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SUMMARY

The effect of carrier gas and mean particle size on column efficiency in terms
of HETP was investigated. When a stainless-sieel column (I0cm x 2 mm LD.)
packed with 7 -4 2 pm amorphous silica was used, an (HETP)_;, value of 22
was obtained, corresponding to 4.5-10* theoretical plates per metre and a reduced
plate height of 3.1. With this column, the overali mass transfer between two phases
is very fast; the rate coefficient of mass transfer calculated from the Hay versus o2
curve was less than 1073 sec.

THEORETICAL

A uniformly packed column may be considered as a bundle of micro-capillaries,
arranged at random, through each of which the flow profile of the carrier gas follows
a laminar distribution, so that a stagnant interstifial space may exist at the boundary
of the two phases. If the equilibrium is instantaneous in the stagnent interstititial
space and the mean linear velocity of the carrier gas at each cross-section of a column
can also be expressed siatistically by e, then according to our early work!—3, the height
equivalent to a theoretical plate (H or HETP) may be expressed as
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In the limiting case, when the resistance of the liquid and the interfacial mass
transfer are comparatively unimportant, we can thus set dH/{day = 0 and mdxly
obtain H,,;, and (@g)ep.. as follows:

(o). = —23%'7— - Do ©)
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It appears that when the liquid and interfacial mass transfer resistance can be
ignored, then the theoretical plate height decreases linearly with the mean particle size.

Meyers and Giddings® investigated columns packed with micro-particles and
obtiained 12,400 theoretical plates per metre when 13 4+ 2.9 gm modified alumina
beads were used. More recently, Huber et al5, Kenji®, Di Corcia and co-workers™®
and others carried out considerable work on columns packed with micro-particles.
The maximum number of theoretical plates per metre obtained was 17,000 by Di
Corcia and co-workers using 20-25 pm modified graphitized carbon black. Much
progress is currently being made in developing highly efficient columns in both liquid
and gas chromatography®.

The aim of this work was to study the behavior of such a column packing with
an even smaller particle size and the effect of the mobile phase on the column efficiency.

EXPERIMENTAL

Apparatus, column and column packings

All experiments were carried out on a home-made gas chromatograph equipped
with a flame-ionization detector (FID) with an XWC-200 recorder and an SC-16
oscilloscope to follow the elution peaks. Four grades of YWG silica produced by the
Tsingtao Ocean Chemical Plant and Tienjin Secondary Chemical Reagents Plant were
used as packing materials. They were YWG 7 (amorphous silica, particle size 7 4= 2
pm); YWG-CN (silica micro-beads bonded with cyano groups, particle size range
10-15 pm); YWG-20 (silica micro-beads, particle size range 20-25 gm), and YWG-35
(silica micro-beads, pariicle size range 35-40 um).

The columns used were 10 cm X 2 mm L.D. stainless-steel tubes with smcoth
inner surfaces, as frequently used in our liquid chromatographic studies'®.

Packing method and preliminary test

In order to ensure packing reproducibility and to obtain highly efficient
columns, the columns were packed by the unbalanced-density slurry technique!*, and
a carbon tetrachloride-dioxane (2:1, v/v) mixture was used. Then the packed column
was conditioned on-line overnight with a flow of pure carrier gas.

According to the Kozeny-Carman and Darcy equation for compressible gas'?,
we have

de 2e.nL
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Fig. 1. Plots of U/p>~1 versus d,*. Temperature, ambient; carrier gas, CO,.

Hence, as other parameters are constant, such as column dimensions, column tem-
perature and carrier gas, a straight line is obtained when Uy/p*—1 is plotted against
d,?, provided that the columns have been packed uniformly. When carbon dloxuie
was used as the carrier gas, the results in Fig. 1 were obtained.

It can be seen from Fig. 1 that the uniformity of the different columns is
sufficiently good to permit further discussion. Improperly packed columuns would
usually give lower pressure drops than that predicted by eqn. 7.

Signal scanning and sampling

Obviously, the short micro-particle columns have the advantages of both high
efficiency and high speed. Sampling and the signal response may play an important
role in evaluating column behaviors. In order to obtain a fast signal response, an
SC-16 oscilloscope was used to follow the elution peaks. In Fig. 2, the upper curve
shows a 100-Hz signal generated by an audiofrequency generator and the lower curve
the same signal fed through both an electrometer and a power amplifier, used to
follow the output of the FID. By comparing the two recorded curves shown in
Fig. 2, it is clear that the deviation from ihe standard curve (upper curve) can be
neglected. The difference between these two curves is only 0.2 cm, while the total
peak width at the base of 22 peaks is 21.2 cm.
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Fig. 2. Rapidly changing signal recorded by SC-16 oscilloscope. Upper curve, oscilloscope coupled
directly to frequency generator, 100-Hz signal; lower curve, 100-Hz signal fed through an electrometer
and a power amplifier.
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The maximum inlet column pressure in this study was 35 kg/cm?, when syringe
injection was used. From the relationship obtained between the peak width at half-
height and the retention time with various carrier gases and different carrier gas
velocities as shown in Fig. 3, it was found that the intercept of the plots was less than
0.1 sec in nearly all instances, and all lines almost converged to the same point. It is
probable that the extra-column effects are nearly identical in all the experiments.

It was shown earlier!® that the injection time has only a slight effect on the
measurements, provided that the peak width to be measured satisfies the following
relation:

Aty = 3(At)ing ®
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Fig._ 3. Relationship between peak width at half-height and retention time for various carrier gases.
Column dimensions, 10 cm X 2 mm LD_; column temperature, ambient; column packing, 7 3= 2 um
silica.

In the limiting case, when A4z, is equal to 3(A¢;),5, the deviation is less than
49,. As the minimal peak width of methane obtained in this study was 0.06 ssc, the
resuits obtained with propylene (X* & 3) in expressing the column efficiency esseatially
satisfied this requirement.
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RESULTS

The results presented below were all obtained at room femperature (23.5 - 0.5°)
with the exception of those specified. Propylene (X ~ 3) was used as a test sample to
express the column efficiency in terms of # and A (= H/d,). Every experiment was

‘repeated at least five times, the average values being given here.

Effect of mean particle size on column efficiency :

Carbon dioxide was used as the carrier gas. The four columns mentioned
above were evaluated at various carrier gas velocities. Figs. 4 and 5 give the H versus @
and h versus 7 plots, respectively.
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Fig. 4. Plot of H against & Column dimensions, 10cm x 2 mm L.D_; column packing, 20-25 #m
silica beads.
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Fig. 5. Plot of k against #. Column coaditions as in Fig. 4.

At the optimal linear velocity, each column has the minimal number of
theoretical plates (H,;, ), and the plot of H,,_ against d, is linear, as shown in Fig. 6.
It can be seen from Fig. 6 that this line, when extrapolated, passes through the

origin with a slope of 3.1. It follows that the reduced plate height is 3.1. Some liter-
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Fig. 6. Plot of Hay,. versus d,. Carrier gas, CO:; column temperature, ambient.

TABLE I
SOME VALUES OF H.ia. IN PACKED COLUMNS
Description H a. Number of thearetical plates Reference
per metre
Estimated from equation . 14
180-200 xm glass beads 1 7d 15
180-200 xm Chromosorb W 5.5 d 15
13 + 2.9 um modified alumina beads 6.4d, 1.24-10* 4
30-35 um modified silica beads 304, 1.05-10¢ 5
28 am modified Carbopack C 3.6d, 7
20-25 um sraphitized carbon black 2174, 1.70-10* 8
7 + 2 umsilica 3.1d, 4.5-10*
140 pm 405 support 4.2d, 16
100 pm 6201 support 42d, 1
_ n
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Fig. 7. Plots of A versus @& Column packing, 7 & 2 um silica; carrier gas, CO:, N;, Ne'and H..
Fig. 8. Plots of k versus 5. Operating conditions as in Fig. 7
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Fig. 9. Effect of column inlet pressure on outlet gas fow-rate for different carrier gases. Column
packing, 7 &+ 2 um silica; column temperature, ambient.

ature data are given in Table I. It appears possible that the much larger number of
theoretical plates per metre obtained in our work was due to the smaller particle size
used.

Effect of mobile phase (carrier gas) on column efficiency -
Using 7 4 2 zm silica as column packing, we studied the =ffect of differen
carrier gases and different linear velocities on H and h. Four carrier gases were used,
viz,, carbon dioxide, nitrogen, neon and hydrogen. Plots of & and # versus @ and #
are shown in Figs. 7 and 8, respectively.
Because the viscosity of carbon dioxide is smaller than that of nitrogen and
aeomn, it has a much higher flow-rate at the same inlet pressure (see Fig. 9). Further,

2
Ao (em? sec)

' i | 1 §
o 2.0 40 6.0 ’ 80 x10° «g(cmz Isec?}
Fig. 10. Plots of He, versus 3. Column packing, 7 == 2 um; column temperature, ambient.
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owing to its smaller diffusion coefficient, it gives 2 more efiicient performance at
relativzly low inlet pressures, as shown in Flgs. 7 and 8.

On comparing Fig. 5 with Fig. 8, it is also clear that the smaller the particle
diameter of the packing, the faster is the mass transfer between the stationary and
the mobile phase.

When Ha, was plotted against e,? (Fig. 10) straight lines with a correlation
coefficient of 0.98 were obtained. The slopes of the two straight lines were calculated
by the least-squares method to be 9-1076 and 8-10~° sec when hydrogen and carbon
dioxide, respectively, were used as the carrier gas. The intercepts of the two lines are
smaller than their diffusion coefficients.

A
7
8
1
12 C 9
i 1
5 10
Time (sec)
A
B C
a8
7
&
8
& é
2
3
10 11 4 6
9 .
5 12 10,1
- 2 9
12
1 : lAJ A\ 1 3 s
—_—.
3 : 3 ] ] 1 ]
(e} s 10 (o] S 10 15

Time (sec) Time (sec)

Fig. i1. Separation of gasecous hydrocarbons with carbon dioxide as carrier gas. Column packing,
7 = 2 pm silica; column temperature, (A) 19°, (B) 30°, (C) 40°. Peaks: 1 = methane; 2 = ethane;
3 = ethylene; 4 = propane; 5 = acetylene; 6 = propylene; 7 = isobutane; 8 = n—butanc 9=
kbutene-1; 10 = trans-butene-2; 11 = 1,3-butadiene; 12 = cis-butene-2.
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‘Separation of gaseous hydrocarben mixtures
: C,~C, hydrocarbon mixtures were separated on a short (10cm X 2 mm LD )
column packed with 7 -2 pwm silica, using both carbon dioxide and nitrogen as the
carrier gas. The results are shown in Figs. 11 and 12. It can be seen that the selectivity
of the columns was different when the carrier gas or column temperature was changed.
We can conclude that it is preferable to use carbon dioxide as the cartier gas
for the separation of C,~C; hydrocarbons, but for the separation of C, hydrocarbon
mixtures the betier selectivity of nitrogen may be preferred.
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Fig. 12. Separation of gaseous hydrocarbons with nitrogen as carrier gas. Coiumn packing, 7 + 2
pm silica; column temperature, ambient. Peaks: 1 = methane; 2 = ethane; 3 = ethylene; 4 =
propane; 5 = acetylene; 6 = propylene; 7 = isobutane; 8 = n-butane; 9 = butene-1; 10 = un-
known; 11 = frans-butene-2; 12 = 1,3-butadiene; 13 = cis-butene-2.

In the separations described, the overall time required for an analysis was less
than 20 sec.

DISCUSSION AND CONCLUSION

The optimal result with the high-performance micro-particle gas chromato-
graphic columns, with column dimension of 10 cm X 2 mm I.D., packed with 7 +
i silica, using carbon dioxide as carrier gas and operating at ambient temperature,
was found to be 4.5-10° theoretical plates, corresponding to 4.5-10* theorctical plates
per metre. An overall mass transfer coefficient of less than 10~5 sec was obtained.
Hence the number of theoretical plates per second for propylene would be better
than 1.0-10° at higher linear velocities (@ > 10 cm/fsec). Twelve gaseous hydro-
carbons were separated within about 20 sec under these conditions. According to
earlier work?, the peak capacity of a column is directly determined by the number of
theoretical plates of that column. Thus, when a packed column with 4000-5000
theoretical plates is used, one can obtain more then 20 peaks. This should be useful
in analysing ordinary samples. ‘

One conld anticipate that it will be suitable to use such a short, high-efficiency
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coiumn either for per’ormmg trace analyses or routine analyses, mcludmg prowss
control, in 1 min or less:.

- . The reduced plate height (i) obtained was 3. 1, which is still much lugher than
that predxcted by egn. 6. The resistance of the interfacial mass transfer may stxll p!ay
a significant role in thls instance. , .
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SYMBOLS

d, Particle diameter of column packings.

D, D, Solute diffusion coefficient in liquid and mobile phase, respectively
{cm?/sec).

d, Thickness of liguid film.

H Height eguivalent to a theoretical plate (cm).

Ho o, Minimal value of H.
Reduced plate height (H/d}).

kK’ Solute capacity factor.

k Solute distribution constant.

k, Mass transfer coefficient in interfacial phase (cm/sec).

L Column length (cm).

N Number of theoretical plates.

P, Column inlet pressure.

Py OQOutlet pressure.

4 Ratio of inlet and outlet pressures.
Aty (At),; Peak width at half-height contributed by column and injection, respec-
tively (sec).
Retention time (sec).
Carrier gas flow-rate at column outlet (m}/min).
Linear velocity {(cm/sec).
Linear velocity reduced at column outlet (cm/sec).
1—¢/e, where ¢ is the columa porosity.
Reduced velocity (ad,/D;).
Area per volume for mass transfer (1/cm).
Related parameter in Van Deemter equation.
The subscript zero denotes values measured at the celumn outlet, average
values are denoted by a bar above a symbol.
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