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SUMMARY

By using a specially designed coiumn system, wall effects can be minimized.
An approximately linear relationship between reteation volume (V) and peak width
(24 Vy;2) (in volume units) for various solutes on columns with different diameters
was obtained:

2AV,.=a +b'Vy

Systematic experiments on the influence of the dead volume of the detector
system on the values of @’ and b’ were carried out, which indicated that there is a large
influence on &’ but little on 5". By using the improved column system and home-made
UV detector, a column of I.D. 2 mm and length 10 cm with an efficiency of more than
6000 theoretical plates was obitained.

INTRCDUCTION

Currently used commercially available high-performance chromatographic
columns with efficiencies of more than 4000 theoretical plates and packed with
microparticulate silica have an L.D. of at least 4 mm and a length of 10 cm! . It has
been found that the cclumn efficiency decreases with decrease in column diameter$".
The concept of the “infinite diameter effect” was proposed to explain these resultsS-3,
However, small inner diameters with the same column efficiency will require less
solvent to achieve the same separation, as the flow-rate of the cluent is proportional
to the square of the column diameter. Improvements in the injection system can
minimize the wall effect. By using a home-made, specially designed injection system
we have carried out a systematic investigation of the influence of column diameter on
efficiency. A linear relationship between retention volume and peak width (in volume
units) for different solutes for columns with different diameters was obtained. A
systematic investigation of the influence of extra-column effects produced by comn-
nectors and detectors on the two constants of the above-mentioned linear relationship
was carried out and indicated a great influence of the volume of the detector system
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on the column efficiency. By using 2 home-made UV detector we obtained 2 column
of I.D. 2 mm and Iength 10 cm with an cfficicacy of more than 6000 theoretical
platesto,

THEORETICAL

HETP is preferably used to evaluate the column efficiency. Generally the
plate equation is very complicated. For example, the equation given by Horvath and
Lin!2 for liguid chromatography is

H = Hyyo, + H, qiee + Hyatee + Hyn )

where

2yD 23d P
Hdlsp. = P + Lo
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and H is the conventional plate height, and u,, D,, and 4, are the interstitial mobile
phase velocity, the diffusivity of the solute in the bulk mobile phase and the particle
diameter respectively. The value of k, is given by ¢; (I — &,)/e,, where ¢; and ¢, are
the appropriate intraparticular and interstitial porosities, respectively. y, 4, @ and «
are structural parameters of the column packing and @ is the tortuosity factor for the
porous particles. &’ is the column capacity ratio and %y, is the desorption rate con-
stant.

However, it has been known for almost 20 years that in practice there are
some simple and approximately linear relationships between peak widths and reten-
tion values, as given in the following equations!3-1%:

24, = a, + bate ®
244y, = a + beg Q)
24 V;/z =a + b'VR (8)

where 24z, and 24V}, are the peak width at half-height in time and volume units
respectively. Vi, £z, Iz £2 and F are the retention volume, retention time, adjusted
retention time of the solute, retention time of non-sorbed substance and mobile phase
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flow-rate, respectively. The relationships between these parameters and constants
are as follows:

24V, = 24ty ,F &)
a;—=a—+ b2 10)
=5b,=5 an
& = aF 12

From these empirical relationships we can calculate the plate height, H, of
the solute with a capacity factor k', and also H* and H*, which are the plate heights
for the solute with a capacity factor, &', equal to unity or approaching infinity,
respectively.

au 2

L_ L B L w(k+l+?i)
n 1+ &

2 z = 5.54
5.54 ":m) 554(24;,1!2)
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hac i By /24 1;___‘”‘ + k'
_ Lb: (sz ' )_ wZ( " BLF )_H@(ﬁ+k')=a3)
554 1+ & T 554 13-k - 1Lk

The three constants in egn. 13 can be calculated from the folowing equations:

Lb? Lb* Lb:

H® =533 =355 ~ 55 14
1 _ g+ 1y

H' = H= (5 ) as
oy, au a'u _ /Hl
B=ltgr=l+tpr=2Vg=—1 a8

We can obtain the equations for ™ and ' when infinity and unity, respectively,
are substituted for £° in eqgn. 1:

e — 24D, . 22d,ulP N Kd:ﬁuiﬂ N 8d 2u,
u, | uP + oD )P T (A + ke D2 30D Ko (1 + ko)
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g =P 2P R N
u. U + e Dpfd > 41 + ko)* D
" 6(1 +Zko)zd2'1e Zue
-+ lngko (l Lo)z + 4(1 ko) kd + He!l‘ (18)
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In developing the high-performance liquid chromatographic column system,
the extra-column effects must be takem into consideration. Obviously, the dead
volume in the detector and connector must be minimized, and even so the extra-
column effects must still be added to the plate height equation. Because for the solute
with &' approaching infinity the extra-column effect is comparatively small and can
be neglected, we only added this term to the equation for H.

Eqn. 14 shows that the constants b, b, and b’ are determined by H® and,
according to eqn. 17, they will not depend seriously on the extra-column efiects.
Nevertheless, it may have more serious influence on H* and also on constants e, a;
and «'. Further, in these equations no wall effects have been taken into consideration.
Only when the wall effect is not the major controlling factor in band broadening will
the approximately linear relationship in eqn. 8 between peak width (in volume units)
and retention volume be preserved for different solutes on columns with different
inner diameters. Especially in such instances it will be very interesting to carry out
some systematic experiments on the influence of the dead volume of the detector and
connector on a&’. It must be remembered that these are only approximate empirical
relationships and it is possible that the wall effect would have some influence on 5'.

EXPERIMENTAL

Eaquipment
The K-1 column system (adsorption type) made in our Institute is shown in

amE e o N

l K-l (adsorpnon type) column system made in our Institute.

ST < -

TABLE I

VOLUMES OF THREE UV DETECTOR SYSTEMS

No. of Cell volume of Dead volume of Toral volume
systerm: UV detector (ul) connector (pl) of the system (ul)
1 8* 13 21

2 8" 3 11

3 1.2 0.8 2

* Supplied by Analytical Instruments Factory, Peking, China.
** Home-made in our Institute.
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Fig. 1. The microparticulate irregular silica YWG (particle size 3-5 um) produced
by Tsing Tao Ocean Chemical Plant (Fsing Tao, Shandong, China) was used in 2ll
experiments. A specially designed central injecting sample injector was used, as shown
in Fig. 1. Precision-bore stainless-steel tubing of length 10 cm a2nd with ipner diam-
eters of 2, 3, 4, 5 and 6 mm were supplied by the Yan An Steel Tubiag Factory,
Shanghai, China. The unbalanced high-pressure slurry technique was used to pack
these columns; the composition of the slurry was carbon tetrachloride-dioxan-silica
(10:5:1, by weight)*t.

A home-made 250-ml svringe pump was used. Three kinds of UV detector—
connector systems were used, as shown in Table 1.

Mobile phase and sarmples

n-Hexane without further purification was used as the mobile phase at a
linear velocity of 0.9-1 mm/sec.

Sample solutes were ordinary chemical reagents and were dissolved in n-hexane.
Ethylene tetrachloride was used as the unretained solute. The concentrations of
ethylene tetrachloride, benzene, naphthalene, biphenyl and phenanthrene in r#-hexane
were 24, 53, 5, 1.3 and 0.5 ug/ul, respectively. The sample volume skhould be less than
0.2 y! for the column of 2 mm L.D. in order to prevent overloading.

RESULTS

The peak widths and retention times of different solutes determined on
columns with different inner diameters are given in Table II. Fig: Z shows the linear
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Fig. 2. Peak width versus retention time on columns with different inner diameterss. Dead volume
of detector system: A, 21ul; B, 11 ul; C, 2.
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TABLE IV

CALCULATED VALUES OF o’ AND 5 IN EQN. 8 USING DIFFERENT DETECTOR.
SYSTEMS

No. of - Dead volume of a' (¢l) b* Correlation coefficient
detector system detzctor system (ul)

1 21 205415 0.024 0.996

2 11 110 413 0.023 0.996

3 2 17412 0.022 0,995

* Average value: b’ = G.023.

relationships between 24¢,,, and 7z on columns with different inner diameters and
detector systems.

Table III gives the peak widths (24¥%;;,) (in volume units) and retention
volumes (V) calculated from 24¢,,, and ¢z multiplied by the flow-rate of the mobile
phase. Fig. 3 shows 24V, versus V; for different solutes on columns with different
inner diameters but with the same detector system. There are three curves for three
detector systems. The values of the constants ¢’ and 5 in eqgn. 8 calculated by
regression analysis on these three detector systems are given in Table IV. It can be

. clearly seen that the dead volume of the detector system has a great influence on o',
but 5" remains almost constant for all three detector systems.

The value of @' decreases linearly with decrease in the dead volume of the
detector system. Whereas a solute has the same capacity factor, X’, using columns
with different inner diameters, it will have a smaller retention volume for a smaller

TABLE V

COMPARISON OF CALCULATED (H..;..) AND EXPERIMENTAL (H.,,) VALUES OF HETP FOR
DIFFERENT SUBSTANCES ON THE COLUMNS WITH DIFFERENT INNER DIAMETERS

Column length, 10 cm.

Dead volurie Column Flow-rate af Constanis in Constantsin ~ Ethylene tetrachloride
of dezector LD, mobile phase eqn. & eqns. 14 and & ™ ™
istem (ul) {(mm (ulfsec) PR v—— (] calc exp
sy (e ) . = b A () ()
(wl) H*
(zm)

21 3 5.5 205 0.024 9.6 2.52

4 9.7 1.85

5 150 1.54

6 20 1.37
11 2 2.5 11.0 0.023 237 0O 52 37

3 59 1.81

4 10.3 1.45 )] 20 23

5 16.3 1.29

6 24.8 1.20
2 2 25 i7 0022 121 0 14 13

3 54 1.13 0 12 10

s 16.0 105 © i0 9

* By using the ‘average value 5° = 0.023.
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Fig. 3. Peak width (in volume units) versuzs retention volume on columns with different inner diameters
by using different dead volumes of the detecior system. Dead volume of detector system: A, 21 pl;
B, I1ul; C 2ui

column inner diameter. The efficiency of the column with a smaller inner diameter is
greatly improved by decreasing the dead volume of the detector system.
We used average values of b’ and different values of a’ for three different detec-
tor systems to calculate the values of g and H= from eqns. 14 and 16, respectively.
Then, by using these vaiues of § and H®, we calculated the HETP values for different

Berzene Ncphthalene Bipkenyl Phenanthrene
k’ Haxc ch, k’ Hale chp k' Hecl: Hexp K Hc:lc Hezp
{um) (pm) (um) (um) {um) (um) (pm) (pm)
0.25 47 43 0.57 37 40 0.91 31 31 .15 28 28
025 27 29 047 24 26 06 22 22 088 20 22
028 19 20 0.61 17 19 094 16 17 124 15 15
0.29 16 19 0.61 15 16 093 14 is 1.22 13 13
0.27 42 35 064 32 29 098 27 26 142 23 25
0.23 26 26 048 23 28 072 21 23 0.95 19 20
0.31 17 22 0.63 16 17 099 14 16 1.24 14 14
0.21 15 17 045 14 14 0.67 13 i3 0.83 13 i2
0.39 13 14 080 12 12 1.29 11 11 1.5¢ 11 10
032 14 19 064 13 i5 099 12 13 138 12 15
024 12 12 054 11 10 072 11 i0 100 11 10
0.29 10 12 Q68 10 9 102 10 8 149 10 8
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TABLE VI

INFLUENCE OF THE DEAD VOLUME OF DETECTOR SYSTEMS ON THE PEAK SYM-
METIRY

Column Solute

1.D.
(mm) Ethylene Benzene Naphthalene Biphenyl Phenanthrene
tetrachloride
Dead volume (ul)
11 2 11 2 11 2 11 2 11
2 5.0 - 37 17 30 19 24 1.9 2.2 2.2
3 26 20 24 1.8 20 1.9 2.0 i6 19 1.5
4 1.6 1.6 20 1.5 1.7 1.6 1.7 1.5 1.7 1.6
5 — — 1.6 — 1.6 — 1.4 — 1.4 —_
6 1.8 1.6 1.8 1.4 1.4 1.3 1.3 1.3 1.2 1.1

solutes on columns with different inner diameters for three different detector systems
according to eqn. 13 and compared the results with the values determined experimen~
tally, as shown in Table V. The calculated and experimental values are in good
agreement.

It must be pointed out that a decrease in the dead volume of the detector
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Fig. 4. Influence of the dead volume of the detector system on the peak symmetry. Peak asymmetry
is calculated at 1/10 peak height. Dead volume of the detector system: A, 11 gi; B, 2ul.

Fig. 5. Chromatogram of some benzoates. Column: 15cm X 2 mm LD. Packing: YWG-5 (5 um).
Eluent: CH,CI;, 0.17 mi/min. Inlet pressure: 31 atm. Detector: UV, 254 nm (dead volume of detector
system = 2 ul). Peaks: (1) icopentyl benzoate; (2) n-butyl benzoate; (3) n-propyl benzoate; (4) cthyl
benzoate; (5) methyl benzoate.
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systems also improved the peak asymmetry of columns with a small internal diameter,
as shown in Table VI and Fig. 4.

By using the improved home-made injection and detector systems we obtained
a column of 1.D. 2 mm and length 10 cm with an efficiency of more than 6000 theo-
retical plates. Some typical chromatograms are shown in Figs. 5-7.
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Fig. 6. Chromatogram of some aromatic compaunds. Conditions as in Fig. 5. Peaks: (1) naphthalene;
(2) benxyl methyl cther; (3) m-dinitrobenzene; (4) 2,6-dimethyiphenol; (5) methyl benzoate; (6)
benzyl ethyl ketone.

Fig. 7. Ciwomatograms of some aromatic hydrocarbons. Conditions as in Fig. 5, except eluent, a-
heptane (0.17 mi/min). Peaks: (1) ethylene tetrachloride; (2) benzene; (3) naphchalene; (4) hiphenyl;
(5) phenanthrene.

CONCLUSIONS

Using the home-made column system, the influence of wall effects on column
efficiency can be minimized. An approximately linear relationship between retention
volume (V) and peak width (24¥,;,) (in volume units) for various solutes on
columms with different inner diameters was obtained (egn. 8).
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For the three detector systems with dead volumes of 21 zl, 11 gl and 2 gl we
obtained values of the constants in eqn. 8 of 5’ = 0.024, 0.023, 0.022 (average 0.023)
and 2’ = 20.5 £ L5, 11.0 4 1.3 and 1.7 £+ 1.2 gl, respectively. FThe volume of the
detector system has a great influence on a’ but only a slight influence on 5'.

Using the average value of 5’ (0.023) and the above three values of o, we
calculated 8 and H™ from eqns. 14 and 16 and the HETP values according to eqn. 13
for various solutes on columns with different inner diameters for three different
detector systems. The calculated values were in good agreement with the experimental
values.

By decreasing the volume of the detector system the efficiency of columns
with smaller inner diameter and peak asymmetry can be greatly improved.
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