
EBkANCEMENT OF GAS-SOLZD CHROM#YFOGRApHIC COLKJMN PER- 
FORMANCE BY INERT SOLID DILUTIQN 

SUMMAEW 

Column packings comprising an active solid sorbent diluted with an appro- 
priately chosen inert, dilrrent solid have extremely desirable chromatographic charac- 
tedstics. Theoretical pIate heights can be substantiality reduced in ,gas-solid chro- 
matography (GSC) and at Ieast maintained in gas-solid-liquid chromatography 
(GSLC) or b&h-performance liquid chromatography. Of greater importance, total 
analysis times can be reduced to any desired extent without loss of efficiency, and 
often with gain. Reduced analysis time can be traded-off for operation at bwer 
temperature, a valuable option where sampIes are thermally labile or subject to 
cataiyk reaction. Examples of diffic1~1t Cl-C4 aliphatic hydrocarbon analyses, both 
by GSC and GSLC. are given and it is concluded that the inert dilution technique 
provides a viabfe route to the extension of these modes of chromatography to a wider 
range of sample types than is cum31tly common. 

INTRODUCEON 

Gas-solid chromatography (GSC) has found use almost excksively in the 
analyses of permanent gas and low molecular weight aliphatic hydrocarbon mixtures. 
The reaso~~s are twofold. First, adsorption of most other comporrnds is so strong that 
retentions are over-long except at very high temperature. One is thus faced with the 
choice of using short columns at moderate temperatures, and tins achieving little 
resolution, or of using longer, more eBkient cok~~~~s at high temperatures, which 
introduces the considerable risk of catzdytk c&mm reactions. Secondly, the variety 
of gz.ts+solid adsorption isotherms likely to be encountered and the relatively slow 
mass transfer through porous adsorptive particles can lead to both poor (large) 
theoretical plate heights and, frequently, substantial peak asymmetry. GSC, and its 
variant gas-so&i-liquid chromatography (GSLC), commonly offer a wider range of 
selectivity of related molealar types than does gas-liquid chromatography (GLC). 



T&s, any approach that reduces or eliminates fhe draw-back:oftki use ofsolid 
&SO~btXltSbSpOtentiai tine- 

In packed %hQmn GLC a liquid is distribQted on an izzert solid suppoe To a 
reasom&le degze of approx&atioQ the &a~~ of the snpport largely deter- 
nine the magnitQde of the gas phase di&sioQal terms in the chr~mat~graphic rate 
eqQatioQ, and the chaatia of +&e liquid and its mode of distr21QtioQ on the 
solid d&ermiQe the size of the mass Her term_ In conventional GSC, in contra& 
the soEd pkys the pa.rZ of b~tb partitioning agent and-support If the adsorbe& is, 
howevw, xmXosmiy diluted w<*J an inert solid the dif?ksional terms are likely to 
approach those char2cteristic of the diIuent solid wbik the mass tI%%nsfer term OF 
tee shoQ!d also be reduced beIow those typical of the adsorbent TbQs, such a 
packing of appropriate composition, shotid have theoretical plate height (H)- 
veloci& (5) cbarac&%tics at kst as favozzrable as those of a column of undiiuted 
adsorbent axed probably morP so_ Of greater immediate importance thoQgh is that 
n&~1ti0~ times *Nill be reduced iQ prOpMtiOQ t0 the dilrrtiOQ Of adsOrbent by the 
inert solid. The inert dihxtion tec*hQique thQs oEers the poss~%llity of overcOming one 
.si_dat inhereQt drawback of GSC and the certainty of reducing the extent of the 
other. 

The IiteratQxe, 51 this ge~era.I field, stems from a~ early sumon by Golay 
relating to the snrfacing of open tubes and developed for conventional packiQgs by 
the Perk&Ehner CorporatioQz. With oQe exzeptioQ3 subsequent work has had as its 
&im the deveIopment of methods to deposit layers of porous solid such as carbon, 
f&c oxide, zirconium o-tide and organic pigments on the &aces of glass beads-, 
of Cb~omos~rbs~-~ or of polyethylenti” aQd, of course3 the development of simibt 
solids for high-performaxe Iiqrzid chromatography (HPLC). A majority of gas cbro- 
mdtograpkic (GC) pa$eTs-‘9 are direct& specificaUy at improving the soknt 
F capacity and theOreticaI plate heights (HETP) of glass bead GLC cohnn~s, 

remainder aimed at improving the HETP of predominnntiy, carbon black GSC 
columnr T&f2 most successfd work, in terms of HETP attained, appears to be that 
of Pope’s OQe of the earliest in the fiel& who pa&&y me&d carbon black mto 
pol]%thykQe and achieved colQm~ efficieQcies normally over 500 the~reticai p!ateS 
per ftiot, and O&Q over 750, a very remarkable acbievemect in GSC that seems to 
have attracted little attfxtion subseq~eQtly. 

T!xe work most directIy reiexmt to that presented here, which is directed at 
the use of solid particle mixtures rather than of films or bonded layers, is that of 
Bornba~gh who, in a very brief co~unQnic&io~~, showed that 200 mesh molecular 
sieve 5A (ISo/, w/w) dry-mixed witb 80 mesh Chr~mosorb gave a very SigQif~caQtiy 
loxr HEXP for oqgeQ and nitrogen elntion than did a 130% (pelleted) Sk c~hmm 
of i5iId* Eiztemion. 

The sign&ant rnattt of retention time reduction has, of conrse, been demon- 
strated tier Q&Z in a number of the papers referred TV abme. However, it does not 
seem to have been identifk as a primary advaQtage bnt, rather, as an acceptable 
spin-off o;f, first, the lower HETP achieved and, second@, the more favorxable flow 
&ara&eti.tics w&h permit hi”* flow-rate5 to be Qsed. 



BefOFf2 PFaceebing to a l3iFect analytical test of tke proposal we present 
evidence in sxrppoti of its basis. En Fig. 1, ET-i curves for elution by nitrogen at 50” 
ofisobutane from calm (670 cm x 2.6 mm I.D.) of siianized Ckromosorb G_ The 
data points for ekztion from both a MO-120 mesh (ASTM) and a 120440 mesh 
cokmm fail on tke common line (a); tke line drawn in tie figure fxmesponds to tke 
equation (units are cm and set) 

n = 0.110/E 

Fig. l_ Plots of Ef against P for elution in nitrogen at SO” of (a) isobutane from Chromosorb G AW 
DCMS: open circles. 120440 mesh (ASTM); tria~g& NM-120 me& acd (b) ethane from 
Chromosorb P (100-120 mesh). Column (a), 670 cm x 2.6 mm I.D.; coIumn (b), 366 cm x 26 mm 
LD. 

The second cume skown, (b), comprising data for etkane elution from an 
identical column of 100420 mesh sihized Ckromosorb P, is well described by 

H = 0.155/E (2) 

Efmce, both coirunns set esedally as non-sorbing czliE-. Tkis view is home out 
by the fti that tie ratio of the numericap terms of eqns. 2 and 1 is 1.409, wkile the 
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theoretici+_vaIue of the ratio of the nitrogen interdi@fsion coefFicients of etkne and 
isohstane, acesding to His&elder et aLt=, is 1.484 These two solids can be regarded, 
therefore, as suitable inert diluents, at least for atkane analyses. 

Fig_ 2 ihstr&es the correctness of the second assumption. The three curves 
show KG pIots for ethane elution from 366 cm x 26 mm I.D. columns of, respec- 
tively, (a) Cbronosorb G, (b) a LO:1 (w/w) mixture of Chzomosorb G-Al& (Alcoa 
F-20) and (c) from a 92 CDL x 2.6 mm I.D. column of A&&. ?%e use of 2 shorter 
A&O, cdusm w-as d&ated by the need to achieve velocities of reasonably high value 
which wou!d aecessitate unatsainabk high inlet presures for loqer cohilns of such 
high retez~tiori. Due to the narrowness of the very rapidly eluted barids we were 
unable to obtain wortfiwhik values of N at E > 4 cm/set for the o*&es c&zm.ns_ 
ihus, tk relevarrt curves a7e incomplete. However, the pattern is clear. As anticipated, 
the d&r&d a3hm.n has ch2r2cterktics at low E, where the B tesm dominates the rate 
equation, dose to those of the diknt, but at high ii, w&xc mass transfer dominates, 
i: shows behsvisur more closely approaching that of the A&OS cohmns. CIearIy. 
the~ie is close to a twofold gzi~ in cohmn efiiciency at the optiman vekity (ca. 
23 can&s) on diluting the A&OS. As expected, of course, retention times were much 
seduced on going from columns (c) + (a), there hetig near identical (Le. esse&aily 
zefo) retC%tiot of c,-ca alkaTie with cohUil.n (a). 
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IFi&. 3 i&&rates a comparison ofH4Z curves for elution of propane by nitrogen 
at 50” from 366 cm x 2-6 mm I.D. coknns packed with 10% mixtures of lu,o, with 
(a) X20-140 mesh Chromosorb G and (b) 100-120 mesh sikmized glass beads. The 
curves on the low velocity side are coincident as is the minimum. However, on the 
high vekity side, the glass bead mixture is very clearly superior due, no doubt, to 
the absence of porosity, the greater utiormi#y of &ape and the somewhat reduced 
surEataz area. 1t wonld have been expected that the glass beads would represent the 
bet&r diluent in view of earlier worl+-. 

FLY. 3. Plots of Hagzinst a for eIution of propane by nitrogen 2t SO” from (2) 120-140 mesh Chrome 
sorb G AW DCMS -+ loo/_ (w/w) AI,O, and (b) 100-120 mesh glass beads -i- 10% (w/w)Al~O3- 

Fig. 4 ilk.strafes the variation of fully care&A retention volume per gram of 
packing with % (w/w) composition of silanized Cbromosorb G-AI,o, mixtures For 
cl&ion of (a) propane, (b) acetylene, (c) a&ne and (d) n-butane. We represent the 
data as retention per unit weight because the disparity in density of the two so&is 
causes colnmns of identical dimensions to contain different weights of packings. The 
CFXV~S shown are surprising in that they are ckarly non-linear_ Further, the non- 
linearity corresponds to a very considerably reduced retention per gram at low AI,O, 
coi&z% the more or less linear region, O-IO%, extrapolating to about one--half the 
olsenred value at 50”/, for each curve, whiie the value at 50 %, in turn, is iess than 
kaJ.fthat determined with undiluted Al& We have made repeated measurements to 
co&rm this CIPMXRZ and are forced to accept its reality_ Further uM%mation comes 
from &e fact that refative retentions over the whole range have the essentially constint 
vah~es: n-butane, 1.00; allme, 0.763 & 0.0433 ; acetylene, 0.44% * 0.060; propane, 
0.267 & 0.025. There is PO very evident explanation of &is bebaviour, parkularly 
since, when Al&IS is mixed with gkss be&s, the corresponding plots are certakdy 
l.ka.r to 50x_ PIat (e) of Fig. 4 shows the data for n-butzne elution, for example; we 
do not include the data for the other three compounds for clarity of presentation. 
However, as is s-frown later, beyond 50% there is some mature in the data for at 
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Fs 4. Fdiy cm-x&xi retsdim VOIURC per gram of mixed packing as a function of % (w/w) AI:O, 
mixed x&h Chrommxb G AW DCMS. (a) Propaw, (b) acaylete, (c) zlkie, (d) n-butane. (e) K- 
3cImxeeLIstedfr~~:4~ kc2li~ 

kast some .substarxces. The curvature of these plots can be superfkiaily ascsibcd to 
adsGrpti%~ anisotropy of the a!nmina pazticks, a feature of the dilution approach is 
that mu& smaUer particle sizes than are usual are used. The discrepancy between the 
data for g&s bead and Chromosorb c&umns may then be related to their relative 
hardness which would influence the extent of break-up of the alumina on mixing. 

Fig. 5 shows some ilkstrative cbromatograms of represfzntative C,-C& aiiphatic 
by&&n mixtures. Eiutions were by nitrogen at 50” from 366 mm x 26 mm I-D- 
co!lEmls operated at 24 + 1 mi/min outlet flow-rate. Fig. Sa shows the result obtained 
with a 10% (w/w) Al,O_dass bead column, Fig. Sb that with a 14% (w/w) co&mn 
a& Fig_ 5c that with Iclo”A Al@.+ Inlet pressures were all Ln the rick&y of 6Q psi. 

and so, vaziation of the compressxbility factor, j, was not very si@~t_ Taking the 
methane elution time as the dead time wc Gnd that for (a) and (b) the relative rcten- 
tioos arq to within experimez.&zl aocmxcy, in proportion to the oA tu,o,- The same 
is true of the C,-C, group in (c) also, but both the alkne and n-butane are more 
strongiy n%ainexi at 100% than would be proportiona&% T&is feature was to be 
expxted in the light of the disc ‘on of Fig. 4. It also establishes an intc%stkg 
foreher feature of tb: dilution tcchaique; it is selkvident from Fig. 5 that the scpa- 
rati~sn of akne and n-butane k better vlith the diluted than a&h the pure &a 
cotur&Wethusseeth2tzstexm3sel ectivity fkctor, whkk can be tarn& to i3&aQm, 
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Fig_ 5. Chronmtogrzns of represezttative C&Z4 diphatic hydrocarbon rGxtwes eluted from 366 

cm x 2.6 mm LD. columns by nitrogen at SO”. (a) 10% (w/w) Al,O,W% glass kads; (b) 14% (w/w) 
AlzC&S60~ gJ.ass beads; <c) KlO% Al,Os_ Refer to Fg 6 for identity of sample components_ 

is in&oducd by inert dilution. This is, presumably to be associated with the effect 
noted earlier wherein retentions were not linearly reduced with dilution_ 

Finally, in confirmation of the type of rcsrrits illustrated in Figs. l-3 it is worth 
noting that columns (a) and (b) are dramaticaNy more e5cient than is (c). For dene, 
for instance, columns (a) and (b) yield 32x) & 150 theoretical plates (H M 0.1 cm) 
whereas, wi&& column (c) tie alone pea!c yields only 1900 theoretidplates (H M 0.2 
cm). There is thus no question but that the original hypothesis is proved correct both 
in terms of improvement in e5ciency and of time of analysis. 

Fig_ 6 iJ.h~~trates chromatogranzs of mixtmes of sixteen of the stable C,-C& 
aliphatic hydrocarbons- Both experiments involved elution from 762 cm x 2.6 mm 
I.D. columns by niti05 at 25”. Fig. 6a illustrates the use of a packing of 4.75 % 
(w/w) of A&C& mixed with 1oO-E20 mesh Chomosorb G A’W l>CMS while Fig. 6b 
shows the results for a coIumn of 9.5 % (w/w) Al&. The flow-rates were not optimised 
in either case, nor were they eqdised; ffow-rates were, for convenience in preset- 
tation, simply adjusted to elute methane in exactly the same time_ It is worth noting 



s6 

Fis_ 6. Chromatugmms of 16 compoiiax G-C. dipimic hydhcarhn mixture dated from 762 
cm x 26 mm I.D. c&mm by nitrogen at 25”. (2) 4.X % (wiw) A&43, in Chronmsasb G; (b) 9Jo% 
(~v[w)~~~,in~~~~G_Peaks:i=mthanr.2=etEene,3=~4=~5= 
pmpene, 6=ptiopaz, 7=pmpync, S=alkx, 9=- 10 = but-lw If = ko- 
buta!e, 12 = frm-but-2s 13 = ck#ut-2~ 14 = f&utzc* 15 = isobU~ 16 = butelf- 
dia2c. 

that these cohmns would both, in the same conditions, separate cyclobu&zne and the 
butynes as weU. With t&e -@ion of two overlaps, therefore, they would adequately 
-Eve ail stable G-C4 aliphatics in a singie run. Columns oftwice the 1engt.b would 
achieve total resolution at the 20 level. These cbromatogfams a@ show that 
xkctivity is to some extent afkcted by the % A& present, an eEct exacerbated 
by the use of Cbromosorb G, rather than glass beads (c$ Fig_ 4). While we showed 
tier that, for the ti adsorbates, the relative re*kntions were reasonably indepen- 
dent of % Al& evez tbougb the V,-% Ai& plots were cunzd, &e variations for 
peaks 4,9, S and 15, evident in Fig_ 6, means that for some of the G-C4 diphatics 
t&s is not true_ This obsemtion adds kther interest to the problem =mxred here_ 

FizaJ.Iy, we show ezxnpks of the way in wbicb inert diMion Carl be used to 
enbzxe the efZ&x of turning from GSC to GSLC. In an eariier papeP we have shown 
how M,&-involatik liquid mixtures can be used to a&eve complete mtion of 
all stable C,-C, aliphatics in a sing!eisotherma.l run. The separations there ilIustratedls 
required total anaIysis times of around 20% of those required to achieve toti sepa- 
ratios with columns of uncontamina ted Al@,- Even so, analysis times were long, in 
the region of 3 h or more_ Fig_ 7 shows chromatograms of seven- campcment 
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Fig. 7. Chmmatogmms of 17 componmt C&a diphatic by&iboa mixture elutd by nitrogen 
from a 366 an x 2.6 mm 1-D. coI_ of 10% (w/w) (AtzOh 9Z.75%+q-e 7.2S”%l with 90% 
Chro-rs P. Ehtion in nitmgen (a) 4oq (b) 2.5”. 

rmxtures of C&Z4 alipbatics obtained with a 366 cm x 2.6 mm I.D. column of 10% 
(w/w) of Al& (carrying 7.25%, w/w. of squakne) with 90 % of Chromosorb P. 
Cbromatogram (a) corresponds to eiution in nitrogen at 40°, the run being conducted 
faf from the 0ptimt11~1 velocity in order to achieve a very rapid result. With the excep- 
tion of two pairs there is complete separation in sixteen mimnks, a very considerable 
achkvement. Cbromatogram (b) shows the result obtained at 25”, near to optimum 
velocity, Here, only peaks 7 and 16 overlap and a column of about &IO/0 extra length 
would undoubtedly provide full & resolution of this pair. Since this colmrm will also 
resolve the butynes we have a system capable of separating all stable C,-C, in a time 
of between 1 and 2 h, a very acceptable situation. 

The redFs of this study provide further conknation of the view that Fhe 
utility of GSC (and of GSEC) may be very considerably extended by Fbe inert dilution 
Fecbnique. Column efficiencies comparable with those of GLC may be routinely 
achieved without recolllse to special coating techniques, while very substantial 
reductions in analysis times may be gained. The latter may, as desire& be traded off 
for reduazcl tempen~tures, as is well ikstrated in Figs, 6 aud 7, wbicb are eEectivefy 



morn~tm-ed~inYolYill~nrixtares ofbd.kg rauge in excess ofZOo. The 

optiaa of low tenqerw adysis opens up possibi&ies of andysing a wick range 

ofsampleqpesthanhasbeeuusualinGSC. 
Fe, as brieBy meutioned earlier, the method seems likely to have value iu 

,SPUI when seduetiou of reteutiou without saxifice of the iutriusically high eoluiim 
elikimcy is desirable. 
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