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ABSTRACT OF THE DISCLOSURE 

Chromatographic separations are carried out at ?ow 
velocities above an in?ection point in the graphical repre 
sentation of plate height against velocity caused by the 
onset of convective ?ow phenomena. Various improved 
column constructions serve to attain convective ?ow 
at lower ?ow velocities and to achieve a favourable re 
lationship of column capacity and ?ow velocity. These 
include baffles in open tube as well as packed columns 
and an optimalised ratio of particle size to tube diameter. 

CROSS-REFERENCES TO RELATED PENDING 
APPLICATIONS 

This is a continuation-in-part of Ser. No. 548,900 ?led 
May 10, 1966 and Ser. No. 598,365 ?led Dec. 1, 1966, 
which by reference thereto are to be considered as part 
of this disclosure. 

BACKGROUND OF THE INVENTION 

The present invention relates to chromatography. 
It has been known for some time that for most chro 

matographic separations there exists a typical relation 
ship between relative speed of movement between the 
phases on the one hand and that factor of separating 
e?iciency of the column or equivalent ‘which is usually 
expressed in terms of theoretical plate height on the other 
hand. As a general rule it is found that this aspect of 
efficiency improves with speed initially, reaching an 
optimum at a comparatively low speed manifested by a 
minimum of theoretical plate height whence the theoreti 
cal plate height increases again. 

Hitherto it was believed that any speed increase beyond 
the aforementioned optimum would invariably be ac 
companied by a correspondingly increased and rapidly 
becoming unacceptable plate height, and accordingly it 
was considered advisable to adjust one’s separating con 
ditions as closely as possible to the said optimum, com 
patible with reasonable speeds of operation. 

It is one object of the invention to provide a chroma 
tographic separating process which can be adapted to 
produce very rapid separations in a given system by 
comparison with the same system employed under con 
ventional conditions and in some cases permitting the 
shortening of separating times by one or more orders 
of magnitude. 

Alternatively it is an object of the invention to allow 
the attainment of improved separations by permitting 
the use of a larger number of theoretical plates in a given 
separating time and/or by the bene?cial effect of im 
proved radial mixing of the material forwarding phase 
in a direction transverse to the direction of nett ?ow. 
We have now found surprisingly that, contrary to 

previous teachings, reduced theoretical plate heights may 
be experienced once again if the speed is increased be 
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yond a certain limit, subject to certain conditions which 
may be realised in many chromatographic systems. Under 
those conditions it is sometimes possible to attain sepa 
rating e?iciencies of a quite acceptable quality, some 
times of the same order as at the ?rst mentioned optimum 
but at very considerably higher operating speeds. In gas 
chromatography separation times may be shortened by a 
factor of 10; in liquid chromatography the time may be 
shortened by as much as 104 in spite of longer columns 
in some cases. 

Moreover, ‘we have established that these conditions 
are capable of practical realisation and have explored 
the factors necessary for the attainment of practical 
bene?ts. 
We have even established that advantages are attain 

able at unusually high ?ow velocity even if there is no 
actual or pronounced decrease in plate height but merely 
an in?ection in the curve of plate height against velocity. 

SUMMARY OF THE INVENTION 

Thus, in accordance with the present invention a chro 
matographic separating process is carried out in a chro 
matographic system comprising a tubular passage con 
?ning a retarding phase and a material forwarding phase, 
of which at least the latter ?ows through said tubular 
passage, and a material to be separated in phase inter 
change between said phases, individual parts of the re 
tarding phase being restrained throughout said inter 
change against movement relative to the overall state 
of movement of the retarding phase in respect of said 
passage and further comprises: 

(a) Adjusting the relative overall ?ow velocity between 
the phases to a value in excess of the velocity correspond 
ing to the onset of convective ?ow phenomena in the 
forwarding phase, apparent by a downward in?ection in 
the graphical representation of plate height against veloc 
ity, and 
(b) Carrying out the chromatographic separation at 

the velocity so adjusted. 
The expression “restrained against movement” does not 

necessarily entail any special measures except in those 
cases where the movement of the forwarding phase would 
otherwise tend to carry along or displace parts of the 
retarding phase beyond a limit exceeding the order of 
magnitude of the plate height of the system in the absence 
of such displacement. An example where special meas 
ures are necessary is vwhen operating under ?uidised bed 
conditions. 
We employ the term “relative ?ow” because the in 

vention is applicable in principle to countercurrent oper 
ations, in particular continuous chromatographic sepa 
rations carried out with both phases moving in opposite 
directions. 
However, the invention is also particularly advan 

tageously and comparatively easily applied to systems in 
which the retarding phase (e.g. a solid phase or a liquid 
phase retained by a solid support or a gel) is stationary, 
whilst the other, the material forwarding phase (e.g. a 
gas, vapour or liquid phase) is mobile. 
The last-mentioned, conventional type of system may 

be employed using the features of the present invention 
to achieve chromatographic separations in seconds which 
previously required minutes or even hours. For analyti 
cal purposes this is a great advantage, particularly when 
applied to process control in industry, since the rapid 
analytical results can be applied almost instantly to take 
corrective measures where necessary. 

Thus, the method can be adapted to process control 
in the oil and gas manufacturing, re?ning and processing 
industry, e.g. in petrochemistry, hydrocarbon synthesis, 
polymer manufacture and many other organochemical 
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industries. The method is also applicable to various in 
organic processes in which the materials being processed 
are amenable to chromatographic analysis, including the 
analysis of ?ue gases in metallurgical processes, e.g. steel 
re?ning. 

Another aspect of the invention is the vastly increased 
throughput attainable with a given column or the like, 
rendering chromatography suitable for separations on 
a preparative scale vwhere such was previously un 
economical. 

In principle the invention is applicable to open tube 
columns as well as randomly or uniformly packed 
columns, baffled columns or any other type of column, 
but it will be understood that the optimum conditions for 
gaining the maximum bene?t of the invention will differ 
for each type of column. 

Whether the “convective ?ow phenomena” correspond 
to true turbulence in the narrowest scienti?c sense or not, 
the result in mainly twofold: ?rstly there is a dramatic re 
duction in the resistance to mass transfer in the forwarding 
phase. Secondly as these convective ?ow phenomena be 
come more noticeable and column wide they ?atten the 
velocity pro?le to counteract such effects as “?ngering” 
in packed systems and wall effects. 

However, for the convective ?oW phenomena to the 
utilisable with advantage it is not essential for their pres 
ence to be apparent by a pronounced maximum. Where 
other contributions to plate height, e.g. that of the retard 
ing phase are high, the maximum may be replaced by a 
mere inflection, which need not always be very prominent. 
Even so worthwhile advantages may accrue from exceed 
ing the ?ow velocity at which the said convective ?ow phe 
nomena become a dominating factor determining the 
extent of transport of solutes transverse to the direction 
of nett ?ow, since this effect tends to improve the perform 
ance also of columns of larger diameter, as the eddy cur 
rents become column rwide. 

Since the performance of chromatographic systems is 
governed by no less than twenty parameters it is very 
di?icult to lay down ?xed rules valid for all conceivable 
cases. Broadly speaking there are two main applications: 
analytical (becoming i.a. increasingly valuable for pur 
poses of process control) and preparative (suitable i.a. for 
the manufacture of pure chemical substances and their 
intermediaries). 

Where the chromatographic separation is applied to 
analysis, the analysis time is the primary consideration 
and preparative e?iciency (throughput capacity) is of 
minor importance, because of the very high sensitivity of 
modern chromatographic detectors. The analysis time 
is by approximation linearly proportional to the total 
plate height divided by the velocity and at high velocities 
the plate height in turn becomes the product of the velocity 
and the sum of the resistances to mass transfer in the two 
phases. Therefore in analysis at least (although such is 
also possible in some cases in preparative work) and at 
the expense of some of the analytically unimportant 
throughput capacity, the contribution to mass transfer in 
the retarding phase (which in analytical chromatography 
will invariably be stationary) is limited to depress the 
graphical representation of plate height against velocity 
to at least a plateau, the separation being carried out under 
conditions corresponding to a point on such plateau. 

In open tube columns or columns of similar character 
istics it is almost invariably feasible, but even in packed 
columns, particularly in analytical packed columns, it 
will often be possible and will then be preferred to limit 
the mass transfer resistance in the retarding phase to a 
value where the said graphical representation beyond said 
in?ection reaches a maximum and then the separation is 
carried out under conditions beyond said maximum. 

Particularly favourable results for analytical purposes 
are obtained by packing capillaries of between 1 mm. 
and 0.2 mm., say 0.5 mm. internal diameter with par 
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4 
ticles of which all three dimensions are substantially of 
the same order, in particular spherical beads having a 
diameter of between 2/3 and 1/s the internal capillary 
diameter, and comprising a stationary phase and carrying 
out the separation as aforesaid in such system, more par 
ticularly by passing therethrough a forwarding phase at 
said velocity in the region where convective flow phenom 
ena prevail. 

Particles other than perfectly spherical beads may be 
employed, the three dimensions of which are at least ap 
proximately equal, through beads are preferred. 

‘Such packed capillaries are considered to fall within the 
scope of the present invention. 
The columns combine some of the most favourable 

characteristics of open capillary columns with consider 
ably improved capacities and the feature that the favour 
able convective ?ow phenomena occur at considerably 
lower flow velocities. These columns are also particularly 
advantageous for use with a liquid stationary phase, pro— 
vided that measures are taken to mitigate a serious cause 
of resistance to mass transfer in the stationary phase, 
namely, the tendency of liquids to form wells or puddles 
in the nips between adjoining particles or between the 
particles and the tube wall. This may be achieved, for 
example, if the particles have a porous surface texture, 
e.g. are graphite coated in a manner known per se, or if 
the nips between adjoining particles and between the par 
ticles and the tube wall are ?lled by a solid bonding sub 
stance, e.g. by sintering of the particles themselves, or 
with a suitable resin such as epoxy resin or, where the 
beads are metallic (e.g. copper) by ?rst tinning the beads 
and then after the column has been packed, heating the 
column to cause the packing to become soldered together 
in the said nips. 
The optimum ?lm thickness in packed systems is a 

function of the dimensions of the solid portions of the 
packing, i.e. the dimensions of the particles in the case of 
packed particle beds. It is now found that, for example in 
the case of preparative chromatography, in particular gas 
chromatography an advantageous relationship of ?ow 
velocity to optimum practically obtainable ?lm thickness 
is attainable at moderate pressure drops through the bed 
when the packing particles are unusually large, more par 
ticularly preferably larger than 3 mm., more particularly 
larger than 5 mm., preferably between 5 mm. and 5 cm. 
in diameter, say, substantially in the range of between 7 
mm. and 20 mm. in diameter. 

Again, particular advantages are attainable if the tube 
internal diameter is between 1.5 and 5 times the particle 
diameter, but in excess of 5 mm. 
When considering such a system it will be realised that 

the major contribution to the pressure drop is caused by 
the obstructions formed by the large particles themselves 
and that there exists a comparatively unfavourable ratio 
of the volume of solid packing to the available surface 
for acting as a support of the retarding phase. With parti~ 
cles of the order of magnitude just referred to it now in 
accordance with a further aspect of the present invention 
becomes quite feasible to employ packing bodies having 
a substantially greater available surface area and/or a 
smaller impervious cross-section than solid spherical parti 
cles of the same average diameter. Thus, it is now pro 
posed to employ, for example, Raschig rings, saddle 
packings and similar open-structure packing particles in 
the aforesaid particle range for the packing of chromato 
graphic apparatus in a manner substantially analogous to 
packed distillative columns and to carry out chromato 
graphic separations on retarding phase supported on such 
packing. 
As a further development of the aforesaid concept ap 

plicable to systems where the voids between particles are 
substantially larger than the maximum ?lm thickness 
capable of being held stationarily by the surface of the 
particles, more particularly where the retarding phase is 
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liquid, it now becomes possible to continuously apply to 
the top of a column or equivalent such liquid retarding 
phase at a rate designed to maintain a ?lm of retarding 
phase continuously ?owing downwards under gravity over 
the surface of the bed packing, said ?lm thickness being 
less than would ?ll the voids between the packing parti 
cles or equivalent. It is now possible to cause the develop 
ing phase to flow through the packing in the same direc 
tion as the retarding phase but at a higher velocity for 
batchwise chromatographic development with a retarding 
?lm thickness larger than is normally attainable. How 
ever, in accordance with the preferred embodiment, chro 
matographic development takes place in counter current 
to the direction of ?ow of the retarding phase and the 
mixture to be chromatographed is introduced continu 
ously intermediate between the localities of introduction 
of the retarding phase and the developing phase respec 
tively, thereby to achieve a continuous chromatographic 
separation. 

Referring now once again to chromatography in packed 
columns in general, it may in some cases not be practical 
or economical to develop the chromatogram at a ?ow 
velocity high enough to achieve the said convective ?ow 
effect, without additional aids. The invention in that case 
provides for baffles to be included in the packing extend 
ing transverse to the direction of ?ow of the developing 
phase, each providing a plurality of apertures substan 
tially uniformly distributed over the cross-section, both 
the apertures and the spacings between adjoining aper 
tures being of a larger order of magnitude than the order 
of magnitude of the obstructions formed by the packing, 
e.g. the packing particles. 
More particularly, in accordance with the preferred 

embodiment the apertures in successive ba?les are in 
staggered relationship to one another, i.e. out of axial 
alignment. The purpose of this arrangement is once again 
to force the developing phase repeatedly and convective 
ly into a direction of ?ow transverse to the nett direction 
of ?ow, thereby to ?atten the overall streaming pro?le in 
the apparatus. In this manner, in particular in the case 
of large diameter columns, say, columns larger than 10 
cm. in diameter, more particularly larger than 20 cm. in 
diameter, it is possible to achieve more advantageous 
transverse mixing effects than when using successive baf 
?es designed to produce alternatingly a single axial pas 
sage followed by a single peripheral passage and vice 
versa, Where the packing also is present between all suc 
cessive ba?les. 
Our said main patent application Ser. No. 548,900 

deals in some detail with chromatography in open tubes. 
In addition to that disclosure it has now been established 
that the optimum ratio of effective ?lm thickness to tube 
radius is between 0.1 and 0.01 in particular for prepara— 
tive purposes. However, in average cases the maximum 
attainable stable ?lm thickness is of the order of 10*3 
cm. which means that the maximum tube radius for opti 
mal ?lm thicknesses is between 10-1 and 10-2 cm. Thus, 
a further aspect of the invention deals with various means 
of overcoming this practical limitation. Thus it is pro 
posed in open tubes to employ tube walls having a whisk 
ered or furred internal surface texture adapted to re 
tain a heavier stable ?lm than would otherwise be possi 
ble. A further development of this concept provides for 
the inclusion inside the tubes of baf?e formations specially 
adapted not only to lower the linear velocity at which the 
convective ?ow phenomena become effective but also to 
hold a greater thickness of retarding phase, more particu 
larly by being wholly or partly in the form of shallow 
trays, preferably in combination with de?ecting means 
adapted to guide the flow of the developing phase over the 
layers of retarding phase maintained in said trays. This 
may, for example, be achieved by arranging successive 
trays in staggered relationship, e.g, similar in pattern to 
the ba?les described further above for packed columns. 
The concept referred to further above in the context 
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6 
of large diameter particle packings of providing thicker 
than normal ?lms of retarding phase by allowing such 
?lms to flow gradually under gravity may also be applied 
to open tubes or modi?ed open tubes as just described. 
Where transverse ba?les are provided in such tubes, they 
may be suitably inclined to induce the gradual ?ow of a 
comparatively thick ?lm of retarding phase down the bat 
?es and from one battle to the next down the column. 
For the purpose of providing a retarding phase ?lm 

in movement relative to its support it is not essential to 
rely wholly or in part on gravity. A similar effect may be 
attained by centrifugal force, e.g. by employing rapidly 
spinning discs as ba?les. 
A particular aspect of the invention deals with carrying 

out chromatographic separations at relative flow veloci 
ties so high that the retarding phase in the form of or sup 
ported on solid or solid-like particles is maintained in a 
condition less dense than its loosest settled condition and 
with apparatus for that purpose. 
Thus one apparatus in accordance with the invention 

comprises at least one column subdivided by partitions 
pervious to the forwarding phase and impervious to the 
retarding phase and transverse to the direction of flow of 
the forwarding phase into a plurality of column sections, 
each having a length not exceeding the order of magni 
tude of the column diameter and comprising column pack 
ing material in said sections which in the fully settled con 
dition of the packing material leaves a space devoid of 
packing material between one section of packing material 
and the next. 
A further apparatus in accordance with the invention 

comprises a ?rst upright column, adapted to contain a 
bed of particulate material comprising the retarding phase 
in a dense phase, expanded, non-turbulent, free-?owing 
condition, a ‘bed support pervious to the forwarding phase 
and impervious to the retarding phase at the bottom of 
said ‘?rst column and an inlet for forwarding phase below 
the bed support, an outlet for forwarding phase con 
taining a separated fraction above said bed support, in 
termediate between the bed support and said outlet for the 
forwarding phase, an inlet for material to be separated, 
means for Withdrawing retarding phase from a locality 
‘below the inlet for the material to be fractionated, and 
means adapted to receive the retarding phase thus with 
drawn, removing therefrom a further separated fraction 
and returning the retarding phase to the top of the said 
?rst column. 
The invention may be applied to the separation or 

concentration of substantially all substances inherently 
capable of chromatographic separation or concentration 
and is adaptable to virtually any known type of chroma 
tography, e.g. liquid-liquid partition chromatography (in 
cluding reversed phase), liquid-solid chromatography 
(where the solid phase may be an adsorbent), ion ex 
change chromatography, gas liquid chromatography or 
gas solid chromatography. 
The process may be applied to the separation, concen 

tration or puri?cation of pharmaceutically active sub 
stances, e.g. hormones, vitamines, alkaloids, antibiotics, 
or essential oils, or of inorganic substances‘, eg the rare 
earths, puri?cation of uranium, separation of ?ssion prod 
ducts for the recovery of valuable substances therefrom, 
chromates, recovering of noble metals, e.g. gold, etc. 

Pipelines adapted to function as chromatographic ap 
paratus are considered as falling within the scope of the 
invention. 

Having now de?ned the invention in general terms, the 
following description, partly with reference to the draw 
ings and by way of example will serve to explain the in 
vention in greater detail. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 represents diagrammatically the relationship of 
reduced plate height to ?ow velocity for liquid and gas 
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chromatography carried out in packed and open tube col 
umns. 

FIGS. 2 to 5 represent in vertical longitudinal section 
various modi?cations of open tube chromatographic col 
umns designed for the retention of increased thicknesses 
of retarding phase and to induce convective ?ow phenom 
ena at reduced ?ow velocities; 

FIGS. 6 to 8 represent views similar to FIGS. 2 to 5 of 
further developments of the concept for a moving ?lm 
of retarding phase, e.g. for continuous chromatography; 
and 

FIGS. 9 to 12 represent similar views of improved em 
bodiments in accordance with the invention of packed col 
umns. 

FIG. 13 represents diagrammatically the employment 
of a powder-packed column in accordance with one em 
bodiment of the invention; 
FIG. 14 represents diagrammatically an apparatus for 

continuous chromatography in accordance with the in 
vention; 

FIG. 15 represents diagrammatically another apparatus 
in accordance with the invention for carrying out chroma 
tographic separations under ?uidised bed conditions. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to FIG. 1, the ordinate is the reduced plate 
height h, a convenient dimension-free parameter equal to 
the true plate height over the particle diameter dp in 
packed columns or the tube radius r in open tubes. The 
abscissa represents the ?ow velocity in terms of a type 
of Reynold’s number Re, de?ned as the product of parti 
cle diameter (or tube diameter respectively) and linear 
velocity divided by the kinematic viscosity. 

Curve A represents the typical shape of the curve for 
liquid or gas chromatography in open tubes whilst curve 
B illustrates the same for packed columns. No scale has 
been entered in either the abscissa or the ordinate because 
the precise positions of the points of the curves will vary 
widely depending on many parameters requiring no dis 
cussion for the present purposes. FIG. 1 merely serves 
to illustrate certain trends which are in common to a large 
variety of chromatographic systems but subject to con 
siderable variation in detail. Both curves have a minimum 
a well down in the typical laminar ?ow region. The con 
ventional operating range is in the vicinity of that mini 
mum. 

Curve A then rises to a pronounced and fairly sudden 
maximum b. Depending on the precise details of the 
system there may or may not be a noticeable downward 
in?ection of the curve before point b. Otherwise point b, 
the maximum, coincides substantially with the in?ection 
point. The operating range in accordance with the inven 
tion is on the right hand side of the in?ection point, in this 
case point b, from where the curve ?rst falls rather steeply 
and then gradually ?attens out. In other words, after a 
certain velocity has been reached no further depression of 
the plate height due to convective ?ow phenomena can be 
achieved, and in fact other contributions to total plate 
height may result in the curve rising again. As long as the 
plate height curve does not rise too steeply an increase in 
velocity will still result in a shortening of the analysis time 
which is proportional to the plate height and inversely 
proportional to the velocity. A practical limit is, however, 
set by the possible expense and technical problems in 
volved in increasing the velocity further. For analytical 
purposes particularly it is possible to keep the resistance 
to mass transfer in the retarding phase very low, which 
means that the curve will follow the general idealised 
shape fairly closely. 

Referring now to curve B this illustrates in a some 
what idealised form the general shape of curve to be ex 
pected with liquid or gas chromatography carried out in 
ordinarily packed columns (the terms “packed bed,” 
“packed column” or “packing” being employed in this 
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8 
speci?cation in the wider sense to include beds of packed 
particles as well as integral porous packings, such as 
packings having a foam structure such as those forming 
the subject of our application Ser. No. 598,365). 

Curve B has an in?ection point at c which indicates 
the onset of convective ?ow phenomena, as well as the 
lower limit of the velocity range in which the process in 
accordance with the invention is carried out. Provided 
the resistance to mass transfer in the retarding phase is 
limited sufficiently curve B will ?atten out after point c 
to a plateau, corresponding to the range of conditions at 
which the process is preferably carried out or as shown 
in the drawing will even reach a maximum at d, the 
process then being preferably carried out under condi 
tions corresponding to those on the right hand side of 
point d. 
The resistance to mass transfer in the retarding phase 

can be limited by favourable textures of the surfaces occu 
pied by the retarding phase, in particular the avoidance 
of deadend pores and similar surface features tending 
to trap the substances being separated and by keeping 
the ?lm thickness of the retarding phase (particularly in 
the case of liquid or gel-like retarding phases) below 
predeterminable limits. 
The use of the systems which will be described further 

below with reference to the remaining figures of the 
drawing, in particular those in accordance with FIGS. 3 
to 12 will generally have the effect of moving the in?ec 
tion point and/or the maximum further to the left of 
the graph. Certain features to be described with refer 
ence to FIGS. 10 and 11 will furthermore have the effect 
of reducing the resistance to mass transfer in the retard 
ing phase, whilst in addition the remaining features of 
FIGS. 10 to 12 will tend to produce a curve which in 
general character is likely to be intermediate between 
curves A and B. 

Referring to FIG. 2, the column walls 1 of an open 
tube column are internally covered by a layer 2 of a 
whiskered or furred texture adapted to retain a layer 3 
of liquid or gel-like retarding phase to improve the film 
holding characteristics of capillaries. Such whiskers may 
for example be produced in copper tubes or tubes hav 
ing an internal copper surface by oxidation under strongly 
alkaline conditions in a manner known per se with an 
oxidizing agent such as sodium chlorite, preferably in the 
presence of cyanide ion. The purpose is to increase the 
capacity of open tube columns without of course exceed 
ing a limit of the ?lm thickness above which the resist 
ance to mass transfer in the retarding phase outweighs 
the advantages gained by operating at high ?ow velocities. 

Referring to FIG. 3, the column walls 4 circumscrib 
ing a column space which, in plan view, is preferably 
rectangular or square, hold in place transverse ba?le 
formations in the form of horizontal trays 5 arranged in 
staggered relationship to force the ?ow of the develop 
ing phase along a zig-zag path across the entire surface 
of the successive trays holding a predetermined thickness 
of retarding phase layer applied thereon. The ?ow velocity 
is adjusted to a value where the convective ?ow phe 
nomena (eddies) extend across the entire tube cross 
section and below a limit at which the calculated re 
sistance to mass transfer in the retarding phase exceeds 
that in the mobile phase. 

In accordance with FIG. 4 the column 6 comprises 
annular ba?les 7 in peripheral contact with the column 
wall and each comprising a central aperture alternating 
with tray-shaped ba?les dimensioned to leave an annular 
passage all around the tray. The direction of ?ow of the 
developing phase is indicated by an arrow. It is possible 
for retarding phase to be applied to both types of baf?es. 
However, in accordance with the preferred embodiment 
the retarding phase application is limited to the top of 
baffles 8, thereby to gain the advantages in accordance 
with our application. 

In FIG. 5 the column 9 is traversed by closely spaced 
horizontal transverse ba?les 10, each in the form of discs 
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spanning the entire column cross-section, each perforated 
by a plurality of apertures 11 which, in successive baffles, 
are relatively staggered as shown. The upper margins of 
the individual apertures 11 are formed by raised edges 12 
to prevent the off-?ow of retarding phase covering the 
upper surface of each ba?le. The direction of ?ow of 
the developing phase is downwards as indicated by an 
arrow. 

Referring now to FIG. 6, an open tube column 13 is 
internally provided with spiralled grooves and webs 14 
serving as baffle formations. In use liquid retarding phase 
is applied to the top end of the column and caused to 
flow down the column gradually whilst essentially fol 
lowing ithe spiral path prescribed by grooves 14. Thus 
the ?ow of the retarding phase is downwards as indicated 
by arrow 15 whilst in accordance with a preferred man 
ner of using this column, the ?ow of developing phase is 
upwards as indicated by arrow 16, thus allowing chro 
matography to be carried out in counter current and, if 
desired, continuously in accordance with principles known 
as such. More particularly the mixture to ‘be separated is 
introduced continuously, the ?ow rate of the retarding 
phase is adjusted to a value intermediate between the rates 
of advance relative thereto of two fractions to be sep 
arated and said fractions are withdrawn continuously at 
separate localities on opposite sides of the locality of in 
troduction of the mixture in the directions of ?ow. 
According to substantially the same principle the ap 

paratus in accordance with FIG. 3 has been modi?ed 
in accordance with FIG. 7. The ba?les 17 lack an up 
turned edge and are slightly downwardly inclined there 
by allowing retarding phase to ?ow downwards along the 
baffles and from one ba?le to the next as indicated by 
arrows 18. The developing phase is guided in counter cur 
rent in the general opposite direction (arrow 19). 

FIG. 8 represents an apparatus similar to that of FIG. 
7 but in addition incorporating some of the concepts of 
FIG. 5, namely the feature that the flow 20 of the de 
veloping phase is essentially upwardly directed through 
apertures 21 in ba?les 22, said apertures having raised 
upper edges to prevent the ?ow 23 of retarding phase 
through such apertures. The baffles 22 terminate at their 
downward end close to the column wall 24. Accordingly 
the dominating ?ow pattern in accordance with FIG. 8 
is counter current with a superimposed cross current on 
each baffle. 

Referring now to FIG. 9, the column 25 is entirely 
?lled with packing 26. The column and packing are tra 
versed at brief intervals by a succession of ba?ies 27 pro 
viding a staggered arrangement of evenly distributed aper 
tures 28 substantially similar to the pattern in FIG. 5 
and substantially larger than the pores in the packing. This 
serves to lower the overall velocity at which column wide 
eddies are formed. 
As a further development of the concept in accordance 

with FIG. 8, all baffles 22 may be inclined in the same 
direction, collecting channels being provided at the bot 
tom end of each ba?le for collecting the retarding phase 
and guiding it to the top of the next lower baffle. In this 
manner optimum use is made of the concentration gradi 
ent achieved along the length of each baffle. 

Referring now to FIG. 10 the column wall 29 is tubu 
lar and has a diameter do. It is packed with particles 30 
of substantially uniform size and which are substantially 
equally large in all three dimensions and in the exam 
ple shown are substantially spherical and have a di 
ameter dp. dc is between 1.5 and 5 times dp. For analyti 
cal purposes the internal column diameter is between 
0.2 mm. and 1 mm, preferably 0.5 mm. For prepara 
tive purposes the tube diameter is larger than 5 mm. 
and the particle diameter is larger than 3 mm., prefer 
ably between 5 and 50 mm., more particularly between 
7 and 20 mm. The beads may be coated with a solid ad 
sorbent in a manner known per so. They may also be 
coated with a sol of the stationary phase for increased 

15 

25 

30 

35 

40 

60 

75 

10 
capacities. They may also ordinarily be coated with a 
liquid retarding phase. However, in that case steps should 
be taken to lower the resistance to mass transfer in the 
retarding phase resulting from the accumulation of re 
tarding phase in the nips between the particles and be 
tween particles and column wall. This is achieved if beads 
30 are selected having a porous surface texture, eg at 
tained by graphitising the surfaces of glass beads. 

Referring now to FIG. 11 the arrangement is substan 
tially the same as in FIG. 10, except that the nips 31 just 
referred to have been ?lled up with a solid bonding sub 
stance before the application of the retarding phase. The 
bonding substance may, ‘for example, be a resin applied 
to the beads, e.g. after packing, in liquid form and which 
then occupies preferentially the nips (as would other 
wise have happened with the liquid retarding phase) and 
remains there after the resin has set. Substantially the 
same result may be attained by sintering the particles and 
column walls together after packing, the bead material 
itself then providing the bonding substance. According to 
yet another variation the particles are metal shot par— 
ticles, e.g. of ?ne copper or brass or bronze shot, which 
are thoroughly cleaned with acid and then thinly coated 
with molten tin. The tinned beads are introduced into an 
internally similarly tinned copper capillary which is then 
heated above 'the melting point of the tin, preferably in 
an inert atmosphere and cooled again as a result of which 
the whole packing structure becomes soldered together. 

Refer-ring to FIG. 12 the arrangement is similar as in 
FIG. 10 except that for preparative chromatography the 
beads 30 are replaced by ‘Raschig rings 32. Other equiv 
alent open structure particles, i.e. particles providing a 
higher porosity than solid beads may also be used. 

It has been shown further above that the resistance to 
mass transfer in the retarding phase, whenever possible 
should be kept as low as feasible. This is achieved by 
choosing the lowest practical effective ?lm thickness in the 
retarding phase such that the concentration distribution 
coefficient in a given system is high, e.g. of the order of 
of 1000 in the case of gas chromatography and 100 in the 
case of liquid chromatography. 

In typical examples the relative velocity at a, i.e. in 
the vicinity of the ?rst minimum of the curve is of the 
order of 5 crn./sec. when using a gas as the forwarding 

" phase, and that is the order of velocity generally employed 
in gas chromatography. The velocity in regions corre 
sponding to conditions preferably employed in accord 
ance with the invention differs very considerably, depend 
ing on the nature of the column employed (and to some 
extent on the gas). Using an open, smooth walled pipe 
of 10 mm. diameter, the velocity will be of the order of 
2000 cm./sec. Using a 1 mm. capillary, the velocity be 
comes of the order of 100,000 cm./sec. In both cases the 
plate height will approach the value of the pipe diameter 
under thoroughly turbulent conditions provided the re 
sistance to mass transfer in the retarding phase is suffi 
ciently low. 

Using liquid forwarding phases, different values for the 
velocities will apply, depending particularly on the viscos 
ity of the liquid. 

Besides by the baffles and like means described further 
above the velocities required for the desired low plate 
height can be reduced if desired for any reason by placing 
judiciously spaced obstructions in the path of the for 
warding phase. By judiciously spaced We mean that the 
spacing does not exceed substantially the distance over 
which the turbulence inducing effect of the obstruction 
is effective. For example, struts, e.g. of wire, may be in 
serted in the tube. The obstructions may also be attached 
to one or more longitudinal wires, rods or ?laments pro 
vided inside the pipe, e.g. in the nature of barbed wire 
strands. The columns may include wire gauze structures 
of a similar nature as are employed for certain distilla 
tion columns. 
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Grooves or ridges, preferably transverse to the direction 
of flow may also be provided in the walls to induce turbu 
lence. 

All of the above simultaneously help to increase the 
surface area available to the retarding phase. 

Vibrations, in particular ultrasonic vibrations may also 
be used to induce turbulence at a lower velocity, if for 
any reason a very high velocity creates problems, e.g. if 
in a given system the kinetics of exchange constitute a 
limiting factor, and quite generally to produce advanta 
geous effects. 

It is possible to determine the individual contributions 
to plate height separately. The contribution resulting from 
the forwarding phase alone (including ?ow pro?le effects) 
may be measured in a known manner when retention is 
excluded. The total theoretical plate height may also be 
determined in known manner, and the difference between 
the two is equivalent to the contribution of the retarding 
phase. 

In order to keep the contribution of the retarding phase 
as low as possible it is advantageous to employ a retard 
ing phase in which material exchange is con?ned to the 
immediate vicinity of the surface. This condition is ful 
?lled for example by many solid adsorbents (particularly 
non-porous adsorbents like metals, glass, or porous sub 
stances substantially devoid of blind pores, e.g. some 
types of activated charcoal, alumina, silica gel, molecular 
sieves and even organic polymers, e.g. cross-linked poly 
mers of styrene, divinyl benzene or their derivatives or 
inter-polymers); thin liquid ?lms and thin layers of ion 
exchangers. Such thin ?lms should preferably not exceed 
10"3 cm. and be preferably not in excess of 10-4 cm. In 
the case of ion exchangers monomolecular layers of ion 
exchanger are feasible and preferred. For example, syn 
thetic ion exchanger ?lms on a support may be employed 
(e.g. produced by polymerisation of divinyl benzene sty 
rene to form a thin ?lm on a support, followed by sul 
phonation). It is also possible to subject the surface of 
plastic capillaries or powders, e.g. polyethylene or poly 
vinyl chloride to sulphonation. 
The aforesaid applies equally to open tube and packed 

columns. 
Not only in the case of open tube columns but also 

in packed columns it is desirable for the eddies of the 
forwarding phase to extend over the entire column width. 
This not only serves to assure thorough contact of all 
parts of the forwarding phase in a minimum of time with 
the retarding phase but also ?attens the ?ow pro?le of the 
forwarding phase due to the advantageous effect of 
thorough radial mixing. Advantageously complete radial 
mixing should take place repeatedly and within distances 
not exceeding the order of magnitude of the column or 
passage diameter. This can be achieved, for example, solely 
by means of the effect of thorough turbulence, although 
it may be aided by vibrations as mentioned further above 
or various mechanical means, some of which will be re 
ferred to below in different contexts. 

Because of the high speeds inherent in the process it 
becomes practical to carry out chromatographic separa 
tions in pipelines which, in accordance with the invention 
are specially adapted as chromatographic separating ap 
paratus, thus combining chromatographic separations, e.g. 
puri?cations of materials, with the step of conveying 
such materials from one locality to another distant local 
ity. It has been observed that when employing the con 
ditions herein speci?ed in an unpacked tube, the walls 
of which comprise a surface serving as a stationary phase, 
the theoretical plate height equals by approximation the 
diameter of the tube. It will thus be readily understood 
that a pipeline a foot or more in diameter and several 
miles long corresponds to a considerable number of 
theoretical plates and allows difficult separations to be 
achieved on large volumes of material in a reasonable 
time. Elution development types of separation may, for 
example, be carried out semicontinuously by introducing 
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the solute material to be separated pulsewise in the form 
of slugs; in the manner an ef?ciency corresponding to 
about 85% of fully continuous operation may be attained 
in a quite uncomplicated manner. 
The comparatively low chromatographic capacities of, 

pipe-lines in which only the pipe wall inner surface is 
available for material exchange sites of the stationary 
phase is no great disadvantage in those cases where a 
valuable substance present in low concentration is to be 
enriched or isolated or where a minor contaminant is to 
be removed from a material to be puri?ed. Such separa 
tion problems are quite frequent. Pipe walls may, how 
ever, be treated or coated in manners known per se to 
increase the speci?c surface area. 

Enrichment or isolation of a valuable minor com— 
ponent is possible by frontal analysis, a technique which 
is particularly interesting commercially when applied to 
pipe-lines in those cases where the medium employed to 
purge the pipe-line between successive separations is itself 
also a substance which it is desired to transport from the 
one end of the pipe-line to the other. These types of 
separation may be applied to the separation of the com 
ponents of materials which are traditionally conveyed by 
pipe-line, including gases, vapours, and liquids, e.g. natu 
ral or synthetic petroleum products, organic solvents, coal 
distillates and pyrollysates, inert gas concentrates, e.g. 
helium enriched from natural gas, fractions derived from 
the distillation of air. 
The invention may also be applied to the separation 

of isotopes. Hydrogen gas when conveyed as described 
through suitably prepared pipe-lines will arrive at the 
other end wholly or partly separated into isotopes. Simi 
larly heavy water may be produced from steam. Deu 
terium concentrates may also be obtained by conveying 
hydrocarbon gases through pipe-lines in the manner 
described. 
When desired or required all the said separations and 

many others may also be carried out on a large or small 
scale in apparatus performing no dual function such as 
conveying the material from one locality to another. 

There is no need in the context of the various possible 
applications referred to above to givea detailed descrip 
tion of each, since the forwarding and retarding phases 
employed and other conditions may be essentially the 
same as are employed in convential chromatography for 
the same separations at slow relative speeds between the 
phases. The difference resides in the very much higher 
?ow rates employed to attain typical convective ?ow con 
ditions and the greater than usual care in the selection 
and/or preparation of the retarding phase to keep the 
plate height contribution of the latter to a minimum. 
The flow velocity required to achieve proper turbulence 

in the moving phase as a prerequisite for a low theoretical 
plate height may in some cases be very high in an open 
tube such as a pipe-line. If operation at lower flow velocity 
is desirable, e.g. in order to economise on pumping equip 
ment and energy, it is feasible to install judiciously spaced 
apart or continuous turbulence inducing bodies inside the 
pipe-line as will be readily understood and which will 
assist in achieving radial mixing of the forwarding phase. 
The surface texture of the pipe wall may also be modi?ed 
to assist in the production of turbulent conditions. Such 
measures may simultaneously serve to increase the sur 
face area available for active exchange sites. 

In some cases the pipe material itself, e.g. metal may 
be employed as a stationary phase, if necessary after 
suitable activtion. An aluminium pipe surface may be sub 
jected to oxidation in a manner known per se to produce 
an active alumina surface. Pipes may also be coated 
internally by precipitation of a ?lm of colloidal carbon, 
ion exchange resin, silica gel or other active substance, 
including a liquid ?lm. 
To improve separations and separating capacity whole 

pipe-lines adapted for the process may also be packed 
with a stationary phase or a support carrying a stationary 
phase. 
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Packed columns, regardless of size, which may be em 
ployed in the process, require no special description, since 
they may be essentially identical with conventional col 
umns, except that the wall strength may have to be di 
mensioned to withstand higher pressures necessary for the 
attainment of high ?ow rates. 

In this context it has been found that for the greatest 
overall bene?ts to be attainted, the particle size in various 
forms of packed columns should at least be 0.5 mm. in 
diameter and preferably at least 1 mm., in fact the particles 
may be even larger. 
FIGS. 13, 14 and 15 illustrate a modi?cation of the 

process allowing the attainment of high ?ow rates with 
considerably less pressure. This is achieved by employing 
the retarding phase in a column bed of particulate mate— 
rial, maintained by the ?ow of the turbulent forwarding 
phase at a bulk volume larger than the bulk volume of 
the particulate material in its loosest settled condition. 

Referring now to FIG. 13 the column 41 comprises a 
?uid inlet 42 and an outlet 43 separated from the column 
interior by screens 44 and 45 respectively pervious to the 
forwarding phase but impervious to the particulate pack 
ing 46 in the form of a loose bed. In its loosely settled con 
dition the packing ?lls the column to level 47. Prior to the 
actual separation the ?uid constituting the forwarding 
phase is introduced at 42 at a rate controlled by valve 48 
su?iicently high for the particulate material to become 
fully ?uidised without becoming entrained in the forward 
ing phase. The packing in its ?uidised condition (i.e. a 
condition in which the packing particles are in thoroughly 
turbulent movement) reaches a level 49. The flow rate of 
the forwarding phase is now reduced sufficiently for tur 
bulence of the packing particles to cease, which is accom 
panied ‘by a certain shrinkage of the bed, say to level 50. 
In this condition the bed has the following important char 
acteristics: It has a lower bulk density and higher porosity 
than the bed in its loosest condition to which it would 
settle in the absence of any ?ow of forwarding phase. Ac 
cordingly, for a given pressure drop through the column 
the ?ow velocity of the forwarding phase will be higher 
than the ?ow velocity resulting from the same pressure 
drop through the bed prior to the step of full ?uidisation. 
The bed also has free ?owing properties almost equal to 
those of the bed in the fully ?uidised condition. How— 
ever, the uncontrolled turbulence of the particles which 
would result in band widening is absent, whilst conditions 
are so chosen that the forwarding phase is well inside the 
turbulent range and capable of ?owing freely in all dimen 
sions of the loosened up bed. The material to be sepa 
rated is introduced at 51a. The fractions are collected one 
by one from the ef?uent at 43. 

In principle the forwarding phase in this embodiment 
may be a liquid in which case the retarding phase packing 
may be solid throughout or particles of a solid support ' 
coated with a ?lm of liquid retarding phase or gel or beads 
of a gelatinous retarding phase, e.g. a resinous or rubbery 
polymer, say, for example, having ion exchange properties. 

In the case of a liquid forwarding phase partition 44 
is preferably in the form of a wire screen offering a mini 
mum of flow resistance. A reasonable pressure drop 
through the bed support 44 is an advantage when employ 
ing a gas as the forwarding phase which is preferred with 
this type of apparatus. For example, a closely woven syn 
thetic ?bre ?lter cloth supported on any rigid perforated 
or gridlike support will give good results. Porous ceramic 
plates or sinter glass plates may also be employed. Metal 
plates with ?ne perforations may sometimes be employed 
successfully. Felt is usually less satisfactory. The best sup— 
port for any particular column packing may be determined 
by simple experiment. 
The packing material should preferably be composed of 

rounded, e.g. approximately spherical, particles, which 
should preferably be substantially free of random projec 
tions or radial structures liable to result in interlocking of 
the individual particles. A tendency towards lump forma 
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tion is a disadvantage and should be avoided. Suitable par 
ticle sizes will depend, inter alia, on the nature, e.g. shape 
and speci?c gravity, of the powder particles, but will usual 
ly be in the range 100~500 mesh, ASTM, the larger sizes 
applying to powders of low speci?c gravity. The particles 
may for example be composed of silica gel, alumina, mag 
nesium silicate, various metals, glass, activated carbon, 
various organic or inorganic solid adsorbents, natural or 
synthetic polymers, solid or gelatinous ion exchangers or 
other substances as will be understood by those skilled in 
the art. 

Data are available allowing calculation or estimation of 
the most favourable particle size for a given system. As 
suming for example that a gas having the density and vis 
cosity of air at normal temperature and pressure is to be 
employed as the forwarding phase, assuming further that 
the retarding phase has the density of silica gel or glass 
beads and is composed of near spherical particles of sub 
stantially uniform size, the minimum favourable particle 
size is in the vicinity of 0.5 mm., since at that particle 
size a linear gas velocity of the order of 1 m./ sec. may be 
attained Without ?uidising the powder. Such speed is al 
ready clearly in the turbulent range. More advantageous 
will be a powder at least of the order of 1 mm. in diam 
eter. 
Under turbulent flow conditions the pressure drop in 

an expanded non-?uidised bed as described above can be 
as much as twenty times less for a given ?ow rate than 
when the bed is ?rmly packed. 
The condition just described is also characterised by a 

high degree of free ?owing ability which renders the con 
dition particularly suitable for continuously feeding a bed 
of retarding phase through a tube in countercurrent with 
the forwarding phase in a continuous chromatographic 
process. 

Referring now to’ FIG. 14, the bed condition described 
'With reference to FIG. 13 is applied to a continuous 
chromatographic process. The actual separating column 
is indicated by 51 and contains a packing maintained 
in the condition just described by a flow of forward 
ing phase entering through inlet 52 and bed support 
'53. Material to be separated is introduced continuous 
ly at 54. At the bottom end of the column the free 
?owing packing material 'is continuously withdraw under 
gravity at a rate adjusted by gate 55 and flows in a 
condition denser than in column 51 through standpipe 
56 into the stripping column having a bottom screen 
58 separating the column from space 59 from which 
a stripping medium is introduced into the column to 
produce a highly turbulent, preferably fluid entrained 
condition in column 57. Since the material in column 
57 has a much lower bulk density than the material 
inside column 51, a circulatory ?ow of packing ma 
terial results through column ‘57 towards the broadend 
top 60 where, due to decreasing ?ow velocity of strip 
ping medium, settlement of packing material takes place. 
The material settling out at 60 returns under gravity 
via standpipe 61 and baffle 62 at the top of column 
51. The rate of circulation of the retarding phase is 
so adjusted in relation to the feed rate of the forward 
ing phase that one desired fraction of the material leaves 
column 51 together with the forwarding phase at out 
let 63 whilst another fraction leaves column 51 with 
the retarding phase at 55. This second fraction is stripped 
off the retarding phase in stripping column 57 and leaves 
the apparatus with the stripping medium through outlet 64. 

Dust separators, e.g. cyclones may be provided if 
required at outlets 63 and ‘64. Portion 60 of column 
57 may also incorporate the features of a cyclone or 
equivalent device. 

It will be understood that the circulation of re» 
tarding phase may also be assisted, if desired or re 
quired, by mechanical means. It is not essential that 
gravitational effects be relied upon exclusively or at all, 
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although, where practical, such will contribute to the 
simplicity of the apparatus. 
The stripping medium may be the same as the forward 

ing phase, in which case the spaces underneath bed sup 
ports '53 and 58 may be in communication or even in 
tegral with one another. In the latter case it is advan 
tageous for the bed support 58 to offer less resistance 
to How than bed support 53' in order to produce a 
condition of lower bulk density in column 57 than that 
prevailing in column 51. 
Any other medium suitable for preparing the retard 

ing phase for re-use in column 51 may be employed. 
For some purposes it is even possible to employ the 
starting material which is to be separated as a stripping 
medium and recycling the e?iuent from outlet 64 wholly 
or partly to inlet '54’. This embodiment is particularly 
useful for purifying a substance in which the contami 
nant is a minor component. It is furthermore possible 
to carry out the stripping of retained material off the 
retarding phase in stages and fractionally by substitut 
ing a plurality of columns in series for column 57. 
The apparatus is particularly suitable for gas chro 

matography but may in principle also be designed for 
use with a liquid forwarding phase. 

Referring now to FIG. 15, columns 65 and ‘66 of which 
any number may be connected in series as shown by means 
of connecting pipes 67 which, if desired, may incorporate 
booster pumps 68. Each column is subdivided into com 
partments by screens 69 of a type offering little ?ow re 
sistance to the forwarding phase (introduced at 70) but 
forming a barrier to the retarding phase. The heights of 
the individual compartments between successive screens 
69 should be of the same order of magnitude and pref 
erably at the most as large as the optimum plate height 
attainable with the apparatus, i.e. the same order as the 
column diameter. Each compartment contains particulate 
retarding phase material, but insu?icient to ?ll the entire 
compartment when the material is loosely settled. The ap 

' paratus is operated under such conditions of ?ow velocity 
of the forwarding phase that the particulate material en 
closed in the compartments is maintained in a fully 
?uidised, i.e. turbulent condition. It is possible in principle 
to operate this apparatus under dense phase or dilute 
phase ?uidised conditions. Complete radial mixing or 
only of the forwarding phase but also of the retarding 
phase is thus assured. Further complete mixing takes 
place in each booster pump. 
The following few examples are picked at random to 

show but a few of the vast number of potential applica 
tions of the invention. 

EXAMPLE 1 

Separation of palmitic acid and stearic acid 
The acids are separated by reversed phase partition 

chromatography. System: medicinal paraffin as retarding 
phase, 70% aqueous acetone as forwarding phase, tem 
perature 35° C. The alpha value in this example is 1.7. 

(a) Conventional packed column, laminar ?ow 
Kieselguhr serves as the support. A column height of 

85 cm., a diameter of 8 mm. and a pressure head of 
50 cm. solvent is employed. Analysis time: appr. 3 hours. 

(b) Packed column, convective flow 
Glass beads, 1 mm. diameter, treated with dichloro 

dimethyl silane to serve as the support. The support is 
impregnated with a dilute solution of the medicinal paraf 
?n in ether. After evaporation of the ether the ?lm thick 
ness is appr. 10-4 cm. The column length is 2.5 m. and 
pressure drop 5 atm., resulting in a separation time of 
approximately 50 seconds. 

(c) Open tube, laminar flow 
A very small bore tube, diameter ‘0.2 mm. is chosen 

(a larger diameter of say 2 mm. would lengthen the re 
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quired column length about tenfold and the analysis time 
a hundredfold). The column length is 100 cm., the pres 
sure head 30 cm. of solvent and the separation time 2 
hours. 

(<1) Open tube, turbulent ?ow 
Here a large, say 2 mm. diameter tube is preferred 

because, although. a 0.2 mm. capillary would theoretically 
make separation times of less than 1 sec. possible, the 
pressure drop necessary therefore would be of the order 
of 3000 atm. which is too high in practice. The column 
length is 40 m., the pressure drop 35 atm. and the separa 
tion time 4 minutes. 

EXAMPLE 2 

Separation of transbutene-Z and butene-l by gas/liquid 
chromatography 

This example is illustrative of separation problems aris 
ing in the ?eld of petrochemistry. 
The following system is used: retarding phase: di 

isodecyl phthalate; forwarding phase: N2; 50° C. Alpha 
for this system is approximately 1.3. 

(a) Open tube, laminar ?ow 
Tube diameter: 0.2 mm. 
Separation time: appr. 10 sec. 
Column length: 10 m. 
lPressure drop: appr. 10 atm.; or: 
Tube diameter: 2 mm. 
Separation time: appr. 4 min. 
Column length: 50 in. 
Pressure head: 30 cm. solvent 

(b) Open tube, turbulent ?ow 
Tube diameter: 0.2 mm. 
Separation time: less than 1 sec. 
Column length: 10 In. 
Pressure drop: appr. 200 atm.; or: 
Tube diameter: 2 mm. 
‘Separation time: appr. 10 sec. 
Column length: 200 m. 
Pressure drop: appr. 90 atm. 

(c) Apparatus in accordance with FIG. 15 

Particle size: 0.5 mm. 
Total column length: 25 in. 
Diameter: 10 cm. 
250 sieves spaced 10 cm. apart 
Flow rate: 5 m./sec. 
Separation time: appr. 1/2 min. 

(d) Apparatus in accordance with FIG. 13 

Particle size: 1 mm. 
Column length: 10 m. (5 sections of 2 m. in series) 
Column diameter: 20 cm. 
Flow rate: 1 m./sec. 
Separation time: appr. 1 min. 

Note: In (0) and (d) the exact ?ow rate is determined 
empirically for each packing material because of its criti 
cal variation with minor differences in particle shape and 
size. 

(e) Apparatus in accordance with FIG. 14 

Particle size: 1 mm. 
Length of column 51: 10 m.; inlet 54 is halfway up 
Downwards movement of packing: 20 cm./sec. 
Upward ?ow of gas: 70 cm./ sec. (relative to column 

walls); column vibrated 
Flow rate in column 57: appr. 20 m./sec. 
Diameter of column 57 is 1/3 of that of column 51 in this 

example and blow nozzles may be provided at 58 in the 
manner known from pneumatic conveying equipment. 

EXAMPLE 3 

Separation of codeine from heroine 

This example is typical of alkaloid separations. 
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The following system is used: retarding phase: silica. 

gel; forwarding phase: methanol-n-butanol-benzene-water 
60:l5:10:15. Alpha for this system is approximately 1.4. 

(a) Packed column, laminar ?ow 
(Fine particles) 
Separation time: appr. 25 hrs. 
Column length: 2 m. 
Pressure head: 30 cm. solvent 

(b) Packed column, convective ?ow 
(Packing material 1 mm. particle size) 
Separation time: 21/2 min. 
Column length: 4 m. 
Pressure drop: 15 atm. 

(c) Open tube, laminar ?ow 
Separation time: 8 hrs. 
Column length: 4 m. 
Pressure head: 40 cm. solvent 
Column diameter: 0.2 mm. 

(d) Open tube, turbulent ?ow 
Separation time: 8 min. 
Column length: 50 m. 
Pressure drop: 40 atm. 
Column diameter: 2 mm. 

EXAMPLE 4 
Separation of atropine from morphine 

Retarding phase: silica gel; forwarding phase: benzene 
acetone-ether-l0% aq. ammonia 4:6: 1:03. Alpha for this 
system is approximately 1.45. 

(a) Packed column, laminar ?ow 
(Fine packing, conventional) 
Separation time: appr. 15 hrs. 
Column length: 1.5 In. 
‘Pressure head: 30 cm. solvent 

(b) ‘Packed column, convective ?ow 
(Packing material 1 mm. particle size) 
Separation time: 2 min. 
Column length: 3 m. 
Pressure drop: 10 atm. 

(c) Open tube, laminar ?ow 
Column diameter: 0.2 mm. 
Column length: 4 m. ' 

Pressure head: 40 cm. solvent 
Separation time: 9 hrs. 

((1) Open tube, turbulent ?ow 
Column diameter: 2 mm. 
Column length: 40 m. 
Pressure drop: 35 atm. 
Separation time: appr. 5 min. 

(e) Apparatus in accordance with FIG. 15 

The separation requires ‘(for 99% purity) approximate 
ly 100 plates. Choosing a column diameter of 10 cm., the 
column will be 10 m. long, containing 100 sieve plates 
and silica gel beads to ?ll each compartment half full. 
The bead diameter is chosen so that the material is fully 
?uidised at a ?ow rate of 2 m./sec. 
The separation will be completed in appr. 1 minute. 

EXAMPLE 5 

Separation of sodium from potassium 
Retarding phase: ion exchange resin “Am‘berlite I.R. 

100”; forwarding phase: 0.1 N HCl. Alpha in this sys 
tem is approximately 2.3. 

(a) Packed column, laminar ?ow 
Conventional ?ne column bed 40 cm. long, 1 cm. diam 
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eter. Pressure head: 30 cm. of eluant. Separation time: 
11 hours. 

(b) Packed column, convective ?ow 

1 mm. particlespacked to a height of 1.5 In. Pressure 
drop: 3 atm. Separation time: appr. 30' secs. 
What we claim is: 
1. A chromatographic separating process carried out 

in a chromatographic system comprising a tubular passage 
con?ning a retarding phase and a material forwarding 
phase, at least the latter of said phases ?owing through 
said tubular passage and a material to be separated in 
phase interchange between said phases, individual parts 
of the retarding phase being restrained throughout said 
interchange against movement relative to the overall state 
of,‘ movement of the retarding phase in respect of said pas 
sage and which comprises 

(a) adjusting the relative overall flow velocity between 
the phases to a predetermined value in excess of the 
velocity corresponding to the onset of convective 
?ow phenomena in the forwarding phase, apparent 

. by a downward in?ection in the graphical represent 
ation of plate height against velocity, and 

(b) carrying out the chromatographic separation at the 
velocity so adjusted. 

2‘. A process as claimed in claim 1 applied to analysis, 
which comprises limiting the resistance to mass transfer 
in the retarding phase to a predetermined value at which 
the graphical representation of plate height against veloc 
ity after said in?ection is lowered to at least a plateau and 
carrying out the chromatographic separation under con 
ditions corresponding to a point on such plateau. 

_3. A process as claimed in claim 2 which comprises 
limiting the resistance to mass transfer in the stationary 
phase to a predetermined value for which the said graph 
ical representation beyond said in?ection reaches a max 
imum and carrying out the chromatographic separation 
under conditions beyond said maximum. 

4. A process as claimed in claim 1 which comprises 
packing capillaries of between 1 mm. and 0.2 mm. internal 
diameter, with particles of which all three dimensions 
are substantially equal, being on the average between 2/a 
and 1/s the capillary diameter and comprising a ‘stationary 
phase and carrying out the separation in such capillary 
by passing therethrough a forwarding phase at the said 
velocity. 

5. A process as claimed in claim 4 in which the sta 
tionary phase is a liquid ?lm on the surface of the parti 
cles which have a porous surface texture. 

6. A process as claimed in claim 4 in which the sta 
tionary phase is a liquid ?lm on the surface of the parti 
cles and the nips at the points of contact of the particles 
with one another and with the capillary are filled with a 
solid bonding substance. 

7. A process as claimed in claim 1 applied to separa 
tions in open tubes which comprises lowering the velocity 
for the onset of convective ?ow phenomena in the for 
warding phase by including in such tubes transverse ba?le 
formations in staggered arrangement, applying to such 
baf?e formations a layer of retarding phase and carrying 
out the chromatographic separation at a relative ?ow 
velocity [between the forwarding phase and the retarding 
phase in the region where said convective phenomena ex 
tend across the entire tube cross-section and below the 
velocity at which the calculated resistance to mass transfer 
in the retarding phase exceeds that in the mobile phase. 

8. A process as claimed in claim 7 in which the retard 
ing phase is a liquid and is applied in a layer thickness of 
between 0.1 and 0.01 times the tube radius. 

9. A process as claimed in claim 7 in which the retard 
ing phase is a liquid and is caused to ?ow in countercur 
rent to the forwarding phase, the mixture to be separated 
is introduced continuously, the ?ow rate of the retarding 
phase is adjusted to a value intermediate between the 
rates of advance relative thereto of two fractions to be 
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separated and said fractions are withdrawn continuously 
at separate localities on opposite sides of the locality of 
introduction of the mixture in the directions of ?ow. 

10. A process as claimed in claim 1 applied to prepara 
tive chromatography in packed systems which comprises 
lowering the velocity for the onset of convective ?ow 0 
phenomena in the forwarding phase by including in the 
packing ba?les in the packing extending transverse to the 
direction of ?ow of the forwarding phase, each providing 
a plurality of apertures substantially uniformly distributed 
over the cross-section, both the apertures and the spacings 
between adjoining apertures being of a larger order of 
magnitude than the order of magnitude of the solid parts 
of the packing. ‘ 

11. A process as claimed in claim 10 in which the aper 
tures in successive battles are in staggered relationship to 
one another. 

12. A process as claimed in claim 1 applied to prepara 
tive chromatography which comprises packing a tube with 
particles larger than 3 mm. in diameter and substantially 
with all three dimensions thereof of the same order of 
magnitude, the tube diameter being between 1.5 and 5 
times the particle diameter and in excess of 5 mm., ap~ 
plying a ?lm of retarding phase to said particles and 
carrying out the separation by passing through the thus 
packed tube a forwarding phase at the said velocity. 

13. A process as claimed in claim 12 in which the for 
warding phase is a gas. 

14. An apparatus for carrying out chromatographic 
separations at a relative ?ow velocity between the phases 
at which convective flow phenomena prevail, said appa 
ratus being of the tubular “packed” column type, the 
packing being composed of particles the three dimensions 
of which are at least approximately equally large, the 
surface of the packing carrying the retarding phase, com 
prising the additional feature that: - 

(a) said tube internal diameter is between 1.5 and 5 
times the particle diameter; 

(b) the tube diameter is in excess of 5 mm., and the 
particle diameter exceeds 3 mm. 

15. An apparatus as claimed in claim 14 wherein the 
particles are substantially spherical. 

16. An apparatus as claimed in claim 15 wherein the 
particles have a porous surface texture and carry a liquid 
retarding phase. 

17. An apparatus as claimed in claim 15 wherein the 
particles carry a liquid retarding phase and the nips be 
tween adjoining particles and between the particles and 
the tube wall are ?lled by a solid bonding substance. 

18. An apparatus as claimed in claim 17 in which the 
nips are ?lled by sintering of the particles themselves. 

19. An apparatus as claimed in claim 14 in which the 
particle diameter exceeds 3 mm. and said particles having 
passages formed therethrough. 

20. An apparatus for carrying out chromatographic 
separations at a relative ?ow velocity between the phases 
at which convective ?ow phenomena prevail, said appa~ 
ratus being of the open-tube column type and comprising 
the improvement of: 
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ba?le formations transverse to the tube axis having 

surfaces supporting a liquid retarding phase having a 
?lm thickness in excess of the stable ?lm thickness 
maintainable by adhesion of the ?lm to the ba?le. 

21. An apparatus as claimed in claim 20 in which the 
ba?ie formations take the form of ribs projecting from 
the tube walls. 

22. An apparatus as claimed in claim 20 in which suc 
cessive baf?e formations overlap when viewed in the 
direction of the tube axis. 

23. An apparatus as claimed in claim 20 in which the 
baffle formations form trays with upturned rims adapted 
to retain a layer of liquid retarding phase having a ?lm 
thickness in excess of the stable ?lm thickness maintain~ 
able by adhesion of the ?lm to the battle. 

24. An apparatus as claimed in claim 20 in which the 
ba?‘le formations are downwardly inclined, adapted for 
the retarding phase to ?ow in countercurrent to an up 
wardly ?owing forwarding phase. 

25. An apparatus as claimed in claim 24 in which the 
ba?le formations project from the inner periphery of the 
column in screw thread fashion. 

26. An apparatus as claimed in claim 24 in which the 
ba?le formations project from opposite sides of the column 
inwardly in staggered arrangement, overlapping one an 
other when viewed in the direction of the column axis. 

27. An apparatus for carrying out chromatographic 
separations at a relative ?ow velocity between the phases 
at which convective ?ow phenomena prevail, said appa 
ratus being of the open-tube column type having column 
walls surrounding a tubular interior and comprising the 
improvement of convective ?ow-inducing formations ex 
tending from the walls part of the way into the tubular 
interior, said formations being traversed by open passages 
pervious to a mobile phase and having surfaces on which 
is exposed a chromatographic retarding phase to improve 
the separating capacity. 
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