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SUMMARY 

A method for the separation of mixtures based on distillation under chromato- 
graphic conditions (chromadistillation) has been developed. The mixture to be re- 
solved is carried by the stream of carrier gas into a column packed with an inert 
material. The column temperature decreases from the inlet to the outlet. Four dif- 
ferent ways were-used to prove that at the column outlet adjacent zones of the pure 
components of the resolved mixture are recorded_ The method described permits an 
increase in the output of pure substances in the chromadistillation process and the 
determination of both the qualitative and the quantitative composition of the mixture 
to be resolved. The fact that no stationary phase is used permits the range of boiling 
points of the substances investigated to be extended_ A pro,mammed temperature 
version of the method has also been developed. A theory of the chromadistillation 
process describing the retention characteristics and the broadening of zone boundaries 
is presented. 

INTRODUCTION 

In order to achieve a decisive improvement of some essential gas chromato- 
graphic characteristics, a method has been developed that lies at the boundary be- 
tween chromatography and distillation. The method can be considered as fractional 
distillation under chromatographic conditions, or as chromatography in which the 
components of the mixture to be resolved and their solutions are used as the stationary 
phase. This method of chromadistillation offers great possibilities for improving the 
output of preparative chromatography, extending the range of boiling points of the 
components to be resolved, decreasing the broadening of zones, etc. 

tie‘basic principle of chromadistillation is the movement of the mixture to be 
resolved along a column packed with some inert material (e.g., metallic beads) with 
2 temperature gradient along the column providing multiple condensation. All of the 
factors -that cause the movement of bands in chromatography (carrier gas flow, tem- 
perature variations, etc.) can also be applied in cliromadistillation. 

Chromadistillation, like most methods, has some predecessors. Thus, Kiva 
and co-workersL-3 passed the carrier gas through a co!umn packed with a liquid 



-gi-: .’ A_ A-* OWiKII, S. Ii+_ YAF4OVSKII;-V. P,SHVkti&k. 

coated on a support, without the use of a fenperature gradient, to make 2. qua&&& 
study of azeotropy. In these experiments, owing too the absence of a temper&u% 
grG!ien~ no separation into individual components ~ti&-possible, and_ the-use .of the: 
method for separation or analysis is not feasible. 

A procedure similar to chromadistilIation is the .method known as the&lo- 
chromatography“-‘. In this method, designe‘d for the determination of .trece amounts, 
particularly of transuranium elements, the sample is introduced into the inlet end of 
the capillary through which the carrier -gas is pa&d. The presence of a stationary 
temperature gradient enables each component to reach a certain zone beyond which 
it cannot move because of low vapour pressure. Measuring the distribution of radio- 
activity along the tube provides informatiori conoerning.the composition of the mix- 
ture. In this method, no separation into adjacent zones of pure substances is achieved, 
contrary to the case in chromadistiliation. In addition, in the analysis of trace amounts 
by this method, adsorption plays a greater role than in distillation. In chromadistilla- 
tion, adsorption plays a negative role, resulting in “tailing”. 

THEORj3’ICAL 

A characteristic of chromadistillation is a “regime of resolved components” 
(R.R.C.) forming adjacent zones. Let us assume that a multicomponent mixture has 
been introduced into the inlet end of the tube. If the volatility of the components of 
the mixture is high enough, the carrier gas will carry them along the column. At the 
rear edge of the mixture evaporation of the components takes place, while the exis- 
tence of a temperature gradient provides condensation at the front edge. 

Multiple steps of evaporation and condensation result in the cornpIe’& resoIu- 
tion of the mixture into separate adjacent zones of pure components. The most volatile 
component reaches the detector instantaneously, if the retention time of the “air peak” 
is assumed to be zero. The partial pressure of a component must be equal to the 
vapour pressure of the component at the temperature of the outlet end of the tube. 

Fig. 1 shows the distribution of the components along the column in an R.R.C. 
The zone of the most volatile component spreads from the first moment to the end 
of the tube. The amountj,f the component in a unit voiume of the column (q) will. 
not be constant. 

a 

F$. 1. Distributioti of components on a column in Ibe cbromadisti&& pro=& (a) and tile cm& 
spending chromadistogram ~rded (b). ..- . . -. 
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The ob&& of the theory of ckromadistillation, was in chromatography, are the 
retention-volumes of the components, the velocities of movement of the boundaries 
of zones, and their broadening. It follows that the retention vohune of the most volatile 
component 4 (Fig. 1) is zero. The next component 3 (Fig. 1) witi appear immediately 
titer tiomponent 4:Its concentration in tke detector will be determined by the vapour 
presSure at the temperatntre of the end of the cokrmn. The retention volume of this 
component will be V, = QJC.2, wkere C,O is the saturated vapour pressure of com- 
ponent 4 at the temperature of the end of the column and Qe is-the total amount of 
component 4 in the mixture being analyzed. 

The general recurrent equation has the form 

V R<i--l) - VRi + 

i 

The velocity of movement of the zone boundaries in the R.R.C., as shown by 
the balance, is determined from the equation 

a c,” u, = - 
41 

(2) 

where a is the linear velocity of the carrier gas. 
It has been shown experimentally that with low temperature gradients. qi 

changes comparatively slightly with temperature, which results in an approximate 
equality of the stationa-ry velocity of movement of the assemblage of the zones. From 
the equality of velocities of movement of adjacent components, the following relation- 
ship between the values of 4 on the two sides of the boundary can be obtained: 
Cf/ql = constant. 

The velocity of removal of the most volatile zone depends on the amount of 
the substance leaving the column; here the so-called. “depletion” of the zone of the 
component takes place. Thus a series of steps is recorded, as shown in Fig. 1. 

Tke characteristics of boundary broadening in the R.R.C. are obtained by 
solving the following equations : 

dN, - aC$V2+DC,0--= - 
dx 4,W 

.where Nt denotes the molar fractions (in a liquid) of the adjacent component (i = 
1,2), D is the effective diffusion coefficient and w is the velocity of movement of the 
zone boundaries. Solving these equations yields the following expression for the width 
of the broadened boundary: 

y=H- Y 
I --Y E I I l’Y -31 (3) 

wkere y.=~C~/.C,“, 0 < y % 1 and H = height equivalent to a theoretical plate. 
From eqn. 3, it follows that the minimum value of ,u is 0.5 H. which is sig- 

nifi&ntly iess than in elution chromatography. An equai width is attained in the two 
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methods only wheny approaches 0.95 (at a column length of 1 m). With an incrtise 
in z&e value of-y, 1~ naturally increases too, becoming co.at y .= I. 

A number of new possibilities are provided in chromadistiilation~ through the 
use of pro_mmmed temperature. The range of substances separated in ‘one run is 
extended, the time of analysis is reduced and- an additional -parameter appears, 
namely the rate of temperature increase. The main feature of programmed tempera- 
ture chromadistihation depends on the fact that the temperature at the column &udet 
increases with time and hence the vapour pressure of the emerging componenm also 
increases. As a result, instead of steps, an in&ease in the signal is recorded, which 
changes to a sharp drop in the signal (after the component has been depIeted) down 
to the level of the response corresponding to the va$ur pressure of the next com- 
ponent. This leads to a saw-like chromadistogram. If the sensitivity of the detector 
is the same towards all of the components, the amount of the component in the sampIe 
can be determined from the area of its zone. 

EXPERIMENTAL AND RESULTS 

In order to check the validity of the concepts formulated above and to illustrate 
the possibilities of the new method, a number of experiments were performed. 

Firstly; it seemed important to demonstrate the complete separation of the 
individual components of a mixture in the chromadistillation run. Such experiments 
were carried out with saturated hydrocarbons. The column (2 mm I.D.) was packed 
with steel beads (diameter 0.3-0.4 mm). The liquid sample was either injected with a 
syringe or was blown off from Chromaton N previously packed in an auxiliary U- 
tube placed before the distillation column. A thermal conductivity cell was used as 
the detector. The temperature gradient was achieved in two ways: either a different 
temperature was maintained at the two ends of the column, or the column was made 
up of a number of sections, each of which was maintained at a different temperature. 

Fig. 2 shows a typical chromatogram for a system of saturated C,C, hydro- 
carbons. The column Iength was 70 cm and the temperature along the column was 
varied from 22” to 0”. The completeness of separation was checked by several 
methods: 

(a) A comparison was made between the heights of steps in the chromatogram 
of the mixture and those of the steps obtained by chromadistillation of individual 

Fig. 2. Chromad_&ztagra.m of a C-C, .z-hydrocarbon mixture. Nitrtigen was used as the carrier gzs 
at a floiv-rate of 8.4 m&nin. 
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components. Table I shows-that no doubi is left as to the purity of the substances 
obtained as a 5esult of the separation. 

(b)- A comparison was made of the ratio of artis of the steps in a chroma- 
distiilation run with that of the areas of the corresponding peaks obtained by elution 
analysis of a hydrocarbon mixture. These experiments showed good agreement 
witbin the limits of the accuracy of the experiment. One of a large number-of experi- 
ments made is discussed below_ For the ratio of the peak areas for C&Z, hydro- 
carbons in both chromadist$ation and elution analysis the value of 1.5 was obtained. 
The ratios of areas of the steps for C,-C, and C,-C, hydrocarbons in chromadistilla- 
tion were 2.25 and 1.65, while in elution analysis the values were 2.1 and 1.6, respec- 
tively_ 

TABLE I 

COMPARISON OF THE STEP HEIGHTS IN CHROMADISTILLATION OF A MIXTURE 

AND OF THOSE OF INDIVIDUAL COMPONENG 

Sample Temperature along 
coluI?m ( “C) 

.__ ____.-- 
Mixture of C&Z& n-hydrocarbom 22.4 6.9 2.05 0.65 From 140” to 22” 

22.4 6.9 2.05 0.68 
22.2 6.8 2.05 0.60 
21.6 6.7 2.00 0.60 
21.8 6.7 1.95 0.55 
22.4 6.95 2.05 0.65 

Mevl 22.2 6.85 2.05 0.60 

Individual hydrocarbons 22.1 6.9 2.1 0.60 
__-- 

(c) A comparison was made of the ratio of the step heights obtained with 
helium as the carrier gas with that of the vapour pressures of the components at the 
temperature of the outlet end of the column. The former ratio for C&Z, hydrocarbons 
was found to be 3.24, and the latter 3.42; for C,-C, hydroc;irbons the values were 
3.37 and 3.24, and for C,-C, hydrocarbons 3.38 and 3.40, respectively. 

(d) The efZtuent corresponding to different steps in the chromatogram were 
trapped in a U-tube at the temperature of liquid air and then analyzed by elution 
chromatography. In such experiments significant errors may be caused by the tech- 
nique of sampling used, storage of samples and adsorption on the communication 
lines. These measurements have nevertheless shown that in every zone the content of 
adjacent components did ilot exceed a few p& cent. 

A qualitative analysis by chromadistillation should be made a&ording to the 
step heights, which depend on vapour pressure and, in a more accurate analysis, also 
according to the temperature dependence of the step heights. The use of the properties 
of pure substances rather than those of binary mixtures is an advantage of chroma- 
distillation. 

A quantitative analysis can k made from the areas of the steps and, for known 
:substances, fro& their widths. In the latter case, the function-of the detector can be 
red&d to *the roole of a nu&point instrument. 

A comparison was made between the ccmposition of a C,C, n-hydrocarbon 
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mixtupz (in molar fractions) as &.lcula$.& -fr&r the step:Mdtb and-the.com~osition 
known~from.the amounts of the individual substances used:for pk$arin~ the-mixtrue. 
fn the ~former c&e, fhe contents (vol. “/,) of the component hydrocarbck wek.O.B7S, 
0,238,0.072 and 0.016; res@SiveIy; in the latter case, the values were 0.7$022,0.070.. 
-and 0.013, respectively. ,‘.- .~ 

It should bc noted that chromadistih&ion in the form de&r&cd above cannot 
be used to separate azeotropes. :- 

As no stationary phase is used in chromadistillation, analysis at elevated tem- 
peratures is fa&tated and the use of chromaclisfillatio+ with prc&rammcd tempcrzz- 
ture is justified. fn FI,. *= .3 a chromadistogram of such a run is shotin for a G-C,, 
(&hout C,,) n-hydrocarbon mixture. Helium was u&d aS the carrier gas. The column 
temperature was increased in time, the temperature gradient along the column 
existing during the entire. programming period. The minimum column temperature 
did not exceed 150”. The detector temperature was 160”. 

C9 

Fig. X Chromadistognm of 2 ma (without C,,) n-hydrocarbon xnkture obtied h & &%- 
gxammed temperature run. ISeli” was used as the carier gas at a fiow-rate 6f f33 mi[mini-~ 

.In Fig. 4 an analogous chromadi&o,&am for a C&,i khydrocarb.oti~mkre 
is shown. A quantitative determination was made-from the.areas of the cksponding 
peaks. Table IT gives a comparkon of the ratios of peak a&as in -progiz&med .tem- 
perature distillation and in elution runs. In fhe elution analysis, squalane (25-x, w/w) 
was us& as the:stationaryphase. 

.-. 
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Fig. 4. Chmmdis:~gram of a wz n-hydrocarbon mixture obtained in a programmed temperature 
run. ESeIium was used as the carrier gas at a ffow-rate of 31.5 ml/min. 

TABLE II 

COkWARISON OF THE RATIOS OF PEAK AREAS IN PROGRAMMED TEMPERATURE 
CHROMADISTILLATION AND IN ELUTION RUNS 

,WeZhoti 

ChromadistiNation 

Elution analysis 

Mtkfure R&i0 of peak areas 

G/G G/GO GGC cldc10 

crc, hydracarbons 1 .os 1-W 0.78 0.68 
1.00 1.07 0.81 035s 
0.95 1.03 0.91 0.73 

0.95 0.98 0.91 0.72 

Chro~adistillation also offers new possibilities for determiniilg the thermo- 
dymkic character&&s of solutions and for the analysis of impurities_ 

CONCLUSICiNS 

A methoafor $he resolutioti of mix&s has ken developed involving multiple 
-diMlation under chromato&aphic conditions (chro~adistillation). The separation of 
mixtures @to-adjacent zones of pure components has been proved experimentally; 
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