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e SUL!MARY

A The approaches taken by other workers using chemtcal and physmal modifica-

tion of the: glass surface are examined. The gas phase etching of soda glass i is investi-
] gated ‘by varying the etchmg temperature and studying the results by use of the
- scanning electron microscope and by contact -angle measurements. The role of the
. isolvent used in the dynamic and static coatmg p:ocedures is examined and it is shown
- that the presence of this ‘solvent increases the contdct angle between the' stationary
. 'phase and ‘the. glass ‘surface. This effect can be sufficiently overcome by double
= hydrogen chlonde etchmg to. enable even the most poiar phases fo be coated success-

, fully : : :

fj INTRODUCI‘IGN

Gl DT The tradmonal use of open—tube columns isin the analysxs of natural products
where hzgh resolutmn is necessary. The lengths of £ column used in this field of analysis
. are usually 30-100 m. If shorter columns (10-30 m) are used, however, an increase in
speed of analysxs can be achleved at the expense of resolution.

, In proeess control, quality control and technieal service work, data-processmg
o systems are commonpfacem the Iarger laboratones. Their use has led to savings in
- . Iabour costs and calculation: times. The next fruitful area of investigation might be
““in the. reductlon of analys:s tm:zes so that mformatxon is more rapidly available and -
~more ana!yses per unit time can be mmed outon a gas chromatograph When com-
pared with'an eqmvalent packed column, xmproved resolution is still apparent even
. when- the speed ‘of analysis is increased by a factor of 4or5 -

.- Whatever methods of automatic peak detection are used, digital voltmeter, or
o anaiog:ie orF dxgxtal mtegrator, there must bean: unprovement in peak detection which
f;f results from the ptoductlon of sharp peaks by the use of opeg.-tube columns and short
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resoivmg power rather than se{ecﬁwty, Thus, iﬁe use of open-tube comgaretf to;
- packed column.s m our Iaboraiory offers ifn'ee gossxbie a.dvantages. (f ¥ reductmn in

nambetafdﬁemnttypeso;cei&mnms&rytamsﬂft&ewaﬁc

~ Open-tube cofumns made of stainless steel have been in zegu(ar anc! WIde use
in many faboratories for-some years. The infernaf. bore of such cofumns is-easify
coated with a wide range of stationary phases, probably-because of the surface rough-_
ness produced in the drawing process. Stainless steef as a materiaf of construction for
_open-tube columns is satisfactory in the analysis of most hydrocarbons. s high sur-
face activity, however, makes it unsuitable for the analysis of certain heat-sensitive,
Iabile and very polar compounds. Glass, on the other-hand, has a surface’ whxch
though not perfect, is Icss active than that of stainless steel.

The problems of coating non—poIar phases onto glass have Iargely been sofved -
but in order to achieve a wide use it is clearly desirable to be able to produce a glass
open-tube column coated with any stationary phase and this is the main aim of the
work described in this paper. .

REVIEW OF THE PROBLEM

. The non-chromatographic work of Zisman® and Fox er el.? explains many of
the phenomena observed in the production of open-tube columns. Zisman has ad-
vanced two concepts which are relevant to gas chromatography. Firstly, the idea of
critical surface tension, defined as that value of the liquid sutface tension above which
liquids show finite contact angles on the given surface, i.e., the critical surface tension
of the surface, must be numerically higher than the surface tension of the liquid for
complete wetting. Secondly, the fact that the wetting propertzes of solid surfaces can
b= seriously modified by adsorbed organic layers.

Universal coambzhty
Three different approaches have already been taken to achieve the aims of

universal coatability, viz. work on surface compaublhty, work on carbonisation, and
etching.

Work on surface compatibility. Grob3 was the first worker te p:oneer ‘this ap-
proach. He admits, however, that the materials he has used only allow non-polar and
medium polar phases to be coated onto glass. Tue elegant work of Novotay and
Grohmann? and Bartle and Novotny® with monochiorodimethyl-[3-(4-chloromethy}-
phenyl)butyl}silane has advanced the concept. With this complex molecule, however,
when a compatible group is inserted, the otoup only amounts to about 10% of the
molecule anchored to t.he surface and it is unlikely that a gowerﬁ:[ ciiect coufd be
exerted. - -

Work on carbonisation. Grob’s work® on .the gas phase mrhomsatzon of
methylene chIonde, leading fo a fine fayer of carbon attached to tne gIass, allows onIy
non-polar zad moderately polar phases & be coated-

 Etching. The earlier etching work of Mohnk: and Saﬁ’ert“ Brunet and Catfom .
and Kisefev® produced very active surfaces which wete onlfy usefuf for gas—sofid chro- -
ma:ography The gas phase etching hsmghyd:ocen chioride, first suggested by Tesafik
" and Novotny? and fater used by A:exznder and’ Ruf.ten*"‘-“ and AIexander et at‘.’z, SO N



- PREE‘ARATION OF GLASS OPEN-TUBE COLUMNS B T 427
‘_f‘at seems to oﬁ‘er the most frmtf‘ui and practxezf approach fo the production of a
- umversaify coatable surface: This goal, Bowever, has not yet been achieved. Afthough
in -ref: {1 the authors show that polyethylene giycol (PEG)}400 and [.2,3-ris-
’ (cyanoethoxy}propane have-zero contact angles on hydrogen chioride-etched glass
and that, in any case, it is only necessary to have greater than 129 etching coverage,
- no workers have been able to obtain eolumns with efficiencies of over 2,000 plates/m
. with such phases coated onto glass columns, as far as we are aware.
- That the compatibility approach has been unsuccessful is not surprising. A
- study of Table Il in ref. 5 and of Table HI in ref. 11 reveals that chemical modifica-
tions have only increased the critical surface tension of soft glass by a maximum of
1.1 x 1072 N m~* and 0.45 x 1072 Nm™%, respectively. In contrast, however,
hydrogen chloride etching increased the critical surface tension by at least 2.2 x 10~2
N m~!up to a value of at least 5.2 X 1072 N m™}, i.e., sufficiently high tc enable any
phase to wet this surface.

Thus physical modification of the surface resuits in a far greater increase in
critical surface tension and it is a general treatment applicable to all stationary phases.
Chemical surface modification, on the other hand, has only a small effect on critical
surface tension and it is a specific treatment which has to be tailored to the particular
system under consideration.

EXPERIMENTAL AND APPARATUS

Praductzan of the tubing

. Prior to drawing, the glass tubes were treated by drawing up chromic acid into
the vertically held tube which was then allowed to drain for at least 24 h. Because of
the high viscosity, the walls of the tube were effectively in contact with the acid for
this time. The tubes were then washed with distilled water and finally dried by sucking
acetone through them.

Capillary tubes (coiled for columns and straight for contact angie measure-
menis) were drawn from 7-mm-0.D. X 1.8-mm-I.D. seda glass (Gallenkamp,
Stockton-on-Tees, Great Britain) and 7-mm-0.D. X 1.2-mm-I.D. P.W.M. soda glass
(Chance, Smethwick, Great Britain).

A “home-made™ glass drawing machine”® was used. Communication with
other workers in the field of glass open-tube columns has indicated that problems are

" sometimes encountered with the coiling process. We have shown that to achieve
trouble-free coiling, it is essential that the straight part of the coiling tube is at least
.20 cm in length and that the non-earthed electrical connection is situated on the first
quadrant of the coiling tube to ensure that breakages do not occur within the tube.
_ This coiling tube is polished internally by rodding it with fine carborundum paste and
by lubricating it with “Aquadag’” (Acheson, Piymouth, Great Britain). In use
““Aquadag” is also coated onto the glass capillary as it enters the coiling tube. In this
way the machire will produce about 50 m of capillary with almost no attention.

The coiling tube was designed to produce coils of 13 cm in diameter. The

internal diameter of colimms was 0.2 mm. This was achieved by using a drawing ratio
- of about 40:1. -
-~ Tubes made for experimental work rather than columps were about 2 m in
length and were formed into rectangles about I0cm X 20 cm in size.



'Etchmg of soda gIass : ‘

: - Etching of soda glass tubes was'carned out ‘according: £
suggested by Tesafik and Novotny -and later used by other- warkers‘““’
Hydrocen chloride gas was generated by the action of concentrated 2
,amd on sodium ° chlonde and it was-found that the rate of. evolution of hydrogen._i
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used rather than Analytxcal Reaoent quality. sod:um chlonde, whxch has'a smalfer"_'
particle size. In the experimental- ‘work, etching was ‘carried out at 250°, 360° and’
450° -for vanous times. After etching, the tubes were purged with ‘nitrogen at 110°_.'-
- and then were lmmedlateiy sealed at both ends. To pmduce “double etched“ columns ;' :
the above procedure was carried out tw:ce. R T L

.Methods of coaating o ’ L =
A Dynamic metlmd14 0.2 cm?, or 15 %, of the column volume for. columns longet
~ than 50 m, ofa 5-15% v/v methylene chloride solution of the stationary phase was
introduced into the column by means of a modx.ﬁed 1-ml Hamﬁton “gas ~tight™ .
syringe. The solution was dried by anhydrous sodium sulphate ‘before use.  The
syringe modification’ involves a ““Swagelok™ 1/16-in. stud coupling bored out so that -
it can be attached by means of epoxy resin glue to the Luer taper of the syrmge. A
~ perforated silicone rubber septum was used in the 1/16-in. coupling for attaching the
modified syringe to the glass column. The solution was forced through the column -
by applying helium under pressure to move the “slug” at 0.02-m sec~1. The pressure: .
was applied by means of a Brooks (Haiﬁeld Pa., U.S.A) ‘Model 8601 pressure
controller. Because of the low gas: flow through the. column, a vent (a Perkin-Elmer
\neaconsnenu, ureat Dﬁt&ifl} MO(IEI I‘ 11 dl[ resmczor ra‘.n: L‘!O 4)4—0034), was a[-
ched downstream of the pressure controller to ensure 2 good flow through the
controller.,A 0-60 p.s.i.g. pressure indicator was also mounted downsiream of the
pressure controller. A 10-m “tail” of similar glass tube was attached to the outlet of
the column to keep the velocity of the “slug” constant as it left the column. L
: - After the “slug” had left the column, the gas pressure was raised to smooth,
out. the ““lenses™ which invariably form and to evaporate the solvent. Purgmg in this:
way was carried out for 3 h. Certain columns were coated twice by repeating the -
above procedl.re but oy passing the “slug in the opposxte du:ectlon on the second
‘pass. -

' Durmg the coatmg procedure the coil of tubmc was mounted in the honzontai ,
position aad was ‘protected from sunhght and drauOhts in order to mamtam a reason- ‘
_ably constant temperature. . -
. . Static method'. The column was ﬁlled wzth a0. 31 ‘7 v/v solutxon of the sta-v
- nonary phase in methylene ch_londe or other suitable Iow—boxlmg solvent. The solution:
was dried by sodium sulphate- -before usé. The solution and the column were degassed
for'5 min by evacuating the ‘empty column, sealed at one end, ‘and’ by applymg a
vzcuum of 0.2 mm Hg to f_he solution while cooling in a solid carbon dioxide-acetone -
mixture. The column was filled by breaking the sealed end and 1mmedxately plungmg‘
it under the surface of the cooled, degassed sohmon held in z reservoir at a height of
30 cm above the end of the column at which the vacidum was appheé ‘When the tubeo ’
- was full and the' vacuum was dxsoonnected from the column, a very slow syphon was -

»formed The Iowet open end of the column was seaied by foremg Fomﬁx QS[B4 o
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. mﬁx Peterborough Great Brztam) mto the borc w1th a I-mi dzsposable '
= "medxmi synnge;’f"fhe cement was. also- coated around the end of the column and was
_ l‘allowed to dry for 18 h, after whxch it was coated w:th naxl varmsh. e : .
S W:th thé column protected from draughts the same vacuum was apphed at
g the opposxte ‘end to the seal and the solvent was evapotated at-ambient temperature.
o -Prcmdmg the seal holds within the' first minute, evaporation should proceed smoothly.
A success rate ‘of 60-70'% bas been achxeved with the above method of sealing. Using
_ acetone as solvent, a 15-m column was comple;ed in about 24 h. The rate of evapora-
“tion: dmses with time so that it takes an 1mpract1cally Iong tlme to make columns
' 50—100 mm Iength by this method. B
Szml‘ated static and d'ynamze coating pracedzlres In the expenmental work the
: eﬁ'ect of the solvent alone on the g!ass surface was studied by simulated static and
' dynamxc coating. .
oo Inthe smmlated static coatmg procedure, tubes 0.52min Iengf_h formed into
rectangles measuring 10 cm X 20 cm were submitted to the static coating’ described
: gabowe but omitting the stationary phase. :
h “In the simulated dynzmic procedure, similar tubes were used. A small “slug”
. of pure solvent was propelled at a velocity as close as possible to 0.02 m sec™!. The
solvent was evaporated by mamta:mncr the helium ﬁow for about 1 h after the “slug”
: had left the end of the tube . -

Deacttvatwn pracedure ’
For columns to be coated. w1th non-polar phases, the etched glass surface was

. déactlvated using a procedure based on the method of Hastings ef @/.'°. The column
was first coated with 59 PEG-20M in methylene chloride at a coating velocity of
“0.01 m sec™ . After the solvent had evaporated, both ends of the column were scaled,
- taking care to exclude air as far as possible. The sealed column was maintained at
250° for 16 h, after which it was washed out twice with 1 coa® of methylene chloride
and dried pnqr,to coatmg,Wlth the non-polar phase.

Com‘act angle measurements :
Contact angle measurements using the capillary rise method were carried out
- on straight pieces of tube about 12 cm in length taken from the above-mentioned
 rectangular “cojumns”. Jt was necessary to allow 2-3 h for the meniscus to reach its
’maxxmum height before a measurement was made.
L - “The tube radius was measured by introducing 2 plug of mercury into the tube
and determmmg its [enoth and wexght :

Gas chramatograph ,
. - Columns were evaluated ina Perkm—Elmer F33 gas chromatograph l/S-m

) “Gx;aphlok” ferrules Type GFF/812 with a 1-mm hole (Scientific Glass Engmeenng,
London, Gmt Bntam) were used to attach the columns

- »Scamzmg efectrou mzcroscapy - .
- . . The scanning electron rmcroscopy work- was camed out on a Cambndoe'
'Stereoscan Model 2A The tub@s were” cmshed and su:tabie pxeces sclected for
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e‘tammatxon. Pnor to_examination the specumns Were coated w-t& apptommateiyf
20 am of gold;’paﬁadmm S -

’ " For. each experiment, mlctographs were made from 46 sampIes aof mh Z-m-
length of glass tube. - o :

RESULTS AND DISCUSSION

Discussion of experzmem‘ai procedures :

Production of tubing and coating procedures. During our early mvestlgatlons
into poor efficiencies obtained from both soda glass and Pyrex columns, it was decided
to study the coating process. A small amount of methyl violet dye was incorporated
into the coating solution during the dynamic coating of methyl silicone oil SF 96.
After the solvent had been evaporated, two different types of dye intensity were noted.
Firstly, a rapid variation in intensity along the length of the column caused by the
apparent: break up of the “lenses™ formed during the dynamic coating procedure.
Thus even though the “lenses” appear to be smoothed out as solvent evaporation
proceeds, the higher dye intensity suggests that the stationary phase is thicker in these
areas. We consider these areas are the main cause why use of the dynamic procedure
generally results in less efficient columns than in the case of the static procedure. As
mentioned above, some of our columns were coated twice in opposite directions.
Generally, these columns were very successful and we noted that on the second pass
fewer “lenses’” were formed. The second type of dye intensity differences was of a very
gradual nature. If the column was mounted in such a manner that each coil touched
its neighbour, the graduations in dye intensity along the column could easily be seen.
This variation led us to suspect that the internal diameter of the column was sufficiently
variable to cause variations in film thickness.

Desty et al.’® found bore variations of about 29 at a drawing ratio -of
about 50:1. We investigated the uniformity of the bore at three different drawing
ratios by means of the mercury plug method already described. Fig. 1 is a plot of per
cent standard deviation of the bore of 0.2-mm-1.D. columans versus the drawing ratio.
It shows that the bore becomes less uniform as the drawing ratio increases. Thus, it is
better to employ a low drawing ratic and to draw the column from tubing of small
diameter.

N

a0 82 2o . wBo 2C0 240

Dt'w.rg ratia -
Fig. 1. Per cent smndard devxatlon of the diameter of 0. Z-mm—l' D. cqumns versus drawmg raﬁo.
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:"PREDLCI’ED ANI) DETERMED FILM THICKNESS FOR THREE PHASES OF DIFFER
- -ENTF POEARITY COATED ONTO EI'CHED SODA GLASS BY TI-IE SENGLE DYNAMIC
,_V.”COA‘I'ING PROCEDURE o . L

;Statzana:y pha.s'e Palanty Caatmg solutzan o Caaring~ Film tixidmess b 10‘ (m) .  Solute

velocity — -
- (msec-ty CLredictedby Determmed
’ . - .. Fairbrother- ' by V¥,
PR TS DA o Stubbs 7
‘Methyl silicone  ‘mon- - IO%v/vin CHCI; 0.02 015 - 017 benzene
: or.l MS—ZOO - polar i ’ : . .
' Bis@ethyle V'-,medxum 20%. v/vaHCI_-, 002 - - 030 - 032 decane
hexyl) s:_bmte - polar C - :
: PEG;wo' polar 15%vpv inCH;Clz 0.03 040 0.34 n-butanol

_ We studxed the apphcablhty of the Fmrbrother—-Stubbs equation!” to phases of
~ varying polarity coated onto ctched soda glass by the dynamic procedure. This equa-
tion relates the final film thickness to the various parameters used in the coating
- procedure. Othér workers®13-2° have shown that the equation will predict the film
thickness in their systems. Table I compares the film thickness d; predicted by the
'Fairbrother—Stubbs equation and determined using the specific retention volume V.
As might be expected, prediction is less precise for the polar phase. Thls is presumably
because ¥ data for polar phases are affected by the support used.
S Etckmg of soda glass. Most of our columns were drawn from Chance PWM -
soda-hme glass. It has the following composition: Si0,, 71.4%: Ca0, 4.6%; Na,0,
15.0%; K,0, 1.7%; MgO, 4.075; AL,O,, 2.2%; BaO, 0.89; and SO;, 0.29;.
‘A 50-m X 0.35 mm-L.D. etched uncoated column made from the above glass
was filled with distilled water, sealed and heated for 3 hat 100°. It was then washed oui
~and Ca, Mg, K, Na, and Cl ions were determined in the washings. The washings were
made up to 100 cm® and found to conitain 13.9 ppm of NaCl and 1.3 ppm of KCI;
Ca and Mg ions could not be detected. This agrees with the findings of other Woz'kers12
~that the etch consists mamly of sodmm chloride.
‘ “Etching” is in fact 2 misnomer. Scanning electron mxcroscopy shows that the
glass surface ‘is not corroded but remains as smooth as an untreated glass. The
~ sodium ions become mobile at the etching teiperature. Because of their small diam-
eter, they can move freely through the lattice. As they reach the surface they react
‘with the hydrogen chloride to produce an efflorescence of sodium chloride crystals.
- The mxgratmg sodium ions leave behind a !ayer at the surface consisting essentially
of silica. Thus the etched surface consists of sodium chloride crystals on a smooth
silica platform. The results obtained on our columns indicate that the system appears
‘to behave remarkably like a conventional white support. In certain applications,
‘ however, ‘the surface-is less active, as will be seen from our work on the analysis of
: ,the lower fatty acxds, wheze it was unnecessary to deactlvate the surface :

A?Dzscu..statz af surface treatments ! : ' '
T ab!&s I, III and v show oontact anglcs obtamed for vanously treaf:ed glass
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TABLE IT

CONTACT ANGLES GF THREE PHASES OF DIFFERENT POLARITY FOR ETCHED AND
UNETCHED SODA GLASS SURFACES

Tube No. Descriotion of treatment  Contact angle
MS-200 Bis(2-ethylhexyl) PEG-400

sebacate
1 No treatment; unetched 0° 24° 43°
2 Etched for 3 h at 360° G° 0° 0°

surfaces. The figures quoted represent the average of a number of determinations and
are, therefore, significant. It is estimated that the values of the contact angles ob-
tained are accurate to +-10°.

Effect of etching on the critical surface tension. The results in Table II demon-
strate the effect of etching on the critical surface fension of soda glass. On the un-
treated glass surface (tube No. 1) only MS-200 (surface tension y = 0.0203 N m™Y)
exhibits a zero contact angle. Bis(2-ethylhexyl)sebacate (y = 0.0311 Nm~!) and
PEG-400 (y = 0.0425 N'm™~') do not completely wet the giass. The critical surface
tension for untreated soda glass is, therefore, somewhat less than 0.0311 ¥ m™,
which is consistent with the findings of Alexander and Rutten't.

On a hydrogen chloride-etched surface (tube No. 2), all three stationary phases
exhibit zero contact angles, which suggests that the critical surface tension of singly
etched soda glass is in excess of 0.0425 N m~i. It is significant, however, that the
etched tube (tube No. 3, Table III) is not completely wetted by the more polar 1,2,3-
tris(cyanoethoxy)propane (y = 0.0519 N m™1).

Role of the solvent used in coating. During the preparation of a column either
by the dynamic or by the static procedure, the situation is furither complicated by the
presence of a solvent which may well affect the surface characteristics which deter-
mine the wetting properties of the system.

Other workers®-!! have quoted critical surface tension and contact angle data
but have not investigated the role of the solvent. Alexander and Rutten!! have treated
variously etched glasses with chloroform but have not related their findings to the real
situation of column preparation. Their general conclusion from contact angle deter-
minations appears to be that almost any stationary phase can be coated onto etched
glass, but examples of high-efficiency glass capillary columas coated with polar phases
are limited.

Table III (tubes Nos. 4-6) demonstrates the effect of simulated static and
dynamic coating procedures on the wetting properties of PEG-400 on etched soda glass.
In each case, non-zero contact angles are obtained after solvent treaiment.

Hature of etched surface. The above results led to more detailed investigations
into the nature of the etched surface. Fig. 2a shows the scanning eleciron micrograph
of a singly etched soda glass tube and Fig. 2b shows the electron micrograph of a
singly etched tube after it has been subjected to a simulated dynamic coating proce-
dure with acetone. No significant difference in the etching pattern is evident. It
should be noted, however, that areas of uneven etching were present in a singly etched
tube. Two effects were noticed: “macro” variations were present which were visible
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TABLE I

CONTACT ANGLES OF TWO POLAR PHASES ON VARIOUSLY TREATED ETCHED
SODA GLASS SURFACES

Tube No. Description of treatment Contact angle
PEG-400 1,2,3-Tris(cyanacthoxy)propane

3 Etched for 3 h at 360° 0° 20° -
4 Etched for 3 h at 360° + simulated

static procedure with acetone 38°
5 Etched for 3 h at 360° + simulated

dynamic procedure with acctone 43° 67° .
6 Etched for 3 h at 360° 4 simulated

static procedure with methylene chlo-

ride 22°
7 Doubly etched for 2 x 3 h at 360° 0°
8 Doubly etched for 2 x 3 h at 260° +

simulated static procedure with acetone 0°
S Doubly etched for 2 x 3 h at 360° -

simulated dynamic procedure with

acetone 43°

to the naked eye and “micro” variations in crystal size and distribution were apparent
on the scanning electron micrographs.

In an effort to obtain greater uniformity of etching, soda glass capillaries were
subjected to a double etching procedure. In general, double etching improved the
uniformity of crystal size and distribution but areas of uneven etching were still
present. The electron micrographs obtained for doubly etched glass (Figs. 3a and b)
illustrate the variation in etching pattern.

Doubly etched tubes were subjected to simulated static and dynamic coating
procedures with acetone (Table I11, tubes 8 and 9). A zero contact angle was obtained
for PEG-400 after the simulated static procedure although dynamic coating still
resulted in a non-wettable surface.

(a) et S -~ . g
Fig. 2. Electron micrograph of a tube singly etched at 360° for 3 h (2) before and (b) after simulated
dynamic coating with acetone.



Effect of chromic acid treatment and etching temperature on etching pattern. A
number of workers!?-1® have stressed the importance of ¢leaning the glass with chromic
acid prior to drawing the capillaries and Ne&asovd and Tesafik?! have shown that the
critical surface tension of Pyrex glass can be substantially increased by treatment with
chromic acid.

Soda glass capillaries which had been drawn from glass tubes cleaned with
chromic acid were subjected to various etching procedures, viz.

Singly etched for 65 h at 250°

Doubly etched for 3 h at 360°

Singly etched for 3 h at 450°

Doubly etched for 3 h at 450°.

The most even etching pattern was obtained by double etching at 360°. Fig.
4 is a scanning electron micrograph of such a surface. Further electron micrographs
taken at several different areas along the tube showed the same uniformity of etching.

Fig. 4. Electron micrograph of a tube doubly etched for 3 h at 360°.
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1 x 10 “m
—

¥

Fig. 5. Electron micrograph of a tube singly etched for 65 h at 250°.

Fig. 5 is an electron mic rograph of a tube which had been eiched for 65 h at 250°.
The crystal size and distribution were extremely uniform but the tube had a paler ap-
pearance than the tube etched at 360° and this effect could readily be seen with the
naked eye.

Fig. 6 is the clectron micrograph of a tube which had been doubly etched at
450°. An uneven etching pattern was obtained and variations in the intensity of etching
were clearly visible to the naked eye.

Table IV shows the results of a number of contact angle measurements on the
variously etched tubes.

Tubes which had been doubly etched at 360° exhibited zero contact angles
with PEG-400 after simulated dynamic coating procedures with acetone and
methylene chloride (tubes Nos. 10-12). Complete wetting was also obtainzd with
the very polar stationary phase 1,2,3-tris(cyanoethoxy)propane after a simulated dy-

‘g e
Fig. 6. Electron micrograph of 2 tu

be doubly ctched for 3 b at 450°,



Tube M,,, : Dascrwtwn o rre‘afr_n.ent S

16 ';Doubxv e:cmd for2 % 3hat360°

[ ¥ SN " Doubly etcned for'2 % 3hat .160° L
. simulated dynamic premunew:th
Tl s T acetone -
12 55 Doubly etchedfor 2 x 3 hat 350"
2 n o Tsimulated-dynsmic premdure with
- - methylene chloride - . - - .
1z "-Etched for 3'h at 450"
. ¥4&- - Etched for 3 h at 450° + s:mulated
R dynamxcprocedurethhacetone L
(15 Doublyetchéd for 2 X 3hat450° - 0% T
16 —,DoublyetchedforZ><3hat430°+"" e
s sxmulateddyna.lmep'ocedurethh Sohes T
» : - acetone : : . S §:
.17 . . ‘Etched for 65h at .50° o B
18 - Etched for 65 h at 250° +sunuiated R

dynamic pm@dure with acetone  ~ .+ 27° .

namic coatmg procedure thh methylene chlonde (tube No. 12} Etehmg the tubes at
+250° and 450° resulted in mcomplete w..ttmg w:th PEG—400 after subsequent solvent :

treatwent (tubes Nos. 13-18). - -
: . QOur work on the etching’ of soda glass w:th gaseous hydrogen ch!o-zde has
shown that the best results are obtained at an. etchmo temperature of 360" Further-
:more, if the prowdm'e is repeated (double etching), a more intense etcmng pattern is
obtained. It is also essential that the original tube be thorouch!y cleaned with chromic:

acid before the capillary is drawn. Chromic acid treatment appears. to have two im-
portant effects. The critical surface tension of the glass surface is increased and the
treated surface produces a.more even etch after Ieactlon wn‘.h hydrogeu chionde at f
‘360° ' :

We conslder that the role of the chromzc acxd 38 mete'subtle tban Just the'“
rf’moval of surface contaminants and organic Slms (wlnch would in anycasebe oxidised -
by passing the tube through the furnace in the: drawmg process t is. probable: that
chromic acid treatment results in the remcvai of i morgamc matenais ’ijom the: g!ass

'_-r.f;ment may be due to the deposmon of a ﬁim £ ,
‘ _m the solvent onto t.‘xe gIass su:faee. Fox et al.2 have expiained the chang&c,mrwe g
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o F’ 7 Chromatogram oi pamtsoivent onazo-m x Oz-mm-x.D.sodaglasscoiumn ooated thh bis- -
‘;(Z-ethyihexy}) sebamte, at 50“ R .

behavmur whlch occur from the standpomt of adsorbed surface ﬁlms and Farré-Rius

et al:z have also recoemsed that poor efficiency i may result from non-spreading of the
o coatmg sohmon even in cases where the liquid phase is capable of wetting the surface.
L By careful control of etching conditons and by the use of a suitable solvent,
the results above suggest that it should be possible to prepare glass mpt!iazy columns
coated with even very poiar statxona:y phases (y ~ 0.05 N m™Y),

: Applzcatzan of results fo prodz:ctzon of columns :

o Column pe;farmmxce. To assess column performance, the experimental plate
-_'numaer (n) and the “‘coating efﬁcxency”‘s % were calculated. The latter quantity is
; ;deﬁnezi a.s the xatlo of the hxgh&st attagnable expenmental plate number to the

I-‘xg., : Cﬁtomztogram ofalcoho!s,&stesand ketons (up to Cs) ona ZO-m X 8.2 7 mm-I D sodz glass
<reoluntl coated with I,2,3-tns(cyanoethoxy)pmpane, at 50°. ’
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Fig. 9. Chromatogram of C,—C; fatty acids on a 13-m X 0.3-mm-L.D. soda glass column coated witis
1,15-pentadecanedicarboxylic acid, at 120°. 1 = 3-Methylbutyric acid; 2 ~ 2-methvibutyric acid;
3 = r-butyric acid; 4 = isobutyric acid; 5 = propiosic acid; 6 = acetic acid.

theoretically maximum possible plate number. The expression used to calculate the
experimental plate number was

Newy = 5.54 (b/ Wi Y

- Columns prepared. Table V shows performance data for columns coated with
stationary phases of various polarity. In general, high plate numbers and coating
efficiencies were cbtained particuiarly for the more polar columns.

Column No. 1, coated with bis(2-ethylhexyl)sebacate, has been used in the
) anaIysrs of over 50 samples, many containing more than 70 %, water, and has shown
no decrease in performance. Fig. 7 is a chromatogram of a sample of paint solvents
containing ketones, esters and aliphatic and-aromatic hydrocarbons which was ana-
Iysed on this column and demonstrates the high efﬁc:ency and peak symmeiry ob-
izsﬁﬁé ’

2.8 shows a chromaisgmm of a t&et mixtm'e c:mtammg essentiafly polar

) matenais ona I,2,3—tns(cyanoethoxy)propa.ne column (column No. 2}. This column
- exhibited an efficiency of over 4000 plates m~! and, as far as we are aware, no other
workers have produced columns of comparab!e eﬁic:ency coated with stationary
phas&e of this polant}a
- - Column No. 3 was prepared by the static precedute and is coate«i with the
novel stationary phase 1, IS—pen&demnedxcarBoxyfxc acid, which was predicted on
- theoreticaf grounds fo be particufarly suifable for a special separation problem®.
Fig. 9 shows a tail-free chromatogram of the fower fatfy acids obtained with this
- statxogary ‘phase on a column which had not been deactivated prior to coating.”
C " We experienced some difficulty in coating PEG-400 onto an untreated doubly
efcﬁed surfaee F:g. Iﬁa aizows a cﬁromatogram of' a test mixtare on a dynazmcaﬁy
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Fig. 10. Chromafograms of alcohols, esters and ketones (up to Cg) on a 20-m X 0.2-mm-1.D. soda

glass column coated with PEG-400, at 50° (a) before heat treatment and (b) after heat treatment and
recoating.

coated PG-400 column. Although peak widths at haif height are consistent with an
efficient column, all’peaks show unacceptable tailing. The column was, therefore,
subjected to the previously described deactivation procedure based on the method of
Hastings er al.'8 except that instead of using PEG-20M the original coating of PEG-
400 was subjected to the prescribed heat treatment. After washing the column with
methylene chloride, it was recoated dynamically with PEG-400. Fig. 10b shows a
chromatogram of the same test mixture on the heat-treated column. Symmetrical
tail-free peaks are now obtained for all components, including alcohols. It is assumed
that the original pedk tailing was caused by an uneven deposition of stationary phase
onto the etched glass surface. The improvement -cbtained on heat treatment can
presumably by explained using the concept first advanced by Hastings ef al.’s that the
high temperature increases the mobility of the polymer chains contacting the surface
and aflows them to rearrange physically to 2 minimum potential energy configuration.
‘The resulting monolayer is non-extractable and i is capable of being completely wetted
by a secondary film of PEG-400. We have prepared other PEG-400 cclumns and on
each occasion have notxmd the significant mxprovements m peek sha.pes a&er heat
treatment.

) Fig.llis a chmmatogmm of. smmlated racovered C,—-Cg ahphatlc alcohois
used in the preparation of phthalate esters, obtained on an QV-101 column which
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Fig. 11. Chromatogram of simulated recycled phthalate alcohols on a2 40-m X 0.25-mm-LD. soda
glass column coated with OV-101, programmed from 100-300° at 3° min—

had been deactivated by heat treatment with PEG-20M prior to coating. The peak
shape of polar materials is particularly good on this column, which is clearly demon-
strated by the al¢ohol components which appear as the first group of peaks in the
chromatogram. The second group of peaks are the phthalate esters.

) Column No. 6 is a further OV-101 column which was prepared by a double
dynamic coating procedure and shows over twice the efficiency of the singly coated col-
umn No. 5. As stated previously, double coating generally produces very good col-
umns and we have noticed a tendency for reduced lens formation during the second
pass of the plug of coating solution. This phenomenon warrants further investiga tion.

CONCLUSIONS

Itis concluded that the double etching procedure describad in this paper en-
ables glass open-tube columns to be coated with the most polar phases.
It is also concluded that it is not possible to predict the success or failure of a
_column by carrying out contact angle measurements of the phase on hydrogen
chloride-etched soda glass. The deleterious effect of the solvent used in the static and
dynamic coating procedures must be taken into account. For the polar phases used
in this work double etching overcame the effect of the solvent.
. For open-tube columns coated with PEG-400 an improved performance was
obtzined if the coated column was heated, washed out, and subsequently recoated.
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