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Viscosities of Alcohol-Hydrocarbon Systems in the Critical Region:
A Dynamic Laser Light Scattering Approach

R. R. Brunson* and C. H. Byers

Chemical Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6224

The viscoshties of pure alcohols and hydrocarbons, as well
as binary mixtures of these compounds, were measured
from room temperature to the critical reglon by use of a
laser light scattering technique. Speclally prepared
monodispersed submicron sllica particles were developed
and used to achleve suspension stabliity into the critical
region. The lower temperature data were verified by
conventional technlques and by comparison with reliable
literature data. In both pure materlals and mixtures, the
Andrade correlation Is clearly not applicable over a wide
temperature range. Excess viscosity indicates expected
disruption of hydrogen-bonding networks by the
hydrocarbons In alcohols.

Introduction

Dynamic light scattering commonly has been used to size
particles in a liquid, but this method of characterizing particles
also permits one to extract information concerning the physical
properties of the liquid containing the particles. 1f monodis-
persed particles are diffused in a Brownian manner, then the
scattered light from these particles will reveal the mobility of the
particles. This particle mobility is a function of particle size and
fluid viscosity; therefore, if the particle size is known, the vis-
cosity of the suspending fluid can be related to the mobility
parameters of the particle. Basically, this method of viscosity
measurement is the inverse of a particle sizing method that has
become widely accepted in microbiology and in polymer and
colloid sciences (7, 2).

Since conventional methods of measuring viscosity at ele-
vated temperatures are impractical and inaccurate, few com-
pounds have been investigated above their normal boiling
points. Past light scattering studies demonstrated that a dy-
namic light scattering approach to viscosity measurement can
be a valuable analytical tool when the temperature of a liquid
is near or above its boiling point (3). The dynamic light scat-
tering method offers a system that gives rapid and relatively
safe high-temperature viscosity measurements. The system is
nonintrusive on the sample, uses small sample volumes, and
has a simple containment for samples.

The study of alcohols and alcohol-hydrocarbon systems is
of particular interest from several viewpoints. First, the method
with which we are dealing requires that suspensions of sub-
micron particles remain stable throughout the temperature
range of interest. The hydrocarbons and alcohols represent two
important classes of materials which provide an important test
of the suspension technology. Second, from a fundamental
point of view, the mixture viscosities of these two classes of
materials gives an interesting insight into the effect the hydro-
carbon has upon the hydrogen-bonding network of the aicoho!.
Finaily, mixture data for all such systems are not generaily
available between the normal boiling point and the critical point,
so some data are needed to explore the theoretical implications
of this region.

* Author to whom correspondence should be addressed.

Theoretical Background

The scattered light from a dilute colloidal suspension in a
transparent liquid is related to the physical properties which
cause the fluctuations of the solution and the scattering dispo-
sition. The physical phenomenon that governs the behavior of
dilute colloidal suspensions is Brownian motion. Brownian
motion can be observed in particles that are relatively large
(1-um diameter) on the molecular scale (7, 4-6).

Brownian motion of a free particle (i.e., no applied force field)
is described by the Langevin equation (4):

diu/dt = 80 + A(t) Q)]

where U = particle velocity vector, t = time, 8 = coefficient
of dynamic friction, and A (t) = fluctuating influence of molec-
ular collision process.

For a spherical particle, the coefficient of dynamic friction is
given by Stokes’ law:

B = 6man/m 2

where o = particle radius, n = fluid viscosity, and m = mass
of particle.

A detailed theoretical formulation of the solution to the Lan-
gevin equation and how it is used in relating the particle motion
to light signal fluctuations is given elsewhere (7). This derivation
yields an equation for a system of monodispersed colioidal
particles:

At = exp(~q2Dt) = exp(-t/ 1) @)

where g = |§] = 4wn{sin (§/2)]/)\,, D = diffusion coefficient

= kT /(6man), k = Boltzmann constant, T = absolute tem-

perature, K, and 7, = characteristic decay time = (g2D)™".
For polydispersed systems, the equation that results is

&= Kj::m[f(r) P(q.r)r® exp(-t/1,)] dr 4)

where r = particle radius, f(r) = normalized distribution of
particle size, P(q,r) = Mie scattering factor, P =~ 1 for r << A,
and 7, = decay time for r = r;.

The exact solution requires inversion of this equation to yieid
f(r) directly, but this is very difficult to do accuratsly for complex
signals. However, significant improvements have been made
in the development of a computer algorithm to deconvolute this
integral (7). The r® dependence of the scattering power indi-
cates that large particles are more easily detected than small
ones.

A method of cumulants is a widely used technique for de-
tecting polydispersity (8—10). This analysis leads to an ap-
proximation for the autocorrelation function:

o upt? pat®
n(Ay) =-T't+ o T el

- 1 M2 _ 1 M3 _
=.T — —(TtP - = =T1P+ ..
t+ a1 r‘E(I‘t) 3l rG(I‘t) (5)
The form of In (A;*) is a polynomial in ¢ with the coefficients
representing different properties of the line-width distribution.
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Figure 1. Dynamic laser-light-scattering spectrometer for viscosity measurements at high temperature and pressure.

The linear and quadratic terms, which are the most significant,
are readily measured in most experiments. The linear term is
the average line width as defined in eq 5. Since the scattering
power of individual particles is skewed heavily toward large
particles (eq 3), this “average” I'" will result in “average” di-
ameters weighted toward the largest species.

The second moment (u,) normalized by the square of the
average line width (uzlf‘z) Is termed the polydispersity param-
eter. For a perfect monodisperse suspension, /,L2/I‘2 =0. In
practice, values of u,/I'? less than -0.1 are taken as an indi-
cation of a narrow distribution.

It is readily apparent that a quadratic regression analysis of
in [A,*(¢)] versus t wili provide estimates of I' and u,/T2
Using the Stokes-Einstein relation, we obtain the viscosity di-
rectly, since

D =T/(2q? (6)
and

d, = kt/(3mD) @)

As we indicated in an earlier publication, the excess viscosity
(ug) may be defined as

He = Hmix — Bmx® (8)

where p.,,.° is the mixture viscosity of an ideal solution of the
same concentration (77). Tests on binary mixtures displaying
thermodynamic ideality led to the equation

“'mbto = (X1u11/3 + X2/J.21/3)3 (9)

Deviations of ideal mixtures from this formula were generally
less than 3 %; therefore, eq 9 provides a useful benchmark for
comparison with results from real mixtures. Negative values
for excess viscosity indicate some intermolecular repulsion or
the breaking of bond networks, while positive values are at-
tributed to attraction or even bond formation between the two
species. Since the hydrocarbon in alcohol-hydrocarbon mix-
tures tends to reduce hydrogen bonding in the alcohol, it is
anticipated that negative deviations will prevail here.

Experimental Section

Apparatus. A custom-built, dynamic light scattering spec-
trometer was the centerpiece of this experiment. The appa-
ratus (Figure 1) consists of (1) a laser, (2) source optics, (3)
sample enclosure, (4) collection optics, (5) detector, and (6)

signal processing equipment. Except for the high-temperature
enclosure, the specification and assembly of components were
based on established guidelines (2, 6). The high-temperature
enclosure was designed specifically for this study.

A 2-W argon ion laser (Spectra Physics Model 165-06) gen-
erates a vertically polarized beam (A = 488 nm) that was fo-
cused onto the center of a standard quartz spectrophotometer
cuvette which contains the sample. The beam was focused to
a narrow (0.2 mm) width in order to maximize the modulation
of the scattered light (i.e., high signal/noise). Typically, only
low-power operation (<100 mW) was necessary.

The high-temperature enclosure (72) provides for tempera-
ture control of the sample to 500 °C and pressurization to 7
MPa. The body of the enclosure isa 7.6 X 7.6 X 10.1 cm
stainess steel block. Quartz windows (Bond Optics, OPTISIL-3;
2.5-cm-0.d. X 1.9-cm-thick, 40-20 finish) act as ports for the
incident beam, the transmitted beam, and the light scattered at
90°. A top flange permits access to the sample cell, faciiitates
pressurization, and allows direct measurement of the fluid tem-
perature (type K thermocouple). The top and window flanges
seal against O-rings. The entire block is insulated to minimize
heat losses and thermal gradients.

The block temperature is maintained to within 0.1 °C of the
set point by a PI-time proportioning controller. The controller
operates a power relay that supplies adjustable voltage to four
100-W cartridge heaters. A regulated argon gas cylinder pro-
vides the overpressure needed for high-temperature measure-
ments. Earlier studies with similar substances have shown that
the dissolution of argon into the fluid phase has a negligible
effect upon the sample viscoslty in the range of this study (72).

The collection optical system limits the light reaching the
detector to that scattered at 90° from a small volume (0.2 X
0.2 X 0.2 mm). Guidelines for the sizing and placement of the
limiting apertures have been reviewed in several articles (7, 2,
6). The first aperture is a small iris diaphragm (0.68 mm; Ealing
No. 22-3305) located just in front of the imaging lens. A 100-
mm, plano-convex lens is placed approximately 20.3 cm from
the center of the sample cell. The final aperture is a precision
adjustable slit mounted vertically, just in front of the detector
and in the plane of the image formed by the lens. Al of the
components are positioned along the axis normal to both the
incident beam and the plane of polarization. The detector is
an end-window photomultiplier (EMI No. 9863B350) mounted
in a housing that provides radio-frequency and magnetic
shielding (Pacific Model 3262 RF). A pulse amplifier discrimi-
nator (PAD, Langley Ford Model 1098) converts the milliampere
pulses generated by the photomultiplier tube (PMT) to TTL
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Figure 2. Capillary viscometer system used for low-temperature measurements.

pulses (0-5 V dc) for use in a sophisticated digital correlator
(Langley Ford model 1096). This digital signal processor ac-
curately approximates ideal autocorrelation functions. An RS-
232 communications interface between the autocorrelator and
a microcomputer permits automated operation, off-line analysis,
and convenient data logging. The custom-built dynamic light
scattering spectrometer is described in detail in a previous
paper (13).

A conventional method of measuring the viscosity of fluids
was also employed in this study to give reference viscosities
for the pure components and their mixtures at temperatures
below the boiling points. The apparatus (Figure 2) used for this
conventional method is detailed in a previous paper (73). The
major component is a glass Ubbelohde viscometer. The ex-
perimental equipment also included a constant-temperature
bath and a piping system for drawing samples into the capillary
tube. A calibrated, platinum, resistance thermometer con-
nected to a digital Fluke RTD sensor (Model 2180A) made it
possible to measure temperatures accurately to within 0.1 K.
The entire experimental unit (except readout devices) was
covered and heavily insulated to minimize temperature gra-
dients. Liquid efflux time was determined electronically with
fiber optic detectors with an accuracy of 0.01 s, essentially
removing one of the persistent sources of experimental error
in oider devices. The operation and theory of capillary vis-
cometers are discussed extensively in the literature (6, 73, 74).

The viscometers used in this conventional method relate the
efflux time, t, to the kinematic viscosity v as

v=p/p = KAt - Ke/At? (10)

where the calibration constant K is expressed as

K—(I—zﬂ 11
° =\ Arav ()

and K¢ is the kinetic energy correction constant. The manu-
facturer's (Schott Gerate) calibration values were confirmed in
our laboratory with both water and toluene as calibrating fluids.

To obtain the dynamic viscosity u it is necessary to determine
the density of the fluid at the temperature of the experiment.

As was reported in a previous paper, the densities of all of the
mixtures were measured by using calibrated pycnometers to
an experimental accuracy of 0.3%. On the basis of the find-
ings of our previous studies (77, 75), densities of pure com-
ponents may also be predicted by the method of Gunn and
Yamada (76). The specific volume of a pure saturated liquid
is given as a function of temperature, given critical data,
acentric factor, and density data at one temperature in addition
to the critical point. Data used to calculate densities for all the
components in this study are those tabulated by Reid, Prausnitz,
and Sherwood (77). The liquids used in this study are chem-
ically similar, and the pressure is low, so it is appropriate to
select Amagat’s law as a mixing rule. The molar volume of the
mixture is given as

Vak = Tl (12)

where x, is the mole fraction of component /, and V,'- is the
molar volume of the pure components. This rule should be
quite accurate for all mixtures in the study.

The refractive indices of the fluids at elevated temperatures
were calculated according to the standard Eykman equation
(18). The accuracy of this estimation method is >99% and
has been used in a previous study (73). This study also em-
ployed an ABBE 60 Refractometer to verify the estimated re-
fractive indices of the fiuids up to their bolting points. A Bausch
& Lomb monochromator provided the correct light wavelength.

Preparation of Organophilic Sols. In order to interpret our
light scattering results, we must deal with systems that conform
to relatively ideal models. Central to the technique proposed
in this report is the nature of the seed particles added to the
fluids whose viscosities are to be determined. It is important
to use seed particles as monodispersed as possible in order to
avoid the complications associated with the analysis of systems
having extreme size distributions. The particles must also be
physically and chemically stable at the conditions of interest.
Finally, the seed should exhibit stability against aggregation and
must conform to the assumptions inherent in the Stokes-Ein-
stein equation (eq 7). A seed that fulfills these requirements
wili form a mode! organophilic sol in nonpolar organic fluids. A



number of different methods were tested for the preparation
of organophilic sols, but the synthesis suggested by Van Helden
was most successful (79). The particles produced by this
method meet all the requirements mentioned previously, and the
method is relatively simple.

The preparation suggested by Van Helden is actually a com-
bination of an alcohol preparation, such as that developed by
Stober, and a surface treatment, such as that of Iler (20, 27).
A monodisperse silica sol is formed by the controlled hydrolysis
of tetraethyl orthosilicate [Si(OC,Hs),] in an alcohol-ammonia-
water mixture. The silica particies are rendered organophilic
by chemically bonding stearyl aicohoi [CH4(CH,);;0H] to the
particle surface. The resulting particles form stable colloidal
suspensions in a number of nonpolar aliphatic, cyclic, and
aromatic solvents. This technique apparently eliminated prob-
lems which were experienced by other workers with charges
on the particle surfaces.

Tetraethyl orthosilicate (TEOS) is hydrolyzed in the presence
of water, with ammonia acting as a catalyst. In a typical
preparation, 5.4 mL of concentrated NH,OH (28% NHj) is
mixed with 85 mL of absolute ethanol in a clean flask. The
TEOS is added (3.54 g) and the reaction mixture is stirred at
constant temperature (25 °C) for at least 4 h. Our standard
procedure generally results in spherical particles of 0.1 mm
diameter. The size of the particles can be controlled by varying
the reactant concentrations. The alcosol particles are stabilized
by electrostatic forces and remain in suspension for months.

Five grams of stearyl alcohol, along with 100 mL of ethanol,
are added to the alcosol as a slurry. The ethanol addition allows
the water to be easily removed by shifting the water content
below the azeotropic composition. After distillation of the eth-
anol and water at atmospheric pressure, a nitrogen blanket is
introduced. The silica—stearyl alcohol mixture is heated to 190
°C and maintained at that temperature for at least 3 h to
complete the esterification reaction between the silica and the
stearyl alcohol, forming a Si-O-C linkage to the particle sur-
face.

The modified silica is separated from the excess stearyl al-
cohol by sequential centrifugation. For the first separation, a
60/40 (v/v) mixture of chloroform and cyclohexane is added to
the mixture. Chloroform is an excellent solvent for the excess
stearyl alcohol, while cyclohexane lowers the density enough
to make centrifugation of SiO, practical. The supernate is
discarded and the process repeated with the solvent of interest.
Before centrifugation, sonication of the suspension is sometimes
necessary to redisperse the particles and ensure good con-
tacting. Normally only three cycles are necessary to produce
dispersions free of contaminants. High-quality reagents
(>99%) are used without further purification.

Light Scattering Measurements. The organophilic prepa-
ration resuits in a fairly concentrated stock suspension which
is then diluted with pure reagent to reduce the particle con-
centration. Particle interaction effects are minimized by diluting
to concentrations of <50 ppm solids. A preliminary light
scattering test using a low-temperature, low-power spectrom-
eter (Langley Ford Model LSA-6) is used to determine the
particle concentration that will provide sufficient signal strength.
The optics of this unit are fixed at a scattering angle of 90°.
Preliminary tests also help screen out samples that do not justify
further study.

We followed the recommendations of Degiorgio and Lasto-
kova for the operation of the digital correlator (22). The sample
time is selected so as to span about four decay times. Laser
power and aperture settings are adjusted to provide good sig-
nal/noise ratios (coherent scattering) and strong signals. A
number of short (60-s) independent runs are superior to one
long run, since the average of the runs provides a more ac-
curate estimate of the viscosity, and the standard deviation
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Table I. Capillary Viscosity Data for Pure 1-Butanol

temp, K v, mm?/s  u, mPas o, kg/L % CVe
291.5 3.754 3.046 0.8115 0.48
294.5 3.471 2.806 0.8085 0.01
298.5 3.129 2.517 0.8044 0.02
300.5 2.972 2.385 0.8023 0.02
307.6 2.502 1.989 0.7951 0.02
314.6 2,121 1.671 0.7878 0.04

@ Coefficient of variation for set of runs = (standard deviation/
mean) X 100.

Table II. Laser Light Scattering Viscosity Data for Pure
Ethanol

temp, K g, mPas p, kg/L

temp, K u, mPass p, kg/L

293.7 1.160 0.7882 393.2 0.320 0.6646
294.1 1.137 0.7877 . 393.2 0.312 0.6646
294.5 1171 0.7873 411.7 0.216 0.6383
295.4 1.158 0.7862 4117 0.215 0.6383
298.2 1.068 0.7830 413.2 0.221 0.6361
298.2 1.077 0.7830 413.2 0.220 0.6361
308.2 0.911 0.7714 417.8 0.174 0.6294
308.2 0.915 0.7714 417.8 0.172 0.6294
308.2 0.926 0.7714 433.2 0.166 0.6061
318.2 0.805 0.7597 433.2 0.165 0.6061
318.2 0.797 0.7597 442.2 0.132 0.5921
318.2 0.822 0.7597 442.2 0.132 0.5921
338.2 0.628 0.7358 453.2 0.137 0.5746
338.2 0.626 0.7358 453.2 0.139 0.5746
343.2 0.584 0.7297 463.2 0.106 0.5583
343.2 0.583 0.7297 463.2 0.106 0.5583
348.2 0.529 0.7235 473.2 0.096 0.5417
348.2 0.529 0.7235 473.2 0.096 0.5417
358.2 0.482 0.7110 483.2 0.090 0.5249
358.2 0.486 0.7110 493.2 0.078 0.5078
368.2 0.407 0.6982 493.2 0.077 0.5078
373.2 0.405 0.6916 493.2 0.079 0.5078
373.2 0.404 0.6916 498.2 0.075 0.4992
378.0 0.354 0.6853 503.2 0.069 0.4906
392.2 0.291 0.6660

provides information about the measurement’s reproducibility.
With optimized operation and a stable sample, five replicate
runs (60 s each) yielded a coefficient of variation of the pre-
dicted viscosity of <1%.

Once the sample cuvette is aligned in the high-temperature
enclosure, a base-line diameter is obtained at ambient condi-
tions. This diameter is calculated on the basis of a predeter-
mined low-temperature viscosity and is used in subsequent
viscosity calculations. Measurements at higher temperatures
are conducted only after the sample has thermally equilibrated
with the enclosure (15 min at temperature). High-temperature
refractive indices are calculated according to the standard
Eykman equation (78). The accuracy of this estimation method
is >1%. An argon overpressure of at least 50% of the sat-
uration pressure is applied for measurements conducted above
the normal point. Finally, after cooling, additional measurements
are made at ambient conditions to check the stability of the sol.
The initial and final diameter results should correspond within
£2%.

Results and Discussion

Pure Component Viscosity Data. Viscosities of three pure
compounds for which data are available over a significant
temperature range were measured. These fluids include eth-
anol, 1-butanol, and n-heptane. To verify the precision of our
laser light scattering results, low-temperature viscosity data
were measured and compared with literature data in the cases
of ethanol and n-heptane (23, 24). In the case of 1-butanol,
a measurement with a capillary viscometer was used for com-
parison and verification (Table 1). Details of the measurement
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Table III. Laser Light Scattering Viscosity Data for Pure
1-Butanol

Table VI. Laser Light Scattering Viscosity Data for
Ethanol-n-Heptane System

temp, K u, mPas p, kg/L temp, K u, mPas p, kg/L z(EtOH) temp, K u, mPa-s 0, kg/L

2925 2905  0.8104 3433 1002  0.7579 0.3 294.1 0.461 0.6984

2925  3.060  0.8104 3433 1010  0.7579 294.0 0.463 0.6985

292.7 2933  0.8102 3433  1.002  0.7579 294.2 0.463 0.6983

2929  3.009  0.8100 3746 0519  0.7242 304.4 0.409 0.6891

3033 2227  0.7994 382.8  0.287  0.7150 314.9 0.363 0.6786

3033 2227  0.7994 3838  0.217  0.7139 325.6 0.323 0.6696

3239 1470  0.7782 3984  0.158  0.6972 344.1 0.269 0.6522

3239 1464  0.7782 4237 0114  0.6668 362.5 0.222 0.6342

3239 1470  0.7782 379.2 0.192 0.6173

384.0 0.180 0.6123

Table IV. Laser Light Scattering Viscosity Data for iggg 8}2? 823;2

n-heptane 417.8 0.136 0.5751

temp, K u, mPas p,kg/L  temp, K 4, mPas p, kg/L 431.3 0.120 0.5593

2921 0426  0.6838 3488  0.232  0.6345 463.3 0.094 0.5192

293.1 0423  0.6838 353.1  0.214  0.6305 473.8 0.090 0.5053

2931 0419  0.6838 3531  0.216  0.6305 492.0 0.076 0.4806

293.1 0412  0.6838 3631 0197  0.6211 4924 0.077 0.4800

2984 0369  0.6792 3631 0199  0.6211 05 295.3 0.549 0.7118

2984 0362 06792 3731 0201 06110 295.6 0.544 0.7115

3031  0.347  0.6752 376.4  0.179  0.6083 295.6 0.548 0.7115

3031  0.343 06752 3994 0163  0.5851 303.2 0.482 0.7043

3131 0309  0.6665 4009  0.148  0.5835 315.2 0.404 0.6929

3231 0270  0.6577 4010 0146  0.5834 354.2 0.277 0.6545

3231 0278  0.6577 4230 0123  0.559% 372.2 0.233 0.6358

333.1 0252  0.6488 4231 0124  0.5590 395.2 0.189 0.6106

343.1 0234  0.6397 4237  0.128  0.5580 404.2 0.173 0.6003

3485 0231  0.6348 4482 0131  0.5304 434.2 0.163 0.5640

434.7 0.265 0.5633

. L 458.9 0.260 0.5318

Table V. Capillary Viscosity Data for Ethanol-n-Heptane 0.8 293.4 0.868 0.7481

System 294.4 0.852 0.7471

x(EtOH) temp, K », mm?/s g, mPas p, kg/L %CV® 2944 0.848 0.7471

0.3 294.4 0.667 0.466  0.6981  0.62 gg?,'g 8‘333 g;ggi

297.2 0.645 0448 06955 0.85 3330 0.456 0.7064

300.5 0.621 0430 06925  0.68 333.0 0.486 0.7064

303.6 0.598 0412 06898  0.17 3473 0417 0.6907

05 303.2 0.695 0489 07043  0.52 34753 0.490 0.6907

313.2 0.612 0425  0.6948  0.18 3750 0.298 0.0614

323.3 0.548 0.375 06850  0.50 3730 0.28 0.6614

328.1 0.522 0.355 06804 0.75 105.3 0.207 0.6216

338.2 0.477 0320 06704  1.67 420.8 0.184 0.6013

0.8 293.8 1.126 0.842 07482  2.29 4264 0.166 0.5937

297.3 1.098 0.818  0.7444 171 4417 0.142 0.5725

303.3 0.951 0702 07382  0.38 4417 0.140 0.5725

308.9 0.878 0643 07323  1.04 4646 0.129 0.5356

313.4 0.819 0.596  0.7276  0.60 4743 0.104 0.5944

09 2932 1300 0996 07659 121 496.3 0.089 0.4903
298.2 1.186 0902 07605  0.86 ' ' '

09 293.2 0.979 0.7659

300.8 1.132 0.858 07577  0.77 2047 0.891 0.7554

306.2 1.043 0.784 07518  0.56 3529 0.430 0.6989

308.2 1.008 0.756  0.7496  0.20 295.7 0.250 0.6458

¢ Coefficient of variation for set of runs = (standard deviation/ 415.6 0.199 0.6189

mean) X 100. 453.1 0.132 0.5643

495.6 0.087 0.4968

505.6 0.086 0.4804

method are given elsewhere (715).

Laser light scattering viscosity measurements were made for
all three compounds from room temperature to the highest
temperature at which the silica suspension was stable for the
particular material. Results for ethanol, n-heptane, and 1-bu-
tanol are given in Tables 11, III, and IV, respectively. Ethanol
formed the most stable suspension, remaining intact to within
13 °C of the critical point. An independent mechanical failure
prevented the acquisition of data above 230 °C. The other two
materials, while less stable, remained usable well above the
normal boiling point. Two key factors could lead to greater
stability: the production of smaller silica particles and the use
of stearic acid homologues as the bridging material bonded to
the silica. These factors are under investigation. The results
for ethanol are shown in Figure 3 in terms of an Arrhenius plot.
Our data significantly extend the data available in the literature
and agree with the existing data over a broad temperature

range (23). An attempt to fit the data with an empirical An-
drade correlation, which has the general form

n(@) =In{A)+ B8/T (13)

proved inadequate for the wide temperature range of the study.
The correlation shown in Figure 3 includes only the data below
the normal boiling point. The curvature of the relationship near
the critical point indicates that a more complex relationship is
necessary to describe the data. Reid, Sherwood, and Prausnitz
(77) recommend a three-constant equation of the Antoine
equation form. With the data at hand, this correlation gave
physically unreasonable constants. The limited success en-
countered in predicting liquid viscosity over the temperature
range between the melting point and the critical point is the
direct result of inadequacies in the theory of the liquid state.



[2socc T T | I T I
5200"0 150°C 100°C 75°C 50°C 25°C
gy

a
2 = al -

.
'.
\I:.\..:

~in(mPa-s)

W EXPERIMENTAL DATA
® ICD/TIMMERMANS DATA
[ = ANDRADE EQUATION

e .
0 L\Q

~05 F 4

|
=

scP :BP

| S N N SN SN NN SN (Y 200 EOUST R NN N N

19 2.1 2.3 2.5 2.7 2.8 3.1 a3 a.s
X10-2

TEMPERATURE (K-}

Figure 3. Viscosity of pure ethanol for the temperature range 20-230
°C.

26

24 L zolo=c |5<[:°c tog°c 75]°c soLc zsloc 4

2.2 —\ -

2 '\. -

18 b ~a B
LIS

16

L]

14 F \ A

12 - [ ] 4
1 = \ pu|

08 L ¢ 4

~IntmPa-s)

B EXPERIMENTAL DATA 'Y
06 | A U-TUBE DATA R 4
0s | @ SHKHALEY ET AL (1874) o 4 i
' — ANDRADE'S EQUATION DLRY
02 F o4y
0
—02 i | L i 1 | L | ! | T I.
2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 1073

TEMPERATURE (K ~1)

Figure 4. Mixture viscosity data for a typical ethanol (x = 0.8)-n-
heptane mixture over the temperature range of the study.

BASED ON ANDRADE CORRELATION OF DATA

1.8 T T T I T T T T
1.4 J
TEMPERATURE (°C) .
13 | B 20
L ® 80
1.2 ¢ 100 _
A 140
1.1 < 180 -
v 220 | ]
1.0 | / .
08 | B
» 08 ~
o
[N
£ o7 - -
06
/.
0.5 |
_/- ®
04 B
e *
03 o o—¢
| —
0.2 ¢—————" A A_..A—di\

0.1 0.2 0.3 04 05 06 07 08 09 10

mol fraction ETOH
Flgure 5. Mixture viscosity data for all ethanol-n-heptane mixtures
over the temperature range of the study. Isotherms computed from
Andrade constants derived from raw data.

Journal of Chemical and Engineering Data, Vol. 34, No. 1, 1989 51

1.4 1 T T T

0.00

-0.02

-0.04

-0.08

-0.08

-0.10

EXCESS VISCOSITY, ug (mPas)

VISCOSITY, u (mPa-s)

-0.12
-0.14

-0.18

L ]
/ e
[ J

0.4 © L 1 1 | -0.19
s} 0.2 0.4 0.6 0.8 1.0

mof fraction ETOH

Figure 8. Viscosity and excess viscosity of the ethanol-n-heptane
system at 20 °C.

Viscosities of Mixtures. Binary liquid mixtures of ethanol and
n-heptane were studied over the entire composition range and
from room temperature to 210 °C. Again the laser light
scattering results were verified by low-temperature capillary
viscometer measurements, which are reported in Table V. The
laser light scattering results are reported in Table VI. The
stability of the mixtures varied from high stability in the pre-
dominantly ethanol mixtures to lower stability in those containing
primarily n-heptane. Mixing the second component into the
pure material containing the silica particles did not appear to
destabilize the suspension.

The temperature variations of a typical mixture (0.8 mole
fraction ethanol) are shown as an Arrhenius plot in Figure 4.
In this case the Andrade correlation gave a good fit to the data
over the entire temperature range. The primary reason for
exhibiting the particular mixture is that it affords an opportunity
to compare our data acquired by capillary viscometer and by
laser light scattering with the single set of data which are
available in the literature (24). While our two measurements
agree closely, the previous result is in substantial disagreement
with the current data, particularly at room temperature. The
other mixture data which we acquired produced curves similar
to those in Figure 5.

On the basis of the series of Andrade correlations for dif-
ferent concentrations, it was possible to produce the isothermal
viscosity-mole fraction curves in Figure 5. Because the data
for different mole fractions were taken at slightly different tem-
peratures, it was necessary to correct each point by using an
Andrade correlation to a uniform temperature (e.g., 60 °C). The
data showed a pronounced concave functionality indicating re-
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pulsion of the two species. This contention is reinforced by the
excess viscosity curve for 25 °C which is given in Figure 6.
The extreme negative excess viscosity of 0.17 mPa-s repre-
sents a moderate repulsion (77). This is probably caused by
the disruption of the hydrogen-bonding network which resulits
from mixing the n-heptane in ethanol.

Conclusions

A rapid reliable method of measuring viscosities of liquids and
liquid mixtures by use of laser light scattering has been tested
in the region between the normal boiling point and the critical
point. While the silica particles which are suspended in the
liquid exhibit different stabilities, all allow the measurement of
viscosities well above the normal boiling point. In the case of
ethanol we were able to measure viscosities within 13 °C of
the critical point.

Pure viscosities of both hydrocarbons and alcohols are not
well fitted by an Andrade correlation over the broad temperature
range of this study. A three-parameter equation, such as an
Antoine-type correlation, is required.

Alcohol-hydrocarbon mixtures exhibit significant negative
deviations from ideality, indicating that the hydrogen-bonding
network is disturbed by the presence of the hydrocarbon in the
alcohol matrix. As temperature rises, this effect substantially
subsides because of the increasing significance of the kinetic
energy.
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Glossary

a particle radius

A Andrade coefficient, mPa-s (cP)

Al(?) arbitrary signal, continuous function of time

A(t) fluctuating influence of molecular collisions on par-
ticle motion

A7) time domain autocorrelation function of A(t) (het-
erodyne)

A*(w) frequency domain scattering results

B Andrade coefficient, K

dy particle diameter

D self-diffusion coefficient = kT /(6mwan)

f(r) normal distribution of particles

K Boltzmann constant

K arbitrary constant

Ke kinetic energy correction constant

L viscometer tube length, m

m particle mass

M molecular weight

n medium refractive index

N number of particles in scattering volume

P pressure, Pa

P(q.r) Mie scattering factor

q scattered field vector = vector difference between

incident and scattered propagation vectors
position vector
tube radius, m
time, s
temperature (absolute)
velocity vector
mole volume, m3/mol
volume, m®
mole fraction

X< Sy~

z average hydrostatic level, m

Greek Letters

8 coefficient of dynamic friction ~ 6mran/m

T line width (Hz), haif-width at half-height of frequency

domain autocorrelation function ~ q,D (hetero-
dyne case) or ~2q,D (homodyne)

change in (e.g., AP = pressure change)

shear viscosity

scattering angle

wavelength of light

n moment of distribution, order n

dynamic viscosity, mPa-s

kinematic viscosity, mm?/s

fluid density, kg/L

time increment

characteristic decay time of autocorrelation function

acentric factor

ANT TRE DI

80

Subscripts

critical point

calibration constant
excess viscosity property
refers to components 7, j
mixture

initial or original condition
reduced

scattered condition

® 03 ~mMQo
S—.

Superscripts

° referring to an ideal mixture

0 at zero pressure
R at the reference point
L of mixture

Registry No. Ethanol, 64-17-5; 1-butanol, 7 1-36-3; heptane, 142-82-5,
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