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P37 1 - HISTORICAL
SHCTION I

TH. ORIGIN OF CO.LL, THi. CLASSIFISATION OF COML, AND THE

GuOGRATHIC L LOCATION DF COsl, DE-OCZITS

Hendricks (22) has pointed out thet us early es the lstter part of
the elghteenth century von Beroldingen (50) snd Deslue (10) held the
belief thct coal wsas formed from 7lsnt debris which nud accumulated in
swnups and ned sudbseguently undergone changes that resulted in the
sejuence of coHuvls cenuing Irom peat to anthracite. Since thst time
aumeTrous rescarches have extended snd heva confirmed theae preliminary
ldsas,

Probebly the most significent contrib;tlons t5 the theosries on the
origin of co2l were musde by Thiessen (£3) from microscapic study of coal
structures. Two consecutive end fundumentally different processes were
pronosed to account for the transforistion of frasn vegetuble matter
intn coel: 1) the biocheniczl .rocess; snd <) the dynsmoochemical
Pricess.

scecording to these, during the first process the sccocumulating
vagetable motter becomes partislly disintegrated or decomposed and
reduced and wny of the orgenic chemic=l compounds of the original
waterisl are partislly dscomposed, de.ending upon the conditions at
the purticular locslity. Thias process hss been termed "biochemical"”
inssmuch a3 the mnre importent transforrutions take place under the
influence of, or in conjunction with, the vitel uzotlvities of certein

microorganisme. The operztion of this process varies considerably even



witnin the suzme bed, dep-nding on the varying conditions of deposition
of orgenic umatter o8 well as on {ts composition. This "biochemical™
process ends with the cessstion 6f the spaerobic microbian seticn ze a
result of oxygen devletion of the metter or as o result of the develop-
ment of extermirutive toxins. The observation of coal and peat show
that the viochemienl process muy be cut short with only partiel de-
compasition of the vegetable matter. Thia is shown by the lignites of
Horth Dekota snd by woody or fibrous neat. The process may proceed
further, as in the crse of densely laminsted coal, resulting even in
the coimplete obliteration of most of the plent structure, as in the
case of "amorphous” sosl or peat. The coanditioning limits of depth or
sge =t which bacterinl edtvion ceesas undoubtedly very with thse rate of
growth of the peat, the concentration of toxic constituents, the porosity
of ihe Zrouad, the water composition, the temperatuirs, and probably other
factors., [t 1s quite likely thst esnserobic sction may continue at
coneiderable depths in the peat bog and for e time sfter the pest deposit.
heas been coversd with sedimentetion, especielly if the latter is coerse
and porous. The primury residusl product of the blochemicel process 1is
& pest Oor 1ty eguivalent in renk..

i+t the and of the biochemicsl process, the produet is only un
uncongolidated, nondenydrated pest occluding methene together with fluid
dacomrnsition nroducte that have not made their eacape. At more advanced
stoges it is & bleck or "mature”™ peat in which most of the plant matter
has decayed, or en ‘smorphous™ reat; 1f the matter is less advanced, the
psat comteins much wood or another matter largely undecomposed and 1s

brown and less "mature",



The dynemochemicnl process covers the chemical and physical
slteretions of the cosl-forming matter induced und controlled by geo-
dynamlc influences. This process follows the "blochenicel”, but it may
6t times be conceived t0 3lightly overlep the iutter. The accumulstion
of heavy strate 0f rock and s0il gives s much more compact peat, with
consequent expulsion of s part of the water and consolidation of the
residusl substznoces. In the early stsges of this pressure applicetion
the mass ls compucted, gases ure further expelled, and the lijuid
putrefaction products thst form the cementing material or binder for
the coecl 2re partly herdened, probably through polymerizetion and con-
densastion type resections., The fuel mmss, much reduced in volume, essumes
its more typlcal geological relation ss s stratified mineral sediment,
The reduction ¢f un zaverege peat tO n low grade lignite renresents =
logs of thres-fourths of the welght of the original peat nass, originsl
neet contelning sbout 90 per cent weter snd the lignite contalning sbout
AQ per cent water. The tranasformstions of the mass to the higher ranks
of coul are accomranled by further reduction of the water content.

./ith the expulsion of water comes nlsc the escape of gases, msinly
methane from the peat. JSome carbon dioxide znd hydrogen sulphide sre
also libersted. ;s the process proceeds, additionel changes in chemical
constitution oceur, somse of the rosiduel products of the bilochenmical
process are further zltered, and plant olements not previously affected
are decomposed or sltered, with consejuent losses of weter snd liiht
hydrocarbons. The exect nature of these chemiesl changes are not known,
ipesmuch 88 the exect chemicel constitution of coel cennot be definitely

postulated,

During this dynsmochemicel process the volatile matter content of



the curbonaceous msss ;rogresgsively decracses ¢s determined by standard
gonventionasl methoda. 7his progressive devolstilizstion of the cosl is
due to the geodynamic process. The ultimate stege of the process would
be the compicte eliminction of oxygen, nitrogen, =«nd hydrogen, 8o thet
little oI the Oovgunic maiter remeins excent carboa in the form of graphite.

Juring the pest ceptury, maay sttempts huve bmen mede to classify
coals uwccording to the geologic metemorphism in terms of certain numerical
values “rop. Lhe prorisste nnd ultimats saolyses (20). Proposed claasifi-
cations hLzve used volatile metter, fixed cerbon, totsl carboa, hydrogen,
and oxygen in vericus combinstion:z. liowever, some gysiems fulled %o
clauszify rroverly high-rank coels snd thers feiled when spplied to low-
runk szaples. The {inanl solution a.sesred to be the use of two seisrate
fectors for the wroper clusasification of =11 renks. The system developed
vy rorr {(40) and lster used as the besis for the fe3.To¥e classification
nae woved yulte sutisfectory in this reapect. #lfter extended study Parr
recognized thet minersl metter content had little if eny reletion to the
rnnk Of o ospetlculars coal, hence g classification is best made on a
minersl-metter-free basia, The moisture eontent i1s slso en extrsneous
varieble, The remsinder sftsr subtrescting mizerel matter snd moigture
is the dry, miperal-rmotter-free basis. This has been designsted "pure”
or "unit” eozl, =znd on this basis the voletile metter and fixed cerbomn
sdi up to 100 per cent. High rank coals were found to be well dis-
tinguished by their heeting walue which 1s sctuslly closely related to
tne oxygen content. 7The letter two lters are really inverse functions
of one another,

The Farr clessificetion sas not been ruch used ia the form in which

it wes presented, but the simplicity and sdventeges of the genarsl method



were at once apparent, snd the L. .T. . cluasilication which iz summear-~
ized in Teble 1, pege 6, resulted from these fundamental principles.
This schewme has been utillzed %0 s lurge extent in recent yoars asnd haa
been genvrully accepted as the standerd for the North iAmericsn comls.

For the United ltetes as a whole, evproximstely forty per cent of
the total genersted snd harnessed energy consumed in 1542 was obtalned
from cosl, the other primery sourcea being petroleum, nuturel gas, and
aydroelectrie power (9, vage 275). This country is indeed fortunate in
the fact thet 1% hss huge coul resources, totalling spproximstely 47
per cent of the world's known supply. Table 2, poge 7, snows the rela-
tive cozl rasources of the world by coantinents a3 estimsted in 1948,

The distribution «f coel resocurces of the United States are showa
in Figure 1, page 8, Tha general areus covered by thls illustration
are es follows: (21, page 89)

1. #aatern ‘rovince ineludes: (a} the anthracits
regions of Penngylvania and Rhode Islend; (b) the
Atlantic cosat region, which takes in the flelds
of Virginia snd North Cerolins; and (c¢) the
Appalachian region, which extends from northern
Pean:ylvanis into ;lubama, and ineludes parts of
Ohio, Harylend, Virginisa, west Virginie, Xentucky,
Tennessee, and Georgls.

Z£. Toe Interior Frovince includes: (a) the northern
reginn, containlng the %“ichigan coal fields; (b)
the esstern region containing the Illinois,

Tndians and westorn Kentuoky fieldsa; (o) the
western region, containing the cosl flelds of lowa,
Migsouri, Nebrasksa, iransas, Arkensas, and Oklahoma;
and {d) the southwestern region of Texas.

3. The Gulf Provinoe includes: (a) the ¥ississippien
region, =hich embraces the coel fields of louisiena,
#isaissippil, and Alebams; and (b) the southwestern
region, which takes in cert=zin regions of srkensas
and Texas,

4. The northern Grsat Pleins i'rovince includes the coal
fields ir the Great fleins esat of the Front Range



TABLF 1. AJS.T.M. Classification of Coals by Rank™ (1)
F.C., =« fixed carbon; V.'l. « volotile metter

CLASS ARy s LLAIP: OF YINFD CLTROY O B.t.u, TOTISITE CAYSICAL

N ] B3 S ERA AT NN SR S y 0N DT RO
I. ‘nthreeitle 1. Meta-anthraeite Lry ¥.C., 987 or more (dry V.., 23 or less:
2. Anthracite Ory Tol., $27 or morae and less thsn 3930 {dry
V.., & or 1033 eud more than %)
5. ‘“emianthrucite Try Tole, 887 or move and less thun 277 (dry  “on-azzicmsriting T
¥.oi., 145 or less und more than B87)
II. Bituminous @ 1. Low-wvclatile Iry F.Co 787 or more and less than 867 (dry
hituminous eonsl V.., 9% or less aud more than 147)
°. edium~voletile lry F.C., 69" or more and less than 787 (dry
Yituminous coal Vo', 317 or 1ess »nd more thrn 220)
3. igh-volatile i Lry F.C., less theon 387 (dry Valey more than
bitumincus conl 31%); end moist ¥ B.t.n., 14,200 Il or more
4. iz wolatile & oist T S.t.u., 13,000 or more and less tian
bituminous cosl 14,000 1l
5. Iizh volatile €  Moist E,<.0., 11,020 or more uand less than Zither uezlomerating
bituminous cozl 13,000 () nr non-wyeathering B
IT1. ‘ubbiturinous 1. Cubbitwednous 4 Tolst not.u., 11,000 or mors and Twess than fot: westlaring end
conl 15,000 Il non-szeionerating
2. aubbituwnsinous B Volst Buit.u., 9500 or mors ond less then .
conl 11,2%¢ ||
3. Cubbiguminous ¢ Moist M.t.u., 3330 or rore ond laess than
conl 9500 ||
IV. Tiznitic 1. Lignite woist Dotau., less vnan RECO Lontelidated
] 2. 3rown coal ‘oist B.t.u., less thgn 3360 0 Jnecnzolidated
* This elesgificetion does not incilude - few couls tit %eve unusun! physical snd chemical “"nﬂs*?i"s and
come zithin the limits of fixed carbon or B.t.u. of the high-volotile Bituminous and subbitumin ranks.

411 these coslsg elither contain leas than 48 zer cent dry winerdl-mettsr~fres firxed carbon or huve more than
15,300 moist minerel-matter-fres S.il.u.

T If sgglomerating, clnssify in low-volutilz group of *the bitwsinous elsss,

¥ soist Bot.v. vefers io coul containing its nztural bed moisture but not including vistbis water on the
surfece of the conl., .

8 1t is recognized thnt there mey bs non-caking wverlaties in sach zioup of tue bituminous cings,
Il Couls having 59 per cent or rore fixed carbdon on the dry wtwerﬁl—mLtter-frae bagis an»21 ha ~iageified
secording to rixed carbon, ragrriless of E.t.u.

& There are three vurietics of conl in the Wiche-volutile ¢ vifuminous eozl group, nsmely, wnriety 1, ige
giromnerating and non weathering: wurlely 2, aggloms.cetianz ond Lesthering v&rlety 3, nﬂﬂwﬂ?"‘n”“vﬂting and

non-weathering.



TABLE 2. Estimsted Cosl Resources in 1948, by Countries in Per Cent
of VYorld Tonneges (According to Minerals Yearbook 1949).

(9, page 28)

North Amerioa

Canade
United States 4
Other North American Countries

3

Rurope

Germany

U .s .S .R.

United Kingdom

Other Europesn Countries

N#gq

Africe
British Commonwealth 8
Asia

Chine
India

» 3

world Total 100



FIGURE I

steTIMATtoi) COAL RaojUHCiio OF THL UNITED STATES
FIGURES AHH IN MILLIONS OF NET TONS

(ACCORDING TO HASLAM AND RUoSFLL 1926) (21, page 94)



of the locky ¥ountuins, These are: {(m) the Fort
Union region, with the northern *yoming field snd
the lignite fields in ihe Dakotas and eastern
syoming; (b) the Bleck Iiiils region 4n Jyoming;
(c) the Judith Eesin apd the susiniboine regions
of tontasne; (d) the Leaver region in Colorsdo;
and (@) the HRaton Mess pegica of Colorado und
Naw Mexico,

S. The Rocky ¥ouatain Provines includes (a) the
Yellowstone region of .ontsne; (b) the Big Horn,
Hama Fork, end Green Ziver regions in wyoming; (e)
tne Uinta ragion of Utah and colorado; {(d) the
San Juen diver region of Colorado zcad New Mexico;
and (e) the snutnsestern Utah reglon,.

6. ‘The lacific Cosst Frovince includes the 0oal
fields in Califarnic, Ureyon snd wushington.

In gensrel it car be ssen that the lower greides of cosl ere locsted
ia the western section of the netion. The better gruodes of ooking coals
ere loceted in the sustern srea snd the development of this supply hes
rede possible tie concenirstion of the heavy industrizl enterprises in
this section.

The -roduction of coal in the United States is approximately 35 to
4% p r cent of the entire world's output and is of the order of magnitude

of 800,000,000 tons annuully.



SECTION II
Tik CHuM¥ICAL COMPOSITION OF COAL

The chemical constitution of coal hes received much attention by
many workers and its extremely complex structure has prevented any
comblete elucidation of the problem, Jtudies have been directed in
specific directions in order that the reactions of co2sl might be .
compared with femilies of compounds yieldine similar reactions, hence
of an analogous atructure. This work hes been covered in considerable
detail by weiler (51,52) and Howard (24) and only & brief review of their
conclusions will be pressated. The conclusions covering the chemical
constitution of coel were obtmined by the following resction types:

(1) Reduction reasctiona; (2) Halogenation reactions; (%) Oxidation
reactions. Esch of thease resumes is covered briefly &s f2llows:

(1) The studies of the destructive hydrogenation of known organic
compound8 and the kinetics of the destriuctive hydrogenstion of coual meke
it rossible to =ssociate certsin types ol chemical structure or groups
of stoms with certain phaéos of coai'hydrogenation and the nroducts
obtained.

The prirary liguefaction that occurs below 370° C. is probably a
combination of solution and depolymerizetion of high-moleculasr-weisht
substances formed during the coalification process. In the coslificetion
srocess condensstion reections or polymerizustion of unseturated structures
regulted from loss of water.

Above 3700 (. the temperature coefficient of ligquefaction
ver, high <nergy reguirement for the reaction indlceting the - ooatin.

of strong primary bonds, either carbon-to-carbon -r carbon~tc. . ¢ s o
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both,

It is not evident what is the nature of the structures ianvolved in
the thermal decomposition of the coal substance occurring just above 370°
C. giving the loss of 60 per cent of the oxygen of the coal primarily as
carbon dioxides ané water but partly as low molscular weight phenolie
compounds. The reaction occurs simultaneously with the ligqusfaction re-
action occurring in the sume temperature range. The ¢arbon dioxide and
asome 0f the weter obtained are probably derived from the decomposition of
earvoxylic acids; the formation of low-moleculasr-weizht phenols suggests
the breaking of linear ether linkages. The simultaneous liquefaction
and oxygen-removal reactions mey be a coincidence snd the eliminstion of
wator may be partly a continuation of the coalification process, that is,
condensation to larger molecules or the formetion of unsaturated linkages,
The fact that liquefaction ocours in spite of the possible continuatién
of the coalification process 1s an indication that the rate of clesvage
of molecules overshadows the rete of condensation on the one hand and
the presence of hydrogen saturates the double bonds preventling polymeri-
zetion on the other hand,

The further deoxygenotion ls slower and is pertly the decomposition
of nonvolstile phenols previously formed in the sarly stages of the oxygen
removal Drocess.

The evolution of geseous hydrocsrbons, varticularly ethane, hes been
assnciated with the hydrogenation cracking of cyclic hydrocarboas.

With the sbove discussion in mind it is poasible to arrive ut a

srobable picture us to the hydrogen, cerbon, and oxygen linkages. The
condensstion ~rocess involves the slimination of water end cerbon dioxide,

resulting in essentiully condensed polynuclesr (five and six-membered



rings) carbon skeletons of high molecular weight. The degrse of conple~
tion of this reuction {s indicsated by the Juantity ¢f reteined oxygen.

Owing to the high hydrogen-to-cerboa ratio of the original glent
weterisl, the hydrogen conteant of the cosl even sfter prolonged 0osli-
fiostion ia far in excess of the yuantity reguired for a completely
aromatic stiructure. It 13 beslieved thut much of the polynuclear ring
structure must be satursted in the form of hydroaroratics or partislly
sasturated to zive rise to olefinic doubie bonds.

{(2) rZxhaustive chlorinstion has been utilized @s =n approxinete
messure of the carbon dlatridbution in coal between complex cvondensed
ring structures oa the one hand and ealipheatic and simrle cyelic structures
on the other, Chlorinstion of the cosl using a2 hundred fold welght of
antimony pontechloride at temperstures up to 470° C. yielded the alirhstic
and simple ring structures in the form >f chlorinated hydrocarbons, CiClg,
CaClg, end CCly, lesving the condensed ring syatew es a highly chlorinsted
acnvolatile residue. By thls resction it was estimated that 80 per cent
of the cerbon of a biltunminoua coml is present in complex condensed ring
structuras.

%uch more work has been carrisd out on hzlogenmtion reactions of
a npture similar to that noted sbove and the following conclusions con-
cerning the atructure of cogl heve resulted: . large portion of the
carbon is present in condensed ring systems. These ring systems re
largely of the naphthenic type and are probubly to = iarge extent hydro-
aromatic, thet is, composed of six membered rings. iuch of the hydrogen
end lower hydrocerbons resulting from cosl cerbonizstion 1s due to the

dehydrogenstion of these napthenic linkeges to seromstic systems, It
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is impossible to determine an enswer to tho probeble nsture of the
oxygen linksge from halogenation reactions.

(3) The mild oxidation of bituminous coels results in the formation
of & mlxture of reletively simple elkuali soluble "humlec zeids™. These
primery oxildatlon products have not yst been definitely charscterized
out wre believed to be chiefly of condensed cyclic structure, some of
thae ¢ycles conteining only carbon stoms, snd others containing soms
oxygea, nitrogen and sulphur. The carboxyl :nd hydroxyl groups are
rasponsible for the alkall solubility. The carboxyl content is of
sufficient =mmount to lead to aversge eguivelent weighis of 200 to 300.
Cevere oxidative degradatioa ylelds simple water-soluble zcida such as
carbonie, wcetic, oxelie, succinic snd members of the beazenecarboxylic
acid seriss. The oxidstion zroducte of the lower-rank c¢oamls yield lsrger
proportions of cerbonlc uwciu, the simpler aliphetlic sacids, and the low
wembars of the benzene-carboxylic series. These results tend to indicsate
g serliea of structures renging from vegetsble debris of mixed aliphatie,
haterocyclic, und carbvocyclic structure, tc grachits, the completaly
¢ondensed structure.

It cun be seen thet ezch of the sbove trestments 1z much different
but yields soproxiretely the same generszl type Of configurstion for the
complex cosl sudstences. Heallzing that conl is undoubtedly & hetero-
gensous system comprised of e multit.de of chemical species, it i3
advantageous for meny purposes to deal with an sverage or reoresentative
molecule which csa be sssumed from the research date avalleble. Fuchs
end Sandhoff (13) have postulated such & representstive mnlecule as shown
in Figure 2, page 14. This 13 competible with the proximute and ultimate

analyses of bituamlnous coeld.sod with the exieriences of oxidatioa,
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A TYPICAL COAL MOLECULE

(ACCORDING TO FXHS AND 0AEDHOEF) (16)
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reduction, halogenation, snd thermal decomposition.
Finally, observation of such s complex hypothetical molecule gives
an indication ~f the difficulty involved in obtaining definitive inter-

pretsble date in any research oa resctions ocourring with coal.



SECTION III
THE CARBUNIZATICN OF COAL

GrAARAL OXSCUSSION AND PRINCIPLASG

The carbonization of coul is extremely important inssruch uss 15 to
20 per cent of the coel produced in the United Ltetes 1s processed im
this manner. The primary uae of the coke produced in this rrocess is
for metallurgical purposes with secondsry application ns & smokeless
fuel,

Jolentifically, cosl csrbonization cen be defined cs destructive
distilletion; decompositinn by bhest, in the abssnce of air, ceusing an
increase in the csrbon content, at the exrenae of other constituents
volatilized us gases or vapors. (42, vege £3) It is a process of wmodi-
fying a crude, rew fuel into better fuels, of extracting valuadble by~
products -- ermoniz, light oils, tar -- before they are destroyed in the
burning, of convertinog the raw smoke-yproducing inefficlently hendled
cosl, into srokeless fuala, efficient in their use =«na distribation.

The heating of cosl with the exelusion of sir initistes chenlesl
reaotions thnt are highly complex end that yield & variety of new
substunces in place of .he original ocoel. These products are in three
phages -- the solid altered residue or coke; liyulu products, wuater snd
tars; aeand ges.

In bulk carbonization it is doubtful whethsr zny of thz initial

products liberated from the coel are obtalned cs finsl proaucta. Among

the primaery products occur msny secondary reactions, which follow well
xnown physical-chermicel lews., It must be kent in mind that the comnponents

of such w syster are so rany &nd 80 oomplex that ewplicstion of laws of



17

chemlicsl statiagtics anld dynemics as a whole is extrenely difficult if
not impossible,

The process of cozl csrbonization may be divided into verious steps,
ag follovwis: Tfirst, the liberatiocn ¢f the primary voletile matter at
relative low tenjerctures (550-5000 C.) which lesves the cosl substence
as 8 partly carbonized so0lid; second, the liverstion of volstile products
froa the alteréd residue by heating to higher femperatures; and finelly,
thermel reactions among the srimery volstile products, which greatly
influence the composition of the finsl products from the coal, The work
of Teylor uad Forter (49) in their ex,eriments on the mechaniam of coel
carbonlzstion can be summerized sg followa:

l. s proximstely two-thirds of the organiec substance of coal is
decomposed below 5:0° ¢. Coals vory ia their esse of decomposition, the
older eastern c¢onls beina less enslly and repidly broken down tansn the
younger wastern corls,

2. The firast decnmposition to oecur as the temperature is ralsed
is the breaking of certuin oxygen conteaining substences relmsted to cellulore,
the nroducts being 'rimarily w»aster and carbon dioxide.

3. It is believed that conrl brexks aown mors or less at =ll tempera-
tures but the point of lLsrge deconposition is considerably above room
texperature,

4. The formwtion of li,uld uvnd guseous puraffin hydrocarbons begins
at low teamperatures, but proceeds slowly and ab 450% C. the voletile
mutter is chiefly puraffins for bituminous coal. Younger cosl types =uch

a8 tune subbituminous uroduce chiefly water and csrbon dioxide un to &t

least 450° C.
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8. Paraffin aydrocarbons of the Cpliz 5, £ » series higher than
methane are predomingat below 400o C.

. The therzsl decomposition of the primary volstile matter tekes
place readily st temceratures sbove 750° ¢. yielding an increase in the
quantity of permenent gases, hydrogen snd hydroczrbons.

7. bove 750° C. the distillation yields geses in which hydrogen
predominates, whether secondery resctions sre prevented cor not.

€. The tar yields may be markedly incresszed by distilletion =at
lower temperstures. ¥or examrle, a Pittsburgh type coal may yleld
approximstely 1% cesr cent of its weight s tar at temrerstures below
5009 ¢, Thuis i3 rmore theun twice the amount obtsined in commercial
high-tennerature eguiprment,

. H“ater of decomposition is produced st temperatures above 2500 Ce.
with the zrester nortion below 5C0° C. In high-tempersture carbonizeation
it is probabls thst this water vapuor nay resct with tar vanors and geases
rassing out of the hested retort.

10. GSulphurous gases (Hp3, etc.) are produced at temveratures as
low os 2502 C. and with increamse in temperature reach thelr meximum
before the maxima for hydrocarbons and hydrogen are resched.

11, Bituminous c¢osls of aifferent oxygen content but aimilar
volatile matter content yield volatile products of very different
character, The coal of urezter oxygen content ylelds less tesrs snd more
ged, the 8xcess gae consisting primarily of csrbon dioxide and csrbon

ronoxide,
1£. it s temparature of approximstely $20° C. the volatile mstter of
a Fennsylvenis bituminous cosl is proctically sll driven off in the time

rejuired to reaeh this temperature. This time could be =8 low as five
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seconds under fevoreble conditioas, but ia prectice iz a function of the
temperature grsdient and the thickness of the charge.

15. Smellesceale exceriments normelly cenndt be truly relieble for
the determinetion or coke guelity.

Morgan end oule (36) huve preseasted s theory of cosl ecarbonization
with emphasis upon the rechanism of tar formation. Their theory has
beon expanded and modified by Fuchs and Jendhoff (18) to give the follow-
ing points:

1. The decomrosition »f cogl subatznce when subjacted
to the sction »f heat 1s ¢ rocess of yrogressive sten-by-
sten decomposition, in which pyrogenetic syntheses piasy only
% 3eocnnuary nert,

Ze HoOmocyelic und heterocyelic ring systems character-
ize coul zs well =g the entire seriss of itas decomposition
producta. The decompositions during csrboaization are
essenti«lly re=ctions effecting the elimination ~f hetaro-
eyclic complexes sad progressive aromatization.

3. The aversge nolecular welghts of the volatile
interredinte uroducts constantly decereuse es the tenpera-
ture of curbonizatlon rises., This decrease i3 marked by
the evolution of water, carbon monoxide, hydrogen, metizne,
gad other hydrocarbons.

4, The initial decompositisn of c¢oul, giving semli-coke
anda low-temperature tsr, is brought about by (e) splitting
of f of rediculs containiog heterocyclic snd homocyclic rings,
{b) opening of some heterocycles to intermediste aldchydes
which give rise to phenols, smines, s«nd nsphthenic comnounds,
(¢) nrogressive debydrog=nation and stlitting off of side
chains by the metion of tne develojiry hydrogen.

5. Final decomuositions gre at a maximum between 600°
snd 800° C. and ere mariked by (s) loss of hydrogen =nd other
simple geses from semi-coke and hydrouromatic volstile com-
counds, (b) hydrogenation of phenols to arometic hydroesrbons
with the form.tinn of methsne, ethane =ad wuter, snd (c)
formstion of higher arometics from semieoke nrope: and by
sacondary pyrogenetic synthesis.

From tnis disecussion one csn resdily s=ze that the carbonizstion of
eosl yields reuctions of sn extrosely complex nsture and reections which

enn readily be altered by the conditions v carboanizztlion utilized.



INDUSTRIAL COAL CARBONIZATION

Coal carbonizetion processes might readily be divided into three
fundemental categoriss denendent dpon the temperatures involved in the
operations: (1) low-temperature carbonization, 700 to 1100° ¥., (2)
high-tempcrature carbonization, 1800 to 2000° F.,, emd (3) mid-temperature
carbonization, 1200 to 1500° ¥. The first esnd second temperature reanges
will be discussed et this point while the mid-temversture method will be
covered in a later seetion,

(1} The eims of low-temrerature carbonization are four-fold, as
follows: (13)

(s} The production of a greater yleld of liguid fueis than
can be obtained in high temperature operation.

(b} The production of & dry, easily pulverizable, highly
combustible, low volatile material for use in pulverized
fuel furnsces, and at the same tine obtain the valuable
by-products,

{c} The production of an easily ignitible smokeless fuel for
domgatic purposes.

(4} The production of a substitute for low wnlatile bituminous
coal for mixing with high volstile awelling bituminous
coal for the mapufscture of suitabls dense metallurgicel
cokeo

The rimary difficulty in this type of ooml carbonization is transfer
of heat to the cnal in a reasonably short period of time »ith the relatively
lox temperature gradient at nand. Coal is actuslly a poor conductor of

heat and the lower temperature zradient markedly decreasses the rate of



heet transfer from the retort wells through the cosl charge. The cost
of the operation i1s dependent upon the installation charges per ton of

coal cerbonized, hence it is necessary to effect a lerge through-put for
& given time. This may be done by using a thin leyer of cosl, agitating
the coal, or by psssing hot gases through the coel mass, All of these
methods increase the rate of heat treansfer to the material,

Low tempereture casrbonization rrocesses wney be ¢lassified accord-
ing to the method of heating and oven construction =s is shown in Tsble
3, page 22.

¥any rethods cf low~tempereture casrbonization huve baen studied but
none have geined wide indusiriel ucceptence. The only process nos in
operation in this country is the Disen Frocess which 18 deseribed in
section V, ruwrt 1. One low-tcxperature carbonizetion methoa is reported
in operation in :znglend for the up-grading of domestic fuels., t = leter
date it may prove feasible to carry out such processes 4if the need for
smokeless fuels und for nmore lijguid products incresses.

(2) The primary methods -f carbonization utilized todey are of the
high-tempersture type and csn be further clecsified as beehlve or by-
product, The first of these methods is very inefficient and the only
product obteined 18 the coke. The second method, which utilizes
externslly heated ovens, 1s more desirable since in addition to the coke,
gaseous end li uid products sre aslso recovered.

The chezracteristic festure of beehive coking i3 the production of
the haeet required for cerbonization by combustion within the oven. This
type of oven is the oldest form which has been used for coal carbonizea-
tion. In the ysar 1916 as much ss 120,000 tons of cosl per day were

cerbonized in the beehive oven; during the depression yeara this figure



N
o

T:«BLk 3. Classification of Low-Temperature Carbonizstion Systems (13)

LK. datersally hosted retorts - coal ia thia luyers, not stirred

l. Verticel lzsyersa of coasl in narrow retorts
2. Horizontel thin layers of coel

B. fxternslly hested retorts - coal stirred in contaet with heated
surfaces

1. Vertical retorts
Z. dorizontul retorts

8., Stutionsry retorts with internsl gtirrers
b. Roteting cylinders

3. Retorts with cosl stirred on a flsat heated surfece

C. Internslly heated retorts - coal in direct contaet with hot gases
or liguids

l. Hot gnges gensrsted by air or alr and steam blown into the retsnrt
a. Coal charged in lump3 or briguets

b. Coel charged in pulverized form
c. Complete gasifiontion

e
o

Hot geses or vanoras generated outside the retort

a. Combustion products

b. Froducer gzsa

. uater sine

de ©Cosl gas

€. Jsuperhesated steam

f. Combinstions of the forsgoing

J. wWelted lesd ip contact with cosl

D. Two-stage osrbonlizetion to coantrol the sticking properties of coal
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fell to less than 1,000 tous per dey; and in Jenuary 1941, it increased

to 19,000 tons per dey (ll). In 1347 the oroduction of beehive eoke

hed dropped to 9,350 tons per day (9, page 404). The trends in production
of coke by means of the bechive snd by-product methods sre shown in

Table 4, page £4.

Aotuslly, although the beehive oven 1s s very inefficient means of
coal cerbonizgtion, it 2ill probebly be used considerzbly in times of
grezt coke demnds, becsause of its relstively low cupitsl cost,

The older tynes of beehive ovens were built of fire brick snd stone.
Coal is churged et the tor througk s clerging door, and the churge is
laveled off thrcugh a side door, GQuses are driven off by neuns «f the
sensible haéf‘remaining in tbg floor, oven walls, and roof from the
previous run. sir is sdmitted into the oven through openings in the
side door. The products of combustion sre vented tlLrough the charge
door at the top. The vrogress of tne csrbonizetion is downward through
the cosl charge snd it is very importsnt that thne sir sunply be carefully
controllied t0 prevent combustion of & considersble amount of the coke
itself. The oven is usuuslly cherged with U to 6 tons of coal mpd the
coking operstion rejuires from 48 to 72 bours.

The beshive oven hes tended to become obsolete, primarily because
of the complete loss of the volmtile products evolved from the eosl snd
0is0 88 a result of the objectionable character of the waste gnses
discharged (£5). Tsble 5, page &5, gives e hent balence based on e
pound of coal charged to s beshive oven and is indicstive of the large
haaf loss experienced in this ~rocess.

This large losa of heat led to a modification of the originsl oven

type so that use could be mzde of some of the sensible heat leaving in



TABLE 4. Production of Beehive end By-Product Coke in the United Ststes,

1880-1949, (Minersls Year Book 1949) (9, pege 404)

Year Coke Produced (Thousandis of Tonsa)
By-Product Beehive

1880 0 3,300
18%8% i9 13,315
1900 1,076 19,458
1305 3,46% 26,769
1910 7,139 34,570
1915 14,073 27,508
1920 30,834 20,511
1925 39,912 11,355
1330 45,196 2,776
1935 34,524 917
1937 49,211 3,185
1941 5&,048 6,704
1943 63,743 7,933
1945 62,094 5,214
1946 55,929 4,568
1948 68,2 6,577

1949 80,282 3,414



TABLE 5, Heat Balance in Beehive Coking. (42, page 109)

B.t.u.
Original heating value
Remaining in 0.83 1b. coke
Burned in oven to carbonize the cosl:
0.07 lb. eoke 900
0.06 1b, tar and oil 1,000
8.5 cu., ft. gas 3,200

Total used for coking
Miscellaneous losses

Total

25

B.t.u.

13,500

8,060

5,100

15,500



the gases at the top of the cven. A waste hest flue leading to s waste
heat boiler wus locnted at the oven charging hole. s«pplications such ss
this would show & recovery of s:proximately 1800 B.t.u. per pound of
coal cherged in the above hest bulsnoe.

By-produet coke ovens uzre loag, narrow, silicz btrick chasmbers in
which coal is coked by the combustion of a fuel ges in flues built in
the rafrsctories which soverate the ovens (55)., The products of com~
bustiqn of the fuel gas and the volatile .roducts of carbonizstion are
kept sepmrated from one another st sll times. In order thet heat and
3psce mMay be c¢onserved, by-product ovens are built in batteries, with
ovens and divisgion walls contalning the flues eclterasting from one end
of the battery to the other., The primery limitotion unon this method of
carbonizstion is the high initiel cost involved in the construction of
the ovens. it present day inflated prices the cost of an industrisl
oven and its wccessnries would be in the neighborbood of %225 ,000. (23)
4 battery conteining 60 of auch ovena would cost §13,500,C00,

A Coke oven battery i3 = stuble mass of brickwork, carefully insulet«d
to prevent loss of heat. The bettery is supported om & c¢oncreste founda-
tion, or mat, by concrete or brick arches snd plers or by structural steel
work. The oven is a narrow chember ususlly 32 to 40 feet long, 10 feet
nigh, #nd is tapered in width from 17 or 18 incheg st one end to 15 or
16 incheeg at the other end. (47, page BD)

The individusl oven is intermittent in its operation but each oven
in the battery 1s sturted end finished et different times so thst the
operation of the entire block produces continuously a gas ol good aversga

compoaition, The finely crushed coel is dropped from s lorry car through



cherging Jdoors in the tou into the oven where the wélls ere ut a tempers-
ture of approximetely 2000° F. The initisl rush of e85, steam, and sir is
vented 10 the atmosphere through an outlet vslve in the uptake 2ipe which
rises tfrom the top of the oven. The coml 13 then leveled through the
charging holes sfter which the holes sre covered and the ges evolved is
turned into the collecting main. Hezting 18 curried on snd the charge is
lef't in the oven until the coul is completely carbonized and the evolu-
tion of the volutile metter has cessed. The vverage tempersture st the
center of the chsrge st the end of tne heating period is normelly sbout
1200° ¥, »nd the aversage tempoersture in the flue 1s sbout 2350° ¥. The
temparaturss in tho oven vary with the conditions of oreratlion, the coking
time, the width of the oven, the type of coal used, its moisture content,
wnd the Tineness of the cosl.

At the end of the coking period the doors at the snds of the oven
sre opsned &nd the ontire red-hot mass is8 pushed rspidly out by means of
en slsctricully oversted rem. The coke falls into s uencining cur OF
sufficient size to nold the charge from Hne oven. The csr then travels
t0 & queaching stution wnere an overassd nozziu spreys cooliug water on
the charsxe. wany plants sre now ejuip.ea with inert gas queaching
devices. Here ma inert guns such &3 carbon uloxide or nitrogen is used
to cool the coks, hence the terw dry yuencuing. In a method of this
nsture it is smid thut seveaty to seventy-five :-r cent of the sensible
neat of the coke muy be recovered snd it is cleimed that the coke glves
better Tuel efficiency than that which is wet juenched. (47, poge 86 )

The was from the coul belag csrvonized together with entrained

particles, pusses upward through ¢ cest iron goosgseneck into s horizontal
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8teal trough which is connected to5 sll the ovens in seriss. This trough
is known a2 the hydrsulic msin or collecting main. 4 8light suction is
maintained on the main by means of e mechanicasl exhauster located beyond
the primary condenser. The tar, overlaid by an ayueous lijuid contalining
ammonia ana its compounds, collects in the bottom of the msin. Thse
liquids are pumped awey &s they collect, though part of them muy be re-
circulated for oc¢ooling-flushing.

The types of ovsns differ meinly in the errangement of their heeting
flues, whether verticel or horizontsl, the method of sp;plyiung the re~
genersztive principle to proheating the air for combustion, and siso in
the arrangement for 1introducing the heeting gas and airrto the flues., In
yields, ;uslities of products, and methods of operstion thers is egsestiully
p0 meterlael veriation arong the seversl by-product ovens.

Heny papers have been weitften concerning the construction of the
verious types of by-product ovens but no discussion will he underteken h-.oe
on sany of such detzils es they do pot directly sponly io the .roblem =t hend,.

At this point it seeins deasirsble to discuss briefly the progress of
carbonization ian the ovens, efter which the inherent difficulties with tae
metnod of cerbomizetion wilil bs seen. <hen the coal is plemced in the hot
oven, that portion of the charge in immediste contmet with the hot wslls
i3 usated rapidly to a high temperature. i thin layer of this cosl softens,
becomes plastic, and melts. This plestic zone travels towsrd the center
of the oven =38 the tempersture of the oven is raised. In thls zopne and on
sither side of 1t, destructive distillation of the coel tskes place, some
of the gmseous products forcing their way out of the plastic materisl,

hence imrarting the cellulnr atructure which sppears in ths final coke,
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On the wall side of the fusion zone, the nlestic layer hardens iato &
celluler residus which is {urther devolatilized 23 the temperature rises
during the remeinder of the coving wrocess. £t the inner fsce of the
fusion zone, as 1t trevels eway from the hot wsll, the relatively cool,
raw c¢oal from the center of the charge i3 melted and carbonized. TFinnlly,
the fusion zones initielly formed =t the two wslls will meet at the center
of the charge.

The gases evolved from the fuslion zone force their wsy either to the
wells of tne coking chamber or fuus into the cool, uncarbonized, rsw coal.
The volatile matter driven into the center of the churge will heve the
tar, oils sny water condensed out, to be distilled sgsin when the plastie
layer reascies the particular point at which they wers deuosited. The
geses Torcing thelr wny through the hotter fzce of the plastic zone,
however, pass through cracks in the coxked cozl up slong the incandescent
oven or retort walls, end finelly through the hot free sinCe st the top
of the charge. The heat to which thsse materials are subjected during
their troevel csnuses consldersble therusl decomposition. During the latter
rart ~f the coking period this process is iantensified, for the reth of the
gnses bacomes longer =nd the coks hotter ns the fusion zone progresses
toward the centar of the oven. ~8 & result of this prosression, the
thermnl decomposition of the products bscomes more 3evere. The gnses
. become ruch richer ia nydrogen ond the coke becomes 3ilvery-gray in color,
due to the dennsited vparticles of retort carvon formed by the breasking
dowa 2 the hydroczrbons Qnd tars., svans (12) hes pointed out thut e
knowledge of ctemistry does not help very much in the interpretstion of
this operation - in fect, it rather teands to complicete umtters becsuse

the better appreciation of the complex recctions is offset by the confuslion
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which resgults from e considerction of the almost limitless raunge of re-
actions that could tske pluce.

Having briefly covared the by-product coking process, an exenxination
will now be msde of some of the factors which have influenced the design
of the oven. Inasmuch =8 it is extremely dirficult to obtuin e rapid
Tlow of heet into the cosl chesrge during carbonizetion, the belief has
arisen that the plestic zone is & very poor conductor of neat. The faets
which are svsiluble apparsntly tend to suppert this belief. Figure 3,
page 31, shows the tempereture throughout a ccke oven of 18 inch width
at vurious periods of time «fter the coking Operstion hos been started.
It i3 seen that even after 10 hours »f operztion, the temperature et the
center of the charge is only 4:.5° . which indicates & lgg of spproxi-
metely 1500° r. to thet of the oven wall., The sctusl drop in tenpersture
acToss the fusion zone is of the nuture of 900° 7.

&t tbhe time & f{resh charge of coul i3 dropped into s hot oven, the
rate of heating st the wall is very high, snd as long as the fusion zons
is nasr the wsll, its rste of trsvel into the green cosl will be feat
because the heat hes a very small resistznce through which to trevel in
order to rezch it. £s the fusion 2one proceeds towsrd the center of the
chargo, hoat flows into it much more slowly becanse heat is absorbed by
ths coke which hes been formed und by gsses which are passing to the foul
g&e wain, In sddition io the fact that the zonse is receiving less hsat
from the oven wslls, it is slsc being cocoled by the cold coal which lies
before it. As the center of the chsrige becomes heated, a point is resched
shere this sensible heast cbsorption begins to diminish due to the decreas-

ing temperature difference znd the rate of trevel of the fusion zone

actuully increases.



FIGURE 3

TiJaSi*iCitTURij GR/'UIENTe* aOROoo y. COAij OVEN
AT DIFFERENT INTXRV-'AG DURING THE COKING PKHIOD

(ACCORDING TO ilASL,-M *14U RONDEL) (21, page 657)

31



32

Figure 4, pege 33, illustrstes the difference in the rete of heat-
ing curve for e 1o inch end = £C inch oven., This curve iudicétea thet
the additionsl 4 inches of oven width sre travelsd at & rete lower than
the miaimum reached in the 16 inch oven. The result is to {ncrease the
time regyuired for coking to a much greater extent than in direct pro-
portion to the lncrease in oven width.

AR economic balence must be made between cost of construction, ths
properties of the coke vroduced, snd the cepscity of the oven in order
to arrive at the optinmwn size unit to utilize. The trend ip imerican
practice is towuard the narrower ovens wihich alleow & greeter capacity
by virtue of the increuaed coking speed.

From this discussion it {3 eppoerent thet one of the major difficultiss
in sny cosl carbonization process is the trensfer of hemt azcroes the fusion
zone. The idesl coking process would be one which would exelude this
difficulty and which would as & result of decomposition yleld heat from

within the coul sample itself,



FIGURE 4

DIAGRAM ILLUSTRATING THE 4FFzCT OF INCR..~3ING COKa=0ViN
#IDTI ON THi RuTe OF THAVLL OF THe ¥USION ADN:

(ACCORDING TO Halled ANO RUssaLL) (21, pege 660)
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SeCTION IV
THaRAAL DFFCTS OBSurVAD DURING CO.L CARBINIZLTION

The thermel resctions of cosl durin: csrbonizstion have recsived

considerable interest. The problem is juite complex, since the original
cousl 1s a heterogensous materisl which uron decomposition yields solids,
liyuids and gases which are likewise complex.

Over the eatire range of the carbonizetion period the net resulting
heat effect is normally only slightly endothnersic or exothermic. iiowever,
this is only becazuse upprecieble exotnermic sand endothermic resctions are
found %0 be taking place simultaneously. ork on the subject hss been
carried out by #shler in 1891, xuchene iu 1300, Constam znd zolbe, and
Senlapfer in 1908 apd 190%, by itollings and Cobb 1ia 1914 wnd 1915 snd
others (30, psge 103},

sMahler used ¢ heat balance method of measurement. By means of a
bomb caloriueter he determined the heet of combustion of the c¢osl, end
also that of =211 the products of carbonizstion., He found that the heat
of combﬁéfion of the rroducts wus less thnn the bhest of combustion of
the originsl cosal by some.459 B.t.u. per pound, which is ebout «-1/2 per
cont of the heat in the originel coal.

tuchens compared the hest of formation of the rroducts of distilla-
tion with & hest belance of 1 retort setting for & coal with sn znelysis
similar to thet used by Mshler and found a net exothermic effecf of 114
B.t.u. per vound. This is of the order of 0.6 per cent of the heat of
combastion ¢f the cosl. suchene carried out determinstions on three

types of coal which dirffered in their cxygen content snd also in their
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voletile matter. «ll of these showed & liberation of heat during
carbonizstion. The quantity of heet libereted in these sxreriments

was very smsll (slways less thsn 1 per cent of the heat of combustion
of the cowul) sad #m& actually of &n order compersble with the percentage
error to be expected in this type of exrerimentation.

Hollinge and Cobdb (23) carried out experimeats in order to determine
the character ol these thermel effects, using & method wherein the temper:-—
ture changes which cocur in & cosl sample when it is heated snd ¢istilled
by a definite inflow ol heat were compared with those winich occurred
during the heating of & simller saipie of inert raterisl by s similsr
inflow of heut. By this means they were sble t0 treca the course of the
exothermicity or endothermiclity of the resctiocps which teke plsce over
the entire runge of temperature from 26° to 6000 C. This method is8
superior to the one used by former investipators io that it gave an
indication of precisely the location of these thermel effects. DBiltuminous
cosls, anthracites, cunnel, and cellulose were examined snd 1t was resdily
seen where well-defined zones of reaction predominsted, displaying the
locantion of the endothermie or exothermic rogions,

Although the oversll resctions asssocisted «ith hish temperature
carbonization ssem to be exothermic, it does not necessarily follow that
the net heet effects st low temnperature need slso be the same, In ths
cege of the eosl used by Hollings and Cobb, 1t wes sean thst esndothermic
reactions began at 250° C. and contiausd up to 610° Ce, with = breesk
between 410° C. end 470° C., during wnlch there existed & short exothermic
stage. For this particulur coal, it @as proboble that the oversll

resctions during low temperature cerbosization were eltner neutral or
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perhsps slightly eadothermic.
Burke snd Perry (4) gave the following statement regarding the heat
of diztilletion of coal:

This "heat of carbonization” - that is, the integrated
thermal quantities reasulting from exothermie or endoshermic
chemical reections, or both, which occur during coal dis-
tillation, while of considersble importsnce to the chemiat
in his endeavor to elucidate the cherical phencmenz oecurring
during coal esrbonizetion, it is of relstively slight im-
porteance to the engineer, who i3 concerned with the design
or operetion of spperatus for effecting carbonizetion. The
reason is the irifling megnitude of the thermel gquantities
involved oven in the most sxtreme cases, although in certein
criticusl ceses they may be of resl importance to the
mechaniss of the cerbomization proceass,

The methous of Burke snd larry for their determinetion of the heat
effecta during cosl cusrbonization involved the pussage of 8 hot inert
ge88 through 8 charge of coal with mesns of measuring the heet conteut
of tnhe gas before gnd after passage through tho cozl. This wns actually
an adiabaetic furnsce in which no heat wss lost by rediestion. Thsey found
the following velues of heats of carbonizstion: Uteh coszl B85 B.t.u. por
pound, Lignite 37 2.t.u. per pound, end Pittsbursgh coal 7 B.t.u. per pound.
The results of these determinstions sre questionzble =ipce the procese was
not continuous, only uversge exit tempersture velues were used for csaleu-
1ation of heat of cerbonization, sad vslues of specific heats over the
renge of tempersture involved were =mssumed. The results ~f this work
sgreed well with th% long held hypotnesia thst the order of exothermicity
wes related to tihs geological sge of the coal.

The classic work on the thermal effects durins coal carbonizatioa
was carried out in 1622, 1923, and 1924 by Davis (7) by mesns of calori-
metric studiss in twin adlabatic cslorimeters. Also =% the sare time

Pisce and Davis carried out & yualitstive study of toe thermal effects
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by means of a heating rete method., They list the following methnds for
carryln. out such determinetions: (B)

1. 7The indirect celoriretric methed, in which the resction

heat 18 taken us the difference between the combustion heat

of the c¢oml and thet of its distillation product,

2. The direct calorimetric method, which iasvolves the use

of calorimetric apparstus adoprted to the megsurement of the

reeciion heat while the reactions are in progress,

3. Tie heat balance method ss antlied to commercisl-scale
coke Oovena, and also to exserimentsl carbonizing operetions.

4. The hesting rate methdd, whoerein the heceting rate of

coel 1ndicetss its reaction heat when compered with that

of sn inert substance suchk as coke. '[he s=me heasting

oonditions are meinteined for gosal end coke over the

carbonizing rsnge, znd veristions in the tempersture of

the cox1 reletive to thet of tie coke zre msceribed to

renction heats develoged =t the temnerature in juestion;

where the corl heats faster then the coke, pnsitive

reactions predomirzte snd vice versa,

Tl primsry disadvantage of the he=ting rete method 1is the fect that
it i3 only ,ua8litmtive. 1t does heve ore important advantege over other
methods, numely, it shows the setual trends in thoe resctions over the
entire range o temnerature involved. The other methods show only the
net effect over the entire carbonization [rocess.

The avpsrutus used by Lavis and . lszce for their juslitative study
consisted of a resistence furnsace wouna with 2letinum resistsnce wire
of sufficient size to wamit s 14 mm. quartz tuve. Tthe jusrtz tube which
wnsS segled ot one end wes 38 em. long. Thermocouples were placed in the
bottor: of the furnece wnd in the center of the cocl sarmple for messurehent
of temreratures. Two £9) cc krylenmeyer flasks, one of which served zs =
tar receiver aad the other which zcted a8 & vresgure regulstor, werse
pleced in series with the tube leaving the uurtz tube. In thig work a

20 gram sample of covl wes b uted a3 repidly e¢s possible over the tempers-

ture rance ¢5° to 750° €. This opcretion re uired wbout elght sinutes.



~Ctuelly it was rezlized thot this ravid rste of heating might mask the

effect of smull thermal reactions, but the time wus chosen ia order thst

¥
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the results might be compered with celorimetric determinastions wiich

wera carriod out for w similer length of time., The cosls tested in this

epperatus were iilnnesots pest, Texas lignite, Utah bituminous, Focohantas

btituminous end rennsylvanie anthrueite. '‘They also carried out determins-

tions using pine sawdust ss a comparison.
The results of these tests csn be summarized best ss follows: (8)

In general, 51l the coala tested, the snthracite
excepted, show strong sbsorostion of heat st or neer 100°
C. This was undoubtedly due to the lstent heat re,uired
to vaporize the uncombined wgter in the coszl, The sharp
positive turns under 100° C. ere probably due to the
action of ahsorbed oxygen, particularly in the case of
the lower rank ¢oels. 3uch c¢omls are known to be
particulurly liable %0 svnontansous combustion, and a high
cuprecity for the sbsorrtion of oxygen msy doubtless be
exrected., NO sttemdt was mede to rerove adsorbed gases
or weter from any of the coals before nmeking the tests;
they were taken in the sir-dried condition. .8 observed
by hollings and Cobb in their tests most of the copls geve
curves witt inflection points sround 150° ¢, .in "endo-
thermic tura” sround 3009 C. is noticed only in the case
of the Jtan und Poconantes coals; for the lignite it
begins uround 400°% C., sad for tus Jllinois co=l at about
385° C. The slopes of all c¢oel curves, except thet for
enthracite, between 420° and 750° C., &re in the posgitive
direction, indicating exothermic reactions, and perhups
to zome extent incresse in thermal coaductivity, tiis
being in przctical agreement with the findings of Hollings
sad Cobb., Ths strong exothermic resction obteined for pine
sawdust would be exrected from tne work of Klsson and others
who founa exothermlc recctions in the distillation of wood
cellulose s0 strong =t 270° C. thet the temperature of the
chnrpge rose B0 above that of the furnece in shich it was
being hested.

The twin rdisbstic calorimeter, as devised by levis for the determinz-
tion of the reaction heat of cosl during carbonization consisted of two

calorimeter hombs which were exact duplicates of one another. The heating

elerents nnd calorimeter could be interchenged witanout avpreciable change
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in results. wnifferentiel thermopiles were part of the uait. 4 coel
semple wed pleced in tne heating capsule of one bomb and the other hest-

ing unit wag left empty, The tempersture wes then rueised through the

distillatinn range, znd the difference in hesat developed in the two

ctlorineter units was the h=2at of resction cof the coel.

The theory of this sdimbatic calorireter 18 »f particuilsar interest
snd note will be made of it at tkhis time. Consider twin calorimcters
enclosed witinin » water jscket; one deslgnated as a and ihe other &8 b,
a belng the active calorimeter and b the reference. The rate of chenge

of the temnersiture difference between the two is

d(Ta - Tb)
dt

Kg (C -~ Tg) - Kp (C - Ty) # (kg £ kp) (T, = Ta) ¢ “g = b

Tg 8nd Ty belng the temperatures of calorimeteor & and b and ¢ the tempera-~
ture of thelr common jacket; Ky, hp and kg, ky are cooling factors of the
calorimeters relative to the jecket snd to each other resupectively; “a
end Wy ere tempersture chsnges per unit tire due to eveporation and
stirring. If the jeacket completely encloseg both units asnd they are
similar in temperuture, kg, becoumes zlmost eyuel O Ky snd kg to kp;
furthersrore, if evaporation 1s elimineted and the stirripg eaergy is the

same in botk ceses, Vg and <y caen be neglected. Thne eyuetion then becones:

d (Ta - Tb) . (K £ 2k) (Tp - Tg)
at

which is a ustble form once the velue of the fsctor (K £ 2k) is determined,
This czn be done by maslntcining temperatures T, =ni G ejual and constantly
observing the cooling rate in celories per minute for various tempersture
differences,

¥Figure 5, puge 40, is & schematic diagram of this adisbetic calori-
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meter zsaembly. The results of thkis investigation sre summerized o8

follows:
Watericl Heet of Cerbonization {csl./g.}
Sawdust 180
eat 85
Chio Coal 46
Uteah Coml 45
Lignite 42
Illinois Coal 30
Poecohentas Coal 7
Adthracite 2

This work indicated thszt the reaction heats of coezl were very small
comrared with the total heat eoffects involved in the carbonization process.
The resction heets piven above wers determined in u nitrogen atmosphers,
& furtner investigetion by Osvis in hydrogen stmospheres yielded reaction
heats which were of suwller juantity and in some cuses actually became
andothermic., This writer endesvorad to coanstruct sn srparstus of this
tyre but encountered so maany sand such veried difficulties that it was
abandoned.,

Kebride (34) has c=rried out a study of the hest required to carbon-
ize a coal sample by hoet bulaaces over three types of coking units. The
three units which were used in this gtudy were: Dy-product coke ovens,
borizontel retorts, snd vertical retorts. The results obtained were as

follows: (heat pejulred 1o carbonize the coal)

Coke oveus 1320 B.t.u./1lb.
Forizontal rotorts 1420 B.t.u./lb.
Yertical retorts 14685 B.t.u./1b.

Tohe age of tne retorts snd tuelir inherent inefficiency was probebly
responsible for thair nigher hest re uiremenats.
Herty, ~ilson snd Torest (54) msde s study of the thermal operations

of u modern sixty-oven battery of regenerative coke ovens fired by & part



of the gag produced frox the coul. The resultsz of this <tudy show an
exothermle effect of 480 Z.t.u. v r pound of 4dry coul from = heat
balsnce over the oven.

Denig (11) discusses the therwul efiects occurring in & by-product
coke oven and stetes thet =n exothermic effect of 200 E.t.u. Dor pound

hes been obteined., The error in these tests wus bellevsd to be within

it

tne order of 4 or & per cent. The difference between Davis' calorimesric
value of 40 to £CQ M.it.u. for & zimiler cosl is tho large to be sttributed
to feulty methods., +4n ewrlanstion for this veriation may be excthermic
hest of ecracking. The path of the ge3ses In the ermmerecicl epnarstus is
maeh longer end more opnortunity for sseoandary reactinns is pressent. I
the decomrocition of the cosl should yield CgH., C.Hy, s, ete., the
following exothermic resctions may cccur:

3Cyfy - - - CgHg excthermic 274,620 D.t.u. rer pound mole of Cgiig

BCpHg = = = Cghiyg = - = Cgligd 3Hy exothermic 13,806 B.t.u. per
pound mole of Chg

Such dehydrogenztion reactions in general are exothermic. The large
armount of hydrogen present ia c¢oke oven gas 1indicstesa the probabllity of
exothermic resctions due t9 dshydrogenation,

From this discussion 1t is evident thet s large part of the experi-
mental dats is sctually controversisl 8o far ss the net thermasl effacte
are concerned. vell defined reanges nf reaction have been oObserved and
any work of & practicel nsture with these hents will be within s particu-

lar excthermic range.

This survey of the literature indicates that the exothsrmic effect
is most prédoninent at the plastic temperature of the coal. This faet is

the basi=s of at lesst one low tempersture carboalzetion procsss, This
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process wusg developed by Profl. 5. .. Parr st the Jnlversity of Illinois
(87, 38, 39, 41).

The desire of this process was to eliminate the hest barrier caused
by the plestic zone. If the vlastic zone could be restricted to just one
trensforration over the entire cozl sample, this aifficulty could be

elimineted.

In this vwrocess the chiarge of coel 1s prehested to 35-50° C. below
the plastic zone (the point of sirongly exothermic recction). The pre-
hecated coal is then transferred 1o a much hotter retort where the hest
rapidly cenetrates the charge of wearr, dry cosl ia sufficient Lusntity
to ecsuse the entire meas to become vlastic rracticelly st the same time
owing tn the large ternerature gradient. This sudden change In tempera-
ture of the cozl "trips off"™ the ¢xothermic reactions snd the entire
charge shows sbout 70° C. increuse in tempcrature., ~ hen the exothermic
reaction takes dDlsce it relrsses =bout 65 B.t.u. per pound of comsl. The
cosl used wus sn 1llinois type whicn wes high in oxywen content wrnd prior
to thet time had not yiselded & high strength coke.

To arrive at the resson for the pretrestuent wiich the Psrr frocess
enmcl ys it is best to stuay the zctucl zones which occur during this mid-
tercerature rrocess. Perr nss listed the following aistinct zones: (38)

1. TFirst 100° of tesmperature are re uired to drive off free

moisture, =and uatil this work 1is completed the tempereture

does not riase above 1002 C,.

2. TDelon 500° the cosl is 2till in the granular or non-

pesty stuge. Below the pesty steize there has been no de-

compogition., There is, Lowever, o reurrzngemnent or condense-

tion of organic constituents csrrying hydroxyl and carboxyl

groups of asuch & neture <s to snlit off COp and water.

The r-sultent heet of resction over this range wes endotherxic. The
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latent heat of this decomposition was decidedly affected by the manner in
which the heat wss appiied to the cosl auring this thermszl pretrestment,
The studiss of learr delinitely indicsted ulso thet the rate of these low
terperaturs PeaCLibﬂS hed v decided effect on the resctions which oeccurrel
zt elevated temperatures. A4 very slow accession of heat over the endo-
tuermic runge grestly reauced, =nd in some cases completely annulled, the
exothermic effect &t the plustic zone. The effect of this prolonged
heating can be 1llustrated by & few examples of rrr's date which showed
when the sxothermic effect took plsce. Three ssaples were trested over
the same temperature range for nepiods of 7-1/:, 10-1/2, snd 1¢-1/: hours
regoaectively and the iollowing velues are the tengerstures st whien the
exothermic reactions occur: 350° C., 400° C., =nd 450° ©. This pre-
trestment dets definitely indicatsd thet & gtraight line relstionabip
existed between tenpsreture and time.

The funiamental objective of this method of cerbonization was to
produce a gas yleld which would bs sttresctive i3 the cas maker and to
sroduce & coke, especislly from Illinois couls, which would bs resdily
salable on ths domestic narket or directly svailnble for complote gasi-
ficestion or for power puryoses. 4She coke produced wuas wpparently notb

of sufficient quality to be utilized for mestallurgicsl purvoses,



SECTION V
503 QHLeMICAL TRZATANENTS OF COslL

There seems to be no indicstion in the literature that the effsct
of chemicul pretrestment of coal hus been studied from the standpoint
of the thermel reactions occurring. The Lisco process (35) is probebly
the most notable sdvence in the pretreatment of cosl. This process has
been applied on an industriasl scsle primsrily for the following purposes:

1. 7To upgrade cleszned c¢oal tines of relstively .ow msrket value.

2. To prepare s smuokeless lunp fuel which eould be utilized for

domeatic and industrisl furnaces.

3s To provide a smokelsss Tuel which can be essily burned,

4, ¥Yor the formetion frowm the cowl of lijuid products which have

& good market vslue,

The Pollowing steps describe the procesas: EX rredrying, b.
YRoasting®, c¢. Cerbonizing in retorts, d. Cooling and screening.
Probably the most important ste: in this process 1s the "romsting™.

This step proheats the conl snd pertielly coxidizes it by exposure to

controlled quuntities of aiy. The c¢osl in this pretrestment resches a

temperature of 600° ¥. The coal i3 removed from the conveyer and drops
into another vaessel where it is uickly hested to the plastic tanpora-
ture and the formetion of lumps begins. These lumps then roll around

the inside of the shell and work their wey down to the discharge end

of %he unit.

The coke vroduced in thkis process 1s of inferior guality for

metellurgicsl purposes but does serve as an outlet for material which
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normelly would be 103t &3 waste. The primsry purpose of the sir pre-
treatment is to control the exceassive coking charseteristies of this
high grede bituminous coel. These cicess coking charscteristicz sre
saticfaclory for high terperature carbonizetion processes but produce
e very flurfly, rriasble wsterisl upon low temperature csrbonization.

Dr. Illingsworth (30, psge 1l44) in zngland, succeeded on & srall
Bcale in producing = rather berd low tempersture coke. iOwever, he used
coels unsuiteble for low tempersture carbonizetion in their raw state
unleas given a oreliminery treatment. The method of pretrestient was
gimiler to thst used in the Dlsco :rocess to remnve the excess bituminic
mebterial 80 that s mors dense coks might be obtained.

HSeversl Investi.ations hove been csrried out concerning the nction
of oxygen on cosls (6, P, 44, 45, 46). The mechesnlsm of the reaction
between gsseous oxygen cud coel it low tenperature is relatively complex,

It cen probsbly be exiressed somewhat by tne following recction:

Oe gos oXyeen COp, €O, RO
“f , pbysically _— 5 O, Ui, % Had
coel adsorbad on™—, coul-0xygen
coul curface comrplex

It i3 generslly uccented that the {irst of these rescctions i3 juite
rapid und that the sscond and third steps actuslly contrsl the quantity
o1 oxygen which is consumed. ,erisl oxidstion ¢t « tempercture of 150° c.
zives a celutively low oxygen content product though prolonged exposure
st t.is tempereture will xive products of consicerazbly higher content,

The pronertiss of the "eoml-oxygen complex” gre not «sll kudwn, dbut work
by Yohe shows thct cosl which has been trested with oxyigen contsina
organic peroxide substances (36). This was damonstreted by plecing the

¢oul substance ip contuct with sensitized plates. The plates were
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affected 80 thet dark spots or imeges z:pesred. 2ussel noted thet thnis
was due to the presence of organic peroxides. A review of the litera-
ture seem3 to indicate that these peroxides are very unstable; however,
storage of these treated coals st low temperature uces not seem to
sppreciably effect their composition,

sSehmidt, “lder, and Drvis (46) hsve concluded that the volntile
metter content of coal changes only slightly «nd in =n irregulsar menner
ss oxidetion vrogresses at a temnerature of $9.5° 7. It was noted that
the detsiled analysic of tar, coke, and light oil did not chunge greatly
with the z:ount of oxidation to whnich the cosls were subjected. The
analysis of the coke, including percentage of sulfur, showed no erpreci-
able change with oxidetion., 'The yield of wruwonic wes incressed. A
decreunse in the yleld of tar was noted but the sum of the ylelds of tar
znd coks varieud but slightly with exteat »f oxidztion. This indicated
tLait oxidation of coul changes the orlginsl ter-Lforming constituents in
such « way thet upnon cerbonizetion they decorpose to form coke and a

vaall Lusiatity ol pac instead o1 alstilling as tar. In this same work,
e alight decrease ino 1i ht 0il yield wus cuiserved.

Kinle (29) reported thet the heating of « dituminous cosl for 10
hours et 2559 C. raised the oxygen content fron 9.2 to 53.J‘#er cent «nd
increased the volztile metter content by 1 ver cent.

Products of higher oxyegen coatert are obtzined by subdbritting the
cnel or asir-oxldized cosl to treatment unders suitoble conditions ith o
veriety of oxidizing egents, incluiing nitric acid, potassium verrungsnate,
snd Lydrogon peroxide. These processes are not only c¢ajable of producing

srouucts of hipher oxyeen content but ere much mors ranid than eir oxi-
OTO hiyg

dation.
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The sction of nitric ecid on c¢oal is very vioclent and the rste of
reaction is meny times thet of sir, It is & highly exothermic resction
evolving coplous quantities of nitrous fures dus t0 the nitric scid
reduction. TFriswell (16 in using cold dilute (49%) nitriec ecid, observed
this heating un which occurred with bituminous coszl during the primary
reaction. Anderson (Z) measured the increase in weimht obtained on

evanorsting seversl samples with dilute nitric =mcid as follows:

Cosl V. d. (%) Sain in t. (2)
11, 33.3 11.47
<ain 35,8 10.47
3nlint 36.2 17.¢1
Gas 38,2 16.33
Virgin 33.5 13.19
¥ilsyth Coking Coal 28.4 23,51

Facns (17) hes patented a method for producing these highly oxidized
eoals utilizing a three-stevr procedure:

1. oOxidation in air et about 350° C.

2. Oxidation in air st a lower temperzture mnd in the presence

of a catelyst such as ameoniuwm nitrate.

3. Treatument with nitric szeid.
It is said thet this tyre of trestment reduces the jusntity of nitrie
acid reguired to approximuately one-tenth of thét needed when oxidizing
with nitric se¢id alone,

£11 workers sre agreed thnt the primsry action of nitric zcid is to
convert the grester portion of the cozl into < substance soluble in
alkalies and resemdbling the ulmins. The product is of considersbly
higher nitrogen content than the original cosl. It is ;robsble that this
nitrogen 18 present primsrily a&s nitro groups but nartly in the nitroso

end isonitroso state.
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A number of investigations have been msde on the effect of added
inorganic meterisl on the products of ¢nhel cerbonizatinn. Leasing (31)
stated thet the course of the decomposition of coal is sffected by the
cataolytic influence of gome of its constituents end also by the nature
of the retort matericl with which ths hot zZuses come in contact., Ie
steted that the composition of the minersl mstter is of utmost importence
in this connection.

Lessing's views were besed upon his own resesrches and upon the
exiatence of several petents which made claims of the improvement of
cerbonlzeatinon ylelds., QRolleson (43} clsimed that sddition of 3 to ©
par cent of finely aivided 1limestone to c¢cosl carbohiiéd st 500° C. geve
increased yieldas of clls end Jowet {(£8) claimed the production of &

? .
better coke snd a better illgminating gus by treetment of coel with
potasaium chilorate and »otessium perfsingsnete.

Lessing and Benks (32) published the results of their iavestigsations
of the influence »f inorgsnic adaitives nn the csrbonization »f cellulose,
sugnr, and conl in 1924. The effect was usually to incremsse the coke
yield to & grecster or lesser extant. The gresztest changsas were generaslly
obtained «ith the use of the salts of strong scids snd weak btacges,

Inorgenic compounds sdded to the cosl included sodium chloride,
godium asulphate, ferric chloride, ferrous sulphate, sodium carbonate,
rotassium cerbonate, sodiun oxalute, sodium silicate, the oxides of
silicon, slurinum, iron, cslcium »pd megnesium, 2nd sulrhuric scid. The
gas yield seemed to be practicelly unsffectea by 21l these trestresnts, but
the tar yield was reduced on cerbonization at 900° ¢. The yield of retort
carbon was reduced cnd the coke yiola increwsed. lerric cnloride,

ferrous sulphete znd sulphuric acid r~roduced was greastest change, with



sodiur silicate and sodiur carbonete vroducing a similar bu: sialler
change.

Gouger mnd 3suley (19) invaestigsted the effect of inorganic sdditions
on the carbonizetion of a .Jorth Dakota ligunitae. The sdditions decrsased
the tar yleld in 2ll ceses mad increused the coke yield with the exception
of sodiur carboneste which showed & werked increuase in ges yield,

¥ing and dgecombe (27) mede « study of th+ influesnce of retort
rataerizla on curbonization of corl. Coke, carbon, silies, alumins,
chrormium and stainless steel showed no effect on carbonization ylelds,
however, coiper, nlickel, cast iron anug steel becsre sulphided ond hence
reduced the hydrogen sulochide content of the gas. Gulphides such as
pyrites and marcesite, reduced the yield of tar =nd of gzs znd the coke
sroduced waa barely coharsnt.

Trom this bri~f review it c&n be seen that certeln modifications

can be mede to the reactions which occur during coul carbonization,



SUREARY OF FOREGOING INFORMAATION LND

STATENNT OF THE PROBL M

This review of previoua researches on cosl chamistry snd eoeal
carbonizntion is indicative of the vastness snd complexity of the
general problem. The eyuipment utilized commercislly for cerbonization
today is extremely expensive und the through-put per unit time is
relatively low,

The process of Parr seems to bs the only one which has been
devaloped to utilize aspecificelly the thermal effects involved in cosl
carbonization to speed the coking process. This process hus racelved
no significent industrial applicetion snd this msy Ve partialiy due to
industry's inheraent reluctance to sdopt new methods until they have been
proven.

This litersture review brought forth the proposal that these
reactions might be affected by certain inorgeanic additions in such a
way 63 10 make more extensive utilizstion of the thermal effects, either
as & method of sutogenecus coking or as s means of merkedly ineressing

the capacity of present lniustrial units.



FAET XTI - L0 ORIN.NTAL
SICTION I
LGUIPLENT o ¥D ANMALYTIC L PROC IS UTILIZED T RLomsalcw

He L UIPWENT

Before a study of the thermnal effects involved during coal carboni-

zatlon could be made it was necessury to consider the vurisbles which
could affect ths reactions which occur, znd determine what mesens could

be used to control these varisbles through the design of ejuipment.

In the previous discussion four msthods as presented by Davis and
Plece were set forth. trach of the methods hes its limitstions, us
follows: |

l., The indirset calorimetriec method, in which the reaction heat 1is
determined by difference between the heats of combustion of the products
of distilletion znd the original coml sample, i3 not sultsble dbecause
of the difficulty in recovering ell products in such an appesratus, L8
the process i3 intermittent, after distillation 11l of the tars must be
raecovered und weighed snd a representetive semple must be tsken for
thermal velue determination. This procedure must also be utillzed for
the gases nnd coke recovered. 48 relatively smell differences in re-
action heats were expected, this type apparatus «as not adopted.

2. 'The direct ceslorlnetric method is the best for such calorimetiry
because the produets do not have to be handled after the distillation
is completed. The priasry difficulty is the small net hest of curboni-
zation ae compared to the heat reyuired to ralse the coal to the cerboni-

¥y

zation temperature. The values of DUavis show & heat evolved of from 2

to 180 cal./gram with & totsl hast input to the apparatus of approxi-



mately 500 calories to effect the carbonization. In addition, it is
doubtful whather these results sctuslly have a jusntitative significance
gince they could not be dunlicstaed on a lurge 3cale,

3. The heet balance method as npplied %o commercial scale ejguipment
i3 automatically eliminsted becnuse of the expjense involved. It hea one
decidad advaantage in thet the thermsl jquantities observed would be those
ectuslly obtaimed in pructicul spplicztinas. It is understood, nhowever,
that such observstions are extremely difficult 1or sccurste determinetions.

4. The heating rate method, wnerein the hemting rate of the cozl
indicates its resction heast when compared to zn inesrt substence such us
coke is the preferred method for .aboretory research in tiut it cives
the trends in reasction heets over the entire runge of carbonizetion. Any
commerciasl spplication of such thermal effects will undoubtedly be in the
renge of strong exothermicity,

7ith these ureliminary considerstions es guides, 8 gualitative
approach t0 the uvroblem was sdopted. The primsry verisbles of concern
in this were fluctuations in the rste of heating snd iz the distillstion
pressure. The firast was eliminsted by & constant voltege heetinog current;

the seccnd by & pressure regulator,

Sirst uelitutive /Doaratus

The first spparatus consisted of a 1-1/Z inch diametsr steel pipse,
12 inches in length, which wss3 first wrepped with asbestos poper snd
then with sufficient #24 gauge (B. & $.) nichrome wire 1o glve a totel
resistunce of 25 ohms. Tue pipe wes then lagged with wet grouand usbestos.
Transite rings were pluced in tae top of this furnsce and &t o roipt

_bout helf the lenxth of the furnsce, Holes of L mn, dinmeter were
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drilled in the center nf these transite rings in order that &« =6 mm.
quartz tube might fit into thew. The nurpose of thesa rings was t0
insure that the tube was in exsctly ths same location during each run.

4 Juertz tudbe of 26 mm. dlemeter =nd 12 inches in length wss used
a3 the resction vessel. Thoe tube extended tiarece inches out of the top
of the furnace wian the arinarsatus wes =gserbled Tor s determinstion. 4
rubber 3tonper wes pisced in the top of the tube in order to prevent
esgcape of tars‘and 4as. Thermocourles wers piacsd in the furnuce helow
the tube and 1a the cosl sanple. The thermocouple in the coul sorole
wus protected from the reducling atmosphere by meansg »f o six millirmeter
vycor tube extsniing through the rubber stopper in the top of the yuartz
vessel., An additional nine mm. tube led from the rubber stopper tn two
250 ml. Frylenreyer {lasks, one of which served s#a = tar recelver snd
the nther »hich scted s8 & pressure regulétor. One tube froo thse
prezsure regulator led 1o ¢ water usoirstor by whleh a vecuum wnss sTplied
to the gysten, One end of thie other tube of the regulqator wzs open to0
the atrosvhers, the other end being submerged in throe inches of water.
This iasured a vecuum nregsure of three incheg of wster =t =ll tirmes,

The reaults of the dsterminations made in thls arperstus were
limited in their degree »f reproducitility. Ilxtreme conditions of pre-
treabsnt of c¢nel samples could ve reudily distinguished but mild treat-
ment showed sn overlupping of charscteristic observetions. Two factors
were believed 1o be the cause of the varistion expericonced ia similsr
runs:

1. 9he thermocouple within thr coml sample mmy not de located

in exsctly the ssre place {rom sxperirment to exreriment.



2. Condensaticon of tar in the upper extremity of the resmction
tube wlth subse,usnt “drain bmeck™” onto the sample rzy contri-
bute a marked thermal effact.

Secopnd unlitstive Apperatus

Utilizing the first hypothesis, saother reuvetion vessel wss con-
structed of vycor (high silicae) glsas with a fixed thermocouple well.
In tnis apparetus, the ti; of tie thermocounls restead vpproximately in
the center of the sesmple snd wss elweys in the same location. The cosl
ganple was supported on ; nickel screen ugon which sn asbestos mat had
besn laid. The druain back wss eliminated by = remnovable pyrex header
on the resction tube by mesns -f s graded vycor to pyrex joint. This
section was wound with » sufficient length of (24 (B. & 5.) geuge
nienrome resistance wirs to provide 100 watts of rower at 35 volta.
Heat from this w:intzined the exit rvortion £ toe tube st o temgersture
of 3u0°% C.

To secure s more even distribution of rsdient hest unon the ssanrrle
the tube was wound with nicirome wire over the portinn wirich contained
the coal sumple. Filgure 6, page 56, shous this apparetus, with furnace
oren, after ssserbly for & deterrin:=tiosn. Figure 7, pege 57, illustrates
tbe tube with the niehrome resistznce wire removed to show the thermo-
couple well, -

The nitrogen spd OXyesh used in this syster were supplied ITom
standard high pressure cylinders. <Tho guses tnssea through a reducer
valve, & aryling tube of uwetiveted sluming, end thien through & msaometer
to the re=zction vessel,

In addition, the nitrogen was pessed through s caaln of oxygen
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serubbers conteining potassium pyrogellete for removal of treces of

oXygEen.

ipperatus for softening Point Determination

The apovearatus for the determinwtion of the softeniny tempercture
of tue coal wxs based on the theory thet sny substsnce which passes
from & granular stzte 10 & coherent muss by avpplicetion of hsat must
Pass through & molten or ut least a pasty stuge. The suparstus consisted
ol & pyreox gless tube 19 mm. 1n diameter with its resction zone jacketed
by « verticul tube furnasce., i copper screen was rovided in the center
of the l. inch long tube to support the cowl sumple. The furnace used
for this determinstion is the sure as thet provided for the first quali-
tative thermzl effect detormainstions. /. thermocourle wea located at the
center of tine sumple {or the meagurement of tempersture. A rubber stopper
containing a six mm. pyrex tube wes pluced into the bhottom of the 19 mm.
tube, This tube led to a vesassl of nitrogen which was under s constsnt
water hesd of four feet. . water filled renometer wus pluced in this lin=
between the gus flow and the etmosphsre in order to nemsure any change in
prassure during the determinction. The incressing back pressure built up
by the resistsnce to Tlow tihrough the sumple 1s sn indicetion of s chsange
in consistency of the coal semple,

sretreatient rurnzee

The fucnuce utillzed for gesedous pratreatpeat of coul semples was
fabricated frowm s« three inch diemeter sluminuv bar, lz inches in length,
4 5/4 inch hnle wes provided through the center of this bar and teyped

st ewch end for stundard 3/4 inch pipe. & galvanized nipple wss placed
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at esch end. The resulting tube wes wound with sufficient 424 (B, & 3.)
gauge nichrome wire to give a total resistunce of 100 ohms. sheet
gsbestos was used sas insulation betwsen the sluminum snd the aichrome.

To make accurate tewperature control availuble ut all times, a
Fenwall thermostet (No. 471631) wes connected 1in series with the furnace
resistence und pleced in & well which was drilleu in the zluminum, pesra-
ilel to the center hole. 2 well wass nrovided in the mid-section of the
cylinder so thst & thermormeter could be placed in the center of the conl
garple, 7The sample was supported on a No. 200 copieor sereen which was
vleced in tne center of the aluminum tubs,

A ¥ mm, pyrex tube, which led to s 250 ml, Eryleameyer bubbling
fiask, wegs provided et the exit of the furnsce through s rubber sz%toprer.
A 8imilar tube waa provided 2t the bottom of the furnsce, leeding to
the source of oxygen, nitrogea, nitrous oxiuae, ste. in #ctivated slumina
drying tube was nlsced in tlhe gas line before the furaece to insure
renoval of any water venor rresent 1a the ges, Yigure 8, peze 60, is a
photozra-h of this uretreatmaﬁt furnasce,

Cpersting Procedure for Ejquinment

First . uaslitetive .;psrutus. This epreratus wes ugsed golely for

determination of the hest effects for -ittsburgk bed, .~stmoreland County
coal. These coel samples weore pretreated for vuerlous ;rerinds with oxygen,
nitrogen and nitrous oxide,

Losample of ten srems of ¢osl weg plsced ian the yusrtz tube, which
was posltioned in the furnece, and the system wea preconditioned 10
insure removal of oxygen. Tiols was done by evacuscting the tube to a
vacuum of ©€ inches Hg by means of a water ssrirator. OUry nitrogen was

thea bled slowly into the tuve in order to agein achleve atmospherio
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presaurs zad to provide a neutral einosphere. & vacuum of three inches
water was nlaced on the system by drawing from s water aspirator through
the pressure regulstor flask. This pressure wos maintained throuchout
the determinstinn. The sampla tube wasg hested at e constant furnace
voltage of 115 volts (4. C.) over the temperature ramze of 259 4o 2000 ¢,
The heating operation reyuired approximetely twenty-five minutes,

fIpon completion f the hegting period, the guartz tube was removed
from the furnace and allowed to cool to smbient temperature. ileadlings
of the terperntures were made at thirty second intervals tikroughnut the
run., Lseds and Northruy portsble poteationsters were used for these
temperature measurecents.

Second . ualitstive .Lpparatus., The operstion of this apparatus is

quite similer to that of the previous one. The primery differences sre

the precoaditioning used zni the effect of the modification incorporsted
to compensate for condensing tars,

A sumple of ten grems of coul wus pleced on the ssbestos mat
srovided in the vyeor tube. The tube was then set in the furnace snd
the aystem wss evacuated to s vecuum of L8 inches Hg by use of & water
aspirator. HNiitrogen w:s then bled in slowly until atmospheric pressure
was attained. 4 purge period was then provided wherein dry nitrogen
at the rate of 0.93 cubie feet per hour wes passed up through the coal
ssmple. This purge wes of twenty minutes duration. Upon completion of
the purge, the current to the heating coil at the upper extremity of the
tube (25 wolts .. C.) was turned on. This heating was contlnued for
twenty minutes before the determinstion began in order to zttein a

temperature of 3002 C. in this section of the spparatua. During this

period of heating e vacuum of three inches water was pleced on the
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system through the pressyre ro ulutor tube, snd this pressure was mein-
teined throughout the determination.

Alfter the forty minute preliminary coanditioning and preheating
period, tne sariple tube was heated by a constant voltege of 115 volts
A, C. 48 in the case of the first gualitative apparutus ths hosting
operation required approxinately twenty-tive minutes. 2easdings of the
potentiometer were made st thirty second intearvals,

Apreratus for Joftening ioint Determination. A ten gram gssmple of

coul was pleced on the copper screen provided in the vyrex tube. 4 purge
was provided during which 0.1 cubie foot of nitrogen was »asaed up
throusi the coal semple to iasure remdval of sir. At the end of tiiis
purge veriod the sample was heated by s constant furnece voltagze of 11858
volte 4. C. from room temnersture to a temperature of sprroxirately 100° C.
above the temperature at winich the plestic zone apneared. Thermocounle
readings ana gas pressure reudings were taken at tnirty second intervalse.
The noitat at whiclhi the xass pressure reached its veesk was taken = the
volint of rmeximum fluidi.y. 7Tne yreatest resistance to the flow of
pitrogen occurred 28 the meterlisl passed from the porous to the viscous
condition., &t hisher temperstures, tiue matserial agsin became porous and
the resistance to flow diminished,

rretrestmoent Furnace. 7Tne pretrestment furnece reguired a “warm-

up" acriou of enaroximately two hours rrior to its use. The nrimary
resscus for this were the large heat canacity of the sluminum tube and
the high r2a3istence of the furnace windings. This type of furnsce wus
chosen becsuse it was connducive to close temnerature control, After

etteining the d-sired temperature, fifteen gramg of coal were weighed
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and plaeced in the furnece. The 3zmple was sllowed to stand for twelve
minutes in order to reach the furasce temperctura.

~t% the completion of this pericd, the gas which wus teing used
for pretreatment wass turned into the bottom on the unit, The exit 238
pegaed 1nto a budbbling bottle, then it wes releasad to the atmosihere.
In cases where corrosive gnses werz utilized the materisl was neutralized
or zbsorbed after lesving the fTurnace. ,t the snd of this pretrestrment
period the sample was remdved and plsced in bottles, sealed, ani cooled
to room teaverature.

B, ANALYTICHL #ROCuDTR-S

Carbon and lydrogen Determinations

only brief mention will be mude of this method of dsterminstion
insasmuch us it is given in detail in 2.3.T.M. D £71-48., The determinstion
wad mede by combustion of & welghed guantity (0.2 g.) of sancle in =
standard combustion furpnace. The products of combustion were thorougnly
oxidized by pussing them over red-hot Cul and Pb Crdg. They were then
¢cooled and ubsorbed in stenderd U-tubes, Olsture wes absorbed with
granular caloium chloride end the carbon 4ioxide wus absorbed by a
combinstisn of sode-lime and calciuwna chloride. Culeium chloride -sas
pleced in the exit leg of the J-tube to prevent loug of weter formed
by tne resction of sods-lime and carvon dioxide.

The purifying trein used ooansisted of ths following purifying
reagents erranged ia order of psssage of air anid oxygen through them:
HoSO4, KOM solution, sode-lime, and grapnular CaClp.

™he calibrotion of this soparatus was carried out on resgent grade
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benzoic acid. The data obtained were closely reproducible and in 85ree~-
ment with the standard vslues.

Nitrogen Determinstion

The method uswd for nitrogen was & modificetion of the standard
Kjeldahl-Guaning method (:.Z.T.w. D «71-48). It is believed that much of
the nitrogen wass in the nitro or aitroaso form, hence the standerd nrocedurs,
which is primerily for smino nitrogen, was mndified.

i one gram samdle of coal was placed in & stsndard Kjeldahl digestion
flask, five ml. of hydriodic acid, sp. gr. 1.7, were sdded andi the mixtur=
wa s gently boiled for 45 minutes, The mixture wes then vigorously boiled
until the volume wss reduced agpreclisbly. after cooling, five ml. of con-
centrated sulphuric scid, & ml., of water and 7-10 g. of 13504 were added wnd
the mixture wes heated to 4istill out the water sand to livberate iodine,

The mixture wes cooled, another 5 ml., of wster were added and the water and
{odine were again distilled off. This nrocess was continued until no more
iodine wes mrparent. This procedure insured thet the nitrogen was in the
reduced form. &at the end of the [rsliminsry treatment 0,6 g. of mercury

and 3¢ ml., of concentroted sulphuric scid were sdded. Irom this point the
enelysie wes similar t0 the stsndard method and =ill not be described furtrer,

Volutile .otter Determipnations

The volatile metter determinstions were mude with standerd preseribed
equipment as set forth in A,3.T.%. D 271-48. [latinum crucibles of 10 ml.

capacity, <5 mm. diameter end 30 mm., height were usad. The furnsce used

was an electrically hested, nuffle type (loskins Type ¥FAlzO).

The heuting cycle used wss somewhat different than thet prescribed
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by the £.S.T.M. methad, This changs was made to cobtein & coke sample
that would be more representztive of that produced by the heating cycle
utilized in the curbonization studies herein described.

A one gram sempnle of coal was welghed into the platinum crucible,
closed with a cover and placed in nichrome wire supports in the furnsce

chamber. The temperature of the furnace was =t 1200° F., when the semple

wes inserted and 1400° Y. at the and of the © minute heating period,
The sample was removed from the lfurnace ot the end of this time,

conled snd weighed,



SHCTION II
OXIDATION SXPARIMNTS USING OXYGEN ANLD NITROUS OXIDE

The trestment ol coel with oxygen has been digcussed to some extent
in Pert I, section V. The fact thsat conl 1is changed markedly by hsating
in the presence of oxygen hus been studied extensively in the hope of
obtaining valusble products such 3 orgunic ecids (14, 15). Oxygen is
& relstively inexreasive reagent snd is known to have considersble effect
on cnal. These considerations led to its aselection as the Tirst reagent
studied ia this ressearch.

The coal usod for these experiments wag supplied by the Fittsburgh
Jtetion of the U. 3, Duresu of Klnes. Ths anulysis is g¢iven in Table 6,
Pege 67. i1l cosl samples were sized to pess & Ko. 60 U. w. otanderd
2leve snd be retained on & No. 100 V7, u. Ctendard sieve,

Samples containing 1Y grams of coal were oxidized at 1009 C. with
an oxygen rate of C,93% cuble feet per hour for periods of 3C, Y0 and 120
minutes respectively. The results of the carbonizastion tests on these
8=mples are shown 1n Flgure 9, puge 58, which is s plot ¢f coel tempera-
ture ve. the time which hes elapsed during the carbonization. The earboéﬁ—
zation waz csrried out in the firest jualitative avrparatus described in
Pert II, Seation I, which is siniler to thzt used by Davis =nd "leace (9)
in their exreriments. /(n untreated cosl samnle and & sempls of coke were
als0 hented through this same tempsrsture range for comparison purposes.

in the iastance of the untrested zoel ssmnle, s sherp decrsase in
heating rate 1s observed at 100° ¢. The trends in the curves indicste

that below the plastic zone the oxygen pretrestmant decreuses the offect
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TABLZ 6. Coal Anslysis Report (U. S. Bureau of Kines)

Stete: Penna.; County: _estmorelsnd; Bed: Pittsburgh; Town:

Suterville,
Air Dried As Recelved

Moisture 1.3 2.2
Volatile matter 34.8 34.5
¥ixed carbon 57.6 57.1
Agh 6.3 6.2
Hydrogen 5.3 Se4
Carbon 7€.8 782.0
Nitrogen l.6 1.6
Oxygen 7.1 7.9
sulphur 9 9
Heeting Value (BTU) 14,020 13,890

Specifie Gravity 1,32
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of the endothermic remctions, jnssmuck 23 the curves spproach thst of
coke upon iounger exposure Hf the coal to oxygen. The plusatic zone for
this coel begins at 412° C. and continues through 470° ¢., with the
point of maximum fluidity st 435° C. This is ohown graphlcally i
Filgure 10, poge 70, The method »f determinution has beea aescribed in
fFert 1I, ZJeection I, page 58,

#fter the more proloagsd oxidation tresatzent, the ratoe of heating
above the plastic zone 13 grester then for the untrested sample. These
results iouicete that decompositions litereting hest begin ut tenpora-
turew es low ss 3575% C. end continue to & limited extent throughout the
carbonization process, These exothermic effscts undoudbtedly nuilify the
endothermic effects of otker resctions cccurrling within the coul mass,

¥id-tenperature coke buttons were made from these oxygenwmted sanrples,
uch more compact and stronger cokes were obininsd by the oxiaations,

The cdké of the sample trested for 120 minutes wes of excartionslly good
guelity.

These expsrimeonts sugeested thot & nmore profound oxldation of ths
semples migzht be desirable. The methoud previously used wes modified in
an erfort to improve the reproducibility of results. The modifled
nrocedure involved the rehesting of the coke aample obtained from esch
run with the same furnace voltage ss utilized in carbonizetion. The
temperature differsnce between the coal sample and the c©oke at corres-
ponding furnoce temperatures wes determined. The temperature of the
coke was nmade s baseline end plots were made of tempersture differsence
vs. time, For ell points on the curves below the coke baselins, s change
in slope toward this line indicates exothermic rezctions predominsting,

while 8 divergence from this line indicetes that erdothermic reactions
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are predominant,

Samples of cosl were treated in oxygen atmospheres for periods of
one, two zmnu four noure at 130° ¢. fThe results of the carbonizetion
tests on tueae gemples ere given in rigure 11, page 7.. Trestment was
aleo effected in nitrous oxide for one zsnd five hours respectively. The
rosults of the carbonization tests on these samoles are shown in Flgure
1z, pauge 73. The purpoces of these pretrestments were:

1. To =sdsorb oxygen physicslly sad chemicslly in such & way that
upon coking sufficient hest would be libersted st the coal perticle by
reaction of tho oxXygen with certsin bydrocerbons to csuse local over-
reating which would tend to bresk down the complicated long chain eromstic
linkages and so initizte the coking resctions ¢t a lower external tempera-
ture,

2. To weaken during the pretreatrnent process the chain linkagaa of
tne coal molecules,

In wddition to the oxygen snd nitrous nxide pretrsatients, ssmples
were £130 trested with agueous solutions nf zummcaium nitrste, sarmonium
perasulphate, snd potusailum fluoride. The solutions consisted of 0.8 g.
of the asusiropricte sult dissolved in 1C rl. of water. This solution wes
aixea with 1L .. of coesl. 4#n ajueous ooluticn was used to secure as
intimate & contact of the rezgent with the coul s possible. The result-
ing suspension wns evaporsted to dryness et 112° ¢. It was hoved that
the emmonium nitrste, upon thermsl decompositisn =t = relztively high
tenperature, would result in the liberetion of nitrous oxide sud oxygen
which would reasdily rewct with the more highly activated coal subatence,

A8 ¢en be scen in Fipure 12, the results sbtained with oxyzen
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pretreataent for one hour show moderateldeviations from the untrested
coaml. The results for the sample pretreated ror two hours do not differ
eppreciably from those of the ons hour pretreatment snd have not been
plotted. The four hour oxygen pretrestment resulted in & much faster
heating rate up to furnace tempsratures of approximstely 450° ¢, The
me jor exothermic trends in all cmses occurred betwaen 350° and 600° C.
The coke samples obtained show an imcresse in quality within the range of
pretreastment utilized. The coke obtained from the semple treated with
oxygen for four hours actually resembles that produced at much higher
temperatures,

The thermazl effects during cerbonlzastlion for thas coel samples
trsated in aitrous oxide atmospheres show only small deviations from
the untrested coal snd the resulting coke was very weak structurally
due t2 1ts Ligh porosity. The thermal affects 1In the samples trsated
with asmronlunm nitrate, potazgsium fluoride and srmonium persulphate are
nearly ldentical with the untreated c¢oal, end hence ars not shown on
sepurate plots. The coke semple produced in thse csse wilere ammonium
aitrate was used is about the same grade sne untreated coel; howsver,
those roesulting from samples pretreated with potassium Tluoride &nd

ammonium persulphste were of sn inforior quelity.

It appesred thzt the temperature of the rretrsatments glven these
coal samples might not have been sufrficiently high 0 sctivate the coal
molescules. Insarmuch ss occluded geses snd water of constitution begin to
be evolved at temperstures in the vieinity of 150° C., thls ves believed
to be a desirable tempersture for pretreatment becamuse the removal of

other sdsorbed gases would give the oxygen a grester ciisnce of reaction
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with the c¢nel., The removel of water of constitution may aleo result in
e weakealng of the chein linkspes anl so permit the oxyren to enter the
molecule with greeter sase,

There ie much discussion in the literature concerning the heating
of the cowml during carbonizstion. It seems to be 2 general consensus
that the fagter hezting rates prodiuce the best quelity or cnke. !lome
writers Lave stated thet the plustic pro erty is practice ! ly nullified
if the rete of leating 1s unauly long. Ttili=ine this general prineciple,
cqgl gumples were pretreatad at 180° C. for verious poriode of time in
an Jxygen stmosphere, then pleced in the quart” reaction vessel. The
gquartz vessel was -lunged 1nto & fMarnace which wes slready ot 638° ¢,

A standard time of eight minutes was given the cerbonization; neance not
all the samvles cewched this same ultinate temneratire due to the difference

1a thermal conductivity anc thermal elffects occurring within the coal
sam le itsell. The Leating rcates wihiech resulted {rom this experimental
crocedure were so great that ther al effects were so masked that no
conclusive aata c¢ould be obiained. In sadaltion o these preftreatments,
a two-nour heat pretrestient wes iven to a semple of cosl at 150° ¢C.
The results of these nretreatwents on cok: structure are given in Table
7, paxe 76,

1t i doubtful wrether the increase of coke quality upon heating in
oxygan {or periods of ozne, two and three hours is & r<sult of any weaken-
ing of the bond structurea of the c¢oal, It would ratier seem thnt it is
actielly & pertisl lestruction of the excess bitumens in the coal substances,

Unon further oxysen treztment it is ssen that the bonding constituents are

comvletely destroyed.

[



TABLE 7. Result of Pretreastment with Oxygen on Coke 3tructure

Utilizing a Rapid ethod of Hesting,

Pretreatment

1. Kone

2. 2 hr. heat treatment
{150° C.)

3. 1=1/z hr. Op treatment
(150° C.)

4. 2 hr, Og trestment
{1509 C.)

5. 3 hr. 02 treaztment
{1500 C.)

6. 4 hr. Op trestment
{15G° C.)

Juelitvy of coke
Fluffy coherent mass of very porous
structure

¥ore dense end less porous than
above

More dense than withk only hest
treatment

Good juslivy coke. .uite dense
apd strong

Same as above

No coke (bonding property
destroyed)
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Utilizing this rapid hesting method, ssmples were coked sfter
trestment with a:monium nitrate, asluninur chloride snd cobaltous
chloride, respectively. The trsatment a3 made with 15 g. of coel and
0.2 8. of salt in sgueous zolution with subsejuent drying et 112° 2,
The results indicated no upparent chenge in coks structure end, ss befors,
the heating roates were s0 rapid thnat the taernsl offects were unduly masiced,

Thege preliminary exveriments sugsested theat the degrse of reproduci-
bility could be increased by certsin chunges in the guslitstive arstarsius,
A3 has previously been noted, the overluppins of data after the plastice
zona was believed due t0 condensing ter snd difficulty in locsting the
thermocouple in exectly the same positicn durinyg esch run, The results
of the chenyges made to compenusste for these difficulties can best be
gnown by twe identical heuting cycles carried out on identicel untreated
coal samples. These are shown in Pigure 13, pasge 78. 4 small deviation
might be expected since it is extrerely difficult 4 cbtenin cxzsctly
zimllar samples from such & heterngenenuas syatem.

samples f Tennsylvenle bituminous conl were treated in oxygen
atmostheres for neriods of twenty-four end forty-nine hours et 152° ¢,
with en oxygen rate of 0.%3 cu. f%. per hour. The semzles were cerbonizad
in the modified mpparatus sna the results of these studies are given in
Figure 14, page 79. It is seen thst strong exothermic reactions begin
resvectively st 215° €. und £24° ¢, The strong sxotherm for the uatreatad
cosl sample shown for comparison does not begin until e tenperature of
3820 C, is resched. The sherp cheange in slope of the hesting rete curve
for thosa oxidized samples sfter toe initisl strong exotherm would indi-

cate an eadothermic predominence which decressea the rete of heating of
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the coal with respect to the rate of heatinz of the coke s=zmnle., This

is believead not to be the case in this instance. The initisl strong exo-

therm hes carried the temperature of the ssmple to such e high value,

that upon the decrease of the exotherm, the tsemnerature differsnce between
the furnace walls and the coml 1is small compared to that of the inert coke
sarmple. As a result of this fact, the coke sample heats mor- rapidly than
the coal being coked.

Thie condition continues until & -ojut ahere the temperature »f the
two samples ars approximately the same value, st which time the exothermic
effects of decomposition egain begin to predominate, Thals is indicated by
anoth.r chenge in sign of the slope of the hesting rate curve.

I'rom this carbonization data it cen be also seen that the stebility
of the oxrygen treasted ccal is sn inverse function of the degroe of oxi-
dation,

Fisures 18, »~age 81, and 16, page 82, indicate the chense in cerbon
end hydrogen asnalyses respectively for the oxidations et 150° C. At
temperatures in excess of 150° €. it becomes vrry difficult to carry on
controlled oxidaetions of vpituminous coal ian an nxygen stmosphere, Con-
trolled oxidation wes ettempted st higher temperatures but ashing of the
semples resulted.

The experiments thus far described indicate thst the tiermal reactions

oecurring during carbonization can be sltered by & preliminsry oxygen

treatment of the cosl. 1In eddition, it is concluded that oxidatiocn up %o
a certsin criticel point incresses the guality of the coke thet can be
produced from » bituminous coking coal. After this voint is reached,

further oxidation is detrimentel to coke structure.
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SECTION IIX
AXPERIM T S ITH Sic OrIoATIMN

A1lr is the most economicel source of oxygen for oretresting any
large yuszsntity of cosl on an industrisl bezsia. This frct led to the
gtudy of the effect of mild zir oxidation on the thermel effects involved
during carbonizetion. The previcus experiments with sxygen indiceted
thet 1502 C. would be & desirable temperature for the pretreatment. Tre-
treatments were made for neriods of two, four, eight znd forty-seven
hours respcctively, 2t an alr rete of 0.95 cubic fest per hour, using
15 g. cosl sumples, The results of cerbonization 3tudies on theus zasples
sre shown in Filgure 17, page f4. Taese exneriments show Gefinite trends
due to thne effect of the rrotreatient on the thormal Luuntities. The
pretreatment tends to deceremse the endotnermic reactinns oceurring in
the prelimipnary vorticn of the carbonization and in genersl the oxo-
thermic effects become more pronounced as oxidatinn is incresszed. It is
interesting to note that the rminimum points on these curves occur at @
crogressively lower tsaiiperaturs with incresased oxidaticn. This iz shown
gravhicelly ia ¥igure 18, page £5. It appesrs that the stability of the
reaction products formed durlng the pretrestment is in iawerse relstion
to the doegree of the oxidation. Tiuiz cur 5+ Turther substentiated by
the results of the csrbhon and hydrogen sunlysis of the ssmples efter
oxidation us iz shown in Flgures 19, vage 86, snd 20, page 87. T1ness
curves ere swctually luverse Tuncticas of oxygen "osickup" because oxygen
igs determined by & method of difference and previous reseerch hss indi-

cated that the percentages of nitrogen and suiLghur present are not
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aprrecisbly affected by an oxldution at these temperstures, The curve
of decomposition is roughly of the ssme type 23 the curves showing the
carbvon snd hydrogen analysis, indiceating « relstively repid oxygen
"pilckup® in ipitial periods of oxidetion. Upon prolonged oxidetion a
streight line relotionship is spprosched.

In genaral it cen be concluded that the mnjor chsnges in the therrel
effects occur immadiately befnre =nd during the plastic period. st
temperatures in eixcess of 500° C. the s jor portion of the carbonization
is & dehydrogenstion process nd it is juite probsble that vractically no
oxyren is vresent in the cosl after this point. nfny reactions ocourring
after this temperature would probably not be affected appreciably by
the Oxygsn pretrestment,

Controlled oxidation of this rennsylvenie coking coel csn be ecarrisd
out readily at temperetures up to Lul® C. At temperstures sbove £00°% ¢.
the heut of resction is extrerely uirficult to control. Figures 21,
pu@s 89, snd 22, page 950G, lndicste the chsnaes in carbon snd nvarogen
analyses resvectively after ajr oxidstion at «J0° C. The oxidetion was
cerried out on 1l gram cowl semples for gseriods ol k4, 61, 110, 160 and
£31 hours st an sir rate of .93 ft.9/kbr.

The effect of this oxiastion at £00° C. on the welght of the originsl
¢osl is shown in tigure 23, pege 91. It 18 seen thut the welght increase
recoches a meximun after approximetely 75 nours of oxidetion. NO spperent
change in volatile mattsr content wes observed after these pretreatmenta.

The semple whick had been treated Tor 61 hours at 200° C. wes
selectead for carbonization studics. The heating curve for this saample
ig shown in Figure &4, page 22, It is seen that extiremely sirong

sxothermic oredominence begins ct 242° ¢. The upper portion of the
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curve {s sinmiler to those previously exverisnced with Dxygen pretrsated

gserples. N0 coke wus produced during the cortonrization. The bonding

-

proverty nad becun comuplstely lestroyed.

In order that o cokerent coke sample might be obtsiped, & blend of
% pgrass of this oxidized seuwvle and & grems of unirscsted coul was coked,
The baetlng rate curvs Tor this zample is shosn in Fi ure 25, pege 94.
The strong cxotherr: bepins vs in the previous cuve ¢t 2429 €. wnd
continunes throughout the curbonization. . goou coherent coke button wes
obtained. 7The gus libersted 1n this ocjeration wus collacted in six
alijuot portions znd wes anclyzed. The saalyscs o the gses callectod

plotted versus ¢ozl tempersture are s3kowa in Tigure 6, puge 95. The

compcslte anulysia 1s e Tollows

X

Carbon dioalde and other scidle gascs 16.7%
Unseiwrates l.27
Cxygen 3o 5%
Fydrogen 3C.0%
Carbon monoxide 13,57
Yethane 11,77
I'itrogen (by difference) 3.4
4 osirilsr saslysie wss nede on the ges collected frot sn untrested cosel

sample. The anelyses of the grs collected nlottec versus cosl tempera=-
ture are snown in Filgure 27, psge %6. Lz odwrosite snelysis 1o es

fallows:

Carbon dioxide znd other ucidie geases 5.E%
Uasaturates e
Oxyaen 57

Eydrogen 35.1%
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