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SUIMARY

The pyrolysis of pulverized ifontana lignite by time-resolved measurement of
the yields and compositions of products formed under controlled temperature-time
histories was studied in a captive sample apparatus. A thin layer of particles
held in a folded strip of stainless steel screen was electrically heated under hoth
1 atm helium and vacuum in a vessel connected to a series of product recovery
traps. The temperature of the sample was measured with a thermocouple. Heating
rate, peak temperature attained, and residence time at the peak temperature vere
independently varied in the ranges 100-10*°C/s, 150-1100°C, and 0-10s. The
yields of char and tar were determined gravimetrically and selected char samples
were subjected to elemental analysis. The yields of water, carbon monoxide,
carbon dioxide, hydrogen, and hydrocarbon gases and light liquids were determined
by gas chromatography.

The yields of all the volatile products increase monotonically with tempera-
ture and approach asymptotic values at the higher temperatures. At 1000°C/s and
1 atm helium the ultimate yields, in percent by weight of the 1ignite (as-received),
are 16.5 % water (including 6.8 % moisture), 9.5 % carbon dioxide, 9.4 % carbon
monoxide, 5.4 % tar, 1.3 % methane, 0.6 % ethylene, 0.5 ¢ hydrogen, and 0.9 %
ethane, propylene, propane, benzene, and trace hydrocarhons, The total yield of
44.0 % is close to the ASTM volatile matter plus moisture (43.7 %). Pyrolysis at
the higher temperatures volatilizes about 70 % of the sulfur and about 25 % of the
nitrogen; the percent by weight of sulfur in the char is less than that in the
lignite but the reverse is true for nitrogen.

The individual product yields vary with temperature in a series of steps
indicative of the occurrence of five principal phases of devolatilization: mois~
ture evolution at about.100°C; a large initial evolution of carhon dioxide
beginning at about 450°C, probably from decarboxylations, and a small amount of tar
formation; evolution of chemically formed water and a small amount of carbon dioxide
at 500-700°C; rapid evolution of carbon monoxide, carbon dioxide, tar, hydroqen,
hydrocarbon gases, and only little water at 700-900°C; high-temperature formation
of carbon monoxide and carbon dioxide. The kinetics of the production of each
product is modelled with one to three independent parallel first-order reactions.
The frequency distribution of all the activation energies derived for the various
products by fitting tha present composition data agrees well with the Gaussian
distribution obtained previously from weight loss data for the same lignite.

* INTRODUCTION

Previous research at M.I.T. on coal pyrolysis in inert gas and in hydrogen was
based on the measurement of coal weight loss, referred to as volatiles yield(1-5).
The work is now being extended to include volatiles composition measurements and
elemental analysis of the char for the same ranges of experimental conditions cov-
ered in the previous study. To this end, the previous apparatus has been modified
to permit the collection and analysis of volatiles. This paper presents the first
set of composition data, for lignite pyrolysis, and some initial interpretations of
pyrolysis behavior in the 1light of the products formed.

APPARATUS AND PROCEDURE

The apparatus (Fig. 1) consists of five components: the reactor, designed to
contain a coal sample in a gaseous environment of know. ressure and composition;
the electrical system, used to expose the sample to a controlled time-temperature
history; the time-temperature monitoring system; the product collection system;
and the product analysis system.
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The reactor, designed for atmospheric-pressure and vacuum pyrolysis work,
consists of a 6-inch (15.24 cm) long, 3-inch (7.62 cm) diameter pyrex glass pipe,
blind-flanged at both ends by stainless steel plates having electrical feedthroughs
and gas inlet and outlet ports. The coal sample is held and heated in the vessel
by a folded strip of 325 mesh stainless steel screen positioned between two
relatively massive brass electrodes as shown in Fig. 2.

The electrical system consists of two automobile storaqge batteries connected
in series to the reactor electrodes through a timer-controlled relay switch which
cuts in either of two variable resistors at a predetermined time, This circuitry
permits independent control of heating rate (102-10°C/s) and final sample holding
time and temperature (150-1100°C for up to 30 s). The temperature-time history
of coal is recorded by a chromel-alumel thermocouple (24 um wire diam,, 75 um
bead diameter) placed within the sample and connected to a Sanborn fast-response
recorder,

Approximately 10-15 mg of powdered coal is spread in a layer one to two parti-
cles deep on a preweighed screen which is reweighed and inserted between the brass
electrodes. The reactor is evacuated and flushed three to five times with helium
and then set at the desired experimental pressure. The sample temperature is
raised at a desired rate to a desired holding value which is then maintained until
the circuit is broken. Sample cooling by convection and radiation then occurs
rapidly since the electrodes, the vessel and its gaseous contents remain cold
during the experiment, but not so rapidly as to avoid the occurrence of significant
weight loss during cooling.

The yield of char, which remains on the screen, is determined gravimetrically.
Products that condense at room temperature {tars and oils, hereafter defined as
tars) are collected primarily on foil liners within the reactor and on a paper filter
at the exit of the reactor. Any condensation on non-lined reactor surfaces is col-
lected by washing with methylene chloride soaked filter paper. The tar from all
three collections is measured gravimetrically,

Products in the vapor phase at room temperature are collected at the conclusion
of a run by purging the reactor vapors through two lipophilic traps. The first trap
consists of a 3 inch (7.62 cm) long, 1/4 inch (0.635 cm) diameter tube containing
50/80 mesh Porapak Q chromatographic packing, The trap is operated at room
temperature, and collects intermediate weight 0ils such as benzene, toluene, and
xylene. The second trap is a 15 inch long, 1/4 inch diameter tube (33.1 cm x
0.625 cm) also packed with Porapak Q hut operated at -196°C in a dewar of liquid
nitrogen. This trap collects all fixed gases produced by pyrolysis, with the
exception of hydrogen which is determined by direct vapor phase sampling with a
precision syringe.

Products are recovered for gas chromatographic analysis by warming the first
trap to 240°C and the second to 100°C. The intermediate weight oils from the
first trap are analyzed on either a 50/80 mesh, 3 % OV-17 or Porapak O column, 6 ft
x 1/8 in (183 cm x 0,318 cm). The fixed gases from the second trap are analvzed on
a 12 ft x 1/4 in (366 cm x 0.635 cm) 50/80 mesh Porapak O column, temperature pro-
grammed from -70 to 240°C at a rate of 16°C/min. The hydrogen is analyzed on a
10 ft x 1/8 in (305 cm x 0.318 cm) 80/100 mesh Spherocarb column at 0°C. A Parkin-
Elmer odel 3920 B chromatograph with dual thermal conductivity/flame ionization
detectors and a Perkin-Elmer lHodel 1 integrator are used for all the analyses.

Eleniental analyses of the raw coal and char samples were performed by Galbraith
Laboratories, Inc, of Knoxville, Tennessee.

The weight of the coal and screen was determined to within +0.01 mg; hence,
the uncertainty of the total weight loss measurement is about 0.1 ¢ by weight of
the coal. The products quantitated chromatographically (except H20) are subject
to calibration uncertainties of 1 to 3 % of the mass of the species measured.

The water measurements were somewhat more troublesome because of (1) moisture loss
from the coal during the short time lapse between weighing the sample and perforning
the run and (2) moisture gain by the experimental system during assembly under high
humidity conditions. The net uncertainty in the neasured water yields caused by
these opposing effects is about 2 % by weight of the coal. The tar measurement
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has its largest uncertainty in the washing procedure. The maximum error for
atmospheric pressure runs is about 1 % by weight of the coal. The inherent uncer-
tainty of the thermocouple measurements is about + 8°C over the present range of
temperatures. The ability of the selected thermocouple effectively to track the
temperature of the sample at the highest heating rates was confirmed by experi-
ments with thermocouples of different bead diameters,

Some discoloration of the screen used to hold the sample caused concern that
the screen may be a source of error, for example through catalysis of primary
pyrolysis or secondary cracking reactions. Experimental assessment of the role of
the screen included passivation of the surface with a vacuum deposited layer of
gold on some screens and copper on others, and variation of the number of layers
of untreated screen through which the volatiles had to escape. Both gold and
copper are less catalytic to cracking reactions than is stainless steel, and
diffusion of these metals in stainless steel is too slow to destroy the integrity
of the surface layer in even the longest residence times of this study. None of
these cases lead to significant differences in the total yield of volatiles or in
the composition of gaseous products included in the present study. Therefore,
any error caused by the screen appears to be negligible for present purposes.
This result is not surprising in view of the high escape velocity of volatiles
from the sample and hence the low residence time of volatiles near hot screens.
ilevertheless, untreated stainless steel screens in a similar apparatus are
reported(6) to react significantly with hydrogen sulfide. This species is not
of present concern.

RESULTS

Al11 the results here reported are for a partially dried (as-received) Montana
lignite (Savage Mine, Knife River Coal Co.) in the particle size range 53-88 um
(74 um average diameter) (Table 1).

Table 1. Characteristics of the Partially Dried Lignite

Proximate Analysis, Ultimate Analysis, Petrographic Analysis
Wt.%(as-received) Wt.%(as-received) (4t.%(mineral-matter-free)
Hoisture 6.8 Carbon 59.3 Vitrinites 69.7
V.M, 36.9 Hydrogent* 4.5 Seni-Fusinite 15.2
F.C. 46.4 Nitrogen 0.9 Fusinite 7.9
Ash 9.9 Sulfur 1.1 "ficronite R 5.2
Total 100.0 Oxygen** 17.5 [xinite 2.0

* By difference, using measurements of other elements, moisture and ash.
+ Exclusive of moisture content.

Base Data  With the exception of the data points carrying a double symhol
(see beTow), the volatile product compositions shown in Fig. 3 were obtained when
different samples of the 1ignite under 1 atm (101.3 kPa) of helium were heated at
approximately 1000°C/s to various peak temperatures indicated on the abscissa.

The samples were cooled at roughly 200°C/s beginning irmediately when the peak
temperature was attained. The total yield of any product or group of products is
given on the ordinate as a weight percent of the partially dried lignite.

The lowest curve represents the yield of tar as defined above, which increases
with increasing temperature to an asymptotic maximum of about 5.4 % by weight of
the lignite at temperatures above 750 to 800°C. The tar appears to have two
primary components. One is a heavy, tawny brown liquid-like material which deposits
as a film on surfaces. The other consists of dark brown objects which give the
irpression of being solid pieces of lignite that were presumably broken off of
the parent material and carried away with the volatiles. These "particles", some
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Figure 3. Pyrolysis Product Distributions from Lignite Heated to Differ-

ent Peak Temperatures, [(e) tar; (A) tar and other hydrocarbons (HC);

(*) tar, HC, and C0O; (o) tar, HC, CO and CO2; (T) total, i.e., tar, HC,

€0, €Oz, and H,0. Pressure = 1 atm (helium). Heating rate:(single points)
-1000°C/s; (points inside 0) 7,100 to 10,000°C/s; (points inside a) 270 to

470°C/s; (points inside 1 ) 1000°C/s but two-step heating. (curves) First-

order model using parameters shown in Table 5].
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of which appear to be agglomerates, are for the most part smaller than 10 um
across but sometimes as large as 25 um. About 75 % of the tar includina most of
the tawny liquid and a fraction of the particles appears to dissolve in methy-
lene chloride. Extensive analysis of any one tar sample is difficult because

of the small yields.

The distance between the tar curve and the next one above it represents
hydrogen and all hydrocarbons lighter than tar. The maximum yield of these
species occurs at the higher temperatures and is only about 3.3 % by weight of
the lignite, The main components are methane (1.3 %), ethylene (0.6%), and
hydrogen (0.5 %), with identified ethane, propylene, propane, and benzene and
unidentified trace hydrocarbons making up the balance. The effect of temperature
on yields of methane, hydrogen and ethylene is shown in Fig. 4, Uhen the peak
temperature is increased above 500°C the methane and ethylene yields increase
rapidly to small asymptotic values in the range 600 - 700°C. Further increase
in temperature beyond 700°C effects a dramatic increase in the yield of bhoth
species, and a second asymptote is reached at about 850°C for ethylene and
about 900°C for methane. The yield of tar also exhibits a similar two-step )
behavior but hydrogen production, on the other hand, appears to occur in one step
at relatively high temperatures. .

The top curve in Fig. 3 represents the total yield of volatiles while, pro-
ceeding downward, the first, second and third regions between adjacent curves
represent the yields of water, carbon dioxide, and carbon monoxide, respectively.
The yields of these principal oxygenated species are shown in more detail in
Fig. 5 where all three appear to approach high-temperature asymptotic yields of
16.5 % for water, 8.4 % for carbon dioxide, and 7.1 % for carbon monoxide. The
carbon oxides each exhibit also a lower-temperature asymptote.

Although most of the pyrolysis is complete for peak temperatures above about
900 to 1000°C, there is in fact yet a third step in the curves for the carbon
oxides which occurs at about 1100°C and therefore does not appear in Fig. 5.

Since this temperature is the upper limit of the apparatus, investigation of this
third step was accomplished by use of a longer residence time technique. The coal
was heated at 1000°C/s to 1000°C and there held for 5 to 10 s rather than being
irmediately cooled as before. The resulting carbon monoxide yield exhibits a final
asymptote of 9.4 Zwhile that of carbon dioxide is 9.5 %. The yields of the other
species were not changed by the additional residence time. Thus prolonged heating
at 1000°C gave a total volatiles yield of 44.0 % by weight of the lianite which is
close to the ASTM volatile matter plus moisture (43.7 %).

Elemental analyses of selected char samples are shown in Fig. 6. Although over
40 % by weight of the lignite is volatilized at the higher temperatures, only 22 %
of the carbon is velatilized. Most of the volatile material comes from hydrogen
and oxygen, which is consistent with the observed predominance of water arong the
volatile products. Pyrolysis at the higher temperatures removes about 70 % of the
sulfur from the solid material, but the nitrogen is reduced by only about 25 %.
Consequently, the sulfur content (percent by weight) in the char is lower than
that of the lignite, but the reverse is true for nitrogen. Similar data obtained
by Kobayashi et al.(7,8) in an entrained flow reactor show that the fractional
evolutions of sulfur and nitrogen are increased to at least 85 % and 65 %, res-
pectively, as the pyrolysis of :ontana lignite is extended to 1800°C. The weight
of ASTil ash in the char from most of the present experiments is less than that
in the raw lignite, which is qualitatively similar to a previous observation(7,3).

Elemental balances were calculated for runs in which both volatile products
and char were analyzed. For estimation purposes, tar and trace hydrocarbons
(total less then 1 % by weight of the lignite) were assumed to he 99 % carbon
and 10 % hydrogen by weight. Typical results for four runs to different peak
temperatures are presented in Table 2 along with total mass balances. Uhereas
the mass balances are excellent and the carbon and hydrogen balances are satis-
factory, the oxygen balances are marginal. Since oxygen in char is determined by

118



.mm\uocopuwufac.ﬁmw:.E:Zw;vsum_.u
94nssaud  "¥H (0) 4D ?w $'4) (V)] sodnjedsdws) jeaqd JUsuS}iLO .
03 SLSA|04hg 33LubLY wouay usboupAly pue Bua|AYy33 “ouRY3IdY JO SPIBLA “p SunblLy

O0"3¥NLVYIAdINIL Nv3ad
O00L 008 00S oot 002

[ | _ | .in\‘%\\f v lo.

v

14

90

80

o'l

2L

vl

JLINODIT

( d3AI13234-SV)
40 LHOI3M AQ °"Q131A LDONAO¥d

119



*fs/2,0001 =
9jed buljesy “(wni|d8Yy) wle | = dunssasd QI (®) I (X)
$0%H (V)] Sadanjedsdua] Yead JudJadiiLl( 03 SLSA[04A4 931ubiL]
WO4J IPLXOL(j UOGUB) PUB “BPLXOUO UOQUR) “ud]e)i JO SPLatA °G aunbyy
Jo. "3YNLVHILNIL Nv3ad
ooolL 008 008 oot 6]0) O

I T

oL

A%

17

ol

gl

oc

(Q3AI13D3Y¥~SV)
JLINOIT 40 LHOIAM AD % ‘@13iA 12NA0¥d

120



OF

ELEMENTAL COMPOSITION b

ORIGINAL VALUE

100

50 C

o)

R
50 N —
O _
100+ ]
50 -—OS\W\O\,\Q_
O |
100 o -

o _A\A\‘?\é——ﬂ——/\—
0 | | ;

400 600 800 1000

Figure 6.

PEAK TEMPERATURE,®C

Elemental Compositions of Chars from Lignite Pyrolysis
to Different Peak Temperatures [ (*) C; ?o) Hy (x) N3
(o) S; (A)Y 0. Pressure = 1 atm (helium). Heating
rate = 1000°C/s].

121




"8dm3spou a34ubLL UL § puB W BULPNLOUL 0ZG°EZ PUB ‘HZ62°G ‘J%6°6G S} (PAALORL-SE) B3juSiT,

*4e} UBY} J43Y30 SUOJURIOUPAH
X

wccl %88 %56 %66 | %0Ll  %v6 %LUl »L0Y wto 58 %06 U0 oLl %06 %Ll %C0L [d4nse|]
L°82 G§9°F G'9% 2’66 | 6°GC 86'F L°6S oy 6°le  Ls'v 8°85 o6y 0°8lL 8L'Y ¢'99 00l Le3jolL
Ll 0L ¢'vy 8°95| C°¢ 8L Sy 67Uy e €°¢ 9°€5  L'eY GOl 67€E 0'+9 0°6y 4ey)
- us°C - usg - V1N - (S°C - e o - oo - 0°0 - 0°0 %y
L Le - ol el L - Sl vl 8°L - 9K} ©°S9  EL°0 - 99| %
- ho € Ly - 6v°0 ¥'¥ 5TV - €¢°0 L"e € e - SL°0 €L sy el
- 85°0C ¢ 0'¢ - (3720 VRN 4 9°¢ - L1°0 B6L°0 8670 - 0°0 20°C 20°0] «JH
£V - ¢'e §°L 9'y - Ve 0’8 UL - LL0 g'L i 9270 - 6’6 9v°0 02
€9 - v'e '3 €9 - £¢ 98 0'v - G571 G4 8"l - §9°0  G°¢ Nou
G i 2 Lejol G I J Le3o0) G H 2 Lejo) 0 H 2 Lejoy
J,0UG1L I0le Jpbid Jguty
S3UNIRUAAWD] {RIJ JUBJAIi4L(j 03 SUNYy 4NO4 Ul wﬁuo>rmuog-mmv 93lubLy Jo ¢ 3ybLam “plaL, 30Np0Ug
SIduUR|RY SSB}; [B10] pue usbOUpA}| ‘usbAx( ‘uogde) "z dLYeL

122



difference, uncertainties inherent in the other measurements are absorbed in the
oxygen values,

) Product heating value contents -- 1i.e., mass yield x net {lower) heating
~ value on a mass basis -- shown in Fig. 7 were estimated from the product yields
in Table 2 and sowe additional tar and gas measurements. Heating values of the
lignite and char were calculated from the elemental analyses (Tahle 1 and

Fig. 6) using the correlation of {ott and Spooner {(9) here adjusted to a net-
heating value, as-received basis. The net heating value of the tar and that of
hydrocarbons other than methane, ethylene and tar were assumed to be 16,000 and
19,700 Btu (37.2 and 45.8 XJ/g) respectively. The heating values of the methane,
ethylene, hydrogen and carbon monoxide were, of course, known.

The heating value contents of the gas and tar follow the two-step behavior
associated with the appearance of many of the individual components. At the
higher temperatures, the gas accounts for a maximum of almost 15 % of the heating
value content initially in the lignite, and the tar for about 8 %. At a tempera-
ture of about 1000°C, the char retains almost 70 % of the heating value on the
same basis. The volumetric net heating value of the gas produced at peak tem-
ger@tures above about 900°C is about 380 Btu/std. cu. ft. (14.2 43/m*) on a dry

asis.

The total heating value content of all products appears first to increase
and then to decrease as the peak temperature increases. Pyrolysis appears to be
endothermic over a range of lower to intermediate temperatures where the total
heating value content of all the products is greater than that of the starting
material. At higher temperatures, however, the total becomes less than the
initial value and therefore pyrolysis to those temperatures may be thermally
neutral or exothermic. The approximations used in this analysis preclude quanti-
tative assessment of heats of pyrolysis.

Effect of Temperature-Time History Data points inside squares in Fig. 3
were obtained with the base conditions given above but modified as follows. The
lignite was first heated to an intermediate temperature and then cooled to room
temperature as before. The resulting char was then heated to a higher temperature
and again cooled. The figure shows cumulative product yields for both cycles.

The intermediate temperatures for the points at 855°C and 1970°C are 480°C and
670°C, respectively. The yields of all products in both cases are not significan-
tly different from those obtained when the lignite is heated directly to the final
peak temperature. This observation is consistent with the previous conclusion
from weight loss data (3,4) that the pyrolysis reactions occurring at higher
temperatures are largely independent of those occurring at lower temperatures.
Such behavior is indicative of multiple parallel independent reactions as opposed
to competitive reactions,

The encircled data points in Fig. 3 were obtained at heating rates of 7,100
to 10,000°C/s which is approximately ten-times higher than that of the base data.
The points in triangles represent data taken at 270 to 470°C/s. Ho clear effect
of heating rate is observed over the range here used. It is shown below that
this benavior is expected for independent parallel, rather than competitive reac-
tions.

Effect of Pressure Some runs were conducted under vacuum conditions (0.05
mm Hgy 7 Pa). Up to a temperature of 800°C, the total yield of volatiles and
their composition are indistinguishable from those produced under 1 atm (101.3
kPa) of helium at roughly the same heating rates. Above 800°C, however, ohservable
differences are noted in both total yield and product composition. The differences
occurring at a peak temperature of 1000°C can be seen in Table 3. The temperature
dependence of the pressure effect on the yields of some key components is shown in
Fig. 8. Collection of all the tar formed under vacuum is difficult. ‘hereas at
atmospheric pressures most of the tar stays suspended as an aerosol until it is
purged through the filter, tar produced under vacuum deposits uniformly across all

123



“[onlea Huijeay (4amO|) 38U [RLILUL BY3 *(paALadau-se) dILubl|

(B/p4 €2) QL/m1g G066 01 SPUOSBUIOD BIBULDUO UO %(GL :SISeT *S/3 000l =
d3ea butledy (wni(3y) wie | = BUNSSAU4 4P} (@) fseb () fuRyd (Q) fueyd
butpniouyr s3onpouad [|e €303 (1) ] S84njeuadus] 3eaqd JUBU344LE 03 SLSA[04hY
931UDLT] wou) SIONPOJG JO JUDIUOS an|ep DULIBAH 4O UOLINGLUISL( °/ 3dnbly

Do UNAIVHIAWIL Mv3d
000l 006 008 O00L 008 005 O00F 00E 002 001 0

T ] T T T =% T 7 =0
B ¥ I\-\\ —
b — v
L. ¥ -18 nw\vg

40y

i 1, A
L —Hzt 3
e . o
| s0O —ot ~
- e
g

(oF4

INTVA
3LINDIT 4O % "LN3LNOD 3NTVA ONILV3H

o8

06

oot

ottt

124



PRODUCT YiELD,WEIGHT % OF LIGNITE (AS RECEIVED)

TOTAL YIELD

YIELD

CQ2

TOTAL HC YIELD

12

k.‘

400 600 800

PEAK TEMPERATURE

125

C
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Table 3. Effect of Pressure on Lignite Pyrolysis Product Yields (Peak
temperature, 1000°C; heating rate, 1000°C/s)

Yield, wt% of lignite (as received)
Product 1 atm. He vacuum
()] 7.1 6.1
€0y 8.4 7.6
CH4 1.3 0.95
CZH4 0.56 n.45
HC* 0.95 2.0
Tar 5.4 6.9
Ho0 16.5 18.1
g 1 Ak
Hy 0.50 M.
Total Products 40.7 421
Heasured Wt. Loss 41.3 44.7

*A11 hydrocarbons other than Tar, Clig, and CyHy.
**Not measured

reactor surfaces upon initiation of the purge. Recovery of the thin tar film by
the methylene chloride washing procudure is somewhat inefficient. Thus the total
mass balance is poorer at vacuum than at 1 atm. A carbon balance conducted as
described for Table 2 shows a carbon dificit of about 3 % for the vacuum data

in Table 3. Therefore the actual vacuum tar yield at 1000°C may be about 9 %

of the lignite weight..

The main conclusion from Table 3 and Fia, 8 is that vacuum pyrolysis of
lignite produces higher yields of heavy hydrocarbon products and lower yields of
]jght gases than are obtained at 1 atm. Since also the total weight loss is
inigher under vacuum, it appears that secondary cracking and char forming reactions
play a role in determining product yields. In view of the thin layer of coal
employed, the main contribution of the secondary reactions in this experiment
pgesumably occurs within the particles. A similar but quantitatively more signi-
ficant effect of secondary reactions on total weight loss from a bituminous coal
was observed by Anthony et al.(3,4). Other workers(10,11) also have observed
increased yields of low-volatile species in vacuum pyrolysis of coal.

HODEL
The rodelling of coal pyrolysis as a set of independent parallel reactions
having a statistical distribution of activation energies has been shown to provide
valuable insight into the overall or global kinetics of the process(3). With the
products in the present study dominated by a few individual species and classes
of species, e,9., tar, there is interest in determining whether pyrolysis can be
effectively modelled as only a few reactions representing the production of these
key products.
As a first test of this approach, the appearance of product i is modelled as
a reaction first-order in the amount of i yet to be produced. Thus for the reac-
tion
Coal » Product, (1)
the assumed first-order rate is "
' dv;/dt = ki(vi - V) (2)
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and the rate constant is assumed to be

ki = ki0 exp(-Ei/RT) (3)
where k. js the pre-exponential factor, E; is the activation enerqy of reaction
i, Vy _ 15 the amount of product i produ&ed up to time t, VI is the amount of
product i which could potentially be produced, {i.e., at t = ), T is the absolute
tgmperature, and R is the gas constant. Assuming that temperature increases
linearly with time, as it does in our experiments, with the constant rate

dT/dt = m, solution of the above equations gives

v

. T
1
of A=) s Oj(kio/m) exp(-E,/RT)dT  (4)

Since Ej/RT >> 1 is a good approximation for coal decomposition reactions, the
solution becones

* *
- = - 2 -
(Vi Vi)/vi exp[ (kioRT /mEi)exp( Ei/RT)] (5)

This equation is plotted in Fig. 9 for activation energies typical of
organic decomposition reactions (see Table 4) and a typical pre-exponential factor
of kjo = 1.67 x 10'?s™!,  The inadequacy of the single-reaction model in fitting
the Aata on total yield of volatiles is evident from this figure; nevertheless,
this approach has been taken by many workers for correlating pyrolysis data.

It can be seen from the wide range of materials listed in Table 4 that
organic decomposition reactions encompass a wide range of activation energies
and pre-exponentials. It is not surprising that coal, the chemical structure of
which is far more complex than that of the materials in Table 4, decomposes ther-
mally to produce numerous products and that these products exhibit different
activation energies. When a single first-order reaction is used to model coal
pyrolysis, the activation energy and pre-exponential factor are forced to be very
low in order to fit the overall temperature dependence that actually results from
the occurrence of different reactions in different temperature intervals. The
results are sometimes interpreted as reflecting transport limitations because the
parareters are too low for organic decompositions. This point is further discussed
elsewhere(5).

Considerably more success is attained when the first-order model is applied to
the appearance of single products. As is implied in Figs. 3 to 5, many individual

species are not adequately described by one first-order process. Rather than utilizing

a large number of parallel reactions with a distribution of activation energies for
individual species{18), a simplifying assumption is made that one, two or three
parallel reactions, depending on the observed behavior, describes the formation of
certain key products. The mechanistic implication is that a given species may
arise from more than one type of reactant, or from more than one reaction pathway.
The first-order model was used with the measured time-temperature history of
each experimental run toconstruct best fit curves for the yield data. The
resulting kinetic parameters are summarized in Table 5. The curves shown in Figs.
3,4, and 5 were calculated using these parameters and the model, for a standardized
experiment in which coal is heated at 1000°C/s to the peak temperature, and then
cooled at 200°C/s back to room temperature. The curves fit the data well for most
species, and modelling with only one or two reactions appears sufficient in ali
cases except the carbon oxides which require a third reaction for data above
about 1000°C (not shown here). Figure 3 shows how the various individual reactions
cooperate to give a smooth total weight loss curve. Again, this fiqure emphasizes
that a large fraction of the total weight loss is due to the oxygenated species.
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Table 4.

Haterial Pyrolyzed

Kinetic Parameters for Pyrolysis of Various Organic !laterials

Product? |Experi- | Activation]Pre- Ref.
mental Energy, Exponen-
Temp.,"C ) kcal/mole [tial _
. ——t Factor,s |
Ferulic Acid (C1OH1004) CO2 15n-250 27.7 6.0x109 12, 13
Perylene Tetracarboxylic Acid co, an-600 | 7.5 |5.2a007 112,13
Anhydride (C74H806) co 400-600 64.9 5.0x10 12, 13
Protocatechuic Acid (C7H604) (HZO)T 50-300 18.8 2.7x’|0R 12, 13
(1,0), | 50-300 | 2.4 [2.3a0° |12, 13
o, 50-300 | 40.4  [1.6x10'° |12, 13
Naphthalene Tetracarboxylic 13
Acid (C14H808) H20 100-250 33.5 1.2x10°° {12, 13
o Tvees pos b 5
flellitic Acid (C12H6012) ”20 230 16.6 2.3x10 13
Tartaric Acid (C,H.0.) H,0 105" 12,0 607 i3
47676 2
Polystyrene (Cgily), overall| 308" 1 77 8.3¢1022 13
overall| 335-355 58 9.0x10 12
b 14
Teflon (C2F4)n overall} 575 67-69 4.3x10 13
Polyethylene (C2H4)n “Phase 1" overalll 385-405 a8 5.2x10}; 14
“Phase 2" overall] 385-405 n 8.7x10 14
Hydrogenated Polystvrene (C8H14) overall 335-350 52 1.4x1014 15
Polymeta-methylstyrene (C0”10)n overall] 333-3%3 59 7.2x10]6 15
Polyalpha-methylstyrene (CQH]O)A overalll 273-228 58 8.3x1018 15
Polymethyl-methacrylate (CSHBOZ)d
Avg. Holecular Yt. 150,000 overalll 240-270 33 3.6x1ﬂ$6 15
Avg. Molecular ¥t. 5,100,000 overall 310-325 55 1.8x10 15
Polymethylacrylate (C4H602)n overalll 285-300 37 1.4x10]0 15
Cellulose (Cghyg0s), overal) 2501000 33.4 | 6.8407, |1
250-350 35 3.3x10' 1 113, 17

a. Denotes species whose evolution is described by the parameters qiven. T
different stages of water evolution are denoted by (H
refers to all products combined.

b. Temperature of maximum pyrolysis rate.
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Table 5. Kinetic Parameters for Lignite Pyrolysis

Product | Stage Ey» log (kio/s-l) V¥, Wt.% of lignite
i
kcal/mole (as-received)
CO2 1 36.2 11.33 5.70
2 64.3 13.71 2.70
3 42.0 6.74 1.09
co 1 44 .4 12.26 1.77
2 59.5 12.42 5.35
3 58.4 9.77 2.26
CH4 1 51.6 14.21 0.34
2 69.4 14.67 0.92
C2H4 1 74.8 20.25 0.15
2 60.4 12.85 0.4
He® 70.1 16.23 .95
Tar 1 37.4 11.88 2.45
2 75.3 17.30 2.93
HZO 51.4 13.90 16.5
H2 £8.8 18.20 0.50
Total 44.0
a. Hydrocarbons other than CH4, C2H4 and Tar

Examination of Fig. 3 also reveals that there are apparently five principal
phases of devolatilization. The first occurs at very low temperatures (n100°C)
and is associated with moisture evolution. The second nhase at 1070°C/s
heating rate begins at about 450°C and is associated with a large initial evo-
lution of carbon dioxide, probably from low-activation enerqy decarboxylations.
The loss of carboxyl groups as carbon dioxide at relatively low temperatures
has been reported for 1ignites(10). A small amount of tar is also evolved at
this stage. This material may contain not only real tar (e.g., asphaltenes and
heavy oils) but also small particles of lignite broken off the parent particles
by the escaping gases as mentioned above. The third phase involves evolution
of water chemically formed in the range 530-70N°C where the only other significant
product is carbon dioxide. It can be seen from Fig. ¢ that carbon, nitrogen
and sulfur during this phase remain largely in the char while the oxygen and
hydrogen contents of the char sharply decrease. The fourth phase involves a
final rapid evolution of carbon containing species. Carbon oxides, tar, hydro-
gen, and hydrocarbon gases are all rapidly evolved in the temperature ranage
700-900°C, where little water is produced. The fifth phase is the previously
discussed high temperature formation of carbon oxides. To be compared with the
foregoing, Chukhanov(19) suggests that coal pyrolysis involves three stages:
evolution of carbon oxides and water (450-550°C); formation of tar and hydro-
carbon gases; and residue degasification.

In order to compare the present kinetic parameters with those obtained before
using a distributed activation energy model(1,3-5), the frequency distribution of
the present activation energies is derived from Table 5 as follows. Bata points
in Fig. 10 represent the cumulative ultimate yields of all volatile components
having activation energies less than or equal to those of the indicated points.
Each point is labelled with the component whose uitimate yield is added to those
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* ’
CUMULATIVE YIELD (Veum)WT. % OF LIGNITE (AS REC'D)

DISTRIBUTION FUNCTION [10%x #(E)] mole / kcal

| I | l I 0
30 40 50 60 70 80 90

ACTIVATION ENERGY (E) ,kcal /mole

Figure 10. Distribution of Activation Energies of Pyrolysis Reactions
[(e) cumulative yields, from present base data, of components
indicated to left of and including a given point; (solid
curves) present results based on volatiles yields; (broken
curves) previous results !5 based on weight loss data and
two different sets of kinetic parameters].
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of all other components shown on points to the left to give the indicated cumu-
lative yield; e.g., the vertical distance between two adjacent points represents
the ultimate yield of the component specified on the higher point. The slope
of the smooth curve drawn through the data gives the frequency distribution
curve dV*cyn/V*totdE, which is here normalized so that the area under a segment
of the curve between two values of activation energy is the percentage of the
total ultimate volatile yield that is associated with activation energies in

the specified interval.

Figure 10 also presents two distributions (broken curves) obtained pre-
vious]y%],s) for the same lignite as was used here, but from a kinetic analysis
of weight loss data using a statistically large number of reactions having a
Gaussian distribution of activation energies and all having the same pre-
exponential factor, The left-hand curve was obtained when the pre-exponential
factor (k0=1.07x10‘°s ') was evaluated as one of the adjustible parameters, while
the right-hand curve was obtained using a preferred fixed value of kg(1.67x1013s71).
The mean activation energies (Ep) and standard deviations (g) of the previous
distributions are, in kcal/mole, (left) E¢=48.7 and 0=9.38 and (right) Eg=56.3
and ¢=10.9, Statistical analysis shows that the present data are not signifi-
cantly different from a Gaussian distribution with Eg and ¢ being 53.3 and 11.5
kcal/mole, respectively. The similarity of the present distribution derived
from product coripositions to the previous results based on weight loss is espe-
cially encouraging since kg, which does influence Ey, was here allowed to assume
a different value for each reaction whereas previously a single ko was used for
all reactions.

DISCUSSION

Since coal is always "hydrogen-starved" in the sense that its empirical
formula is usually CHg.6 to CH (the present lignite is roughly CHg,9) while the
desired products are in the range CH to CHg, it is desirable to use the coal
hydrogen as efficiently as possible. The oxygen in the coal removes most of the
hydrogen at temperatures below those at which the principal hydrocarbon forming
reactions can occur; thus, by the time the coal is hot enough for the latter
reactions to occur, there is too little hydrogen left to produce stable, volatile
fragments. The addition of hydrogen from outside the particle, e.g., as in the
case of hydrogasification, enhances the yield of volatiles perhaps by stabilizing
some reactive sites or species that would otherwise form char(4,5,20-23). This
hypothesis will be tested with future experiments in a hydrogen atmosphere.

If the pyrolysis reactions that form water and hydrocarbons are in competi-
tion for hydrogen, then the hydrocarbon yield could perhaps be increased by sub-
jecting the coal to a favorable time-temperature history. For example, in the
present results tar forming reactions have a higher activation energy than the
water forming reactions (75.3 kcal/mole compared to 51.4 kcal/mole) and hence
are favored by going to higher temperatures. According to the present model,
very high rates of heating would be required to attain these higher temperatures
without the water forming reactions first reaching completion. At 1000°C/s, the
water forming reactions are about 90 % complete before the onset (defined as 1 %
completion) of the tar forming reactions. This analysis neqlects the low tempera-
ture tar forming reactions and also assumes that the water and tar forming reac-
tions are independent. At 6090°C/s, the water forming reaction are predicted to
be 75 % complete when the onset of tar formation occurs {at 700°C), and at
2.8x107°C/s, the water reactions are only 35 % complete at the onset of tar
formation (at 800°C). Total volatile yields significantly larger than those of
the Eresent study were in fact observed(7,8) from Hontana lignite heated at about
2x10°°C/s to about 1800°C.
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It is interesting to compare the observed product distributions with those that
would be obtained if all the volatiles generated in a run were in mutual equili-
brium in the presence of char at the final temperature of the particles. For
approximation purposes the char is assumed to be graphite and the mole fraction
of the ambient helium adjacent to and within the particles is assumed to be
negligible. Equilibrium relations for the reactions

CO + Hy0 = CO, + H, (6)
C+Hy0 = CO+ H, (7)
C+ 2H, = CH, (8)
CH4 + H20 =C0 + 3H2 (9)

in the presence of excess solid carbon are shown as curves in Fig. 11 where the
base data are given as points. Two cases are considered, one including water
from the lignite moisture in the volatiles (points) and the other including

only the chemically formed water {not shown). The latter case covers the possi-
bility that moisture is lost early enough so as to be absent from the reacting
mixture. The complete or partial loss of others products could also be consi-
dered but this was not done since moisture loss, which appears to offer the
largest potential for an effect, is found to be of little significance in this
rough analysis.

Figure 11 shows that the data tend toward less disagreement with the
equilibrium values as temperature increases. When the total pressure of
volatiles is assumed to be 1 atm, which is the experimental pressure under which
the data were taken, all the reactions are far from equilibrium with the exception
of Reaction 6 at the higher temperatures, where a rather close approach to equili-
brium cannot be excluded within the large uncertainty of this calculation.
Reaction 6 is the only one of the four that is independent of pressure. The
equilibrium values for the other reactions also agree roughly with the data if the
assumed total pressure of the volatiles is increased substantially, the values
for Reactions 7,8, and 9 depending on pressure to the powers -1, +1, and -2,
respectively.

Volatiles pressures much larger than 1 atm within the pores of the particles
are not inconsistent with calculated pressure drops associated with volatiles
explusion under the present conditions of rapid pyrolysis. The agreement in Fig. 11
between the equilibrium values and the data for an assumed pressure of 1000 atm is
intriguing. We do not know to what extent such a high pressure properly reflects
conditions developed within rapidly pyrolyzing lignite, but we note that internal
pressures of this order of magnitude {a) would be calculated if it is assumed that
the formation of volatiles within the pores largely precedes the escape therefrom,
and (b) would appear to be required to fracture the particles based on the strength
of the material. Lignites rapidly heated are known to exhibit fracturing or
"sparking", a phenomenon that could account for the particulate material here
found in the tar as noted above.

Although the foregoing equilibrium analysis is far from definitive, it is
probably safe to conclude that the final mixture of volatiles is closer to equili-
brium than are the primary volatiles and, therefore, that mass transport and
secondary reactions within the particles do play some role in determining product
distributions. Thus, at temperatures above about 800°C, the enhanced mass transport
condition provided by vacuum pyrolysis leads to somewhat higher yields of hydro-
carbon liquids and tars and correspondingly lower yields of 1ight hydrocarbon and
carbon oxide gases. The behavior indicates that more volatiles cracking within
particles occurs at 1 atm than under vacuum, but the difference affects no more
than about 5 % of the total lignite material. The fact that this effect is small
supports the picture that the pressure inside lignite particles during rapid pyro-
lysis is indeed high and therefore not strongly dependent on external pressure in
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the range O to 1 atm. Accordingly, the absolute amount of volatiles cracking
within the pores may be much larger than the change observed in aoing from 1 atm
to vacuum conditions.

The suggested role of mass transport and secondary reactions points up the
empirical nature of pyrolysis models, such as the one employed here, that do not
explicitly account for these effects. The kinetic parameters obtained by appli-
cation of the present multiple parallel reaction model to species originating
in some combination of primary and secondary reactions are clearly overall proper-
ties. Jerivation from the present data of fundamental properties of the primary
pyrolysis reactions must await a better understanding of mass transfer and
secondary reactions in the particles. Nevertheless, the demonstrated success
of the present model in correlating the data means that the multiple parallel
reaction picture together with the identification from the data of key "reactions"
(e.g., stages in the evolution of a given product species) is an effective repre-
sentation of primary reactions as modified by the effects of mass transport and
secondary reactions.
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NOMENCLATURE

E = activation energy, kcal/mole

Ei = activation energy of reaction forming product i, kcal/mole

o = mean of activation energy distribution, kcal/mole

f(E) = activation energy distribution function, mole/kcal

ki = first-order rate constant of reaction forming product i, s?

kio = pre-exponential factor in ki’ st

k0 = pre-exponential factor when all kio are assumed equal, s !

m = constant heating rate, °C/s

R = gas constant, kcal/mole K

t = time, S

T = absolute temperature, K

Vi = amount of product i generated up to time t, fraction of the original coal

weight

y* = value of V.at t = = (ultimate yield), approximated by measurcments at Tong
1 reaction times, fraction of the original coal weight

Zum = sum of V; for all i with Ej<E, fraction of the original coal weight

Vzot = sum of all V;, fraction of the original coal weight

o] = standard deviation of activation energy distribution, kcal/mole

X = mole fraction of component i
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