heavy carry-over.

(e) Excessive top-heats in the battery.

3. Pre-Carbon Cherzing

The Deputy Director said they had a test rig using this process. The
Consultant considered it an improvement on pipe-line charging, but had

reservations on its efficiency.

b,  Anti-Pollution Methods
The Consultant outlined the methods currently bveing adopted in +he U.X.
and the U.S5.A.
(a) Smokeless Charging - in the U.K. this was efPfacted vy on-line "sequential"
charging, with steam injection in the ascension pipes.
(b) Smokeless discharging with a hood, and fume extracticn via a pize to
a wet-scrubber and/or electrostatic precipitator.

(c) Great attention to detail ia the cleaning of doors. ZIxperiments with

water jet cleaning of dcors offered very good possibilities.

Further discussions tock place on the possible effect of emissions from
Coke=ovens (with Benz Pyrenes) on the health of Coke-oven workers. The

Consultant described mortality studies carried out in the USA and UK.

Finally the Deputy Director stated that by the year 2000 Poland would be pro-
ducing 29 million tons of Coke a year in Coke—ovens. Direect reduction of

iron-ore for the production of ovens was many years away.

The meéting then concluded.




AFPENDIX 3, 30.1.8¢

————————

7isit to the Coke Works - Huta Katowice

Persons met:
1. Director

2. Technical Manager,

This is a vast Coke-Works producing 5.0C0 Tons of Ccke per day. Producticn
includes coke for the Steel Industry (Blast Furmaces), the Foundry Industry,
Cwpolas) and Domestic and Industrial. It has a full by-product plant including
the Producticn of Sulphuric Acid and through *to Sulphate of Ammonia,

It contains standard 5.5 meter ovens together with stamp charged ovens,

1. guality of Coals

All coals were btlends, It is interesting to note, that performances in the
stamp charged ovens were similar to the cne set in the U.K. The quality of
coke is improved ty the use of stamp charging. Cn this event it allowed the
works to use cheaper coals and still maintain quality., Further cheaper ccals

were used for the production of domestic coke,

2. quality of Coke

The Metallurgical coke averaged Micum +40 at 1. and Micum =10 at 6 - 7.
These are good figures, A subsequent examination of the coke at site con=

firmed it was good and consistent in size and texture,




3. Battery COverators.,

The Ydatteries were being well operated, The doors were tight and well
cleaned. With the exception of the oldest battery, chimney stacks were
good.

[ ]
On the most modern battery there was automatic 1id-1ifting mechanism, but
it was out of commission in this visit. At this stage, anti-pollution
equipment, inthe form of smokeless charging, and smokeless discharging, was

not Fitted.

General Discussion

A general discussion took place with the Director,

Initially, the consultant at the request of the Director, descrited the current
thinking in the U.K. on liquefaction and gasification from coals., He described
the N.C.3. Vapowr Phase route Tor liguefaction, On zasification, the main offort
was in the U.S.A. where, with 2nd generation processes, it is becoming clear that

the 5.M.G, programme favours the Slagging Iurgi, Cogas and Hygas.

On thira generation processes, many of the fluidized bed and entrained flow
processes have the advantage of operation under pressure and, unlike the Winkler

System, are designed for good carbon utilization.

Returning to Coke-oven practice, which is a very important part of Pymolysis, best
practices were discussed. The Directorims a very important questicn:- "How can

you make better coke, faster, in present equipment.

The Consultant described his experiences with Drying, Preheating, and Pipe-line .
charging, The theory of supplying dried and preheated coal to coke-ovens would
enable them to increase throughput by up to LO% and would allow cheaper coals to

be used, and still maintain current quality.




In practice no commercial installation had been successful. The problems

encountered included:-

1., Mal-functioning of the Drying ané Preheating systenm,

2. Blockages in the coal transport lines,

3. The inability to fill the cvens without excessive carry-over of fire coal
into the wydraulic main,

“, Hizh top heats,

S. Sxcessive carbon buildeup on the walils and rocef.

€. 3Blockages of the ascension pipes.

Most of these can te overcome, btut excessive carry-over, carton tuild-up and
blockages in the ascension pipes, (partly cau ed Yy carry-over) could prove in-
tractatle, It was his recommendation that this process should not te installe

on a commercial battery.

The Director described their experimental drying and preheating plant (17 tons
per hour). I+ was intended initially to use a larry-can for feeding the ovens.
After discussion when the Consultant described his experiences with using dxied
coal (not preheated) in a larry-can, he suggested that care must te taken in

charging, and the hoppers and system purged with either nitrogen or ancther inert gas.

That ccneluded the discussion.
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APPENDIX &,  31.1.80

Tecture on Automatic and Computer Control of Classic Ccke-Cvens

The Consultant said that Automatic and Computer Control of Conven%icnal (Slassic)
coke-ovens was quite feasible. It wes obviously easier to build in equipment
for Computer Control while new tatteries were teing built, but obviocusly much

could be done with existing batteries,

The reascns and need for Computer control were that it was becoming increasingly
difficult to cbtain manpower to operate Coke-ovens, particularly men of the right
calivre. The cperation of the Coke-ovens would suffer bezause of this, their
1ife would be shortened, and even more important, the guality of the coke would

suffer.

The *:.3s to Computer Control

1. The Rattery Heating

(&) In a new battery, Thermc -couples (2) are dbuilt into each wall. These,
through tranducers %o the Computer, control the main gas inlet valves
(2) to the battery heating system. Because the battery is a large
"heat~-sink"”, the control must allow for time-lapses in temperature
changes.

(t) on an existiné battery the Consultant suggested that an Optical Pyrometsr
could »e lacated on the Ram machine, perhaﬁs in the cabin, and this
could locate on the oven walls after pushing a charge. The temperature
differential between the oven wall and the'fluelcould be correlated.

. The signals from the Pyrometer could then be passed to the Computer,

and control effected.
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Coke=Cven Machirery

All the machinery, i.e. the Charge-car, the Ham machine, the Coke gzuide,
anéd the Coke-car can be computer controlled, This means, the precise
quantity of coal can be charged- to the charge-car, every time, which in

o2

turn means the ovens can te completely filled every time.

This discharging is carried out on a precise time control, which neans

the coal is correctly carboned and is discharged as coke from the ovens at
precisely the correct time., The coke-car, (after correct positioning of the
coke guide) is automatically located in the correct position tefore the

oven is allowed to be discharged, It moves forward (by winches) at
precisely the correct speed, thus filling evenly. Similarly, automatic

guiding allowed all coke to be guided to the same degree,

The computer control can be expancded to autcmatic door clearing, coal
fluidizing, screening ty-products and virtually every feature of coke-cven

operation.




AFPENDIX S, 1.2.1980

e —————

Visit to laboratory

Institute of Chemical Processing of Coal, Department of Environmental Protection,

Krakow,

Present:
Professor C. Brzniborsky
Doctor Julian Grudzien

T.L. Scargill. (Comsultant).

The meeting discussed the questions of Environmental Protection. For example,
the beautiful city of Krakow, where its beautiful stone-work was teing atiacked

and eroded by Carbon-Dioxide and Fluorides and Chlorines from adjacent industry.

Poland had recently passed new Environmental Protecticn Zaws which were very
strict, and which would help to safeguard the environment. Industry will have

to comply.

This laboratory discovered the route to manufacture activated carton from Coal,

This is a most important substance in the purification of gases and liquids.

It is now being manufactured in large quantities in the U.X, where it is used

for both aqueous and gaseous purification.

The methods of Anti~Pollution for Classic Coke-Ovens were discussed, together
with the methbds used in the U.K. to monitor Benzine insolubles on the top of

Coke-oven batteries.




This consisted of operators carrying persomnal. samplers. The products re-

Zaining in the filters were recovered and analysed for the quantity of R2enzine

insolubles,

At the same time, mortality studies were carried out for the previous 15 years,
Final results of this latter study indicated only a marginal increase in the

incidence of lung cancer amongst coke-oven workers over the general public,




AFPENDIX £. 5.2.80

Hydro-Pvrolysis and Flash Hydro-Pyrolvsis of Coal

References
1. The Hydrc-Pyrolysis of Coal to B.T.X.
G. Pyres, W.R. Iadner and J.0.H. Newman

Zoal Zcard. CUoal Research Istablishment. U.X.

2. Flash Hydro-Pyrolysis of Cocal. (APPENDIX 1(a))
M, Steinberg and P, Fallan

Broockhaven National laboratory. U.S.A.

3. The Formation of B.T.X. by the Hydro-Pyrolysis of Coals.
¥.J. Finn, G. Fyres, VW.R. ladner & J.O.H. Newman.

U.X. (APPENCIX 2(a))




Introduction

Tadies and Gentlemen,

I am very pleased to be here, and I am honoured that such a distinguished gathering
is present teday. In the experiments in Complex Cocal Conversion, this Institute
is specialising in Pyrolysis. The new experimental equipment being consiructed
here now will add to the knowledge this Institute already possesses. I now want
to descrite work which has been and is teing carried out in the U.S.A. and the U.K.

on that form of Pyrolysis known as Hydro-Pyrolysis and Flash Hydro-Pyroiysis.

I want to make it perfectly clear, that this work in no way supersedes the work
on Pyrolysis being carried out at this Institute., It may well be a logical ex-

tension of it at a later date.

The hydropyrolysis of coal is defined broadly as the reacticn tetween ccal and
hydrogen a2t elevated temperatures and pressures. As the nature of the products
depends to a large extent on the operatinz conditions it is convenien’ to distin-
guish between different t,jes of hydropyrolysis., The term "hydrogasification”

is used when methane is the desired product, and "hydropyrolysis" 1s used when the
principal products are liquids and gas. "®lash hydropyrolysis”™ is a2 more recent
development of hydropyrolysis which uses very high heating rates (1c00 Ks'l) with

the cbject of producing benzene, toluene and zylenes (3TX).

The main aim of the early hydropyrolysis studies in the U.K, and later in 1572

at the United Stater: Bureau of Mines was to make methane, More recently, interest
has been directed to the production of liquid products, particularly BTX, by flash
hydropyrolysis. This review is mainly confined to work on flash hydrecpyrolysis:
erphasis is on non-catalytic studies, although some work on catalytic hydropyrolysis

is discussed.
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Until the 1960°'s, nearly all 2TX was a byproduct of coal carbonisat’on tut since
then the proportion of 2TX derived from petroleum (see Table 1) has steadily in-
creased. However, the cost of petroleum has risen steeply since 1373 and if this
trend continues the production of aromatics from coal may again become economic.
In the long term, as oil reserves are depleted, it will be necessary to use coal

as a chemical feedstock.

A number of different laboratories in the U.S.A. and one in the U.X. have teen
involved in hydropyrolysis research with the objective of making either oil or

BTX from coal. For convenience, the work has been reviewed according to the
various laboratories concerned. The highest oil and BTX yields obtained and the
conditions used to achieve these yields are summarised in Table 2. The term "oil"
which is used widely by American workers can cover all ligquid products from waier

to *ars and sometimes even includes material solvent-extracted from the char.

United States Bureau of Mines

The United States Bureau of Mines has undertaken a number of studies on the hydro=
pyrolysis of coals with various objectives, Hiteshue and co-workers developed a
simple apparatus: the essential feature was the containment of 3 g of coal in 2
steel tube thrcugh which pressurised nydrogen was flowing; the tube could be rapidly
heated (up to 20 Ks'l) to a definite temperature by passing a large electric

current through it. The residence time of the coal in the hot zone was controlled

by the duration of heating, and that of the volatile procucts by the hydrogen flow
rate. The effects of various parameters on the yield and composition of the products
were determined. Although many of the experimen’ s were carried out using a

catalyst (1% molybdenum), it was only effective wnen the coal residence time at the
final temperature was as short as 1 min; for a coal residence time éf 15 min, the

same yields were obtained whether the catalyst was present or not,



Using a sub-bituminous New Mexico coal, the effects of coal residence time (2 to

15 mins), pressure (35 to 415 var) and temperature (873 to 1173 X) on the yield and
composition of the liquid and gaseous products were investigated systematically.

In general, the conversion of the coal to gas jnereased as each of these parameters
was increased, but the yield of oil was independent of the cocal residence time,
showing that its formation was confined to the initial stages of decomposition.

At 873 K, the o0il yield was also independent of pressure tut, at 1173 X, it de-
creased with increasing pressure and was lower than the corresponding yield at

873 K. This decrease in yield at the higher temperature was probably due te

thermal cracking of the oil to carbonm, methane and other products.

The maximum yield of oil obtained was atout LO% of the coal and the ylelds of
single-ring aromatics (including phenols) ranged from 2 %o 6% of coal. Although

it was not possible to correlate the composition of the oil with all the operating
conditions, it was observed that, at 1073 K, the residence time of the volatile
products had a marked effect on both the yield and compesition.  When the residence
time of the volatiles was 5 8 or longer, the condensed liquids were light coloured,
had a low viscosity and contained a large quantity of distillable oil. In con-
trast a residence time of 2.3 s gave & dark, viscous oil containing an appreciatle
amount of asphaltene, This difference was attributed to hydrocracking of the

volatile products at the longer residence times,

Brookhaven National Taboratory (Appendix (a))

Tﬁe costs of the production of petrol and substitute natural gas were estimnated
assuming 13% yields of benzene and light oil, and a 28% yield of hydrocarbon gases.,
' It was concluded that the economics came close to favouring investment under U.S.A.

conditions.




In addition, an independent amalysis of experimental data (part provided by
Brookhaven) found that the economics of production of substitute natural gas
(with 2TX as a byproduct) vy flash hydrepyrolysis appeared to te superior to other

conversion processes such as #ygas, Zurgi and Fischer-Tropsch.

Oities Service R & D

Rosen et _al patented the hydropyrolysis of coal in disperse phase. Coal was
rapidly heated for a predetermined time by injecting into preheated hydrogen and
the products were rapidly gquenched with cold hydrcgen. Very high yields, up to
L6% tenzene, were claimed (but not proved) using a sut-bituminous coal at 200 tar

and 1063 K.

m

In a2 later publication Pelofsky et al #hen describing work carried out on a 0.28

scale, gave the yield of light oil (which contained 9% bvenzene) as only 1£%,

2y 1977 Cities Service had wuilt and tested thefollowing reactors: 3 1.2 m by 22 mnm

15 free fall type, 2 6 to 2 aty 6 mm ID entrained flow iype and 2 1.2 m long,

vertical, entrzined flow type. A range of coals, oil shale, tar sand and ccal tar

was nydropyrolysed, although few results have been putlished. Most of the tests

were with North Dakota lLignite which was crushed, dried and pulverised in nitrogen

before final drying in vacuum, Solids residence time of C.5 to 4 s with vapour

residence time of 4 to 40 s were obtained in the free-fall reactor, whereas the
entrained £low systems gave solids residence time of 2,08 to 30 s with vapour
residence times of 0.08 to 8.6 s; the 1.2 m upward, entrained flow reactor gave

the shortest residence time. Hydropyrolysis of lignite for 2 s at 973 K and 153 bar

gave 4,79 BTX plus 13% light oil and 12.5% methane; the light oil was said to be

easily and economically hydrocracked to benzene.
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The ccal heating rate was estimated as 5 x 1C Xk s and the hydrogen consumption

was 5% w/w on lignite, Fapid heating of cocal in the presence of high pressure
nydrogen was said to lead to high yields of veolatiles tecause the vaporised tar was
stabilised. The quality of the secondary products could be controlled ty altering
the pyrclysis conditions, low severity pyrolysis yielding alight oil containing
polynuclear aromatics whereas high severity pyrolysis (up to 1300 K) gave little light
oil but mainly benzene,methane and ethane. A sequential reaction mechanism was
provosed to explain the results, coal pyrclysing to tar which reacted with hydrcgen

to give tenzene; gas was preduced at each stage. Cvercracking of the przducts
yeilded zas (methane and ethane) and coke, the latter ty catalytic decomposition of
benzene ty hot char. Caly after the coal had been devclatilised was there significant
reaction between char and hydrogen to form methane, the rate cf hydrogenation then

teing dependent on pressure.

Means of scaling-up the Cities Services process to produce 2TX and typroduct sutstitute
natural gas (SNG) have teen described; lignite could bte dried by distilling a
benzene-water azeotrope from a tenzene-lignite slurry, which would te pumped up to
pressure tefore flashing off the eoxcess benzene. The coal would be fed through
separate injectors into a 36 - tube reactor through which it would te transported
upwards under fast fluidisation in hot hydrogen, part of which would te combusted with
oxygen to raise its temperature further, The exothermic heat of reaction would te
removed from the tubes by a high pressure water boiler around the tubes and molten

metal weculd be used to quench the products and recover useful heat.

An evaluation of the econcmics of SNG production by Cities Service and the Foster
Wheeler Znergy Corporation concluded that flash hydropyrolysis SNG (BETX was a
major byproduct) could cost 80% of lLurgi-produced SNG. The major difference between

plants designed for SNG and BTX production was the higher temperature reactor used

to form SNG and the use of molten metal cooling of the reactor tubes,
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An indezendent study of the eccnomics of the Cities Service process by Cak Ridge
Naticnal Laboratory concluded that the cost of flash hydropyrolysis technology is
comparable with, if not better than, the cost of other coal conversion processes.
Sufficient data for a firm process design were reguirec before a detailed engineering

evaluation of the process could te undertaken to determine where further develorment

was required,

Rockwell Intermaticnal, Rocketdvne Division

Cterg et 3l described the initial trials of a hydropvrolysis reactor tesed on 2
rocket notor injector. Hydrogen was preheated and further heated by partial com=-
bustion with oxygzen before being rapidly aixed with coal and injecteéd into a dis-

perse-phase reactor. The reactor was used at pressures of 35 to 104 bar with a

coal feed rate of 50 g s .

The products were guenched witn water sprays.  Adhesion of the ccal to the walls
of the reactor was reduced by heating them to above 1144 X, Reaction times of
0.C1 to 1 s at temperatures up to 1427 X were employed and tar yields of up to 33%

were deduced by difference from the yields of gas and char.

later reports descrited the scale-up of this technique and the rapid pyrolysis »f

up to 270 g s -1 of caking, bituminous Kentucky coal. Atout one third of the coal
could be converted into liquids by injecting coal into hydrogen preheated in a fired
heater followed by partial combustion with oxygen to 1340 K. Up to 9% BTX was ob-
tained by hydropyrolysis of 70 to 104 bar for 0,08 s at 1255 K. The ETX was
recovered by quenching the reaction with water sprays, removing the char at 811 K,
cooling to 311 K to condense the water and tar and removing the light aromatics on
activated carbon. Hydrogen equivalent to 3% w/w of the coal was calculated to-have
reacted with the coal. Tncreasing the reaction time and temperature increased the

methane yield at the expense of the liquids.
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and Anderson et 3l investizated the catalytic nyircpyrslysi

coal. Zinc chioride (5.5% by weight of coal, was used as the catalysi. A iz~
perse ohase reactor consisting of colled narrow tutes (O to 12 mn I anz neatls:

externally was used. The carrier gas was pressurised hydrogen and, ty using oizh

gas velocities, turbulent flow and rapid heat exchange were acnhieved. Thes catalyst
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coating the coal particles melted and, consequently, a liquid annulus w2
shrough the tube much more slowly (2 to 6 s duration) than the gas (C.£ s). T
£ind thesptimum conditions for high liquid yields, the effects of pressure up s

~

var and of temperature up to 973 K were investigated.

(S




The ©il yield, which included material extracted from the char by toluene,

-

approached a limit of 50% with increasing temperature. The oil contained, typically
20% water, 20% ‘enzene insolubles, 1% asphaltenes and &% light oils. The latter
contained £0% neutrzl oil, 27% bases and 27% tar acids. The zinc chloride which
apreared in the char and oil was difficult to recover. According to the authors

further work was necessary on the recovery and recycling of the catalyst and to

f£ind a method to prevent agglomeration of the char to make the process viable.

The resulits ottained and the technigues used @y the University of Utah were re-
viewed by CJak Ridge Naticnal laboratory with the conclusion that catalyst recovery

nust be solved i the process is to tecome econcmically viable.

Mational Coal 2oard (Appendix 2(a)})

Jiscussion

Most hydropvrolysis studies have been carried cut wilh lowerank coals, The
anount used per experiment varied from 2 single charge of 1(lmg or less (Growcock
and Yackenzie ; Gra<s ot al) to 293 z s in the Rocketdyne réactor. Rapid
neating in hydrogen causes even low=-rank coals to agglomerate, although the effect

is less pronounced with lignite than with bitumincus ccal.  Dilution with inert

material and preoxidation have teen used to reduce this problem,

The ¥Yields of 2il and ETX

3

The yields of oil, BTX and tenzene obtained by hydropyrolysis are summarised in
Table 2, Although oil yields of up to L% w/w on dry ash-free coal have teen
achieved, those of BTX aremuch lower (3-15%) except for one unsubstantiated, and
perhaps rather optimistic, patent claim of L&% by Rosen-gt al.  However, most of
these BTY yields are appreciably greater than the 1% obtained ty conventional cart-

onisation at atmostherisc zresszure in an inert atmosphere,
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Tffect of reactisn Conditions

The important variables affecting the hydrcpyrolysis of a particular coal are (i)
the rate at which the cecal is heated, (ii) ‘he temperature and time histcriss of
toth the coal and the volatiles and (iii) the hydrogen pressure. Although the
main findings on the effects of ithese variables are discussed under the headings
in the rest of this Secticn, it must te remembered that variables are often inter-
related in a set of experimental data; for example in an alteration of vapour
residence time by a change in hydrcgen flow will alsc¢ change the ratio of coal to
hydrogen. Consecuently, the following remarks present an over simplified picture,
Heating Rate

The effect of rapid heating in an inert atmosphere at atmcspheric pressure is well
known, Weight losses can be at least 30% greater than in the 23 method for

vclatiles; mcreover the tar yield can te markedly increased by rapi. heating,

Ll

Most of the vest yields of benzene obtained have teen achieved at very high heating

rates as shown (see Tatle 2). 3quires has shewn, aowever, that <sr 3T formation

no advantage is gzined by increasing the heating rate teyond atout A3C X s ~,

o

Temperature znd Vapcur Residence Time

As might be expected, neglizitle reaction occurs when cocal is hydropyrolysed below
£CCK but, with increasing temperature, both the benzene and oil yields go through

a maxima in the range 1200-110C K. From the point of view of 2TY and o0il formatien,
the residence time of the s0lid appears to be relatively unimportant provided that it
is adequate to allow the release of the volatiles, after which the main reaction

is hydrogenation of the residual char. However, there is some evidence that the

char can catalyse the decomposition of benzene to ccoke,
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n the other hand, the vapour residence time can have 2 marked effect cn the yisld

~

and composition of the =i, Triedman et al found that vapour residence times less

than 3 s resulted in the productiecn of dark, viscous liguids vhereas longer resi-
dence times resulted in light distillable cils, The results of 3quires and co-
workers showed that there is an optimum residence time (devending on temperature)
for maximum BTY yields, which irn their apparatus was 3 s at 973 X, Pelofsky

et al, operating a disperse-phase system, have clained high benzene yields {(13%)

using vapour residence times of up to 1t s,

Pressure

The ffect of hydrogen pressure on the yields cf BTX and oil in hydroryrolysis is
ccmplex., Application of pressure a2lon€ suppresses the release of wolatiles,

while the presence of hydrogen is likely to reduce polymerisation and increase
liguefaction. The overall effect is that gzzs yields and, under certain conditiorns,
2TY and liquid yields all increase with increase in hydrcgen opressure, as has Teen

shown ty Growcock and Mackenzie.,  However, the exact

vy
A

2rm of the relationship tetween
yield and hydrogen pressure is uncertain., Holmes and ccllsagues, who have

attempted to correlate the data of other workers cn hydrogen pressure, found that

0il yields can be either linear or square-rcot functions of the pressure. Tor
example, their correlation of the data of Albright and Davis gave a linear function
while that of the data of Kawa and EZddinger et al revealed square-root functionms.

As the oil yield is also dependent on several oth:r parameters, it is perhaps not

surprising that the pressure relationship may vary from cne apparatus to another,

Mechanism of Hydropyrolysis
Although the main features of the kinetics of coal pyrolysis (Fitzgerald, Chermin

and van Krevelen, Pitt) and also of hydrogasification have been established, it has
not yet been possible to resclve in detail the chemistry of the complex reactions

involved in the formation of BTY and tar.
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Tarly work on the nydrogasification of coal showed that, although the rate was

initially high, it decayed rapidly to a low value, Some workers censidered that

the initally high rate corresponded 1o the hydrogenation of the vol latiles and the

Sower rate to that of fixed caxtoen. Other workers such as Moseley and Faters

O

n
concluded that, at sufficienily high pressures, the hydrogenation of the volatil

and the ‘ixed carbon could not te treated separately. In a mcre detailed mathe-
matical analysis of the kineties of hydragasification of a bituminous coal, Teldman
st 3] postulated that the coal contained three *ypes of carton c¢f different

. 'y

reactivities; the mest reactive was the side chains which were readily split off,

These kinetic studies of nydrogasificaticn, apart from shewing different regicns
of reactivity in the carton matrix, 4o not contrizute %o cur understanding of the
cormation of liguid products by hydropyrolysis. In fact, the later stages of

zasification are zrotably not asscciated with the formation of liquid procducts.

ct
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However, papers ty Anthony and his co-workers on rapid devela
the interaction of hydrogen wiith the coal during +<he initial stages ot pyrolysis,
They used an apparatus similar to that of Squires but with an electrically heated
wire mesh, wherety a thin layer of coal was extremely rapidly heated. After
naintenance of the coal at a definite temperature for a specified time, it was
rapidly cooled and, from the weight of the residual char, the extent of devolatilisa-
tion was determined. The composition of the velatiles was not investigated,

They ©ound that, £ar extremely high neating rates (750 to 10,3CC X s _1) and a

temperature of 1173 K, most of the volatile loss occurred during the first second
and was thelsame whether the atmosphere was hydrogen of helium. Thus, under these
conditions, the hydrogen had little effect on the initial rapid devolatilisation
of the coal, After this ihitial stage, however, devolatilisation continued in a

hydrogen atmosphere but not in helium, Moreover, the effect of pressure on the ex-

tent of devolatilisation depended on the atmosphere.
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In heliunm, the sxtent of devolatilisation decreased with increasing pressure,
whereas in hydrogen it increased with pressure after passing throusgh an initial

ainimum,

Anthony and his co-workers, on the tasis of their experimental results, developed

a theory of the kineties of primary devolatilisation of the coal in an inert

ct

atmosphere. Their theoretical treatment, which was similar to that of Pitt,

postulated a set of independent firste-order parallel reactions covering a range of

i

activation energies, As Titzgerald and, independently, Chermin and van Xrevelen had
proposed earlier, they postulated that the primary pyrolysis products formed
initially within the ccal particles consisted of two types. These were (1) un-
reactive products which escaped readily into the surrounding atmosphere and (1i)
reactive products, including free radicals, which could either polymerise within

the coal particle to form coks, or crack on the hot intermal surfaces therety de-
positing solid within the particle and releasing volatiles into the atmosphere,
Consequently, factors such as a high heating rate and saall particle size would reduce
the residence time of the reactive decomposition products within the coal particle
and enhance the yield of volatile products, Conversely, in an inert atmosphere,
high pressure, by delaying the escape of the reactive molscules from the particles,
would lead to cracking to coke and reduce the volatile yield. According to their
view, hydrogen, by reacting with the reactive decomposition products within the ccal
would inhibit polymerisation and so increase the volatile yield. The extent to
which this occurred would increase with hydrcgen pressure. It should pe stressed
that their “heory only applies to the initial devolatilisation, i.e, to short re-
sidence times of the coal., For longer residence times, the residual carbon will
be partly gasified and, although the extent will increase with pressure, the type

of reaction involved will bte different.
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Iowever, Greene suggested that the =apid, initial release of volatiles from within
coal particles undergoing flash hydropyrolysis reduces ingress of hydrogen, Thus
hydrogen is not available for reaction with volatiles until they have entered the
bulk, gaseous phase, where the larger, volatile organic molecules crack to free
radicals which are statilised ty the hydrogen and cannct polymerise to tar and ccke,
Cracking is progressive and sequential via the most stable molecules such as poly-
nuclear aromatics, substituted benzenes, btenzene and ethane to methane. Cnly after
the main devolatilisation processes have occurred is there hydrogen counter

diffusicn into the porsus char structure to give increased reacticn tetween hydrogen

and carton: higher hydrogen pressures strongly influence this counter diffusion.

Anthony and his co-workers investigated the effect of temperature on the devolatilisa-
tion of coal heated in various atmospheres for short residence times { § to 20 s).
The extent of devolatilisation, as measured bty the weight loss, increased with in-
creasing temperature and, atove 377 ¥, was greater in nvdrogen than in helium,  They

uaded that this effect could not be =xplained in terms of Zinetics {i,e, that the

(9]
O
3
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7313 and hydrogenation reacticns had markedly 3ifferent activaticn enerziss),
™% rzther that the tropertizn of vsolatile productzs from the hydrogenation reactions

greatly exceeded that from pyrolysis.

Althcugh these detailed investigations provided some insizht into the way hydrogen
affects the devolatilisation of coal during the initial stages of hydrspyrolysis,
they were not concermed with the proportion and composition of liquid products
obtained, These must to some extent be Zlependent cn the hydrocracking of the
velatile products, including polynuclear aromatics, after'they have escaped from the
coal. According to Kerosi, Woetcke and Virk, polynuclear aromatic compounds present
in o0ils produced from coal must be hydrogenated to their fully alicyclic analogues

in order to provide desirable pyrolysis products,
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The extent o hydrccracking will depend on the temperature and residence time cf the
Y 23 T T
vapour, parameters which Squires has found markedly influence 2TY formation. The

combination of temperature and vapour residence time should te such as to tromote

the maximum hydrscracking to 3TX and avoid any subsequent hydrccracking to carten.

Apart from the possible formation of BTX by hydrocracking of the volatile products,
there are iwo other possible mechanisms of formation. The first is by synthesis
from smaller Molecules or radicals. The other possibility is that single benzenes
rings chemically beund to the ccal matrix are split off by zyrolysis as renzerne

-

radicals and are immediately converted to tenzene by the addition of hyirogen. It

is probatle that all three types of reaction comtribute to the formation of ETZ.

studies show that the evolution of volatiles from high-volatile 2ritish coals and
their cracking to tenzene during hydrcpyrolysis are sequential reactions. This

was confirmed using a two-stage reactor in which the coal was heated at 2 centrolled
rate (5K s -1) and the volatiles cracked in 2 separite zone at constant temperature.
Yydropyrolysis of model compounds showed tha® tenzene was 2 major preoduct for

the cracking of polynuclear aromatics under hydrogen pressure.
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FLASH HYDROPYRCLYSIS OF COAL
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COAL PROCESSING TECHNOLOGY:

T

Flash Hydropyrolysis of Coal

Experimeatal results indicate that the principal liguié vields are
benzene and aromatic oil; gaseous yields.are methane ard ethane.

M. Steinberg and P. Failon
Brookhaven National Laboratory, Upton, N.Y.

Failowing early work in the 19608 on the rapid gas-phase

nycrogenation of coal for the synthesis of liquid hydrocar-

Tr2 complete manuscript of &3 pares may be obtained for 3i0.00
‘U3, prepaid oniy) by writing AICRE Publications Dept., M3 E.
ST S, New York, NV 10017. Farergn add 35.00, prepaid only.
Recuest MS Na., 2257 15, Ref No. 7: A

bons, preliminary bench-scale expcriments in 1 19-mm
diameter x 2.4-m long downtlow reactor was undertaken at
Brookhaven Nationaj Laboratery in 1874, (1) When hydro-
genating lignite 4t temperaiures and pressures up to 700°C
and 1,500 psi (10,343 kPa), the results indicated significane
yields of liquid:, especially benzenre, and zaseous hydrocar-
bons, particutarly methane and ethane. The liquid yields
increased for reaction residence times less than 30 seconds.
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Preliminary process design and economic evaluation of a
flash hydropyrolvais process (2) indicated a reasonable
return on capual investment, especially for chemical feed-
stocx production. This gave encouragement o the further
investigation and devejopment of a (lash hydropyrolysis
process (FHP) that featured a one step, non-catalvtic,
rapid, deep hydrogenation system for coversion of coal to
synthetic liquids and gaseous fuels. [n late 1976, a larger,
versatile, and highly instrumented, sntrained downiflow
:ubu)lar reactor was constructed and placed into operation.
3,4

During this period, several university research laborato-
ries have contributed to an understanding of the rapid coal
hydrogenation reaction, notably, R. Graif et al. (3) at City
University of New York, and J. B. Howard et al. (6) at MIT.
In addition, three federally-supported industrial programs
have heen undertaken at Cities Service Research and
Development Co. on a shoet residence time (CS-SRT)
hydrugenation procesd, (7) at the Institute of Gas Technol-
ogy on g high-speed riser cracking process using a coil
reactor (8) and at Rocketdyne Corp. on a rocket type
resctor system. (S) Other private industrial o1l and chemical

companies also appear to be actively interested in the FHP
system.

Experimental apparatus

The 25.4 mm dis tubular reactor, 2.4-m long, equipped
with four sectional clam-shell eiectric heaters, tollowed by
1.2 m of cooling secuion, is constructed of Inconel 617, a high
Cr-Nialloy. A 1.3-kg capacity, pressurized, coal feed hopper
mounted on top of the reactor tube can rfeed coal up to 2

Ib/hr (908 g/h) downilow to the reactor. Hydrogen can be
supplied up to 3 ibshr (2.27 kg/h) and prenezted 0 2
maximum of 1900°C in a 6.4-mm aiameter, 2iectrical resis-
tance-neated, hairpin tube. Reactor tude maximum operit-
ing conditions are 4,000 psi 1275 MPaj and 300°C, or 2,500
psi (17.24 MPa) and 900°C. An on-line process gas chroma-
tograph can analyze L0 chemicai components every eignt
minutes with sampile taps every two feet along tne length ot
the reactor and in the traps and vent lines. A char trap
maintained at 300°C separates out the cnar and avoids
condensation of liquid hydrocarpons. This is foilowed by a
water-cooled trap that separates the oius (=Cy), and a4
low-temperature trap : —+0°C) for separating the condeusa-
ble BTX {=C,). The remaining gases are vented up a siack.
A schemartic of the apparatus is shown in Figure L.

The general trend of yields for the FHP couversion of
cnal (lignite) to products cotlected at the exit of che tudbwiar
reactor ar» shown for the light tiquid product, BTN (=,
mainly benzene), in Figure 2, and the main zaseous ayazo-
carbon products methane and echane :n Figure 3. [t
appears that the yleld (in terms of fracion of carcon
converted) of liquid ramains at a relauvely low ievel 3t any
given pressure until temperatures on the vrdet ot 830°C are
reached. The BTX yield tends to rise and reacti a maximum
in the order or 10" at temperatures ranging rom 725707 o
800°C after which the vield declines. Thus. 2 dvnamic
equilibrium appears to be established fetwezn the {vrma-
tion and the decornposition of the guid tvdrocarnons
the casc of the gaseuus hvdracarpons, the vield Jppe-rs o
continually rise hutn as o tunction of presiure and temus-a.
ture reachiny values as hizh as 30 to wu'. . Howiver, (ne<e
are aot maximum yieids because they have been mersisey



at the reactor exit, which is across the entire length of the
reaclor for coal residence iimes ranging from about 9 to 12

seconds. The yields have heen found to vary along the

length of the reactor going through a maximum in a number
of cases.

Concerning the flash hydropyrolysis operation, it is
calculated that the average coal particle heat-up from
ambient feed temperature 10 reac,or temperature is
approximately 30,000 °C/sec when mixed at the entrance to
the reactoc with 750°C preheated hydrogen. The average
cool-down or quench rate of the reaction mixture from the
heated reaction zone, through the air-cooled quench zone,
to the 300°C char trap is approximately 200°C/sec. The
initial cool-down rate at the exit of the reaction zone may be
higher, however. Maximum yields were determined from
the highest measured vaiue along the length of the reactor
using the samgle taps. One example of the product yieid as
a function of coal particie residence times is given in Figure
4 at 2,500 psi (17.24 N{Pa) and 775°C.

In the temperaiure range of 730° to 800°C and pressure
range of 2,000 to 2.500 psi (13.79 to 17.24 MPa), the
maximum yield for BT peaks out at residences times in the
reactor varying from 2 to 7 seconds with the shorter
residence times at the higher temperatures.

Because of the higher boiling range of the heavier oils

&N
(9]

(=C,j these are determined uniy by coilection at the end of
the reactor. As shown n Figure 5 for North Dakota lignite
at temperatures in the range of 723° to 730°C ana 2,060 2
113.72 MP2), the maximum eld of the heavier Liquid
hydrocarhens (2C,), is approximately equal o that of the
BTX yield. Above 7530°C, however, the 2C,'s decrease much
more rapidly with increasing temperature than the BTX.
Since one of the probabie pruducts of decompasition ot
hydrocracking of the heavier Liquids is BTX, there agpears
to be a relationship between the measured vieids of these
two liquid products. At even higher temperatures,
{>775°C) the neavier liquids (2Cy's) decrease rapidly due
primarily w hydrogenation and rapid formation of zaseous
hydrocarbons.

As reactor t2mperatufes increase to above 375°C, the
principal product remaining s methane with smaller
amounts of ethane. The maximum zaseous hvdrocardon
yield occurs between 2.4 and 7 seconas coal pariicie sesi-
dence time over a range Of pressures, as iven in Figure 5.
The almost linear nature of the curves shows a vieid
increase of from 2.3 :0 3.3 per 100 lb/sq in \689.5 <Pa, of
total system pressure. This pressure etlect :s thermodynam-
ically in agreement with that predicted ror the hydrogen-
carbon reaction producing CH, and C.H..

Since the feed ratio of hydtogen to coal is usuaily in the
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able 1. Flash hydropyrolysis of
North Dakota lignite.

1d mazimum jas yield runs)

ey

Max. Max.
Liquid Gas
Run Run

Reactor Temperature, °C ... ..... . T15 . 875

Reactor Pressure, lb/sq in gauge .. . 2,000 . 2,500
H, Feed Rate, Ib/hr ........... .... 082 . 088
Coal Feed Rate, Ib/hr....... e 098 . 0.95

Residence Time,sec............... 11 . 4.7

Product Yields (% Carbon)

CO........ AR X SR ¢
CH, ..ot cieeereen..... 309 . 880
CiHgo oot e eeeeeeaeea .103 . 05
Total HCGas ........ cere.ae..s 4123 0 8835
BTX......... s ceeeeees ... 102 . 07
2Cqivnnnnnnn B S X
Total Liquid .. .. ... cereen-e.... 199 0 07
Total .................... c.o... 645 . 905

Heat of Reaction, kcal/gmcoal...... =0.70 . —1.3
Hydrogea Consumption, lb/lbcoal .. 0.077. 0.20
Effective Carbon Conversion, % .... 588 . 624
Effective Energy Efficiency, % ..... 759 .100.0

Metric conversions:

1 ibdaq in gauge = 8.895 kPa
1ibvhr = 454 g/h

| keal/gm = 4187 kd/g

order of | kg of hydrogen to 1 kg of coal, the product
concentration in the process gas stream are far below thec-
modynamic equiiibrium values. Due to .his dilute phase,
the:methane gas usually is beiow 5 mol % concentration in
the equipment wiule the equilibrium concentra».on 15 345
at 700°C and 4,000 psig (27.6 MPa jauge), and 225 at
900°C and 500 ps:g (3.45 ViPa gauge). By decreasing the
hydrogen-to-coal feed ratio in the reactor to 0.2 at 2,500
psig (17.24 MPa gauge) and 875°C, a meihane concentra-
tion as high as 33% was cbserved. The thermodynamic
equilibrium concentration under these conditions is 61%;
thus, the mechane reached 54% of the equilibrium value.

Two maximum yield runs are shown in Table 1. One run
listed is che highest liquid yield run (19.9% liquid and
€4.5% total conversion) and the other i (s the highest gaseous
yieid run (88.5Y; gaseous HC and 90.5% total conversion).

The nitrogen and sulfur amrmuuon and balances were
measured The lignite i3 a relatively low sulfur content coal
(0.3% 3). With FHP the major portion, 48 to 77% of initial
S remains in the char. The ol is found to contain <0.1% S.
For the nirogen (initial N content is 0.9%), less than half
remains in the char and the oil contains <0.2% N.

Mixing recycled char with the lignite feed and addition of

iron oxide to the lignite improved the yield of BTX and
ethane.

Reactor model

A three-step reaction model has been deveioped in an
attempt to obtain generalized expressions for the nydrocar-
bon component vieids as a function of pressure, tempera-
ture, and residence time. (/0) The experimental data have
been fitted to Arrienius-rype rate equations taking into
account formation and decomposition of maor products.
Activation energies indicate mainly a chemical reaction
controiled mechanism. The use of these rate equations in

conjunction with heat balance expressions are apnlied to
the design of a hvdropyrolvsis reactivn vessel. Additional
experimental, design, and analysis work is needed to ohtain
a much more cetailed understanding of the reactor enyi-
neering.

Process design and preliminary economic astimates were
made for three versions of the FHP process system t/0): 1)
producing only liquid products for motor gasoline {ue!l; 2)
producing toth liquid and gaseous hydrocarben products
for motor gasoline and pipeiine gas; and 3) produc:ing oniv
gaseous products tor pipeline gas. For comparaole overail
values of coal conversions {62™), the minimum oroduction
cost 18 obtained for the combined production of motor
gasoline and pipeline gas.

The largest tactor (~35%) in the capital cost of the FHP
plant is the equipment needed for recycling and condition-
ing the hydrogen process gas. The Fi{P process has the
advantage of allowing ‘erfective gas-sciid and gas-liquid
separation operations {0z producing nvdrocaroch proauc:s
from the unconverted char, oiis, ana process 3as. [n addi-
tion, the FHP system has the distinct advanraye of versact-
ity angd process flexiility. The preduct siate and the gro-
duction rate of gaseous and liquid hydrocarnoen fuel nroc-
ucts can be aitered in the same reacior, cependicg on
reactor operating conditions. 2

Literature cited

L. Steinberg, M., and P. Failon, “Caai Liquefaction by Raoié Cas Phaze
Hydrogensuon.” BNL 19307, Srooxhaven Nauonai Laboraccey. ' aton.
N.Y. (November, 1974): ana ACS {63th V“mnu Mieetng, Phuadcizaia,
Pa., Petroleura Chemistry Division 20, Vo . 39. 342-32" Aond. 19734,

2 Steinberg, M., T. V. Saeenan. and Q. £ Lee‘ “Flash Hvaewpyraivs

Procass for Conversion of Lignite 3nad Gaseous Proquets,” 3NL 209135

Brookhaven Nationai Laboratory, Jown. 5.7 Cetooer. i573): 3n¢ ACS

170th Nawonai Meeung, New York, N.Y., [ad. ana Eay. Chem. Divisioa

(Apeil 43, 1976). Aiso puulisned .o Synchetic Fueis Procesaing,” A H

Pelofaky, ecitor, Marcei Deskar, nc, Naw Yocx, N.7.. pp. 162-32

(877

Failon, P, and M. 3teinderg., “Tash Hydroovroivas of Joai—The

Design, Construction, Operastion and {nutias Resuits of a Flasn HMvaroos-

rolysis Expenimental Unie,” SNL 0633 January, 1377), oresented st

173ed ACS Nauonai Mecuing, New Jrteans. La. « Maren 10-125. .977)

4 Sleinoerg. M., and P. Failon. "Flasn Hvdroovenivais o Coar.” Suarterty

Repores, Nos. L 12 3, 3NL 30677, 20707, 30773, 30821, Wels iJanuary

1977 20 Marcn 1973).

Dobaer, 3.. R A. Graff. and A. M. Squires. run 35. 114 (1978).

Anthony, D. 8. and J. 8. Howard. <:Ch£ J., 12.4251975).

Greene, M. [, C. J. Lageifa, and 3. .. Bivacca, "Benzene-Zinylene-3NC

from Coal via Short Residence Hydruovroiysis,” Clties Service Resear:n

and Deveiopment Ca.. Czanbury, New Jersey ( March, (373), presented

st 175th Nsional AICHE Meeuny, Ansheun. Caiif. (Maren 12-17,

1978).

8. Duncan. D. A, J. L. Beeson. and R. D. Oberie. “Research and Deveing-
nent of Repid Hydrogenaticn for Toai Conversion o0 Syntheuc Moo
Fueis (Riser Cracking ot Coat).” FE-2207-34 (August. 1973), (nsticute of
Gas Technology, Chicago, [L., Annuai Report ior Apail &, 1977 to Niaren
11, 1978,

3. Oberg. C. L..L. P. Combs, and J. Siiverman, *Coai Canverston by Flasn
Hydropyroiysis and Hvdrogasdicacon.” Proc. 5t :ne (Jth intersociecv
Energy Conversion Zagineerig Conlerence. 3an Oiego, Calif., 1, pp.
402-3 (August 20-25, 1973).

10. Steinberg, M., P Failon, V. D. Dang, 3. Shatt, €. Ziegier. and Q. Lee.
BNL 25232, Resaction. "Process and Cosi Enziteering lor the Flisd
Hydrupyrolysis of Coal,” BNL 25232, Brookhaven Nationa Laborazocy,
Uptoa, N.Y. (November, i978). - -

(4]

bl R o




45
APPENDIX 2 (a)
THE HYDRO-PYROLYSIS OF COAL TO 3TX

M.J. FINN, G. FINES, #.R. LADFER, J.O. NEWMAN - NATIONAL COAL BOARD

ABSTRACT . . 5 :
pyrclysis of British coals has been studied at hydrcgen pressures of SO

co 150 har in single- and rwo-stage, tube reactors at hesting rates of un to

0 K s”}. In che single stage reactor, hydrcpvrolysis of a high-volatile coal
gave up to 4.35% single-ring aromatics; the results suggestad that the evolutiom
of volatiles and their cracking to benzene were sedquential reactions. This was
coufirmed using a two-stage reactor in wnich the coal was heated at a comtrolled
rate and the volatiles cracked in a separate zome at constant temperature.
Yields of up to 127 benzene were obtained from a high volatile coal in aydrogen
(similar to the yields obtained by various workers from American coals by flash.
pyrolysis) without very rapid heating of the coal. Hydropyrolysis of model
ccmpounds showed chat benzene was a major product of the cracking of polynuclear
aromarics under hydrogen pressure.

1. INTRODUCTICN

The carbcnisation of coal under hydrogen pressure is known as 'hydro-
pyrolysis’'., A review of putlished workl showed that flash hydropyrolysis cf
coal, which involves heating rates of hundreds of X s, can give appreciable
yields of light aromatic hydrocarbons such as benzeme, toluene and xvlanes
(BTX). The present paper is concerned with studias of beti sipgle-stage and
two-stage hydropyrolysis of coals aimed at producing single-ring arsmacics,
especially benzene, from coal. In the single-stage reactar che carbeuisation
and cracking zones are heated by the same source, while in the Two-stage reaczor
there is independeat control of the carbomisaticn and crackiczg zomes.

2. MATERIALS
2.1. Coals

The analyses of the coals used for hydropyralvsis aze given ia Table 1.
The ccals were ground, sized +251 -sooA;m and dried at 373 X in vacuum.

2.2. Model Compounds

Hydropyrolysis experiments were also carried out on six aromatic
hydrocarbons: benzeme, tolueme, p-xylene, naphthalene, anthracece and
phenacthrese. Where possible, 'ANALAR' grade chemicals were used without fu
purification. As the hydropyrolysis reactor was only suitable for solids, lg of
compound was either absorbed on or mixed with 9g of active carbom (NC3
Anthrasorb).

3. SINGLZ~5TAGE SYORCPYROLYSIS

3.1. Efgerimencal

The design of the reactor is based on that used by Hiteshue and co-
workers at the USBMZ, A 1820 mm long x 8 mm ID stainless steel, pressure tube
in which ahout 1Cg of ccal were secured between degreased wire wool plugs was
heated by passing a large currant (up to 1600A) through its wall. The hearing
Tate was controlled by switching tappings on a cransformer. The pyrolysis
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vapours were swept out of the reaction zoue by pressurised hydrogen at up to

150 bar, some of the liquid procucts collecting in the ice-cooled trap. The
remaining liguid products and gases were reduced T atmospheric pressure throuzh
a needle valve, which was also used to control the fiow rate, before being
collected for analysis. The products in the trap were weighed and then washed
from the trap and adjoinlng tubing with chloroform. The residual char ia the

reactor was weighed and analysed.

3.2. Product Analysis : »

Both gaseous and liquid products were analysed by chromatography. The
nydrocarbon zases were measured on an alumina columm with a flame ionisation
detector, and the permanent gases om a molecular sieve 5A columm with a
katharcmeter deteczor. The liquids were measured using a silicome SCOT cclumm
with a flame ionisation detscctor. Water was estimacad by ticration with Rarl
Fisher reagent. Proximare and ultimate analyses were carried out an selectad
char samples.

3.3. Results

The effect of variations in the final heat-treatment tamperature and
in the vapour residence time om the yields of single-ring aromatics Iormed by
hydropyrolysis of high=volatile Linby coal was invescigated using heatiag rates
in the range 7 to 30 K s, a pressure of 150 bar and zero solids residence
time at maximmm temperature.

3.3.1 The effect of final hear-trearment temperature

The effect of the final carbonisation temperature ou the yialds of
benzene, toluene and xylenes (3TX) and phencl, cresols and xylenols (PCX) is
shown in Figure 1, where it can be seen that for a vapour residence time of
approximately 10 s the yields of both BTX and ?CX passed tirough a2 maximum at
a temperature of about 10C0 X. The maximum yiz2ld of single-ring arcmatics was
approximacaly 4.55, being compnsed of about equivalent amounts of 3TX and
phenolics. .

3.3.2 The effect of vapour residence time

The effect of vapour residecce on the yields of BTX and PCX at heating
rates of 10, 20 and 30 K s~! to a final heat-treatment temrerarure of 10CC X
is shown in Figures 2a and b. The yield of 3TX increased stezadily over the
range of residence times investigated and was little affectad by the heating
rate. In comtrast, the yield of PCX passed through a maximum at a residence
time of 3 s and was markedly affected by the heating rate, at the two higher
heating rates the PCX being almost completely destroyed after 3 s.
Dehydroxylation of the PCX to BTX at thé longer residence tizes omnly parcl
explains the fate of the PCX since the decrease in PCX is comsiderakly
greater than the increase ia 3TX. ’

4. TWO-STAGE HYDROPYROLYSIS

4.1 " Modification to Aoparatus

The modification to the hydropyrolysis apparatus to enable the
carbonisation and cracking zones to be separated is snown in Figure 3. The
upper porticn of the stainless scteel tube reactor, which served as che cracking
zone, was thermostatically controlled at temperatures up to 1273 K using two
muffle furnaces; the lower portion which contained the coal was electrically
heated as previously.




4.2 Experimental

The samples (coals, coking coals plus ccke and model compounds on sctive
carbon) to be pyrolysed were placed, as before, in the lower section of the tube.
The flow of hydrogen through the reactor was established to give the requirad
vapour residence time witn the upper section maintaiaed at the cracking
temperatura. Current was then passed through the lower secticn to heat it and
the sample to the carbonisation temperature. The products were collected and
analysed in the same way as with the single-stage reactor.

4.3. Results
. ’
4.3.1 Effect of carbonisation time, temperature and heating rate

The effect of varying the carbonisation cixze 1s shown in Figure 4. The
methane increzases aonotonically with time and the benzene yield reaches a limit
of about 11I w/w on d.a.f. coal ar 9 minutraes. Thus, co achisve optizum tenzene
yield with minimum methane formatiom, the residence time of the coal shculd Ge
controlled.

Varying the final carbonisation tamperaturs from 848 £3 973 X (ac a
carbounisation time of 9 minutes) while cracking the products at 1123 X gave tie
resulcs plotzed in Figure 5. Methane increases monotonically wizh iLacrease
in final carbomisation temperature whnereas ethane and benzene jass through
broad maxima at about 923 K, the benzene yield peaking at 127 w/w om d.a.f. coal
(13.42 C on C). The lower benzeme yield at 973 K suggests that, at this
temperature, some of the benzene is destroyed durinmg che carbcmisation scage.
The volactile matter councent of the char decreasad Irom abour 18X at a
carbonisation temperature of 750 K co 5.5% at 923 X.

The results of tests on the effect of heating rate show thaz, at a
carbonisaticy cemperature of 750 X, increasing the heating rats of che coal Itom

1 to 25 K s™* has no significant effect on benzene yields, although the methane
and ethane yields are reduced by the higher heating rate.

4.3.2 Effect of cracking temperature and residence time

- The yields of gases and liquids were determined afrer cracking at
temperacures from 773 to 1223 X using the relatively low carbcnisation temperature
of 750 K and a carbomisation time of 15 minutes.

The yields of methane, ethane, benzene and tar are given in Tigure 6.
Above 900 K, increasingly severe cracking of the carbonisation vapours gives
continuously increasing yields of methane, whereas the ethane and benzene pass
through broad maxima. The yield of tar decreases with iancreasing temperacture,
suggesting that tar vapours are the precursors of much of the ethane and benzene,
themselves being hydrogenated to methane under more extreme conditionms.

The effect of varying the hydrogen flow rate and hence the gaseous
residence time was also investigated. The carbonisation tewmperacture was 873 K
and the pressure was 150 bar. The results are summarised in Figure 7 and show
that, as the hydrogen flow was increaced, tha yields of =achane sad
benzene increased and the benzene passed through a broad maximum. At the lower
hydrogen rates, the volatiies were overcracked to give high zethane jle‘qf '
lowest hydrogen rate of 0.85g min -1 (equivalent 2o a flow of 0.01 m ain © at
room temperature and pressure) gave a gaseous residence time of abcut 7 s in the
cracking zome at 150 bar and 1123 K.

———— [P




4.3.3 Effect of pressure

Tests at 50, 100 and 1350 bar in which the vapour residence time was
maintained constant by using a constant lirear hydrogen velocity gave the results
shown in Figure 8. Methane and ethane yields increased linearly with pressure
but the benzene yield increased less than proporticnally to pressure.

4.3.4 Effect of coal-rank

The results on the effect of coal-rank are summarised as yields versus
carbon content of c¢oal in Figure 9 and suggest that the maximum ethane and
benzene yields are obtained from the CRC 800 coals. Anthradite, as expected,
gave less volatile hydrocarbons, and the coking coals taended to cake in the
carboniser and would therefore be difficult to process comctinuocusly. The high
volatile brown coal contained 24.87 oxygen and the oxygen appeared mainly as
water rather than carbon oxides. The Lady Victoria coal gave comparatively low
benzene and high methane yields, probably veflecting the high aliphatic content
of this coal.

$.3.5 Model compounds

Table 2 gives the results of the hydropyrolysis of the arcmacic
compounds listed in Sectiom 2.2.; only the aromatic products are listed. The
cracking temperature was varied from 823 to 1173 R at a constant vapour residence
time of about 5 s. As might be expected, the extent of decomposition increased
with increasing temperature, and the percentage remaining undecomposed at 973 K
was taken as a measure of thermal stabilicy. The stabilicy sequence ia order
of decreasing stability was as follows: benzene = naphthalene > pnenanthrane
toluene > p-xylene >. anthracene. It should however be stressaed that che order
depends on the temperature. Thus, at 1073 K toluene and p-xylene are less
stable than anthracene.

The yield of benzene at three temperatures (573, 1073, 1173 X) from the
model compounds is shown as a bar chart im Figura 10. Benzene survives both
as a feedstock and as a product of the cracking of toluene, p-xylene and
polynuclear hydrocarboms. It is interesting that naphthalene, anthracene and
phenanthrene give benzene as a major product at the two higher cracking
temperatuyres.

5. DISCUSSION

In line with the various groups of American workers?™3 yho have studied
hydropyrolysis, the carbonisation of coal under hydrogen pressure has been shown
to give much higher yields of light aromatics, in particular begzene, than are
obtained by conventional carbomisation, i.e. ar atmospheric pressure in am inerc
atmosphere.

The results of the experiments carried out in_a single-stage reactor similar
to that used by Hitashue, Anderson and Schlesinger2 are in gocd agreement with
their published da:a1 With this apparatus which employs relatively slow heating
rates (up to 30 K s *) a maximum yield of 4.57 single-ring aromacics can te
expected from a low-rank coal.

In these single-stage reactors the temperature cycle of the reactor
together with the hydrogen flow rate through it determine the conditions for both
the pyrolysis of coal and the hydrocracking of the volatiles oroduced Thus,
it is impossible to optimise simultaneously boch the carbonising and cracking
conditions. However, in che two-stage hydropyrolysis teactor, the carbonisation
and cracking processes have to a large extent been separated and it is therefore
possible to oprtimise separately the conditions for each,




The present work with the zwo-stage razactor shows that vyialds of over 10%
benzene can be obtained from a Efv—rank coal withcut the need for heating at
very aigh rates (up to 1000 X s *) Frcm the point of view of the desizn of a
hydropyrolysis plant, a process employing a moderate heating rats should be
preferable since it is likely to be difficult to achieve very fast heating cm an
industrial scale. '

5. CONCLUSIONS
The present study has:

(1) confirmed that hydropyrolysis of coal produces-appreciable yields of
single-ring aromatics, especially benzene, and has shown that a
benzene yield in excess of 107 can be obtained wizhout neating the
coal very rapidly;

(ii) shown that che benzene yield depends om the temperature of the
cracking zome and the residence times of the vcolariles ia this zome;

(iii) demonstrated the potential of a two-stage reactor whersby che
pyrolysis and cracking stages can be independently controllad, and
which should make it simpler to optimise the yields of desired
products.
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‘ FIGUHE 9. THE EFFECT OF COAL RANK ON HYDROPYROLYSIS YIELDS

E COHDITIONS ™ HEATING RATE 5Ks™, FINAL CARBONISATION TEMPERATURE
873K, CARBONISATION TIME ISinin, CRACKING TEMPERATURE 123K,
! HYOROGEN 1-44gmin-t PRESSURE 150 BAR, 10g FEEDSTOCK, 8mm ID

CARBONISER AND CRACKER.
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CONDITIONS: HEATING RATE 5Ks~l, CARBONISATION TEMPERATURE 873K,

CODITIONS: HEATING RATE 5Ks-J FINAL CARBONISATION TEMPERATURE (qnouspTiON TIME ISmin, CRACKING TEMPERATURE 123K, 109 OF

873K, CARBONISATION TIME 15min, CRACKING TEMPERATURE 023K,
PRESSURE 1SOBAR, 10g COF 251 TO SO0 LINBY COAL, 8mm 1D

CARBONISER AHD CRACKER.

' 251 10 500pm LINBY COAL, Bmm iD CARBOHISER AND CRACKER.
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CONDITIONS: |

HYDROPYROLYSIS _YIELDS
IEATING RATE §Ks-!, CARBOMISATION TIME 9min,

CRACKING TEMPERATURE 123K ,HYDROGEN 1-44q mln‘l,PRESSURE

IS0 8AR, 10g

unpY COAL 8mm 10 CARBONISER AND CRACKER.
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FIGURE 6. THE EFFECT OF CRACKING TEMPERATURE ON
" MYDROPYROLYSIS YIELDS

CONDITIONS s HEATING

AATE 1Ks-1, FIHAL CARBONISATION

TEMPERATURE 750K, CARFONISATION TIME 1Smin, HYDROGEN
RATE 0-85g min-}, PRESSURE I00BAR, 10g OF 251 TO 500ym

LBY COAL, Bmm 1D C

ARBONISER  AND CRACKER.




[ —
I

1830mm

- 200mMm———— 850 mm —

600mm___1 (

f—— 1C

—~VAPOUR
CRACKXING
SPAC £

| S rc> ELECTRICAL

MUFFLE

TC = THERMOCOQUPLE

r——

_——PLUG

1 __STAINLESS  STEEL

—

LOW VOLTAGE TRANSFORMER

e

FIGURE 3. DETAILS OF CRE TWO-STAGE REACTOR WITH

TEMPERATURE CONTAOL OF VAPOUR SPACE .

30
FETHANE

§ v
3 20F
Z
3
o
o BENZENE
@ o}
=

| ETHANE

'ruae REACHES 873 K
0 10 20

CARBONISATION TIME ,MINS
FIGURE 4 THE EFFECT OF CARBONISATION TIME ON HYDROPYROLYSIS

CONDITIONS: HEATING RATE 5Ks-1, CARBONISATION TEMPERATURE
873K, CRACKING TEMPERATURE 1123K, HYDROGEN [|-44g min-i,
PRESSURE 150 BAR, 10g LINBY COAL 251 TO 500um, 8mm 0
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FIGURE . EFFECT OF FINAL TEMPERATURE ON YIELD OF PRODUCTS

HEATING RATE TKs-, PRESSURE 150 BAR, SOLIDS RESIDENCE TIME
0s. VAPOUR RESIDENCE TIME ils, 10g OF 251 TO S00um LINBY
COAL, 8mm ID SINGLE —STAGE AEACTOR.
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Table 2:

Yields of Arcmactics from Two-staze Hydroovrolvsis

of Arcmaclcs

Cracking Calc. ~Yield % w/w on Zeed
Feedszock | Tempera= vapoux
ture, resi- | Ben- | Tol- | Xylenes | Yaphth~!Anthra=-i{Phenan-
dence | zene uene alene cene threne
.4 time, d
973 5.2 92
1023 4.9 | 101
Benzene 1073 - 95
1123 4.4 71
1173 4.3 13
823 6.1 20 66
873 S.7 21 42
373 5.2 39 32
Toluene 1023 4.9 54 1
1073 4.6 73 0
1123 4.4 81 0
1173 4.3 18 Q
773 6.5 4 21 97
873 5.7 4 6 76
p-<ylene 973 5.2 14 23 21
1023 4.9 .56 7 8
1073 4.6 67 0 0
773 8.5 l 0.2 0 99
973 S$.2 4 0.8 0 33
Naphtha= | 1023 4.9 5 2 0 80
lene 1073 4.6 24 1 0 52
1123 4,4 41 0.4 o 8
1173 4.3 23 Q.3 0 Q0.2
773 6.5 Q.5 Q.4 Q 3 16
873 5.5 0.5 0.4 Q 2 R
Anthra- 973 5.2 2 0.7 0 8 9
cene 1073 4.6 15 0.4 0 20 7
1173 4.3 16 0.1 0 Q.6 2
773 8.5 0.4 0 0 Q Q 37
373 S.7 0.5 Q 0 0 0 36
Poeaan | 973 5.2 | 03] o 0 0.9 o W2
w73 4.6 & Q.1 0 2 0 L8
1173 4,3 21 0 Q 0.1 0 0.7 |
Condicion: 1g of feedstock wich 9g of active carben

Carbcuised ac 730X wich 15 zin.

Heating race 1 X s~%
8 mm ID carboniser a2nd cracker

Hydrogea 0.35 3 min

at 10Q bar.

solids residence tize



Table 13

Analysce of Coals

Colliery or NCB Proximate analysle Ultimate analysis aner;lv7:A1yu{a Coking Cest
Coul Type :i::C Grade Holsture[ Ash | VM. |~ € | W ] N 6 [Total[ €l T ' _"'
: a.r. | d.b. | d.alE, ] Vicrinite | Exdatce  JInectinlte|Cray ¥ig | Swelling

d.m.n. £ a.r. ' Coke Type No,

Cocd Bach 101 Washed duff 2.5 5.6 5.7 93.9 3.1 1.25} 0.9 0.8 j0.08 62 1) 18 A 0

Carw 203 Washud 0.8 10,1 12.9 91.6 4.7 1.55) 1.6 0.8 10.01 7 Tr. 29 ¥ 1

sualle ] ) -
Deawent- 30161 Yaashed 0.5 $.3 29,7 87.6 5.3 1.725) 4.3 ] 0.8 ]0.04 N.D, H.D, N.D, 09 8}
tiaugh swallas .
Nerathiam 402 Washed 1.9 2.0 18.3 45.9 5.6 1.75) 6.8 1.0 J]0.39 87 i} 10 Gy 8
) v 2 in, ! -
Anncaeley 602 Washul 4.5 2.4 18.6 84.1 5.5 1.9 7.2 0.8 J0.49 N 9 18 6‘ 61
_._'n!t_)l_llﬂcl
[1ievy oz | Weebed 8.3 s.a | 9.1 |82.a] s.3] 193] 9.0 1.0]0.4e 19 6 15 ¢ A
doubles . — . ——
Daw Ml 802 | Sealls 9.3 11.72 ] 9.2 80.6 | 4.9 ] 1.4 JV1) 1.65]0.2) 6) 11 26 c 1
utgrave 902 Bleand A a.5 14.2 41.5 82.5 3.7 1.851 9.2 0.4.]0.26 N.D. N.D, "y.D. A ]
Lady Vie- - Canne) 2.0 2.9 52.2 8A. 4 6.8 1.5 5.8 1.3 {0.19 26 21 5) E 1
\oria : 1 . —
Getman brown - - 11.5 7.6 1 52.8 69.2 1 4.6 10,9 J24.8 | 0.25]0.0) N.D, N.D. N.D, A 0
N.B. = Not determlued.

N
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TAULE 2

A Buummary ol llydropyrolysis Resal ts

Yield % w/w d.a.f. coal
. . . i e e ) o
liEZin Type of Coal Hcailzﬁlnatq lcmpe;ature lrzziure Reforence
’ 0i1 BTX Benzenc
Lignite Rapid 973 104 7 10 27
Lignite hapid 998 139 7 7.5 v 29 .
Sub-bi tuminous 0.5x104 1063 200 464 35 Resen
Entrained | bignite 2.779.32104 894-1130 340-207 16 15 36
Mube Lignite . 9 5x10 973 163 13 5 39
Bituminous Rapid 1285 104 25 9 43,44
Lignite 315-470 1061 139 7.5 3 a5
Bi tuminous 650 873 173 20b a8
Sub-bi tuminous >» 7 773 139 30 Hs
Bi tuminous 0.1 873 70 27 15
Fluilised | Bituminous Rapid > 873 > 22 3:C 25
Bed Lignite 1x104 1023 103 7 26
Sub-bituminous Rapid 840 66 29 0.03 0.02 51
Sub-bituminous Ranid 813 346 26 1
Bituminous 7 1073 415 9 3.5 3.2 10
Bituminous 20 793 415 36 2 11
Bituminous (Eastern USA) 7 1073 415 19 )
Tube bituminous (Western USA) 7 1073 414 26 Y12
Lignite 7 1073 415 33 )
Bituminous 7 1273 70 19 13
Sub-bi tuminous 7 1073 a1s 40 < 6d 14
Bituminous 650 1073 100 11 10 22
Bituminous (UK) 5 1123 150 12 12 56

a — Postulated

b - Benzene-soluble oil

¢ - Postulated

d - Totul single-ring aromatics
Note:

a Lypical BTX yield by high temperature

carbonisation is ahout 1%



CCNCIUSICNS
et oo

f 1) Rapid carbonisation of coal in hydrogen at pressures abeve 7T tar can yielil A
up to &% of o0il w/w on coal. .
( 11) Suitable cracking conditions under hydrogen pressure, about 1100 X with

vapour residence times of the order of 1 s, convert part of the volatiles

to 2TY, up to 16% w#/w on coal, % of which is benzene.

(1ii) The greater part of the Tenzene is Tormed by the Sragmentation of larger
volatile molecules in the gzas chase to free radicals, which are stabilised
vy hydrogen addition.

( iv) Low-rank coals give the highest ETX yields.

( v) Methane, a major product is formed by:

(a) initial carbonisation of coal
(t) hydregenation of volatiles in Tulk hydrcgen

(¢) hydregenation of iesvolatilised char.

/
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