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Self-Diff usion in Compressed Supercritical Toluene-d, 

Ellen S. Baker, Donald R. Brown,+ Douglas M. Lamb, and Jlrl Jonas* 
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The seif-diffuslon coeff lclents of supercrltlcal toluene-d, 
were measured by uslng the NMR spin-echo technlque for 
temperatures from 300 to 450 O C  at constant pressures of 
100, 500, and 1000 bar. The results at 100 bar are 
compared to the prdlctlons for toluene diffudon by using 
varlous emplrlcal correlation methods for estknatlon of the 
diffusion coefficients In the eupercrltkal region. 

Introduction 

Information on the physical properties of supercritical fluids 
and supercrltical fluid mixtures is currently in great demand. A 
better understanding of the behavior of fluids at supercritical 
conditions is necessary. The lack of fundamental data on 
systems of current commercial and theoretical Interest makes 
It dmicuit to interpret experimental observations. In  this paper, 
we present the results of our experiments on the temperature 
and pressure dependence of selfdiffusion in supercritical toiu- 
ene-d,. 

Ou hvestigetkn was mothrated by the interest In supercritical 
toluene as a solvent in the extraction of thermally generated 
coal liquids ( 1 ,  2). Typically, coal is heated to temperatures 
between 350 and 450 O C  in the presence of a supercritical fluid 
at a pressure of 100-200 atm. As the large molecular weight 
components depdymerlze thermally, the resulting hydrogen4ch 
material dissolves in the supercritical solvent and Is removed. 
Toluene is a convenient solvent to use for the extraction, as its 
critical temperature is 319 O C ,  and critical pressure is 41 atm 
(see Table I). Recent experknental studies of supercritical fluid 
extraction in the process of coal iiquefication investigate the 
basic steps involved by varying solvents, pressures, and tem- 
peratures (4). The goal of our experiment was to provide 
fundamental data on transport in supercritical toluene-d,. These 
data should help in the design and interpretation of extraction 
processes using supercritical toluene. 

We have measured the selfdiffusion coefficient in super- 
critical toluene-d, at constant pressure for temperatures from 
300 to 450 O C  (0.97 <T, < 1.22) for pressures of 100, 500, 
and 1000 bar. 

Selfdiffusion coefficients of deuterated toluene were mea- 
sured, rather than protonated toluene, in order to minimize the 
experimental difficuttles associated with very long proton spin- 
lattice relaxation times (T , ) .  Since the value of the T ,  deter- 
mines the length of time between pulse sequences, a long 
relaxation time leads to prohibitlvely long measurement times. 
Previous measurements (5- 7) of proton and deuterium relax- 
ation times in liquid toluene have been made as a function of 
temperature and pressure. The relaxation is due to dipolar 
interactions in protonated toluene and quadrupolar interactions 
in tduene-d,. Therefore, the relaxation times can be expected 
to increase with increasing temperature. However, the quad- 
rupolar relaxed deutet" T ,  values are smaller than the proton 
T ,  values, resulting in a comparatively shorter measurement 
time. The seifdmusion coefficients of deutwated toluene should 
not be significantly different from those of protonated toluene 
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Table I. Molecular Constants for Toluene" 
mol w t  92.141 
critical temp, K 591.7 
critical press., atm 40.6 
critical vol., cm3/g-mol 316 

a Reference 3. 

at the temperatures of the measurement and will provide an 
excellent estimate. 

Our previous study (8) of selfdiffusion In compressed su- 
percritical water compared the experimental resuits to the 
predictions of the dllute polar gas model of Monchick and Ma- 
son (9). The model, using a Stockmayer potential for the 
evaluation of the collision integrals and a temperaturedepend- 
ent hard-sphere diameter, gave a good description of the tem- 
perature and pressure dependence of the diffusion. Unfortu- 
nately, a similar detailed analysis of the selfdiffusion of su- 
percritical toluene is prevented by the lack of density data at 
supercritical conditions. Viscosities of toluene from 320 to 470 
O C  at constant volumes corresponding to densities from p/pc 
= 0.5 to 1.8 have been reported (IO). However, without PVT 
data, we cannot calculate the corresponding values of the 
pressure. 

The diffusion data at 100 bar are compared to values ob- 
tained by using various estimation schemes for the selfdftusion 
coefficient of protonated toluene. No attempt was made to 
estimate coefficients at 500 and 1000 bar, as these correspond 
to reduced pressures (P, = 11.9 and 24.7) well beyond the 
range of the approximate methods. 

Exoerlmental Sectlon 

The selfdiffusion coefficients were measured at the deu- 
terium resonance frequency of 9.21 MHz by using a 14.1-kG 
electromagnet with a wide gap (3.8 in.) to accommodate the 
high-pressure vessel. The pulsed NMR spectrometer and re- 
ceiver system are described in detail elsewhere ( 1 1 ) .  The 
argon-pressurized, high-pressure, Mgh-temperature NMR probe 
(12) was used previously for studies of relaxation (13) and 
diffusion (8) in compressed supercritical water. I t  consists of 
two high-pressure vessels: the primary vessel, containing an 
internal furnace, two thermocouples, and the rf coil and sample; 
and the secondary vessel, containing the stainless steel sample 
bellows. Quartz sample cells were used rather than ceramic 
cells, as corr&n is not a problem. The rf cdl was constructed 
by winding 14 ' I2 tums of 22 gauge nichrome (Chromel A) wire. 
The coil was silver soldered to nichrome conductor coaxlal 
high-pressure leads. The tuning circuit consisted of a 6-ft im 
pedance transforming coaxial cable terminated with a tappect 
parallel capacitor box with both fixed and variable capacitors 
totaling 70 pF in series and 10 pF in parallel. The observed 
signal peak to rms noise ratio in liquld toluene-d, (30 "C) was 
60:l after one scan. 

The spectrometer is automated for the measurement of 
selfdlffusbn coefficients (14) by the Hahn spineho sequence 
(15) (9O0-~-l8O0-r-echo), with a fixed fieid gradient. The 
echo amplitude is measured at SIX 7 values with the magnetic 
field gradient on and off. The diffusion coefflcient is determined. 
from the slope of In (A ,/A vs. 73 and the known value of 
the field gradient. The gradient was calibrated at 1 G/cm by 
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Table 11. Experimental Self-Diffusion Data fo r  
Compressed Suwrcrit ical Toluene-dn 

diffusion coeff, cm2/s 
P, bar 30O0C 325 OC 350°C 375OC 400OC 450 OC 
100 28.2 33.4 43.2 50.0 69.1 106 
500 17.3 20.9 22.0 26.3 
lo00 14.0 15.2 17.2 20.0 
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Figure 1. Experimental selfdiffusion coefficlents of toluene-d,. 

using literature values for the selfdiffusion of liquid toluene at 
room temperature (76). I t  was previously determined (8) that 
although the sample region is heated with an internal furnace, 
the magnetic field gradient calibration does not change with 
temperature. 

The deuterated toluene samples were obtained from two 
souces, Alfa Products @anvers, MA) and Aidrich Chemical Co. 
(Milwaukee, WI). The samples were rated at better than 99 
atom % and were used without further purification. 

The error in the measured Sendiffdon coetRcient varies wlth 
the temperature and pressure studied. The estimated accuracy 
Is better than f 10 % for ail except the lowest density points. 
For the 400 and 450 O C  points at 100 bar, low signal-to-nolse 
ratios lead to estimated errors of 1 2 0  % . 

Resub and Discussion 

The resutts of our measurements of the selfdiffusion coef- 
ficient in supercritical toluene are given in Table I1 and dis- 
played In Flgure 1. The coemdents were on the order of lo-" 
&/s, a v a h  typical for compressed supercrtticai fluids in this 
range of reduced temperature and pressure. The variation of 
the diffusion coeffident with temperature and pressure can be 
explained in terms of the relatlve changes in density. As the 
temperature is raked at constant pressure, density decreases 
and therefore diffusion becomes faster. As pressure is in- 
creased at constant temperature, density increases and diffu- 
&on slows down. The effect of increasing temperature is more 
pronowrced at lower pressures, since the oorresponding density 
change is greater. At higher pressures, the temperature de- 
pendence of the density is not as great, and we do not see a 
large variation in the dlffusion coefflclent. This explains the 
difference in the curvature of the 300 and 375 O C  isotherms 
in Figure 1 .  

Reasonable success hes been achieved in the interpretation 
of selfdiffusion coefficients in compressed supercrltical fluids. 
The Enskog theory of the dlffusion of hard spheres (77), mod- 
ified to account for the effects of correlated motion at inter- 
mediate and high densities ( 78), has been shown to be in ex- 
cellent agreement with experimental transport properties of 
argon. loypton, methane, carban teQafluorkk (791, and ethylene 
(20). However, the effects of attractive forces become ap- 
parent for densities less than critical, and the corrected Enskog 
theory does not reproduce experimental data. The density 

dependence of the selfdiffusion coefficients for compressed 
supercritical water (8),  measured over a wide range of tem- 
perature (1.04 5 T,  I 1.50) and density (0.315 I p, I 2.21), 
were well described by the dilute polar gas model of Monchick 
and Mason (9). 

A detailed analysis of the selfdiffusion in supercritical toluene 
is prevented by the lack of density data at the temperatwe and 
pressure conditions of our measurements. AppNcation of the 
theories mentioned above requires knowledge of both the 
density and the temperature dependence of the hard-sphere 
diameter. 

Siattery and Bird (27) developed a generalized chart for 
predicting the high-pressure (P, I 10) selfdiffusion coefficient 
wing Enskog's theory and experimental viscosity and P M  data. 
The chart is convenient to use, as it plots pDlCpD)' as a 
function of reduced temperature and pressure, where @D)' is 
the dilute-gas value of the dlffusion coefficient, given by (27) 

-312 
I - -  

@D)' = 2.628 X 
M1J2u2QD 

where p is the pressure (atm), D Is the diffusion coefficient 
(cm2/s), M is the molecular weight, and u (angstroms) and To, 
are the length and collision integral characteristic of the inter- 
molecular potential chosen. 

Takahashi (22) prepared a similar chart based on experi- 
mental values of selfdiffusion and binary diffusion coefficients 
of compressed supercrltical gases and gas mixtures. He notes 
that although the average deviation between the experimental 
results and the predictions using the generalized chart of 
Slattery and Bird is 7.9 % , these predictions are generally lower 
than the experimental values. Takahashi's chart gives an av- 
erage deviation of 4.1 % with random scatter of experimental 
points around the predicted value. 

There are several empirical oorrelahtions whkh are suggested 
for estimating high-pressure diffusion coefficiints (3). Dawson, 
Khovy, and Kobayashi (23) measured selfdiffusion in methane 
for a wide range of temperatures (0.8 < T, < 1.9) and pres- 
sures (0.3 < P,  < 7.4). They f i e d  their data to the equation 

pD/(pD),  = 1 4- 0 . 0 5 3 4 3 2 ~ ~  - 0.030182p,2 - 0.029725~: 
(2 )  

with (PD), the low-pressure value, and p, the reduced density. 
Mathur and Thodos (24) analyzed experimental selfdiffusion 
coefficients for argon, krypton, nitrogen, and carbon dioxide and 
proposed the relationship 

p p  = 10.7 x 1 0 - 5 ~ , / p  (3 )  

where 

p = ~ 1 ' 2 ~  1 / 3 ~  -5/0 
c c  (4)  

with M the molecular weight, P, the critical pressure (atmo- 
spheres), and T, the critical temperature (K). The equation 
reproduced the experimental data for densities up to p, = 1.5. 

Each of these correlations requlres knowledge of the system 
density. I n  order to get an idea of how well the above equa- 
tions predict selfdiffusion in supercrltlcal toluene at 100 bar, 
we can estimate the density values at these conditions by using 
a three-parameter correlation (P,, T,, Z,) to determine the 
compressibility factors. The compressibility factors were ob- 
tained from generalized T ,  - P, tables (25) for a gas with Z,  
= 0.27. 2, toluene Is 0.264 (3). An alternate method (3) for 
determining the mpressibiilty uses the Pher accentric factor, 
w ,  as the third parameter for the correlation, rather than the 
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Flgure 2. Comparison of experimental dlffusbn coefficients (0) for 
toluene-d, at 100 bar wlth predictlons for toluene dlffuebn: (---) 
method of Slattery and Bird (21 1; (- - -) method of Takahashi (22); 
(--) method of Dawson et el. (23); (-) method of Mathur and 
Thodos (24). The error bars represent differences of plus or minus 
one standard deviation. See the text for details. 

critlcai compressibility. The results using this method were 
compared to the results of the first method; no significant dif- 
ferences were observed. 

Lowdensity diffusion values were calculated by using eq 1 
with 6, elk, and the collision integral estimated by using Br+ 
kaw’s (26) relations as described in ref 27. These equations 
are based on a LennardJones potential modified to account for 
toluene’s nonzero dipole moment. 

The results of Utese varkos estimation procedues are shown 
in Figure 2 along with the experimental results for 100 bar. As 
expected, the results obtained by using the generalized charts 
of Slattery and Bird (27) and of Takahashi(22) do not give a 
very good agreement with the experimental results. The pre- 
dicted values are consistently lower than the measured values, 
and the temperature dependence is not strong enough. The 
experimental temperature dependence is much more closely 
reproduced by the more recent empirical correlations of Daw- 
son et ai. (23) and of Mathur and Thodos (24). The exact 
experimental values are not reproduced by any of the methods. 
However, considering the difference in molecular weight be- 
tween toluene and tduene-d,, the approximations Involved, and 
the error in the experimental values (whlch gets higher as the 
density decreases), the correlation of Mathur and Thodos gives 

a very good estimation of the selfdiffusion coefficient in su- 
percritical toluene. 

Summary 

The selfdiffusion coefficient of compressed supercritical 
toluene has been measured as a function of temperature and 
pressure. The diffusion coefficients provide fundamental in- 
formation WMCh is of practical use for engineering applications. 
The empirical method proposed by Mathur and Thodos gives 
a good description of the experimental results at 100 bar. More 
work needs to be done to determine the fundamental physical 
properties of this important system in order to gain a better 
understanding of the behavior at supercritical conditions. 
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