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Fig. 13o Arrhenius plot for evaluation 

of the activation energy. 
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and entropy for coal extraction ~dth and without ultrasonic irradla~iono 



Table 6o Variation of entropy of activation with fraction ex*,racted° 

T°K 

(x=O) x=O .05 - ~  °3660 ~ o i  

in k o ~ ~JT in k ~ k/T ~ .  k 

-R~ o7319 

Ln k/T 

297 

302 

307 

317 

327 

3 . 3 6 7  - 4  o 063 5 -9  o 7583 - 4  o 4295 - lO  o 1242 - 4  ~ 79 54 - l O  o 4902 

3.3 Ii -3 • 874 -9 o 5855 -4- 2399 - 9 • 951~ -4o 6059 -lO o3174 

3°257 -3.705 -9 o~329 -4o0710 - 9°7988 -~o4369 -I0°1648 

3 o155 -3 °366 -9 o1259 -3 °7320 - 9 o49~9 o4.0979 - 9c 8579 

3°058 -3°033 -8o8241 -3.3990 - 9.1900 -3o76~9 - 9°5559 

^ 

k~ 
~0 
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k 1 Fig. 15. A plot of in ~ versus ~ for variation 

of activation entropies with fraction extracted~ 
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Data showing the variation of entropy of activation with fraction 

extracted are listed in Table 6 and are plotted in Fig° 15. 

The solution of the differential equation for the extraction process 

_ bx 
dx = ko e ~- (a-x) (20) 
dt 

integrated between the following boundary conditions; t=O for x--O, and 

t=t for x=x, is 

ab 
--~ b (a-x)+ ~ b2 (a_x)2-18~R (a-x) 3_ kot =-e ~ in(a-x) - ~ ~2 

+ . .. -~(a) + ba b2a2 ~a3 ° -~- ~-~+l~--~ + "°'°'"""°" (21) 

This can be simplified to: 

ab _~ ~ a-x + bx b 2 ~ (-3a~ + q- -f + ~2 (-2~ + x 2) - 
kot 

k 
3ax2 _ ~) + ....... ~..o.~ (22) 

/ 

The fifth and subsequent terms can be neglected as calculations 

show that they are less than 1 percent of the first term. 

From this kinetic study on solvent extraction of coal, the following 

model for extraction is proposed. In most reactions, the free energy of 

activation ~F %) remains constant throughout the entire reaction period. 

However in the case of coal extraction by tetra]in, an increase in 

free energy of activation with the time of reaction is observed. Accord- 

ing to the absolute reaction rate theory, the data show that the increase 

in free energy of activation corresponds to a decrease in entropy of 

activation as the extraction process proceeds. This result is illus- 

trated by Fig. 16 in which activation free energy is plotted against the 

reaction coordinate. 

In interpreting the graph, the following physical model for coal is 

assumed. The coal structure is composed of a central nucleus of 



9 9 <  

55 

e~ 

o 
~--~ bTx 

Reaction Coordinate 

Fig. 16. A sketch of reaction coordinate versus 

activation free energy for extraction of coal. 

coacervates in which the micelles form an ordered assembly and are 

surrounded by flocculates in a disordered mass. The ~celles of the 

disordered mass become immobilized to different degrees. The stable 

ones form new aggregates which pack together uniformly. This model is 

basically supported by information given by Baugham et. al. (55). 

With this model in mind, it can be assumed that the valley on the 

left hand in Fig. 16 represents various energy levels of coal in an 

unreacted state. Level 1 is the free energy level of coal that is 
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extracted initially. As extraction goes on, it is harder for the 

soluble material in the coal to surmount the activation-energy barrier 

because the lower-lylng energy levels correspond to a higher energy 

barrier° Level 2 is the lowest free energy level of coal that can be 

extracted at a given temperature~ An increase in temperature is one of 

the factors which will further drop this lowest free-energy level° Z~F ° 

represents the standard free energy change for extraction of coal. 

According to the foregoing physical model one readily sees that 

the first extract leaving the parent coal complex relieves the hindering 

van ~er Waal's bonds which bond the disordered flocculates° As more 

substances are extracted, more stably-packed coal constituents are left 

behind° 

This produces an activation entropy decrease along with the extrac- 

tion process° Obviously with the more ordered coal matrix left behind, 

the compounds remaining are less inclined to leave; in other words, the 

extraction becomes more difficult. To overcome this increasing tendency 

for the compounds to remain in the coal structure, a corresponding 

increase in activation free energy must be overcome° 

In terms of a mathematical expression, the whole process can be 

described as follows: 

Co ~ C 1 + E 1 

C 1 ~ > C2 + E 2 

c 2 ,,k2; % + b 

c3 k~ ~ C~ + E~ 

Cn > c n+! +  n+Z 
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where C O is the initial coal, C I oooo ..... C n represent the steadily 

deactivated residual coal, E 1 ........ E n represent the compounds extrac- 

ted by tetralin, k o is the initial rate constant, and k I ........ 

represent the subsequent rate constants as the extraction proceeds. It 

is expected that k o > k I > k 2 ........ > ~l bezause of decrease in 

entropy resulting in an increase in the required activation free 

energy. 

Comparison of Experimental Results 

With and Without an Ultrasonic Irradiation 

In order to understand the absolute effect of ultrasonic irradiation 

on the coal extraction process, a series of conventional extraction 

experiments were also carried out. In these experiments three tempera- 

tures, 2~, 34, and 5A°C, and five extraction periods, 2, 5, i0, 15, 

and 20 hours, were used. The experiment was conducted by simply placing 

the coal-tetralin mixture in a constant temperature bath for the desired 

time of extraction. During this period, the mixture was continuously 

stirred. The experimental data from these runs are in Tables 8, 9, 

and l0 in the Appendix and plotted in Fig. 17 together with the results 

for extraction of coal with ultrasonic energy@ Comparison of experimen- 

tal results with and without an ultrasonic effect will be discussed in 

two parts, the first part is the comparison of rate and yield of the 

extracts and the other is the comparison of infrared spectra. 
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Rat ean__~d~_~! ~ Table 7 shows a comparison of yields after 

20 hours of extraction with and without ultrasonic irradiation° 

Table 7. Yield~ of extract after 20 hours in the 

presence and absence of ultrasonic energy. 

59 

Extraction 
Tem~. ('C) 

Yield (wt o%) 

Without ultra- 
sonic effect 

With ultra- 
sonic effect 

2A 3 o 70 i0 o 21 

3~ 3 °97 i0.61 

5~ ~oi0 iio~i 

The following observations can be made from an examination of the 

results of coal extraction in the presence and absence of ultrasonic 

field: 

(i) A transient region was found to exist in both processes. The 

rate of extraction within this region, however, was found to 

be widely different° The difference can be seen from the 

different slopes during the first two hours of extraction 

(see Fig. 17)o On the average the rate of yield under ultra- 

sonic irradiation is Oo06~/mino as compared to Oo03%/min. 

without ultrasonic energy, a factor of two~ 

(2) A significant difference in the maximum ~leld of extract was 

also observed° On the average, the maximum yield of extract 

with the aid of ultrasonir irradiation is i0~7% as compared to 
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3~92~ of the original coal without ultrasonic effect, a factor 

of 2~7o The increased amount of extract obtained with ultra- 

sonic irradiation is presumably the result of the breaking of 

more bonds in the coal matrix° 

It appears that affects of ultrasonic vibration on the coal extrac- 

tion process are" (a) to increase the collision frequencies between the 

solvent and coal particles, resulting in an increase in the rate of 

extraction° In a sense this is equivalent to an increase of temperature 

of the extraction which raises the kinetic energy of both solvent and 

extractable molecules in the coal particle, and (b) to break bonds 

which, otherwise~ stay intact in the coal structure° It is unlikely 

that the intensity of ultrasonic field used in this work (0.59 watt/cm 2) 

will break strong chemical bonds° However, the moderately bonded com- 

pounds (held with van der Waal bonds) are strong enough to resist 

dissolution by the conventional extraction process but seem to be 

affected by the ultrasonic energy° It is this action of the ultrasonic 

irradiation that increases the total yield of extract° 

The extraction experiments on coal by tetralin without the aid of 

ultrasonic field were o~ly carried out at three temperatures, ioe., 

2~°C, 3~°C and 5~°Co The initial enthalpy of activatlon~ &~, for this 

process w~s evaluated to be about 1~65 kcal/mole from an Eyring's plot 

of ln(ko/T ) versus 1/T (see Fig° l~)~ The initial rate constant 9 ko, 

was evaluated from the average rate of extraction over the period of 

zero to fifteen minutes° The reason for choosing the zero to fifteen 

minutes extraction period was that in the case of extraction with the 

aid of ultrasonic field, the average k o calculated over the first 
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15-mln~te period was found to be ver:¢ close tc the value obtained by 

extrapo!~ting the d~ +o zero extr.~t~n time i~ee Figo 12)~ The 

activation enthalpy of Io65 k<al/mol~ an thi~ case ~ much lower than 

the value obtained for coal extraction with the ultrasonic field° 

~,pp~rently, w~thout an ult, ra~onic effect the material available for 

extraction by tetra]in i~ limited to those very we~kly bonded substances. 

Since the bonding energy fcr t b~ m~t~r~:~!~ extracted is small, the 

temperature has little effect on the r~te :.f ex<raction~ Therefore, 

one obtains a low actlv~tLon enthalpyo These weakly bonded substances 

are not abundant in t~e ccel 9 consequent ly i he maximum amount of extrac- 

tion is only a few percent° 

Inf~red _$~ectre S,~me effort b~ been ~pent trying to charac- 

terize the extraction pr<duct~ by use ef ga~ chromatography. The 

analysis showed little sig_nif~ent djfference~. ~ reason for these 

results setback is becau=.e the te~alin u=ed e:n+~ins about 2% impurity, 

also the benzene and trJchloro÷thylen~ ,~'~,~ are n=t pure reagents, how- 

ever, the maximum c-)ncentrat~on cf e~r~:~ted m~teri~ol~ ~n ~he solvent 

mixture i~ only abou÷ 0,01%~ A~ a re~£[t, no new peak~ correspcnding to 

the ex*.rae*e,~ ~ub~: ~u'e~ could be f~:~d. There i~:~ of eccrse, one 

alternative; that is, to coocen+r,~t,e the exirac~ ~' before they are ana- 

lyzed by a gas chr<)matogr~ph~ How~,~r by ddng s~, :te concentration 

of impurities are also relatively increased an~ li*%le ~[gnificant gain 

can be obtained by this precedureo 

In this c~e, there is~ however, a ~ens~_~.5.ve m,~tnod which c~n be 

employed to help understand at le,~ q,~.a!itat~vely the characteristic 

of extracted materials° The employed re<t hod i~ ~nfrared spectroscopy. 
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Five types of materi~.Ls have been analyzed by this method° They are 

(a) the mixture of tetra]in~ benzene and trichloroethylene in a ratio 

corresponding to the actual ('r.,ntent of these three solvents in the 

extracts; the ratio is 1 ~ lO ~ lO by volume~ (b) the extracts from the 

extraction without the aid of ultrasonic field at 54°C for lO hours; 

(c) the extracts from the extraction with the aid of ultr~asonic field 

at 5~'C for iO hours; (d) the concentrated ext.racts from s~mples in 

(b); and (e) the concentrated eltract~ from sample~ in (c)~ The further 

concentration of eld.racts was done by use of a ~Ecro-dlstill-~tion unit° 

This unit i~ operating in vacuum~ The distillation temperature was 

60°C~ The concentrated 2ampler: were collected when three qaarters of 

solution had evaporated° The spectra of these five mat.eri.ala are shown 

in Figs° 18, 19, and 200 

Comparing Fig° 19(a) arid Fig~ 19(b) 9 we find th.at the spectra of 

extracts without and with ultrasomic effect show a ~triking slmilai~ltyo 

There is, however, a slight difference in absorption Int-en~ity which 

occurs in two absorption reglc.n_~, wave n,'imber~ frcm 1435 cm -1 to 

1~50 cm -1 and wave number~ from 2BS1 cm "~l to 2890 cm-l~ For these two 

absorption regions the extracte with the aid of ultrasonic field exhibit 

a slightly nigher absorption intensity than those without the aid of 

ultra~orEc effect ~ Since there is: ~.¢.. difference in the position of 

peaks between the spectra of these two e.x+~ract.s,~ the extracts from both 

extraction pro.~es~es presumably c.ont~.n the ~ame materials but in dif- 

ferent quantitie~ ~ 

Comparing the spectra of c ~.ncentrated sud or±gl.nal extracts~ we 

see that only the two ~b~orp+.icn regi:n.-*_, already mentioned, above change 



Fig. I~. Infrared spectrum of tetralin, benzene, 

and trichloroethy]ene solvent ~lixture. 
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their absorptiun Lnten:~l'~.[e~.,. Other pe~k8 ren~ain nearly the 8.~meo 0~" 

c,c,u:,'~ , there =,~.,~ ~c,~l~z relati~, c[~Ja1~ge ~f inten~,[ty for ~me peaks~ 

w}~ich is ob%G.o~J.el~f d,lt to the effect oi" beir4~ concentrated° Since no 

signific.~_,m~t new pea,k~ are produce4 b~c-aizse of t.he ch.~nge of concentra- 

tions, the concentrated and oz'i.gin:a.l e:~.racta are cou~:i.dered to be 

es~enti-ally +he same~ There is~ however:~ one rasher weak ~ew peak 9 at 

3510 cm "I appeare~ .in the spectrum of (oneentrated e~Ir.:ac! s ~thout the 

aid of ~ltrasor~c w~_ve~ (F~g~ 20 ~ )9 bo.t n-~t in the .~peetr,',~m of the 

original extracts, (Flg~ 19 .~. Z:~ There i.s :~,:> way to exp]a.l.n whether 

tb~s is d,~e to ~n increase in c~.~mc,.entration or due to the contamination 

during t~,.e distil_,.~ion pr-c~-e~s~ Since ~.he pe:~.K i~ r:~t.h~r, weak it is 

cons~ d ered inei g~ fic:~nt, o 

A comparis~n of the spe3t.ra of solvent mixture and the spectra of 

extr~.ct~, show ..',h,~nge:~ .~t a n~ml-.er of p].a.:~e~ Stronger abeorption inten- 

sity is recorded for the e~r:~cts t.ha~ the ,~olvent .~ix.e_ure at wave 

numbez.~ 1352 c.m ~] "" ~ ' .~./~.,:) c m ~ l ,  -, i/,.50 c~"~ 2851 cm-l~ 28~4 c.m -I, and 

2890 cm-lo There is no new peak found i ~  the e:~tr.acteo ~parent.ly the 

extracted compc:,~nd.~ h~.ve ~f. least the ~,ame ehem~,cal groups as the sol- 

vents~ The first ~hree frequen<-.ies are. the bending and e.cis~,oring 

vibrations of C~.H and ~CH2~ ,, The other" three freq~e::~.2es are stretching 

vibrations of C~H in chem~eaiL grc;~ps -Like ~CH2,. ~ C-CH B and tertiary C-Ho 

According to the st~cture,.frequen',y c,-.,rr¢-l-~÷~on~ the f~zo.c*.ional groups 

CH~ CH2~ snd OH 3 in the~e ab:~.orption b.::~nd:..; :~.re from a]iphati.c c-ompounds~ 

Since al~phat.ic compounds ,~re mostly fo~±ud as side ch.~in.'.~ in t,he coa~ 

matrix~ thl~ result sugge~t~ that ~n the ~:olvent e~trac~i:,~, of coal at 

moderate temperatures on]y the side c~b~i.n~ of cc~l m~r~.x ~.re affected., 
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For extracti~.,n pr~.;c~s wlth ultrasonic irradiation more side chains are 

extracted ~ ~--~.~ @~,~r-,1~. with ~.he process wi~o'Jt.. . ultrasonic irradiation. 



11; < 

CONCLUSIONS 

An experimental method has been developed for the solvent extrac- 

tion of coal under the influence of ultrasonic irradiation. The rate of 

extraction of bituminous coals with tetralin is accelerated because the 

ultrasonic field hastens the dispersal of the coal micelles without 

inducing decomposition of the large extractable molecules. 

This investigation shows that the extraction process is essentially 

ccmplete after lO hours of extraction, although the largest portion of 

the possible extract yield for a given test condition is obtained in two 

and a half hours. 

For coal extraction at or near room temperature, a modified ~lrst- 

order series reaction was found to represent the experimental data. 

The data show that the coal structure is held together by bonds of 

various strengths. The dissolution of the weakly-bonded compounds in 

the coal requires an activation free energy of about 2~o5 kcal/mole to 

25.1 kcal/mole. The extraction process ends when all the weakly bonded 

materials have been extracted° 

The activation entropy for the initial phase of the extraction proc- 

ess was calculated to be -5~o5 eoUo This value is considerably lower 

than the value calculated by assuming tetralin as a gas molecule absorbed 

on a solid site of coal to form an activated complex. In the formation 

of the activated complex the tetralin molecule loses three translational 

degree of freedom (-112.8 e.u~) and one rotational degree of freedom 

(-3.~ e.u.), a total of -116o2 eoUo The method used for the calculation 

of entropy is that described by Glasstone, eto al°, (56). Although 
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tetralin is a liquid and the value of each translational and rotational 

degree of freedom is less than that for a gas, the activation entropy 

calculated for this process is still of the right order of magnitude and 

is quite reasonable. 

The rate of extraction is very fast initially and then decreases 

with time. The rate constants for extraction at 2~eC were found to be 

0.0172 rain -1 in the initial phase of the extraction process and 

0.0082 mln -1 near the end of extraction, and at 5~'C, were found to be 

0.0~2 rain -1 for the former and O.02.11 mln -1 for the latter. 

Extraction experiments were also performed without the aid of 

ultrasonic irradiation. The rate and yield of extracts were both found 

to be much smaller compared with those under the aid of ultrasonic 

irradiation. At 2~'C the average rate and the maxlmum yield without 

ultrasonic effect are O.025%/mln. and 3.71% as compared with O.06~%/min. 

and 10.2% with the aid of ultrasonic effect. At 5~" for the former are 

O.029%/min° and ~.1% and for the latter are O.091%/mln. and ll.~%. 
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NOMENCLAT[~E 

Symbols 

a 

ai 

b 

b' 

C o 

C 1 ...... oc n 

d 

Ea 

E l~ ° ..... E n 

Z~F o 

t 
AF 

AF o 

Definition 

The maximum charge in weight of original coal (ash free)° 

Ir&tial csncentr~tion of the coal~ gocc-lo 

Constant o 

Constant equivalent to b or bTo 

Initial concentration of tetralin, g cc-lo 

Initial coalo 

The stead/ly deactivated residual coals° 

Constant eqaivalent to (Xmax)-½~ 

Activation energy~ Kc.al mole-lo 

Compounds extracted by tetralin~ 

Initial free energy of activation~ Kcal mole-lo 

Free energy of activation 9 Kcal mole-lo 

Standard activation free energy° 

G o .... oGn_ 1 Gases, go 

h 

Z~H 

AH o 

k 

PlanckTs constant~ 6o62xlO-27erg sec~ 

Enthalpy of activation~ Kcal mole-lo 

Initial enthalpy of activation of the conventional extrac- 
tion of coalo 

Initial enthalpy of activation, Kcal mole-l° 

Boltzmann eon~+~u~ ~o3803x3D-16erg deg-~olecule-lo 

k' First order reaction rate constant° 

k2 Second order reaction rate constant. 

ka Phase bo~dary extraction rate constant° 

k b The rate constant for the backward reaction~ 
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k d 

k,, 

ko 

k o ..... kn_ I 

oLn-1 

Pi 

R 

~c . . . . .  Rn-I 

S 

t 

T 

W e 

Wf 

wi 
Z~W 

ZXW 

Xeq 

Xm 

£ 

Diffusion extraction rate constant. 

The rate constant for the forward reaction~ 

Initial r,~t,e constant c 

Initial r~te ccnstant of second order reaction. 

Rate constants° 

Liquid, go 

Internal pressure of solvent° 

Gas constant~ lv987 cal mole-ldeg-l~ 

Solid coal, go 

Entropy of activation~ cal mole-ldeg-lo 

Initial entropy of activation, cal mole-ldeg -1. 

Constant equivalent to (Xmax)-l~ 

Time, minutes° 

Absolute temperature, °Ko 

Initial weight of coal on ash free basis, g. 

Final weight of coal, go 

Initial weight, of coal~ go 

Weight of coal ex±racted, g~ 

Fraction of coal extracted° 

Fraction of coal extracted at equilibrium° 

The maximum fraction of coal extracted° 

Temperature dependent const~nto 

Temperature dependent constant 

Dielectric constant ~ 

Dipole moment~ ~.~ cm. 

Transmission coefficient, assamed to be approximately lo 
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Table o Experimental data for extraction 

with tetralin at 24=C using a 

conventi,znal extraction process 

of coal 

Sample t 
no. (hours) 

wi W~ ZkWxlO 3 W c X x ave 

1 2 
2 2 
3 2 
4 2 

5 5 
6 5 
7 5 
8 5 

lO 
I0 i0 
ll i0 
12 i0 

13 15 
14 15 
15 15 
16 15 

17 20 
18 20 
19 20 
20 2O 

0~2262 0.2186 7.462 O. 2126 0~0351 0.0328 
0.2698 0.2623 7~535 0.2537 0.0297 
0~2888 0~2803 8.416 0.2715 0.0310 
0.2479 0.2396 8.252 0w2331 0.0354 

0.1952 0o1890 6.297 O~ 1836 0.0343 0.0362 
0o2131 0°2059 7~091 0~2003 0.0354 
0.2699 0°2597 9°937 0.2535 0.0392 
0~2103 0~2033 7.101 0~1978 0.0359 

0.2306 0~2216 8~772 0~2166 0~0405 0.0371 
0~3138 0~3022 ll.20 0~2947 0.0380 
0~3300 0 ~3190 i0~92 0o3102 0~0352 
0.3004 0~2906 9 ~803 0.2825 0.0347 

0.2252 0~2179 7o371 0~2118 0°0348 0~0375 
0.2755 0~2657 9~500 0°2588 0.0367 
0 ~ 2781 0 ~ 2674 lO. 48 0 ~ 2613 0. O&Ol 
0.2712 0.2613 9 ~788 0.2549 0.0384 

0~3239 0.3114 12.42 0.3045 0.0408 0.0370 
0~3046 0.2940 10o24 0,2861 0~0358 
0.2388 0o2301 8~411 O. 22Q3 0.0375 
0.2721 0~2736 9 ~007 0.2657 0.0339 
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Table 90 Experimental data for extraction of coal 

with tetralin at 34°C using a 

conventional extraction process° 

Sample t 
no. (hours) 

1 2 
2 2 
3 2 
4 2 

5 5 
6 5 
7 5 
8 5 

9 lO 
i0 i0 
ii i0 
12 i0 

13 15 
14 15 
15 15 
16 15 

17 20 
18 20 
19 20 
20 20 

% Wf AWxI03 W c x Xavg 

0~2120 0~2052 6°756 0.1993 0o0339 0o0331 
0°2928 0°2845 8°345 002754 00O303 
0o2498 O~ ~J+18 7~792 0~2347 0°0332 
0.224~4 002168 7°378 002108 0°0350 

Oo2111 0o2031 7~980 001985 0~0402 0o0370 
0.2568 0°2483 8~573 0o2415 0~0355 
0o2512 002453 8°669 0°2362 0°0367 
0°3097 0°2992 10o36" 0o2911 000356 

• 0o2012 0o1940 70091 0o1891 0.0375 0.0382 
0~2220 0o2153 8~567 0o2105 0.0407 
0~2460 0~2378 80307 0 o 2 3 1 4  0~0359 
0 o 2861 0 o ~73 4 io ~33 0.2668 o. 03 87 

0.2752 0~2642  1 0 0 7 8  0.2586 0.0417 0.0398 
0o2567 0°2475 90370 0.2415 0~0388 
002348 002261 8°357 0 ° 2 2 0 5  0~o379 
0o2698 0~2696  10o755  0~2636  0.0408 
0o2312 002234 8°029 0.2176 0~0369 0o0397 
002103 002022 8~07o 0o1978 000408 
0 o 2502 0 o 2499 i0.15 0 o 24A5 0 o 0415 
0o2536 0o2439 9o~33 0 0 2 3 8 2  0o0396 
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Table lO~ Experimental data for extraction 

with tetralin at 54~C u~ing a 

conventional extraction process. 

of coal 

Sample t 
no. (hours) wi Wf AWxlO 3 W c Xavg 

i 2 
2 2 
3 2 
4 2 

5 5 
6 5 
7 5 
8 5 

9 i0 
i0 i0 
ll i0 
12 I0 

13 15 
14 15 
15 15 
16 15 

17 20 
18 2O 
19 20 
20 20 

0.2400 0,2313 8,453 0.2254 0.0375 0.0352 
O. 2772 0 o 2681 8,909 O, 2605 0.0342 
0.2999 0,2906 9.246 O, 2819 0.0328 
0~2607 0,25 8,897 0.2451 0.0363 

0.2907 0~2806 10o08 0,2733 0.0369 0.0398 
0°2299 0°2206 9 °072 O. 2160 0.0~0 
0~2632 0o25A1 9°235 0~2476 0.0373 
0.2519 0 ~ 2~13 10o17 0.2365 0.0430 

0.2308 0o22ii 9o431 0.2168 0.0435 0.0403 
O. 2182 O o 2102 8,,003 O. 2052 0.0390 
0,, 2520 O, 2429 9,025 O, 2369 0.0381 
0.2559 0 ~2~60 9 ~764 0.2405 0.0406 

0,3076 0°2969 10~64 0°2892 0.0368 0.0~00 
0.2955 0°2838 11o61 0,2778 0,0418 
0.3124 0°2988 11o53 0.2918 0.0395 
0.2498 0.2398 9°834 0~2347 0.0419 
0~2648 0~2550 i0~04 0~2492 0.0403 0.0410 
0 o 2740 0 ~ 2638 i0 o 20 0 ,, 2576 0.0396 
0.2778 0°2657 11o49 0~2606 0.0441 
0~2918 0°2805 i0~96 O. 274-I 0.0400 
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Table lla. Experimental data 

f,:,r extraction of coal at 2&@C 

with the aid of ultrasonic irradiation. 

Sam- 

ple 

no, 

t W i W f AWxl03 W c X X avg 

1 
2 
3 
4 

5 
6 
7 
8 

9 
I0 
ii 
12 

13 
14 
15 
16 

17 
18 
19 
2o 

21 
22 
23 
2~ 

25 
26 
27 
28 

l0 0.1606 0o1563 /~.288 0ol510 0.0284 0.0296 
lO 0.1681 0o1635 4.583 0.1580 0.0290 
lO 0.2124 0o2061 6.311 0o1997 0.0316 
i0 0o1921 0 ~1870 5 ~131 0.1807 0.0284 

20 0.2101 0.2039 6.202 0.1976 0.0314 0.0305 
20 0,, 2280 0 o 2215 6.470 O. 2]3+2 O. 0302 
20 0.2492 0.2423 6.900 0.2438 0.0283 
20 0.2688 0.2607 8.118 0.,2526 0.0321 

25 0.1914 0.1862 ~.~ 200 0.1799 0.0289 0.0311 
25 0.2168 0.,2110 5o811 0.2039 0.0285 
25 0.3194 0°3092 10.21 0.3003 0.0340 
25 0.2676 0.2593 8°303 0.2516 0.0330 

30 0.2240 0o2167 7~203 0o2106 0.0342 0.0352 
30 0o1952 0o1885 6.813 0.1836 0.0371 
30 O. 1905 0 o1843 6 °234 0.1791 0 °0348 
30 0.2883 0.2789 9 °407 0.2711 0.0347 
60 Oo1779 0.1.681 9 ~771 o. 1673 0 ~o584 0.0573 
6o o.1753 0.1659 9 o~13 o.1649 0°o571 
60 0.1631 0 o1546 8o 514 0 o1534 0.0555 
60 0 ~2439 0°2306 13.35 0.2294 0.0582 

90 0o2481 0.2320 16o14 0.2333 0.0692 0.0717 
90 0 ~24J~9 0.2285 16o37 0.2302 0.0711 
90 0o2151 0°2002 14o97 0.2023 0.0740 
90 0 o2815 0.2624 19 .ll 0.2647 0.0722 

120 0 °3438 0o3180 25 °73 0°3232 0.0796 0.0782 
120 0.3057 0 o 2844 21 °33 O. 2875 0 °0742 
120 0~2592 0°2398 19 .~5 0~2~37 0.0798 
120 0.3314 0°3067 24.68 0.3116 0.0792 
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Table lla (continued) 

Sam- 
ple 

no. 

t 
(rain) 

Wf Awxz03 W c X Xave 

29 
30 
31 
32 

33 
31+ 
35 
36 

37 
38 
39 
40 

41 
&2 
43 
44 

45 
46 
~7 
48 

49 
50 
51 
52 

53 
54 
55 
56 

150 0.3082 O~ 2830 25 o21 0.2898 0 ~0870 0.0818 
150 0.3252 0°2999 25.35 0.3058 0.0829 
150 0.3270 0~3023 24~69 0.3075 0.0803 
150 O. 2965 O. 2751 21.47 O. 2788 0.0770 

180 0.2866 0°2629 23.69 0.2695 0.0879 0.0888 
180 O. 2777 0 ~ 2533 2&~36 o. 2610 o. 0933 
180 0.2836 0~2598 23 °76 0°2666 0.0891 
180 0.2925 0.2691 23 °35 0~2750 0.0849 

240 0o2761 0,2517 24~38 0o2596 0~0939 0~0919 
240 0~2833 0~2596 23 068 0.2664 0~0889 
240 0.2947 0o2696 25~05 0o2771 0.0904 
240 0o2610 0~2379 23o17 0~2~54 0o0944 

300 0~2663 O~ 2404 25 ~89 0,2504 0,1034 0.0980 
300 0.2873 0°2604 26.91 0o2702 0.0996 
300 0.2811 0~2553 25~88 0°2644 0.0979 
300 0o2873 0°2627 24~61 0,2701 O.0911 

600 0.2701 0 ~ 2462 23 ~87 0°2539 0 ~0940 0.1020 
600 0.2634 0°2387 24~77 0°2477 0.i001 
600 0.2458 0°2205 25.3i 0.2311 0o1094 
600 0 ~ 2728 0 o 2.460 26 o 81 0 o 2566 0 ~ 10&5 

900 0~2467 0~27~3 2J,. 38 0~2319 0~i051 0 ~i013 
900 0°2542 0o2281 26~13 0.2391 0 ~1093 
900 0 ~2811 0°2560 25 ~ll 0 ~2643 0~0950 
900 0o2441 0o2221 21~99 0~2295 0°0958 

1200 0 ~ 2305 0 ~ 2086 21 o 89 0 ~ 2167 0. I010 0. i021 

1200 0 o 2212 0 o 2012 20 o 03 0 o 2080 0.0963 
1200 0 ~ 2069 0 o 1859 21,03 0 ~ 19 45 0.1081 
1200 0~239~ 0~2163 23 ~19 0o2251 0 o1030 
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t(min. ) x 

Table llbo Variation of rate constant, k, 

with fraction extracted, x, at 24°C 

s=O.102 by the method of finite differences. 

~ X a--X lnk 

0 0 

15 0°0236 

30 0 o0381 

45 0°0492 

60 0.0580 

75 o °0649 

90 0.0705 

105 o~o751 

120 o °0789 

135 0~0821 

150 0 °0847 

165 0.0870 

180 0 °0890 

195 0.0906 

0.00127 0o01905 0.08295 0.01531 -4.17999 

o.000853 0 o 0 3 6 4  o.o656 o.013o -4.34359 

0.000663 0~04805 0 ~05395 0.01229 -4.39977 

0.000523 0°05705 0.04495 0°01164 -4.45~12 

0 o000416 0.06425 0°03775 0.01102 -4.50886 

0 °00034 0.070 0 °032 0.01063 -4.5449O 

0 ~ 00028 0.0747 0.0273 0.01026 -$o 58032 

0°00023 0°0786 0°0234 0.00983 -4.65206 

0 ~000193 0~0818 0.0202 0.00955 -4.67428 

0o000163 0 °08455 0°01745 0.00934 -4.66364 

0.000143 0.08685 0°01515 0.00944 -4.70033 

OoO00Z2 0°0888 0 o0132 0o0091 -4.74528 
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Table 12a. Experimental data 

for extraction of coal at 29°C 

with the aid of ultrasonic irradiation. 

S~- 

ple 
floe 

t 
(rain) 

w i wf AWx103 W c X x avg 

1 
2 
3 

5 
6 
7 
8 

9 
I0 
II 
12 

13 
14 
15 
16 

17 
18 
19 
2O 

21 
22 
23 
2~ 

25 
26 
27 
28 

i0 0.2805 0°2728 7.675 0.2638 0.0291 0.0307 
I0 0.2067 0°2005 6~155 0.1942 0.0317 
I0 0.2387 0.2317 7.000 0.22&2 0.0312 
ZO 0 . 2511 O. 2~38 7 . 273 0. 2361 0.0308 

15 0.2008 0.2002 6.130 0.1887 0.0325 0.0310 
15 0. 2186 0 o 2123 6 o 226 0 • 2054 0.0303 
15 0.2380 0.2314 6.585 0.2238 0.029& 
15 0.3073 0.2981 9 °198 0.2891 0.0318 

20 0.1795 0 ~17A4 5.183 0.1688 0.0307 O.031A 
20 0.1613 0.1563 5 °005 0.1517 0.0330 
20 0.2814 0.2740 7.409 0.26&6 0.0280 
20 0.2321 0.2250 7.092 0.2182 0.0325 

25 0.1666 0.1609 5.718 0.1567 0.0365 0.0351 
25 0.1833 0.1774 5.895 0.1724 0.03~2 
25 0.1806 0.1747 5 ~911 0 o1699 0.0348 
25 0.17&9 0o1691 5.739 0.16~7~ 0.03~9 

30 0.1501 0.1433 6.819 0. iQ.12 O. 0&83 0.0~61 
30 0.1781 0.1703 7.821 0.1675 0.0467 
30 0.2230 0.2138 9.120 0.2097 0.0~35 
30 0.2171 0.2078 9 ~371 0.20~2 0.0~59 

60 0.1931 0.1817 11o42 0.1816 0.0629 0.0659 
60 0 . 2228 O. 2214 13 • 28 0 . 209 5 0 . 063 4 
60 0.2273 0~2127 14.62 0.2137 0.068~ 
60 0 . 23 59 O. 2206 15 ~ 28 0 . 2218 0 . 0689 

90 0.2231 0 o2061 16.99 0.2098 0.0810 0.0763 
90 0.2335 0.2163 16.71 0.2196 0.0761 
90 0.2396 0.2223 17.30 0.2253 0.0768 
90 0.2667 O. 2&87 17.88 0.2508 0.0713 
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Table 12bo Variation of rate constant, k~ 

with fraction extracted, x~ at 29°C 

a=O~105 by the method of finite differences o 

t X A-~. x a-x , a-x J 
Ink 

0 0 

15 0 ~ 02785 0o001476 0 o 02215 0 ~08285 0 °01782 -4°02815 

30 0 oO~J+3 0~000955 0u042175 0~062825 0°01520 ~4o1872 

45 0~0565 0~00071 0°05495 0~05005 0o03/~L8 --4°2797 

60 0 °0656 0°00053 0°0645 0o0~05 0°01309 -$~33669 

75 0~0725 0~000416 0 °07185 0°03315 0°01255 -4°37883 

90 0o0781 0~00033 0~0775 0°0275 0~0120 -4o42365 

105 0 ~0825 0~0000266 0o0821 0°0229 0°00116 ~o4575 

120 • 0o0861 0 ~00022 0°0858 0o0192 0°01145 -4°47056 

135 0o0891 0 °00018 0 °0888 0 o016.2 0 o 01111 -4° 50073 

150 0~0915 0~00015 0~09135 0~01365 0°01099 -4°53461 

165 0°0936 0o00012 0~09335 0°01165 0~01030 -4°57643 

180 0°0952 
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Tabl~ 13ao Exp~l-imental data 

for extraction of coal at 34°C 

with the sid ,_.f ultra_sonic irradiation. 

pie 
1~Oe 

t 
( in) W i W i f~ Wxl 03 W c X X 

avg 

1 

2 
3 
4 

5 
6 
7 

8 

9 
i0 
].i 
k2 

k3 
k4 
15 
k6 

17 
18 
k9 
20 

21 
22 
23 
24 

25 
26 
27 
28 

29 
30 
31 
32 

lO O, 2675 O~ 2603 7 o 2]5 O. 2516 0 o 0287 0 ~0310 

lO 0.2118 0~2054 6~4i8 0~1992 0~0322 
i0 0o2513 0,2438 7oL50 0~2365 0,0315 
lO 0~2640 0~2561 7.850 0~2492 0~0316 

15 0~2548 0o2468 7~,861 0°2397 0.0328 0~0315 
15 0~2247 0~Z185 6o172 0o2113 0.0292 
15 0 ~ 1994 0 ,, 1907 8o685 0 ~ 1875 0.0303 
15 0o26~4 0°2560 8,.374. 0°2485 0°0337 

20 0.1731 0 ~!673 5 o~28 0o1628 000358 0~0361 
20 0 o1675 0o162o 50497 0o1575 o ~03 49 

20 0 ~1816 ~'~ 0~I¢~2 6~438 0o1708 0°0377 
20 0~1995 0o1927 6o75~ 0~1876 0~0360 

25 0,1671 0~1597 7~431 0o1571 0~0473 0.0446 
25 0 o 2267 0 ~ 2178 8 o912 O. 2132 0 o0418 
25 0 ,, 2272 0 ,~ 2181 9~ 123 0.2137 0 ~. 0427 
25 0.2110 0.2018 9.248 0.1985 0.0466 

30 0.3411 0 ~ 3 263 14~72 0.3207 0 ~0459 0 o 0 489 
30 002699 0~2573 12o64 0~2538 0~0498 
30 0~2835 0o2821 ]3 °62 0~2665 O~0511 
30 0 o3105 0 ~ ?963 14o 25 0,. 29 20 0 ~0488 

60 0.2998 0 o .2815 18o 27 0.2819 0 ~ 0648 0.0700 
60 0,2522 0.2348 17~26 0~2371 0~0728 
60 0.3084 0~2898 18~56 0.2900 0 ~0640 
60 o,, 23 52 0 o 2.L79 17 ~34 O~ 2212 0 °0784 

90 0.2392 0.2198 19o~4 0.2249 0~0860 0~0868 
90 0.2779 O. P_548 23 ~10 0.2613 0 ~0884 
90 0.2818 0~,2577 24.17 0~2650 0~0912 
90 0.3207 0~2961 24~61 0o3016 0.0816 

120 0o2919 0~2o66 25°28 0°2745 0~0921 0,0909 
120 0 o 2940 0 ~ 2691 24~9 ~ 0 o 2765 0 ~0901 
120 O. 2894 O~ 76~5 23 ~89 0 ~2721 0.0878 
120 0 o 2739 0 ~ ~498 24° !1  O o 2~V6 0 . 0 9 3 6  
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Table 13a ,[continued) 

Sam- 
ple 

t 
(rain) wi Wf ~w~o3 W c X X ave 

33 
34 
35 
36 

37 
38 
39 
4o 

41 
A2 
43 
.44 

45 
46 
47 
48 

49 
50 
51 
52 

53 
54 
55 
56 

57 
58 
59 
6o 

150 
150 
150 
15o 

180 
180 
180 
180 

240 
240 
240 
240 

3OO 
3O0 
3OO 
3OO 
6OO 
600 
600 
6OO 

9O0 
9OO 
9O0 
9OO 

1200 
1200 
1200 
1200 

0 o2811 0~2574 23 °68 0°2643 0~0896 0o0951 
0 ~1573 0 o1409 16o42 0 ~1479 0 olllO 
0 o3001 0 ~ 2743 25 ~79 0 o 2822 0 o0914 
0 ~2178 0 ~2402 21~78 0 ~ 2464 0°0884 

0 °2534 0o2318 21059 0°2383 0~0906 0°0988 
0 ~ 273 0 ~ 2479 25 o 16 0 o 2567 0 o 0980 
0o2515 0~2265 24~97 0°2365 0o1056 
0°2726 0~2467 25 °89 0°2563 0 oi010 

0°2387 0~2]_37 24°98 0~22~4 0o1113 0o1028 
0,270~ 0 o 2459 24° 54 0 o 2704 0 ~0965 
0~2675 0°2436 23 °95 0~2516 0~0952 
0 o 2516 0 o 2221 25 o 16 0 o 23 25 0 o i082 

0°2678 0~2429 24~98 0o2518 000992 0o1052 
0 °2543 0°2277 26°54 0~2391 0 ~lllO 
0 ~, 283 2 0 ~ 2568 26 °39 0 o 2662 0 o 0991 
0°2286 0°2554 26°78 002402 Oolll5 

0 ~ 2777 0 °3 067 29 o O1 0 ~ 2884 0 ~ 1006 0 o 1056 

0~2964 003265 30~15 0~3070 0°0982 
0°2536 0~2834 29 °82 0°2665 0 o II19 
0~297 0°257 31o19 0~2792 O~lll7 

0 °2939 0~2626 31o28 0°2763 0~1132 0o1060 
0 ~3364 0°3049 31o 47 o ~3163 0 ~0995 
0~3249 0°2937 31o26 0°3056 0~1023 
0°2935 0°2634 30008 0°2760 0o1090 

0 °3386 0°3070 31o62 0,3184 0 °0993 0o1061 
0°2802 0o2513 28°96 0°2635 0~i099 
0 ~ 2673 0 o 2389 28 ~ 46 0 o 2514 0. ]-13 2 
0 °3042 0°275 29 ~18 0 ~ 2861 0 ~ i020 
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Table 13h~ Variation of rate constant~ k, 

with fraction extracted~ x~ at 34*C 

a=O~106 by the method of finite differenceeo 

t(mino) X 
_2Zx_ ~ ~x~t 

x lnk 

0 0 

15 0.0514 0.00!676 0.02515 0~08085 0~02073 -3 °87687 

30 0 °0503 0 ~001056 0 o04725 0 ~05875 0°01797 -4°01977 

45 0 ~0631 0 ~ 00073 0006125 0 o OAA75 0°01631 -4°11673 

60 0.0722 0 u 000553 0 o0714 0 ~03~6 0 °01598 -4~ 13716 

75 0°0797 0 ~ O00&03 0~07825 0~02775 0~01L52 -&o23298 

90 0 ~0843 0 ~00029 0°08405 0~02195 0~00132 -4~32833 

105 0°0884 0 ~0002/~ 0~08795 0°01805 0~0!321 -4~32757 

120 0~0916 0°000193 0~0913 0~01~7 0°01313 -4~33365 

135 0~0942 0~000156 0~09395 0~01205 0~01295 -4~3474& 

150 0 ~0963 0°000126 0 o0961 0 ~0099 0 o 01273 -4o36458 

165 0~0980 0 ~000103 0~09785 0 ~00815 0 ~01264 -4~37167 

180 0.O994 
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T&ble -14~o Experimental data 

for extract.ion of coal at ~J+°C 

~rlth the -aid of ultrasonic irradiation 

SK~I- 

ple 
hoe 

t 
W i Wf ~ wxlO ~ W c X Xavg 

1 
2 
3 
4 

5 
6 

7 
8 

9 
i0 
!I 
12 

13 
14 
15 

16 

17 
18 
19 
2O 

21 
22 
23 
24 

25 
26 
27 
28 

lO 0~2163 002097 6°569 0~2034 0°03.?3 0°0298 
lO 0~2656 0°2584 7v193 0~2498 0~0288 
]0 0 °2727 0°2652 70461 002564 0o0291 
~o o o~87 0o.~05 8o145 0o2809 0°0290 

15 0 ~2720 0°2628 9 o156 0°2558 000358 0°0389 
15 0~2657 0v2564 9 °269 0~2498 0°0373_ 
15 0~2821 0̀ , 271i Iio01 0~2653 0oOL~i5 
15 0 ~3203 0~3079 12o Z~l 0 o3012 0 ~0412 

20 o .3302 0 v3169 1,3 ~32 003105 0 ~0429 0 ~0490 
20 0~2049 Oo!9~7 lOo23 0o1927 ooo531 
20 0°2497 0~2380 ii ~74 0°2348 0°0500 
20 o o 2580 0 o 2459 12 o 13 0 ~ 2A26 0 o 0500 

25 0~2494 0~2359 13o58 0o~345 0°0579 000546 
25 0.3].27 0,,29";'5 15o23  oo29~o 0o0518 
25 0°2983 0°2836 14o67 0°2805 000523 

25 0 o 2619 0 o 2480  13 ,, 89 0 ,, 24,.63 0 o 0564  

30 002072 0 ~1937 3.3 °48 o o1948 o °0692 0 oo648 
30 0,,27/4,5 0°2586 15,,82 0o2581 0~0613 
30 0~2790 0°2628 16o16 0°2623 0~0616 
30 0~2729 0°2557 17o22 0~2566 0o0671 

60 0 ~ 2264 0 ~ 2079 18 o ~8 0 o 2129 0 o 0868 0 ~ 0827 
60 0 o 2595 0 ~ 2400 19 o 42 0 ~ 2~40 0 ~ 0796 
60 0~2762 0,,2541 2.2~i0 0~2.597 0~0851 
60 O,,3110 0 °2878 23 ~19 0 ~2924 0~ 0793 

90 0~2575 0~2333 24~16 0o2421 0°0998 0°0969 
90 0°2732 0°2485 24~69 0o2569 0~0961 
90 0°2972 0o2718 25 °43 0°2795 0,-.0910 
90 0~2793 0~.2529 26oA5 0°2627 0,,3007 
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Table 143 : ent -n<ed 

ple 
r~L,~ 

I wi Wf ~ w ~  ~ W~ Xave 

2•  
30 
31 
32 

33 

34 
35 
36 

3v 
38 
39 

,40 

42 

a3 

L5 
46 
47 
48 

49 
50 

51 
52 

53 
54 
55 
56 

57 
58 
59 
60 

120 0°2543 0°227? 26~588 0~2391 0~iI12 0~1020 

120 0 ~ 2657 0 o 2401 25 ~ ~ ;9 0 ~ 2498 0 o k022 
7.20 0~2745 0~2496 24~881 0o2581 0~0964 
120 O °3202 Oo 2906 29 ~ 568 0 ~3011 0 °0982 

150 0 u 2579 0 o 2,333 24 ~ 638 0 ~ 2425 0 ~ lOl 6 0 ,, 1062 

150 0~2473 0~2242 23~ 14 0~2326 0°0995 
150 0°2402 0o2150 25,_16 0.2259 O~lll4 

150 0 ~ 2480 0 o 2218 26 ~ 19 0 ~ 233 2 o o 1123 

!80 O o 2555 0 o 2316 23 ~, 83 0 o 2402 0 ~0992 0 o 1070 

180 0 ~ 2583 0 o 23 25 23 ~ 83 0 ~ 2312 0 ~ Ill? 
180 0o~581 Oo ?~.33 24~87 0o242~ 0,.1023 

180 O o 2423 0 ~ 2162 26 ~ 16 0 o 2279 0 ~ I148 

240 0 ~ 2"75v 0 ~ 2488 26 ~9] 0 ~ 2592 0 ~ 1038 0 ~iI09 

2AO 0 ~ ZiI7 0 o.'2153 2,5 ~ 39 0 o 2273 0 ~ 1161 
240 0 ~.2711 0~2464 2A~73 0~25~9 0,.0970 
240 0 °2030 0 ~ 1789 2Ao19 0 ~1909 0.1267 

300 0o2123 0~!883 2.3 ,~99 0~1996 0o1202 0 ~ ]_120 

300 0 ~ 2090 0 ~1874 21o%4 0~1964 0 ~ ii0! 
3 oo 0 ~ 2354 0 o 2123 23 ~ 13 O o 2213 0 o lOA5 
300 0 ~ ~066 0 o1846 21~99 0 ~ !9 A3 o.,L!3 ? 

600 0 o 1906 0 ~ 169 5 2i ~ 17 0 ~ 1793 0 ,, i181 0 o 1120 
6OO 0 ~ 2209 0 ~!982 22..6~. , O~ 2077 0 , I091 
600 0 ~ 2~ 28 0 ~ 2087 2&o 12 O~ 2189 o~ 1102 
600 0 ~.2980 0 ~ 2670 70~99 0 ~ 2802 0o1106 

900 0~248~ 0~223L 25~02 0°2336 0~1.071 O~llll 

900 0o2175 0~1936 23o89 0~2045 0,1168 
900 0 ~ 2583 0 ~ 23 25 2~. 79 0 o 2&28 0 ~ 1062 

900 0~232A 0~2074 24,,98 0~2185 0 11$3 

1200 0~2345 0o208& 26~ !3 0~2205 0~I185 0~II18 

1200 0 o ?725 0 ~ 2466 2~ o 93 0 ~ 2562 0 ~ 1012 
1200 0 ~.2~64 0~2218 24~56 0~.2317 0~I060 
1200 0 o.P243 0o1987 2~, ~3 O~ 2109 0 ~ 1215 
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T'.:*tle 14b~ Variat.ic.n of ra+.e constant,j k~ 

~ith frae+l.,'n ext.raoted~ ~.,, at IJ+°C 

a.~}~lll b v the mefhod L.f finite differenceeo 

t ( m i n o ~  "~: 

0 0 

15 0 ~0400 

45 0~0v59 

60 0,,0850 

75 0 o0913 

90 o °0960 

].O5 0 ~0994 

120 0 ~1020 

135 0olO4o 

150 0 o1055 

165 0~]06 "~ 

180 0~!076 

In k 

O°002083 0 o03125 0,,07975 0 o02612 -3 o6457 

e.OOl]9? 0~05795 O°O53O5 0o02256 ~3 °7923 

0 ~00o75 o °o7375 0 oo3725 0°02013 -3 °9063 

0 v 000513 0 ~0836 0 °0274 0 o0187 -3 o97995 

000003667 0 ~0905 0 ~0205 0 o 01789 -400242 

0°00027 0~09535 0~01565 0o01725 -4o06067 

0~00020 0°099 0~012 0°01667 -4~09487 

0~0001~3 0~3.01,7 0~0093 0°01645 -4°10816 

o o ooo1167 o ~ IO375 o o)9725 o ~o16o9 -4oi3O3 

0o00009 0o1053 0~00565 0o0!59 -4~.1422 

0°00007 0~i0455 0~00~45 0~0157 -4o1548 
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T,~b!e I~ Expr-rJrn,- ,qt ,~[  d M  

. fo r  e ~ t T , ~ , t : o n  ~f  , " e ~ l  a t  ~4~I 7 

wzt.~ t~,e ,-,.ld ,:,f t , ! t  ~q~or~J~, " r~ad[.e*ion~ 

Sam- t 
pie {n~n ~ Wi Wf z' ,W,'~IO 3 W ~ 

1 10 0~2633 0 . 2 ~  9.8? '7  0:,2J.7~ 0 , 0 k 9 9  
._ 2" 0~26~8 0 0~'72 2 lO 0 ~ 2 8 3 7  O. ,38 9 . 9 ? 5  

' 9 3 10 0 , .2062  0.. tg .  A ,~ ,~"8"l 0~!939  0_0'3~0 
L, lO 0 ~ ! 0 A 8  0~.2965 ! 0  .~0 0~2885  0 , 0 ~ £ ?  

5 15 0 ,., 26.45 0 ,, 2539 12,, B8 0 ,,2506 0 ~0~0£ 
e !~. 0..33 ~2 0°3]_98 ]B ,M  o~3Y~? O, O,,,.4e 
7 1~ O,,qO~O 0 ~ 2 9 3 3  12, ,n9 0~.2,~Z8 0 , . , : , ~  
8 1-~ 0 o 28,b~ 0 ~ 2 ~ 6 1  I,?,,:7~ 0~2'716 0 ~'94~_,9 

9 20 0,,283:~. 0o2707 ?.?,,it3 0,, 7569 0 J)~92 
. . . . . . . . . .  ~ 8  O ~'," lO PO 0,,..'795L 0 P812 .L4 ~'~ O~ o .... :,L.~ 

11  20 0 oBO9 ~ 0 ~--~. B~ i,~ ,, 12 O~ 2 9 i 0  0 ,,0 ",:./, 
12 20 0~283.L 0~., '69 . . . .  ' : ,89 ,~ o~,.o 0 ')L,9~ 

~ 1A,,2& O~ 2}.99 n~'3 ~''7' 7 13 2q 0,,~" : ~ 0,~?'~89 
14 2,£ 0 ~ 2-'AO 0,, P~ ~'9 1 8 ,  [J 0 ,, ? :.';~ OoO:g~ 
15 25 o~'~ i 94  o,,:*o:t L -' ,',,9~ 0° }005  0~0~98 
16 2 '~ 0~349& 0o~202 .Lg~2L 0~9391 0~0':,02 

17 qn 0 P~q~ 3 ~ ~  q :  ~. !9 . . . .  . <"~ 
1 8  30 0 ~ pT&,~ 0 o ".-":- B3 i g~  2~ 0 ~ 2 6 0 i  0., ~, 70.1 
19 3 0  O~ 2806 ~,~ '  ~A ~~. . ~ oq." 0 ° 2 6 3 9  0,,0.~81 

• _ 2 u o . ~ ,  0~280~ ooo6~3 20 30 0o2982 0o279B " " ~ 

21 ~ 0 0 ~ ]_9 2 6  0 ~ ! 7 4 "  ~ '7 ~ ~ . .  9. O , ~ : 1 8 L k  0 .0990 
22  60 0 ,, 22_22' O~ 2029 19 o ;16 0 o 20'_t9 0 ~0922 
23 60 n p:,~,~ 0o20.~2 20, ,4] n ,)]~,r~ Oj - , :~ ;q  
24 ~-0 0,, 2 ?kd.~ 0 ° 2 0 3 ?  2~ ,. i k  0 ~ ~i20 O,, '..0,') 2 

25 90 ,J~?O .,,,_ C,_[d~ f, 2L,,-',4 O~ 1.998 O, 1i3_8 
. . . . . .  b ~) 0 ~ 2 B 7 ~  0 . . , ~ 9 . . 2  26 90  0 o,2 } 0:4 0 o ~";~0~ .)- ,.- ,q o 

{ .-~.I , g ~ 2191+ o °0965 2? 90 0 ~ ~B37 'D~ ~ ' '  ~"', t ?  
28 90 ~ o 20Pk 0~,,8..~ 2 ; ,, 1"4 0 , , ] 9 0 2  0 l-~ 22'. 

x avg 

0°0369 

o °o~6o 

0~0539 

o ~06/+5 

,3 ~0701 

0~0968 

0 ~1029 
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Table 15a l' con~ inued) 

Sam- 
ple 
no. 

t 
(rain) Wf ~w~o 3 W~ X Xav e 

30 
31 
3~ 

33 
34 
35 
36 

37 
38 
39 
4O 

42 
43 
44 

45 
46 
47 
48 

49 
50 
51 
52 

53 
54 
55 
56 

57 
58 
59 
6O 

120 0.28077 0, ,2543 2 6 . . 4 ~  0.2.640 0.1003 0.1092 
120 0.2526 0 . .2252  27.46 0.2375 0,,1175 
120 0.2491 0.22.1_0 2.~oi'3 O . 2 3 4 2  0.1123 
120 o .2645 o~234~ ~ .94 o.2487 o. 1067 

150 0 o 2889 0.2576 31.33 o o 2717 o o lO03 0.1121 
150 0 . , 2 5 2 6  0.2252 2 7 , . 4 6  0.2375 0.1156 
150 0.2&91 O. 2210 28 o13 0 ° 23 42 0.. 1201 
150 0.2945 0.2634 31.11 0.2769 0.1124 

180 0°2645 0oZ345 29 ~94 0°2487 0.1204 0.1132 
180 0.2890 0.2576 3]..33 0o2717 0o1153 
180 0 ~3019 0`,2688 33 ,.16 0°2839 0 ~I168 
leO 0,,2564 0.2322 24,,18 0 ,, 2~411 0.1003 
240 0~3194 0°2833 36.10 0.3003 0.1202 0.1151 
240 0.291!. 0~2583 32.79 0o2737 0.1198 
240 0.2925 0 . ,2623 30.20 0.2750 0o1098 
240 0.2~7 0.2193 o% ,r. ~.. o~ 0.2301 0.1106 

300 0o2543 0°2275 26~73 0o2391 O.1118 0o1140 
300 0,.24.35 0~2186 24~91 0~2290 0.1088 
300 0~256 0.2275 28o~3 0°2408 0oi185 
300 0 ~2369 0 o2109 2.,6 ~05 0°2228 0.1169 

600 0°2796 0.2489 30~65 0.2629 0oi166 0.1138 
600 0°3052 0 ~ 2735 31o7] 0.2870 0.1105 
600 0 °289.8 0,,2604 29 . ,46 0°2725 0 olOSl 
600 0°3098 0.2748 34.96 0.2913 0o1200 

900 0.2583 O. 2288 29 ~ 4.6 0 ~ 2429 O. 1213 0 ° 1140 
900 0~3124 0~2802 32~19 0.2937 0.1096 
900 0,,3O95 0, ,2780 3]-,,~ 0~2910  0,.108:]. 
900 0o2736 0~2345 30jLO 0.2573 0~I170 

1200 0 o 2885 0 ~ 2559 I32,. 64 0 o 2713 0 o 1203 0.1141 
1200 0.2594 0 o 23 !0 28 °39 0 o 2439 0 o 1164 
1200 0 o2491 0.2235 2!~ ~60 0o2342 0o1093 
1200 0.2972 O. ~683 2~,,95 0.2722 0~i092 
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Table 15bo Variation of rate constant, k, 

with fraction extrac'_.~.d, x~ at 5&°C 

a=Ooll& by the method of finite differences° 

t(mino) x 
Ax &x/~t 

lnk 

0 

15 

30 

~5 

60 

75 

90 

105 

120 

135 

0 
0~00333 0.0251 0°0889 o.o37638 

0°0502 
0 o00153 0 o0617 0 ~0523 0°029317 

0 ~0732 
0 ~00088 0 °0798 0 °0342 0 °025731 

o o086A 
0°00056 0~0906 0~023~ 0.023932 

0.0948 
0.000373 0°0976 0 o016~ 0 . 02276~ 

0 o lOOA 
0°000253 0o1023 0o0117 0 ~021652 

0 ~ 10~2 
0 o00018 0 ~i0555 0o008~5 0 ~021302 

0o1069 
0o000126 0~I0785 0~00615 0~020595 

0~1088 
0 ~000093 0o1095 0~001+5 0°020733 

0.1102 

-3 ~ 2803 

-3 • 53o2 

-3.6607 

-3 ~7332 

-3 • 783 2 

-3 °8333 

-3.8A96 

-3.883A 

-3.8767 
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Table 16o Det~rm~n&tion cf k o 

by using the integrated form of proposed model. 

&b 

k o = "Te 

- ].8 3 (.°3 + 2 -  

Time 
(rain) 

T = 24°C 

x k o 

T = 29°C 

x k o 

T = 3~ ° 

x k o 

lO 

25 

30 

60 

90 

120 

15o 

18o 

2/+0 

300 

o ~o145 

0 o0311 

0 ~0353 

0 ~0573 

0 ~0717 

0 °O782 

0 o0818 

0°0888 

0 ~0919 

0.0980 

o oO159 

0 ~0163 

0 ~0161 

o oo175 

o ~o186 

o.o174 

o ~o]59 

0 ~0177 

0 o0154 

0 ~0185 

0 ~O171 0 o0186 

0 ~0351 0 ~0185 

OOO461 ooo231 

0 o 06.~9 0 o0219 

0 ~0763 0 °0204 

0 °08/+5 0 °0203 

0 °09O9 0 o0210 

0°0978 0~0250 

0°099] 0 °O204 

o.I034 ooo255 

0 ~0120 

o oo~6 

0 o0~89 

o °0700 

0 °0868 

0 ~0909 

0 ~0951 

0 ~0988 

0 ~i028 

0 ~i052 

0.0123 

0 °0249 

o.02/+o 

0o02~ 

0.0277 

0.0244 

0 ~0236 

o °0242 

0°0249 

0.0297 

ave 0o01694 ave 0~021A7 ave 0~02402 



1 4 0  < 

96 

ko 

Table 16 (continued) 

De~ermlns.tion of k o by using 

the integrated form of proposed model. 

~l -~ a-__~x + bx b 2 
=7- ~ L~ ~ ~ * ~2 (-2a~ + ~2) 

Time 
(ran) 

T = 4~°C 

x k 
o 

T = 54" 

x k o 

10 0~0~8 0.0345 0.0369 

25 0~05h6 040337 0°0645 

30 0°0648 0~0384 0.0701 

60 0°0827 0°0333 0~O968 

90 0°0969 0°0373 0~I029 

120 0.1020 0°0356 0~i092 

150 0o1062 0~0375 O.1121 

180 0.1070 0~0335 0.1132 

0.0445 

0.O436 

o ~ 0~9 

0 ~0507 

0.0&39 

OoOAS1 

0.052~ 

0.0547 

ave 0o035h8 ave 0.0A763 
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Table 17o 

Variation of contribution activation entropy~ Z~S~ 

with fraction extracted, Xo 

~Sc ~ = bx 

Temp. 24°C 29°C 34 °C 4A@C 55@C 
X 

b 14o51 14.18 ]3o91 14.57 15.56 

o.o o~oo o0oo OoOO oooo o.oo 
0.01 0.15 0.14 0~14 0~15 0.16 
0.02 0.29 0.28 0°28 0.29 0.31 
o.03 0°44 0.43 0.42 0o~ 0.47 
0.04 0°58 0°57 0.57 0058 0.62 
0.05 0.73 Oo71 0 ~69 0.73 0.78 
0.06 0.87 0.85 0°83 0.87 0.93 
0.07 1.02 0°99 0.97 1.02 ioO9 
0.08 1o16 lol3 loll lol7 1.24 
0.09 h31 1.28 1.25 1.31 1.40 
O.lO 1.45 i.~2 1.39 1.46 1o56 
0.102 i~48 1.45 1o42 i~49 1.59 
0.105 lo49 lo&6 1o53 1.63 
0.106 1o/47 1.54 1°65 
O.111 1°62 1.73 
0.114 1o77 
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ABSTRACT 

A comparison is presented of coal pyrolysis at temp- 
eratures ranging from 409 ° to 497°C and thermal dissolution 
of coal in tetralin at temperatures ranging from 350 ° to 
450oc, both utilizing a Utah high-volatile bituminous coal. 
The initial coal pyrolysis reactions are second order with 
an en~halpy of activation of 35.6 kcal per mole. The 
fraction of total product yield produced under second order 
conditions ranges from 67% at 409°C to 96% at 497°C. The 
process then gradually deteriorates to a first order 
reaction in the later stages with enthalpy of activation 
of 4.1 kcal per mole. The initial reactions of solution 
of coal in tetralin are second order with an enthalpy of 
activation of 28.8 kcal per mole. The fraction of total 
product produced under second order conditions ranges from 
63% at 350°C to 94% at 450°C. The dissolution process 
then gradually changes to first order in the later stages 
with enthalpy of activation of 15.6 kcal per mole. A 
model is presented which relates the two processes and 
explains the significance of the above similarities. 

Introduction 

I n  r e c e n t  y e a r s  e f f o r t s  t o  u n d e r s t a n d  t h e  b a s i c  s t r u c t u r e  
o f  c o a l  a n d  t h e  n a t u r e  o f  i t s  r e a c t i o n s  h a v e  b e e n  i n t e n s i f i e d .  
T h e s e  s t u d i e s  h a v e  b e e n  p r o m p t e d  i n  p a r t  b y  a r e a l i z a t i o n  
t h a t  n a t u r a l  r e s e r v e s  o f  p e t r o l e u m  a n d  n a t u r a l  g a s  a r e  l i m i t e d ,  
a t  l e a s t  i n  a n  e c o n o m i c  s e n s e ,  a n d  t h a t  we m u s t  be  p r e p a r e d  
t o  s u p p l y  a m a j o r  p r o p o r t i o n  o f  o u r  f u e l s  m a r k e t  f r o m  o u r  
v a s t  c o a l  r e s e r v e s .  C o n s i d e r i n g  t h e  f a c t  t h a t  o u r  s o c i e t y  
i s  g e a r e d  t o  t h e  u t i l i z a t i o n  o f  l i q u i d  a n d  g a s e o u s  f u e l s ,  t h e  
n e c e s s i t y  f o r  e c o n o m i c a l  c o n v e r s i o n  o f  c o a l  t o  l i q u i d  a n d  
g a s e o u s  f u e l s  i s  o b v i o u s ,  i f  i t  i s  t o  s u p p l y  o u r  e n e r g y  n e e d s .  

As p a r t  o f  a p r o g r a m  d e s i g n e d  t o  l e a d  t o  b a s i c  u n d e r -  
s t a n d i n g  o f  p o s s i b l e  c o a l  c o n v e r s i o n  p r o c e s s e s ,  s t u d i e s  a r e  
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in progress in this laboratory in the areas of pyrolysis, 
thermal dissolution in solvents, hydrogenation, interaction 
with intense fields of radiation and other related processes. 
Each process has yielded information concerning the structure 
of coal and possibilties for its conversion to liquid or 
gaseous fuels. Some very interesting similarities were noted 
between coal pyrolysis and thermal dissolution of coal in 
tetralin. The discussion of these similarities and their 
significance forms the basis for this presentation. 

Foal Pyrolysis 

In a typical coal pyrolysis study 9, samples of a Utah 
high-volatile bituminous coal of 77.5% carbon on a moisture 
and ash free basis (47.46% volatile matter on a dry basis) 
were sized to -40 +60 mesh, and one-gram samples pyrolyzed 
under conditions of constant temperature. The loss in weight 
of the sample as a function of time was measured at each of 
several temperatures ranging from 409 ° to 497°C, these data 
being the basis for a kinetic analysis of the process. 

Typical fractional weight loss - time curves from this 
study are shown in Figure i. 

The data of the first 50 minutes, accounting for most 
of the product evolution, produced slight curvature at some 
temperatures when applied in a second order rate expression. 
A rate equation of general form was applied: 

dx kn(a_x)n (I) 

where n ~ 1 and denotes the order of the reaction, "x" is 
the observed weight loss at time "t", as a fraction of the 
initial sample weight, and "a" is the maximum weight loss 
obtainable at the temperature concerned. Integrating and 
evaluating the integration constant with x = 0 when t = 0 
yields 

l-n __(a_x) l-n 
a .... = k t (2) 

l-n n 

At each temperature a value of n was selected which produced 
a straight line over the 60 - minute period on a plot of 
Equation 2. It was noted that the reaction order varied 
from I. 8 at 409°C to 2.2 at 497°C. These results are shown 
in Figure 2. 

The f r a c t i o n  o f  t h e  t o t a l  p r o d u c t  y i e l d  p r o d u c e d  u n d e r  
c o n d i t i o n s  o f  a p p r o x i m a t e l y  s econd  o r d e r  r a n g e s  f rom 67% a t  
409°C to 96% at 497°C, thereby accounting for most o f  the 
pyrolysis product. This is illustrated in Table I. 
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TABLE I 

EXTENT OF SECOND ORDER REACTION IN COAL PYROLYSIS 

Temp. 
Oc 

Time at Maximum "x" at 
End of Potential end of 
2nd Order Yield "a" 2nd Order 

o f  p r o d .  
d u r i n g  

x 2nd O r d e r ,  -- 
a 

409 
418 
428 
433 
447 
457 
459 
469 
481 
485 
497 

60 mln. 
55 mln. 
45 mln. 
60 mln. 
50 mln. 
55 mln. 
55 mln. 
60 mln. 
60 mln. 
60 mln. 
60 mln. 

0 1543 
0 2072 
0 2310 
0 2320 
0 2565 
0 2760 
0 2780 
0 . 2 9 2 0  
0 . 3 1 7 5  
0 . 3 1 6 5  
0.3330 

0 1042 
0 1518 
0 1709 
0 1858 
0 2209 
0 2476 
0 2519 
0 2725 
0 3048 
0 3O29 
0 3212 

67Yo 
73~0 
74% 

86% 
90Yo 
91% 
93~0 
96% 
96~ 
96% 

For the data obtained at times longer than 60 minutes, 
a first order rate expression was applied: 

dx 
= kl(a-x) (3) 

Integrating and evaluating the constant of integration with 
x -- 0 when t = 0 yields: 

In-g-a = k l  t (4) 
a - x  

Figure 3 represents a plot of Equation 4, indicating that the 
reactions are first order at times greater than approximately 
90 minutes. A gradual decay from second order to first order 
is noted. 

1 
Eyring Applying the Absolute Reaction Rate Theory of 

as presented and discussed previously9: 

' ~ k T AH ~ i AS ~ 
in (~ ~ ~--) = - --R- ~ + T # in o< (5) 

k v Where h is PlanckTs constant, k is Boltzmann's constant, is 
the reaction velocity constant, T is the absolute temperature, 

is a transmission coefficient, assumed equal to I, AH ~ and 
AS ~ are enthalpy and entropy of activation, respectively, and 

is the molar concentration of reacting sites per gram of 
coal. A plot of Equation 5 for the approximately second 
order region is shown in Figure 4, using a value of 2.1 for 
the average reaction order, yielding an enthalpy of activation 
of 35.6 kcal per mole for that region. A similar plot for the 
first order region yields a value of 4.1 kcal per mole for that 
region. 
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A p l o t  o f  a f i r s t  o r d e r  e x p r e s s i o n  o f  t h e  f o r m  o f  
E q u a t i o n  4 r e v e a l s  t h a t  t h e  r e a c t i o n s  a r e  f i r s t  o r d e r  i n  
t h e  l a t e r  s t a g e s  o f  t h e  c o a l  d i s s o l u t i o n  p r o c e s s .  T h i s  
is shown in Figure 7. 

A plot of the Eyring Reaction Rate equation, as shown 
in Figure 8, yields an enthalpy of activation of 28.8 kcal 
per mole for the second order region. A similar plot for 
the first order region yields a value for AH ~ of 15.1 kcal 
per mole for that region. 

Discussion 

A plot of the time-yield curves for both processes, 
at corresponding temperatures and utilizing the same scale, 
emphasizes the similarity as well as the differences in 
the two processes. Such a plot is shown in Figure 9. 
These observed similarities may be of particular value 
inasmuch as the basic reacting material in both cases is 
coal of very similar properties. A comparison of pyrolysis 
at 409 °C with dissolution at 410°C, as a fraction of the 
maximum yield at the temperature concerned (Figure i0), 
reveals a similar rate of approach toward completion. The 
experimental observation that in both processes the major 
proportion of the product yield occurs under second order 
conditions, as shown in Tables I and II, is of particular 
interest. The further similarity in enthalpies of activa- 
tion for the second order regions, being 35.6 kcal per mole 
for pyrolysis and 28.8 kcal per mole for dissolution, 
suggests the possibility of similar rate-controlling 

reactions. 

In determining the reaction order' for a given process, 
an expression is written describing the proportionality 
between the observed rate of decrease in quantity of a 
reactant and the quantities of the various reactants which 
are unused at any particular time. The sum of the exponents 
of the concentrations (or more precisely the activities) 
of the various reactants which are required to account for 
the experimentally observed reaction rates constitutes the 
order of the reaction, by definition. Equation 1 is an 
example of such an expression of general form, k n thus 
being a constant of proportionality. 

I t  w o u l d  b e  e x p e c t e d  t h a t  i n  a c o m p l e x  s y s t e m  s u c h  
a s  c o a l  m a n y  s t e p s  may  o c c u r  i n  t h e  r e a c t i o n  s e q u e n c e  
b e t w e e n  t h e  i n i t i a l  c o a l  a n d  t h e  f i n a l  p r o d u c t s  a s  t h e y  
a r e  r e l e a s e d  f r o m  t h e  c h a r .  F o r  c o n s e c u t i v e  r e a c t i o n s  
t h e  o v e r a l l  r a t e  o f  p r o d u c t  y i 3 1 d  i s  d e t e r m i n e d  e s s e n t i a l l y  
b y  t h e  s l o w e s t  s t e p s  i n  t h e  s e q u e n c e .  H e n c e  t h e  d a t a  
p r e s e n t e d  h e r e i n  r e l a t e  t o  t h e  s l o w e s t  s t e p s  i n  t h e  
r e a c t i o n  s e q u e n c e ,  a n d  t h e  r e a c t i o n s  i n v o l v e d  i n  t h e s e  
s l o w  s t e p s  a r e  s e c o n d  o r d e r  o v e r  m o s t  o f  t h e  r a n g e  o f  
r e a c t i o n  a t  t h e s e  t e m p e r a t u r e s .  
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It has been observed in connection with thermal cracking 
of hydrocarbons in the petroleum industry that purelz thermal 
decomposition reactions become appreciable at 350°C. 0 Thus 
considering the fact that coal is basically hydrocarbon in 
nature, thermai rupture of bonds throughout the coal mass 
would become extensive at temperatures above 350°C, irrespec- 
tive of whether other reactants were present in the system. 
In fact the appearance of the plastic state when a bituminous 
coal is heated to this temperature range is considered to 
be the result of thermal decomposition reactions. In this 
temperature range the rate of decomposition reactions has 
been observed to double for each 10vC temperature rise. 

The rupture of a covalent bond would leave an unpaired 
electron on the fragment on either side of the bond, res~It- 
ing in two free radicals. Since free radicals are unstable 
and highly reactive they would seek stabilization. This 
could conceivably occur by a rearrangement of atcms within 
the fragment, by a polymerization of fragments, or by the 
addition of an atom or other radical group to the fragment. 
the path followed in achieving stabilization of a particular 
fragment would depend upon the existing combination of the 
following factors: 
(i) whether the fragment is aromatic~ hydroaromatic, or 

aliphatic in nature (a fully aromatic fragment could 
provide no possibility for stabilization through 
rearrangement of atoms); 

(2) the availability of atoms or small radicals in the 
immediate vicinity of the fragment seeking stabil- 
ization; 

(3) the relative energies and reaction rates of the 
competing stabilization reactions. 

Since the formation of stabilized molecules is essential 
to the process (free radicals in significant quantities 
are not observed in the product of either of these processes 
at these temperatures) the availability of stabilization 
opportunities is important. 

Let us first consider the solution of coal in tetralin. 
The tetralin molecule (l,2~3,4-tetrahydronaphthalene) 
yields four hydrogen atoms8in formation of the naphthalene 
molecule. It was observed that whereas the formation of 
naphthalene and hydrogen from tetralin was essentially 
negligible at these temperatures in the absence of coal, 
appreciable quantities of naphthalene and hydrogen were 
produced when the tetralin and coal were heated together. 
The analyses of the dissolution data led to the following 
conclusions: 
(I) that the dissolution process was first order with 

respect to unreacted but potentially reactive coal 
and first order with respect to unreacted tetralin; 

(2) that the process involved the release of hydrogen atoms 
by the tetralin in the immediate vicinity of the 
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t h e r m a l l y  r u p t u r e d  b o n d s  i n  t h e  c o a l ;  
( 3 )  t h a t  t h e  g r e a t e r  p o r t i o n  o f  t h e  s t a b i l i z a t i o n  p r o c e s s  

was a c c o m p l i s h e d  by t h e  h y d r o g e n  a t o m s  s u p p l i e d  by t h e  
tetralin; 

(4) that these reactions involving the transfer of hydrogen 
atoms were the rate-controlling steps in the reaction 

s e q u e n c e .  

I t  may be  o b s e r v e d  f rom c o a l  h y d r o g e n a t i o n  s t u d i e s  
t h a t  m o l e c u l a r  h y d r o g e n  i s  i n e f f e c t i v e ,  i n  t h e  a b s e n c e  o f  
an a p p r o p r i a t e  c a t a l y s t ,  i n  a p p r e c i a b l y  i n c r e a s i n g  t h e  
v o l a t i l e  p r o d u c t  y i e l d  above  t h a t  o f  s i m p l e  c o a l  p y r o l y s i s ,  
i n d i c a t i n g  t h a t  a t o m s  o r  f r e e  r a d i c a l s ,  n o t  m o l e c u l e s ,  a r e  
r e q u i r e d  f o r  s t a b i l i z a t i o n  a t  t h e s e  t e m p e r a t u r e s .  T h i s  
m i g h t  w e l l  be  e x p e c t e d  f rom e n e r g y  c o n s i d e r a t i o n s .  

I t  may f u r t h e r  be  s u g g e s t e d  t h a t  i n t e r a c t i o n s  b e t w e e n  
a s o l v e n t  s u c h  a s  t e t r a l i n  and t h e  c o a l  may a p p r e c i a b l y  
r e d u c e  t h e  a c t i v a t i o n  e n e r g i e s  a s s o c i a t e d  w i t h  t h e r m a l  
r u p t u r e  o f  b o n d s  w i t h i n  t h e  c o a l  s t r u c t u r e ,  t h u s  p e r m i t t i n g  
m o r e  e x t e n s i v e  b o n d  r u p t u r e  l e a d i n g  t o  much h i g h e r  y i e l d s  
o f  s o l u b l e  p r o d u c t .  However  t h e r e  a p p e a r s  t o  be  l i t t l e  
o r  no r u p t u r e  o f  c a r b o n - c a r b o n  b o n d s  w i t h i n  f u s e d  a r o m a t i c  
s t r u c t u r e s  a t  t h e s e  t e m p e r a t u r e s .  

A l t h o u g h  p h e n a n t h r e n e  i s  a f u l l y  a r o m a t i c  m o l e c u l e ,  
and t h e  p r o c e s s  o f  d i s s o l v i n g  b i t u m i n o u s  c o a l  i n  p h e n a n -  
t h r e n e  d o e s  n o t  r e s u l t  i n  a n e t  t r a n s f e r  o f  h y d r o g e n ,  
n e v e r t h e l e s s  e x t r a c t i o n  y i e l d s  as  h i g h  a s  90-95% a t  350°C 
h a v e  b e e n  r e p o r t e d  by O r c h i n  and c o w o r k e r s 2 ,  7.  H e r e d y  
and F u g a s s i 3  s t u d i e d  t h e  m e c h a n i s m  o f  d i s s o l u t i o n  o f  
b i t u m i n o u s  c o a l  i n  p h e n a n t h r e n e  u t i l i z i n g  a s p e c i a l  
p r e p a r a t i o n  w h e r e i n  t h e  h y d r o g e n  on t h e  p h e n a n t h r e n e  was 
r e p l a c e d  by  t r i t i u m .  They f o u n d  t h a t  t h e  d i s s o l u t i o n  
p r o c e s s  i n v o l v e d  h y d r o g e n  d i s p r o p o r t i o n a t i o n  w i t h  e x t e n s i v e  
t r a n s f e r  o f  t r i t i u m  t o  t h e  c o a l  e x t r a c t  and s u b s e q u e n t  
t r a n s f e r  o f  c o m p a r a b l e  a m o u n t s  o f  h y d r o g e n  f r o m  t h e  c o a l  
t o  t h e  p h e n a n t h r e n e .  

I n f r a r e d  a n a l y s i s  o f  t h e  c o a l  and o f  t h e  e x t r a c t s  
r e v e a l e d  an a p p r e c i a b l e  i n c r e a s e  i n  a r o m a t i c i t y  i n  t h e  
p r o d u c t s  as  c o m p a r e d  w i t h  t h e  o r i g i n a l  c o a l .  T h i s  was 
i n t e r p r e t e d  by  t h e s e  a u t h o r s  t o  r e p r e s e n t  an a r o m a t i z a t i o n  
o f  t h e  h y d r o a r o m a t i c  s t r u c t u r e  p r e s e n t  i n  t h e  o r i g i n a l  
coal. 

Lahiri and coworkers 4'5 observed a direct and quanti- 
tative relationship between the hydroaromatic content of 
coal and the yield of tar when pyrolysed at temperatures 
below 600°C. They observed that dehydrogenation of coal 
(e.g., with a halogen) resulted in a corresponding decrease 
in tar yield, a fully dehydrogenated coal yielding no tar 
at all. They observed further that the conversion of aromatic 
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st :.ctures in coal to hydroaromatics through hydrogenation 
produced a corresponding increase in tar yield, the relation- 
ship being quantitative. These authors concluded that the 
arorlatic carbon in coal is quantitatively converted to char 
during low temperature pyrolysis, and that the hydroaromatic 
carbon is quantitatively converted into primary tar. 

It appears reasonable to conclude that the thermal 
rupture of bonds initiated by heating the coal to temper- 
atures in the range of 350°C. and higher produces free 
radical fragments which then react in a manner dependent 
upon the species present in the system. Purely aromatic 
fragments will polymerize into large "molecules" which 
are non-volatile or insoluble, if other means of stabil- 
ization are not available. Hydroaromatic fragments will 
stabilize by rearrangement of atoms, becoming more aromatic 
in the process. Addition of a hydroaromatic solvent 
provides a source of hydrogen atoms which can stabilize 
the aromatic fragments, inhibit polymerization and produce 
a soluble product. Even an aromatic solvent such as 
phenanthrene, if energy conditions permit, can act as an 
agent in "transferring" hydrogen atoms to the aromatic 
structures thus increasing the quantity of soluble product, 
the net effect being a transfer of hydrogen from the hydro- 
aromatic to the aromatic fragments. 

It has been consistently observed that large molecules 
are inherently less stable at elevated temperatures than 
smaller molecules of similar composition. Thus hydro- 
genation studies have demonstrated that hydrogen in the 
presence of an appropriate catalyst can inhibit polymer- 
ization of hydrocarbon fragments during thermal cracking 
processes, yielding small molecules in preference to 
very large molecules. Hence the energy considerations 
in a coal system at elevated temperatures in the range 
considered here would favor stabilization of fragments 
by addition of atoms or small radicals, if such are 
available in the vicinity of the fragment. 

Conclusions 

The following conclusions may be derived from the 
observations presented above: 

(1) When bituminous coal is heated to temperatures 
between 350 ° and 500°C, thermal rupture of bonds 
within the coal structure becomes extensive, the 
higher the temperature the more extensive the 
bond rupture. 

(2) The f r a g m e n t s  t h u s  p r o d u c e d ,  bei i~g v e r y  r e a c t i v e ,  
will seek stabilization through reaction with 
available reactive species. Energy considerations 
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favor reaction with another free radical, rather than 
a molecule, in the absence of an appropriate catalyst. 

(3) A hydroaromatic fragment may conveniently achieve 
stabilization by transferring a hydrogen atom from the 
saturated portion of the fragment to the area of the 
ruptured bond, a manifestation of atomic rearrangement. 

(4) Small aliphatic side chains, probably present primarily 
on the hydroaromatic structures, may achieve stabil- 
ization by hydrogen transfer from the hydroaromatic 

structure. 

(5) In the absence of a stabilization opportunity involving 
atoms or small radicals, adjacent aromatic fragments 
polymerize, thus achieving stabilization. 

(6) Addition of a hydroaromatic solvent (e.g. tetralin) 
provides a source of hydrogen atoms which become the 
principal means of stabilization of the aromatic 

fragments. 

(7) Addition of an aromatic solvent may contribute to 
stabilization by transferring hydrogen atoms to the 
aromatic fragments, and receiving hydrogen atoms from 
the hydroaromatic portions of the coal, if energy 
considerations permit such transfer. 

(8) In pyrolysis in the absence of a solvent, the vapor 
pressure of the fragment following stabilization 
determines whether it escapes as volatile product or 
remains in the char. In dissolution, solubility of 
the stabilized fragment determines its final status. 

Thus coal pyrolysis and coal dissolution are visualized 
as processes of similar nature, the slow or rate-determining 
steps involving the stabilization of the fragments produced 
by thermal decomposition at the temperature of the system. 
The types and quantities of reactive species in the system, 
available in the immediate vicinity of the thermally rup- 
tured bonds, determine the extent of formation of volatile 
or soluble products. These processes at these temperatures 
do not appreciably rupture the bonds within the fused aromatic 
nuclei. Hence the general size distributio~ of "molecules" 
in the volatile or soluble product is characteristic of the 
parent coal from which it is derived, subject to the effects 
of temperature upon degree of bond rupture and upon vapor 
pressure and solubility. 
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"KINETICS OF THE HYDRO-REMOVAL OF SULPHUR, OXYGEN 

AND NITROGEN FROM A LOW TEMPERATURE COAL TAR-~;- 

S. A. Qader, W. H. Wiser, and G. R. Hill 

Department of Fuels Engineering 

University of Utah, Salt Lake City, Utah 

ABSTRACT 

The r e s u l t s  o f  t h e  b a t c h  h y d r o g e n o l y s i s  o f  S, O, and N c o m p o u n d s  
o f  a low t e m p e r a t u r e  t a r  i n  t h e  p r e s e n c e  o f  a WS c a t a l y s t  i n d i -  
c a t e  t h a t  a l l  t h e  h e t e r o - a t o m s  c a n  be c o m p l e t e l y 2 r e m o  r e d  a t  500°C 
and a p r e s s u r e  o f  1500 p s i .  C r a c k i n g ,  a r o m a t i z a t i o n ,  and  p o s s i b l y  
d e h y d r o g e n a t i o n  r e a c t i o n s  s t a r t  t a k i n g  p l a c e  a t  t e m p e r a t u r e s  a b o v e  
375oc. The h y d r o g e n a t i o n  o f  a r o m a t i c  h y d r o c a r b o n s  s t a r t s  a t  a 
p r e s s u r e  o f  1250 p s i .  The h y d r o - r e m o v a l  r e a c t i o n s  o f  S,  O, and 
N a r e  a l l  f i r s t  o r d e r  w i t h  r e s p e c t  to  t h e  h e t e r o c y c l i c  m o l e c u l e s .  
S u l p h u r  r e m o v a l  f o l l o w s  a t r u e  A r r h e n i u s  t e m p e r a t u r e  d e p e n d e n c e  
b u t  t h e  r e m o v a l  o f  O and  N s h o w s  s l i g h t  c u r v a t u r e s  i n  t h e  A r r h e n i u s  
p l o t  w h i c h  c a n  be  r e s o l v e d  i n t o  two p a r t s ,  e a c h  a p p r o a c h i n g  
l i n e a r i t y  w i t h  a b r e a k  a t  400°C and h a v i n g  d i f f e r e n t  a c t i v a t i o n  
~ n e r g i e s .  The m a g n i t u d e  o f  e n e r g i e s  o f  a c t i v a t i o n  and e n t h a l p i e s  
o f  a c t i v a t i o n  o b t a i n e d  s u g g e s t  t h a t  c h e m i c a l  r e a c t i o n s ,  b u t  n o t  
p h y s i c a l  p r o c e s s e s ,  a r e  r a t e  c o n t r o l l i n g .  The s u r f a c e  r e a c t i o n  
i n v o l v i n g  t h e  r u p t u r e  o f  t h e  C-S ,  C-O, and  C-N b o n d s  o f  t h e  h e t e r o -  
c y c l i c  m o l e c u l e s  a p p e a r s  t o  be  t h e  r a t e - - d e t e r m i n i n g  s t e p .  

Introduction 

H y d r o - r e f i n i n g  o f  c o a l  t a r s  h a s  b e e n  t h e  s u b j e c t  o f  many p a p e r s  
and  p a t e n t s  a l l  o v e r  t h e  w o r l d  d u r i n g  t h e  l a s t  two d e c a d e s .  Mos t  
o f  t h e  w o r k  r e p o r t e d  was  c a r r i e d  o u t  i n  b a t c h  o r  c o n t i n u o u s  s y s -  
t e m s  and t h e  e f f e c t  o f  o p e r a t i n g  v a r i a b l e s  on t h e  r e m o v a l  o f  ~ ' 8 , 9  1 l  
O, and N c o m p o u n d s  p r e s e n t  i n  c o a l  t a r s  was  i n v e s t i g a t e d .  1 , 3 ,  , , 
V e r y  l i t t l e  d a t a  a r e  so  f a r  p u b l i s h e d  on t h e  k i n e t i c s  o f  t h e  
r e m o v a l  o f  S, O, and N p r e s e n t  i n  t a r s ,  t h o u g h  some work  h a s  b e e n  
r e p o r t e d  on  t h e  k i n e t i c s  o f  t h e  h y d r o g e n a t i o n  o f  p u r e  h e t e r o c y c l i c  
c o m p o u n d s  c o n t a i n i n g  S,  O, and  N. W i l s o n ,  e t  a l . ,  13 s t u d i e d  t h e  
k i n e t i c s  o f  t h e  h y d r o g e n a t i o n  o f  a d i l u t e  s o l u t i o n  o f  d i b e n z o -  
t h i o p h e n e  and 3 - m e t h y l  i s o q u i n o l i n e  i n  a v i r g i n  n a p h t h a  o v e r  a 
c o m m e r c i a l  c o b a l t - m o l y b d a t e  c a t a l y s t .  The r e a c t i o n s  o f  S and N 
r e m o v a l  w e r e  f o u n d  t o  be o f  f i r s t  o r d e r  w i t h  a c t i v a t i o n l ~ n e r g i e s  
o f  3 . 8  and  20 k . c a l / m o l ,  r e s p e c t i v e l y .  Owens and Amberg  ~ r e p o r t e d  
t h e  a c t i v a t i o n  e n e r g y  f o r  h y d r o - d e s u l p h u r i z a t i o n  o f  t h i o p h e n e  o v e r  
a s u l p h i d e d  m i x e d  o x i d e  c a t a l y s t  as  24 -2S  k . c a l / m o l  and  e i t h e r  

-',:~ P a p e r  p r e s e n t e d  a t  t h e  Gordon  R e s e a r c h  C o n f e r e n c e  on C o a l  
S c i e n c e  a t  New Hampton ,  New H a m p s h i r e ,  d u r i n g  J u l y  3 - 7 ,  1967 .  
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h~dr~,gen adsorption or the surface reaction as the rate-controlling 
step. Tarama, et al., 12 studied the hydrogenolysis of thiophene 
in benzene over a V203-+Co 03 catalyst and found the reaction to 
be of first order with respect to thiophene and 0.5 order with 
respect to hydrogen. The authors proposed that the surface reac- 
tion between adsorbed hydrogen atoms and the sulphur compound is 
the rate--determining step. Gunther4 hydrogenated pure cresol 
and a 3 percent solution of cresol in a hydrogenated oil over a 
WS2-NiS catalyst. The reactions were reported to be of first 
order with activation energies of 56.2 and 19.4 k.cal/mole, 
respectively. Cox and Berg2 studied the kinetics of the hydro- 
genolysis of five and six-membered heterocyclic nitrogen compounds 
and the reactions were found to be of second order for five-member 
rings and first order for six-member rings. In the present com- 
munication, the results of the investigation on the kinetics of 
the removal of sulphur, oxygen, and nitrogen present in a low 
temperature coal tar over a WS 2 catalyst are reported. 

Experimental 

Materials 

Tar - A low temperature tar fraction from a high volatile 
bituminous coal. The properties of the tar are given 
in table 1. 

Catalyst - Unsupported Tungsten Sulphide (WS2,-200 mesh). 

Hydrogen - I00 percent pure hydrogen. 

.~quipment 

A one litre high pressure Autoclave with a magnetic drive stirrer, 
pressure and temperature control devices, liquid and gas sampling 
lines, and water quenching system as shown in figure 1. 

Procedure  f o r  H y d r o g e n a t i o n  E x p e r i m e n t s  

In each experiment 250 gm of tar and 25 gin. of the catalyst were 
used. The equipment was evacuated :to remove air, filled with 
hydrogen and heated to the desired temperature. The time for 
heating the reaction mixture to the desired temperature varied 
between 15 and 20 minutes. About 2 gm of the product was drawn 
from the autoclave at different time intervals. The samples were 
dried, filtered, and analyzed for S, O~ and N contents by micro- 
methods. Sulphur was determined by the bomb method, oxygen by 
the "Coleman Model 36," oxygen analyzer and nitrogen by the 
"F. M. Model 185" C-H-N Chromatographic Analyzer. The hydrogen 
pressure in the system was almost maintained constant throughout. 
Experiments were carried out at temperatures ranging from 3000 to 
500 ° C and pressures from 500 to 2000 psi. 
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Results and Discussion 

Effect of operating conditions 

Low t e m p e r a t u r e  t a r s  c o n t a i n  c o n s i d e r a b l e  a m o u n t s  o f  s u l p h u r ,  
o x y g e n ,  a n d  n i t r o g e n  c o m p o u n d s ,  t h e  n a t u r e  a n d  q u a n t i t y  o f  e a c h  
g r o u p  d e p e n d i n g  u p o n  t h e  t y p e  o f  p a r e n t  c o a l  a n d  c a r b o n i z a t i o n  
c o n d i t i o n s .  E a c h  o f  t h e  a b o v e  g r o u p s  c o n t a i n s  c o m p o u n d s  o f  d i f -  
f e r e n t  structures occurring throughout the boiling range of the 
tar. The fundamental structures of the different groups of 
heterocompounds present in tars are given in tab]e 2.7 The 
hydro-removal of S, O, and N from these compounds depends upon 
the extent of cleavage of the C-S, C-O, and C-N bonds and the 
addition of hydrogen to the residual fragments in the presence 
of a suitable catalyst Some of the typical reactions of the 
heterocompounds under hydrogenation conditions are shown in 
figures 2 to 4. 6 The degree of removal of S, O, and N mainly 
depends upon the reaction temperature, pressure, time, and type 
of catalyst used. The effects of temperature and pressure on 
conversion are shown in figures 5 to 8. It can be seen from 
figure 5 that the extent of desulphurization, deoxygenation, and 
denitrogenation increased fast up to a temperature of 400°C and 
later was slowed down. At 500°C and a pressure of 1500 psi, 
almost all the S, O, and N was removed. There was no change in 
the content of aromatic hydrocarbons up to a temperature of 375°C, 
but at higher temperatures the aromatics in the product increased. 
It appears that cracking, aromatization, and possibly dehydro- 
genation reactions start taking place above 375°C resulting in an 
increase of aromatic hydrocarbons. It is also likely that some 
of the aromatic hydrocarbons might have been formed from the 
hydrogenolysis reactions of heterocyclic compounds. The olefins 
in the product decreased up to a temperature of 450°C but at higher 
temperatures there was an increase in the olefin content. This 
may possibly be due to excessive cracking and dehydrogenation 
reactions taking place at temperatures above 450°C. Figure 6 
shows that the total conversion and conversion to gasoline (liquid 
boiling below the I.B.P. of feed) increased up to a temperature 
of 450°C and later reduced. On the other hand, the dry gas forma- 
tion slowly increased up to 450°C and later there was a rapid 
increase. It appears that the cracking of the original tar 
molecules takes place with the formation of gasoline and gas up 
to a temperature of 450oc. At higher temperatures~ excessive 
cracking takes place throughout the boiling range leading to the 
formation of coke and dry gas. The fall in hydrogen consumption 
over 450oc indicates the presence of dehydrogenation reactions 
at higher temperatures. 

T h e r e  w a s  a r a p i d  i n c r e a s e  i n  t h e  h y d r o - r e m o v a l  o f  S ,  O, a n d  N 
( f i g u r e  7 )  u p  t o  a p r e s s u r e  o f  1 5 0 0  p s i ,  b u t  t h e  i n c r e a s e  i s  
s m a l l  a t  h i g h e r  p r e s s u r e s .  The  a r o m a t i c  c o n t e n t  o f  t h e  p r o d u c t  
r e m a i n e d  a l m o s t  c o n s t a n t  u p  t o  a p r e s s u r e  o f  1 2 5 0  D s l  b u t  r e d u c e d  



< . : d e P a b l y  a t  h i g h e r  p r e s s u r e s .  A r o m a t i c  h y d r o c a r b o n s  p r e s e n t  
{,, t h e  f e e d  m a t e r i a l  seem t o  be g e t t i n g  h y d r o g e n a t e d  a t  p r e s s u r e s  
~tbove 1250 p s i .  The o l e f i n  h y d r o g e n a t i o n  i n c r e a s e d  l i n e a r l y  w i t h  
p r e s s u r e .  The t o t a l  c o n v e r s i o n  and c o n v e r s i o n  t o  g a s o l i n e  
i n c r e a s e d  s l o w l y  up t o  a p r e s s u r e  o f  1250 p s i  b u t  t h e  i n c r e a s e  
was r a p i d  a t  h i g h e r  p r e s s u r e s .  T h e r e  was o n l y  a s l i g h t  i n c r e a s e  
i n  h y d r o g e n  c o n s u m p t i o n  and c o n v e r s i o n  t o  g a s  as  t h e  p r e s s u r e  
i n c r e a s e d  ( f i g u r e  8 ) .  The r e s u l t s  i n d i c a t e  t h a t  c o n d e n s a t i o n ,  
d e h y d r o g e n a t i o n ,  and  o t h e r  s i d e  r e a c t i o n s  a r e  v e r y  much s u p p r e s s e d  
a t  p r e s s u r e s  h i g h e r  t h a n  1500 p s i ,  t h u s  l e a d i n g  t o  h i g h e r  t o t a l  
c o n v e r s i o n  and c o n v e r s i o n  t o  g a s o l i n e .  

.Kinetics 

The time-conversion curves (figures 9 to ll) for hydro-removal 
of S, O, and N at different temperatures have the same character- 
istic shapes with a sharp rise in conversion in the initial 
stages. The conversion was almost quantitative at equilibrium 
and, therefore, the reactions are not subject to any thermo- 
dynamic limitations but appear to be limited only by kinetic 
factors. 

a 
Figures 12 to 14 contain plots of Log ~ versus time at differ- 
ent temperatures where "a" is the init~a~ concentration of the 
hetero-atoms and "x" is the conversion. The linearity of these 
figures shows that the hydro-removal reactions of S, O, and N are 
all fir'st order with respect to the heterocyclic molecules. The 
rate of removal can therefore be represented by the following 
equations. 

1 .  = k s  ( s )  
d t  

2 -d (o) = ko (0) 
• dt 

3 -d  (N) = kn  (N) 
• d t  

where ks, ko, and kn are the rate constants for the hydro-removal 
of S, O, and N, respectively. The concentration of hydrogen under 
the experimental conditions was large and almost constant through- 
out the course of the reaction, the amount of consumption being 
negligibly small. Even if hydrogen atoms are involved in the 
rate-determining step, the hydrogen concentration may not show 
up in the rate equation but would be one of the constant factors 
that are contained in the rate constant term• However, since 
hydrogen is actually taking part in the hydro-removal of S, O~ 
and N, the reactions may be considered as pseudo first order 
reactions • 

Figures 15 to 17 illustrate the temperature dependence of the 
first order rate constants at temperatures between 300°C and 

4 
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5 0 0 o c .  S u l p h u r  r e m o v a l  f o l l o w s  a t r u e  A r r h e n i u s  t e m p e r a t u r e  
d e p e n d e n c e  b u t  i n  c a s e  o f  0 and N, t h e  p l o t s  showed  s l i g h t  c u r v a -  
t u r e s  w h i c h  c a n  be  r e s o l v e d  i n t o  two p a r t s ,  e a c h  a p p r o a c h i n g  
l i n e a r i t y  w i t h  a b r e a k  a t  400°C and h a v i n g  d i f f e r e n t  a c t i v a t i o n  
e n e r g i e s .  The r a t e  c o n s t a n t s  w h i c h  r e p r e s e n t  t h e  r a t e s  o f  h y d r o -  
r e m o v a l  o f  S,  O, and N i n  t h e  t e m p e r a t u r e  r a n g e  3 0 0 ° - 5 0 0  °C c a n  be  
r e p r e s e n t e d  b y  t h e  f o l l o w i n g  e q u a t i o n s :  

2(a). 

2(b). 

3(a). 

I. k s = 2 x 102 e -II'OO0/RT Min--i 

6 -12,000/RT Min.-I 
kol = 6 x i0 e 

Ko2 = 3 x 105 e -8'O00/RT Min--I 

-I 

3 ( b ) .  

(300o-400°C range) 

(400°-500°C range) 

knl = 1 x 106 e -10'000/RT Min. (300°_400°C range) 

kn2 = 3 x IO II e -14'O00/RT Min.-i (400°-500°C range) 

k I 
Figures 18 to 20 represent the Eyring plots where Log ~l ~- was 
plotted versus the reciprocal of the absolute temperature. The 
following values were obtained for the enthalpies and entropies 

of activation: 

AH s = 9,000 Cal/mol., 

AHol = Ii,000 Cal/mol., 

AHo2 = 6,000 Cal/mol., 

AHnl = 8,000 Cal/mol., 

AHn2 -- 12,000 Cal/mol., 

AS s = -50 e.u. 

aSOl = -40 e.u. 

AS° 2 = -42 e.u. 

ASnl = -45 e.u. 

AS n = -41 e.u. 
2 

In the temperature range studied in the present investigation, 
mixed phase conditions might exist and the reactions might pre- 
dominately be taking place in liquid and vapor phases in the 
ranges 300o-400 ° and 400°-500°C, respectively, requiring differ- 
ent activation energies. It is also possible that competing 
reactions with different activation energies might be taking 
place. This sort of heterogeneity and the existence of competing 
reactions seem to be responsible for the observed breaks in the 
Arrhenius plots of 0 and N removal reactions. In case of oxygen 
compounds, the liquid phase reactions seem to be having higher 
activation energies than the vapor phase reactions,whereas the 
reverse is true in case of nitrogen. The following type of 
competing reactions might possibly be taking place in case of 
phenols under the present experimental conditions. 
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OH 

0 +H2_____ 

f- 

OH 

0 +H2--~+H20 (300°-400°C) 

(AE I = 12 K.Cal/mol.) 

; ~ +H20 (400°-500°C) 

(AE 2 = 8 K.Cal/mol.) 

The c o n v e r s i o n  o f  p h e n o l s  t o  c y c l o h e x a n o l s  may p e r h a p s  be f a v o r e d  
a t  l o w e r  t e m p e r a t u r e s  ( 3 0 0 ° - 4 0 0 ° C )  b u t  a t  h i g h e r  t e m p e r a t u r e s  
(400°-5OO°C) these reactions may not be favored because of the 
dehydrogenation reactions which are likely to take place in this 
temperature range. There is no likelihood of the presence of 
competing reactions during the hydro-removal of nitrogen. It 
appears that mainly the nonbasic nitrogen compounds are getting 
hjdrogenated in the 300°-400°C range whereas the basic compounds 
are predominately getting converted in the range 400°-500°C, the 
latter having higher activation energies. 

The magnitude of the energies of activation and enthalpies of 
activation of the hydro-removal reactions indicates that chemical 
reactions but not physical processes are rate controlling. The 
only possible chemical reactions that can be considered during 
the hydrolytic splitting of the heterocyclic molecules are the 
rupture of the C-S, C-O, and C-N bonds and the addition of hydro- 
gen atoms to the fragments of heterocyclic molecules on the sur- 
face of the catalyst as represented below. 

I. Heteromolecule 
Slow 

> Hydrocarbon 
fragment 

2. Hydrocarbon fragment + H ° 

3. Heteroatom fragment +H ° 

+ Hereto-atom 
fragment 

Fast 
> Hydrocarbon 

Fast 
> H2S , H20 , or NH 3 

The last two steps are expected to be fast because of their free 
radical nature. Therefore, the first step involving the cleavage 
of hetero-moleeules appears to be rate determining. 
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Table 1 

Properties of tar 

Spi. gr 

Tar acids (vol. %) 

Tar bases (vol. %) 

SuZphur (wt. %) 

Nitrogen (wt. %) 

Oxygen (wt. %) 

Boiling range 

0.9686 

30.2 

2.5 

O. 8342 

0°3985 

6. 3145 

200-325°C 

Hydrocarbon types (vol. %) 

Saturates 

Olefins 

Aromatics 

28.32 

18.42 

53.26 
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Table 2 

Fundamental heterocyclic structures 
present in L. T. tar 

~ulph.ur compounds' Oxygen compounds .... N'itrogen compounds 

Phenols 

Indenols 

Phenyl Phenols 

Naphthols 

Fluorenols 

Ind ano ne s 

Carborylic acids 

Asphaltic and res- 
inous bodies 

Sulphides 

Disulphides 

Mercaptans 

Thiophenes 

Benzo Thiophenes 

Dibenzo Thiophenes 

Pyridines 

Cyclopen t ano pyrid ine s 

Phenyl Pyridines 

Quinolines 

Benzoquinolines 

Anilines 

Benzylanilines 

Naphthylamines 

Pyrrole s 

Indoles 

C a r b a z o l e s  
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, . , . ~ 1 ~ ! .  L Z ' * L , , ' )  

RSli + H 2 > RH + H2S 

,., ;_:, ,.,T., ,' zD,:,S 

RSSR' + 3}i 2 > Rti + R'H + 2H2S 

r,, t .. ~ T -.-~ -?, r,,, 
, ' k . . L . ,  L" ._U~-,O 

CH 2 -- CH 2 

I I 
CI-< S / CH 2 + 2H 2 - - ~ C 4 H 1 0  + H2S  

z '. t_L'O ~. ,-,C,•m S 

C ; [ -  CH 

i: 
Ci / Ci{ 

C~]~ = -- CH 2 

i t 
Cl~ 2 ) i {  2 ~ C4HI 0 
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+H~S 
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C00H 

CH 3 

R 

CONDENSATZONS 

+ 2H20 

+ 2H20 + CH 4 

ISCMERIZAT!OY 
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UNKN0~TN STRUCTURES 

ASP}b\LTS AND RESINS 
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