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SUMMARY 

The influence of viscosity, surface tension and operational temperature on the 
thickness of stationary phase films in glass capillary columns coated by the dynamic 
method was studied. The analysis of the studied values was carried out and was 
proved experimentally. 

INTRODIJCTION 

The thickness of the film of a stationary phase and its homogeneous spreading 
over the whole internal capillary surface are decisive factors in the separation efficiency 
of a capillary .column. The film thickness is influenced by several factors which, 
for the dynamic coating methodl, are expressed by the following relationa: 
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where dp is film thickness, c the concentration of the coating solution (0/O), Y the 
capillary radius, zc the linear velocity of, the flow of the solution through the capillary, 
TV the viscosity of the solution and y its surface tension. ,‘, 

KAISERS transformed this relation itit0 the form: 

dF = -& l (0.265 zc + 0.25) (4 

NOVOTNQ ct ~1.4 studied the effect of the suppression of the flow rate of the coat- , 

ing solution and found that the dp values conformed to eqn . f . . We also showed a direct, 
proportionality between the film thickness and the capillary radius. KAISERS showed 
further the diagram of the dependence of the film, thickriess on the viscosity. 

Surface tension, y, and contact angle, 8, are decisive for the formation of ,a 
perfect film of the liquid on the wall of the capillary. Young’s equation ,must hold 
for the equilibrium at the point of the contact of individual phases :, / I I.1 

,’ : >’ ,: 

Y33 = y13 + y,,*coso (3) 
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.where subscripts I, 2, 3 indicate the liquid, atmosphere and capillary well, respec- 
tively. Critical surface tension; the surface tension for ‘which the contact angle on’ 
the material is zero, was derived from this .relation. These critical surface tensions 

‘,:were determine.d.5 for the materials of ‘the capillaries (Table I). 
‘. ‘: 

., .’ 

-‘TABLE I ‘,, ‘, 
:.; 

CRITICAL SURFACE TENSIONS (yO) OF SOME MA’kRIALS 
: : 

Mb&yiaE~ ya (WWW 
:. 

,Polytetraiuorbethylene I9 
: Stitiinloss, steel 24 
’ Al~~ini~rn ,, 27.4 
CoppeT, ; .‘. 
Pyq~$~lis$, dlescned with acetone 

27.0 
28.0 

Poly@hjrlenk 33 
l!folyethylpne terephthilate 
.~P&krn,ide: 

40 

::Pjnoji &lass; cleaned witli Ichromic acid 
4I 
44 . 

,,,,I, ,,.,.,: I..;. ,‘., 
k I;. .’ : ,: 
,,. ‘,, ,,’ ,. : 

., ‘. ‘, .’ ,’ 
,,: I ‘,,- ,&&& interrial. capilla,ry surface’ affects substantially the contact angle and 
I:~rBEnTie.‘i,~troduced the ‘coeficient of macroscopic’ roughening,,“+; ‘which is defined 
: ‘a$;the’ ratio’ ‘bettieen the ‘contact ,angles for, smooth and roughened surfaces ,of the 
“sam.6 m+&ial: ‘..’ ,,‘. : ‘, :, ,, ‘.,’ 
,‘,,, “. ,,‘. 

,,,,;:;‘-, ,:‘, ,/ :., ,, 
,;. 

! ‘1 & A 
‘. ,).:I :, ..coso. i ,,, ,, 1 

(4). 

.where @and: 8. are contact ,,angles for the rough and smooth surfaces, respectively.., 
‘The’valu~s,measured for some liquids’onglass (taken from $ef, 6) are listed in Table‘II.:’ 

., : .I,,, “, 
: ‘,, 

;.’ : 

with a film of the, station&y 
surface and having optim,al 

.‘:, .’ .’ 
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TABLE III 

VISCOSITIES AND SURI’ACIE TENSIONS OP SOME SOLVENTS 

Viscosities and surface tensions were measured at 2o”, except those marked 3 (30~) and 1~ (~-5~)~ 

Sol?vcl?t T~iscos~ly, Szcrfnce lens,ion, rllv x IO= 
7 (Poise x 10~) y (dyne/cm) 

- 

n-Pcntnne 24.0 IG.0 =5 
?Z-HCXZLllC 318 18.4 X7.3 
n-Hcptane 403 20.4 19.8 
n-Octane 548 21.8 25.2 
Benzone 845 28.9 29.3 
o-Xylcnc 693” 29.1n 23.8 
Dichloromethane 437 28.1 15.G 
Tetrachloromcthanc 845” 25&c 33.0 
Acetone 322 23.3 13~8 
Methanol 592 22.G 26.1 
Ethanol 1209 22.3 54.0 
n-Propsnol 1i31,l.a z&g” 7912 
Di-?z-propyl ether 3ggb 2O.Ob 19.9 
Di-n-butyl ether GOZQ 22.0n 27.4 
n-Propyl chloriclc 318a 20.0” 15.5 
n-Amy1 fluoriclc 372 20.0 18.6 

solvent predominates with respect to low concentrations during the coating and thus 
the liquid with the lowest possible surface tension should be selected. As shown in 
Table III, from this viewpoint alkanes (C, to C,), acetone, alcohols, ethers and some 
halogen derivatives are advantageous. Aromatic hydrocarbons, dichloromethane, 
etc., have higher surface tensions. 

I” -. ,-Thecontribution of the surface tension of the liquid film in the capillary in- 
creases with gradual evaporation of the solvent until only the film of the stationary 
liquid phase remains on the wall. If the film destruction is not to occur at this moment, 
the surface tension of the stationary phase must be lower than the critical surface 
tension of the capillary wall. If surface tensions of some stationary phases (Table IV) 
are compared with critical surface tensions of column materials. (Table I), it can be 
seen that non-polar phases have the lowest values and that these values increase 
with increasing polarity. Solid materials form two groups according ,to the value of 
the critical surface tension : metals, polytetrafluoroethylene and unmodified glass, 
with’ ‘critical surface tensions of ~g--z8 dyne/cm; and polyamides, polyethylene 
terephthalate and glass with an acid-washed surface, with critical surface tensions 
of 40-44 dyne/cm. In addition to this, the surface roughened by etching increases , 

TAULE IV 

SURFACE TENSIONS OB SOME STATIONARY PHASES 

PhZSC Surface tension, 
Y (dynclc?~) 

. 

- ---- - 

Squnlano 30.0 
Polypropylcnc glycol 31.3 
Triton (polycther alcohol with polyoxyethylcnc chain) 34.0 
Diglyccrol 50.3 
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the critical surface tension by a factor of 1.1 so that the resulting value for an acid- 
etched glass surface may be approximately 48 dyne/cm, which gives a high proba- 
bility of preparing capillary columns with high efficiency. 

Film thickness is also a function of the ratio of viscosity, q, and surface tension, 
y, according to eqn. I. This ratio should not, according to previous work”, exceed the 
value 0.09, It is obvious from Table III that the ratio of the viscosity and surface 
tension does not reach this boundary value with most solvents. In spite of this, it is 
advantageous to select the solvent with the lbwest viscosity as the expression for the 
concentration (%) in eqn. I expresses empirically its viscosity. +ParafEns, acetone, 
qz-propyl chloride, n-amyl fluoride and di-n-propyl ether appear to be the solvents 
with the lowest q/y ratio. Alcohols and aromatic hydrocarbons have viscosities which 
are too high. 

The thickness of the film on the capillary wall is thus influenced by several 
factors, of which the influence of the capillary radius and velocity of the flow of ,the 
coating solution have already been studied. The remaining factors, viz. surface tension 
and viscosity, which is a function ofcoating temperature, were therefore studied. 

For experimental proof of these factors, a series of glass capillaries with etched 
surfaces was prepared and coated with (a) a solution of di-n-decyl phthalate in o- 
xylene at various temperatures; (b) a solution of di-ut-decyl phthalate in ut-hexane at 
one temperature; or (c) a solution of silicone phase SE-30 in a mixture of acetone 
and benzene at one temperature. 

EXPERIMENTdL 

Glass capillaries were drawn in the apparatus described by DESTY et a2.7 from 
tubes: of the Czechoslovak glass Unihost, the chemical composition of which is 
presented inTable V. The length of the capillaries was varied between 25 and 2g m 
and internal diameters were in the range 0.2-0.34 mm. The diameters were measured 
under the microscope and, in agreement with the previous test@, the deviations were 
not greater than 3%. All the capillaries were etched in ,the gaseous phase0 and then 
activated. The following solutions were prepared for capillary coating: IsO/~ of di-uc- 
decyl phthalate in o-xylene; 15% of di-oz-decyl’ phthalate in +z-hexane; and 5% of 
SE-30 in a mixture of acetone and benzene (I : I). Viscosities of the solutions were 

TABLE V 

CHEMICAL COMPOSITION (%) OF UNIHOST AND PN GLASSES 
I-.~- 

Component Glass 

Unihosl PN 
----_l_.----__-__--~~_-, _” .._I____ 

SO, 68.6 G7.0 
%O, - 
A4aOll 3.9 9:: 
GEL0 5.5 6.5 
W?O 2.9 - 
ZnO - 8.0 

his,0 ‘17.8 13.5 
K,O 1.3 - 
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measured in a I-Ioepler viscosimeter and surface tensions by the capillary elevation 
metliocl. 

The capillaries were coated by the dynamic method’. They were placed in a 
water ultrathermostat during the whole period of coating and nitrogen blowing and 
were then transferred to a hot-air thermostat at the same temperature and kept there 
until tested. 

The efficiency of capillaries was proved in a C. Erba Model C gas chromato- 
graph with flameionisation detection. Nitrogen carrier gas flow rate was varied from 
o. 15 to 0.42 ml/min according to the capillary diameter. Thesplitting ratio was I i 150. 

RESULTS AND DISCUSSION 

The measured values of viscosities and surface tensions of the solutions and 
the square root of their ratios are listed in Table VI. If the results are compared with 
the values tabulated for pure solvents, it appears that the di-vt-decyl phthalate solu- 
tion increases the viscosity by cn. 50% while the surface tension decreases slightly. 
The solution of n-hexane had a much lower viscosity, which at 25” was still over 
Io”/O less than that of the o-xylene solution at 9o”. The solution with 5% .of SE-30 
had a viscosity almost five times greater than that of the solution of di-n-decyl 
phthalate in o-xylene and about twelve times greater than that of the solution of 
di-gz-decyl phthalate in n-hexane. 

The glass capillaries were coated at 3o”, Go” and c)o” and tested at 105’ by the 

injection of a mixture of n-octane, rt-nonane and n-decane. Adjusted retention times 
were determined; dead retention time’was measured by the injection of methane. 

VISCOSITIES AND SURFACE TENSIONS OP COATING SOLUTIONS 

Surface tension values for 15% DDP (cli-n-clecyl phthalntc) in n-hexnno and 5% SE-30 in the 
mixture of ilcctonc and bcnzcne were not measured since even for a live-fold increase in the 
viscosity of the solution the ratio q/r was less than 0~3. 

SoZr~~tio~n Te~qwrwtur~c viscosity Sswface tension, 
7 (Poise x JO=) 3~ (dynsfcm) 

.&j/y x 100 
(“C) 

.- -- 

15% DDP in o-xylcnc 15 1430 23.9 2.5 
25 1220 23.7 2.3 

I . . . . . 30 1150. 233.x 2.2 

36 JO20 22.8 2.2 

46 940 22.0 2.1 

GO 790 
90 s*o 

15% DDP in n-liexrtnc 2s 512 
30.3 483 
40.2 418 
50.3 392 
GI.3 335 

n 

, soA SE-30 in ncetonc + 20 5410 

benzenc’(r :I) 25 5320 
3e 5100 
40 ,49QO 
50 4790 

I ---..-_- -- - 
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TRBLEVII 

DIMENSIONS AND PROPERTIES OF CAPILLARY COLUMNS USED 

I<. TESAllfIC, M. NECASOVA 

T0 I LW (m) 
18 n x ro-3 n,jj x zr3 d It* (pm) 

(“C) 
. 

:: 30 30 0.18 0.10 2G 25 2.w 1.G5 50 
;: 

32 26 0.73 0.20 
13 30 0.X1 29.5 1.27 14 0.22 
14 
I5 ;: 

0.16 24 I .21 G7 21 0.30 
0.14 23 1.23 44 I4 0.2G 

IL 60 0.15 25.5 1.27 68 21 0.30 
12 60 0.15 27 1.37 67 23 0.32 
13 60 0.15 2G I.33 GO 20 0.32 
14 60 0.14 27 1.72 21 0.36 
I5 GO 0.15 28 I-43 

;: 
18 0.42 

IX 90 0.19 265 I .25 52 17 0.28 
12 90 0.17 26.6 1.28 38 12 0.33 
I3 90 0.16 25.5 1.07 38 IO 0.32 

I4 90 90 0.10 0.13 29 25.5 0.95 1.17 $ 24 19 0.22 0.22 

II I 
,": 

0.13 
lg.6 

1.03 80' 0~25 
II 2 0.16 1.23 1x7 3260 0.37 

III I III 2 g 0.13 27 2.05 38 18 0.17 2G 2.6 2G 20 ;:: 
--- .- 

The number of theoretical plates and effective theoretical plates, capacity ratio and 
hypothetical film thickness were calculated from the curves for n-decane. The last 
value was calculated with the aid of the known relationl: 

kvg 273 l/'go=-.' 
vlel T 

(5) 

where VBo is the specific retention volume, vg and v1 the volume of the gaseous and 
liquid phase in the column, respectively, e1 the density of the stationary phase, T the 
operation’al temperature (OK) and 1~ the capacity ratio. This relation may be trans- 
formed for capillaries into the form: 

dp = 
kr 273 

2 V&l ’ T 
(6) 

where dp is the film thickness and r the capillary radius. 
The calculated values of all the mentioned quantities are listed in Table VII. 

The thickness of di-lz-decyl phthalate films varies between 0.22 x IO-~ and 0.42 x 
10-a mm, and the thickness of SE-30 films varies between 3.9 x 10-3 and 7.1 x IO-~ 

mm. 
The influence of the operational temperature, and thus the viscosity, is obvious 

from Fig. I where the dependence of film thickness on capillary radius is demonstrated 
graphically for various temperatures. The influence of the capillary radius decreases 
and the tangent of the straight line approaches zero at coating temperatures lying 
40-50” below the boiling point of the solvent. A further increase in the coating 
temperature may create conditions under which the possibility arises of neglecting 
the influence of the capillary radius on the film thickness. This increase in temperature 
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O#OOO O.?;?O 0.140 0360 W?Or(mm) 
Fig. I. Depcnclence of the film thickness on the capillary rcwlius and operational tcmperaturc. 
Values for di-n-clccyl phtalatc at x , 30”; 0, Go’ ancl 8, go’. 

is possible only up to temperatures cn. 15” lower than the’boiling point of the solvent. 
In the vicinity of the boiling point repeated evaporation and condensation of the 
solvetit occurs, which causes complete destruction of the stationary phase film. 

The use of higher temperatures of the capillary coating is thus equivalent to the 
use of a solvent with a lower viscosity, as shown in Fig. I where the points for film 
thickness are plotted against capillary radius for a xylene solution of di-&-decyl 
phthalate at go0 and for a hexane solution of di-?z-decyl phthalate at 30”. This infor- 
mation is utilized in the case of stationary phases which are needed for transfer into 
solutions in solvents with less suitable properties (e.g., Versamide goo in a I :I mix- 
ture of chloroform and n-butanol) and the viscosities of which are the reason for 
films that are too thick. The viscosity of the coating solution is decreased and a 
thinner film is obtained by the use of a higher coating temperature. 

The suitable coating temperature, derived from the boili.ng point of the solvent, 
can be expressed by a simple empirical relation : 

2”,/Tb z o.85-0.90 (7j 

where Tc is the coating temperature and TI, the boiling point (OK). 

I 
a000 

I I I 

O.li?O 0.140 0.160 O.?8Or(mm) 

Fig. 2. Dopondcncc of the film’thiclcncss on the capillary radius and viscosity of the coating so- 
lution. 0, Di-n-docyl phthalato in n-hexnne nt go”; m, SE-30 in n mixtuto of acetone and benzene 
(1:1) st 3a”. 
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CONCLUSIONS 

The following conclusions can be drawn from the results obtained. 
The film thickness is proportional. to the viscosity of the coating solution and 

it may therefore be influenced by the selection of the solvent. 
The film thickness is thus also a function of the coating temperature. 
The film thickness is proportional to the capillary radius. This influence de- 

creases with increase in the coating temperature. An operational temperature near 
the boiling point of the solvent permits the influence of the capillary radius to be 
neglected. 
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