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SUMMARY 

In order to promote the spreading of stationary phases, the inside surface of 
glass open-tubular columns can be modified chemically or physicahy (surface rough- 
ening). The measure of surface roughening after an etching process is the Wenzel 
coefficient, defined as the ratio of the cosines of the contact angles or the specific 
surf&cc areas after and before etching. 

A method for the direct determination of the specific surface areas of glass 
capillaries is described. The method is based on the thermal desorption of nitrogen 
with the use of a microcatharometer. The results of measurements of specific surface 
areas of glass open-tubular cohmms etched with ‘cetching ether” are presented. 

INTRODUCTION 

The presence of a thin, homogeneous layer of stationary phase is necessary for 
satisfactory operation and high efficiencies of glass open-tubular columns. Many 
methods for the preparation of higb-e&iency open-tubular cohmms with up to 8000 
theoretical plates per metre have been described1-5. However, the preparation of a 
reproducible glass surface is not esy in view of its good wettability by polar stationary 
phases. This is counected with the poor wettability of high-energy surfaces by most 
organic liquid@. High-energy surfaces undergo ready adsorption and hydration, 
which change their properties to those of lowenergy surfaces (autophobic effect)‘. 
Using the so-c&xl critica! surface tension (CST) as a measure of the wetrability of 
a solid surface, it was shown that CST for smooth, clean glass surfaces is 630 
dyne/cm and the surface tensions of typical stationary phases are in the range 30-50 
dyne/cm. According to the definition of CST these values lead to non-wettability of 
the ghtss surfaces2. For these reasons, the inside surfaces of glass open-tubular col- 
umns have to be mod&d physicallyl” and/or chemicallP9 (surface roughening). 

The chemical mgdiikation involves changing the chemical character of the 
glass surface by adsorption or chemical binding with active hyclroxyl groups, fol- 
lowed by increasing or decreasing the CST of a given surface to the surface tension 
of the particular stationary phase concerned; On tbis basis, the concept of the 
chemical compatibility of solid surfaces and stationary phases has been proposeds.9. 
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Physical modifications include all processes fcr increasing the specific surface 
area, e.g., etching with inorganic acids and bases, or gases such as hydrogen cbhxide 
and hydrogen ftuoride. Contact with water or aqueous SG~~~GIB leads to irreversible 
changes of the glass surface that are difhcult to control and that can be explained in 
terms of hydration and ageing prccesses7S8. G~SZGIS hydrogen chloride or hydrogen 
fluoride, the latter commonly evolved from the so-called “etching ether”, are usually 
Usedl-5.8 

The possibilities of directly coating the inside surface of capillaries with fine 
salt particles (analogous to preparing procedures for PLOT columns) such as sodium 
chloridti or crystallisation of insoluble salts (barium carbonate)*0 have been reported. 
Such modified glass surfaces were shown according tG WenzeP to have decreased 
contact-angles and are able to create thin, homogeneous liquid films. The Wenzel 
coefficient’(r), defined as the ratio of cosines of the contact angles (cos B’/cos 0) or the 
specific surface areas (X/A) after and before etching was used as the measure of sur- 
face roughening : 

cos 8’ A’ 
j-=-=- 

cos e A (1) 

Ne&sovB and Tesai5k1z introduced another measure of the wettability of a glass 
surface, the so-called “wettability coefficient”, defined as the ratio of the interfacial 
tensions after (7;) and before (y’) the modification process: 

, 

"-=+ (2) 

Both inter-facial tensions can be calculated from the Young equation, using the 
surface tensions measured by the capillary rise method for a liquid with a zero contact 
angle (methanol)12_ The wettability coefficient seems to be a very characteristic value 
but its usefulness has not yet been fully verified_ Actual contact angle measurements 
can be carried out for a llat surface2, which is not a convenient choice and may give 
results that are not equivalent to the contact angles that exist in capillaries. 

The measurement of specific surface area seems to be a simple method for the 
determination of the surface roughening and Wenzel’s coe&ient. The most popular 
me&xl for this measurement is the classical B.E.T. method, with static weight or 
volumetric pressure measurement 13. Faster and better characterization of adsorption 
under dynamic conditions can be achieved by the Nelson and Eggersten methodX4, 
based on the low-temperature thermal desorption of nitrogen or argon. A motica- 
tion of the last method, proposed by Engelhard and Engelbrechtls, permitted the 
measurement, by changing the measurement temperature range (-190” to -7O”), of 
the speci6c “effective” surface area; the surface can be covered with an adsorption 
or a liquid layer. 

The measurement of specific surface area is a non-destructive method and can 
be carried Gut so as tG give an average value for the full length of a capillary or for 
any part of it. The adsorbate pressure gradient and the very smal! volume in which 
adsorption takes place complicate the determination of the spec%c surface area of a 
capilIary by the therma desorption method, which may explain the lack of suitable 
apparatus in the literature. 
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In this work, investigations of the low-temperature processes of nitrogen 
and argon adsorption-desorption in thin capilhxries were carried out. 

EXPERIMENTAL 

A simple apparatus for the measurement of specific surface areas and deter- 
mination of surface roughening factors was constructed (Fig. I). The apparatus 
consists of a pressurised adsorbate gas mixture supply (l), two ffow restrictors (2), a 
measured capillary (3) in a cooling bath (4), a calibration injector (7), measurement 
(5) and reference (6) cells of the microcatharometric detector (6-~1 cell volume), a 
retardirxg tube (8) and two damping (buffer) capillaries (9). A Model 21 S recorder 
(Laboratomi PZistroje, Prague, Czechoslovakia) was used. 

to recorder 

Fig. 1. Schematic diagram of the apparatus for specific surface area measurements: 1, Nitrogen- 
hydrogen mixture supply; 2, flow regulators; 3, capillary; 4, low-temperature bath (liquid nitrogen); 
5, measurement cell of the detector; 6, reference cell of the detector; 7, calibration injector; 8, retard- 
ing tube; 9, damping (buffer) capillaries. 

The measurements are based on a Wheatstone bridge; through the measure- 
ment and reference cells fiow two independent streams of a 10% (v/v) nitrogen- 
hydrogen mixture. The adsorption process takes place at the temperature of liquid 
nitrogen and the desorption process at room temperature. Both processes change the 
balance of the Wheatstone bridge, which causes a detector signal that is proportional 
to the surface area. 

The retarding glass tube (8, Fig. l), with an inside diameter a few times larger 
than that of the capillary, is connected in the measurement stream between the capil- 
lary and detector in order to eliminate the irregular peak shape of the desorption 
curve. 

Fig. 2 shows three typical examples of desorption curves, which weie ob- 
tained with different lengths (volumes) of the retarding tube. For the determination 
of speciEc surface area the desorption curves were used. The microcatharometer was 
of the ff ow-through type and consisted of two tungsten wires, each 20 pm in diameter 
and of 30 52 resistance. 

The surface under the desorption curve in each instance was directly propor- 
tional to the spe&c surface area of the capillary. The regular shape (Fig. 2c) is suitable 
for integration purposes and can be achieved by an appropriate choice of the dimen- 
sions of the retarding tube. However, this causes a longer measurcmeut time. 

The total volume of the measurement stream is very small, both in itself and 
relative to the volume of the cooled capillary_ This difference influences the shape of 
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Fig. 2. Typical examples of desorption curves obtained with different lengths (volumes) of retarding 
t&e of I.D. 1.0 mm: a, 15 m; b, 25 m; c, 35 m. 

the desorption peak and results in baseline noise. To eliminate this noise, damping 
capillaries (9, Fig. 1) were used. 

Connections with low temperature gradients were used to connect the capil- 
laries into the measurement stream. The measurement parameters were as follows: 
flow-rate of adsorbate mixture, 3 ml/mm, which corresponds to a linear velocity of 
ca. 100 cm/xc for a 0.25~mm I.D. capillary; detector sensitivity, 1500 mV/ml-mg, 
achieved at a current of 340 mA; limit of detection, 30 ppm of nitrogen, for a 10 % 
(v/v) nitrogen-hydrogen mixture. The maximal adsorbate concentration during the 
measurements on hydrogen fluoride etched capillaries was CQ. 1000 ppm. 

. . 
RESULTS AND DISCUSSION 

To estimate the usefulness of the apparatus, simple measurements using smooth- 
walled capillaries of different lengths were carried out. 

-Fig. 3 (Table I) shows the linear relationship between the specific surface area 
and capillary length. Line I represents the geometrical surface area of the inside 
capillary walls, calculated from its dimensions, and line 2 the results calculated from 
the desorption peaks using the TemkirP equation (eqn. 3) and the B.E.T. adsorption 
isotherm : 

a ===a l----p ( H 1+ 
Ps (-1 c (3) 

A = 4JVAw, -Pa) 
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Fig. 3. Relationship between specific surface area and smooth-wall capillary length (numerical data 
from the Table I). 

TABLE I 

COMPARISON OF SPECIFIC SURFACE AREAS CA JXULATED FROM GEOMETRICAL 
CAPILLARY DLMENSIONS AND DETERMINED BY MEANS OF THE THERMAL 
DESORPTION METHOD 

Measured c0pIIh-y tength GeometrhI surface area, Measured surface area, &I4 
(4 A,(dxIti) A, (m= x IO’) 

0.82 0.71 0.81 1.17 
3 2.58 2.98 1.15 
6 5.16 5.26 1.019 

12 10.3 10.35 1.005 
21.9 18.8 18.9 1.005 

where . 
a = amount of nitrogen adsorbed (mole/m); 
Qnl = amont adsorbed in monolayer (monolayer capacity) (mole/m); 
C = constant in the B.E.T. equation; 
P = actual nitrogen pressure in the mixture (N/m2); 

PS = pressure of nitrogen-saturated vapour at the temperature of adsorption 

A 
(n/mz) ; 

= specifk surface Aea (m’/m); 
N, = Avogadro constant (molecules/mo~e); 

- w, = settling surface area of one adsorbate mokcule (m2/molkule). 
The Tiomkin equation (the use of the coordinates of a single adsorption point) 
introduces a systematic error of CL?. 5 %, due to the simpJifk&ions involved. The error 
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in calculations of geometrical surface areas due to inaccuracies in the measurement 
of the inside diameter of a capillary and the variation in the inside diameter along the 
length of a capillary is 14 % (see the area between the broken lines in Fig_ 3) 

It can be seen that the geometrical and measured specik surface areas agree 
within the limits of experimental error (Fig. 3). As one of the calculation parameters 
is the ratio of adsorbate pressures, p/p=, the pressure gradient for a long capillary 
should be taken into account. For this purpose, the original B.E.T. equation (eqn. 4) 
has been modified, assuming that the inlet pressure is higher than the outlet pressure 
and that the whole adsorption process is a sum of many individual processes without 
a pressure gradient (p = constant, (eqn. 5): 

P 
PJ 1 

+ 
C-l p 

=- .- 

a l--P 
( 

a,C a,C ps 

PS ) 

(4) 

, 

[ 

1 
1 t-(C- l)& 1-K 

a = (P1:=$o) c - 1 -ln 1 + (C _ I) g + In 
PS 1 I-x!!! 

(5) _ Ps Ps 

where ai is the monolayer capacity with pressure gradient correction, pin is the 
nitrogen inlet pressure andp, is the nitrogen outlet pressure. 

Comparison of eqns 4 and 5 shows that the error due to neglecting the pres- 
sure gradient is significant only for long capillaries. For example, it is ca. 7% for a 
capillary of length 60 m and I.D. 0.33 mm. The calculations for short capillaries up 
to 20 m long can be performed without a pressure gradient correction (eqns. 3 or 4). 
Eqns. 4 and 5 allow the adsorption isotherm to be determined and permit a more 
precise determination of the specific surface area, for which two or three measure- 
ments at different concentrations of the nitrogen-hydrogen mixture are necessary. 

The Weuzel coefficient can be determined as the ratio of two specific surface 
areas, after and before the glass capillary modification process (eqn. 1). 

The use of the method described may give interesting information about the 
“effective” specific surface area, after coating the inside capillary wall with a thin 
film of a stationary liquid or another liquid, such as water; the determination can be 
carried out by changing the desorption temperature from room temperature to -70”. 

The method and the apparatus described can be used generally for the deter- 
mination of specific surface areas, roughening factors and “effective” specii?c surface 
areas in very thin capillaries, or in open-tubular columns, inciuding PLOT (SCOT) 
columns, without their destruction. The homogeneity of surface roughening along 
the length of a capillary can also bc tested. &asurements of specific surface areas 
and determinations of roughening factors for some capillaries of different lengths and 
made of different types of glasses etched by the same-method were carried out. For 
the same capillaries the wettability coefficients were determinated by means of 
NeZasova and Tesai5k’s method”. The results are given in Table IL 

Three types of glass (two soda-lime and one borosilicate glass) were etched 
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TABLE IK 

SPECJFIC SURFACE AREAS, ROUGHENING FACTORS, ROUGHENING HOMOGENEITY 
FACTORS AND WETTABJLITY COEFFICIENTS FOR DIFFERENT TYPES OF GLASS 
CAPLLLARLES ETCHED WITH ‘ETCHING ETHER” AT 380” 

Type of 
graw 

A'(& x lO’/m) A(& x r Roughening y: kw 

Meawred 
Wm.l, homogeneity (dynefcm) $yne/cm) 
geomeCricaI coefficiear, rb 

Full length I-m surface area 

of capillary section 

Soda-lime, 
type1 56.7 54.4 10.68 5.3 1.04 20-46 19.85 1.031 
Soda-lie, 
type 11 81.09 79.0 10.36 7.8 1.03 20.0s 19.63 1.023 
Bososilicate 
(Sovirel) 32.14 32.9 7.85 4.1 0.98 20.83 21.33 0.977 

with “etching ether” at 380”. The capillaries were subsequently flushed with oxygen 
at 380” in order to remove carbon residues. The specific surface areas of the etched 
capillaries were measured on the apparatus described and specific surface areas of 
smooth-walled capillaries were calculated from their geometrical dimensions. It can 
be seen from Table II that there is a close correlation between the roughening factors 
and wettability coefficients. Because a roughening factor of about 4 corresponds to 
a wettability coefficient of about 1, this value seems to be the most suitable for pro- 
moting the spreading of stationary liquids. The roughening homogeneity factor (m) is 
the ratio of the specifk surface area per metre calculated from the measurement for 
the full capillary length to the specific surface area measured for a l-m section of the 
same capillary. The closer to unity this roughening homogeneity factor is, the better 
is the homogeneity of roughening (Table II). 
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