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SUMMARY 

The experimental technique of mass spectrometric tracer pulse chromatogra- 
phy was used to measure the equilibrium isotherms of acetone with n-hexadecane 
coated on different chromatographic supports. A model is proposed and shown to be 
accurate for these systems at three temperatures. The model is based on the assump- 
tions that: (i) total adsorption is simply the sum of the liquid and solid contributions; 
(ii) these mechanisms operate independently; and (iii) there is no measurable liquid 
surface adsorption at the temperatures and pressures used in this investigation_ 

INTRODUCTION 

Liquid-modified and vapor-modified adsorbents constitute a significant class 
of chromatographic stationary phases. Liquid-modified adsorbents include any active 
support, such as the diatomaceous earth and graphitized carbon black supports, 
coated with a non-volatile stationary liquid phase. Vapor-modified adsorbents would 
be those encountered in _the use of steam’, formic acidzv3, dodecanes, and other 
organic vaporP as carrier gases in gas chromatography (GC). In the particular case 
of the graphitized carbon blacks, many studies have shown that small amounts of 
either vapors’*8 or liquids9 can have significant, and often unpredictable, effects upon 
the chromatogiaphic properties of these common adsorbents. 

The mechanism for the retention of infinite dilution solutes with these “modi- 
fied” adsorbents is not well understood. and little quantitative work, in the form of 
equilibrium isotherm measurements, has been carried out because of the experimental 
difficulties involved in the study of these complex, multicomponent systems. Because 
of the paucity of quantitative data, there are controversial, and often contradictory, 
reports in the literature concerning the effect of sample size and liquid surface adsorp- 
tion fdr systems involving polar solutes and non-polar liquid phases_ 

The effect of these modifiers at low surface coverages is to neutralize very active 
adsorption sites tin-the adsorbent surface and, in general, to diminish the retention of 
any solutes due to.competitive adsorption. Commonly, however, the effect of in- 
creased amounts of modi5e.r isenhanced retention of some solutes due to cooperative 
adsorption effects on the soiidg, liquid surface adsorption”, or normal bulk liquid 
solubility effects_ The effect of the solid support adsorption should be independent of 
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the amount of modifier at surface coverages of a monolayer or more*‘*“. Solid 
support effec*% appear to diminish as the amount of modifier or liquid phase is 
incr2ased b2caus2 of the greater contribution from solution effects: however_ the 
effect of the modified solid is often not negligible even at high liquid loadings_ 

Enhanced retention of solutes, with a maximum at some intermediate surface 
coverag or liquid loadins has been observed in diverse systems and attributed to 
equally divers2 causes. Such behavior has been observed for acetone in squalane and 
attributed to solid support adsorption _ I3 for I-butanone in octadecane and attrib- 
uted to liquid surface adsorption”. for benzene in polybutylene’” and squalane” 
and not attributed to any cause. One of the few studies in which equilibrium iso- 
therms were determinedi’ does not really clarify the problem because the conclusion 
in that study was that the amount of squalane coated on Chromosorb P had little or no 
influence on the amount of acetone adsorbed up to 7-10 y0 coating and that adsorp- 
tion in this system was mainly solid support adsorption which was not influenced by 
the amount of modifier (squalane) present_ 

It is possible that these reports are not as contradictory as it appears. Conderi6 
has proposed that the neglected parameter in these comparisons is the pressure of the 
solute in the gas phase or the moie fraction of the solute in the liquid phase. The 

suggestion is that liquid surface adsorption of polar solutes will only be observed at 
very low pressures and moIe fractions of lsss than 0.02, even though Liao and Mar- 
tireI’ observed liquid surface adsorption for --solution dominated” (1arg.e salmple size) 
elution samples. Serpinet ‘a has also sugg2sted that the contradictory results concem- 
ing the e.xistence of liquid surface adsorption for these systems is due to pooling of 
non-poIar liquids on the sul?8ce of silanized supports which diminishes the liquid 
surface area. On the other hand. Mathiasson and J6nssoni” observed significant 
liquid surface adsorption of ketones on octadecane coated on dirnethyichlorosilane 
(DMCS) treated supports. 

In this investigation, we have used a new experimental techuiqu21g, called mass 
sp2ctrometric tracer pulse chromatography (MSTP), to measure the equilibrium iso- 
therms of a polar solute in a non-polar solvent coated on active and deactivated 
supports in an attempt to eiucidate the adsorption mechanism in these complex 
systems. 

EXPER!ME?-iTAL 

The experimental procedure, instrumentation, coating and analysis procedures 
were the same as described previ~usly~*‘~_ 

The isotope effect on the solubihty of de-acetone in hexadecane was deter- 
mined from the relative retention times of deutero- and natural acetone at three 
temperatures. The ratio of the solubility of acetone to that of the heavy isotope at 30, 
35, and 60°C were 1.03, 1.01, and 0-9s respectively. This data was used to correct all 
of the isotherm data for isotope effects. 

The liquid phase was n-hexadecane (Alltech) and the solid supports were Chro- 
mosorb P AW (Applied Science Labs.) and Chromosorb P AW DMCS (Johns- 
ManviIle). The supports were 60-80 mesh and the cohunns were made from i/4 in. 
0-D. coppez tubing in lengths from 100 to 300 cm_ The percent loadings varied from 5 
to 32 ,Y& 
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The isotopic solute was de-acetone (99.8%) (Cornruissariat Pour L’Energie 
Aromique, France). The gaseous mixtures used for the carrier gas were composed of 
the isotopic acetone in helium with mole fractions of acetone up to 0.06. The mole 
fractions were determined on a separate ,a chromatograph with a thermal conduc- 
tivity detector by comparison with the peak areas of samples of helium saturated with 
acetone at several temperatures lower than ambient. 

RESULTS 

The systems chosen for investigation were acetone with n-hexadecane coated 
on different common chromatographic supports. Acetone is a typical “polar” solute 
and the necessary heavy isotope is readily available as a common NlMR solvent. The 
solvent and supports are common chromatographic systems that have been studied 
extensively for solid support and liquid surface adsorption. These systems with a 
polar solute and non-polar solvent were chosen for study because they represent a 
si_tificant class of systems for which it is often difficult, if not impossible, to abstract 
thermodynamic solubility and adsorption data from chromatographic results because 
of the multiple retention mechanisms which may prevail in these systems. 

The difficulties encountered &ith these systems are illustrated in Fig. 1 which is a 

plot of the specific retention volume of acetone for various sample sizes on active and 
deactivated su=;ports. The plots are somewhat similar to those observed by Mat- 
hiasson and !6nssonr” and are indicative of complex retention mechanisms, including 
non-ideal .sJlution effects. The variation of the specific retention volume with sample 
size in these systems is significant, even for the DIMCS treated support. Especially at 
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Fi% !. $edic retention volume of acetone in n-hexadecane. 0. Chromosorb P AW; 0. Chromosorb P 
AW DMCS. 



414 M. I. SELIM. J. F. PiUUXER, P. J. LIN 

lovi pressures, the variation is dramatic, and thkre is .no indication that the linear 
region of the adsorption isotherm, Le., infinite dilution conditions, can be attained 
with any practical sample size for the untreated support. However, there have been a 

_great number of schemes suggested for abstracting the solubility data for acetone in 
hexadecane from this type of data. These procedures all involve the measurement of a 
retention parameter over a range of either sample size”*” or liquid loading”,” with 
an extrapolation (usually non-linear) to zero sampIe size and/or infinite liquid Ioad- 
ing. These procedures have been critically reviewed and compared by several au- 

10.1T.20 thors _ 
In an attempt to develop a model for these systems, adsorption isotherms were 

measured at a series of temperatures for acetone in n-hexadecane coated on both 
active and deactivated supportt. The data for the deactivated (DMCS treated) sup- 
ports is given in Table 1 and shown in Fig. 2. The variation of the activity coefficient 
with mole fraction was not always linear; however, the variation with pressure was 
linear in each case and the limiting activity coefficients obtained from a linear regres- 
sion are given in Table II and compared with static literature data in Fig. 3. The 
a_mment with iiterature data is good. This data was obtained from two different 
columns =+th 20 and 30% liquid coating on deactivated support, and there is no 

evidence of liquid surface adsorption in these systems. The DlMCS support is not 
completely inert and the uncoated support does adsorb about 25 o/O as much acetone 
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Fig. 2_ Aaitity coeffident of acetone ic rx-kxadecane as a function of liquid phase composition. Top, 
WC; middle. WC; bottom. 6O’C. 
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TABLE I 

SOLUBILITY DATA FOR ACETONE IN n-HEXADECAXE COATED ON CHROMOSORB P AW 
DMCS 

30°C 

Liquid 

mole 
jiaction 

Acfiviiy 

coefficient 

?j’C 

Liquid 

mole 
fraction 

Acrivizy 

coejjficiem 

60°C 

Liquid 

mole 

fracrion 

Acrivixy 

coq.f.ciem 

0.010 5.u 
0.013 5.30 
0.021 5.11 
0.026 5.07 
0.033 4.96 
0.041 4.75 
0.051 4.62 
0.059 4.52 

0.073 4.34 

0.091 4.11 

0.020 4.46 

0.024 4.23 

0.024 4.35 

0.030 4.18 
0.030 4.16 

0.038 4.00 
0.043 3.95 
0.053 3.64 
0.055 3.62 

0.001 3.91 
0.003 4.10 
0.003 4.07 
0.004 4.08 
0.006 4.10 
o.oc7 3.81 
0.011 3-93 
0.013 3.87 
0.014 3.73 
0.017 3.91 
0_018 3-71 
0.022 3.68 

as the uncoated AW support; however, the large amounts of liquid coating used in 
this study effectively swamped out any residual adsorption on the DlMCS supports_ 

Adsorption isotherms of this same system on an active support (Chromosorb P 
AW) were ako determined under the same conditions. These results are given for 
3O’C in TabIe III and Fig. 4 as the open data points. The specific retention volume 
data is given per gram of solid support so there is an increase in the retention volume 
with liquid loading however, the shape of the isotherm is indicative of surface ad- 
sorption, as well as, bulk liquid solubility. 

In previous studies similar to this one, Urone and co-workers”*” proposed a 
model for solid support effects in which adsorption by a covered (modified) surface 
was shown to be independent of the liquid loading as long as the surface was covered 

3 I I I I I 

2.9 30 xl 3.2 3.3 3.4 

1000/T ( ‘K“) 

Fig. 3_ Infinite dilutioa xtivity coefficients of acetone in n-hexadecane at various temperatures. 0, This 
work; 0, Iiterature’*. 
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TABLE II 

INFINITE DILUTION ACTIVITY COEFFICIENTS OF ACETONE IN n-HEXADECANE 

by more than a monolayer of liquid. This model was tested for the present systems by 
substracting out the caiculated liquid solubility contribution from the overall adsorp- 
tion given in Table III. The liquid contribution was calculated from the pressure 
dependence of the activity coefficients given in Table I. The closed data points ixz Fig 

4 show the results of this correction for each liquid loading. The three corrected 
isotherms arc identkal, within experimental error, and independent of both liquid 
Ioading and liquid surface area (which is higher for the lowest percent coating)_ The 
solid line through this corrected data Is for a Langmuir isotherm with k, = 1.0 and kz 
= 0.07. The adsorption isotherm of acetone on uncoated Chromosorb P AW is aiso 
sho\%n in Fig_ 4_ This data is in agreement with the “corrected” isotherms showing, 
again, that n-hexadecane has little or no influence on the adsorptive properties of the 
solid support. 

Fig_ 4. EquiIiirium iso’axms of zuetolle in n-hexadecane on Cbroinosorb P AW at 30°C. Coating: A. A 
!5%:U cl 10%: 6.0 5%;-k,O%_ 
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TABLE III 

SORPTION ISOTHERMS FOR ACETONE AT 30°C IN n-HEXADECANE ON CHROMOSORB P 
AW 

3”/, Coaling 

PrecSWP 
I T0m.J 

9.1 
10.2 
13-6 
18.0 
23-9 
28.3 
43.5 
44.4 
51.7 
53.3 
63.3 

63.9 
81.0 

Acetone 
a&orbed 
(PJdw 

8.0 
8.5 
9s 

109 
12.7 
13.8 
19.5 
18.7 
21.5 
21.3 
25.8 

25.4 
326 

IV/, Coating 15”. Coaling 

Pressure Acetone Pressure Acelone 

t TomI a&orbed ( Tom) adsorbed 
(w49 (POW 

9.6 9.6 9.5 13.7 
18.0 13.5 IO.7 14.0 
23.1 15.8 10.7 14.5 
25.1 16.2 11.6 14.7 
31.8 19.3 13.9 16.5 
32.7 19-5 19-4 20.0 
38.2 22.3 22.3 21.9 
43.7 24.8 33.8 29.2 
43.9 24.8 4s.7 32.1 
51.7 29.5 56.8 46.6 
53.8 29.7 72.2 60.0 
61.9 35.3 
75.8 42.6 
84.1 48.0 

Similar experiments were carried out for two liquid loadings at 45 and 60°C 
and the results are shown in Figs_ 5 and 6. The corrected isotherms for the solid 
supports are independent of liquid loading in each case, and there is little temperature 
dependence for adsorption on the liquid-modified solid surface. 

kc&lae Pressrare \tarr) 
Fig_ 5 Equilibrium isotherms of ace&e in n-hexadecane on Chromosorb P AW at 45%. Symbols as Fig. 
4_ 
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0 
0 10 20 30 40 SO 60 70 SO 90 

Acctoac Pressure (Tom ) 

Fig 6. EquiMx-ium isotherms of acetone in n-hexadecane on Chromosorb P AW at 6o’C. Symbols as Fig. 
1. 

DISCUSSION 

If the activity coefficient is a linear function of pressure and the modified solid 
adsorption follows a Langmuir isotherm, the total adsorption isotherm can be de- 
scribed by 

n_F = 
4,p k,P 

27°F +- (fpo - 1)P i- 1 + k?P (1) 

where n, and Q D are the amount of solute and solvent in the stationary phase per 
gram of solid @mol/g), P“ is the vapor pressure of pure acetone, 7” and y’ are the 
infinite dilution activity coefficient and the first derivative of the activity coefficient 
with respect to the pressure, P, and k, and kz are the constants in the Lan_emuir 
isotherm equation. This model assumes that there is no liquid surface adsorption, 
that the solid surface adsorption is controlled solely by the mole fraction of acetone in 
the liquid, and that splution and adsorption efkcts are mutually independent. 

if this adsorption model is correct, the four adjustable parameters, y”, y:, k, and 
k= in eqn. i should be attainable from a mathematical regression of the data for the 
total sorption isotherms on the active supports at two or more liquid loading. These 
parameters were,determined for the data in Table IL with a general non-linear least 
squares computer program and the results are given in Table IV, along with the 
results obtained-from the solvent on the deactivated support and the ‘korrected” 
solid adsorption isotherms_ 

These mathematical results indicate that accurate solubility and adsorption 
data can be obtained chromatographically for liquids coated on active supports and 
that the model used to derive eqn. 1 is an accurate description of these systems. There 
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is no evidence of liquid surface adsorption of acetone on hexadecane at the tempera- 
tures and pressures used in this investigation. This does not preclude the existence of 
liquid surface adsorption of polar solutes on non-polar liquids at lower pressures, 
however, it is more probable that solid support adsorption would dominate at lower 
pressure even with DMCS treated supports. 

The pressure range covered in this study is larger than the pressure range 
normaliy encountered in eiution GC. It was necessary to attain higher pressures in 
order to observe the &quid soIubility contribution reIative to the solid support ad- 
sorption_ Urone et a!_” found that the amount of acetone adsorbed by squalane 
coated Chromosorb P AW at a fixed pressure was independent of the amount of 
squalane present hecause the pressure used was only about 14 Torr. At this low 
pressure there is IitrIe Iiquid contribution and the solid support adsorption is not 
significantly affected by the amount of liquid coating as shown in Figs. 4-6. These 
systems ~5th high Liquid loads at low pressures are very similar to systems with low 
liquid Ioads at higher pressures_ In both cases, the predominant retention mechanism 
is adsorption on the liquid-modified adsorbent, and the liquid coating has little or no 
influrncc on the total adsorption in either case. 

Even though it is possible to evaluate the separate adsorption and solution 
mechanisms by frontal chromatography, as in this study, a more significant objective 
wouId be to do the same thing directly from eIution experiments. The retention 
volume is proportional to the derivative of ni with respect to P at each pressure, ie.. 
ihe slope of the isotherm..DiKerentiation of eqn. 1 gives a direct relation between the 
specific retention volume of an elution peak and the mean pressure of the solute. The 
missing factor is an accurate relation between this pressure and the sample size of the 
elution sample. The “effective” pressure of an elution sample wilI likely be a complex 
function of severa variables, such as sample size, retention volume, height equivalent 
to a theoretical plate (HETP), temperature, flow-rate, and liquid loading. 

Chromatographic supports covered with more than a monolayer of a non- 
polar liquid or vapor wili adsorb polar solutes to an extent that is determined solely 
by the mole fraction of the solute in the liquid and independent of the amount of 
liquid or vapor “modifier”. The total adsorption is simply the sum of solid and liquid 
contributions, as first pointed out by Urone and co-workers”-“. The amount of 
solute adsorbed on the solid surface is a function of temperature and pressure, and 
can bs adequately described by a Lan_muir isotherm equation. 

The simple model, represented by eqn. 1, is adequate to aliow the accurate 
determination of activity coefficients and the composition dependence of these ac- 
tivity coefficients of a polar solute in a non-polar solvent coated on an untreated 
chromatographic support. The experiments must be carried out at relatively high 
pressures using frontal rather than elution techniques at present. However, this model 
can, hopefully, be used to develop a simple technique for correcting normal elution 
data for the effects of solid support adsorption_ 
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