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- Enthalpt% of solution of r-hexane, carbon tetrachloride, benzene; and acefone
in.-benzylacetone at 298.15°K were obtained using gas-liquid chromatography. Re-
sults for the first three solutes were compared with values based on calorimetric heats
of mixing at infinite dilution, and discrepancies were observed whose magnitudes
correlate qualitatively with the infinite dilution Raoult's law activity coefficients of
the solutes in question. The discrepancies are believed to be the result of significant
contributions from liquid-surface adsorption tc the observed retention volumés. In
the worst case (hexane), the error in the derived enthalpy is 0.3 kcal/mol.

INTRODUCTION

A recent study in this laboratory® showed that infinite dilution enthalpies of
solution for representative alkane systems can be obtained using gas-liquid chroma-
tography (GLC} with an accuracy that approaches that of calorimetry. For a total of
fourteen comparisons, the average value of the absolute difference between the twe
methods was 15 cal/mol; the greatest difference was 31 calfmol.

When polar systems are studied using GLC, two factors are expected to affect
the accuracy of thermodynamic results: (a} the longer range of polar interactions
Iowers the upper concentration limit for Henry’s law behavior by the solute, and (b)

solute adsorption at the gas-liquid interface? is likely to contribute to the rétention of

solute in the column. The latter effect is in general smali relative to the bulk solution

contribution to retenucn and its influence decreases as the sample size of the injected

solute increases®. However, in order to attain the Henry's law concentration range for

- polar solutes, small sample sizes are necessary, and the likelihood of interference from
‘the interfacial effect becomes a-matter of concern.

When the Henry's law region for solution is excesded, non-linearity in the
solute partial pressure isotherm results in either slower or faster travel of the central
portion of the solute peak (relative to the front and rear edges) as it traverses the
column, depending on the sign of its curvature. Thus, retention times measured to the
peak maximuni may increase or decrease as fargér sample sizes are used. Interfacial
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. o7 Methods: ha&P heen deveioped ‘to evaluate and ehmmate the contnbuﬁeu of .
e mserfac'al effects 1o retention®, and to obtain fully corrected bulk solution thermody- .

‘namic data. They generally involve using several columns of different weight loadings
(i.c., different surface to volume ratios for the solvent) and are rather time consuming.
Our goal in the present study was to use a single GLC column for each system, and
estimate the magnitude of the error introduced into the derzved enthalpy of soiutzen :
by the above-mentioned characteristics of polar systems. - '

- Calorimetric enthalpies of mixing for n-hexane {Ce}, Cafbon tetrachfouée A

" {CCl,), and benzen< {Bz} with benzylacetone (BA) have been published by Grolier er -
al.®. Their results aflow calculation of enthalpies of mixing at infinite dilution of the
former three components, which, combined with corresponding vaporization en-
thalpiss, provide the values that should be observed in the GLC experiment when the
Iatter component is used as the lquid phase. (Because of the low partial pressuresof
sclute in helium carrier gas in these experiments, we have used the enthalpy of vapor-
ization to the ideal gas state; AH°, in adjusting the GLC enthalpies to the calorimetric

: mixing vealues, as in ref. I} Acetone (Ac) was included in the study even though no
_calorimetric data are available for comparison, in order to examine the behavior of an
even more poelar system. :

Because the calorimetric reat.lts are not uced dzrecdy in our compancon, Em€
ara extrapolated to infinite dilution, we should attempt 2 quantxtame estimate of the
refiability of what we refer to as the calorimetric entbalpy of mixing at infinite di-
lution, 4AHZ. Grolier et al.® provide anaiytical expressions for the excessenthalpyasa
function of composmon for the systems they studied, from which it can be shown®
that

AHZ = X (£1y~:C
where the + éign refers to the Cg results, and the — sigp, to those for CCl, and Bz,

- and the constants C; are preseaf&d i their Table 3. The standard deviation in 4 F{;’, ‘
8,,. can thus be exprcssed in terms of the standard dr"vzat_om in the C;: -

b

5. = (X5
02 =

‘We have refitidd the data of Grolier er al.’ to their equations using the rigorous
‘method desc*xbed by Wentworth®, in order to be able to evaluate the. 5?; by propa-
gation of error analysis. The standard deviation in mole fraction was taken as 0.00005,
aaa that in excess enthalpy was taken from their Table 3: &g, 5.5; CCl,, 3.5; and Bz,
1.5 J/mol. The values of the {; we obtained do not differ significantly from those in
the original work, and the resulting estimated stanézizé dematxons in sffi' ot are. in-

ciuded below in our Table IL Co

E'PERIMENTAL ANDRESULTS

o A gééerai discussiqn of the experimental approach is conéaizzegi in ref. 1 anci_
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teferenwe tnerem. Thn-only new- aspect in- the prasent studv is the dependenue of
fetention timie (and calculated specific retuntxon volumes, ¥2) on'sample size. BA was
_used as received from Aldrich Chemical Co., and’ the solut&e were used as recelv°d
- from Weﬂ-estabnshed ‘chemical suppliers: . - -
-~ -All columns used in this study contained nommally 14 % (w;w) hqmd phase.
Retention times were measured at four temperatures between 287 and 298°K after
- which the first (flowest temperature) run was repeated to check for solvent bleeding.
Typical percentage losses of BA during a run are: Cg, 0.2%;; CCl.. 2%; Bz, 4%/; and
© Ac, 1 %. The percentage loss is of course inversely related ¢o the length of the column
for a given time interval; hence the correlation of extent of bleeding with V3 (shorter
columns were used for squt&s mth Ionger retentmn t.mes) Corrections vs.ere applied
asin refI. - }
-The same batch of packmw was used. to prepare all mlumns used in the present
" study. After standing in the laboratory for some weeks, the flask :n which the packing
" was stored developed a fine film of liquid BA on its walls. In ordér to ensure accurate
values of ¥, three samples of packing were taken simuitancously from the flask, two
of which were subjected to ignition, and the third was used to make a column in the
usual way. Retention times were measured for each solute at the lowest temperature
used in the study, in duplicate cycles to check for bleeding during this ““calibration™
experiment. The Iatter amounted to 0.16 9 per cycle, and appropriate adjustmcnt was
made to each retention time. A blank was mcluded in the procedure for ignition of the
packing, to account for the loss of silanizing agent, and the two trials agreed to within
0.01 %. Calculation of specific retention volumes from measured retention times con-
saquently used a weight loading of BA which produced accord with the ““calibration™
values at the lowest temperature of a given experiment. (Differences in P values at
25°C in Table I for duplicate experiments are the result of slightly different derived
enthalpies of solution for the two runs.) The actual weight loading of BA never fell
below 11 9 in any of the experiments. .
Before measuring enthalpies of solution, an examination of the dependence of
retention time on sample size was made for each solute. All four displayed increasing
- retention times when sufficiently large samples were used, indicating downward cur-
vature in their p{x)} solution isotherms when the Henry’s law region is exceeded (anti-
Langmuir behavior}. As sample size was decreased, both Bz and Ac retention times
went through minima and abrupt rises below about 2 ymol, presumably due to
interfacial adsorption contributions to retention. For Bz, the rise amounted to about
0.5% of the minimum value; for Ac, about 2%, For CCi, and Cg, no clear minima
were observed. The retention times for the former seemed to be decreasing slightly
(=0.1 % per micromole injected) for the smallest sample sizes used (0.05 gmol}, and
the limited sensitivity of the thermal conductivity detector prevented finding a region
below which Henry’s law behavior could be definitely established. In the case of Cg,
sample sizes below 1 umol produced apparently constant retention times, but con-
siderable scatter of the data again disallows an unequivacal statement that the sample
abeyed Henry’s Iaw under the conditions of the experiment.
As a practical approach to taking intc account the variability of retention time
with sample size fer Bz and Ac, it was decided to use values characteristic of the
minima discussed above when evaluating their enthalpies of solution. It happens that

the asymmetries of the elution peaks go through zero and change sign in the region of
the minima for these two solutes (the Henry's law region for interfactial adsorption is
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mm'h mOore RArTGw than tizat for: sofution, and the ad<orptxon isotherms are curved-
oppositely (Langmuir behavior} from the solution isotherms), makmg Ldentzﬁca&on
of this condition possible during each individual run. - -
- ‘The observation of Henry's law behavior for C, and CCl, wou!d not ml° out
the possibility of an adsorption contribution to retention for these solutes in any case.
£t wrould imply that the adsorption contribution is either (a) negligible, or (b} occur-
ring in its own Henry's law region. In the {at! > case, if" bulk solubility is-low, 2
significant surface effect should be anticipated. For both CCl, and C,, sample sizes of
=l ganol were used, allowing as close an approach to the Henry'’s law rezxou(:,} asis
consistent with good reproducibility using the present equipment.

Averaged resuits of two experimests for each solute are pr&nteim Table L.
No corrections have been made for surface adsorption. Enthalpies of mixing at in-
finite dijution for comparison with calorimetrically determined values are evaluated
by adding the GLC-determined eathalpy to the enthalpy of vaporization of solute to
the idezl gas state. The comparison appears in Table . It is to be emphasized that
evaiuation of the infinite dilution cntn&p} of mixing is rot a goal of the GLC ap-
proach to studying the thermodynamics of solution; it is used sm}p’{} as a more strin-
gen: basis for comparison than would result from conversion of the calorimetric
enthalsies of mixing to enthalpies of solution from the gas phase!.

DISCUSSION

The agreement between the GLC aﬁci calorimetricaily determined enthaipies
for thesa polar systems is definitely poorer than for the alkane systems studied pre-

TABLEI

SUMMARY OF GLC RESULTS AT 25°C

Enthzlpy changes (iz kcal/mol} were adjusted from midpoint of v.:mpe"amrc rangs to 25°C by reducing
their magnitude by 0.935 keal/mol

Sohte 4 —AHS 1{1o¥.3 97054
Cs 128.1 615 - 0.08
. 1278 6.18 0.04
cci, . 6527 7.56 0.08
632.8 7.56 . G.07
Bz 1141 8.07 Q12
i125 - 813 0.05
Ac 4351 - .. 748 0.13
454.7 7.50 0.03.
TABLEII

CTCMPARISON OF ENTHAILPIES OF MEXING FROM GEC AND FROM CALORIMETFRY

Solute "AHZ,, —4f° A goc By " D, B
C,  7.58% 6.16 142 £ 002 LI6 + 0.8 626 - 6.0
CCl, 7.9+ 7.56 03 005 + 602 618 . i6
Bz 8.0 g.10 000 + 003 0.0 001 - i
Ac 7480 749 —001 £ 001 — - 11
* Ref. 1. -
== Ref 7.

5% Ref. 8. Second virial coefficiant taken from ref. 9.
¥ Ref. 10.
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vmusly Blwdmg of the solvent was a more serious probiem in the present smd . and
_ ft-is. likely that this factor is responsi‘bie for its fower precision. The differences in
. Table M for Cs and CCl,, however, are greater than can be acc-santed for bv thia
- Eﬁm{}ﬁ, and must stern from another causs. - -

-.: Themost kkeiy explanation for a discrepancy Between the me&xods in {xght of
the good agreement demonstrated for alkane systems, is a contribution from interfa-
cial adsorption in the GLC-determined enthalpies.-Martire!* has suggested that the
_ contribution to retention due to adsorption at the carrier gas-liquid interface in-
creases with the solute activity coefficient (relative to Raoult’s law behavior). When
the Iatter are estimated (see last column in Table IT) from the data in Table I, it is
apparent that the discrepancies in enthalpies correlate qualitatively with the non-
ideality .of the solutions formed, in support of this explanation.

If in-fact the resulis for Cg are characteristic of Henry's law for both soh.tron
and adsorptxon the discrepancy between the GLC-derived and the “true’ enthalpy of
mixing should be at its maximum. The rdle of the interfacial effect increases relative to
bulk solution thh decreasing sample size only until the adsorption achieves its
Henry's law region; smaller sampI&s reflect a constant contribution from both mech-
anisms. -

The results of Martire et a[.‘z are relevant in this connection. They exammed,
_ under static conditions, the relative importance of solution and liquid surface adsorp-
tion for the solutes cyclohexane (c-Cg) and benzene in thiodipropionitrile (TDPN}).
While the latter is more polar than BA, their results might be expected to provide
qualitative information concerning the systems Cg and Bz in BA.

Using their partition coefficients for solution and adsorption, and the informa-
tion in their plots of surface mole fraction vs. bulk mole fraction, it is possible to
correlate partial pressure of solute iz the GLC column with surface adsorption. It
turns out that the Henry's Iaw region for adsorption of c-Cq extends to partial pres-
sures of ca. 10 Torr, while that for adsorption of Bz extends to only ca. 2 Torr.
Furthermore, at partial pr&esures of ca. 40 Torr, Bz adsorption deviates from Henry’s
Law by 1009 ¢-C; by only 109,

Thus the likelihood that Cg obeys Henry's law for both aolutmn and adsorp—
tion under the conditions of our experiment, while Bz exceeds it for the latter, is made
quite plausible. As explained above, this would imply that the discrepancy for hexane
is at its maximum, and that the error in the GLC-determined enthalpy of sclution for
a non-polar solute in a polar solvent should in general not exceed 0.3 kcal/mol, as
fong as ¥y does not exceed 6, and a solvent weight loading greater than about 109 is
used.

The good agreement for Bz in Table I may by fortuitous. However, its much
greater solubility in BA relative to that of Cg (by a factor of ¢ at 25°C} relegates the
adsorption contribution to a2 much smaller fraction of the total retention mechanism
for this solute. Thus, even though the Henry's law region is exceeded, it is not un-
reasonable ta conclude that the influence of the adsorptiou effect on the GL.Cderived
enthalpy change is negligible.

The results for CCl, indicate that the activity coefficient need not be extremei3
different from unity in order to cause a measurable effect on the GL.C-derived en-
thalpy change. Because of the very slight dependence of retention time on sample size
for this solute, it is likely that the observed discrepancy is aear the maximum that
could be abserved due to the adsorption effect for this system, as in the case of Cg.

Unfortunately, we have no calorimetric results for Acin BA, precluding an
evaluation of the adsorptlon effect on its GLC-derived enthalpy of solution. For the
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J_mi:er thrae soh_tes, hovzes i, we can mal..e the: foliowmc observatmns (I) L of;-fﬁ
 sample sizesat the minimum in the retention time-sample size plots for Bz eliminates, = °
... within the accuracy-limits of this study. the influence of adsorptma on-its’ eieﬁwdj
T _eaﬂzaxpy of soitzuoa. {2) Use of sample sizes'in the hcnzemal regions of thosa. plots .
+for Cg and CClL, mciudes the role of adsorption in the GLC calculations, and it is niot

- negligible. Plotting In ¥° 5 v5. 1/T in order to'estimate the enthaipy:-change when such

 data are used is qu@st‘ona‘ﬂe at best. The fact that the “enthalpy changes™ so derived .
(Table II} are reasonably close to those predicted using the: calorimetric results im- ..
plies that the aésammon ccntrmutmﬁ to F/G has only a mmere&‘ect orz 1ts samperatnre. .

dependence. . - o
o R is worth zmtmg tbat t.;e sense of the cusczﬁpancv bct\&een th., mo <ets of g
_ results is in the direction to be expected if the enthalpy change for the adsorption
procsss is Iess negative than that for the solution process, as is surely the case.
- Ini order to examine the surface effacts in more detail retention fimes for the
solutes in question would have to be determined for several: columns' of various
weight loadings of BA, according to the method of Conder®. Because of the extent of
solvent bleeding in the present study we believe that. such effects would be more
profitably studied by using systems involving 2 much less volatile liguid phase. -
.. Ineonclusion, it should be emphasized that in the worst case studied (r-hexane,
with 7= = 6), the error introduced by surface effects is but 0.3 kcal/mol, or 4% of the
enthalpy of solution. Thus when only rough values are required, the surface effects
may be considered negligible. However, if one is interested in the highest accuracy, as
is required in thermodynamic studies of liquid phase interactions, explicit consider-
atio:z must be given to the influence of surface effects on derived guantities whenever
¢ Raoult’s law activity ceeﬁmem is significantly different from umt}: :

. CO\LLUSIO\S

» Enihaipzes of solutron based on the temperamre depe:zdem:e of ?0 fxave been
compared with appropriate calorimetric values for n-hexane, carbon tetrachionde
and benzene in benzylacetone soivent at 25°C. Discrepancies were observed which
correlate with the. soiuie Raoult’s law activity coefficients. It is suggested that for
solutes expectad to deviate positively from Raouit’s law, neglect of the liquid-surface
acsorption contribution to retention czn lead to siguificant, though small, positive
errors in the derived enthalpy of solution. Fer benzene (7° = 1} the observed dis-
crepancy was <(.03 keal/mol; for hex&ne G ,r“' = 6}, it &aas 3 E.cais’moi.
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