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SUMMARY 

The effect of carrier gas and mean particle size on column efsciency in terms 
of HETP was investigated. When a stairdess-steel column (10 cm x 2 mm I.D.) 
packed with 7 f 2 pm amorphous silica was used, an (HETP),,,_ value of 22 pm 
was obtained, corresponding to 4.5 - 1W theoretical plates per metre and a reduced 
plate height of 3.1. With this column, the overall mass transfer between two phases 
is very fast; the rate coefscient of mass transfer calculated from the I&r,, versus ~~~ 
curve was less than loss sec. 

THEORETICAL 

A uniformly packed column may be considered as a bundle of micro-capi!laries, 
arranged at random, through each of which the flow profile of the carrier gas follows 
a laminar distribution, so that a stagnant interstitial 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 statistically by a, then according to our early work1-3, the height 
equivaIent to a theoretical plate (If 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 d@de = 0 and readily 
obtain Ham. and (o,,)oDL_ as follows: 

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 Giddi& investigated columns packed with micro-particles and 
obtained !2+%00 theoretical plates per metre when 13 & 2.9 ,um modified alumina 
beads were used. More recently, Huber et aL5, Kenji6, Di Corcia and co-workers’?*s 
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 chromatography9. 

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

JZXPERIMEKI-AL 

Apparatus, co!umn and cohmn packings 
Ail 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 
Tsiu_gtao Ocean Chemical Plant and Tieujin Secondary Chemical Reagents Plant were 
used as packing materials. They were YWG 7 (amorphous silica, particle size 7 2 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 pm), and YWG-35 
(silica micro-beads, particle size range 35-40 pm)_ 

The columns used were 10 cm x 2 mm I.D. stainless-steel tubes with smooth 
inner surfaces, as frequently used in our liquid chromato,oraphic studiesto. 

Packing mhod 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 tetracloride-dioxane (2: I, 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-Cat-man aud Darcy equation for compressible gas”, 
we have 
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Fig. 1. Plots of I_&[#-1 versus d d_ Temperature, ambient; carrier gas, COz. 

Hence, as other parameters are constant, such as cohtmn dimensions, column tem- 
perature and carrier gas, a straight line is obtained when U&G-- 1 is plotted against 
dPz, provided that the columns have been packed uniformly. When carbon dioxide 
was used as the carrier gas, the results in Fig. 1 were obtained. 

It can be seen frolm Fig. 1 that the uniformity of the different columns is 
sufliciently good to permit further discussion. Improperly packed columns 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 

efliciency 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 fohow the elution peaks. In Fig. 2, the upper curve 
shows a 10043~ 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. 

Fig. 2- Rapidly thaagi signal recorded by SC-16 o~~il!o~~ope. Upper curve, oscilloscope coupled 
directly to frewency generator, loO_Hz signal; lower curve, 1 W-Hz signal fed through an ekctrometer 
and a povxr amplifier. 
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The maximum inlet column pressure in this study was 35 kg/cnP, when syringe 
injection was used. From the relationship obtained between the peak width at ha& 
height and the retention time with various carrier gases and different carrier gas 
velocities as shown Zn Fig_ 3, it was found that the intercept of the plots was less than 
0.1 set in neariy alI instances, and all lines almost converged to the same point. It is 
probable that the extra-column effects are nearly identical in all the experiment+ 

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

At* k 3W*),,, 

Fig_ 3. ReLationship beturea peak width at half-height and retention time for various carrier gases. 
Column dimensions. 10 cm x 2 mm 1-D.; column temperature, ambient; coium~ packing, 7 & 2 pm 
silica 

In the limiting case, when dt, is equal to 3(~lt&,~, the deviation is less than 
4 %_ As the minimal peak width of methane obtained ;n this study was 0.06 set, the 
results obtained with propylene (k w 3) in expressing the column efficiency essentially 
Salk&d this requirement_ 
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The results preseuted below were all obtained at room temperature (25.5 f 0.5”) 
with the exception of those qxcified. Propylene (k’ M 3) was used ai a test sample to 
express the column efficiency in terms of R and Iz (= IT/&). Every experiment was 
repeated at least five times, the average values being given here. 

Egeci of mean particle size on column eficiency 
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 A versus CT 
and i; versus 5 plots, respectively. 

w: 1 
0 IO 15 E(cm/secl 

Fig_ I Plot of k against Z_ Column dkmensions, 10 cm x 2 mm I-D_; column packing, 20-25 grn 
siliu beads. 

Fig. 5. Plot of h against +. Column conditions as in Fig. 4. 

At the optimal linear velocity, each column has the minimal number of 
theoretical plates (I%&_), and the plot of &=_ against d, is linear, as shown in Fig. 6. 

It can be seen from Fig. 6 that this line, when extrapolate& passes through the 
origin with a slope of 3.1. It follows that the reduced plate height is 3.1. Some liter- 



Fig. 6. Rot of g=,,_ versus a,. C&rier gas, CO*; coIumn temperature, ambient. 

TABLE I 

SOME VALUES OF I&n. IN PACKED COLUh4NS 

D->tion w at*- Number of theoretical plates 
per irscre 

Reference 

Eqn. 6 1.64-X, 1 
Estimztcd from equation 4G 14 
l&3-2OOj~mglassbeads 1.7 dP 15 
HO-2W~m~Chromosorb W 5.5 dP 1s 
13 f 25, pm modiied alumina beads 6.4 d,, 1.24- 10‘ 4 
30-X pm modified silica be&s 3.0 d, 1.05. IV S 
28 mod&d Carbopack C pm 3.6 dp 7 
20-25 pm gaphitized carbon black 2.7 dm l-70- lff 8 
7 *2pmsilica 3.1 d, 4.s- 1w 
14Opm Jo5 supia-t 4.2 dp 16 
100pm 62Oi support 43 dP 1 

_ --~ .~- 

0 2 4 6 8 7072 Cr 0.5 9.0 1.5 3 

Fig. 7. !?iots of I? verse d Column packing, 3 f 2 m silica; carrier gas, COz, Nz, Ne- and HZ. 

Fig_ 8_ Rots of I; V~~ZLS G_ operating conditions as in Fig. 7. 
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Fig. 9. !3Tect of column inlet pressme on out&t gas flow-rate for different carrier gases. Column 
packing, 7 f 2~ silica; coiumn temperature, ambient. 

ature data are given in Table 1. It appears possible that the much Iarger number of 
theoretical plates per metre obtained in our work was due to the smalier particle size 
used. 

Eflect of mobile phase (carrier gas) on cohnn eficiency 
Using 7 f 2 pm silica as column packing we studied the elect of different 

carrier sses and different linear velocities on H and i;. Four carrier gases were used, 
vi.?.., carbon dioxide, nitrogen, neon and hydrogen. Plots of fi and h versus B and d 
are shown in Figs. 7 and 8, respectively. 

Because the viscosity of carbon dioxide is smaller than that of nitrogen and 
neon, it has a much higher flow-rate at the same inlet pressure (see Fig- 9)_ Further, 
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Fig. 10. Plots of I& verrup C& Column packing, 7 i 2~: column temperature, ambient. 
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owing to its smaller difksion coeflicient, it gives a more efkient performance at 
rela~vziy low inlet pressures, as shown in Figs. 7 and 8. 

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

When &, was plotted against 002 (Fig. lo), straight lines with a correktion 
coefficient of 0.98 were obtained. The slopes of the ~0 strai&t:lines were calculated 
by the least-squares method to be 9 - 10e6 and 8 - 10S6 xc when hyhogen and carbon 
dioxide, respectivety, were used as the carrier gas. The intercepts of the two lines are 
smaller than their diffusion coefikients. 
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Fig. iE. Separation of gaseous hydroczrbons with carbon dioxide as carrier gas. Column packing, 
7 L 2 ctm siIica; column temperzture, (A) 19”, @) 30”, (C) 40”. Peaks: 1 = methane; 2 = ethane; 
3 = ethylene; 4 = propane; 5 = acetylene; 6 = propylene; 7 = isobutane; 8 = n-butane; 9 = 
tutene-1; 10 = trrmr-butene-2; 11 = l$butadiene; 12 = ck-butene-2. 
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Separdim of &zseorcs hyd-ocdnm mixtures 
C&Z4 hydrocarbon mixtures were separated on a short (10 cm x 2 mm I.D.) 

column packed with 7 -+ 2 pm silica, using both carbon dioxide and nitrogen as the 
carrier gas. The results are shown in-Figs. 1 I and 12. Et can be seen that the selectivity 
offhe 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 carrier gas 
for the sewration of C-C, hydrocarbons, but for the separation of C, hydrocarbon 
mixtures he better se&&iv&y-of nitrogen may be prefer&d. 
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Fig. It. Separation of gaseous hydrocarbons with nitrogen as carrier gas. Cohunr~ pzcking. 7 f 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-I; 10 = un- 
known; 11 = fauns-butene-2; 12 = 1,fbutadiene; 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 ZL 2 
plm silica, using carbon dioxide as carrier gas and operating at ambient temperature, 
was found to be 4.5 - 103 theoretical plates, corresponding to 4.5 - 10’ theoretical plates 
per metre. An overall mass transfer coefficient of less than NY5 set was obtained. 
Hence the number of theoretical plates per second for propylene would be better 
than 1.0-103 at higher linear velocities (a > 10 cm/set). Twelve gaseous hydro- 
carbons were separated within about 20 set under these conditions. According to 
earlier workg, the peak capacity of a column is directly determined by the number of 
theoretical plates of that column_ Thus, when a packed column with 4X@-5000 
theoretical plates is used, one can obtiin more then 20 peaks. This should be useful 
in analysing ordinary samples. 

One could anticipate that it will be suitable to use such a short, high-efficiency 



coim.nn either for performing trace analyses or routine analyses, including process 
contr01, in 1 min or less; 

The reduced platz height (&obtained was 3.1, which is still much higher than 
that &edi&ed by eqn, 6. The resistance of the interfacial mass transfer-may stillplay 
a sign&ant roie in this instance. 
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Particle diameter of column packings. 
Solute diffusion coefhcient in liquid and mobire phase, respectively 

(cm’/==). 
Thickness of liquid ~&IL 
Height equivalent to a theoretical plate (cm). 
Minimal value of H. 
Reduced plate height (H/d,). 
Solute capacity factor. 
Solute distribution constant_ 
Mass transfer coefficient in interfacial phase (cm@c). 
Column length (cm). 
Number of theoretical phtes. 
Column inlet pressure. 
Outlet pressure. 
Ratio of inlet and outlet pressures. 
Peak width at half-height contributed by column and injection, respec- 
tively (set). 
Retention time (set). 
Gzcier gas flow-rate at column outlet (ml/min). 
Linear velocity (cm/se+ 
Linear velocity reduced at column outlet (cm/se+ 
I--E/E, where E is the column porosity. 
Reduced velocity (adp/Dg). 
Area per volume for mass transfer (l/cm). 
Related parameter in Van Ikemter equation. 

The subscript zero denotes values measured at the column outlet, average 
values are denoted by a bar above a symbol. 
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