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               The Caking of Bituminous Coal.

       Chemical Changes of the Coal Constituents Occurring

         in the Temperature Range below the Plastic State

                              By

                         Masao KUGO

                      <Reeeived March. 31, 1953)

    In the previous paper", some considerations relating to the caking

of bituminous coal were offered based upon the results obtained by
expei'iments on benzene-extraction and the determination of the swel-

ling power as it varied with some changes in the condition of heating

and of the fiuidity by a Gieseler plastometer. A hypothesis relating
;eokhethCohsaengreeSsuiPtsqUidity according to the rank of eoai, was aiso d,rawn

   In the present paper, considerations respecting why the plastic
state dOes not develop in the low rank bituminous coal, will be pre-
sented.'The considerations are based on the ch,emical changes in tb.e

eoal constituents due to thermal action within the temperature range
:;.g;g,tgee,iasS,c ?.2ake,･,.l`, w,tilll2edi,`.hgr2,f8.re･,ggSmee,l,.(rkM,,2,g･2SMS'8.4i

cerning the caking components in the coal. It must, however, be
recognized as an important factor concerned with the caking that the

physical properties of coal vary 'with its quality. The physical theories

describect by Be'rkowitzL'> and others3') must be o£ very much interest.
   The principal consideration presented in this paper, however, may

be recognized as an essential factor related to the caking o£ the, coal
which is of'high volatile-matter content and of high fluidity.

    In our country, most of the caking coal being of high volatile-

matter content, the coal for blast-furnace use is mostly impo'rted.
Investigations relating to the eaking, therefore, have necessarily been

concentrated upon the fingery fissures developed in the coke from the

highly volatile eaking coal,
   There are two important points i.n seeking a solution of the ptoblem;

the one is-to reveal the differences in the coal constituents between
the low rank bituminous coal and the caking coal having high volatile-

matter, as wel} as in their behaviours in carbonization., The other is
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to reveal those differences between the highly volatile caking eoal and

medium or low volatile-matter one Which is the 'good coking coal.
    In this paper, the investigation respecting the first proeedure is
       'described. In a later paper the problems relating to the second ap-
                                               'proachwillbediscussed, ' '
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       Influences of the rate of heating upon

               the plastic properties.

is well known that the plastic p' roperties aye affected by the

heating no matter by what method they are measured.

     gy Davidson") observed, from his re-
    c91i)･ ･t. ･                        sults obtained by ehe modified gas-
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     ･rate of･ heating.
   'ee These values weve measured-at

     when the torque on the stirrmg-
     -sbaft was two-third o'f usual one.･

independent o£ the rate of heating,
the maximum resi･stance as well･as

the end point o£ the plastic state
became ･higher with the aeceleration

of that rate. The same result,s were

obtained by Roga5?.

   It was recognized by using a
Gieseler plastometer"' that the fluidi-

ty as well as the plastic range con-

siderably increased with the rise o£
resolidifieation tempeyature when the

heating rate rose, in spite of .the al-

most constant softening temperature.

   Table 2 records ;some results ob-

tained by ･a･modified Gieseler plasto-

meter on the coals denoted in･table

1.,Changing states of the max,imum

fiuidity due.to a variation of the
rate of heating arefillustrated in Fig.

1. In these eases, the maximum
fiuidity as･well as the temperature

of fusion, of maximum ･fluidity and
of the resolidification rise with the

acceleration of the rate o£ heating,
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ProximateApalysis Elernentary Analysisample.

Coal Mois. Ash V.M. F.C. C H N ls o

Yubari

Mayaji

     'EII]s,or,ged

1.48

2.10

].84

13.56

13.76

 6.44

39.88

39.84

22,38

45.08

44,30

69.34

8L91

73.48

87.35

5.37

6.31

4.42

3.15

3;46

3.IO

O.36

O.26

O.72

9.21

16.49

4.4n.

TABme 2, Plastic properties at the various rates of heating.

Sample

 Coal

Yubari

Yubari
  +
30% of
 Goke

Mayaji

Imported
Coal (S),

weathered

Imported

Coal (S>

Rate of

Heating

2.5

5.0

7.5

2.5

5.0

7.5

2.5

5.0

7.5

2.5

5.0

7.5

2.5

5.0

7.5

So£t-

ening
Temp.
 .C

364

365

365

Fusion
Temp.

 .C

403

412

420

362

364

366

362

364

366

384

399

400

408

419

420

408

419

420

429

445

449

39,O

392

390

426

443

447

.,.M,,a,xJ,meg},.,

Te.McP'

431

444

462

439

441

44S

439

441

448

,446

465

471

44o.

470

472

Fluidity
Div.IMin.

44,70e

52,OOO

55,500

22,094

42,850

54,51Q

22,094

4S,,850

54,510

l17

390

545

 715

1,830

3,580

Reso!idifi-

 cation
 Temp.
  oC

455

478

488

459

476

482

459

476

482

459

4gz

481

464

491

497

,E.?･gL

Te.McP'

463

493

500

472

4S7

492

472

487

492

475

soe

501

474

505

512

Plastic

Range

 eC'

52

66

6S

51

57

6",

51

57

62

30

36

32

18

38

50

as has been shown by other researchers.
    1't should be considered to be a factor in the raising of these

temperatures that the more rapid the rate of heating, the larger is

the difference between the net temperature of ,coal in the retort and

that in the metal bath where the temperature is measured.
    It has'been stated ,that the ternperature at whieh volatile matter

is expel]ed at the maximum rate, was also transfered to the higher
side, when the ra-te of heating,became faster, -and the temperature of
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primary decomposit･ion of the coal substance occurred in the early period

of the plastic statei). These results suggest evidence relating to a close

relation between primary thermal decomposition and the formation of
the plastic state in bituminous eoal, as'has been described by Mott and

Wheeler'). .
    On these changes of plastic properties, GieselerS) said that the tem-

perature interval oE the remaining o£ tar on the residUal coa! when
rapidly heated, was so long as to promote the developing of the plastic

state.Ontheotherhand, ,,s
Brewer")maintainedthat '-･l

the rate o£･ formation of
the plastic materials was
accelerated by a rapid rate

of heating.

    An increase in tar yield

by the rapid heating was
reported by Waz're'n'") in

whose experiments the
change of gas compQnents
also happened at the rapid

rate of heating, esp,ecial-

ly during the pre-plastic
range. A hypothesis re-
lating to these results was

offered by Warren. Ae:
cording to it, the increase

of tar yield would depend
on the idea that the molecuf

les depolymerized/at the
lower temperature range,
might become Iatrger ones
by acondensing reaction in

the' sensitive range which

meant the preplastic state.

When''rapidly heated, es-
pecially d･uring the sensi-

tive range, the time availa-

ble'f6r eondensation in the

intervalisshorterthan'that

I o
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at the slow rate of heating. Hence the increase.of tar･yield at the

rapid rate of heating was attributed to a less number of the large
molecules formed by the condensation in the sensitive range., .The same

                                               'ideawasdescribedbyFieldneriP., ./'.･ .,,.
    Fig.,2 shows the maximum fluidity of the coal samples which we.re

heated up to the various temperatures and then maintained at those

temperatures £or'dne hour while measurements were 'being made by
                                                           '                           'theplastometer. ･･i' ･./'
    Some increases in the fiuidity are found on the maintaining at the

temperatures, 300C'C to 3500C, in Yubari as well as in Mayaji coal.

Remarkable decreases appear above 3700C to reach the minimum values
at the.,temperature of the beginning of the plastic state above which
the decreases diminish rapidly as the mainta' ined temperature rises

further, Thi$ resuJt will be explained easily by,War.ren's theory re-

lating to the increase of tar yield: the'inerease of fluidity between

3000 and 3500C may be attributed to the depolymerization (or pepti-
sation) of the coal constituents at this temperature range.

   These £acts lead one to believe that'the thermal changes of coal
constituents in the low temperature range bglow the plastic state,
should be considered important factors relating to the plastie properties.

Parr'2) has emphasized that the thermal reaction o£ coal substance below

the so£tening temperature should have been notieed as a eonditioning
stage in the carbonization, and should have been as interesting as the
time factor,

    It will be easily realized that the lower limits of temperature of

the treatment by which the caking power is affected, should depend

upon the kind o£ coa}. IAongchamboniS) reeognized no effect of 105"C on
a coal, Schlnpheri"' observed a decrease of the'caking power due to
2tea2toiZg taot 2is5oO.08 ffoOrr i2sO 'tnoinioamnid..its perfect destruction when heated

    Audiberti5) reported that there was no ap.pgeciable effect below
3500C but that there was sQ large effect at 3500C that the caking power

was perfect}y destrQyed by heating for 4.5 hr.

    Interesting results relating to sueh thermal changes of the coal

constituents in the low temperature range, were published by Buntei"),

who'carried on pyridine-extraction at 500C on Saar Gas'Coal "Heinitz"

(V, M. 34,5%, Ash 1.9%, Mois･t. 1.3%: C 85.4%, H 5,5%, O+N 8.3%, S
o,8%)', passect through 400 mesh, which was heated in a silica tube in

vacuum in a metal bath whieh had already been heated up to the



required temperatures as high as 4000C. .
' In the present author's laboratory, too, samples o£ Yubari coal,
passed through 65 mesh, were heated up to various temperatures below

4500C at the rate of heating, 2 to 200C!min. and then were extracted

with pyridine and benzene by a Soxhle't apparatus, respectively.

            TABLE 3. Results on Yubari coal heated at

                     various rates o£ heating,

                              (1)

Inereased
weghtof

Extracted
am'ount･withMaximum

temper-
ature

.C

Rate
of'heatingoclmin

'actlve

charcoal

%

caleium
cbloride

%

Gasvol.

evolved

c.e.

Weight

loss

%
benzene

%
pyridine･%

250

300

350

375

400

425

250

300

325

350

375

400

425

450

250･

300

350

375

400

425

250

300

325

350

375

400

425

i

 2
  2

 2
 2
 2
- fut

 5
 5
 5
  5

 5
  5

  5

  5

 12

 !2

 12

 12

 12

 12

 20
 z)o

 20

 20

 20/

 20

 20

O.30

O:37

O.87

1.21

1.27

1.43

O.34

O.56

O.64

O.95

O.95

O.18

]..1'5

1.3e

o.oo

O.02

O.64

O.90

O.89

e.ol

o.oo

O.Ol

O.83

1.05

L14
1.32

2.34

0.49

O.49

1.05

1.15

li 6

3.80

e.22

O.72

O.S7

l.04

]..35

1.49

2.07

3.40

O.49

1.0i

O.85

O.96

l.46

1.50

O.87

1.05

e.95

1.13

1.51

1.65

2.26

 o
 o
ol
15 l
2s I

iig il

 ot
    I ol
 7i
13

52

6t

!10

 o
 o
 5
IO

27

33

 o
 o
 3
 3
25

 36
i40

.l

O.78

O.87

1.6S

2.2'6

;l.60

5.70

O.96

l.44

I.50

l.91

lai.50

2.60

3.13

4.69

-O.56

1.12

1.44

I.70

2.75

3.00

O.80

1.15

1.85

2.20

2.45

3.25

5.75

7.2

.7.6

b'.O

2.7

L,.O

2- .9

11.S

7.3

3.0

3.9'

3L2

3.3

3.5･

3.4

.5.4

7.2

7.S

7.5,

7.0

4.0

L7

2.S

'3.7

9.5

9.6

9.0

8.4

4.0

 20.2

 20.2

 19.6

 20.2

 27.3

 31.3

 22.3

 22.5
 2'3.5

 24.(}

 25.0

 31.0

 32.5

 33.0

 20,3

 20.7

 2LO
 24.4

 29.5

 27.0

 IS.3

 17.8

 IS.5

 23.0

 `p'5.0

 29.4

 31.0

 21.2

lo..o

l?･.6

l6.6

17.5

25.3

.o.,s.4

IO.5

15.2

.?O.5

1'O.lt.

21.8

27.7

29.0

29.6

14.9

13,5

13,2

16.9

22.5

23.0

16.5

'15.0 ･

l.4.8

13.5.

I5.4 ,,･

20,,4

25.6

.lti.2
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                       (2)

Results on Yubari maintained at various temperatures.

Maintaining

te.McP'

250

250

250

.o,oo

300

300

350

350

35e

400

400

400

time
hr.

1

2

3

1

2

3

1

2

3

l

2

3

Inereased
weight of

aet, ehar.

  %
O.04

O.06

O.11

O.50

O.50

O.65

O.11

O.85

l.26

IP.e.

j.66

l.76

CaClt

%
l.l2

l.30

1.32

l.29

l.33

1.44

2.62

3.64

4.0S

3.96

4.15

4,20

Gas vol,

  e,e.

 o
 o
 o
 o
 o
 o
 'IO

60

S8

58

S9

115

Weight
 loss

  %
].l4

l.21

l.30

].S5

].89

1.97

3.06

4.86

5.47

5.42

5.97

6.15

 I!)xtraeted

amount with
benzene
  %

6.2

4.S

4.5

5.6

4.6

4.4

6.8

6.9

7,2

S,5

S.4

9.6

pyridine

 /%
21.8

21.7

l9.3

20.6

19.4

19.2

23.6

23.8

24.0

30.5

2B.9

25.7

DisH
persedee
hurnin

 %
15.6

16.9

14.S

l5.0

14.8

14.8

16.8

16.9

l6.8

22.0

21.4

IS.1

   ee Dispersed humin: Differenee between amounts of pyridine- and benzene-extract.

    The results are given in table 3, whieh includes the results obtained

on the coals maintained at the temperatures, 2500 to 400 eC, for a few

hours, a£ter being heated up to these temperatures at the rate of 5
OCImin. Also see Figs. 3-4. The dispexsed humin indieated in. the table

means the differenee o£ amount between the pyridine- and benzene-
extract.

    In these cases, all the pyridine-extracts considerably increased above

3500C. The dispersed humins decrease up to 3500C and then increase
as much as the increase in p' yridine-extract, excepting that of the
extract at 50Clmin. whieh deereases up to 2500C and then increases.

[I]hese decreases o£ the dispersed humins at 20 and 50Clmin. as shown
below 350'C, are to be attributed to the increases of the benzene-
extracts, because the results show. no appreciable ehange in the amount

of pyridine-extract. This probably indicate's that the increasing amount

of the benzene-extraet up to 2500C may be due to the conversion of
a portion of the pyridine-extract to the benzene-soluble fraetion owing

to liquation or peptisation by the thermal aetion. The decrease in the

benzene-extraet as shown above 2500C may be attributed to a con-
densation in the fraetion by which a portion of the fraction is converted
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                                 t.                                    'to be insoluble in benzene. In Fig. 4, the decreasing amount of the

benzene-extract wheii temperature is maintained at 2500C for a £ew
hours, suggests a possibility of the condensing reaction in the benzene-

soluble fraction at this temperature. The amount of benzene-extract
at the rate of 20Clmin. is less than that in the rate of 50Clmin. in Fig.

3. This may, therefore, be attributed to the slower passing'through
such temperature range in which the eondensation is most active.
    The amount of pyridine-extract decreases witl} the duration of the

maintaining time at 2500 and 3000C, and is almost eonstant at 3500C,
   acf. Fig. 4. !n the terpperature range, 2500C to 3000C, therefore, it is

supposed that a eondensation of the ,pyridine-'extract to form iarger
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molecules is very aetive. This aetion was reeognized as a polymeri-
zation by Bunte. It is, however, evident from the ･results shown in

Fig. 4, that the eondensation is of very slow veloeity in such a eoal

as Yubari eoal with high fluidity and high volatile-matter.'
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    According to the results shown in Fig. 5 (in which the℃e ar.e $hown
weight loss, volume of' gas evolved, and inereased weig.ht.of the active

chareoal used to absorb oil vapour), in the carbonization at･ thpse rates

of heating, this eondensaeion is evidently never followed by any thermal

decomposition to evolve gas, but seems to be of sueh a sort as to follow

after dehydration, because H,O alone is expelled from the coal in this

temperature x'ange.
    It will be, hence, a reasonable idea that the condensation in coal

constituents in the low temperature range, should be a reaetion oeeur-

ring between the molecules with outer-groups containing oxygen, due

to dehydration.

    Moreover, the amount of pyridine-extract somewhat inereases above
3000 to 3500C at the rate of 50C!min.; it does not decrease, i'athez' tends

to increase a lit'tle during the maintenanee at 3500C. In this temper, -

ature range, thevefore, it is･ prebable that a sort of depolymerization
oy peptisation in the coal eonstituents may oecur as described by Bunte`fi)

and Warren'O'. The increase of fluidity caused by the maintenance of

'temperature for one houy at 3000 to 350QC (as in Fig. 2) may depend

upon this aetion in the coal.

    During the maintenanee above 3500C, the amount of pyridine-extraet

as well as of dispersed humin, decreases, and on the contrary, that o£
the benzene-extract increases. Owing to the evolving oE gas above
3500C, these aetions must be att.vibuted to the thermal deeomposition
of coal constituents to form larger and smaller molecules due to fissions

and condensations.

    Henee it again appears that the ehemical change$ of the eoal con-
stituents jn the temperatures below the plastic state should be recog-

nized as imporeant in respect to the caking power.

    An appreciable increase of the pyridine-extract as well as of the

dispersed humin above 3500C does not appear in the heating of Bibai
eoal which is non-caking, in contrast wi'th the eonsiderably i'nereasing

amount in ease of Yubari eoal which has high fluidity. ･This differenee

should be noticed as a £actor to explain the difference in coal con-
stituents betweeo the cal<ing and non-eaking eoal. What the amount
in Bibai eoal hardly inereases, must be due to the large development

of condensaeion following dehydration, beeause of high oxygen content
gf t,P,2 e,9g,i',i'ig,i,h,iP .ia9` ipyst, have,g .g.on?ectlop with un"eveiopment

                                     '
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               Reiation between the plastic state and
                    the thermal decomposition.

    It appears that the benzene-soluble portion upon the heating of
coal alone does not directly take part in the developing of plastic state,

£rom the results shown in Ng. 3; the maximum amount of benzene-
extract in the heating of 20Clmin, and 50C!min., occurs at 3000 and 2500C,

respeetively, which are below the temperaturre of pla$tic state, and
also that of decomposition. Hence the inerea$e of dispersed humin

following the thermal decomposition of eoal constituent$ would be ac-

eepted as a faetor relating to the development of plastic state. Being

exaetly true, this idea tends to disprove the isoeolloid theory conneeted

with the plastie state as deseribed by Lahiri`').

    Fig. 6 gives the changing state of the fluidity in Yubari coal
maintained for one hour at plastic state temperatures during the mea-

surement. The maintained temperatures were 3900, 3950, 40eO and
4100C, the coal mixed with 10% of iron oxide was also used.
    At the beginning of the maintaining period, in all eases, the fiuidity

increases without interruption. This seems partially to be due to the

rising of coal temperature in the retort, after the temperature rise

in the metal bath was interrupted. When maintained at 4000 and
4100C, the fluidity decreased in the later part of the precedure, but

inereased again with the rising of the temperature after the period
of controlled maintaining had finished.

    The decrease of fiuidity in the later part of 'the maintaining period

must be attributed to condensing reactions occurring in the thermal
decomposition of the eoal constituents, as shown by the decrease of
pyridine-extraet as well as that of dispersed humin duxing maintenanee

at 4000C, see Fig. 4, Aceording to the rising of fiuidity af'ter the pez'iod

of temperature Inaintenance, it appears that so small molecules as to

be the dispersing constituents to develop the fiuidity, are formed by

further thennal decompositions of the coal constituents not reaeting

yet. Hence it is evident that eonstituents with different thermai
stabilities exist in the coal; especially, this would be evidenced from

the result in the maintaining at 4100C of the coal mixed with iron oxide

where the fluidity appears again with the rising ･of temperature after

it had almost disappeared at the end of maintenance period.

    The decreases of fiuidity during the maintenance period as well

a$ of the maximum fluidity of the coal when mixed with iron oxide,

A4
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       for one hour at different temperatures in the plastic
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are iarger than those of the coal alone. It is, therefore, supposed that

the condensing reaction in the coal eonstituents whieh prevents fluidity,

may be accelerated by the presence of iron oxide.
    RileyiS) has.reported from his X-ray study on chars, that the

primary action o£ the admixture o£ inorganic compounds was the for-
mation of nuclei around which the aromatic condensation could occur.

    There is, however,, a problem remaining viz., whether or not the
eo'ndensation in coal constituents due to dehydration in the low tem-

perature range' is affected by the admixing of iron oxide. Moreover,
another question arises whether the condensat.ion in the plastic state

is only one of aromatic condensation to develop the turbostratic graphitic

structure, or whether another kind of condensation oecurs simultane-

ously. These problems will be diseussed later.

                 Decrease of the caking power due

                           to oxidation.
                                                   '                                                          '
  ･ It is well known that the caking power of oxidized coal decreases-
with the extent to which oxidation proceeds. Several theories relating

to the reason there£or have been published.
    MoTT:') maintained that the decrease depended upon the diminishing

of wettability o£ the coal sur£ace by "oil", which covers pores in the
coal to develop pressure an aecount of to confine gas evolved in the

pores, Yohe and Harmani") recognized the wettability o£ oxidized coal
by water as being larger than that of unoxidized eoal. KaravaewLi")
supposed that the large hygroscopicity of oxidized coal would be attri-

buted to increases of OH, CO and COOH groups in the coal constituents

by oxidation. Henee it appears that the wettability of coal by oil
decreases with oxidation.

    There is, howevey, a question o£ whether or not the oil which is
recognized as ether-soluble fraction by Mott:", is hard enough to make

up the pressure to create the surface-fiow of the molecules around

    Berkowitzg' has explained the intumescence mechanism according

to the £aetcors as £ollows:
    1. the pore volume of the coal and the size of loeal eonstrictions

wh3.ch it contains.

    2. the amount of potentially volatile matter that must be disen-
gaged from the coal in the eritical temperature interval, i.e., the
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dmtumenscencerange. . .,
    3, the size and shape of the eseaping moleeules,

    On the results in whieh the eollapse of the pore structure of
a eoal in the plastic range was so limited that the struct.ural units of

the coal retained their identity, Berkowitz explained that the softening

of coal was attributable to certain internal rearrangements of coal
moleeules, which would be restricted to the two dimensions as observed

in some miceller polymers.

    However, it appears that the presenee o£ highly viseous liquid
e6nstituents in the plastic range can not be denied on account of the

facts.asfo!lows: 1 ･･･ . .    1) the coal having as high volatility and fluidity as Yubari coal,

when heated in a tube to detez'mine tlie swelling power of coal particles

layer, exhibits a boil in the plastie x'ange.

    2) the large pressure developed in the oven when the medium
or low volatile eoki'ng coal is carbonized, indicates very great imper-

meability of the plastie layer to the gas disengaged from the coal i'n

the lower temperature side, Henee it appearsthat there is almos't no

room among the coal particles in the plastie state.

    Bez'kowitz stated that the decrease in the 'cal<ing power caused
by oxidation appeared to be mainly due to an opening of the pore
structure of the coal because the required i'ncrea.se in heat of wetting

and porosity had actually been observed experimentally' in the oxi-
dized coal.

    In Shinmura's resultsL'l', the caking power was considered to be
related to the amount of r-fraction and of the oxygen in a-fraetion,

This e}ucidates one role of the oxygen in the coal-substanee as an

importantfactorwithrespecttothecakingpower, , .
    Additionally to the above, there is a theory relating to the non-

eaking of oxygen-rich coal by which the non-development of the plastic

s,tate in it must be aetributed to such a large intermiceller Eorce in

eoal micelles that the softening o£ it becomes diMcult on aecount of
the slight mobility of the micelles.

    The fluidity of Yubari coal, which had been oxidized by air, nitrie

aeid and eleetrolysis, were measured in this study. The oxidation by

air was carried out at 940 to 960C in a glass tube, eharged with 10 gr,

of sample coal, immersed in a water bath, through which air was
passed at the rate of 3eO c.c.lmin.

    Deoxygenation by hydrogen also was done in the same apparatus.
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                                                 '                                             'The oxida'tions with nitric aeid and electrolysis were at 300C

mostat, and the eleetro-reduetion also was carried out at
temperature. In the electrolySis the cuictent density was

These results are recQrded in table 4 aBd Figs, 7-8.,

                                                  '                                         '    ./.., t '/.. 1-l/ .                                                 ･1                           .'II]ABI,E 4.
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in a ther-

the same
O.3,Alem2.

tt

Sample

No.

Oxidation Products

temp..C time
hrs.

Weight
loss

%
H.L'.Ollof COLi

%

tt

Consumed
oxygen

%

OxyR6n
fixedon

eoal

%
O-1

O-2

O-3

O-4

O-5
OJ-6

94

95

95

96

96

96

[

1

l

3

5

8

IO

15

16

'r

- O.19

 O.70

 O.85

 O.S6

 'l.85

 2.e6

O.54

O.S9

1.25

l.5'S

1.80

1.82

   O.51

l i.o3
E
･ '1.0S
L

I'L 1.12

   1.5S

   1.63
F

l.12,

1.24

1.3S

1.40

l.45

l.47

33.0

39.3

46.9

Sample

Yubari

O-2

O-4
2:.s..m.

Elementary analysis (Dijy, asihless)

c 1 H 1 o -i- s I

86.3

S6.1

85.2

85.4

6.1

6.1

6.0

6.e

l.5

1.4

1.4

･1.3

    '   '
acid,

f

I

E
I

N.

 '

Results of

     (2)
           '
oxidation by Nitric

  6.1

  6.d

  7.4

.. 7;:1-

Sample

 No,

Oxidation
 time
  hrs.

Weight･loss

   %

EIementary analysis

C' .. H .N I O-l- S

N-O-1
NL o---i

1.5

3 '･'

Sl.Q4

5.70

t
84.6

84.5

6.1

5.9

'1.4

1.5

  7.9

g i' .1

N;--:O-1 6'･ 6.･58' 84.6'- 5.7 '' 1.7 s,e

'
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Results

   (3)

of anodic oxidation..

Sample

 No.

E -Q-1

E-O-2
E-O--3

Qxidation
 time
  hrs.

8

l6

32

Weight
 loss

 %
4.02

7.76

9.51.

Elementary analysis

c

84.3

84.6

85.0

H l

5.9

5.7

5.6

N

1.1

I.2

l.3

o+s

l
'

8.7

8.5

S.1

Results

    (4)

of hYdrogen reduetion.

Sample

 No.

'Samp]e

reduced
Catalyst c H N

....nm

o+s

HR-1

HR-2

HR-3

O-2

O-4

O-5

used

)l

none

87.5

85.3

87.3

6.1

6.2

6.4

l.2

1.3

1.3

5.2

7.2

s.e

Results

    (5)

of cathodic reduction,

Sample

 No.

ER-1

ER-2

ER--3

ER-4

ERr5

ERr6

Sample

reduced

N----O----1

N-O---2

N----O-3

E-o-1

E-O-2
E---O---3

Elementary analysis

c l H

87.5

85.4

86.1

84.5

  "t
S5.0

S6.3

6.6

6.3

5.9

6.2

6.0

5.S

N o -i- s

l,4

l.5

1.6

1.?

1,3

l.4

4.5

6.8

6.4

S.1

7.7

6.5

t
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Plastie

      (6)

properties o£ the coals,

Maximumfiuidity

Sample

Softe-
ning
temp.

.C

Fusion

temp.

oC

temp.

eC
fiuidity

Resolid-
ifieation.

temp.

.C

Endpoint

temp.

eC

Plastic

range
.C

Yubari

O-1

 O-2

O-3

 O-4

O-5

E-o-1
E-O-2
Eb-e--3

N-mOum1

N-O-2
N--O-3
HRp--Oee

HR---1

HR-2
HR-3
HR-4ee

HR-5ac

ER-1
ER-2
ER-3
ER-4
ER-5
ER-6
Yubari-1ee

Yubari-2W

356

367

365

370

370

376

375

375

392

362

370

370

367

375

362

367

365

367

360

375

395

380

375

374

358

360

403

406

405

410

409

414

404

420

428

404

405

404

412

421

417

409

413

419

409

421

-
415

411

414

404

417

429

430

430

43e

430

431

430

432

431

429

429

430

432

431

43e

431

432

431

432

429

431

432

432

434

432

432

83.400

34.200

2S,500

26.900

26.000

 6.350

 Zl80

  660

   70

58.200

29.800

20.700

13.250

  360

  S40

 4.900

 8.830

  375

32,!OO

  112

   42

IS.750

 9.100

15.780

71.500

  360

456

45S

455

456

456

450

450

444

441

460

456

454

458

44S

441.

451

456

439

456

436

 pt

451

45Z

462

45S

446

464

466

464

464

467

462･

459

459

458

470

465

463

467

460

454,

458

465

451

469

454

454

465

463

473

467

461

53

52

50

46

47

36

46

24

17

56

51

50

46

27

o.4

42

43

2,O

47

15

ge

36

42

48

54

29

op

 ee HR-e;'

   HR-4;
   HR-5;
Yubari-1;
Yubari-2;

sample e--1 reduced by hydvogen witinout catqlyst.

sample O--3 reduced by hydrogen,without catalyst.

sample O---5 reduced by hydrogen with 5% of eatalyst.
Yubari cbal reduced by hydrogen without eatalyst.

Yubari coal reduced by hydrogen with 5% of catalyst.
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 Maximum fiuidity of Yubari eoals oxjdized for different hours
by various methods and of those coals after deoxygenated by
hydrogenatabout100"Corcathodiereductionat300C. ''
     O Coal oxidized with ai'r at about 960C.
  I tw Same coal deoxygenated with hydrogen at looOC in
    ･.･ presen.ee･ofcatalystafteroxidation. . . ,
                                                   '                 ', ,ge Same･eoaldgoxygenatedwithoutcatalyst. . ,.,.
   1"O'CoaloXidiz'edWithnitricadidat300C. '' '
'' ll Jtt, @ .oSxa}daeticoona,l deoxygenated by eathodic reduetio.n after

'' '･(OCoaloxidizedbyanodicox'idationat300C., '
!II i@ Same eoal deoxygenated by cathodie reducion after

    t oxidation.

.
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1. Reeuttion beeween the flecielity and oxygen content,

   As exhibited in Fig. 7, the fluidity in all oxidized coais is lower

than 'that in the original coal, especially the lowering in ehe eoal oxidized

with nitric acid is very much greater than that in othet oxidized coals.

The fiuidity' bf the coals deoxygenated 'after the oxidations also is of

lower value than thae o£ Che oxidized eoals themselves, excluding that
of the coal reduced by electrolysis after being oxidized in 10% nitric

acid for 1.5 hr.

   On the other hand, the oxygen in the coals in which oxygen in-
creased appreeiably, decreasescorresponding to the extent of reduetion;

cf. Fig. 8, }Ienee it appears that no relation is gbsedevable between

the oxygen content itself and the fluidity in these coals, just as has
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been reported by Rose and SebastianllL'>. In' .thei.x'results, no relation

was present between agglutinating values and oxygen contents when
a coal was oxidized.

    It will, therefore, be supposed that the decrease of the caking
power does not depend on the increased oxygen itself in the oxidized

coal, but rather on the change to whieh the coal cons'tituents submit

in the oxidation; this throws doubt uppp the intermieeller theory by

which the strengthening of intermiee]ler foree due to the inereas.ed

oxygen by oxidation is considered to preve'nt development o£ the plastie
state.
    Fig. 9 gives the results of the elementary analyses of the coals

heated up to 4500C. Sample eoals were ,Yubari, its oxidized samples

and Kakuta non-eaking coal,
    In these materials, the deoxygenating degree in the eoal oxidized
by air for 15 hrs. is appreciably lower than that of other coals. It may
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Tbe attributed to the relatively great stability of･ the oxygen in the

eoal on account of the long･oxidation time.･ The oxygen.eontent at
4000C of the coal oxidized for 5hrs., on the contrary, is a }ittle less

than that of original eoal, in spite oE its lower fiuidity, Moreover, it

is known according to Porter and Tay]or's results2") shown in table 5

that most of the oxygen in the coal is'expelled from it in the carbo-

nization up to 4500C. The oxygen-carbon eomplex froMed in a coal by
oxidation deeomposed to 'evolve CO,,, CO arid H,O at temperatures below

Jth'at of decompositionL'i). 'It has been recorded that the oxygen-earbon

complex deeomposed to evolve CO,,, CO and H,,O at 2000C in vacuumg6).

Ije£ebvre and FaivreE") also confirmed that all the inereased oxygen in
an oxidized coal was nearly all removect as CO,,, CO and H:O, when it
                   'w'as heated up to 3500C" ,                 t.

            TAisiJE 5. Amounts of oxygen removed by
                     heating up to 45oOCL'3).

'Name of Coal

Moistqre

Volatile matter

Ash

     c
     H..
     o
Volatile.matter

g.::,3･:t of Ig69,, Z'

removed,as(co %

Total

Deoxygenated pereentage

New River,
  West
-Virginia

O.60

21.60

3.23

89.30

 4.S8

 3.60

22.42

Pittsburgh

O.93

33.02

9.07

85.25

5.45

5.59

36.69

 West
Frankfort,
 Illinois

2.07

35.21

9.l7

80.91

5.14

10.89

39.70

Sheridan
country,
Wyoming

5.93

41.47

6.45

74.94

5.26

16.93

47.35

2,OO

O.32

O.12

l
l

1

?,.so

O.25

O.13
p

7.37

O.77

O.34

I

l
:

I
1

ll.23

3.IO

1.02

2.44

70.6

4.1 8

83.1

8.4S

S.4S

15.?,5

100.3ee

, eeThise:rQrmightbebasedonmeasurementofmoistureinsuehalow-ranlc.eoal.

   Hence it appears that the change of eoal constituents, as relates

to the decrease of the caking power, must happen in the deoxygen-
ating process, which occurs in the oxida't.ion and carbonization following

it; the c'ondensation developed due to 'the inereased oxygen should be

v
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regarded as the faeCor te decrease the fiuidity, the same as mentioned

in the oxygen-rich coal respeeting its non-caking.

2. A7nozcnts of the'benzene- anel pyrialine-extTact in the o:tidi2ed coal avaa when

   heatea up to the pZastic state.

   The results obtained by the pyridine- and benzene-extraction of
oxidized Yubari eoal are given in table 6, Fig, 10, and those of the

eoals heated up to various temperatures are,also recorded in table 6

                                     and Fig. 11. This oxidation
                                     was carried out at 1500C and
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    Fig. 10. Benzene- and pyridine-extract of

           oxidized Yubari coal.

extract from the oxidized coal was

insolubility of that from the o,riginal

there must be a ehange in the coal

soluble in ammonia
  coal,

 constituents

2000C by using an oil bath,

sample coals, passed through
65 inesh, were used for these

extractions,

    Amounts of the pyridine-

extract as well as of the dis-

persed humin decrease with
the oxidation time, but con-

trariwise the amount of ben-

zene-extraet inereases.

    The amount of benzene-
extract obtain' ed by Fiseher['7',

when a coal had been oxi-
dized at 1100C for 30 days,

decreased from 7.5% to
O.03%. The amount of ben-
zene-extract which increased

in the present experiment
up to 6 hrs,, therefore,should

deerease with further oxida-

tion, as recoz'ded by Fiseher.

In addition, Fischer reported

an increase £rom 1.5% to
7.4% in the ethyl alcohol-

extraet by the oxidation.
In this case, however, the
            in spite of the

   These results show that
      due to the oxidation.
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[l]ABI,E 6, Results o£
    on oxidized

the heating and
 Yubari coal.

extraction

Inereasedweight
of

Amountof
extraetwithSample

No.
TeTnp.of
,he?/r,ng

Weight'
･loss .aetlve

ehar,%
Cacl,)

%

Vol.of
gas

evo}ved

c,c.
benzene pyridine

Dis-

persed
humin

%
/.

Yubari,))

)),

))

))

'p･7

))

J7

1)

OX-1.t1).

eJ

t/JJ

-OX-2
))/..

)7t

,'j,
ok-3tt.)7･,

･r7

'7:
OX---4

:1.

:i

l)..

0X-5-

1)

7J

))

Bibai

)p

-7)
':)

ym 4.0

11.S

7.3

3.0

'3.9
.g.2

3.3

3.5

3.4

4.6

7.2

8.9

9.0

5.7

2.2

5.7

6.9

6.0

l.t

1.2

1.3

7.Q

2.1

2.2

2.4

7.0

21.2

22,3.

22.5

23.5

24.0

25,O

31.0

32.51

33.0

18.6

17.9

18.7

20.6

l8.2.

I7.2

17.3

17.3

17.6

l4.3

l4.6

l5.1

15.0

･- 14.4

l5.0

lro.o./.

Il.7

1,l.9

.13.S'14.8

14,6'l`l4.7'

l3.5

14.7

17.2

10.5

15.2

20.5

20.1

21.8

27,7

29.0

29.6

14.0

10.7

9.8

ll.6

12.5

15.0

11.6

IO.4

11.6

l3.2

l3.4

13.S

8.0

12.3

12.8

1?-.S

3.7

10.8

11A
12.`.)

13.0

'12.8

IL2
11.7

OX-1;
OX-2;
OX-3;
OX-4;
OX-5;

Yubari
    -es･

    ))
    T)

    )7

6oal oxidized

 p)

 ))

 p)

 )J

by air at lsoOC

         )}
         7J
         eJ

      at 2oooc

for
for

for
for
for

one hour.
2 hrs.

3 hrs.

6 hrs.

one hoctr.
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increasing amounts of the pyridine-extracts above'

the extent to which the coal was oxidized;

so oxidized.as to be non-caking, OX-3 and
with those in non-caking Bibai coal at temperatures above 3000C

findings may be due to that eondensation that
of earbonization of the oxidizqd coal, w' hich

deoxygenation in the eoal, as CO,,, CO, especially H,]O

    It may be possible re-

asonably to conelude that

the decrease in the py-
ridine-extract may be at-
tributed to the strengthen-

ing of the intermieeller

£oree due to the increased
oxygen. There may not
be such evidence as to
deny this idea at the pre-

sent time. But the in-
crease in the amount of
benzene-extract ean not be

explained by this idea only.

Hence,it is also a reason-

able eonsideration besides

the idea mentioned above,

that the deerease should
be attributed to the en-
largement of size of the
eoa,l mo}ecules due to the

condensation among them
following with the deoxy-
genation as CO!, CO and H,O

in the oxidation process.

The increasing amount of
,benzene-extract in this ex-

periment may be attribut-
ed to 'the fission of intra-

moleeular bondings attend-
ing the oxidation.

    In the oxidized coals,
      3oOOC deerease with

 the amounts in the coals

 OX-4, 'are nearly similar

                . These
   oecurred in the process

 must be aseribed to the
      . Hence it appears



as a reasonable

that this decrease in the
pyridine-extrac't, as seems

to be true also o±' the
dispersing humin in the
plastic state, might be the

direct cause of the lower-

ing in the fiuidity follow-

ing exidation.

    On the other hand,
the inereases of benzene･-

extraets at temperaturs
above 300"C in case of the

oxidized coal, OX--1 and
OX-L2, may be attributed
to fissions of the intra-
molecular bonds, which oe-

cur in the oxidized mo-
lecules by the thermal
action in the earbonization,

l･. .",e:8,rdig.g,/o' th,e.:･s,s,2is

coals, as OX--1 and OX-2,

haVe lower'fiuidity than
that in the original coal,

in spite of their large amo-

unts of benzene-ext'ract at

the'initial stage of the
plastic state, 4000C, it is

further redognized to be
lecules in the plastie

do not
alone,

            '
'3. 0ther asscussion of the

i ,prQcess.. . .

  ' The decrease of tar

heating, was mentioned b
ization of oxidized eoal.
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interesting conelusion that so small mo-

     range as 'to be soluble in benzene,

     on the caking power by themselves.

        in the carb(neizati･on anel oxidati(m･

                  '                        tt                    '                    '                               '                                   '
 in the carbonization at the slow rate of

 ; it has been obserVed also in the earbon-

 ` "n) reported a sharp deerease of the
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                            tt             tt tttl ttar yield in the carbonizaeion of oxidized eoal and that the decrease was

the most sensible indieator as to the exten't to which the eoal was been

oxidized; the inerease by 1% of the gonsumed oxygen in the oxidation
matched a deerease o,f' 16% in the tar･ yield, whieh corresponded with
an increase of O.3% in the coke yield.' It should be of speeial interest

that Warren explained the decrease of tar yield at the slow rate of

heating, to d,evelopment of the condensation in the sensitive range,

Regarding SchmidVs results on the remarkable decrease of tar acids
yield observed in the oxidized coal, it may appear that the decrease

of tar yield in the oxidized coal also should be attributed to 'the
condensation,ilwhich is related to the oxygen-eontaining outer-groups

in the･coal molecules formed in 'bhe-oxidation.

    It is known that when ai)r is blown into the tar or oil in whieh
pitch ls dissolved, a eertain condensation oecurs 'to preeipitate a sludge,

 ' Pfeiffer!") stated that, when bitumen was oxidized at comparati'vely

high temperatures (1000 and h!gher), the scheme of the reaction 'was

probably that' high moleeula: constituents are dehydrogenated, water

being formed, after which the dehydro'genated, aromatie remnants eon-

dense to'large moleeules, finally to asphaltenes or, on prolonged oxi-i
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dation, to less soluble components (earbenes, carboids). When a bitu-
men was oxidized at 1000C, about 40% of the oxygen was converted

into water and about 54% was combined in the bitumen. Chernozhukov

and' Krein"") reported particulars of the oxidizability o£ hydrocarbons
in connection with 'their molecular structure; when aromatics with
short side ehains are oxidized, it is chiefly resins and asphaltenesthat

are fomned. With increasing side chain length in the molecule the
resin and asphalthene formation decreases and products of a more
acidie charaeter are formed. The role of oxygen in a polymerization,

in general, has been reeognized as an important factor, i.e., the poly-

merization of methyl acrylate at 100C'C oecurs only in the presenee of

aiy, and the same has been observed on vinyl acetate, or vinyl bromide,
    Barnes"ii reported that thbre occurred oxygen absorption and forma-

tion of peroxides in the interaction between enormous vinyl monomers
and oxygen. [I]he mechanism o'f polymerization as explained by BawnC"L'),

is the formation of peroxides and abstraction o£ hydrogen in iiioleeules
as a primary action to build up ac,tive radieals and the repetition of

polymerization by branchings,and eross linkings as a seeondary reaction.
The essential role of oxygen is to'build 'up aetive free radicals to

                                                          tttdevelopfissionsaswellascrosslinkings.･' ' ･
    When this mechanism is considerbd in conneetion with the 'oxidation
of coal, the decrease of pyridine-extrac't w6uld seem to bel'attbibu'ted

to the cross iinking, and the increase of benzene-extract t6 the fission.

    Table 7 reeords the results of a study'of the plastic properties of
Yubarieoal mixed with some organic and inorganic eompounds. Sulphur

has the greatest effect in preventing fiuidity, and decreases due to
admixing with K2S, Fe,)03, NaOH, stearic acid, rosolie acid and galactose
are also appreeiable.

    Lambris33) reported an decrease of the tar yield due to the addition
of borie aeid, and Schauster"`> also found that a decrease of tar oceuryed

when a lignin was earbonized in the additio'n of iron oxide. Lambris35),

described, further, that the effect should be related to OH group in

the coal substanee, owing to the fact that with the higher oxygen
eontent of･eoal, the larger was t･he inerease of eoke,

    Pfeiffer described respecting the acceleration of the blowing process

of bitumen how some of the metallic eompounds (oxides, sulphates and

soaps from manganase, iron, copper, cobalt, etc.), though not inereasing

the rate of oxidation, shortened the blowing time by reaeting with
bitumen, resulting in inereased hardness and penetration index. With
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[l]ABT.E 7. Plastic

            with

Substanees

 added
Weight o£
addition

  %

properties of Yubari coal mixed

various substances.

FeL)03

 )7

 ))

 )I

 .s

 JJ

K,S

NaO
zno

Na2C03

 J)

caco,

Na2s04

NaOH
Creatine

Stearie acid

Rosolie acid

Galaetose
Casein
    Natrium
Naphtylamin

Diphenylamin

5

7

IO

?i

5

5

5

5

5

10

10

5

5

5

5

5

5

5

5

5

Softening

 temp.

  .C

373

377

3S2

38g

38S

418

q.g2

3S5

3SO

385

3g5

385

375

397

378

3S5

.3S2

390

378

37S

375

Fusion
temp.

 aC'

411

423

421

427

421

421

413

4'12

414

419

,414

4e9

422

412

417

414

417

411

409

407

Maximumfiuidity
Point

Resolidifi-

eation
temp･.Ctemp..C fiuidiCy

DivlMin

Plhstie

range
.C

430

438

435

432

434

435

43?,

432

432

435

435

432

433

430

432

433

432.

432

432

430

433

I
I

I
I

I

17,OQO 459 4S
 1,670 451 2S
  18S,441 20
   90 437 IO
  674 451 30
   17 T- -
  4S3 445 24
11,975 454 41
 6,050 454 42
 4,2SO ･452 3S
 l,190･ 455 36
 2,840 452. 38
12,750, 455 46
  190, 4P/6. 14
 2,9SO ,450 3S
 1,910. 451 3e
 ],970 ･450 36
 4,330 451 34
 7,190 453 42
36,600 457 4S
,2･8,550 451 44

ferric chloride, for instance, Pfeiffer stated that the shortening of the

blowing time was partly due to accelerated oxidation, partly to reaction

                                                   ttofthecompoundwiththebitumen. ' ･ /･' ',･ '
    In the author's results, the relatively large effect of the organie

compounds with oxygen-eontaining groups (creatine,,stearic aeid, rosolic

acid, galactose), as well as that of NaOff, eonfirms that the condensation

is related to the oxygen-containing groups in ℃he eoal, as 'suggested by

                                  t/ tLambriS. '' .i･ ' '･ '･'','/'''･i'''
    Fig. 12 shows amounts of the pyridine-- and benzene-extraets in

Yubari coal mixed wi'th 5% of sulphur and o£ galaetose when it is
heated up to 4･500C, The admixing of su}phur very inueh diminishes
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    tt
the amount of pyridine-extraet upon the heating. These amounts in
the coal mixed .with galactose･are somewhat loviTez' at temperatures

above4000Cthanthoseintheoriginalcoal. ･
    In' a publication by Lessing"6' the addition of sulphur is stated to

have deereased the tar yield, and in another paper:i5' sulphur lowered

the expansion as well as the expansion pressure of the coking coal.

Bunte37) also observed that the addition o£ 1'% of borie acid decreased
the resistance in the gas-flow method, the same as shown by the addtion

of coke, treatment with pyridineEvapovtr and preheating in nitrogen,

when Upper Silesian Seam Coal was tested by- the gas-fiow method.
    AccQrding to these facts, a close relation should exist between the

caking power and tar yield in the carbonization; the rate of heating,
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oxidation and addition of the substances whieh similarly have some effect

on the caking, affeet the tar yield in lil<e manner.

    Spooner:'S) reported regarding statistical values of the elementary

analysis of coals that 4.2% of hydrogen in the coal was the lower limit

among the tar yielding coals, as well as among the caking coals, The

swelling was proportionate to the hydrogen content in the coals; an
equation, the swelling oc (hydrogen-4.2), was drawn up. The last equa-

tion derived by him who had to recognize a preventing effect by the
oxygen content in the coals, was the swelling oc (hydrogen4.2)1(oxygen)2.

    In Bexkowitz's theory the tar which is the driving force of the

swelling power to expand in the pores, may be directly connected
with the intumescence of coal; the close relation between the caking

and tar yield, therefore, must be explained easily under this theory.

    It would, however, be more reasonable that the chemical change
in the coal constituents as indicated by the decrease rof tar yield,

should be considered to be of importance in the matter of the caking

power, That the ehange in the coal constituents occurred in the oxi-

dation and carbonization as well as in the coalification, should be re-

eognized to have large effect upon the caking power.
    Bawn32) stated in his publication that sulphur promoted polymeri-

zation, the same as oxygen, and that the action o.f sulphur would be

expected to be similar with that of oxygen because of its two unpaired

eleet.rons in the outer shell,

    It is, further, known that in the vulcanization of rubber, the forma-

tion of eross Iinking due to sulphur is accelerated by admixing with
metal･oxides or fatty acids.･

    These facts must be eonsidered to be evidences respecting to what

the effeee of admixing with the substanees above should be attributed

in promoting the eondensation of the coal constituents,･which oeeurs

in eonnection with oxygen or sulphur. ･
    I'nteresting pertinent material is in the report of Takahashi's ex-

periments3["' in whieh various organic compounds were carbonized to

determine their carbonized residues, In it, the reaet.ivity of unit
struc'ture in polymers was reported of essential importance, i.e., the

acid radieal also was somewhat effeetive to carbonize, but its effeet

was promoted by the presenee o£ hydroxyl group to generate the
esterification between both radieals; the amount of carbonized yesidue

was a･ffeeted by the number of aetive points formed by dehydration.

However, the most important factor, of course, was the amount of
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aromatic strueture. Henee it'appears that a number of the oXygenL

containing groups, especia}ly o£.the hydroxyl group,in the eoal inffuenees
the coke yield among the eoals in whieh the same number of the aro-
matic styuetures and of its side ehain exist, Some discussion relating

to this point will be offexed later.

 3.J Character of the conelensation, ,
    In the discussion up to the prese'nt point, the words "condensation,"

"polymerization" and "eross !inking," have been used amb'iguously be-

cause of their direct descz'iptive employment i'n the original papers.

The charaeter of the reaction is defined here, /
    As indicated in Bawn's description, the character of the reaction
is considered to be a three dimensional cross linking, which must oceur

due to ehe deoxygenation, especially as H,.O, among the coal molecules

with the･oxygen-eontaining outer group, espee.ially hydroxyl group.
Here airises a problem of whether or not ehe group,s consist' in the

coalmoleeulesandaireEormedbytheoxidation. ･
    The presence of oxygen-containing outer groups in low rank bitumin-
                                              ious coal is.evidene because a large amount of the oxygen is removed

below 3006C in Kaknta coal, Fig. 9; water is considerably expelled £rom

the coal at temperatures below 3000C, Fig, 5. It is welH<nown that
the oxygen in arQmatic nucleus is hardly removed in such a low eem-

perature range.
    On'the other hand, it is, in general, well known that the aromatics

with side chain are easily oxidized to create hydyoxyl and carboxyl-

groups in their side chain; also the aromatics are more eas'ily'oxidized

in a mixture of aromaties and naphthenes.
    Some further evidenee .relating.to, 'this cross Iinking theory has

been given by Riley's X-ray study"O). It was his fincling that the c-axis

dimension lengthened appreeiably in the plastic state of the caking coal

to develop piles of graphitief"molecules,f but in the low rank nons
caking- coal, the lengthening of the ax,is did not appear to develop

a three-dimensional cross linking･structure.' Hence it appears that the

development o£ the plastic state must be affected,by the degree of
the developmen't Qf eross linl<ing in the lower temperature range of

earbonization. .･,,'･･'･.･ 'i ,･ ,- ･ ./･･
    It was reported by Smith'`i) who carried out on X-ray study and
gas absorption study･on ca.vbons from various organie compounds, that

the carbon made from the oxygen-poorc ones had the tur,bostratic strucr
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ture developed along the e-axis, but carbon from the oxygen-rich ones

with large surface area, possessed a high degree of porosity and of
the three-dimensional cross linking.

          Role of the dispersed humin on the plastic state.

    Ie was stated above that the increase of the dispersed humin, above

3500C, as inidicated by the pyridine-extract, might be related to the

developing of the plastic state, because it appeared in the caking coal,

but did not appear in the non-caking coal so oxygen rich as Bibai coal.

Further, the increase lowered with the extent to which the coal was
oxidized.

   . Amounts of the pyridine- and benzene-extract in the heated eoals,

used in table 8, are noted in table 9, and Fig. 13. These experiments

were carried on in order to confirm the results on Yubari and Bibai
eoal, illustrated before.

            TABi,E 8 Proximate analysis of sample eoals.

  mu- -･ -- ･-･･･ --･--･･----- --                                                       Fluidity
      CoalName Moist. Ash V.M･ EC.                                                      Div!Min.                      %%%%

Irnported･American
Coal l.Ol S.31 21.66 69.02 43

MayajiCoar 1.77 5.66 42.SO 49.77 2o,eoo

AshibetsuCoal 2.17 5.03 43.31 49.49 3,SOO

KakutaCoal ,5.91 l2.39 3S.44 42,26 pm

'

    In the results, the increase of dispersed humin which aecompanied

the heating is largest in the low volat"e coking coal, whose oxygen

eontent is Iowest among the eoals tested, and it hardly appears in
Kakuta coal being non-caking, the same as in Bibai coal.

. ･ Table 10 records the amounts of pyridine- and benzene-extract
at the temperatures at which the fiuidity is maximum. These values
are not necessarily proportiona] to the maximum fiuidity of the coals.

If the existenee of a elose relation between the caking and the dispersed

humin in the plastic state, be borne in mind, these results are not
considered to be so improbable, because the pyridine-extract in the

coals heated by a Soxhlet apparatus after they had cooled, does not

agree with the real dispersed humin at that temperature,
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[IIABI,E 9 Yields of benzehe- and pyridine-extract in

   various coals heated up to different tem-

   peratures at the rate of 20Clmin,

Coal Name

 Mayaji Coal

     ))

     ))

     ))

     ))

     ))

     ))

     e)

Ashibetsu Coal

     ))

     ))

     ))

     )p

     7;

     j)

     );

 Kakuta Coal

     ))

     J)

     ))

     )J

     J)

     J)

     J)

Imported
American Coal
     s) -

     e)

     ))

     ))

     ))

     ))
     i)

Temp.

300

325

350

375

400

425

450

300

325

350

375

400

425

450

300

325

350

375

400

425

450

300

325

350

375

400

425

450

Benzene-

extract

    3.6

    2･.9

    5.2

    9.1

   10.`2

   13.5

   l4.7

   13.8

    5.1

    4.2

    3.6

    4.4

    3,9

    3,6

    s.e

    5.2

    7,Q

    6.9

    4.5

    5.3

    6.7

    8.2

   10.8

    5.6

    4.5

   ,2.S

･ 4.4
    6.3

    6.3

   ,5.`.)

    5.9

    6.7

?yridine-

extraet.

27.2

g.6.2

25.1

29.2

36.6

35.S

32,.O

17.6

27.0

24.9

23.5

25.9

2S.6

31.S

26.4

 S,5

15.4

12.6

13.2

15.2

15.4

l5.7

,13.8

 6.5

 4.9

 3.S

 9.1

17.9

'16.2

17.6

26,2

25.2

Dispersed

 humin

23,6

23.3

19.9

20.1

26.4

22.3

17.3

 4.9

21.9

20.7

19.9

21.5

24.7

28.2

2L4
 3.3-

 8.4

 5.7

 S.7

 9.9

 8.7

 7.5

.3.0

 O.9

 0.4

 1.0

 4.7

.ll.6,

 9.9

12.9

20,3

IS.5
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       Fig. 13 Amounts oie p'yridine-extract of various coals

               heated up to different temperatures.

TABiJE 10 Yields of benzene- and pyridine-extract 2n
            various eoals heated up to the temperhtures

            6f maximum fluidiity.

    "-Vr4pmintmbtuvTmu -pt-m-.pm -.nyww
Coal Name

'Fluidity

'DivlMin.

Benzene-
 extraet

   %

 Pyridine-
  extraet

･%
Rate of
heating
ec!Min.

mh

   Yubari Coal

   Mayaji Coal

   Ashibetsu Coal

      /T   Ak'abira Coal

      '
   Inip'orted

   Ameriean Coal

   Kaltuta Coal

     85,OOO

    22,OOO

     3,seo

       140

        45 ･

pmtdiNe7Vtnvmu･

{

{
J

･{

J
t

10.4
 8.6
 6.0

IO.2

 3.6
 3.2
 3.2

 3.S
 3.4

 5.6
 4.1
 2.7

 8,4

Xfie maximum

   32.S
   33.0
   35.1

   36.6

   31.S
   37.7
   41.0

   33･ .5

   38.9

, 26,2
   14,S
   15,9

   15.7

"' Tbe values at 20C!min. indieate yields on the curves

    2ee

    5
   10

     M,    2･. ,.
     '       '   '2ee

    5
   10

    5
   IO

    2ee

    5
   10

    2k'

zamrmin Fig. 13,



                     The Caking of Bituminous Coal. 419

    It has been reported that there is never any essential distinction

between charaeters of the extract in such a solvent with high ex-
tracting power as pyridine, and of the extraeted residue; the difference

whether the constituents are able to be extracted or not, depends upon

the size of their molecules. There is a question whether this idea could

apply to all kinds of eoal, or not. ･
    In the previous paperi) the idea w4s developed that the constituents

in a eoal with such high fluidity as,that from Yubari, should consist

of molecules changing eontinuously inttheir sizes.

    It is, therefore, inferred that the /humin actually dispersed during

the plastic･state may be more than that expeeted ftom ･the amount of

pyridine-extract in the coal., . -
    Additionally, consideration should be given to diffdrenees in qualities

of the disp'ersed humins, as' well as o£ the solid residuals in the plastic

state, among the coals. .
    Fig. 14 gives amounts of the pyridine-extraet comprised in carbon

content of the eoals. In it, the maximum value of the extract exists

near the point of 87% earbon.

    On the higher carbon side £roip the point, the decrease w,{th the
earbon content must be attrib'Uted to the development of aromatie
condensation in the coal constihients to build up the earbon structure,

as exhibited by the zero value in anthracite or g]raphiee.

    On the othefr side, how'ever, the de.crease following the lowering

of carbon content will,not be so easily explained. The oxygen in the
coals may be recognized to be responsible for it;lthe difference in

oxygen content represents apparently the largest differenee among the
coals. Consider the large molecular size formed by,the oxygen ether

link and the serong intermolecular £orce due to the hydrogen bridge,
etc. Certain changes in shape and size o.f the molecules in the coals
may oceur in the coalification in the lower carbon side.

    At any rate, where the amount of extraet is greatest, the fluidity

also is almost at its maximum. On each side, therefore, it may be
possible that the fiuidity inereases with the increasing amount of the

extract, Hence it appears that as a factor related to the caking power,

the dispersible humin originally existing in the coal, as indicated by

the extract, should be takeh into consideration.

    The role of the dispersing humin origihal]y existing in coal in the

caking is exhibited in table 11; the fluidity of Yubari coal which was

extracted with pyridine, deereases eonsiderably with the time of
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ex'traction. On ･the'other hand, the fiuidity of the coal extraeted with

benzene does not so appreciably deerease, the same as that of the coal

'extracted with water. It would be presumed from what most of the
dispersing humin remains until the plastic state is reached to develop

the fiuidity, in spite of some conversions in it by the thermal aetion.

   - [I]ABm{ 11. Changesox"thefluidityofvariouscoalsextracted
                with different solvents foz' various hours,

Sample Coal

Yubari Coal (1)

Yubari Coal (2)

Mayaji Coal

Imported
Ameriean Coal <S)

Solvent

  ,- 1 '

benzene

  jl ･

water
     '  ll

pyridine

  p)

benzene

  sp

alcohol

  ))

benzene

  Jl

  7)

water

  p7

  ))

benzene

  ))

  17

Hours of

Extraetion

Yield of
Extract

  %

s

Jp

i4

5

s

14

7

20

5

9

5

14

5

8

l4

5

10

15

5

6

s

not measured

     J)

     ))

    7,8

    9.S

4.2

4.3

1.2

4.0

2.1

2.7

`Z.9

1.3

l.3

1.4

Maximum
Fluidity

'Div!Min.

46,OOO

21,OOO

30,OOO

35,OOO

31,600

33,400

25,OOO

  540

  310

90,OOO

4],OOO

38,OOO

71,OOO

60,OOO

24,OOO

 3,800

 3,300

2,500

3,400

5,OOO

3,500

720

440

310

320
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Difference between coalification and carbonization.

    The decrease of oxygen content in the eoalifieation which proeeeds

･from the non-caking, low yank bituminous coal to the caking one with

high volatile-matter, should be caused by another deoxygenating reaetion

which is,not aecompanied by such condensation as in the carbonization.

    Krevelen"2) has reported that the earbonization proeess is not iden-

tical with the eoalification one, on the graphieal statistical method, Fig,

15 gives results obtained by the elementary analyses as a whole coal

differing from those of vitrain by Krevelen. The eourse, fyom the low

rank bituminous coal .to the caking coal with high volatile-matter, is

very different £rom the carbonization proeess in which a strong tendency
of dehydration may be expressed; the course is rather directed along
the decarboxylation line. This faee may suggest that the deoxygenation
as decarboxylation alone occurred on the coal constituents in this process.
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It must, anyhow, be true that the deoxygenating reaction in eoalification

shouldbealmostunaecompaniedbytheeondensation.･. . .'
･' [I]he oxygen, therefore, must be removed at least as CO,, and CO
not to disengage the hydrogen from the eoal in order that no active
free radical be formed. It is known that the caking power of ,a coal

is improved, when it is heated up to about 2500 to 3000C in an aqueous

solut.ion'of alka]i under pressure, and Krevelen has stated that the
                                     icaveboniza'tion o.f eoal under high -pressure-water is･nearly }ike the coali-.

fieation. Surely it is more difiieult to drive off H20 from the eoal
u･nder･ a high pressure water. An aetion of alkali in the solution would

have to be taken.into consideration, i.e., when natrium benzoic acid'is

heated,.benzene is produced, but, in ease of caleium salt sueh a eon-

densedproduct,,asbenzophenon,isformed., ,,.･ . ,./, ,....
    in that case, however, the concentrat.ion of all<ali soiution reaets

so delieately upon the eoal that, when i't is too high to improve the

eaking power, 'the coal is rather oxidized to lower the caking power.

These point are o£ interest relative to the fae't that the.re are locally
suddenchangesofthebakingpowerinthesamecoal･seam ,
 ' -,There' ･is 'a reportipublished by Krevelen"3) in whieh amounts of the

carbons in the hydroearbons eomposing' the coal were calculated in re-,

lation to the coalification as well as to the ca)rbonization, Aecording

to him, the aromatic condensation does not so appreciably develop
during the eoalification from the low rank bituminous coal to the eaking

coal'with･high volatile-matter. This fact will be easily expeeted from

the laek of differenee in the volati}e-matter between them, because
of the vital faetor of aromatic structure as related to the eoke yield.

On the other hand, an increase in the coke yield due to the presenee

of'oxygen was described,abQve. .Hence there are two factors to in-･

erease the carbonized residue, viz., 1) one is the extent to which aromatie

structure developed, and2) 'the other is the oxygen related to aetive

£z'ee' radicals £ormed by the thermal action in the earboniza'tion process.
The action of the latter･ has not been'regarded as so powerful as that

of the former., Hence it may aiopear that the presenee of same vola-.

tile.-'matter in bOth'the eoals･ elueidates why the large differenee in

the latter wOuld be caneeled by the slight differenee of the former

in the two coals. The change in the coal constituents, 'there£ore, during
this coalification,･would oeeur ehiefly in -the･port:ion other. than the

aroMatic nuelear; it is related to the deoxygenation not to abstract
hydrogen in the portion oth,er than the aro. matic nuclear.
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    In the earbonization, furthermore, the chemical change in the coal

with highvolatile-mattey, up 'to about 3eOOC, is supposed to be of the

n'ature of dehydration to cause the condensation which differs from
the aromatic condensation; the reaetion must represent a cross linking

among the coal molecules. Above about 3500C, it seems probable that,
while mild thermal decomposition in the eoal constituents oceurs with

tl}e evolving of gases, the condensation may yet be ra'ther aetive, be-

eause the deoxygenation also occurs appreciably in that temperature

range. In the plastic state, the thermal decomposition of the coal
substance is of the most violence to develop the aromatic condensation

with formation of so small moleeules as to be ]iquid at this temperature,

Besides that, the condensation due to the deoxygenation in the side
ehain would oecur appreeiably, espeeially in the coal having high oxygen

content.

                            Summary

    The consideration respeeting why the plastie state does not develop

in the low rank bituminous coal, ls the principal topie of this paper.

According to how the plastie properties are affeeted by the rate of
heating, the behaviour of eoal constituents in the heating up to the

plastic state, was examined by the pyridine- and benzene-extraction
of Yubari coal,

    As to the re$ults, a condensation in the coal con$tituents was re-

cognized to be very active in the temperatures up to 3000C. In as
much as H20 is only one product in this range, it would be concluded

that the eondensation should represent the reaction oecurring among

the eoal molecules with oxygen-containing outer group, due to de-
hydration,

    In non-eaking Bibai coal which contains more oxygen than Yubari
coal, there was not any appreciable amount of inerease in the pyridine-

extract at temperatureS above 3500C, which occurred considerably in
the･case of Yubari eoal. This dfference between the two kinds of coal

would be attributed to the large development of condensation in Bibai

coal, because of its high oxygen content; this fact might be related to

the undevelopment of plastic state.

    The fiuidity of the oxidized eeals as well as of them after deoxy-

genation, was determined by a Gieseler plastometer. In the deoxydized

coals, the fiuidity of them was lower than that in the oxygenated ones,
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in spite of their lower oxygen contents; no relation was observed be-

twe'en the oxygen eontent and the fluidity.

    On the other hand, most of the inereased oxygen due to the oxi-
dation was disengaged from the coal by the heating up to the plastic

state. Hence it would be coneluded that the change of coal eonsti-

tuents as related to the deerease o£ the fiuidity should be due to the
deoxygenating proeess; the change would be attributed to the con-
densation brought about by the deoxygenation, the same as was stated

regarding the oxygen-rich coal.

    The hypothesis is confirmed by the facts as follows:

    1) The increased amount of the pyridine-extract found at tempera-

tures above 3500C in the caking coal, decreased with the extent to
which the coal had oxidized; the amounts found in coal so oxidized as

to be almostly non-cak'ing, were nearly similar with thosg in noneaking

Bibai eoal. These faets might be due tothe eondensation whieh oecurred

by the deoxygenation of the inereased oxygen in the earbonization o£
the oxidized coal,

    2) ,It is well known that some polymers more easily polymerize
in the presenee of air than in its absenee, for example, polymerization

of m'ethyl'aerylate at 1000C. When bitumen is oxidized at 1000C and

higher, high moleeular eoiistituents are dehydrogenated, water being
formed, after whieh the dehydrogenated aromatie remnants condense

'tolargemoleeules. ' ''.'･ ･･ ･
    3) The decreased yeild of tar was observed in Lthe eoals, whieh
had been oxidized or mixed with various substances, A decrease of
fiuidity was also eaused in the coals, Hence it appeared that a elose

relation exist bet,ween the tay yield and the eaking power.
    4) It is known 'that sulphur promotes polymerization, the same as

is done by oxygen and tha't it decreases considerably the caking power.

Further, in the vulcanization of rubbex, the forma'eion of cross linking

due to suiphur is aceelerated by the admixing w'ith-metal oxides or
fatty acids.

    Accoztding to the results ob'tained fr,om the X-ray studies by Riley'

or Smith, the charaeter o£ 'the condensation was supposed to be a t'hree-
g,iM,e.waee,ai.CIO.gS,/g,n,i lng,E d,¥ff.Zifi:.,ff.,fge p.,t,h.e,g"2m,,.a.`ie,gt"g,ptzo.e.g.gnsation･

    In the coalifieation proeess from the low rank bituminous coal to

the highly volatile caking eoal, the oxygen eontent, being considered to

be the item of largest differenee between the two sorts o.f eoal, should
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deerease in order not to aceompany with such condensation as to be
observed in the carbonization. Some eonsiderations respecting that
point have been offered.
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