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Abstract - Rcaczi':ities of a fro.; raw coals and chars of these coals obtained from 
~as,alc, s operating under differcn~ conditions have been measured in CO? at the 
tem2cratu-ccs 1550-2000°F. 7he react~vities have been measured in a ~her:]:o~zavimctr-;c 
anaIy~er up to complete convorsio,Is o f  ~he samples in most cases. Proper:des like 
surface area, port. size dis~rlbuzion, ..norosi~:y and density have been determined {or 
each scenic. Actual pore structures of a few samples have boon observed a~ differoa~ 
conversio~'~ levels by a scanning electron microscope, in order zo compare the 
rcactlv[ties of different samples, the char-gasification process has boon divided into 
:we di.~t~nc~ s~ages: the first stage duo to pyrolysis and the second s t a ~ o  due to 
-~-- ~ ,.,s~ stage can be roughly related ~o ~,,~,-u02 reaction. ?..e.~czivizies due zo the =~- " 
volatile matter contents of the solids and the rate of hea~ing- 7hrough an Arrhenius 
type equatior,, an active:ion energy of abou~ 2.5 Keel/mole is obtained for the fi:'sz 
s:.--go. The reactivity of a char in the second stage is found to depend more on its 
co&i sear,, than on the ?~asifica~ion sche,.ne used in its production. Activation energy 
"-- the second stage reaction has been found to be about 59 Keel/mole A raze equa- 
z':on has been proposed for ~he second stage ~haz incorporates the effect of reiativ~ 
availaa:e pore surface area chancing during reaction. ~,:e raze conversion curves 
calculated from this equation f'- well with the experimental data. 

!ntroduczion 

A proper understanding of the coal/char gasification kinetics is essentJ.:i for 
~accessful design of a gasifier. .=fleets of temperature, pressure and gaseous env'~.'o... 
,,en'~s on ,;:c ra~e of ~a¢ification of coal/char have been extensively studlcd by var~ou:. 
i,vcsziy.arors. In addition, the rate depends also on the nature and origin o,: t'ho ¢,~.,L 
-.; char i~sctf. The pore characteristics and hence the reactivity o£ a chat have be,',. 
.'o.,n¢ ~o vary no-. only wi'ch :he macerai o{ i,s parent coal but also w.i--.h the h~s~c,:': .-," 
.is ~,enc:~s, i.e., the temperature, pressure, rahe of heating and gaseous envlronmcnz:,. 
etc -.-,-va-lel during its formz-zion lqne present study is devoted zo de~erndna:.~on o( 
."cat%]wries o~ a few coal and char sar,.ples tthich, are produced in so~,e pilo~ plant 
cxne?i~ents conducted under different £zsifica~ion scher-,,cs. 2"ais investigation ~:~ : 
~.c.n z~na the rolazionsh-;p, if an)', between the reactivizios and' the physical charac- 
teristics of the samples. 

In the present invostlga~-lon reactivities are measured _in a f!owing strea:a o~" 
s .~.*,. t'(:. [,;~rc CO:, az ~hc atmospheric nressure. The raze o£ C-CO 2 reaction has bee;- "" *" 

" "~ ,5,, ,9, ~u: .~,,..,. However, considerable discrepancy ~;:~s 
. . . . .  ~ .r -. .,ce~, . ~}~o, ~ between v.he values of ac~iv:.'zion energy of zh'is reaction, r~u~g.,;g 

f~'o:,~ 4S ~o S5 Kcal./mole .-. 

Pyrolysis of 6eel or char takes place ~)rior to dr concurrent'with other rc~ct~ons 
in a gas';~ier. The behavior o~ pyrolysis is not yet properly established. ~,~ ~':-, 
however, ~no~,:n that the rate of pyrolysis and the a:aoun~ and composition o;" voia%:,le 
-,ro~cts fyo~ a .q[ven snmr, le of coal or c ..... depends on several factors (3) suci= a.~ 
~.,, ~a~e o; hea~ing, (b) final decoraposii:ion :o~,'po:'a~urc attained, (el vapor res~:t',~ 
' .... c m~d ,~, ~ ~) :~;e" unvirox:mont under which the pyrolv:;is, takes place, rn "'-~,,u p;e:v..~,[ 
: , v , . ~ . , ~ : a ; i O ; ~  :~yrolysis O f  coal and chu~" in a CO1 :t~:aospherc can be s~udicd .,,,..,:-.~e~;" 
--.,~, CO-, ~'c:,c::2on. Th~s is due to the ::;set t~':~t pyrolysis no~:.,lly sr;,]'~:; &'~ ,,butyl 
:,.0-:Ob~C a;;i is al~aos5 ¢o:.,[~Ic~c az ;'-bot:~ "-,000,°C( 2] v.':.thin seconds, where.is t,,c C-c,3, 

• ~00-.h)0 -. ".therefore nt n ~nodcrare ri.zv ,,l" ~, , . . . . , . . ;~ . , , . , . , , ) , .e  h e l o t , ;  ~ , r ~ z -  

.. .:w.. :Lc two :~t,-.;:c,', the :~yr:):y-" ~ :;:'.: : . '~  cY:,r-C~3: .'eactim', --.,1i: i~¢ .,'., ..... , 



eo~;pietc. '~i:e el:at-CO 2 reactio~ after the 2yrolysis reaction is completed takes 
21ace on char surface and is essentially carbo~-C02 reaction. 

Gulbransen and .andrew (4) showed that ti~e ~ - ' , :- .n~erna~ s.*r~ce area of graphite 
increases markedly during reaction with both oxygen and CO 2. Walker, Forest~ and 
Wrig~tC 10) made the detailed study on the possible correlation existing between reac- 
tion rates a~d changes in surface area during reaction. "~ney concluded that the 
reaction develops new surface by '--~" en~,~ng to sGme extent the micropores of the solid 
but -: ~ ) "  p,,ne,na,~y by openin~ u~ pore volume not previously available ~o reactnnt gas 
because the microcapillaries were too small or because existing pores were Unconnected. 
During the reaction -~:- su.,~ce area increases up to a point when the rnte of for;nation 
of new area is paralleled by the rate of destruction of old area. Surface area 
dccrease~ on further conversion. For Zraphlte-C02 reaction, Petersen, Walker and 
~right (6~ found that the observed rates were not simple functions of the total availa- 
ble surface area, as determined by the low temperature gas adsorption technique, as 
might be expected if the reaction was che~.ical reaction controlled. 

Turkdogan, et.al. (8) made a detailed infes~igation on the pore characteristics 
of several forms of carbon. Their studies indicate that ~cpend~ng on %he type of 
carbon, about i/4 to I/2 of the vol~ze is isolate/ by micropores and hence is not 
available for reaction az the beginning. The surface areas of carbon investigated 
by the= covered a large range from 0.I to IIC0 m2/g. ~n all cases, most of the 
internal area was attributed to the mieropores, !0-S0 A dla. 

Exoeri-entai 

A Fisher TGA apparatus Cmodel !287) was used in the present investigation. Two 
coal samples (one from Pittsburgh se~ and the other from" Illinois seam) and four 
char samples derived from these coals under different ga&i!ieation schemes were investi- 
gated. 

7o start a r~m 15-50 rig. of coal or char particles of -35*60 mesh were placed in 
the ~ --~ p .... n:,.~ holder hanging tram cne arm of -he balance of "~h °. 7GA. After fixi~.g the 
hangdo~,'n tube in position, the s),sten was first evacuated to about 20 ~m Hg and then 
flushed with C02 az a flow raze of about 2~0 ml./:.~in, for about two and a half hours. 
The outlet gas was analyzed by gas chroaazograph to assure that it is air-free. Ti-e 
oven was preheated to the desired temperature. The CO 2 gas stre--.-., was turned to the 
desired flow raze C150 ml./min.] and :he furnace was quickly raised to a pro.fixed 
level, ~o enclose the hang-do:~'n tube. The weight and the time derivative of weight 
loss of the sample and the sample temperature were recorded continuously throughout the 
experi~.cn~. 

The porosity, density, pore vei~me and pore size distribution of the devoiazillzcd 
cigars and coals have bccn de,or;nine/ by mercury porosimetry usin~ pressures up to 
S0,GOD i~si. The pore surface areas and pore size distribution of the samples h~;vc been 
dot-ermined bz B~T nitrogen adsorption method using NU~:EC surface-area-apparatus, model 
AfA4. ~oroover, the actual macropore matrix of a few of these samples have been 
visually observed, at several stages of ~heir conversions, by a scanning electron 
microscope up to a magnification of 6,000. 

ExDerlmcntal Results and Discussions 

Figure I is the reproduction of two typical chart recordings oF t h e  weight l o s s  
and thc rate of weight loss curves by the TC;A apparatus. In this figure ti~e initial 
peaks in the rate curves arc due to the very fast pyrolysis sta~e. After this sln:.ic, 
ti~e second st:age re~;ction begins which is comi~nr::tivel ), slow and is mostly C-C0 t 
reaction. The analyses of the cilars ~nst after the pyrolysis stage show car[x)z: con- 
Zones of 95-~S.'o o:i an ash-free basis {or all the s~x samples. 



Fi~re 1 :,Iso shows an intermediate region, betweeu the two vertical lines a nnd b, 
~,.here not only the F)'ro]ysis but also the second st.~gc chat-CO2 reaction is affected 

• .~0. ~)'tc'Se "Cwo by the heating rate of the sample : The sar.lple temperature versus t i m e  = r 
c a s e s  a r e  shown i n  l : i g u r e  2 .  i n  t h o s e  e x p e r i m e n t s  t h e  s a m p l e  tempera ture  i s  ~:ssumcd 
to be idcnuical with that recorded by an open thermocouplc placed about 3 ram• from the 
surf;~cc of the reacting solid sample. The rate of gasification at the first and 
interm.~dia~e stages will obviously depend on the sample heating r~te. Once "¢h~ s-mple 
a~zains equilibrium, temperature (approximately within 4 min. in the present case), the 
rest of the process proceeds essentially under isothermal condition. 

A. The Pirs! Sza.~e - Pyrolysis 
"I 

The raze o, =. gasification and the fraction conversion due ~o pyrolysis arc 5hp~;~ 
for four s-~mples in Figure 2. ~ne tot,~-i converslons obtaxned at tnls stage Ha~o 
been found ~o he nearly equal to the volatile matter contents of the chars and coals 
as determined by the proximate analyses. The conversion (f) in the first s~age 
(p)'rolysis) is defined here as ~hat conversion ~hich is attained a~ the almost-constant 
~.~ight period [the region between the vertical lines a and b in Figure 2, immediately 
after :he rapid weight loss at the s~art of the process. Such ~ constant-weigh~-period 
h~s been observed in almost all cases. Fia=ure 2 also sho~qs that the pyrolysis is 
almost complete ~e~:ore a t~T.perature of abou'- ISC0°F is reached, while the char-C.:/ 
reacti.~n is insignificant up to this temperature, as will be seen later. 

~',~ total conversion if) from the pyrolysi~ stage increases wi~h the inert:so in 
te~7,perature. However, this increase ['1%) is not appreciable, at a particular nzating 
rate, in the studied tempel-ature range ISS0"1975°F. 

Figure 3 sho~s the effect of sample heal:lag rate on ~he rate of pyrolysis of 
hydrano char ~ISO. it is no~ed that the peak heights oE these rate curves are 
xoughly proportional to the average slopes of the heating rate curves• 

A Pyrolysis 5~odel: Pyrolysis cannot be considered as a single-s~ep process 
involving a slr,~ple re~ction, it o~curs in stages or ms "waves" of reactions involving 
=any complex steps, ~:hich in turn vary from s~n, ple to sample and with the conditions 
cf pyrolysis. No simple model would, therefore, represent this process completely. 
Eowever, on an overall basis h'en en.al. [II) proposed an Arrhenius t)q)e equation as 
follows: 

d-2ix = A e-B/RTff-x) I) 
dt 

Follo:.:~ng this ~quazion, a plot of (dx/dt)/(f-x) versus I/T has been made with the 
~alues of dx/it, E, x and T obtained from Figure 2. f is assumed constant in the 
studied temperature range. The plot is shown in Figure 4 for three char samples. 
The ~ ' ~  " ~ure shows that no sin~ie szrai2ht line can be drawn through the points with 

• certainty. This is partly due to the fact that the process is so fast that values 
of X, dx/dt a~ an), instant cannot be read precisely from such rate and conversion 
curves shown in Figure 2. 

hqu.~tion 1 has, ~herefore, been tested indirectly by assigning arbitrary values 
of A and B ~in the r~ngos predicted by the points in Figure ~) and seeing whether ~he 
resulting values of x and dx/dt can match with the' experimental ones. Since tempera- 
ture i~ chnng~ng with time in this region, the values of x have been determined as a 
functio~ of time ~=rom the fol.lowing equation. 

t e-B/RTdt 

-A °" ~ 29 x = f D-e ] 

~A~c evaluation of ~he -'.ntegral in ~he above equation has been done numerically ~rom 
kno~¢n values of temperature (T) as n fnnctioa of time (t). 19~e rare, dx/dz, is next 
c:,Ic-,;l:~te~l C:'o::~ l'quation I. Wit); A=2,500 cal/:::ol(: n?d I)=20.0 :niu-,, lh,: pr,,,l~.-:.,,l 



curves  q u i t e  c l o s e i y ,  as i s  s];ow:~ i:" F igu re  5a. "ILe prcd~c~e, l  cu rves  and [i~e expert,- 
mental v a l u e s  f o r  d i f f c r c n t  hea t ing :  r a t e s  a re  shown in F i g u r e  Sb. C a l c u l a t i o n s  have  
bcen done o~:ly up ~o 1.5 =,in. in order to avoid thc possible influence of the second 
sta?,e process in ~he subsequcnt period. 

The s t r a i g h t  l i n e  drawn t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  i n  F igu re  4 a r e  b a s e d  on 
t he  above  v a l u e s  o f  A and B. 

Thus if the Arrhenius-typo Equa=ion i is assumed to approximate the pyrolysis 
stage, the value of activation energy becomes 2.5 Kcal/mole. 

B. The Second  S~age - Char-CO~ R e a c t i o n  

As has been mentioned earlier, :he rate of pyrolysis or the first stage of char/ 
coal gasification is very rapid ~nd can be assumed nearly complete, when an almost- 
constant-weight period is attained in the wei~ht-loss versus time curve. The remain- 
ing fraction of the solid reacts slowly with C02 which is termed the second stage of 
gasification. Although a small par~ of volatile matters may still remains with this 
fraction, this fraction consis=s essentially cf carbon (95-98%], and ash. The rate, 
dx/dt, and conversion, x, are based on the reactive portion of char, which is t h e  
weight of solid remaining after the first stage less the weight of ash, and is termed 
as t h e  base carbon. 

Before s~udying the effect of cemperazure the cffects of sample size, sample 
holder, particle size and gas (C02) flow rate on char gasification rate were examined. 

Three kinds of sample holders of different sizes and shapes were tested using 
differen~ amounts of samples placed on them. ~ne)" were (a) a shallo~ petri-dish type 
holder of diameter $.5 ;~. and depth 2 r,m., holdln£ 3.75 mg. of sample, (b) a cup- 
shaped holder of ~outh diameter $.5 mr.. ani depth 7 =~., holding 18.5 mg. of sample 
and [c) a perforated cylindrical holder of diameter 5 :m. and depth 15 mm .... o~G~..~ 
35.02 =g. of sample. No significant difference was found between the observed rates 
in ~he three cases at a gasification te=ferature of 1877°F and a gas flo~¢ raze of 
150 ~I/min. Toe cup-shaped sample holder was used in the res= of the experi=enzs. 
Gas flow rates were varied in the range ~2-210 ~i/zin., through the reac~or tube of 
diameter 19 v~m. No chan~e in rate ~<as observed at flow rates above 70 ml/min., at 
the gasification temperature of I$77°F. A flo~¢-rate of 150 ml/min, was chosen for 
subsequent experiments. ?article size selec=ed was -55+60 mesh~ which showed ncgii- 
zible intraparticie diffusion resistance up to a temperature of about IS00°P. 

~i~ures 6-11 show the rate versus conversion curves as a f~nczion of temperature 
for the six differen= sz~ples studied. These figures also show =he base carbon con- 
tent of ~he chars a~ the fraction conversions indica=ed. 

Tne experi~aenzs were conducted up : o  tic CO=l)ic=e conversions of the samples, 
excOp= at lower temperatures wh~re ra=es were exzrc=:ely slow. 

The Figures 6-11 clearly show zhaz every sa.-.i;!e has its own characteristic 
rate-conversion curve. For |{ydrane Char ;t49, the curves can be considered linear 
{and passing through the origin) wid~out si£nifica;]t error, floweret, for the 
other snmplc~=his is not ~ruc. Again for !lydrane Chat #150, the rates are almost 
steady up to certain conversion levels, after which they decline. For Pittsburgh 
coal, rate-conversion curves show r.,axi~,,a a~ lower tcmpcrntures. 

I t  i s  a l s o  no t ed  t h a t  f o r  t h e  P i : t s b L r ? . h  coal  and f o r  t h e  I iydrane  Ch.lr. #ISO, 
the  n a t u r e  or" the  cu rvcs  changes  a l s o  wi~h tcm!~era :ure .  T h i s  ch;m~e i s  shown more 
c l e a r l y  i n  F i g u r e  12, where t he  r a ~ e s  a r e  norr,',.~lizcd wi=h r e s p e c t  to  the  r a t e s  
o b s e r v e d  a t  20% c o n v e r s i o n  l e v e l  and n lo r . t ed  =;<::in.qt c o a v c r s i u n .  The r a t e - c e n v e r s ' 2 o n  
c,;rve shoh's n =i:~x~n;um a~ lower ~el;:]~e;':;~urcs 0::1-'. 



The variety of raze-conversion curvcs is due to the fact th;,t different coal/char 
samples vary greatly from one another with respect to their pore structures and the 
change of ~uch pore structures with conversion and temperature. To account for such 
phe::or,~cna, a term "a" is introduced into the rate equ-~tion, which represents the 
relative available pore surface area and is defined as follows: 

Available pore surface area pem unit vol~me at any 
sta~e of convcrsion 

Initial available pore surface area per unit vol~me 

The value of "a" varies with conversion and temperature. Ignoring the effcct of 
temperature, the change of "a" with conversion, x, can be firmed into a function, 
up to x approaching unity, as follows: 

xVS ~-~x 0 < v < 1 3) a=IZ 100 ¢ - - 

In this Equation v and ~ are the physical parameters characteriszic of a given coal 
or char. T&e value of ~ indicates the conversion x at which the relative available 
surface area reaches Zhe maximum or minimu:n value. According to this equation the 
relative available pore surface area of the parzicles may increase, decrease or may 
show a maximum., or minim~ as the reaction proceeds, according zo the sign ~+ or -) 
used in Equation 3. Since a drastic change in surface area and pore size would take 
place at the very end approaching complete conversion, ~he above ~quation should not 
be applie~ beyond x > 0.D. 

ThereFore, the raze of disappearance of char due to C02 reaczion, for chemical 
reaction control, may be expressed as 

dx -- a k v CA(I-x) 4) 

Arrhenius-type zemperature dependence is assumed for the rate conszant, ~v' 
according ;o ~he following equazion: 

k = k e -E/RT 5) 
v v 

o 

in Figure 13, Cdx/dt)/CA(l-x) at x = 0.2 are plotted against I/T. The values of akvo 
an~ the activation energy E are deZermined from this plea. ,'his Figure shows that 
~hz rates ~az 20% conversion level) of illinois seam Coal #6 and the three chars 

~ o , , .  ~h,,~ls seam coal are significantly higher zhan those of Pittsburgh 
seam coal and the }lydrane Char ~IS0 obtained from ~he Pittsburgh seam. 

"~uong the four Tllinois coal and chars, Synthane Char #122 appears to be the 
mos~ reactive, al~hough ~h~ difference.in reactivity is nee large. 

.The  activauion energy, E, is found to be 59.26 Kcal/moie for all coals and chars. 

Equnzion 4 is applicable only ~en the chemical reaction rate conzrois ~he pro- 
toss. A~ higher ~cmperature, however, diffusion resistance within the sol~d particles 
may become appreciable and ~herefore, an e f f e c t i v e n c s s  factor must be inzroduced for 
such cases. Effectiveness factor, n, is defined here as follows: 

,'l= 
(De" ~I s) 4Rro 2 

(.~/3"~r~)(akv.CA • ( l - x )  } 

""" ~:0TICE 
" 6) 

~$11±~y,. 



Eouatio,: 6 can be solved by appropciate boundacy condi=io;:s as follows: 

where M-- eve [(l-x)a] 1/2 

7) 

r ̧  kv/~So and eve = o/ i~ 

For chcmica! reac=ion control, eve = O. Thus, the raze o~ gasi~ica=ion with =he 
infiuence of intrapar=icie diffusion is expressed as 

dx 
--de = ~ akv CAll-x] 8] 

Using the rate expression shc~n by Equation 8, the conversions are calculated 
for a]i tze chars and coals teszed. ~ne calculazed rates are compared with those 
observed from experimentation in Figures 6-11. ~ne values cf kv , ~, g and eve used 
• . ~ . 0 

~n these calculations are given in Table I. ,ae ca.culated rates agree closeiy wi~h 
experimental rates exc~pz chat fo~Pi=~sburgh coal at higher temperatures. This may 
partly be due :o the following r~ason.- In con=fast =o zhe o=her coals and chars, 
the P~t=sburgh coal is a highly caking c~a! having a swelling in/ex of S.5. These 
particles (-35~60 mesh) swell u 7 zoa consider~b!e vo!~v.e one a~lomerate into a 
single i~? during the pyrolysis stage. ~ne whole sam>le ('20 mg) Js =h~s g!~:ed 
together ~nd rcaczs as a single p~rticlc of a considerably !~rger diameter. ~ne 
chan~e of porosi=y and hence the effeczive diffusivi:y in such a pa~::iole, as a 
function of conversion, may be appreciable deviating from ass~ptlons made in the 
developmenz of Equazion S. 

A~ is indicated by Table I, the available surface ar~a change with conversion 
is izde~enden= ~f =emperature, in the s=udied range, {or the [llinois seam coal and 
chars. Hog, ever, ~or the Pit=sburgh seam coal and char :his change is a rune=ion of 
temparatmre. For the Pittsburgh seam coal and char the increase of available 
surface $rea appears Zo be less at higher temperature, for a particular conversion 
level. 

Figure 14 shows how the relative available pore surface area "a" of the  part_~cles 
changes ~,'ilh conversion for differenz samples, in the ~emperature range 16OO-igOO~F. 

Pore Characteristics of zhe Coal and Char Samo!es 

~ pore structures of Syn:hanc Char ~'~ ......... . . . . . . . .  _-, ..:d .... u Char :#49, iiydrane Char : iSO 
L.,~J-~-'i~..so,:.=~=-.: }IVab coal .have be._-n observed zilrough a scanning electron ;.icroscopc 
at several s=ages of their conversio: ~ in the range x = 0 - I. ~e photographs 
taken at scvornl magnifications (up zoa maximum of 6,000] show thal,, as the 
rcac:zon proceeds, the pores inizia]iy of a few microns (2-10 ~) in diameter, ~rov." " 
in si~--' cad bigger cavities are formed by the collapse of nhe solid linkage between 
zhc =djoinin~ porc. Q~e dimension of the solid .narzic]es have been observed to 
remain prac=ically unch~,ngod (except for =he high swelling Pittsburgh seam coal} 
up to a conversion o( about $D%. ~qle hiRhly porous matrix of the solid disintegr;;tes 
inzo sm~11cr fractions as the reaction proceeds further. 

Table II shays the net pore yah;rues, volume-average pore diameters, densities 
and =hc poi'osi~ics of zi~e dovoia;ilized san;plcs as determined by ~hc mercury pcnctra- 
zion me:hod on n ,~licromeri~ics' ,~odet 905 0 - E~,OOO psia Porosimcter. The average 



TABLE ", 2~;','SICAL AND ;b%TE "'*"'~ ..... ::"~ USED i3 C,%~Cot.&,,u,, FOR -'": u,.A,~'' :, <~x',,','c , ,~,u~, ,.. ..... ' . . . . . . . . . .  ~,,. COAL A,XD .-~, ,, ~o 

Sam:~le kvoXlO"lS , Cm /mo~e-mln. Temperature v ' eve 

iGT.Char ~llTIS5 
(from Illinois 
Coal ~6) 

}~ydranc Char #49 
(from Illinois 
Coal #6] 

Synthane Char #122 
Cfrom illinois 
Coal a6) 

illinois Coal #6 

}:ydrane Char #150 
Cfrom Pittsburgh 
HVab Coal) 

0.I15 1657-]922°F 0 .75  5.5 0 

0.123 ~=,o-¢uoo : 0.75 10.0 0 

0.136 1565-1972~P 0.75 6.0 0 

0.120 

0.0670 

Pittsburgh HVab 0 .0536  
Coal 

i569-195S°F 0.75 6.0 0 

!623°F 1.0 4.4 0 
16SSoF 1.0 4.4 0 
1794°F 1.0 4.7 0 
IS75°F i.0 5.0 2.5 
1965~F 1.0 5.5 4.2 

1682°F 0.6 5.0 0 
i742°F 0.6 5.C C 
1778~F 0.6 5.5 0 
1855°F 0.6 I0.0 5.0 
1952°F 0.6 I0.0 4.2 

TABLE ~I. PORE CHAP~CTERISTICS OF COALS ~ND CHAR5 

Properties ~:easured By ~:orcury 
Porosimctry 

Volu~e 
Net Average 

- Pore Pore 
.Devolatilized Volume Diameter Density 

Samples ( co /g )  (u )  ( J c c . )  Porosity 

Properties Measured 
i' * U by BET ,,c~,,od 

Sur£ace  
Average 

Surface ~':-- - , - ,~ ,OpO,O 
Area Diameter, 

(=Z/g) ~ps, tA, 

IG7. Char ::155 
~yGrane Char #49 
Synthane Char ~122" 
Illinois Coal 96 
Hy6rane Cigar 4150 
Pittsburgh HVab Coal 

0.9200 9.2. 1.54 0.767 423.87 Ii.6: 
1,0344 2.5 1.43 0.765 171.69 22.34 
2.197g 8.S 1.31 0.864 280.94 iS.34 
2,6522 9.2 1.71 0.809 26.05 -- 
0.6465 2.4 1.53 0.65S I%.75 106.GG 
. . . .  2.11 -- 29.97 -- 

NOTICE , I 

report ~ p~r~-ed  ~,s an 2ccouat o f  worl~ [ 
sponsored by the UnRed S~Ies Gov~nment. Neither 
the United States nor t},.c Uni;ed States Energy [ 
Research znd Development Adndldm-ation, nor any o f  [ 
lhei~ employees, nor any of lheir contractors, l 
subcont~ctors,  or  ;.P.-~r ¢mploye~, mak¢~ any | 
vc~mnW, exp re~  o I "  implied, or a.~umes any legal 
Fi,ib~iry. or responm'b~ity for the accuracy, completene~ 
or  usefulne~ o f  amy infomudon,  apparatus, ]noduc~ or 
l~oc~s  disdou~d, or  repx~s~ts that its use would not 
irZdnge prh'ately owned 1~ht~. 



sca;;;;~ng c~ectron n;iczosco~)e. 

Table ii also si;o~,'s the por~ .surface areas and the surface-aver.,gc micro-pore 
~a;;,ctezs of devolatiljzcd coal and ~har sa;aples as ~c,er,..a,,e._. by the I~,~T ni~roge;~ 
a~sor, ~zon ;~.c~,,o~. ,.,c surfnce-avcrage micropore /iar..e:ers {¢: ) have been calcu- 
2a~ed from =he measured micropore siz~ distribution, accordingP~o =.he equation. 

~d AA 

ps A 
? 

where SAD is the surface area occupied by the =icropores of diameter d and A 
is the zS=al surface area of -h,,e solid, ps p 

~qnesc measurement~ show chat although the bulk of void voiu~,es of these coals and 
chars are occupied by comparatively large pores, several =icr=.ns in dia~e~er, al~ost 
all the surface areas determined by SET =e=hod are occupied b'/ micropores, below 
I~0"200 ~ in d~a=e=er. 

Reactivity of coal/char can be characterized by i=s intrinsic raze consta:at for 
:he ~econd stage read,ion, kVo." ~,ze "clues of kvo ..'ilszed in Table I) apparent1). 
s.,o.~ no Cire~z ;'e1~-lionship wztn Eke y..casured pore surface areas. ~he po.'e surface 
areas' ~;~d pore size dis:rlbu:ion curves, however, s-ow :hat h~gher surface arezs are 
caused b>" -~h~. larger nu-.'.ber of sr,.aller pores. 2alculazions shox :hag for ;';e coai 
and char samples s=u/ied, onl)" the frac=ion of surface area which is occupied b'/ 

o - . . o 

pores hav:n~ diameter .-..ore ~:.an abou= 27.3 A is available for teat=ion w~:.~. CC 2. 
%%c :able bcPo:, sho~.'s the surface areas covered b)- =-r'. ~V ~- bigger than 27.5 A, the 
=oral surfac= areas an; =he values of '- = - -  four ci%ars. 

Sa=p l e  

Surface Area ~m2/X) Tota l  
Covered by Pgres  B i g g e r  S u r f a c e  

~ a a  27 .5  A i z  d i z .  a r e a  {=2/g} 

-15 
kvoxi0 

3 
cm /mo,e.~in. 

::).graze Char ~159 
~'7 Cigar ~i{TIS5 
~:)'drane Char #49 
$)'nthane Ci;ar ~122 

15.75 18.75 
25.43 423.87 
34.42 171.69 
3~.06 280.£4 

0.0670 
0.I]5 
0.123 
0.136 

The rcactivlties are found .to be a1=o~= proportional zo the surface areas occupied 
by pores above 27.5 A in di~=e:e~. . -- 

C, asifica~ion of coal/char in C.O~ a=:::osph~re can be dividcd into two stages, :.;e 
f~-r_~z sta~/e due to pyrolysis and ,he second stage d;,e to char-CO~ reactSon. Re:ictivit.v 
:'" the firs~ s~af, e is mainly a function of the " - ' ~  -,. vo..,~l,e matter content of :he char/ 
coal and T.he rate of heating. ~,~;e raze of pyrolysis ann be approx"matcd by an 
Arrher.ius z)-pe expression (Equation I) wi~h an aczivat~.on energy of abou= 2.$ 
Xcal/=,oi e. 

Reactivity of a char in ~he second sta,-.e ch.~r-CO 2 reaction, is found to depcnd 
mo=e on i;s coal seam z,':.~n on ~he ~asificn;ion scheme used for its i)roduc~,on. Each 
char/coal s;,;;:ple is forbad to have i~s own char.,c~cris~ic ra~e curve. TL¢ giffcren~ 
rn=c chnr.ncteris~ics of coals and ¢i;;rs are apparently due to the dif{crcnce in 
their" pore chnracterisi:ics, which again chan~.e w~h conversion and temperature. 



• .,~D,C. pore surface :~roas of t|}o 
~a,,=~,es during reaction, is introduced ~::to the rntc equ:~z~on :o account for l~:e 
r~,:e-convcrsion curves. The calculated razes are fou;%d ~o agree quite wcil with 
,no observed ra~es. 

% 
~no Fate o£ char-CO 2 reaction is found zo have no direct relation with the 

%btal surface area of =he pores. ~ne study indicates th=z only a fraction of the 
total surface area which is occupied by ports above a certain d~ameter is available 
for reactions. 

X~ta:ion 

CA 

C5o 
D .c 

r 

3•v 

I 

Pyrolysis raze constant, I/min 
Pore surface area, =2/g 
Activation energy of pyrolysis, cal/cmole 
Concentration_ of gas; CAs zhaz a~ :he outside surface of solid, 
=olelc=: ~ 
Initial solid concentration, ~ole/c~ ° 
Effective diffuslviz Z, cm2/mln 
~!icropore diameter; d9s surface average m!cropore di~neter, 
Total fraction conversion due zo pyrolysis 
Second stage reac=ion raze cons:anus, c=°/=ole.nin 
Gas constant, cal/~oie.°R 
R~dius of solid par:ici=; r o ,n ..... radius, cm 
Temperature, °R 
Time• min. 
Fraction conversion of solid 
Physical parameters of :h~ solid defined in Equation 3 
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