
I. THERMODYNAMICS OF THE SPECIFIC RETENTION VOLUME 

Formal th~rrnod_vnar~~i~ rt3ationships NIX-~’ derived for the specific rgtention 
volunis of rfie solute in rhe solute-carrier gas-stationary liquid ternary systcnl. appli- 
cable at hi&r pressures and \vith :I negligible prtxm-e drop across rhc colunm. 
Special attention has been paid to the eflkts of rflc solubiliry ot‘tflc carrier gas in the 
stationtuy pfxw and lo the non-ideal behaviour of rhc carricr gs. The relationships 
derived show that the pressure dclprndencc of the specific retention volume alone can 
*rive onfv t~pprosimatc int\muation on binary solute-carrier Z 31s svste111s. If IllOl-KJ 

precise dxa art‘ fo be obtained. it is neccssar_v to kno\\ additional -pommcters (the 
partial n-i&r volume of solute in the solute-carrier gas-statiomry liquid termry sys- 
tan. activity cocfticients of tflc dissolved carrier gas and their dependence on the corn--Ï 
position_ and the niaftlr fraction of dissofvcd carrier gas). \vhicfi cannot be obrained 
rcliabl_v from chromatogmphic data. 

INTRODLKTION 

Originall_v. the carrier g; s 1 was assumed to play ;I fargcl_v passive role in gas 
chromata~rrtpl~~r it w:is considered nwrely 3s a ~IC:UIS of rrmsporrin~ the solure from 
one end of the cofu~nn to the otfw. This concept. \vhich is applicable to a perfect 
gas. is incorrect under currt‘ntly used chromtito~raphi~ conditions and t3ifs completely 
at higher pressures. In fttct. the carrier p3s always takes ;i more or less active part in 
the equifibrrkx~ of the solute bet\vcen the gast‘~x~s and the stationary pf~:vxs. This 
mm-r’ prccisc undcrstnndin, 61 of the role ofthe carrier zas \vas discussed by Everett and 
Stoddart’ in I961 and was utilized in the separation of porphyrins by Klesper CI (I/.’ 
in 1962. Since then. a number of-papers have been published in \\-hich the non-idsafity 
of the carrier gas \vas utilized in sepxations_ Examples m-e the series of papers by Sic 
xnd co-workcrs’-s and by Giddings and co-~vorkers”-13. 

Simultanrously with the practica! utilization of the equilibrium shifts induced 
by the non-ideality of the carrier sas_ methods br~ztn to bc sought in order to LISA’ the 
simplicity of the ctl.rom3to~rtipflic technique for obtaining thcrmod;nt~mic data that 



charxtcrize separations. The idw o!- usin, ‘1 a gas chrl~!-l~ato~rriph to obtain data on 
the thermod~ntlmicprc~r;ertics ofthc solute-carrier gas-stationtwv liquid svstcm is not 
ncv:: Youn~~-s revit_~P -_ can be referred to in this contest_ Whereas the data referred to 
the statiot~ary phase. sucf~ 3s the activity coefficient of tfic solute and its tempcrtmre 
dependence. hnve only limited practical utifity owing to tfrc spcciaf character of tfx 
cfiromtitogrtiphic system. tfw infix-mation on binary gaseous mixtures of- tfw type 
~ap~xzr of orgnic liquid-pcrmancnt gas 1~~s a more univcrsaf rtppficabifity and ~111 
be of widsr interest”. 

The possibility of cmpfo);in, o the prtasurc dcpcndcnce of retention d::t:l Ibr 
obtaining ths second cross-viritlf coei1icient oftfw sofutc-carritr gas mixture. originaff~ 
sussL?;tcd by Everett and Stoddart*_ 1~~s f:ttc‘r utifixd nm-t’ cstcmivefy by Dcsty VI (I/.“’ 
tend particularly by Cruickshank and co-w~rkcrs”-2”. The n~t’;~wrc’nwnts \vere pcr- 
f-orrmd \\ithin rcfatively na-row limits of mean pressures (\vithin xbout f-10 atniL 
which has the inherent disadvantages that. in addition to rcrfativcfy fii~fi demands on 
tflc prt_cision ofttic mcasurcd data. problems associated \vith tfw prcssurc drop :tct-ass 
the colunm are encountc-red_ If- the pressure drop rcacfws vafuc~ t!wt xc comparable 
in order of magnitude \vith tfw absofute prcssrtrc in tflc cofumn. it is ncccssary to cm-r\ 
out relatively complicated avr’ragin, n of the pr~sstir~-dcpcndcnt components of the 
capacity ratio by rIpplyin, ‘_ 0 -~vcragiiig integrals_ With gases that shop ideal bthaviour_ 
tflesc Integrals have been cspresscd in an analytical t-arm bx Evr-rett” and m-r’ knm~n 
3s the J” fktors. 

~srtbstantiafly mm-c intof\cd situation occurs ifit is ncccssar?_ to consider the 
rcaf beflax-iour of thr carrier gas. Explicit cspressions for the prc.ssurc dcpc~xiencc of 
tilt_ capacity ratio 11;~~~ to hc found in order to csrrx out corrections t-or the COIII- 
pressibility of- the mobile ph;tse_ Ho\v~ver, tfw functions that tbrni the :tbovc espres- 
.;ions xc usually trmwxndcnt \vith respect to pressurt’ and can be csprcsscd txplicitfy 
oniy by mrtkin_e si_mificani simplifiations. This applies pt~rticufarfy to the f-ugacity 
coeff;cient of- the sofutc in tfic g3scous pflasr : lnd for tht- cm-rcction of tfre cspxit> 
ratio for tfic sofubifit_\- of tfic cxrrirr gas in the stationary pfxlse. 

Botfl of tfw above distldvanta~~s tltn be avoided by providing i-m- tfw cfuwt 
wpaasioii to occur outside tfic cofunin. In this car‘. the column opr‘ratc‘s unda- 1 ir- 
tualfy isobaric conditions_ the pressure drop bctwxn the column infst and tfw 
detector being detcrmincd hy a throttling device indcpwdmt of- the CO~UI~I~. Sucfl :I 
modification makes it possible to incrcasc the pressurc range oftfw nwasurt‘nit‘nts and 
to dccrmse the demands on the precision of‘ the data measured. The isobaric modcf 

of the chr-omrttograpfiic coIu~iin_ correspondin, 0 to the abo\-c cspcrimental arran~c- 
ment_ is much simpler t ban nlodefs that involve the pressure drop xross tfx cofunm. 
On the other hand, operation under higher pressures leads to treater demands on the 
strictness of the thermodyllai~~ic procrssin_t 1 of tfie c.spcriincntaf rtzsiifts. 

Ahove aif. it is necessary to t:tke into account the role of- the carrier gas dis- 
wived k the stationary phasr. ~1s the sofubifity of tflc carrirr gas can reach vcr\ 
significant fevefs under hiphcr pressurcs5_ Furtfw-_ 3 niorr’ prwisc calculation of tfit 
fu~acity corlIicient of- the sofutt’ in tflc g: _ LS~OIIS phase is ncccssary. Finally. in cfu-oma- 
tograptly with the carrier gas in a state close to thecriticttf point_ more enrraf probkms 
art’ eilcountered associated with comparin e the spstsm in the cofiii:in with a rcfacncc 
system. which is usuafly placed in ;t region of low pressures. I II this paper. mainly the 
first t\vo problems arc’ dsait with in greater detail. 
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n1e;m column prcssurc P and at an arbitrarily chosen 
rcfcrrcd to 1 g of the statiomn-y liquid in the column_ 

whew rFr is the cornpressibiIity factor ofthe carrier 
T/-_ z2 i?; the compressibility factor of the carrier 

gas at prcssurc P and temperature 
s;‘s at pressure I’ and column tem- 

peraturc T_ ttj is the \vei&t of the stationary Iiquid contained in the column and t,,, 
is the dead retention time (I/E). 

The above definition of the specific retention volume difkrs from the conven- 
tional definition merely by the ttrbitrtwiness in the choice of the reference temper:~ttxc‘: 
in the classical defiGtion_ TI- 7~ 273.2 ‘-K. The tunefulness of this modification in high- 
pressure +s chromatographv is apparent Corn the f~ollo~ving simple consideration. If 
T :- T, 3;. ?i- and p =_ P,. then the mobile phase in the column is !kmed by a com- 
pressed gas above its critical temperature. Hwvever. if tht * gas is cooled to the rcm- 
perature Tr at a pressure P >-- P, 9C cording to the classical definition. ir \viif liquefy. 
and discontinuitics \vill occur on the VJ wt-sus P curves. It is therefore reasonable 
to provide for r;hc choice of Tr :.-- T,_ \yhich is just the purpose of the abow modifica- 

tion. 
The substitution of eqns. 3 and 1 into cyn. 1 results in 

where dlJ is the molect~lat- wei$it of the st:ttiauar~ liquid and R is the gas const;m~ 
The applicability ofcqn. 5 is quaIiticd by the validity of rhc ass~~mprions made in its 
derivation_ When disregarding the ditkrwce betweal the nwasnrcd peak n1a.xinlurn 
and the ideal retention time”-” and neglecting. at absolute pressures reaching wvcrxl 

tens of an atmosphere_ pressure drops that do not ewxd a ti-\v tenths of an atmo+ 
phere, only the clrtssical assumptions (i)_ (ii) and (iii) remain to be considcrcd. 
Owing to the sensitivity of ionization detectors_ the assumption of infinite diiutian 
of the solute in both phases can afmost :1Iways be practically fulfiIicd_ SiruiIarIy_ the 
et?kct ot- the vpiatility of the stationnry liquid ciln be clirninated by :L suit:kbIe choice 

of both the stationary liquid and the \vorking tempcraturc. 
However_ the situation \vith solubility of the carrier gas in the stationary phase 

is different_ as this solubility can titlkt the solute retention more signiticanrly. If the 
carrier gs dissolves in the stationar&t liquid_ then XII’ a IJ~ -- IJ$_ 

The soiubility of the carrier pas in the stationary liquid can be described by 
means of the respcctivc partition coeffkientr 

(6) 

In accordance \vith the assumption of infinite dilution of the soIutc in rhc gaseous 
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phase, the molar frxtion of the carrier gas. _I-~_ in the latter is considered to be approxi- 
mately unity. Thus. the expression for A-,. mmlogous to eqn_ 2. will acquire the form 

tt follows from the above discussion that the carrier 21-a~ dissolved in the liquid 

phase int’luences the retention in t\vo \v:iysr it increaser the nunibcr of moles of the 
liquid phase per unit volun~c ofthe column and_ at t!lc same time. it modilies the sorp- 
tion properties of the liquid phase. The increase in the capacity ratio due to the 
increase in the amount of liquid phase in the Coleman is characterized by the factor 
I/( 1 - K~,): the altered properties of the liquid phase arc, for the time king. indicated 
by a -i- 3s 3 superscript to the rcspectiw symbols. In the follotting text, rhis supcrscripr 
\vill bc gcncrally used to dcnotc the composition-dcpcndent quantities that r&cl- to tlw 
ternary salute-cxricr gas-stationary phase systcni. 

Let us start from the Gibbsian condition of cquilibriunl: at equilibrium. the 
fii~-acitics of the solute in bi~tll phases m-e the xtnic. and tlic a~uation 

c/ , (T. i’. _I-‘! _I-, P ;-f (T. I’. s) s, /‘:‘( T_ P) (S1 

holds_ from xvliicli it f0ll~rws that 

\vherr 11, is the solute fugxity coeftk5cnt in the solute-carrier gas mixture at tenipera- 
turc T and nicm column pressure B. 7-f is the activitv cocfiicicnt nf rksalutc in the 
tcrnm-y sys:tlm solute-carrier gs-stationxy phase at 7and P and_/‘:’ is the fugacity of 
the pure liquid solute at T and P_ 

The pressure dependence of the product 7-f J-y can liv-n~alI~ be climinatcd by 
introducing activit_v cortlicients at 3 reference ;wessur_ezz by means of the t!m-mo- 
dvnmnicall~ rigorous rel~ttionship: 

,\-[1e,-c 7,+ Pr -. 1s the activit:: cocfk5cnt of the solute at tcrnpcr;nure T. an arbitrary 
reference pressure PI- and a constant liquid pht~c composition equal to that at pres- 
sure p, j-‘,‘” is the fugacity of the pure solute at tcmpertmm Tand rekrencc pressure 
Pr wld FL+ is the partial niolar \‘oltme of the solute in the liquid phnsc ‘ 1 at 
temperature Tand at a constant liquid phase conlposition equal to that at pressure P. 
A basic condition for the validity ofeqm 10 is the preservation of an invariable com- 
position ofthe liquid phase when passing from pressure P to the reference pressure A-. 



This condirion ctttmot be f~tltilled precisely in our case _ as the solubiIity of the crtrricr 

ys in the stntionnry phase writs with the pressure and the liquid phase composition 
varies accordingly. In spite of the above resrn-ation, cqn. 10 reprcscnts the only 
acceptable mr’~n~s of providing for at least an approximate appiication of the iso- 
thertnal-isobaric integals ofthc Gibbs-Duhetn equation to the concentration dcpcn- 
dencc of the activity coefficient of the solute. Employing eqn. 10, cqn_ 9 can 1-x re- 
writtett as 

(II) 

The partition coctlicietlts of the carrier gas. A-~_ cat be derived from a rckttion- 
ship analogous to cqn. S_ The equation 

hoIds. from xi-hich 

whet-c 7 ‘2’ is the litgl_;tcity crwlficictit of the pure crtrricr gas at tcinperaiurc ‘I- and 
prsssure P, ;ol * is the :it‘tivily cttcG5cttt of rhc carrier gts dissolved in the liquid phase 
at T and IT_ rclkrrcd to att infinitely dihttc solution as it rcfcrcncc st:ttc, and 11, is the 
Henry law constant of the carrier gas in the stationary phase at T :tnd i’. 

Itt deriving cyn. 13. both phnscs h;tvc been considcrcd to bc inlinitcly dilute 
s;oIutians of the solute. Hence the efliccts of the solute w the ftt+ty of the cvrrict- 
gas (Lxis-Randall t-&1 and on the sohtbilitv of the carrier pas in the statiotxtry 
phrtsc have been ncgtccted. 

Thra& a formal application ~l,fcqn_ IO_ the product ;,$ if2 in cqtl. 13 c;ttl fur- 
thcr be rcarrrtttgcd_ so that 

\:-hrrc ;*p” is the activity corllicient of the carrier gas dissolved iti the Iiquid phase at 

tcmperaturc T and reference pressure 1’~ and at a constant liquid phase cotttposition 
equal to hat at pressure I’_ referred to an intinitcly dilute solution rcfcrcncc strttc. 
f1r is the I-I enry Iaw constant ofthc carrirr gas in the pttrc liquid phase at tctnprctture 
T and rctixcncc pressttrc I% and v$ - - IS the partial tnoiar voIrtme of the carrier gas dis- 
solved in the pure liquid phttsc at temperature Tand :I constnnt iiquid phase corttposi- 
tion equal to that at pressure P_ The sttrtx reservations hold for the transition from cqn_ 
13 to cqn. I4 as those spcciticd for the trrttxitiolr from cqtt_ 9 to cqn. Ii_ 
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FinaIIy, when replucing the esprcssion K I.!r’_ applicable to a binary system_ by 
A-f/[s( 1 - h;)], valid for the ternary system_ in eqn. 5. it rehtionship that is sufticiently 

z ~vnct-al for our p~~rposes is obtained: 



fwtds approximately and rhc problem is reduced to w&ins the pscLIdl,-const~l:lt rf--+ 
at :L give:1 composition of the liquid phase and af a given tcnipcrattmz. Tlitz replace- 
rnent ofthcquantity Pf+(T_s) by the molar valunxz oftlrc purecomponsnt in t!:e!i~!LIid 
phase a the rempcratur~ T_ VyL(T; (r&x. 16 and 21). is not ;L wry satisfactory solution 
;IS the actua! solufions of both the solute and dissolved cat-r&- gas corrrtspond to 
opposirc sides of the concsntration rrtngl-e_ In addition. further problems m-e encot~n- 
tered. for esamplc those in determinin s the moktr volun~e of tlw Iiqtwfit‘d carrier 51s 
abovr its critictt! rempcrxtm_ 

With the solute.. the indcpcndent detsrmkition of the partial nwlar \o!urue in 
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an infinitely dilute solute-stationar~r phase binary system, i:~., the intcrch:tnge of ai-+ 
and Fil;. cm be considered to be an adequate approach. With the CWI.~ ::- gas, the par- 
tial molar vofwne, Vi, cm be determined fr~31n the presrurtz dependcncc of’tfte sofubif- 
itv of-the carrier gas in the pure stt1tionary lio,uid. Ho~~!ver . . at pressrtrcs and tempera- 
turts near the critkd r&on, the assun3ption of the iild~pe1ldeI~c~ of the partial 1~~f;11- 
volumes ofthc components in the condensed phase on pressmr is 11~3 lon~cr valid. On 
the cc3ntrary, in this r&on si_rnificant chnnges in the psrtit~l molar volrtntcs wan- 

~Iporl chanpin~ the state variables, and the value of- eqn. 10 bwontcs \-a-_\: qucstion- 
able in tltis csse. 

The choice ttfa sttirabfe equation nf state, mxssar~ fc3r c:1fcufating the ~afurns 
I-,,~ of the misruw compressibility fktor z,,~ and the f~uxor l?P,~&i. is d~tcrniin~d by the 

precision rcqrh-ild and the temperature range_ in gas cliroiI~rit~3~rrtplt~_ the \-irk11 rqua- 
tian of state \vith the second ur third coclK5ent is usuaffy c~npfoyxi. from which it 
t‘otlo\~s f~31* Ihe f~itgacity cocfticient of‘ tfw sufute that 

Howxcr, this simplification \viff be iw1ppficahfe at higher pressures_ ad the dais- 
tions fioni eqn_ 25:I frtund ~~p~ri111~1it~111~ then Iced to l%lse conclusions about the 

necessity for adding further terms of- Grit11 cspansion. 
The viriol equation terminated offer the third tr’rnt will t3t’ unsrttisfxtory fk- 

describing the properties of- the 5 gaseous phase class to the critical point of- the carrier 
gss (SupercriGxf Fluid Chrc~nt~1to~r:1pfly). In rhis c:1st‘_ it is recomrnrnded that sOme 



of the semi-empirical equ&ions ofstate should bc used. s~:cb as the modified Kedlich- 

Eqn. I5 can be written in a brie&x i-w-m: 
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A situation characterized by a unit correction t-actor at s2 f 0 corresponds to 
a case in which the effect of the increase in the amount of liquid phase in the column_ 
brought about by the dissolved carrier gas. is just compensated !‘a- by that of the in- 
crease in the activity coefficient of the solute_ This is the only way to esplain. for cs- 
ample_ the rclsults of Sk c*f crf_‘_ who ascertained that the solubility of carbon diosidc 
in squalanc did not atkct the retention of benzene and mttlxmol although the csperi- 
mental data she\\-cd an apprrtciable solubility of carbon dioside (as muc11 as 20’:;;. 
W/W)_ 

Ler LIS now compare the corrtxtion w-m defined by cqn_ 27 lvitlt the formal cor- 
raxion introduced by Cruickshank and co-wxwkers”-“‘_ The?; cmploycd the symnwt- 

ricai conwntion lix the xtivity cocfticirnt ofthc solute. Hence, they \vorkcd \vith the 
activity coctticicnt ;*,, i I+. and cspanded the dependence of the log:withm of the activity 
coctiicient of the solute on tlw ~I~OLII~~ ofcarricr gas dissolved in the stationary phase_ 
i.e._ the function In ;-if” :~- III :_*i f’r(_vl). into MxLtii~rin series: 



In order to express this equation numerically_ it is nrccssary to know the partial molar 
s-olumc of the solute in the liquid phase. Even in this most t~tvourttblc case, the mere 
knowIedg_r of the pressure dependence of I iTr is insufficient for the determination of 9 
the pressure dependence of the fugacity coctficicnt (the second cross-virial coefficient 
49 rz in the simplest cases) of the soIute-carrier gs mixture. 
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