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THE INFLUENCE OF LONG-CHAIN PHENOLIC ADDITIVES ON THE VISCOSITY OF

MINERAL OILS

Part V.—Phenomena occurring in the Proximity of the Miscibility Limit in Mixtures of

Allyl Catechol and Mineral Oil

MazHAR M. QURASHI AND ZIA-UR-RAHMAN*

Physical Research Division, Central Laboratories, Pakistan Council of Scientific and Industrial Research, Karachi

( Received October 1, 1959)

Earlier experiments on the viscosity depression occurringin solutions of allyl catechol in mineral oil have been
extended, and the results are analyzed to investigate the nature of the large anomalous increase in viscosity noticed in
the range of 30% to 80% allyl catechol. This increase above the normelly depressed value has been estimated as a
Reduced Viscosity i.e. (Av/v)+ concentration, and plottted as a function of the temperature excess, AT, above the
miscibility temperature for four different concentrations of allyl catechol varying from 20% to 70%. From this data,
the graph for Intrinsic Viscosity (i.e. thelimit of reduced viscosity at zero concentration) asa function of AT is
obtained, which lends itself to an interpretation of the phenomenon as an incipient separation into macro-molecules of
the two components. The Intrinsic Viscosity for A T=—>o0 is about 0.3, and, by using Staudinger’s equation for the

degree of polymerization in colloids, it is possible to estimate the number of molecules in each macro-molecule as about 70

when just above the miscibility temperature.

On the basis of these expzrimental data, an attempt is made to explain the different values of the coefficient of the
fuantity, Inv, in the empirical equation, In (-Av) = K +A Inv, in the case of (i) variation of number of OH groups
fin a single series of phenolic compounds, and (ii) variations of temperature for a given binary system.

Introduction

Some measurements on the viscosities of mix-
tures of allyl catechol with mineral oil at various
temperatures were presented in an earlier communi-
cation,! dealing with the development of a
law governing the viscosity depression that occurs
when a phenolic compound is mixed with a
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Fig. 1(a).—Experimentally observed wviscosity depression and
the anomalous viscosity increase in mixtures of allyl catechol and
mineral oil at various temperatures from 80°C. to 180°C.
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mineral oil blend of the same viscosity. Whereas
the curves for the other compounds studied were
of the expected character with a (single) minimum
of viscosity near the middle, those for allyl catechol
showed an anomalous increase in viscosity in the
region of 309, to 859%, allyl catechol (Fig. 1(a)).
The relative magnitude of this anomalous rise was
found to increase as the temperature was decreased
towards the miscibility temperature (Fig. 1(b)) for
the corresponding concentration of allyl catechol.

Since the normal drop in viscosity is approached
at temperatures far above the miscibility limit for
a particular binary mixture (cf. Figs. 1(a) and
1(b)), it appears that the total change in viscosity
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Fig. 1(b).-—Phase diagram, showing miscibility temperatures

in the allyl catechol-mineral oil system.
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can be represented as the sum of (a) the normal
viscosity depression, and (b) the anomalous rise,
which depends on the proximity of the miscibility
temperature. It was therefore considered of inter-
est to separate these two effects quantitatively,
and to study the dependence of the wviscosity
increase on the concentration of the allyl catechol
and on the departure from the miscibility temper-
ature.

Effect of Oxidation of the Allyl Catechol

For quantitative interpretation of the graphs
of Fig. 1(a), it is important to note that at the
elevated temperatures of these measurements, the
viscosities of both the mineral oil blend and the
allyl catechol increases continuously with heating,
due mainly to loss of the volatile components in
the first case and oxidation in the second case.
In order to measure this permanent increase (in
viscosity) and to estimate its dependence on
concentration of the catechol in the mixture of
oil and allyl catechol, some of the mixtures were
heated two or three times over the range of temper-
atures used in the experiments of Fig. 1, and the
mean percentage increase in viscosity at several
temperatures was calculated for one heating. These
results are plotted against temperature in Fig. 2(a)
and the best lines have been drawn through the
points for each concentration, the uppermost line
being for 1009 allyl catechol. These graphs
approximate to a pencil of straight lines meeting
at a point somewhat above 200°C., and their
spacing indicates that the increase in viscosity at
any one temperature is roughly proportional to the
concentration of allyl catechol plus a constant.
Fig. 2(b) shows plots of this increase as a function
of concentration at two different temperatures,
namely 100° and 150°C. The plotted points fit
rather well on the straight lines drawn (through
them) thus confirming that, at any onc temperature,
the calculated viscosity for an ideal solution of
the oil and allyl catechol will still be given by
a linear relationship between the viscosities of the
two components. Figure 2 indicates that the
departure from this linearity would be less than
0.2%, at 150°C. and about 0.39, at 100°C., which
figures are within the limits of experimental error
for the measurements of viscosity.

Since the values of Av plotted in Fig. 1 are
obtained from the relation Av = (vexpt — videal),
where videal has been calculated by a linear inter-
polation between the measured values of veil and
vallyl cat., it follows that no additional correction
for the effects of the permanent change in
viscosity discussed above is required for these
values of Av.
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Fig. 2.—Graphs of the permanent viscosity increase due to
oxidation in one cycle of heating, measurement and cooling: (a)
experimental data plotted against temperature for five different
concentrations, and (b) smoothed data plotted (for two temper-
atures) as a function of concentration to show the linear relationship.
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Quantitative Estimation of the Anomalous
Rise in Visceosity for Mixtures containing

209, to 709%, Allyl Catechol

Since the measurements on allyl catechol mix-
tures given in the previous communication® on
this subject were primarily designed to estimate
-(2v[2x)x=0 no mixtures with allyl catechol con-
centration between 369%, and 829, were used. For
the present investigation, however,this range of
concentrations is significant and therefore further
viscosity measurements were made (in the single
phase region) on a mixture containing 60% allyl
catechol, and the corresponding values of Av are
plotted in Fig. 1(a) as solid circles with a short
vertical line. The inclusion of this extra set of
points makes it possible to draw the complete
variation of Av quite statisfactorily, even (in
some cases) beyond 809, allyl catechol.

In order to determine the magnitude of the
anomalous rise in viscosity, it is first necessary to
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estimate the normal viscosity depression from the
shapes of the curves observed in the other two
members of the allyl series. The experimental
values of-(sv[2x)x=o for allyl catechol at different
temperatures are known from the original slopes of
the graphs in Fig. 1(a),* and these enable Avmax
also to be estimated with the help of the known
ratios of Avmax to (2v/2x)x=o tabulated in Table 1
for the phenolic compounds studied in the present
series of investigations.

It is clear that a value of 0.14 4 0.015 can be
used confidently for this ratio in the case of allyl
catechol and that the concentration for the normal
minimum in the viscosity-concentration curve

*In the calculations, the smoothed values obtained by plotting
(2v[ax)x=o0/v allyl cat. against temperature have been used as
being rather more reliable.
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can be taken as 409 + $%. With the help of this

data, and using the additional information (last row
of Table 1) that (sv/sx)x=100%~0"39(—2v[7X)x=0,
the “normal® curves to be expected for allyl cate-
chol can be drawn reasonably accurately, at least
upto 70% allyl catechol, as shown by the broken
lines in Figs. 3(a), 3(b) and 3(c) where the experi-
mental graphs are indicated by solid lines. The
differences, 8v, between these experimental graphs
and the calculated ‘“normal” curves can be
measured, and are given in Table 2, together with
the values of the (fractional) specific viscosity
increase, 8v/vmean, for four different concen-
trations of allyl catechol, namely 20%,, 35%., 50%
and 70Y%,.

It is seen that the specific viscosity increase is
strongly dependent on both the concentration of
the allyl catechol and on the proximity to the

TABLE 1.—COMPARISON OF CONSTANTS DETERMINING THE SHAPE OF THE CURVE FOR
ViscosiTy DEPRESSION Av IN SEVERAL PHENoLIG COMPOUNDS.

Bhilawan Bhilawanol ;
Compounds : seriesat40°C.  at various Mean Allyl series  Allyl phenol Mean Overall
temperatures at 40°C. at various Mean
temperatures
Avmax/(«? v/[aX)x—o0 0.14 0.20 0.174-0.03 0.155 0.125 0.144-0.015 0.154-0.02
100 (x)max 3944 3542 3742 4343 36,5 4043 3842
o +(9_v 0.204-0.03  0.454-0.05 0.3240.1 055401 035401 0454005 | 0.39--0.06
IX ) X=100% IX JX—0

TABLE 2.—MEASURED VALUES OF THE ANOMALOUS INGREASE IN VISCOSITY AND THE CORRESPONDING
SpECIFIC VISCOSITY FOR ALLYL CATECHOL-MINERAL OI1L MIXTURES AT SEVERAL TEMPERATURES.

Miscibility
Temperature (°C.) 180" 160 140 130/ 120, 106, 80 ftempera-
ture
Anomalous increase in 207, allyl cat. 008 .013. .021 . 034+ .056 (.115)+~(-30) 94°C.
viscosity G AR QL7 -050. 00T 128 1828 HEgE vl 112°C.
BO9Saasean 03T .070, ...132k .180 260 | — — 120°E.
= 8v (centistokes) O Al .026 .0o52 .108 .152 .215 — — 120°Cl.
vmean = mean Viscosity 084 STl 1260 IiAs L 65 Vossakiaginn
of oil & allyl catechol
Specific viscosity increase 209%, allyl cat. .009 .013 .017 .024 .034 .050 (.085) 94.°C.
=38v/vmean 5 SAM .020  .050. 072  :000. .II0 «(.I5) = — 112 °C.
5OLTE TR .037 .0bg .105 .126 .158 — — 120°C.
F09 e GRS .031 .05 .086 .106 .130 — e 120°C.
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Fig. 3.—Curves for the quantitative estimation of the anomalous

miscibility temperature for the particular concen-
tration. When allowance is made for the difference
in miscibility temperatures for the four concen-
trations, it appears that, for concentrations below
50%, allyl catechol, the specific viscosity 8v/vmean
is roughly proportional to the concentration,
reaching a maximum at about 509, catechol, after
which it decreases with increasing catechol con-
centration. This behaviour can to some extent be
compared with the viscosity of a dilute suspension
of small particles in a liquid, for which the specific
viscosity is proportional to the concentration of
these small particles, as given by Einstein’s equa-
tion.? An explanation of the anomaly was
therefore sought along these lines.

Interpretation in Terms of Einstein’s
Equation for Suspensions

For the case of solid spherical particles, the
theoretical relation developed by Einstein? and
other workers3 for the relative viscosity 7/ is

n/n, = 14 2.5 X (Vol. concentration)
-+ « (Vol. Conc.)?, (1)

i.e. Specific Viscosity = (n_,)[n, = 3n/n,
= 2.5 (Vol. Conc.) -+ « (Vol. Conc:),%  (2)

whence Reduced Viscosity = (37/4,)/Conc.
= 2.5 -} a (Vol. Conc.). (3)

The above relations hold for (volume) concen-
trations of much less than 50%,. If now we postulate
that, at temperatures only slightly above the mis-
cibility temperature for a given concentration of
allyl catechol, the molecular aggregates of the
catechol behave to some extent like a suspension
of very small particles in the oil, then equation (3)
may be assumed to apply, albeit with a smaller
value of the constant than 2.5, because the *‘parti-
cles” in this case are not solid spheres. The
experimental value of this constant should be
expected to increase rapidly as the miscibility
temperature is approached. In order to test these
ideas, the Reduced Viscosity has been calculated
as {(8v/vmean)/concentration} in Table 3, 3v/v
and concentrations by weight being taken as a
sufficiently good approximation to §n/s and
volume concetrations, respectively, because of the
small difference in density.

The reduced viscosity for any particular tem-
perature excess above the miscibility temperature

viscosity increase above the normal depression. Broken lines,
calculated “normal” curves; solid lines, experimental graphs of
Fig. 1(a): the differences between corresponding solid and broken
lines give the anomalous increase.
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TaBLE 3.—THE REDUGED ViscosiTy OF ALLYL CATEGHOL — MINERAL OIL MIXTURES AT
Di1FFERENT TEMPERATURES.

Miscibility

Temperature (°C.) 180: - 160 « 140:. 130 . 120 100 :. 80 Ftempera-

ture

209, allyl cat. ‘045~ 065 .a857 “lroo*inyol afan SEl2) 94°C.

Reduced Viscosity 3500 i, .057 .143 .206 .257 .315 (44) — 122G,

_ ) 8v/vmean 5O/l saan s 074~ 1384 0100 o8 =g bl e — 120°C.
~ | Concentration

TON/ Rt 044 Loya, SlogiaT s 5 180 — 120 °C.

(100-30)% »» VOGP T 088 28Tl a 5 B T NS SR — 120 °C.

is seen to increase slowly with concentration upto
nearly 50% allyl catechol, so that it would tend
to a definite non-zero limit (the Intrinsic Viscosity)
for small concentrations. In order to determine
this limit for various temperatures above the mis-
cibility limit, the following procedure was used:

(a) The reduced viscosity for each of the four
concentrations given in Table § was plotted against
AT, the temperature excess above the correspon-
ding miscibility limit. These graphs are seen in
Figs. 4(a) and 4(b), where the two points for
negative AT are estimates based on the general
trend of the graphs in Fig. 3(c), and the broken
line graph with plotted triangles corresponds to
the 709, allyl catechol mixture treated as a suspen-
sion of 309, oil in the allyl catechol.

(b) From the graphs of Fig. 4, smoothed
values of the reduced viscosity were read off for
A —10°, 107, 207,730% /etc.; +and iiplotted; as
functions of the concentration of allyl catechol
in Fig. 5(a), where each of the plots tends to zero
at 100%, allyl catechol and extrapolates to a non-
zero value at very small concentrations. These
extrapolated values, which give the Intrinsic Vis-
cosity, are plotted as solid circles in the lower
graph of Fig. 5(c), and they show the expected
steep rise as Al tends to zero. However, sincc
the graphs of Fig. 5(a) have a very sharp peak in
the middle, their extrapolation to zero concen-
tration is subject to considerable error.

(c) From a theoretical stand point, it is better
to reckon the mixtures with more than 509, allyl
catechol as suspensions of oil in the catechol, and
then to calculate the Reduced Viscosity in terms
of the concentration of oil. This has been done in
the last row of Table 3 for the mixture containing
70% allyl catechol. On the above basis, the
graph of reduced viscosity against concentration
should be symmetrical about the 509, line, and

viISCOoS!TY

REDUCED

40 60
ar(c)—»
(6)

Fig. 4.—Graphs showing the Reduced Anomalous Viscosity
as a function of temperature excess, AT, above the
correspondng miscibility temperature. Reduced Viscosity =
(Av/v) = Concentration of allyl catechol, the concentrations
being indicated alongside the respective curves. The broken-line
curve is for 70% catechol treated as a 309, solution of mineraloil
in allyl catechol.

this serves as an additional criterion for drawing
the graphs through the points plotted in Fig. 5(b),
where the mean of the values for 509, and(100-30)%,
allyl catechol has been plotted in order to get an
accuracy comparable with the other two points.
The values of Intrinsic Viscosity obtained by this
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Fig. 5.—(a) & (b). Graphs for smoothed values of Reduced
Viscosity for AT = 0°C., 10°C., 20°C., etc., as functions of allyl
catechol concentration. These are used to determine the Intrinsic

Viscosity as (Reduced Viscosity) conc.>0. (c).—Curves of the

two differenfly estimated values - f Intrinsic Viscosity as functions
of AT, the temperature excess above the miscibility temperature;
solid circles from Fig. 5(a), and hollow circles from Fig. 5(b).

alternative procedure are also plotted in Fig. 5(c)
as hollow circles and are seen to be consistently
higher than those previously obtained by about

1095 t0.15%

Significance of the Temperature Dependence
of the Intrinsic Viscosity

The mean of the two graphs of Fig. 5(c) can
be fitted quite well by the equation.

AT
E 5 (4‘)

which indicates that the seat of the phenomenon
is to be found in inter-molecular forces that are
still appreciable at temperatures 50°C. to 100°C.
above the miscibility temperature. Visualizing the
process as an incipient agglomeration of the
molecules of allyl catechol near to the miscibility
temperature, we may attempt to estimate the
degree of this agglomeration o1 polymerization
by means of Staudinger’s empirical equation,4 viz.,

Intrinsic Viscosity = 0.24 exp. <_

MazHAR M. QURASHI AND ZIA-UR-RAHMAN

P = k X Intrinsic Viscosity,

in which P is the degree of polymerization and k
may be taken as about 300 for the type of molecules
(oil and allyl catechol) that we are considering here.
This makes P of the order of g at 100°C. above the
miscibility temperature and about 70 at the mis-
cibility temperature. The first figure of g is of
the right order for hydrogen-bonding in solutions
of allyl catechol in mineral oil, while the figure of
70 indicates the formation of quite a large aggre-
gate at the stage when separation into two distinct
phases is just about to occur. It must of course be
borne in mind that these figures are to be taken
as giving only the order of magnitude.

Application to Calculation of the Formula for
Temperature Variation of Viscosity
Depression

Since the anomalous viscosity increase analyzed
above is found to persist strongly even 50°C. away
from the miscibility temperatures, it should produce
a significant effect on the temperature dependence
of the viscosity depression previously measured with
solutions of various phenolic compounds in mineral
oils.5 In order to estimate the magnitude of
this effect, it is wuseful to study the ratio

RES {(8 v)anomalous/ (—A ") }

where (— Av) is the “‘normal” viscosity depression
and (8v)anomalous is the value of the anomalous
increase in  viscosity measured - from the
“normal” curve (cf. broken line curvesin Fig. 3).
Values of this ratio ‘R’ for different temperatures
are given in Table 4 for the four concentrations of
allyl catechol.
the

Since dependence of & and — Av on

" temperature is exponential, semi-logarithmic plots

are given in Fig. 6 for R against AT, the temper-
ature excess above the miscibility temperature.
These plots are linear with nearly the same slope
in every case, the mean value of the slope being
0.32 & 0.01, whence it follows that R is given by

the relation (cf. equation 4)
AT
62

where ‘A’ depends on the concentration of the
allyl catechol, but shows only a small variation in
the range from 30% to 70%. The exceptionally
low value of ‘A’ for 209, allyl catechol may be
attributed in part to the fact that the experimental
points for concentrations upto 10% have to be
used to fix the linear part of the broken line graphs

(5)

R= 2 =Aexp[—

—Av
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TaABLE 4.—THE RaTIO ‘R’ OF THE ANOMALOUS VISCOSITY INCREASE TO THE NORMAL
ViscosiTy DEPRESSION.

Miscibility
Temperature (°Centigrade) 180 160 140 130 120 100 tempera-
ture
209%, allyl catechol 0.22 0.24 0.26 0.35 - 046 0.57 94°C.
R— SVaconaslons B0/ - 0.38° 0.76 0.91 . 1.06 1.20 — 112°C.
T T eeny BO9LC 7 (Ol B (o) e Yol 8 O P LI 120°C.
T = 0.81 1.10 1.50 1.69 1.6 — T205(E
oLl
iito 100°C. above the miscibility temperature.
10 Thus we put
50’5 Av=(Av)ideal + 8v=(Av)ideal{I — 8v/(—Av) ideal}, (74)
: and get
§ In (-Av)= In (- Av)ideal — 8v/( = Av)ideal
; L b ' : 5 = In ( — Av)ideal- R, (70)
o 20 40 60 80 /100

AT(C) ——p

Fig. 6.—Semi-logarithmic plots showing the temperature
dependence of the ratio ‘R’ of the anomalous viscosity increase to
the ‘normal” viscosity depression for four different concentraticns
of allyl catechol from 20% to 70%.

of Fig. 3 near the origin, which will lead to a
significant underestimation of the values of 8 v in
the region of 15% to 30% allyl catechol. Taking
this into account, we may consider the value of
‘A’ as approximately constant at 1.3 4 0.3 for
mixtures containing 15% to 45% allyl catechol,
which are the significant ones for determining the
values of (-Av)max and (—2v[2X) x=, and their
variation with temperature.$

In an earlier communication,? it was shown
chat at a temperature of 40°C., the depression,
—Av, in the allyl series of compounds, (allyl
benzene, allyl phenol and allyl catechol) is related
to the viscosity v by

In(-Av) =K} 1.36In v, (6)
We may consider this equation to give the ideal
value, (—Av) ideal, of the viscosity depression
in the absence of the effect of proximity to the
miscibility temperature, because this effect was
corrected for in allyl catechol and is negligible in
allyl benzene. For examining the temperature
variation in the case of allyl phenol, we now intro-
duce the anomalous viscosity increase 8v, which
is appreciable but smaller than (-A4v) at 50°(C.

dn(-Av) 5

Assuming the formula (5) for R determined
above for allyl catechol to apply also in the case
of allyl phenol as a first approximation, we can
differentiate (7) with respect to T, to obtain

R
In ( =3 Av)idcal —}-‘*6;

aT 9T
2K 2 Inv R
e + 130 e +—62— from (6)
slnv R oK /alnv
S { 13 o 625 In v/sT +9T/ oT } (8)
Comparison with Experiments on Allyl

Phenol

Examination of equation (8) shows that the
quantity in curly brackets will give the value of the
coefficient in an equation similar to (6) and appli-
cable when temperature variation of (—Av) is
considered for one particular compound. Since
2lnv/AT is of the order of — 1/50, the effect of the
second term is to decrease the value of the coefficient
appreciably below 1.36, as has been experimentally
observed in the case of allyl phenol and bhila-
wanol.5 A quantitative estimate can be made by
ignoring the third term in equation (8) and taking
for slnv[sT the average value, —1/46, obtained in
the case of allyl phenol in the range of 40°C.to
85°C. This yields

sln( - Av)  alnv : 6——4§—R
—;T——TT‘{ gL 9(a)
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The miscibility temperatures of various concen-
trations of allyl phenol in the corresponding oil
blend were determined experimentally to be in the
region of —6°C. to —30°C., with an average of
—18°C., so that the mean value of ‘R’ in equation

9 may be taken as 1.3 exp [ —62—'5—%%——}-%-}2 ] =0.35

which gives

sln(—Av) _ slnvy slnvy

thus indicating that, for the temperature variation
of the viscosity depression in allyl phenol, an
equation of the form

In (- Av) = KT 4 1.10 Inv (9¢)
should hold. The value 1.10 calculated here for
the coefficient of In v bears satisfactory comparison
with the value 1.17 4+ 0.03 determined experi-
mentally.5 It is believed that the remaining dis-

crepancy can be explained by inclusion of the third
term  (sK/sT)/(slnv/sT) of equation (8), and

it is hoped to investigate this aspect further when
experimental data at low temperatures is available
on allyl phenol and bhilawanol.
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