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The trace dispersion method was used to determine
infinite dilution diffusion coefficients for the light
hydrocarbons methane, ethane, propane, and n-butane
into hydrogen. The four systems were investigated at two
to four temperatures each (—25°, 0°, 25°, and 50°C) at
maximum pressures up to 150-500 psia. Replacement of
the thermal conductivity detector by a microionization
chamber enabled measurements on CH:T into hydrogen
at 25°C up to 1100 psia. The experiments were made at
various laminar flow rates to insure that spurious effects
were not introduced. The data were analyzed by both the
single flow rate and multiflow rate methods. A high-
pressure slug injection valve was designed to give a slug
injection as required by the theoretical model.

Experimental data on dilute gas mixtures of hydrogen
and light hydrocarbons are scarce and are tabulated in
Table 1.

All previous investigations reported in Tabie | used the
Loschmidt method at 1 atm and 25°C. All measurements
reported here were at higher pressures and various tem-
peratures. Comparison can be made using the pD = con-
stant obtained at 25°C and interpreted at 1 atm. These
results are 3.8% higher for CHys® — H,, 4.4% higher for
Cy;Hg” — Hj,, and 5% higher for CzHg® — Hjz. This is
well within the 5-10% experimental accuracy of the ear-
lier investigations.

The results of this work have an accuracy of 1%; many
recent investigations (71-5, 7-9, 12, 16, 17, 20, 21, 26,
27) have shown that the trace dispersion method is supe-
rior to the Loschmidt method.

In addition, the validity of these results is substantiated
by the recent thesis of Chuang (74) on viscosity. His cor-
relation predicted Dy, values consistent with those ob-
tained here.

Previous Use of Method

The trace dispersion method has been used and stud-
ied by Taylor (26, 27), Aris (3, 4), and Balenovic et al.
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(6). Chang and Kobayashi (77, 72) studied the He-N,,
CH4~-CyHg, CH4-C3Hg, and CH4-n-C4Hqo systems at di-
lute and moderate densities. Hu and Kobayashi (77)
studied the conditions under which measurements could
be carried out for the He-CH,4, He-Nj, He-Ar, and He-
CO; systems. The dispersion method using a thermal
conductivity (TC) detector with extension to the isotopic
system ‘He-°He was recently conducted by Liner and
Weissman (22).

Knox and MclLaren (79) used an “arrested elution
method.” The method consists of the injection of a thin
band of a nonadsorbed solute into a column and the elu-
tion at a controlled and measured velocity. When the
band is about half way down the column, the flow is ar-
rested and the band is allowed to spread by diffusion for
different times. The band is then eluted from the column,
and its concentration profile is determined by a suitable
gas chromatographic detector.

Walker et al. (28-30) used a “point source technique.”
The method makes use of the steady injection of a trace
gas from a fine hypodermic tube into a slow, uniform,
laminar stream of a second (carrier) gas. Measurements
of the trace gas concentration downstream of the source,
by means of precise gas sampling, permit the binary dif-
fusion coefficients to be determined. By heating the car-
rier gas the measurements may be extended to fairly high
temperatures. They carried out work on the He-N,, CO,-
N2, and CO,-H,-N; systems.

An extensive review of other experimental methods is
included in the thesis (73) on this work.

Experimental Method and Equipment

This investigation used the trace dispersion method.
The details of the equipment, method, and calculations
have been reported by Chang and Kobayashi' (77, 72)
and by Hu and Kobayashi (78). Only modifications are
presented here.

Diffusion tubes. The empty tubes used in this study
were made of 'g-in. 0.d. %3-in. i.d., with £0.001-in. toler-
ance, type 304 SS tubing purchased from J. Bishop Co.,
Malver, Pa. The tubes were thoroughly cleaned sequen-
tially with benzene, acetone, and ethyl ether to remove

Table . Previous Experimental Studies on Diffusion in Hydrogen-Hydrocarbon Systems

Year Name Method System D, cm?/sec T P
1880 Obermayer (24) Loschmidt method H.-CH, 0.729 25°C 1atm
(23) H.-C:Hs 0.535 25°C 1atm
1951 Boyd et al. (10) Interferometric H.-CH, 0.726 25°C 1 atm
method
(Loschmidt-type H:—C:Hs¢ 0.537 25°C 1 atm
cell)
1953 Strehlow (25) Hot wire tech- He~n-CiH1o 0.361 287.9K 760 mm Hg
nique
(Loschmidt-type 0.507 354.2K 760 mm Hg
cell)
0.763 430.0K 760 mm Hg
1961 Fejes and Fluid dispersion H.-CH, 0.73 25°C 1 atm
Czaran (15) in empty tube Hy-C:zHs 0.54 25°C 1 atm
with tungsten Ho~CiHs 0.44 25°C latm
wire as de- He-n-CiHyp 0.40 25°C 1 atm
tector
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all toreign matter. The short correction diffusion tube and
the long diffusion tube were cut from the same coil of
tubing, and their ends were finished with a burring tootl to
remove burrs, etc. The tubes were then coiled to give a
5%-in. 0.d. coil. The cross-sectional area of the tube was
determined by the retention time method. The tube reten-
tion volumes were about 7.8 and 36 cc.
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Figure 1. lonization chamber
Material
1. Body 303 S
2. End closure 303 88
3. Top seal Teflon
4. Bottom seal Teflon
5. Inner insulating sieeve Teflon
6. Outer electrode 303 88
7. Inner electrode 30388
8. Capacitor sleeve 304 SS foil
9. Quter insulating sleeve Teflon

Figure 2. Injection valve

Material
1. Body 416 SS
2. Plunger 303 8§
3. Packing Teflon Q" rings
4. Compression sleeve 416 SS
5. Packing nut 416 SS
6. Plunger stop 416 SS
7. Adjusting screw for 6 416 SS
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These tubes were from the same lot used in earlier
studies in this laboratory by Chang (77) and Hu (77).

lonization chamber (IC) detector system. Commercial-
ly designed IC cells with a volume usually around 250 cc
frequently have a problem of tailing. A microvolume
(0.070 cc) IC shown in Figure 1 was designed and built
at Rice University to eliminate this problem. Its body was
made from 303 SS.

Teflon seals and a spacer made from Kel-F were used.
The surfaces of the two electrodes were polished to as
high a degree as possible to have a uniform electric field.
The sensing volume of this detector was about 70 ul. The
electrodes were surrounded with a grounded shield which
eliminated electronic noise caused by bath fluid circula-
tion, a-particles, or other causes. A perfect base line was
obtained with a noise level less than 10~ '3 amp.

A Cary-31 vibrating reed electrometer was used to
measure the current above 10~'5 amp. The voltage
across the electrodes was supplied by a regulated dc unit
made by Kepco, Inc., Flushing, N.Y. The output of the dc
unit was keptat 12 V.

Sample injection valve. |nvestigations with the TC de-
tector were made using a 10-ul injection valve rated to
1000 psi manufactured by Micro-Tek Instrument, Inc.,
Baton Rouge, La. The results above 700 psi appeared to
be inconsistent, so a new valve (Figure 2) was designed
for a Perfect-Slug injection. The problem was not solved,
however, until the IC detector was designed. The new
valve was used in the | C investigations.

Radioactive sample pump and store box. To avoid any
radioactive release to the open air, the reservoir pump
was used. When high pressure was needed, the pump
was used to establish the pressure. For low-pressure op-
eration, the pump piston was withdrawn to store the ra-
dioactive sample inside the pump. Cylinders containing
the radioactive material and the pump were enclosed in a
frame and curtain arrangement with a vent. An exhaust
fan was operated at all times over the radioactive sam-
ples.

Error Analysis

A complete error analysis is based on both the physi-
cal aspects of the experimental apparatus and the math-
ematical methods of computation. Reproducibility gives
an indication of the quality of the experimental method
and the skill of the experimenter, which are not subject
to direct measurement.

Pressure. Heise gages of 300, 500, and 2000 psi rang-
es were used to measure pressure with an accuracy cer-
tified by the manufacturer as 0.1% of fuli scale. The max-
imum uncertainty occurs at the lowest pressures: at 25
psia the error is 1.2%; at 50 psia, 0.6%; at 100 psia,

0.3%.
Temperature. The temperature was measured and con-

trolied to =+0.01°, which at —25°C gives an error of
0.004% in temperature.

Flow rate. The diameter of the pistons in the tandem
proportioning pump was 2.8089-2.8095 in., which gives a
variation of 0.0356% in the flow rate. Other variations
could arise if the line current fluctuated, which did not
occur; or if the driving gear train were nonuniform. A
check on the gear train was made by observation of the
displacement of a 1/1000-in. dia! indicator micrometer;
no shifts were observed.

Retention time. The total elapsed time from sample in-
jection to the peak height was measured by the sum of
two values. A mechanical push-button timer was started
when the sample was injected. The recorder paper was
started just prior to emergence of the peak, and a tic
mark was made on the paper when the mechanical timer



was stopped. The chart speed and the length from the tic

Table 1V. Experimental Results for C;H," — H,

mark to the peak gave the second portion of the total

. . ; . o . \ Hydrogen
time. The error in the tlmer is 0.1 sec; in the chart time it Temp, Press, Diffusivity Diffusivity density,
is 0.001 sec. The physical layout of the equipment al- °c psia cm?/sec cmé/sec g/cc X 104
ways required the use of the timer. Total residence time
ranged from 72 to 4330 sec with most values around 500 0 350 0.02071 ilii
sec. The net variation in residence time was estimated to ;gg gggggg 12‘15
be 0.1%. . :
Peak width. A Vernier Caliper with an accuracy of 100 0.07090 0.07077 6.098
: : 25 500 0.01677 0.01694 27.49
0.001 in. made by the Brown-Sharpe Co., Switzerland, 300 0.02776 0.02746 16.63
was used. Operator error is estimated as three times the 100 0.08273 : 5‘588
instrument error, or 0.003 in. The reproducibility of the 50 500 0.01989 0.01965 25 38
peaks had a large error, 0.5%. 300 0.03218 15.35
‘Size of diffusion tube. The tolerance in the radius was 200 0.04765 10.27
specified by the manufacturer as £0.001 cm. The radius, 100 0.09528 0.09716 5.155

as determined by the retention time method, was 0.1191

+ 0.001 cm, for an error of 0.8%.
calculation.

Table Il. Summary of Error Analysis

Estd accuracy Resulting

Table V. Experimental Results for C;H;" — H.

a Average of single flow rate calculations. ® Multiflow rate

Variable of measurement variance in D Hydrogen
Temp, Press, Diffusivity,>  Dittusivity,? density,
Pressure 0.1-1.2% 0.2% °C psia cm?/sec cm?/sec g/cc X 10¢
Temperature +0.01° Nil
Flow rate 0.0356% Nil 0 150 0.04022 9.128
Residence time 0.1% 0.19% 100 0.05946 0.05918 6.098
Peak width 0.5% 0.5% 75 0.07877 4.579
Radius ot tube 0.8% Nil 50 0.1181 3.056
25 0.2370 0.2341 1.529
25 300 0.02293 16.63
. ® 250 0.02780 13.89
Table Iil. Experimental Results for CH,” — H, 200 0.03510 1113
Density 150 0.04695 8.364
Temp, Press, Diffusivity,= Diffusivity? of Ha, 100 0.06995 0.06884 5.588
°C psia cm?/sec cm’/sec  g/cc X 10¢ 75 0.09100 0.09013 4,195
25 300 0.0273 19.95 50 0.1370 0.1340 2.799
200 0.04027 13.36 25 0.2711 0.2730 1.401
100 0.08008 6.712 50 300 0.02707 15.35
50 0.1559 1,363 250 0.03251 12.81
0 500 0.01931 0.01964 29.98 200 0.03361 10.27
300 0.03262 18.14 150 0.05387 7.718
200 0.04795 12.15 100 0.07909 0.07874 5.155
100 0.09465 6.098 75 0.1051 3.870
50 0.1899 3,056 50 0.1606 0.1610 2.583
25 500 0.02289 27.49 25 0.3186 0.3098 1.293
300 0.03759 0.03759 16.63 ¢ Average of single flow rate calculations. ® Multitlow rate
100 0.1114 5.588 calculation.
50 520 0.02646 25.38
300 0.04335 15.35
200 0.06510 10.27 Table Vi. Experimental Results for a-C;H;;® — H,
100 0.1281 0.1276 5.155
Hydrogen
Detailed example of results at 25°C and 300 psia Temp, Press, Diffusivity,s  Diffusivity,? density,
- — °C psia cm?/sec cm?/sec g/cc X 104
Diffusivity
- - 25 300 0.02077 16.63
Flow /’,frte' Single /fs'g‘g' Né‘;‘qt;/fg‘z Dev. % 250 0.02519 0.02453 13.89
’ 200 0.03126 11.13
40.0 0.03756 | 150 0.04104 8.364
50.0 0.03735 100 0.06221 5.588
60.0 0.03766 59 0.1219 2.799
80.0 0.03766 | 30 0.2095 0.2)75 1.681
100.0 0.03753 ; 15 0.4143 0.8410
100.0 0.03760 50 300 0.02450 15.35
100.0 0.03615 ' 0.03759 1 250 0.0348 12.81
100.0 0.03750 ‘ 200 0.03605 10.27
100.0 0.03741 | 150 0.04890 7.718
120.0 0.03770! 110 0.07273 5.155
140.0 0.03763 | 50 0.1436 2.583
160.0 0.03800 30 0.2425 1.551

¢ Average ot single flow rate calculations. ® Multiflow rate cal-

culation.

= Average of single flow rate calculations. ® Multiflow rate cal-

culation.

Journal of Chemical and Engineering Data, Vol. 19, No. 4, 1974 301



Calculation of diffusion coefficient. The primary com-
putation was made according to Equation 1 below. The
total error in D is summarized in Table I1. The error in the
peak width measurement is the predominant factor. The
difference of the measurements on the short and long
tubes is used, which increases the error. The long tube
was approximately four times the length of the short
tube, and the square of the width at half height is propor-
tional to the length of the tube. The maximum error in D
is 1%.

Calculation of Results

The derivatic;n of the working equations has been re-
ported by Hu and Kobayashi (78) for diffusion studies
made with a set of long and short diffusion tubes as

Acg? .2 rq?

At w2° Taap (1)
for some length L > Lo, where Ly is some minimum
length so that the response will now show any injection
effect, entrance effect, etc.

Ac? = difference in the variance for the long and short
tubes, where o? is defined from:

W;2 = ~8(g? + a) Iny; for the TC cell detector  (2)

W;2 = —8(c2 + ¢) Iny; for the IC cell detector  (3)

where W; is peak width at height y;, and a and ¢ are
constants.
The difference at half peak height is then

AWq/22 =8A0%In2

so that Ac? is easily obtained from direct measurements
of the width at half peak height, and At = difference in
residence time for the long and short tubes.

The average velocity of the carrier gas U can be exper-
imentaliy varied, and the radius rp of the diffusion tube
can be measured. For a single flow rate calculation, D is
calculated directly from Equation 1. For a multipie flow
rate analysis, a plot of Ao?/At vs. 2/U? will have a slope
of D and an intercept of rg2/24 D. Consistent results

Table VIl. Experimental Results for CH,T® — H, at 25°C

Hydrogen
Press, Flow rate, Diffusivity, Diffusivity,®> density,

psia cc/hr cm?/sec cm?/sec g/cc X 104
1100 15.0 0.01052 59.01%
1102 20.0 0.01072 59.04
1100 25.0 0.01036 0.01045 53.04
900 20.0 0.01272 48.69
900 25.0 0.01287 0.01243 43,69
700 25.0 0.01633 38.18
700 30.0 0.01649 0.01597 38.18
500 30.0 0.02292 27.49
500 40.0 0.02300 27.49
500 50.0 0.02260 0.02304 27.49
300 40.0 0.03682 16.63
300 50.9 0.03579 15.63
370 60.0 0.03736 16.63
300 80.0 0.03705 16.63
300 100.0 0.03674 16.63
300 120.0 0.03779 16.53
300 140.0 0.03763 0.03676 16.63
100 140.0 0.1128 5.588
100 160.0 0.1130 5.588
100 200.0 0.1127 0.1129 5.588

s Single flow rate calculation at flow rate indicated. ® Multi-
flow rate calculation.
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Figure 3. Density-diffusivity product vs. density. Example shown
for CH4® — H;, system
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Figure 4. Multiflow perturbation technique for diffusivity. Ex-
ample shown for CH3T® — H; system
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Figure 5. Isobaric behavior of diffusivity. Example shown for
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should be obtained between the two methods; the results
of this study are summarized in Tables |lI-VIi, The de-
tailed example in Table Il is representative of the basic
experimental data. The standard deviation of this exam-
ple for the 12 single flow rate diffusivities is £0.0004.
The basic experimental data are recorded in the thesis
(13).

Typical plots of the data are shown in Figures 3-5. All
of the systems showed the density-diffusivity products to
be independent of the density for the range of this inves-
tigation (Figure 3). One example of the multiflow rate
calculation is shown in Figure 4 for the radioactive sys-
tem. As shown in Figure 5, the systems exhibited linear
behavior on an isobaric plot of log D vs. log absolute
temperature.
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Dielectric Constants, Viscosities, and Related Physical Properties
of Four Liquid Pyridine-N-Oxides at Several Temperatures

Jerry F. Casteel and Paul G. Sears’

Department of Chemistry, University of Kentucky, Lexington, Ky. 40506

Dielectric constants, viscosities, densities, and refractive
indices of four liquid pyridine-N-oxides, were measured
at several temperatures ranging from 25° to 125°C. The
experimental data as functions of temperature were fitted
precisely to appropriate equations. Values of activation
energies of viscous flow and Kirkwood correlation factors
were also calculated. At comparabie temperatures, the
dielectric constants and viscosities of the pyridine-N-
oxides were significantly atfected by the position of the
methyl group. The viscosity also tended to increase as
the molecular weight decreased. The Kirkwood
correlation factors ranged from 0.65 to 1.21, implying
only slight amounts of net parallel or antiparallei
configurations of dipoles in the liquids.

Pyridine-N-oxides and other aromatic amine oxides
have been studied extensively since about 1940, and
their preparations, properties, and chemistry have been

'To whom correspondence should be addressed.

reviewed comprehensively by Ochiai (78). During the last
five years, there has been an unusually iarge number of
articles dealing with aromatic-N-oxides as ligands in
metal complexes (2, 8-10, 26).

Several pyridine-N-oxides are now commercially avail-
able. At least three of these highly polar compounds have
melting points below 50°C and may possibly represent a
new type of useful nonaqueous solvent. Although the pyri-
dine-N-oxides have received considerabie attention from
both organic and inorganic chemists, the literature contains
a paucity of data concerning the physical properties of
these compounds as highly purified liquids. This study,
therefore, was undertaken to determine the dielectric
constants, viscosities, and other physical properties of
pyridine-N-oxide and three of its methyl derivatives as
functions of temperature.

Experimental

Pyridine-N-oxide (PO), 2-methylpyridine-N-oxide
(2MPO), 3-methylpyridine~N-oxide (3MPO), and 2,6-di-
methylpyridine-N-oxide (2,6DMPO) were obtained from
the Reilly Tar and Chemical Corp. The N-oxides were
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