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Destruction of the Ceking Quality of Bituminous
Coal in a Fixed Bed

8. J. Gasior, A. J. Forney, and J. H. Field.

U. S. Bureau of Mines, 4800 Forbes Avenue -
Pittsburgh 13, Pennsylvania

INTRODUCTION

Production of a high-Btu pipeline gas fram coal appears to have great
potential for consuming coal in large quantities. Fixed-bed pressure gasifi-
cation wvith steam and oxygen is hizhly etiroctive for the production of high-Dtu
gas beceuse 2 gas with 2 high methane content is mede withi camparatively low
oxygen requirements. Hovever, strongly caking coals cannot be pocified effic-
iently in a fixed bed becouse they agglomerate and fuse vhen beated througl:
their plastic rznge. This would render & Tixed-bed zesifier inopersble. ilost
st and Midwest, wvhere the lormest markets for pipeline

coking.

cozls found in the
sas exist, are high

ave produced o noncalking Tuel Trom

1
Immerous commercial processes
specific

bituminous coal for many years; however, cach waz developed for
purpose- ocher than for fixed-bed gasification, and wmz not
as a preliminary to zasification. Consecuently en
arogiren was initiateld by <he Bureau of ifines to develop e process for pre-
treating a caking bituminous coal specificelly for fixed-ted gasifisation.
e

Bazed upon the peneral knovledge thet themal or oxidetive treatment or a

(2]

combination of the two destroys the caking property of coal, & process was
envisioned which -rould utilize the above. An integrated pretieatment and

zasification scheme apreared advantageous vhercvy all or part of the feed pasec
to be fed to the gasifier, or the hot, raw product gas could be used in the -
pretreatnent, and the wolatile matter evolved during pretreatment could be

retuined as fuel to the gasifier.

Use of thermal pretreatment in an oxidizing atmosphere for treating a
highly caking coel of ygrenuler or gmall lunp size in a fixed bed presented
difficult problems. To make particles of this size nonagglamerating, the
tredtment would have to be drastic enough not only to afféct the surface, but
also the interior. Furthemore, because the coal expands on heating, com-
paetion in a fi:ed bed would be difficult to avoid. .

Therefore, the purpose of this invectigation was first to. determine
vhether the caking properties could be destroyed sufficlently in a fixed bed,
and secondly to determine the conditions requiring the minimum time and
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effecting the minirmum loss of coal. The criterion of successZul jretreatment
would be that the pretreatment could be ccrupleted without aggcicnmewrotion, snd
that after pretreatment the coal would not agglomerate in a hydrogen-ricit
etnosphere at conditions of temperature and pressure similar to those in =
fixed-bed gasifier. :

EXPERDENTAL EQUIPMENT AND PROCEDURE

Description of Apparatus

Tne schematic flow diapgram of the pilot plant for coal rreireatment zZiven
in figure 1 consists primarily of a gas heater and & vessel in which the coal
cen be heated and exposed to various estmospheres at controlled rates. The
vessel is a L-foot long, 3-1/2-inch diameter schedule 80 pipe made from 347
stainless steel. It 15 shown in figure 2. A ring joint blind {lange served
as a. charge port and closure at the topr ol the vessel. The bed of coal was
supported by 2 pexrforated stainless steel plate located £ inches ebove the
bottom of the vessel as shovm in fipure 3. iny all pretreatment tests
the coal wes alweys heated externally by electric heaters and internally by
the pretreating ges. The gas wes heoled by passing it throush a coiled tube
locatzed in ap electric furnace.

Gases Tlow normelly up throush the coal and out of the toy of the vessel;
ho v .

ever, several tests were perifomed with gases flowing dovm through the bed.
Zither nitrogen, carbon dionride, or sieam, or a mixture of these zases vas
satlsinctdry for pratreatment. In the renmainder of *his report the tern

"inert sas" is usad Lo vepresent uny of these rases. In some steps onygen
ves 2loo required, and this is specified in the procedure.

e e .

tures of the bed were meesured by thein
e 2

weouples inserted in
thermoirells located 1n the cente

v and at the perivthery of ths jretreater
:ahle and noinelly meocuvred the teupersture
t cente The bed. The thermowells entered the boiitonm
i ; el and thin one foot of the %oy flange. A differential
precouns instrument messured and recorded the preszure drop across the ©

xed

35

'_i
bed ef coal., en 2, prescure, and flov control are provided for at
the penel shoim in figure b,

ey

rrocedur

The following stepc of pretrestment cesivroyed “he s

e
bituminous coal in a fi:ed bed,

ung property of o

Coal, from 1/8- %o 1-1/2-inch size, was hested {rom embient terpe:
0 its initial coftening tenperaiure as wapidly o5 possible wwith an

1is tomperature varies with the type or rank of cozl, and usuelly is highes
then the softening temperature indicated by the CGiesler Plastoneter Test
(ASTi Dp-1822-50T).

1.
5

e e
nere 2e.

H

-

2. Coml wes held at softening tengereture for cbout 1 to 3 hours
an inert Zas containing aboul one volume percent of ogreen. About 17
of the volatile natter was removed during this step.

oLl

Percent

— kB
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3. Coal was heated through its plastic range in about 1/2 to 1 hour
with a superficial linear gas velocity that varied from 0.6 to 12 fest per’
second, depending upon the pressure and the oxygen content of <the inert
gas. An additional 33 percent of the volatile matter was removed, leaving .
about 50 percent of the original volatiles in the pre*reated char.

As an alternate %o steps 2 and 3, the coal could be ef‘fectively pre-
treated by gradually heating through its plastic range in about I hours.
A oretreatment vwas considered successiul after the coal was heated through
its plastic range without agglomeration in a fixed bed. The char 50 produced
flowed es freely as the original coal.

Testing of Chars and Coals

An arbitrary test vas devised in vhich chars produced by pretreatment
vere exposed in a firxed bed to hydrogen or hydrogen-rich atmospheres for 1
hour at 400 psiy and 600° C. The hydrogen-rich atmospheres contained nigrogen,
steam, carbon dioxide, and carhbon monoxide. These tests simulated gas com-
positions and conditions vhiich would be found in a coal gasifier. Chars
produced from coals heated through their plastic range without ceking in a
fixed bed never caked during these tests, indicating a strong probability that
a char so produced would not cake in an actuel gasifier. Coals not heated
through their plastic range invariably caked during the hydrogen test.

Free svelling index (FSI) ASTM Test D-720-57 values of about 1.5 or less,
vitich is usually indicative of a noncaking coal, were recorded for all chars
made from coals pretreated throuch their plastic range. Chars with FSI -
values were used as a guide in estimating the caking property of chars produced
during pretrestment. The ultimate and proximate analyses of coals tested and
chars produced were performed according to ASTM procedure D-271-L48.

laterial

High-volatile A bituminous (hveb) coal from the Pittsburgh seam, one of
the most strongly caking coels, was used in most of the pretreatment tests.
Hvab cozls from Sewickley, Upper Freeport, and Tagygart seams, in addition
4o a high-voletile (hvbb) coal from the Illinois No. 6 seam and a low-
volatile bituminous (1vb) coal from the Pocahontas No. Lt seam, were also -
tected and successfully pretreated. Anaiyses of coels tested are shovm in
teble 1. ’ :

RESULTS
Ar exanple describing a successTul pretreatment is as follows: A

Pittsburgh seam coal was heated with steam, at atmospheric pressure, con-
taining about 1 percent ogypen and flowing at a superficiasl veloedty of

3 feet per second, to its initial softening tenperature of 350°-370° C ond
maintained at that temperature for 3 hours. It was then heated through its
plastic range of 370° to L30° C in about 1/2 hour with the same zas at the
came velocity and pressure. The treatment s terminated vith nitrogen
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cooling the char to less than 100° C in sbout 1/2 hour. An inert gas con-

- taining nitrogen and carbon dioxide was also used to cool the pretreated coel

during other tests. A free flowing char was produced with a FSI indicative
of nonceking coal. The treated coal expanded about 50 percent-above its
original volume.

Heating coal with this same gas through its plastic range in 3 hours
also produced free flowing char. Replacing steam with nitrogen or nitrogen
plus carbon dioxide or a cambination of all three gases plus a small cmount
of oxygen destroyed the caking property of coal in a fixed bed as effectively
as the steam-oxygen mixture.

Heating coal, as described previously, vwith a gas conteining 0.2 percent
oxygen plus 11 to 4O percent hydrogen and the remainder nitrogen, carbon
dioxide, and steam produced a solid mass of char with no evidence .of pre-
treatment. This was an attempt to pretreat coal with a gas similar in
camposition to a gas produced in a coal gasifier.

The pretreatment technique developed in a 6-inch bed depth at atmospheric
pressure with gas flowing up through the bed also proved effective in an
18-inch bed depth with the gas flowing up or down. The bed expanded less
during the tests vith the gas flowing down; however, the char produced was
free flowing and showed no evidence of fusion.

Pretreatment at pressures of 50, 150, and 300 psig in a 6-inch bed depth
also was effective. Char produced at elevated pressures normally exhibited
less expansion than that made at atmospheric pressure.

The caking quality of hvab cosl from the Sewickley, Upper Freeport, and
Tag@art seams was as effectively destroyed as the Pittsburpgh ceam coal. OF

“the four hvab coals tested, Pittshurgh and Ugper Freeport seams required ebout

180 minutes of treatment at 360° to L430° C as compared to about 190 and 200
minutes, respectively, for the Taggart and Sewickley seams. The volatile
matter of all hveb coclg decreased duiring pretreatment from about 374 to 20
percent. Pretreatment of the hvbh corl from the Illinoic No. 5 sean: with a
high inherent moisture content of about 8 perecent ves relatively eacy,
requiring only 80 mimutes at 350° to 430° C, A low-volatile bituninous
(1vb) coal from the Pocshontas No. U seam containing about 15 percent volatile
matter was successfully pretrected at its plastic ranse of 470° to 510° C in
about 2 hours with otEd.'l Plus oxyren. The volatile natier content decreasad
fram 15 to @ percent during pretreatment. Analyses of chars produced fTrom
these coals during typical pretreatment are chovm in table 2.

Expansion of coal during pretreatment vas related to gas velocity and
pressure. Low velocities or high pressures produced less expansion. Coals
with high volatile metter content appeered to expand more. Preireaiment
appeared more difficult for hvab coals wiith a low o:yien con'bent.

Pretreatment at gas velocities approaching fluidization velocities of
about 13 feet per second appeared easier and required about 2 hours at 350°
to 430° C as conpared to 3 hours at a velocity of 3 feet per seconﬁ. At high
gas velocities, the oxygen concentrations in the pretreating gas were varied
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TABIE 2.~ Analysis, free sielli index and heating value of charc prod
2

during pretreatment with steam containing 1 to 3
volume percent oxygen at atmospheric pressure

a9

Char pre- : Proximate, percent Ultimate, percent
pared fram Volatile Fixed

bed Moisture matter carbon Ash H C N o]
Illinois #6 0.7 23.3 66 L 9.6 L.3 75.2 1.9 8.1 0.9
Pittsburgh .3 20.9 1.9 6.9 h.1 78.9 1.7 T.h 1.0
Upper Freeport .5 22.6 66 8 10.1 h.2 76.0 1.7 6.6 1.4
Taggart .2 23.1 73.2 3.5 L. 836 1.6 6.3 0.6
Pocahontas #4 .8 8.9 81.8 8.5 3.1 82.8 1.3 3.8 .5
Sewickley .6 22.1 62.9 1h.L 4.0 71.8 1.6 6.4 1.8
Char pre- Heating Free Max imum
pared from value, Btu swelling pretreatment,

Jed {dry basis) index temp., °C
Illinois #6 13,220 Ncy 430
Pittsburgh 13,580 NC 430
Upper Freeport 13,300 1.0 430
Taggart 14,560 1.5 430 -
Pocahontas #4 13,830 NC © 510
Sewickley 12,460 1.5 430

1/ N = Noncaking.

P
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fram 0.5 to 4.0 percent with good results, vhereas at gas velocities of 3.0
feet per second, oxygen content was limited to a range of about 1.0 to 3.0
percent. Low cxygen concentration in the gas is desirable because it allows
for close control of.the temperature. In tests with oxygen concentrations
above 5 percent, temperature control was difficult because of excessive
localized cambustion.

Figure 5 shows a typical raw coal used plus a char fram a successful
Pretreatment, and the same char after exposing it to a hydrogen f£low at 40O
psig and 600° C for 1 hour in a fixed bed. There was no evidence of fusion
and the char flowed as freely as raw coal. All chars produced dquring success-
ful pretreatment and subjected to this test did not fuse, or show any evidence
of fusion.

-Char produced in the manner described fram a Pittsburgh seam coal was
successfully gasified in a bench-scale, fixed-bed reactor with steam at
800° C and atmospheric pressure at the Bureau of Mines Coal Research Center
in Morgantown, W. Va. There was no evidence of caking during gasification,
and the results indicate that the char is quite reactive. Even mildly caking
coals agglamerated in similar tests.

Tests performed by the Direct Coal-Conversion group at the Bureau of
Mines Coal Research Center in Bruceton, Pa., in bench-scale equipment show
that the same char as above could be hydrogenated at 3,000 psig and 750° C
in free-falling bed without agglomerating. The char was crushed to a
30 x 50 U.S. Tyler mesh size for the hydrogenation tests.

DISCUSSION OF RESULTS

Results from tests performed at conditions other than those outlined in
the procedure for successful pretreatment indicate the need for close adherence
to the procedure. Several of these tests are described: Coal particles
heated directly through their plastic range with inert gas in a fixed bed
fused into a solid mass as shown in figure 6. Coal particles heated slowly
through their plastic range with a gas containing 11 to 4O percent hydrogen
plus 0.2 percent oxygen and the remasinder nitrogen, carbon dioxide, and steam,
also fused into a solid mass similar to the one shown in figure 6. This test
was an attempt to pretreat coal with a gas which was similar in composition
to a gas produced in a coal gasifier. '

Coal heated at its softening temperature of 360° to 370° C with inert
gas plus oxygen for 3 to 8 hours, and not heated through the plastic range,
also fused upon subsequent exposure to hydrogen at 40O psig and 600° C;
however, as shown in figure 7, there was some evidence of pretreatment since
discrete coal-char particles were discernible in the fused mass.

Investigators—L-/ha"e shown that oxygen was necessary for the reduction
or destruction of the caking quality of coal in fluidized or moving fixed
beds; however, evidence of camplete and relatively rapid destruction of the
caking property of coal in a statlonary fixed bed was lacking, Consequently,
the techniques as previously described were developed using small amounts of
oxygen and a controlled heating cycle to destroy the caking quality of coal
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in a fixed bed. The role that oxygen plays in helping to destroy the caking
property of coal in a fixed bed is not precisely known. However, it is
theorized that the "sticky" matter which is normally formed when coal is
heated through its softening and plastic renge is oxidized to a "nonsticky”
material.

The apparent differences in pretreatment time for f%? coal tested can .
also be attributed to oxidation. According to Radmacher®/the rate of
oxidation; that is, 'the rate of decaking", is genera]l¥ pendent on the

" oxygen content of the coal. On the other hahd, Schmidt!/reports that a 1vb
coal with & low axygen content was &lso relatively sensitive to oxidation.
This appears o confim our finaings since the hvbb coal fram the Illinois

. No. 6 seam, having the highest oxygen content of about 9.0 perceat, required
a minimm pretreatment time of about 80 minutes.. A pretreatment time of
sbout 120 minutes was required for the lvb coal fram the Pocshontas No. L
seam, vwhich contained about 2.4 percent oxygen.

Pretreatment time for the hvab coals generally was related to the oxygen
content. The Pittsburgh and Upper Freeport coals, having an oxygen content
of about 7.0 percent, required about 160 mimutes of pretreatment, followed
by about 190 minutes for the Taggart seam and 200 minutes for the Sewickley
seam. Both Teggart and Sewickley seams had a slightly lower oxygen content
of sbout 6.0 percent. The slight difference in pretreatment time for these
two coals could be attributed to the differences in volatile metter content,
since the Tageart seam had a volatile matter content of about 35 percent
compared to 42 percent for the Sewickley seam.

Chars produced fram hvab and hvbb coals containing a volatile matter

content of 20 percent or less always hed a FSI indicative of a noncaking coal.

On the other hand, even after it was heated at temperatures that destroyed
the caking quality of hvab coals, a 1lvb coal wvith a volatile matter content

of about 16 percent maintained a FSI of about 5.0 that is indicetive of a good

caking coal. This would indicate that the caking guality of a coal or char
wes not directly dependent upon the quantity of volatile matter it contained.

To get an insight into what was occurring to the volatile matter content
and FSI of a coal during pretreatment, a series of tests was performed at
different meximum temperatures. Each test of the series was performed with
a 600-gram batch of Pittsburgh seam coal treated with steam plus 1 percent
oxygen at atmospheric pressure at a gas velocity of 3 feet per second. Each
batch was heated directly to 360° C in 25 minutes. After reaching 360° C,
each individual batch of coal was heated to a designated temperature at
10° C intervals fram 360° to 430° C. The coal was heated at & rate of 10° C
per 25 minutes. Each test was concluded by rapid cooling with nitrogen as
Ireviously described. :

. ‘Analysis of char taken at 10° C intervals during the gradual heating of
a Pittsburgh seam coal through its plastic range indicates little change in
the FSI from 360° to 400° C. Heating to 410°, 420°, and 430° C effected a
rapid ‘decline in the FSI of the coal-char to 4.5, 2.5, and 1.5, respectively.
As shown in figure 8, the volatile matter content of the coal rapidly
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decreased, following the seme pattern as the FSI for every 10° C increase
above 400° C. Each 10° C increase was accompanied by an increase in pre-
treatment time of 25 minutes; thus devolatilization was a function of both

-temperature and time.

The pretreatment technique developed offers promise, fram an econamic
standpoint, as part of an integrated coal pretreatment and high pressure
steam-oxygen-coal gasification process. The pretreatment can be performed

‘at gasification pressure and part or all of the steam and a small part of the

oxygen fed to the gasifier can be used as in the pretreatment. Furthermore,
the gases and tars produced in pretreatment can be fed directly to the
gasifier as fuel. Not only would this conserve energy, it would solve the
effluent or off-gas problem from the pretreater. It is also conceivable
that the pretreater vessels could serve as feed lock-hoppers for the pressure
gasifiers, thus decreasing the net capital investment of the pretreatment.

CONC IIJS IONS
A pilot plant study has shown that the caking prorerty of a bituminous

coal can be eliminated by pretreatment in a fixed bed. The caking quality
of hvab, hvbb, and 1lvb coals was destroyed either by prolonged heating at

. the softening temperature followed by rapid heating through the plastic range
" with en inert ges containing a small amount of oxysen or by repid initial

heating followed by prolonged heating through the plastic range.

There was some variation in the conditions required for treating each
coal, but generally hvab coals required about 130 minutes of pretreatment
as compared to about 80 minutes for the hvbb coals. The chars produced did
not cake when exposed to a hydrogen atmosphere at 500° C and 400 psig,
indicating their suitability for use in fixed-bed gasification. The FSI
served as a guide to indicate that the cocal was no longer zgglomerating.
For most chars there wes no agglomeration when the FSI declined To about

1.5 or lower.
REFERENCES

1. Denig, F. Industrial Coal Carbonization. Chemistry of Coal Utilization.
H. H. Lowry, ed. John Wiley & Sons, Inc., New York, N.Y., v. 1, 195,

pp. T74-883.

2. Schmidt, _L. D. Ilow-Temperature Coke by the Krupp-Lurgi Frocess. Bulines
Inf. Circ. 7395, 1947, 18 pp.

3. ILesher, C. E. Production of Low-Temperature Coke by the Disco Process.
ADE Transactions, v. 139, Coal Division, 1940, pp. 328-357.

4. Nathan, M. F. U.S. patent 3,032,477, May 1, 19G2.

5. .Ulrich, Fritz and others. Oxidation of Inmp Coals for Lowering Caking
Properties. Gas- und Wasserfach, v. 100, No. 13, Merch 25, 1939,

pp. 309-317.

6. Radmacher, W. and others. Oxidation of Bituminous Coal During Storage
and Ways of Controlling It. Bremnstoff-Chemie, v. 42, No. 4, April 19ul,
pp. li-22.

7. Schmidt, L.D. Changes in Coal During Storage.  Chemistry of Coal
Utilization. H. H. Lowry, ed. John Wiley & Sons, Inc., New York, N.Y.,

v. 1, 1945, pp. 627-676.



i g —— T

B A st

*peioalidid S 190D Y} ,,_u_..;

178

e W -

3 ut _Omm0> 0—_—* wo 30_> <

2 @andTd

— - . - v

..cuE—oa:a.a |00 0} JUDIY joyd Uy Jo Ean...v moj) SNowIYIS-T FYLIF]
s19puka s09

13pJ0232
Ja11044u02
L STLIVEY

130221248 100D 23}Dayid SO0D

S

512403y .E "
20 siajoay
.,\lm. )O21333343 @ ‘_L»u_ﬂw.ucum"v
T moid

13pi0233
ainssaid
1014ud1331Q

12)3WDI0Y

[P

1040|0B3)
2.nssdsd xI08
11013831 2}DM .

abund oL



-

PAERE A
-

L N A

Ny Y

- -

Figure 4. A view

179

Blind flange

Gos exit - : —— Gas inlet
9 .
[
]
: CF ’D‘,Coiled tube
d
fo
d H
1 p
o H
b Bed of coal
g
=]
d!
o
ay
-
q
4 ]
d
. D
q
o
o
<]
[+
Y P
d
Perforated P
support d
plate \
:
,
7
u *
Pretreoter Thermowells

Figure 3.—Cross-sectionol view of the cool pretreater vessei.

of the control pénel for the coal pretreating pilot plant.




180

RAW COAL H, EXPOSED CHAR ) PRETﬁEATED CHAR

yd 1]
Scale,inches

Figure 5. Raw coal used plus char from a typical pretreatment at 430 C
and the same char exposed to hydrogen for -1 hour at 600 C and
L0O psig.

o | 2 3 4 5 s
K Scale,inches

Figure 6.. Solid mass of char made from ccal with no pretreatment.
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Figure 7. Mass

of char containing discrete coal-char particles made
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from coal with some pretreatment.

VOLATILE MATTER CONTENT,

weight percent

NUMBER INDEX

36

33

30

27

24

21 — —

9l— Frée swelling index —

Ol—n | ! | ! | ) | I
30 360 370 380 390 400 4i0 420 430 440
TEMPERATURE, C

o] 25 50 75 100 25 150 175 200 225

TiME, minutes

Figure 8.=7Effect of temperature and pretreatment time on the free’
swelling index and volotile motter content of o
Pittsburgh seom caal.
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