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SUMMARY 

The efFects of liquid-phase bleeding on the determination of gas chromato- 
graphic quantities are important, especiallly when using a high-precision gas chroma: 
tograph. Equations are developed in which changes in solute retention volume are 
used to correct for losses of stationary phase. The method gives the best precision 
when frequent measurements are made of solute retention volume and of the corre- 
sponding toti volume of carrier gas that has passed through the coiumn, and is there- 
fore most suited to chromatographs coupled to an on-line cornput&. It has been 
found that the change in solute retention volume with accumulated carrier gas flow is 
constant with n-octadecane and 3,3’-oxydipropionitririle as stationary phases; no in- 
fluence of flow-rate has been observed in the range 25-85 ml/tin. Pressures of octa- 
decane at 333 and 371 “K, and of 3,3’-oxydipropionitrile at 373 “K, have been calcu- 
lated from the bleeding. The values obtained agree well with literature values for the 
saturated vapour pressure. Thus, in many cases, the change in volume of the stationary 
phase with accumulated flow can be calculated from the saturation vapour pressure. 

If the bleeding of the stationary phase is ignored during extended use of a cd- 
umn, then an error due to the change in the stationary phase volume is introduced 
into the calculations of partition coefkients. When using a high-precision gas chro- 
matograph this error can be of the same magnitude as the sum of all of the other 
errors in the measurements. Hence there is a need to know the correct stationary 
phase volume at the time of an experiment. The possibility of using the retention 
volume of the solute to correct for weight losses from the stationary phase in gas- 
liquid chromaio,%phy (GLC) was shown by KeIler er aZ.‘*‘. Later Berezkin et aZ.’ 
studied ̂ &e thermal stzbility of stationary liquid phases in a similar way, by assuming 
par&ion as the only mechanism responsible for solute retention. In the theoretical 
section below; equations are deveIoped in which measured changes in the s.oWe rc- 
tention volume can be used to correct for losses in stationary ph&e at any time 
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duringtheliifetlne ofa colti. Wl~ei~ f_he&er gzsis sit&m&d with tlie~q~ikr 

of tie stationary phase, the equations can also be. used to determine the vapour pres- 
sure of the organic compound-used as the .s’t%tionary pirate. .- 

THEORY 

The retention volume, V,, correctid for pressure drop for a soiute on a sti- 
tionary phase when partition is accompanied by adsorption phenomena_.can he 
written, according to Conder et eLd and Suprynowicz et a1.z as 

where ATi, K, and zKi are the partition coefhcients for bulk liquid solutior& support 
surface adsorption and liquid surface adsorption, respectively, V, and Vi are vohzme 
expressions for the surface zones in which the support surface and liquid surface ad- 
sorption occur and VI is the volume of the stationary phase. During column use, V, 

decreases because of bleeding of the stationary phase. If the change in V, with the 
accumulated carrier gas flow is constant, then the volume of the stationary phase at 
any accumulated Bow is given by 

(2) 

where V,,, is the total volume of carrier gas that has passed through the cohnnn 
since it was inserted into the chromatograph and VrB is the vohune of the stationary 
phase when VEee is zero. 

The terms VJC, and ViKi in eqn. 1 can be considered as constants, provided 
the loading is relatively high, so that V, and Vi are appro&nately constant. Then eqn. 
1 can be written as 

where A = V,K, f VI& = a constant. Differentiating eqn 3 with respect to Vi 
gives : 

The multiplication of diEerenti& 

Wv dV, dV, L.-c- 
dV, dVa,, d Va,, 

and eqns. 2 and 4 give: 

(4) 



In eqni 6, V, is a linear fun&ion of the toM accumulated carrier gshs volumk, V,,, 
provided d V’jdV,,, is constant. When PIE, dvV/dVz/,,, and & for 8 sohk have been 
determined fir a given stationary phase at a certain temperature, a true value of t; 
an be caEcuk&d at any aecumukted tier gas volume. VIE c2n be d$ermined at 
the preparatiicm of the coh.mat, and dVJdV,,,, can be obtained as described in the 
Experimenti section. Depetiding on whether or not adsorption occurs, KC can he 
determined in two slightly different ways. 

phase and the corre5ponding retention volume are needed. Et is best to use the sta- 
tionary phase volume V,p measured when the column is prepared because it is easy 
to determine. Thus, if V,” is the retention volume when V,,, is zero, then: 

K, = V‘rp/V,B (7) 

If the retentioiz volume VNE at the end of the experiment and the corresy;onding sta- 
Pionary phase volume VIE are used: 

Adsorption occurs 
Here eqn. 3 is appkable. In this case we must know the stationary phase 

volumes and the corresponding retention volumes at two different occasions, prefer- 
ably at the beginning and at the end of ‘the experiment. Then eqn. 3 gives 

V,,E =; V,BK r+ A 

vn” = VIE& +- A 

leading to: 

‘I’hns eqn. 6 combined with 7 (no adsorption) or 9 (adsorption) can be used to cal- 
cah&e the volume of the stationary phase at any value of the accumulated flow. The 
slope dV,=&V,,, is determined from retention-volume measurements as described in 
the Expe_rimental section. 

The slope in eqn. 6 can dso be calcrdated from the saturation v~pour pressure 
of the stationary phase, provided the carrier gzs Bow-rate is sufficiently low for the 
carrier~gas to be satur&ed with the vapour of the stationary phse at the column out- 
IeiThen 



where n- is the number of moles -of stationary phase that have evapotited, p isthe 
saturation vapour pressure of the stationary phase at the-temperature T and R is the 
gas constant. Diflerentiating li with respect to V,,, gives f - I 

The change in the number of moles in the liquid-stationary phase given by 
(dV,/dV,,C)-(&/M] is equal but of opposite sign to the change in the number ofmoles 
in the vapour phase given by dn/dV,,,. Thus 

dVi dn A4 - = --*- 
d Kc, df’..,, 6 

where M is the molecular weight and 6 is the density of the stationary phase. 
Eqns. 4,5, 1 I and 12 give: 

dV, 1 M 
dT/,,,‘K = -p 

-- 
RT6 

02) 

WI 

Ifp 2nd 6 are known, (d VN/d V,,,) * (l/K,) may be obtained from eqn. 13 and used in 
eqn. 6 to correct for column bleedin g. Unfortunately, very few values ofp are available 
for different stationary phases. 

Calculation of stationary phase press2cre 
With VI5 = ~,a/6 where lvrB is the weight of the stationary phase when the 

column is packed, eqns. 7 and 13 give: 

(14) 

Thus when dV,ldV,,, is determined from retention-volume measurements, the sta- 
tionary phase pressure can be calculated. Since there is a choice in selecting the 
solute, it is usually not diEcult to Snd a solute for which adsorption effects can be 
neglected and to use eqn. 14 for the calculations of d VJdV,,, or p. 

EXPERIMENTAL 

All of the measurements were made by use of a high-precision gas chromato- 
graph coupled on-line with an Alpha LSI-2 mini-computer, with I6 K of core memory. 
This system, developed by JBnsson and co-worker@, is de&ibed elsevhere, 

‘So staticnary , phases, n-ocpdecane (n-C& and .3J’-tixydipropionitrile 
(ODPN) were used in our investi&ioti of column bleeding in GLC. Seven V-shaped 
columns (lm x 4 mm I.D.) were use-d, cbntaining till 4 g of packing load~ed with. 
cc. 20 % wiw of stationary phase. Supasorb (40-60 mesh), acid washed and tie&d 
with hexamethyldisilazane (BDR, Poole, Great Britain), was used as the support. 
Hydrogen was the tier gas and methane was used for the determination of the 
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Fig. 1. Computer output for one run. The list shows the name of the column and sample, the date 
and type ofexpetient, values signifying the baseline noise, the temperature before and after the run, 
the time since the stt of the experiment, the volume of carrier gas that has passed through the 
column and the outlet pressure (P) and the p_~~ure drop (DP) along the cofumn. The fo!lowing tabIe 
gives ffie retention volumes V, and &, where V, is corrected for the void volum& ffie area and the 
skew of the peaks and l/N where iV is the nunher of theoretical plates. 

void volume, Vapour samples, mixtures of methane and other sohues, were automat- 
ically injected during each experiment. After each rnn, completed in 10-20 min, the 
computer registered a-number of parameter values which were recorded on a cassette 
tape and printed on a teIetypew&er. A typical list produced after a run can be seen 
inFig. 1. 

The retention volume was calculated by the computer using the method of 
statistical momenkP_ The volume of carrier gas that has passed through the column, 
corrected to 1 atm pressure and column temperature, is based on measurements of 
the flow-rate made each minute. -4 typical experiment required ca. 40 h. Other essen- 
tial experimental conditions are given in Table I. 

The amount of packing material and the percentage of the stationary phase was 
carefully measured at the preparation of the columns. FOF columns 1 and 5, the remain- 
ing percentage of stationary phase after completion of an experiment was also deter- 
mined by means of a combustion procedure described elsewhereg. When an experi- 
ment had been completed, the computer was used to calculate the regression lines. 

TABLE f 

EXPERfMENTAL CONDITLONS FOR THE BLEEDING EXPERILMENTS 
a = n-heptane, b = benzene, c = n-nonaue, d = butyl acetate. 

1 =Gs %b 33320 26.2 75.4 92 
2 n-G, +b 333.16 414 106.1 152 
3 =Gs a, b 333.20 5i.l 98.4 83 
4 n-C= a, b 333.17 62.1 111.1 115 
5 n-G .z.b 333.22 84.1 64.2 64 
6 n-C= C 370.85 61.4 218.3 177 
7 ODPN d 372.68 58.0 157.3 289 
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Fig. 2. Plot of the retention voIume for benzene v2rsu.s the total accumulated carrier-gas volume 
co,n-ected to column temperature and 1 atm pressure for column 2. 

RESULTS AND DfSCUSSION 

The retention volume for the solutes decreased linearly when plotted WI-SW the 
total volume of carrier gas that had passed through the column (Fig. 2) Eqn. 6 can 
then be used to correct for the change in V, on both the non-polar octadecane and 

the rather strongly polar ODPN columns. Thus the change in retention volume can be 
used to correct for changes in the volumes of the stationary phases independently of 
the polarity of the stationary phases. 

The changes in solute retention volumes with accumulated carrier gas volumes 
for the different columns were c&ulated from the regression lines which were based 
on the number of experimental points given in Table I. The solute retention volumes 

at the beginning of the experiments were calculated from the regression lines by in- 
serting V,,, = 0. Values of d V,jd Y=,, and vXB together with their 95% confidence 
intervals are given in Table II. A thermogravimetric investigationlo has shown that 
a maximum systematic error of 0.1 y0 can arise in the determination of phase Ioadlng 
due to the adsorption of water on the support. The resulting systematic error in the 
determination of phase bleeding or of stationary phase pressure is negligible and has 
not been taken into account. Densities used in the calculation of V, for octadecane 
and ODPN were calculated from data in ref. 1 P and refs. 12 and 13, respectively. The 
values used for octzdecane were0.7558 g/cm3 at 333.2 “Kand0.7300 g/cm3 at370.9 “K, 
and for ODPN, 0.979 g/cm3 at 372.7 “K. 

KI and p were calculated from eqns. 7 and 14 in which adsorption effects were 
not considered. The adsorption effects ere negligible for solutes suck zs n-keptzne and 
benzene on columns loaded with long-chain alkanes, as they are expected to dissolve 
easily in the stationary phase. This has been discussed in a previous pap&. En the 



For a-d see Table f. Values are given with 95% con&ience intervals. 

Column Solute Weight RelentiOR Change of Partition a4 1 Pressure, 

of volume, retention coeficien f 
If)‘- --- 

, 
V..” (ml) 

dV*c, K, p (Pa) 
stizrionmy vo!cme, 
phase, 105. -$ 

K, = .vN” 

V,“fg! 
VP 

mzc 

1 Et 
2 2 

b 
3 

b” 
4 a 

b 
5 a 

b 
6 
7 : 

0.75592 332.5 i 0.4 6.62 + 0.80 
177.8 F 0.3 4.10 & 0.46 

0.74030 313.7 A 0.2 5.44 &- 0.30 
167.9 i 0.1 3.43 f 0.18 

0.828 10 364-o f 0.2 7.80 & 0.36 
194.6 zt 0.1 4.55 * 0.12 

0.72464 306.2 f 0.1 4.27 & 0.27 
163.6 i 0.1 2.39 & 0.11 

0.76296 328.0 * 0.3 5.02 2 0.79 
175.3 f 0.1 3.11 & 0.30 

0.64785 iS8.9 * 0.1 68.54 f 0.08 
0.64648 67.87 f 0.05 14.09 f 0.08 

332.4 & 0.4 
177.8 F 0.3 
320.3 & 0.2 
171.4 3 0.1 
332.2 & 0.2 
177.6 & 0.1 
319.4 & 0.2 
170.7 & 0.1 
324.9 * 0.3 
173.6 $ 0.1 
212.8 * 0.1 
102.8 i 0.1 

1.99 * 0.24 
2.30 I 0.26 
1.70 & o.a9 
2.00 * 0.11 
2.35 & 0.11 
2.56 i 0.07 
1.34 -!- A 0 - 08 
1.40 + 0.06 
1.55 + 0.24 
1.79 * 0.17 

32.21 f 0.04 
13.71 &- 0.07 

1.4 kO.17 
1.67 f 0.19 
1.23 f 0.07 
1.45 & 0.08 
1.70 * 0.0s 
1.86 i- 0.05 
0.97 + 0.06 
1.02 & 0.05 
1.12 f 0.18 
1.30 f 0.12 

32.92 & 0.04 
26.4 $ 0.1 

same way, a polar solute such as butyl acetate is expected to dissolve in the polar 
ODPN phase with negligible adsorption effects. The very small adsorption effects in 
these cases is further confkmed by the low skew measured on both of the octadecane 
and ODPN columns. 

A comparison between values ofp (Table II) for octadecane columns, run with 
different flow-rates (Table I), shows no marked dependence on flow-rate. Turkel’taub 
and Luskim2’ found, using a capiliary column (1 m x 1 mm I.D.), that the pres- 

sure of n-C,&,, was not affected by the flow-rate of the carrier gas up to 150 ml/mm 
and for temperatures between 343 and 393 “K. 

For two columns (I and 5), the amount of stationary phase remaining at the 
end of the experiment was determined by combustion. The difference between the 
combustion results and the V, value at the end of the experiment calculated from 
eqn. 6 was fOS% and -O-7%, respectively. This is well within the confidence 

interval for the determination of the loading by the combustion procedure. The 
factor (d V,ldV,,,) -(l/I&), which is a measure of the bleeding of the stationary phase, 
was slightly higher with benzene than with E-heptane as the solute, A possible expla- 
nation for this behavior is a small, continuous!y changing, side effect, caused by ad- 
sorbed water or the faster bleeding of a more polar substance such as octadecene 
present as an impnrity in the stationary phase. This is also reflected in the different 
pressures obtained with the two sohrtes. 

The means of the pressure determinations for octadecane were cakulated to 
be 1.29 & 0.36 and 1.46 f 0.41 Pa with n-heptane and benzene, respectively, as 
solutes_ (The intervals are for the 95 y0 confidence level and the pressure values were 
treated as five independent observations with the same variance.) In Fig. 3 literature 
values for the logarithm of the vapour pressure of octad=ne at 303-313 OK (ref. 
15) and 393-454 “K (ref. 16) are plotted against reciprocal temperature. ‘Lt can be seen 
that the pressures for octadecane at 333 and 371 “K determined with n-heptane and 
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Fig. 3. Litezm values for the log&‘&m of the vapour pressure for octadeame. versus the xecipanxd 
temperature*5~‘6_ 8, ExperimentA values using n-iseptaoe 2nd n-nonaxe a~ S&I&S (this work). 

n-nonane as reference solutes and calculated F~orn eqns. 7 anti 14 agree well tith the 

available iiterature vapour plmsures extrapolated to our temperatures. n-Nonane was 
used at 371 “K since n-heptaue gave too low a reteution volume at this temperature. 

For the ODPN column, the vapour concentration has been determined to be 
10~~ g/ml at 376 “K by Dimitrov et ~1.“’ which corresponds to a vapour pressure of 
25 Pa in good agreement with the value of 26.4 Pa and 373 “K dete@ned in this 
itivestigation. The results show that the carrier gas has been saturated with the v_aponr 
of the stationary phase, and also demonstrate the very good stability of the equip- 
ment, since a small percentage decrease in V, over severaI days can be adequately 
measured. 

CONCLUSIONS 

We have shown that solute retention volume can he use&for correcting the 
clmge in phase volume, due to coIumn bleeding, a$ for the dekmiuation of vapour 
p.ressure of polar and mu-polar phases.. 
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