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I. L'1't'R ODOCTI ON. 

rn. TSCENICA.:. 'l!SIT :SY EXPs:R'!' TO ~~ ~ CREMICAI, PRC~S~TC' 

ZAB:RZE, PCIA.'ID. 

r1. CONCLUSIONS AND m=~CNS. 

l. :.ect~ - The ~CB Char Briquetting P=-Jcess using Fluidized. 3eds. 

2. Meetir.g with Deputy Di...-ector, ?rof. :::lr C. Za.bra.:libor.ski, :-!Sc. A. Kubeczka. 

J. Visit to 3Ul'A, Katowice Coke-;rforks. 

4. Lecture on Automa. tic Contrel of Classic Coke-Ovens. 

5. Visit to ~bora.tory, Institute of Chemical Processing, Kra.gow (:le'pa...-tment 

of E:nv'....ronmenta.l Protection) • 

6. Lecture of Hydro-pyrolysis, a.nd Flash Hydro-pyrolysis. 
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I. ~ODUCT'IGN 

The project document requires that a.s ~xecutive .1gency UNI::JO sh~~d organise the 

visits of Experts to Poland. There a.re 6 expert posts to 'oe filled, each of 

1 month's duration. Following the second meeting of the Technical Co~~ittee, 

18 - 25th Ju.~e 1979, it was a.greed that shorter missions by more than one expert 

would be preferable in order to increase the chances of securing the services of 

high-level experts who a.re normally reluctant to a.ccept 1 month's assignments. 

This visit fills one of their posts in P"frolysis. 

II. ERIITI~G ~ VIENNA 

The nor.nal briefing in Vienna tock place on 21st a.nd 2?.nd Januarf. Jiscussi ons 

...... 

on the project took place with Mr M. Ma.uig, Industrial Development Officer, 

Chemical Industries Section, UNI:::lO. It was ~e1, th~t in or.ier to allow 

maximum time for the expert to wori< in Poland, the de-briefing in Vie?ll"a would oe 

dispensed with, a.nd the two days allowed for this be used for this purpose. 
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III. T~HNICA:.. 'IISIT BY EXP~RT TO DTST!~TI CF CH™ICA:'.. PRCC£SI'-lG, ZAB~E 

24-1-80 - 8-2-80 

The expert travelled to KE.towice on the 23rd January, and met Asst. P~. Doc. 

Dr Jadwiga Kulczycka, and Prof. Dr. Eng. o. Zbraniborski on the 24th January. 

The progra.:nme of the visit was discussed, a.nd it was a.greed that lectures on the 

following subjects would be given:-

Pyrolysis in Fluidized Beds 

Hydro-Pyrolysis 

Fla.sh Hydro-Pyrolysis 

Fluidized bed combustion 

Classical Coke-~ven control and automation. 

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

Rotary Carbonizer and Fluidized Bed Combustion would be unde!:'taken. 

On the 25th January it was a.greed that the expert move from Katowice to Za.brze in 

order to be closer to the Institute, and therefore be able to spend more time 

there. Further detailed discussions on the programme took place with 

Professor Dr. Eng. H. Zielinski and Professor Dr. Eng. Zbra.niborski. A visit 

was then ma.de to the labora.t~:;:ies 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 ~rogra.mmed. 
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Further discussions took place on the fluidized bed section of the project, and 

the need to have the facility to precisely maintain bed conditions, to :naximise 

output. 

A ple~ant office has been :prepared for the expert and full facilities :'or typing, 

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

~onday. 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 wit."1 the exception of a short break, 

continued with the discussion period to J.00 p.m. (APPENJIX I) 

Tuesdav, 2G-l-80 

:-'leeting with r.e:puty Director :h"of. Dr. UJg. o. Zbraniborski, :-!.Sc, A. Kuceczka., 

Research Worker, 

The Deputy Director welcomed me, and expressed the hope that there would be a 

mutual excha.?1ge of view on Pyrolysis, Gasification, Liquefaction, Coke-making, 

both Classic41 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 verf :pleased I had come to Poland. The expert 

replied that he too hoped his visit would be of as much help as possible in th~se 

subjects. 

A discussion on these matters then took place. (APPENDIX 2). 
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'.·iednesda y. JC-1-80 

'Tisi t to HUTA Katowice Cokeworks. 

Persons met, 

1. Director. 

2. Technical Manager. 

(APP~NTIIX J) 

Thursdav. 31-1-80 

~cture on Automatic a.nd Co~uter cont=ol of Classic Coke-evens. 

(APP~IX Li.) 

Ujda.y. 1-2-80 

Visit to I.3.boratory, Institute of Chemical Processing of Coal. 

Environmental Protection. Krakow. 

(APPENDIX 5) 

~onday. 4-2-80 

De-pa.rtment cf 

This day was spent pre~ring for the major lecture on Hydro-Pyrolysis and 

Fla.sh-Hydropyrolydis. 

Tuesday, 5-2-Bo 

Lecture of Hydro-Pyrolysis and Flash-Hydr01>yrolysis. 



.... Tu.._es_~ ... a ... v._ • ...__5-......,2._-.... 8o... (continued) 

Arrangements had been made for Scientists from laboratories and Universities 

throughout Poland to be present. 

(APPENDIX 6) • 

'lfed!:esdav. 6-2-80 

The morning was spent with first Prcfessor Doc. Dr. Jad.wig!r Kulczycka, Director 

of the UNDP/UNir.() Project Office Katowice. We discussed the work the expert r..a.d. 

done in Zabrze. She had discussed this with the Director of the Institute of 

Chemical Processing of Coal at Zabrze. Professor Dr. Eng. H. Zielinski, and 

said both were ver:1 pleased and considered the visit had. been highly successful. 

The afternoon was spent at the Insti~ute further discussing technical details of 

the new pilot plant. This is a relatively simple process, and could have ~uch 

value for developing countries with coal reserves, and who ~hould not move d.i-~ctly 

to the latest advanced technology. 

Fridav. 8-2-80 

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

Prof. Zbraniborski and senior staff. 

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

were variations, alterations, o~ improvements that he would wish to recommend. 
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Friday. 3-2-80 (continued) 

The expert replied that he ha.d been carefully through the philos011hy, a.nd design 

behind the pilot plant, and the specific requirements of the Institute's programme. 

With all these in !llind he considered the pilot-pla.nt was sound in conception. 

·,.'hen it was commissioned there would of course be problems, but these would be 

overcome and the pla.nt would yield much information. He believed the next stage 

sli.ould be a pressurized fluidized bed. There was gene:ra.1 agreement. The philo

s011hy behind the Pilot Pla.nt was, that Poland had large reserves of high ash, high 

sulphur coals. If some of the volatiles should be used to produce medium B.T.U. 

gas for domestic and industri~l use, the char would then be used for Power genera

tion in.. e.g. a fluidized bed. 

A ~iscussion took place on what was considered a "cut-9ff" point, where the 

percentage of a.sh in the coal made it undesirable, and/or uneconomic for it to be 

used for this dual purpose of gas producticn a.nd power generation. Much depended 

on transport costs, (the cost of transporting ash), - a.nd the ability to dispose 

of the ash easily a.nd economically. 

in the coal. 

Perhaps 20% ash would be a maximum content 

A further discussion took place on the equipment being SU'P!Jlied under the Project 

by UNIDO. It was plea.sing to note that the HP.1000 was on order, but disaPilointing 

to note that the Gas Ch~omatograph (Mass Spectrometer MP5992A,) and the Mass Flow 

System had been deleted due to limitation of funds. 

,. 
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~F,;;.r"'_,:d .. a;;.iY...;• __ 8-;;;....;;2:;..-... 8~0 (continued) 

This would make the control and analysis of performance of the pilot plant impossible 

to the precise degree required to obtain :naximum inf or.na.tion. It ·;ra.s hoped tha.t 

means may be found to provide this equipment. 

That concluded the fornia.l ~eeting. 

The Director a.gain thanked UN!DO for arra.r..ging 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. 
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IV. CONCLUSIONS RECOMr.ENO.AT l CNS 

On f'lecnesday 6th February, 1980 a final meeting was held in Katowice with 
~adame Kulczycka when the work carried out by the Consultant was discussed. 

Undoubtedly the UNOP/UNllXl project was strengthening and supporting the Government's 
own large inputs. Specifically in ~1rolysis, the project was to schedule, 
and the equipment being provided in the UNCfl/UNllXl project was a vital part 
of this project. ~adame Kulczycka said tnat they were grateful to UNIOO for 
supplying my Services. She had discussed this with the Di rector, Professor 
Zei I inski, and both agreed that this visit had been very helpful. 

un Friday 8th February, !980 a "'inc:! meeting was held with the '.Jirector of tne 
Institute of Chemical Processing, Professor Zei I inski. (Detai Is are separately 
recorded). The project was re-appraised and both the Director and the Consultant 
'Here in agreement that the Project was sound in both phi I osoohy and techn; ca I 
content ar.d should proceed as planned. The Consultant noted that two items 
of equipment on the original I ist for the P: lot Fl ant had been deleted. Namely 
the Gas Chromatograph/Mass Spectrometer and the ~ass Flow System. Ye considered 
this equipment as key equipment for both control and rroni+oring. 

CCNCLUS I CNS 

There is an excel lent rapport bet·i'leen the Polish Authorities and U~~DP/UNI SO 
which wi I! undoubtedly help to bring the oroject to a succe5sful conclusion. 
There are a number of areas where problems may arise on commissioning, b1.Jt 
thev can be dealt with ..ihen they arisa. The construction of the equioment :s 
going ahead. The nex-t major step wi I! b9 commissioning towar::Js t'le enc of 'he 
year. 

RECCMMENDATION 

(al For Consideration and Action by the Polish Authorities 

I. To continue the prograrr.:ne as planned. 

(b) For Consideration by UNICO 

I. To re-examine the possibi I itv of providing sufficient funds to 
purchase the Gas Chromatograph/Mass Spectrometer MP5992 A, tosether 
with the Mass flow system originally requested in the equipment fc,r 
the Combuster/Fluidized Bed Pi lot Plant. 

2. To continue to support the programme. 
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APPE:NDIX I. 28-1-80 

Lecture The ~.C.E. Char Briauettins: Process usina: Fluidized Beds 

Short Descri~tion of Process 

General 

The 19.56 Clean Air Act ma.de it a.n offence for smoke to be emitted from a domestic 

chimney. This stimulated demand for domestic fuel of a. smokeless nature, whilst 

possessing bu._"""!ling properties a. t least equal to tra.di tional house coal. 

Processes existing in the l9.50's required coal of special size or quality which 

limited. large scale production. To overcome this the National Coal !loari 

developed the Fluidized Bed Char Briquetting process to convert non-coking, l~w 

!.'ank sma.11 coal which is produced in large quantities from mecha.nizud coal faces 

into domestic smokeless criquettes. 

The essential requirement of the process is the partial de-vola.tralisation of the 

coal in such a manner that the resulting char can be briquetted without the 

addition of a. binder. 

Coa.1 Pre-oa.ra.tions 

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., a.nd thennally dried. The coal (O"-la.) passes 

through a. primary c"t'USher before being fed into the entrained flash drJer unit 

where gases at 6oo0C carry and dry the coal to the cyclones for separation of the 

coal particles from the gas. 
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Process 

The :i=ied coal is fed via a screw-feeder into the fluidized-bed. It is fluidized 

in the lower pa.rt of the carbonizer by fluidizing gas (nor.na.lly air/steam mixture) 

blown through nozzles. The volatile content of the coal is reduced from 

approximately 3~ to 22% which renders it smokeless. The bed temper~ture is 

pz-,acisely controlled ! 3% by controlli."lg the air/steam Jdxture with a suitable 

control box (During the discussion, the expert a.greed to send details of this 

equipment to Za'tr.3e. 

The depth of the bed is a.gain precisely controlled by a level controller opera.ting 

the screw-feeder charger. 

The char leaves the fluidized bed through char-lines, lagged and tra.ce-heatei.., and 

falls by gravity to extrusion presses where it is briq_uetted at pressures between 

4 and 8 tons per s~ua.re inch. 

Discussion 

A lengthy discusRion ensued. (The Za.brze Pilot Pla.nt contains a Fluidized Bed). 

The following infor.na.tion was given by the e~ert. 

l. The off-gases carrJ 4.5 gms /SCF of -20 micron fines. 

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

J. Fa.ch stream produces 58o,OOO SCF/per hour of off-gas. 

4. The C.V. of the off-gases average 290 B.Th.U. 

5. The Internal measurements of the Fluidized bed a.re 13'0" dia x 50'0" depth. 

6. Internal cyclones a.re fitted to catCh and return fine particles to the bed. 

·1. The steel off~gas lines ha.ve internal refractory linings and are externally . 
lagged. They a.re fitted with steam injectors in case of fires. 
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8. A golden rule for efficient operation of a fluidized. bed in constant, 

steady operating conditions. 

9. The off-gas~ :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. 

10. The off-gas was used for steam generation. 

11. The process can be adapted to manufacture formed coke. 



APP~IX II. 29. l. 80 

~eeting in the morning with: 

1. Deputy Director. 

2. Professor O. Zbraniborski. 

J. M.Sc. A. Kabeszka. 

T.1e ~uty Jirector welcomed ne, and expressed the hope that there wou:d be a 

nutual exchange of views on Pyrolysis, Gasi:'ication, Liquifaction, Coke-making 

and related subjects. He also expressed the hope that my stay in Poland, for 

which he thanked the UNIDO would be a ha.P1JY and successful one, 

I replied that I too hoped that :ny visit would be of help to the, and thanked 

hi~ :or the kindness both ~e and everyone in Poland had shown me, The :'irst 

pa.rt of the business included a!"!'angi:tg a. visit to Po lands :.a:-ggst coke-ovens, 

and a visit to Krakov. 

The :'ollowing was then discussed:-

1. The Institute 's Pyrolysis ?ro.1ect 

I explained that I would be discussing technical areas of this at a later 

stage of my vi$it, - particularly control systems for the Fl~idized bed. 

Concern was expressed about a possible delay in the deliver; of the H.P.l::CO 

Computer and associated equipment. This equipment which it had been ~ed 

to purchase will substantially improve the operating efficiency of the ne~ 

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

I had already seen and had examined the model for the new formed coke pilot 

plant. Coal is dried and pre-heated in two streams. One st.ream passes to 

a. Rotary Kiln where it is heated and converted to char. The second stream 

passes to a :nixer, where it is joined by the cha.r, ~ the solid heat car.rier. 

The final mixture (that of char and coal) is briquetted in a roll press, and 

subsequently cooled. The precise method crf cooling has yet to be ietermined 

but ma.y be in a bunker. 

A discussion on the merits and :ie-;nerits of formed ccke took ;lace. It was 

agreed, that the ma.in advantages of a formed coke plant was its ability to 

use inferior coals. 

I pointed out the failures of both ~kale and B.S.C. to get their 3.B.?. 

plants to ~erate satisfactorily. The E.S,C. plant which -,;as now closed down 

represented a capital outlay of £JO millions. The consultant would, if asked 

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

Gasification 

After For.ned 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 would materially assist the economy. In addition 

as a chemical feed.irtoC:,k,(and for liquid production) they are working on the 

Methanol route. 

methanol. 

They already posses vehicles opera.ting on fuels including 



16 

Liauefaction 

The Deputy Di.rector said that liquefaction by the Coa.l digest route would 

continue to have extraction problems, e.g. the blocking of Candle Filters, Drum 

Filters and Centri!'uges. I suggested that the N .C.B. Gas e.xtr'letion and hydro-

genation, had : believed, a good chance of success! It uses a novel technique 

to produce a low ash extract from coal •Nb.ich can be upgraded to premium liquid 

fuels and chemical feedstocks. Crushed coal is :nixed with a light aromatic 

solvent (e.g. toluene) in a reactor operating at 2900 - 4000 p.s.i.g. and 

300 - 4oo0 c. Up to 50% of the coal passes into a gas phase solution leaving 

an involatile residue. ' The gas phase, containing. the dissol.vefi!. constituents 

is transferred to a vessel at atmospheric pressure thereby causing the materials 

extracted from the coal to precipitate. !'he solvent is condensed and re-

cycled to the reactor and the extract is hydrogenated to light liqui.1 !'uels er 

chemical feed.stocks. T:i.e solid residue will be gasified ~o produce process 

hydrogen and S.~.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 Charring 

The Co~sultant 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 unsuccessful. There a.re several reasons. 
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(a) Difficulties using steam as a transporter. 

(b) A heavy car-::y-over of ti..nes into the hydraulic main, -.rith loss of 

coke-produ.ct and degradation of the tar. 

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

( d) Ina.bill t:r to fill the ovens. with heavy ca.."T'J-over. 

(e) Excessive top-heats in the battery. 

3. ?re-Carbon Charging 

The Jeputy Director said they had a test ::-ig using this process. The 

Consultant considered it an improvement on pipe-line charging, but had 

reservations on its efficien:y. 

4. Anti-?ollution ~thods 

The Consultant outli.::iea the :nethods currently being adopted in the U.K. 

and the U.S.A. 

(a) Smokeless Charging - in the U.K. this ·.ras effected ey on-line "sequen~ial" 

charging, ·.ii.th steam injection in the ascension pipes. 

(b) Smokeless discharging •.rith a hood, and fume extraction via a pi.~e to 

a 7et-scr~bber and/or electrostatic precipitator. 

( c) Great attention to detail in the cleaning of doors. ~xperi::nent~ with 

water jet cleaning of de ?rs offered very good possibilities. 

Further discussions took place on the possible effect of emissions from 

Coke-ovens ( •.ri th Benz Pyrenes) on the heal th of Coke-oven workers. The 

Consultant described mortality studies carried out in the USA a.nd UK. 

Final...!.y the Deputy Director stated that by the year 2000 Poland ·.rould be pro-

ducing 29 million tons of Coke a year in Coke-ovens. Direct reduction of 

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

' 

The me~ting then conclu4ed. 
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APP~IX J. JO.l.8C 

'Tisi t to the Coke '.forks Huta Katowice 

Persons met: 

1. Director 

2. Technical Manager. 

This is a vast Coke-Works producing 5.000 Tons of Coke per d.a.y. P!:'Oduction 

includes coke for the Steel Industry (Blast Fu..-naces), the Found..ry Industry, 

( C~olas) and Domestic and Industrial. It has a full by-product plant includir...g 

the Production of Sulphuric Acid and through to Sulphate of Ammonia. 

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

l . :.;uali h of Coals 

All coals were blends. It is interesting to note, that perfor.na.nces in the 

stamp charged ovens were similar to the one set in the U.K. The quality of 

coke is improved by the use of stam:p cha.."'ging. Cn this event it allowed the 

works to use cheaper coals a.nd still maintain quality. 

were used for the production of domestic coke. 

2. ~uali h of Coke 

Further cheaper coals 

The Metallurgical coke averaged Micum +40 at 1. and Micum -10 at 6 - ?. 

These are good figures. A subsequent examination of the coke at site con

firmed it was good a.nd consistent in size and texture. 
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J. Battery :'oerators. 

The batteries we~ being well operated. 'I'tle doors were tight a.nd well 

cleaned. With the exception of the oldest battery, chimney stacks we~ 

good. 

• 
On the ~ost modern battery there was automatic lid-lifting mecha.nism, but 

it ·..ra.s out of' commission in this visit. At this sta.ge, anti-pollution 

equipment, inthe form of smokeless charging, and smokeless C.ischa.rgi:ng, was 

not fitted. 

General Discussion 

A general discussion took place idth the Di.rector, 

Initially, the consultant at the request of the Di.rector, described the current 

thinking in the U.K. on liquefaction and gasification from coals. He described 

the ~l'. :'.:.3. ·;a!} our P!-.a.se route :or liq,uefactior •• On i53-Sification, the :nain effort 

-.ias in the U.S.A. where, with 2nd generation processes, it is becorning c:.ear that 

the S.~l.G. prog=amme favours the Sl~in.g :.-:l..""gi, Cogas and Hyga.s. 

On thiri generation processes, many of the fluidized bed and entrained flow 

processes have the advantage cf operation under pressure and, unlikP. the Hinkler 

System, a.re designed for good carbon utilization. 

Returning to Coke-oven practice, which is a very important part of P.r-01.ysis, best 

practices were discussed. The Director ras a very iJl11lorta.nt q_ue::;tion :- "How can 

you :na.ke better coke, faster, in present equipment. 

The Consultant described his experiences with Drying, Preheating, and Pipe-line 

charging. The theory of SU1'Plying dried and preheated coal to coke-ovens would 

enable them to increase throughput by up to 40% a.nd would allow cheaper coals to 

be used, a.nd still :na.intain current quality. 
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L'l practice no commercial instaJ.lation had been successfu2.. 

encountered included:-

1. !'!a.2.-:unctioning of the Drying and ~heating system. 

2. 3locka.ges in the coal transport lines. 

3. The inability to fill the evens wit~out excessive carr"J-over of fire coal 

in·::.o the !!yd.raulic main. 

~. High top heats. 

5. Sxcessive ca::-bon build-up on the '.<1alls and roo:. 

6. 3lockages of the ascension ?ipes. 

~ost cf these can be overcome, but excessive carry-over, carbon build-u~ and 

blockages in the ascension pipes, (:pa..-tly cau: ed by c~"'T'J-over) could :prove b-

tractatle. It was his recommendation that this ~recess should not be installed 

on a commercial batter]. 

The Jirector described their experi~enta: drying and preheating plant (17 tons 

per hour). It wa.s intended initially to use a lar=-;-can :or !'eedi::,g the :ivens. 

After discussion when the Consultant described his e:qe:riences with using i....-ied 

coal (not preheated) in a larr1-can, he suggested that care ~ust be taken in 

charging, and the hoppers ar.d system purged with either nitrogen or another inert gas. 

That ccncluded the discussion. 
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I 
APPSNJIX 4. Jl.l.80 

~ecture on Automatic and Comnuter Control of Classic Coke-Ovens 

The Consultant sa.id that Automatic and Computer Control of Conven<;iona.l (Classic) 

coke-ovens was quite feasible. It was obviously easier to build in equipment 

for Co1111>uter Control while new batteries were being built, but obviously much 

could be done with existing batteries. 

The reasons and need for Computer control were that it ;.as becomir.g increasingly 

d'i.fficul t to obtain :nanpcwer to operate Coke-ovens, pa...--ticularly men of the right 

, .. ca ... icre. The operation of the Coke-ovens would suffer be:ause of this, their 

lif~ would be shortened, and even more important, the q_ua.lity of the coke would 

suffer. 

The s~~~s to ~om~uter Control -

l. The 3a.tter:y :-tea.ting 

(a) In a new batter/, Thermcr,-couples (2) are built into each -..all. These, 

through tranducers ~ the Computer, control the main gas inlet valves 

(2) to the batter/ heating system. Because the battery is a large 

"heat-sink", the control must allow for time-lapses in temperature 

changes. 

(b) en an existing batter/ the Consultant suggested. that an Optical P:r.:-::im~ter 

c?uld ":l~ l'cated on the· Rast9 ma.chine, perhaps in the ca.bin, and this 

could locate on the oven walls after pushing a charge. The temperature 

differential between the oven wall and the·flue could be correlated • 

. The signals from the Pyrometer could then be :pa.ased to the Computer, 

and control effected. 
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2. ~oke-Cven ~achir.erv 

All the machinery, i.e. the Charge-ca.r, the ~m:na.chine, the Coke guide, 

and the Coke-car can be comFuter controlled. This means, the pr~cise 

quantity of coal can be cha....---ged·to the charge-car, every time, which in 

tu:cn means the ovens can be completely filled every time. 

This dischargi!'_g is carried 01lt on a precise time control, which :neans 

the coal is cor.:.-ectly ca.rboned and is iischarged as coke :::-om the ,Jvens at 

preci~ely the correct time. """' . •.• e coKe-car, (after correct positioning of the 

coke guide) is automatically located in the correct position before the 

oven is allowed to be discharged. It moves for.ia.:'d (by winches) at 

precisely the correct speed, thus filling evenly. Similarly, automatic 

guiding allowed all coke to be guided to the same deg:.-ee. 

The computer control can be expanded to automatic ioor clearing, coal 

fluidizir_g, screening by-products and vi~ua.lly every :eature o: coke-even 

opera.ti on. 
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APPSlf!)IX 5. 1.2.1980 

Visit to :aborator/ 

Institute of Chemical Processing of Coal, Department 'J"f Environmental Protection, 

Krakow. 

Present: 

Professor O. 3raniborsky 

Doctor Julian Grudzien 

F.L. Scargill. (Consultant). 

The meeting discussed the questions of Environmental Protection. For example, 

the beautiful city of K..."'"a.kow, where its beautiful stone-work was being attacked 

and eroded by Carbon-Dioxide and Fluorides a..'ld Chlorines from adjacent industr1. 

Poland had recently passed new Environmental Prot~ction :.a.ws which were very 

etrict, a.nd which would help to safeguard the environment. Industry will have 

to comply. 

This laboratory discovered the route to manufacture activated carbon 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.K. where it is used 

for both aqueous and gaseous purification. 

The methods of Anti-Pollution for Classic .Coke-Ovens were discussed, together 

with the methods used in the U.K. to monitor Benzine insolubles on the top of 

Coke-oven batteries. 
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This consisted of opera tors carrying personai samplers. The products re

maining in the filters were recovered and analysed for the quantity of ~enzine 

insolubles. 

At the same tillle, mortality studies were car.ried out for the previous 15 years. 

Final results of this latter study indicated only a marginal increase in the 

incidenc~ of lung cancer amongst coke-oven ~orkers over the general public. 
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Hydro-P.rrolysis and Flash Hyd.ro-Py!olvsis of Coal 

References 

l. The Hydrc-Pyrolysis of Coal to B.T.X. 

G. Fyres. W.R. Iadner and J.O.H. Newman 

~ational :oal Eoa..-,.a. Goal !tesearch ::;sta,blishment. U.K. 

2. Flash Hydro-Pyrolysis of Coal. (Ai'PENDIX l(a)) 

M. Steinberg and P. Fallan 

Brookhaven National -:.a.bora.tory. U.S.A. 

J. The Formation of B.T.X. by the H'Jdro-?_rrolysis of Coals. 

M.J. Finn, G. Fyres, '.i.R. :.a.dner & J. J.H. Newman. 

U.K. ( A."DPENCIX 2 (a) ~ 



26 

Introduction 

::.a.dies and Gentlemen, 

I am ver.1 pleased to be here, a.nd I am honoured that such a distinguished gathering 

is present today. In the experiments in Complex Coal Conversion, this Institute 

is specialising in Pyrolysis. The new experi~ental equipment being constructed 

here now will add to the knowledge this Institute already possesses. I now want 

to describe work which has been a.~d is being carried out in the U.S.A. and the U.K. 

on that form of Pyrolysis kno•..in as Sydro-P._rrolysis and Flash Hydro-Pyrolysis. 

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 ~ell be a logical ex-

tension of it at a later date. 

The hydropyrolysis of coal is defined broadly as the reaction between coal and 

hydrogen at elevated temperatures and pressures. An the nat~ of the products 

depends to a large extent on the oreratin6 conditions it is convenien· to distin-

guish between different t~~es of hyd.ropyrolysis. The term "hydrogasification" 

is used when ~ethane is the desired product, and "hydro-pyrolysis" is used when the 

principal pr'.'.ld.ucts a.re liquids and gas. "Flash hyd.ropyrolysis" is a more recent 

development of hydropyrolysis which uses ver.1 high he~ting rates (lCOO Ks-1
) with 

the object of producing benzene, toluene and zylenes (BTX). 

The main aim of the early hydropyrolysis studies in the U.K. and later in 1972 

at the United Stater• Bureau of Mines was to make methane. More re~ently, interest 

has been directed to the production of liquid products, particularly BTX, by flash 

hydropyrolysis. This review is ma.inly confined to work on flash hydropyrolysis: 

e1.!-pha.sis is on non-catalytic studies, al though so:ne work on ca."talytic hydro-pyrolysis 

is discussed. 

j 
J 
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Until tte l?()O's, nearly all :=TX was a byproduct of coal carbonisat.'on but si!lce 

then the proportion of BTX derived from petroleum (see Table 1) has steadEy in-

c:::ea.sed. However, the cost of petroleum has risen steeply since 1973 and if this 

trend continues the production of aromatics from coal :nay again become economic. 

In the long ter:n, a.s oil reserves a.re depleted, it will be necessary to use coal 

a.s a chemical feedstock. 

A number of different laboratories in the U.S.A. and one in the U.K. have been 

involved in hydropyrolysis research with the objective of !!'.aklng either oil or 

ETX fr()lll 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 achie•1e these yields a.re summarised in Table 2. The ter:n "oil" 

which is used widely by American workers can cover all liquid products from water 

to ta.rs a.~d sometimes even includes material solvent-extracted :rem the char. 

United States Eureau of Mines 

The United States Bureau of Mines ha.s undertaken a number of stujies on the hydro-

pyrolysis of coals with various objectives. Hiteshue a.~d co-workers developed a 

simple a?-paratus: the essential feature wa.s the containment of 3 g of coal in a. 

steel tube thrcugh which pressurised nydrogen was flowing; the tube could be rapidly 

heated (up to 20 Ks-1) 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 ::.:irOC:.ucts by the hydrogen flow 

rate. The effects of various para.meters on the yield and composition of the products 

were determined. Although :nany of the experimen-' ; were carried out using a 

catalyst (1% molybdenum), it was only effective wrien the coal residence time a.t the 

final temperature was a.s short as 1 min; for a coal residence time of 15 min, the 

sa.me yields were obtained whether the catalyst was present ~r not. 
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Using a sub-bituminous ~ew Mexico coal, the effects of coal reside~ce time (J to 

15 ~ins), pressure (J5 to u15 bar) and tempe=-3.ture (87J to 1173 K) on the yield and 

composition of the liquid and gaseous products were investigated systematically. 

In general, the conversion of the coal to gas increased as each of these para.meters 

was increased, but the yield of oil was independent of the coal residence time, 

showing that its formation -was confined to the initial stages of decomposition. 

At 873 K, the oil yield was also independent of pressure but, at 117J K, 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 to 

thermal era.eking of the oil to carbon, methane and other products. 

The :na.:d.mum yield of oil obtained. was about 4o,t; of the coal and the yields of 

single-ring aromatics (including phenols) ranged from 2 to 6% of coal. Although 

it was not possible to correlate the com~osition of the oil with all the operating 

conditions, it was observed that, at 1073 K, the residence ti.~e of the volatile 

products had a marked effect on both the yield a.nd composition. When the residence 

time of the volatiles was 5 s or longer, the condensed liquids were light coloured, 

had a low viscosity and contained a la.rge quantity of distillable oil, In con-

tra.st a residence time of 2.J s gave a dark, viscous oil containi:ig an appreciable 

a.mount of aspha.ltene. This difference was attributed to hydrocra.cking of the 

volatile products at the longer residence times. 

Brookhaven National !..abora.tory (Appendix (a)) 

The costs of the production of petrol and substitute natural gas were esti:nated 

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. 
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In addition, a.~ independent ar..a.lysis of e~eri.~ental data (:pa."!'t provided by 

Br;iokha.ven) found that the economics of production of substitute natural gas 

(with BTX as a byproduct) by flash hydropyrolysis appeared to be su~erior to other 

conversion processes such as Hygas, :urgi and Fischer-~psch. 

Cities Service ~ & D 

~osen ~ pa.tented the hydropyrolysis of coal in disperse phase. 

rapidly heated for a predeter:nined time by injecting into ~heated hyc!=cgen and 

the products were rapidly quenched with cold hydr~gen. Yer1 high yields, up to 

l.!.6% benzene, were claimed (but not proved) using a sub-bituminous coal at 2CC bar 

and lc6J K. 

In a la.ter publication PelofskJ .tl...!1 .,,hen describing •:ark ca::=ried out on a 0.28.g s 

sea.le, gave the yield of light oil (which contained·~ benzene) a.sonly 16%. 

=1 1977 Cities Service had bui:t and tested ttefollowing reactors: a 1.2 m by 28 m.~ 

IJ free fall type, a 6 to 18 m by 6 mm IIJ entrained flow type and. a l. 2 :n long, 

vertical, e!l.tnined flow type. A range of coals, oil sha:e, ta::- sand and cca::.. tar 

was hydropy::-olysed, although few results have been published. ~ost of the tests 

were with North :akota. :ignite which was crushed, dried and pulverised in nitrogen 

before final drying in vacuum. Solids residence time of c.5 to u s with vapour 

residence time of 4 to uo s were obtained in the free-fall reactor, whereas the 

entra.L"led flow systems gave solids residence time :Jf J.08 to )0 s with vapour 

residence times of c.o8 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 4.7% ETX plus 1J% light oil and 12 • .5% methane; the light oil was said to be 

easily and economically hyd.rocra.cked to benzene. 
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T~e -:cal hea.ti::-..g rate ;ias esti.;nated as Li. -1 5 x :o k s and the ~yd.._"'"Ogen consumption 

2.~..ite. :ia:;iid. heating of coal in the :;i=esence =if !-i=:h pressure 

hy~ogen was said to lead to high yielis of volatiles tecause the vaporised tar was 

stabilised. The quality of the secondary products could be controlled by altering 

the :;iyrclysis conditions, low severity pr.:olysis yielding alight. oil containir.ig 

polynuclear aron:a.tics '1hereas high severity pyrolysis (Ull to lJCO K) gave :ittle light 

oil but ma.inly benzene,methane and ethane. A sequentia: reaction mechanism was 

pr:rposed to explain the ::esul ts, coal pyrclysiz..g to tar which ::-eacted. with hydrogen 

to give benzene; gas ~-a.s produced. at each stage. Overc:-acki!!g of the ?roducts 

yeilded gas (methane and ethane) and coke, the latter by catalytic decomposition of 

benzene bf hot char. 0:1ly after the coal had been devclatilised was there significant 

reaction between char and hydrogen to for.n :nethane, the rate cf hydrogenation then 

b~ing dependent on pressure. 

~eans of scali!!g-up the Cities Services process to produce 3TX and 'Cy:?roduct substitute 

natu.."'"al gas (SNG) have been described; lignite could be d--l.ed by distilling a 

benzene-water azeotrope :!."om a benzene-lignite sltlr:"J, which would :e ~umped up to 

pressure before flashing off the ~xcess benzene. The coal would be fed through 

sep~te injectors i.~to a 36 - tube reactor through ;.;hich it woul1 be transported 

upw~...s under fast fluidisation in hut hydrogen, part of which would be combusted ..nth 

o~gen to raise its temperature further. The exother.nic heat of reaction would be 

removP.d from the tubes by a high pressure water boiler around the tubes and molten 

metal would be used to ~uench the products and recover useful heat. 

An evaluation of the economics of SNG production by Cities Service and the Foster 

Wheeler :Qierg-J Corporation concluded that flash hydropyrolysis SNG (ETX was a 

major bY1'roduct) could cost 80% of Lurgi-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 independent study of the economics of the Cities Service process by Cak Ridge 

~aticr.al =.a.boratory concluded t!'la.t the ~ost of flash hyd....."'"Opyrolysis technolog-J is 

compa_">"a.ble rith, i:f not better than, the cost of other coal conversion processes. 

Sufficient data for a firm process design were requi=eci. before a detailed engineering 

evaluation cf the process could be undertaken to ~eter.:iine where further development 

was required. 

Rockwell International, Rocketdvne :livision 

Oberg~ described the initial trials of a hydrop~lysis :::-eactor based en a 

rocket ~otor injector. Hydrogen was preheated and fu...-ther heated by partial com-

bustion rith oxygen before being rapidly :nixed with coal and injected into a dis-

perse-phase reactor. The reactor was used at pressures of 35 to 1C4 bar with a 

-1 coal feed rate of 50 g s 

The products were quenched witn water sprays. Adhesion of the coal to the walls 

of the :::-eactor was reduced by heati:ig them to above 11~ K. ~eaction times of 

0.01 to l s at temperatures up to :42~ K were employed and tar yie~ds of up to JJ% 

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

:.a.ter reports described the scale-up of this techniq,ue and the rapid pyrolysis ,,f 

-1 up to 278 g s of caking, bituminous Kentucky coal. About one thiri 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 ~ BTX was ob

tained by hydropyrolysis of 70 to lQl.l. bar for o. o8 s at 1255 K. The ETX was 

recover<:!d by quenching the reaction with water sprays, removing the char at 811 K, 

cooling to Jll K to condense the water and tar and removing the light aromatics on 

activated carbon. Hydrogen equivalent to J% w/w of the coal was calculated to·have 

reacted with the coal. Increasing the reaction time and temperature increased the 

methane yield at the expense of the liquids. 
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a.rld . .\nrierso~ et 3..: investigated the ca.ta:.y-tic hy:i.:--:~y~:.ysis :;= a bi -::i.-r1:.:-icus :_ .. ta.~. 

C'.Ja.:_. Zi.:lc ch.:..,Jri::ie (5. 5% by weig=:t. of coal) ·1seG. as 

..... 
cons is "'ing of coi~ed a.:::. 

t:!x.te~.:..:..y ...ias used. The ca::Tie::c gas was ;iressurisei :q::..=ogen ?.:\C, cy US::.;'1€ .. ~'"'" 

gas ve.:.,Jcities, turtu.:..ent f::.ow and rapid heat exchange we~ ac:i.:.e·1ei. 

coating the coal particles :nelted and, consequently, a liquid annulc;s ·,;a.s :::c::..·1<?;. 

throl.l.gh the tube much more slowly (2 to 6 s duration) tha.n the gas 

the'Jptimum conditions for high liquid yields, the effects of pressure ·1-;: 

• ..,J ':;a:- :i.nd of temperature up to 973 K were investigated. 
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The vil y~eld, which included material extracted from the char by toluene, 

approached a :i:ni t cf 5C% ... i th increasing te!ll!Jerature. T!'le oil contained, typically 

2::% -..ra.ter, 2C'% benzene insolubles, 1.5% asphaltenes a..~d L.:.{Jf(. light oils. The latter 

contained 6C'% neutnl oil, 2C% bases and 2C% tar acids. T:le zinc chloride .rhich 

appear=d in the cha= and oil ;;a.s difficult to recover. Accoriing to the authors 

fu......-ther .rork ·..ra.s necessary on the recovery and recycling of the catalyst and to 

find a ~ethod to prevent ~glome!:ation of the char to :na.ke the process viable. 

The ::esults obtained and the techni;ues used °'1'] the Unive:!"Si~y of Utah were :-e

·.riewed by .:ak ~idge !'fational :.a.::iora.tcrf ;;ith the conclusion that catalyst recover] 

~ust be solved if the process is to become econc:nically vi.able. 

~rat iona.: Coal 3 cari (Appendix 2(a)) 

Jiscussion 

amount used ;:er experiment varied. :r'.)m a. single charge ·of ::.cm.g or less (Growcock 

and '.~a.ckenzie ; Gra.:: ~} to 2e3 g s -l in the ~ocketd.yne !"ea.ct.or. ?.a.pid 

heating in hydrogen causes even low-:?:"an.ic c::lals to ~gbmerate, although the ef!'ect 

is less pronounced with lignite than with bituminous coal. Jilution with inert 

ma.tetial and preoxidation have been used to reduce this proble::i. 

The Yielis of Jil and ETX 

The yields of oil, BTX and benzene obtained by hydropyrolysis are summa.rised in 

Table 2. Alth0ugh oil yields of up to 40% w/w on drJ a.sh-free coal have eeen 

achieved, those of BTX a.remuch lower (J-15%) except for one u.~ubstantiated, and 

perhaps rather optimistic, pa.tent clai~ of U6% by Rosen-~. However, most of 

these BTX yields are appreciably greater t~an the 1% o~tained by conventional c?.rb-

onisatior. at atmos~he~:.~ ·:)r~ssu.._-.--e in an inert atmosphere. 
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~e i~portant va.riables affecti~.g the hydrcpyrolysis of a particular coal a.=e (i) 

the rate at which the coal is heated, (ii; the temperature= and ti:ne histcries of 

~ t~ +~ 1 d t~ 1 t·~ d , ... , ~h h . .. o •; ~ .. e coa .... an •. e vo a 1 ... es an \lllJ ., e . yarogen ;ressure. Although the 

main fL~dings on the effects of these variables a.re discussed under the headings 

in the rest of this Section, it :nust be remembered that variables a......-e often inter-

related in a set of experimental data; for example in an alteration ':lf vapour 

residence ti~e by a change in hydrogen flow will a.lsu ~hange the ra.tio of coal to 

hydrogen. Conse~uently, the followi~..g remarks present an over simplified ?icture, 

Heatin.2:' £te 

The effect of rapid heating in a.~ inert atmosphere at atmospheric pressure is well 

!<nown. Height lesses can be at least JC% greater than in the ES :nethod for 

vcl3.tiles; :ncreover the tar yield can be :narkedly increased by rapi. heating. 

:1ost of the best yields of benzene obtained have 'ceen achieved at 'l9r'J high heati~.g 

::ates as shown (see Table ~\ 
;;;,, ) . Sq_uires has shewn, hcweve::-, that :'or ETX for'.?'lation 

no advan'ta.€e is gained by increasing the heating rate beyond a'cout 65c K s 

Tem"Oerature and 1Ta-::iour ::1esidence Ti:ne 

As might be expected, negligible reaction occurs when coal is hydropyro~ysed below 

6CGK but, with increasing temperature, both the benzene and oil yields go through 

a maxima in the range 100~1100 K. From the point of •liew of ETX and oil for.nation, 

the ~sidence ti~e of the solid ap~ears to be relatively unim~ortant ~rovided that it 

is a.dequate to allow the release of the volatiles, after which the :na.in reaction 

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

char can catalyse the decomposition of benzene to coke. 
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::Ii the other hand, the vapour :residence ti~e can have a marked ef:ect en the yield 

and composition of the oil. Yried..rnan ~ found that vapclU:' ::?:"esidence ti.mes less 

than 3 s :::esulted in the production of d.c::.ri<, viscous li;uids whereas :.onge:=- resi

dence ti:nes ~sulted in light distillable cils. The results of Squi:=-es and co

workers showed that the~ is an optimum residence time (depending on temperature) 

for :na.ximum BTX yields, which ir. their appa....."'a.tus was J s at 973 K. PelofSk'/ 

~, operating a disperse-phase system, have clai:ned high benzene yields (l..5%) 

usi?ig vapour resid~nce times of up to l~ s. 

Pressure 

The effect of hyd....-ogen pressure on the yields of ETX and oil in hydrc~olysis is 

ccm-plex. Application of p::?:"essure alone suppresses the release of Yolatiles, 

while the presence of hydrogen is likely to :reduce poly:nerisation a.'ld. inc:=-ease 

liq_uefaction. The ove!"all effect is that gas yield.s and, unde:=- certain condition:::, 

ETX and li~uid yiel:is all inc=ease with increase in ~yd.re.gen preSSlL""'=, as has :een 

shown :y Growcock and ~.ackenzie. 

yield and hydrogen pressure is uncertain. Holmes and ccllaagues, who have 

attempted to correlate the data of other workers on hydrogen pressu..-e, f.-:iund that 

oil yields can be either linear or square-root functions of the prassure. ?-:ir 

example, their correlation of the data of A:.bright and l:avis gave a :inear function 

while that of the data of Kawa and Eddinger~ revealed sq_uare-root functions. 

As the oil yiel~ is also dependent on several oth~r parameters, it is perhaps not 

su...~rising that the pressure relationship may vary from one apparatus to another. 

Mechanism of Hydro~yrolysis 

Although the main features of the kinetics of coal pyrolysis (Fitzgerald, Cher.nin 

and van Krevelen, Pitt) and also of hydrogasification have been established, it has 

not yet been possible to resolve in detail the chemistr1 of the complex reactions 

involved in the for.nation of BTX and tar. 



~::.y wc::-k on the hyd....-ogasi:fication of coa: showed that, although the !."3.te was 

initia::.:y high, it decayed rapidly to a :ow va::.ue. Some worke=s ccnside~d that 

:ower -=ate to that of fixed carton. other workers such as Xoseley and ?ate:=scn 

conc:uded that, at sufficiently high pressures, the hydxogena.tion of the volatiles 

and the :ixed carbon could not be treated separately. In a. :ncre detai::.ed mathe-

:natica.l a.~alysis of the kinetics of hydroga.sification of a bituminous coal, ?eliman 

~ postu:ated that the coa: contained th.....-ee tY?es of ca=ton cf iiffe=ent 

reac-thri ties; the :nest r'3acti·1'3 ·,:as the side chai:is '.·rhich were :::-<=ad.i::.y si::::.i t off. 

'!'hese kinetic studies of ~yd....-oga.sificaticn, apart from shewing iifferent regions 

of reactivity in the carbon matrix, d.o not ccntri"::ute "to cur unde:=standing of the 

for.nation of li;uid products by hyd..ropyrolysis. In fact, the later stages of 

gasification are probably not associated with the fo~tion of liquid pr~ucts. 

However, ?d-Pe-:-S by Anthony and his cc-worke=s on ::apii devolati:isaticn ccr.siier 

the interaction of hyd=ogen wi"th the coal iuri:ig "':he initial stages of ?r--olysis. 

They used an apparatus sifililar to that of Squires but with an electr7.ca:1y heated 

wire mesh, whereby a thin layer of coal was extremely ra?idly heated. After 

:na.intenance of the coal at a definite tem-p·eratu.....-e for a. specified time, it ..,.--a,s 

rapidly cooled and, from the weight of the residual char, the extent of devolatilisa-

tion was ieter.nined. The com-positfon of the vela tiles was not inve~tiga te:i. 

-1\ 
They :ou.'1d that, for extre:nely high heating rates (750 to '..0,CCO Ks ; and a 

tamperature of 1173 K, most of the volatile loss occurred during the first second 

and was the same whether the a.tnosphere was hydrogen of helium. Thus, under these 

conditions, the hydr'='gen had little effect on the initia.l rapid devola.tilisation 

of the coa.l. After this initial sta.ge, however, devolatili~ation continued in a 

hy1rogen atmosphere but not in helium. Moreover, the effect of pressure on the e>·-

tent of devolatilisation depended on the atmosphere. 
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In heliu.~, the extent of devolatilisation decreased with inc:=easing press'.lre, 

whereas in hydrogen it increased with pressure after pa.ssi:ig through an initial 

~inimum. 

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

a theor/ of the kinetics of primary devolatilisation of the coal in an inert 

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

postulated a set of independent first-orier parallel reactions cove'.!:."ing a ra."lge of 

activation energies. As ~itzgera.ld and, independently, ~er.:iin and va..~ Krevelen had. 

proposed earlier, they postulated that the primary pyrolysis products for:ned 

initially within the coal ,articles consisted of two t}'1les. These were (i) un

reactive products which escaped readily into the surrounding atmosphere and (ii) 

reactive products, including free radicals, which could either polymerise within 

tha coal particle to for:n coke, or era.ck on the hot inter:ial surfaces thereby de-

posi ti!'lg solid within the particle and :::-eleasi:i.g volatiles into the atmosphere. 

~onsequently, factors such as a high heating rate and sl!la.ll particle size would reduce 

the !."esidence time of the reactive decomposition products within the coal pa::-ticle 

and enila.nce the yield of volatile products. Conversely, in an inert atmosphere, 

high pressure, by delaying the escape of the reactive molecules from the particles, 

would lead to cracking to coke and reduce the volatile yield. According to their 

view, hydrogen, by reactir.g with the reactive decomposition products within the coal 

would inhibit polymerisation and so increase the volatile yield. 'nle extent to 

which this occtlr!.'ed would increase with hydrogen pressure. It should ce 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 part.1y ~a..qified and, although the extent will increase with pressure, the type 

of reaction involved will.be different. 
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~c~ever, ~reene suggested that the ::apid., initia: release of volatiles from within 

coal :;ia::::.-ticles undergoi:ig flash hyd.ro-pyrol:rsis reduces i.".gress of hyd_-:igen. Thus 

hydrogen is ~ot available :or reaction with volatiles until they have entered the 

b ll..:.k, gaseous phase, where the larger, •rolatile crganic molecules era.ck to :r-ee 

radicals which a.re stabilised ~ the hydrogen a.nd cannot polyme::-ise to ta= and coke. 

·~ckir.g is progressive and sequential via the most stable molecules such as poly-

nuclea= aromatics, substituted benzenes, be~...zene and ethane to ~ethane. C'nly after 

the :nain ievolatilisation processes havP. occu....-red is there hyd.rogen counter 

ii::usion into the porous char str~ctlU:'e to give inc:::-eased ::-eaction between hydrogen 

a.n~ ca.=:on: higher hydrogen pressu....-es strongly i!l:fluence this cou.~ter iif:usion. 

Anthony and his co-workers investigated the e:foct crf tempe::-ature on the :ievolatilisa

tion of coal heated b va.rious atmospheres for short ~sid.ence ti:nes ( 5 to 20 s). 

'l'he extent of ievolatilisatiQn, as :neasu...~C. cy the weig!"lt l0ss, i:lcreased p..ri th in-

creas~:i.g temperature and, above 37J ~. was greater in hydrogen than in he:i:.un. ~ey 

conc:.:ided. that ":his ef:'ect ~cu.:.d. not ~e ex~:.ained in ter:nz o:f :1:.i:ietics (i.e. that the 

pyro:ysis and hydrogenation ~actions had. ::.a..---kedly ii::erent activaticn ene:::-gies~, 

~11'":. ::-=.ther th2.t the pr:::pcrticn cf n:ati:e ;roducts :r-::rn the hydrcge'!'\ation reactions 

greatly exceeded that from p~o:ysis. 

Althcugh these detailed investigations provided some insight into the way hydrogen 

a:fects the devo:atilisation o: coal duri:ig the initial stages of hydropyrolysis, 

they were not. concer.:ed with the proportion and.composition of liquid products 

obtained. These must to some extent be :.ependent en the hydrocracking of th.e 

volatile products, including polynuclear aromatics, after they have escaped from the 

coal. Accordir.g to Kcrosi, 'foebcke and 7irk, polynuclear aromatic compounds pre~ent 

in oils 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: hydrccra.cki=ig will depend on the temperature a.nd residence time cf the 

vapour, :;ia....-a.meters which S~uires has f.ound markedly i:ifluence ::TX :::r.natbn. The 

combination of temperature a..~d vapour residence time should be such as to ?romote 

the :na.xi.mum hydroc::acking to 3TX and avoid ar..:y subsequent hydrccrackin.g to carbon. 

Apart from the possible for.nation of BTX by hydrocrackin.g of the volatile products, 

there a.re two other possible :nechanisms of for.nation. The fi:!:'St is "by s:mthesis 

from smaller ~olecules or radicals. The other possibility is that si!'lgle benzene 

rings chemical:y bcun~ to the coal ::i.atrix are s?lit cff :y ?yrolysis as senzer.e 

radicals and are L'!llllediately converted to benzene by the addition of hydrogen. It 

is !)robable that a:::.l three types of reaction contribute to the for.nati::n of :ETZ. 

Studies show that the evolution of volatiles from high-volatile 3ritish coals and 

their cracki!"..g to cenzene iuri~.g hydrcpyrclysis are sequential reactions. This 

was con:f ir:ned using a two-stage reactor in which the coal ·..ra.s heated at a controlled 

::ate (5 :\ s -:) and the vo:::.atiles cracked. in a separate ~one at constant temperature. 

~ydropyrolysis of model compounds showed that benzene was a :najcr product for 

the cracking of polynuclea~ aromatics ur.der hydrogen pressure. 
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COAL PROCESSI:"lG TECHNOLOGY: 

Flash Hydropyrolysi§ of C-oal 
Experimental results indicate that the principal lit;u:~d yields are 
benzene and aromatic oil; gaseous yields.are methane ar..d ethane. 

M. Steinberg and P. Fat!on 
Brookhaven National L.1boratory, Upton. N.Y. 

f,ilowini; enrly work in the l9"0s on the rapid gas-phase 
n;-rirogen.ltion 0( CO.l! fot th': :>ynthesis O{ liquid hyurocar· 

;;., i:omplctt manu.scnpt of 6.:i pat11S may bt obtaintd ,'or ~iO.UO 
,·L·s prtl!pa1C. .mlyJ "> ... -rllinJ .4/ChE Publicac1ona Dtpt .. 3.J~ £. 
-:7:.i ~;., .'itw Y11r1;.. :v \" IOQ!f. For11111 o4d $.~.00. prepaid only. 
Ro1r;;1N .'rtS ."fn. ~7 I :b. Rt{. No. 7JA. 

l!l 

bons, preliminary bench-scale exp"";!:~ents in 1 19-mm 
diameter x 2.4-m Ion~ downl1ow reactor "''as undertaken at 
Srookhavtm National Laboratc.ry in l~7 ..;. !I) \Vhen hydro
genating lignue ~t Lempera1.ure~ and pressures 'JtJ to 1oo•c 
and l,500 psi ( LO,J43 kPa), the results indicatt:d ~ignifiC.lnt 
yields o{ liquid:. e~pec1ally benZP.!"e, and ·Zil!>eous hydrocar
bom. part1c:.il:irly methan1: ;ind ethane. The liquid yields 
increased ior reaction residence tim~ less than 30 seconds. 
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Preliminary proc~ design and eeonomic evaluation of a 
'lash hydropyrolysiJ process (2) indicated a reasonaole 
r~turn on capital investment, especially for chem1cai fttd· 
atoc:,_ ~r~duction. Thia iave encoura1emeot Ul the further 
investigation and development oi a t1ash hydropyrolysis 
proctu (FHP) that featured a one step, non-catalytic, 
rapid, deep hydrogenation system for covers1on of coal to 
synthetic liquids and 1aseou.s iuels. In Late 1976, a larger. 
versatile, and highly instrumented, ~ntrained downtlow 
tubular reactor was constructed and placed into opl!rat1on. 
(J, 4) 

During this period, several university reseatch laborato· 
ries have contributed to an undersr.andin( of the rapid coal 
hydro:en:ltlon reaction, notably, R. Graff ec al. (5) at City 
University of New York, and J. F.t Howard et al. (6) at MIT. 
In 1ddit1on, three federally-supported industrial programs 
have heen undertaken at Cities Servtce Research and 
Dovelupment Co. on a short residence time tCS-SRTl 
hydro1enat1on proceu, (7) at the [nstitute of Gas Technol· 
ogy on ' high-speed riser cr.ackm( process using a coil 
reactcJr (8) and at Rocketdyne Corp. on a rocket type 
reactor system. (9) Other private industrial oil and chemical 
companies also appear to be actively interes~ed in the FHP 
Syt'-m. 

E~perimental :ipparatus 

The 25.~ mm dia tubular reactor. 2.~-m Ion(, equipped 
with four section::il clam·:iheil electric heatars, followed by 
1.2 m of ccolin~ <oec~1un, is .;r,nstructed •Jf lnconel til7, a hi!lh 
Cr-Ni alloy .. .\ l.5-kl( capacity, pressurized, co::il r'eed hopper 
mounted on top oi the reactor tube c:ui ieed coal up to ~ 
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lb/hr (908 g;b) downtlow to the reactor. Hydrogen can be 
supplied up to 5 lb1 hr ('2.2'7 ~g1 hl Jnd preni::.:ted '.O a 
maximum oi 1900°C in a oA·mm aiamcter. etec:ric:ii rb1:3· 
tance·heated. hairpin t.ube. Reactor tuoe maximum ·:>oe•:it
ing conditrnns 1re ~.GOO psi 12'7 5 .'vtPa) and 30tJ°C, or 2 . .500 
psi ( 17.24 :V1Pai and 900°C. An on-line process gas chroma· 
to"raph can analy-ze LO chem1cai compone:'lts every e1~r.t 
minutes with sample taps ~vtry two feet aJon:: rne len~t!-. .ir" 
the reactor and in the trups and vent lines. A char trap 
maintained at 300"C ~eparates out the cnar :ind a11u1C:s 
condensation of liquid hydrocaroons. This is r'oilowed Oy a 
water-<:oo!ed t.rap that ;eparaces the oai:> 1 =.::.C1J, anci J 

low-temperature trap'· --W°Cl ior :;eparatm~ the cunaw,,a
ble 61'X ( ~C,J. Tile remaii11ng gases are vented up a ;;:ad:. 
A schematic of the apparatU3 is shown in F'i~ure L 

The general trend oi yields ior the FHP conversion of 
cnal (lignitei to products collected at the e~iL oc' che tuoui:ir 
reactor ar~ shown for the !ignt liquid product, BTX I~·: . 
mainly benzene), m Figure :2, Jnd the main .r:i~~ous hyo:o
carbon prnducts methane and ethane m ?t~ure >. ~t. 
appears that the yie!a I 1n terms oi r"rac~1•1n ol <:Jr-0•111 
convetteal ui liquid remains .u a relamely !o-.· ie.,e! Jt .iny 
11ven pre'.'lsure •.Jntd templ'ratures on the urdr1 vi t;:i0°C Jfl! 

reached. The BTX yield tends to me and react1 a ma:-:1nium 
in the order oi 10'1 Jt temp~::nures r:in71r::.: :;,1m -:-;;'~-· ~·' 
soo•C after which the yield declines. Trn:;; . .i dyn;.:rn1..: 
equilibrium appears to be <?~t.1bltshed l':elw~.,-11 the :"wn.1-
tion :.nd the J1:c11ir.po,;H.on ur ~r.e ~iq 1110 i :-": r-:ic::i' ~· lll< . :1 

the case of Lhe ;.r:u1eous hvtlror:irhons. tht. v1l'li~ Jµp .. ·r:. ·.o 
conti:iuallv ~ise ho~n .1s J 111nc11on 11f pres~u-re .ind tam:.:.'":\· 
ture re::1cn111~ vJlue;; a;; h1:.c:: .is 50 to 1iu·. Hri··"'" er. ::-.c-.~ 
are 11ot ma:r:imum yields be::cau~e they ha•1e b~"u me'~~:.-u 



at the reactor exit. which is across the entire length of the 
reacwr ior coal re~1uence •imes rnngm~ from about 9 ta 12 
seconds. The _v1elcis have been found to vary along the. 
tcngti1 oi th~ ~eac:tor going through a maximum in a number 
of cases. 

Concerning the flash hydropyrolysis operation, it is 
calculated th:it the average coal particle heat-up from 
ambient feed temperature to reaC..or temperature is 
approximately 50,000 °C/sec when mixed at the entrance to 
the reactor with 750°C preheated hydrogen. The average 
cool-down or quench rate of the reaction mixture from the 
he:iuci ~eaction zone, through the air-cooled quench zone, 
to the 300°C char trap is approximately 200°C/sec. The 
initial cool-<iown rate u the exit of the reaction zone may be 
higher, however. Ma:timum y;elds were detumined irom 
t.~~ hii:hest measured vaiue along the !ength uf the reactor 
u:;ing the 5ample taps. One example oi the product yield as 
a function of coal oarucle residence times is given in Figure 
4 at 2,500 psi ( L7.24 .'.1Pal and 775°C. 

In the temper:i~ure range of 750° to 800°C and pressure 
range cf 2,000 to l.500 psi (13.79 to 17.2-4 MPa), the 
mcimum yield for STX pealcs out at residence times in the 
reactor varyi.ug from 2 to 7 seconds with the shorter 
re!lidence times at the higher temperatures. 

Because of the higher boiling range of the heavier oils 
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(:?.C,) these are dete~mincd unly by collection at che end '>i 
the reactor. As shown in Figure 5 :-or Nonh Dai<ot:i ii~rnte 
at temper::itures in the range of 7'.25° to 7'5v~c .ina :c.:..:i:u ;:; .. < 

\13.79 :.tP.il. ti11: ma:timum ::1e!d ot" ~he he"v1er i1q•Hd 
hydroca•bcns ('=.C,i, is appro~im:ite!y equal :o :h..it oi :ht? 
BTX yield_ Above 750°C, however, the ~c;s deG~:ise much 
more rapialy with increasin~ temper:iture than the STX. 
Since one of the probai.Jie pruducr.:; oi decomposition ur 
hydrocracking of the heavier l:quids is BTX, there .:t;:;pe.us 
to be a relationship bet...,,.een the measured y1eid:> oi these 
two liquici products. _\[ even rugh<r temperatures, 
( > 775"C) the heavier liquids i ;?.C9 '3) decrease r:ip1dly due 
primarily to hydrogenation and rapid iormauon ul gaseous 
hydrocarbons. 

As reactor temperatures increase to above 375°C. :he 
principal product remain1n~ l5 methane with ::;a:aller 
amounts of ethane. The rna.:umum p::;eous ~wdrocaroon 
yield occurs betwe~n 2A :ind 7 ;ecunas coal par::c~e :esi
dence time over a range oi pressures, as 51ven 1n ;.-:i;ure 6. 
The almost linear nature oi the curves snows a y1eid 
increase of from 2.3 to 1.~";, ;:;er 400 lb, sq :n l6c9.5 ~P:11 of 
total system pressure. This pressure eccect :s thermo<iynam
ically in agreement with that predicted car the hydrogen
carbon reaction producmg CH, ,rnd C~H •. 

Since t.he feed ratio at hydtogen to coal is usually in the 

Q =~ ...i 
~-

0.16 r = ...i ,. 
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Table 1. Flash hydropyrolysis of 
North Dakota lignite. 

Reactor Temperature, <>C ........ ·, . 
Rca.;tor Pressure, lb/sq in gauge ...• 
H. Feed Rate, lb/hr .............. . 
C~al Feed Rate, lb/hr .......... : .. . 
Residence Time, sec .....•...•..... 

Product Yields (3 Carbon) 

Max. 
Liquid 

Run 

775 
2,000 

0.82 
0.98 
7.1 

Max. 
Gas 
Run 

875 
2,500 
0.88 
0.95 
4.7 

co ............. •.•.............. 3.4 1.3 
CH 4 •••••••••••••••••••••••••••• 30.9 88.0 
C~H6•• . • • • • • • • • • • • • • • • • • • • • • • • • • 10.3 0.5 

Total HC G~ .................. 41.2 88.5 
BTX ............................ 10.2 0.7 
2:. c,. . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.7 0.0 

Total Llquid . . . . . . . . . . . . . . . . . . . 19.9 0:7 
Total ......................... 64.5 . 90.5 

Heat of Reaction, kcal/gm coal. ..... -0.70 . -1.3 
Hydrogen Consumption, lb/lb coal . . 0.077. 0.20 
Effective Carbon Conversion, 3 . . . . 58.8 . 62.4 
Effective Energy Efficiency, % 75.9 . 100.0 

MHrie connrsiom; 
1 lb/oq '" 1•u~1 - 6.S95 kf'a 
1 lbJhr - ~ Clll 
l lcallcm - ~187 k.1/1 

order o( L leg of hydro~en to L kr of coal. the product 
concentration in the process gas stream are far below ther· 
mod.yna.!Dic equ1iibrium vaiues.. Due ~ this diiute ;:>hase, 
themethaae gas usually is below 5 mol '>:;, concentration in 
the equipment while the equilibnum concentrac:on 1s 54 'O 
at 7oo•c and -t.000 psig (2'i.ti :VlPa ~augel. and J2'0 at 
900°C and 5CO p:1ig (J.~5 ~!Pa g:iuge1. By decrea.sm~ the 
hydrogen-to-coal feed ratio in the reactor to 0.2 at 2.500 
paic ( 17 . .24 MPa gauge) and 875°C, a me&;hane concent::-a
tton as high a.s :lJ~ was observed. The thermodynamic 
equilibrium concentration under th~e conditions is 61 % ; 
thus, the methane reached 54'; o{ the equilibrium value. 

Two maximum yield runs 4re shown m Table l. One run 
listed LS the hi"he:st liquid yield run ( 19.9"0 liquid .:ind 
e-i.5~ total conversion) Jnd the oth11r is the highest g:iseous 
y1eid run (88.S~o gaseous HC and 90.5% tot.al conversion). 

The nitre;gen and sulfur distribution and baiances were 
measured. The lii;nite 1::1 a relauvely luw sulfur content coai 
(0 .. 1"';, S). With FHP the maior portion, "8 to 77% of initial 
S remains in the char. The oil is found to contain <0.l .-;, S. 
For the nitrogen (initial N content LS 0.9"';, ), le5$ than half 
remauu in the char and the oil contains <0.2"0 ~-

Mixing •ecycled ch.u with the lignite feed and additiun of 
iron oxide to the lignite improved the y\eld of STX and 
ethane. 

Reactor model 

A three-step reaction mod.el hu been developed in an 
attempt to obtain generalized eipress1ons for the hydrocar· 
bon component y11?!ds a~ a function oi µr~.>ure, tempera· 
ture. and residence time. (JO) The uperimental data have 
been fitted to Arr:1eniuii-ryp1 rate equations tak1n~ into 
account formatwn d11d decompos1t1on ol m.11or proc.1ucts. 
Activation o::n~rg1es 1nd1cate mainly a chemical rt.Jct:on 
controlled mecnauism. The uae of thitse rate tquuions in 

conjunction with heat balance e:tpressions are aprlied to 
the design of a hvdropyrolvs1s reac~wn vessel. Addiuun:ll 
experimental. des1~11. and anal)'51s work is needed to 0!1t:i111 

a much more aec..a1Jecl understanding of the reac~or en;:1-
neerin~. 

Process desi~n :lnd preliminary economic estimaL~s were 
made for three 'lers1ons ui the FHP process S)'5tem 1_ IU.J: ~' 
i,roducing only liquid products for motor gasoline fui;!: 2J 
producing coth liquid ;ind gaseous hydrocarbon produc:.; 
for motor g:1soline :md pipeline g:is; ;ind J) produc:ng ont·, 
gaseous products ior pipeline gas. For comparable overaii 
values of coal conversions 162":. ). the minimum !'.)roduction 
CO!it is obtained for the combined production oi molar 
iasoline and pipeline gas. 

The largest t'c,ctor (-35 "';, l in the c:ipiral cost oi the FH? 
plant is the equipment needed for recycling and condition
ing the hydrogen process, ~as. The FH i? process has the 
advantage oi allowing 'effective gas-solid and gas-liouid 
separation operaLions ioc producing nva•oc.lloon proau·c:s 
from the unc::mverted char. oiis. ano process ;:is. [n adu1· 
tion, the FHP 5ystem has the ciisunct adv:in~a~e oi ,·ersH:t· 
ity anci process rlex1i.Hlity. The prr.duCl ;!.:ice ll!d. :he pro
duction rate oi gaseous and liquid hydroca.roon rue! ::m .. c. 
ucts can be altererl in the 5ame reac~or, c.epenc..li~g on 
reactor operating conditions. ;t 
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APPENDIX 2 (a) 

TEE HYDRO-PYROLYSIS OF COAL TO BTX. 

M.J • FINN', G. F'YNES, ·w.R. UDFER, J .O. NEWMAN - NATIONAL COAL BOARD 

ABSTRACT . • - . l . d' d h .... f c:o ni:e pyrclysis ot British coa s has oeen stu ie at .y~rcgen pressures o ~ 

'.:o l5J har in single- and !:'".Jo-stage, tube reactors at :ieating rates of u"'._) t:o 
30 K s-l. In ::he single stage reactor, hydrcpy-rolysis of a hi6h-volatile coal 
gave up t:o 4.5: single-ring aroma.tics; ::he results suggested chat ::he evolution 
of volatiles and their cracking to be~zene were se~uential reactions. This was 
coniir:ned using a two-stage reactor in which the coal was heated at a controlled 
rate and the volatiles cracked in a separate zone at constant tem;ierat~re. 
Yields of up to l2Z benzene ~ere obtained from a high volatile coal in hydrogen 
(similar to the yields obtained by various •orkers from American coals by :lash. 
pyTolysis) wit:hout ver'] rapici heating of ::he coal. Hydropy-colysis of ~odel 
ccmpounds showed that benzene was a ~jor product of the cracking 0£ ?ol:rnuclear 
aromatics under hydrogen pressure. 

l • IN'l'RODUC':':ON 

The carbonisation of coal under hydrogen pressure is kno~"'tl as 'hydro
pyrolysis'. A review of published ~orkl showed chat flash hyd=opy-:olysis c£ 
coal, which involves heating rates of hundreds of K s-l, can give appreciable 
yields of light aroma:ic hydrocarbons such as benzene, toluene and xyLenes 
{BTX). Tile present paper is concerned with st~dies of both sicgle-stage and 
t"WO-stage hydropyTolysis of coals ai:ned at producing single-ri~g ar=macic~. 
especially benzene, fr0111 coal. !n the single-stage reactor che carbonisation 
and cracking :ones are heated by the same source, ~hile in ::he ~•o-scage reac:or 
there is independent control of the carbonisation and cracki~g zones. 

2. MATER!.A.LS 

2. l. Coals 

The analyses of the coals used for hydropy-::il:1sis a..=e given in '!able 1. 
Tile coals were ground, sized +251 -500 pm and dried at 373 K in vac~u:n. 

2.2. ~del ComDounds 

aydropyrolysis e:tperiments were also carrieJ out on six aroma.tic 
hydrocarbons: benzene, toluene, p-xylene, naphthalene, anthracece and 
phena~threne. Whr.re possible, 'A.~AI..\R' grade c~ei:iicals ~ere used w-ic~out :~rth~= 
purification. As the hydropyt'olysis reactor ~as only suitabl2 for solids, lg of 
compound was either absorbed on or mixed with 9g of active carbon (~C3 
Anthrasorb) . 

3. S!NGLE-5!AGZ ;rr:)RCPY'R.OLY3IS 

3. l. Expe rimen ta l 

The design of the reactor is based on th~t used by Hiteshue ar.d co
workers at the USBM2. A 1830 mm long x 8 ~ID stai~less st:eel, pres3ure tube 
in which about lCg of ccal were secured bec..,een degreased ·..rire ;.,oo·l plugs 1.Jas 
heated by p3ssing a large currant (up to 1600A) through its ~all. T~e heacing 
rate was concrolled by switching t3ppings ort a cransformer. Tiie pyrolysis 
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vapours were s"Wept out of the reaction zoi:e by pressurised hydrogen at up to 
150 bar, some of the liquid pro~uc:s collecti~g in the ice-cooled t=~?· The 
remaining liquid produc:s and gases ~ere reduced :~ a::cspheri~ press~rc ~~rough 
a needle valve, which was also used to control the flow rate, before being 
collected for analysis. The products in the trap were "7eigheci. and then 'Jasb.ed 
from the trap and adjointng tubing ;.rich chlorofor:n. The residual char in the 
reactor was weighed and analysed. 

3.2. Product Analysis 

Both gaseous and liquid products were analysed by chromatography. The 
hydrocarbon gases were measured on an alumina column with a flame ionisation 
detector, and the per.iianent gases on a molecular sieve 5A colw:m "1ith a 
k.atharometer detector. The liquids were measured using a silicone SCOT column 
with a flame ionisation detector. ~acer was esti:nated by titration TJith :earl 
Fisher reagent. Proximate and ultimate analyses •ere carried out on selected 
cha.r samples. 

3.3. Results 

The effect of variations in the Hnal heat-treac::nent temperat-:.ire and 
in the vapour residence time on the yi~ld:. of single-ring aror:iatics formed by 
hydropyrolysis of high-volatile Linby coal ~as investigated using heating rates 
in the range 7 to 30 K s-1, a pressure of 150 oar and zero solids residence 
time at maxinnnn temperature. 

3.3.1 The effect of final heat-treatnent te!IIDerature 

The effect of the final carbonisation cem~erature on che yields of 
benzene, toluene aJi.d xylenes (BTX) and phenol, cresols and :cylenols (?CX) is 
shown in Figure 1, where it canoe seen that for a vapour residence ci~e of 
approri:nately 10 s the yields of both arx and ?C:C passed t:irough a :na...xi.:num at 
a temperature of about 1000 K. Tile ~i.Jrum yi~ld of single-ring arcmati~s ~as 
appro~tely 4.5%, being composed of about equivalent amounts of STX and 
phenolics. 

3.3.2 The effect of vaoour residence time 

The effect of vapour reside~ce on the yields of BTX and PCX at heating 
rates of 10, 20 and 30 K s-l to a !inal heat-treat:nent :em;erature of 1000 ~ 
is sho"ll in Figures 2a and b. !he yield of BTX increased steadily over the 
range of residence times investigated and was little affected by the h~ating 
rate. In contrast, the yield of PCX passed through a maxi:num at a residence 
time of 3 s and was markedly affected by the heating rate, ac the ~Jo higher 
heating rates the PCX being al:nost completely destroyed a£ter 3 s. 
De~ydroxylation of the PCX to BTX at the longer residence ti=es only ~artly 
explains the fate of the PCX since the decrease in PCX is considerably 
greater than the increase ia BTX. 

4. TWO-STAGE fr!DROPYROLYS!S 

4.l Modification to Aooaratu$ 

The modification to the hydropyrolysis apparatus to e~able the 
carbonisation and cracking :ones to be separated is 3no'Wtl in Fi~ure 3. The 
upper porticn of the stainless steel cube reactor, •.which served 35 the crackicg 
zone, was ther.::ostatically controlled at temperatures up to 1273 K using ~Jo 
muffle furuaces; the lower portion which contained the coal was electrically 
heated as ?reviously. 
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4.2 E:c:>eri:nental 

The samples (coals, coking coals plus cok.e and :nodel co~ound.s on acti•:e 
carbon) to be pyrolysed were placed, as before, in the lower section of the tube. 
The flow of hydrogen through the reactor "Jas established to g:be the !'.'equired 
vapour residence time witn the upper section maintai:ied at the C!:'acki~g 
temperature. 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 i:!ie same •ay as with the single-stage reac:or. 

4.3. Result:s 

4.3.l Effect: of carbonisation ti:ne. temoerat:ure and heating rate 

The effect of varyi.~g the c:.:ir~onisation ti.:::..e is shown in ?igure ~. The 
methane increases JJCnotonically with time and the oenzene yield reaches a limit 
of about 11;: ¥J/V on d.a.f. coal at: 9 :ninutes. :bus, to achieve opci::u.im benzene 
yield with iDini.mum :neth.ane for.nation, the residence time of the coal should be 
controlled. 

Varying the final carbonisation taJiq>erature from 843 to 973 ~ (at a 
carbonisation ti:11e of 9 :ninuces) ¥Jhile cracking the products at 1123 K gave the 
results plot:ed in Figure 5. ~thane increases monotonically ~i:~ i~crease 
in final carbonisation temperature whereas ethane and jenzene ?ass th=ough 
broad maxima at about 923 K, the benzene yield peaki~g at 12~ ~1~ on d.a.:. coal 
(lJ.~% Con C). The lower benzene yield at 9i3 K suggests that, at this 
temperature, some oi t..~e benzene is destroyed during the carbcnisation stage. 
The volatile ~tter content of the char decreased from about 16: at a 
carbonisation temperature of 750 K to 5.5: at 923 I. 

The results of tests on the effect of heating rate show that, at a 
carbonisaci:y temperature of 150 ~. increasi~g the ~eati~g =ate of t~e coal from 
l to 25 K s has ~o significant ef!ect on benzene yields, although t~e methane 
and ethane yields are reduced ~y the higher heating rate. 

4.3.2 Effect of cracking temoerature and residence ti:ne 

-The yields of gases and liquids were deter.nined after cracking at 
temperatures from 773 co 1223 K using the relatively low carbcnisation temperature 
of 750 K and a carbonisation time of 15 :ninutes. 

The yields of methane, ethane, benzene and tar are gi•1en in Figure 6. 
Above 900 K, increasingly severe cracking of the carbonisation vapours gives 
continuously increasing yields of methane, ~hereas the ethane and benzene ?ass 
through broad m.axi:na. The yield of tar decreases TJith increasing t:e!tperature, 
suggesti~g that t:ar vapours are the precursors of much of the ethane and benzene, 
themselves being hydrogenated to methane under more extreme conditions. 

The effect of varying the hydrogen flow rate and hence the gaseous 
residence time was also investigated. The carbonisation te~erature was 873 K 
and the pressure ~as 15u bar. The results are summarised in Figure i and s~ow 
that, as th~ hydrogen flov ~as incr~aeed, :he yields Jf a~hane ~nd 
benzene increased and the benzene passed through a broad maximt.lI:l. At the lo~er 
hydrogen races, the volatiles vere overcracked co gi·1e high ::iet~ane 3 yietds. · The 
lowest hydrogen rate of 0.85g inin-l (equivalent to a floY of 0.01 o ~in- 1 at 
room temperature and pressure) gave a gaseous residence ti~e of abcut 7 s in the 
cracking zone at 150 bar and 1123 K. 



4.3.3 Effect of ?ressure 

Tests at SO, 100 and LSO bar in which the vapour residence time was 
maintained constant by using a constant li~ear hydrogen velocity gave t~e results 
sho"1Il in Figure 8. Meth~e and ethane yields increased linearly ·.wit~ pressure 
but the benzene yield increased less than proportionally to pressure. 

4.3.4 Effect of coal-rank 

The results ou the effect of coal-rank are summa.r~sed as yields versus 
carbon content of coal in Figure 9 and suggest that the o:iaximum eth.-ule and 
benzene yields are obtained from the CRC 800 coals. Anthracite, as expected, 
gave less volatile hydrocarbons, and the coking coals tended to cake in the 
carboniser and would therefore be difficult to process continuously. !he high 
volatile brown coal contained 24.8: oxygen and the oxygen appeared mainly as 
water rather than carbon oxides. The Lady Victoria coal gave comparatively lov 
benzene and high !llethane yields, probably "eflecting the high aliphatic content 
of chis coal. 

4.3.5 Model comoounds 

Table 2 gives the results of the hydropyrolysis of the aroma.tic 
compounds listed in Section 2.2.; only the aromatic products are liste~. The 
cracking cemperature was varied from 823 co 1173 K at a constant 7apour residence 
time of about 5 s. As might be expected, the extent of decomposition increased 
with increasing temperature, and the percentage re!llaining undecomposed at 973 K 
was taken as a measure of ther.nal stability. 1'he stability sequence i~ order 
of decreasing stability was as follows: benzene 2 naphthalene > ?henanc!lr;ne 
toluene> p-xylene >. anthracene. It should hoYever b~ stressed that ::he 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 (973, 1073, 1173 K) from the 
~del compounds is shown as a bar char~ in Figure 10. Benzene suro1ives both 
as a feedstock and as a product of the cracking of toluene, p-xylene and 
polynuclear hydrocarbons. It is interesting that aaphthalene, anthracene anc 
phenanthrene give benzene as a major product at the t;'.IO higher cracking 
temperatures. 

5. DISCUSSION 

In line with the various groups of American workers2-5 who have studied 
bydropyrolysis, the carbonisation of coal under hydrogen pressure has been shown 
to give much higher yields of light aromatics, in particular be~zene, chan are 
obtained by conventional carbonisation, i.e. at acnospheric pressure in an inert 
at::llQsphere. 

The results of the experiments carried out in a single~stage reactor similar 
to that used by Hiteshue, Anderson and Schlesinger2 are in good agreement vith 
their published dac!1 With this apparatus which employs relatively slow heacing 
rates (up co 30 K s ) a maximum yield of 4.5~ single-ring aromatics can be 
ex;iected from a low--rank coal. 

In these single-stage reactors the t~~perature cycle of the reactor 
together with the hydrogen flow rate through it determine the condicions for both 
the pyrolysis of coal and the hydrocracking of the ''o la tiles ~roduced Thus, 
it is impossiol~ to opti~ise simultaneously both the carbonising and cracking 
conditions. However, in the cwo-stage hydropyrolysis reactor, t~e carbonisation 
and cracking processes have to a large extent bee'n separated and it is therefore 
possible co optimise separately the conditions fo'r each. 

- -------

I 



The present work with the ~o-stage raactor shows that yields of over 10: 
benze~~ ~an be obtained from_ a ~~~rar.k coal wi.t~cut the.~eed_for h~at~ng a~ 
very aign rates (up to 1000 Ks ). From the point of view at the cesign ot a 
hydropyrolysis plant, a process employing a :noderate heating rate should be 
prefenble since it is likely to be difficult to achieve very fast heating on an 
industrial scale. 

6. CONCLOSIONS 

The present study has: 

(i) confirmed that hydrop~olysis of coal prociuces•appreciable yields of 
single-ring arocatics, especially benzene, and ~as sho~ t~..at a 
benzene yield in excess of 10~ can be obtained '..ri.~hout heating the 
coal ve-ry rapidly; 

(ii) shown that tbe benzene yield depends on the te!ll?erat~re of the 
cracking zone and the residence times of the volatiles in this zone; 

(iii) demonstrated the potential of a !:"'Jo-stage reac:or ~hereby the 
pyrolysis and c:::ackillg stages can be i:i.dependentl:r cont=olled, and 
which should make it s~pler to optimise the yields 0£ desired 
products. 
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Table 2: Yields of Aroma.t~cz f=om !'Jo-stage Syd=oov~ol7s~s 
of Aromaci cs 

Feedstock 
Crackin~ Cale. I Yield : ~/~ on feed j 
Tempera~ vapoun-_--~-.-----....,.------....,..---------------1 ------__., 

Benzene 

:roluene 

cure, 

973 
102.3 
1073 
ll13 
1173 

823 
873 
973 

1023 
1073 
lU.3 
1173 

773 
873 

P-x"i lene 973 

~a;ihtila

lene 

~thra

cene 

~hena.u
threne 

1023 
1073 

773 
973 

1023 
1073 
1113 
1173 

773 
873 
973 

1073 
ll73 

773 
373 
973 

:i.u73 
ll73 

~naicion: 

resi-~' Ben- !ol- !yl~nes 1aph~~- Ant~ra- Phena.n-
denc:e zene uene alene cene t:hrene 
time, 

5 .. 2 92 
4..9 101 
4...6 95 
4.4 71 
4.3 18 

6.1 
5.7 
5.2 
4.9 
4.6 
4.4 
~.3 

6 • .S 
5.1 
5 .2 
4.9 
4.6 

6 • .s 
S.2 
4.9 
4.6 
4.4 
4.3 

6 • .s 
5.5 
5.2 
4.6 
4.3 

6.5 
S.7 
5.2 
4.6 
4.3 

20 
21 
59 
54 
73 
61 
18 

4 
4 

14 
.56 
67 

l 
4 
5 

24 
41 
23 

0.5 
0.5 
2 

l.S 
16 

0.4 
(' .5 
0.9 

21 

66 
42 
32 

l 
0 
0 
0 

21 
6 

23 
7 
0 

0.2 
0.8 
2 
l 
0.4 
0.3 

0.4 
0.4 
0.7 
0.4 
0.1 

0 
0 
0 
0.1 
0 

97 
76 
21 
a 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

99 
93 
80 
52 

8 
o.z 

3 
2 
8 

20 
0.6 

0 
0 
0.9 
2 
O.l 

lg oE feedstuck •ich 9g of active carbcn 

-
16 
14 
9 
7 
2 

0 
0 
0 
0 
0 

37 
36 
42 
l~ 

0.7 

Carbcni~ed at 750~ ~it~ 15 ~~n. solids res:de~ce ci~e 
Heating rate l K s-l 
8 mm ID carbvnise= a~d cracke~ -.. 
aydroge~ a.as g min at 100 bar. 



Col Uuy 01" NCB 
Coal Type CltC GraJe 

llo. 

---
CocJ Bach IOI lla11ht:1I Juft 

--- ------
Gu\I 20) Uu1lu:J 

Hhl II• ---
l\cl\ICllt- )OIL Uuul..,J 

haugl1 1i1n.i l la 
--- --------

llc.-alla• 402 \la1thcJ 

• 2 in. --
,\n•u:a ley 602 U1Hhc1I 

.luulilea --- -u.~if.~J 
l.i nby 802 

J1111ble11 --- --
Ud\I tll 11 802 s,,.atll 

-~ -----
"otgrove 90:t 81.:uJ A 

-- ---
1.aJy vt .. - - Cu111u! l 

lOril ---
~c1•an brGWn - -

---

r.-oxlmuto analy•l• 

1tol1ture 411h v.w. .. . .. . J.b • J.a. t. 

------
2.) S.6 S.1 

---- ---- ------
0.6 lO. l 11.9 

----
O.'.l '.\.) 29.J 

I. 9 2.0 )8.) 

- -----
4.S 2.4 18.6 

8.l S.8 J9. l 
-·-- -----

9.1 11. 7 19. l 
----- -----

11.S 14. 2 41.) 

--- ---
2.0 2.9 U.2 

---
11. s J.6 S2.lt 

Table 11 Attalyse1 of Coals 

Ultfawt1;1 unu 

CJ~-
-- ---J.111.111. t 

9).9 ). l I 
--- ---·-· --
91.6 4.7 I 

-- ---- -
81.6 s.~ I 

--- ---- --
ll'L 'J S.6 1 

~ ---- -
84.l ~.s l 

--- -
82.4 S.J l 
-- ---- -
80.6 4.9 l 
---- -- -
82.S S.1 l 

--- ---- --
tl4.4 6.8 l 

-- -
69.1 4.6 -o 

.. ly11 

N- ,-0-- ~T~tu ']Cl -

a. r. 
----- -------

,2') 0.9 0.8 0.08 
--- --- ---

.~'> l.6 o.o 0.01 

-- ·-- ---

• 1':> 4.1 o.u 0.04 

--·-· -- ---
. }') 6. tl 1.0 o. 19 

--- --
.~ 1.1 0.6 0.49 

-- ·--- ---
.9'> 9.0 l. (} 0.46 
-- --·- ---

.4 11.!I 1.6') O.lJ 
---· --- --

• 6'> 9.1 O.tl'.. 0.26 

·-- --- --. ~ ~.8 I.) o. 1 !) 

--- -- ---
,9 24.i o. 2'> o.o) 

H11ccral anaiY.iTa 
Coking hat Z v/v ---------- .._____ 

Vitdolu l!idnlu lncrtinl te t:u11 f Lg s~ 

I Cuk~ 1'ypa 
----- ----- --

62 0 16 A 
__ 1--_ .. ------ ------ ------- --

71 TL". 29 t" 

----- ·-
H.U, H. ll, H.O. c~ 

~---- ---- ·-
61 l IO G9 

·------ ---
1l 9 18 G4 

----- --
19 6 IS c 

------ -
6] II 26 c 

-

N.D. H.D, ·.H.D • A 

- . ... -
26 21 H I! 

------ ------- --
N.U. H. O. H.D. A 

. - --- ------ - -- ------- -----· ---- ------ ------- -

H.U. • Nol 1lut1:11111l11c•I. 

u ll 1111 
tlu, 

0 

ll I 

61 

61 

0 

\ JI 
l)' 



Type of 
!lc;,c Lor 

Entrained 
1'ube 

. 
Hui Jised 

lied 

Tube 

.. .--- .\... _ .. 
T/\111.E 2 !i ~i1rn1111<t1_:y of lly1h·~~:~lysiu ll~tiultB 

Type of Coal 
lleuli ng Hate 'l'emperuture Pressure 

Lig1\i te 
l.ignitt! 
Sub-bituminous 
Lignite 
Lignite " 
Bituminous -
Lignite 
Bituminous 
Sub-bituminous 

Bitumi11ous 
Bi luminous 
Lignite 
Suh--·bi t.uminous 

Sub-bituminous 
Hi tumiawus 
Bilt1mi11ous 
lliLuminuus (Eastern USA) 
bfluminous (Western USA) 
Liguitt. 
lliLuminous 
Suh-bi l11minoud 
8 i tum i nm1s 
Bituminous (UK) 

-

a - Postulated 
b - Benzene-uoluble oil 
c - Postulated 
d - Totul single-ring aromatics 

K ti-1 

Uapid 
Hi.Ip id 

O.hxl04 

2. 7-:8. 3x 104 
') 5x 104 

llapid 
Jlb-470 

6!10 

> 7 

0.1 
lhlpid 
lx104 
Hap id 

Hap id 
7 

20 
7 
7 
7 
7 
7 

650 
b 

K bnr 

973 104 
99U 139 

1063 200 
894-1130 34tl-207 

9'/3 153 
1255 104 
1061 139 

973 173 
T/3 139 

873 70 
> 8'/3 > 22 

1023 103 
840 66 

on 346 
10'/3 415 

'/!)3 415 
10'7] 415 
10'/3 415 
1073 415 
12'/3 70 
1073 415 
1073 lOO 
1123 lbO 

Note: u t.ypicnl DTX yield by high temperature Ci.Jt'bonitiation is about 1% 

• 

---
Yield% w/w d.a.f. coal 

Hefcnmce 
OJl B'I'X Benzencr-

7 10 27 
7 7.5 '/ 20 . 

45U 3b ~s-ri. 
16 15 36 

13 5 '.J~) 

~b 9 43,44 
7.5 3 4:, 

2ob 48 
30 !i!) 

27 15 
3;2C 2b 

7 26 
29 0.03 0.02 51 

26 l 
9 3.5 3.2 10 

3() 2 l 1 
19 ) 

26 ) 1 ;! 
33 ) 
19 l '.j 

40 <6d 14 
ll 10 22 
12 12 56 

\..fl 
l 



cc:m~:usrc~r.s 

( i) 

( ii) 

(iii) 

( iv) 

( v) 

-::e~id ca=bonisation cf coal in hydrogen at pressu...""'es above 7~ bar can yieli 

up to i.!..;;t, of oil w/--1 on coal. 

Suitable cr'3.Cking conditions under hydrogen p~ess~, about 1100 K with 

vapour residence times of the orier of l s, convert pa.......-t of the volatiles 

to =TX, u:p to 16% w/w on coal, 94% of which is benzene. 

The greater pa..-t of the benzene is :'Gr.nee by t:i.e :~enta.ti:m cf la=ger 

volatile molecules in the gas ?ha.se to f:::"':::;e radicals, which are stabilised 

by hydrogen addition. 

:.Ow-ran.~ coals give the highest =TX yields. 

Methane, a major :product is formed by: 

(a) initial carbonisation of coal 

(b) hydrcgena.tion of •1olatiles in 'culk hydr~en 

(c) hydrogenation of ieYola.tilised char. 

- - - - -

• 
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