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INTRODUCTION

Coal tar is a complex mixture of hydrocarbons and organic compounds
containing sulfur, oxygen and nitrogen. Some of these compounds are
easily attacked by oxygen when they are exposed to air. This attack
always results in the formation of high-molecular-weight compounds,
thus reducing the value of the tar. The ability of coal tar to resist
the changes in its composition and properties is referred to as its
stability. In attempting to evaluate the stability, it was necessary
to investigate the kinetics of coal-tar autoxidation. Because of the
complexity of the coal-tar composition, it was very difficult to apply
conventional methods to this kinetic study. The measurement of vis-
cosity and refractive-index change were regarded as the most convenient
ways to determine the extent of coal-tar autoxidation; hence, both of
these methods were used in this study. Present-day theory of autoxida-
tion is employed to explain the different mechanisms involved in the
autoxidation of whole tar, neutral oils, tar acids, and tar bases

respectively, under ambient storage conditions.

EXPERIMENTAL PROCEDURES -

Sample Material

The coal tars used in this study were obtained from two processes:
hydrogenation (at 650°C reactor temperature), and carbonization (at
700°C). The distillate boiling in the range of 110 to 300°C was used
as the sample. Neutral oils, tar acids, and tar bases were chemically
separated from this distillate. Samples of Hiawatha, and Spencer coals

were selected for hydrogenation, and carbonization. Both coals are
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bituminous coals and analyses for them are given in Table 1.

TABLE 1
Analyses of coals (% by weight, as received) which were used to

produce coal tar.

Hiawatha Spencer
Volatile matter (DAF) 48.6 45.4
Fixed carbon (DAF) 51.4 - 54.6
Moisture 3.20 5.16
Ash 5.51 4.42
Sulfur 0.80 0.53

Oxidation of Tar Sample

50 m1 of tar sample was stored and exposed to air (20°C) in a
100 m1 beaker which was covered with a plastic sheet to prevent the
evaporation of tar sample. The number of samples used in each different
experimental run was 4 or 5, except tar acids, and tar bases, which
were difficult to collect. After the samnle had been oxidized for
the desired period, it was taken from the beaker for measurements or

analyses.

Measurement of Viscosity

The viscosity of the tar samples was measured with a Haake falling-
ball viscometer. The measuring temperature was controlled by a constant

temperature circulator at 25.0 + 0.1°C.

Measurement of Refractive Index

A Bausch & Lomb Model ABBE-3L refractometer was used to measure the
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refractive index of tar samples at 25°C. The refractive index could be

read to the fourth decimal place.

Determination of lodine Number

The Hanus method was employed in this study to determine the

iodine number of tar samples.

Analysis of Oxygen Content

Oxygen analyses were obtained from Gailbraith Laboratories, Inc.
of Knoxville, Tennessee. Duplicate samples were run on the tars as pre-

pared fresh by hydrogenation of Spencer coal.

Infrared Absorption Spectrum Analysis

The infrared absorption spectra were measured with a Beckman Model
IR 20 Spectrometer over the wave-length interval 25 to 40 microns. In
this study, a routine scan was selected, and the time required to scan
the region was 30 minutes. After the tar sample had been stirred mildly,
a 1iquid film of coal tar, approximately 0.015 mm thick, was spread on

a KBr sample holder, and the spectrum was observed immediately.

Auxiliary Experiments

In order to understand the kinetics of the coal-tar autoxidation,
some auxiliary experiments were carried out to determine the following:

a. effect of stirring

b. effect of oxygen pressure

c. effect of temperature

d. effect of light irradiation




RESULTS AND DISCUSSION

Viscosity

The viscosity-change behavior of the whole-tar samples oxidized
in air is shown in Figures 1 and 2. It is apparent that the viscosity
increases linearly with the reaction time. This indicates that a
particular mechanism is involved in the whole tar autoxidation.

In the process of coal-tar autoxidation, some high-molecular-
weight compounds are believed to be formed in the 1iquid, so the vis-
cosity of coal tar increases continuously. The relations between the
viscosity of tar sample, the concentration of new compounds, and the
time of reaction is shown in Figure 3. In some small interval of
reaction time, say, at, the viscosity of the tar sample increases from
n to n + An, and the concentration of new compounds increases from C
to C + AC. If the tar sample with viscosity n at time t is considered
as the solvent of new compounds formed from time t to time t + at,
then, at the end of the time interval at, the relative viscosity is

written as

. n* An
r n

and the specific viscosity becomes

= _]=H+Aﬂ_1=A_ﬂ
sp r n n

Also, according to definition, the intrinsic viscosity can be expressed as

- . (b
0] = (G = CicPacwo

Substitution of the Mark-Houwink equation (1), which is applicable to

a mixture, into the latter equation gives
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in which K and a are constants, Mv represents the viscosity average
molecular weight of the high-molecular-weight compounds. It is true
that as At approaches 0, Ac also approaches 0, so does 4n; hence,
division of both the numerator and the denominator by at at the left-
hand side and taking the 1imit as At goes to 0 yields

dinn/dt _ @
e/dt KMv

After rearrangement, it becomes

am - w2 & (1)

This kinetic equation relates the viscosity-change rate with the chem-
jcal-reaction rate. Most products of coal-tar autoxidation are dimers,
which can be considered roughly as a rigid spherical particle, so
that the interaction between different new compounds is negligible,
and the characteric constants K and a can be assumed to be constant
during reaction (2).

» The mechanism of the chain oxidation of hydrocarbons can be

represented in the following way (3):

0
2
RH -+ R- (0) (origin of the chains)
R: + 02 > ROZ' )
(propagation of the chains)
R02' + RH > ROOH + R: (2) .
ROOH. - RO- + OH- (3) (degenerate branching)
R+ R- > R-R (4)
RO," + R- = ROOR (5) (termination of the chains)
ROZ' + ROZ' + ROH + R1C0R2 + O2 (6)



Usually reaction 1 is believed to be a very fast reaction (4). How-

ever, in the process of the whole-tar autoxidation, the free radical

R* reacts not only with oxygen, but also with the antioxidants such

as phenols (belonging to tar acids), amines (belonging to tar bases),
and sulfur-containing compounds. At the same time, the peroxy radical
ROZ' is easily arrested by these antioxidants too. Thus, the concen-
tration of free radicals is kept at such a Tow level that the propa-
gation of free radicals fails to proceed eventually, and reaction ]
becomes a rate-determining step. For this study the tar sample was
stored in a static container (cf. Figure 4), before collision with free
radical R-, the oxygen molecule had to diffuse from air through some
media of the tar sample to meet the reactant; the overall reaction was
therefore a diffusion-controlled reaction, which has been substantiated
by the data shown in Figure 5. Thus, in accordance Qith Smoluchowski
theory (5,6), the rate of the diffusion-controlled reaction can be

written as

4N o
01,0
~7o00— [R"100,]

where  [R-] and [02] are the concentration of free radical R* and
oxygen respectively, D is the diffusion coefficient, N0 is Avogadro’s
number, and 92 is the reaction radius, (the distance between the
centers of the particles when they are reacted). For simplicity, the

rate equation can be expressed as

W = aD[Oz] (11)

in which 4N °12[R ]
oo * constant

a
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The autoxidation system used in this study and the oxygen pro-
file in the coal-tar sample are also shown in Figure 4. Here A
represents the oxygen in air, B represents the coal-tar sample to
be oxidized, Z represents the depth of the sample, CA is the concen-
tration of oxygen and NAZ is the molar flux of oxygen in the Z-direction.
As gas A diffuses into Tiquid B and undergoes an irreversible reaction:
A+ B. - AB-, the mass balance (input - output + production = 0)

takes the form (7)
Nazlzs - Mazlz + 425 - DaCypSAZ = 0

in which S is the cross-sectional area of the 1iquid. The quantity
aDCA represents the moles of oxygen disappearing per unit volume per
unit time. Division of both sides by SaZ and taking the 1imit as AZ

goes to zero gives

dN
AZ B
4z + DaCA = 0

Since A and AB- are present in small concentrations, the following

approximation (Fick's first law) can be established:
dC
A
ey

Naz

Substitution of this relation into the preceding equation and division
of both sides by D gives
2

d“C
A -
5 +uCA = 0

dz

This is to be solved with the boundary conditions:

]

at z = 0, C

A cAo
dCA

at z = L, NAZ = 0 or—z 0
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Thus, the concentration profile of oxygen is obtained and expressed as

¢ cosh b1 - (Z/L)] R
A ToSh b Ao

in which b = Lo

and the rate of oxygen consumption is

dq,
®& = Mazlz-o®
dc
_ A
=0 dz IZ = oS
= ST Cy, tanh b (111)

The rate of generation of high-molecular-weight compounds in this
diffusion-controlled reaction is proportional to the consumption rate
of oxygen. Therefore, substitution of the consumption rate of oxygen

(II1) into the preceding kinetic equation (I) gives

[=1

“t‘“ = K'KWDS7T €y tanh b/(SL)

[=%

in which X' is a proportionality constant and SL is the volume of the

sample. For simplicity, this can be written as

dinn  _
T -

where a2
g = K'KMv®/& tanh b/L

It may be noted that an approximate equation for the diffusion co-
efficient of a spherical molecule of radius o is

RT
D = =4 \
GnNoon

in which n is the viscosity of the medium, R is the gas law cdnstant,

T is the absolute temperature and No is Avogadro's number (5). Sub-
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stitution of the relation into the preceding eguation yields

dn/n _ RT
dt e(611Nocr1)cl\o

Because n is different from zero, multiplication of both sides by n

gives

dn _ RT =
a G(BHNOO)CAO =y

Under constant pressure and temperature, 8 and CAO are assumed to be

constant, therefore so is y. Thus

dn
dt

y = constant
After integration, it bhecomes

n = n0+yt (1v)

where "o is a constant of integration. This accounts for the linear
relation between viscosity and time as shown in Figures 1 and 2.

The total amount of oxygen which diffuses into the coal-tar sample
from air during reaction, can be calculated by introducing the relation

above (IV) into the rate equation of oxygen consumption (II11), that is

dQA
, & - DSy CAO tanh b

RT
GnNocan + yt) ST cAo tanh b

= 8
no"‘Yt
where s = E?%EE' SVa Cy, tanh b = constant
Integration gives  Q t sdt
L R
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When neutral oils are chemically separated from coal tar and
oxidized in air, its viscosity-change behavior (Figure 6) is different
from that of the whole tars. For neutral oils, olefins are usually
regarded as the compounds which most easily react with the oxygen in
air. Because most of the tar acids and the tar bases are absent in
the neutral oils, few antioxidants compete with oxygen to consume the
free radicals during autoxidation; thus the propagation reaction can
be self-sustained, and the overall reaction becomes a 1ong‘chain re-
action. At relatively high pressure (> 100 mm) and high-chain length
during autoxidation at the steady state the integrated equation is

found to be:

-In(Inn, - Tnn) = K_t + constant

in which n_ is the viscosity of neutral oil as time approaches infinity.

When the quantity 1n (Inn, - Inn) is plotted against the reaction
time t, a straight line is obtained as shown in Figure 7. The slope
of the linear plot represents the rate constant of the overall autoxi-
dation reaction. The rate constant thus obtained for the neutral oil
from Hiawatha coal by carbonization is 4.56 x 10'2/hr., and that for
the neutral oil from hydrogenation is 2.62 x 10'2/hr. The reason for
this difference is perhaps that the neutral oil from carbonization
contains more diolefins than that from hydrogenation because the un-
saturation of coal tar is reduced in the hydrogenation reactions.

The viscosity-change behavior of ta; acids and tar bases during

autoxidation are shown in Figures 8 and 9. Although these are quite

-
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similar to that of neutral oils, both autoxidation mechanisms of tar
acids and tar bases are somewhat different. Some workers reported
that inhibitors (AH) may react directly with oxygen (8) in the follow-
ing way:

AH + 02 + A+ H02' (7)

Tar acids contain a large amount of phenols, and tar bases contain
various amines. Both phenols and amines are generally used as in-
hibitors for hydrocarbon autoxidation. Hence, reaction (7) must be
the main reaction involved in the autoxidation of tar acids and tar
bases. In the absence of other hydrocarbon radicals, the following
reaction is also believed to take place in the tar acids and tar
bases (8):

AH + HOZ' + A+ HZOZ (8)

Finally the reaction may be terminated by dimerization of A- radicals:
2 A > A-A (9)

Hence, assuming steady state, the rate equation can be expressed as

-d[AH
—Et—l = 2k,[0,1[AH]

Here the concentration of oxygen ([02]) can be considered as constant
because tar acids and tar bases are oxidized in air. Thus, the autoxi-
dations of tar acids and tar bases become a pseudo-first reaction,

P which is similar to the rate equation of the neutral oil autoxidation.
) The linear plots for - In(Inn_ - 1nn) vs. time are shown in Figures

10 and 11. The apparent rate constant of tar-acid autoxidation is

2.88 x 10'2/hr for samples from both carbonization and hydrogenation

and that for tar bases from both processes is 3.75 x 10'2/hr. It
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is evident that the composition of active compounds contained in either
tar acids or tar bases is independent of the coal liquefaction process.

The dependence of the viscosity-change rate for the whole-tar
autoxidation on the partial pressure of oxygen is shown in Figure 12.
It can be seen that at oxygen pressures greater than 50 mm Hg, the
rate of oxidation is independent of the oxygen partial pressure. This
corresponds with the inhibited oxidation theory (9).

The temperature effect on the viscosity-change behavior for the
whole-tar autoxidation is shown in Figure 13. At higher reaction
temperatures the viscosity changes faster. If the slopes of these
curves near zero time are taken as the apparent rate constants for the
initial reaction period, a linear plot for the Arrhenius equation
(Figure 14) gives an activation energy of 9.07 kcal/mole. Usually,
the activation energy of a physical-process-controlled reaction is less
than this value; therefore, the autoxidation of whole tar is probably
not a purely physical-process-controlled reaction.

The effect of 1ight on the viscosity-change behavior during the
autoxidation of whole tar is shown in Figure 15. The viscosity-change
of the sample under continuous irradiation of fluorescent light is
higher than that of the sample isolated from light. In photochemical
oxidation, the rate of formation of radicals wi is directly proportional
to the density of the 1ight (3); hence, some compounds contained in the

coal tar may be subjected to photochemical oxidation.

Refraction

The refractive-index change behavior accompanying the viscosity change

during the whole-tar autoxidation is shown in Figures 1 and 2. For a

pure substance, the Lorenz-Lorentz refraction equation is expressed as (10)

— A oo

.__.‘__A{

- e
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in which n represents the refractive index, N represents the number of
particles per unit volume and g is the polarizability of the particle.
Coal tar is a complex mixture; therefore, for simplicity the assumption
is made that the internal field strength is homogeneous throughout the
liquid, and the polarizability of the individual particle is independent
of its environment, so the Lorenz-Lorentz refraction equation for coal

tar can be roughly written as

in which Ni represents the number of particles of i per unit volume and
&; is the polarizability of particle i. Since whole-tar autoxidation
appears to be a diffusion-controlled reaction, the number of reactant
molecules disappearing and the number of product molecules generated

are proportional to the number of oxygen molecules consumed in the re-
action, which is small compared to that of whole tar; thus, substitution

of equation (V) into the Lorenz-Lorentz refraction equation for coal

tar the following relation is obtained:

-1 .1, _ mi-1 1 g * vt
it Py = et P v ant2—) o)

in which ¢ is a constant, subscript o indicates the initial state, and
subscript t indicates the state at time t. According to equation (VI),
if the refraction (n2 - 1)/[(n2 + 2).d] is plotted against 1n[(n° + yt)/
no], a straight 1ine is obtained (Figure 16). The negative slope of
the linear plot is a good evidence for polymerization reaction involved

in coal-tar autoxidation. The polarizability of the product is not much
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larger than that of the reactant, however the difference between the
number of reactant molecules which disappeared and that of the product
molecules generated during the reaction is tremendously big. Thus,

the net gain of the polarizability per unit volume is negative, and the

value of the proportional constant ¢ of equation (VI) is negative.

Oxygen Content

The oxygen content of the whole tar during autoxidation is shown
in Figure 17. The continuous increase of oxygen content indicates that
autoxidation is a main factor leading to deterioration of coal-tar

properties.
Iodine Number

Iodine number is the common designation for the determination of
unsaturation via the addition of iodine monohalides. The jodine-number
change for the whole-tar autoxidation is shown in Figure 18. The
decrease of iodine number with reaction time indicates that olefins in
the coal tar are attacked by oxygen and saturated by polymerization

reactions and therefore play an important part in coal-tar autoxidation.

Infrared Absorption Spectra (numbers in parentheses indicate wave

numbers where infrared absorption takes place)

For the whole tar autoxidation, the oxygen-containing groups such
as phenols (3200-3600 cm']). hydroperoxides (3400 cm']), carboxylic
acids (1960-1760 cm']), and esters (1250 cm']) increase; however, the
double bonds {3020-3080 cm']) diminish (Figures 19 and 20). This

corresponds very well with the decrease of iodine number, indicating
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that the unsaturated hydrocarbons become saturated during oxidation.
Furthermore, the reduction of amines (1474 cm'1) indicates that they
take part in the whole-tar autoxidation. Finally, the decrease of
monosubstituted aromatic compounds (690-710, 730-770 cm'1) and the
increase of m-disubstituted aromatic compounds (750-810 cm'1) indicate
that some aromatic molecules enlarge by addition or polymerization

reactions.
CONCLUSION

Coal tars are easily attacked by oxygen when they are exposed to
air. The ease and extent of this attack are determined ty a number
of factors, among which are the composition of the coal tar, the re-
action temperature and the oxygen pressure.

According to the viscosity-change behavior, it is believed that
the whole-tar autoxidation is a diffusion-controlled reaction; the
autoxidation of neutral oils is a long-chain, radical reaction, the
rate of which is proportional to the concentration of hydrocarbon re-
actants; the oxidation of tar acids, and tar bases is a second-order
reaction, the rate of which is proportional to the concentration of
tar acids or tar bases, and the partial pressure of oxygen.

The decrease of refraction of coal tars as reaction with oxygen
proceeds indicates that some polymerization reactions are involved
in coal-tar autoxidation.

The decrease of iodine number with reaction time reveals that the
olefins play an important part in coal-tar autoxidation. The same
conclusion is drawn from the results of the infrared absorption analyses.

To prevent deterioration of coal-tar properties, coal tars should

be isolated from oxygen and light; otherwise significant quantities of
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good oxidation inhibitors are required for stability.
Acknowledgement is made to the Office of Coal Research, U. S.
Department of the Interior and the University of Utah who supported

the research reported here.
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Fig. 1. Viscosity and refractive-index change as a function
of time for the autoxidation (at 20°C) of whole tar
obtained from Hiawatha coal by carbonization.

425 "1.5370

| | | [

400 vISCOSITY — 1.5360

3.75 — 1.5350

3.50 /3 T 1.5340

3.25 | | L 1 1.5330

(o] 24 48 72 96 120
TIME , hr.
Fig. 2. Viscosity and refractive-index change as a function

of time for the autoxidation (at 20°C) of whole tar
obtained from Hiawatha coal by hydrogenation.

REFRACTIVE INDEX

REFRACTIVE [INDEX

P T S

-

A

i ——lle s ol



21

n+an——
C+aC
—~t——————-C
!
t t+at
Fig. 3. Relation among viscosity, con~
centration and time..
OXYGEN (A)
2=0 Cao

Naziz

4z _"1_":..
_—f_

Nazlz+az

COAL~TAR SAMPLE (B)

Z=L

Fig. 4. Autoxidation system and oxygen profile
in coal tar sample.



22

8.00

6.00

et
o)
o

(AInq)xlO2

2.00
o]

REACTION TIME : 30 min.

l | I |

0.00
0o

600 800 1000

R.P.M.

200 400

Fig. 5.

Viscosity increase as a function of stirring
speed for the autoxidation {at 20°C) of whole
tar obtained from Hiawatha coal by carbonization.

400

o
o)
]

VISCOSITY, c¢.p.
n
o
O

Q
o

I I

HYDROGENATION

/7% -260cp

CARBONIZATION

0.00
0

Fig. 6.

|
40

80 120 160

TIME, br.

Viscosity change as a function of time for

the autoxidation (at 25°C) of neutral oils

from Hiawatha coal.




=in (ingg-inn)

23

6.00
400 v 7
2.00 —
0.00
0 40 80 120 160
TIME, hr.
6.00 I T I
(b)
400 —
o
200 5 ~—
0.00 I I l
40 80 120 160
TIME, hr. .
Fig. 7. Linear plot for a first-order autoxi-

dation reaction of neutral oils obtained
from Hiawatha coal by (a) carbonization
and (b) hydrogenation.




VISCOSITY, c.p.

VISCOSITY, c.p.

24

70.00 I

N~ 6500 cp.

50.00 N HYDROGENATION ]

N e 3700¢p.
30.00 7
CARBONIZATION
10.00 I | I
0 40 80 120 160
TIME, br.

Fig. 8. Viscosity change as a function of time
for the autoxidation (at 25°C) of tar
acids from Hiawatha coal.

6.00
| | I

HYDROGENATION

400 +~4.30cph 1.

200
CARBONIZATION

| | |
0'000 40 80 120 160

TIME, hr.
Fig. 9. Viscosity change as a function of time

for the autoxidation (at 25°C) of tar
bases from Hiawatha coal.




3
!

[

25

5.00

3.00

=in{ingy-inn)

| I I

-100
0

40 80 120 160
TIME, hr.

[a]
-1.00 [ l l
0 40 80 120 160
TIME, br.
Fig. 10. Linear plot for a pseudo-first-order

autoxidation reaction of tar acids
from Hiawatha coal by (a) carbonization
and (b) hydrogenation.



26

5.00 T l
(a)
= 3.00 | —
£
1
S
£
< 100}~ —
1
-1.00 | | [
o 40 80 120 160
TIME, hr.
500 T I !:
(b)
£ 300 —]
]
8 a
£
€ 100} —
]
_ | L. I
.00 40 80 120 160
TIME, br.
Fig. 11. Linear plot for a pseudo-first-order

autoxidation reaction of tar bases
obtained from Hiawatha coal by (a)
carbonization and (b) hydrogenation.




(alng)x102

6.00 T l I I
1 - 1
400 |— ° ]
o
200 REACTION TIME < | hr. _
' STIRRING SPEED : 400 r.p.m.
0.00 ' | 1 l

0 20 40 60 80 100
OXYGEN. PARTIAL PRESSURE, mmHg.

Fig. 12. Dependence of the viscosity-change rate on the
oxygen partial pressure for the autoxidation
(at 20°C) of whole tar obtained from Hiawatha
coal by hydrogenation.

2.00 T I I
{.80 |— _
[e]
1.60 |— 50°C 'ﬂ
;‘ 1.40 |— o —
35°C
1.20 |— _ —
20°c
1.00 -
I 1 |
80
08 0 12 24 36 48
TIME , hr.

Fig. 13. Logarithm of viscosity vs. reaction time for
the whole-tar autoxidation at various temper-
atures. (Sample obtained from Hiawatha coal
by hydrogenation)



VISCOSITY, c.p.

28

-4.00 I l T I
o
-450 — —
[
4
w
S
E -500 o —
¥
£
-550|— o -
" 3.00 3.10 3.20 330 340 350
4,103
T x 10
Fig. 14. Linear plot of Arrhenius equation for evaluation
of activation energy for initial reaction of
whole tar with air,
230 T 1 | 1 1
2.00
—— SAMPLE EXPOSED TO FLUORESCENT LIGHT
—— SAMPLE ISOLATED FROM LIGHT
50 | | 1 | |
o] 24 48 72 96 120 144
TIME, hr.

Fig. 15. F]uorescent.light effect on viscosity change for
the autoxidation (at 20°C) of whole tar obtained
from Spencer coal by hydrogenation.




~J-x|02

n2 -|

d

n2 2

2102

n2-i

nZ+2

d

29

33.15

33.13

3311 —
| | { |
3309
0 5 10 15 20 25
Mot rt ; 2
pn(——ﬁ;——) x10
33,
°0 T T |
33.85 |— —
3380 —
(b)
| | 1 |
3""750 3 6 9 12 15

{ln(ﬂifl—o'—'—)f X102

Fig. 16. Refraction as a function of time for the autoxi-
dation (at 20°C) of whole tars obtained from
Hiawatha coal by (a) carbonization and (b) hydro-
genation.



OXYGEN CONTENT, wt. %

IODINE NUMBER

30

4.00

3.50

3.00

2.50

2.00
0]

Fig. 17.

a8 96 144 192
TIME, hr.

Oxygen content as a function of time
for the autoxidation (at 20°C) of
whole tar obtained from Spencer

coal by hydrogenation.

100

o
o
|

N
o
|

Fig. 18.

24 48 T2 96
TIME, hr.
Iodine number vs. time for the

autoxidation (at 50°C) of whole tar
obtained from Spencer coal by hydrogenation.
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